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During evolution, mammals have developed remarkably similar molecular mechanisms to respond to external challenges

and maintain survival. Critical regulators of these mechanisms are the family of ‘stress’-peptides that consists of the
corticotropin-releasing hormone (CRH) and urocortins (Ucns). These neuropeptides ‘fine-tune’ integration of an intricate series
of physiological responses involving the autonomic, endocrine, immune, cardiovascular and reproductive systems, which
induce a spectrum of behavioural and homeostatic changes. CRH and Ucns exert their actions by activating two types of CRH
receptors (CRH-R), CRH-R1 and CRH-R2, which belong to the class-B1 family of GPCRs. The CRH-Rs exhibit signalling
promiscuity facilitated by their ability to couple to multiple G-proteins and regulate diverse intracellular networks that involve
intracellular effectors such as CAMP and an array of PKs in an agonist and tissue-specific manner, a property that allows them
to exert unique roles in the integration of homeostatic mechanisms. We only now begin to unravel the plethora of CRH-R
biological actions and the transcriptional and post-translational mechanisms such as alternative mRNA splicing or
phosphorylation-mediated desensitization developed to tightly control CRH-Rs biological activity and regulate their
physiological actions. This review summarizes the current understanding of CRH-R signalling complexity and regulatory
mechanisms that underpin cellular responses to CRH and Ucns.

LINKED ARTICLES
This article is part of a themed section on Secretin Family (Class B) G Protein-Coupled Receptors. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2012.166.issue-1
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ACTH, adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; DN, dominant negative; ECD, extracellular
domain; ECL, extracellular loop; EPAC, exchange proteins directly activated by cAMP; ER, endoplasmic reticulum; GRK,
G-protein receptor kinase; ICL, intracellular loop; mGC, membrane guanylyl cyclase; PI3-K, phosphatidylinositol
3-kinase; SCR, short concensus repeat; Ucn, urocortin; VCAM-1, vascular cell adhesion protein 1; w.t, wild type

Introduction

Mammalian adaptive responses to stress involve activation
of the hypothalamo-pituitary-adrenal axis, predominantly
via the hypothalamic hormone, corticotropin releasing
hormone (CRH), which regulates the secretion of adreno-
corticotrophin (ACTH) from the anterior pituitary (Bale and
Vale, 2004). CRH also exerts multiple central and peripheral

actions, which underpin its critical role in integrating the
activity of diverse physiological mechanisms. This complex
process of stress adaptation is fine-tuned by other CRH-like
peptides, such as the family of urocortins (Ucnl, Ucn2 and
Ucn3) that also exerts complementary or sometimes distinct
actions (Suda et al., 2004). CRH and Ucns actions in target
cells involve activation of specific receptors expressed on
the cell membrane of target cells. Mammalian tissues
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express two types of specific CRH receptors (CRH-R), termed
R1 and R2, which belong to the class B1 of GPCRs (recep-
tors for ‘brain-gut’ neuropeptides).

The cognate agonists of class Bl GPCRs regulate important
physiological functions such as exocrine and endocrine secre-
tions, feeding behaviour, metabolism, growth, and neuro- and
immuno-modulations. Members of this GPCR family are
encoded by 15 genes in humans and the ligands for these
receptors are polypeptide hormones that most often act in a
paracrine or autocrine manner, including secretin, glucagon,
vasoactive intestinal peptide, CRH and parathyroid hormone.
Evolution studies suggest that the class B1 GPCRs could have
descended from a subgroup of adhesion GPCRs (Nordstrom
et al., 2009). They have a complex genomic architecture con-
sisting of multiple exons and introns in their open reading
frame, a feature that permits generation of multiple mRNA
splice variants. Interestingly, a number of well-conserved
splice sites have been identified across the B1 GPCRs which are
also present in adhesion GPCRs. Amino acid frequency com-
parisons, relative to their position in the GPCR structure,
across all class B1 GPCRs demonstrated that exons encoding
the distal N-terminal segment and C-terminal tail of these
receptors exhibit extensive amino acid hypervariability (<10%
of amino acids conserved in two-thirds of GPCRs) consistent
with a crucial role in ligand discrimination and signalling spe-
cificity respectively (Markovic and Grammatopoulos, 2009).

CRH receptors are also found in non-mammalian verte-
brate species (Chang and Hsu, 2004). The CRH family of
peptides exhibit significant sequence identity and structure
similarity with the diuretic hormones in insects (Audsley
etal., 1995). Their actions are also mediated via GPCR
homologous to the mammalian CRH receptors. A clear evo-
lutionary trail for the origin of the CRH/CRH receptor system
from invertebrates to vertebrates has emerged, where the
ancestors of the diuretic hormone and diuretic hormone
receptors co-evolved and gave rise to diuretic hormone/
diuretic hormone receptor in insects and CRH/CRH receptor
in vertebrates (Chang and Hsu, 2004). Although the verte-
brate CRH/CRH receptor signalling could have originated as a
paracrine signalling system important for osmoregulation,
during early evolution of vertebrates, the ancestor CRH/CRH
receptor signalling pathway assumed additional functions
that included the regulation of stress responses to environ-
mental stimuli. It is likely that the presence of multiple

highly conserved CRH-like peptides and receptors in verte-
brates conferred an evolutionary advantage. Interestingly, in
amphibian species, CRH has been shown to regulate meta-
morphosis in response to pond drying (Denver, 1997), sug-
gesting a dual role as an osmoregulator and stress transducer
between environmental and physiological responses of an
organism. Thus, the CRH family peptides and their receptors
are phylogenetically ancient developmental signalling mol-
ecules that allow developing organisms to coordinate physi-
ological responses in a changing environment.

Structural determinants of
agonist — CRH-R interactions and
receptor activation

Structurally, the types 1 and 2 CRH-R are approximately 70%
identical at the amino acid level, but exhibit considerable
divergence at the N-terminal extracellular domain (ECD)
(approximately 47%), consistent with their distinct pharma-
cological properties and agonist selectivity, a characteristic
important for their unique physiological roles, when natively
co-expressed in specific tissues. CRH-R1 binds CRH as well as
Ucnl, but not Ucn2 or Ucn3, with equivalent high affinity. In
contrast, the CRH-R2 exhibits ligand selectivity and binds all
the Ucns with significantly higher binding affinity than CRH,
suggesting that these peptides may be its natural ligands
(Chen etal., 1993; Lovenberg etal.,, 1995; Vaughan etal.,
1995; Hsu and Hsueh, 2001; Lewis et al., 2001; Reyes et al.,
2001).

Within the CRH-R ligands amino acid sequence
(Figure 1), a number of residues have been identified as
important for determining binding specificity (Jahn et al.,
2004; Mazur et al., 2004). A proline residue at position 11 (the
numbering of residues is based on human CRH sequence) is
found only in CRH-R2 selective ligands Ucn2 and Ucn3, and
substitution of Pro'! in the Ucn2 sequence with correspond-
ing amino acids, found in the CRH-R non-selective agonists,
decreased binding potency to CRH-R2 while increasing
CRH-R1 activity. In contrast, introduction of Pro' in the
amino acid sequence of CRH decreases o-helicity and impairs
binding to CRH-R1. Furthermore, CRH-R2 selective peptides
contain alanine residues at positions 35 and 39, while CRH-R

CRH-R1 CRH-R2

CRH S-E-E-P-P-1-S-L-D-L-T-F-H-L-L-R-E-V-L-E-M-A-R-A-E-Q-L-A-Q-Q-A-H-S-N-R-K-L-M-E-I-1 - *
Ucnl  D-N-P-S-L-S$-1-D-L-T-F-H-L-L-R-T-L-L-E-L-A-R-T-Q-S-Q-R-E-R-A-E-Q-N—-R-I-|-F-D-S-V + H
Ucn2 I-V-L-$-L-D-V-P-I-G-L-L-Q-|-L-L-E-Q-A-R-A-R-A-A-R-E-Q-A-T-T-N~——A-R-}-L—A-R-V-G-H-C . .
Ucn3 F-T-L-S-L-D-V-P-T-N-I-M-N-L-L-F-N-1-A-K-A-K-N-L-R-A-Q-A-A-A-N-—A-H-L-M-A-Q-| - .

Binding affinity
Figure 1

Amino acid sequence alignment of CRH and CRH-related peptides. CRH-R1 binds CRH as well as Ucn1, but not Ucn2 or Ucn3, whereas the CRH-R2
binds Ucns with significantly higher binding affinity than CRH. A proline residue at position 11 (coloured red), is found only in CRH-R2 selective
ligands Ucn2 and Ucn3. CRH-R2 selective peptides also contain alanine residues at positions 35 and 39 (coloured red), while CRH-R non-selective
peptides contain an invariant arginine at position 35 and an acidic amino acid at position 39 (coloured blue).
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non-selective peptides contain an invariant arginine at posi-
tion 35 and an acidic amino acid at position 39. Introduction
of proline at position 11 and alanine at positions 35 and 39
increases CRH-R2 selectivity in CRH-R non-selective peptides,
mainly through the loss of CRH-R1 potency (Mazur et al.,
2004). Interestingly, unlike Ucnl, this substitution in the
CRH sequence results in a loss of potency at both the CRH-R1
and R2, indicating that CRH requires additional substitutions
to achieve recognition by CRH-R2.

The N-terminus ECD

The CRH-Rs N-terminal ECD comprises the major ligand
binding site and serves to dock peptide ligand via its
C-terminal segment along the hydrophobic face of their
helices. Early mutation studies identified a number of regions
such as amino acids 43-50, 76-84 and 68-109, within the
N-terminal ECD as crucial for binding of CRH-R1 receptor
agonists and peptide antagonists (Wille et al., 1999). Subse-
quent studies employing NMR and X-ray crystallography
(Grace et al., 2004; 2007; 2010; Pioszak et al., 2008; Pal et al.,
2010) identified that both CRH-R1 and R2 ECDs contain a
short consensus repeat fold, a characteristic of the ECD of
class B1 GPCRs. Agonist-receptor molecular interaction posi-
tions the N-terminal segment of the agonist in close proxim-
ity to interact with the receptor’s juxtamembrane domains to
activate the receptor and induces a helix formation towards
the N terminus of the ligand to generate a conformational
active state (the two-step model for ligand-binding and sig-
nalling of class B1 GPCRs). The CRH-R2 ECD peptide-binding
site also contains a unique o-helix formed by its pseudo
signal peptide. Comparison of the electrostatic surface poten-
tials of the ECD suggests that ligand discrimination is
achieved through a charge compatibility mechanism involv-
ing a single amino acid difference in the receptors (CRH-R1
Glu104/CRH-R2 Pro-100) at a site proximal to peptide residue
35 (Arg in CRH/Ucnl, Ala in Ucn2/3). CRH-R1 Glu-104 acts
as a selectivity filter preventing Ucn2/3 binding because the
non-polar Ala-35 is incompatible with the negatively charged
Glu-104 (Pal et al., 2010).

The role of extracellular loops (ECLs) and
G-protein coupling for ligand high

affinity binding

The N-terminus ECD-agonist interaction alone is not suffi-
cient to stimulate coupling of the receptor to G proteins and
elicit a signalling response. An additional interaction is
required between the juxta-membrane domain of the receptor
(the transmembrane helices and intervening loops, the
J-domain) and the N-terminal segment of the peptide, which
penetrates into the transmembrane segments of the receptor.
Different contributions of the J-domain in ligand binding
have been described for the R1 and R2 CRH-R: at the
G-protein uncoupled state (or R state), the J-domain of
the CRH-R2 receptor binds ligands more strongly than the
J-domain of the CRH-R1. Data from a number of studies (Liaw
etal.,, 1997a,b; Perrin etal.,, 1998; Ruhmann etal., 1998;
Sydow et al., 1999; Wille et al., 1999; Assil et al., 2001; Rivier
et al., 2002; Hoare et al., 2004) suggest that agonist interaction
with the CRH-R1 J-domain weakly stabilizes agonist binding,
whereas G-protein binding strongly stabilizes agonist-J-

CRH-R signalling

domain interaction and agonist high affinity via an allosteric
effect (Hoare et al., 2004). Non-peptide antagonist affinity and
the full antagonist effect are provided predominantly by the
J-domain. Moreover, when expressed independently, the
N-terminus ECD of the receptor binds peptide agonist ligands
with affinity similar to that seen in the low-affinity, R state of
the whole receptor. In contrast, the isolated J-domain medi-
ates full high-affinity binding of non-peptide antagonists and
nearly full efficacy receptor activation by peptide agonists, as
demonstrated by activation of the J-domain by a tethered
N-terminal CRH fragment (Nielsen et al., 2000). In agreement
with this, CRH-R1 agonists like CRH and receptor antagonists
require interactions with the ECLs and transmembrane
domain (TMD) for high affinity binding (Figure 2). Within the
J-domain of the CRH-R1, a number of regions have been
identified as important for optimal agonist binding: regions
within the ECL1 domain, amino acids 175-178 and His'® at
the junction of ECL2 and TMD3, and the junction of ECL2
and TMDS5 that involves three amino acid residues, Val®®,
Tyr**” and Thr?®®. In addition, specific amino acids with ECL2,
Trp?*? and Phe®® are also involved in receptor interactions
with the agonist N-terminus, but do not participate in antago-
nist binding (Gkountelias et al., 2009). The ECL3 loop is also
involved in ligand binding, especially the cassette Tyr?-
Asn**® located in close proximity with TMD7 (Sydow et al.,
1999). Also, experiments utilizing allosteric modulators with
varying effect on CRH binding (inhibition or enhancement)
suggest a CRH-R1 activation model in which the receptor
exists in three predominant states: an inactive state, a weakly
active state and a CRH-bound fully active state; allosteric
inverse agonists stabilize the inactive state, and allosteric
agonists stabilize the weakly active state; and antagonism of
CRH signalling results from destabilization of the fully active
state (Hoare et al., 2008). Non-peptide CRH-R1 antagonists,
which bind the J-domain, are able to block peptide agonist
binding and receptor-G-protein interaction (R-G coupling),
whereas the binding of peptide antagonists, predominantly to
the N-domain, was unaffected by R-G coupling. A naturally
occurring model of these structural/functional relationships is
a CRH-R1 variant isoform, termed R1B, which contains a
29-amino acid insert, and has reduced binding affinity for
CRH-R1 agonists although its N- and J-domains are structur-
ally intact (Xiong et al., 1995). Impaired R-G coupling due to
the presence of the 29-amino acid insert in the ICL1 probably
results in reduced ligand affinity of the CRH-R1.

The CRH-R2 J-domain also appears to interact with
agonists and/or antagonists. Studies (Hoare etal., 2005)
using the subtype 2o of the CRH-R2 revealed that the juxta-
membrane receptor domain determines the selectivity of
antisauvagine-30 (a synthetic CRH-R2 antagonist), whereas
the N-terminal-ECD contributes to selectivity of Ucn3, and
both domains contribute to selectivity of Ucn2 and
astressin,-B [a CRH-R2 antagonist (Rivier et al., 2002)]. There-
fore, ligands differ in the contribution of receptor domains to
their selectivity, and CRH-R2-selective antagonists can bind
the J-domain. Unlike the CRH-R1 receptor, the CRH-R2
J-domain stabilizes receptor structure in a high affinity state for
agonists like Ucn2 by about 30-fold and might act as a CRH-
R2/CRH-R1 selectivity determinant. Only a weak increase in
CRH-R2 affinity for Ucn2 is achieved by R-G coupling at the
R-G state (Hoare et al., 2005).
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His1#?

2 CRH binding
3 CRH-R1 selectiv
<4 Ucn1 binding
< NBI binding

Figure 2

Amino acid regions, present in the N-terminus EC loops and TMD, important for different agonist (CRH and Ucn1) and antagonist (NBI) binding
to CRH-R1. CRH-R1 ligand discrimination is achieved through a mechanism involving a single amino acid Glu-104, which acts as a selectivity filter
preventing Ucn2/3 binding because the non-polar Ala-35 is incompatible with the negatively charged Glu-104. Although the CRH-R1 N-terminus
is crucial for agonist binding, coupling of the receptor to G proteins requires an additional interaction the juxta-membrane domain of the receptor
(the transmembrane helices and intervening loops, the J-domain) and the N-terminal segment of the peptide, which penetrates into the

transmembrane segments of the receptor.

CRH-R G-protein activation and
signalling characteristics

G-protein coupling

The CRH-R, like all members of the GPCR family, has the
intrinsic ability to couple to heterotrimeric GDP/GTP-bound
proteins. Interestingly, studies in native tissues (mouse
cortex) and overexpression in HEK293 cells demonstrated
that the CRH-Rs are highly promiscuous and can activate
multiple Go subunits, including Gas, Goo, Gaqi, Gody, and
Goz (Grammatopoulos et al., 1999; 2001). Similar evidence
was provided by heterologous expression of CRH-Rla or
CRH-R2B in the fission yeast Schizosaccharomyces pombe
ectopically expressing yeast-mammalian chimaeric Go. pro-
teins (Ladds et al., 2003).

There is little information regarding CRH-R structural
domains important for G-protein interaction. Studies on the
molecular mechanisms regulating CRH-R1-G protein inter-
action suggest that CRH-R1 agonists activate the receptor by
binding to at least two J-domain configurations, which can
couple to either Gs or Gi. The presence of G-protein specifc
J-domain active conformations is supported by studies
employed biased agonists generated by amino acid modifi-
cations of Ucnl signalling domain (aminoacid positions
6-15) (Beyermann etal., 2007). Although these agonists
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retained abilty to activate Gs, they exhibited characteristics
of competitive antagonism to Gi activation. Moreover, non-
peptide antagonists can antagonize CRH-R1 coupling to Gs
competitively but that to Gi allosterically (Berger etal.,
2006). The identification of specific CRH-R1 variants with
aberrant structure due to exonic sequence modificiations
offers some clues about the structural domains important
for G-protein coupling. For example, studies on the signal-
ling properties of the CRH-R1d variant (which lacks 14
amino acids from TMD7) suggest that an intact conforma-
tion and/or orientation of the C-tail is crucial for receptor
interaction with G-proteins, and that distortion of C-tail
profoundly impairs G-protein activation (Grammatopoulos
etal., 1999). Furthermore, amino acids within ICL3, espe-
cially Ser’®!, appear to be important for efficient CRH-R1
coupling to Gos-, Goo-, Gogi- and Gaiy, (Papadopoulou
etal., 2004). The nature of the residue present in position
301 plays a significant role in determining the G-protein
activation efficiency of the CRH-R1, either through stabili-
zation of the amphipathic o-helix of the ICL3 or direct
amino acid-to-amino acid interactions between CRH-R1 and
G-proteins. Gao-proteins appeared to be the most sensitive
G-protein to amino acid substitution, whereas the weakly
activated Goi was found to be the least sensitive. This study
also suggested a preference of Gos-protein for acidic, but
not charged, amino acid residues at position 301 in order to



achieve full activation through the interaction with the
receptor.

The cAMP/PKA signalling pathway

Pro-opiomelanocortin (POMC) release from pituitary corti-
cotrophs by CRH is mediated through stimulation of the
cAMP/PKA pathway (Reisine et al., 1985). Indeed, most physi-
ological functions of CRH and Ucns in the CNS and the
periphery involve coupling of CRH-R to Gas-proteins. There
are some notable exceptions to this, and CRH-R expressed in
placenta or testis is unable to activate Gos-proteins but rather
employs alternative signalling cascades such as activation of
MAPK or intracellular calcium (Ca*)/PKC pathways (Ulisse
et al., 1989; Karteris et al., 2000). The physiological rationale
for this signalling selectivity is unknown.

The cAMP/PKA pathway initiates intracellular events both
in the cytoplasm, resulting in the acute post-translational
modification of target proteins by PKA, and in the nucleus at
the level of gene transcription regulation by cAMP response
element-binding proteins (Shaywitz and Greenberg, 1999).
Moreover, in various native cellular models, the effects of
CRH-R1-driven cAMP/PKA pathway can diverge through acti-
vation of other downstream signalling molecules such as
membrane guanylyl cyclase, the NF-xB transcription factor,
glycogen synthase kinase-3 and the Wnt/B-catenin pathway,
K(+#) current [I(sAHP)], ERK1/2 and tyrosine hydroxylase
(Haug and Storm, 2000; Aggelidou et al., 2002; Kovalovsky
et al., 2002; Zhao and Karalis, 2002; Facci et al., 2003; Nemoto
et al., 2005; Khattak et al., 2010). Recently, cAMP-dependent
but PKA-independent pathways potentially involving
guanine nucleotide exchange proteins directly activated by
cAMP (EPACs) have been identified as important mediators of
CRH-R1 in AtT20 cells and CRH-R2 overexpressed in HEK293
cells (Van Kolen et al., 2010; Markovic et al., 2011) (Figure 3).

Activation of MAPKs
Members of the MAPK family (ERK1/2 and p38MAPK) have
emerged as important effectors of CRH/Ucn central and
peripheral effects; examples of their crucial role in mediating
CRH-R biological actions include cardio-protection against
ischaemia reperfusion injury (Brar ef al., 2004a), behavioural
and memory adaptation to stress (Sananbenesi et al., 2003),
neuroprotection (Elliott-Hunt et al., 2002; Pedersen et al.,
2002), positive or negative regulation of apoptosis depending
on the cellular model (Dermitzaki et al., 2002; Radulovic
et al., 2003), and regulation of IL-18 expression (Park et al.,
2005). Both kinases can be stimulated by agonist-activated
CRH-R1 or CRH-R2, although certain agonists exhibit cell
type selectivity, most likely due to the different cell-specific
signalling machinery employed to activate MAPK. In addi-
tion, distinct spatio-temporal characteristics of ERK1/2 acti-
vation have been identified between the R1 and R2 CRH-R
when overexpressed in HEK293 cells (Punn et al., 2006; Mark-
ovic et al., 2008b): in contrast to a sustained ERK1/2 phos-
phorylation induced by the CRH-R1, ERK1/2 activation
downstream of the CRH-R2 is transient and accumulates in
both nuclear and cytoplasmic compartments.

The tissue-specific signalling characteristics of the CRH-R-
ERK1/2 pathway have been extensively investigated over the
past 10 years (Figure 4). In the hippocampus, neuronal cells or

CRH-R signalling

CRH

7 AN

GSK-3B/WNt  ERK1/2 NF-«B
Tyrosine hydroxylase

Figure 3

The central role of the cCAMP pathway in amplifying and diversifying
CRH-R signalling. In most tissues, both CRH-R1 and R2 receptor
couple to and activate Gs-proteins and stimulate intracellular cAMP
levels. Through activation of protein kinase A and EPACs, CRH-R
agonists can activate a plethora of downstream intracellular effectors,
such as GC, ERK1/2, NF-xB, ion channels, tyrosine hydroxylase phos-
phorylation and GSK-3.

pituitary corticotrophs CRH-R induced ERK1/2 phosphoyrla-
tion requires activation of the cAMP/PKA cascade (Elliott-
Hunt et al., 2002; Kovalovsky et al., 2002). Interestingly, in
other cellular models such as myometrium, endometrial
adenocancinoma and breast cancer, CRH-R appears to employ
the cAMP/PKA cascade in a different manner that leads to
inhibition of ERK1/2 activation, highlighting a versatile use of
this pathway to control ERK1/2 activity and downstream cell
proliferation or differentiation (Grammatopoulos et al., 2000;
Graziani et al., 2002; 2007). One potential inhibitory mecha-
nism at the level of receptor-G-protein interaction might
involve PKA-induced phosphorylation of the CRH-R1 ICL3 at
position Ser*'. This post-translational modification event pre-
vents maximal coupling of overexpressed CRH-R1 with Gog-
protein and downstream activation of PKC-mediated ERK1/2
activation (Papadopoulou et al., 2004). Interestingly, a differ-
ent functional relationship between the cAMP/PKA and
ERK1/2 has been identified for the overexpressed R2 receptor
as Ucn2/CRH-R2 activation of ERK1/2 is dependent on the
cAMP/PKA cascade (Markovic et al., 2011).

The cAMP/PKA casade is not the only pathway, down-
stream of CRH-R, regulating MAPK phosphorylation. Overex-
pressed CRH-Rs are able to stimulate ERK1/2 also through
PKA-independent mechanisms, involving various signalling
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CRH

Myometrium Pituitary
Endometrium Brain
Mammary gland

Figure 4

CRH-R regulation of ERK1/2 activation via the cAMP/PKA pathway.
Examples of tissue/cell specific regulation of ERK1/2 activity by the
CRH-Rs mediated via the cAMP/PKA pathway. In some tissues, CRH-
activated PKA diminishes ERK1/2 phosphorylation and stimulation,
whereas in others (right), ERK1/2 activation requires PKA.

cascades such as the Gaq-IP;-PKC pathway and GBy-
dependent receptor tyrosine kinase transactivation (Punn
et al., 2006). Other signalling molecules such as Gai- and
Goo-proteins, PI3-K and its downstream effector PKB/AKkt,
MAPK kinase 1, Raf-1 kinase, and possibly intracellular Ca*,
have also been implicated in overexpressed CRH-R-induced
ERK1/2 activation (Brar etal., 2004b; Punn et al., 2006).
Recent studies, in both pituitary and CRH-R2 overexpresing
HEK293 cells, suggested that ERK1/2 activation might also
involve cAMP-activated EPAC signalling (Van Kolen et al.,
2010; Markovic et al., 2011).

Regulation of NO and NF-xB

signalling molecules

In various physiological systems, CRH and CRH-related ago-
nists appear to be important regulators of the NO/cGMP
pathway. In human placenta, myometrial smooth muscle and
synoviocyte cells, activation of CRH-R1 stimulates expression
and activity of the endothelial NO synthase (Aggelidou et al.,
2002; Karteris et al., 2005; Ralph et al., 2007) through a Gos-
protein-PKA independent pathway (Aggelidou et al., 2002;
Karteris et al., 2005). This interaction results in increased intra-
cellular formation of NO, and the induction of intracellular
events involving activation of the soluble form of GC and

90 British Journal of Pharmacology (2012) 166 85-97

production of the second messenger cGMP. Interestingly, in
other cellular systems such as the H5V murine endothelioma
cells, CRH stimulation of CRH-R1 attenuates cytokine-
stimulated inducible NO synthase (iNOS) protein expression
(Cantarella et al., 2001), suggesting a more complex relation-
ship and highlighting the concept of tissue-specific effects of
CRH-R agonists. In contrast, CRH-R2 activation in human
umbilical vein endothelial cells leads to potentiation of
cytokine-induced iNOS expression (Cantarella et al., 2001).

It is increasingly recognized that CRH-R agonists exert
potent immunomodulatory effects. This directed many
studies towards investigation of the role of the transcription
factor NF-xB as a target and mediator of CRH-R effects in
various cells. In a number of cellular models, CRH activates
NF-xB to regulate important biological actions; for example,
in mouse thymocytes, CRH knockdown leads to impaired
LPS-activated NF-xB response (Zhao and Karalis, 2002),
whereas in rodent neonatal cardiomyocytes, Ucnl and
CRH-R2 activates NF-kB to induce IL-6 release, and in rodent
models of atherosclerosis CRH and CRH-R1 enhance VCAM-1
expression through NF-xB activation, a molecular mecha-
nism postulated to be important for CRH acceleration of
atherosclerosis (Huang etal., 2009; Wu etal.,, 2009). An
important role of NF-kB has been identified in corticotrophs
in the regulation of pituitary POMC gene by CRH (Karalis
et al., 2004); however, this effect appears to be tissue specific
because in human immortalized epidermal (PIG1) melano-
cytes, CRH stimulation of POMC mRNA and ACTH peptide
production involves inhibition of NF-xB activity (Zbytek
et al.,, 2006). A similar inhibitory action of CRH on NF-xB
transcriptional activity has been described in primary
neurons and clonal hippocampal cells, which appears to be
important for protection against oxidative cell death
(Lezoualc’h et al., 2000).

Regulation of CRH-R signalling

The CRH-R activity is susceptible to intracellular mechanisms
that rapidly attenuate signalling output and prevent cell
overstimulation. Similar to most GPCRs, this mechanism
involves three distinct cellular phenomena: receptor post-
translational modification, usually phosphorylation by
second messenger-activated PKs or G protein-coupled recep-
tor kinases-(GRKs), followed by recruitment of specific
adaptor proteins such as f-arrestins that induce receptor
desensitization and uncoupling from G-proteins and subse-
quent receptor endocytosis.

CRH-R phosphorylation and desensitization

Although both CRH-R1 and R2 sequence contains a putative
PKA phosphorylation site within ICL3, agonist-induced
(homologous) desensitization of CRH-R1 appears to be a PKA-
independent process (Hauger et al., 2000; Teli et al., 2005).
Upon activation, PKA can indeed phosphorylate the CRH-R1
and this post-translational modification appears to be impor-
tant for determining G-protein coupling and signalling direc-
tion (Papadopoulou et al., 2004). The CRH-R sequence also
contains multiple PKC phosphorylation sites; however,
current evidence suggests that PKC phosphorylation is not



involved in homologous CRH-R1 desensitization (Hauger
et al., 2003). Studies on the structural determinants of CRH-R1
coupling to Gs proteins and response to PKC phosphorylation
identified Ser*® in the distal part of the CRH-R1 C-tail as a
critical residue for receptor resistance to PKC-induced desen-
sitization as replacement of Ser**® renders the CRH-R1 suscep-
tible to PKC-induced desensitization and internalization (Teli
et al., 2008). In addition, there is evidence to suggest that
CRH-R activity is heterologously regulated by PKC; for
example, in Y79 human neuroblastoma cells, PKC is involved
in the heterologous desensitization of the CRH-induced cAMP
response (Hauger et al., 2003), whereas in human pregnant
term myometrium oxytocin activated, PKC diminishes CRH-
R-induced activity of the Gs-protein-cAMP pathway (Gram-
matopoulos and Hillhouse, 1999).

The major PK consistently identified in mammalian cells
as regulator of CRH-R1 phosphorylation and desensitization
is the family of GRKs. Studies in HEK293 and Y79 neuroblas-
toma cells have shown that multiple GRKs are involved in
CRH-R1-phosphorylation and homologous desensitization
(Dautzenberg et al., 2002; Teli et al., 2005): GRK3 appears to
be the major ‘cytosolic’ isoform and requires Gfy-subunits for
its recruitment to the plasma membrane and association with
the receptor. GRK6, which under basal conditions is localized
in the plasma membrane, is also involved in receptor phos-
phorylation. However, GRK6 is able to interact with the
CRH-R1 in a GPy-subunit independent manner, due to its
constitutive association with the plasma membrane. Interest-
ingly, in GRK3-deficient cellular systems, such as AtT-20 cor-
ticotroph cells, GRK2 participates in homologous CRH-R1
desensitization (Kageyama etal., 2006). The cAMP/PKA
pathway may also have a role in this mechanism by activat-
ing GRK2 through phosphorylation. The putative GRK
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phospho-acceptor sites have been investigated within the
tertiary structure of CRH-R1. The distal portion of the cyto-
plasmic tail of the CRH-R1 contains a cluster of Ser/Thr resi-
dues (Ser**-Ser*®®) and site-directed mutagenesis studies
identified Thr*® as a GRK-phospho-acceptor residue (Teli
et al., 2005). Further mutation studies localized the sites of
agonist-induced CRH-R1 phosphorylation to Ser/Thr residues
in both the IC3, which contains the putative GRK phospho-
rylation cassette Ser**'-Thr*® and in the last 30 amino acids of
the C-terminus, a segment that contains all putative GRK and
PKC phosphorylation sites (Oakley et al., 2007). This study
also suggested that initial phosphorylation of specific Ser/Thr
residues in the receptor C-terminus may be necessary for
subsequent phosphorylation of the Ser/Thr cluster in the IC3
loop (Figure 5A).

Agonist-induced receptor phosphorylation leads to trans-
location of B-arrestins to the plasma membrane where they
interact with phosphorylated GPCRs. The binary protein
complex formation initiates two important intracellular pro-
cesses, receptor uncoupling and internalization, which are
involved in both the desensitization and the recovery of
cellular responses. Various studies have provided strong evi-
dence that activation of both CRH-R1 and R2 induces rapid
recruitment of B-arrestins to the plasma membrane and sub-
sequent receptor interaction, an event leading to signalling
desensitization (Rasmussen et al., 2004; Teli etal., 2005;
Holmes et al., 2006; Markovic et al., 2006; 2008b; Oakley et al.,
2007). Although it is generally accepted that CRH-R1 phos-
phorylation by GRK is required for efficient B-arrestin cou-
pling, studies employing mutant CRH-R1 receptors resistance
to GRK phosphorylation showed that these receptors were still
able to recruit f-arrestin (Oakley et al., 2007). This suggests the
presence of complex mechanisms that govern interactions

Agonist

Structural determinants important for intracellular mechanisms regulating CRH-Rs activity. (A) Amino acid residues within the ICL3 and C-terminus
of CRH-R1, identified as important phospho-acceptor sites of GRKs and second messenger PKs (PKA and PKC) and are involved in the intracellular
mechanism that leads to B-arrestin recruitment and receptor endocytosis. (B) Amino acid casette within the C-terminus of CRH-R2, involved in

the intracellular mechanism controlling rate of receptor endocytosis.
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between receptor (phosphorylated or not) and B-arrestins.
This is supported further by the observation that B-arrestin
recruitment to the plasma membrane is independent of recep-
tor signalling, because the signalling impaired CRH-R1
variant, CRH-R1f, was able to efficiently induce B-arrestin
recruitment to the plasma membrane (Markovic et al., 2006).

Most studies investigating the role of agonist-induced
desensitization of CRH-R signalling have focused on the acti-
vation of AC, and important differences have been identified
between the R1 and R2 subtypes as the CRH-R2 undergoes a
more rapid rate of desensitization of cAMP responses follow-
ing agonist activation (Teli etal., 2005; Markovic etal.,
2008b). Moreover, it appears that not all CRH-R1-driven
pathways are susceptible to desensitization; results from
CRH-R1 over-expression systems suggest that homologous
desensitization primarily attenuates Gs and Gq/11-driven sig-
nalling cascades (Wietfeld et al., 2004). In contrast, CRH-R1-
Gi-protein interaction is not susceptible to desensitization,
either because the important Ser/Thr is not accessible for
phosphorylation or potential phosphorylation and B-arrestin
binding do not interfere with Gi-protein-coupling. This
might represent a regulatory mechanism that allows a more
rapid decline of some CRH-R1 stimulatory effects. In fact,
interaction between CRH-R1 and B-arrestin is involved in
G-protein independent activation of ERK1/2 and p38MAPK
(Punn et al., 2006), suggesting a crucial role of B-arrestin in
terminating some G-protein-dependent signals such as cCAMP,
while stimulating others (MAPK) and thus controlling the
overall direction of CRH-R1 intracellular effects. Lessons from
other GPCRs suggest that B-arrestin binds to several compo-
nents of the MAPK cascade, such as Raf and MEK1/2, assem-
bling them in a multiprotein complex in close proximity, to
facilitate signal propagation (Pierce et al., 2001). This role of
B-arrestin appears to be specific for the CRH-R1 as CRH-R2-
driven ERK1/2 activation was found to be exclusively
G-protein dependent (Markovic et al., 2008b). In the latter
cellular model, ERK/12 appears to finely tune B-arrestinl
actions, by modulating through phosphorylation, p-arrestinl
translocation to the plasma membrane and CRH-R2
desensitization/internalization kinetics. Loss of this ‘negative
feedback’ mechanism through inhibition of the ERK1/2 activ-
ity results in significant attenuation of Ucn 2-induced cAMP
response (Markovic etal., 2011). These findings provide
another example of complex mechanisms regulating CRH-R
functional responses and signal integration.

CRH-R internalization

Binding of B-arrestin to CRH-R initiates receptor endocytosis,
a critical process for attenuating cellular responses to CRH and
CRH-like agonists. At present, there are conflicting evidence
about the fate of the CRH-R1-B-arrestin complex; in different
experimental settings, the CRH-R1 appears to either form
stable complexes with B-arrestin that internalize together as a
unit into endocytic vesicles (Perry et al., 2005; Markovic et al.,
2006) or dissociate from p-arrestin at or near the plasma
membrane before internalization while B-arrestin remains in
the membrane (Rasmussen et al., 2004; Holmes et al., 2006). In
the former setting, f-arrestin might act as a scaffold to recruit
other signalling molecules regulated by CRH-R1 such as
phospho-ERK1/2 (Punn et al., 2006). The presence of distinct
pathways leading to CRH-R1 internalization is supported by
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data suggesting that CRH-R1 internalization characteristics are
ligand specific. Astressin, a neutral competitive antagonist,
which binds with high affinity to the N-terminus of the
CRH-R1, is capable of inducing CRH-R1 internalization
through a pathway involving sequestration into intracellular
compartments other than clathrin-coated pits and caveolae,
despite being unable to stimulate CRH-R1 signalling, receptor
phosphorylation or B-arrestin recruitment (Perry et al., 2005).
Other studies have also suggested that CRH-R1 internalization
appears to be independent on the degree of B-arrestin recruit-
ment and/or receptor phosphorylation (Rasmussen et al.,
2004), revealing a potential versatility of the CRH-R1 internal-
ization mechanisms. These data raise the possibility that the
two processes of CRH-R1 activation and signalling and recep-
tor internalization might not be closely related, and demon-
strate that under certain conditions (e.g. antagonist binding),
the CRH-R1 can adopt distinct active conformations impor-
tant for specific functions such as receptor internalization.
Studies investigating the fate of the internalized receptor
showed that in both HEK293 cells and cortical neurons, inter-
nalized CRH-R1 transited from Rab5-positive early endosomes
to Rab4-positive recycling endosomes and was not targeted to
lysosomes (Holmes et al., 2006). The CRH-R2 internalization
characteristics have also been investigated (Markovic et al.,
2008b); CRH-R2 activation induces transient B-arrestinl and
B-arrestin2, as well as clathrin, recruitment to the plasma
membrane. This is followed by rapid receptor endocytosis in a
mechanism that does not involve association with B-arrestin
inside the cell. Site-directed mutagenesis studies on CRH-R2
C-terminus showed that the amino acid cassette TAAV at the
end of the C-terminus is important for CRH-R2 rate of inter-
nalization because loss of a potential phospho-acceptor site of
the cassette TAAV resulted in accelerated receptor internaliza-
tion (Figure 5B).

Certainly, these intracellular mechanisms regulating
CRH-R endocytosis are physiologically important for cellular
adaptation to CRH actions as recently highlighted by a study,
which identified gender-specific differences in rodent cortical
CRH-R1 trafficking that could render CRH-receptive neurons
of females more sensitive to low levels of CRH and less adapt-
able to high levels of CRH. Stress-induced CRH-R1 association
with B-arrestin, an integral step in receptor internalization,
was identified only in male rats. These differences might
compromise stress adaptation in females and may underlie
their increased vulnerability to develop stress-related pathol-
ogy (Bangasser et al., 2010).

Regulation of CRH-R biological activity
through splicing

A growing number of CRH-R mRNA variants have been iden-
tified in humans and other species (Hillhouse and Grammato-
poulos, 2006) generated via alternative pre-mRNA splicing, a
mechanism that has emerged as an important regulatory
mechanism of class-B1 GPCRs biological function. Our
current understanding of the role of these receptor variants is
limited and is based primarily on in vitro experiments. Certain
receptor variants such as the soluble (s) CRH-R2a identified in
mouse brain and rat oesophagus (Chen et al., 2005; Wu et al.,



2007) where exon deletion results in a soluble receptor frag-
ment protein. Overexpression studies suggest that these
might modulate biological effects of CRH and CRH-related
peptides, as they are able to inhibit cellular responses to CRH
and Ucnl, possibly acting as extracellular ligand-binding pro-
teins. Similar soluble variants have also been identified for the
CRH-R1, namely isoforms e and h, in human skin and myo-
metrium (Jin et al., 2007; Zmijewski and Slominski, 2009a)
These variants are diffusely distributed in the cytoplasm or
localized to the endoplasmic reticulum (ER) and additionally
secreted in culture medium (Zmijewski and Slominski,
2009a). It has been suggested that these variants can exert a
dual effect on the wild type (w.t) CRH-R1a cellular activity
depending on their localization: when secreted, they can
inhibit CRH activity, whereas their intracellular presence can
lead to amplification of agonist-induced CRH-R1a intracellu-
lar effects (Zmijewski and Slominski, 2009b). Of particular
interest is the CRH-R1d, a receptor variant mising exon 13, a
modification that leads to the loss of 14 amino acids from the
C-terminal end of the putative TMD7, resulting in a 6-TMD
receptor containing a protein segment that fails to segregate
into the membrane lipid bilayer and leads to an extracellular
C-terminus (Grammatopoulos et al., 1999). However, only a
small fraction of “TMD7-short’ CRH-R1d is localized to the
plasma membrane and the majority of receptors are expressed
as intracellular proteins possibly in the ER (Markovic et al.,
2008a), suggesting that the absence of TMD7 could affect
CRH-R1d folding or transport to the cell surface. Similar
mRNA splice variants arising from the same exon excision
have been described for other members of the B1 family of
GPCRs, suggesting the presence of a highly conserved splicing
‘hot-spot’ (Markovic and Grammatopoulos, 2009). Whether
or not this aberrant R1d mRNA transcript is significantly
translated as protein in native tissues is unkwown. Although
our current understanding of the mechanisms regulating
CRH-R1 mRNA splicing is incomplete, emerging evidence
points towards potentially important biological mechanisms
dynamically regulating CRH-R mRNA splicing. For example,
in human myometrial smooth muscle cells, progesterone and
estradiol-17f exert antagonistic actions on exon 13 inclusion
or skipping from the final CRH-R1 mRNA transcript (Karteris
et al., 2010). Although the specific biological function of CRH-
R1d remains to be elucidated, it appears that it might act as
dominant negative (DN) regulator of CRH responses by inter-
fering with w.t receptor cell membrane expression or activa-
tion by its cognate agonists. In particular, it has been
suggested that CRH-R1d associate with w.t CRH-R1 to form
hetero-oligomers that are trapped intracellularly. This leads to
a reduction in the signalling response through inhibition of
w.t receptor cell surface expression (Zmijewski and Slominski,
2009b). Interestingly, data suggest that CRH-R1d interaction
with the CRH-R2 receptor ‘rescues’ plasma membrane expres-
sion of CRH-R1d (Markovic et al., 2008a); enhancement of cell
surface expression allows CRH-R1d to act as a DN regulator
and heterologously attenuate CRH-R2f signalling. This sug-
gests that under certain conditions and suitable ‘partner’
proteins, biosynthetic trafficking pathways of “TMD7-short’
variants can be modified to transport these proteins to the
plasma membrane. Therefore, it is conceivable that under
certain conditions, increased expression of the aberrant R1d
mRNA transcript at the expense of the w.t receptor might

CRH-R signalling

reduce expression levels of functional receptor and diminish
cellular responsiveness.

DN roles have been described for other CRH-R variants;
for example, an insertion variant (iv)-mCRH-R2 variant with
a unique C-terminal tail has been isolated from the mouse
heart (Sztainberg et al., 2009). When co-expressed with w.t
mCRH-R2f, iv-mCRH-R2B significantly inhibits the w.t
mCRH-R2 membrane expression and its functional signal-
ling by ER-Golgi complex retention. Interestingly, induction
of stress up-regulates (iv)-mCRH-R23 mRNA expression in the
heart, suggesting a potential regulatory mechanism of the
mCRH-R2f cardioprotective effects.

Conclusions

The multiplicity of CRH-like peptides and CRH-R subtypes
underpins the actions of a modulatory system fundamental
for species adaptation, development and survival. The
CRH-Rs are multifaceted receptors with a high degree of ver-
satility in transducing the biological actions of their cognate
agonists in a tissue- and agonist-specific manner. Significant
progress has been made towards understanding the plethora
of intracellular mechanisms that fine-tune their signalling
plasticity by influencing receptor expression, signalling direc-
tion and duration of signal (Figure 6). Although most of our

Agonist

Intracellular
signal

Figure 6

An overview of the regulatory mechanisms allowing cells to modu-
late CRH-R signalling potency and direction. Upon receptor activa-
tion by its cognate agonists, cells modify their responsiveness (either
through signal termination of generation of alternative signals)
through activation of mechanisms that lead to receptor desensitiza-
tion and decrease of receptor number in the plasma membrane.
These mechanisms also potentially involve receptor variants that act
as DN regulators of receptor expression or signalling.
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current knowledge is based on studies from cellular models,
either artificial overexpression systems or native cultured
cells, use of in vivo models of disease have advanced our
understanding of the physiological relevance of CRH-R sig-
nalling and dissection of the relative contribution of CRH-R1
and R2-driven pathways. Further elucidation of these mecha-
nisms will allow us to characterize their sometimes distinct
roles in human pathophysiology and exploit their potential
as novel therapeutic targets.
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