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The classical signalling paradigm
The prevailing view for long has been that G protein- 
coupled receptor (GPCR) signalling is initiated by 
exchanging GTP for GDP bound to the α- subunit of 
heterotrimeric αβγ G proteins (which act as main signal 
transducers) and is terminated by arrestin- dependent 
desensitization of GPCRs. Signal termination is cou-
pled with the hydrolysis of GTP to GDP on Gα, which is 
often accelerated by GTPase activating proteins (GAPs). 
G proteins compete with arrestins, in particular with 
β- arrestin 1 (also known as arrestin 2) and β- arrestin 
2 (also known as arrestin 3) for binding to GPCRs.  
In this context arrestins are recruited to G protein- bound 
GPCRs after phosphorylation of the C- terminal tail of 
the receptor by G protein- coupled receptor kinases 
(GRKs). Therefore, arrestins outcompete G proteins 
through steric hindrance and hamper further G protein 
signalling. Arrestins also promote removal of activated 
GPCRs from the cell surface by clathrin- dependent 
endocytosis.

Arrestin- dependent signal transduction
During the past two decades, numerous reports have 
described functional outcomes downstream of activated 
GPCRs that seem not to require G proteins, but instead 
rely on β- arrestins as signal transducers, which serve as 
scaffolds that allow the assembly of signalling complexes 
and, additionally, promote their activation. Among 
them, the activation of the extracellular signal- regulated 
kinase 1/2 (ERK1/2) cascade has served as one of the 
earliest and most prominent examples of G protein- 
independent, arrestin- dependent signalling, frequently 
referred to as ‘arrestin- dependent signal transduction’1.

ERK signalling does require G proteins
The use of state- of-the- art genome editing approaches 
has recently afforded the opportunity to dissect the rel-
ative contribution of G proteins and arrestins to GPCR 
signalling. Specifically, in two recent studies our teams 
systematically interrogated G protein- and arrestin- 
driven cellular processes by perturbing G protein or 
arrestin expression and/or function with RNAi, TALEN 
and CRISPR–Cas9 technologies2,3. Surprisingly, genetic 
deletion of individual and multiple G protein α- subunits, 
and/or achieving a non- functional G protein state, abol-
ished the activation of ERK by all tested GPCR–ligand 
pairs. These included multiple previously described 
arrestin- biased agonists and all examples of recep-
tors that were prototypically found to signal through 
arrestins. Conversely, in no case did genetic ablation 
of arrestins prevent the activation of ERK, albeit it pre-
vented receptor internalization, with a more prominent 
effect of β- arrestin 2 over β- arrestin 1 deletion. We con-
cluded that whereas G proteins are essential, arrestins 
are dispensable for the initiation of ERK activation by 
GPCRs2,3. Interestingly, arrestins were still recruited to 
agonist- activated GPCRs in the absence of active G pro-
teins2,3. In line with this, two recent studies revealed an 
unanticipated role of the receptor’s transmembrane core 
for transient engagement with arrestin and its subse-
quent activation4,5. Receptor- stimulated arrestins could 
even remain in an active state after dissociation from the 
GPCRs5. Thus, arrestins can be recruited to and persis-
tently activated by ligand- bound receptors even in the  
absence of detectable G protein activity. In this case, 
the receptor conformation (which can be modulated by 
ligand binding) is the sole determinant of recruitment 
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and activation of arrestins4. This G protein- independent 
arrestin activation permits internalization but does 
not suffice to initiate ERK signalling2,3. Although it is 
conceivable that the interaction of arrestin with the 
phosphorylated receptor C- terminal tail, a process that 
involves G protein activation and GRKs, can influence 
arrestin function, arrestins would, in this case, still be 
acting downstream of heterotrimeric G proteins.

Arrestins as rheostats
Notably, as shown for several different GPCRs, knock-
down of arrestin can influence the amplitude and 
kinetics of ERK activation in various, often contrasting, 
ways, depending on the receptor type. For example, for 
β- adrenergic receptors, which have served as prototypes 
for fundamental discoveries on GPCR signalling and reg-
ulation, arrestin depletion enhances β2 but diminishes 
β1 adrenergic receptor- induced ERK activation2,5. While 
the former is in line with the classical desensitizing role 
of arrestins, the latter implies their function as signal-
ling scaffolds1. Notably, however, as mentioned above, 
in no case is full repression of ERK signalling observed 
upon arrestin removal2,3. It is also important to note that 
GPCRs not only mediate G protein signalling from the 
plasma membrane but continue to do so in endosomal 
compartments, and the outputs of signalling from these 
different locations can vary. Thus, we propose that in the 
context of ERK signalling, arrestins do not independently 
activate ERK but instead act as rheostats, whereby — by 
driving receptor desensitization and internalization 
as well as by scaffolding of signalling elements — they 
govern the intensity, duration and location of cell sur-
face and/or intracellular ERK stimulation. Accordingly, 
arrestins may be the key factors dictating the spe-
cific, context- dependent outcome of GPCR- mediated  
G protein- dependent activation of ERK (and potentially 
also of other downstream GPCR signals).

Looking ahead
Advancements in genome editing techniques have ena-
bled us to shed new light on the contribution of G pro-
teins and arrestins to ERK signalling downstream of  
GPCRs2,3. Our initial studies have taken advantage  
of the same cellular system (HEK293 cells) that was 
used to establish the G protein- independent signalling 
paradigm for arrestins. The absence of an independent 

role for arrestin in activating ERK signalling that has 
emerged from our new studies does not exclude the 
possibility that cells other than HEK293 might be 
equipped with certain cell- type-specific molecular 
mediators that may cooperate with arrestins to bypass 
the requirement of G proteins as central signal trans-
ducers. We must now extend these studies to addi-
tional cell lines, including primary cells, and even 
beyond, to the organismal level, to further interro-
gate the potential existence of G protein- independent  
signalling mechanisms.

If, in a broader context, arrestins do indeed act as 
context- dependent rheostats rather than as genuine 
signal initiators, the actual biological outcome of the 
stimulation of GPCRs with ligands described as arrestin- 
biased will need to be meticulously addressed. Ligands 
that promote GPCR–arrestin interaction by stabilizing 
distinct GPCR conformational states5 may cause recep-
tor internalization and therefore affect its intracellular 
location and signalling capabilities and/or may affect 
the duration and amplitude of the G protein- initiated 
response. Although beneficial in some cases, such 
arrestin- biased ligands might also prove to be problem-
atic, having undesired effects (for example, signal damp-
ening instead of predicted activation). Thus, the concept 
of arrestin bias and its role in GPCR signalling are in 
apparent need of refinement, and it will be exciting to  
see how CRISPR–Cas9 genome editing will continue  
to contribute to unravelling the specific role of arrestins 
in shaping G protein- driven processes. Clarification 
of these mechanisms may ultimately serve to improve 
therapeutic targeting of GPCRs.
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