
G protein coupled receptor-mediated transactivation of 
extracellular proteases

Allison E. Schafer, BS* and Burns C. Blaxall, PhD*,¶

*The Heart Institute, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH

Abstract

G protein-coupled receptors (GPCRs) comprise the largest family of receptors in humans. 

Traditional activation of GPCRs involves binding of a ligand to the receptor, activation of 

heterotrimeric G proteins and induction of subsequent signaling molecules. It is now known that 

GPCR signaling occurs through G protein-independent pathways including signaling through β-

arrestin as well as transactivation of other receptor types. Generally, transactivation occurs when 

activation of one receptor leads to the activation of another receptor(s). GPCR-mediated 

transactivation is an essential component of GPCR signaling, as activation of other receptor types, 

such as receptor tyrosine kinases (RTKs), allows GPCRs to expand their signal transduction and 

affect various cellular responses. Several mechanisms have been identified for receptor 

transactivation downstream of GPCRs, one of which involves activation of extracellular proteases, 

such as A Disintegrin and Metalloprotease (ADAMs) and matrix metalloproteases (MMPs). These 

proteases cleave and release ligands that are then able to activate their respective receptors. 

ADAMs and MMPs can be activated via various mechanisms downstream of GPCR activation, 

including activation via second messenger, direct phosphorylation or direct G protein interaction. 

Additional understanding of the mechanisms involved in GPCR-mediated protease activation and 

subsequent receptor transactivation could lead to identification of new therapeutic targets.
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Introduction

G protein-coupled receptors (GPCRs) represent the largest family of membrane proteins in 

the human genome with approximately 800 genes encoding functional GPCRs (1). These 

seven-transmembrane receptors bind a diverse range of ligands including proteins, small 

molecules, drugs, hormones, odorants and photons (2, 3). GPCRs are involved in many 

physiologic and pathologic processes and, therefore, are one of the main targets for 

researchers and pharmaceutical companies. In fact, nearly 50% of all drugs prescribed today 

target GPCRs (4).
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GPCRs lack intrinsic enzymatic activity and are coupled to heterotrimeric guanine 

nucleotide-binding proteins (G proteins), Gα, Gβ, and Gγ (4–6). Early understanding of 

GPCR signaling involved binding of a ligand to the receptor, stabilization of the receptor in 

an active conformation and subsequent activation of G proteins leading to an array of 

downstream signaling pathways through various effector proteins (5, 7). In an inactive 

receptor state, Gα is bound to the Gβγ dimer and GDP. After agonist activation, the receptor 

acts as a guanine nucleotide exchange factor to facilitate the exchange of GDP for GTP 

within the Gα subunit. The activated Gα protein dissociates from the Gβγ subunits, and the 

G proteins can then trigger effectors such as adenylyl cyclase, calcium, phospholipase C and 

various kinases, which further propagate the signal in the cell. After the receptor has been 

activated, downstream signaling is attenuated through receptor internalization, which is 

facilitated by phosphorylation of the receptor via G protein-coupled receptor kinases 

(GRKs) followed by binding of β-arrestin (Figure 1) (8, 9). While β-arrestin was first 

believed to play a specific role in signal termination and receptor internalization, it is now 

known that GPCR signaling also involves β-arrestin-dependent activation of divergent 

signaling pathways (10, 11). Various studies have been performed to delineate G protein and 

β-arrestin-mediated signaling, including genetic deletion of GRKs or β-arrestin, application 

of small molecule inhibitors of specific signaling molecules, and RNA silencing of G protein 

and β-arrestin pathway components (11–14).

It is now understood that GPCRs are also able to exert effects through transactivation of 

other receptor types. Receptor transactivation allows for crosstalk between different 

signaling systems and plays a key role in coordination of extracellular stimuli and 

intracellular signaling (15–17). This crosstalk works to diversify signal transduction 

pathways that are involved in both physiological and pathological conditions (15). Several 

mechanisms have been identified by which GPCRs transactivate receptor tyrosine kinases 

(RTKs), as well as other receptor types, which are separated into ligand independent and 

ligand dependent mechanisms. In the ligand-independent mechanism, GPCR activation 

triggers second messengers, such as protein kinase C (PKC), non-receptor protein tyrosine 

kinases, β-arrestin, reactive oxygen species, and Ca2+ ions, which induce tyrosine 

phosphorylation and RTK activation. The ligand-dependent mechanism, more specifically 

known as triple-membrane-passing-signal (TMPS) mechanism, involves activation of 

extracellular proteases, namely, matrix metalloproteinases (MMPs) and A Disintegrin And 

Metalloproteases (ADAMs), which cleave and release agonists that are then free to activate 

their respective receptors (15).

This review focuses on the TMPS mechanism of receptor transactivation and the 

mechanisms of extracellular protease activation downstream of GPCRs, as this activation 

plays an essential role in propagation of GPCR signaling.

Receptor Transactivation

The process of transactivation was first defined by Berry et al. as “the process whereby 

ligand stimulation of one receptor leads to activation of another, distinct receptor” (18). 

Recently, a new definition of receptor transactivation has been proposed as “the agonist 

occupancy of its cognate GPCR complex which leads in a relatively short time and in the 
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absence of “de novo” protein synthesis to the activation of and cytosolic generation of the 

immediate downstream product(s) of a second cell surface protein kinase receptor” (19). In 

1996, Ullrich and colleagues discovered the GPCR-mediated transactivation of an RTK, the 

epidermal growth factor receptor (EGFR). RTKs are cell surface receptors that are activated 

by ligand binding to the extracellular domain, which induces dimerization of the receptor 

and autophosphorylation of tyrosine residues on the cytosolic domains. It was reported that 

GPCR agonists, endothelin-1 and thrombin, could transactivate the EGFR in Rat-1 

fibroblasts (16). Stimulation of GPCRs led to an increase in ERK1/2 phosphorylation that 

could be mitigated by the EGFR inhibitor, indicating that ERK1/2 activation occurs 

downstream of EGFR activation (16). This is important because GPCRs are not capable of 

directly generating cell growth signals, but their ability to transactivate a growth factor 

receptor allows GPCR signaling to generate a cell growth response.

Since the first report of GPCR-mediated receptor transactivation, there have been nearly 200 

studies involving RTK transactivation by GPCRs. GPCR-EGFR crosstalk has been identified 

in a variety of cell types such as vascular smooth muscle cells, PC12 cells, human 

keratinocytes, and a variety of cancer cells (15, 20–22). EGFR activation occurs downstream 

of several GPCRs and remains the paradigm of GPCR-mediated transactivation (17). The 

concept of receptor transactivation via GPCRs has also been expanded to include activation 

of other receptor types, such as receptor serine/threonine kinases and other GPCRs (19, 23–

25). For example, transactivation of the TGFβ receptor appears to occur downstream of the 

lysophophatidic acid receptor and protease activated receptor (PAR)-1 in mice subjected to 

bleomycin-induced lung injury indicating a potential role for TGFβ receptor transactivation 

in acute lung injury and fibrosis (26, 27).

Triple-membrane-passing-signal (TMPS) mechanism of receptor 

transactivation

The involvement of extracellular proteases in receptor transactivation was first described in 

1999 using a chimeric RTK that contained the EGFR ectodomain with the transmembrane 

and intracellular domains of the platelet-derived growth factor receptor (28). Treatment of 

fibroblasts containing the chimeric RTK with GPCR agonists led to transactivation of the 

artificial RTK but not endogenous platelet derived growth factor receptors, indicating that 

transactivation of the chimeric RTK did not involve intracellular signaling pathways, but was 

dependent on extracellular EGFR ligand-binding (28). The involvement of extracellular 

proteases in this receptor transactivation process was confirmed through inhibition of 

heparin-binding EGF (HB-EGF) function and metalloprotease activity, which completely 

abrogated GPCR-mediated transactivation of the EGFR (28). These studies led to the 

understanding that GPCR activation induces extracellular protease activation, which cleaves 

HB-EGF and allows the growth factor to bind to the EGFR and induce signaling (Figure 2).

Since the original studies identifying the involvement of HB-EGF and proteases in RTK 

transactivation, several other ligands have been identified including amphiregulin (AR) and 

transforming growth factor-α, and the proteases involved were identified as members of the 

ADAM or MMP families of metalloproteases (29–31).
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A Disintegrin and Metalloprotease (ADAMs)

ADAMs are membrane-bound members of the metzincin superfamily and generally consist 

of an NH2−terminal signal sequence, a pro-domain, a metalloprotease domain, a disintegrin 

domain, a cysteine-rich region, an EGF-like domain, a transmembrane domain, and a 

cytoplasmic domain (31). The metalloprotease domain allows for ectodomain shedding and 

cleaving of extracellular matrix (ECM) proteins, which can release active cytokines and 

growth factors. The disintegrin and cysteine-rich domains allow for adhesive activity. Due to 

their ectodomain shedding and adhesive properties, ADAMs can regulate various cellular 

processes such as growth, migration and adhesion of cells (31). Several ADAM family 

members are involved in GPCR-mediated receptor transactivation. Specific ADAM 

activation differs depending on the GPCR agonist and cell type. Various mechanisms of 

ADAM activation downstream of GPCRs have been identified, including G protein-

mediated as well as protein-protein interaction (32).

In human breast cancer cells, ADAM17 is required for HB-EGF activation, which plays a 

role in cell migration (33). Treatment of these cells with pertussis toxin has been shown to 

inhibit EGFR transactivation via the GPCR agonists, lysophosphatidic acid and 

sphingosine-1-phosphate, suggesting that Gαi is involved in ADAM17 activation 

downstream of these receptors (34). Phospholipase C, which is mainly coupled to Gαq, is 

also required for ADAM17-dependent shedding of HB-EGF and subsequent EGFR 

transactivation by the angiotensin II (AngII) receptor, AT1. In fact, no HB-EGF shedding 

occurred with an AT1 receptor mutant that lacked Gαq coupling. Inhibition of Gαq also 

blocked HB-EGF shedding via the AT1 receptor, suggesting that Gαq and the second 

messenger phospholipase C, are required for ADAM17 activation (35). AngII and its 

receptor, AT1, play critical roles in cardiovascular diseases, hypertension and atherosclerosis, 

by inducing vascular remodeling, hypertrophy, and migration of vascular smooth muscle 

cells (VSMCs) (18). EGFR transactivation is probably one of the main mechanisms by 

which AngII induces several of its pathophysiologic functions. The second messenger PKC 

also plays a role in receptor activation through ADAMs. PKC-δ has been shown to mediate 

HB-EGF by activating ADAM9 in kidney cells (36). Likewise, PKC induces 

metalloprotease activity downstream of gonadotropin-releasing hormone receptors and AT1 

receptors (37, 38). ADAM activity can also be regulated by direct or indirect protein 

interactions after GPCR activation. PACSIN3, a kinase, interacts with ADAM9, 10, 12 and 

15. Specifically, PACSIN3 has been shown to associate with ADAM12 through the SH3 

domain and is required for ADAM12-mediated shedding of HB-EGF after PMA or AngII 

stimulation in HT1080 cells (39). Other proteins have been identified that interact with 

ADAMs including growth factor receptor-bound protein-2, phosphatidyl inositol 3-kinase, 

Src, Fish and endophilin-1 (31, 40).

Matrix Metalloproteases (MMPs)

MMPs are zinc-dependent proteinases that are traditionally thought of as key players in 

maintenance and degradation of the ECM (41). To date, 23 MMPs have been identified in 

humans and are classified based on their preferential substrates. The structure of MMPs 

includes a prodomain, catalytic domain, hinge region and a hemopexin domain. MMPs are 
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secreted from the cell as inactive zymogens (pro-MMPs) or anchored to the cell membrane 

(42). While MMPs are important in ECM protein cleavage, MMPs have also been shown to 

have several other functions, including release of growth factors from the cell membrane or 

ECM, activation of other MMPs, shedding of adhesion molecules and ECM-cell 

communication (42, 43).

Several MMPs are involved in GPCR-mediated transactivation of receptors, including RTKs, 

receptor serine/threonine kinases, and other GPCRs (15). Numerous studies have been 

performed indicating that MMPs are involved in ectodomain shedding of EGFR ligands and 

EGFR activation. In isolated ovarian follicles, MMP-2 and MMP-9 regulate EGFR ligand 

release in response to the pituitary luteinizing hormone (44). These same MMPs have a 

similar role in EGFR activation in gonadotropin-releasing hormone-stimulated gonadotropic 

cells (45). MMP-7 has been shown to shed HB-EGF and lead to EGFR transactivation in 

phenylephrine-stimulated arteries and plays a role in regulating vascular tone (46, 47). 

Additionally, stimulation of vascular smooth muscle cells (VSMCs) with phenylephrine or 

AngII leads to increased expression of MMP-2 and MMP-7 (46). In addition to their role in 

EGFR activation, MMPs are also important in transactivation of other cell surface membrane 

receptors. For example, studies in our lab have shown that MMP-13 activity increases after 

adrenergic receptor stimulation of cardiac cells, leading to transactivation of another GPCR, 

PAR-1 (25). In human proximal tubular epithelial cells, activation of PAR-2 induces MMP-

mediated activation of EGFR as well as activation of the serine/threonine kinase TGFβ 
receptor (48).

Although the exact mechanism for the activation of many of the MMPs downstream of 

GPCRs has not fully been determined, one study suggests a direct activation of an MMP via 

the G proteins. Isolated membranes from adult rat cardiac myocytes and fibroblasts indicate 

that MMP-14 activity is increased after AngII, phenylephrine, GTP and GTPγS stimulation. 

Activation of MMP-14 is attenuated by treatment with pertussis toxin and a Gβγ inhibitor, 

gallein. Purified Gβγ subunits were also able to activate recombinant MMP-14, suggesting a 

direct role of G proteins in the activation of this MMP (49). Other studies have found that 

activation of MMPs downstream of GPCRs requires Src and β-arrestin (50–52). Specifically, 

one study suggests that activation of the β1-adrenergic receptor (β1AR) in HEK293 cells 

results in receptor phosphorylation via GRK5/6 and β-arrestin recruitment. β-arrestin then 

recruits Src, which leads to MMP activation and HB-EGF release and subsequent EGFR 

transactivation (50). Interestingly, MMP-mediated transactivation of the EGFR has also been 

shown to occur with classical antagonists of the β1AR, Alprenolol and Carvedilol. In fact, 

these β-blockers act as “biased agonists” at their receptor by activating only the β-arrestin 

signaling pathway downstream of the β1AR. Several aspects of biased agonism at particular 

GPCRs are now under investigation as possible therapeutic targets for cardiovascular 

disease.
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Signal transduction downstream of extracellular protease-mediated 

receptor transactivation

Activation of GPCRs can lead to multiple downstream signaling pathways, but generally, 

GPCR agonists do not elicit robust cell growth signals. The ability of GPCRs to transactivate 

other receptors allows GPCR agonists to generate a cell growth response and ultimately 

expanding their signaling repertoire. For example, GPCRs can regulate several cellular 

functions such as hypertrophy, proliferation and migration through the transactivation of the 

EGFR (53, 54). Pathways downstream of EGFR include the RAS/RAF/MEK/ERK and 

PI3K/Akt pathways (17, 54, 55), which are likely mediated by metalloprotease activation of 

the receptor. It has been shown that pharmacologic inhibition of metalloproteases blocks 

EGFR transactivation and subsequent ERK activation after stimulation of cells with GPCR 

agonists, lysophophatidic acid, AngII and ET-1 (28, 56). Stimulation of SCC-9 cells with 

carbachol or lysophophatidic acid leads to ADAM17-mediated activation of EGFR and 

phosphorylation of Shc, ERK and Akt (57). In addition, metalloprotease activation of EGFR 

appears to elicit signaling through JNK and p38 in certain cell types. In TccSup cells, 

stimulation with LPA induces JNK and p38 activation that is blocked by a metalloprotease 

inhibitor (58). However, inhibition of metalloproteases blocks activation of p38, but not 

JNK, in response to AngII stimulation in VSMCs (56). Additionally, GPCR activation can 

lead to transactivation of the TGFβ receptor (Figure 2). Specifically, the GPCR agonists 

endothelin-1 and thrombin can induce phosphorylation of Smad2, which is directly 

downstream of the TGFβ receptor. This Smad2 phosphorylation is inhibited by treatment 

with endothelin receptor and PAR1 antagonists (24, 59, 60). Recently, our lab has reported 

that MMP-mediated receptor transactivation can also lead to biased agonism at the 

transactivated receptor, PAR1. Specifically, we have shown that MMP-13 is upregulated 

following adrenergic receptor stimulation (Figure 2). The canonical agonist of PAR1 is 

thrombin, which acts as an unbiased agonist and leads to signaling through Gαq, Gαi and 

Gα12/13. We found that MMP-13 is also capable of activating PAR1 and that this cleavage 

occurs at a unique site compared to that of thrombin. Thrombin-mediated activation of PAR1 

leads to ERK1/2 phosphorylation as well as generation of inositol triphosphate (IP3). 

However, this novel MMP-13-mediated activation of PAR1 appears to cause unique, 

“biased” signaling through the Gαq pathway as evidenced by robust ERK1/2 

phosphorylation but decreased IP3 generation compared to thrombin stimulation (25).

Conclusions

GPCRs respond to a diverse array of ligands and are essential for a cell’s ability to translate 

outside stimuli into an intracellular response. These receptors are also capable of activating a 

highly interconnected signaling network. While early knowledge of GPCR signaling mainly 

focused on a linear signaling pathway through activation of heterotrimeric G proteins, it is 

now understood that an important component of GPCR signaling involves transactivation of 

other receptors. GPCR-mediated transactivation can occur via several different mechanisms, 

including activation of ADAMs or MMPs. These proteases can cleave receptor agonists, 

leading to receptor activation and downstream signaling (Figure 2). This crosstalk between 

GPCRs and other receptors, such as RTKs and serine/threonine kinase receptors, provides 
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GPCRs the ability to activate a wider array of signaling pathways. GPCR-mediated 

transactivation has been identified in various cells types including vascular, cardiac, and 

cancer cells, and has been shown to play a key role in migration and proliferation of these 

cells. ADAMs and MMPs have been implicated in a number of human diseases including 

cancer, cardiovascular diseases, inflammation, lung fibrosis and Alzheimer’s disease (26, 

61–65). GPCR-induced EGFR transactivation likely plays a key role in the development of 

these diseases. The recent discovery of biased agonism and the role of β-arrestin in receptor 

transactivation may provide a unique tool to further understand the pathways downstream of 

GPCRs that lead to extracellular protease activation and receptor transactivation as well as 

the generation of new therapeutic targets. Biased agonism has been described for many 

different receptors and could lead to discovery of new therapeutic agents that block 

deleterious effects of some receptor signaling while allowing for protective effects of 

separate signaling pathways. This has been demonstrated in the biased signaling of β-

blockers at the β1AR discussed above. The resulting β-arrestin-mediated MMP activation of 

EGFR was shown to be cardioprotective in an acute model of cardiac hypertrophy (50). 

Additionally, β-arrestin has been implicated in various physiologic and pathologic processes 

in numerous organ systems and may be a key player in receptor transactivation (66). While 

numerous studies have shown that proteases play a crucial role in receptor transactivation, 

little is known regarding the mechanism of protease activation downstream of the initial 

receptor activation. Targeting the mechanisms of protease activation with selective inhibitors 

of downstream second messengers would provide further understanding of the pathways 

leading to protease activation and receptor transactivation downstream of GPCRs, which 

could ultimately provide novel therapeutic targets, especially in proliferative diseases such 

as cancer and fibrosis.
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Figure 1. GPCR signaling and desensitization
Activation of GPCRs begins with binding of an agonist to the receptor. This leads to the 

exchange of GDP for GTP within the G protein α subunit followed by dissociation of the βγ 
subunit. These G proteins can then activate downstream effectors leading to various 

signaling pathways. GPCR signaling is halted via phosphorylation of the receptor by GRK, 

which then leads to internalization of the receptor through β-arrestin.

Schafer and Blaxall Page 12

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Ligand-dependent mechanism of GPCR-mediated receptor transactivation
1) Agonist binding of a GPCR leads to activation of heterotrimeric G proteins. 2) 

Downstream GPCR signaling can lead to activation of ADAMs or MMPs via direct G 

protein interaction, second messenger activation, or direct protein-protein interaction. 3) 

Activated ADAMs and MMPs can cleave and release various ligands leading to subsequent 

4) receptor transactivation. Activation of EGFR by its ligands, such as HB-EGF, elicits 

multiple signaling pathways including ERK and Akt activation. Protease release of TGFβ 
and subsequent activation of the TGFβ receptor leads to canonical signaling through Smad2. 

Activation of PAR1 via MMP13 leads to ERK1/2 phosphorylation and generation of IP3. 

MMP13-mediated PAR1 transactivation appears to elicit biased signaling at this receptor, as 

IP3 generation is decreased compared to canonical agonist, thrombin, stimulation.
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