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Biological processes are driven by a complex system of functionally interacting
signaling components within the cell. These signaling processes are initiated when
a class of cell surface proteins, called receptors, receives information from the
surrounding environment. This information is then routed through complex signaling
pathways and decoded in the nucleus and other areas of the cell. In order to fully
understand cell signaling, we must first appreciate the spatial and temporal dynamics
of cell surface receptors as well as the downstream components of signaling
pathways. The functional states and downstream interactions of cell signaling com-
ponents are critical to the understanding of both normal and pathologic biological
processes. In recent years, a steady increase in both clinical and experimental data on
cell signaling has emerged. As we progress through the twenty-first century, it is clear
that a systems biology approach, concomitant with the understanding of individual
cell signaling components, is needed to delineate biologically relevant signaling
networks. Furthermore, it is well understood that almost all diseases exhibit signaling
pathway dysfunction. As a result, there has been a profound interest in identifying
novel drug targets that regulate key signaling components in disease states.

Currently, there are more than 20,000 genes reported in the human genome;
however, not all of the encoded proteins work equally to maintain homeostasis.
Achieving a thorough understanding of the most potent signaling components and
their associated signaling pathways will significantly improve our knowledge of the
molecular mechanisms that regulate disease. Moreover, this insight will lead to
the development of novel therapeutics. In recent years, there were multiple attempts
to build molecule databases, which were still very partial and brief. Amid the
excitement over the recent discoveries of new functional molecules, one of this
century’s greatest scientific tasks is to compile all information pertaining to signaling
components into a single resource. Such an attempt may be arduous but, at the end,
will fill the intellectual voids of the field and drastically streamline the understanding
of critical signaling networks.

The Encyclopedia of Signaling Molecules is a testament to how far we have come
in terms of identifying the function of and the interconnection between signaling
molecules. This book represents biologically important signaling components from
the level of a single gene, to that of gene families. The contents of this encyclopedia
are built on the core concepts of the function of signaling components along with the
early historical findings to show readers the progress the field has achieved. The
encyclopedia not only focuses on individual and groups of signaling components, but
also explores the interactions between these groups of signaling components within
signal transduction networks. Additionally, it also provides an abundance of
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information on the conversion of external signals generated by growth factors,
hormones, neurotransmitters, chemokines, cytokines, etc., to the resultant cellular
response. Applications of these data to disease and drug discovery efforts have also
been discussed. Overall, the encyclopedia is designed to aid those who wish to
investigate the function of specific signaling molecules and its role in signaling
networks.

The encyclopedia is a Springer Major Reference Work, published in print and
online. It consists of entries organized alphabetically. Each entry is concise, clearly
written, and contains references to the literature for readers who wish to study each
topic in depth. The broad coverage is expected to make the encyclopedia an indis-
pensable reference tool in the field of biomedical research. The online version
features colored illustrations and is fully searchable. In addition, cross-references
are listed as hyperlinks to easily access related topics in the book.

There are many people to thank and whose help was critical for completing the
Encyclopedia of Signaling Molecules. This encyclopedia is based on the expertise of
hundreds of biomedical professionals who must receive my sincere gratitude for their
dedication, efforts, and polite responsiveness to the continuous inquiries. Most
importantly, the chapter authors have written outstanding pieces that provide the
latest information in their respective field of research. I am grateful to the editors and
staffs of Springer: Ann H. Avouris, Anil Chandy, Meetu Lall, Mansi Seth, and
Rajneesh Roy for their outstanding help and assistance. Special thanks go to
Mrs. Melanie Tucker who made certain that all the molecules were included for the
final draft of the encyclopedia.

I hope that the information presented in the Encyclopedia of Signaling Molecules
will not only aid in understanding the subject matter but also in using the biological
information for the benefit of humankind.

Sangdun Choi

Preface
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Historical Background

Because of its exquisite sensitivity to serotonin, the rat
stomach fundus was used as a bioassay for serotonin
before the development of more quantitative analytical
assays for this biogenic amine (Vane 1957). Although
the potency for the contractile effects of serotonin has
been known for a long time, the receptors mediating
such a response have eluded definitive characterization
for long time. Pharmacological studies attempting to
characterize the contractile serotonergic receptor in
the rat stomach fundus documented the similarity to
the 5-HT,c receptor. In the absence of detectable
5-HT,c receptor mRNA in the rat stomach fundus,
only molecular cloning allowed the identification of a
new receptor in 1992 in rat and mouse, and later (1994)
human species, called 5-HT,g receptor. Subsequent
pharmacological characterization of this receptor
subtype in different species including humans identi-
fied species difference in its pharmacology and con-
firmed the proximity of this pharmacology to that of
5-HT,c receptors.

Pharmacological analysis has shown that the 5-HT,g
receptor displays high-affinity binding to its endogenous
ligand serotonin (Kd ~10 nM), a value significantly
different from that for the 5-HT,4 receptor. 5-HT,p
receptors are the targets of many 5-HT2 nonselective
compounds, metabolites of therapeutic compounds, and
drugs of abuse. Agonists include nordexfenfluramine
(metabolite of dexfenflamine), methylergonovine
(metabolite of methysergide), and MDA (metabolite
of MDMA). Tryptamine, o-methyl-serotonin, BW
723C86: 1-methyl-2-[5-(2-thienylmethoxy)-1H-indole-
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3-ylJethylamine hydrochloride, p-norfenfluramine, Ro
60-0175:  2(S)-1-(6-chloro-5-fluoro-1H-indol-1-yl)-2-
propanamine fumarate, and LSD all exhibit the highest
potencies for 5-HT,g. BW 723C86 has been reported to
have over a 10-fold higher selectivity for the 5-HT,p
receptor than the 5-HT,c receptor and a 100-fold
higher selectivity than the 5-HT,, receptor. DOI is a
nearly full agonist at 5-HT,g receptors with similar
affinity to 5-HT, and 5-HT,p receptors. Nonselective
5-HT2 receptor antagonists such as ritanserin,
metergoline, and LY 53857 antagonize 5-HT,g receptor
mediated effects. Also, the adrenergic o2 receptor
antagonists yohimbine and rauwolscine are potent antag-
onists and have a low affinity for the 5-HT,c and 5-HT4
receptor sites. The first highly selective antagonists have
been recently reported, LY266097: 1-(2-chloro-3.4-
dimethoxybenzyl)-6-methyl-1,2,3,4-tetrahydro-9Hpyrido
[3,4-blindole hydrochloride, has a pKi of 9.7 for the
human cloned 5-HT,g receptor with a 100-fold greater
selectivity for this receptor than the human 5-HT,¢ and
5-HT,, sites. SB 204741: N-(1-methyl-5-indolyl)-N'-
(3-methyl-5-isothiazolyl)urea, has been reported as
a selective 5-HT,p receptor antagonist with lower
potency (Ki around 100 nM). RS 127445: 2-amino-4-
(4-fluoronaphth-1-yl)-6-isopropylpyrimidine was found
to have sub-nanomolar affinity for the 5-HT,g receptor
(pKi = 9.5) and a 1,000-fold selectivity for this receptor
as compared to numerous other receptor and ion channel
binding sites and appears to be the most selective, high
affinity 5-HT,p receptor antagonist currently available.
The tetrahydro-B-carboline, LY272015: 6-chloro-
5-methyl-N-(5-quinolinyl)-2,3-dihydro-1H-indole-1-
carboxamide is also a selective and potent antagonist.
The SB 206553: 5-methyl-N-(3-pyridyl)-1,2,3,5-
tetrahydrobenzo[1,2-b:4,5-b']dipyrrole-1-carboxamide
and SB 215505: 6-chloro-5-methyl-N-(5-quinolinyl)-
2,3-dihydro-1H-indole-1-carboxamide behave as mixed
5-HT,/5-HT5g receptor antagonist.

Like 5-HT,o and 5-HT,c receptors, the 5-HT,g
receptor when expressed in transfected cells can induce
GTPase activation and inositol 1,4,5-trisphosphate
production upon agonist stimulation. GTPase activa-
tion is blocked by antibodies against Gag/11, but not
by pertussis or cholera toxins or by anti-Goi or anti-
Gus antibodies, indicating that this GTPase activation
is mediated by the G-protein Gag/11, but not by Gas or
Gui. Interestingly, the GTPase activation can also be
blocked by anti-B1-4, or -y2 subunit antibodies. Ago-
nist stimulation of the 5-HT,g receptor causes a rapid
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5-Hydroxytryptamine Receptor 2B, Fig. 1 Summary of some of the identified transduction pathways that can be used by
5-HT?2B receptors adapted from Nebigil et al. (2000b), Manivet et al. (2000) and Nebigil et al. (2003)

and transient activation of the proto-oncogene product
p21™ in response to serotonin, as measured by an
increase in GTP bound-Ras. Furthermore, 5-HT,g
receptor stimulation activates the mitogen-activated
protein kinases (MAPKs) p42mapk/p44mapk (ERK?2/
ERKI1). In addition to a mitogenic action, a trans-
forming activity of serotonin can be mediated by the
5-HT,p receptor as it leads to the formation of foci and
to the formation of tumors from foci in nude mice.
Moreover, the 5-HT,p receptors-dependent cell cycle
progression occurs through retinoblastoma protein
hyperphosphorylation and the activation of both cyclin
D1/cdk4 and cyclin E/cdk?2 kinases. The induction of
cyclin D1 expression, but not that of cyclin E, is under
mitogen-activated MAPK control, indicating an inde-
pendent regulation of these two cyclins in 5-HT,pg
receptor mitogenesis. Moreover, platelet derived
growth factor receptor (PDGFR) kinase activity is
essential for 5-HT,p-triggered MAPK/cyclin D1, but
not cyclin E, signaling pathways. The 5-HT,p receptor
activation also increases activity of the Src family
kinases c-Src, Fyn, and c-Yes. Strikingly, c-Src, but
not Fyn or c-Yes, is the crucial molecule between the
Gq protein-coupled 5-HT,p receptor and the cell cycle
regulators. Inhibition of c-Src activity is sufficient to
abolish the serotonin-induced: (1) PDGFR tyrosine
kinase phosphorylation and MAPK activation, (2)
cyclin D1 and cyclin E expression levels, and (3)
thymidine incorporation. Thus, c-Src activation by
the 5-HT,p receptor controls cyclin E induction and,
in concert with the receptor tyrosine kinase PDGFR,

induces cyclin D1 expression via the MAPK/ERK
pathway (Nebigil et al. 2000b). The 5-HT,p receptor
can also couple to the phospholipase A2 (PLA2)-medi-
ated release of arachidonic acid. In addition, stimula-
tion of the 5-HT,p receptor triggers intracellular cGMP
production through dual activation of constitutive
nitric-oxide synthase (cNOS) and inducible NOS
(iNOS). The group I PDZ motif at the carboxy terminus
of the 5-HT,p receptor is required for recruitment of
the cNOS transduction pathways, and iNOS stimula-
tion is under control of the Go13 pathways. 5-HT,pg
shares the C-terminal E-X-V/I-S-X-V sequence with
5-HT,c receptors and also binds MUPP1-PDZ
domains in vitro (Manivet et al. 2000) (Fig. 1).
Expression of 5-HT,g receptors has been reported
in mouse embryos in migrating neural crest cells, neu-
ral tube, heart primordia, and somites by immunohis-
tochemistry and in situ hybridization. By Northern blot
and immunohistochemistry, 5-HT,p receptor expres-
sion has been detected in the stomach fundus, intestine,
liver, kidney, pancreas, spleen, and lung, as well as in
the myocardium of several species including rats,
mice, and humans. In brain, 5-HT,5 expression has
been reported in the cerebral cortex, cerebellar nuclei
and their projection areas, lateral septum, dorsal hypo-
thalamus, and medial amygdala. Expression of the
serotonin 5-HT,p receptor mRNA was also confirmed
in several brain nuclei including dorsal raphe nuclei by
gene expression profiling in the mammalian brain, and
by in-situ hybridization. Reports using pharmacologi-
cal or molecular studies indicate that the 5-HT,p



5-Hydroxytryptamine Receptor 2B, Fig. 2 Major sites of
expression of 5-H2B receptors are shown. This includes (a)
brain as illustrated by in situ hybridization on rat brain sections,
(b) embryos as illustrated by in situ hybridization and

receptor is also expressed in blood vessels, including
both endothelial and smooth muscle cells as well as on
the endothelial cells of meningeal blood vessels. In
addition, 5-HT,g receptor expression has been
detected in spleen, thymus, peripheral blood lympho-
cytes, spinal cord tissue, superior cervical ganglion,
and in the organ of Corti lateral wall and spiral gan-
glion subfractions. Lately, 5-HT,p receptor expression
was also demonstrated in osteocytes, osteoblasts,
and a population of periosteal fibroblasts containing
osteoblast precursor cells (Fig. 2).

The human  5S-hydroxytryptamine  receptor
>s (5-HT,g receptor) gene (HTR,z; MIM 601122)
located in chromosome 2q37.1 (Le Coniat et al.
1996) was identified as a candidate gene in obses-
sive-compulsive disorder: one single nucleotide poly-
morphism was described in intron 1, but no evidence
for functional mutation was found in the sequenced
regions of the 5-HT,p receptor. Novel single nucleo-
tide polymorphisms (SNPs), two of which confer a
double-mutant R6G/E42G of the receptor protein that
tends to associate with drug abuse, suggest that HTR,g
contributes to brain architecture and pathways that
are involved in illegal drug reward. More recently, by
investigating the 5-HT,g receptor gene in patients who
developed pulmonary hypertension after intake of fen-
fluramine, a heterozygous mutation was found in
one female diagnosed with pulmonary hyperten-
sion who 5 years earlier had followed a 9-month
anorexigen treatment. This heterozygous mutation
R393X in the 5-HT,g receptor generates a carboxy
terminus-truncated receptor characterized by a
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Embryo

and (c¢)

immunohistochemistry  on
immmunohistochemistry on mouse gut and (d) cardiopulmonary
systems, adapted from Choi and Maroteaux (1996), Choi et al.
(1997) and Bonaventure et al. (2002)

mouse embryos,

switch of coupling to Gol3, reduced nitric oxide
synthase (NOS) activation, and an increase in cell
proliferation — modifications that are relevant to path-
ophysiological vasoconstriction.

Physiological Functions in Embryonic
Development

The 5-HT,p receptor mRNA was detected in mouse
embryos since 8.5 days postcoitum (dpc), whereas
there were only low levels of 5-HT,, and no 5-HT,¢
receptor mRNA expression at this stage. Expression of
this receptor was confirmed by pharmacological
assays. Teratogenesis by retinoic acid, or blockade of
serotonergic signaling by 5-HT?2 receptor antagonists,
perturbs development, resulting in forebrain and olfac-
tory placode anomalies, malformations of the face,
eye, and lens, as well as posterior neural tube and
cardiac defects (Bhasin et al. 2004). These pathways
may act as opposing signals for common targets in the
mouse embryo. The importance of 5-HT,g receptors in
cardiac development has been validated by genetic
inactivation by homologous recombination of the
5-HT,p receptor gene, which leads to embryonic and
neonatal death due to the following defects in the heart:
5-HT,p receptor mutant embryos exhibit a lack of
trabeculae in the heart leading to mid-gestation lethal-
ity and newborn 5-HT,g receptor mutant mice exhibit
cardiac dilation resulting from contractility deficits and
structural deficits at the intercellular junctions between
cardiomyocytes (Nebigil et al. 2000a). Recent report
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showed that serotonin acts downstream of lactogen
signaling to stimulate beta cell proliferation. Blocking
5-HT,p signaling in pregnant mice also blocked
beta cell expansion and caused glucose intolerance
(Kim et al. 2010).

Physiological Cardiopulmonary Functions

Inactivation of the 5-HT,g receptor gene by homolo-
gous recombination leads to partial embryonic lethal-
ity due to defects in the heart development. Neonates
exhibit a second wave of partial lethality due to cardiac
dilation resulting from contractility deficits and struc-
tural deficits at the intercellular junctions between
cardiomyocytes. Echocardiography and electrocardi-
ography studies in animals that past the first week
and survive until adulthood, confirm the presence of
left ventricular dilation and decreased systolic func-
tion. Serotonin, via the 5-HT,p receptor, regulates
differentiation and proliferation during development
as well as cardiac structure and function in adults
(Nebigil et al. 2000a). In adults, 5-HT,g receptors are
overexpressed in hearts from patients with congestive
heart failure, this overexpression being positively cor-
related with cytokine and catecholamine plasma
levels. The 5-HT,p receptor has been shown function-
ally coupled to reactive oxygen species synthesis
through NAD(P)H oxidase stimulation in neuronal
cells and in angiotensin II and isoproterenol-induced
cardiac hypertrophy. Recently, 5-HT,g receptor block-
ade has been shown to prevent the cardiac hypertrophy
induced by angiotensin II or isoproterenol infusion.
The 5-HT,g receptor has also been shown to be
involved in cardiac hypertrophy by acting directly on
cardiac myocytes. Serotonin plasma level and seroto-
nin activity are increased in patients with heart failure
and in animal studies with cardiac hypertrophy
induced by aortic constriction. These findings may
indicate that serotonin induces cardiac hypertrophy or
heart failure through the 5-HT,g receptor. These find-
ings may have important clinical implications because
sympathetic activity, 5-HT,g receptor expression, and
plasma cytokines were all increased in patients with
heart failure (Jaffre et al. 2009).

In human pulmonary artery endothelial cells,
5-HT,g receptor stimulation elicits a reversible endo-
thelium-dependent relaxation of precontracted arterial
ring segments and is associated with an increase

in cyclic GMP. The vasoconstrictor serotonergic
response induced in the autoperfused rat mesenteric
vascular bed in situ seems mainly mediated by 5-HT,g
receptor activation. The contraction of the aorta in
response to serotonin is primarily mediated by
5-HT, A receptors in normotensive rats; however, it is
mediated by both 5-HT,, and 5-HT,p receptors
in hypertensive rats. The endothelium-denuded
isolated superior mesenteric artery of hypertensive
(DOCA-salt) rats displays a marked increase in maxi-
mum contraction to 5-HT,g receptor agonists when
compared with that of arteries from control rats,
confirming that the 5-HT,p receptor plays a greater
role in serotonin-induced contraction in arteries from
hypertensive rats (Banes and Watts 2003).

A role for serotonin in migraines has been
supported by changes in circulating levels of seroto-
nin and its metabolites during the phases of a migraine
attack. Correlation of the receptor affinities with the
potencies used in migraine prophylaxis showed sig-
nificant correlations for the 5-HT,g receptor. A
migraine headache is thought to be transmitted by
the trigeminal nerve from the meninges and their
associated blood vessels. The 5-HT,g receptor can
activate the release of nitric oxide and induce relaxa-
tion of the cerebral arteries and the jugular vein.
Various human meningeal tissues express 5-HT,p
mRNAs. 5-HT,g receptors located in endothelial
cells of meningeal blood vessels may trigger migraine
headache through the formation of nitric oxide, which
results in the dilation of cerebral blood vessels and the
concomitant activation of sensory trigeminovascular
afferents, thus initiating the manifestation of head
pain. A recent report identified 5-HT,5 receptors
as a susceptibility gene to migraine (Corominas
et al. 2010).

In cardiac fibroblasts, expression of HB-EGF
and Src activity are critical for either angiotensin II
(Angll) or 5-HT-dependent cytokine release process.
Matrix metalloproteinases (MMPs) are responsible for
HB-EGF shedding and subsequent EGF-receptor
transactivation that is induced by agonists such as
Angll or 5-HT. TNF-a converting enzyme (TACE,
ADAMS-17) was found to control HB-EGF shedding
in fibroblasts and 5-HT,p receptors can directly regu-
late this enzyme activity in neuronal cells. These
results also highlighted the importance of p38 but not
ERK1/2 pathway for cytokine release. All these find-
ings support that AT-1Rs and 5-HT,p receptors share
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5-Hydroxytryptamine Receptor 2B, Fig. 3 Signal transduc-
tion mediated by 5-HT2B receptors in cardiac fibroblasts to
control the release of hypertrophic cytokines by interacting

common EGF receptor-dependent signaling pathways
in adult cardiac fibroblasts. Blockade of one of the two
receptors prevents cytokine release induced by the
other receptor, supporting interactions between
5-HT,p receptors and AT-1Rs. Using co-immunoloca-
lization and a pull-down assay, the two receptors were
shown to interact in a common cell compartment.
Reports have suggested that these receptors exist in
heterodimeric complexes that may play a key role in
receptor maturation and trafficking to the plasma
membrane and/or signaling. Together, these findings
are consistent with the hypothesis that AT-1Rs and
5-HT,p receptors exist in common signaling com-
plexes and that they may interact together to regulate
hypertrophic factors in heart (Jaffre et al. 2009)
(Fig. 3).

Carcinoid heart disease occurs in over 65% of
patients with the carcinoid tumors and is characterized
by fibrous thickening of cardiac valves, leading ulti-
mately to heart failure. The anorectic compound dex-
fenfluramine has been reported to be associated with
cardiovascular disease, including pulmonary hyperten-
sion and valvular heart defects. The valvular changes
(myofibroblast proliferation) are histopathologically
indistinguishable from those observed in carcinoid dis-
ease or after long-term exposure to 5-HT2-preferring
ergot drugs (such as ergotamine and methysergide).
The mitogenic action of 5-HT2 receptor stimulation

(100 nM)  5B203580 (10 uM)

with AT1 receptors. Inhibitors used to determine this transduc-
tion pathway are shown, adapted from Jaffre et al. (2009)

could contribute to this lesion. Fenfluramine or its
N-de-ethylated metabolite norfenfluramine and other
medications known to produce valvular heart disease
have preferential high affinities for the 5-HT,pg
subtype capable of stimulating mitogenesis (with or
without accompanying 5-HT, receptor activation).
Norfenfluramine, ergotamine, pergolide, cabergoline,
and methysergide metabolite methylergonovine all are
partial to full agonists at the 5-HT,g receptor. MDMA
and MDA, like norfenfluramine, elicit prolonged mito-
genic responses in human valvular interstitial cells via
activation of 5-HT,g receptors and have been associ-
ated with valvulopathies. Thus, preferential stimula-
tion of valvular 5-HT,g receptors by norfenfluramine,
ergot drugs, or serotonin released from carcinoid
tumors has been proposed to contribute to valvular
fibroplasia in humans (Roth 2007).

Primary pulmonary hypertension is a progressive
and often fatal disorder in humans that results from
an increase in pulmonary blood pressure associated
with abnormal vascular proliferation. In the chronic-
hypoxic-mouse model of pulmonary hypertension, the
hypoxia-dependent increase in pulmonary blood pres-
sure and lung remodeling are associated with an
increase in vascular proliferation, elastase activity,
and transforming growth factor-f levels. These param-
eters are all potentiated by dexfenfluramine treatment.
In contrast, hypoxic mice with genetically or
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pharmacologically inactive 5-HT,p receptors manifest
no change in any of these parameters. Pulmonary
hypertension is associated with a substantial increase
in 5-HT,p receptor expression in pulmonary arteries in
mice and humans. Activation of 5-HT,g receptors is,
therefore, a limiting step in the development of pulmo-
nary hypertension (Launay et al. 2002). More recently,
the restricted expression of 5-HT,p receptors to bone-
marrow cells was shown as necessary and sufficient
for pulmonary hypertension to develop via an action at
hematopoietic stem cells differentiation (Launay et al.
2012).

Physiological Functions in Central Nervous
System

5-HT,p receptor antagonists exhibit anxiolytic-like
properties in both the rat social interaction test and
two conflict models of anxiety: the rat Geller-Seifter
and marmoset conflict test. The presence of neurons
expressing 5-HT,g receptor protein has been reported
in the medial amygdaloid nucleus of the adult rat brain.
Injection of 5-HT,p receptor agonist into the medial
amygdaloid nuclei increased the total interaction time
of a pair of male rats in the social interaction test
without altering locomotor activity, indicative of anxi-
olytic activity. Activation of 5-HT,g receptors in
the medial amygdala induces anxiolysis in the social
interaction model but has little effect on behavior
in a punished conflict model of anxiety (Kennett
et al. 1996).

The “club drug” 3,4-methylenedioxymetham-
phetamine (MDMA also known as ecstasy) binds pref-
erentially to and reverses the activity of the serotonin
transporter, causing release of serotonin stores from
nerve terminals. Subsequent activation of postsynaptic
5-HT receptors by released 5-HT has been shown to
be critical for the unique psychostimulatory effects of
MDMA. Acute pharmacological inhibition or genetic
ablation of the 5-HT,p receptor in mice completely
abolishes MDMA-induced hyperlocomotion and
5-HT release in nucleus accumbens and ventral teg-
mental area. Furthermore, the 5-HT,g receptor depen-
dence of MDMA-stimulated release of endogenous
5-HT from superfused midbrain synaptosomes
suggests that 5-HT,g receptors act, unlike any
other 5-HT receptor, presynaptically to affect
MDMA -stimulated 5-HT release. Thus, the 5-HT,p

receptor is a novel regulatory component in the actions
of MDMA (Doly et al. 2008). However, the role of
serotonin—dopamine interactions in the behavioral
effects of MDMA remains unclear. 5-HT,g-/- mice
do not exhibit behavioral sensitization or conditioned
place preference following MDMA injections. In addi-
tion, MDMA-induced reinstatement of conditioned
place preference after extinction and locomotor sensi-
tization development are each abolished by a 5-HT2)
receptor antagonist (RS127445) in wild type mice.
Accordingly, MDMA-induced dopamine D1 recep-
tor-dependent phosphorylation of extracellular regu-
lated kinase in nucleus accumbens is abolished in
mice lacking functional 5-HT,g receptors. These
results underpin the importance of 5-HT,p receptors
in the reinforcing properties of MDMA and illustrate
the importance of dose-dependent effects of MDMA
on serotonin—dopamine interactions (Doly et al. 2009).
Moreover, another selective 5-HT,g receptor antago-
nist LY 266097, which has no influence on basal
accumbal and striatal DA outflow, reduces signifi-
cantly accumbal DA outflow. A significant reduction
of basal DA outflow in the nucleus accumbens (NAc)
was also observed after i.p. administration of the
5-HT,p receptor antagonist RS 127445. In contrast,
the 5-HT,p receptor agonist BW 723C86 had no influ-
ence on basal DA outflow in either brain region. The
increase in striatal and accumbal DA outflow induced
by the 5-HT,cR inverse agonist SB 206553 was
unaltered by LY 266097 pretreatment. Conversely,
LY 266097 significantly diminished the increase in
DA outflow induced by haloperidol or amphetamine
in the NAc, but not in the striatum. Amphetamine-
induced hyperlocomotion was also attenuated by
LY 266097. Thus 5-HT,p receptors exert a facilitatory
control on mesoaccumbens DA pathway activity,
and may constitute a new target for improved treat-
ment of DA-related neuropsychiatric disorders
(Auclair et al. 2010).

Rare alleles can be linked to complex behavior by
applying deep sequencing in severely affected individ-
uals. Recently a stop codon in 5-HT,g receptors
(Q20™) that is common but exclusive to Finns was
found associated with psychiatric diseases marked
by impulsivity (Bevilacqua et al. 2010). The receptor
with the stop codon is non-functional and may act
directly to lead to associated psychiatric diseases,
severe impulsive criminal behavior, and suicide.
Accordingly, 5-HT,g” mice display increased



impulsive behaviors validating the Human findings
(Bevilacqua et al. 2010). This work is the first
documented case of unique behavioral effects of a
5-HT5g in human impulsivity.

The now-banned anorectic molecule, dexfenflura-
mine, promotes also 5-HT release through a SERT-
dependent mechanism, and it has been widely
prescribed for the treatment of obesity. Interestingly,
the hypophagic response to dexfenfluramine observed
in WT mice was eliminated in mice lacking 5-HT,g
receptors (5-HT»™") or in WT mice treated with the
selective 5-HT,g receptor antagonist RS127445. Using
microdialysis, we observed that in 5-HTZB’/’ awake
mice, the dexfenfluramine-induced hypothalamic
peak of 5-HT release was strongly reduced. Moreover,
5-HT release was only observed upon dexfenfluramine
stimulation of synaptosome preparation from WT but
not from 5-HT,5”" mice. The hypophagia induced by
5-HT,c agonists is detected in 5-HT,”" or SERT”
mice (Banas et al. 2011). These findings strongly sup-
port an epistatic role of 5-HT,g receptors on 5-HT,c
receptors in dexfenfluramine action with respect to
feeding behavior.

The most widely used antidepressants are the so
called serotonin-selective reuptake inhibitor (SSRI)
since they initially block SERT uptake activity.
Whereas blockade of SERT and increase of 5-HT
levels are immediately attained after SSRI administra-
tion, therapeutic effects are only observed after weeks
of treatment. The delay before the onset of clinical
effects in depressive individuals appears to rely on
the time required for stabilization of monoamine levels
and other neuroadaptations, including adult hippocam-
pal neurogenesis. Recent work showed that 5-HT,g
receptors are necessary not only for acute behavioral
effects of SSRIs (Diaz and Maroteaux 2011), but also
for long-term behavioral and neurogenic SSRI effects
(Diaz et al. 2012). Conversely, direct agonist stimula-
tion of 5-HT,g receptors induces an SSRI-like
response in behavioral and neurogenic assays. These
work showed also that this receptor is expressed by
raphe serotonergic neurons, and that the SSRI-induced
increase in hippocampal extracellular 5-HT concentra-
tion is strongly reduced in the absence of functional
5-HT,p receptors. The 5-HT,g receptor thus positively
regulates serotonergic neurons and is required for the
therapeutic actions of SSRIs (Diaz et al. 2012). As
novel antidepressants are being developed to both
ameliorate efficacy of treatments and increase the
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number of responders, the positive contribution of
the 5-HT,g receptor to serotonergic homeostasis
should be considered.

Pathophysiological Functions

In Fibrosis

The liver can regenerate its volume after major tissue
loss. In a mouse model of liver regeneration, thrombo-
cytopenia, or impaired platelet activity, results in
the failure to initiate cellular proliferation in the liver.
The expression of 5-HT,, and 5-HT,g subtype seroto-
nin receptors in the liver increased after hepatectomy.
Antagonists of 5-HT, 4 and 5-HT,p receptors inhibited
liver regeneration. Liver regeneration was also blunted
in mice lacking tryptophan hydroxylase 1, which is the
rate-limiting enzyme for the synthesis of peripheral
serotonin. This failure of regeneration was rescued by
reloading serotonin-free platelets with a serotonin pre-
cursor molecule (Lesurtel et al. 2006). Bleomycin-
induced fibrosis that was independently shown to be
reduced in 5-HTzB’/ “mice as for dermal fibrosis (Dees
et al. 2011). In the liver, fibrogenic hepatic stellate
cells, which are negative regulators of hepatocyte
regeneration, are known to express also 5-HT,, and
5-HT,g receptors that may regulate TGFB-1 and
Smads. Antagonism of 5-HT,p attenuates fibrogenesis
and improves liver function in disease models in
which fibrosis is pre-established and progressive
(Ebrahimkhani et al. 2011). These findings suggest
that 5-HT,p signaling links cardiovascular damage
and platelet activation to tissue remodeling and iden-
tify 5-HT,g as a novel therapeutic target to treat
fibrotic diseases.

Serotonin is known to increase proliferation and
collagen synthesis by fibroblasts. Serotonin concentra-
tions in lung homogenates increased significantly over
the time course of bleomycin-induced fibrosis, with
a maximum at day 7. The expression of serotonin
receptors 5-HT,, and 5-HT,g increased also in the
lung after bleomycin treatment. Blockade of either
5-HT, 4 receptors by ketanserin or 5-HT,p receptors
by SB 215505 reduced bleomycin-induced lung
fibrosis, as demonstrated by reduced lung collagen
content and reduced procollagen 1 and procollagen 3
mRNA expression. Serotonin antagonists promoted an
antifibrotic environment by decreasing the Ilung
mRNA levels of transforming growth factor-beta 1,
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connective growth factor, and plasminogen activator
inhibitor-1 mRNA, but had minimal effects on lung
inflammation as assessed by bronchoalveolar lavage
cytology analysis. Interestingly, the 5-HT,g receptor
was strongly expressed by fibroblasts in the fibroblas-
tic foci in human idiopathic pulmonary fibrosis
samples (Fabre et al. 2008).

In Gut

5-HT,p receptor initially characterized as the receptor
responsible for the rat fundus contraction in response
to 5-HT (Vane 1957) is expressed in the small intestine
as well as the stomach and it is expressed by enteric
neurons as well as by muscle. By stimulating 5-HT,g
receptors, 5-HT affects the fate of the large subset of
enteric neurons that arises after the development of
endogenous sources of 5-HT (Fiorica-Howells et al.
2000). High levels of both mRNA and protein for
5-HT,g receptors were found predominantly in the
muscle layers and in the myenteric nerve plexus
throughout the colon where they caused neuronally
mediated contractile responses of longitudinal muscle
(Borman et al. 2002). The 5-HT,p receptor appears
involved in regulating sensory pathways only under
hyperalgesic conditions, suggesting the possible utility
of 5-HT,p receptor antagonism in reducing visceral
hypersensitivity in patients with irritable bowel syn-
drome (IBS). 5-HT,g receptors are involved in signal-
ing from the colon in rats in which there is visceral
hypersensitivity and a selective 5-HT,g receptor
antagonist could have therapeutic potential for the
treatment of gut disorders characterized by visceral
hypersensitivity (O’Mahony et al. 2010). Interstitial
cells of Cajal (ICC) proliferate in adult mice and acti-
vation of 5-HT,p receptors results in increased prolif-
eration of ICC in vivo. Furthermore, lack of 5-HT,p
receptor signaling reduces the density of ICC networks
in mature mice. Targeting 5-HT availability may have
the potential to protect ICC networks from injury or
can assist in repairing ICC networks after injury
(Tharayil et al. 2010).

In Immune System

Positive signals were obtained for 5-HT,g receptor
mRNAs in spleen, thymus, and peripheral blood lym-
phocytes (Stefulj et al. 2000). The neurotransmitter
serotonin can be stored at peripheral sites in mast
cells and released from this peripheral source upon
IgE cross-linking. Study of the expression of

serotonergic receptors on human dendritic cells (DC)
showed that immature DC preferentially expressed
mRNA for the heptahelical 5-HT;g, 5-HT;g, and
5-HT,g receptors, while mature DC mostly expressed
5-HT, and 5-HT;. Moreover, 5-HT,g receptor stimu-
lation induced intracellular Ca2+ mobilization in
immature, but not mature, DC. 5-HT stimulates, in a
maturation-dependent manner, different signaling
pathways in DC. These data point to a role for 5-HT
in regulating the immune response at peripheral sites
(Idzko et al. 2004).

In Cancer Cells

The 5-HT,p receptor mRNA has been recently identi-
fied as a marker of adrenocortical carcinoma using
genomewide gene expression profiling (Fernandez-
Ranvier et al. 2008). High transcript levels of 5-HT,g
receptor gene were also found in uveal melanomas
with monosomy 3 (metastatic) but not in tumors
with disomy 3, identifying the 5-HT,p receptor expres-
sion as a marker for patients with poor prognosis
(Tschentscher et al. 2003). Expression of 5-HT,g
receptors has been detected in all prostate cancers
(Dizeyi et al. 2005) and antagonists of these receptors
were reported to inhibit prostatic cancers. The levels of
eNOS were found to increase in carcinomas and to
promote cancer progression by providing a selective
growth advantage to tumor cells. Recent work showed
that pharmacologic blockade of the 5-HT,g receptor
inhibits implanted cancer tumors in mice. A 5-HT,g
receptor antagonist, which suppress the phosphoryla-
tion of ERK1/2 and eNOS in HUVEC, also reduced
tumor growth by suppressing angiogenesis (Asada
et al. 2009).

In Bones

The 5-HT,g receptor contributes in an autocrine man-
ner to osteogenic differentiation and highlights a
switch in the downstream targets of the receptor at
the terminal stage of the program. The mRNA for
the 5-HT,p receptor, which was undetectable in ana-
plastic osteoblasts, became detectable in differentiated
and matured osteoblasts. The differentiation and mat-
uration of osteoblasts might be regulated by the
activation of the 5-HT,p receptor under the control of
5-HT inactivation (Hirai et al. 2009). Of interest,
5-HT,g receptor mutant female mice displayed
reduced bone density that was significant from age
4 months and had intensified by 12 and 18 months.
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This histomorphometrically confirmed osteopenia
seems to be due to reduced bone formation because
(1) the alkaline phosphatase-positive colony-forming
unit capacity of bone marrow precursors was markedly
reduced in the 5-5-HT,g receptor mutant mice from
4 to 12 months of age, (2) ex vivo primary osteoblasts
from mutant mice exhibited reduced proliferation and
delayed differentiation, and (3) calcium incorporation
was markedly reduced in osteoblasts after 5-HT,p
receptor depletion (produced genetically or by
pharmacological inactivation). The 5-HT,g receptor
facilitates osteoblast recruitment and proliferation
and its absence leads to osteopenia that worsens
with age (Collet et al. 2008). A functional link
between the 5-HT,p receptor and the activity of the
tissue-nonspecific alkaline phosphatase (TNAP) was
established using an osteoprogenitor cell line. During
osteogenic differentiation, both 5-HT,g receptor and
TNAP mRNA translations are delayed with respect to
extracellular matrix deposition. Once the receptor is
expressed, it constitutively controls TNAP activity at a
posttranslational level along the overall period of min-
eral deposition. Indeed, inhibition of the 5-HT,g recep-
tor intrinsic activity prevents TNAP activation. In
contrast, agonist stimulation of the receptor further
increases TNAP activity during the initial mineraliza-
tion phase. Previous observations indicated that the
5-HT,g receptor couples with the phospholipase
A2 (PLA2) pathway and prostaglandin production at
the beginning of mineral deposition. The 5-HT,g
receptor controls also leukotriene synthesis via PLA2
at the terminal stages of differentiation. These two
5-HT,p receptor-dependent eicosanoid productions
delineate distinct time-windows of TNAP regulation
during the osteogenic program. Finally, prostaglandins
or leukotrienes are shown to relay the posttranslational
activation of TNAP via stimulation of the phosphati-
dylinositol-specific phospholipase C. In agreement
with the above findings, primary calvarial osteoblasts
from 5-HT,p receptor null mice exhibit defects in
TNAP activity (Baudry et al. 2010).

Summary

Although expressed quite widely but at low levels,
5-HT,g receptors have been reported to play an impor-
tant role at cardiac, intestinal, and central levels.
Therapeutic interest concerning this receptor subtype
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has been delayed due to the lack of selective tools,
radioligands, antibodies, etc. However, in the last
decade, antagonists at 5-HT,p receptors have gained
much attention as new targets in therapeutics:
5-HT,gR antagonists are under active investigation
for pulmonary hypertension, since they produced
encouraging results in animal models, and promising
human trials are underway; 5-HT,g receptor may rep-
resent a new therapeutic target to reduce cardiac hyper-
trophy and hypertrophy-induced heart failure. If the
safety and efficacy of a 5-HT,p receptor antagonist to
treat cardiac hypertrophy or hypertrophy-induced
heart failure can be confirmed, application of this
kind of therapy to human study may be warranted.

These receptors have also been recognized as off-
targets because their agonists play a significant role in
the pathogenesis of valvulopathy.
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Synonyms

5-HT2C; 5-HT1C

Historical Background

The 5-hydroxytryptamine type 2C receptor (5-HT2C,
previously 5-HT1C) is one of the 13 G protein-coupled
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receptor subtypes activated by serotonin. 5-HT2C
receptors are involved in a large variety of physiolog-
ical functions such as nociception, motor behavior,
endocrine secretion, thermoregulation, modulation of
appetite, and the control of exchanges between the
central nervous system and the cerebrospinal fluid.
They have also been implicated in numerous patholo-
gies such as schizophrenia, anxiety, depression,
Parkinson’s disease, drug addiction, and obesity
(Berg et al. 2008). In line with their implication in
various pathological situations, 5-HT2C receptors are
considered as a major pharmacological target for the
development of new treatments.

With regard to signaling, 5-HT2C receptors are pos-
itively coupled to phospholipase CB protein via Goq in
several brain regions (Berg et al. 2008). Native 5-HT2C
receptors also activate phospholipase D through
a mechanism involving Ga13 and Gy subunits in
choroid plexus. Transactivation of the small GTPase
RhoA seems to be required for 5-HT2C receptor-
mediated phospholipase D activation. Activation of
phospholipase A2 and ERK1,2 by 5-HT2C receptors
has also been reported in heterologous cells and/or
native tissues (Berg et al. 2008; Labasque et al. 2008).

Protein Function

5-HT2C receptors expressed along ascending
dopaminergic pathways play a prominent role in
the control of mesocorticolimbic and nigrostriatal dopa-
minergic systems. Constitutive and/or agonist-induced
5-HT2C receptor activation inhibits dopamine release
(Berg et al. 2008; Bubar and Cunningham 2008). Atyp-
ical antipsychotics and antidepressants, in particular
those exhibiting inverse agonist activity at 5-HT2C
receptors, relieve this inhibition, leading to activation
of the mesocorticolimbic dopaminergic system (Berg
et al. 2008). Systemic administration of RO600175
(agonist) and SB242084 (antagonist) inhibits and
potentiates cocaine-induced behaviors, respectively.
Microdialysis of RO600175 or SB242084 in the ventral
tegmental area (VTA) or nucleus accumbens also
revealed that dopamine efflux induced by systemic
cocaine injection is controlled by SHT2C receptors
expressed in the VTA and the Nac (Berg et al. 2008;
Bubar and Cunningham 2008).

5-HT2C receptor activation likewise exerts a
tonic inhibitory influence on the activity of locus
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coeruleus-derived noradrenergic pathways innervating
cortico-limbic structures.

5-HT2C receptors are expressed in pro-
opiomelanocortin  (POMC)/cocaine amphetamine-
regulated transcript neurons of the arcuate nucleus of
hypothalamus (Heisler et al. 2003). A series of elegant
studies have shown that 5-HT2C receptor activation by
administration of fenfluramine, a 5-HT reuptake inhib-
itor/5-HT releasing compound, or by selective agonists
like BVT.X regulates melanocortin signaling and
inhibits food intake (Heisler et al. 2003; Miller 2005).
More recent studies showed that mice lacking 5-HT2C
receptors displayed hepatic insulin resistance. More-
over, 5-HT2C receptor-deficient mice are resistant to
the antidiabetic effects of the 5-HT2C agonist mCPP.
Specific reexpression of 5-HT2C receptors in POMC
neurons restored the wild type phenotype (Xu et al.
2010), underlying the potential of 5-HT2C agonists for
the treatment of obesity.

Indeed, SHT2C receptor-deficient mice are obese
due to an abnormal control of feeding behavior (Berg
et al. 2008). Developmental studies on food intake
have revealed a chronic hyperphagia in young
mutants (from the first 2 months of life through the
first year of age) without changes in their body
weights, adiposity levels, and in total energy expen-
ditures, compared to wild type animals (Nonogaki
et al. 1998, 2003). In contrast, by 9/10 months of
age, mutants exhibit elevations of body weight and
adiposity, accompanied by an increase in leptin and
insulin levels, and a reduction in the total energy
expense in older mutant animals (Nonogaki et al.
1998, 2003).

Mice lacking SHT2C receptors exhibit lower
thresholds for the expression of generalized seizures
(Applegate and Tecott 1998), an effect modulated
by other genetic factors and aging (Brennan et al.
1997).

Mutant mice also exhibit an anxiolytic phenotype
(Heisler et al. 2007) and an increased responsiveness to
novelty. They are also more sensitive to the effects of
acute cocaine treatment on both locomotor activity and
on nucleus accumbens dopamine levels (Bubar and
Cunningham 2008). Mutant mice display an approxi-
mately 50% reduction in DOIl-induced head-twitch
response compared to their wild type littermates,
suggesting the involvement of 5-HT2C receptors in
the psychoactive response to hallucinogenic drugs
(Canal et al. 2010).

13
Regulation of Concentration and Activity

Exposure of 5-HT2C receptors to agonists leads to
receptor desensitization (i.e., a decrease in receptor
responsiveness) and down-regulation (i.e., a reduction
in the total number of specific receptor binding sites
without a change in apparent affinity for 5-HT) in vivo
and in vitro (Bockaert et al. 2006). Several studies
indicated that chronic treatment with antagonists and
monoamine oxidase inhibitors induces an atypical
down-regulation of 5-HT2C receptor in the choroid
plexus as well as in several heterologous models
(Berg et al. 2008). Chronic administration of SSRIs
increases SHT2C receptors density in the choroid
plexus (Bockaert et al. 2006; Berg et al. 2008).
Paradoxically, the density and functional status of
5-HT2C receptors is also elevated in experimental
models of depression as well as in depressed patients
(Berg et al. 2008).

Desensitization is initiated by receptor phosphory-
lation by G protein receptor kinase (GRK)2 (Berg et al.
2008). Receptor phosphorylation is followed by the
recruitment of B-arrestins, which uncouple receptor
from G protein and promote its internalization into
endosomes. This phenomenon not only contributes to
receptor desensitization but also allows receptor
dephosphorylation and recycling to the plasma mem-
brane in a fully resensitized state.

In addition to agonist-dependent activation,
5-HT2C receptors undergo constitutive activity.
Constitutive activity toward phospholipase C effector
pathway is accompanied by constitutive receptor
desensitization and internalization (Berg et al. 2008).
Constitutive activity at 5S-HT2C receptors expressed on
VTA GABAergic interneurons is responsible for tonic
inhibition of mesocorticolimbic dopaminergic neurons
(De Deurwaerdere et al. 2004).

RNA transcripts encoding the 5-HT2C receptor
undergo adenosine to inosine editing at five sites
located in the second intracellular loop in the receptor
sequence, theoretically generating up to 32 different
mRNAs that encode 24 receptor isoforms, ranging
from the nonedited form (INI) to the fully edited one
(VGV) (Fig. 1). The 5-HT2C receptor is to date the
only known GPCR for which pre-mRNA editing gen-
erates multiple functional variants. RNA editing has
multiple consequences on receptor function: (1) edited
forms exhibit decreased constitutive activity,
decreased agonist affinity, and decreased potency to
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5-Hydroxytryptamine Receptor 2C, Fig. 1 RNA editing of
5-HT2C receptor transcripts. (a) The position of the editing sites
(A, B, C, D, and the minor site E) within the exon V of human 5-
HT2C receptor mRNA and the predicted amino acid sequences
are shown for the nonedited INI isoform and for the fully edited
VGV isoform. (b) 5-HT2C receptor editing efficiency at each
editing site for human brain (blue bars) and rat brain (brown
bars)

activate phospholipase C (Sanders-Bush et al. 2003;
Werry et al. 2008); (2) the nonedited 5-HT2C receptor
is capable of coupling to Ga13 protein, whereas the
fully edited one fails to activate Go.13 (Sanders-Bush
et al. 2003; Werry et al. 2008); (3) the nonedited form
exhibits a constitutive activity at B-arrestin- and
calmodulin-dependent ERK signaling (Labasque
et al. 2010); and (4) editing alters 5-HT2C receptor
trafficking in and out of the plasma membrane,
a process reflecting their ability to associate with
B-arrestins (Marion et al. 2004). Editing is modulated
by 5-HT itself. Depletion of 5-HT increases the expres-
sion of receptor forms exhibiting the highest agonist
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affinity, whereas opposite changes of editing profile
are detected following 5-HT2C receptor activation
(Sanders-Bush et al. 2003; Werry et al. 2008).
A recent study performed on mutant mice solely
expressing the fully edited form of the receptor has
suggested that editing may regulate the density of
5-HT2C receptor binding sites in brain (Olaghere da
Silva et al. 2010).

Altered patterns of 5-HT2C receptor editing are
observed in postmortem brains from suicide victims
with a history of major depression (Iwamoto et al.
2009). Chronic treatments with antidepressants gener-
ate opposite changes of editing profiles (Sanders-Bush
et al. 2003; Werry et al. 2008). Moreover, early life
stress alters adult 5-HT2C receptor mRNA editing
and expression of Gog protein. Kishore and Stamm
reported that Prader—Willy syndrome patients (charac-
terized by neonatal muscular hypotonia, early child-
hood obesity, hypogonadism, and mental retardation)
do not express the small nucleolar RNA HBII-52,
a regulator of 5-HT2C receptor mRNA splicing.
These patients exhibit abnormally low levels of
nonedited 5-HT2C-INI receptor. Moreover, mutant
mice solely expressing the fully edited form of the
receptor display phenotypic characteristics of Prader—
Willy syndrome, suggesting a role of serotonergic
systems in Prader—Willi syndrome (Morabito et al.
2010).

Several studies have also demonstrated a critical
role of SHT2C receptors in the onset time of therapeu-
tic response to antidepressants (Berg et al. 2008).
Long-term treatment with selective 5-HT reuptake
inhibitors (SSRIs) and other antidepressant classes
progressively down-regulate SHT2C receptor in rats
and humans, a process paralleling their gradual onset
of actions.

The 5-HT2C receptor is certainly one of the
G protein-coupled receptors for which the largest num-
ber of G protein-coupled receptors-interacting proteins
has been identified. Those proteins clearly control
G protein-coupled receptors subcellular localization,
as well as nature, kinetics, strength, and fine-tuning of
G protein-coupled receptors signaling. 5-HT2C recep-
tor interacts with a number of PDZ domain-containing
proteins including Multiple PDZ domain protein
(MUPP1), PostSynaptic Density protein 95 (PSD95),
MAGUK p55 subfamily member 3 (MPP3), Veli3,
Synapse-associated protein 97 (SAP97), Synapse-
associated protein 102 (SAP102), and MAGI2
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(for membrane associated guanylate kinase, WW and
PDZ domain containing 2) via its C-terminal PDZ
binding motif (SSV) (Becamel et al. 2002; Becamel
et al. 2004). MUPP1 was the first 5-HT2C receptor-
interacting protein identified using the yeast two-
hybrid system (Ullmer et al. 1998). The interaction
between 5-HT2C receptors and MUPP1 is dynamically
regulated by agonist-dependent receptor phosphoryla-
tion of serine residues located in the PDZ binding
motif (Parker et al. 2003). Receptor/MUPP1 interac-
tion induces both conformational changes in the
MUPP1 protein (Parker et al. 2003) and receptor clus-
tering at the cell surface (Becamel et al. 2001). The
5-HT2 like Caenorhabditis elegans receptor SER-1
similarly interacts with a multi-PDZ domain
containing protein similar to MUPP1 (designated as
MPZ-1) in vulval muscle cell. This interaction facili-
tates SER-1 signaling (Xiao et al. 2006). PDZ partners
of 5-HT2C receptor exhibit both presynaptic and post-
synaptic localizations consistent with the differential
distribution of the receptors at the synaptic junction.
Several studies using receptors mutated on the PDZ
ligand indicate that 5-HT2C receptor/PDZ protein
interactions play a critical role in modulating their
signal transduction properties and their desensitization
(Gavarini et al. 2006). Interestingly, the effects depend
on the nature of the PDZ protein associated with the
receptor. For instance, association of the receptor with
PSD-95 increases receptor desensitization and inter-
nalization, whereas its association with MPP3 prevents
receptor internalization (Fig. 2a and b). These opposite
actions highlight the importance of identifying which
PDZ protein is associated with the receptor at a given
time within a given neuron in native brain tissue.

PSD95 is essential for maintaining normal 5-HT2C
receptor expression level and downstream signaling
in vivo. PSD95™! mice exhibit a significant reduction
in 5-HT2C expression level particularly in the striatal
and hippocampal regions and display a decrease in
c-fos induction upon 5-HT2C receptor activation
(Abbas et al. 2009). As previously reported for the
association of 5-HT2C receptors with MUPPI, the
interactions between the receptor and both PSD-95
and MPP3 are negatively regulated by the phosphory-
lation of 5-HT2C receptors on the PDZ ligand (Ser457,
Ser458) (Gavarini et al. 2006).

5-HT2C receptors also interact with non-PDZ pro-
teins. These include calmodulin, which binds to the
receptor C-terminus (Becamel et al. 2002; Labasque
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et al. 2008). Additional calmodulin binding motifs
have been identified in intracellular loops of the
5-HT2C receptor (Labasque et al. 2008). A combina-
tion of genetic and molecular approaches indicated
that activation of Erk1,2 by 5-HT2C receptor, which
is entirely independent of receptor’ cognate G proteins,
requires a physical association of CaM with the juxta-
membrane region of the receptor C-terminus. CaM
requirement was established in both heterologous sys-
tem and authentic cellular contexts such as cortical
neurons and choroid plexus epithelial cells. Differing
from the classic mechanism of Erkl,2 activation by
numerous GPCRs, phosphorylation of Erk1,2 induced
by 5-HT2C receptor activation was entirely dependent
on B-arrestins, which thereby acts in concert with CaM
to activate Erk (Fig. 2c).

5-HT2C receptors interact with B-arrestins (mainly
B-arrestin2) via their second intracellular loop
(Berg et al. 2008). RNA editing of 5-HT2C
receptors directly influences receptor interaction
with B-arrestin2 (Marion et al. 2004). The unedited
5-HT2C-INI receptor is capable of interacting with
B-arrestin2 in the absence of agonist, leading to con-
stitutive receptor internalization and its accumulation
within endocytic vesicles. Application of inverse ago-
nists induces a marked redistribution of 5-HT2C-INI
receptors to the plasma membrane of HEK-293 cells
(Chanrion et al. 2008; Marion et al. 2004). Fully
edited 5-HT2C-VGV receptors, which display the
lowest level of constitutive activity, do not associate
with B-arrestin2 in the absence of agonist and are
mainly detected at the cell surface. Nevertheless,
upon agonist treatment, the fully edited receptor asso-
ciates with [-arrestin2 and undergoes rapid
internalization.

5-HT2C receptors physically interact via their
third intracellular loop with the tumor suppressor

PTEN, an enzyme exhibiting both lipid and protein
phosphatase activities (Ji et al. 2006). PTEN (for
phosphatase and tensin homolog) association with
5-HT2C receptors prevents agonist-induced receptor
phosphorylation at serine residues located in the
receptor PDZ motif (Fig. 2d). Interaction between
PTEN and 5-HT2C receptors occurs in dopaminergic
neurons of the ventral tegmental area innervating the
NAC, which are tonically inhibited by activated
5-HT2C receptors. This interaction plays an impor-
tant role in mediating the reinforcing role of drugs
(Ji et al. 2006).
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5-Hydroxytryptamine Receptor 2C, Fig. 2 Interaction of
5-HT2C receptors with accessory proteins: modulation of recep-
tor phosphorylation state and plasma membrane localization. (a)
and (b) Opposite effect of PDZ proteins on SHT2C receptors
desensitization and trafficking. 5-HT2C receptors interact with
MPP3 and PSD95 PDZ-containing proteins via their PDZ ligand
(SSV) located at their carboxy terminal extremity. PSD95
increases desensitization of the Ca** response as well as consti-
tutive and agonist-induced receptor internalization, whereas
MPP3 stabilized the receptor at the plasma membrane and
prevented desensitization of the receptor Ca®* response.

Major Sites of Expression and Subcellular
Localization

5-HT2C receptors are exclusively expressed in the CNS.
5-HT2C receptors were first identified by radioligand
binding using [°H]-5-HT and [*H]-mesulergine in pig
choroid plexus. Further studies using autoradiography
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(c) Model of assembly of liganded 5-HT2C receptor with cal-
modulin and b-arrestin 2. In the presence of 5-HT, B-arrestin 2
binds to 5-HT2C receptor, probably via a recognition motif
located in the i2 loop and common to the rhodopsin family
GPCRs. B-arrestin 2 is also connected to receptor C-terminus
by a Ca**-CaM dimer, that binds to the receptor upon agonist
stimulation. This CaM-dependent scaffold might function to
stabilize 5-HT,c receptor/B-arrestin complex. (d) PTEN associ-
ated with the third intracellular loop of the 5-HT2C receptor
induces receptor dephosphorylation and thereby reinforces
effects of drugs of abuse

with [*H]-mesulergine confirmed highest receptor
density in choroid plexus in all mammalian species.
5-HT2C receptors expressed in choroid plexus control
the secretion of the cerebrospinal fluid (Sanders-Bush
et al. 2003). High receptor densities were detected in
substantia nigra, globus pallidus, and ventromedial thal-
amus. A large amount of 5-HT2C receptors was also
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detected in the suprachiasmic nucleus where they may
be involved in the circadian rhythm. Recent studies have
shown that SHT2C receptors are expressed on
GABAergic and dopaminergic neurons within the rat
ventral tegmental area and on GABAergic neurons
(preferentially in layers V/VI) within the prelimbic
prefrontal cortex, a subregion of the medial prefrontal
cortex (Berg et al. 2008; Bubar and Cunningham 2008).

[’H]-mesulergine binding in monkey and human
brains followed by receptor autoradiography has
revealed both pre- and postsynaptic localizations of
5-HT2C receptor (Berg et al. 2008), which were further
confirmed by electron microscopy studies (Becamel
et al. 2002). 5-HT2C receptors exist as constitutive
homodimers at the plasma membrane of living cells
(Berg et al. 2008; Mancia et al. 2008). Two distinct
dimerization interfaces have been characterized: the
first one, located at TMI, is insensitive to receptor acti-
vation state, whereas the second one, located between
TMs IV and V, depends on the nature of the ligand
bound to receptors (Herrick-Davis et al. 2007).

As previously mentioned, cell surface expression of
5-HT2C receptor isoforms decreases in parallel with
the degree of their constitutive activity (Marion et al.
2004). Inverse agonist treatments induce redistribution
to the cell surface of constitutively active 5-HT2C
receptors (Marion et al. 2004).

Ligands Interacting with the 5-HT2C
Receptor

In line with its broad localization and physiological
functions, the 5-HT2C receptor is considered as
a therapeutic target for treating obesity, obsessive-
compulsive disorder, drug abuse, sleep disorders, and
anxiodepressive states (Jensen et al. 2010). During the
last decade, the characterization of selective SHT2C
receptor ligands has been complicated by its close
structural homology with the two other 5-HT?2 receptor
subtypes, namely, the 5-HT2A and 5-HT2B receptors.
Accordingly, many compounds bind with high affinity
to all three receptor subtypes.
1. Anorexic properties of Agonists
5-HT2C receptors are activated by a variety of
synthetic  agonists such as  RO60-0175,
WAY163909, WAY 161503, YM348, VER2692,
and BTV.X, which reduce food intake in rodents
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and enhance satiety (Jensen et al. 2010). More
recently, Lorcaserin (ADP356) was characterized
as a novel selective, high-affinity SHT2C receptor
agonist, which reduces food intake in rats (Thomsen
et al. 2008).

. Antidepressant effects of 5-HT2C ligands

Several studies have suggested that some of the
therapeutic effects of serotonin reuptake inhibitors
(SSRIs) are mediated in part by the SHT2C
receptor. Chronic treatment with SSRI is associated
with the down-regulation of SHT2C receptors. This
may lead to a disinhibition of the mesolimbic
dopamine system that might contribute to their
antidepressant action (Berg et al. 2008; Bubar and
Cunningham 2008; Jensen et al. 2010). Numerous
clinically effective antidepressants act as antago-
nists at 5-HT2C receptors. These include amitripty-
line and clomipramine (tricyclics), trazodone
and nefazodone (both behave as weak SSRI),
citalopram and fluoxetine (SSRIs) (Berg et al.
2008), and agomelatine (a mixed 5-HT2C antago-
nist/melatonin agonist) (de Bodinat et al. 2010).
Tetracyclic antidepressants such as mianserin
and mirtazapine, which behave as antagonists of
o2-adrenergic receptors and 5-HT3 receptors,
were recently identified as inverse agonists at
5-HT2C receptors based on their ability to suppress
basal inositol phosphate production and to
increase plasma membrane localization of unedited
5-HT2C-INI receptors in HEK-293 cells as well as
in cortical cultured neurons (Chanrion et al. 2008).
Paradoxically, 5-HT2C receptor agonists such as
WAY161503, RO 60-0175, and RO 60-0332 also
exhibited antidepressant-like activity in selected
models of depression, an effect that might reflect
their ability to promote neurogenesis (Millan 2005).

. Anxiolytic effects of antagonists

Several 5-HT2C receptor antagonists (e.g.,
SB206553) exert a robust anxiolytic activity.
These compounds also behave as inverse agonists
at 5-HT2C receptors (Chanrion et al. 2008).
Corroborating the anxiolytic action of antagonists,
agonists like RO60-0175, WAY 163909, and mCPP
(m-chlorophenylpiperazine) display anxiogenic
properties in the social interaction test (Millan 2005).

. Antipsychotic properties of antagonists

Numerous antipsychotics act as antagonists
(or inverse agonists) at 5-HT2C receptors
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(Berg et al. 2008; Jensen et al. 2010). Moreover, the
SHT2C inverse agonist SB 206553 potentiates the
effect of haloperidol on dopamine release (Berg
et al. 2008; Bubar and Cunningham 2008).

5. Other properties of SHT2C ligands
SB242084 behaves as a neutral antagonist at
SHT2C receptor signaling via Phospholipase C,
whereas it acts as partial inverse agonist at Phos-
pholipase A2, suggesting that it might be a protean
ligand (Chanrion et al. 2008).
PNU-69176E, a positive allosteric modulator,
highly selective for 5-HT2C receptors has been
characterized in different mammalian expression
systems. PNU-69176E enhances [3H]—5-HT bind-
ing to the human 5-HT2C receptor by selectively
increasing 5-HT affinity for its low-affinity sites
without affecting antagonist binding (Berg et al.
2008).

Summary

5-HT2C receptors still raise particular attention in
view of their implication in many physiological func-
tions and behaviors and in a large spectrum of psychi-
atric disorders such as anxiodepressive states,
schizophrenia, obsessive-compulsive behaviors, and
obesity. Accordingly, 5-HT2C receptors are consid-
ered as a major therapeutic target for the development
of improved treatments of these diseases. Moreover,
5-HT2C is unique within G protein-coupled receptor
superfamily to exhibit mRNA editing. Editing gener-
ates numerous 5-HT2C isoforms exhibiting different
coupling properties, subcellular localization, and con-
stitutive activity levels. Getting further insight into
mechanisms controlling 5-HT2C receptor mRNA
editing, signal transduction properties of receptor var-
iants and their interaction with accessory proteins in
neurons as well as their role in synaptic transmission
and synaptic plasticity is, therefore, essential to dis-
cover innovative approaches in psychiatric disorders
related to receptor dysfunction.
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cassette transporter subfamily A

Historical Background

ATP-binding cassette (ABC) transporters represent
members of a transmembrane protein superfamily
that bind and hydrolyze ATP to mediate the transport
of a wide array of substrates across extra- and intracel-
lular membranes in organisms ranging from prokary-
otes to man. Forty-eight ABC genes have been
identified to date, which have been additionally
divided into seven subfamilies ABCA through ABCG
(Dean et al. 2001; Higgins 2001; Kaminski et al. 2006;
Albrecht and Viturro 2007). This entry will focus on
the ABCA subfamily consisting of 12 members uni-
formly present in humans and most vertebrate species:
ABCA1-ABCA13, with the exception of ABCAIll
which appears to be a pseudogene. Four additional
members of the ABCA family, ABCA14-17, have
been identified in rodents, however, as yet no orthologs
have been described in humans, and as a result will not
be discussed here. Within the ABCA subfamily, the
transporters ABCAS, ABCA6, ABCAS, ABCA9, and
ABCAI10 share significant sequence homology and
form a gene cluster locus on chromosome 17q
(Table 1); these five transporters are sometimes
referred to as the “ABCAG6-like transporters.” The
importance of ABCA proteins are underscored by the
fact that loss of function mutations in their genes are
linked to a number of inherited diseases, such as
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ABCA Transporters, Table 1 ABCA subfamilies and associated characteristics

Gene Locus  Length (aa) Expression

ABCA1 9q31.1 2,261 Ubiquitous

ABCA2 9q34 2,436 Brain

ABCA3 16pl13.3 1,704 Lung (alveolar type II cells)

ABCA4 1p22.1 2273 Rod and cone
photoreceptors

ABCAS5 17924 1,642 Skeletal muscle, kidney,
and liver

ABCA6 17924 1,617 Ubiquitously liver, lung,
heart, brain, and ovaries

ABCA7 19p13.3 2,146 Spleen, thymus, and bone
marrow

ABCA8 17924 1,581 Heart, liver, and muscle

ABCA9 1724 1,624 Heart, but found throughout
the body

ABCA10 17924 1,543 Muscle, heart

ABCA12 2q34 2,595 Keratinocytes, placenta,
skin, testis, and fetal brain

ABCA13 7pl12.3 5,058 Trachea, testis, and bone

marrow

Tangier disease (ABCA1), Stargardt macular dystro-
phy (ABCA4), and Harlequin ichthyosis (ABCA12).
An underlying theme in ABCA-associated diseases is
defects in the transport of specific lipid-based sub-
stances. This entry will discuss ABCA subfamily pro-
tein structure and membrane topology, cellular
function and disease associations, the intersection of
ABCA transporters with cell signaling pathways, and
future directions of ABCA research.

Common Structural Features of ABCA
Subfamily Members

The prototypical mammalian ABCA transporter con-
sists of two transmembrane domains (TMDs) and two
nucleotide-binding domains (NBDs) encoded by
a single polypeptide chain (Fig. 1). The nucleotide-
binding domains (NBDs) are responsible for hydrolyz-
ing ATP to provide energy to drive the conformational
change required to transport substrates across extra- or
intracellular membranes (Kaminski et al. 20006;
Albrecht and Viturro 2007). The nucleotide-binding
domains are the most highly conserved regions
among members of the ABC transporter family. Each

Functional significance
Cholesterol homeostasis
Neuronal associated lipid transport;

drug resistance in cancer
Pulmonary surfactant secretion
Transports retinal

Intracellular trafficking
Macrophage lipid transport

Lipid transport

Demonstrated to exert an ATPase-
dependent drug transport function

Macrophage lipid homeostasis

Lipid transport
Lipid trafficking
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Associated diseases
Tangier disease
Alzheimer’s

Fatal surfactant deficiency,
interstitial lung disease
STGD, AMD, CRD, RP
Unknown

Unknown

Unknown

Unknown

Unknown

Unknown
Harlequin ichthyosis,

lamellar ichthyosis type 2

Schizophrenia and bipolar
disorder

nucleotide-binding domain contains two sequence
motifs, the Walker A (GXXGXGK(T/S) and Walker
B ((R/K)XXXXGXXXXLhhhhD) motifs (“h”
representing a hydrophobic amino acid), which are
common to the general category of nucleotide-binding
proteins. In ABCA proteins, the NBD1 and NBD2
domains are followed by conserved 80-residue signa-
ture sequences specific for the ABCA subfamily that
contains the consensus sequence S/T-S/T-h-D/E-D/E.
The TMDs are believed to participate in substrate
translocation, and thus share little homology with
other members of the subfamily. Structural topology
varies significantly between the eight subclasses of
ABC transporters. Topologically in the ABCA sub-
family, each half transporter contains a transmembrane
domain comprised of six membrane-spanning helices,
followed by a soluble domain containing a NBD. In
addition, each ABCA half transporter possesses a large
extracellular loop, which is a characteristic unique to
this subfamily (Fig. 1). The ABCA subfamily has some
of the largest ABC proteins identified to date, one of
which (ABCA13) is over 5,000 amino acids long and
greater than 570 kDa in predicted molecular mass
(Kaminski et al. 2006; Albrecht and Viturro 2007)
(Table 1).



ABCA Transporters

SAVAWAYA

FAW AW AWAN

Y

N

Cytoplasmic
Space

ABCA Transporters, Fig. 1 Predicted structural organization
of ABCA proteins and their important functional domains. Pic-
torial representation showing the cytoplasmic nucleotide-binding

Unifying Themes Among ABCA Subgroups

The ABCA subgroup of 12 structurally related “full-
size” transporters are responsible for the transport of
a variety of physiologic lipid compounds in an ATP-
dependent manner. A few subgroups have particular
similarities between them; for example, ABCA12 and
ABCAZ3 are exclusively localized to secretory intracel-
lular lipid storage compartments such as lamellar gran-
ules in keratinocytes and lamellar bodies in
pneumocytes. Besides cellular location, several sub-
groups have close sequence homology with one
another. ABCA9 displays the highest amino acid
sequence identity with ABCAS8 (78%), ABCAG6
(68%), ABCA10 (71%), and ABCAS5 (53%) (Ordovas
2000; Kaminski et al. 2006; Albrecht and Viturro
2007) Fig. 2. The detailed mechanism of transport
has yet to be determined for any of the mammalian
ABCA transporters, so it is not yet know if that will
prove to be a unifying feature of this group. Collec-
tively, ABCA transporters are associated with a wide
range of heritable disorders, display distinct tissue
distribution and regulation of gene expression, yet
together they underscore the critical importance of
lipid homeostasis in human health and disease.

ABCA Subgroups

ABCAI — The ABCALI gene is expressed in a large
number of human tissues with the highest levels pre-
sent in the placenta, liver, lung, adrenal glands, and
fetal tissues. The gene is localized to chromosome
9q31 and spans 50 exons. The 149kb ORF encodes

23

Lumen or
Extracellular Space

Lipid
Bilayer

domain (NBD), extracellular domain (ECD), and transmembrane
domain (TMD) of a typical ABCA protein

a 2,261 aa polypeptide with a predicted molecular
mass of 254 kDa (Table 1). ABCA1 has been identified
to be a major regulator of HDL metabolism and muta-
tions in this gene have been shown to be responsible for
Tangier disease (Ordovas 2000). ABCAL is believed to
orchestrate cellular phospholipid and cholesterol
active transport. It is required for optimal lipidiation
of ApoA-1 in nascent HDL biogenesis and promotes
the unidirectional efflux of cholesterol and phospho-
lipids from the cell (Fitzgerald et al. 2010). To date,
over 50 disease-associated mutations have been iden-
tified in the ABCA1 gene (Fasano et al. 2005). Indi-
viduals heterozygous for ABCA1 mutations are at
increased risk for familial high-density lipoprotein
deficiency (FHD), atherosclerotic cardiovascular dis-
ease (ACVD), and perhaps age-related macular degen-
eration (AMD) (Yu et al. 2011). Molecular diagnostic
testing is increasingly available to aid in the diagnosis
of ABCAI-related diseases.

In executing its cellular function, ABCAL interacts
with ApoA-I protein, oligomerizing to form
a homotetramer which leads to the development of
a high-affinity lipid-binding site. ApoA-I appears
to interact with ABCAI through its extracellular
domains. Interaction with ApoA-I activates the
phosphatidylcholine pathway by upregulating
phosphatidylcholine synthase (latan et al. 2011).

Interferon-gamma decreases ABCA1 expression
levels in a JAK/STAT-regulated manner (Fitzgerald
et al. 2010). Recent studies suggest that ABCA1-related
ACVD could be treated using peroxisome proliferator-
activated receptors (PPARs) and LSR agonists which
have been shown to influence ABCA1 gene expression
(Wakino and Itoh 2010).
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ABCA1
AAF86276.1

81

100

ABCA4
P78363

100

ABCA7

84

NP_061985

ABCA2

69

AAK14334.1

ABCA3

NP_001080.2

ABCA12

100
74

100

NP_775099

ABCAG6
AAM77557

ABCA8
094911

100

100

ABCA9
NP_525022

ABCA10

Q8WWZ4

ABCA5

NP_75842

ABCA Transporters, Fig. 2 Phylogenetic tree of human ABCA
subfamily transporter genes. Full-length amino acid sequences
were aligned using CLUSTALW?2 (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) and phylogenetic analysis was performed

ABCA2 — ABCAZ2 is highly expressed in the cells of
the ovary, nervous (CNS), and hematopoietic systems.
Functionally, it is associated with lipid transport and
drug resistance in cancer cells, including tumor stem
cells. Cellular immunolocalization reveals co-
localization of ABCA2 with late endolysosomes and
trans-Golgi organelles where it appears to function in
cholesterol homeostasis and LDL metabolism (Mack
et al. 2006). The gene is localized to chromosome
9q34.3 and spans 48 exons. The 149kb ORF encodes
a 2,436 aa polypeptide with a predicted molecular
mass of 270 kDa. Alternative splicing of the first
exon to the second results in two variants, 1A and 1B.

Studies have indicated a relationship between
ABCA2 and both early onset and late onset/sporadic

ABCA13
NP_689914

utilizing the PHYLIP software (http://evolution.genetics.wash-
ington.edu/phylip.html). Bootstrap values (%) out of 100 itera-
tions are indicated at each branch point

Alzheimer’s disease. In vitro studies showed that;
ABCA2 is highly expressed in human neuroblastoma
cells and co-localizes with beta-amyloid; overexpression
of ABCA2 increased amyloid precursor protein (APP)
protein levels. A single-nucleotide polymorphism in
human ABCA?2 has been found to be associated with
early development of this disease (Mace et al. 2005).
ABCA2 is a cholesterol responsive gene along
with ABCA1l and ABCA7. Micro RNA-mediated
downregulation of the ABCA2 gene product has been
observed in untreated colon cancer suggesting
a possible therapeutic manipulation of gene expression
in the future.

ABCA3 — The ABCA3 protein is highly expressed
in the lung and has been localized primarily to the
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outer, or limiting, membrane of the lamellar bodies of
type II alveolar structures. The ABCA3 gene is local-
ized to chromosome 16p13.3 and spans 33 exons. The
OREF encodes a 1704 aa polypeptide with a molecular
mass of 191 kDa (Table 1). Consistent with glucocor-
ticoid-responsive regulation of gene expression,
expression of ABCA3 increased more than 30-fold
following stimulation of fetal lung explants with dexa-
methasone, cAMP, and isobutylmethylxanthine
(Takahashi et al. 2005; van der Deen et al. 2005;
Kaminski et al. 2006).

ABCA3 has been shown to play an important role in
the formation of pulmonary surfactant which lowers
the surface tension at the air-liquid interface thus
preventing the collapse of the alveoli. A wide range
of mutations (>150) within ABCA3 have been linked
to fatal respiratory distress syndrome in the neonatal
period, and with interstitial lung disease in older
infants, children, and adults (Wert et al. 2009).
ABCA3 appears to function to import surfactant phos-
pholipids, such as phosphatidylcholine (PC) and
phosphatidylglycerol (PG), from the cytosol into the
lamellar body and is thought, therefore, to be important
for lamellar body biogenesis. » STAT3, activated by

IL6, regulates ABCA3 expression and influences
lamellar body formation in alveolar type II
cells (Matsuzaki et al. 2008). The C. elegans protein,
ced-7, is homologous to human ABCA3. Ced-7 func-
tions in the engulfment of cell corpses during
programmed cell death, although it is not known if
mammalian ABCA3 also performs a similar function.

ABCA4 — ABCAA4 (previously referred to as ABCR
or the rim protein) is a retina-specific member of the
ABCA subfamily. It was the first ABCA transporter to
be causatively linked to genetic disease (Allikmets
et al. 1997). The ABCA4 gene spans nearly 150 kb
and contains at least 50 exons (Table 1). It encodes
a 2,273 amino acid protein which is localized in the
retina along the rims of rod and cone photoreceptor
outer segment disk membranes. ABCA4 may act
as an ATP-dependent flippase that translocates
N-retinylidene-phosphatidylethanolamine (-PE) from
the lumen to the cytoplasmic side of the disk mem-
brane (Biswas-Fiss 2008; Tsybovsky et al. 2010;
Pollock and Callaghan 2011). This view is supported
by the observations that ABCA4 indeed binds the
retinoid N-retinylidene-PE with high affinity (Molday
et al. 2006). Recently, the ECD2 domain of ABCA4
was shown to bind all-frans retinal specifically
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(Biswas-Fiss et al. 2010). Efflux of all-trans retinal is
required for the continued recycling of retinoids
released from photobleached rhodopsin as part of the
visual transduction cycle. Studies conducted with
ABCA4 (+/—) mice support the hypothesis that lack
of ABCA4 transport activity may lead to the accumu-
lation of toxic all-trans retinal derivatives (lipofuscin)
in the rod and cone photoreceptors. Accumulation of
lipofuscin leads to apoptosis of the supporting retinal
pigment epithelium and, eventually, the photorecep-
tors themselves (Mata et al. 2001).

To date >500 sequence variations in the ABCA4
gene have been identified which are linked to four
macular degenerative diseases including Stargardt dis-
ease (STGD), cone-rod dystrophy (CRD), autosomal
retinitis pigmentosa type 19 (RP19), and age-related
macular degeneration (AMD) (Tsybovsky et al. 2010;
Pollock and Callaghan 2011). The mutations are found
throughout the entire reading frame of the gene and
significant progress has been made in determining
their biochemical significance (Biswas-Fiss 2008;
Tsybovsky et al. 2010; Pollock and Callaghan 2011).
ABCAA4-related diseases vary in their age of onset and
speed of progression — yet they all eventually lead to
blindness. Genotyping of patients through microarray
and DNA sequencing is currently available, and the
future holds promise for some in the form of gene
therapy. The challenge today is to correlate the numer-
ous ABCA4 mutations with the broad range of clinical
phenotypes and to understand how this translates to
ABCA4 protein dysfunction at a molecular level.
Development of a transport assay would be a major
step forward toward accomplishing this goal.

ABCAG-Like Transporters — Five closely related
members of the human ABCA subfamily form
a compact cluster on chromosome 17q24.2-3, com-
prising the genes for ABCAS, 10, 6, 9, 8 (in that order)
(Table 1). The common chromosomal location of these
ABCAG6-like transporters and their overall high pep-
tide sequence homology strongly supports the hypoth-
esis that these transporters evolved from a common
ancestral gene (Dean et al. 2001). The exact cellular
function of ABCAG6-like transporters remains unclear.
Recent studies suggest that ABCA6, ABCA9, and
ABCA10 may play a role in the connective tissue
disorder pseudoxanthoma elasticum (PXE) (Schulz
et al. 2006). The finding that the genes for ABCA®6,
9, and 10 are regulated by cholesterol in human mac-
rophages suggests their potential involvement in lipid
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transport processes in these cells (Takahashi et al.
2005; Kaminski et al. 2006; Fitzgerald et al. 2010).
Immunohistochemical studies revealed that ABCAS is
highly expressed in cardiomyocytes of the heart, oli-
godendrocytes and astrocytes of the brain, alveolar
type II cells of the lung, and Leydig cells of the testis.
Much remains to be understood about this subgroup of
ABCA transporters, including their disease associa-
tions, transported ligands, and the physiological sig-
nificance of their clustering at the 17q24 locus.

ABCA7 — The ABCAT transporter gene was ini-
tially cloned from human macrophages in which it is
subject to regulation by cholesterol influx and efflux
via the sterol regulatory-binding element 2 (Tanaka
et al. 2011). The ABCA7 gene contains 46 exons and
spans nearly 32 kb being localized to chromosome
19p13.3. The ORF encodes a 2,146 amino acid protein
with a predicted molecular weight of 235 kDa. Its
expression levels are regulated in a manner opposite
that of ABCAL1 protein, which is upregulated in the
presence of sterols. ABCA7 is highly expressed in
myelo-lymphatic tissues with highest expression in
peripheral leukocytes, thymus, spleen, and bone mar-
row; however, it was also found in platelets and
keratinocytes (Takahashi et al. 2005; Kaminski et al.
2006; Fitzgerald et al. 2010). ABCA7 shows the
greatest homology with ABCA1 (55%) and ABCA4
(49%) transporters. ABCA7 has been implicated in the
regulation of ceramide and phospholipid export from
the macrophages of human microgila (Wang et al.
2003; Takahashi et al. 2005; Kim et al. 2008). The
precise physiological role of ABCA7 remains uncer-
tain. Tanaka and coworkers observed identity between
the ECD1 domain (residues 195 and 352) of ABCA7
and a Sjogren’s syndrome autoantigen (Tanaka et al.
2003). They determined that ABCA7 encodes the
autoantigen SS-N and plasma cells infiltrating salivary
glands of patients with Sjogren’s syndrome were
immunoreactive against a monoclonal antibody
derived from the ABCA7 ECDI.

ABCA7 mediates the formation of HDL when
exogenously transfected and expressed; however, no
endogenous effect of ABCA7 in HDL formation has
been found. Recently, ABCA7 has been linked to
phagocytosis regulated by sterol regulatory element-
binding protein 2. Coupled with the observation that
HDL apolipoproteins stabilize ABCA7 against
calpain-mediated degradation, ABCA7 may represent
a link between sterol homeostasis and the host-defense
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response infection, inflammation, and apoptosis
(Tanaka et al. 2003). Further research is required to
delineate the specific substrate(s) of ABCA7 and its
precise physiological function in these processes.

ABCAII — ABCAL1 is considered a pseudogene as
no functional “ABCA11” gene been found in Homo
sapiens (Kaminski et al. 2006).

ABCAI2 — ABCAI12 is a keratinocyte transmem-
brane lipid transporter protein associated with the
transport of lipids in lamellar granules (LG) to the
apical surface of granular layer Kkeratinocytes.
ABCA12 localizes throughout the entire Golgi appa-
ratus to LGs at the cell periphery, mainly in the gran-
ular layer keratinocytes. ABCA12 was first identified
in human placenta yet is highly expressed in the skin,
testis, and fetal brain (Annilo et al. 2002; Kaminski
et al. 2006; Wenzel et al. 2007). The gene is
composed of 53 exons and maps to chromosome
2q35. ABCA12 mutations are known to underlie the
three main types of autosomal recessive congenital
ichthyoses: harlequin ichthyosis (HI), lamellar
ichthyosis, and congenital ichthyosiform erythroderma
(Albrecht and Viturro 2007). Fifty-two mutations have
been identified to date. Studies have shown that the
nature and severity of mutations in the ABCA12 gene
accounts for the resulting clinical phenotype:
Harlequin ichthyosis (HI), which is a severe form of
congenital ichthyosis, is typically fatal in the first few
days of life, while a second phenotype is a milder form
manifesting as lamellar ichthyosis type 2 (Kaminski
et al. 2006). Ceramide was reported to upregulate
ABCA12 expression via PPAR (peroxisome
proliferator-activated receptor) delta-mediated signal-
ing pathway, providing a substrate-driven, feed-
forward mechanism for regulation of this key lipid
transporter.

ABCAI3 — ABCAI13 represents the largest ABC
transporter comprising 5,058 amino acids (Prades
et al. 2002). In normal tissues, the highest mRNA
expression of the ABCA13 full-length mRNA was
found in human trachea, testis, and bone marrow.
Prades et al. (2002) determined that the ABCA13
gene contains 62 exons and spans more than 450 kb.
Exons 17 and 18 are large, containing 4,779 and 1,827
bp, respectively. Research has found that ABCA13
shares a common genomic region on chromosome
7p12.3 with the locus linked to the T-cell tumor inva-
sion and metastasis, INM7 (Prades et al. 2002). With
this information and with the high expression levels in
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leukemic cell lines, it has been suggested that
ABCA13 may play a possible role in hemato-
oncological pathologies (Kaminski et al. 2006). More
recently, human genetic data suggest variants in the
ABCAI13 locus are associated with schizophrenia,
bipolar disorder, and depression (Knight et al. 2009).
Despite these insights into the physiological role of
ABCA13, further studies are required to determine
the exact functional role and physiological substrates
of this transporter.

Summary

The ABCA subfamily form an intriguing group of
transporters whose function broadly relates to lipid
homeostasis. Although in several instances, such as
with the ABCAG-like subgroup, the exact cellular
function and mechanism of action remain unknown,
their important physiological role is underscored by the
often severe diseases that result from mutations in their
genes. Prospects for future research relate to the degree
in which each transporter is understood. For relatively
well-characterized transporters such as ABCAL,
ABCA3, and ABCA4, a significant amount is known
about the prospective ligand a well-established link
between a given monogenic disorder and mutations
in the transporter-encoding gene exist. For these
transporters, current and future research aimed at
understanding the genotype—phenotype correlation
(biochemical as well as clinical) is important, so that
more accurate prognoses and specific therapies may be
implemented. Ultimately, the development of transport
assays, which can analyze the actual transport event
itself, must be developed in order to determine the
precise effect of a given mutation on transporter func-
tion. In the case of less well-understood transporters,
such as the ABCAG6-like subgroup, fundamental
research is required to determine the nature of the
transport ligand and how this relates to human health
and disease. Finally, defining the role of protein—
protein interactions in ABCA subgroup mechanism of
action is necessary in order to determine the synergistic
relationships between the other members of the ABCA
and/or ABC protein family as well as to define a given
ABCA proteome. Certainly, it can be said that the
roadmap of ABCA disease-related mutations provide
scientists with a wealth of clues to uncover the secrets
of this important class of ABC transporters.
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Synonyms

Activated Cdc42Hs-associated kinase 1; CD38 negative
kinase 2; Proline-rich tyrosine kinase 1; Pyk1; Tnk2

Historical Background

The tyrosine kinase ACKI1 (activated Cdc42Hs-
associated kinase 1) was first identified as a specific
target of the small GTPase Cdc42 (Manser et al. 1993).
ACK1, a related tyrosine kinase Tnkl, and
the non-tyrosine kinase protein Migb (Gene
33/receptor-associated late transducer) constitute
a family of proteins with conserved domain structures.
In addition to the kinase catalytic domain, various
domains and amino acid sequence motifs, which are
responsible for the interaction with diverse signal
transducing proteins, are found in ACKI1 (Fig. 1).
Several types of splice variants (including a protein
previously designated ACK2 [activated Cdc42Hs-
associated kinase 2]) are present. Two orthologues of
the mammalian ACK1 gene, DACK and DPR2, exist
in the Drosophila melanogaster genome. In
Caenorhabditis elegans, two orthologues encode
ACK family protein tyrosine kinases, ARK-1 and
B0302.1.



ACK1 29
200 400 600 800 1,000
| | I | I 1
SAM Kinase SH3 CRIB Clathrin Mig6 UBA

ACK1, Fig. 1 Domain structure of ACK1. Domains found in
the mouse ACKI1 protein (NCBI accession: NP_058068) are
schematically shown. SAM, sterile alpha motif domain; Kinase,
tyrosine kinase catalytic domain; SH3, Src homology 3 domain;

Regulation of ACK1 Activity

ACK1 is a multidomain non-receptor tyrosine kinase
expressed in a variety of tissues in mammals. In
addition to the N-terminally located kinase catalytic
domain, ACK1 contains a membrane-targeting sterile
alpha motif domain, a Src homology 3 (SH3) domain,
a Cdc42/Rac interactive binding domain, a clathrin-
binding motif, a Migb6 homology domain, a proline-rich
domain (which overlaps with the clathrin-binding motif
and the Migb homology domain), and a ubiquitin-
association domain (Fig. 1). These domains are respon-
sible for recognition and interaction of diverse binding
partners (Mahajan and Mahajan 2010).

Originally, ACK1 was identified as a specific target
of Cdc42: The active GTP-bound, but not inactive
GDP-bound, Cdc42 interacts with the Cdc42/Rac
interactive binding domain of ACK1. Thus, Cdc42 is
expected to have a crucial role in the regulation of
ACKI. Although co-expression of Cdc42 in cells
results in tyrosine phosphorylation of ACK1, the bind-
ing of Cdc42-GTP to purified ACK1 was found to be
insufficient for stimulating its tyrosine kinase activity
invitro (Yang et al. 1999; Yokoyama and Miller 2003).
Given that many signaling molecules interact with
ACK1, Cdc42 may not be a unique upstream regulator,
but rather may collaborate with other regulatory pro-
teins to modulate the activity of ACK1 in the cell.

Many protein kinases are catalytically activated
through conformational change of the activation loop
triggered by its phosphorylation. Therefore, ACK1
kinase activity may also be modulated by phosphory-
lation of the activation loop. One tyrosine (Y284, all
residue numbers hereafter are based on the mouse
ACKI1 sequence [NCBI accession: NP_058068]),
which exists within the activation loop of ACK1, was
identified as a primary autophosphorylation site
(Yokoyama and Miller 2003). Comparison of tertiary

CRIB, Cdc42/Rac interactive binding domain; Clathrin,
clathrin-binding motif; Mig6, Mig6 homology domain; UBA,
ubiquitin-association domain. The upper scale indicates the
amino acid position number

structures of phosphorylated and unphosphorylated
activation loops of ACKI, unexpectedly, revealed
that ACK1 adopts an activated conformation indepen-
dent of phosphorylation of Y284 (Lougheed et al.
2004). Therefore, the activation loop of ACK1 is not
autoinhibitory, although it may have another role in the
regulation of catalysis.

Recently, the intramolecular association between
the N-terminal kinase catalytic domain and the
C-terminal Mig6 homology domain, which may sup-
press the kinase activity, has been revealed (Prieto-
Echagiie et al. 2010). In fact, amino acid changes in
kinase catalytic (E346K) and Mig6 homology (F836A)
domains disrupt this interaction, and markedly
increase the kinase activity (Prieto-Echagiie et al.
2010). In addition, the former mutation has been char-
acterized as a constitutively activated mutant in cancer
cells (see below).

Although the underlying mechanism remains
totally unknown, the tyrosine phosphorylation level
of ACKI significantly increased in response to tem-
perature shift-down to 25°C and hyperosmotic shock
(Satoh et al. 1996).

Role of ACK1 in Signaling Triggered by
Cell-Surface Receptors

The role of ACK1 in growth factor receptor signaling
has been well documented (Fig. 2). Epidermal growth
factor (EGF) treatment of cells induces rapid and tran-
sient tyrosine phosphorylation of ACK1 (Satoh et al.
1996; Galisteo et al. 2006). In addition, ACK1 binds
to the adaptor protein Grb2 through its N-terminal
SH3 domain, which is enhanced by EGF stimulation
(Satoh et al. 1996). The binding of ACK1 to Grb2
is required for EGF-dependent tyrosine phosphory-
lation of ACKI1 (Kato-Stankiewicz et al. 2001).
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Tyrosine-phosphorylated ACK1 in turn phosphorylates
and activates its downstream target Dbl, leading to the
induction of transient cytoskeletal rearrangements
through RhoA (Ras homologue A) (Kato-Stankiewicz
et al. 2001; see below). Mig6 binds to the EGF receptor
and inhibits EGF signaling, sharing its EGF receptor-
binding domain with ACK1. Thus, it is anticipated that
ACKI1 also binds to the EGF receptor directly, and
negatively regulates downstream signaling. In addition
to the EGF receptor, diverse receptor tyrosine kinases,
such as Axl, Mer, ALK, LTK, and the platelet-derived
growth factor receptor interact with ACK1 (Galisteo
et al. 2006; Pao-Chun et al. 2009). The binding of
ACK1 to Axl, ALK, LTK is mainly mediated by Grb2,
having a role in ligand-induced down-regulation (Pao-
Chun et al. 2009). In C. elegans, ARK-1 also physically
interacts with SEM-5 (a C. elegans orthologue of Grb2),
inhibiting LET-23 (a C. elegans orthologue of the EGF
receptor)-mediated ovulation.

Melanoma chondroitin sulfate proteoglycan is
a cell-surface antigen that stimulates integrin-oyf3,-
mediated adhesion and spreading of melanoma cells.
Clustering of this antigen induces the activation of
Cdc42 and ACKI1, leading to tyrosine phosphorylation
of p130“*, a key molecule for the induction of tumor

p130°a

Cell spreading,
motility, and invasion

Clathrin Sorting nexin 9

;

Integrin

;

Receptor endocytosis and
degradation

cell motility and invasion (Eisenmann et al. 1999).
Therefore, ACK1 may play an important role in the
regulation of melanoma chondroitin sulfate proteogly-
can-dependent melanoma cell migration and invasion.
ACK1 is also activated upon cell attachment to fibro-
nectin in a Cdc42-dependent manner, suggesting a role
in outside-in signaling of integrins (Yang et al. 1999;
Galisteo et al. 2006). Stimulation of the M3 muscarinic
acetylcholine receptor also triggers the activation of
ACKI. Neither the increase in intracellular Ca** nor
the activation of protein kinase C is required for this
ACKI1 activation. Instead, Cdc42 and the tyrosine
kinase Fyn may be involved.

Beyond regulating downstream signaling cascades,
ACKI1 participates in the regulation of ligand-induced
endocytosis and degradation of the receptor. ACK1
possesses a conserved clathrin-binding motif, which
in fact interacts with the N-terminal head region of
the clathrin heavy chain (Teo et al. 2001; Yang et al.
2001). Activated Cdc42 negatively regulates this inter-
action. When overexpressed, ACK1 competes with
AP-2 for the binding to clathrin, and thus suppresses
clathrin-mediated endocytosis of the transferrin recep-
tor. Furthermore, ACK1 directly binds to sorting nexin
9 (SH3PX1) through the interaction between the
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proline-rich domain of ACK1 and the SH3 domain of
sorting nexin 9, thereby facilitating endocytosis of the
EGF receptor. EGF-induced degradation of the EGF
receptor is mediated by ubiquitination. ACK1 binds to
the ubiquitinated EGF receptor through its ubiquitin-
association domain, thereby regulating ligand-induced
EGF receptor degradation (Shen et al. 2007). In addi-
tion, ACK1 is ubiquitinated by E3 ubiquitin ligases
Nedd4-1 and Nedd4-2 and subjected to degradation
along with the EGF receptor in response to EGF
stimulation.

ACK1 as a Link Between Small GTPases

Dbl is the first-identified guanine nucleotide exchange
factor (GEF) for Rho family GTPases. Upon tyrosine
phosphorylation of Dbl by activated ACK1, GEF
activity of Dbl toward the Rho family is significantly
increased (Kato et al. 2000). Thus, ACK1 may act as a
link between Rho family GTPases, forming a positive
feedback loop of Cdc42 signaling (Fig. 3). Tyrosine-
phosphorylated Dbl also activates RhoA, leading
to cytoskeletal rearrangements (Kato-Stankiewicz
et al. 2001).

Another GEF whose activity is regulated by ACK1
is Ras-GRF1 (CDC25M™ (mammalian homologue of
cell division cycle 25)) (Kiyono et al. 2000). Ras-
GRF]1 targets both Ras and Racl through its CDC25
homology and Dbl homology domains, respectively.
The latent GEF activity toward Racl is induced by G
protein Py subunits and » Src-dependent tyrosine
phosphorylation of Ras-GRF1 although its Ras GEF
activity remains unchanged. In contrast, co-expression
of activated ACK1 causes tyrosine phosphorylation of
Ras-GRF1 and promotes its GEF activity toward Ras.
Through this mechanism, ACK1 links Cdc42 to Ras.
Tyrosine phosphorylation of Ras-GRF1 by ACK1, on
the other hand, does not induce Racl GEF activity.
Taken together, different tyrosine kinases including
ACKI phosphorylate different residues of Ras-GRF1,
leading to selective induction of GEF activity toward
Ras or Racl.

ACK1 in Cancer

Several lines of evidence support the notion that
ACKI1 is intimately associated with cancer (Fig. 4).
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ACK1, Fig. 3 ACKI1 as a link between small GTPases. ACK1-
mediated signaling pathways that link Ras and Rho family
GTPases are shown. Small GTPases are shown in yellow, and
GEFs are shown in green. EGFR, epidermal growth factor
receptor
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ACK1, Fig. 4 ACKI in Cancer. Signaling pathways downstream
of activated ACK1 in cancer cells are shown. Androgen R, andro-
gen receptor; Wwox, WW domain-containing oxidoreductase

Overexpression of a dominant-negative mutant of
ACKI or small interfering RNA-mediated knockdown
of ACK1 inhibited v-Ras-transformed cell survival and
growth, suggesting a crucial role of ACK1 in cell trans-
formation (Nur-E-Kamal et al. 2005). ACK1 is also
involved in the regulation of pl30“*-mediated
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signaling, such as spreading of melanoma cells
(Eisenmann et al. 1999) and migration of breast epithe-
lial cells. Thus, ACK1 may have a critical role particu-
larly in invasion and metastasis of cancer cells. In fact,
overexpression of ACK1 in tumor cells enhances inva-
sive phenotypes in vivo and in vitro (van der Horst et al.
2005). Furthermore, amplification of the ACK/ gene
identified in human primary tumors correlates with
poor prognosis (van der Horst et al. 2005).

The involvement of ACK1 in prostate cancer pro-
gression has been well described. Expression and tyro-
sine phosphorylation levels of ACK1 are elevated in
clinical specimens of androgen-independent prostate
cancer (Mahajan and Mahajan 2010; van der Horst
et al. 2005). A constitutively activated ACK1 mutant,
when expressed in a human prostatic adenocarcinoma
cells, remarkably promotes anchorage-independent
growth and tumor formation in nude mice (Mahajan
and Mahajan 2010). Transgenic mice expressing this
constitutively activated ACK1 in the prostate indeed
develop prostatic intraepithelial neoplasia (Mahajan
and Mahajan 2010).

One mechanism for ACK1-dependent promotion
of prostate tumorigenesis is negative regulation of
the proapoptotic tumor suppressor WW domain-
containing oxidoreductase (Mahajan and Mahajan
2010). Activated ACK1 associates with and tyrosine
phosphorylates WW domain-containing oxidoreduc-
tase, leading to its polyubiquitination followed by
degradation.

Another mechanism is tyrosine phosphorylation of
the androgen receptor by ACK1 (Mahajan et al. 2007).
Activation of the androgen receptor may be important
in androgen-independent progression of prostate
cancer. Activated ACK1 phosphorylates two tyrosine
residues in the transactivation domain of the androgen
receptor, leading to the recruitment of the androgen
receptor to the androgen-responsive enhancer and sub-
sequent androgen-inducible gene expression in the
absence of androgen. Thereby, activated ACK1 pro-
motes androgen-independent growth of prostate xeno-
graft tumors (Mahajan et al. 2007). On the other hand,
ACKI is required for tyrosine phosphorylation and
activation of the androgen receptor by ligand-activated
HER?2 as evidenced by the effect of knockdown and the
treatment with a specific inhibitor, dasatinib (Mahajan
et al. 2007; Liu et al. 2010). Therefore, ACK1 activa-
tion downstream of cell-surface receptor tyrosine
kinases such as HER2 may be a crucial event in
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prostate cancer cells. Another ACK1-specific inhibi-
tor, termed AIM-100, also suppresses phosphorylation
and transcriptional activation of the androgen receptor
(Mahajan and Mahajan 2010).

The activation of the pro-survival protein kinase
Akt has been implicated in a variety of human cancers.
It has been well documented that Akt activation occurs
through specific phosphorylation of serine and threo-
nine residues downstream of » phosphatidylinositol
3-kinase. Recently, a novel signaling mechanism
whereby ACKI1 directly regulates Akt by phosphory-
lating a tyrosine residue located in the kinase domain
(Mahajan and Mahajan 2010). Upon tyrosine phos-
phorylation, Akt is translocated to the plasma mem-
brane and then activated. This mechanism, in fact, has
become relevant to human cancers. The expression
level of Akt that is phosphorylated by ACK1 is signif-
icantly increased in breast cancers, and is correlated
with the severity of disease progression.

Four somatic missense mutations were identified in
ACKI in various cancers: Mutations in the N-terminal
sterile alpha motif domain (R34L and R99Q)
were identified in lung adenocacinoma and ovarian
mucinous carcinoma, respectively, a mutation in the
kinase catalytic domain (E346K) was found in
ovarian endometrioid carcinoma, and a mutation in
the SH3 domain (M409I) was identified in gastric
adenocacinoma. All of these mutations increase
ACKI1 kinase activity, suggesting that somatic muta-
tions may represent a mechanism for oncogenic acti-
vation of ACK1 (Prieto-Echagiie et al. 2010). Several
somatic and germ-line mutations were detected also in
tumor cell lines. Among them, a mutation in the
ubiquitin-association domain (S1002N) renders
ACKI1 unable to bind ubiquitin, and maintains the
epidermal growth factor receptor level after stimula-
tion. Thereby, this ACK1 mutant may contribute to
prolonged mitogenic signaling in cancer cells.

Summary

ACKI1 is a non-receptor tyrosine kinase originally iden-
tified as a target of the small GTPase Cdc42. ACK1
interacts with diverse signal transducing proteins
through multiple domains. The kinase activity of
ACKI1 is suppressed by the intramolecular interaction
between the catalytic domain and the C-terminal Mig6
homology domain. Upstream signals are believed to
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induce conformational change of inactive ACK1, lead-
ing to its activation. ACK1 functions downstream of
a variety of receptor tyrosine kinases such as the EGF
receptor. In addition, other types of cell-surface recep-
tors, including melanoma chondroitin sulfate proteogly-
can and integrins, employ ACKI1 as a transducer
of signals that regulate cell motility. ACK1 is also
responsible for ligand-induced endocytosis of cell-
surface receptors through the binding to the clathrin
heavy chain and sorting nexin 9. ACK1 is ubiquitinated
by E3 ubiquitin ligases and subjected to degradation.
ACKI1 acts as a link between small GTPases by phos-
phorylating GEFs, such as Dbl and Ras-GRF1. Gene
amplification and mutational activation of ACK1 are
closely associated with human cancers. Particularly,
the involvement of ACKI1 in prostate cancer is well
addressed. ACK1 phosphorylates the androgen receptor
and the serine/threonine kinase Akt, leading to their
activation. Overall, ACK1 is a key regulator of cell-
surface receptor signaling in various types of cell
responses including cytoskeletal rearrangements and
transcriptional activation. Once excessively activated,
ACKI1 causes unregulated proliferation and survival,
properties characteristic of cancer cells. Thus, ACK1
may be a promising therapeutic target of cancers.
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Synonyms

DYNLTI1/Tctex-1 (AGS2 ); FNDCl1/fibronectin type
IIT domain containing 1 (AGS8); GNAO /Gao/guanine
nucleotide binding protein/alpha activating activity
polypeptide O (AGS10); GPSM1/G-protein signaling
modulator 1 (AGS3); GPSM3/G-protein signaling
modulator 3/G18/NG1 (AGS4); GPSM2/G-protein
signaling modulator 2/LGN/mPINS (AGSS5); MITF/
microphthalmia-associated  transcription  factor
(AGS13); PSMD4/Rpnl0/proteasome  (prosome,
macropain) 26S subunit, non-ATPase, 4 (AGS9);
RAS DI/DEXRAS1 (AGS1); RGS 12/regulator of
G-protein signaling 12 (AGS6); TFE3/transcription
factor binding to IGHM enhancer 3 (AGS11); TFEB/
transcription factor EB (AGS12); TRIP13/16E1BP/
thyroid hormone receptor interactor 13 (AGS7).

Historical Background

Activators of G-protein signaling (AGS) proteins
define a group of proteins identified in a yeast-
based functional screen of mammalian cDNA
libraries as receptor-independent activators of the
G-protein signaling cascade. Activators of G-protein
signaling are one subgroup of accessory proteins for
G-protein signaling systems. Accessory proteins are
generally defined as proteins other than the core triad
of receptor (R), G-protein, and effector (E) that
regulate the efficiency and/or specificity of signal
transfer from G-protein coupled receptors (GPCRs)
to G-proteins, segregate a signaling complex to
microdomains of the cell, regulate the basal activity
of the system, and/or provide alternative modes of
signal input to G-protein signaling systems that oper-
ate independent of a typical GPCR. Such accessory
proteins may influence G-protein signaling systems
operating at the cell cortex or at intracellular loca-
tions (Fig. 1).

Activators of G-Protein Signaling (AGS)

Extracellular Plasma membrane

AGS AND
RELATED

| < ACCESSORY —> -

@ PROTEINS

Intracellular

Activators of G-Protein Signaling (AGS), Fig. 1 Schematic
diagram indicating points of influence of accessory proteins on
G-protein signaling systems. AGS and related proteins may
serve as alternative binding partners for G-protein subunits and
also regulate signal transfer at multiple points within the broader
G-protein signaling system (The figure is a modification of the
concept figure presented by Sato et al. 2006)

The concept of accessory proteins resulted from
a confluence of several independent lines of investiga-
tion (see Blumer et al. 2007, 2011; Gonczy 2008;
Knoblich 2010; Sato et al. 2006; Willard et al. 2004).
These lines of investigation included cell-specific dif-
ferences in signal transfer from R to G, the partial
purification of a putative non-receptor G-protein acti-
vator from extracts of NG108-15 cells, identification
of G-protein subunits in intracellular organelles, iden-
tification of unexpected binding partners for G-protein
subunits, and the identification of non-receptor pro-
teins that could influence the activation state of
G-proteins eventually leading to the development of
a functional yeast-based screen for mammalian entities
that activated G-protein signaling in the absence of
a receptor (Sato et al. 2006; Cismowski and Lanier
2005; Cismowski et al. 1999; Takesono et al. 1999).
Interspersed with these biochemical approaches was
the realization that there were changes in signal
processing through G-protein signaling systems that
occurred independent of any obvious changes in recep-
tor number or G-protein expression levels, suggesting
additional undefined regulatory mechanisms. Another
line of investigation evolved out of the study of asym-
metric cell division in Drosophila melanogaster
neuroblasts and sensory organ precursor cells in
parallel with the Caenorhabditis elegans embryo.
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Activators of G-Protein Signaling (AGS), Fig. 2 Functional
roles of different Activators of G-protein signaling. This figure
includes proteins that were not isolated in the yeast-based
functional screen as AGS proteins, but were identified in other
protein interaction or functional screens and shown to

Thus, a confluence of biochemical, cell biology, and
model organism data indicated unexpected modes of
regulation for heterotrimeric G-proteins associated
with previously unknown functional roles for this sig-
naling system.

The discovery of AGS proteins involved the devel-
opment of a functional readout that would allow rapid
screening of mammalian cDNAs for their ability to
activate G-protein signaling in the absence of
a receptor. The initial reports of the discovery of
AGS proteins using the yeast-based functional screen
(Cismowski et al. 1999) included three AGS proteins
with each defining a distinct group of AGS proteins
(Fig. 2) (Cismowski et al. 1999; Takesono et al. 1999).
AGS1 behaved as a guanine nucleotide exchange

Transcription factors
(basic helix-loop-helix and
leucine zipper)

—

exhibit biological activity consistent with their inclusion as
Group 1 (RIC8A, CCDC88A, GET3) or Group II (GPSM4,
RAPIGAP, RGS14) AGS proteins (Modified from Blumer
et al. 2007)

factor for Gai/Goo. AGS3 is the prototype for Group
IT AGS proteins. AGS2 defined Group III AGS pro-
teins, which generally interact with Gfy. In the yeast-
based functional platform, Group I and IT AGS proteins
were functionally active in yeast strains expressing
Gai2, Gai3, but not Ga16 or Gas whereas the activity
of Group III AGS proteins was independent of the type
of Go expressed. Subsequent screening of different
mammalian cDNA libraries generated from different
tissues exposed to different challenge paradigms or
exhibiting specific pathologies yielded 13 distinct
mammalian cDNAs that exhibited bioactivity in this
functional platform (Fig. 2). AGS11-13, which are
actually transcription factors, were identified in the
functional screen using yeast expressing Go16, but
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there is not currently enough information to determine
how they should be subclassified within the larger
group of AGS proteins (Sato et al. 2011).

Group | AGS Proteins

To date, AGS1 is the only cDNA isolated in the yeast
expression cloning system exhibiting functional activ-
ity consistent with its classification as a guanine nucle-
otide exchange factor (GEF). Initially isolated as
a dexamethasone-inducible cDNA (Kemppainen and
Behrend 1998), AGS1 (RASD1) appears to inhibit cell
growth (Vaidyanathan et al. 2004) and is
downregulated in various cancers (Dalgin et al. 2007,
de Souza Rocha Simonini et al. 2010; Furuta et al.
2006; Nojima et al. 2009). AGSI1 is also reported to
interact with GPBy (Hiskens et al. 2005). Additional
non-receptor GEFs such as » Ric-8A and » Ric-8B
(Miller et al. 2000; Tall et al. 2003), GIV/Girdin
(Le-Niculescu et al. 2005), and Arr4 (Lee and Dohlman
2008) have been identified by other functional and
protein interaction screens, and these proteins would
also fit the definition of Group I AGS proteins.

Group Il AGS Proteins

Group II AGS proteins are characterized by the pres-
ence of one to four, evolutionarily conserved,
G-protein regulatory (GPR) or GoLoco motifs
(Takesono et al. 1999; Siderovski et al. 1999), which
are 20-25-amino acid cassettes that interact with Goi/
0-GDP and Got-GDP. Although the core residues
within GPR motifs are conserved, individual GPR
motifs may differ in their relative affinities for differ-
ent Gai/o and » Got family members. The GPR motif
defines a novel, totally unexpected mechanism for
regulation of the activation-deactivation cycle of
heterotrimeric G-proteins with potentially broad con-
ceptual implications. In contrast to Group I and III
AGS proteins, each member of the Group II AGS pro-
teins has a shared structural motif (GPR/GoLoco)
(Fig. 3).

The genes encoding AGS3, AGS4, and AGS5 were
named G-protein signaling modulator (GPSM) 1, 3,
and 2, respectively, by the HUGO Gene Nomenclature
Committee. There are at least three additional GPR
proteins in mammals, Pcp2/L7 (GPSM4), RGS14,
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and RaplGap (Transcript Variant 1, isoform a,
Rap1GapllI), which to date have not been identified in
any of the yeast-based functional screens described
above, likely reflecting variations in cDNA represen-
tation in the libraries used for screening or other factors
which affect their activity in the yeast screen. In silico
screens based on conserved GPR consensus sequences
also identified a putative GPR motif in the protein
WAVEL/Scar, although it is not yet known if the
motif actively engages Guo-GDP in the context of
WAVEI function in the cell (Song et al. 2006).

Proteins with GPR motifs can be further
subgrouped based on the number of GPR motifs they
contain. One subset (AGS3, AGS4, AGSS, and Pcp2/
L7) has 24 GPR motifs, whereas a second subset
(AGS6/RGS12, RGS14, Rap1Gap) contains a single
GPR motif. Within the first subset, AGS3 and AGS5
share a similar domain architecture and are ~60%
identical at the amino acid level with an amino-
terminal tetratricopeptide repeat (TPR) domain and
four carboxyl-terminal GPR motifs. AGS4 and Pcp2/
L7, as well as the AGS3 variant AGS3-short, have 2-3
GPR motifs and lack any other clearly defined protein
interaction domains. Within the second subset (AGS6/
RGS12, RGS14, and RaplGap), in addition to their
single GPR motif, each of the three proteins contain
a GTPase-activating (GAP) domain in addition to
other protein interaction or regulatory motifs. Thus,
AGS6/RGS12 and RGS14 have an interesting
arrangement of a GPR domain, which can dock
Gogpp independently of Gfy, and a GAP domain
which accelerates GTP hydrolysis on the transition
state of activated Go, thus acting to terminate
Gogrp-based signaling. Although conceptually this
is a very interesting combination of domains with
completely different, but perhaps complementary,
effects on the nucleotide-bound state of Ga, the
functional roles of these intramolecular domains
within AGS6/RGS12 and RGS14 on the integration
of G-protein signaling are not yet fully understood.
The GAP domain in RaplGap does not regulate
heterotrimeric Go: subunits but rather targets the ras-
related small GTPase Rapl.

GPR motifs serve as docking sites for Gai-GDP free
of Gy and this GPR-Ga signaling module is regulated
by both cell surface G-protein coupled receptors and
non-receptor GEFs (> RIC-8, GIV/Girdin), which pro-
mote exchange of GDP for GTP and dissociation or
rearrangement of Go. and the GPR motif in a manner
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analogous to that observed for G-protein-coupled
receptor-mediated regulation of Gafy (Garcia-Marcos
et al. 2011; Tall and Gilman 2005; Thomas et al. 2008;
Vellano et al. 2011). The GPR-Ga signaling module
plays a central role in asymmetric cell division in
multiple organisms and system adaptation (Fig. 1)
(Blumer et al. 2007; Gonczy 2008; Knoblich 2010).
Determination of the X-ray crystal structure of the
GPR/GoLoco  peptide-Gail complex provides
a structural basis for understanding interaction of the
motif with GaGDP (Bosch et al. 2011; Kimple et al.
2002). Structure-activity studies have revealed specific
amino acids in the GPR motif that influence interaction
with Ga (Peterson et al. 2002) and a key residue in Ga
that is required for interaction with GPR motifs (Bosch
et al. 2011).

Mechanistically, proteins with GPR motifs may
impart biological activity by influencing subunit
interactions to promote or sustain dissociation of
Gofy heterotrimers in the absence of nucleotide
exchange. In the context of the G-protein activa-
tion-deactivation cycle, the GPR protein may also
influence subunit interactions by binding Gogpp
prior to reassociation with GPy. In either situation,
alterations in Gfy-regulated effector pathways would
be expected. The Gogpp-GPR complex itself is actu-
ally suggested to be a putative “bioactive” entity
(Gonczy 2008). The Go-GPR signaling module can
also function as a discreet signaling system that is

[GAP-CD] |

HTPR BGPR

regulated by non-receptor guanine nucleotide
exchange factors and perhaps G-protein-coupled
receptors. Interplay between the Go-GPR and the
classical heterotrimer Gafy signaling modules offers
additional interesting mechanisms for signal integra-
tion (Blumer et al. 2011).

A nonsense mutation in GPSM2, which truncates
the reading frame of the protein, is associated with
nonsyndromic hearing loss likely as a result of altered
planar cell polarity in the auditory system (Walsh et al.
2010; Yariz et al. 2011). Renal AGS3 (GPSM1) is
markedly elevated in polycystic kidney disease and in
response to renal injury (Nadella et al. 2010; Regner
et al. 2011). In cell culture, AGS3 traffics into the
aggresome pathway and it is also a central player in
regulating autophagy (Garcia-Marcos et al. 2011).

Group Il AGS Proteins

The mechanisms by which the Group III AGS proteins
activate G-protein signaling in the yeast functional
screen and function in mammalian signaling systems
are not yet fully understood. As more information
becomes available, it is likely that members of this
loosely defined Group III will exhibit different mech-
anisms of action in terms of their ability to lead to the
end readout of GPy-dependent growth in the yeast
functional screen. One mechanism by which the
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Group III proteins may act is by an interaction with
Gy and/or heterotrimer to influence subunit interac-
tions in a way that there is productive effector engage-
ment. AGS2 (tctex/DYNLT1) is actually a light chain
for the cytoplasmic motor protein dynein and regulates
neurite outgrowth through its interaction with Gy and
dynein (Sachdev et al. 2007). AGS7 (TRIP13) was
identified as a thyroid receptor—interacting protein
and AGS8 (FNDC1) promotes apoptosis of cardiac
myocytes. AGS9 (Rpnl0) is a component of the 26S
proteasome.

Summary

The discovery of AGS and related proteins altered our
basic concepts of G-protein signaling. First, Go. and
Gy are processing signals within the cell distinct from
their role as transducers for cell surface receptors and
such signals involve previously unrecognized func-
tional roles for heterotrimeric G-protein subunits. Sec-
ondly, Go. and GBy may complex with alternative
binding partners independent of the classical Gopy
heterotrimer, providing a distinct signaling pathway
with its own set of activators and effectors.

AGS and related accessory proteins or signal regu-
lators are intimately involved in generating signaling
diversity in ways that are not yet fully recognized.
Such accessory proteins have evolved to provide
a mechanism for cells to adapt acutely and for
a longer-term to physiological and pathological chal-
lenges without altering the major components of the
signaling core itself. AGS proteins and related entities
play unexpected and important functional roles in
a number of systems and impact a number of signaling
pathways that influence cell growth and survival. Rap-
idly accumulating data from disease tissue profiling
and genomic-based technologies indicate that selected
AGS proteins may serve as biomarkers for specific
diseases and their altered expression or function in
disease states suggests candidate signaling modules
for therapeutic targeting.

Central questions in the field are as follows: What
regulates the subcellular location of AGS proteins?
What regulates the interaction of AGS proteins with
Go or GBy? What is downstream of the GPR-Ga
signaling module? Are there pathologies associated
with polymorphisms in AGS proteins? Are AGS pro-
teins candidate therapeutic targets? How did the

Activators of G-Protein Signaling (AGS)

different “G-switch” modules (e.g., Ga-GPR, Gafy)
and their regulation by non-receptor and cell surface
receptors evolve in response to different evolutionary
pressures in terms of signal processing?
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Synonyms

Fyn-binding protein (FYB); SLP-76 adapter-binding
protein of 130 kDa (SLAP-130)

Historical Background

The adhesion and degranulation promoting adapter
protein (ADAP) is a large protein which is alterna-
tively spliced to produce a 120/130 kDa isoform, and
is expressed in T cells, proB cells, and myeloid cells.
ADAP was first cloned in 1997 by two independent
labs that were working to elucidate signaling pathways
induced by engagement of the T cell receptor. In early
studies, the kinase, Fyn-T, was found to be an impor-
tant mediator of mature, peripheral T cell activation. In
order to identify potential substrates of Fyn-T, da Silva
et al., used GST-FYN-SH2 domain fusion proteins to
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immunoprecipitate a 120/130 kDa phosphorylated
protein from a TCR/antiCD3 stimulated T cell line.
An antibody developed against this protein was used to
screen a Jurkat cell line cDNA library, and led to the
cloning of ADAP. In the same year, Musci et al., used
the SH2 domain of another protein LCP2 (previously
known as SLP-76) that is phosphorylated upon T cell
stimulation and modulates T cell function, to precipi-
tate out ADAP from pervanadate-stimulated JA2/SLP-
SH2 Jurkat T cells expressing a chimeric surface
protein with the extracellular and transmembrane
domains from HLA.A2 and the SH2 domain from
LCP2. The newly cloned proteins were named
Fyn-binding protein, FYB, and SLP-76-associated
protein of 130 kDa (SLAP-130) respectively,
depending on the precipitating protein used in cloning;
however, the name, adhesion and degranulation-
promoting adapter protein, ADAP, was adopted in
2001. Another major milestone was achieved with
the generation of chimeric and knockout ADAP mice
(ADAP /") by Griffiths et al., and Peterson et al., and
helped resolve some of the controversies related to
ADAP function that had surfaced using various cell
lines (Peterson 2003). In recent years, the elucidation
of new ADAP domains and interaction partners
has expanded the repertoire of functions attributed
to ADAP, that span from actin regulatory roles in
lymphocytes, macrophages, and platelets, to mast cell
degranulation, T cell proliferation, thymopoiesis,
osteoclastogenesis, eosinophil survival, and integrin
regulation (Koga et al. 2005;Wang and Rudd 2008).

ADAP Structure and Domains

ADAP fulfills its scaffolding function through
a variety of domains that permit assembly of
multimolecular complexes to modulate diverse
functions (NP_001456.3;GI:42476118; NP_955367.1
GI:40788007). The human ADAP protein is reported to
have 783 amino acids (AA) in the 120 kDa, or 803AA in
the 130 kDa form. The full-length mouse ADAP
is 819AA. The regulation of ADAP is likely to be com-
plex due to the presence of several serine/threonine res-
idues and lysine acetylation sites, two putative nuclear
localization sequences (PKKKRKYV), and 16 tyrosine
phosphorylation sites, 13 of which are concentrated in
the region between AA486 and 783 (Sylvester et al.
2010). Figure 1 highlights many of the domains that
have been mapped to date. At the amino terminal end is
one of four proline-rich domains that mediate association
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with SH3 domain-containing proteins: monomeric actin-
binding protein (mABP, also known as HIP55), and the
homologous adapter proteins SKAP1, and SKAP2, with
ADAP residues 338-358 minimally required for stabili-
zation of the SKAP proteins. There is a glutamic acid/
lysine (E/K) rich region that constitutes a MAGUK bind-
ing domain. Downstream of this region is the first of two
unusual helically extended SH3 domains (hSH3) that
have lost the ability to bind the classical SH3 proline-
rich recognition motif, but instead may associate with
phospholipids (Heuer et al. 2004). Interposed between
the hSH3 domains are the mid-protein tyrosines YEDI
and two YDDV sequences (residues 461-464; 595-598;
and 651-654), which are recognition sites for SH2
domains of FYN and LCP2 respectively, and a central
FPPPP site that constitutes a VASP EVHI1 binding
domain. In mast cells, ADAP may bind the SH2 domain
of the LCP2 family protein, mast cell immunoreceptor
signal transducer (MIST). Limited structural data exists
for ADAP: Zimmerman et al., have demonstrated that the
two cysteines in ADAP that are adjacent to the hSH3™
domain can be reversibly oxidized and reduced in vitro,
and result in two distinct conformations of the variable
arginine threonine loop (Zimmermann et al. 2007).
A three-dimensional C-terminal domain NMR structure
has been solved by Heuer et al. (2004) (Fig. 2), and
depicts the hSH3 domain as a twisted -sheet structure,
with the N-terminal helical portion packed against the
open side of the twisted sheet and contacting residues
from the B-strands, thus forming an helically extended
SH3 domain. In the very carboxy-terminus of ADAP,
there are binding sites for TAK1 and SRC. In summary,
the combinatorial binding possibilities that may exist
depending on cell-specific expression of binding partners
are complex and harbor potential for as yet undetermined
functions.

ADAP Role in Proliferation and Transcription

Although evidence from studies in T cell lines and the
ADAP/“mouse established that ADAP positively
modulates T cell proliferation and cytokine production
following stimulation of the T cell receptor (TCR),
the potential ADAP effector binding partners that
could regulate transcriptional events were not known.
Medeiros et al. (2007) first described how ADAP may
promote T cell proliferation by modulation of NF-KB.
In T cells, activation of the NF-KB family of transcrip-
tion factors and their translocation to the nucleus to
transcription target sites is necessary for T cell
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ADAP, Fig. 1 Structural features of ADAP. Adhesion and
degranulation-promoting adapter protein (ADAP) is a large pro-
tein that harbors domains for scaffolding proteins of various
classes. Shown here are many of the ADAP domains described
to date. The N-terminus domain residues 1-300 support binding
of monomeric actin-binding protein (mABP1; also known as
HIP55), and the proline-rich regions (Pro-rich) support binding
to SH3 domains of the homologous SKAP adapter proteins,
SKAP 1 and SKAP2. There are several serine/threonines (S)
and tyrosines (Y) that may be phosphorylated and mediate
binding to SH2 domains of FYN and LCP-2 (formerly known

survival. In resting T cells, NF-KB is held in an
inhibited state by tight association with IKBa within
the IKB family complex in the cytoplasm. T cell
stimulation promotes the protein kinase C (PKC)0
dependent assembly of a multiprotein complex that
serves to activate IKB. The complex consists of the
caspase-like protein MALT1, the adapter Bcl-10, and
caspase recruitment domain (CARD) membrane-
associated proteinl (CARMAL), which contains
a membrane-associated guanylate kinase (MAGUK)
domain. Complex assembly results in phosphorylation
of IKKa/B, ubiquitination of IKKv, and degradation of
IKBa, thereby freeing NF-KB to translocate to
the nucleus. Using wild-type and mutant forms of
HA-epitope tagged ADAP constructs expressed in
Jurkat cells activated with PMA, Medeiros et al.,
elegantly showed that ADAP and CARMAI
directly associate and promote assembly of the
MALTI1/CARMA-1/BCL-10 complex and thereby,
relocalization of MALT1 and BCL-10 to the mem-
brane. ADAP and CARMALI also colocalized at the
membrane by way of an association between ADAP
E/K rich residues within AA426-546, and the CARMA1
carboxy-terminal MAGUK region. As expected, in
ADAP '~ mice, activation of the NF-KB pathway was
impaired, and the MALTI1/BCL-10 complex was
mislocalized. ADAP may additionally drive NF-KB
activation by binding the TGF[p-activated kinasel
(TAKT1) at ADAP residues AA691-708, recruiting it to
PKCO (Srivastava et al. 2010) and inducing IKKo/
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as SLP-76), an E/K rich region within residues 426-541
for binding the MAGUK domain of CARMAL, two putative
nuclear localization sequences (NLS), an FPPPP sequence
within 616-624 region that binds the EVH1 domain of VASP,
followed by an alternative splice site of 46AA. There are two
helically extended SH3 domains (hSH3) that bind phosphoi-
nositols and there is a recognition site for the phosphatase
YopH in the C-hSH3 domain. In the very carboxy-terminus
end are binding sites for the kinases TAK1 and SRC within -
ADAP residues (AA691-708 in murine) and at Y807 respec-
tively. Figure is not drawn to scale

phosphorylation. Recombinant adenovirus constructs
and ADAP™/~ mice expressing the hCAR receptor
(CD21 positive) were used to determine that the two
sites on ADAP for TAK1 and CARMALI appear to
operate independently, as only the CARMAL site is
needed for IKKy ubiquitination. As ADAP has been
found to be necessary for thymopoiesis as well, it is
possible that ADAP may yet have a further role in
proliferation and differentiation, possibly by virtue of
the putative nuclear localization signals that have been
described but not yet mapped to specific functions.

ADAP Role in Integrin Regulation

Integrins are heterodimeric transmembrane proteins
that can undergo conformational changes that enhance
their affinity, and their activation state is intimately
linked to the adhesive capacity of the cell. Hematopoi-
etic cells, whether involved in immune or hemostatic
function, require high affinity and/or high avidity
bonds to establish strong and stable cell-matrix
interactions in order to withstand hydrodynamic stress
as they adhere, migrate, and transmigrate (diapedese).
In T cells, integrins are additionally important for
conjugate formation with antigen presenting cells
(APC). Despite the presence of many integrins on the
T cell surface, integrin LFA-1, consisting of subunits
oL and B2, plays a particularly important role in T cell
function. When transiently adhering to inflamed vessel
walls through weak selectin-mediated interactions,
integrin LFA-1 undergoes affinity modulation to
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ADAP, Fig. 2 Solution Structures of the ADAP-hSH3 Domain.
(a) Ensemble of the final 20 structures of ADAP-hSH3 domain.
Structures are superimposed over the backbone atoms (C*, C/,
N) of residues 7-83. (b) Ribbon diagram of the lowest energy
structure of ADAP-hSH3 domain, produced by the program
MOLMOL. Secondary structure elements typical for a regular
SH3 fold comprise a § sheet barrel (strands a—d), RT loop
(between strand @ and b), nSrc-loop (between strand b and c),
and a 3 helix.a : o helix, a—d: B strands, a—d. (¢) Electrostatic
surface potential calculated with the program MOLMOL

mediate stable binding to ICAM 1, 2, or 3, expressed
on endothelial cells or on APCs. It was first noted in
T cells, that overexpression of ADAP led to enhanced
TCR-induced integrin-dependent adhesion, while
T cell lines lacking ADAP, and ADAP/~ mice
showed deficient TCR-dependent upregulation of

n-Src loop

highlighting key residues on the surface of the ADAP-hSH3
domain, in particular those of the N-terminal helix. (d) Residues
at the interface of the helix and the SH3 domain fold. The
backbone ribbon belonging to the regular SH3 fold is indicated
in green, while the ribbon of the N-terminal extension is colored
red. Side chains of residues of the extended N-terminus and the
regular SH3 fold are in blue and pale blue, respectively. Struc-
tures in (a) and (d) are shown as stereo images. This research was
originally published in Structure (Heuer et al. 2004)

adhesiveness. Since the primary driving force for
development of ADAP reagents and mice stemmed
from interest in T cell physiology, mechanistic insights
into ADAP’s role in integrin activation have mostly
been derived from studies in this cell type (Baker and
Koretzky 2008; Jordan and Koretzky 2010; Wang and
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Rudd 2008). However, experimental evidence for an
ADAP role in integrin affinity modulation in platelets
and macrophages is similarly strong. Stimulation of
T cells through the TCR and CD28 is known to activate
LFA-1 through a signaling cascade where ZAP-70
is recruited to ITAM domains of the TCR and phos-
phorylated by pS9Fyn-T, thereby activating its kinase
function to promote phosphorylation of multiple
proteins including LCP2, SKAPI, phospholipase Cy,
and ADAP. As ADAP was found to be dispensable for
TCR stimulated PLCy phosphorylation and mitogen-
activated protein kinase (MAPK) activation in the
ADAP ™/~ mouse, further investigations focused on
downstream events. Several lines of evidence have
pointed to a functional partnership between ADAP
and LCP2 for upregulation of integrin activation and
adhesion. Transfection of Jurkat cells with constructs
harboring mutations of ADAP tyrosines in the two
YDDYV sites that mediate LCP2 binding led to a loss
of integrin clustering, T cell APC conjugate formation,
and assembly of the peripheral supramolecular activa-
tion complex (pSMAC). The discovery that ADAP
was constitutively associated with SKAP1, and more
recently that ADAP was necessary to stabilize SKAP1
and its homologue SKAP2 in several cells in vitro
and in vivo, suggested that SKAP1 may function in
conjunction with ADAP and LCP2. Furthermore, it
was not clear whether defects in integrin regulation
observed in ADAP™/~ mice were indeed due to
ADAP or SKAPI. This was addressed using the
SKAP1 knockout mouse, where ADAP expression is
normal. Surprisingly, in SKAP1™/~ T cells, similar
integrin activation defects were seen to those observed
in the ADAP™/~ mouse, suggesting that ADAP may
function to relocalize SKAPI, but that SKAPI is the
effector molecule of importance for integrin
regulation.

Two overlapping models which incorporate ADAP
scaffolding of SKAP1 and LCP2 were proposed to
explain LFA-1 activation in T cells (Fig. 3) and link
to known mediators of integrin activation: talin, Rapl,
and the adapter, Rapl-interacting adhesion molecule
(RIAM). Talin is a 280 kDa protein consisting of
a FERM domain-containing head region that binds to
the membrane proximal region and an NPXY motif on
the P integrin cytoplasmic tail, to release the
heterodimeric o/f subunit clasp and stabilize the
open form of the integrin extracellular ligand-binding
domain. The talin rod-like tail has binding sites for
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actin and vinculin, which also binds actin, and thereby
reinforces links to the cytoskeleton. Active Rapl bind-
ing to RIAM Ras association domain (RA) and mem-
brane targeting have been shown to activate talin and
enhance talin-mediated integrin activation (Shattil
et al. 2010). Recently, it was demonstrated by Lee
et al. that activation could occur when a 30 residue
N-terminal fragment of RIAM directly binds talin to
cause it to swing in toward the membrane and access
an additional site on the P integrin tail to enhance
integrin affinity. The ADAP-SKAP complex is linked
to RIAM through a constitutive association between
the SKAP1 N-terminal domain and RIAM PH domain.
ADAP may thus function as a chaperone for a larger
complex to escort effector molecules SKAP1/RIAM
and Rapl to the membrane (Kliche et al. 2006;
Menasche et al. 2007). In support of this model,
perturbation of the ADAP/SKAP1/RIAM association
in turn disrupts recruitment of active Rapl to the
membrane and integrin activation. Activation of
Rapl also increases its affinity for RapL, a molecule
often used as an indicator of Rapl activation state.
Interestingly, the alternative model for LFA-1 activa-
tion in T cells describes a new interaction of the
SARAH RapL carboxy-terminal coiled-coil domain
with the SKAP1 N-terminal region. The two molecules
bind with a 1:1 stoichiometry as shown by isothermal
titration calorimetry (Raab et al. 2010). In this model,
the authors propose that an ADAP/SKAP1 module
coordinates a Rap-RapL interaction that leads to
RapL binding directly to the integrin alL cytoplasmic
tail of LFA-1 to modulate integrin activation. It is
possible that these models represent separate regula-
tory units that interface with individual o and f
integrin subunits, or they may function together for
maximal activation. In contrast, LCP2 and ADAP
appear to function independently in integrin activation
following stimulation through the cytokine receptor
CXCR4 (Horn et al. 2009). Recently, it was noted
that the adapter molecule HPK1 may compete with
ADAP for LCP2 binding and negatively regulate
integrin adhesion (Patzak et al. 2010).

In light of the scaffolding function of ADAP for
effectors SKAP1 and LCP2, which were shown to
be necessary components of signaling pathways
to integrin activation in T cells, a role for ADAP
modulation of integrin activation was hypothesized.
Although biochemical studies in platelets identified
ADAP in large complexes together with SKAP2 and
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TCR

ADAP, Fig. 3 The role of ADAP in TCR mediated integrin
LFA-1 activation in T cells. Stimulation through the TCR and
CD28 results in binding of ZAP-70 to TCR ITAM domains and
activation of its kinase activity, to phosphorylate LCP2. This
induces the recruitment of several proteins, including ADAP,
which is constitutively associated with SKAP1. (a) SKAP1 has
been shown to bind the Rap1 binding protein, RIAM. Together,
these are recruited to the membrane by ADAP to activate talin,

LCP2 following stimulation with a collagen mimetic
agonist, no mechanistic data was derived and no direct
link between ADAP and activation of allbB3, the
platelet integrin crucial for platelet aggregation
and spreading, was examined. In the course of investi-
gating signaling pathways between the platelet
adhesion receptor GPIb-IX-V and oIIbB3 activation,
Kasirer-Friede et al., found that ADAP underwent
SRC-family kinase dependent phosphorylation upon
GPIb-IX-V stimulation that occurred independently
of intracellular calcium elevations. Subsequent studies
using ADAP™/~ mice clearly demonstrated a role for
ADAP in olIbB3 activation downstream of several
platelet agonists. The in vivo consequences of an
ADAP deficiency were evidenced by increased
rebleeding in these mice when challenged by tail vein
transection, and by abnormal thrombus formation in
the carotid artery upon chemical injury. However,
unlike T cells, platelets do not express SKAP1, which
is central to both T cell integrin activation models, and
mice with a deletion of the homologous SKAP2, which
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which causes the splaying of the cytoplasmic tails of the integrin
and a conformational change to upregulate LFA-1 affinity for its
ligands. In an alternative model (b), an ADAP/SKAP1 module
binds RapL L1224 through the SKAP1 N-terminus and is neces-
sary for the assembly of the Rap1/RapL complex and its recruit-
ment to the membrane. Previously, RapL was shown to bind
directly to the aL tail of integrin LFA-1 and regulate lymphocyte
adhesion

leaves ADAP expression intact, showed no defects in
olIbB3 integrin activation, or thrombus formation.
Overexpression of ADAP in mast cells also enhances
integrin activation-dependent adhesion to fibronectin.
Similarly, ADAP has been implicated in macrophage,
eosinophil, and pre-osteoclast development and/or
functions where integrin activation is allegedly
important. Nevertheless, sufficient variation exists in
cell-specific expression of T cell pathway constituents
that a simple unified mechanism to link ADAP to
integrin activation is not feasible, and further studies
are needed to identify relevant signaling pathways
between upstream agonists and integrin activation
that connect ADAP with appropriate binding partners
in the context of diverse cellular environments.

ADAP Regulation of the Cytoskeleton

Reorganization of the actin cytoskeleton in response
to stimulus is necessary for interaction of T cells with
antigen presenting cells (APC’s), phagocytosis by mac-
rophages, and platelet spreading. Microscopic studies



ADAP

have revealed a consistent association between ADAP
and actin, or between ADAP and actin polymerization
regulatory proteins in hematopoietic cells exhibiting
a spectrum of distinct cell morphologies and underlying
cytoskeletal networks (Peterson 2003; Wang and Rudd
2008). These results are supported by
immunoprecipitation studies, and suggest that ADAP
may be found in large molecular complexes associated
with LCP2, which binds exchange factors and adapters
that promote lamellipodial extension, and with NCK,
Arp2/3, and VASP, which more proximally regulate
actin polymerization. Furthermore, ADAP was shown
to directly interact with VASP by screening a mouse
embryonic expression library with antibodies against
the VASP EVHI1 domain binding motif, and with
NCK, by yeast two-hybrid analysis (Sylvester et al.
2010). In T cells, a highly organized region composed
of integrins, TCR, and many other signaling and struc-
tural proteins is formed between T cells and APCs, and
is referred to as the immunological synapse (IS). The
ADAP/VASP interaction helps recruit VASP to the IS,
and inhibition of the association between ADAP and
Ena/VASP impairs T cell polarization and formation of
an actin cap at the T cell/APC junction. IS assembly is
preceded by microclustering of several molecules
including LCP2, ZAP70, and Linker for Activation of
T cells (LAT) and their relocalization to the vicinity of
the T cell/APC interface at the membrane events that
occur independently of integrin clustering. Not surpris-
ingly, primary T cells lacking ADAP are unable
to relocalize LCP2 to microclusters. ADAP is addition-
ally subject to dephosphorylation by SHP2 in response
to increased cellular redox potential upon TCR stimula-
tion, and may dampen ADAP-mediated cytoskeletal
reorganization.

Upon stimulation through the T cell receptor (TCR)
by anti-CD3 and CD28 antibodies, the B2 integrin
LFA-1 becomes activated and TCRs and LFA-1 form
clusters. LFA-1 clusters eventually encircle the TCR
clusters to form a highly organized supramolecular
activation complex where many signaling molecules
also gather. Alternatively, integrins may be directly
clustered in cells plated on fibronectin (Baker et al.
2009). Although ADAP is not needed for the immedi-
ate actin reorganization and TCR clustering, ADAP is
necessary for clustering of LFA-1, a process that is
actin dependent, as it is abrogated by cytocholasin D.
ADAP regulation of B1 integrin clustering has also
been demonstrated in mast cells.

Co-
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T cell migration is required for T cell mobilization to
sites of inflammation, to and within lymph nodes (LFA-
1 dependent), and for transmigration through high endo-
thelial venules. ADAP can increase migration in Jurkat
T cells (Hunter et al. 2000; Sylvester et al. 2010).
The case for an ADAP role in T cell migration is man-
ifold: (1) ADAP expression in T cell blasts increased
a4B1-mediated basal migration through fibronectin-
coated transwells, and further enhanced migration
speeds over those in untransfected cells when stimulated
with the CXCR4 ligand, SDF-1a. (2) Mutation of
ADAP tyrosines Y755, Y771, and Y780 within the
hSH3 domain, to phenylalanine, led to decreased SDF-
lo—induced migration of Jurkat cells through a transwell
chamber. However, double mutation of the LCP2 bind-
ing sites, Y595 and Y651, produced the greatest reduc-
tion in SDF-1a induced migration. (3) In contrast, OVA
peptide presentation on dendritic cells in lymph node
slices decreased T cell mobility, in a manner dependent
on an intact binding interface between ADAP/SKAP1
and RapL (Raab et al. 2010).

In platelets, under static, no flow conditions, ADAP
is found at the periphery of platelets spread on fibrin-
ogen. However, under shear flow conditions with
hydrodynamic shear stresses acting on adhering plate-
lets, the actin cytoskeleton is preferentially organized
into actin-rich microclusters together with ADAP and
other proteins (Fig. 4a), including VAV, LCP2, VASP,
and the focal adhesion constituent, vinculin.

Live videomicroscopy was used to demonstrate that
in ADAP /™ platelets, spreading and cluster assembly
is greatly reduced under shear flow (Video 1), but not
static conditions (Fig. 4b, c), (Kasirer-Friede et al.
2010). Furthermore, the phosphorylation of VAV,
which occurs in response to shear stimulation,
was almost completely absent in ADAP™~ mouse
platelets. This led to a hypothesized role for ADAP in
platelet mechanotransduction, mediated at least in part
through its regulation of phospho-VAV activation of
RAC for lamellipodia formation. ADAP may addition-
ally mediate normal platelet responses under shear
flow by additional, thus far unidentified, mechanisms.

In the macrophage, a cell that functions in immune
defense by engulfing pathogens, ADAP localizes in
membrane ruffles and plaques and at sites of phagocy-
tosis along with actin. ADAP associates with actin
regulatory proteins SLP-76, NCK, and VASP as in
T cells, as well as with the C-terminal SH3 domain of
monomeric actin-binding protein 1 (mAbpl, also
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ADAP, Fig. 4 ADAP in platelet adhesion to fibrinogen under
shear flow conditions. Flow chamber assay of unlabeled platelets
adhering from whole blood onto fibrinogen-coated coverslips
under shear flow, at a shear rate of 500 s~ . (a) Platelets were
perfusion fixed after 1.5 min of flow, permeabilized, and stained
for F-actin (red) and ADAP (blue). Actin-rich structures form in
ADAP** platelets adherent to fibrinogen, in which ADAP is also
found. These structures were greatly reduced in ADAP ™/~ plate-
lets, in which ADAP staining was negative. Furthermore, the
normal localization of LCP-2, VAV, VASP, and vinculin to
these structures was lost (not shown). A line profile of actin
and ADAP fluorescence distribution in representative ADAP**

known as HPK1-interacting protein; HIP55). Thus, its
high connectivity places ADAP in a strong position to
modulate cytoskeletal dynamics. The pathogenic bac-
terial family Yersinia species has evolved mechanisms
that interfere with the ability of macrophages to

FLOW

STATIC

platelets indicates almost identical localization. B./C. Identical
ADAP** or ADAP /™ blood suspensions were either perfused
over fibrinogen under shear flow at 500 s~ * (b) or pre-treated
with MnCl, and gently applied to fibrinogen-coated coverslips
within the flow chamber under static conditions (¢), and contin-
uously imaged by reflection interference contrast microscopy for
3 min. Images shown are after 1.5 min of blood exposure to the
matrix. Well spread platelets are observed for both strains under
static conditions, but only for ADAP** under shear flow, even
when cells are treated with MnCl12 (not shown). This research
was originally published in Blood (Kasirer-Friede et al. 2010.
(© the American Society of Hematology)

intercept infection, by injecting the phosphatases,
YopH and YopE (Yuan et al. 2005). Interestingly,
these proteins target amongst others, SKAP2 and
ADAP. YopH binds ADAP C-terminal SH3 domain
and central phosphotyrosines, leading to their
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ADAP, Video 1 Platelet adhesion and spreading visualized by
reflection interference contrast microscopy. ADAP** and
ADAP /" platelets adhere and spread onto immobilized fibrin-
ogen from blood under shear flow conditions. A field of cells is
shown for both strains (/eft panels), and a representative platelet
(arrowhead) is highlighted and tracked from the time of capture

dephosphorylation and reduced phagocytosis (de la
Puerta et al. 2009). ADAP/SKAP2 can also complex
with macrophage inhibitory receptor SHPS-1 and
SHP-1 via the SKAP2 SH3 domain, and mice lacking
SHP-1 show increased p120/ADAP phosphorylation.
In macrophage-like pre-osteoblasts, which also
express ADAP, integrin-dependent tyrosine phosphor-
ylation of ADAP occurs, and ADAP knockdown
retards migration and progression to the multinucleate
stage (Koga et al. 2005). Taken together, this suggests
that in macrophages, the phosphorylation state of
ADAP may be one of the factors regulating its inter-
actions with actin and actin regulatory proteins.

Summary

Although ADAP was only cloned a little over a decade
ago, studies have repeatedly detailed an important role
for this protein in regulation of proliferation, adhesion,
and cellular development. Although studies thus far
have provided important insights into how ADAP

for at least 1.5 min (right panels). Note that dark regions,
depicting close surface contacts, grow rapidly in ADAP** plate-
lets (fop) but are greatly reduced in ADAP™/~ platelets (bottom).
This research was originally published in Blood (Kasirer-Friede
et al. 2010. © the American Society of Hematology)

interfaces with its binding partners, more work is
required to identify novel regulatory mechanisms for
the as yet “unassigned” residues such as serines
and lysines that may be subject to post-translational
modifications within individual cellular environments
to effect cell-specific function. New studies likely will
continue to expand the repertoire of ADAP binding
partners, and increase the understanding of its regula-
tion by virtue of the numerous and diverse domains
within the molecule. In the coming era, ADAP muta-
tions may be mapped to specific disease states and
ADAP domains may be therapeutically targeted.
This is already becoming a reality. ADAP has been
implicated in hemostasis and thrombus formation, and
in CD8 dependent homeostasis in small intestinal
epithelium. As T cell invasion is an important compo-
nent of allograft rejection, two studies have investigated
the role of ADAP in this process. Using ADAP ™/~ mice,
the lack of ADAP expression was found to significantly
ameliorate heart allograft rejection, and synergistically
ameliorate intestinal allograft rejection in the presence
of additional costimulation blockade using anti CD40L
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antibodies (Tian et al. 2010). Therefore, it will be
interesting to see how basic research studies on ADAP
can be translated into health benefits for human patients.
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Synonyms

ARF GAP with dual pleckstrin homology
(PH) domains; CENTAI; Centaurin alpha; GCIL;
GCSI1L; p421P4; PIPBP

Historical Background

ADAP1 (ARF GAP with dual pleckstrin homology
(PH) domains 1) was originally identified as a 42 kDa
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protein that binds with high affinity to phosphatidy-
linositol (3,4,5)-triphosphate (PIP5) or its inositol head
group, inositol 1,3,4,5-tetrakisphosphate (IP,). Hence,
it was originally named PIP3/IP,-binding protein
(PIP3BP/p421P4) and has also been called Centaurin-
al (Hammonds-Odie et al. 1996; Stricker et al. 1997,
Tanaka et al. 1999). It has been renamed ADAPI, to
more accurately describe the structure and function of
this protein (Kahn et al. 2008). The membrane lipid
PIP; and the water-soluble ligand IP4 both serve as
signal transducers that link extracellular stimuli to
numerous intracellular signaling cascades required
for cell growth, multiplication, differentiation, and
death (Vanhaesebroeck et al. 2001; Hanck et al.
2004). ADAPI contains an amino-terminal zinc-finger
motif with an ADP-ribosylation factor (ARF) GTPase-
activating protein (GAP) homology domain and two
adjacent pleckstrin homology (PH) domains (one in
the middle (N-PH) and the other at the carboxy termi-
nus (C-PH)) that are required for binding to PIP;. It has
high sequence similarity to the Centaurin-o2 protein,
with 58% amino-acid identity and 75% similarity
(Hanck et al. 2004; Whitley et al. 2002). The ADAPI
gene is located on human chromosome 7 (Hanck et al.
2004).

Protein Function and Regulation of Activity

ADAP1 has both GAP domain-dependent and
-independent effects. The rat homolog was shown to
have arole in dendritic density and branching in a GAP
domain-dependent manner. Dendritic lamellipodia and
filopodia have been implicated in dendritic branching
and spine formation, and the same study demonstrated
that ADAPI1 plays a part in their formation; this effect
was again dependent on the GAP domain (Moore et al.
2007). In HeLa cells, human ADAP1 prevents cortical
actin reorganization, which was shown to be a conse-
quence of its GAP activity toward the ARF6 small
GTPase (Venkateswarlu et al. 2004). Additionally, it
has been shown that co-transfection of HEK293 with
ADAPI1 and the B2 adrenoceptor leads to a decrease in
receptor internalization and an increase in Goy signal-
ing (Lawrence et al. 2005); this effect was GAP
domain dependent.

Cell spreading is a GAP domain-independent effect
of ADAPI. Intriguingly, expression of a AGAP
mutant, which lacks the GAP domain, increased cell
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spreading, suggesting that the interaction of ADAPI
with ARF6 may decrease this effect. This function
might be linked to its co-localization with the ARF5
and ARF6 small GTPases (Thacker et al. 2004). Other
studies unconcerned with its GAP activity found that
ADAP1 induced the downstream activation of ERK1/2
and Elk-1 by a » PI3K-dependent pathway (Hayashi
et al. 2006), and infection of chick embryonic fibro-
blasts with retrovirus encoding ADAPI led to anchor-
age-independent proliferation at an increased rate
through AP-1 activation (Chanda et al. 2003),
suggesting that ADAP1 could have oncogenic poten-
tial. Mitochondria isolated from neuroblastoma cells
that overexpress ADAP1 showed significantly
decreased Ca®* capacity and lag-time for Ca®* reten-
tion, suggesting that ADAP1 is involved in the regula-
tion of mitochondrial Ca** transport (Galvita et al.
2009).

In unstimulated PC12 cells, ADAP1 localizes to the
cytoplasm and nucleus. Upon stimulation of PCI12
cells with EGF, ADAPI translocates to the plasma
membrane. This has been shown to be dependent on
a PI3K-induced increase of PIP; at the plasma
membrane, which binds to the PH domains of
ADAPI1 (Venkateswarlu et al. 1999; Venkateswarlu
and Cullen 1999). The translocation was shown to be
abrogated in HEK293 by pretreatment with thrombin,
an effect that was exacerbated by increasing
the intracellular IP, pool using LiCl (Sedehizade
et al. 2005). As thrombin acts through a Gq-linked
G- protein-coupled receptor (GPCR), it is possible
that other Gg-linked GPCRs may have a similar effect.

All PKC isoforms (PKCa, A, p, and () bind to and
phosphorylate ADAP1 at Ser 87 in the GAP domain
and Thr 276 in the C-PH domain (Zemlickova et al.
2003).

KIF13B is a kinesin motor protein that was
shown to inhibit ADAP1 GAP activity but also relo-
cate ADAP1 to the leading edge of the cell
(Venkateswarlu et al. 2005; Kanamarlapudi 2005).
This finding raises the possibility that KIF13B both
temporally and spatially regulates the activity of
ARF6.

As mentioned above, ADAPI1 is an inositol phos-
phate-binding protein which binds to its ligands, the
membrane-bound PIP; and the cytosolic IP,, with sim-
ilar affinities (Stricker et al. 1997; Tanaka et al. 1999). It
also binds to phosphatidylinositol(3,4)-bisphosphate (PI
(3,4)P,) (Rao et al. 1999, Kalscheuer et al. 2009).



50

KIF13B was identified as an ADAP1-binding partner
in a yeast two-hybrid screen. KIF13B contains an
N-terminal motor domain, a large stalk domain at the
center, and the CAPGLY domain (a putative microtu-
bule interacting sequence) at the C terminus. ADAP1
directly interacts with the stalk domain of KIF13B
through its GAP domain and this interaction is essential
to maintain its localization at the leading edges of the
cell. Moreover, KIF13B negatively regulates the GAP
activity of ADAPI in vivo. Together, these studies
suggest that an ADAP1-KIF13B complex may provide
a means for concentrating ADAPI at the leading edges
of the cell, where it regulates ARF6 activity
(Venkateswarlu et al. 2005; Kanamarlapudi 2005).
Moreover, in neurons, the ADAP1-KIF13B complex
transports PIP; to the neurite ends, and thus regulates
the establishment of neuronal polarity (Horiguchi et al.
2006).

All PKC isoforms (PKCa, A, p, and {) bind to
ADAPI in vitro by their cysteine-rich C1 domain, as
demonstrated through affinity chromatography and
GST pull-down assays. This interaction results in
phosphorylation of Centaurin-al at Ser 87 and
Thr 276 (Zemlickova et al. 2003).

ADAPI has been shown to bind to the scaffolding
protein RanBPM in vitro and in vivo by the SPRY
domain of RanBPM and the ARF GAP domain of
ADAPI. The association between these two proteins is
inhibited by the ADAPI ligand IP, (Haase et al. 2008).

ADAP1 also associates with casein kinase I (CKI)
isoforms a., 8, €, L1, A2, and A3 but there is no evidence
that this interaction modulates the activity of either
ADAP1 or CKI, so it is difficult to assign a function
to this protein—protein interaction. It has been
suggested that ADAP1 may act as an adaptor protein
for CKI lipid binding (Dubois et al. 2002). It is also
possible that the ADAP1-CKI interaction has a role in
the etiology of Alzheimer’s disease due to an
established role for CKI in disease pathology and an
increased expression of ADAP1 in patients with
Alzheimer’s disease (Reiser and Bernstein 2002).

ADAP1 binds to the metalloendopeptidase NRDc
(N-arginine dibasic convertase; also known as
nardilysin), although the functional consequences of
this interaction are not known (Stricker et al. 2006).
A functional interaction is suggested by anatomical
co-localization. In the human brain, considerable
overlap was found between ADAPI and nardilysin
(NRDc). In the hypothalamic paraventricular nucleus
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(PVN), about two-thirds of ADAPI-immunoreactive
neurons co-express NRDc, whereas 20% of the
NRDc-containing neurons did not co-stain for
ADAPI1 (Bernstein et al. 2007). The proteins ADAP1
and nardilysin dissociate from each other in the
presence of IP,, but not of Ins(1,4,5)P; (Stricker et al.
2006). The ligand interaction of ADAPI is stereospe-
cific (Stricker et al. 1996).

In a study investigating nuclear-located binding pro-
teins for ADAPI1, nucleolin (which is also involved in
the pathology of Alzheimer’s disease (Reiser and Bern-
stein 2004)), the DNA-binding protein Pur-o, and the
cerebellar leucine-rich acidic nuclear protein (LANP)
were found to be ADAP1-interacting proteins. At lower
concentrations, RNA polymerase II transcription cofac-
tor 4 (mediator of RNA polymerase II transcription,
subunit 8 (Med8)), the splicing factor arginine/serine-
rich 2 (SFRS2), the pre-mRNA splicing factor SF3, the
{2 subunit of the adaptor-related protein complex 3, and
the protein similar to ribosomal protein S9 were shown
to interact with ADAP1 (Dubois et al. 2003).

In vitro binding between ADAP1 and actin has
also been demonstrated (Thacker et al. 2004). Actin
binding is mediated through its PIP3;-binding PH
domain, similar to that shown for Bruton’s tyrosine
kinase (BTK).

ADAPI1 expression is upregulated in neurons in the
brain of patients with Alzheimer’s disease (Reiser and
Bernstein 2002, 2004). In rats, after acoustic and electric
fear stimulation (startle response), the mRNA and
protein levels were downregulated within 2 h in the
amygdala, hypothalamus, and cingulate/retrosplenial
cortex. ADAPI mRNA decreased by about 50% for
about 24 h (Reiser et al. 2004).

There were characteristic changes of ADAPI expres-
sion during development in the rat brain. mRNA levels
of ADAPI were quantified at 7, 14, and 21 days of age,
as well as in various brain regions of adult rats, includ-
ing the cerebellum, cortex, striatum, thalamus, hypo-
thalamus, olfactory bulb, hippocampus, and tectum
(superior and inferior colliculus) (Aggensteiner and
Reiser 2003).

Major Sites of Expression and Subcellular
Localization

ADAP] is abundantly expressed in the brain. It is also
expressed at very low levels in nonneuronal tissues
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such as spleen, lung, kidney, peripheral blood leuko-
cytes, and retina (Hammonds-Odie et al. 1996;
Venkateswarlu and Cullen 1999; Stricker et al. 1997).
In the brain, ADAPI was found in neurons of the
cortex, hypothalamus, and hippocampus (Sedehizade
et al. 2002; Moore et al. 2007). Developmental expres-
sion analysis of ADAPI in rodent brains revealed that
its expression is detectable as early as embryonic day
16 and peaks between 2 weeks and 4 weeks postnatally
(Aggensteiner and Reiser 2003; Moore et al. 2007).

In the rat brain, high levels of developmentally reg-
ulated ADAP] expression are found in cerebellum, hip-
pocampus, cortex, and thalamus. In adults, the
immunoreactivity is localized in most neuronal cell
types and probably also in some glial cells (Kreutz
et al. 1997a). Prominent immunoreactivity is found in
axonal processes and in cell types with long neurites. In
the hypothalamus, a subpopulation of parvocellular
neurons in the peri- and paraventricular nuclei is heavily
labeled. This is confined by strong immunoreactivity in
the lamina externa of the median eminence in close
proximity to portal plexus blood vessels. Electron
microscopy shows that ADAP1 protein is frequently
associated with presynaptic vesicular structures (Kreutz
et al. 1997a).

In rat, porcine, and bovine retina, ADAP] is localized
by in situ hybridization in the ganglion cell layer, the
inner nuclear cell layer, and the outermost part of the
outer nuclear cell layer (Kreutz et al. 1997b). Wide-field
amacrine and retinal ganglion cells are intensely
immunostained. Prominent immunoreactivity in the
on/off sublaminae of the inner plexiform layer and in
the optic nerve layer indicates a pre- and/or postsynap-
tic localization of the protein. Moreover, there is signif-
icant ADAP1 protein expression in the inner segment of
photoreceptors. The end-feet of Miiller glial cells in the
optic nerve layer are also stained (Kreutz et al. 1997b).

ADAPI and KIF13B/GAKIN co-localize after trans-
fection of tagged proteins at the tip of growing neurites
in PC12 cells. In cultured hippocampal neurons, endog-
enous ADAPI1 is localized in growth cones (Horiguchi
et al. 2006).

ADAPI1 localizes to the cytoplasm and nucleus
(Tanaka et al. 1999; Venkateswarlu et al. 1999). In
polarized cells such as neurons, ADAP1 also localizes
to dendrites, dendritic spines, and the postsynaptic
region (Moore et al. 2007). ADAP1 is also found in
mitochondria, where it regulates calcium levels
(Galvita et al. 2009).
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Phenotypes and Splice Variants

No studies on the phenotypic effects of ADAP1 have
been carried out due to the lack of ADAP1-knockout
mice. However, knockdown of Centaurin-o1 by short
interfering RNA in cultured hippocampal neurons
inhibits dendritic branching and length (Moore et al.
2007) and in HEK cells results in a reduction of
EGF-stimulated ERK activation (Hayashi et al.
2006). In yeast, the deletion of the gene encoding the
ADAPI1 homolog, Gesl, hypersensitizes the mutant to
sodium fluoride. This effect can be rescued through
introduction of human ADAPI (Venkateswarlu et al.
1999).

Although there is no evidence yet for the expression
of splice variants, northern analysis of rat brain
Centaurin-o (renamed as “ADAP”) revealed a major
transcript at 2.5 kb and a minor one at 4.0 kb
(Hammonds-Odie et al. 1996). Both ADAP and
ADAPI were cloned from a rat brain cDNA library
(Hammonds-Odie et al. 1996; Aggensteiner et al.
1998). ADAP is highly homologous to ADAPI1, but
contains a 43 amino-acid C-terminal extension and
lacks the N-PH domain due to three frame-shift muta-
tions in the cloned cDNA. However, ADAP has not
been detected thus far by RT-PCR or immunoblotting,
and therefore it is not yet possible to say whether
ADAP is a splice variant of ADAPI or not
(Aggensteiner et al. 1998).

The ADAPI clone was corrected later in Thacker
et al. (2004). Re-sequencing the original cDNA clone
revealed two sequencing errors in the original submis-
sion (accession number U51013). Species compari-
sons with the revised rat sequence indicated that rat
ADAPI1 is the ortholog of human and murine ADAPI1,
porcine p42IP4, and bovine PIP3BP.

Immunoblot analysis of endogenous rat brain
ADAPI1 demonstrated that it migrates as a doublet,
but the basis for the difference in molecular mass has
not yet been determined (Moore et al. 2007).

Hammonds-Odie and coworkers raised polyclonal
antibodies against a  19-amino-acid peptide
(AGELRRALLELLTRPGNSR) from the N-terminal
end of rat Centaurin-o and against a C-terminal
fusion protein. These antibodies are used in Western
blotting applications for the detection of Centaurin-o
(Hammonds-Odie et al. 1996). The Reiser group has
produced its own anti-p42IP4 rabbit polyclonal and
mouse monoclonal antibody, raised against a peptide
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consisting of amino acids 353-371 of pig ADAPI1, and
used it to detect human, pig, and rat ADAP1 by
Western blot and immunohistochemistry (Stricker
et al. 1997, 2003, 2006; Kreutz et al. 1997a;
Aggensteiner et al. 1998; Sedehizade et al. 2002;
Reiser and Bernstein 2002; Aggensteiner and Reiser
2003).

There are also several anti-Cetaurin-ol antibodies
that are commercially available. By far the most
widely used commercially available antibody against
ADAP1 is a mouse monoclonal (P421; IgG1 subtype)
raised against full-length pig ADAPI. This antibody
is available from Santa Cruz Biotech (sc-51836),
Abcam (ab10168), and HyTest Ltd (4MA10),
and has been used for detection of ADAPI from
human and pig by ELISA and Western blotting
(Thacker et al. 2004; Venkateswarlu et al. 2005;
Hayashi et al. 2006).

A goat anti-ADAP1 polyclonal antibody, raised
against the synthetic peptide CQEYAVEAHFKHKP,
which corresponds to amino acids 362—-374 of human
ADAPI, is available from Abcam (ab27476) and
Everest Biotech (EB06120). This antibody can be
used in ELISA, immunoctyochemistry, immunohisto-
chemistry, and Western blotting applications to detect
human, rat, and mouse ADAP1 (Moore et al. 2007).

A mouse polyclonal antibody, raised against
the full-length human ADAPI1 protein, is available
from Novus Biologicals (H00011033-B0O1). This
antibody is useful for ELISA, Western blot, and
immunofluoresence, and detects human ADAPI.
A rabbit anti-ADAP1 antibody generated against
GST-fused full-length human ADAPI1 is available
from Proteintech Group (13911-1-AP) and can be
used to detect human and mouse ADAP1 by Western
blot and immunohistochemistry.

Summary

ADAPI1 (also known as Centaurin-o.1/PIP3BP/p421P4/
ADAP1I) is a phosphatidylinositol (3,4,5)-trisphosphate
(PtdIns(3,4,5)P;)/IP4-binding protein that regulates
actin cytoskeleton organization and membrane traffick-
ing by acting as a GTPase-activating protein (GAP) of
ADP-ribosylation factor 6 (ARF6). The binding is ste-
reospecific for p-inositol (1,3,4,5) P4 (IP4) as it does not
bind to inositol 1,4,5-trisphosphate (Ins(1,4,5)P5). Italso
associates with casein kinase Ioe (CKIat), Ran-binding
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protein in microtubule-organizing center (RanBPM),
nardilysin, kinesin motor protein (KIF13B), protein
kinase C (PKC), and nucleolin. ADAP1 localization
and activity have been shown to be regulated
by phosphoinositol 3-kinase (» PI3K), protein
kinase C (PKC) isoforms, and the kinesin motor protein
KIF13B. It is abundantly expressed in brain tissue and is
also detected in nonneuronal tissues at very low con-
centrations. ADAPI1 expression is upregulated in neu-
rons in the brain of patients with Alzheimer’s disease
and is detected in amyloid plaques, indicating that it
may be involved in neuronal diseases. ADAP1 is nor-
mally localized in the cytoplasm, nucleus, and mito-
chondria and it translocates to the plasma membrane
by binding to PIP; produced by agonist-activated
PI3K to act as a GAP for ARF6. ADAPI1 localizes to
dendritic spines and synapses in neurons and can affect
differentiation, PIP; transport, and vesicle secretion.
It has also been implicated in regulation of Ca®* trans-
port in mitochondria. There is no information on
ADAPI-null phenotypes in mammals, but due to its
putative role in neuronal development, it is possible
that loss of ADAP1 may affect the viability of the
organism. There are no known polymorphisms of the
ADAP] gene.
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Historical Background

Adenylyl cyclase (AC) is the enzyme (EC 4.6.1.1) that
converts Mg-ATP to adenosine 3’:5'monophosphate
or cyclic AMP and pyrophosphate first reported
in 1958 by Sutherland and Rall. Eventually, a mem-
brane-delimited biochemical cascade (Fig. 1) was
discovered as the molecular machinery of signal
transduction by cell surface receptors via
heterotrimeric G proteins (Ross and Gilman 1980).
The era of gene cloning revealed an unexpectedly
complex structure of membrane-bound adenylyl
cyclase: a single large polypeptide chain that crosses
the plasma membrane 12 times, the catalytic core
being formed between two structurally homologous
cytoplasmic domains (Cla and C2a) held together
by noncovalent interactions (Fig. 2). The crystal
structures of these domains in complex with Gsa
and the likely mechanisms underlying catalysis
have been reported (Tesmer and Sprang 1998).
There are nine genes encoding membrane-bound
adenylyl cyclases in vertebrates (Antoni 2000; Wil-
loughby and Cooper 2007). Manifestations of the
molecular diversity of adenylyl cyclases fall into
three principal categories: (1) different allosteric
mechanisms for the regulation of cAMP synthesis;
(2) variation of tissue distribution through the con-
trol of gene expression; and (3) selective intracellu-
lar targeting (Antoni 2000; Willoughby and Cooper
2007). However, the biological reasons for the com-
plexity of the structure of the holoenzyme as well as
the respective physiological roles of the nine
paralogues of membrane-bound adenylyl cyclase
remain largely unknown (Antoni 2000; Willoughby
and Cooper 2007).
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ADCY9 (Adenylyl Cyclase 9),
Fig. 1 Basic scheme of the
activation of adenylyl cyclase
by heptahelical receptors in
the plasma membrane. Upon
binding of the ligand the
heterotrimeric G protein Gs
becomes active and the Gsa
subunit binds to adenylyl
cyclase and induces an
increase of catalytic activity

cAMP

Extracellular space

M1

M2

Intracellular space

ADCY9 (Adenylyl Cyclase 9), Fig. 2 Blueprint of the structure
of membrane-bound adenylyl cyclases. A single polypeptide
chain crosses the plasma membrane (in blue cylinder) 12 times
forming the M1 and M2 transmembrane domains. The
N terminus (N) is in the cytoplasm just as the Cl1 and C2
cytoplasmic domains. On the basis of structure activity studies

Protein Structure and Regulation

The primary structure of adenylyl cyclase 9 (AC9) has
two notable features when compared with its mamma-
lian paralogues (Paterson et al. 2000). Firstly, the
nonconserved cytoplasmic domains Clb and C2b

it is useful to subdivide in the latter into a and b subdomains. The
Cla and C2a domains show significant sequence homology and
are known to form the catalytic core of the enzyme, which is
responsive to G proteins and forskolin. Catalysis requires Mg**
as well as Mn>*. In the case of AC9 the preCla segment as well
as C1b and the C2b domains contain phosphorylation cluster

(Fig. 2) are considerably longer, e.g., in the case of
C2b 112 amino acid residues for AC9 versus 16 for
AC2. Secondly, there is a segment of amino acid
residues in all adenylyl cyclases between the predicted
sixth intramembrane helix and the relatively conserved
Cla domain (pre-Cla) that is highly variable between



56

AC paralogues; in the case of AC9 it consists of 34
amino acid residues (in other ACs it is 16 or less) and
contains a phosphorylation cluster <http://www.
phosphosite.org/proteinAction.do?id=8311&showAll
Sites=true>.

Adenylyl cyclases are subject to three main classes of
physiological regulation by (1) heterotrimeric
G proteins, (2) calcium ions, and (3) protein phosphor-
ylation. All isoforms of AC, including AC9, are acti-
vated by the alpha subunit of the heterotrimeric
G protein, G protein alpha s, and are thus stimulated
by a variety of heptahelical cell surface receptors
(7-TMR). There are apparently no effects of G protein
beta/gamma subunits or Gi alpha on AC9 activity in
membranes prepared from human embryonic kidney
cells (HEK 293) overexpressing human AC9 or Sf9
cells infected with baculovirus encoding AC9 (Premont
et al. 1996). In accordance, a putative Gia binding site
sequence delineated in ACS is absent from AC9. How-
ever, in intact AtT20 cells where the cAMP response to
the activation of 7-TMR is predominantly through AC9
(Antoni et al. 1995), prominent inhibition of cAMP
production by somatostatin acting through SST2/5
receptors in a pertussis toxin-sensitive manner has
been demonstrated. Moreover, in HEK293 cells stably
overexpressing AC9 and the long form of the D2 dopa-
mine receptor, the D2 agonist quinpirole-inhibited iso-
proterenol evoked cAMP accumulation — an effect
blocked by pertussis toxin (Cumbay and Watts 2004).
A possible caveat in the latter study is that the expression
plasmid for human AC9 used does not code for the
entire correct sequence of AC9, as the C-terminal region
contains a double frameshift mutation (Paterson et al.
2000). Taken together, the action of Gi-coupled recep-
tors on AC9 is in need of further investigation.

Adenylyl cyclase 9 (AC9) was discovered on the
basis of unique sensitivity of the agonist-evoked
cAMP response to inhibitors of calcineurin in
a pituitary tumor cell line (Antoni et al. 1995). The
molecular choreography of the regulation by
calcineurin is not known; currently it cannot be
excluded that it is indirect, i.e., via a protein phospha-
tase cascade the main effector of which would be
protein phosphatase 1. Pharmacological evidence indi-
cates that activation of protein kinase C inhibits Gso-
mediated activation of AC9 (Cumbay and Watts
2004). Proteomic analysis has revealed at least 12
sites of phosphate incorporation in the isoform-specific
segments (preCla, Clb, and C2b) of human AC9

ADCY9 (Adenylyl Cyclase 9)

<http://www.phosphosite.org/proteinAction.do?id=
8311&showAllSites=true>. Some of these phosphor-
ylations, especially those in the pre-Cla cluster as well
as Ser1307 in the C2b domain, which is an amino acid
residue unique to AC9 in primates, have been analyzed
in detail in HEK293 cells (Simpson et al. 2006). Spe-
cifically, Ser 365 and Ser1307 are constitutively phos-
phorylated by cyclin-dependent protein kinase 5 in
HEK?293 cells. Stimulation by cAMP leads to
a marked increase in the levels of phosphoSer374 and
a reduction in phosphoSer1307. The functional
impacts of these changes of phosphorylation await
elucidation.

Tissue Distribution and Subcellular
Targeting

AC9 mRNA is widely expressed in the body (Paterson
et al. 1995; Premont et al. 1996). The brain, heart,
skeletal muscle, endocrine organs, the aorta, and the
prostate all express high levels of AC9 mRNA whereas
the spleen and thymus have low levels. Within the
brain all neurons appear to express AC9, with particu-
larly high levels of protein in the hippocampus and the
cingulate cortex (Antoni et al. 1998). The promoter
region of the Adcy9 gene has not been analyzed in
detail.

It is assumed that ACs are largely localized to the
plasma membrane where they would be concentrated
and ready for interaction with Gsa. This concept is
supported in HEK293 cells and other epithelial cell
lines, where transfected ACs, including AC9 (Paterson
et al. 2000; Antoni et al. 2006) appear predominantly
in the plasma membrane. However, the situation may
be different in neurons where the bulk of adenylyl
cyclase appears to localize to discrete punctae in the
cytoplasm (Antoni et al. 2006). Within nerve cells of
the adult rodent brain AC9 appears to be restricted to
the somatodendritic compartment and is also found
throughout the cytoplasm with no obvious enrichment
in the plasma membrane. In this context it is worth
recalling a salient structural feature of membrane-
bound adenylyl cyclases: the cytoplasmic domains
are sufficient for Gso-mediated cAMP biosynthesis.
Thus the cytoplasmic domain of a fully synthesized
and folded adenylyl cyclase located in the smooth
endoplasmic reticulum is, at least in principle, fully
responsive to physiological stimulation provided Mg**
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ADCY9 (Adenylyl Cyclase 9), Fig. 3 Intracellular trafficking
of membrane-bound adenylyl cyclase poses important questions.
As the cytoplasmic loops of the protein are catalytically active in
the presence of ATP and Mg>*, it is plausible that cCAMP is
produced in the cytoplasm. Indeed, adenylyl cyclases could be
targeted to relevant cellular compartments other than the plasma
membrane. Data on AC9 indicate that at least four different
types of protein kinase, protein kinase C delta (PKCd), protein

and ATP are present in sufficient amounts (Fig. 3).
Indeed, it has been reported that upon receptor activa-
tion at the cell surface Gsa translocates into the cell
interior (Allen et al. 2005). Furthermore, stimulators of
V2-type vasopressin receptors that are cell membrane
permeant can induce cAMP production via mutant V2
receptors that fail to be exteriorized to the cell surface
(Robben et al. 2009). This latter finding also implies
that functionally active signalosomes containing
heptahelical receptor, Gs and adenylyl cyclase can be
assembled in intracellular membranes.

Physiological Role and Phenotypes

AC9 is by far the most abundant adenylyl cyclase in
the brain, yet relatively little is known about its role in
the CNS. AC9 mRNA levels in the hippocampal CA1
field and the dentate gyrus were reduced in aged mice
(Mons et al. 2004). Moreover, AC9 mRNA levels in
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kinase A (PKA), casein kinase 1(CK1), and cyclin-dependent
protein kinase 5/p35 complex (cdk5/p35) phosphorylate this
enzyme; moreover the protein phosphatase calcineurin and
calyculin A sensitive phosphatases contribute to its regulation.
All of these enzymes can be attached to cell membranes. Simi-
larly AC1 and AC8 which are stimulated by Ca** calmodulin
acting on the cytoplasmic domain could provide for propagating
cAMP signals that move in concert with intracellular Ca** waves

the hippocampus of young adult mice were signifi-
cantly increased after training sessions in the Morris
water maze (fixed hidden platform paradigm) and
showed a significant correlation with the level of per-
formance in this test of spatial memory (Mons et al.
2004). While these data indicate that higher AC9 levels
are associated with superior cognitive performance,
further evidence is required to substantiate this notion.

In the neuroendocrine system, AC9 appears to play
an important role in glucocorticoid feedback regula-
tion of the secretion of adrenocorticotropin by the
anterior pituitary gland (Antoni et al. 2003).

Although AC9 is not abundant in the immune sys-
tem, this enzyme is implicated in the response of
macrophages to stimuli activating pattern recognition
receptors (Alper et al. 2008).

A mutation in the AC9 coding sequence has been
identified which is present in 30% of the North Amer-
ican Caucasian and Oriental population and leads to
a substantial reduction of receptor-induced cAMP
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synthesis (Small et al. 2003). This may potentially
contribute to vulnerability to certain polygenic disor-
ders. Intriguingly, a significant association between the
same mutation and the familial occurrence of bipolar
depression has been reported in a cohort of patients in
Japan (Toyota et al. 2002).

Pharmacology and Therapeutic Potential

Adenylyl cyclases have been considered as therapeutic
targets for a long time, but potent and selective drugs to
modulate these enzymes have remained elusive. The
paucity of data on the physiological role of AC9 is also
reflected by the dearth of ideas concerning its potential
in clinical therapy. Forskolin has no or very little effect
on AC9 heterologously expressed in HEK293 or SF9
cells. Moreover, soluble miniproteins constructed
from AC9 C1 and C2 domains also fail to respond to
this drug (Yan et al. 1998; Haunsg et al. 2003). Yan and
coworkers have shown that mutation of a single amino
acid, Tyr1082Leu, will render AC9 sensitive to the
stimulatory action of forskolin. Another unusual fea-
ture of AC9 is that it is largely resistant to inhibition by
adenosine analogs (Haunsg et al. 2003) which are
“dead-end” inhibitors of all other ACs. Calmidazolium
is a very effective (Ki = 5 uM), albeit nonspecific
inhibitor of AC9 (Haunsg et al. 2003).

Summary

Adenylyl cyclase 9 is a membrane-bound adenylyl
cyclase with unique regulatory properties. While the
enzyme is prominently expressed in vital organs of
the body such as the brain, the heart, and most endo-
crine glands, precious little is known about its physi-
ological role and potential involvement in the
pathogenesis of human diseases. More work with
genetically modified models is required to understand
the biological role of the molecular diversity of
adenylyl cylcases.
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Historical Background

Adenylyl cyclases (ACs), ATP-pyrophosphate lyases,
comprise a family of enzymes that catalyze the syn-
thesis of cyclic AMP from ATP. Cyclic AMP (cAMP)
was identified in 1957 as the first “second messenger,”
relaying signals from hormone-bound receptors to pro-
tein kinase A (PKA) and other cAMP-sensitive effec-
tors, including cyclic-nucleotide gated channels,
cAMP-activated exchange proteins (EPAC), and
a subset of phosphodiesterases that degrade cyclic
nucleotides. Catalytic activity of AC is regulated in
response to activation of G protein-coupled receptors
(GPCRs) by a number of hormones and neurotransmit-
ters. Various studies using biochemical and genetic
tools have implicated the importance of cAMP in
a variety of physiological functions that include but
are not limited to oogenesis, embryogenesis larval
development, hormone secretion, glycogen break-
down, smooth muscle relaxation, cardiac contraction,
olfaction, water homeostasis, and learning and mem-
ory (Sadana and Dessauer 2009). The discovery of
cAMP and subsequent studies related to the regulation
and physiological functions of AC has given rise to
four Nobel Prizes in Medicine and remains a highly
active area of research (Beavo and Brunton 2002).

Nine mammalian transmembrane ACs have been
cloned and characterized since the initial cloning of
AC1 in 1989. A tenth “soluble” form of AC (sAC) has
also been characterized that lacks transmembrane
domains and has distinct regulatory properties.
Based upon homology and regulation patterns, mem-
brane-bound ACs are classified into four groups;
Group I comprises the Ca**-stimulated AC 1, 3, and
8; GPy-stimulated AC 2, 4, and 7 belong to Group I,
Group III contains Gio/Ca**-inhibited AC5 and 6,
while Group IV contains the distantly related
forskolin-insensitive AC9.

Topology and Structure

Mammalian transmembrane ACs share a common
structure that can be divided into five sections:
a variable N-terminus (N), the first transmembrane
domain (M1, with six membrane spans), a large cyto-
plasmic domain (C1), followed by a second transmem-
brane domain (M2, also with 6 membrane spans),
and a second cytoplasmic domain (C2) (Fig. 1).
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Adenylyl Cyclase,
Fig. 1 Topology of
membrane-bound ACs
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The N-terminal portions of the two cytoplasmic
domains (Cla and C2a; ~ 230 aa residues) are roughly
40% identical to each other and are highly homologous
among isoforms. The topology of ACs is based largely
on prediction programs for membrane spanning
regions, whereas knowledge of the catalytic site
comes from X-ray structures of a complex containing
the C1a/C2 domains bound to the activators forskolin
and Gsa. The catalytic site of AC lies at the interface of
the cytoplasmic domains (Cla and C2a), forming
a pseudo-symmetrical site that is primed for bidirec-
tional regulation. The two related pockets, a substrate
binding site and a forskolin site, lie along the domain
interface. Although neither cytoplasmic domain has
catalytic activity on their own, AC enzyme activity
and many forms of regulation can be reconstituted by
simple mixing of purified C1 and C2 domains of AC.
The active site of ACs share similarities with the active
site of DNA polymerases despite the differences in
sequence and surrounding structures (Sinha and
Sprang 2006).

The “soluble” form of adenylyl cyclase (sAC) has
homology to cyanobacterial adenylyl cyclases with
several known splice variants. The overall structure
of the catalytic core of sAC is highly conserved with
the transmembrane ACs, although the primary
sequences differ significantly. Unlike transmembrane
ACs, it does not respond to the classical G protein
mode of activation but is regulated by calcium and
bicarbonate levels. The sAC isoform has clear roles

in male fertility and sperm motility, in addition to
potential roles in acid/base homeostasis and metabolic
sensing.

Regulation of ACs by G Proteins

All isoforms of membrane-bound mammalian AC are
stimulated by the heterotrimeric G protein Gs
(reviewed in (Sadana and Dessauer 2009; Sinha and
Sprang 2006; Willoughby and Cooper 2007; Beazely
and Watts 2006), Fig. 2). Appropriate agonist-bound,
GPCRs activate Gs by catalyzing the exchange of
GDP for GTP and facilitating the dissociation of the
GTP-bound a-subunit (Gso) from a complex of
G protein o and Py subunits. The GTP-bound
a-subunit of Gs in turn activates AC, increasing the
rate of synthesis of cAMP. The intrinsic GTPase
activity of the G protein o subunit hydrolyzes bound
GTP to GDP, terminating the activation of AC by
GTP-Gsa. after several seconds. GDP-Gso then
reassociates with GPy and awaits a new cycle of
activation. This seemingly straightforward pathway
is regulated at every step, from the phosphorylation
and desensitization of the GPCR to the control of
cAMP breakdown by numerous phosphodiesterases.
Much of this regulation is targeted directly at the
enzyme AC, which serves to integrate a large number
of different signaling inputs. Golf,o which is highly
homologous to Gsa and expressed in the olfactory
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Adenylyl Cyclase, Fig. 2 Regulatory patterns for AC
isoforms. Group I is represented by AC 1, 8, and 3, Group II
contains AC 2, 4, and 7, Group III contains AC 5 and 6, and AC9

system and brain striatum, also stimulates AC. Gsa.
interacts with the C2 domain of AC to facilitate clo-
sure of the active site, increasing the affinity of the C1
and C2 domains for each other.

Select AC isoforms (AC 1, 5, and 6) are directly
inhibited by members of the inhibitory class of
G proteins, Gia, Gz, Go (Beazely and Watts 2006).
This regulation can be dependent on the form of acti-
vation. For example, calmodulin-stimulated ACI is
potently inhibited by Gi family members (i, z and o),
whereas ACl is either very weakly inhibited or not at
all when stimulated by Gsa- or forskolin. AC 5 and 6
are inhibited by Gia and Gzo. Gia interacts in a cleft
formed in the C1 domain of ACS5, analogous to the Gsa
binding site in C2, and acts in opposition to Gsa.. AC9
can also be inhibited by Gi-coupled receptors, which is
presumably due to direct inhibition by the Gio subunit.

In addition to the o subunit, Gy subunits of
heterotrimeric G proteins can regulate AC activity.
For example, in Group I ACs 1 and 8 are inhibited by
Gy, often more potently than the inhibition by Gia.
Although Gy alone is not able to stimulate Group 11
ACs (AC2, 4, and 7), it can greatly enhance the acti-
vation by Gsa (~five- to tenfold for AC2). This con-
ditional GPy stimulation is the hallmark of the Group
II family of ACs. GBy also conditionally stimulates
ACS5 and 6 in the presence of Gsa (~1.5-2-fold), but
not to the same extent as the AC2 family (Fig. 2).

is in Group IV. The enzyme sAC is a distinct class of AC and
does not respond to direct regulation by heterotrimeric
G proteins

Additional Modes of AC Regulation

Forskolin, a diterpene derived from the root of the
Indian plant Coleus forskohlii, highly activates all the
membrane-bound AC isoforms except AC9. This
reagent is a highly useful tool for studying AC and
the effects of cAMP. It has also been explored for
possible medicinal uses and was originally character-
ized as a vasodilator. Forskolin binds at the interface of
the C1 and C2 domains at a site distinct from the
catalytic site (Tesmer et al. 1997) and is either additive
or synergistic with regulation by Gso. AC9 is not
activated by forskolin because it lacks a key amino
acid residue within this forskolin binding pocket. No
physiological analogs of forskolin have been identified
that can bind at the forskolin binding pocket to regulate
AC activity.

AC activity can also be controlled by calcium, pro-
tein kinases, and a number of additional regulatory and
scaffolding proteins. Most of this regulation is highly
isoform specific. For example, although all AC
isoforms are inhibited by high, nonphysiological con-
centrations of calcium, sub-micromolar calcium con-
centrations inhibit AC5 and 6 by directly binding to
a magnesium ion binding site within the catalytic core.
When bound to calmodulin, calcium can activate AC1
and 8, and conditionally stimulate AC3 in the presence
of Gsa or forskolin. The calcium/calmodulin binding
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sites for AC1 have been mapped to the Clb and C2
domains; whereas the sites on AC8 reside within the N-
terminus and C2 domain. Finally, calcium/calmodulin-
bound protein kinases can inhibit ACs. AC3 and AC1,
but not AC8, are subject to feedback inhibition by
calmodulin kinases (CamK) CaMK II and CaMK 1V,
respectively.

Several protein kinases regulate AC activity by
directly phosphorylating AC isoforms. Feedback inhi-
bition of AC 5 and 6 occurs via phosphorylation of the
C1b domain by cAMP-activated PKA. This type of
regulation is facilitated by A-kinase anchoring
proteins (AKAPs) that anchor the regulatory subunit
of PKA (Dessauer 2009). AKAPs are scaffolding pro-
teins that bring together a large number of regulatory
and downstream effector proteins. They can also bind
to a subset of ACs. For example, AKAP79/150
(AKAPS) binds to ACs 2, 3, 5, 6, 8, and 9. The forma-
tion of an AKAP79/150-AC-PKA complex facilitates
preferential phosphorylation of AC 5/6 by anchored
PKA to inhibit AC activity. Much like calcium/cal-
modulin regulation of ACI, this sets up an important
negative feedback loop to temporally regulate cAMP
production and downstream signaling. A similar type
of regulation also occurs for nAKAP-AC5-PKA com-
plexes that regulate stress-responsive pathways in the
heart.

Regulation by protein kinase C (PKC) isoforms is
quite complex. Conventional PKCs (o and B; activated
by calcium and diacylglycerol) often stimulate AC 2
and 5 and are synergistic with other forms of regula-
tion. The novel PKCd isoform (activated by only
diacylglycerol) displays synergy with Gso in activat-
ing AC7, while the atypical PKC{ stimulates ACS.
Conventional or novel PKCs can also inhibit AC activ-
ity. AC4 is inhibited by PKCao when stimulated by
Gso, but not under basal or forskolin-stimulated con-
ditions. Gsa-stimulated AC9 is also inhibited by con-
ventional PKCs. The novel PKC & and ¢ isoforms
inhibit AC6 by phosphorylating several sites within
its N-terminus. The sites of PKC phosphorylation on
ACs vary between these different isoforms.

Additional kinases that regulate AC activity include

Rafl that can stimulate AC6 activity. The role of
phosphatases in regulating ACs should not be
overlooked. Although this has not been greatly exam-
ined, AC9 is inhibited by the phosphatase calcineurin
(also known as protein phosphatase 2B, PP2B); how-
ever, it is unknown whether calcineurin acts directly on
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AC9. Another phosphatase, PP2A, is scaffolded by
ACS8, although a direct regulatory role is still unclear.
Finally, a wide range of additional proteins have
been reported to regulate specific AC isoform activity
including, » regulators of G-protein signaling 2
(RGS2; inhibition of AC 3, 5, and 6), the protein asso-
ciated with myc (PAM; inhibition of AC 1, 5, 6, and 7),
the synaptic vesicle protein snapin (prevents PKC inhi-
bition of AC 6), and the guanine nucleotide exchange
protein Ric8a (inhibits AC 5). The functional roles for
some of these proteins are further discussed below.

AC Physiological Roles

The physiological roles for ACs have been defined
based upon localization and animal studies of genetic
ablation or overexpression of an individual AC iso-
form (reviewed in (Sadana and Dessauer 2009);
Table 1). However, since few specific antibodies
against individual AC isoforms exist, much of the
tissue specificity is based upon the detection of
mRNAs for ACs. Some of the early noted functions
included roles for AC1 and 8 (primarily expressed in
brain) in learning and memory; AC3 (most abundant in
olfactory epithelium) in olfaction; and ACS5 and 6
(dominant in heart) for cardiac contractility. However,
studies of physiological roles for additional AC
isoforms have lagged behind, and in some cases no
knockout animal models exist (AC 2) or the mice are
embryonic lethal for unknown reasons (AC9). The
largest difficulty in defining specific roles for ACs
stems from the expression of multiple isoforms in
any given cell type. For example, cardiac myocytes
express AC 5, 6, and 9 (and possibly others) while AC
2, 3,4, 6, and 7 are readily detected in cardiac fibro-
blasts. Is the expression of multiple AC isoforms
a form of redundancy within the system or does each
AC have a specific role(s) in these cell types? The
answer may be both. Discussion of specific systems
will attempt to address some of this complexity.

In Learning and Memory

Nearly all AC isoforms are expressed in brain but they
display distinct roles. Early studies with Drosophila
mutants rutabaga (deficient in Ca**/CAM stimulated
AC activity whose sequence is closely related to AC1)
demonstrated that mutant flies failed to learn to avoid
a neutral odor. The role for AC1 in learning and
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Adenylyl Cyclase, Table 1 Tissue distribution and physiological functions of individual mammalian AC isoforms

AC

isoform  Sites of expression

AC1 Brain, adrenal medulla, SA node

AC8 Brain, lung, pancreas, testis, adrenal

AC3 Olfactory epithelium, pancreas, brain, heart, lung,
testis, BAT

AC2% Brain, lung, skeletal muscle, heart

AC4° Widespread

ACT7 Widespread

ACS5 Heart, striatum, kidney, liver, lung, testis, adrenal,
BAT

AC6 Heart, kidney, liver, lung, brain, testis, skeletal
muscle, adrenal, BAT

AC9P Widespread

sAC Testis and detected in all tissues

“Knockout not available
"Not fully characterized

memory in mammalian systems correlates well with its
expression in brain and the phenotypes of mice defi-
cient in AC1 (AC177/7)). AC8 is also expressed mainly
in brain and shares many regulatory properties of AC1,
thus it is not surprising that it also is involved in
learning and memory.

The formation of memories relates to the change in
connections between neurons in the brain, often
referred to as synaptic plasticity. This change is often
measured as long-term potentiation (LTP) which is
a long-lasting enhancement of neuronal connections,
which enhances synaptic transmission or communica-
tion. Synaptic plasticity is dependent on calcium,
therefore it is not surprising that AC 1 and 8 play
such a large role. AC1“/™ and AC8/™) animals
show decreased LTP in the mossy fiber bundles of
neurons that form connections with the CA3 region
of the hippocampus (Wu et al. 1995; Wang et al. 2003).
A complete loss of mossy fiber LTP was observed in
the double knockout of AC 1 and 8. In contrast, the
overexpression of ACI actually enhanced recognition
memory and LTP (Wang et al. 2004). These and many
additional studies suggest that AC 1 and 8 are
redundant in learning and memory and the formation
of fear-related memories. However, there are some
distinct roles for AC 1 and 8. For example, ACl1 is
important for the stability of neuronal circuits in
response to activation deprivation, while ACS is
more involved in synaptic plasticity related to anxiety.

Physiological functions

Learning, memory, synaptic plasticity, opiate withdrawal, pain
memory, neuronal excitotoxicity

Learning, memory, synaptic plasticity, opiate withdrawal, stress
anxiety, ethanol consumption

Olfaction, sperm function, kidney function

Ethanol dependency, immune response
Cardiac contraction, motor coordination, opiate dependency, pain
responses

Cardiac contraction and calcium sensitivity, water homeostasis

Sperm capacitation, fertilization

This correlates well with the high expression of ACS,
but not AC1, in the thalamus, habenula, and hypothal-
amus, regions involved in responses to stress. In sum-
mary, although AC 1 and 8 are not necessary for
survival, they play clear roles related to learning and
memory.

In Pain
Signaling pathways associated with cAMP have long
been known to play a crucial role in the processing of
painful stimuli (reviewed in (Pierre et al. 2009)). Var-
ious AC isoforms (AC 1,2, 5, 6, and 8) are expressed in
spinal cord, but deletion of AC1 and ACS results in
attenuated pain responses. AC1, but not AC8, knock-
out mice have significantly reduced behavioral
responses to acute muscle pain. These findings were
confirmed by use of a specific AC1 inhibitor. Chronic
muscle inflammatory pain was also significantly
reduced in AC1 and the AC1/8 double knockouts, but
could be rescued by activating other ACs using
forskolin. Thus AC1 plays an important role in acute
and chronic muscle pain, although clearly additional
ACs are present that can rescue impaired effects.
Mice deficient in ACS also have attenuated pain
responses in acute thermal and mechanical pain tests.
They display decreased sensitivity to inflammatory
pain and inflammatory visceral pain (induced by injec-
tion of sulfate or acetic acid). AC5™) mice also
display strongly attenuated mechanical and thermal
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allodynia (an exaggerated response to normal stimuli)
in neuropathic pain models. Although AC1 and ACS5
belong to different families in term of their regulatory
properties, they share a common feature in that both
are inhibited by PAM, which is upregulated in the
spinal cord in response to pain.

In Addiction
The analgesia properties of opiates such as morphine
are mediated by Gi-coupled opiate receptors and are
related in part to the inhibition of adenylyl cyclase
(reviewed in (Watts and Neve 2005) and (Pierre et al.
2009)). Long-term morphine use causes an
upregulation of AC signal transduction components
(AC 1 and 8, PKA, and » CREB) in regions of the
brain associated with drug reinforcement and with-
drawal. The deletion of AC 1 and 8 causes a reduction
in opiate withdrawal behaviors and the double knock-
out of AC 1 and 8 displays less morphine-induced
hyper-locomotion, and no activation of the cAMP-
dependent transcription factor, CREB in the reward
response circuitry of the brain (ventral tegmentum).
AC1 and AC8 also have some distinct functions
during chronic morphine exposure, based upon
nonoverlapping patterns of gene expression changes.
This difference is also reflected in the addictive prop-
erties of ethanol where mice deficient in AC8, but not
AC1, had decreased voluntary ethanol consumption.
ACS also plays an important role in opiate actions.
The region of the brain (striatum) that shows the
highest p-opiate receptor levels also contain high
levels of ACS. Deletion of ACS results in a loss of
opioid-induced Gi-inhibition of AC activity in stria-
tum. In addition, the major behavioral effects of mor-
phine including locomotor activation, pain relief,
tolerance, reward and physiological dependence, and
withdrawal symptoms were attenuated in AC5/~
mice. Thus AC activity plays important roles in opioid
responses and addiction; with AC1 and ACS8 having
roles in withdrawal, hyper-locomotion, and the learned
responses to morphine; whereas ACS5 is involved in all
major behavioral effects of morphine.

In Motor Functions

Motor functions can be divided into voluntary and
involuntary (or reflex) movements. Those non-reflex
actions require higher cognitive activity in several
brain regions, including the striatum. The striatum
region of brain is known to be important for the
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decision-making of voluntary movements which
often requires input from dopamine-releasing neurons.
Genetic ablation of AC1 and AC8 did not affect motor
coordination. However, AC5/™) mice no longer
respond to the dopamine D2 antagonist class of anti-
psychotic drugs, although general motor control is
unaltered (reviewed in (Sadana and Dessauer 2009)).
This behavior correlates well with the high expression
of AC5 in striatum. Other AC5"~ models exhibit
Parkinson’s like motor dysfunction, displaying abnor-
mal coordination, a slowness in the execution of move-
ment (bradykinesia), and locomotor impairment
(Iwamoto et al. 2003). Motor coordination can be
restored by stimulation of dopamine D2 receptors,
while bradykinesia was largely restored by either D1
or D2 stimulation of residual striatal AC activity.
Although other Gi-inhibited ACs (AC1 and AC6) are
present in striatum, they cannot fully compensate for
AC5 function in dopamine-dependent motor
coordination.

In Cardiac Functions

As discussed above, all of the AC isoforms except AC8
are expressed in cardiac myocytes or fibroblasts. AC1
is expressed only in sinoatrial mode, where it modu-
lates the I(f) pacemaker current. Two closely related
isoforms, ACS5 and 6 are the major isoforms expressed
in cardiac myocytes and have been the focus of several
deletion and overexpression studies (reviewed in
(Sadana and Dessauer 2009)). These ACs appear to
exert opposite effects on the heart, since cardiac
overexpression of AC6 appears to be protective,
whereas disruption of type 5 AC prolongs longevity
and protects against cardiac stress (Yan et al. 2007).
However, some overlapping functions must exist in the
heart, as deletion of AC 5 or 6 does not give rise to
a complete loss of sympathetic regulation.

The deletion of ACS5 results in ~40% decreased
isoproterenol- (an agonist of the beta-adrenergic recep-
tors; BAR) and forskolin-stimulated AC activity in
cardiac membranes and isolated myocytes. There is
also a loss of acetylcholine-mediated (Gi) inhibition
and reduced calcium-mediated inhibition of cAMP
production in AC5~/~ heart. Although differences in
ACS5 deletion strains exist, the loss of ACS5 results in
decreased isoproterenol-stimulated left ventricular
(LV) ejection fraction (e.g., the volume of blood
pumped out of the heart with each beat). Effects of
ACS deletion are not limited to sympathetic regulation,
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as loss of ACS5 also eliminates parasympathetic control
of cAMP levels and attenuates baroreflexes that main-
tain blood pressure. The deletion of AC6 represents
a functional double knockout of AC5 and AC6 because
of reduced AC5 levels in AC6 </~ mice (Tang et al.
2008). As expected, PAR-stimulated cAMP levels
were reduced ~80% in these animals with greatly
reduced PAR-stimulated LV contractile function and
reduced calcium transients. The latter effect on cal-
cium handling is likely due to the loss of AC6, rather
than ACS.

When the heart is stressed by chronic activation of
cAMP (often due to prolonged beta-adrenergic recep-
tor activation), a decrease in cardiac function is
observed (cardiac myopathy). The levels of ACS are
also known to increase under these conditions. Dele-
tion of AC5 protects the heart against chronic BAR
stimulation and chronic pressure overload by attenuat-
ing the decline in cardiac function and defending
against increased apoptosis. AC5 disruption is also
protective against age-related cardiac myopathy and
gives rise to an increased lifespan as compared to wild-
type animals.

The differing roles for ACS5 and AC6 may lie in the
types of AKAP complexes that they are associated
with. For example, AC6 is found in complex with
AKAP79/150 in heart. Deletion of AKAP150 results
in loss of BAR stimulated calcium transients (Navedo
et al. 2008), reminiscent of AC6 deletion phenotypes.
In contrast, ACS5 is found in complex with mAKAP
which is associated with the regulation of cardiac
hypertrophy and related stress responses (Dessauer
2009). Another AKAP, Yotiao, is important in medi-
ating sympathetic control of cardiac action potential
duration. Yotiao is associated with several AC
isoforms including AC9 which is present at lower
levels in cardiac myocytes. The role for this latter AC
isoform is as yet unknown.

In Olfaction

AC 2, 3 and 4 are expressed in the olfactory system.
However, AC3 is the predominant isoform in the olfac-
tory epithelium and is largely responsible for odorant
and pheromone detection (reviewed in (Wang et al.
2007)). Odorants interact with G protein-coupled
receptors to stimulate adenylyl cyclase via Golf.
Genetic deletion of AC3 confirms its role in olfaction,
as AC3/7) mice suffer from major effects on odorant-
induced signaling and are impaired in olfactory-
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dependent learning and olfaction-based behavioral
tests. In addition, AC3’™) mice are unable to detect
mouse urine or pheromones. AC3™ mice also lack
intermale aggressiveness and male sexual behavior.
AC3 has also been ascribed a role in spermatozoa
function and male fertility. In general the vomeronasal
organ expressing AC2 is thought to be responsible for
pheromone detection, but as discussed, AC3 are also
associated with these functions.

In Immune Responses

The role of cAMP in the immune system is complex
since cCAMP generation can induce apoptosis as well
as cell proliferation, differentiation, and activation of
various immune cell types. AC7 is the major isoform
that regulates cAMP synthesis in both B and T cells.
AC 7 /7 mice produce fewer leukocytes and have
a high mortality rate upon bacterial infections (Duan
et al. 2010), which was attributed to changes in
the production of certain serum factors required for
regulating AC7 activity. AC7 null mice also produce
less antigen-specific antibodies to fight infections
even though overall immune responses were hyper-
active, as measured by the overproduction of cyto-
kines. The unique regulation of AC7 by Gs- and G12/
13-coupled receptors makes it well suited to respond
to multiple signals and facilitates its multifaceted
roles in regulating both innate and adaptive immune
responses.

In Kidney

ACG6 is localized in the renal tubule and collecting duct
of kidneys (Chien et al. 2010). AC6"/~ mice had
normal glomerular filtration rate but were deficient in
water homeostasis (Rieg et al. 2010). AC6-deficient
mice drank more water, urinated more, and had low
urine solute concentrations. The major protein
required for transport of water through the plasma
membrane (aquaporin) is also mis-localized,
displaying reduced phosphorylation in kidneys of
AC6 null mice, consistent with a malfunction in
water retention. This phenotype is similar to that of
nephrogenic diabetes insipidus and is consistent with
a loss of vasopressin-induced cAMP in the inner med-
ullary collecting ducts of AC6'/™ kidney. AC3 has
also been ascribed a role in kidney function. Key
components of the olfactory signal transduction
machinery (olfactory receptor, AC3, and Golf) are
expressed in the renal distal nephron. Unlike AC6,
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mice deficient in AC3 suffer from reduced glomerular
filtration rate and also display low levels of plasma
renin (Pluznick et al. 2009).

Summary

ACs can be found in every cell type and tissue, con-
sistent with the very large role for cAMP in so many
physiological processes. In addition to those outlined
above, cCAMP has important roles in development and
differentiation, cell proliferation, neurodegeneration
and neurotoxicity, asthma, diabetes, fertilization, and
hormone secretion. Many GPCRs that regulate cAMP
levels are currently targeted for treating conditions that
include asthma, heart failure, diabetes, pain,
migraines, peptic ulcer disease, obesity, Schizophre-
nia, Parkinson’s, and nausea (Pierre et al. 2009). The
roles for specific AC isoforms in these pathophysio-
logical conditions have sparked much interest in
exploring AC as a drug target. For example, AC5
inhibitors are currently being considered for treatment
of heart failure (Ho et al. 2010), while an AC1 activator
could be a memory-enhancing drug (Pierre et al. 2009).
Analogs of forskolin that specifically target an AC
isoform or selective P-site inhibitors could also prove
useful (Iwatsubo et al. 2006). Finally, the local lipid
environment of individual AC isoforms or the macro-
molecular complexes that link ACs to downstream
effectors may play a large role in the specificity of
downstream signaling. Thus despite the rich history
of cAMP research, much work remains to be done.
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Historical Background

Among the superfamily of G-protein-coupled recep-
tors, the adhesion GPCRs form the second largest
family with 33 members in humans (for review, see
Bjarnadottir et al. 2007). They are also the most
diverse and complex GPCR family, often encoded by
very large genes with numerous introns, and compris-
ing highly diverse and variable N-terminal extracellu-
lar regions. Despite a remarkable structural diversity
and low sequence homology, hydropathy analysis
and biochemical data suggest that the adhesion
GPCRs share the structural hallmark of all GPCRs —
a heptahelical conformation with extracellular
N-terminus and intracellular C-terminus. Approxi-
mately 150 distinct orthologues have been identified
in the animal kingdom to date. The name adhesion
GPCRs emphasizes the presence of multiple motifs in
their long extracellular N-termini predicting adhesive
properties, such as cadherin-, laminin-, lectin-,
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epidermal growth factor-, olfactomedin-, immuno-
globulin-, calcium exchanger B-, thrombospondin-,
and mucin-like domains (see Fig. 1).

The Epidermal growth factor Module-containing
Receptor EMRI1, its mouse homologue F4/80, and
CD97, all members of the Epidermal Growth Factor
(EGF)-TM7 receptor subfamily, were the first-
described adhesion GPCRs (for review, see McKnight
and Gordon 1996; 1998). Derived from a single pre-
cursor polypeptide, they are expressed at the surface of
leukocytes in two parts, (1) a large extracellular
domain with variable numbers of modular EGF-like
domains and (2) a membrane-spanning domain
consisting of seven hydrophobic stretches connected
by three intracellular and three extracellular loops.
Both parts are associated via a highly glycosylated
mucin-like “stalk” which serves as a spacer. The
unusual structure of their extracellular regions indi-
cated a function related to cell adhesion and leukocyte
migration. Indeed, the ability to bind to extracellular
matrix molecules and cellular ligands has been exper-
imentally demonstrated for several members of the
EGF-TM7 multigene family (see below).

The subsequent discovery of an increasing number
of GPCR-related molecules with a similar domain
configuration led to the proposal to reclassify this
group of heptahelical membrane proteins as a novel
class of receptors (for review, see Stacey et al. 2000).
Following the example of the EGF-TM?7 receptors, the
entire class was termed the LNB-TM7 receptors,
where LN stands for their large and complex
N-terminal extracellular regions, and B indicates
a significant amino acid sequence similarity to
G-protein-coupled receptor family B, also named the
Secretin GPCRs (following the GRAFS classification
system, Fredriksson et al. 2003). Progress in molecular
biology and bioinformatics techniques led to the
sequencing and assembly of whole genomes, and
allowed the identification of the full repertoire of
human GPCRs. This enabled a phylogenetic analysis
based on the complete sequences of the TM7 regions,
which demonstrated that the adhesion GPCRs did
indeed form a distinct receptor family (Fredriksson
et al. 2003). Based on the sequence similarity within
their heptahelical regions and intervening loops, the
human adhesion GPCRs were further subdivided into
different groups or clans (Fig. 1; for review, see
Bjarnadottir et al. 2007; Lagerstrom and Schioth
2008). Interestingly, this group structure at the same
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Adhesion GPCRs, Fig. 1 A schematic presentation of the
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time reflected a functional classification based on the
various adhesion motifs present in the N-termini
(Fig. 1). Also, receptors within the same phylogenetic
clusters showed similar expression profiles in human
tissues.

More recently, Schioth and coworkers suggested
that the adhesion GPCRs were an ancient receptor
class, and the Secretin GPCRs descended from
a subgroup during metazoan evolution (Nordstrom
et al. 2009). Secretin GPCRs bind polypeptide hor-
mones at a hormone-binding domain (HBD) in their
N-termini, and, in response to ligand binding, signal
via G-protein activation, predominantly G,s. Although
several adhesion GPCRs contain a HBD motif in their
N-termini as well (compare Fig. 1), no hormone
ligands have been identified for this receptor family,
and there is only scant evidence of receptor activation
and G-protein coupling (see below). Adhesive interac-
tions have been verified for some family members
(see below) while the functional role of a majority of
adhesion GPCRs is still poorly understood. Thus, their
description as LNB-TM?7 receptors may still be more
correct, although the name adhesion GPCRs now pre-
vails in the literature.

Posttranslational Processing

The adhesion GPCRs are chimeras, composed of
a hydrophilic extracellular adhesion part and
a hydrophobic membrane-spanning signaling part.
This chimeric configuration already suggested a dual
function, combining interactions with the surrounding
extracellular matrix and/or cellular counter receptors
with coupling to the intracellular signaling machinery.
Different from other GPCRs, however, the “mature”
adhesion GPCRs almost invariably consist of two sep-
arate subunits which appear to be a defining feature of
this receptor class. The two subunits are derived from
cleavage at the so-called GPCR proteolytic site (GPS),

<
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a characteristic Cys-box-containing motif located in
the ectodomain adjacent to the first transmembrane
domain (Krasnoperov et al. 1997, 2002; Chang et al.
2003; Lin et al. 2004; Figs. 1 and 2). This site is also
involved in the cleavage of other membrane-spanning
proteins, but is not found in any other GPCR family in
the human and mouse genomes.

The GPS is one of the few conserved motifs present
in all the N-termini of adhesion GPCRs, except
GPR123 (see Fig. 1). In addition to this site, most
adhesion GPCRs share a second homologous stretch
in their extracellular domains, a serine-, threonine-,
and proline-rich (STP) “stalk,” typical of a highly
O-glycosylated protein domain. Conservation of
these motifs in nearly all adhesion GPCRs suggests
an important role. The first functional hint of the GPS
motif was revealed when intracellular proteolytic
processing of cell surface marker CD97 (cluster
of differentiation) was demonstrated (Gray et al.
1996). Translated as a single polypeptide, CD97 cleav-
age results in the formation of the two subunits.
Cloning and Western blot analysis of the lectin-like
domain-containing calcium-independent receptor of
a-latrotoxin (Krasnoperov et al. 1997; Lelianova
et al. 1997), GPR116/Ig-Hepta (Abe et al. 2002) and
the GPR64/HEG6 receptor (Obermann et al. 2003) has
revealed additional “split” receptors. The exact cleav-
age site was determined for CIRL/Latrophilin/
lectomedin receptor 1 (Krasnoperov et al. 2002) and
also for the EGF-TM7 receptors (Chang et al. 2003). It
is located at homologous sites in the C-terminal part of
the GPS domain (see Fig. 2).

The GPS motif is necessary, but not sufficient for
cleavage. Rather, cleavage also requires the presence
of the “stalk” next to the membrane (Chang et al. 2003;
Hsiao et al. 2009). As an example, the ectosubunit of
the GPR64/HE6 receptor, which is predominantly
expressed in the microvilli of the epididymal duct
epithelium (Obermann et al. 2003; Kirchhoff et al.
2008), is characterized by the presence of 20 potential

Y

Adhesion GPCRs, Fig. 1 (continued) (Calcium-dependent
adhesion-like) domains; LamG = Laminin G domain;
EGF_Lam = EGF-like, fibronectin type III and laminin
G domains; LRR = leucine-rich repeats;
Ig = Immunoglobulin-like domains; SEA = Sea-urchin sperm
protein, enterokinase and agrin module; Calx-beta = motif in
Na-Ca exchangers and integrin-beta4; CUB = Domain first
found in complement Clr, Cls, uEGF, and bone morphogenetic

protein. Subdivision into different groups or clans (Roman
numerals I-VII) was based on the sequence similarity within
the heptahelical regions and intervening loops. According to
a more recent classification, Group III can be further divided
into two clusters (Lagerstrom and Schioth 2008). The first clus-
ter contains LEC1-3 and ETL receptors, whereas the second
cluster includes EMR1-4 and CD97 receptors
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Adhesion GPCRs, Fig. 2 Protein sequence alignment of the
juxtamembrane region of adhesion GPCR family members
(modified from Abe et al. 2002). Conserved amino acid residues
of the GPCR proteolysis site (GPS) are highlighted. The arrow
points to the hypothetical cleavage site within the GPS domain.
Amino acid sequences obtained from the NCBI database were

N-glycosylation (Asn-Xaa-Ser/Thr) sites and more
than 100 potentially O-glycosylated Ser and Thr resi-
dues, largely located within the STP region, and most
probably forming a hydrophilic mucin-like “stalk”
(Obermann et al. 2003). From the large number of
glycosylation sites and helix-breaking proline resi-
dues, the ectosubunit was predicted to be highly
charged and extend from the cell surface like a rod.
Similar structural predictions have been made for other
adhesion GPCRs, including the EGF-TM7 receptors
and the latrophilins (LPHN; synonyms CL/CIRL/
Lph). More recently, glycosylation at specific sites of
the EGF-TM7 “stalk” has been implicated in cleavage
at the GPS (Hsiao et al. 2009).

Proteolytic cleavage is a well-known regulatory
mechanism for receptor activation. For example, the
G-protein-coupled  protease-activated  receptors
(PARs) signal in response to N-terminal cleavage by
extracellular proteases. The new N-terminus then acts
as a tethered ligand and binds intramolecularly to the
receptor to trigger transmembrane signaling. The
mechanism and role of GPS-mediated cleavage
seems to be different. Experiments on EMR2, member
of the EGF-TM7 family, suggested that it occurs intra-
cellularly in the endoplasmic reticulum (Lin et al.
2004). Whether it could trigger or modulate any sig-
naling events, in analogy to the PAR example,
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acid of transmembrane domain 1

remained unknown. A role in signaling, however, was
proposed for GPS cleavage of the Cadherin, EGF LAG
seven-pass G-type receptor (CELSR) family members.
The extracellular subunits of CELSR2 and CELSR3,
including their Cadherin repeats, were proposed to act
as a ligand of the seven-transmembrane-spanning part,
stimulating calcium release and regulating neurite
growth (Shima et al. 2007).

Different from PAR activation, GPS-mediated
cleavage is mediated by an autocatalytic reaction
rather than by protease activity (Lin et al. 2004). The
mechanism is similar to that of N-terminal nucleophile
hydrolases, involving the generation and hydrolysis of
a (thio)-ester intermediate. Yet, GPS-mediated
cleavage appears to be a regulated process, requiring
additional modifications like phosphorylation (Kaur
et al. 2005) and glycosylation (Hsiao et al. 2009).
Endogenous cleavage of the precursor protein may be
incomplete; however, full-size, non-cleaved molecules
are not normally found in tissues and may not reach the
cell surface. Indeed, efficient latrophilin/CIRL recep-
tor trafficking to the cell surface requires proper
GPS cleavage (Volynski et al. 2004). Furthermore,
deficiency in GPS cleavage caused by mutations
has been linked to various human genetic disorders
and diseases, including bilateral frontoparietal
polymicrogyria (BFPP), and autosomal dominant
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polycystic kidney disease (ADPKD), emphasizing the
critical role of this modification (for review, see Yona
et al. 2008a).

Surprisingly, GPS-mediated cleavage of adhesion
GPCRs does not yield much soluble ectoprotein;
rather, both subunits remain frequently tethered at the
cell membrane. Observations from different subgroups
showed that the extracellular subunits behave as mem-
brane proteins despite a lack of transmembrane regions
(Gray et al. 1996; Krasnoperov et al. 1997, 2002;
Obermann et al. 2003). Initially, this was thought to
be mediated by a non-covalent interaction with the
TM7 domain subunit. However, in the case of
latrophilin/CIRL and the EGF-TM7 receptors, the
two subunits are delivered to different plasma mem-
brane domains, are recycled separately, and can be
patched independently by specific antibodies
(Volynski et al. 2004; Davies et al. 2007; Silva et al.
2009a). Apparently, both subunits behave as indepen-
dent membrane proteins, the ectosubunit being
anchored in the plasma membrane by an unknown
mechanism. Similarly, both GPR64/HE6 subunits
were individually solubilized from different parts of
the epididymis (Obermann et al. 2003; Davies et al.
2004). In membrane fractions prepared from the prox-
imal part of this organ, the amount of extractable
ectosubunit by far exceeded that of the endosubunit.
This peculiar observation was in apparent discrepancy
with the expected 1:1 stoichiometry of subunits. While
the significance of this observation remains unclear, it
may reflect different solubilization characteristics of
the two subunits, rather than different locations.
Despite their independence, however, subunits of
latrophilin/CIRL and the EGF-TM7 receptors can
reassemble in the plasma membrane to form
heterodimers (Davies et al. 2007; Silva et al. 2009a).
This observation has led to the concept of a “split
personality” receptor (Volynski et al. 2004; see Fig. 3
and below) which may also be applicable to other
adhesion GPCRs.

Nevertheless, there are also reports of “shedding” of
the extracellular subunit. Increased expression of
CD97 at sites of inflammation, for example, is accom-
panied by detectable levels of soluble extracellular
subunit (Gray et al. 1996). The mechanism of this
release is not known but might include augmented
matrix metalloproteinase activity in a pathological sit-
uation. The Brain Angiogenesis Inhibitor 1 (BAI1), on
the other hand, seems to release its extracellular
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subunit in the normal brain. It was inferred that the
secreted fragment, named Vasculostatin for its
antiangiogenic function, resulted from BAI1 cleavage
at the GPS (Kaur et al. 2005). However, the precise
cleavage site(s) was not determined. It could be that
such “shedding” requires cleavage of the BAIl mole-
cule at multiple sites (compare Koh et al. 2004) as was
shown for other adhesion GPCRs (see below). In sum-
mary, GPS cleavage which occurs exactly between the
two structurally and functionally different domains is
an intrinsic posttranslational modification of many, if
not most, adhesion GPCRs. For the family members
studied, it occurred largely autocatalytically inside the
cell, probably at the endoplasmic reticulum (ER). It is
a prerequisite for receptor trafficking and functional
expression at the cell surface; however, it may not be
a common step in signaling.

Soluble fragments may also be generated by alter-
native mRNA splicing, providing a mechanism for the
generation of soluble ligand or receptor desensitization
(for review, see Yona et al. 2008a). For a number of
adhesion GPCRs, there is evidence for additional pro-
teolytic cleavage events which might lead to the
release of N-terminal fragments. CIRL/Latrophilin
can be cleaved in vivo by an unknown protease in the
remaining short N-terminal stretch of the seven-trans-
membrane-spanning endosubunit to yield a small
15 amino acid residue oligopeptide (Krasnoperov
et al. 2009). While the majority of receptor molecules
remained membrane-bound after cleavage at the GPS
(see above), this additional cleavage resulted in the
formation of soluble subunits. It was assumed that the
soluble fragments contained the non-covalently bound
15-mer at their C-terminal ends (Krasnoperov et al.
2009).

Results by Koh et al. (2004) indicated that the
extracellular region of brain-specific angiogenesis
inhibitor 1 (BAIl) was cleaved at three sites, and that
the BAIl-thrombospondin type 1 repeat fragment was
the core extracellular fragment for BAIl’s antiproli-
ferative activity. A specifically complex processing
was described for Ig-Hepta/GPR116 (Fukuzawa and
Hirose 2006), an adhesion GPCR of unknown function
which is abundantly expressed in lung and kidney
(Abe et al. 2002). These authors further suggested
involvement of some fragment(s) in cellular signaling
(Fukuzawa and Hirose 2006). GPS-independent cleav-
age was also described for GPR126/DREG/VIGR
(Moriguchi et al. 2004), an adhesion GPCR which
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Adhesion GPCRs, Fig. 3 Proposed scheme of latrophilin/
CIRL (LPH) processing, activation, and internalization (modi-
fied from Volynski et al. 2004). LPH is cleaved intracellularly in
the ER. Proteolysis is required for the delivery of the mature,
“split” receptor protein to the cell surface. Further posttransla-
tional processing in the Golgi complex (GC) involves glycosyl-
ation and may endow the N-terminal fragment with an own

was recently shown to be essential for myelination in
Schwann cells (Monk et al. 2009). Besides cleavage at
the GPS, the protein was further cleaved in the middle
of the extracellular domain, generating a soluble frag-
ment containing the CUB (for complement C1r/Cls,
Uegf, Bmpl) and pentraxin (PTX) domains
(Moriguchi et al. 2004). This processing step was
inhibited by an inhibitor of furin but not of matrix
metalloproteinases. It was speculated that the
subfragment could play a role as a secreted ligand
(Moriguchi et al. 2004).

It is unknown whether non-GPS cleavage is
a common phenomenon of adhesion GPCRs, and its
functional significance remains unclear. Members of
other GPCR families, including the V2 receptor and
endothelin B receptor, undergo a ligand-induced pro-
teolysis to produce peptides with possible bioactivity.
Similarly, the liberated fragments of adhesion GPCRs
might be a physiological ligand; alternatively, the
cleavage might unmask a hidden ligand binding site,
or may activate the receptor (for review, see Yona et al.
2008a). For latrophilin, it was suggested that the non-
GPS cleavage(s) served to release defective receptor
protein from the cell membrane and/or, in conjunction
with GPS cleavage, control cell surface expression

Ligand?

Receptor
activation

Signalling

=

LPH

membrane anchor; however, the structure of this anchor is cur-
rently unknown. On the cell surface, the two subunits behave as
independent membrane proteins. Agonist binding to the
ectosubunit promotes its association with the endosubunit and
or receptor dimerization, presumably leading to the activation of
endosubunit-mediated cell signaling pathways. Internalization
of subunits may be independent processes.

(Krasnoperov et al. 2009). Finally, regulated
intramembrane proteolysis of membrane receptors
produces C-terminal fragments that function inside
the cell, even in the nucleus. For most adhesion
GPCRs, however, it is as yet unclear whether such
C-terminal fragments are generated, probably due to
the fact, that the appropriate assays have not been
performed.

Ligand Binding

In the absence of endogeneous ligands, a first key
concept of ligand binding and activation came from
studies involving an exogenous agonist, o-latrotoxin.
It is a component of the black widow spider venom,
and an activating ligand (=agonist) of CIRL/
latrophilin (Krasnoperov et al. 1999). a-latrotoxin
binding occurs as two sequential steps: (1) the toxin
interacts with the ectodomain with medium affinity
followed by (2) an interaction with either the first
transmembrane domain, with the membrane lipids, or
with both. As a result a-latrotoxin penetrates into the
lipid bilayer. The second step increases the affinity of
the interaction and requires a longer time. The first site
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of agonist binding encompassed an area comprising
the HBD, stalk, and GPS domain while the N-terminal
rhamnose lectin-like (RBL) and olfactomedin-like
motifs were not required (Krasnoperov et al. 2002).
Also, the extracellular loops of the heptahelical
domain were apparently not necessary to stabilize the
complex with a-latrotoxin (Krasnoperov et al. 1999). It
should, however, be kept in mind that this mechanism
of interaction may be completely different from the
interaction with a putative endogenous CIRL ligand.
The recent identification of a latrophilin-associated
synaptic surface protein (“Lasso”) may be the first
step to elucidate the interaction with a physiological
ligand (Silva et al. 2009b).

The o-latrotoxin receptor is highly conserved
among metazoa; in Caenorhabditis elegans the homol-
ogous lat-1 is required to coordinately orient cells
along a two-dimensional plane lying orthogonal to
the axis of apical-basal polarity. Interestingly, different
from its mammalian homologue, the extracellular RBL
domain of lat-1 was absolutely required for receptor
function; constructs lacking the RBL domain but
retaining the HBD, GPS, and TM7 domains did not
show any biological activity in the C. elegans model
(Langenhan et al. 2009). This result is consistent with
an essential role of the RBL domain in ligand binding;
however, results concerning the structure of this
domain argued strongly against a carbohydrate ligand
for lat-1.

Concerning the binding of endogenous ligands,
members of the EGF-TM7 clan are probably the best
studied group. Their ligands are large cell-surface pro-
teins and/or components of the extracellular matrix
(see below), justifying the name adhesion GPCRs.
Still, even for this subfamily it remains unclear
whether ligand binding of ectosubunits leads to the
activation of endosubunit-mediated cell signaling.
CD97, the prototypic EGF-TM7 receptor on leuko-
cytes, was the first receptor for which a cellular ligand,
CDS55 (also termed decay-accelerating factor, DAF),
was demonstrated (Hamann et al. 1996). CD55/DAF is
a GPI-anchored molecule expressed by all blood cells
and cells in contact with blood and tissue fluid. CD97
binds CD55/DAF via the N-terminal EGF-like domain
region (Hamann et al. 1996, 1998; Lin et al. 2001).
This was not unexpected as the EGF-like short consen-
sus repeats are the most characteristic structural ele-
ments in the extracellular domain, and are common
modules used in cell adhesion and chemotaxis. As
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a result of alternative mRNA splicing, CD97 exists as
three major isoforms that contain between three and
five EGF-like domains (compare Fig. 4).

All human CD97 isoforms bind CD55/DAF, albeit
with different affinities, the smallest isoform binding
the ligand with the highest affinity (Hamann et al.
1996, 1998; Lin et al. 2001). The functional conse-
quences of CD97-CD55 binding have not been fully
elucidated, and G-protein-mediated signal transduc-
tion has not been demonstrated (see below). The larg-
est isoform of human CD97 also interacts with the
glycosaminoglycan chondroitin sulfate B (CS; Stacey
et al. 2003; Kwakkenbos et al. 2005; compare Fig. 4).
Ligand specificity for CS is shared by EMR2, whose
EGF domain region is highly similar to that of CD97,
but not by other family members. Indeed, only mar-
ginal sequence differences in the EGF-like domains
result in dramatic differences in their affinity toward
the ligand. EMR2, differing from CD97 by only three
amino acids within the EGF domains, binds CD55
with a Ky at least an order of magnitude weaker than
that of CD97 (Lin et al. 2001). Finally, a third ligand
of human CD97 was identified by demonstrating that
integrin a5B1 (very late antigen [VLA]-5) and possi-
bly also integrin av3 binds the Arg-Gly-Asp (RGD)
motif in the stalk region (Wang et al. 2005; compare
Fig. 4). The ability of CD97 isoforms, and also other
EGF-TMT7 receptors, to interact with such a diverse
range of ligand types is based on their variable
numbers and sequences of N-terminal EGF-like
domains (compare Fig. 4). The first two EGF domains
of CD97 (but not EMR2) bind CD55 (decay-
accelerating factor), while the fourth EGF domain of
both CD97 and EMR2 interacts with CS
(Kwakkenbos et al. 2005).

The majority of such receptor—ligand interactions at
the cell surface appear to be weak and transient. Lin
and coworkers developed a screening strategy which is
specifically suited to identify low-affinity ligands for
the EGF-like short consensus repeat domains of EGF-
TMT7 receptors (Lin et al. 2005). In brief, recombinant
expression constructs were engineered encoding the
variable EGF-like domains coupled to a mouse Fc
fragment and a biotinylation signal sequence. These
constructs were then expressed, purified, and
biotinylated. Finally, the biotinylated proteins were
coupled in a specific orientation to avidin-coated fluo-
rescent beads to screen for ligand-bearing cells or
tissues (Lin et al. 2005). Based on these multivalent
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Adhesion GPCRs, Fig. 4 Cartoon representation of CD97
interacting with its cellular ligands (reproduced with permission
from: Hamann J, Veninga H, de Groot DM et al. CD97 in
leukocyte trafficking. In: Yona S, Stacey M, eds. Adhesion-
GPCRs: Structure to Function. Austin/New York: Landes Bio-
science/Springer Science + Business Media, 2010: epub ahead
of print http://www.landesbioscience.com/curie/chapter/ 4547/.).
(a) At the cell surface, CD97 is expressed as a non-covalently
associated heterodimer consisting of an extracellular chain and
a membrane-spanning chain. The two chains result from auto-
catalytic processing of a single CD97 propeptide. Alternative
splicing generates isoforms with 3, 4, or 5 EGF domains. Shown
here are the smallest and the largest isoform. While EGF
domains 1 and 2 interact with CD55, EGF domain 4, which
only is present in the largest isoform, binds chondroitin sulfate.

Integrins bind a RGD motif in the “stalk” region of human
CD97. (b) Mouse CD97 has a similar structure but the maximum
number of EGF domains is only 4. Shown here is the middle
isoform. In the largest isoform of mouse CD97, the EGF
domains 2 and 3 are separated by 45 amino acids. (¢) Compar-
ison of binding characteristics of human and mouse CD97
isoforms. Depicted is the composition of the EGF domain
region, the relative amount of transcripts present in leukocytes
and the ligand specificity. In humans, affinity for CD55 corre-
lates inversely with the number of EGF domains. An interaction
of EGF domain 3 of mouse CD97 (the counterpart of EGF
domain 4 in humans) with chondroitin sulfate still needs to be
proven. The binding site of monoclonal antibodies recognizing
specific EGF domains in mouse CD97 is indicated



Adhesion GPCRs

protein probes, putative cell surface ligands were also
identified for other members of the EGF-TM7 clan
(Stacey et al. 2001, 2002, 2003).

GPR56, also known as TM7XN1 (7-transmembrane
protein with no epidermal growth factor-like
NH2-terminal domains 1) functions in tumor cell adhe-
sion and has a role in the development of neural pro-
genitor cells. The amino-terminal domain contains
a large number of possible N- and O-linked glycosyla-
tion sites similar to mucin-like proteins, but no further
adhesion motifs (compare Fig. 1). Tissue transglu-
taminase 2 (TG2), an integrin-binding adhesion
co-receptor for fibronectin, was proposed as a candidate
ligand (Xu et al. 2006). Ubiquitously expressed in tissue
and tumor stroma, it localizes mainly in the cytoplasm;
yet recent reports suggest its presence also at the cell
surface, and in the extracellular matrix. TG2 was
reported to specifically bind to GPR56 in the mouse
(Xu et al. 2006), but not in the human (Nien-Yi Chiang
and Hsi-Hsien Lin, personal communication). The sig-
nificance of this species difference is not known.
Although TG2 seemed to interact with the N terminus
of mouse GPR56, it is not clear whether it indeed
functions as a traditional ligand. As no specific adhesion
motifs have been recognized within the N-terminal
domain of GPR56, a specific site of interaction remains
unknown.

Brain angiogenesis inhibitor 1 (BAI1) is expressed
on glial cells within the brain, but also on monocytes
and macrophages. Its surface expression is dramati-
cally downregulated in many glioblastomas, consistent
with its ability to inhibit angiogenesis and tumor
growth in vivo. The large extracellular domain con-
tains one HBD motif and five tandem copies of
thrombospondin type 1 repeats (TSRs) (compare
Fig. 1). The latter seem to interact with phosphati-
dylserine (PS), and cells that expressed BAIl have
been shown to selectively engulf a synthetic substrate
containing PS. Genetic manipulation of the BAII
extracellular domain showed that the TSRs were
essential for the recognition of PS on apoptotic cells,
and direct binding to lipid overlays showed stereospe-
cific binding to PS as well (Park et al. 2007). Also,
soluble TSRs derived from BAI1 were shown to inhibit
macrophage engulfment of apoptotic thymocytes both
ex vivo and in vivo. The adhesive Arg-Gly-Asp (RGD)
motif, also present in BAIl, was dispensable under
these conditions. Given previous data supporting
a role for thrombospondin 1 as a bridging molecule
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that recognizes apoptotic cells, it may be assumed that
PS is anovel ligand for BAII that promotes the engulf-
ment activity of cells (see below).

Despite long-standing efforts, no further ligands
have as yet been identified for any other members of
the adhesion GPCR family. Unavailable 3D struc-
tures, heterogeneity of ectodomains, and/or ambigu-
ous relationships within the family make an in silico
ligand prediction difficult and error-prone. Although
phylogenetically related to the Secretin GPCRs
(Nordstrom et al. 2009), the peptide hormone ligands
of the latter receptor family do not provide a clue.
Finally, the idea needs to be considered that orphan
adhesion GPCRs may have ligand-independent func-
tions. The concept of ligand-independent receptor
activation is connected with the observation that
some orphan receptors can heterodimerize with struc-
turally unrelated GPCRs which have identified
ligands, thereby regulating functions of the latter,
while other receptors were shown to be constitutively
active without any ligand.

Reassembly of Subunits and Receptor
(Hetero-)Oligomerisation

According to the common and well-established para-
digm of GPCR activation, ligand binding leads to
conformational changes in the heptahelical domain
and cytoplasmic tail, thereby activating intracellular
signaling pathways. The adhesion GPCRs may be
assumed to follow this paradigm. However, the two-
subunit configuration with seemingly independent
ecto- and endosubunits (“split receptors”; Fig. 3) and
receptor dimerisation/ oligomerisation are specific
complications which may explain the difficulties in
identifying intracellular signaling pathways. Several
models are suitable to explain experimental observa-
tions concerning subunit interaction and receptor acti-
vation (according to Davies et al. 2007; Silva et al.
2009a; Yi-Shu Huang and Hsi-Hsien Lin, personal
communication):

(a) The mature adhesion GPCR molecule exists as
a stable heterodimer. After GPS-cleavage in the
ER, the two subunits remain non-covalently
bound at the cell surface. Upon ligand binding by
the ectosubunit, conformational changes are
induced in the non-covalently bound endosubunit,
followed by signal transduction into the cell.
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(b) GPS cleavage, possibly in conjunction with addi-
tional processing steps, creates two independent
molecular entities at the cell surface. Upon ligand
binding, the ectoprotein changes its conformation
and is enabled to reassociate with the endoprotein,
followed by signal transduction into the cell.

(c) Ectoprotein and endoprotein are independent
membrane receptors, each of them binding differ-
ent ligands. The anchoring mechanism holding the
ectoprotein in place is unknown. Upon ligand
binding, both membrane proteins are indepen-
dently capable of signal transduction.

(d) Ectoprotein and endoprotein are independent
membrane proteins. Upon ligand binding, signal
transduction into the cell is performed by the
endoprotein, while the ectoprotein is shed from
the cell surface, possibly serving different biolog-
ical functions.

In the case of CIRL/latrophilin, reassembly of the
subunits occurs upon binding of «-latrotoxin to
the N-terminal subunit, as suggested in scenario (b);
(compare Fig. 3). Subsequently, an intracellular sig-
nal is generated via the C-terminus. Thus, the two
CIRL/latrophilin fragments do in fact interact; how-
ever, the proportion of truly associated, rather than
simply colocalized, fragments is difficult to assess
(Volynski et al. 2004; Silva et al. 2009a). In C.
elegans, constructs expressing an N-terminal lat-1
fragment tethered to the cell surface by a single trans-
membrane helix instead of the GPS-TM7 regions
were not able to complement the lat-1 mutant pheno-
type (Langenhan et al. 2009). Thus, both subunits
seem to be necessary for signaling. The adhesive
and signaling properties of Celsr/flamingo, that is,
functions of the endo- and ectosubunits, appear to be
separated in signaling processes during zebrafish gas-
trulation (Carreira-Barbosa et al. 2009) as suggested
in model (c). This contrasts with results obtained for
the lat-1 receptor.

Data presented by Volynski et al. (2004) indicate
that agonist-induced dimerisation/ oligomerization of
the endoprotein accompanies latrophilin signaling
(compare Fig. 3). Similarly, EMR2 is constitutively
expressed as a dimer, and the dimerization is mediated
exclusively by the heptahelical part (Davies et al.
2007). Interestingly, these adhesion GPCRs can also
form hybrid receptor complexes by cross-interaction
of heterogeneric receptor subunits. Heterodimerisation
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between different, but closely related members of the
EGF-TM7 family resulted in the modulation of expres-
sion and ligand binding properties (Davies et al. 2007).
Again, the dimerization seemed to be mediated by the
TM7 region and did not involve the posttranslational
GPS autoproteolysis. Most recently, “promiscuous”
interactions between the endosubunits of completely
unrelated receptors were observed, and these cross-
complexes seemed to be functionally active, although
the in vivo amounts were relatively small (~10%;
Silva et al. 2009a).

Coupling to G Proteins

Activated heptahelical receptors interact with and acti-
vate heterotrimeric guanine nucleotide—binding pro-
teins (G proteins) at the inner side of the cell
membrane. This association is so well established
that the term “G protein-coupled receptor” (GPCR) is
used as a synonym. Still, only limited data are avail-
able which unequivocally demonstrate G protein-
coupling for the adhesion GPCRs. CIRL/Latrophilin/
lectomedin receptor 1 (LEC1/LPHN2) was the first
receptor of this group shown to bind to G proteins
(Lelianova et al. 1997), specifically Gag/11 and Gowo
(Rahman et al. 1999). The interaction was found to be
strong and functional; it was disrupted by conditions
that allow G protein activation and dissociation from
the receptor (Rahman et al. 1999). The latrophilin—-G
protein complex was stable in the presence of GDP but
dissociated when incubated with GTP, suggesting
a functional interaction. Like other receptors, CIRL/
Latrophilin was able to activate more than one
G protein subtype. As revealed by colocalization stud-
ies, it interacted with Gag/11 and Gao, but not with
Gus, Gai, or Goz, indicating that coupling is specific
and not promiscuous. The {alpha}-subunits of Gq and
G11 are almost ubiquitously expressed and couple to
{beta}-isoforms of phospholipase C (PLC). Activation
leads to the production of inositol-1,4,5-trisphosphate
causing subsequent release of Ca2+ from intracellular
Ca2+ stores (for review, see Silva et al. 2009b).
Despite these reports, G protein-coupled signaling of
latrophilin/LEC1 remains controversial. A review by
Foord et al. (2002) reported that o-latrotoxin did not
activate latrophilin/LEC1 in the classical sense as it is
still effective when the transmembrane domains of the
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receptor had been removed. This may be explained by
the fact that the toxin itself has the ability to form
membrane pores, and that these pores are permeable
to cations, especially Ca2+, bypassing any signaling
that can be triggered by the receptor. Thus, many
questions concerning CIRL signaling remain in the
absence of its endogenous ligand(s).

G protein-coupling was also reported for GPR56
(Little et al. 2004; Iguchi et al. 2008), but again no
final conclusion can be drawn regarding a general
principle of signaling. Mass spectrometry screening
in retinoic acid—differentiated NT2 teratocarcinoma
cells suggested that GPR56 specifically associates
with Gag/11 as part of a larger complex with
tetraspanins CD9 (Tspan29) and CD81 (Tspan28)
(Little et al. 2004). These authors at the same time
reported a lack of Gag/11 association for CD97. In
an overexpression system, Iguchi et al. (2008)
observed that GPR56 signaled via a Go12/13 and
Rho pathway. GPR56-mediated intracellular Ca2+
mobilization, on the other hand, was not observed.
G proteins G12 and G13 are often activated by recep-
tors which also couple to Gq/G11. A well-established
downstream effector of G alpha 12/13-mediated sig-
naling is the monomeric GTPase RhoA, which is
a regulator of actin stress fibers and assembly of focal
adhesions, gene transcription, and control of cell
growth. Indeed, ectopic expression of GPRS56 in
NIH3T3 cells induced F-actin accumulation in
a Go12/13- and Rho-dependent manner (Iguchi et al.
2008). The transcriptional activation and actin reorga-
nization were found to be inhibited by an RGS domain
of the p115 Rho-specific guanine nucleotide exchange
factor (p115 RhoGEF RGS) and a dominant negative
form of Rho (Iguchi et al. 2008).

Monk et al. (2009) proposed that DREG/Gprl126
drives the differentiation of promyelinating Schwann
cells by elevating intracellular cAMP levels. Since
many GPCRs induce the production of cAMP by
adenylate cyclase activation, the logical supposition
would be that Gpr126 may likewise act as an upstream
effector of adenylate cyclase. Still, it remains to be
demonstrated that Gprl26 actually associates with
a G protein complex, or that the regulation of cAMP
by Gprl26 is direct. Similarly, a recent study showed
that targeted mutation of the very large G protein-
coupled receptor 1 (VLGR1), also known as MASS1
or GPR98, resulted in an increase in the expression and
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in the redistribution of adenylate cyclase 6 in
stereocilia of the cochlea (Michalski et al. 2007). The
restricted adenylate cyclase immunostaining just
nearby the ankle-link molecular complex (ALC) in
wild-type mice and its spreading out along the
stereocilia in knockout mice argue in favor of
a functional coupling between Vlgrl and adenylate
cyclase 6. Vlgrl is thus expected to activate the Gas
subunit, which in turn activates cAMP-dependent sig-
naling pathways via adenylate cyclase and protein
kinase A (PKA) activation. A-kinase anchoring pro-
teins (AKAPs) are believed to localize PKA to the
GPCR-associated molecular complex. Again, how-
ever, additional studies showing specific interactions
are clearly warranted.

For some other adhesion GPCRs, G protein-
coupling is described in the patent literature. Summa-
rizing such patent data, Foord et al. (2002) reported
that CD97, EMR1, and HE6/GPR64 will activate the
G-proteins Gas/Gq when overexpressed in Xenopus
melanophores (C. Jayawickreme, personal communi-
cation). These data seem to be at odds with the reported
lack of Gag/11 association for CD97 by Little et al.
(2004). However, the signaling properties of GPCRs
may depend on the cellular context. According to
Foord et al. (2002), CDS55/DAF interaction with
CD97 (see above) did not appear to induce any
G-protein signaling. Thus, whether signaling after
EGF-TM7 ligand interaction occurs via classical
heterotrimeric G proteins or uses alternative G-pro-
tein-independent signaling pathways remains to be
seen. Increasing evidence indicates that many
heptahelical receptors, including the adhesion
GPCRs, signal through G protein-independent path-
ways, involving JAK/STATSs, Src-family tyrosine
kinases, GRKs/B-arrestins, and PDZ domain-
containing proteins (see below).

Interactions with Other Proteins

Apart from G protein-coupling, GPCRs can associate
with a variety of interacting proteins, such as the
B-arrestins, PDZ(PSD95/Dlg/Z0-1), SH2, and
polyproline-binding proteins. These GPCR interacting
proteins (GIPs) may help to create signaling specificity
by engaging additional signaling pathways or local-
izing signaling events to specific subcellular sites.
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The predominant target of GIPs is the intracellular
C-terminus of GPCRs. PDZ domain proteins, first dis-
covered in the postsynaptic density 95 (PSD95), disk-
large (Dlg) and zona occludens-1 (ZO-1) proteins,
constitute the largest protein family among the GIPs.
They primarily bind a C-terminal S/TXV(L/I) consen-
sus motif, also called a PDZ “ligand.” The ability of
PDZ domain proteins to bind short and extreme
C-terminal sequences offers a way to interact with
target proteins without disrupting their overall struc-
ture and function. Their predominant function as GIPs
is to assemble signaling pathway components into
close proximity by recognition of the last four
C-terminal amino acids of GPCRs, but they may also
regulate the function of their ligands.

A number of adhesion GPCRs express a PDZ rec-
ognition motif at their extreme C-terminus, including
CD97, BAI1-3, CIRL1/2, VLGRI, as well as
GPR123, GPR124, GPR125, and GPR133 (for review,
see Bjarnadottir et al. 2007). The consensus motif often
is conserved between species, suggesting a functional
role. Physical interaction of C-termini with PDZ
domain proteins has been described for a several adhe-
sion GPCRs by means of a yeast two-hybrid screen.
Using the C-terminus of the receptor molecule as bait,
PDZ domain proteins of the Shank family were iden-
tified as binding partners of the G protein-coupled
a-latrotoxin receptor CL1 (Tobaben et al. 2000;
2002). Shank proteins are multidomain scaffold pro-
teins of the postsynaptic density, connecting neuro-
transmitter receptors and other membrane proteins
with signaling proteins and the actin cytoskeleton
(see below). Correspondingly, Kreienkamp et al.
(2002) identified the intracellular C-termini of CIRL1
and CIRL2 as interaction partners of the PDZ domain
of the proline-rich synapse-associated protein
(ProSAP)/somatostatin receptor-interacting protein
(SSTRIP) family of postsynaptic proteins (SSTRIP,
ProSAP1, and ProSAP2, also known as shankl-—
shank3, respectively). Shank proteins colocalized
with latrotoxin binding GPCR latrophilin 1 (LPHN1;
also known as CL1 and CIRLI) at synapses in native
brain tissue and may induce clustering of latrophilin 1
in membrane-associated signaling complexes.

The clade of BAI receptors, on the other hand, did
not bind to ProSAP/shank (Kreienkamp et al. 2002).
Rather, a novel protein was cloned by a similar
approach, BAP1 (BAIll-associated protein), which
interacts with the cytoplasmic region of BAIl
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(Shiratsuchi et al. 1998). The interaction was medi-
ated by the PDZ recognition motif in the carboxy-
terminal region of the BAIl receptor and the PDZ
domains of BAP1. BAP1 is a member of the
MAGUK (membrane-associated guanylate kinase
homologue) family; it possesses a guanylate kinase
domain, WW domains, and multiple PDZ domains.
The purpose of the interaction is believed to be sev-
eral fold: (1) the targeting of BAI receptors to their
sites of action (e.g., synaptic membranes), (2) anchor-
ing to the actin-based cytoskeleton (see below), and
(3) physical association of BAI receptors with ele-
ments of the signal transduction machinery
(Shiratsuchi et al. 1998).

VLGRI1 is involved in the Usher syndrome, an
autosomal recessive disorder characterized by com-
bined hearing loss and retinal degeneration. The
extreme C-terminus also corresponds to the consensus
motif that is recognized as a ligand for the class I
subfamily of PDZ domains. Yeast two hybrid
and in vitro protein association experiments have
shown direct physical interactions between the
C-terminus of VLGR1 and the PDZ domain-
containing submembrane protein whirlin (Michalski
et al. 2007). The large transmembrane protein usherin,
the putative transmembrane protein vezatin, and
whirlin are colocalized with Vlgrl at the stereocilia
base in developing cochlear hair cells; they are absent
in Vlgrl knockout mice that lack the ankle links
(Michalski et al. 2007). The data support the existence
of an ankle-link molecular complex (ALC) in the
cochlea that includes VLGRI1, usherin, vezatin, and
whirlin. As all of these proteins bind to myosin VIla,
Michalski et al. (2007) suggested that this actin-based
motor protein conveys both transmembrane and
submembrane ALC proteins to the stereocilia of the
inner ear.

Interactions of adhesion GPCRs and PDZ domain-
containing scaffolding molecules with filamentous
(F)-actin, as indicated in the examples above, suggest
a role in the maintenance and remodeling of the actin
cytoskeleton. CIRL-binding ProSAP/shank interacts
with fodrin and cortactin—F-actin-binding proteins
enriched at cell-matrix contact sites (Kreienkamp
et al. 2002). VLGRI is indirectly connected via its
C-terminus to the actin cytoskeleton of stereocilia
through the motor domain of myosin VIla dimers.
Similarly, HE6/GPR64 and CD97 colocalize with
F-actin in the stereocilia of male excurrent duct
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epithelia (Kirchhoff et al. 2008; Veninga et al. 2008).
In intestinal epithelial cells, CD97 is located in
E-cadherin-based adherens junctions and seems to reg-
ulate epithelial strength (Becker et al. 2010). Partial
co-staining of CD97 and cortical F-actin indicated that
the receptor might be involved in anchoring adherens
junction components to the cytoskeletal network. The
related EMR2 receptor colocalizes with Racl (Yona
et al. 2008b), a small Rho-GTPase which regulates
actin polymerization. When leukocytes were treated
for a short period with small amounts of N-formyl-
methionine-leucine-phenylalanine, a peptide chain
produced by some bacteria, EMR2 and Racl were
rapidly translocated to the leading edge and other
lamellipodia and colocalized with F-actin (Yona et al.
2008b).

ELMO/Dock180/Rac proteins comprise
a conserved signaling module which promotes the
internalization of apoptotic cells; ELMO and
Dock180 function together as a Guanine nucleotide
Exchange Factor (GEF) for Rac, and thereby regulate
the phagocyte actin cytoskeleton during engulfment.
Using yeast two-hybrid screening to identify
upstream ELMO-interacting proteins, Park et al.
(2007) identified the BAII1 receptor. Mutational anal-
ysis showed that ELMO1 bound to a short alpha-
helical stretch within the BAIl cytoplasmic tail,
which was necessary and sufficient for ELMO bind-
ing. Furthermore, the formation of a trimeric complex
of BAII-ELMO-Dock180 was associated with
enhanced Rac—GTP levels and the greatest increase
in apoptotic cell uptake (Park et al. 2007). In addition,
the cytoplasmic tail of BAIl interacts with the
Src homology 3 (SH3) domain of a BAI-associated
protein 2 (BAIAP2; Oda et al. 1999), also known as
the insulin receptor tyrosine kinase substrate of
53 kDa (IRSp53).

GPR56 associates in a complex with Goaq and
tetraspanins (Little et al. 2004). Tetraspanin-associated
microdomains also connect to the actin cytoskeleton,
regulating cell motility and polarity. The C-termini of
CDS81 and CD9 both possess potential PDZ-domain-
binding sites and thus could indirectly link GPR56 to
the actin cytoskeleton through the PDZ domains of as
yet unknown intracellular proteins. Together with the
observation of Rho-dependent actin reorganization
during GPRS56 signaling (Iguchi et al. 2008),
a general role in the dynamic reorganization of the
actin cytoskeleton seems likely.
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Summary

Although molecular biological and bioinformatics
techniques made the identification of all human adhe-
sion GPCRs amenable, the vast majority are still
poorly studied orphans with largely unknown struc-
tures and functions. Thus, the most important limita-
tion in our current understanding is the persistent
paucity of data concerning adhesion GPCR signaling.
Being aware of this limitation, the chapter made an
effort to list known ligands and to summarize aspects
of signal transduction of individual family members in
comparison with canonical GPCRs. However, any
general characteristics of adhesion GCPR ligands, as
well as a generally valid mechanism of receptor
docking, ligand-induced activation, signal transduc-
tion, and receptor desensitization has remained
undiscerned. There are several issues which may
account for this shortage. (1) Ligands may be exoge-
nous or may be only expressed in a specific tissue at
a particular time under distinct conditions, and a better
knowledge of the biology of such receptor/ligand pairs
is required before an effort of deorphanization can be
undertaken. (2) Orphan adhesion GPCRs may function
in the absence of receptor occupation, or some orphans
do not activate a signaling cascade alone, but only in
conjunction with others. Thus, they may not induce
their own second messenger pathway but rather mod-
ulate that of others. (3) Some adhesion GPCRs may not
stimulate but rather inhibit cell signaling. (4) Although
some adhesion GPCRs induce second messenger
responses via G proteins, there are indications that
others may link to different, perhaps unknown signal-
ing pathways. If this were the case, deorphanization of
the remaining will have to wait until these pathways
have been defined more clearly. Future challenges in
common with other orphan receptors thus are to find
endogenous ligands, and to elucidate the general
mechanisms underlying the signaling and regulation
of receptor desensitization. A unique aspect of the
adhesion GCPRs which awaits future elucidation is
the significance of their complex posttranslational
processing. Many aspects of this processing, including
glycosylation, cleavage at the GPS, and the role of
“split receptors” subunits remain unclear. The fates
of the two subunits and their reassociation at the
plasma membrane might provide a variety of different
signaling mechanisms which are specific for the adhe-
sion GPCRs.
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associated, 1); PCDS8 (programmed cell death 8)

Historical Background

Apoptosis-inducing factor (AIF), which is confined to
mitochondria of normal healthy cells, was initially
described by Kroemer and coworkers (Susin et al.
1999) as the first caspase-independent death effector.
Under conditions of cell death induction, AIF is
released from mitochondria and translocated to the
nucleus where it contributes to chromatin condensa-
tion and DNA fragmentation, two features that are
classically associated with apoptosis (Hangen et al.
2010a). Since its initial discovery, the structure of the
AIF protein has been resolved and the AIF gene has
been subjected to genetic manipulations in mice, flies,
nematodes, and yeast, revealing the phylogenetically
conserved contribution of AIF to cell death, as well as
its role in cell survival, proliferation, and differentia-
tion (Hangen et al. 2010a).

AIF Protein Synthesis and Regulation

The AIFMI gene resides on human chromosome
X (Xq25-Xq26) and is spread out over 16 exons
(Susin et al. 1999). The most abundant and ubiqui-
tously expressed AIF transcript (AIF1) is translated
in the cytoplasm and imported into the mitochondria
of healthy cells with the help of an N-terminal
mitochondrial localization signal (MLS) (Fig. 1)
(Hangen et al. 2010a). Upon mitochondrial import,
the N-terminal part of the MLS is eliminated by
a mitochondrial peptidase that cleaves the AIF1
protein after residue M53 (Hangen et al. 2010a).
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AIF, Fig. 1 Mitochondrial localization of AIF in healthy cells.
The scheme delineates: (1) the import of unprocessed full length
AIF into mitochondria; (2) the cleavage of its N-terminal MLS
by a mitochondrial peptidase; (3) the insertion of AIF into the
inner mitochondrial membrane (IMM), via its N-terminal trans-
membrane region. OM outer membrane, /MS intermembrane
space, IM inner membrane

The correct targeting of the protein toward the inner
mitochondrial membrane is ensured by the C-terminal
part of the MLS that functions as an inner membrane
sorting signal (IMSS) and harbors a transmembrane
(TM) region (residues 66—84) (Hangen et al. 2010a).
As the imported and fully processed AIF is inserted
into the inner membrane facing the intermembrane
space, it adopts its mature folded configuration through
the incorporation of its cofactor, flavin adenine dinu-
cleotide (FAD) (Modjtahedi et al. 2006). Analyses of
AIF’s crystal structures revealed that the flavoprotein
AIF bears a similar fold as bacterial nicotinamide
adenine dinucleotide (NAD)—dependent oxidoreduc-
tases, and contains two FAD-binding segments (resi-
dues 128-262 and 401-480) and an NADH-binding
domain (residues 263—400) (Fig. 2) (Modjtahedi et al.
2006). Although AIF is able to oxidize NADH and
NADPH in vitro, the substrate (s) targeted by its enzy-
matic activity in vivo remain elusive. Published data
indicate that the conformational modifications of AIF
must play a tight control over its unknown enzymatic
activity via redox-dependent monomer—dimer transi-
tions (Hangen et al. 2010a).

The primary AIF transcript is subjected to tissue-
specific alternative splicing (Hangen et al. 2010a)
(Fig. 2). The alternative usage of exon 2 (2a or 2b)
allows for the production of two splice variants (AIF1
and AIF2). Exon 2a is included in the most abundant
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AIF isoform (AIF1). The two isoforms exhibit a lim-
ited difference, which is confined to the C-terminal
part of their MLS (Hangen et al. 2010b). While AIF1
is expressed in almost all tissues, AIF2 mRNA expres-
sion is restricted to brain and retina. The modulation of
AIF2’s expression during brain development and
in vitro—induced neuronal differentiation indicates
that the expression of this isoform is influenced by
differentiation signals (Hangen et al. 2010b). Several
additional AIF isoforms have been described (Hangen
et al. 2010a). AlFsh is a short variant that is produced
from an alternative transcript whose transcriptional
start site is located within intron 9 of AIFMI1. This
variant lacks the N-terminal MLS and the enzymatic
domain, but retains the C-terminal domain (which
harbors the pro-apoptotic segment). Transfection-
enforced expression of AlFsh results in its accumula-
tion in the nucleus and triggers apoptosis (Hangen et al.
2010a). Another short form of AIF (AIFsh2) results
from the alternative usage of exon 9b, which contains
a stop codon. This isoform maintains the conserved
mitochondrial localization and redox function, but
lacks the C-terminal pro-apoptotic domain (Hangen
et al. 2010a). A third short form of AIF (AIFsh3)
lacks the mitochondrial localization signal but other-
wise resembles AIFsh2 (Hangen et al. 2010a). Quan-
titative profiling of mRNA expression and proteomics
will be required to assess the precise distribution of
each isoform in various tissues.

The Involvement of AIF in Cell Death

Upon mitochondrial outer membrane permeabilization
(MOMP) - a feature of most, if not all, apoptotic
pathways (Green and Kroemer 2004) — AIF is released
from mitochondria and translocates to the nucleus,
where it mediates chromatin condensation and DNA
degradation (Hangen et al. 2010a). The mitochondrio-
nuclear translocation of AIF has been observed during
developmental cell death, in cells that die in response
to genotoxic agents, in the context of exitotoxicity
induced by glutamate or other NMDA receptor ago-
nists, in hypoxia-ischemia followed by reperfusion, in
neurodegeneration, and in pathogen exposure. As
a result, it has been hypothesized that AIF’s lethal
activity could regulate a wide range of cell death par-
adigms (Hangen et al. 2010a). Nonetheless, the genetic
deletion or downregulation of murine Aifim/ revealed
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AIF, Fig. 2 Schematic presentation of AIF splice variants.
Alternative splice products of human AIF (AIF1, AIF2, AlFsh,
AlFsh2, and AIFsh3) are depicted. MLS (blue), IMSS (blue or
cream), FAD-binding domain (FAD; light green), NADH-

that AIF was not a general death effector and that its
contribution to cell death depended on the cell type
and/or the apoptotic insult (Hangen et al. 2010a).
Today, AIF’s lethal activity is considered to be
required for the programmed death of neurons and
photoreceptor cells provoked by excitotoxins, hyp-
oxia-ischemia, hypoglycemia, or withdrawal of tro-
phic support, as in the case of retinal detachment
(Hangen et al. 2010a). The neuro-specific death activ-
ity of AIF was first suspected from in vitro observa-
tions, which implicated AIF in poly (ADP-ribose)
polymerase I (PARP-1)-dependent neuronal death
(Wang et al. 2009) and then confirmed through the
characterization of the mutant Harlequin (Hq) mice,
which carries a hypomorphic Aifm] mutation that pro-
vokes an 80% reduction in the expression level of AIF
compared to wild type animals (Klein et al. 2002;
Hangen et al. 2010a). For example, in vivo excitotoxic
studies using kainic acid—induced seizures revealed
that the brains of Hq mice developed less hippocampal
damage than wild type animals. In addition, compared
to wild type animal, the brain of Hq mouse is more
resistant to ischemia-induced damage. Likewise, the
prevention of AIF’s nucleo-mitochondrial transloca-
tion has a neuroprotective effect (Hangen et al. 2010a).

It is generally assumed that the mitochondrial
release of AIF requires the proteolytic activity of cal-
cium-dependent cysteine-proteases of the b calpain
family that cleave-off the N-terminal transmembrane

binding domain (NADH; dark green), and the C-terminal
domain (green). Numbers correspond to the first and last
amino acids of each variant

segment after the leucine 101 (human numbering) and
render the protein soluble (Hangen et al. 2010a)
(Fig. 3). In neurons that die in response to ischemia
or excitotoxicity, it was observed that the proteolytic
cleavage of AIF is secondary to the hyperactivation of
PARPI, a nuclear DNA repair enzyme involved in the
DNA damage response (Schreiber et al. 2006; Hangen
et al. 2010a). Other mechanisms of AIF release may
exist because the sole accumulation of poly(ADP-
ribose) (PAR) polymers, generated by PARP1, may
cause the release of AIF from mitochondria of dying
neurons without any requirement for AIF proteolysis
(Wang et al. 2009). In this latter case, a pool of AIF
molecules, which reportedly is associated with the
surface of the outer mitochondrial membrane, would
be targeted by PAR molecules (Yu et al. 2009).

The lethal activity of AIF is also determined by the
nucleic acid binding potential of AIF. Crystal struc-
tures of AIF and mutagenesis experiments revealed the
existence of positively charged amino acids that are
scattered at the surface of the molecule and that are
required for the interaction with DNA or RNA and for
the induction of nuclear apoptosis by over expressed
AIF. Recombinant AIF provokes DNA condensation
through direct, sequence-independent interactions with
single or double stranded DNA (Hangen et al. 2010a).
In addition, AIF interacts with several proteins, in
particular cyclophilin A (Artus et al. 2010; Hangen
et al. 2010a) and histone H2AX (Artus et al. 2010),



AlF

85

Mitochondrial matrix

M
‘ AIF
Apoptotic
IMS cleavage

3

Solubilization

AIF

AIF AIF

2
ow I
4

Apoptotic signal

Release

AIF AlIF

Cytosol

5

Translocation

AIF, Fig. 3 Lethal activities of AIF. In cells undergoing
programmed death, the activation of AIF lethal function
requires: (1) mitochondrial membrane permeabilization in
response to lethal signals; (2) the proteolytic activity of
a calcium-dependent protease that belongs to calpain family;
(3) the solubilization of the membrane-anchored AIF protein;

and these interactions are required for the lethal action
of nuclear AIF. The RNA binding activity of AIF that
was revealed in vitro requires also further investigation
(Hangen et al. 2010a).

The Involvement of AIF in Cell Survival,
Proliferation, and Differentiation

AIF is a bifunctional flavoprotein. Indeed, in addition
to its lethal function within the nucleus of dying cells,
AIF plays a vital role in healthy cells, likewise by its
impact on mitochondrial bioenergetics (Hangen et al.

(4) the release of the solubilized protein into the cytosol; and (5)
its translocation to the nucleus. The translocation and the chro-
matin-condensing activity of AIF are positively regulated by its
interaction with protein partners, cyclophilin A, and histone
H2X

2010a). Initially, the revelation of a significant homol-
ogy between the internal, non-apoptotic, segment of
AIF and bacterial NADH-oxidases hinted toward the
possibility that AIF could fulfill a non-apoptotic enzy-
matic function in healthy cells (Hangen et al. 2010a).
Later, the phenotypic characterization of Harlequin
(Hq) mouse, a model of late-onset neurodegeneration,
was instrumental in highlighting the vital non-
apoptotic activity of AIF and its impact on cell
survival, proliferation, and differentiation (Hangen
et al. 2010a). Hq mice develop ataxia and blindness
due to an age-associated, progressive loss of ter-
minally differentiated cerebellar and retinal neuron
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AIF, Fig. 4 Regulation of mitochondrial respiratory chain com-
plexes by AIF. In the mitochondria of healthy cells, the respira-
tory chain complex I activity depends on the presence of AIF.
Schematic presentation of electron transfer activity (red arrow)
from respiratory chain complexes I to V (blue). The proton

(Klein et al. 2002). Moreover, signs of oxidative stress
are detected in the degenerating organs and in dying
neurons of Hq animal (Hangen et al. 2010a). All the
neurodegenerative traits of Hq mouse are secondary to
a retroviral insertion in the first intron of Aifml, which
causes an 80% reduction in AIF expression (Klein
et al. 2002; Hangen et al. 2010a).

All attempts to create AIF null mice by homologous
recombination were unsuccessful because AIF is indis-
pensable for cell survival during embryogenesis
(Hangen et al. 2010a). Conditional genetic deletion of
AIFml has been possible by targeting specific mouse
organs. The specific deletion of AIF in the prospective
midbrain and cerebellum revealed that AIF is neces-
sary for cell-type specific neurogenesis in the develop-
ing brain (Ishimura et al. 2008). A major defect in
cortical development and reduced neuronal survival
was observed when AIFml was specifically lost in
the telencephalon (Cheung et al. 2006). The condi-
tional deletion of AIFFml in muscle and liver has an
important impact on whole-body metabolism. Com-
pared to control littermates, muscle- and liver-specific
AIF mutant mice are resistant to diet-induced obesity
and diabetes (Pospisilik et al. 2007). With aging,
mutant mice with muscle-specific loss of AIF develop
severe skeletal muscle atrophy and a dilated cardiomy-
opathy before becoming lethargic around the age of
5 months (Joza et al. 2005).

gradient (H") produced by the activity of complexes I, III, and
IV is used by complex V for ATP synthesis. Mitochondrial AIF1
(brown transmembrane segment) and AIF2 (green transmem-
brane segment) both allow for the normal function of complex
I subunits. CoQ coenzyme Q, Cyt ¢ cytochrome ¢

Biochemical analyses of Hq mice or mice with
organ-specific AIF defects revealed that the deletion
or depletion of AIF led to a major dysfunction of the
mitochondrial respiratory chain (Hangen et al. 2010a)
(Fig. 4). Among the five multi-protein complexes that
constitute the respiratory chain, complex I is the most
reduced by AIF deficiency. Biochemical studies
revealed that the observed dysfunction was due to
a post-transcriptional loss of complex I protein sub-
units (Hangen et al. 2010a). Occasionally,
a dysfunction of complexes III, IV, or V could also
be detected in specific cells or tissues lacking AIF
(Hangen et al. 2010a). The global downregulation of
AIF in Hq mice also provokes a complex I dysfunction
that is limited to those tissues that exhibit degenerative
changes (Hangen et al. 2010a). Although the molecular
basis for the tissue-specificity of this manifestation is
not understood, there is a clear correlation between the
downregulation of AIF in degenerating Hq organs, the
progressive aggravation of complex I dysfunction, and
the phenotypic evolution. Thus, Hq mice constitute
a valuable, tissue-specific model of complex
I deficiency (Hangen et al. 2010a). In the past, we
proposed that AIF was necessary for the maintenance
or for the assembly of the mitochondrial respiratory
chain complex I subunits (Hangen et al. 2010a). The
mechanistic exploration of these effects requires the
identification and characterization of the substrates
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AIF, Fig. 5 AIF homologs. Schematic presentation of the func-
tional domains of human AIF, AMID, and AIFL. Important
domains are the FAD-binding domain (green), the NADH-

affected by the enzymatic activity of AIF. In addition
to its redox-active domain, AIF could harbor addi-
tional functional segments that regulate the structure
and/or stability of the inner mitochondrial membrane.
This is suggested by the fact that the loss of AIF in the
telencephalon entails a degenerative phenotype
accompanied by fragmentation of the mitochondrial
network and aberrant cristae in cortical neurons
(Cheung et al. 2006). The potential inner membrane-
stabilizing activity of AIF may reside in its transmem-
brane segment. This possibility is supported by the
recent description of a brain-specific isoform of AIF
(AIF2) that is produced through the alternative usage
of exon 2 (Fig. 2) and differs from the ubiquitously
expressed AIF (AIF1) only within its transmembrane
region (Hangen et al. 2010b) (Fig. 4). Both AIF1 and
AIF2 localize to the same mitochondrial sub-
compartment and are similar in their capacity to regu-
late the stability of complex I subunits, yet differ in
their membrane anchorage capacity and in their effects
on mitochondrial morphology (Hangen et al. 2010b).

AIF Homologs

AIF is the founding member of the AIF family of
proteins, whose members share structural and func-
tional features (Fig. 5). This family has two additional
members in humans. AIFL, which is ubiquitously
encoded by AIFM3 located on chromosome 22
(GeneCards; http://www.genecards.org), is a 605
amino acid protein that localizes to mitochondria but
lacks a manifest MLS (Modjtahedi et al. 2006). The
main homology between AIF and AIFL resides in their
shared pyridine nucleotide-disulfide oxidoreductase

binding domain (dark green), the C-terminal domain (light
green), and the Rieske domain (fuchsia)

domain (Modjtahedi et al. 2006) (Fig. 5). AMID (also
called PRG3), which is encoded by AIFM2 located on
chromosome 10 (GeneCards) is the third member of
the family (Fig. 5). No mitochondrial localization
sequence (MLS) was found at the N-terminus of
AMID, but mutagenesis experiments suggest the exis-
tence of an internal MLS that targets a fraction
of AMID to mitochondria while another fraction
is found in the cytosol (Modjtahedi et al. 2006).
AMID is transcriptionally activated by » p53, and its
expression is downregulated in tumors (Modjtahedi
et al. 2006). AMID binds DNA in a sequence-
independent manner, and its enzymatic activity is
affected by this interaction (Gong et al. 2007). More-
over, instead of FAD, AMID uses the cofactor 6-
hydroxy FAD for its oxidoreductase activity (Marshall
et al. 2005). Saccharomyces cerevisiae AIF1P
(YnrO74cp), which was initially characterized based
on its AIF-like pro-death activities, is phylogenetically
equidistant from human AIF, AIFL, and AMID
(Modjtahedi et al. 2006).

The Implication of AIF in Disease

When exploring two male infant patients born from
monozygotic twin sisters and unrelated fathers, Ghezzi
et al. (2010) discovered that a specific mutation in
AIFMI1 can cause a severe early-onset progressive mito-
chondrial encephalomyopathy. This pathogenic AIF
mutation consists in the deletion of three base pairs
coding for arginine residue 201 of the precursor protein.
The expression of the pathogenic allele negatively
affects OXPHOS. The biochemical examination of
fibroblasts from both patients revealed an important
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defect in CIII and CIV that was partially corrected by
the over expression of recombinant wild type AIF or by
continuous culture of mutant fibroblasts in the presence
of riboflavin, the precursor of FAD. Muscle biopsies
from both patients revealed a severe loss of mitochon-
drial DNA that could be responsible for the combined
multi-complex (CI, CIII, and CIV) dysfunction (Ghezzi
et al. 2010). Molecular modeling of the mutant AIF, as
well as in vitro experiments realized by Ghezzi et al.
(2010), indicate that pathogenic AIF protein is unstable
and possesses altered enzymatic properties compared to
the unmutated AIF protein. Moreover, the deletion of
arginine 201 enhanced the DNA-binding capacity of the
mutant AIF and rendered cells more sensitive to death
stimuli (Ghezzi et al. 2010).

Summary

Although AIF is not a universal cell death effector, it
plays an important role in the programmed death of
neurons and photoreceptors triggered by excitotoxins,
hypoxia-ischemia, hypoglycemia, or the withdrawal of
trophic support. The molecular bases for the tissue-
specific and signal-dependent lethal action of AIF are
largely elusive and await the exploration of mouse
models that allow for the conditional and tissue-specific
deletion of each splice variant of AIF. It is conceivable
that the mitochondrial dysfunction generated by the
release and the nuclear translocation of AIF, in certain
circumstances, may influence the cellular response to
lethal signals. The creation of mouse models carrying
knock-in mutations in each of the functional domains of
AIF, including those involved in the regulation of respi-
ratory chain complexes, will be instrumental for under-
standing the vital and lethal roles of AIF, including that
of AIF in human mitochondrial diseases.
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AKAPs

AKAPs are a diverse family of scaffold proteins that
form multi-protein complexes, integrating 3’-5’-cyclic
adenosine monophosphate (cAMP) -signaling with
protein kinases, phosphatases, and other effector
proteins.

AKAP Historical Background

Early physiology experiments illustrated that stimula-
tion of 3°-5’-cyclic adenosine monophosphate (cAMP)
synthesis by different agonists mobilize cAMP-
dependent protein kinase; PKA to elicit distinct phys-
iological outputs, even within the same tissue. For
example, adrenergic stimulation selectively activates
a pool of PKA associated with the particulate fraction
of isolated cardiomyocytes, while prostenoids predom-
inantly activate cytosolic PKA. These observations led
to the concept of compartmentation of PKA signaling
inside cells (reviewed in Steinberg and Brunton 2001).
Initial evidence supporting this concept came from
experiments demonstrating that type II PKA co-
purifies with microtubules as a consequence of pro-
tein—protein interactions between regulatory RII sub-
units of PKA and microtubule-associated protein
MAP2 (the first identified AKAP) (Theurkauf and
Vallee 1982).

In the order of 40 RII-binding proteins have since
been identified (Welch et al. 2010). The majority of
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these proteins have been identified through the use of
the RII overlay technique and a variety of interaction
cloning strategies.

The identification and characterization of AKAP fam-
ily members has allowed the comparison of their primary
sequences as well as their subcellular distribution.
Almost all AKAPs bind to the RII dimer of PKA through
a well-conserved amphipathic o-helical motif (Carr et al.
1991). The majority of known AKAPs bind specifically
to the RII holoenzyme, however, several dual specificity
AKAPs, which bind to both PKA subtypes, have
also been identified. These include the dual-function
anchoring proteins D-AKAP1 and 2 (Huang et al. 1997).

Analysis of AKAP subcellular location shows that
each AKAP has a unique distribution within a cell type
that is generally conferred by a targeting motif
(Colledge and Scott 1999).

AKAPs are recognized as diverse proteins that
assemble multi-protein complexes, to integrate
cAMP-responsive events with other signaling pro-
cesses. For example, AKAP79 binds PKA and also
interacts with protein kinase C (PKC) and protein
phosphatase 2B (PP2B/calcinuerin) (Klauck et al.
1996). There are now many examples of AKAPs that
coordinate enzymes with opposing actions, such as

adenylyl cyclases and phosphodiesterases.

The historical perspective described here is summa-
rized in Fig. 1. See Smith et al. 2006 for additional
details.

Properties of AKAPs

As depicted in Fig. 2, all members of the AKAP family

possess:

1. A conserved protein kinase A (PKA) anchoring
domain.

2. Binding sites for additional signaling components.
For example, AKAPs act to directly couple PKA to
upstream activators of the cAMP cascade (i.e.,
B-adrenergic receptors and » adenylyl cyclase),
signal terminators (i.e., phosphodiesterases and pro-
tein phosphatases), and other elements of signal
transduction pathways (i.e., protein kinases, cal-
modulin, and small molecular weight GTPases).

3. A targeting domain, functioning to compartmental-
ize signaling complexes to distinct subcellular loca-
tions, thereby generating substrate specificity
(Colledge and Scott 1999).
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Fig. 2 Properties of AKAPs. l
AKAPs regulate the
subcellular localization of
PKA, thereby generating
substrate specificity for PKA.
AKAPs have three general
properties: (1) AKAPs possess
a conserved PKA anchoring
domain. (2) AKAPs also bind
additional signaling proteins
(e.g., other protein kinases,
protein phosphatases,
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AKAP Nomenclature

AKAPs have little primary sequence similarity and
thus are classified purely on the basis of their ability
to bind PKA (Carr et al. 1991). These anchoring
proteins were originally named according to
their apparent molecular mass determined by SDS
polyacrylamide gel electrophoresis (SDS-PAGE)
or by prediction from the open reading frame:
AKAP79, for example, migrates at ~79 kDa by
SDS-PAGE. Several AKAPs, such as the muscle-
selective mAKAP (originally known as AKAP100)
and AKAP-Lbc, were subsequently found to be
fragments or smaller transcripts of larger genes and
were renamed. More recently identified AKAPs, for
example, Gravin, Ezrin, Rab32, WAVE-1, SKIP and
cardiac Troponin T retain their original designations.
In the context of nucleotide and protein database
nomenclature, AKAPs are numbered sequentially
(e.g., AKAP79 is termed “AKAP5”). More recent
AKAPs with different names, such as Ezrin, Rab32,
WAVE-1, and ¢TnT have not been included in
this classification. See Pidoux and Tasken 2010
and Welch et al. 2010 for comprehensive tables
of AKAPs (with gene nomenclature committee
names).

Techniques for Identification of AKAPs and
Disruption of AKAP-Mediated Protein Kinase
a Signaling

Most AKAPs contain a recognizable hallmark sequence
(approximately 20 amino acid residues, predicted to
form an amphipathic helix) that forms a binding site
for the R subunits. Structural studies indicate that the
hydrophobic face of this region fits into a binding pocket
formed by the N-terminal regions of the RII dimer of
PKA (Newlon et al. 1997). Cellular delivery of a peptide
or related derivatives (cell-soluble stearated forms,
or plasmid-based expression) originally based on
the RlII-binding region in AKAP-Lbc has become
a standard means to establish whether anchored pools
of PKA participate in various cAMP signaling events by
disrupting PKA-RII anchoring inside cells (see Fig. 3).
The utility of this peptide as a disruptor of PKA anchor-
ing was first demonstrated in studies showing that
perfusion of this peptide into cultured hippocampal
neurons disrupts the localized phosphorylation of
the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA)-type glutamate receptor by anchored
PKA. The functional consequence of this disruption
was to decrease the responsiveness of the ion channel
to synaptic signals (Rosenmund et al. 1994).
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A-Kinase Anchoring Protein (AKAP)

A-Kinase Anchoring Protein (AKAP), Fig. 3 Srudy of AKAP
function by peptide-mediated disruption of protein kinase
A anchoring. The AKAP-amphipathic helix-PKA-RII interaction
can be disrupted in vivo by introduction of a competing peptide
(originally called Ht31). The disruptor peptide will bind to

A-Kinase Anchoring
Protein (AKAP),

Fig. 4 Identification of
AKAPs by RII overlay.
Purified PKA regulatory
subunit RII is radiolabeled
with y-[**P]-ATP and
overlayed on to a membrane
with immobilized protein.
Following incubation with RII
and extensive washing of the
membrane, AKAPs are
identified by autoradiography

The high affinity interaction between AKAPs and the
RII subunit dimer of PKA also underlies the RII overlay
procedure (shown in Fig. 4), which has been used exten-
sively, with great success, to identify AKAPs.

AKAP Function

AKAPs have been implicated in diverse physiologi-
cal processes (reviewed in Carnegie et al. 2009),
including reproduction and development, learning
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PKA-RII, thereby displacing PKA from an AKAP inside a cell.
Mislocalization of PKA by displacement from an AKAP may lead
to uncoupling of site-specific PKA signaling. This has been dem-
onstrated in the processes of channel and receptor regulation,
insulin secretion, sperm motility, and oocyte maturation
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and memory, cardiac function, and diseases such as
cancer and diabetes.

AKAPs, and Reproduction and Development
AKAPs function in the regulation of motility, sperm
capacitation, the acrosome reaction, and oocyte matu-
ration. As oocytes undergo meiosis, a change in PKA
localization is observed (Rawe et al. 2004), through the
expression and localization of different AKAPs. Thus
PKA activity is specifically targeted to specific sites
and substrates in the oocyte.
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Gravin (AKAP12) has been implicated in embryo-
genesis, regulating cell migration through inhibition of
a Rho/ROCK/myosin II pathway (Weiser et al. 2007).

AKAPs, and Learning and Memory

One of the first physiological roles identified for
AKAPs was the synchronization of synaptic signaling
events that underlie learning and memory. AKAP79
(AKAPS5) (or the mouse ortholog, AKAP150) can
regulate synaptic plasticity by coordinating PKA,
PKC, and PP2B/calcineurin at the post-synaptic
membrane (Klauck et al. 1996). Phosphorylation
of channel subunits modulates synaptic efficiency
either by regulating the conductance of ion channels
or by regulating surface expression of the channel
complex.

WAVE-1 (Wiskott—Aldrich syndrome, verprolin-
homology domain containing protein) is another
AKAP with defined neuronal functions; WAVE-1
null mice display defects in hippocampal learning
and memory (Soderling et al. 2003). Expression of
the WAVE-1 isoform is restricted to the central ner-
vous system where it functions to organize protein
networks involved in the regulation of the actin assem-
bly and synaptic plasticity. WAVE-1 is likely to exist
in many different protein complexes, relating to its
spatiotemporal function. For example, the RII-binding
region of this protein overlaps with the actin-binding
domain, whereas the C-terminal region of the protein
interfaces with the Arp 2/3 complex, a constellation of
actin-related proteins that control changes in cytoskel-
etal shape.

Cardiac AKAPs
As depicted in Fig. 5, several AKAPs have been iden-
tified in the heart. These “cardiac” AKAPs have been
implicated in the regulation of cytoskeletal proteins
and cardiac ion channels, that coordinate excitation-
contraction (EC) coupling. Thus AKAPs mediate
cardiac inotropy, chronotropy, and lusitropy. For exam-
ple, the long splice variant of AKAP7; AKAP15/185
targets PKA to phospholamban, which is a critical reg-
ulator of the sarcoplasmic reticulum Ca**-ATPase
(SERCA) (Lygren et al. 2007), leading to the effects
of adrenergic stimulation on calcium reuptake.
AKAP79 (AKAPS) also plays a role in the regula-
tion of Ca®", specifically by targeting PKCo. to the
L-type Ca®* channel in arterial myocytes. Recent stud-
ies demonstrate that AKAP150 null mice were found
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to lack persistent Ca** sparklets and have lower arterial
wall intracellular calcium and decreased myogenic
tone. These null mice were hypotensive and did not
develop angiotensin II-induced hypertension (Navedo
et al. 2008).

Interestingly, a mutation in Yotiao (AKAP9) has
been identified in patients with familial long-QT syn-
drome (LQTS) (Chen et al. 2007). Long QT syndrome
(LQTS) is a congenital disorder characterized by
a prolongation of the QT interval on ECG and often,
ventricular tachyarrhythmias, which may lead to car-
diac arrest. Yotiao forms a macromolecular complex
(targeting PKA, PP1, and PDE4D3) with the slowly
activating cardiac potassium channel Iy, which is
critical for repolarization of the ventricular action
potential in the heart. Mutations in either yotiao or
the Ik channel subunits that disrupts their interaction
cause a reduction in PKA-mediated phosphorylation of
the channel, leading to prolonged ventricular action.

The muscle-specific A kinase—anchoring protein
(mAKAP; AKAPO6) is highly expressed in cardiac tis-
sue and localized to the perinuclear membrane and
junctional sarcoplasmic reticulum where it is in close
proximity to a variety of substrates such as L-type Ca**
channels and the ryanodine receptor (RyR), thereby
functioning in the regulation of contractility. mAKAP
scaffolds multiple signaling molecules including PKA,
PDE4D3, Epacl, ERKS, PP2A, and PP2B
(calcinuerin). mAKAP has also been implicated in
cardiac hypertrophy through ERKS5 and calcineurin
signaling (Bauman et al. 2007).

AKAP-Lbc (AKAPI13) also plays a role in the
induction of hypertrophy, through integration of mul-
tiple signal transduction components including Rho
and » PKD (Appert-Collin et al. 2007; Carnegie
et al. 2008).

AKAPs and the Immune System

cAMP-PKA signaling is well established as a potent
negative regulator of T-cell immune function. Prosta-
glandin E, (PGE2) and other ligands promote the pro-
duction of cAMP, which in turn activates PKA to
inhibit TCR-induced T-cell proliferation. Type I PKA
is the predominant PKA isoform in T cells and plays
a prominent role in immunomodulation. Studies exam-
ining the role of RIla in the immune system in vivo
show that T-cell development, homeostasis, and the
generation of a cell-mediated immune response are not
altered in RIla null mice. Recently, the dual specificity
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AKAP ezrin has been identified, acting to target type
I PKA to the TCR-CD3 complex present at membrane
microdomains (lipid rafts) in T cells. Targeting of PKA
by ezrin facilitates the phosphorylation and activation
of the tyrosine kinase Csk. In turn, » Csk negatively
regulates Lck tyrosine kinase activity and T-cell recep-
tor activation (Mosenden and Tasken 2011).

AKAPs and Disease

Several SNPs have been identified in patients with
different diseases. For example, mutations identified
in the gene encoding the AKAP pericentrin (PCNT)
were demonstrated to cause Seckel syndrome (Rauch
et al. 2008). Seckel syndrome is a disorder associated
with defective ATR-dependent DNA damage signal-
ing, resulting in a marked reduction of brain and body
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size. While the mechanism underlying this disorder is
not fully understood, the authors demonstrated that
collectively, these mutations result in the loss of
expression of all mammalian PCTN isoforms.

Cancer

Gravin (AKAP12) is down-regulated in a number of
tumor types including prostate, ovarian, and breast
cancer and is associated with metastatic progression
of these tumors, providing evidence supporting the
role of gravin as a tumor suppressor (Gelman 2002).
The observed role of gravin in embryogenesis also
supports a tumor supressor function for this AKAP. It
is thought that gravin may act to inhibit the migratory
movements observed in some tumors that may cause
cell invasion and metastasis.
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A truncated form of AKAP-Lbc (AKAP13) missing
both N- and C-terminal regulatory sequences was orig-
inally identified as an oncogene from myeloid leuke-
mia patients.

Diabetes

A role for AKAPs in the regulation of hormone (GLP-
1)-mediated insulin secretion was first identified in stud-
ies using the PKA-AKAP disruptor peptide (Lester et al.
1997). Results demonstrate that insulin secretion can be
regulated by the reversible phosphorylation of B-cell
proteins through the AKAP79 targeted effects of PKA
and PP2B. More recently, AKAP18a or v has also been
implicated in the regulation of glucose-stimulated insu-
lin secretion (Josefsen et al. 2010).

Summary

AKAP-mediated kinase anchoring is acknowledged as
a vital means to synchronize spatial and temporal
aspects of signal transduction. In addition, AKAPs
are now regarded as signaling nodes that integrate a
variety of intracellular signals to modulate a plethora
of cellular processes. With the extensive molecular,
biochemical, and cellular characterization of many
AKAPs, in combination with large functional genomic
screens and the study of tissue or whole animal models,
the future of this field likely lies in precisely defining
how specific AKAPs play their part in maintaining
normal physiology and what happens to AKAP signal-
ing complexes in disease states.
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Synonyms

Alpha polypeptide; CD103; Human mucosal lympho-
cyte antigen 1

Historical Background

CD103 (integrin oEB7) was first identified through the
binding of a monoclonal antibody (HML-1, human
mucosal lymphocyte antigne-1) to a population of
lymphocytes that is preferentially associated with gut
epithelium (Cerf-Bensussan et al. 1987). It was later
identified that HML-1 bound to CD103 which was
expressed predominantly on CD3+ CD8+ T cells, and
the vast majority of these cells were found in the
intestinal mucosa (Russell et al. 1994). Several func-
tionally distinct epitopes were identified. The HML-1
and «E7-1 epitopes were found to function as
costimulatory molecules in lymphocyte proliferative
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responses to a breast cancer epithelial cell line while
the oE7-2 and oE7-3 epitopes did not provide such
costimulation (Russell et al. 1994).

It is now clear that CD103 is a classic integrin
heterodimer composed of the B7 and oFE integrin
(CD103) subunits. As described above, early studies
identified CD103 as an adhesion molecule expressed
exclusively by CD8+ T cells in the gut mucosa; how-
ever, subsequent studies revealed that CD103 is also
expressed by peripheral CD8+ T cells and diverse
leukocyte subsets. Recent studies indicate that
CD103 is promiscuously expressed by different leuko-
cyte subsets with known immune functional capabili-
ties including not only CD8+ T cells but also
interstitial dendritic cells and regulatory T cells. This
review is focused on the mechanisms by which CD103
expression is regulated by these leukocye subsets, and
the functional impact of CD103 expression on CD8+
T cells, dendritic cells, and regulatory T cells (Tregs).
The therapeutic potential of CD103 blockade is also
discussed.

Regulation of CD103 Expression

The precise mechanisms regulating CD103 expression
by the different leukocyte subsets remain poorly
defined. A leading hypothesis is that leukocytes
expressing the CD49d/B7 integrin (i.e., gut homing
CD8+ T cells) downregulate CD49d and upregulate
CD103 in the presence of bioactive transfoming
growth factor beta (TGF-B) to generate CD103
expressing cells. There is also evidence that TGF-3
directly induces transcription of the oE gene (Itgae)
(Robinson et al. 2001). Regardless of the mechanisms
involved, it has been clear that bioactive TGF- plays
a dominant role in regulating CD103 expression since
the initial reports on the subject by Kilshaw and
Murant nearly 20 years ago (Kilshaw and Murant
1990). A key role for TGF-B in regulating CD103
expression by non-CD8 cells is supported by the obser-
vation that conversion of naive T cells into CD4+
CD25+ T regs is dependent on TGF-B activity
(Coombes et al. 2007). Similarly, TGF-f induces
CD103 expression on CD8 T effectors elicited to allo-
geneic spleen cells cocultured with TGF-f3, and CD103
expression by CD8+ T effectors elicited to allogeneic
epithelial cells is blocked by TGF-f neutralizing anti-
body (Hadley et al. 1997). That TGF-p plays a similar
role in vivo is supported by the studies of El-Asady
et al. who showed that alloreactive CD8+ T cells



Alpha E Integrin

deficient in the ability to respond to TGF-B were
unable to upregulate CD103 in a murine model of
GVHD (El-Asady et al. 2005). Studies from the
tumor immunology field reveal that TGF-§ has
a profound impact on the capacity of CD8+ T cells to
upregulate CD103 expression following reexposure to
cognate antigen (Le Floc’h et al. 2007). Thus, while the
precise mechansims likely differ among cell types, the
existing data on the subject indicate that TGF- plays
a key role in the process. In this regard, it is important
to note that bioactive TGF-J is ubiquitous at sites of
inflammation due to its role in wound healing
processes, suggesting that the overall impact of this
poorly characterized cytokine may promote rather
than down modulate immune responses as is often
tacitly assumed.

CD103+ CD8+ T Cells

The majority of studies characterizing CD103 expres-
sion by CD8+ T cells initially focused on its role as
a homing molecule for lymphocytes in the mucosal
immune system. Indeed, the elegant studies of Cepek
et al. established that CD103 recognizes the epithelial-
specific ligand, E-cadherin (Cepek et al. 1994), which
is highly expressed on gut epithelial layers. However,
there is compelling evidence that CD103/E-cadherin
interactions also play a key role in promoting the
effector function of peripheral CD8 T effector
populations. In vitro studies indicate that CD103 is
upregulated on alloreactive CD8+ T cells cocultured
with allogeneic renal epithelial cells, and that such
expression promotes lytic activity to epithelial cell
targets (Hadley et al. 1997). Wang et al. showed that
CD8+ T cells do not express CD103 at early timepoints
following renal transplant; however, CD8+ T cells in
the graft acquire CD103 expression over time (Wang
et al. 2004). Interestingly, in a vascularized renal
transplant model, kidneys rejected before CD103
expression was acquired. If acute rejection was
delayed using cyclosporin, CD8+ T cells gained
expression of CD103 and promoted long-term renal
injury (Yuan et al. 2005). Studies from the tumor
immunology field indicate that CD103 also plays
an important role in effective lysis of tumor cells
expressing E-cadherin. Le Floc’h et al. found that
CD103 was required for tumor lysis of E-cadherin
expressing tumor cells, and that the CD103/E-cadherin
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interaction is required for cytotoxic granule localiza-
tion to the immunological synapse and exocytosis
(Le Floc’h et al. 2007). Importantly, however, it is
important to recognize that CD8+ T effectors generally
express high levels of CD49d/CD18 (leukocyte
function-associated antigen-1, LFA-1), and that
interaction of this integrin with its ligand CD54
(intercellular adhesion molecule-1, ICAM-1) plays
a dominant role in regulating lytic activity with inter-
action of CD103 with E-cadherin apparently serving
a backup role in providing the requisite signaling path-
ways in the event that CD54 is down modulated or
otherwise not present on the target cell. In humans,
CD103 expression by peripheral CD8+ T cells is con-
fined to small subset (<1%) of circulating memory-
phenotype cells. In mice, CD103 is expressed at low
levels by 40—60% of peripheral CD8+ T cells, the exact
frequency of which is strain-dependent.

CD103+ Dendritic Cells

Dendritic cells (DCs) are a highly heterogeneous cell
type requiring numerous molecules to classify each of
a variety of subsets. CD103+ DCs have been described
as involved in generating gut homing T cells and Tregs
(Coombes et al. 2007; Jaensson et al. 2008). CD103+
DCs are found in the spleen, skin, lung, and
gut-associated lymphoid tissue (GALT). Because the
lung and the GALT are in contact with many
nonpathogenic antigens, it is likely that the microen-
vironments of the lung and GALT promote an immu-
nomodulatory phenotype to prevent excess nonspecific
inflammatory responses. CD103+ DCs are ideally
suited for this purpose. There is evidence that
GALT-derived CD103+ DCs produce lower levels of
anti-inflammatory cytokines when cocultured with
TLR agonists, have increased costimulatory molecule
expression, and are less efficient phagocytes than their
CD103— counterparts (Coombes et al. 2007; del Rio
et al. 2010). CD103+ DC:s in the lung display similar
functional characteristics (del Rio et al. 2010).
Moreover, there is evidence that CD103+ DCs induce
Treg formation in the presence of TGF-f and retenoic
acid (Coombes et al. 2007). Naive T cells that are
activated in the gut by CD103+ DCs acquire the
expression of the transcription factor forkhead box
protein 3 (FoxP3). In addition to a critical role in
inducing Tregs, CD103+ DCs play an important role
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in generating gut homing CD8+ T cells. CD8+ T cells
primed by CD103+ DCs have increased CCR9 and
CD49d/B7 expression as compared to CD8+ T cells
primed by CD103- DC (Johansson-Lindbom et al.
2005). Lamina propria—derived DCs express higher
levels of CD103 than do mesenteric lymph node—
derived DCs. Consequently, lamina propria DCs are
more potent than mesenteric lymph node DCs in gen-
erating gut tropic CD8+ T cells. Although CD103—
and CD103+ mesenteric lymph node DCs both activate
CDS8+ T cells capable of producing interferon gamma,
only CD103+ DCs generate gut tropic CD8+ T cells.
This phenomenon does not appear to be a product of
the gut microenvironment, but rather DC imprinting
that occurs prior to DC localization to the gut
(Johansson-Lindbom et al. 2005). It is important to
note that depletion of CD103-expressing DCs does
not compromise host immune responses (Zhang et al.
2009), calling into question the importance of CD103+
DCs in promoting overall immune responses.

CD103+ Tregs

Tregs define an immunomodulatory T cell subset
characterized by the capacity to suppress immune
responses. There are two populations of CD4+
CD25+ Tregs: natural and adaptive. Natural Tregs
are generated in the thymus, while adaptive Tregs are
derived in the periphery (Sakaguchi 2005). CD103 is
a marker found on a subset of adaptive Tregs (Huehn
etal. 2004). It has been shown that CD103+ Tregs have
immunosuppressive properties that are equal to, or
greater than those of CD103— Tregs. Typically,
Tregs are CD4 + CD25+ and express FoxP3; however,
there is a population of CD25-CD103+ Tregs that
express CTLA-4, suppress T cell proliferation
in vitro, and prevent severe colitis in the SCID mouse
(Lehmann et al. 2002). There is also a distinct cytokine
profile expressed in CD103+ CD25+ Tregs. CD103-
CD25+ Tregs secrete levels of IL-4, IL-5, and IL-13
that are similar to Th2 CD4+ T cells, but there is almost
no IL-4, IL-5, or IL-13 produced by CD103 + CD25+
Tregs (Lehmann et al. 2002). CD103+ Tregs are also
more potent suppressors of T cell proliferation.
CD103+ Tregs almost completely prevented naive
CD4+ T cell proliferation when nonspecifically
stimulated. CD103— Tregs also suppressed prolifera-
tion, but to a lesser extent (Lehmann et al. 2002). CD4+
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CD25+ CD103+ Tregs also exhibit immunosuppres-
sive properties in vivo. Ongoing chronic graft versus
host disease (GVHD) can be suppressed through an
in vivo transfer of CD4+ CD25+ CD103+ Tregs. Infu-
sion of CD4+ CD25+ CD103+ Tregs has been shown
to reduce the number of alloantibody producing
plasma cells in mice with chronic GVHD as well as
reduce the number of pathogenic effector T cells in
GVHD target organs (Zhao et al. 2008). Moreover,
infusion of CD103+ Tregs resulted in twofold lower
levels of alloantibody as compared to in vitro activated
natural Tregs. Additionally, CD103 defines
a population of CD8+ Tregs. CD8+ Tregs can acquire
their antigen specificity peripherally and promote sys-
temic tolerance. Injection into the anterior chamber of
the eye will generate CD8+ Tregs specific for the
injected antigen. CD103 has been shown to be essen-
tial for the development and function of the CD8+
Tregs (Keino et al. 2006). Koch et al. characterize
CD103+ CD8+ Tregs as phenotypically different
from other CD8+ suppressor T cell populations.
CD103+ CD8+ Tregs express CD28, but lack FoxP3,
CD25, LAG-3, CTLA-4, and GITR (Koch et al. 2008).

Therapeutic Potential of CD103 Blockade

The utility of therapeutic strategies for targeting the
CD103 pathway are clouded by promiscuity in CD103
expression and uncertainty regarding its precise func-
tion on different cell types. CD103 is regulated by
TGF-B, but the activation state of the CD8+ T cells at
the time it encounters TGF- determines the function
of the CD8+ T cell (Hadley et al. 1997); consequently
TGF-f is not a viable therapeutic target. Targeted
disruption of CD103 on CD8 effector T cells prevents
intestinal GVHD and prolongs renal allograft survival
(El-Asady et al. 2005; Yuan et al. 2005), suggesting
that CD103 itself may be the optimal therapeutic
target. However, CD103+ Tregs have been shown to
ameliorate chronic GVHD (Zhao et al. 2008), and
CD103+ DC have been shown to promote Treg devel-
opment (Coombes et al. 2007), arguing against the
therapeutic poential of CD103 blockade. Depletion of
CD103-expressing cells in vivo dramatically attenu-
ates CD8+ T cell responses, arguing that CD103+ DC
or Tregs do not serve critical immune functions in all
immune responses (Zhang et al. 2009). Consequently,
the overall role of CD103 in promoting disease
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remains controversial, and this ambiguity has hindered
the development of therapeutic agents to target
the pathway.

Summary

CD103 is a classic integrin heterodimer composed of
the B7 and oF integrin (CD103) subunits that recog-
nizes the epithelial cell-specific ligand, E-cadherin.
CD103 is expressed by diverse leukocyte populations,
and there is increasing evidence that it plays a key role
in both promoting and regulating immune responses.
Whether or not CD103 provides a viable therapeutic
target remains to be determined.
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Synonyms

Testosterone/Dihydrotestosterone receptor; NR3C4
(nuclear receptor subfamily 3, group C, member 4)

Historical Background

Androgen receptor (AR) mediates the effects of andro-
gens that are responsible for diverse biological
functions, such as development and maintenance of
the male reproductive system as well as involvement
in disease states, such as prostate cancer (for a review,
see Brinkmann 2011). AR is a ligand-activated
transcription factor (TF) that belongs to the steroid
hormone receptor (SHR) family within the nuclear
receptor (NR) superfamily of TFs (for a review, see

Alpha v Integrin

Mangelsdorf et al. 1995). In addition to AR, the SHR
family contains the glucocorticoid receptor (GR), min-
eralocorticoid receptor (MR), progesterone receptor
(PR), and the estrogen receptor (ER). SHRs are struc-
turally and functionally related and mediate the action
of steroid hormones that affect nearly all aspects of
development and homeostasis; they are also implicated
in a number of pathological conditions.

The first reports on the protein nature of AR and its
isolation from androgen target tissues were published
at the end of the 1960s (Fang et al. 1969; Mainwaring
1969; Baulieu and Jung 1970). During the 1970s and
1980s, much effort went into the purification and fur-
ther characterization of AR from different sources. The
human AR cDNA was finally cloned in 1988 and 1989
by several groups just a few years after cloning of the
cDNAs of the human SHRs (Chang et al. 1988; Lubahn
etal. 1988; Trapman et al. 1988; Tilley et al. 1989). AR
is expressed at low to moderate levels in a variety of
cell types with high levels present especially in male
and female reproductive tissues, adrenal gland, kidney,
and skeletal muscle. In addition to androgens, AR can
be activated in an androgen-independent manner
through other signaling pathways which can signifi-
cantly contribute to the diversity of AR action.

AR Domains and Function

Similar to other SHRs, AR has four distinct functional
domains: N-terminal domain (NTD), DNA-binding
domain (DBD), hinge region, and ligand-binding
domain (LBD). As the names indicate, these domains
are responsible for DNA and ligand binding, as well as
additional functions, such as dimerization, translocation
into and from the nucleus, and interaction with diverse
coregulators and TFs (for a review, see Lamb et al.
2001) (Fig. 1). Moreover, there are intramolecular inter-
actions between the NTD and LBD, which are important
for AR activity and binding to chromatin (e.g., Ikonen
et al. 1997). Several studies found the synthesis of
alternatively spliced transcripts in vivo that encode trun-
cated AR isoforms that lack the LBD (for a review, see
Dehm and Tindall 2011). Many of these truncated ARs
function as constitutively active, ligand-independent
TFs which may have implications in disease states.

In the absence of ligand, AR is inactive and exists in
the cytosol in a complex with heat shock proteins
(HSPs), such as Hsp56, Hsp70, and Hsp90, as well as
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Androgen Receptor (AR), Fig. 1 Schematic presentation of
the AR protein. Structural and functional domains of AR are
shown. The AR N-terminal domain (NTD) contains a ligand-
independent activation function (AF-1) with two transactivation
units, TAU-1 and TAU-5, containing binding motifs for
coregulators. The ZEQNLF?’ motif contributes to the interac-
tion between the NTD and ligand-binding domain (LBD),
whereas the “**WHTLF*7 motif may influence AR signaling

cytoskeletal proteins and other chaperones (for reviews,
see Lamb et al. 2001; Brinkmann 2011). Upon ligand
binding, AR undergoes a conformational change, disso-
ciates from HSPs and other chaperones, dimerizes, and
translocates to the nucleus. Although AR usually acts as
a homodimer, it has been shown to form heterodimers
with other nuclear receptors including ER, GR, and
testicular orphan receptor-4 (TR4). However, the func-
tional consequences of these interactions in vivo are
currently not clear. Once in the nucleus, AR binds
chromatin in the vicinity of target genes at specific
sites known as androgen response elements (AREs),
recruits various coregulators, other TFs, and compo-
nents of the general transcription machinery, and mod-
ulates gene expression (Lamb et al. 2001) (Fig. 2).

Based on biochemical studies and similar to other
TFs, AR has been shown to stably bind its chromatin
template in the presence of the ligand. However,
development of live cell imaging and advances in
green fluorescent protein (GFP) technology have dem-
onstrated dynamic interactions of AR with its specific
regulatory sites. Using fluorescence recovery after
photobleaching (FRAP) analysis, residence times of
these transient interactions were measured on a time
scale of seconds and were influenced by the nature of
the ligand (Klokk et al. 2007).

In addition to the dynamic, chromatin-binding-
dependent transactivation function of AR, liganded
AR can regulate transcription independently of its
ability to bind DNA. This happens through the direct
protein—protein interactions between AR and
coregulators and/or TFs that alter their intrinsic tran-
scriptional activities. For example, there is evidence

NLS NES AF-2

by acting as an autonomous activation domain. The length of the
human AR protein can vary due to poly-glutamine ((Q)n) and
a poly-glycine ((G)n) stretches of variable lengths in the NTD.
The nuclear localization signal (NLS) resides in the flexible
hinge region. The LBD harbors a ligand-dependent AF-2 and
the nuclear export signal (NES). The numbering of amino acids
shown is based on 21 and 23 residues in the poly-glutamine and
poly-glycine repeats, respectively

that AR increases the activity of coactivators GR
interacting protein-1  (GRIP1), cAMP-response
element-binding protein (CBP), and p300, whereas it
inhibits activity of other TFs and signaling pathways,
such as those involving activator protein-1 (AP1) and
nuclear factor-kB (NF-xB) (for reviews, see Kaarbo
et al. 2007; Bennett et al. 2010). This greatly increases
the repertoire of genes that can be regulated by AR.

Given the importance of androgens in the normal
physiology and disease states, several studies have
sought to identify genome-wide AR target gene
profiles using ChIP-chip and ChIP-seq (e.g., Yu et al.
2010; Massie et al. 2011). These studies started to iden-
tify not only the genes that are AR targets, which for
example involve different aspects of cell cycle and
metabolism, but also other factors that may be important
for AR activity, such as FOXA1 as an AR pioneer factor.

In addition to regulation by its cognate ligand,
AR is subject to modification by phosphorylation, acet-
ylation, methylation, sumoylation, and ubiquitination
(for areview, see Gioeli and Paschal in press). Although
the exact consequences of these modifications to AR
function in normal physiology and implications for
disease states are not yet known, they likely have
arole in at least fine tuning of AR function.

The importance of posttranslational modifications
to AR activity is illustrated by modulation of AR
action by a number of signaling pathways initiated by
growth factors, cytokines, and mitogens (Fig. 3).
Several growth factors, such as insulin-like growth
factor-1 (IGF-1), keratinocyte growth factor (KGF),
epidermal growth factor (EGF), and interleukin-6
(IL-6), were found to transactivate AR independently
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Androgen Receptor (AR), Fig. 2 AR transcriptional activa-
tion. Testosterone (T) circulates in the blood bound to steroid
hormone-binding globulin (SHBG) or albumin and enters the
cells through diffusion or through a SHBG receptor at the plasma
membrane. In some cells, T is converted to the more active
metabolite dihydrotestosterone (DHT) through the action of
So-reductase. Upon ligand binding, AR undergoes
a conformational change followed by dissociation from the

of androgens (for a review, see Foradori et al. 2008).
Such cell surface signals stimulate downstream
» mitogen-activated protein kinase (MAPK) and
phosphatidylinositol-3 kinase (PI3K)/Akt signaling
pathways, increasing AR activity as well as the activity
and interaction of different coactivators with AR. This
increase in activity is achieved, at least in part, through
phosphorylation of AR and the coactivators. For exam-
ple, AR has been shown to be phosphorylated on

multi-subunit chaperone complex. It then forms dimers and
translocates to the nucleus where it binds androgen response
elements (AREs) of target genes and recruits coregulators
(some examples of which are shown) and basal transcription
machinery, resulting in transcriptional regulation. HSP, heat
shock protein; CBP, CREB binding protein; SRC, steroid receptor
coactivator; BRM, Brahma; SWI/SNF, a chromatin modifying
complex

Ser650 upon EGF stimulation in prostate cancer
cells. Similarly, IL-6 stimulation leads to phosphory-
lation of the AR coactivator SRC-1.

To better understand the molecular mechanisms of
AR action, several AR knockout and knockin mouse
models have been generated, both systemic and tissue
specific (for a review, see Kerkhofs et al. 2009). Use of
these models resulted in the identification of specific
AR roles in male fertility, prostate development,
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Androgen Receptor (AR), Fig. 3 AR-mediated cytoplasmic
and nuclear signaling pathways through activation of plasma
membrane receptors. Androgens (A) may activate the cytoplas-
mic kinase PKA via binding to a G-protein-coupled receptor
(GPCR) at the plasma membrane and may thereby change the
intracellular levels of second messenger molecules, such as
cAMP. This can lead to phosphorylation and nuclear transloca-
tion of AR where it can act as a transcription factor. Nonsteroid

metabolism and diabetes, immune functions, bone
metabolism, and several cancers. These models
are facilitating the delineation of the molecular
mechanisms of AR function in vivo.

Non-genomic Actions of AR

Over the past two decades, a number of studies
have demonstrated non-genomic actions of AR,

molecules, such as growth factors (GF), cytokines (Cyt), and
mitogens (Mit), arriving at the cell surface activate MAPK (Ras/
Raf/MEK/ERK) and PI3K/Akt signaling pathways which simi-
larly phosphorylate and activate the AR, leading to its translo-
cation into the nucleus. ERK may also increase phosphorylation
of AR coactivators which may activate them and thus increase
AR activity

characterized by rapid cellular response and lack of
transcription and translation of androgen-target genes.
These activities are initiated at the plasma membrane
or in the cytosol, triggering activation of intracellular
signaling molecules, such as the extracellular-signal
regulated kinase (ERK), protein kinase A (PKA),
PI3K/Akt, and protein kinase C (PKC) (for reviews,
see Foradori et al. 2008; Bennett et al. 2010) (Fig. 4).

For example, following androgen binding, AR
interacts with the p85 regulatory subunit of » PI3K
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Androgen Receptor (AR), Fig. 4 Non-genomic actions of
AR. Androgen-bound AR interacts with the SH3 domain of
the tyrosine kinase c-» Src in the cytosol and activates the
MAPK (Raf-1/MEK/ERK) signaling. This then enhances phos-
phorylation events that activate TFs (e.g., AP-1 or » NF-xB)
and promotes cell survival and growth. Liganded AR can
also directly interact with the p85 subunit of » PI3K and

in the cytosol which then phosphorylates and activates
the downstream effector serine-threonine kinase Akt.
The AR-mediated phosphorylation of Akt is inhibited
by the AR antagonist bicalutamide documenting the
direct involvement of AR in this process.

Another example of non-genomic AR action is
where androgen-bound AR physically interacts with
and activates the tyrosine kinase » Src blocking its
auto-inhibitory effect. This stimulates the » Src/
Raf-1/MEK/ERK-2 signaling cascade. One of the tar-
gets of » Src is the adaptor molecule SH2-containing
protein (Shc) which is an upstream regulator of

mediate activation of the protein kinase Akt which in turn
phosphorylates the cytoplasmic (e.g., BAD) and nuclear
(e.g., FKHR-L1) pro-apoptotic proteins which results in their
degradation. These events promote cell survival by inhibiting
apoptosis. P, phospho; BAD, BCL2-associated agonist of cell
death; FKHR-L1, forkhead transcription factor like 1 (also
known as FOXO3A)

MAPK. » Src-activated MAPK pathway modulates
AR-mediated transcription by phosphorylating AR
and pl60 family of steroid receptor coactivators
(SRCs) and thereby regulates several cellular
processes such as cell proliferation, migration, and
differentiation.

AR and Disease States

Given the diverse role of androgens in a variety of cell
types, perturbances to AR action have been linked to
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a number of disease conditions. For example,
AR dysregulation has been associated with cancer
(e.g., prostate, testicular, colorectal), cardiovascular
defects (coronary artery disease), immune diseases
(e.g., type I diabetes), metabolic disorders (i.e., obe-
sity and androgen insensitivity syndrome, osteoporo-
sis), neurological conditions (e.g., Alzheimer’s
disease), and other diseases such as Kennedy’s syn-
drome (for reviews, see Lamb et al. 2001; Brinkmann
2011).

AR has been most widely studied in terms of its
involvement in prostate cancer (for a review, see
Wang and Tindall 2011). The key role of androgens
in prostate cancer genesis and progression was first
observed in 1940s and has formed the basis of andro-
gen ablation/castration therapies for prostate cancer.
Although initially highly effective, this therapy
ultimately fails and the disease progresses to
a castration-resistant state which is fatal. It has been
shown that one of the key proteins in both the
androgen-sensitive and castration-resistant prostate
cancer is AR. During this progression, several mech-
anisms involving AR are activated, such as local
prostate cancer tissue androgen production, AR gene
amplification, increased mitogen signaling, increased
expression of AR coactivators, and increased sensi-
tivity of AR to low androgen levels (for a review, see
Wang and Tindall 2011).

Another disease in which dysregulation of AR has
a role is spinal and bulbar muscular atrophy (SBMA)
or Kennedy’s disease (Kumar et al. 2011). This
condition involves expansion of the CAG repeat
encoding a poly-Q stretch in the AR NTD; whereas
34 or fewer is normal, 38 or more repeats in the poly-Q
stretch gives rise to SBMA. The SBMA is character-
ized by the degeneration of the motor neurons which
are located in the spinal cord and bulbar regions that
express AR.

A third AR-linked disease, androgen insensitivity
syndrome (AIS), is characterized by partial or
complete lack of response to androgens in cells
which normally would be androgen sensitive
(for a review, see Hughes and Deeb 2006). This results
in the failure of normal masculinization in 46XY male
individuals. In AIS patients, the AR gene is frequently
mutated in the DBD and/or the LBD, making AR lose
its function. Mutations can range from complete or
partial deletions of the AR gene, which are rare, to
point mutations and frame shift mutations. These can
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disrupt the DNA binding, AR expression levels, and
ligand binding specificity or efficacy, which results in
at least a partial functional loss in AR.

Summary

AR is a ligand-activated TF which mediates the bio-
logical effects of androgens in diverse tissues. Upon
ligand binding, AR translocates into the nucleus,
binds AREs on target genes, and regulates transcrip-
tion. In addition, AR can interact with other TFs or
cofactors, as well as initiating rapid non-genomic
cellular responses by direct interactions with several
signaling molecules at the plasma membrane or in the
cytoplasm. Conversely, AR can also be activated by
mitogens, cytokines, and growth factors through sig-
naling pathways which can regulate AR/coactivator
activity through posttranslational modifications.
Dysregulation of AR expression and/or function has
been associated with a variety of disease states,
including prostate cancer, SBMA, and AIS. Thus,
AR is a prime target for therapy in a number of
conditions.
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Angiotensin II receptor type 2

Historical Background

The angiotensin II type 2 receptor (AT2R) shares
a high degree of homology with its well-known sister
gene, the angiotensin II type 1 receptor (AT1R), and is
similarly a part of the renin-angiotensin II system
(RAS). The RAS is best known for its powerful effects
on regulation of blood pressure and body fluid volume.
The AT2R is activated after specific binding of the
eight amino acid peptide angiotensin II (Angll),
which is generated from angiotensin I by the angioten-
sin-converting enzyme. The AT2R is a member of the
family of seven transmembrane receptors, the largest
group of cell surface receptors in the body. Like its
family members, the AT2R traverses the cell mem-
brane seven times creating an NH,-terminal and three
loops on the extracellular side and a COOH-terminal
plus three loops on the intracellular side. The AT2R is
present on multiple different cell types, although its
expression level is often lower than that of AT1R. The
AT?2R’s biological functions and intracellular signal-
ing partners have been difficult to tease out before the
arrival of AT2R-specific agonists and antagonists.
In line with the widespread location of the AT2R, it
has effects in most biological systems including
the central and peripheral nervous system, the cardio-
vascular system, endocrine systems, renal function,
and the reproductive system. Although AT2R expres-
sion is generally low in normal adult tissues, it is highly
important in development and in injury/repair mecha-
nisms. Thus, the AT2R is highly expressed in the devel-
oping fetus and upregulated after adult tissue injury as
well as in several pathological conditions. Expression of
the AT2R can be modulated by pathological states
associated with tissue remodeling or inflammation
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such as hypertension, atherosclerosis, myocardial
infarction, stroke, and diabetes. Interestingly, the
biological effects are often opposite to the ATIR
effects. The most characterized AT2R effect being
vasodilatation as opposed to the well-characterized
AT1R-mediated vasoconstriction. Hence, from a phar-
macological perspective, it would be valuable to have
specific AT2R agonists, as these could be potential
blood pressure—lowering drugs. The AT2R also elicit
cardioprotective-, anti-inflammatory-, anti-proliferative
effects and it also regulates apoptosis. Accordingly,
studies have been performed to understand and map
the location and function of the ligand-binding site
and the intracellular signaling systems activated by the
AT2R. While the receptor does not seem to activate the
canonical G proteins (except Gi in some systems), sev-
eral different signaling molecules appear to bind to the
AT2R COOH-terminal including different kinases,
phosphatases, and scaffolding molecules.

Receptor Structure, Ligand Binding, and
Antagonists
Seven transmembrane (G protein-coupled) receptors for
angiotensin (Ang) peptides include the AT1Ra and
ATIRD subtypes and the AT2R, that all bind the octa-
peptide Angll with subnanomolar affinities. The AT2R
also binds the AnglIIl and Ang-(1-7) peptides with high
affinity. In addition, at least two other receptors have
been described, the AT4R (that binds AnglIIl) and the
Mas receptor, that binds Ang-(1-7). Although no AT1R
crystals have been described, the ATIR is one of the
best characterized seven transmembrane receptors.
Computer models indicate that the structure is much
like the recently crystallized B2-adrenergic receptor
(Adrenergic Receptor). The AT2R receptor is much
less characterized, but it is thought that it too possesses
a similar three-dimensional structure. Regarding the
angiotensin receptor ligands, several different peptides
exist and there has been some discussion as to which
of these peptides actually bind to the different angioten-
sin receptors in vivo. For example, both the Angll,
Ang-(1-7), and Anglll peptides activate the AT2R.
Anglll is almost as potent as Angll, at least in the
coronary vascular bed. Finally, there has been some
data showing that the AT2R can dimerize with itself
and with other seven transmembrane receptors, but not
with the ATIR.

The best characterized ligand peptide is AnglI that
in turn is metabolized into several bioactive peptides.
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Aminopeptidases cleave Angll to Ang-(2-8) (AnglII)
and Ang-(3-8) (AnglV). In addition, carboxypepti-
dases generate Ang-(1-7) from Angl-(1-10) and
AnglI-(1-8).

Historically, it has been difficult to separate the
AT?2R actions from the other Ang receptors because
of the common main ligand Angll. The advent of
specific AT2R agonists and antagonists has made it
possible to better study the receptor’s biological
actions. At least three specific AT2R agonists have
been described. The AT2R agonist CGP-42112A was
the first non-peptide agonist with reasonably high
affinity for the receptor, and it has been widely used.
Recently, a novel agonist, referred to as compound 21
and which binds the AT2R with almost as high affinity
as Angll, has been developed. Compound 21
exhibits a dissociation constant for AT2R of 0.4 nM,
while the dissociation constant for the ATIR is
>10,000 nM. Compound 21 reduced the mean
blood pressure in spontaneously hypertensive rats and
induced vasodilatation in isolated arteries via AT2R
stimulation (Bosnyak et al. 2010). A third agonist
candidate is compound 22 that stimulates neurite
outgrowth,  phosphorylates  p42/p44  (ERK1/2
MAPK), enhances duodenal alkaline secretion in
Sprague-Dawley rats, and also lowers the blood
pressure in anesthetized rats (Alterman 2010).

Selective AT2R antagonists are equally important.
The most widely used antagonist is PD-123319.
Among others, this molecule has been reported to
block the effects of Ang-(1-7) in many studies,
suggesting that Ang-(1-7) also activates the AT2R.

AT2R Signal Transduction

The AT2R signal transduction has been controversial
since the receptor does not activate canonical G
proteins (except Gi in a reconstituted system). Instead,
the AT2R activates a series of kinases, phosphatases,
and scaffold proteins including the AT2R receptor-
interacting protein (ATIP) family that binds to the
intracellular COOH-terminal tail of the receptor.
Somewhat indirectly, an array study in cardiac fibro-
blasts with AT2R blockade (with PD123319) ascribed
24 genes to be specific for AT2R activation and these
genes were related to ten different signaling pathways
including cAMP/PKA, Ca”*, PKC, PTK, ERK1/2
(MAPK), PI-3 K, NO/cGMP, Rho, NF-kappaB, and
JAK-STAT pathways. Specifically, collagen I and tis-
sue inhibitor of metalloproteinase (TIMP)-1 mRNA
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levels decreased after AT2R blockade as compared to
an Angll-treated group (Jiang et al. 2007).

Several signaling pathways have been studied in
more detail (some of these are slightly overlapping),

including:
« Activation of protein phosphatases causing protein
dephosphorylation.

+ Bradykinin/nitric oxide (NO)/cyclic guanosine
3’,5’-monophosphate (cGMP) pathway leading to
NO release and vasodilatation.

« Stimulation of phospholipase A(2) and release of
arachidonic acid.

* Rho inhibition, which may link the AT2R to the
pathogenesis of hypertension and vascular prolifer-
ative disorders (Guilluy et al. 2008).

+ Activation of scaffolding/adapter proteins like the
ATIP family that associate with molecular motors
on microtubules.

* Increased VEGF secretion that could increase
angiogenesis and play a role in cancer and kidney
disease.

The ATIP interaction was first discovered using the
yeast two-hybrid system. This protein family presently
includes six members that all interact with the AT2R:
ErbB3, PLZF, CNK1 Na*/H" exchanger NHE6, TIMP-3,
and ATIP/ATBP; for review, see (Rodrigues-Ferreira
and Nahmias 2010). Interestingly, association with
these angiotensin receptor-binding proteins may change
the intracellular location of the AT2R and underlie its
roles in neuronal differentiation, tumor growth, and
vascular remodeling. Using ATIP1 overexpressing mice
(ATIP1-Tg), it has been shown that the ATIP1 plays an
inhibitory role in the AT2R-mediated vascular
remodeling. The ATIP1-Tg mice exhibited reduced
neointima formation of the femoral artery after injury as
compared to WT mice, which is in line with the perceived
reduced AT2R signaling (Fujita et al. 2009). Control
experiments confirmed the result by showing reduced
NO, ERK1/2 phosphorylation, and TGFf levels in the
overexpression mice.

Finally, an important notion regarding the effect of
Angll stimulation: Since the two ATIR and AT2R
subtypes compete for available ligand, the Angll
in vivo effect depends on the relative expression of
the two receptors on the cell surface in a given biolog-
ical system. Thus, blocking the AT1R with losartan
leaves more Angll for AT2R stimulation yielding
a “dual effect” because the receptors often have oppo-
site actions. In addition, losartan also inhibits the
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renin/angiotensin feedback loop that functions as
a negative feedback loop; therefore, blocking ATIR
increases the production of Angll peptide. For exam-
ple, the activated ATIR stimulates fibrosis and the
AT2R attenuates fibrosis in many models; hence,
losartan would inhibit fibrosis both by blocking the
ATIR and by more available Angll for binding to
unoccupied AT2Rs. In line with this notion, studies
on transgenic mice with or without AT2 receptor
expression reveal that the effects of Angll on injury-
induced pancreatic fibrosis are determined by the bal-
ance between ATIR and AT2R signaling (Ulmasov
et al. 2009).

The AT2R Is Important in the Central Nervous
System (CNS)
Possible AT2R roles in CNS function, which affect
learning, memory, satiety, and behavior have been
suggested in both humans and rodents. At2r, gene
knockout mice (At2r (-/y)) showed significant defects
in their spatial memory, exhibited abnormal dendritic
spine morphology, and had lost the Angll reduced
food-intake response (Ohinata et al. 2008; Pawlowski
et al. 2009). In line with these data, intracerebro-
ventricularly administered Angll and AngIIl dose-
dependently suppressed food intake in mice and their
anorexigenic activities were inhibited by an AT2R-
selective antagonist (Ohinata et al. 2008).
Interestingly, the AT2R may also play a role in
neurological disorders such as Alzheimer’s disease,
depression, and Parkinson’s disease and possess
a neuroprotective effect in response to brain injury
such as stroke. The AT2R can attenuate inflammation
and oxidative stress that have been suggested to be key
factors in the pathogenesis and progression of several,
if not all, of the here mentioned diseases. It should be
noted that the exact molecular dysfunctions behind the
progressive neurodegenerative disorder in Parkinson’s
and Alzheimer’s diseases remain unidentified. It has
therefore been suggested that AT2R agonists may pro-
tect neurons against cell death, and thus would prove
beneficial in the treatment of these diseases. In the case
of Parkinson’s disease, Angll may attenuate dopami-
nergic cell death. The AT2R agonist can reduce dam-
age after an ischemic insult to the brain. Indeed,
centrally administered CGP42112 (an AT2R agonist)
exhibits a neuroprotective effect, which is independent
of blood pressure in conscious rat models of stroke.
This effect is likely enhanced by AT2R-induced
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vasodilatation and an increase in blood flow to the
ischemic brain zone improving the brain function and
limiting the infarct extension.

Furthermore, it is believed that the neuroprotective
AT?2R effect on stroke plays a role in the beneficial
effects of AT1R blockade in stroke. Thus, losartan is
superior in stroke treatment to other antihypertensive
drugs that are equipotent with respect to their blood
pressure—lowering effect. Losartan’s effect appears to
be blood pressure independent and mediated through
a dual action: selective ATIR blockade and indirect
AT2R stimulation by leaving AnglI for the unoccupied
AT2Rs. This dual action is unique to AT1R blockers.

At the cellular level, AT2R signaling and pheno-
typic effects on nerve cell differentiation, apoptosis,
and morphology have been studied extensively. In
NG108-15 cells, the AT2R induces neural outgrowth,
a process that requires parallel activation of ERK1/2
and Fyn, a member of the » Src family kinases
(Guimond et al. 2010).

The ATR2 Elicits Vasodilatation and
Cardioprotection in the Cardiovascular System
The AT2R’s actions in the cardiovascular system are
well characterized and include relaxation of cardiac
and vascular smooth muscle tone most likely through
increased NO production and bradykinin release. This
is the classical AT2R effect; however, the AT2R also
affects cellular apoptosis, inhibits proliferation,
diminishes atherosclerotic lesions in humans, and
limits the actions of the immune system after cardiac
injury. Accordingly, AT2R agonists are under
development for potential therapeutic use in hyperten-
sion. In addition, AT2R activation suppresses renin
biosynthesis and release in renal juxtaglomerular
cells, potentially further adding to the blood pres-
sure—lowering effect.

Treatment of Wistar rats with the AT2R agonist
compound 21, 24 h after an experimentally induced
myocardial infarction, significantly reduced scar size
and improved systolic and diastolic ventricular
function (Kaschina et al. 2008). At the molecular
level, compound 21 exerted anti-apoptotic effects
(diminished myocardial infarction-induced Fas-ligand
and caspase-3 expression in the peri-infarct zone) and
anti-inflammatory effects (decreased serum monocyte
chemoattractant protein-1 and myeloperoxidase as
well as reduced cardiac interleukin-6, interleukin-
lbeta, and interleukin-2 expression). Finally,
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compound 21 treatment reduced phosphorylation of
the ERK1/2 and p38 mitogen-activated protein kinases
that are both involved in cell survival after myocardial
infarction. Along with similar results from other
groups, these data strongly suggest that AT2R agonists
should be investigated for beneficial effects on systolic
and diastolic function after myocardial infarction.

Since the AT1R and AT2R have opposite effects on
vascular smooth muscle tone, and yet bind the same
ligand, there are several possible explanations for
a given experimental result. An interesting variation
over this theme may exist, as spontaneous hypertensive
rats may have lost the AT2R vasodilatory effect. In the
heart, coronary constriction induced by Ang II, Ang III,
and Ang-(1-7) is enhanced in spontaneous hypertensive
rats as compared to Wistar rats that have normal blood
pressure. The defect in the spontaneous hypertensive
rats could be explained either by absence of counter-
regulatory AT2R-mediated relaxation and/or by
a change of the AT2R phenotype from relaxant to
constrictor.

Caution is warranted in interpretation of the
literature on AT2R effects on the cardiovascular
system, since there have been conflicting reports
concerning the in vivo effects of AT2R activation on
cardiomyocyte apoptosis and hypertrophy. In some
studies, the AT2R appears to be required for hypertro-
phic growth whereas in the work of others there are no
effects on cardiac hypertrophy. Similar controversial
findings have been reported in atherosclerosis with
regard to AT2R effects on plaque morphology and
neointima formation.

In an attempt to tease out the cardiovascular
phenotype of the different Ang receptors, triple
knockout mice lacking the ATI1Ra, AT1b, and AT2R
have been generated. As expected, ATR1 deletion alone
reduced the heart rate and impaired the in vivo pressor
response to an Angll bolus injection. In the triple knock-
out mice, Angll had no effect on blood pressure
suggesting that there are no other AnglI-sensitive recep-
tors involved in blood pressure regulation (Gembardt
et al. 2008).

Interestingly, the AT2R is expressed in human and
rodent atherosclerotic lesions, and a series of papers
suggest an atheroprotective action of these receptors.
Chronic Ang-(1-7) administration inhibits the progres-
sion of atherosclerosis and improves endothelial
function in a mouse model of atherosclerosis (apolipo-
protein E-deficient (ApoE(-/-)) mice). These effects
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were reversed with either AT2R or Mas receptor
blockade. At the molecular level, Ang-(1-7) decreased
superoxide production and increased endothelial nitric
oxide synthase immunoreactivity, thus improving NO
bioavailability as a result of activation of AT2R and/or
Mas receptors (Tesanovic et al. 2010). In agreement
with these data, AT2R overexpression decreases
collagen accumulation in atherosclerotic plaques.

Increasing the complexity of the RAS system, sex
differences in blood pressure regulation exists.
In females, a low AngllI dose decreased blood pressure
while it had no effect in men. Surprisingly, a high dose
increased mean blood pressure more in men than in
women. This could be attributed to an enhancement of
the AT2R vasodilatory effects in women as underlined
by increased AT2R mRNA levels. These data are con-
sistent with the notion that estrogen upregulates AT2R
expression. In turn, this could contribute to the lower
blood pressure during pregnancy. In this condition, an
enhanced AT2R-mediated vascular relaxation path-
way involving increased expression/activity of
endothelial AT2Rs and increased postreceptor-
activated phospho-eNOS have been reported.

Although controversial because of contradictory
results, there is accumulation of evidence suggesting
that genetic polymorphisms in the AT2R gene can
modify disease risk in both cancer and cardiovascular
diseases. This is an important field to follow in the
future because better understanding of the response in
different patients can lead to more individually tailored
medicine. Several different genetic polymorphisms
have been described, although these mutations do
often not appear to influence AT2R function.
However, one of these, A1675G in the AT2R
gene possibly decreases cardiovascular risk and the
severity of atherosclerosis by modifying systemic
inflammation especially in hypertensive males
(Tousoulis et al. 2010).

The AT2R Affects Cancer and Inhibits
Inflammation

While the AT1R proinflammatory effects are rather well
established, most current evidence suggests the AT2R
instead interferes with and inhibits proinflammatory
pathways, though the AT2R data in inflammation are
still rather preliminary and somewhat controversial.
However, the principal mechanisms of AT2R putative
anti-inflammatory actions support new possibilities in
AT2R research and potential utilization of AT2R
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stimulation as a novel pharmacological concept in
anti-inflammation as reviewed in (Rompe et al. 2010).
Expression of AT2R protein is generally upregulated in
injury animal models such as experimentally induced
stroke, myocardial infarction, and neointima lesions,
and AT2R activation interferes with multiple inflamma-
tory pathways. The agonist compound 21 inhibits key
proinflammatory cytokines and nuclear factor kappaB.
Compound 21 dose-dependently (1 nM—1 uM) reduces
tumor necrosis factor-alpha-induced interleukin 6 levels
in primary human and murine dermal fibroblasts.
After myocardial infarction in the mouse, compound
21 also decreases serum MCP-1 and myeloperoxidase
as well as cardiac interleukin expression (IL-6, IL-1beta,
and IL-2).

In general, the AT2R has effects that theoretically
could play a role in cancer development including
anti-proliferative, anti-angiogenic, and pro-apoptotic
effects. In fact, AT2R expression seems to be
upregulated in different types of tumor tissues, includ-
ing mammary, prostate, and pancreatic cancer.
However, the literature contains conflicting reports
about the AT2R effect in cancer, so at this stage, it is
not entirely clear if blocking or stimulating the recep-
tor would inhibit tumor development.

Regarding prostate cancer, several reports show
that AT2R activation induces apoptosis of cancer
cells. AT2R overexpression in prostate cancer cells
using an adenoviral vector induced apoptosis even
without addition of Angll, suggesting that AT2R is
constitutively active in this situation. The cell
death—signaling pathway was evidenced by increased
terminal deoxynucleotidyl-transferase-mediated
dUTP nick-end-labeling staining and was dependent
on activation of p38 mitogen-activated protein kinase,
caspase-8, caspase-3, and p53 activation. AT2R
overexpression also induced inhibition of prolifera-
tion, a significant reduction of S-phase cells, and an
enrichment of G1-phase cells indicating that AT2R is
a promising novel target gene for prostate cancer
therapy (Li et al. 2009). In other experiments using
LL/2 and 3-MCA tumor cells, the AT2R induced the
release of vascular endothelial growth factor (VEGF),
a soluble pro-angiogenic factor. Blocking this effect
revealed a significant decrease in angiogenesis after
antagonist (PD123,319) treatment or in AT2R-KO
mice suggesting AT2R inhibition would impair tumor
development by blocking malignant cell proliferation
and tumor angiogenesis (Clere et al. 2010).
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These studies thus imply that the effect of AT2R
could be different depending on the cancer type and
biological setting.

Roles of AT2R in Kidney Disease and Diabetes

It has been appreciated for some time that the RAS acts
as a local paracrine system in the kidney with presence
of all the known molecular components including
angiotensinogen, renin, Angl, angiotensin-converting
enzymes, Angll, the ATIR, and the AT2R. Overall,
the AT2R is perceived to increase renal blood flow
(likely by increasing local NO production), inhibit
growth, increase sodium excretion, as well as to par-
ticipate in fibrosis and remodeling after renal injury.
The natriuretic effect is also strongly stimulated by
AngllIl, further underscoring its role as an AT2R
ligand. Interestingly, the AT2R is also important for
normal renal development. Inhibition of the AT2R
using PD123319 during pregnancy induces
malformations in the developing rat kidney.

The AT2R kidney effects on blood pressure and
natriuresis add further evidence in favor of using
AT?2R agonists as antihypertensive agents. However,
when reviewing AT2R effects on kidney remodeling
and fibrosis, conflicting data appears (Wenzel et al.
2010). One line of data points to a role for the receptor
in nephroprotection. AT2R-knockout mice exhibit
increased renal injury and mortality in chronic kidney
disease suggesting that pharmacological stimulation of
the AT2R may positively influence renal pathologies.
Other data support the notion that the AT2 receptor
mediates pro-inflammatory effects and promotes renal
fibrosis and hypertrophy, and consequently blocking
the receptor would be the choice of therapeutic
intervention.

At the molecular level, the AT2R upregulates slit
diaphragm-associated molecules such as nephrin, that
is, a key molecule for preventing proteinuria. In
a mouse model for proteinuria, AT2R activation
improves kidney function by regulating the cell cycle
and principal molecular components in the podocyte.
Podocytes have important functions in sealing of the
glomerular permeability barrier, and therefore the
AT2R is considered an interesting pharmacologic
target for preventing proteinuria (Kawachi et al. 2009).

One of the most interesting roles of Ang receptors is
their involvement in diabetes. Diabetics have more
cardiovascular and kidney disease than the background
population, and the RAS is considered a highly
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important pathophysiological component in both dis-
eases. Not only does blocking of the ATIR reduce the
development and progression of diabetic nephropathy.
This treatment also delays onset of diabetes as com-
pared to other antihypertensive agents even though
these reduce the blood pressure to the same extent as
ATIR blockers. It has been shown that the beneficial
effects on glomerular injury achieved with ATIR
blockers are contributed to, not only by blockade of
the ATIR, but also by increasing Angll effects medi-
ated through the AT2R (Naito et al. 2010).

The big question is: What is the quantitative signif-
icance of AT2R in the establishment of diabetic
vascular dysfunction? Although, we do not have the
answer to this, it is at least known that the enhanced
AT2R and iNOS-induced, NO-mediated vasodilation,
impairs Angll-induced contraction in an endothelium-
independent manner at the early stage of type 2 diabe-
tes. It is also known that insulin activation of the
phosphatidylinositol 3-kinase (PI3K) pathway stimu-
lates glucose uptake in peripheral tissues and NO
synthesis in the endothelium. Since AT2R activation
increases NO availability in the endothelium, the
AT2R activation would contribute to better glucose
uptake and delay insulin resistance. Shared insulin
and AT2R signaling pathways could underlie the
beneficial AT2R effects in metabolic and hypertensive
cardiovascular diseases.

Diabetic conditions increase expression of the
AT2R in the proximal tubule with a beneficial effect
in kidney function and blood pressure regulation. In
the hyperglycemic kidney, the AT2R is suggested to
regulate key signaling pathways including Akt-
mTOR-p70(S6K)and VEGF signaling.

Another interesting mechanism is that the AT2R
mediates Angll and high glucose induced decreases
in renal prorenin/renin receptor expression,
which would protect the kidney in diabetic conditions
where increased Angll is harmful. Low renin
levels controlled by the AT2R also play a role in
nephroprotection in obese Zucker rats.

Gene polymorphisms in the AT2R additionally
suggest a link to diabetes, as high RAS activity and
the A-allele of the AT2R G1675A polymorphism
associate with high risk of severe hypoglycemia in
type 1 diabetes. A potential preventive effect of
RAS-blocking drugs in patients with recurrent
severe hypoglycemia could be interesting to examine
(Pedersen-Bjergaard et al. 2008).
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Summary

The investigation of AT2R signal transduction and
biological effects has increased considerably after the
advent of specific, high affinity, and non-peptide
AT?2R agonists and antagonists that can now be used
as tools to identify AT2R-specific effects in the
scenario of multiple different Ang receptors. It has
become clear that this receptor does not activate
classical heterotrimeric G proteins, but rather signals
through a series of small G proteins, kinases, phospha-
tases, and scaffolding molecules that mostly bind to the
receptor COOH-terminal. A novel family of scaffold-
ing proteins including ATIP that are especially
attached to the AT2R have been identified. These
events have lead to increased interest in the AT2R
signaling and biology and especially in its putative
pathophysiological roles. A long line of recent
evidence suggests that pharmacological manipulation
of AT2R activity could be clinically applicable in
a wide range of diseases especially in hypertension,
myocardial infarction, stroke, and diabetes. It has also
become clear that the canonical notion that the AT2R
antagonizes the effects of the ATIR probably is an
oversimplification. Especially since the AT2R also
possesses high affinity for Ang-(1-7) and AnglII that
do not activate the AT1R. Nevertheless, many of the
AT2R effects are counterbalanced by ATIR activa-
tion. Solid experimental evidence has demonstrated
that AT2R elicits vasodilatation through NO release,
and has anti-inflammatory and anti-proliferative
effects, and lastly regulates apoptosis in many cell
systems. A lot of interest centered on possible shared
signaling pathways between insulin and AT2R signal-
ing suggests that AT2R agonist could have beneficial
and synergistic effects both in metabolic and cardio-
vascular disease by a dual mechanism of action includ-
ing vasodilatation and NO metabolism.

However, effects still remain that we need to under-
stand in more detail including clarification of contra-
dictory results such as the dual roles of AT2R to both
inhibit and enhance inflammation, fibrosis, and
apoptosis, and we have only begun to investigate the
AT2R’s role in malignant cells. Furthermore, it will be
interesting to follow clinical trials of AT2R agonists
and get a preliminary picture of the benefits these
drugs may play in future medicine, especially, since
we do not yet know which unwanted side effects might
turn up.
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Historical Background

The adenine nucleotide translocase (ANT) belongs to
the evolutionarily conserved family of mitochondrial
carriers (for a recent review see Palmieri et al. 2010).
ANT constitutes one of the most abundant proteins of
the mitochondrial inner membrane (IM), in which
it is inserted via six transmembrane helices. Both the
C- and N-termini of ANT face the mitochondrial
matrix. ANT was first characterized as an antiporter
that mediates the export of ATP from the mitochon-
drial matrix to the intermembrane space together with
the import of ADP from the intermembrane space to
the matrix (Pfaff et al. 1968) (Fig. 1a). This antiporter
activity is electrogenic, as it drives the stoichiometric
exchange of ATP*~ and ADP?~. ANT may also act as
anonselective IM channel, playing a critical role in the
permeabilization of mitochondrial membranes that
accompanies apoptosis and programmed necrosis
(Riick et al. 1998; Brustovetzki et al. 1996; Marzo
et al. 1998) (Fig. 1b and c).

Recently, the 3D crystallization of the bovine heart
ANT monomer with carboxyatractyloside (CAT)
established a structural organization based on a threefold
repeat of about 100 amino acids, 6 transmembrane heli-
ces with a depression at the intermembrane space sur-
face, and a short mitochondrial carrier sequence
(RRRMMM) at the bottom. Each ANT monomer has
turned out to associate with several cardiolipin mole-
cules, correlating with functional studies indicating that
ANT activity depends on this IM-specific lipid. CAT
binding excluded that of adenosine nucleotides (i.e.,
ADP and ATP), suggesting that the residues of ANT
that are involved in the nucleotide binding site are also
important for the physical association with CAT.
A close-open conformation switch has been suggested
to facilitate ADP/ATP antiport and to result from the
cooperative binding of the nucleotides. However,
the exact molecular and enzymatic mechanisms that
account for ADP/ATP exchange by ANT remain elusive.

A Vital Mitochondrial ADP/ATP Carrier

The enzymatic function of ANT as an ADP/ATP
exchanger has been first characterized in isolated
mitochondria from rodent livers, in yeast, and in native
ANT-containing  proteoliposomes. These studies
have benefited from two specific inhibitors, namely,
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ANT, Fig. 1 Two functions for one protein. (a) ANT is an ADP/
ATP translocase inserted in the mitochondrial inner membrane
(IM), where it exchanges ATP and ADP between the mitochon-
drial intermembrane space (IMS) and the mitochondrial matrix.
The ADP/ATP exchange rate is dependent on the mitochondrial
membrane potential (AV,), whose polarity across the IM is
indicated with (—) and (+). Moreover, in response to specific
stimuli, ANT can function as a nonspecific channel (for mole-
cules with a molecular weight <1.5 kDa), either in association
with the voltage-dependent anion channel (VDAC) and
cyclophilin D (CYPD) within a multiprotein complex known

CAT and bongkrekic acid (BA), which bind different
sites within the protein and favor the c- and
m-conformation of the protein, respectively
(Klingenberg 2008). The efficacy of ANT in exchanging
ADP with ATP is moderate, and the relatively high
abundance of the carrier at the IM might reflect an
adaptation to the high intracellular demand for mito-
chondrial ATP export (Klingenberg 2008). It is still
unclear whether in cellula ANT can function indepen-
dently, as a monomer and/or an homodimer, or whether
(at least in some tissues) it requires the physical binding
of a partner such as the voltage-dependent anion channel
(VDAC), cyclophilin D (CYPD), the mitochondrial
phosphate carrier protein (SLC25A3, also known as
PIC), the FoF,-ATP synthase, and/or the mitochondrial
creatine kinase (MTCK1). An association with such
mitochondrial proteins might improve the channeling
of ATP to hexokinase and of ADP to the FoF,-ATP
synthase in response to increased ATP demands, and
might be particularly relevant for the metabolic adapta-
tion of mitochondria in cancer cells.

The enzymatic characterization of ANT can be car-
ried out with radiolabeled nucleotides. Briefly, isolated
mitochondria are loaded with tritiated ATP ([*'H]ATP)

PTPC ANT channel

as permeability transition pore complex (PTPC) (b) or on its own
(¢). Calcium (Ca2+), reactive oxygen species (ROS), proteins
and peptides (e.g., the pro-apoptotic BCL-2 family member
BAX; Vpr, which is encoded by the human immunodeficiency
virus 1, HIV-1), as well as small molecules (e.g., carboxyatrac-
tyloside, CAT) can all stimulate the pore function of ANT,
which in turn can induce mitochondrial membrane permeabi-
lization and hence cell death. Cyclosporine A (CsA) prevents the
binding of CYPD to ANT, thereby functioning as a PTPC inhib-
itor. OM, mitochondrial outer membrane

in a suitable energizing buffer, allowing for oxidative
phosphorylation and for the maintenance of a mito-
chondrial transmembrane potential (AVs,,). Upon the
elimination of extramitochondrial nucleotides, ADP/
ATP exchange is initiated by addition of exogenous
ADP. Then, the import reaction is blocked by CAT,
mitochondria are centrifuged, separated from their
supernatant, and the exported radioactive ATP is quan-
tified. This methodology has been successfully used to
estimate the V., and K, of ANT from various origins
(Pfaff et al. 1968). Alternatively, the addition of an
extramitochondrial ATP detection system (containing
NADP", hexokinase, glucose-6-phosphate dehydroge-
nase, and glucose) to mitochondria suspended in ener-
gizing buffer avoids the use of radioactivity and is
suitable for the high-throughput screening of mole-
cules that affect ANT antiporter activity (Belzacq-
Casagrande et al. 2009).

A Lethal Channel

In response to a number of stimuli, ANT can be
converted into a poorly selective cation channel
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(Fig. 1b and c). Single-channel current measurements
in giant bovine ANT proteoliposomes revealed the
reversible opening of a Ca®"-dependent channel
(Brustovetsky and Klingenberg 1996). This might be
caused by the binding of Ca®* to cardiolipin,
a mitochondrial IM lipid that is tightly bound to
ANT, in turn triggering a conformational change that
results in pore opening. The ANT channel has also
been studied upon purification from rat heart, reconsti-
tution of ANT-containing proteoliposomes, and mea-
surement of the release of a fluorescent probe (Riick
et al. 1998; Marzo et al. 1998). Several classes of
natural or synthetic molecules have been shown to
activate or inhibit the channel function of ANT,
suggesting that ANT can constitute a pharmacological
target (Halestrap and Brenner 2003). In support of this
hypothesis, inhibition of ANT by Nelfinavir, a small
molecule used in antiretroviral therapy, has been
shown to inhibit pathological manifestations linked to
massive cell death in mice undergoing septic shock,
cerebral ischemia-reperfusion, and fulminant hepatitis
(Weaver et al. 2005). Thus, ANT might be targeted to
repress cell death signaling in vivo.

Due to similarities in channel conductance and sen-
sitivity to pharmacological inhibitors, ANT has been
proposed to constitute the IM channel of the perme-
ability transition pore complex (PTPC), a multiprotein
structure assembled at the interface between mitochon-
drial membranes that is involved in both mitochondrial
homeostasis and cell death (Fig. 1b). Of note, despite
striking structural similarities, not all ANT isoforms
support the formation of the PTPC.

Four ANT Isoforms

The human ANT gene family is composed of four
homologues, ANTI to ANT4. Primary sequence homol-
ogy ranges from 68% to 88% (Dolce et al. 2005). The
expression of distinct ANT isoforms is highly regu-
lated and exhibits tissue specificity, suggesting
a differential role for each isoform. Accordingly, the
promoter region of ANT genes contains elements that
can be bound by multiple transcription factors includ-
ing (though presumably not limited to) members of the
OXBOX-REBOX family, GRBOX, SP1, and AP2.
ANT]1 is mainly expressed in nonproliferating tissues,
including skeletal muscle and brain. In contrast, ANT2
is upregulated during growth, and ANT2 constitutes
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the prevalent ANT isoform that is expressed in hepa-
tocytes, fibroblasts, and lymphocytes. The ANT3 gene
is transcribed ubiquitously at a comparatively lower
level. In humans, ANT4 can be detected mainly in
liver, testis, and brain. In mice, ANT4 is exclusively
expressed in embryonic stem cells (Dolce et al. 2005).
The genetic invalidation of Anzl and Ant2 in the mouse
liver renders mitochondria insensitive to ANT ligands
(e.g., CAT). Moreover, the Antl/Ant2 double knockout
enhances the capacity of mitochondria to accumulate
Ca** ions, decreases the probability of PTPC opening,
and yet does not compromise cell death, suggesting
that ANT1 and 2 are dispensable for apoptosis or that
other proteins (e.g., ANT4, other members of the mito-
chondrial carrier protein family) may substitute for the
lethal functions of ANT1 and 2 in their absence. How-
ever, genetic strategies to modulate the expression
levels of various ANT isoforms in human cancer cell
lines revealed that ANT1 and 3 overexpression favors
apoptosis (Bauer et al. 1999), whereas increased levels
of ANT2 and 4 augment the resistance of cancer cells
against death induction (Le Bras et al. 2006; Gallerne
et al. 2010).

ANT1 in Cardiopathy

ANT1 has been associated with several cardiac dis-
eases (Dorner and Schultheiss 2007). In particular,
five-point mutations of ANTI have been identified in
patients with autosomal dominant progressive external
ophthalmoplegia (adPEO), an adult-onset pathology
characterized by weakening of external eye muscles,
generalized myopathy, exercise intolerance, and
multiorgan disorders including cardiomyopathy. Mus-
cle biopsies of individuals affected by adPEO revealed
common intracellular features, including deficient oxi-
dative phosphorylation, scattered ragged red fibers,
and multiple mitochondrial DNA deletions. When
introduced in yeast, these mutations decrease oxidative
growth and lead to diminished ADP/ATP exchange.
Cardiac ischemia/reperfusion and alteration of the
myocardium have also been associated with reduced
ANT function. It has been speculated that oxidative
stress and/or alterations of the lipid metabolism can
negatively affect ANT activity, inhibit energy supplies
and, therefore, favor PTPC opening and apoptosis.
Surprisingly, transgenic mice that overexpress
ANT1 in the heart are protected from cardiac
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insufficiency and diabetic cardiomyopathy, correlating
with improved mitochondrial ANT functionality and
oxidative phosphorylation. In contrast to in vitro stud-
ies, no signs of enhanced apoptosis were detected in
ANT-transgenic animals. In addition, these animals
showed features of athlete’s hearts, including enlarged
end-diastolic and end-systolic volumes and raised
heart rate with unchanged ejection fraction, but no
signs of abnormal dilatation.

ANT2 in Cancer

According to the Expressed Sequence Tags database
(EST, Unigene), cancer patients often show the
deregulated expression of ANT isoforms. In particular,
the ANT2 isoform is overexpressed in biopsies from
distinct types of cancers as well as in several human
tumor cell lines. Changes in the expression levels of
ANT?2 neither have major effects on cell metabolism
and morphology nor negatively affect cell viability or
proliferation, suggesting compensatory effects from
other ANT isoforms (Le Bras et al. 2006). However,
ANT?2 overexpression decreases the sensitivity of can-
cer to some pro-apoptotic stimuli. Accordingly, ANT2
silencing by RNA interference (RNAi) induced apo-
ptosis in breast cancer cells in vitro and tumor regres-
sion in mice. Overexpression of ANT4 also protects
cancer cells from apoptosis (Gallerne, et al. 2010), but
the anti-apoptotic potential of ANT4 in vivo awaits
confirmation.

Summary

Mitochondria, which are the cell’s powerhouse but
also centralize lethal pathways, constitute a crossroad
among numerous intracellular signaling pathways.
Mitochondrial dysfunction is frequently associated
to severe human diseases, including cancer and car-
diomyopathies. Some of these pathologies are closely
linked to the deregulation of apoptosis as well as that
of energy metabolism. The adenine nucleotide
translocase (ANT), which possesses two opposite
functions (as a vital ADP/ATP antiporter and as
a lethal channel), appears to occupy a central position
in controlling cell fate. It is now clearly established
that both ANT functions can be modulated by phar-
macological agents. However, a more detailed

ANT

knowledge of the specific pathophysiological role of
each isoform is required to validate ANT as a poten-
tial therapeutic target.
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Historical Background

The cytoplasm of all eukaryotic cells is organized into
a complex set of membrane-bound organelles with
defined protein and lipid composition. Proteins and
lipids of the endocytic and exocytic pathways are
transported between these compartments by small ves-
icles and tubules which pinch off from one compart-
ment and fuse with another and so deliver their
contents. The budding of vesicles and tubules from
membranes is driven by the recruitment of coat protein
complexes from the cytoplasm. Coat complexes have
two main functions in this process: First, they select
cargo proteins to be packaged into the vesicle, and
second, they recruit accessory proteins that help
deform the membrane into a bud and bind machinery
required for vesicle fission.

In mammalian cells, there are five related adaptor
protein (AP) complexes (AP-1 through 5) (Hirst et al.
2011). Each complex is localized to a specific post-
Golgi compartment and is required for the transport of
a defined set of cargo molecules (Fig. 1 and Table 3).
The AP-1 complex is localized to the trans-Golgi net-
work and tubular endosomes and plays a role in the
trafficking of proteins between these compartments
such as the mannose 6-phosphate receptors and the
R-SNARE, VAMP4. The AP-2 adaptor complex is
localized to the plasma membrane and is required for
the internalization of cell surface receptors such as the
transferrin receptor and the low-density lipoprotein
receptor. The AP-3 complex is localized to tubular
endosomes and is required for the trafficking of
lysosomal proteins such as LAMPI and LIMPII. The

AP-4 complex is localized to the TGN and
endosomes and is involved in the trafficking of the
amyloid precursor protein. The AP-5 complex is local-
ized to late endosomes. However, what cargo proteins
it traffics is not known.

Adaptor protein complexes are heterotetramers
consisting of a related set of subunits. The AP-1 com-
plex consists of v, B1, u1, and o1; AP-2 of o, 2, u2, and
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o02; AP-3 of 9, B3, u3, and ¢3; AP-4 of ¢, 4, u4, and
o4; and AP-5 of {, B5, u5, and o5. Each subunit within
the adaptor complex plays a specific role in the process
of vesicle budding, for example, the p subunits bind
cargo proteins; the  subunits bind clathrin in the case
of B1-3, the structural component of the vesicle required
for membrane deformation; and the o/y type subunits
bind accessory proteins that regulate the process.

The first AP complexes to be characterized were
AP-1 and AP-2 as they are major components of
clathrin-coated vesicles. The next AP complex to be
identified was AP-3. The first subunits of the AP-3
complex were isolated by expression cloning in the
early 1990s and the subsequent subunits of the com-
plex were identified through their sequence homology
to subunits of the AP-1 and AP-2 complexes, reviewed
in (Odorizzi et al. 1998).

The first insights into the function of the AP-3
complex came through the discovery that garnet fruit
flies are missing the & subunit of the AP-3 complex.
Garnet flies have reduced pigmentation in their eyes
suggesting that the AP-3 complex is involved in the
biogenesis of pigment granules, which are a lysosome-
related organelle. In support of this hypothesis it was
then discovered that the mouse coat color mutants
mocha and pearl have disruption in the B3A and
O subunits respectively, and that people with
Hermansky—Pudlak syndrome type 2 are missing the
B3A subunit, reviewed in (Odorizzi et al. 1998;
Badolato and Parolini 2007). People with HPS type 2
have reduced pigmentation (skin, hair, and eyes),
defects in blood clotting, and susceptibility to recurrent
infections. The majority of these phenotypes can be
explained by defects in melanocytes, platelet dense
granules, and lytic granules which are lysosome-
related organelles (Badolato and Parolini 2007). In
addition to defects in specalized compartments there
is also increased trafficking of lysosomal integral
membrane proteins over the cell surface in cells iso-
lated from mice or patients lacking functional AP-3
complexes (Table 3) (Dell’ Angelica et al. 1999).

This entry will primarily focus on outlining what is
currently known regarding the function and regulation
of the mammalian AP-3 complex in generic cell types.
For detailed reviews regarding the biology of the AP-3
complex in non-vertebrate systems and in specalized
cell types such as melanosomes and neurons, see
(Raposo and Marks 2007; Dell’Angelica 2009;
Danglot and Galli 2007).
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AP-3, Fig. 1 AP complexes are localized to post-Golgi mem-
branes. (a) Diagram showing the primary localization of adaptor
complexes within a generic mammalian cell. Arrows indicate

tubular endosome

AP-3 Complex Subunit Composition,
Expression, and Function

The AP-3 complex is a heterotetramer of approxi-
mately 320 kDa. The complex consists of two large
subunits 6 (130 kDa), B3 (120 kDa), a medium subunit
u3 (47 kDa), and a small subunit 63 (21 kDa) (see
Table 1 and Fig. 2) (Simpson et al. 1997). Once the
individual subunits of the AP complexes are synthe-
sized they assemble very rapidly into a complex so the
levels of individual subunits in the cytoplasm are neg-
ligible under normal conditions. Deletion or disruption
of either of the large subunits leads to disassembly and
degradation of the other subunits of the complex.

Tissue-Specific Expression

There are two isoforms of the 3, u3, and 63 subunits.
All tissues express 8, B3A, p3A, o3A, and 63B, and
neuronal and pancreatic tissues express 3B and p3B
in addition (see Table 1). It has been proposed that
there are ubiquitous (3, B3A, u3A, c3A/B) and neuro-
nal (3, 3B, n3B, 63A/B) forms of the AP-3 complex.
This hypothesis is partially supported by phenotypic
analysis of mice either lacking both complexes (mocha
mice) or just the neuronal (L3B) complex, reviewed in
Danglot and Galli (2007).

AP-3

transport routes between compartments. TGN trans-Golgi net-
work. (b) A mouse fibroblast stained for the AP-1 (y) and AP-3
(8) adaptor complexes. Scale bar 30 pm

Large Subunits
The large subunits (also known as adaptins) of the AP-3
complex have three domains: a folded trunk domain
of approximately 70 kDa, a flexible linker domain of
around 20 kDa, and a folded appendage domain of
30 kDa (Fig. 2). The trunk domains of & and 33 consist
of o solenoid fold and interact with the 3 and p3 sub-
units respectively. The trunk domain of the & subunit
may also be involved in membrane binding as the com-
parable region on the o subunit of AP-2 binds phosphati-
dylinositol 4,5-bisphosphate (PIP,) (Jackson et al. 2010).
Very little is known about the appendage domains
of B3 and & adaptin. Based on homology they are
predicted to have a bi-lobal structure. The appendage
domains of o (AP-2) and v (AP-1) adaptin bind acces-
sory proteins that regulate vesicle budding and fission.
At present no appendage domain binding proteins have
been identified for AP-3. However, it is likely that
they exist because AP-3 complexes lacking the B3
appendage domain are unable to traffic lysosomal pro-
teins efficiently, and mocha® mice that lack the &
appendage domain have a coat color phenotype. Inter-
estingly, the & ear does not have the conserved plat-
form required for binding accessory proteins found on
the o subunit indicating that the 6 subunit must bind
accessory proteins in an alternate manner.
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Subunit name symbol Gene ID Splice isoforms (aa) Expression Function within complex
) AP3D1 8943 2 (1153 and 1112aa) Ubiquitous Binding membranes and
accessory proteins?

B3A AP3B1 8546 1 (1094aa) Ubiquitous Binding accessory proteins

B3B AP3B2 8120 1 (1101aa) Neuronal and Binding accessory proteins
pancreatic tissue

n3A AP3M1 26985 2 (418) Ubiquitous Binding cargo, Yxx&

u3B AP3M2 10947 2 (418) Neuronal and Binding cargo, Yxx@
pancreatic tissue

c3A AP3S1 1176 1 (193aa) Ubiquitous Binding cargo, [D/E]xxxL[L/I]

3B AP3S2 10239 1 (193aa) Ubiquitous Binding cargo, [D/E]xxxL[L/I]

Information shown for human AP-3 subunits
aa amino acids

Cargo binding
domains

Appendage >
domain

Flexible linker_=>

domain Clathrin binding

domain
Trunk domain -7

AP-3, Fig. 2 Schematic of the AP-3 adaptor complex. Structure
of the AP-3 complex based on its homology to the AP-2 adaptor
complex. Diagram shows subunit interactions and functional
domains

Medium Subunits

The main function of the p3 subunit is to bind cargo
molecules that contain tyrosine-based sorting signals
(see section “AP-3 Cargo Proteins” and Table 2)
(Ohno et al. 1998). The p3 subunit is predicted to
have two folded domains connected via a short linker.
The N-terminal domain has a longin type fold and
interacts with the other subunits of the complex, and
the C-terminal domain binds cargo molecules (see
section “AP-3 Cargo Proteins”). p3A and B have
been shown to bind similar cargo molecules using
yeast two-hybrid analysis.

Small Subunits

The main known function of the 63 subunit is to bind
cargo molecules that contain dileucine type motifs
(see section “AP-3 Cargo Proteins” and Table 2)
(Janvier et al. 2003). The 63 subunits are predicted
to be globular and have a longin type fold. Based on

the structure of the o2-dileucine interaction is
predicted that ©3 binds dileucine signals using
a conserved hydrophobic pocket on its surface (Jack-
son et al. 2010). c3A and B are both ubiquitously
expressed and at present it is unclear why there are
two isoforms. It is possible that having both isoforms
may increase the repertoire of cargo molecules the
AP-3 complex can bind, or there may be as yet
unidentified interacting partners. In addition to bind-
ing cargo molecules, G3A/B have also been shown to
be capable of interacting with the appendage domain
of the d subunit, and this interaction may regulate AP-
3 recruitment onto membranes (see section “Regula-
tion of the AP-3 Complex”).

AP-3 Complex Interacting Proteins

Over the past 15 years, many approaches have been
used to identify AP-3 complex interacting partners.
These include yeast two-hybrid screens, proteomic
studies on immuno-isolated AP-3 complexes, vesicles,
and AP-3-coated liposomes. Thus, the number of pro-
posed AP-3 interacting proteins has increased steadily.
However, the numbers are relatively low compared to
the AP-1 and 2 complexes suggesting that there are
more to be discovered. It must be noted that for many
of the AP-3 interacting partners it is still not known
what domains and/or subunits of the AP-3 complex are
involved in mediating the interaction. In the following
section, I have outlined some of the known AP-3
interacting proteins. This list is not exhaustive but
focuses only on the interacting partners who have had
their binding to AP-3 mapped.
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AP-3, Table 2 AP-3 interacting proteins

Interaction motif/domain

Interacting protein on binding protein

Clathrin B-propeller of clathrin’s
N-terminal domain

ARF1 Switch 1 and switch 2

KIF3A C-terminus (601-702)

AGAPI1 PH domain

BLOC-1 (Dysbindin Dysbindin

subunit)

Interaction domain on AP-3

Flexible linker domains of B3A
(LLDLD) and 3B (LLDLE)

6/c3 subcomplex
B3A hinge (676-902)

6/03 subcomplex
u3 or B3B?

AP-3

Method used to show
interaction

Biochemical “pull down”

Yeast two-hybrid and co-IP

Yeast two-hybrid and
biochemical pull down

Yeast two-hybrid
Biochemical “pull downs”

A representative list of mammalian AP-3 interacting proteins which have had their binding site mapped

Clathrin

The AP-3 complex has been shown to bind clathrin
in vitro and partially colocalize with clathrin in vivo.
The B3A/B subunits have a clathrin-binding motif
called a clathrin box (L&JxQD[D/E]), where @ is
a bulky hydrophobic residue and x is any residue
(Dell’ Angelica et al. 1998). Mutation of this motif
abolishes AP-3’s interaction with clathrin. Surpris-
ingly, AP-3 is not enriched in purified clathrin-coated
vesicles and does not require clathrin to function.
Mutation of the clathrin-binding box in AP-3 does
not drastically affect lysosomal protein trafficking,
and depletion of clathrin from an AP-3 based
in vitro budding assay did not inhibit AP-3 budding.
Furthermore, a significant fraction of AP-3 positive
vesicles and tubules do not label for clathrin. Thus,
the role of clathrin in AP-3 function still remains
uncertain. Not all adaptor complexes require clathrin
to function. For example, AP-4 and AP-5 do not
contain clathrin-binding boxes and do not colocalize
with clathrin in vivo and yeast AP-3 does not require
clathrin for function. At present it is unclear why
certain AP complexes require clathrin as a structural
scaffold to help generate a vesicle and others do not.
It is possible that other proteins may be performing
the same function as clathrin. In yeast, it has been
proposed that Vps41 may be playing this role for
AP-3, and for AP-5 SPG11 may be performing this
function.

ARF1 and AGAP1

ARF1 is required for AP-3 recruitment to membranes.
The binding domain of ARF1 has been mapped to the
trunk domain of the 8/c3 subcomplex. This interac-
tion has been shown to be modulated by the

interaction of the J-appendage domain with the
C-terminal domain of the &3 subunit (Lefrancois
et al. 2004). The ARF1 GAP, AGAP1 also binds to
AP-3 (Nie et al. 2003) (see section “Regulation of the
AP-3 Complex”).

KIF3A

The motor protein KIF3A has been shown to bind to
the hinge region of B3A and disruption of this interac-
tion causes a defect in HIV budding (Azevedo et al.
2009). KIF3A is a component of the plus end directed
motor Kinesin-2. Kinesin-2 has been shown to play
a role in the transport of endosome-derived vesicles.

BLOC-1 Complex

The AP-3 complex interacts with biogenesis of
lysosome-related organelles complex-1 (BLOC-1)
(Di Pietro et al. 2006). BLOC-1 consists of 8 known
subunits: pallidin, cappuccino, muted, snapin,
dysbindin, BLOS1, BLOS2, and BLOS3. Disruption
of BLOC-1 function leads to defects in the biogenesis
of lysosome-related organelles and increased cell sur-
face trafficking of lysosomal proteins. The molecular
function of this complex is still unknown. It is likely
that the interaction between BLOC-1 and AP-3 occurs
through the dysbindin subunit of the complex. How-
ever, it remains unclear which subunit or subunits of
the AP-3 complex mediate this interaction as p3 and
B3 have both been proposed to bind dysbindin.

AP-3 Cargo Proteins

One of the main functions of an AP complex is to select
cargo molecules into forming vesicle (Bonifacino and
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AP-3, Fig. 3 Loss of AP-3 causes increased trafficking of lyso-
somal proteins over the cell surface. (a) Mocha fibroblasts were
transfected with the & subunit of the AP-3 complex and allowed
to internalize antibodies to the lysosomal protein LAMPI for
30 min at 37°C. The cells were fixed and stained for 6 adaptin

Traub 2003). Loss of AP-3 complex function leads to
increased cell surface trafficking of lysosomal proteins
as well as defects in the targeting of certain cargoes to
lysosome and lysosome-related organelles (Fig. 3).
The AP-3 complex, like the other well-characterized
adaptor complexes (AP-1/2), is capable of binding two
types of linear motifs found in the cytoplasmic tails of
cargo molecules. Studies using yeast two-hybrid
assays have shown that the C-terminal domain of the
w3 subunit binds tyrosine-based motifs Yxx& (where
(J is a bulk hydrophobic residue and x is variable but
tends to be hydrophilic in nature) (Ohno et al. 1998).
Studies using yeast three-hybrid assays have shown
that di-leucine-based motifs [D/E]xxxL[L/I] (where
x is any residue) bind a hemi-complex formed from
the 6/c3 subunits (Janvier et al. 2003). The binding
affinities of both types of motifs for AP complexes are
relatively weak and in the pM KD range.

The AP-3 complex can also bind cargo that does not
contain either tyrosine or di-leucine-based motifs. For
example, the endosomal R-SNARE » VAMP7 and the
HIV-GAG protein have shown to interact with the
hinge domain of the 6 subunit of the complex, and
disruption of this interaction alters the trafficking of
both proteins. For a detailed list of proposed AP-3
cargo proteins, see Table 3. It must be stated that for
many of these proteins it has still to be confirmed
whether there is a direct interaction between these
proteins and the AP-3 complex. Thus, it is possible
that changes observed in their trafficking in AP-3-
deficient cells may be indirect.

W

100 10' 102
Cell Surface LAMP1
(arbitrary units)

§

and LAMPI. Scale bar 30 pm. Asterisk marks cell not expressing
d adaptin. (b) Mocha (mh) fibroblasts were transfected with the
& subunit of the AP-3 complex and the cell surface levels of
LAMPI determined using flow cytometry

Regulation of the AP-3 Complex

For AP complexes to function they must continually
cycle on and off membranes. This cycle is regulated
through a combination of weak ptM-KD interactions
involving small GTPases, lipids, and cargo proteins.
This cycle has been best elucidated for the AP-2 com-
plex (Jackson et al. 2010). The AP-2 complex is ini-
tially recruited onto membranes via its interaction with
PIP,. This interaction leads to a conformational switch
in the complex that allows the u2 and c2 subunits to
bind cargo proteins thereby increasing the affinity/
avidity of the interaction. In addition to the conforma-
tional switch there is also further regulation where the
linker domain of the p2 subunit is phosphorylated,
which greatly increases the affinity of the u2 subunit
for binding of cargo molecules. At present very little is
known about the regulation of the AP-3 complex.
However, it is clear that ARF1 plays a major role in
this process.

ARF1, GEFs, and GAPs

The main GTPase-regulating AP-3 membrane associ-
ation is ARF1 (Table 2). ARF1 is a small GTPase that
cycles between an active GTP and an inactive GDP
form. In the active form, ARF1 recruits AP-3 onto
membranes. Disruption of the GTP cycle using the
fungal metabolite Brefeldin A causes ARF1 to accu-
mulate in the GDP locked form and causes AP-3 to
dissociate from membranes. Yeast two-hybrid map-
ping experiments have indicated that ARF1 binds to
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AP-3, Table 3 AP-3 cargo proteins

Proposed AP-3 Interaction motif on

cargo cargo

LAMPI GYQTI

LAMPII GYEQF

LIMPII ERAPLI

CD63 GYEVM

CD164/Endolyn ~ NYHTL

Tyrosinase EERQPLL

7ZnT3 C-terminus

Battenin/CLN3 EEEAESAARQPLI

OCA2 ENTPLL

HIV-GAG Matrix fragment

CDIb SYGNI

VAMP7 VAMP7 longin
domain

PI4KIIa ERQPLL

Elastase YPDA

High-affinity ?

choline

transporter/CHT

CB,; cannabinoid ?

receptor

Chloride Channel/ ?

CLC3

Chloride Channel/ N-terminus

CLC-7 (EAAPLL) C-
terminus?

Niemann-Pick ?

Type C1/NPC1

Niemann-Pick ?

Type C2/NPC2

IP immunoprecipitation

Interaction
domain on
AP-3

n3
u3*
6/c3
u3
n3

6/c3

8/c3*
8/c3
d-hinge

domain
u3

d-hinge
domain
d/c3*

p3

?

8/c3*

Method used to show
interaction

Biocore and yeast two-
hybrid

Biocore and yeast two-
hybrid
Yeast two-hybrid

Yeast two-hybrid

Biocore, yeast two-hybrid,
and biochemical pull down

co-IP
Biochemical pull down

Yeast two-hybrid and
biochemical pull down
Yeast two-hybrid and
biochemical pull down
Biocore and yeast two-
hybrid

Yeast two-hybrid and co-

1P

Biochemical pull down
and co-IP

Yeast two-hybrid

co-IP

Biochemical pull down

AP-3

Observed phenotype of cargo protein when
interaction with AP-3 is perturbed
Increased cell surface trafficking in the
absence of AP-3

Increased cell surface trafficking in the
absence of AP-3

Increased cell surface trafficking in the
absence of AP-3

Increased cell surface trafficking in the
absence of AP-3

Increased cell surface trafficking in the
absence of AP-3

Altered trafficking in AP-3-deficient
melanocytes

Significant changes in localization and levels
in mocha brains

Altered trafficking in mocha and pearl
fibroblasts

Altered trafficking of transiently expressed
OCA2 that can no longer interact with AP-3
Altered trafficking to multivesicular bodies
when interaction with AP-3 is perturbed
Increased cell surface trafficking and loss
of lysosomal localization in the absence of
AP-3

Altered trafficking in AP-3-deficient
fibroblasts

Altered trafficking in mocha fibroblasts and
changes in distribution in mocha brains
Altered trafficking/expression in AP-3-
deficient neutrophils

Significant changes in localization and levels
in mocha brains

Change in cellular distribution when AP-3
depleted

Altered trafficking in mocha fibroblasts and
changes in distribution in mocha brains
Increased trafficking over the plasma
membrane when sorting signal mutated

Increased cell surface trafficking in the
absence of AP-3

Decreased levels in the media in AP-3-
deficient fibroblasts

*Based on the motif found in the cargo protein it is likely to interact with the indicated subunits of the AP-3 complex. However, this
has not been formally shown for this cargo

the trunk domain of the /63 hemicomplex. Further
mapping indicated that the C-terminal domain of the
o3 subunit is also important for this interaction
(Lefrancois et al. 2004). Interestingly, this C-terminal

domain has also been shown to bind the 6 appendage
domain using three-hybrid mapping and so poten-
tially provides a mechanism for regulating membrane
binding. In support of this hypothesis, overexpression
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of the appendage domain of & adaptin caused AP-3
to become cytosolic and increase the trafficking of
lysosomal membrane proteins over the plasma
membrane.

The activity of ARF1 is regulated by GTP exchange
factors and GTPase-activating proteins. It has been
shown that ARF1 GEF BIGI is recruited on to syn-
thetic liposomes enriched in AP-3 and that depletion of
BIG1 using siRNA causes the loss of AP-3 from mem-
branes and an increase in the trafficking of lysosomal
membrane proteins over the cell surface. The ARF1
GAP, AGAP1 has been shown to bind to AP-3 using
the yeast three-hybrid assay (see Table 2).
Overexpression of AGAP1 causes AP-3 to dissociate
from membranes, and depletion of AGAP1 by siRNA
makes AP-3 Brefeldin A insensitive (Nie et al. 2003).
In addition, the GAP ARAP1 binds liposomes enriched
in AP-3 complexes, and its depletion affects AP-3
binding to membranes (Baust et al. 2008). However,
it is not known if ARAP1 directly interacts with AP-3.

PIP Binding

As mentioned earlier it has been shown that AP-2
recruitment to membranes is regulated by PIP, bind-
ing. The binding site on the trunk domain of the o
subunit of AP-2 has been mapped and it is clear that
the o trunk domain of AP-3 also has a basic patch,
although not as basic. However, it is not known
whether phosphoinositides bind this patch. A good
candidate is phosphatidylinositol 3-phosphate (PI3P)
as studies using synthetic liposomes have shown that
AP-3 preferentially binds to membrane enriched in
PI3P. In addition, depletion of the enzyme PI-
3KIIIC3, which generates PI3P, affects the recruitment
of AP-3 to membranes and increases the trafficking of
LAMPI over the plasma membrane (Baust et al. 2008).
However, PI3P may not be the only lipid involved in
AP-3 recruitment as PI-4KIla is enriched in AP-3-
derived vesicles and it can directly bind AP-3 via its
dileucine motif (Craige et al. 2008). Depletion of
PI-4KIla blocks the recruitment of AP-3 to mem-
branes, and like the loss of PI-3KIIIC3 also causes
a LAMPI1 trafficking defect. At present it is not
known whether the binding of AP-3 to phosphoi-
nositides might cause a conformational switch in the
complex which allows it to bind cargo. In the case of
AP-1, it is thought that this switch may be primarily
regulated by the binding of ARF1 and not
phosphoinositides.
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Phosphorylation

The only subunits of the AP-3 complex to be signifi-
cantly phosphorylated are f3A and B3B (Faundez and
Kelly 2000). These subunits are phosphorylated on
serine residues present in acidic patches in their flex-
ible linker regions. In B3 A approximately 31% of the
hinge residues are acidic and a further 26% are serine
residues. The linker regions of B3A and f3B contain
many potential casein kinase I and II sites. It has been
shown that a casein kinase 1o activity co-purifies with
the AP-3 complexes isolated from cytosol. Inhibition
of casein kinase activity reduces AP-3-dependent
synaptic vesicle budding in vitro. However, it is
unclear whether there are other substrates for
casein kinase in the budding assay. KIF3A has
recently been identified as a P3A linker domain
interacting protein and its binding has been shown
to be regulated by the phosphorylation state of the
hinge domain (Table 2). In vitro assays using yeast
extract have suggested that the acidic patches in the
B3 linker domain may be substrates for IP7-mediated
pyrophosphorylation and the levels of pyrophos-
phorylation may regulate the interaction (Azevedo
et al. 2009).

Summary

Since its discovery over 15 years ago a substantial
amount of progress has been made in elucidating the
function of the AP-3 complex. It is now known that
the complex is involved in the biogenesis of lyso-
some-related organelles, and loss of the complex in
humans causes Hermansky—Pudlak syndrome type 2.
The number of cargo molecules the complex traffics
and the interacting proteins it binds is steadily
increasing. Progress has been made in understanding
how the complex is recruited onto membranes.
However, several major questions/challenges remain.
How many trafficking routes is the AP-3 complex
involved in? Does AP-3 have any appendage domain
binding proteins? What role does BLOC-1 have in
AP-3 function? Why does AP-3 bind clathrin but
not require it for its function? How do p3B and B3B
give AP-3 neuronal-specific functions when they
appear to bind the same proteins as p3A and B3A?
How do AP-3-binding partners regulate its function?
How are all these interactions coordinated within
the cell?
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Synonyms

Adaptor protein complex 4; Adaptor-related protein
complex 4

Historical Background

In 1975, coated vesicles, which transport many mem-
brane proteins, were purified and shown to include an
~180-kDa protein named clathrin (Pearse 1975).
Later, other molecules involved in clathrin binding to
the vesicles were also identified (Keen et al. 1979). In
1987, Keen et al. showed that these molecules formed
heterotetrameric complexes, which were termed as
adaptor protein complex (AP)-1 and AP-2 (Keen
1987). AP-1 and AP-2 are composed of two large sub-
units (y and B1 for AP-1, o and B2 for AP-2), one
medium subunit (u1 for AP-1 and p2 for AP-2) and
one small subunit (g1 for AP-1 and o2 for AP-2).
Later, another AP complex » AP-3 was identified on
the basis of its structural homology to AP-1 and AP-2
(Pevsner et al. 1994; Newman et al. 1995). The » AP-3
complex, which consists of one molecule each of 8, 3,
p3, and o3 subunits, is involved in protein trafficking
and organelle biogenesis within the endosomal-lyso-
somal system. In 1997, Wang et al. identified a novel
human protein termed p-ARP2, which was homolo-
gous to the p subunits of AP complexes (Wang and
Kilimann 1997). Later studies identified three
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additional proteins, €, B4, and 4, which form a novel
adaptor protein complex AP-4, together with pu-ARP2
(renamed p4) (Dell’Angelica et al. 1999; Hirst et al.
1999).

Basic Features
AP-4 is a heterotetrameric protein complex composed
of two large subunits (f4 and €), one medium subunit
(u4), and one small subunit (c4). Because of the
extensive similarities among the four AP complexes,
AP-4 is likely to form a structure similar to AP-2
(Fig. 1). The C-terminal domain of two large subunits
forms “ear domains,” and the “head domain” is com-
posed of the N-terminal domain (trunk domain) of two
large subunits and medium and small subunits. The ear
and head domains are connected by the flexible “hinge
domains” of large subunits. The cargo proteins are
thought to be recognized by the p4 subunit.
Interestingly, AP-4 is found only in the mammals
and plants, but the reason why other organisms have
lost AP-4 during evolution is unknown. The all four
subunits of AP-4 are expressed ubiquitously in almost
all mammalian tissues. Immunocytochemical analysis
using a Golgi stack maker mannosidase II and trans-
Golgi network (TGN) markers TGN38 and furin indi-
cates that the AP-4 complex is associated with the
TGN (Dell’ Angelica et al. 1999; Hirst et al. 1999;
Simmen et al. 2002). Brefeldin A treatment caused
dissociation of AP-4 from the TGN, suggesting that
the recruitment of AP-4 to TGN membranes is regu-
lated by a member of ADP ribosylation factor family
protein (Dell’Angelica et al. 1999; Hirst et al. 1999).
Immunoelectron microscopic analysis further indi-
cated that AP-4 localized on the nonclathrin-coated
vesicles in TGN (Hirst et al. 1999). Indeed, the hinge
domains of the € and B4 subunits lack clathrin-binding
motifs conserved in other adaptor protein complexes.
These results suggest that AP-4 is likely to be involved
in sorting of nonclathrin-coated vesicles in post-Golgi
compartments.

Function of AP-4: Transport to Lysosomes

The YXX@ (where @ indicates a bulky hydrophobic
residue) motif mediates targeting of vesicles at various
intracellular transport steps, such as endocytosis,
targeting from the plasma membrane to the TGN,
targeting to lysosomal compartments, and basolateral
sorting in polarized cells. Like p subunits in other AP
complexes, the p4 subunit of AP-4 binds to the YXX@
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Ear domain

/—/%

C-terminus

Hinge domain € B4

N-terminus
(trunk domain)

N J
N4

Head domain

AP-4, Fig. 1 Schematic drawing of the AP-4 complex. AP-4
consists of two large subunits (¢ and 4), one medium subunit
(pu4), and one small subunit (c4). The C-terminal domain of
large subunits forms ear domains. Head domains are composed
of two N-terminal trunk domains of large subunits, medium
subunit and small subunit. Ear and head domain are connected
by hinge domains of large subunits. The interactions between &
subunit and & subunit, 4 subunit and p4 subunit, and € subunit
and PB4 subunit have been shown by yeast two-hybrid
experiments

motif of several proteins, such as lysosomal membrane
proteins Lamp-1 (Igp120) and CD-63 (Lamp-3) (Hirst
et al. 1999; Stephens and Banting 1998). Screening of
a combinatorial peptide library has shown that 4 pre-
fers aspartic acid at position Y+1, proline or arginine at
Y+2, and phenylalanine at positions Y—1 and Y+3
(Aguilar et al. 2001). A signal that fits this preference
is found in Lamp-2. Indeed, Tac chimeral proteins
bearing a p4-specific tyrosine-based sorting signal
were targeted to the endosomal-lysosomal system.
Nevertheless, knockdown of p4 has no effect on the
localization of these AP-4 interacting proteins to lyso-
somes (Janvier and Bonifacino 2005). This may be
because the interaction between p4 and the YXX@
motif is very weak (Stephens and Banting 1998) and
Lamps are mainly trafficked to lysosomes by endocy-
tosis from the plasma membrane via AP-2 (Janvier and
Bonifacino 2005). However, approximately half of the
Lamps still reach lysosomes in cells depleted with
AP-2, indicating that AP-4 (and other APs) may also
be involved in direct transport of Lamps from TGN to
lysosomes under certain conditions (Fig. 2).
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APP

lysosome endosomes

AP-4, Fig.2 Schematic drawing of cargo protein recognition at
the trans-Golgi network (TGN) and transport to lysosome and
endosomes. AP-4 binds to the tyrosine-based sorting motifs
(YXX®) in certain lysosomal membrane proteins (Lamps) and
the sequence YKFFE located in the cytoplasmic region of the
Alzheimer’s disease amyloid precursor protein (APP) via the u4
subunit. This association is essential for the transport of these
cargo proteins from TGN to lysosome and endosomes

Function of AP-4: Endosomal Targeting of APP
Recently, the p4 subunit has been reported to interact
with the sequence YKFFE located in the cytoplasmic
region of the Alzheimer’s disease amyloid precursor
protein (APP) (Burgos et al. 2010). The YKFFE motif
encompasses a Y XX@ motif, but it does not bind to p
subunits of other AP complexes. Interestingly, X-ray
crystallographic structure determination shows that the
YKFFE sequence binds to a site on p4 that is different
from the YXX@-binding site on the p2 subunit of
AP-2. A mutation in the YKFFE sequence or depletion
of p4 shifted the distribution of APP from endosomes
to the TGN, suggesting that AP-4 mediates transport of
APP from TGN to endosomes. Impaired transport of
APP to endosomes enhanced the generation of patho-
genic amyloid B peptide by 7y-secretase-catalyzed
cleavage of APP. These findings indicate that the inter-
action between AP-4 and APP regulates APP traffick-
ing at TGN or in the late secretory pathway.
Furthermore, they suggest that defects in AP-4 could
be a potential risk factor of Alzheimer’s disease by
producing excessive amyloid B peptide.

AP-4

Function of AP-4: Polarized Sorting

The plasma membrane of epithelial cells is polarized:
they are differentiated into apical and basolateral
domains, containing distinctive sets of proteins and
lipids. When AP-4 mRNA is disrupted, basolaterally
transported proteins, such as the low-density lipopro-
tein receptor (LDLR) and 46 K cation-dependent man-
nose-6-phosphate  receptor,  were  distributed
nonselectively to both basolateral and apical domains
(Simmen et al. 2002). Similarly, Tac chimeral proteins
bearing a cytosolic domain of furin were missorted to
apical domains. These results indicate that AP-4 medi-
ates basolateral sorting of membrane proteins in epi-
thelial cells (Fig. 3). However, basolateral sorting is
also regulated by the AP-1 adaptor protein complex
containing the pl1B subunit, which is specifically
expressed in most epithelial cells (Ohno et al. 1999).
Indeed, many basolateral proteins, such as LDLR and
transferrin receptor, are missorted to the apical domain
of the epithelial cell line lacking p1B. Therefore,
AP-1B and AP-4 may play complementary and some-
times redundant roles.

Neurons are also highly polarized cells composed of
the somatodendritic domain and the axonal domain. The
somatodendritic domain receives inputs from other neu-
rons, and the axonal domain transports signals to other
cells. Certain neurotransmitter receptors localize in the
somatodendritic domain to receive signals from other
neurons. For example, the «o-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA)-type gluta-
mate receptor is mainly transported to the dendrites
where it mediates the majority of excitatory synaptic
transmission. Disruption of the gene encoding the P
subunit of AP-4 resulted in nonselective distribution of
AMPA receptors in axons of hippocampal neurons and
cerebellar Purkinje cells both in vitro and in vivo
(Matsuda et al. 2008). Similarly, the 82 subtype of
glutamate receptor (» GluD2) and LDLR were
missorted to axons in AP-4B~/~ neurons. In contrast,
the GluN1 subunit of N-methyl-p-aspartate (NMDA)
receptors and metabotropic glutamate receptor
(mGIuR) lo proteins was selectively targeted to the
somatodendritic domain even in the AP-4p~/~ neurons.
These results indicate that AP-4 mediates the
somatodendritic transport of AMPA receptors,

GluD2, and LDLR. In addition, because neurons
lack AP-1B, certain somatodendritic cargos, such as
mGluR1 and GluN1, are likely recognized by unknown
adaptor proteins other than AP-4 and AP-1B.
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AP-4, Fig. 3 Polarized sorting in neuronal cells and epithelial
cells by AP-4. o-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA)-type glutamate receptors indirectly
bind to the p4 subunit of AP-4 via transmembrane AMPA
receptor regulatory proteins (TARPs). LDL receptors (LDLR)
and the 82 glutamate receptor (GluD2) directly bind to p4. These

A motif containing FR and FTF in the C-terminus of
the 62 subtype of glutamate receptors was shown to
bind to the p4 subunit of AP-4 (Yap et al. 2003). In
contrast, u4 does not directly bind to AMPA receptors
but associates with transmembrane AMPA receptor
regulatory proteins (TARPs), which tightly bind to all
subunits of AMPA receptors (Nicoll et al. 2006). An
unconventional motif containing phenylalanine and
tyrosine (YRYRF) was shown to be essential for the
binding of TARP 73 to p4 (Matsuda et al. 2008). When
TARPs are expressed in hippocampal neurons, they are
excluded from axons in wild-type neurons, whereas
they are missorted to the axons in AP-4p~/~ hippo-
campal neurons. Furthermore, the specific disruption
of the interaction between AP-4 and TARPs caused the
mislocalization of endogenous AMPA receptors in the
axons of wild-type neurons (Matsuda et al. 2008).
These results indicate that AP-4 regulates proper
somatodendritic-specific distribution of AMPA recep-
tors by binding to TARPs in neurons (Fig. 3).

Human Diseases: AP-4 Deficiency Syndrome

Recently, autosomal recessive loss-of-function muta-
tions in any one of the four subunits of AP-4 are
shown to result in similar neurodevelopmental

basolateral domain

proteins are sorted to the somatodentritic domain at TGN (left
panel). In epithelial cells, AP-4 binds to cargo proteins, such as
LDLR and 46 K cation-dependent mannose-6-phosphate recep-
tor (MPR46), via the 14 subunit and regulates basolateral sorting
at the TGN (right panel)

human disorders (Verkerk et al. 2009; Moreno-De-
Luca et al. 2011; Abou Jamra et al. 2011). These
include five patients in one family lacking the p4
subunit, four patients in two families with disrupted
g, three patients in one family lacking o4, and three
patients in one family lacking P4. Commonly
observed symptoms include an infantile muscular
hypotonia that progresses to spastic tetraplegia and
hypertonia, leading to inability to walk, severe intel-
lectual disability, absent or markedly delayed speech,
stereotypic laughter, and growth retardation. The dis-
ruption of any subunit generally destabilizes the
entire AP complexes. Indeed, knockdown of p4 or
knockout of 4 results in depletion of the entire AP-
4 complex in mice (Matsuda et al. 2008). Thus, these
human disorders are now referred to as “AP-4 defi-
ciency syndrome.”

As observed in AP-4B~/~ mice (Matsuda et al.
2008), postmortem brain histology showed irregular
thickening of Purkinje cell axons and aberrant locali-
zation of » GluD?2 in a patient lacking the p4 subunit
(Verkerk et al. 2009). Nevertheless, symptoms of AP-4
deficiency syndrome are generally severer than those
observed in AP-4B ™/~ mice. For example, although the
mice exhibited a significantly poorer rotorod
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performance than wild-type mice, they could walk
along a straight line with regular steps throughout
their lives. No significant differences in body weight
or grip power were observed between the wild-type
and AP-4B~"" mice. In addition, there seems to be
a certain variation in the severity of symptoms in
human patients. In a family lacking 4, some patient
showed normal speech and could walk independently
until the age of 2 (Abou Jamra et al. 2011). Thus, it
remains to be determined what causes each symptom
in human and what makes difference in phenotypes
between human and mice.

Summary

AP-4 is the most recently identified AP complex,
whose function has just started to be clarified. It mainly
localizes in the TGN and mediates the trafficking of
various membrane proteins. It binds to the certain
types of tyrosine-based lysosomal trafficking motifs.
It also mediates APP trafficking at TGN or in the late
secretory pathway. Moreover, in polarized cells, such
as the epithelial cells and neurons, AP-4 regulates the
polarized sorting of several membrane proteins,
such as AMPA receptors and » GluD2. The loss-of-
function mutations in any one of the four subunits of
AP-4 result in similar neurodevelopmental human dis-
orders called AP-4 deficiency syndrome. It remains to
be determined how AP-4 mediated trafficking plays
role in the brain development and symptoms in these
disorders.
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Historical Background

Apo2 ligand/TNF-related apoptosis-inducing ligand
(Apo2L/TRAIL) was independently identified by two
different groups as the third member of the tumor
necrosis factor (TNF) superfamily capable of inducing
apoptosis in transformed cells while sparing normal
cells (LeBlanc and Ashkenazi 2003). Apo2L/TRAIL is
a type-II membrane protein, composed of 281 amino
acids and its gene, designated as TNFSF10, has been
located on human chromosome 3 at locus 3q26. Its
C-terminal extracellular domain shares significant
homology with other members of the TNF superfam-
ily, whereas the N-terminal does not. The polypeptide
moiety of the Apo2L/TRAIL monomer has a predicted
molecular mass of 32.5 kDa but its mature, fully
glycosylated form, has a molecular mass of around
41 kDa. There is a potential cleavage site in the extra-
cellular domain of Apo2L/TRAIL at amino acid posi-
tion 114 which would generate a soluble form of
24 kDa. Like other members of TNF superfamily,
Apo2L/TRAIL is a homotrimer, with each monomer
composed of two antiparallel -sheets. Native Apo2L/
TRAIL contains a central Zn atom buried at the trimer
interface, which is important for the stability, solubil-
ity, and biological activity of the protein (Hymowitz
et al. 2000).

Apo2L/TRAIL and Its Receptors

Apo2L/TRAIL can bind to a complex system of recep-
tors with different affinities and distinct signaling
outcomes. Five receptors for Apo2L/TRAIL are
known in humans, called TRAIL-R1/DR4, TRAIL-
R2/DRS, TRAIL-R3/DcR1, and TRAIL-R4/DcR2
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(Fig. 1) (Ashkenazi and Dixit 1998). Finally, a soluble
receptor termed osteoprotegerin (OPG) can also bind
to Apo2L/TRAIL.

Only DR4 and DRS possess a complete death
domain (DD) in their intracellular moiety and can
transduce apoptotic signals. Apo2L/TRAIL binds to
DR4 or DRS inducing their oligomerization and the
subsequent formation of a multiprotein complex called
death-inducing signaling complex or DISC (Walczak
et al. 1999; Kischkel et al. 2000). DcR1 and DcR2 are
two non-apoptotic membrane-bound receptors for
Apo2L/TRAIL (Sheridan et al. 1997). DcRI1 is
a glycosylphosphatidylinositol (GPI)-anchored recep-
tor and lacks a cytoplasmic domain. DcR2 contains
a truncated DD, unable to transduce apoptotic signals.
DcR1 and DcR2 seem to act as decoy receptors
inhibiting Apo2L/TRAIL interaction with death recep-
tors when overexpressed or, alternatively, interfering
with the proper assembly of DR4 and DRS prior to
ligand binding. Alternative ways of inhibiting TRAIL
apoptotic signaling by DcR1 and DcR2 have been
reported. While DcR1 would prevent the assembly of
the death-inducing signaling complex (DISC) by titrat-
ing Apo2L/TRAIL within lipid rafts, DcR2 would be
co-recruited with DRS5 within the DISC, thus
preventing initiator caspase activation. Anyway, the
physiological role of these receptors in vivo remains
elusive. They might act more as regulatory molecules
than decoy receptors.

Finally, Apo2L/TRAIL can bind, but with lower
affinity, to a soluble receptor called OPG (LeBlanc
and Ashkenazi 2003). The main function of OPG is
the binding and modulation of the interaction of recep-
tor activator of NF-kB ligand (RANKL), another TNF
superfamily member, with its cell-surface receptor,
RANK. RANKL-RANK interaction induces osteoclast
activation, differentiation, and bone resorption. Since
Apo2L/TRAIL- or DRS5-deficient mice (the only
TRAIL receptor expressed in mouse) are viable and
exhibit normal bone density, it is unlikely that Apo2L/
TRAIL may have a role in bone remodeling.

Apo2L/TRAIL Signaling

The initial step of apoptosis induced by Apo2L/TRAIL
is the binding of the trimeric ligand to DR4 and/or
DRS. Apo2L/TRAIL-DR4 or -DRS5 interaction causes
clustering of the death receptor followed by that
recruiting of adaptor protein Fas-associated death
domain (FADD), which in turn promotes the assembly
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APO2L/TRAIL, Fig. 1 Schematic representation of binding of
homotrimeric exosome-bound human Apo2LITRAIL to its recep-
tors. In humans, Apo2L/TRAIL binds to two pro-apoptotic
receptors, TRAIL-R/DR4 (TNFRSF10A) and TRAIL-R2/DRS5
(TNFRSF10B), which contain a death domain (DD). Apo2L/
TRAIL can also bind to TRAIL-R3/DcR1 (TNFRSF10C), which

of DISC. The homotypic interaction of FADD with the
DRs through their respective DDs exposes the death-
effector domain (DED) of FADD and allows it to
homotypically bind to procaspase-8 or -10 (Sprick
et al. 2000). Recruitment of procaspase-8 to the DISC
induces its activation by conformational change
followed by autoprocessing and release into the cyto-
sol. Active caspase-8 then cleaves and activates exe-
cutioner caspases -3 and -7. Caspase-3 in turn cleaves
a hundred of cell proteins, including caspase-6, and
executes the apoptotic death program (Fig. 2).

DR4 and DRS5 receptors may also recruit receptor-
interacting protein (RIP) into the receptor complex
upon Apo2L/TRAIL binding. RIP phosphorylates
IkB kinase (IKK), leading to its degradation. Degrada-
tion of IkB promotes phosphorylation of transcription
factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB). Apo2L/TRAIL also acti-
vates mitogen-activated protein kinase (MAPK) and
protein kinase B (PKB) signaling.

Caspase-8 and -10 are recruited to and activated at
DISC with similar kinetics and may function indepen-
dently of each other. Some authors have reported that
caspase-10 may substitute for caspase-8 but, in some
cell types, caspase-10 do not restore the sensitivity to
Apo2L/TRAIL in caspase-8-deficient cells and so this
point remains controversial.

is a GPI-anchored protein and lacks a cytoplasmic domain, and
to TRAILR4/DcR2 (TNFRSF10D) which has a truncated DD.
Similar to other TNFRs, TRAIL receptors possess cystein-rich
extracellular domains (CRD). Apo2L/TRAIL also binds to the
soluble protein osteoprotegerin (OPG)

Depending on the cell type, activation of apoptosis
through the extrinsic pathway may or not require help
from the intrinsic pathway. In type I cells, the DISC-
initiated caspase cascade is enough to activate effector
caspases and hence the apoptosis induction. By
contrast, in type II cells, in which less active caspase-
8 seems to be generated, signal amplification through
the mitochondrial pathway is needed. The link
between the death receptor-triggered extrinsic path-
way and the mitochondrial intrinsic pathway is the
BH3-only protein, Bid. Upon DISC formation, Bid is
cleaved by caspase-8 generating a truncated form of
Bid (tBid) that translocates to mitochondrial outer
membrane. There, tBid binds to and activates Bax
and Bak leading to the release of cytochrome c and
other proapoptotic factors from mitochondria. Cyto-
chrome c, in the presence of (d)ATP binds to and
induces heptamerization of apoptosis protease activat-
ing factor 1 (Apaf-1), forming the apoptosome, which
recruits and activates by conformational change,
procaspase-9. In his turn, activated caspase-9 cleaves
executioner caspases (—3 and —7) leading to apopto-
sis. The mechanism of Apo2L/TRAIL apoptotic signal
transduction is similar to that triggered by FasL,
another death ligand from the TNF superfamily.

Apo2L/TRAIL apoptotic signaling pathway is reg-
ulated at different levels. Not all proteins present in the



131

APO2L/TRAIL

BLIPUOYD0)IW WOI} OTFVIJ/OBWS UL O JWOIYI0AD JO 9sed[al 0] Surpes]
‘urojoxd prg onojdodeord jo Suraeoro g-osedseo oy £q paSe3ue st Aemyjed sisojdode
[eupuoydo)wt Yy (J[ 2dA31) sodAy [[90 1oyjo ur searoym sisoydode poonpur-IvL
/T¢ody Qonpur 0 Juaroyyns st Aemyed d1SULIIXS Y} JO UOTIBATIOR “(S[[00 | 2dA1) sodA)
1199 2wos Uy "V 03 Surpuiq 2y} 10j g-asedseo yiim unadwoos £q uoneanoe g-asedsed

9redoIqe ued DS Yl ojul paurejuod urdjoid 1dyjoue ‘g0 ‘g-osedseo Juraeod Aq
opeosed asedseo e 10331 ()[- pue g-sosedsed pajeAnde-DSIA ‘0I- pue g-sosedseoord
pue qQvd Iowdepe oy Surureyuod xodwoo urjordnnu e ((OSIQ) xordwoo
SureuSis Suronpul-ylesp 2yl JO UOHRWLIO) pue uonezuowlLl) 10)dedar  seonpul
s103daoar aAnpoadsar 1oy} 01 TIVIL/Tgody jo Surpurg “sdvmypd Supudis onoydodp
-uou puv dnoidodp vy 1/1z0dy fo uonpjuasaida.t doupwayss g 614 “1IVYL/120dY

unp-o NOILvH34T0Hd QIavIC/osuS
NOILYWINV NI @ i mv
A awosoldode l—l
6 osedsed
gi-4N-d — bl ¢ osedseo
blv/add C “_z IV@ g aAljoe
v_21 #
i a-d
’ wEoEoogo 6 osedseoo.d L/9/g esedsedold
AdVIN T
S]] wlv Ayii-d &\Mf pig %
h < @ g esedseo
aAl0B
* uonepeibap
xeg egq L-ION «
cdvdl
g asedseoo.d ¢ A
pigi
aavd.l
xa|dwo) 8 osedseooid 01/8 @sedseooid
Arepuooag diy & 9av4 uoUpUOYOOHW G140
aav4d
osIa




132

DISC are proapoptotic. Cellular FLICE inhibitory pro-
tein (cFLIP), which shares high sequence homology
with caspase-8 and -10, may inhibit caspase activation
at the DISC by competing for binding to FADD. There
are a number of splicing variants of cFLIP but only
a longer (cFLIPy) and a shorter version (cFLIPg) can
usually be detected at protein level. Both isoforms of
cFLIP are recruited to the DISC by homotypic DED
interactions. The C-terminal part of cFLIP| consists of
two catalytically inactive caspase-like domains
whereas the C-terminal portion of cFLIPg is neither
homologous to procaspase-8 nor -10. cFLIPg can block
caspase-8 processing and activation at the DISC. How-
ever, the role of cFLIP. depends on the molecular
context: it may function as pro- or anti-apoptotic
depending on the stoichiometry of the different
cFLIP proteins and that of caspase-8. A recent model
combining experimental data and mathematical
modelization indicates that cFLIP; , at moderate levels,
may facilitate caspase-8 activation at DISC
when the intensity of death signal is strong, but if
death ligand concentration is low cFLIP; slows down
induction of cell death.

Sensitivity to Apo2L/TRAIL-induced apoptosis
may also be modulated by X chromosome-linked
inhibitor of apoptosis (XIAP), a endogenous inhibitor
of caspases-3, -7 and -9 which prevents inadvertent
caspase activation in living cells. Interfering with
XIAP expression renders cells highly sensitive to
Apo2L/TRAIL bypassing the requirement for mito-
chondrial amplification in type II cells. Second
mitochondrial activator of caspases/direct inhibitor
of apoptosis-binding protein with low pl
(Smac/DIABLO), a protein released from mitochon-
dria during apoptosis, binds to and antagonizes XIAP.
It has been proposed that the ratios of cFLIP to
caspase-8 and XIAP to Smac/DIABLO together may
determine whether the cells respond in a type I or type
II way to DRs-Apo2L/TRAIL interactions (Fig. 2)
(Gonzalvez and Ashkenazi 2010).

Several mechanisms of different nature have been
described that may regulate Apo2L/TRAIL signaling.
Posttranslational modifications of DR4 and DRS5
by glycosylation or palmitoylation seem to be
important modulators of the initial events of Apo2L/
TRAIL signaling. O-glycosylation promoted ligand-
stimulated clustering of DR4 and DRS, the first step
in DISC formation, essential for recruitment and
activation of the initiator caspase-8. Conversely,
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depletion of certain O-glycosylation enzymes attenu-
ates caspase-8 activation at the DISC, whereas
overexpression of GALNT14, the O-glycosylation-
initiating enzyme, enhances the formation of the
DISC and sensitizes cells to Apo2L/TRAIL (Wagner
et al. 2007). Upon binding of Apo2L/TRAIL to its
plasma membrane receptor(s), endocytosis of the
ligand-receptor complex usually occurs. Both DR4
and DR5 are rapidly internalized in lipid vesicles
after ligation through a dynamin-dependent mecha-
nism. However, contrary to Fas signaling, internali-
zation of the ligand-receptor complex is not required
for Apo2L/TRAIL-mediated DISC formation and
apoptosis signaling. Recently, ubiquitylation has
been shown to be a crucial mechanism which
regulates full activation of caspase-8. Death receptor
ligation by Apo2L/TRAIL induces polyubiqui-
tination of caspase-8, through an interaction of the
DISC with a cullin3 (CUL3)-based E3 ligase (Jin
et al. 2009).

Rather than inducing apoptosis, Apo2L/TRAIL can
induce survival signals in some cell types. The signal-
ing pathways mainly implicated in Apo2L/TRAIL
non-apoptotic signaling are the » NF-xkB, MAPK and
c-Jun N-terminal kinase (JNK) pathways (Fig. 2)
(Falschlehner et al. 2007). Ligand engagement of
DRS5 quickly leads to formation of the DISC, which
signals apoptosis. Subsequently, the primary complex
dissociates and multiple proteins including RIP, TNF
receptor—associated factor 2 (TRAF2), IKKy and
TNF receptor—associated DD (TRADD), organize
into a secondary complex that lacks the ligand and
the receptor but contains FADD and caspase-8. This
secondary complex may be responsible for the acti-
vation of the » NF-«kB and MAPK pathways such as
JNK and p38. The biological significance of » NF-xB
activation by Apo2L/TRAIL is not fully understood
but it may serve to restrict apoptosis induction.
However, » NF-«kB activation could act to increase
the threshold of sensitivity to Apo2L/TRAIL-induced
apoptosis. Since caspase activation following Apo2L/
TRAIL stimulation occurs rapidly, the protection pro-
vided by » NF-kB against apoptosis is probably
insufficient except in cells that do not activate easily
the caspase cascade. Accordingly, » NF-«xB activa-
tion by Apo2L/TRAIL has been implicated in
proliferation, cell migration, and invasion in certain
tumor cell lines resistant to Apo2L/TRAIL-induced
apoptosis.
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It has also been reported that Apo2L/TRAIL can
lead to activation of Akt/PKB, a protein kinase typi-
cally involved in cell survival and migration. Finally,
other studies have shown that Apo2L/TRAIL is able to
promote cell proliferation and differentiation though
activation of extracellular regulated kinase (ERK),
other member of the MAPK family.

In summary, although the physiological relevance
of the Apo2L/TRAIL-induced non-apoptotic signaling
is not fully established, these observations must be
considered in particular in cell types where Apo2L/
TRAIL does not induce a rapid apoptosis.

Biological Role of Apo2L/TRAIL

Although the ability of Apo2L/TRAIL to kill certain
transformed cells by apoptosis is well established, its
physiological role is not fully understood. Studies with
mice deficient for Apo2L/TRAIL or its apoptosis-
inducing receptor (DR5/TRAIL-R), as well as experi-
ments carried out with Apo2L/TRAIL-blocking agents
have led to unraveling diverse functions of Apo2L/
TRAIL in vivo. Apo2L/TRAIL deficient mice do not
display any overt developmental defects. Similarly,
TRAIL-R knockout mice are viable and normally
develop indicating that Apo2L/TRAIL signaling in
not essential for normal embryonic development
(Falschlehner et al. 2009).

The major roles of Apo2L/TRAIL are exerted in the
immune system, shaping and regulating the immune
response. This was early suggested by the inducible
expression of Apo2L/TRAIL in immune cells. At least
in human-activated T cells, Apo2L/TRAIL is stored
inserted in the inner membrane vesicles of cytoplasmic
multivesicular bodies, also known as secretory lyso-
somes. When T-lymphocytes receive activation sig-
nals, native Apo2L/TRAIL is secreted to extracellular
medium in the form of microvesicles (exosomes) after
fusion of the outer membrane of secretory lysosomes
with the plasma membrane. This membrane-bound
form of Apo2L/TRAIL displays full pro-apoptotic
activity (Anel et al. 2007) (Figs. 1 and 2).

The immunoregulatory role of Apo2L/TRAIL is
dependent on two different mechanisms: (1) Apo2L/
TRAIL can inhibit IL2-dependent human CD8" T cell
blast proliferation through a cell-cycle arrest in G,/M
and (2) Apo2L/TRAIL is also able to induce apoptosis
of CD8" T cell blasts but, in this case, an additional
restimulation is needed. It has also been clearly dem-
onstrated that Apo2L/TRAIL regulates CD8* T cell
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memory (Janssen et al. 2005; Anel et al. 2007). The
key role of Apo2L/TRAIL in the regulation of T cell
responses has been confirmed in Apo2L/TRAIL
knockout mice, which are much more susceptible to
develop experimentally induced autoimmune diseases,
such as experimental autoimmune encephalomyelitis
and collagen-induced arthritis, than wild-type mice
(Lamhamedi-Cherradi et al. 2003). In fact, Apo2L/
TRAIL has been proposed to be used as a treatment
in several experimental models of those autoimmune
diseases with good results, especially in the case of
animal models of rheumatoid arthritis. The efficiency
of Apo2L/TRAIL for the treatment of this inflamma-
tory disease is greatly improved through its association
with liposomes, mimicking its physiological released
form in exosomes.

Apo2L/TRAIL is one of the effector arms of natural
killer (NK) cells and plays a key role in NK cell-medi-
ated, interferon (IFN)-y-dependent, suppression of
tumor cell growth and prevention of metastasis forma-
tion. Indeed, one of the physiological roles of Apo2L/
TRAIL seems to be the tumor immune surveillance.
TRAIL knockout mice are more susceptible to cell-
inoculated and chemically induced tumors as well as
to metastasis dissemination than wild-type mice. In
addition, TRAIL-deficient mice show a high rate of
spontaneous hematological tumors appearing at old
age (Zerafa et al. 2005). The low systemic toxicity of
Apo2L/TRAIL on normal cells, while exerting a potent
pro-apoptotic activity on a variety of human tumors
have led to the development of different recombinant
versions of Apo2L/TRAIL and agonistic monoclonal
antibodies to its signaling receptors (anti-DR4 or anti-
DRS). These agents, alone or in combination with che-
motherapeutic drugs, provide new and promising
approaches to cancer treatment (Ashkenazi et al. 2008).

Summary

The membrane protein Apo2 ligand/TNF-related apo-
ptosis-inducing ligand (Apo2L/TRAIL) is a cytokine
which interacts with a complex system of membrane
receptors and triggers the extrinsic pathway of apopto-
sis. The ability of Apo2L/TRAIL to kill tumor cells
while sparing normal cells makes this cytokine
a promising antitumor agent. In fact, numerous clinical
trials using recombinant forms or Apo2L/TRAIL or
agonistic antibodies are currently underway. During
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the last decade, it has become apparent that Apo2L/
TRAIL is key in the immune system function, mainly
in tumor immune surveillance and in downregulation
of immune response. Apo2L/TRAIL exerts immuno-
suppressive and immunoregulatory functions, impor-
tant for immune homeostasis, tumor control, and
prevention of autoimmunity. Hence, apart from the
intended use of Apo2L/TRAIL as a chemotherapeutic
agent, a recent body of evidence suggests that this
cytokine may also be a promising therapeutic agent
for autoimmune diseases. However, distinct aspects of
the physiological role of Apo2L/TRAIL in cancer and
autoimmunity need to be unraveled to fully understand
the importance of this signaling pathway. Among these
aspects for future research, it stands out to fully unravel
the role of Apo2L/TRAIL in the immune system, as
well as to establish the true role of non-apoptotic
signaling by Apo2L/TRAIL in vivo.

Further investigations on the mechanism of action of
this cytokine will unravel the complexities of its in vivo
function and ultimately apply this knowledge to a better
treatment of cancer and autoimmune diseases.
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Synonyms

Araf; Arafl; PKS2 (presumably for kinase sequence);
RAFAL; v-raf murine sarcoma 3611 viral oncogene
homolog

Historical Background

A-Raf is member of the Raf family of serine/threo-
nine protein kinases comprising A-Raf, B-Raf, and

Raf-1. In 1983 and 1986, viral homologues of
RAF were isolated during experiments with the
aim to identify novel transforming genes. Viral
RAF (v-RAF) homologues were encountered in
two different viruses, the avian retrovirus Mill Hill
2 (MH2) and the murine sarcoma virus (MSV)
3611. While MH2 contained the avian homologue
of v-RAF, 3611-MSV was isolated from a mouse
with lymphoma and Ilung adenocarcinoma. The
name RAF derives from the observation that 3611-
MSYV increased the induction of fibrosarcoma in
newborn NSF/N mice (rapidly accelerated fibrosar-
coma, or RAF). These initially identified viral
RAF (v-Raf) genes originate from the mammalian
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counterpart of Raf-1 (or » C-Raf) due to homolo-
gous recombination.  After the  discovery
of the mammalian Raf-1 gene and initial functional
characterization, additional C-RAF homologues
were found in mammals, referred to as A- and
B-RAF (Daum et al. 1994).

In the 1980s, several groups identified the ARAF
gene as a paralogue of Raf-1. Mark et al. used low
stringency hybridization techniques on human fetal
liver ¢cDNAs in order to identify v-Raf-related
sequences and isolated ARAF, which was named
PKS at that time (presumably for kinase sequence)
(Mark et al. 1986). In the same year, Huleihel et al.
isolated the A-Raf cDNA from a murine cDNA spleen
library. They could show an 85% homology with Raf-1
and its expression in mouse tissues. Furthermore,
incorporation of ARAF into a retrovirus showed that
ARAF represents a new proto-oncogene (Huleihel
et al. 1986). Later mouse and human ARAF genes
were mapped to the X chromosome, and the complete
A-RAF mRNA was sequenced from a human T-cell
(Daum et al. 1994).

From an evolutionary point of view, there are no
Raf kinases in yeasts, and B-Raf seems to be the
phylogenetic oldest isoform of the three, which
appears in invertebrates. In comparison, mammals
possess three Raf isoforms (Raf-1, B-Raf, and
A-Raf), with a shared modular structure. In
comparison to Raf-1 and B-Raf, A-Raf is by far the
least well-understood member of the Raf family
(Rauch and Kolch 2010; Wellbrock et al. 2004,
Zebisch and Troppmair 2006).

A-RAF and MAPK Signaling

Using genetic and biochemical approaches, A-Raf,
like Raf-1 and B-Raf, was shown to be a component
of the Ras-Raf-MEK-ERK pathway, also often
referred to as the classic mitogen-activated protein
kinase (MAPK) cascade. In this pathway Ras activates
a three-tiered kinase module where Raf phosphorylates
and activates » MEK, and » MEK phosphorylates and
activates ERK. This pathway links receptor activation
at the plasma membrane to >150 substrates in the
cytosol and nucleus, which regulate many fundamental
cellular functions such as proliferation, differentiation,
transformation, apoptosis, and metabolism (Yoon and
Seger 2006) (Fig. 1).
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The family of Raf serine/threonine protein kinases
shares three conserved regions (CR) (Fig. 2). CR1
contains the Ras-binding domain and a cysteine-rich
motif. CR2 features a short cluster of Ser and Thr
residues, and CR3 contains the kinase domain. CR1
and CR2 restrain the function of CR3, and activation
steps involve the release of this negative interaction as
well as posttranslational modifications of CR3. The
only bona fide substrates of Raf kinases are MEK1/2.

In general, A-Raf is regulated similar to Raf-1,
although important differences have emerged over
the years. While binding to active Ras suffices to
activate B-Raf, Raf-1, and A-Raf require the presence
of both activated Ras and Src, which is thought to
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phosphorylate tyrosines 301/302 in the negative-
charge regulatory (N-) region upstream of the kinase
domain (Marais et al. 1997). In B-Raf these tyrosines
are replaced by aspartates, whose negative charge sub-
stitute for N-region phosphorylation normally induced
by Ras binding.

A-Raf has a weak, hardly detectable kinase activity
toward MEK. The reasons are (i) a substitution
of a critical residue (arginine 22 for lysine) in the
A-Raf RBD, which weakens the binding to Ras; and
(ii) a non-conserved tyrosine 296 in the A-Raf
N-region, whose mutation to glycine increases kinase
activity (Baljuls et al. 2007). A-Raf is also positively
regulated by phosphorylation (Baljuls et al. 2008).
Serine 432 is crucial for the binding of MEK, while
phosphorylation of serines 257, 262, and 264 in the
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alternative splice forms

Isoform-specific Hinge (IH) segment stimulate A-Raf
kinase activity. Full phosphorylation of the IH seg-
ment accumulates negative surface charges leading to
the electrostatic destabilization of the interaction of
A-Raf with the inner part of the plasma membrane and
release into the cytosol. In addition, A-Raf like Raf-1
can bind lipids, such as phosphatidic acid and
phosphoinositides ~ (Johnson et al.  2005).
Polyphosphorylated phosphoinositides, such as PI
(4,5) and PI(3,4,5) suppress kinase activity. Thus,
while sharing Ras as essential activator and MEK as
substrate with other Raf isoforms, A-Raf shows
unique mechanisms of regulation.

In addition to phophorylation and lipid binding
A-Raf activity is also regulated by protein interactions,
notably by heterodimerization with other Ras family
members (Rushworth et al. 2006). B-Raf-Raf-1
heterodimerization dramatically elevates kinase
activity. Heterodimerization is part of physiological
Raf activation, but also an important “side effect” of

Raf inhibitory drugs in cells harboring mutant Ras
where these drugs promote Raf heterodimerization
and thereby promote ERK pathway activation
(Wimmer and Baccarini 2010). The regulatory subunit
of » casein kinase 2 (CK2p) binds and activates A-Raf
when co-expressed in insect cells (Hagemann et al.
1997). However, the mechanism and physiological
role of CK2p in A-Raf activation in mammalian cells
remains to be proven. Other regulatory protein inter-
actions are discussed below.

A-Raf Interacting Proteins

Apart from interacting with components of the ERK
pathway, such as Ras, MEK, and other Raf isoforms,
A-Raf also interacts with a number of other proteins.
We recently summarized these interactions (Rauch and
Kolch 2010), and therefore only discussed selected
interactions here (Fig. 3).
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A-Raf can associate with the p85 regulatory subunit
of the phosphatidylinositide 3-kinase (PI3K) via the
p85 SH2 domain. The interaction is constitutive and
independent of growth factor stimulation or phosphor-
ylation. A constitutively active A-Raf mutant inhibited
p85 associated PI3-kinase activity, but it is unclear
whether this interaction is a physiological connection
between the ERK and » PI3K pathways (Mahon et al.
2005). The hypothesis that A-Raf coordinates different
signaling pathways is supported by the observation
that A-Raf associates with the platelet-derived growth
factor receptor (PDGFR), and specifically suppresses
autophosphorylation and phosphorylation of the phos-
pholipase C-y (PLCy) docking site, but not the phos-
phorylation of binding sites for other signaling
molecules (Mahon et al. 2005). These functional
effects were achieved by expression of an activated
A-Raf mutant, while the role of endogenous A-Raf was

not examined leaving it unclear whether A-Raf can
regulate PDGFR signaling under normal conditions.
A physiological role of A-Raf was shown in the
control of apoptosis. A-Raf binds and inhibits the
proapoptotic kinase mammalian sterile 20-like kinase
(MST2). A-Raf binds to MST2 constitutively, and
seems to promote the survival of cancer cells (Rauch
et al. 2010). By contrast, Raf-1 binding to MST2 is
induced by stress and relieved by mitogens, while
B-Raf does not detectably bind MST2 (O’Neill et al.
2004). This differential MST2 binding pattern
inversely correlates with the kinase activity toward
MEK and the evolution of the Raf family. B-Raf, the
oldest member has the strongest MEK kinase activity
and little affinity for MST2, while the youngest mem-
ber, A-Raf, has poor MEK kinase activity but strong
capacity to bind and inhibit MST2, suggesting that
during evolution the role of Raf has shifted from
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activating the ERK pathway to inhibiting the MST2
pathway. Interestingly, both A-Raf and MST2 localize
to the mitochondria in tumor cell lines as well as
primary tumors (Rauch et al. 2010). A-Raf associates
with hTOM and hTIM, two proteins involved in the
mitochondrial transport system (Yuryev et al. 2000).
The biological function of A-Raf’s mitochondrial loca-
tion and interactions is unknown, but given A-Raf’s
poor MEK kinase activity the existence of alternative
substrates, e.g., at the mitochondria, is likely.

Another intriguing A-Raf interaction partner is
Kinase suppressor of Ras 2 (KSR2). In response to
TNFoa KSR2 recruits A-Raf rather than Raf-1 or
B-Raf (Liu et al. 2009), suggesting that KSR2 may
redirect A-Raf to the ERK pathway or nucleate other
A-Raf specific signaling complexes. Interestingly,
KSR2 also binds AMP kinase (AMPK) thereby medi-
ating its stimulatory effects on glucose uptake and fatty
acid oxidation (Costanzo-Garvey et al. 2009). The
AMPK binding site overlaps the domain responsible
for KSR2 membrane association suggesting the inter-
esting possibility that AMPK binding to KSR2 could
prevent the membrane translocation required for the
efficient activation of the Raf-MEK-ERK module.
Thus, metabolic requirements could restrain prolifera-
tion signals. A-Raf also may play a direct role in the
cross talk between metabolism and proliferation by
binding and inhibiting pyruvate kinase M2 (PKM2).
PKM2 is the embryonic splice variant of PKM, which
is reexpressed in tumors and responsible for the prev-
alence of anaerobic glycolysis (Warburg effect) typi-
cally observed in cancers (Christofk et al. 2008). A-Raf
promotes the dimerization and inactivation of PKM2,
whereas oncogenic A-Raf elevates the active tetra-
meric form of PKM (Mazurek et al. 2007). Thus,
A-Raf may have a central role in coordinating prolif-
eration via the ERK pathway, cell survival via the
inhibition of MST2, and metabolic state in cancer
cells via regulation of PKM2 activity.

Many more A-Raf binding partners have been
reported, summarized in various interaction databases,
e.g., String (http://string.embl.de), but their physiologi-
cal roles and significance remain unexplored.
An interesting dimension is added by the differential
subcellular localization of A-Raf, which is found at
the membrane, cytosol, and mitochondria. It is likely
that A-Raf will engage with different binding partners in
different compartments thus increasing the versatility
and spatiotemporal coordination of A-Raf signaling.
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A-Raf Splice Variants

Alternative splicing occurs in more than 90% of human
genes, and greatly expands the information content and
versatility of the transcriptome in generating tissue,
stage, and development specific gene expression
patterns.

For the ARAF1 gene so far, there are three reported
alternative splice forms in addition to the wild-type
mRNA (Fig. 2). Two of these splice forms, termed
DA-Rafl and DA-Raf2, contain the N-terminal
Ras-binding domain, but lack the kinase domain due
to preterminal stop codons. Therefore, they are still
able to bind to activated Ras, but due to the lack of
a kinase domain, act as dominant-negative antagonists
of the Ras-ERK pathway (Nekhoroshkova et al. 2009;
Yokoyama et al. 2007). Consistent with this functional
role, DA-Rafl promotes myogenic differentiation by
binding to Ras and thereby inhibiting activation of the
Raf-MEK-ERK pathway (Yokoyama et al. 2007).
Similarly, DA-Raf2 binds and colocalizes with ARF6
on tubular endosomes and acts as a dominant effector
of endocytic trafficking (Nekhoroshkova et al. 2009).

Recently, A-Raf,o, a third alternative splice form
of the ARAF1 gene was reported. In comparison to
DA-Rafl and DA-Raf2, A-Rafy,, incorporates
intronic sequences, and generates a shortened protein,
which lacks the kinase domain. Consequently,
A-Raf,,¢ acts as a dominant-negative antagonist by
binding and blocking activated Ras and thus is a potent
inhibitor of ERK signaling and cellular transformation.
The expression of A-Rafy,,, is reduced in several
cancer entities suggesting that A-Raf,,, acts as
a tumor suppressor protein.

Regulation in Cancer and Other Diseases

Initial studies in mice suggested a highly restricted
tissue distribution of A-Raf with highest expression
levels observed in epididymis, ovary, and intestine. In
the meantime, however, A-Raf was found expressed in
most normal tissues, but expression levels seem highly
regulated and differ dramatically. While neuronal tis-
sues, for example, express A-Raf only at low levels, the
urogenital tract shows a high expression (Luckett et al.
2000). A-Raf mRNA and protein levels are elevated in
a number of malignancies. Increased A-Raf mRNA
levels were found in peripheral blood mononuclear
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cells isolated from two patients with angioimmu-
noblastic lymphadenopathy with  dysproteinemia
(Mark et al. 1986). Elevated levels of A-Raf mRNA
were also found in pancreatic ductal carcinoma
(Kisanuki et al. 2005). In addition, enhanced A-Raf
expression was also found in other tumor types, includ-
ing astrocytic tumors, where high expression of A-Raf
negatively correlated with patients’ prognosis
(Hagemann et al. 2009). Elevated A-Raf expression
was also found in a number of head and neck squamous
cell carcinomas as well as colon carcinomas.

Several publications addressed the mutational
status of the ARAF1 gene. While B-Raf is a well-
described target for mutations in human cancers, muta-
tions in A-Raf, like Raf-1, are very rare to nonexistent.
This poses the following question: How and why is
A-Raf overexpressed in several malignancies although
the gene is not altered at the genetic level? One mech-
anism is an increased expression of A-Raf due to
chromosomal aberration. The human ARAF1 gene is
situated on the X chromosome, and duplication of
X chromosomes was found in testicular germ cell
tumors leading to enhanced A-Raf levels. Further-
more, expression of wild-type A-Raf mRNA and pro-
tein requires the expression of the splice factor hnRNP
H, whose levels are enhanced in several tumors includ-
ing colon and head and neck cancers (Rauch et al.
2011). High levels of this splice factor ensure the
expression of full-length A-Raf protein by suppressing
alternative splicing of the a-raf mRNA, thus allowing
the sufficient production of full-length A-Raf protein to
counteract MST2-mediated apoptosis. Low levels of
hnRNP H, as found in nonmalignant tissues, cannot
suppress alternative splicing of the A-Raf wild-type
mRNA, thus favoring the expression of the alternative
splice form A-Rafg,,.. As mentioned already above,
A-Raf,, acts as a dominant-negative antagonist of
the Ras-MAPK cascade, which seems to keep prolifer-
ation and transformation in nonmalignant cells in check.

Mouse Models and Phenotypes

In the 1990s, the first mouse model for the A-Raf gene
was reported (Pritchard et al. 1996). It was shown that
ablation of the A-Raf gene causes neurological defects.
Interestingly, in an inbred mouse background, A-Raf
ablation resulted in intestinal and neurological abnor-
malities. A-Raf knockout mice died 1-3 weeks after
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birth from megacolon which is reminiscent of
Hirschsprung’s disease in humans and was caused by
a defect in the migration of visceral neurons controlling
bowel contractions. In contrast, in an outbred back-
ground, A-Raf knockout animals survived to adulthood.
In this genetic background, A-Raf ablation did not lead
to intestinal abnormalities, but animals displayed
a subset of neurological defects. Interestingly, the regu-
lation of ERK and oncogene transformation is not
impaired in A-Raf knockout cells. These results,
together with the low kinase activity toward MEK sug-
gest that A-Raf does not play a major role in MAPK
signaling and that this function is fully compensated by
the other two Raf family members. However, A-Raf
seems to have a role in the development of the nervous
system possibly by regulating neuronal migration. Com-
paring the knockout phenotypes of all three Raf
isoforms in mice indicates that A-Raf and B-Raf may
have more specialized functions, while Raf-1 seems to
have a more general role in tissue formation.

Summary

What did scientists learn about A-Raf since its discov-
ery in the early 1980s? A simple summary is that Raf
proteins have distinct functions, and that A-Raf has
more functions than initially expected. Details about
its domain, phosphorylation sites, and functions are
known in comparison with other Raf proteins and
kinases. Furthermore, scientists made headway in
deciphering in which pathways A-Raf might play
a role. Science now has entered an era where the
mapping of the components of signaling networks is
rapidly accelerating producing even longer lists faster
than ever before. However, these lists are like
a telephone book full of names rather than an ordnance
survey type of map that connects the names with path-
way topologies. Undoubtedly, much more is known
about Raf-1 and B-Raf and 25 years of research mainly
focused on these two isoforms, as they play a bigger
role in MAPK signaling and oncogenesis and are major
targets for drug therapies. In comparison, A-Raf on its
own seems to play only a minor role in the canonical
MAPK pathway. Multiple studies over the last years
have shown A-Raf’s involvement in other processes,
such as energy metabolism, the Warburg effect, mito-
chondrial transport, and anti-apoptotic signaling.
However, it seems that these interactions with other
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proteins and processes do not happen at the same time
but are rather cell-, tissue-, and time-dependent.
Furthermore, A-Raf is found at different localizations
of the cell and this spatial regulation is another suitable
explanation for the involvement in different pathways.
Dissecting these micro-complexes and interacting pro-
teins is a challenging endeavor on the experimental
level. To add another level of complexity, three
novel alternative splice forms were identified recently
with functions that are even antagonistic to the wild-
type form.

Despite a lot of research has already been done and
had a huge impact on our understanding how A-Raf
functions, there are still some unanswered questions:
» A-Raf was shown to bind to a plethora of proteins,

which suggests A-Raf’s involvement in many other
signaling pathways outside the canonical MAPK
pathway. However, if there is more than one func-
tion in signal transduction, how are these diverse
functions coordinated in order to achieve the
intended biological outcome and specificity? This
question is also relevant for the other members of
the Raf family.

+ Similarly, A-Raf was found at different subcellular
compartments. How does this localized expression
impact on signaling pathways and networks?

+ What is the impact of dynamic changes in the
assembly of A-Raf signaling complexes on bio-
chemical and biological outcome?

» A-Raf was shown to play a role in cancer and other
diseases. Is this exploitable for the purpose of ther-
apeutic intervention?

In summary, the current state of analysis of the
“A-Raf network™ offers a glimpse into a new world.
New concepts and tools developed hopefully will
widen this glimpse into a window overlooking the
whole signaling network.
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Araf1
Historical Background

Small GTPases of the Ras superfamily are binary
switches that, by cycling between active GTP-bound
and inactive GDP-bound conformations, regulate
a wide variety of cellular and developmental events.
They are grouped based on the sequence homology and
function into five families: Ras, Rho, Ran, Rab, and
ARF. The Rho and Arf family small GTPases are
well-established  regulators of cellular actin
rearrangements and vesicular trafficking (Bos et al.
2007). Small GTPases are activated by guanine nucle-
otide exchange factors (GEFs), which catalyze the
exchange of small GTPase-bound GDP to GTP,
whereas GTPase-activating proteins (GAPs) inactivate
small GTPases by stimulating hydrolysis of the small
GTPase-bound GTP to GDP (Bos et al. 2007). In
general, each small GTPase family has its specific
GEFs and GAPs. However, the ARAP protein subfam-
ily, which is composed of ARAP1, ARAP2, and
ARAP3, is unique as its members act as GAPs for
both Rho and Arf family small GTPases. The ARAP
protein subfamily is included in the Arf GAP family in
recent consensus nomenclature for the human Arf
GAP-domain-containing proteins (Krugmann et al.
2002; Santy and Casanova 2002; Kahn et al. 2008).
ARAP3 is a phosphoinositide (PtdIns) 3 kinase and
Rapl- regulated GAP for RhoA and Arf6 (Krugmann
et al. 2004).

ARAP3 was originally identified as a PtdIns(3,4,5)P3
second messenger binding protein. It consists of a SAM
domain, five PH domains, Rho GAP domain, an Arf
GAP domain, and a RA domain (Krugmann et al. 2002).
ARAP3 binding to PtdIns(3,4,5)P; depends on its
amino-terminal tandem PH domains and adjacent
sequences (Craig et al. 2010).

Protein Function and Regulation of Activity

The functions of ARAP3 that have been established
thus far include regulation of the actin cytoskeleton,
lamellipodia  formation, and cell spreading
(Raaijmakers et al. 2007). ARAP3 has been shown to
increase the number of membrane projections, but it
only weakly inhibits the migration of HEK?293
cells (I et al. 2004). Overexpression of ARAP3
results in a loss of cell adhesion and cell retraction in
platelet-derived growth factor (PDGF)-treated pig
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aortic endothelial (PAE) cells (Krugmann et al. 2006).
ARAP3 overexpression in PAE and NIH3T3 cells
inhibits actin stress fiber formation by reducing RhoA
activity (I et al. 2004).

ARAP3 Rho GAP activity is necessary for the sup-
pression of cell spreading (I et al. 2004). The RA
domain of ARAP3 is essential for the RhoA GAP activ-
ity (Krugmann et al. 2004). ARAP3 has also recently
been identified as a host protein affecting cellular
susceptibility to anthrax toxin (Lu et al. 2004).

It has been hypothesized that ARAP3 is constitu-
tively active in monocytes. This is because unstimulated
ARAP3 knockdown THP-1 cells (a monocyte-derived
cell line) have increased RhoA activity. Additionally,
platelet activating factor (PAF)-mediated inactivation
of RhoA is reduced in ARAP3 knockdown THP-1
cells (Nandy et al. 2010).

Stimulation of PC12 cells with growth factors that
induce PtdIns(3,4,5)P; formation such as EGF results
in ARAP3 translocation from cytosol to the plasma
membrane of PC12 cells (Krugmann et al. 2002).
The dominant negative mutant of ARAP3 (which
lacks both RhoGAP and ArfGAP acitivites) has
been shown to inhibit significantly NGF- and bFGF-
induced neurite outgrowth in PC12 cells, while
overexpression of wild-type ARAP3 slightly increases
the neurite outgrowth. This result suggests that RhoA
inactivation by ARAP3 is required for NGF- and
bFGF-induced neurite outgrowth in PC12 cells (Jeon
et al. 2010a, b).

ARAP3 Arf and Rho GAP activities are dependent
on its N-terminal PH domain binding to PtdIns(3,4,5)
P; (Krugmann et al. 2004). Translocation of ARAP3 to
lamellipodia of PAE cells is dependent on its first PH
domain and PtdIns(3,4,5)P; produced by agonist-
activated PtdIns 3-kinase (Krugmann et al. 2002).

Growth factor stimulation and cell adhesion to
fibronectin leads to tyrosine phosphorylation of
ARAP3 by Src-family kinases Lyn and Src when
they are co-expressed in cells. Incubation with
Src-family kinase and PtdIns 3-kinase inhibitors, or
Src dominant interfering mutant, results in a decrease
of adhesion-induced ARAP3 phosphorylation.
Mutation of the two phosphorylation sites, Tyr 1399
and Tyr 1404, increases ARAP3 cellular functions,
indicating that ARAP3 may be negatively regulated
by the tyrosine phosphorylation. Moreover, both Lyn
and Src have been shown to form stable bonds with
ARAP3 (I et al. 2004).
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ARAP3-dependent RhoA GAP activity is elevated
in cells expressing RaplA (Krugmann et al. 2004).
The interaction of ARAP3 with PtdIns(3,4,5)P3, has
been shown to be vital for Rap-GTP to stimulate
Rho GAP activity of ARAP3 in vivo, indicating the
importance of PtdIns 3-kinase activity for this process
(Krugmann et al. 2004). Moreover, Rho and ARF6
activities are increased in both basal and PDGF-
stimulated ARAP3-knockdown cells (Krugmann
et al. 2006).

Recent studies have shown that none of ARAP3 five
PH domains are able to bind to PtdIns(3,4,5)P; in
isolation. It has been suggested that binding to PtdIns
(3,4,5)P; involves the formation of a complex
mechanism whereby basic residues from two tandem
PH domains, the N-terminal SAM domain, and basic
residues within ARAP3 synergise in order to bind
strongly and specifically to PtdIns(3,4,5)P; (Craig
et al. 2010).

The small GTPase Rap1 has been shown to interact
with the RA domain of ARAP3 and activate its Rho
GAP activity (Raaijmakers et al. 2007).

ARAP3 has been shown to bind to the adaptor pro-
tein CIN85/CMS via its Pro-Arg motif. CIN8S has been
implicated in the internalization of mono-ubiquinated
membrane protein (Kowanetez et al. 2004), whereas
CMS is involved in cytoskeletal rearrangements (Kirsch
et al. 1999). ARAP3 binds to the secondary messenger
PtdIns(3,4,5)P5 through its PH domain(s) (Krugmann
et al. 2002). The SAM domain of ARAP3 interacts with
the SAM domain of the inositol 5’- phosphatase SHIP2
to form a heterodimer; however, binding of ARAP3 to
SHIP2 is not required for SHIP2 activity. The binding of
the two proteins seems to be constitutive, as the inter-
action does not require activation by PtdIns 3-kinase or
Rapl. It has been shown that SHIP2, ARAP3, and
CIN85/CMS form a mutimeric protein complex
(Raaijmakers et al. 2007).

The NMR solution structure of ARAP3 SAM
domain shows that it has the classical small five
helix bundle. Chemical shift mapping studies have
indicated that the interaction of SHIP2-SAM and
ARAP3-SAM central regions are involved. ARAP3-
SAM binding domain is made up of the carboxy-
terminal o 5 helix and adjacent loop regions. It has
been hypothesized that SHIP2-SAM and ARAP3-
SAM binding is likely via the Mid-Loop/End-Helix
Model that is common between SAM-SAM interac-
tions (Leone et al. 2009).
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Major Sites of Expression and Subcellular
Localization

Studies have shown that ARAP3 expression is ubiqui-
tous, albeit uneven. The strongest expression was
detected in leukocytes and in the spleen (Krugmann
et al. 2002).

ARAP3 is largely localized within the cytosol of
unstimulated cells (Krugmann et al. 2002) and in the
F-actin dense membrane ruffles and lamellipodia of
some cells (I et al. 2004). ARAP3 binding of PtdIns
(3,4,5)P5 through its PH domain results in its translo-
cation to the plasma membrane (Raaijmakers et al.
2007).

Stimulation of cells with growth factors that induce
PtdIns(3,4,5)P; formation such as EGF resulted in
ARAP3 translocation to the plasma membrane of
PC12 cells. However, stimulation of PAE cells with
PDGF, which also induces PtdIns(3,4,5)P; formation,
led to ARAP3 translocation to lamellipodia
(Krugmann et al. 2002).

All the subcellular localization studies were
performed with exogenously overexpressed ARAP3.
Therefore, it is possible that the endogenous protein
may have a more specific localization, as is the case for
both ARAP1 and ARAP2.

There are now commercially available polyclonal
antibodies to ARAP3 raised against a carboxy-
terminal peptide (1533—-1544 amino acids of Human
ARAP3). NZ white rabbits were immunized with puri-
fied GST-RAP3 fusion protein (residues 1278-1538)
to raise ARAP3 polyclonal antibodies (I et al. 2004).
An ARAP3 polyclonal antibody (T-16) is available
from Santa Cruz Biotechnology, Inc. that can detect
ARAP3 by western blot, immunofluorescence, and
ELISA. An ARAP3 polyclonal antibody from Abcam
can be used in ELISA. There is also a monoclonal
ARAP3 antibody from Abnova (CENTD3 monoclonal
antibody (MO3), clone ID6), which can be used for in
ELISA and western blot assays.

Phenotypes, Splice Variants, and Disease

Two isoforms have been identified: ARAP3 and
ARAPSASAM, which does not possess the N-terminal
SAM domain (I et al. 2004).

Knockdown of ARAP3 in PAE cells with RNA
interference (RNAIi) resulted in the alteration of their
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phenotype, including changes in cell shape with
formation of numerous thin actin stress fibers.
The ability of PDGF-stimulated PAE cells to produce
lamellipodia and their polarizing ability during wound
healing was also reduced upon ARAP3 knockdown
(Krugmann et al. 2006).

It has been shown that ARAP3 knockout (KO) in
the mice results in embryonic death in mid-gestation
due to an endothelial cell-dependent defect in
sprouting angiogenesis. Moreover, knock-in mice
expressing an ARAP3 mutant (point mutation in its
N-terminal PH domain) that cannot bind to PtdIns
(3,4,5)P;5 showed angiogenesis defects comparable to
those of the ARAP3 KO mice. These data suggest
the involvement of ARAP3 signaling pathway down-
stream of PI3K« in the regulation of embryonic angio-
genesis (Gambardella et al. 2010).

Using conditional ARAP3 KO mouse model, it
has been shown that ARAP3 regulates neutrophil
adhesion-dependent processes. Loss of ARAP3
causes preactivation of neutrophil B2 integrins.
ARAP3 deficiency has been shown to increase adhe-
sion-dependent cellular functions such as reactive oxy-
gen species (ROS) production, adhesion, spreading,
and granule release in neutrophils. Loss of ARAP3
also interferes with integrin-dependent neutrophil che-
motaxis. These studies show that ARAP3 regulates 2
intergrin activity, thereby retaining unstimulated neu-
trophils in their quiescent state (Gambardella et al.
2011).

An increase in the chemokine PAF in type 2 dia-
betics has been shown to accelerate atherosclerosis.
PAF-stimulation enhances monocyte transendothelial
migration via Rac-1 activation and RhoA inactivation.
PAF-stimulated RhoA inactivation is reversed in
ARAP3 knockdown monocytes, indicating that
ARAP3 is responsible for PAF-mediated RhoA inacti-
vation (Nandy et al. 2010).

ARAP3 has been shown to be expressed in
normal fundic gland mucosa; however its expression
in poorly differentiated carcinomas is reduced.
Overexpression of ARAP3 has been shown to reduce
cell-ECM attachment and cell invasion in vitro in the
highly metastatic scirrhous gastric carcinoma cell line
(58As9 cells). ARAP3 overexpression was also
shown to inhibit peritoneal dissemination of 58As9
cells in vivo. Adhesion to and invasion through the
ECM are necessary for peritoneal dissemination of
scirthous gastric carcinoma cells. Since ARAP3
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regulates both cell-ECM adhesion and invasiveness,
it may be a novel therapeutic target for preventing
peritoneal dissemination of scirrhous gastric carci-
noma (Yagi et al. 2011).

Summary

The subfamily of ARAP proteins includes three
members: ARAP1, ARAP2, and ARAP3, which can
act as GAPs for both Arf and Rho family small
GTPases. ARAP3 was originally identified as
a PtdIns(3,4,5)P; secondary messenger binding pro-
tein in porcine leukocyte cytosol. It consists of a SAM
domain, five PH domains, Rho GAP domain and Arf
GAP domain, and a RA domain. ARAP3 activity has
been shown to be dependent on its N-terminal PH
domain binding to PtdIns(3,4,5)P3. It is largely local-
ized within the cytosol of unstimulated cells and in the
F-actin dense membrane ruffles and lamellipodia of
some cells. ARAP3 binding to PtdIns(3,4,5)P3
through the N-terminal PH domain leads to its trans-
location to the plasma membrane. It has been shown
to play a role in the regulation of the actin cytoskele-
ton, lamellipodia formation, and cell spreading.
ARAP3 also inactivates RhoA in response to NGF
and bFGF leading to neurite outgrowth from PC12
cells. It has been shown to inhibit peritoneal dissem-
ination of scirrhous gastric carcinoma cells by regu-
lating cell adhesion and invasion. ARAP3 is tyrosine
phosphorylated by Src, which negatively regulates its
cellular functions. It forms a multimeric protein com-
plex with CIN85/CMS and SH2-containing inositol
phosphatase 2 (SHIP2) but the physiological signifi-
cance of this interaction is not fully understood.
ARAP3 interacts with CIN85/CMS through its pro-
line—arginine motif and with SHIP2 using the SAM
domain. It also binds to Rap1 through the RA domain.
Studies have shown that ARAP3 expression is ubiq-
uitous, albeit uneven with the strongest expression
detected in leukocytes and in the spleen. ARAP3
knockdown with RNAI alters cell shape and reduces
PDGF-induced lamellipodia formation in fibroblasts
and increases RhoA activity in monocytes. Knockout
of ARAP3 in mice results in embryonic death in mid-
gestation due to defect in sprouting angiogenesis.
ARAP3 inducible knockout studies revealed that it
regulates chemotaxis and adehesion-dependent pro-
cesses in neutrophils.
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Synonyms

ADP-ribosylation factor; Arf-domain protein; Domain
protein; Tripartite motif protein 23

Historical Background

ARDI was first described in 1993 as the deduced
protein product of clones isolated from human and rat
genomic cDNA libraries that encoded an about 18-kDa

ADP-ribosylation factor (Arf) sequence at the
C-terminus of a 64-kDa molecule (Mishima et al.
1993). Human ARD1 coding region cDNA hybridized
with 3.7- and 4.1-kb mRNAs from all rat tissues exam-
ined. Both recombinant, full-length ARD1 and its
Arf domain (M403-A574), activated cholera toxin
ADP-ribosyltransferase activity, at that time a defining
characteristic of Arf function, whereas the non-Arf
(M1-K402) fragment of ARDI1 did not. Using

ARD1/TRIM23

recombinant proteins on nitrocellulose membranes,
only the Arf domain (and a recombinant ARF3), not
the full-length ARDI, bound radio-labeled GTP
(Mishima et al. 1993).

Further investigation of GTPase activity of the
same recombinant proteins in solution provided evi-
dence that the N-terminal non-Arf region of ARDI1
acted as a GTPase-activating protein (GAP) domain
for the Arf moiety (Vitale et al. 1996). Bound GDP
dissociated from the Arf domain much more rapidly
than it did from the full-length ARDI1, but after addi-
tion of the non-Arf domain, GDP dissociation was
slowed, essentially to that of GDP release from the
intact ARDI1. Thus, the ARDI1 molecule comprises
both GDI (GDP-dissociation inhibitor) and GAP
domains that can influence biological activity of the
Arf domain, although the extent to which these
domains regulate its GTPase cycle in cells was not
demonstrated.

The first several ARD papers contain more than
one comment on its Zn>*-finger structure near the
N-terminus, but no mention of a potential E3
ubiquitin ligase activity, which was more widely rec-
ognized after ARD1 was described as TRIM23,
a protein of the tripartite motif family (Reymond
et al. 2001). The TRIM or RBCC structure comprises
an N-terminal ring (R) followed by one or two
B boxes (B1 and B2 in ARDI) and a predicted
coiled-coil (CC) sequence. The B box, apparently
found only in this protein family, was suggested as
a useful identifier of TRIM molecules. Greatest diver-
sity among TRIM proteins is in regions C-terminal to
the CC domains, i.e., the Arf domain in ARD1, where
it is compounded by alternative splicing. In addition
to the full-length ARDI initially cloned (Mishima
et al. 1993), sequences of two more human ARDI1
molecules that differ at the C-terminus (Fig. 1) are
reported (Reymond et al. 2001; Venkateswarlu and
Wilson 2011).

Regulation of ARD1 Activity

The Arf domain of ARD1 was not a substrate for
a partially purified Arf GAP from rat spleen that
enhanced GTP hydrolysis by ARFs 1, 3, 5, and 6 as
well as Arf-like ARL proteins. Nor did the non-
Arf part of ARDI display GAP activity toward
potential substrates other than its own Arf domain
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Alpha-536-ccgrswyiggcdarsgmglyegldwlsrglvaagvldva—-574

Beta -536-ccgrswyiqgcdarsvfgiicdgytgkevvtekg-539

Gamma-536-ccgrscfsdnm-546
4

ARD1/TRIM23, Fig. 1 C-terminal sequences of alternatively
spliced ARDla, B, and y molecules. All three molecules are
identical through position 540 in the Arf domain, with identity of

(Ding et al. 1996). As often cautioned, the extent to
which relationships of GAP (and GEF) activities
assessed in vitro compare to those in living cells can
be difficult to establish.

For more than a decade, limited research on ARD1
treated it simply as an Arf-domain protein of
unknown function, even after its E3 ubiquitin ligase
activity was described (Vichi et al. 2005). An ARD™”
mouse, generated to provide clues to physiological
function(s), has been thus far only a source of murine
embryo fibroblasts that proved useful for demonstra-
tion of contributions of Arf and E3 ligase actions to
the regulation, respectively, of epidermal growth fac-
tor receptor (EGFR) degradation and of its own pro-
tein level (Meza-Carmen et al. 2011). The recognition
of ARD1 as TRIM23, a member of the tripartite motif
(TRIM) family of proteins (Reymond et al. 2001),
which are critical for rapid innate immune responses
to viral infection, introduces what may well be an
even more intriguing chapter (Ozato et al. 2008).
Relatively recent reports of TRIM23 involvement in
NF-kB activation by HCMV (human cytomegalovi-
rus) infection (Poole et al. 2009) and ubiquitination of
NEMO (NF-kB essential modulator) catalyzed
by TRIM23 (Arimoto et al. 2010) certainly present
enormous numbers of intriguing questions to be
answered. This entry summarizes, for the most part,
findings from the earlier studies that are not yet mean-
ingfully integrated with the important information
now emerging. Domain structures as have been
described for ARD1 and TRIM23 are aligned in
Fig. 2 to facilitate reconciliation of the differently
focused publications.

ARD1: Structure/Function

Structural requirements for functional interaction of
the Arf and non-Arf domains of ARD1 were defined
in some detail using site-specific mutagenesis and

o and B through 550. Accession numbers for human ARD1/

TRIM23 are: ARDIl-alpha (NP_001647), ARDI-beta
(NP_150230), and ARD1-gamma (NP_150231)
1 101 190 387 403 574
ARD1| E3 GAP
1
(O]
TRIM23 || £ B-box B-box CC
o

13174 126 370

574

ARD1/TRIM23, Fig. 2 Domain structure of ARDI/TRIM23.
The 574-amino-acid molecule contains an E3 ubiquitin ligase
ring (yellow, E3, ARDI or gray, 31-74, TRIM23) and a C-
terminal ARF domain (pink, 403-574). At the extreme C-termi-
nus, 34 amino acids (541-574, black) are involved in alternative
splicing, as shown in Fig. 1. Positions 387—402 act as a GDI for
the ARF domain. Intervening positions (126-370, blue, in
TRIM23) contain B-boxes 1 and 2 plus the C-C region that
make this a TRIM protein and overlap specific sequence
(green) that can inactivate the ARF domain (101-190, GAP).
We are grateful for the expert assistance of Dr. Gustavo
Pacheco-Rodriguez, who prepared Figs. 1 and 2 and has made
important contributions to many ARD1 studies

chimeric proteins (Vitale et al. 1997a). Replacement
of seven Arfl amino acids with those in the
corresponding positions of the Arf domain in ARDI1
enabled it to associate with the non-Arf domain that
enhanced its GTPase activity. Further deletion of 15
amino acids from its N-terminus produced an Arf
molecule structurally and functionally equivalent to
the ARD1 Arf domain. Additional effects of numerous
specific amino acid replacements in ARD1 and those
of several phospholipids or detergents on interactions
and/or activities of the GTP-binding Arf and regula-
tory non-Arf domains were also reported (Vitale et al.
1997a). Regions in the non-Arf domain responsible for
acceleration of GTP hydrolysis by the intrinsic GTPase
activity of the Arf domain, plus adjacent sequence
necessary to establish the required physical interac-
tion, were also identified. Evidence for interaction of
acidic N427 and E428 (plus P432) in the Arf region
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with basic R249 and K250 in the non-Arf domain was
also obtained as regulated release of bound GDP and
control of GTP hydrolysis are equally important for
temporal continuity of the Arf domain GTPase
cycling.

Structural elements of the ARD1 GDP dissociation-
inhibitor (GDI) region were similarly characterized
(Vitale et al. 1997b). Although both this action and
the enhancement of GTPase catalytic activity involve
intramolecular conformational changes, these might
well differ in energetic costs and/or the effects on
them of environmental changes. Early studies had
shown that bound GDPBS was released more slowly
from the recombinant Arf domain than from intact
ARDI1 (Vitale et al. 1996). Experiments with recom-
binant proteins and/or their fragments more clearly
established the discrimination between GDP and GTP
ligands. It was further demonstrated that 15 amino
acids immediately preceding the Arf domain were
responsible for slowing dissociation of GDP, but not
GTP, and site-specific mutagenesis revealed impor-
tance of the hydrophobic amino acids for stabilization
of ARD1-bound GDP (Vitale et al. 1997b). Even as our
understanding of structure-function relationships in
these actions of the ARDI1 molecule continues to
improve, their relationships to and integration with
ARDI functions in critical reactions of the innate
immune system to viral infection appear to present
more new and intriguing questions.

Cellular Localization of ARD1

After multiple attempts to identify endogenous ARD1
at intracellular sites in several tissues, Vitale et al.
(1998b) were able to show single protein bands of
about 64 kDa using antibodies immunoreactive with
different parts of the ARDI1 molecule in affinity-
purified membranes from human liver presumed rep-
resentative of lysosome or Golgi structures (Vitale
et al. 1998b). Systematic microscopic observations of
subcellular distribution of overexpressed EGFP-
tagged ARDI revealed perinuclear fluorescence con-
sistent with Golgi localization in <5% of cells after
4 h, but present in almost 20% by 6 h and approaching
60% after 10 h. At the same time, fluorescence in
widely dispersed vesicular structures, apparently lyso-
somes, was recorded in only <5% at 6 h and 40% of
cells at 10 h. Between 12 and 50 h, both vesicular and
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perinuclear fluorescence was seen in about 60%
of cells, suggesting the possibility of ARDI
cycling between Golgi and lysosomal organelles
(Vitale et al. 1998b).

In attempts to identify appropriate localization sig-
nals in the ARD1 molecule, intracellular distribution
of >20 overexpressed ARDI fragments was evaluated
microscopically with particular attention to YXXL
motifs in the Arf domain thought to be potentially
responsible for Golgi localization (Vitale et al.
2000b). Selective mutation of one or both of the
sequences indicated that each could contribute to
ARDI presence in Golgi and that to reach the lyso-
somes, passage of ARDI through the Golgi was
required. A pentapeptide sequence, KFERQ, had
been implicated as a targeting signal for lysosomes.
Mutagenesis in 344KTLQQ348 and 369KQQQQ373
sequences of the non-Arf region of ARD1 demon-
strated that the latter was critical for lysosomal local-
ization (Vitale et al. 2000a).

ARD1: E3 Ubiquitin Ligase Activity and Arf
Domain Function

E3 ubiquitin ligase activity of GST-ARDI or its RING
finger domain (residues 1-110) was demonstrated
in vitro using the recombinant proteins plus pure mam-
malian E1, E2 (usually UbcH6), ATP, and ubiquitin
(Vichi et al. 2005). Activity was abolished by deletion
or mutation of the ARDI1 ring structure. Like activities
of the Arf and GAP domains, that of the E3 ligase was
apparently independent of the rest of the molecule and
was unaffected by addition of GTPyS or GDP. Whether
that is true also in the intracellular environment is not
known. Although the ubiquitinated proteins failed to
react with ARDI antibodies, their increasing amounts
and size during assays were paralleled by decreasing
amounts of free ARDI protein, consistent with auto-
ubiquitination. Three bands of modified UbcH6 (E2)
did react with UbcH6 antibodies as well as with those
against ubiquitin (Vichi et al. 2005). Later studies of
ARDI1”" mouse embryo fibroblasts stably expressing
constructs for induced synthesis of ARD1 or a (C34A,
H53A) mutant lacking E3 ligase activity supported the
conclusion that auto-ubiquitination regulated ARDI1
degradation and was responsible for maintaining its
concentration at very low levels in all cells studied
(Meza-Carmen et al. 2011). Mutant ARD1 without
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E3 ligase activity accumulated in cells incubated with
proteasomal inhibitors to levels sevenfold those usu-
ally seen.

Cytohesin-1 had been shown earlier to be a specific
guanine nucleotide-exchange factor (GEF) activator
for ARDI1 (Vitale et al. 2000b). Since cytohesin-1
(and other cytohesins) had been reported to modify
receptor tyrosine kinase action, effects of ARD1 or its
mutants on EFGR were explored (Meza-Carmen et al.
2011). There was no evidence of E3 ligase involve-
ment, but Arf domain function was clearly important.
Actions in vesicular trafficking are probably the most
extensively studied of all Arf functions. These require
continuity of Arf cycling between inactive GDP-bound
and active GTP-bound states. Overexpression of
mutants with single amino acid replacements that abol-
ish GTP binding (T418N), thereby blocking activation,
or prevent GTP hydrolysis (K458I) both interrupt
cyclic activation/inactivation, causing accumulation,
respectively, of GDP or GDP-liganded proteins (thus
referred to as ARD1-GDP or ARD1-GTP mutants).
Amounts of EGFR were higher in ARD1-GDP and
lower in ARD1-GTP cells than in those expressing
wild-type (WT) ARD1 with a functional Arf domain,
and without significant differences in RNA levels
(Meza-Carmen et al. 2011). All findings were consis-
tent with the conclusion that relatively rapid EGFR
turnover enables more facile control of receptor protein
levels and functions than would alterations in gene
expression and necessary subsequent protein adjust-
ments. Regardless of total levels, about 80% of the
EGFR was on the cell surface. It was notable also that
in ARD1-GDP and —GTP cells differences in total
amounts of TGFBR III and insulin receptor (IR) were
similar to those of EGFR, although the limited IR data
did not reach statistical significance (Meza-Carmen
et al. 2011). Potential functions of ARD1 in the regu-
lation of these (and perhaps other) growth factor recep-
tors, via internalization, signaling, and/or degradation,
should be of considerable interest and importance.

ARD1: Action/Function as TRIM23

Description of TRIM 23 as a member of the TRIM
protein family provided new perspective on ARDI1
action (Reymond et al. 2001). Activation of transcrip-
tion with induction of type I interferon production is
critical for initiation of innate immune responses.
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Association of TRIM 23 (ARD1) with HCMV
(human cytomegalovirus)-encoded protein UL144,
which was known to activate NF-kB, was first recog-
nized in a yeast two-hybrid screen undertaken to iden-
tify UL144-interacting proteins in human cells (Poole
et al. 2009). Involvement of tumor necrosis factor
receptor (TNFR)-associated factor 6 (» TRAF6) and/
or TAK1 in HCMV-induced NF-kB activation was
known, but the screen revealed no evidence of their
direct interaction with the viral UL144 protein. Then,
interaction of UL144 with TRIM23 was found and
confirmed, showing direct interaction of the UL144
C-terminal Zn-finger with the TRIM23 N-terminal
Zn-finger region. To verify those findings, tagged
UL144, TRIM23, and TRAF6 or fragments thereof
were overexpressed in human fibroblasts. All experi-
mental data supported the conclusion that TRIM23
was required for NF-kB activation by UL144 (but not
for its activation by TNF or dsRNA). TRIM23 was
necessary for ubiquitination also of TRAF6, but it did
not catalyze the modification (using ubiquitin lysine
63, not lysine 48 for both) that resulted evidently from
TRAF6 auto-ubiquitination (Poole et al. 2009).

Rapid induction of the type I interferon response by
viral infection is critical for an innate immune reaction.
Involvement of several E3 ubiquitin ligases and their
substrates provides complex feedback controls for the
potentially harmful inflammatory reactions that result.
To clarify some of these regulatory relationships,
Arimoto et al. (2010) looked for effects of
overexpression of one of the ligases, RNF-125, on
gene expression and found a dramatic increase of
>200% in TRIM23 mRNA. Exploration of TRIM 23
function revealed that it increased expression of an NF-
kB-driven reporter gene in a NF-kB essential modula-
tor (NEMO)-dependent manner. Direct interaction of
the TRIM23 Arf domain with CC1 and LZ domains,
which contain the sites of NEMO ubiquitination (via
lysine 27), was demonstrated (Arimoto et al. 2010).
Information regarding the role of UbcHS as an E2
enzyme for TRIM23 ubiquitination of NEMO was
notable, particularly perhaps the enhanced association
of UbcHS5 with NEMO after virus infection and the
decreased NEMO ubiquitination by TRIM23 in
UbcH5-depleted cells. Behavior of the alternatively
spliced TRIM23 molecules (Venkateswarlu and Wil-
son 2011) in these interactions will surely be of inter-
est, as an Arf domain contribution to intracellular
trafficking might facilitate innate immune responses.
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Summary

ARD1 was cloned because of its C-terminal Arf
sequence (which lacks the first nine Arf amino acids).
Initial investigation of the predicted 64-kDa protein was
directed toward understanding how the Arf domain
interacted with the non-Arf remainder of the molecule
to accelerate hydrolysis of bound GTP using separately
synthesized recombinant protein fragments. The region
of the ARD1 molecule that serves as a GAP to terminate
activation of the Arf moiety, including adjacent residues
required for its functional interaction with Arf structure,
appears to overlap B-box and C-C sequences of the
TRIM23 molecule (Fig. 2). GDI action of 17 amino
acids immediately N-terminal to the Arf domain mimics
behavior of the N-terminal amphipathic o-helix of an
Arf molecule that would precede the sequence desig-
nated Arf domain at ARDI1 position 403 (Fig. 2). Both
ARDI1 and TRIM23 sequences assign E3 ubiquitin
ligase actions to the same novel RING structure near
the N-terminus. Generation of ARD”" mouse embryo
fibroblasts stably transfected with constructs for induc-
ible expression of wild type or specifically mutated
ARDI1 molecules enabled demonstration that degrada-
tion of endogenous EGF receptor (EGFR) required con-
tinuity of the ARD1 GDP/GTP cycle. Cell content of
TRIM23 was apparently maintained at low levels by
auto-ubiquitination, with no TRIM23 contribution to
EGFR ubiquitination. For auto-polyubiquitination of
ARDI in vitro with purified proteins, UbcHS5a, 5b, Sc,
and UbcH6 had been effective as E2 enzymes. UbcHS
was also involved in TRIM23 ubiquitination of NEMO.
These and related findings may be a preview of the
importance of only recently recognized antiviral actions
of TRIM23.
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Historical Background

ArfGAPI is a 415 aa soluble protein that reversibly
interacts with the Golgi apparatus (Cukierman et al.
1995). Originally isolated from rat liver cytosol (Makler
et al. 1995), it is the founding member of the ArfGAP
family of proteins, all characterized by a conserved
catalytic domain containing a zinc finger model whose
structure was solved by Goldberg (1999).

The substrate of ArfGAP1, Arfl, is a key regulator
of the COPI system that mediates vesicular transport
in the ER-Golgi shuttle. Upon GDP to GDP
exchange, Arfl associates with the Golgi membrane
and recruits the heptameric COPI coat (coatomer),
which in turn sorts cargo proteins and polymerizes
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to form the coat cage surrounding the vesicle. The
subsequent hydrolysis of Arf-bound GTP is required
for the release of coatomer from the membrane,
a prerequisite for vesicle fusion. This reaction requires
the action of a GAP. ArfGAP1 was the first
Arf-directed GTPase-activating protein purified and
cloned. Thirty one ArfGAP proteins are currently
known in human, three of which — ArfGAP1, 2, and
3 — are thought to regulate COPI-mediated transport
though the Golgi. Silencing of ArfGAP1 or
a combination of ArfGAP2 and ArfGAP3 in HeLa
cells does not decrease cell viability; however, silenc-
ing all three ArfGAPs causes cell death. In yeast, two
ArfGAPs —GCSl1, the orthologue of ArfGAP1, and
Glo3, the orthologue of mammalian ArfGAP2/3 —
have been implicated in COPI-mediated transport
and were shown to function as an essential pair
(Poon et al. 1999).

Function of ArfGAP1

Most published data implicate ArfGAP1 as a regulator
of the COPI system. However, various and sometimes
conflicting reports exist on the role of ArfGAP1 in the
biogenesis and consumption COPI vesicles.

First indication for a role of ArfGAP1 in deactiva-
tion of Arfl at the Golgi was provided by the finding
that overexpression of ArfGAP1 in cells results in
redistribution of the Golgi and its fusion with the ER
(Huber et al. 1998), an effect that was known before to
result from the deactivation of Arfl by the drug
brefeldin-A.

Reconstitution of COPI vesicles from Golgi mem-
branes revealed that blocking GTP hydrolysis by the use
of GTPyS (Serafini et al. 1991) or an activating mutant
of Arfl (Tanigawa et al. 1993) lead to the production of
vesicles that cannot uncoat. These findings lead to the
prediction that ArfGAP activity should trigger coatomer
release from membranes. Subsequent studies, however,
suggested that GTP hydrolysis on Arfl is required for
efficient uptake of cargo into vesicles (Lanoix et al.
1999; Nickel et al. 1998; Pepperkok et al. 2000), imply-
ing that GAP activity may also promote cargo sorting
that occurs during vesicle formation. Lee et al. (2005)
presented evidences for a role of ArfGAP1 in regulating
the binding of coatomer to cargo proteins, indicating
a direct role of ArfGAPI in regulating cargo sorting.
This study further demonstrated a requirement of
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ArfGAPI catalytic activity for vesicle formation from
Golgi membranes suggesting that ArfGAP1 plays
a central role in coupling cargo sorting and vesicle
formation. An additional function of ArfGAP1 in the
vesicle fission was also proposed (Kartberg et al. 2010;
Yang et al. 2006). Finally, ArfGAP1 has been shown to
be involved in the regulation of asymmetric tethering
between flat and curved membrane mediated by the
Arfl effector, GMAP210 (Drin et al. 2008).

Regulation of ArfGAP1 Activity

Experiments in vitro have suggested two mechanisms
for the regulation of ArfGAP1 activity: stimulation by
the COPI coat and by regulated recruitment to
membranes.

The first mechanism concerning the role of
coatomer was first described by Goldberg (Goldberg
1999). Using the catalytic domain of ArfGAP1 and
a truncated Arfl lacking the first 17 residues that can
be loaded with GTP in the absence of lipids or deter-
gents, Goldberg reported that the activity of the
ArfGAP1 can be stimulated by up to 1,000-fold by
coatomer. In contrast, investigating ArfGAP1 catalytic
activity in liposomal system (Szafer et al. 2000) or on
Golgi membranes (Szafer et al. 2001) using
myristoylated membrane-bound Arfl revealed only
moderate or no stimulation by the addition of
coatomer, respectively. Examination of the enzymol-
ogy of ArfGAPI suggested that coatomer allosterically
regulates ArfGAP1 activity, affecting the affinity of
ArfGAP1 for Arf-GTP but not the catalytic rate con-
stant. These results further support the idea that
coatomer has a regulatory role on the activity of
ArfGAP1 (Luo and Randazzo 2008).

The second mechanism concerns the role of lipids.
Although there is no evidence for direct interaction of
ArfGAP1 with specific lipids, binding of ArfGAP1 to
membranes results in increase in GAP activity by
bringing it into proximity with its membrane-bound
substrate, Arf1-GTP. The binding of ArfGAP1 to lipo-
somes and its catalytic activity are both increased by
chemical or physical conditions that create open
spaces in the outer leaflet of the membrane bilayer
such as the presence of diacylglycerols, phospholipids
containing monounsaturated fatty acids (Antonny et al.
1997; Bigay et al. 2005), and high membrane curva-
ture. Curvature-dependent activity of ArfGAP1

ArfGAP1

in vitro is of particular interest as it offers
a mechanism that may be employed in vivo to ensure
efficient targeting of ArfGAP1 to coated vesicles and/
or to the highly curved rim of the Golgi cisternae where
budding of COPI vesicles takes place. Bigay et al.
(2005) have identified a motif in the center of
ArfGAPI that mediates the interaction with loosely
packed lipids. This domain, termed ALPS (for
ArfGAPI lipid packing sensor) is unstructured in solu-
tion but in the presence of loosely packed lipids, hydro-
phobic residues in ALPS are inserted between lipid
residues and ALPS folds into an amphipathic helix
with serine/threonine residues forming the hydrophilic
face. A function for ALPS-lipid interaction in vivo is
suggested by the findings that the hydrophobic resi-
dues in ALPS are required for the interaction of
ArfGAP1 with the Golgi apparatus (Parnis et al.
2006). In subsequent studies a second amphipathic
motif — ALPS2 — with similar physicochemical char-
acteristics was identified in ArfGAP1 (Levi et al. 2008;
Mesmin et al. 2007). The two amphipathic motifs are
separated by a short break and function cooperatively
conferring liposome interaction and Golgi localization
of ArfGAP1.

Summary

Mounting evidence implicates ArfGAP1 as critical
regulator of the COPI system, yet its precise role has
remained uncertain, with suggested functions ranging
from an uncoating factor to an essential coat compo-
nent required for cargo sorting and vesicle formation.
While most studies have focused on the role of
ArfGAPI1 in the COPI system, ArfGAP1 also interacts
with components of clathrin-coated carriers (including
clathrin, AP-1, and AP-2), although the functional
consequences of these interactions remains to be
established.
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Historical Background

Due to the remote similarity of the ADP-ribosylation
factor related protein 1 (ARFRP1) to other members of
the ARF family, it was designated as a distant ARF
family member (Fig. 1a). Discovered by the screening
of adipocytes with degenerated primers for ARF
proteins, ARFRP1 was shown to be highly conserved
among species (97% identical amino acids between rat
and human, 79% identical to Saccharomyces cerevisiae,
and 74% identical to Drosophila melanogaster) and
closest related to ARL1 (33% identical) and ARL3
(39% identical) (Schirmann et al. 1995, 1999). In com-
parison to the membrane association motif of other
members of the ARF family (myristoylation),
membrane association of ARFRP1 is mediated by acet-
ylation of the initial methionine and interaction with an
integral membrane protein Sysl (Behnia et al. 2004;
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ARFRP1 (ADP-Ribosylation Factor Related Protein 1),
Fig. 1 ARFRPI, a member of the ARF family is recruited to
the trans-Golgi upon its activation. (a) The ARF family of small
GTPases consists of ARF, ARF-like (ARL), and SAR proteins
(Kahn et al. 2006). (b) Inactive, GDP-bound ARFRP1 is located

Setty et al. 2003). The Arfrpl gene consists of eight
exons and is located on distal mouse chromosome
2 (human chromosome 20) with the transcriptional
start codon in exon 2 (Mueller et al. 2002a). The gene
product, ARFRP1I, is a 25 kDa protein with a ubiquitous
expression pattern and an intrinsic GTPase activity
(Schirmann et al. 1995). In contrast, guanine nucleotide
exchange is relatively slow in an in vitro system
suggesting the existence of a so-far unidentified GEF
(guanine nucleotide exchange factor) for ARFRP1 to
act as a fast GTP-dependent molecular switch
(Schiirmann et al. 1995).

Molecular Function of ARFRP1

In the active GTP-bound form ARFRPI is located at
the trans-Golgi (Fig. 1b) (Zahn et al. 2006). The yeast
homologue of ARFRP1, Arl3p, acts sequentially to
recruit golgin proteins to the Golgi membranes. In
yeast, Arl3p brings Arllp, the yeast homolog of
ARLL, to the Golgi apparatus which is then responsi-
ble for the recruitment of the yeast golgin Imhlp
(Panic et al. 2003; Setty et al. 2003). Golgins are
conserved proteins found in different parts of
the Golgi stack, and they are typically anchored to
the membrane at their carboxyl termini by
a transmembrane domain or by binding a small
GTPase (Rab and ARL1). They appear to have roles
in membrane traffic and Golgi structure, but their
precise function is in most cases unclear (Munro
2011). In cell culture as well as in murine embryos,
ARFRP1 controls the targeting of ARL1 and its effec-
tor Golgin-245 to the trans-Golgi (Fig. 1b) (Zahn et al.

ARFRP1 (ADP-Ribosylation Factor Related Protein 1)

GDP
Q
GDP &

GTP

Golgin-245

in the cytosol, active, GTP-bound ARFRP1 associates with
membranes of the trans-Golgi. Active ARFRPI initiates recruit-
ment of ARL1 and its effector Golgin-245 to this compartment
(Zahn et al. 2006)

2006, 2008). Upon inhibition of the expression of
Arfrpl in cells or deletion of Arfrpl in mice, the
trans-Golgi structure appeared altered as several
trans-Golgi markers (TGN38, ARLI1, Syntaxin6,
Golgin-245) showed a different distribution pattern or
a dissociation from the Golgi membranes (Hommel
et al. 2010; Zahn et al. 2006, 2008). However, other
Golgi proteins located in the cis- and medial-region of
the Golgi apparatus (giantin, GM130, 58 k) seemed
less affected by the lack of ARFRP1 (Hommel et al.
2010; Zahn et al. 2006, 2008).

In mammalian cells, ARFRP1 seems to inhibit
ARFl-regulated pathways such as the activation of
phospholipase D (PLD) (Schiirmann et al. 1999).
ARFRP1 binds the Sec7 domain of the ARF-specific
nucleotide exchange factor cytohesin in a GTP-
dependent manner. This interaction does not modify
the activity of ARFRP1 but results in the inhibition of
the ARF/Sec7-dependent activation of PLD in
a system of isolated membranes and in HEK-293
cells transfected with a constitutively active mutant
of ARFRP1 (Schiirmann et al. 1999).

Knockout Models Explaining the
Physiological Role of ARFRP1

In order to characterize the function of ARFRP1 in
a mammalian organism, its gene was disrupted by
gene-targeting approaches. Homozygosity for the con-
ventional transgene causes embryonic lethality,
whereas tissue-specific deletion of Arfrpl resulted in
growth retardation according to lipid and glycogen
storage defects.
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Adhesion Defects Responsible for Embryonic
Lethality of Conventional Arfrp1 Knockout
Mice

Mueller et al. (2002b) showed that ARFRP1 is already
important during early embryogenesis. The amount of
Arfrpl mRNA was detectable from embryonic day 4.5
and increases during gastrulation and neurulation
(Mueller et al. 2002b). The conventional deletion of
Arfrpl in the mouse results in embryonic lethality
during early gastrulation (Mueller et al. 2002b).
Arfrpl-null mutant embryos seemed normal until
embryonic day 5, but exhibited profound alterations
of the distal part of the egg cylinder at day 6-6.5 due to
a cell-adhesion defect (Mueller et al. 2002b; Zahn et al.
2008). Further investigations revealed that embryonic
cells showed a mistargeting of E-cadherin to intracel-
lular membranes which prevented epiblast cells to
undergo an epithelial-to-mesenchymal transition, and
resulted in a failure of mesoderm development
(Mueller et al. 2002b; Zahn et al. 2008). This finding
was confirmed in studies performed in intestinal epi-
thelium of mice lacking Arfrpl specifically in the
intestine (see below). Here retention of E-cadherin in
intracellular membranes was observed, it was
co-localized with a cis-Golgi marker (GM130) in epi-
thelial intestinal cells. Moreover, a direct interaction of
ARFRP1 with the E-cadherin/catenin complex was
demonstrated by co-immunoprecipitation experiments
(Zahn et al. 2008) indicating that ARFRP1 is essential
for the correct trafficking of E-cadherin through the
Golgi and finally for the correct cell surface localiza-
tion of the E-cadherin complex.

Adipocyte-Specific Deletion of Arfrp1
Resulting in Lipodystrophy and Reduced
Survival

ARFRP1 is highly expressed in the adipose tissue of
mice (Schirmann et al. 1995). Adipocyte-specific
Arfrpl-deleted mice (Arfrpl®“~'") were generated
with the Cre/loxP recombination system using the
Fatp4/aP2 promoter (He et al. 2003). Animals were
born viable according to the expected Mendelian dis-
tribution but exhibited a markedly reduced survival
with a mortality rate of 70% until weaning (Hommel
et al. 2010). In addition, ArfrpI“~'~ mice showed
a postnatal growth retardation accompanied by
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areduced surface body temperature which presumably
is responsible for the impaired survival. The most
obvious phenotype of the Arfrpl“~'~ mice was
a pronounced lipodystrophy indicated by the lack of
subcutaneous and gonadal white adipose tissue depots
as well as a significantly reduced amount of brown
adipose tissue and an early hepatosteatosis. Oil-Red-
O staining of brown adipose tissues of Arfrpl*“~'~ and
control littermates indicated an altered lipid storage
associated with smaller lipid droplets in the brown fat
cells (Hommel et al. 2010). One reason for the
impaired lipid storage of ArfrpI“*~~ mice was
shown to be a stimulation of lipolysis. The amount of
phosphorylated hormone-sensitive lipase (HSL) was
elevated, and the association of adipocyte triglyceride
lipase (ATGL) with lipid droplets was enhanced in
brown adipose tissue of Arfrpl®~'~ mice indicating
that lipolysis was activated. In fact, siRNA-induced
knockdown of Arfipl in 3T3-L1 adipocytes increased
basal lipolysis. A second cause for smaller lipid drop-
lets in adipocytes lacking ARFRP1 was affiliated to
a defective lipid droplet fusion. Electron microscopy
showed that lipid droplets exhibited ultrastructural
alterations such as a disturbed interaction of small
lipid-loaded particles with larger lipid droplets
(Fig. 2). The SNARE (soluble N-ethylmaleimide-
sensitive-factor attachment receptor) protein SNAP23
(synaptosomal-associated protein) which is described
to be involved in lipid droplet fusion (Bostrom et al.
2007) was predominantly located in the cytosol and
plasma membrane in brown adipose tissue of
Arfrpl“~'~ mice, whereas it was associated with
small lipid droplets in controls. This suggested that
ARFRP1 mediates lipid droplet growth via sorting of
SNAP23. Thus, disruption of ARFRP1 in the adipose
tissue led to a lipodystrophic phenotype by activating
lipolysis and preventing the normal enlargement of
lipid droplets via fusion events.

Since SNARE proteins (VAMP2, syntaxin-4, and
SNAP23) have been implicated in the insulin-induced
translocation of vesicles containing the glucose trans-
porter GLUT4 to the plasma membrane of adipocytes
(Hickson et al. 2000; Kawanishi et al. 2000; Bryant
et al. 2002), subcellular distribution of GLUT4 in
Arfrpl“®~'~ adipocytes was studied. GLUT4 accumu-
lated at the plasma membrane rather than being
sequestered into an intracellular insulin-sensitive com-
partment as in control adipocytes (Fig. 3) (Hesse et al.
2010). A similar missorting of GLUT4 was produced
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ARFRP1 (ADP-Ribosylation
Factor Related Protein 1),
Fig. 2 In the absence of
Arfrpl in adipose tissues, the
lipid droplets are much smaller
as indicated in the
ultrastructural analysis
performed by electron
microscopy (Hommel et al.

2010)

A rfrp }‘ﬂoﬂﬂor

by siRNA-mediated knockdown of Arfrpl in 3T3-L1
adipocytes which led to a significantly elevated
glucose transport. Thus, ARFRP1 appears to be
involved in the sorting of GLUT4.

Deletion of Arfrp1 in the Intestine Resulting
in Fat Malabsorption

Conditional deletion of Arfip! in the intestinal epithe-
lium of mice (ArfrpI™ "), as achieved by crossing
Arfrp 71X mice with transgenic mice expressing the
Cre-recombinase under the villin promoter, resulted in
an early postnatal growth retardation according to an
impaired maturation and lipidation of chylomicrons
(Jaschke et al., in revision).

Arfrp"" ™'~ mice revealed decreased levels of triglyc-
eride and free fatty acid concentrations in the plasma,
indicating that their growth retardation is the conse-
quence of a malabsorption. Actually, lipid uptake elu-
cidated by oral fat tolerance tests was impaired in

ArfrpI""~'~ mice but fatty acids transport into the intes-

tinal epithelium was normal and Arfipl Vi1~ mice accu-

mulated lipid droplets in epithelial cells after an oil
bolus. However, the release of resynthesized triglycer-
ides was massively decreased, the apolipoprotein
ApoA-I accumulated in the Arfrpl”"~'~ epithelium,
whereas its level in the plasma was reduced (Jaschke
et al., in revision).

As stated above, ARFRPI is required for recruit-
ment of ARL1 and its effector, the golgin protein
Golgin-245, to trans-Golgi membranes. Since several
Rab proteins — involved in the regulation of vesicular
trafficking — interact with Golgin-245, their subcellular
distribution was studied in the ArfrpI""~'~ epithelium.
Indeed Rab2 revealed a modified distribution in
Arfrpl"™'~ epithelial cells as compared with
Arfrpl7°¥f19% cells. Whereas Rab2 was predominantly
located in the cytosol and only partially associated
with membranes of the Golgi in control cells, it was
mainly detected at large vesicular structures adjacent
to the nuclei and co-localized with ApoA-I in
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ARFRP1 (ADP-Ribosylation
Factor Related Protein 1),
Fig. 3 Downregulation of
Arfrpl by siRNA results in

a direct translocation of the
glucose transporter GLUT4 to
the cell surface without
stimulation with insulin.

(a) Immunocytochemical
staining of GLUT4 in 3T3-L1
adipocytes that were
transfected with scrambled or
Arfrpl-specific siRNA

(left panel). Glucose transport
as detected by deoxyglucose
uptake was significantly
elevated in 3T3-L1 cells
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(right panel). (b) Predicted
model of how GLUT4 vesicles
are mistargeted to the plasma
membrane in the basal
unstimulated state when
ARFRP1 is deleted

(Hesse et al. 2010)

ArfrpI""~'~ cells (Fig. 4). These data indicated that an
ARFRP1-ARLI1-golgin-Rab2 cascade is required for
intestinal chylomicron maturation in the Golgi.

Deletion of Arfrp1 in the Liver Impairing
Glycogen Storage

The liver-specific deletion of Arfrpl resulted in
a postnatal growth retardation accompanied by
a significantly lower absolute and relative liver weight.
The discrepancy between liver and body weight
observed in Arfrpl =I~"mice could at least partly
be explained by the reduced glycogen storage which
was reduced by 50% in knockout mice. This effect was
referred to a reduced glucose uptake into the liver.
Immunohistochemical staining of the glucose trans-
porter GLUT?2 revealed a reduction of GLUT2 in the
plasma membrane of ArfrpI"™ ™'~ hepatocytes. In

addition, total GLUT2 protein in lysates from livers
of ArfrpI"™ ™'~ mice was much lower compared to the
controls. As the quantification of mRNA levels
(Slc2a2) showed no alteration between the genotypes,
it was speculated that a mistargeting of GLUT?2 results
in an advanced degradation of this transporter (Hesse
et al., manuscript in preparation).

Suppression of ARFRP1 Expression in the
Brain by Sleep Deprivation

ARFRP1 is not only expressed in peripheral tissues, it
also shows a widespread distribution in the brain
(Paratore et al. 2008). Highest expression levels of
mRNA were determined by in situ hybridization and
real-time PCR in the cerebral cortex, thalamic nuclei,
colliculus, substantia nigra, and the granule cellular
layer of the cerebellum. These brain areas show high
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ARFRP1 (ADP-Ribosylation Rab2
Factor Related Protein 1),
Fig. 4 Co-localization of
Rab2 with ApoA-I and its
accumulation at Golgi
membranes of intestinal
ArfrpI""='~ cells.
Immunohistochemical
detection of Rab2 (left panels),
ApoA-1 (middle panels), and
the merged picture (right
panels) in sections of the small
intestine of 4-weeks old
Arfrp o0 and Arfrp1"™'~
mice that had free access to
their diet
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ARFRP1 (ADP-Ribosylation Factor Related Protein 1),
Fig. 5 Proposed model of ARFRPI action on lipid droplet
formation and chylomicron maturation. ARFRP1 is necessary
to recruit ARL1 to the Golgi, ARL1 binds to the scaffolding
protein Golgin-245 which itself interacts with Rab proteins. Left
part of the cartoon indicates that ARFRPI is required for lipid
droplet fusion and the regulation of lipases. Right part of the
cartoon demonstrates the chylomicron formation in ER and
Golgi. In the ER resynthesized triacylglycerol (TAG) is

ApoB48/ApoA-IV
loaded chylomicrons

@ ARL1

Rab
vesicles

incorporated into ApoB48-containing pre-chylomicrons. Subse-
quently, ApoA-IV binds to the pre-chylomicrons which are then
released to the cis-Golgi. ApoA-Iis attached to the chylomicrons
within the Golgi. ApoA-I loaded chylomicrons are then
transported through the Golgi, released on the frans-site, and
finally secreted into the lymph. Therefore, it is proposed that the
ARFRP1-ARL1-golgin-Rab cascade is needed for an appropri-
ate chylomicron assembly of ApoA-I and its transport through
the Golgi
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levels of neurotransmitter release, synaptic remodeling,
and neuronal plasticity and therefore require extensive
synaptic vesicle trafficking. Sleep deprivation alters the
expression of genes involved in neuronal plasticity and
synapse-related genes. In cerebral cortex the expression
of Arfrpl was markedly reduced after sleep deprivation
which could represent an adaptive response to the asso-
ciated stress. Moderate levels of Arfipl were detected in
some amygdaloid nuclei, CA2 area, and dentate gyrus
of the hippocampus, endopiriform nuclei, globus
pallidus, striatum, molecular layer of cerebellum, and
locus coeruleus. No expression of Arfrpl was observed
in hypothalamic nuclei, CAl1 and CA3 areas of the
hippocampus and zona incerta.

Summary

ARFRP1 is a member of the family of ADP-
ribosylation factors (ARFs) of GTPases which play
a pivotal role in the regulation of membrane
traffic. Activated, GTP-bound ARFRP1 associates
with trans-Golgi membranes, and is required for the
recruitment of ARF-like 1 (ARL1) and its effectors,
specific golgin proteins to the trans-Golgi. ARFRP1
is essential for the correct targeting of several proteins
(E-cadherin, GLUT4, GLUT?2) but is also needed for
the normal growth of lipid droplets (in adipose tis-
sues) and the maturation of chylomicrons (in the small
intestine) (Fig. 5). However, it is still not known how
ARFRP1 is regulated, since no ARFRP1-specific
GEF or GAP (GTPase-activating proteins) have
been discovered so far. In addition, we did not solve
the particular molecular action of ARFRP1 at the
Golgi, how it initiates the ARL1-golgin-Rab cascade,
and how this cascade finally modulates protein
targeting, and lipid droplet and chylomicron
maturation.
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Historical Background

The gene for ARHGEF25 is located on human
chromosome 12q13.3, and its expression encodes
a Rho-family guanine nucleotide exchange factor
(GEF) protein composed of a Dbl homology domain
and a pleckstrin homology domain flanked by short
N- and C-termini (Souchet et al. 2002; Guo et al.
2003). ARHGEF25 belongs to a family composed of
over 60 known human GEFs. This family of proteins
serves as enzymes which catalyze the activation of the
Rho family of small GTPases through stimulating the
exchange of guanosine diphosphate (GDP) for guano-
sine triphosphate (GTP) on Rho proteins, thus modu-
lating a broad range of cellular processes in eukaryotic
cells such as cell proliferation, gene expression, and
actin cytoskeletal organization (Hall and Nobes 2000).
Two known alternative splice variants of the
ARHGEF25 gene have been identified (GEFT and
p63RhoGEF) (Fig. 1), and these protein products
share high homology with several other key Rho fam-
ily GEFs including Trio, Kalirin, and MCF.2 cell line—
derived transforming sequence (MCF2).

Regulation of Rho-Family GTPase Signaling
by ARHGEF25 Proteins

Both GEFT and p63RhoGEF exhibit isoform specific-
ity for the Rho-GTPases. p63RhoGEF appears to be ras
homology gene family, member A (RhoA) specific,
while GEFT has been shown to activate RhoA, ras-
related C3 botulinum toxin substrate 1 (Rac1), and cell
division cycle 42 (Cdc42) in a cell type—dependent
manner. For instance, overexpression of GEFT in
fibroblasts drives activation of Racl and Cdc42 lead-
ing to membrane protrusions (Guo et al. 2003); how-
ever, GEFT regulates gene expression and cell
differentiation in skeletal muscle, neuronal cells, and
lens epithelial cells through activation of multiple
GTPases (Bryan et al. 2004, 2005, 2006; Mitchell
et al. 2011). Rho-GTPase specificity of this nature is
not at all surprising as similar isoform-specific regula-
tion of Rho family members has been observed with
the ARHGEF25 paralog MCF2 as well as other GEFs
(Komai et al. 2002). p63RhoGEF induces RhoA-
dependent stress fiber formation in fibroblasts and in
H9C2 cardiac myoblasts (Souchet et al. 2002), while
GEFT stimulates the formation of lamellipodia, actin
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Dbl domain PH domain
p63RhoGEF 202-373 aa 390-505 aa
(619 aa) | | [
0aa 100 aa 200 aa 300 aa 400 aa 500 aa 619 aa
Dbl domain PH domain
GEFT 163-334 aa 351-466 aa
(580 aa)
0aa 100 aa 200 aa 300 aa 400 aa 500 aa 580 aa
ARHGEF25, Fig. 1 ARHGEF25 protein domains. The differ only at their N-terminus, where p63RhoGEF contains

ARHGEF25 protein isoforms p63RhoGEF (619 amino acids)
and GEFT (580 amino acids) both contain Dbl homology
domains and pleckstrin homology domains. These isoforms

microspikes, and filopodia, similar to overexpression
of constitutively active Racl and Cdc42 mutants (Guo
et al. 2003; Bryan et al. 2004, 2006). p63RhoGEF has
been shown to promote serum response factor (SRF)
activity through a RhoA-specific pathway, while
GEFT reportedly modulates the activity and/or subcel-
lular localization of a number of transcription factors
including SRF, activating protein 1 (AP1), nuclear
factor kappa beta (NFkappaf), myogenic differentia-
tion 1 (MyoD), peroxisome proliferator-activated
receptor gamma (PPARY), and activating transcription
factor 2 (ATF2) through RhoA, Racl, and Cdc4?2 sig-
naling (Bryan et al. 2004, 2005). Moreover,
overexpression of GEFT stimulates the activation of
numerous downstream kinases including Rho-associ-
ated, coiled-coil containing protein kinase (ROCK),
p21 protein—activated kinase 1 (» PAKI), p21 pro-
tein—activated kinase 5 (Pak5), mitogen-activated pro-
tein kinase 14 (MAPK14), mitogen-activated protein
kinase 8 (MAPKS), and » p42/44 MAPK (Bryan
et al. 2004, 2005) and promotes crystallin gene expres-
sion in lens epithelial cells (Mitchell et al. 2011).
p63RhoGEF is expressed most highly in the heart and
brain (Souchet et al. 2002). The expression of GEFT is
detected at the highest levels in the excitable tissues
(brain, heart, and skeletal muscle), while lower levels
of protein expression are observed in a number of
diverse tissues (Guo et al. 2003). An extensive analysis
of GEFT expression in the developing and adult eye
was recently performed by Mitchell et al. (2011),
detecting high levels of the protein in the neuroblastic
layer and differentiating lens fibers of the late-stage
mouse embryo, and in the postnatal corneal epithe-
lium, lens epithelium, and throughout the retina.

extra 39 amino acids not present in GEFT. With the exception
of this N-terminal region, both isoforms share 100% amino acid
identity

ARHGEF25 Protein Regulation of Muscle
Physiology

Both p63RhoGEF and GEFT appear to play important
roles in skeletal, cardiac, and smooth muscle function.
For instance, p63RhoGEF is expressed highly in
cardiomyocytes, where it strongly colocalizes with

myosin at the sarcomeric I-band (Souchet et al.
2002). These data suggest the p63RhoGEF may be
connected directly or indirectly to actin thin filaments
and may play an important role in cardiac muscle
contraction. In vascular smooth muscle cells, knock-
down of endogenous p63RhoGEF ablates angiotensin
II-mediated proliferation, actin stress fiber formation,
longitudinal focal adhesion arrangement, and periph-
eral distribution of vimentin (Wuertz et al. 2010).
Moreover, Wuertz et al. demonstrated that depletion
of endogenous p63RhoGEF ablates angiotensin II-
induced smooth muscle contraction using an in vitro
collagen matrix assay. GEFT is expressed highly in the
embryonic mouse limb bud, during differentiation of
skeletal muscle precursors, and in established adult
skeletal muscle (Bryan et al. 2005). Moreover, GEFT
expression in cardiotoxin-damaged skeletal muscle is
detected at high levels during the late phases of tissue
regeneration, suggesting a role in the differentiation
phase rather than the proliferative phase of muscle
regeneration. Subcellular fractionation reveals that
GEFT is wholly cytoplasmic, and fluorescence
staining demonstrates that GEFT strongly colocalizes
to the actin cytoskeleton in both undifferentiated skel-
etal muscle precursors and in differentiated
multinucleated myotubes. Exogenous overexpression
of GEFT in skeletal muscle precursors leads to
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activation of RhoA, Racl, and Cdc42 and their down-
stream effector proteins, and promotes myogenesis,
inhibition of adipogenesis, and enhances in vivo tissue
regeneration following skeletal muscle injury (Bryan
et al. 2005).

ARHGEF25 Protein Regulation of Neuronal
Physiology

p63RhoGEF expression has been detected in the cell
bodies of astrocytes and oligodendrocytes localized in
the cerebellar cortex (Souchet et al. 2002), while
GEFT levels are observed throughout the adult brain,
with prominent expression in the hippocampus,
Purkinje cells, and granular region of the cerebellum
(Bryan et al. 2005). Subcellularly, GEFT colocalizes to
actin-rich regions, particularly those found in axons
and dendrites (Bryan et al. 2006). Exogenous expres-
sion of GEFT promotes dendritic outgrown in cultured
hippocampal neurons, resulting in a higher abundance
and increased size of mature dendritic spines compared
to the control (Bryan et al. 2005). GEFT activates
RhoA, Racl, and Cdc42 signaling in neuronal cells,
and strongly enhances neurite outgrowth in neuroblas-
toma cells in a Pak1/Pak5-dependent manner, as well
promotes axon and dendrite formation during neuronal
cell differentiation (Bryan et al. 2005, 2006). Addi-
tionally, GEFT expression is highly upregulated dur-
ing retinoic acid- or dibutyric cyclic adenosine
monophosphate (cAMP)-induced neuronal cell differ-
entiation (Bryan et al. 2006). During neuronal devel-
opment, neural precursor cells migrate, differentiate,
and extend axons and dendrites to specific regions to
form synapses with appropriate target cells. Multiple
GEFs have been implicated in neuronal morphonesis,
growth cone guidance, and neuronal dendritic spines,
and these data suggest that GEFT could play a strong
role in neuronal guidance and pathfinding.

ARHGEF25 Protein Regulation of Ocular
Development

High levels of Rho GTPase expression in the develop-
ing and adult eye suggest their importance in the mor-
phogenesis and maintenance of ocular components
(Mitchell et al. 2007). GEFT expression has been
detected in mice as early as 9 days p.c. in the

ARHGEF25

neuroepithelial tissue adjacent to the lumen of the
optic vessel, and is notably expressed in differentiating
lens fibers at later developmental stages (Mitchell et al.
2011). In the adult mouse eye, GEFT is observed in
corneal and lens epithelium, and in the axons and cell
bodies of the retinal ganglion cells of the optic nerve
layer, the nerve fibers of the inner and outer plexiform
layers, and the photoreceptor layer containing the rods
and cones. In both in vitro and ex vivo systems, GEFT
promotes lens epithelium differentiation through reg-
ulation of the expression of multiple lens crystallin and
filensin genes through modulating the activation and
subcellular localization of Racl.

ARHGEF25 and Oncogenic Properties

In addition to normal physiological properties, GEFT
has been shown to promote the oncogenic properties of
transformed cells. The gene encoding GEFT was ini-
tially identified using an enhanced retroviral mutagen
strategy selecting for foci-forming complementary
DNAs (cDNAs) expressed in a human brain library
(Liu et al. 2000), and its overexpression strongly
induces foci-formation, proliferation, and migration
in transformed fibroblasts (Guo et al. 2003). Moreover,
expression of the ARHGEF25 gene is significantly
elevated in approximately 4% of adenomas and carci-
nomas utilizing a large scale microarray study on 950
human tumor lines (https://array.nci.nih.gov/caarray/
project/woost-00041).

Known Protein-Protein Interactions with
ARHGEF Proteins

p63RhoGEF has been shown to physically interact
with the activated G-protein coupled receptors
(GPCR) G-alpha(q) and G-alphall, but not with G-
alphal2 or 13 (Lutz et al. 2005). This interaction
occurs independently and in competition with the acti-
vation of the canonical G-alpha(g/11) effector phos-
pholipase C beta, and strongly enhances the activity of
p63RhoGEF. As has been reported for many GEF pro-
teins, in the unbound state the C-terminal pleckstrin
homology domain of p63RhoGEF folds over and
autoinhibits its Dbl catalytic domain (Rojas et al.
2007; Lutz et al. 2007; Shankaranarayanan et al.
2010). This autoinhibition is relieved upon interaction
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of the GPCR with the highly conserved C-terminal
extension of the p63RhoGEF PH domain, thus coupling
GPCR stimulation to Rho-GTPase activation. Alterna-
tively, p63RhoGEF can serve as an inhibitor of GPCR
function by forming a stable complex with activated
G-alphal6 to inhibit its activation of phospholipase
beta2, Ras, and » Stat3 activation via competitive inhi-
bition (Yeung and Wong 2009).

Several inhibitors of p63RhoGEF activity have been
recently identified. p63RhoGEF, G protein coupled
receptor kinase 2 (GRK2), and RGS GTPase activating
proteins form a ternary complex with G-alpha(q)-
coupled receptors (Shankaranarayanan et al. 2008).
RGS 2 and RGS4 serve as negative allosteric regulators
of G-alpha(q) binding to p63RhoGEF, thus inhibiting
RhoA activation and downstream signaling. Moreover,
the mixed lineage kinase 3 (» MLK3), a MAPK3 pro-
tein that normally activates the JNK-dependent MAPK
pathways, binds directly to p63RhoGEF and prevents its
G-alpha(q)-mediated activation of Rho-signaling path-
ways (Swenson-Fields et al. 2008). GEFT was recently
identified as a protein that colocalizes and directly inter-
acts with the cytoplasmic region of the Popdc family
integral membrane protein Bves (blood vessel epicardial
substance) in cardiac, smooth, and skeletal muscle
(Smith et al. 2008). This interaction inhibits GEFT
activity and leads to a reduction in cell movement and
an increase in cell roundness via blocking of Racl and
Cdc42 activity.

Summary

The ARHGEF25 gene encodes for two key GEF
isoforms, p63RhoGEF and GEFT. These proteins are
responsible for modulation of the activity of Rho-
GTPases and their downstream signaling pathways in
muscle and neuronal cell lineages. Future studies will
likely uncover more roles and signaling cross talk for
these protein products in a variety of tissues.
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Historical Background

Arf (ADP-ribosylation factor) proteins were first dis-
covered as a membrane-bound cofactor in the cholera-
toxin-dependent ADP-ribosylation of Go (Kahn and
Gilman 1984). They are a family of Ras-related small
GTP-binding proteins, approximately 21 kDa in size,
and are expressed abundantly in all eukaryotic cells
and some bacteria (Quinn 1995; Dong et al. 2007).
Arfs regulate membrane trafficking and actin

ARHGEF8

cytoskeleton dynamics, which are important for cellu-
lar events such as endocytosis, cell secretion, cell
adhesion, cell migration, and neurite outgrowth
(D*Souza-Schorey and Chavrier 2006). They act as
molecular switches for many cellular pathways by
cycling between inactive GDP-binding and active
GTP-binding forms. Arf proteins are activated by gua-
nine-nucleotide exchange factors (GEFs) and
inactivated by GTPase-activating proteins (GAPs)
(Donaldson and Honda 2005; Quinn 1995). Numerous
Arf GEFs and GAPs have been identified and charac-
terized (Gillingham and Munro 2007; Kahn et al.
2005). The Arf family consists of six mammalian
Arfs (Arf1-Arf6) (Kahn et al. 2006). Arf1-Arf5 local-
ize to and act at the Golgi, whereas Arf6 localizes to
and acts at the cell surface (Donaldson and Honda
2005; Gillingham and Munro 2007). The biological
functions of Arfs occur through their specific
interactions with several downstream effectors (Kahn
et al. 20006).

In addition to Arfs, the Arf family contains
a number of Arf-like (Arl) proteins. Arl proteins are
related to Arf proteins structurally but not functionally
(Kahn et al. 2006). Arl proteins share 40-60%
sequence identity with Arfs. In contrast to Arf proteins,
Arls cannot act as cofactors in cholera-toxin-catalyzed
ADP-ribosylation of Gas; cannot activate » phospho-
lipase D (PLD); and cannot functionally complement
Arfl or Arf2 in Saccharomyces cerevisiae (Hong et al.
1998; Kahn et al. 2006; Price et al. 1988; Sebald et al.
2003; Stearns et al. 1990; Tamkun et al. 1991). These
Arls contain an amino-terminal amphipathic helix and
the “interswitch” region (Kahn et al. 2006; Li et al.
2004; Pasqualato et al. 2002). In humans, there are 22
Arls (Arl1-Arl22), which have been well conserved in
evolution (Hofmann and Munro 2006). Generally,
membrane binding of Arl proteins occurs via an
N-terminal amphipathic helix that is inserted into the
lipid bilayer once activated. In addition, this
N-terminal amphipathic helix contains a myristoyl or
an acetyl group (Gillingham and Munro 2007).

The Arl8 subfamily contains two isoforms, Arl8a
and Arl8b, which share 92% amino acid identity in
human, and there is a single homolog (Arl8)
in Drosophila and Caenorhabditis elegans but none
in yeast. This suggests that Arl8 is highly conserved in
multicellular eukaryotes (Li et al. 2004; Kahn et al.
2006). Arl8b was originally identified in macrophages
as a mycobacterial phagosome harboring protein
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(Garin et al. 2001) and also as a lysosomal membrane
protein in rat liver (Bagshaw et al. 2005). Arl8b is 186
amino acids in length and has a molecular weight of
approximately 22 kDa (Okai et al. 2004; Kahn et al.
2006). The protein contains an N-acetylated amphi-
pathic helix, a putative effector domain, and highly
conserved GTP-binding domains (G1-G5) (Okai et al.
2004; Hofmann and Munro 2006).

Protein Function and Regulation of Activity

The main functions of Arl8b discovered so far include
a role in lysosome motility (Hofmann and Munro
2006), delivery of endocytosed macromolecules to
lysosomes (Nakae et al. 2010), axonal transport of
presynaptic cargo (Klassen et al. 2010), neurite forma-
tion (Haraguchi et al. 2006), and chromosome segre-
gation (Okai et al. 2004). Arl8b has been found to
localize to lysosomes, and its overexpression resulted
in a microtubule-dependent accumulation of lyso-
somes at the cell periphery (Hofmann and Munro
2006; Bagshaw et al. 2006). Wild-type Arl8
or a constitutively active (GTP-bound) mutant
(Arl8-Q75L), but not a constitutively inactive
(GDP-bound) mutant (Arl8-T34N), localize to lyso-
somes when expressed exogenously in mammalian
cells, indicating that the lysosomal localization of
Arl8b depends on its guanine-nucleotide-bound status
(Bagshaw et al. 2006). As previously mentioned, mem-
brane binding of the Arf family proteins generally
occurs via an N-terminal myristoyl group. However,
Arl8b does not contain this motif but instead contains
an N-terminally acetylated Met-Leu, which is essential
for its lysosomal localization (Hofmann and Munro
2006). RNA-interference-mediated knockdown of
human No-terminal acetyl transferase complex C
(hMak3), which acetylates Met-Leu protein
N termini, alters the subcellular localization of Arl8b,
supporting the hypothesis that Arl8b is a hMak3
substrate in vivo (Starheim et al. 2009).

Okai et al. (2004) believed Arl8b to be involved
in  microtubule-related  functions based on
co-immunoprecipitation of Arl8 with B-tubulin and
chromosomal segregation defects in Drosophila cell
lines following short interfering (si)RNA-mediated
knockdown of Arl8. Overexpression of Arl8 mutants
that lacked the putative effector domains but still
contained tubulin-binding capabilities induced
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micronucleus formation. The authors concluded that
Arl8b may act as a molecular switch to regulate chro-
mosomal segregation by associating with microtubules
(Okai et al. 2004).

A recent paper by Nakae et al. (2010) has demon-
strated Arl8 localization to lysosomes and its involve-
ment in late endosome-lysosome fusion in C. elegans.
A loss of Arl8 in C. elegans caused an increase in
number of late endosome-lysosome vesicles, which
are smaller than those in worms expressing wild-type
Arl8. In an Arl8 knockout (arl8) mutant, late
endosomal vesicles are unable to fuse with lysosomes
and thus a loss of Arl8 critically reduces late
endosome-lysosome hybrid formation, which in turn
affects the delivery of endocytosed macromolecules to
lysosomes. These results suggest that Arl§ may be
important in the biogenesis and function of lysosome-
related organelles. In addition, homozygous arl8
worms from heterozygous arl§ mothers develop to
fertile adults, whereas hermaphrodites homozygous
for arl8 produce no viable embryos, suggesting that
Arl8 is required maternally for embryonic develop-
ment. Introduction of wild-type Arl8 or
a constitutively active Arl8-Q75L mutant, but not
a constitutively inactive Arl8-T34N mutant, efficiently
rescued the embryonic lethality of the ar/8§ mutant,
suggesting the importance of Arl8 in its GTP-bound
active form for normal embryogenesis. Furthermore,
expression of human Arl8 proteins in C. elegans arl8
mutants could also rescue the embryonic lethality,
indicating that Arl8 has a conserved role in
multicellular animals.

As mentioned above, Arl8b has been shown to
localize with microtubules to the spindle mid-zone in
late mitosis and to be involved in chromosomal segre-
gation (Okai et al. 2004). However, two later studies
found no apparent mitotic spindle localization of Arl8b
in mammalian cell lines other than PC12 cells tested
(Nakae et al. 2010; Hofmann and Munro 2006). The
authors concluded that this role may be important in
certain cell types under specific conditions.

It has also been suggested that Arl8b may have an
important role in neurite formation because Arl8b,
when overexpressed, accumulates at the growth
cones in primary neurons and greatly affects the mor-
phology of human embryonic kidney HEK293 cells by
inducing the formation of long protrusions (Haraguchi
et al. 2006). In the absence of Arl8, presynaptic cargo
prematurely aggregates in the axons in C. elegans,
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indicating that Arl8 acts as a regulator of presynaptic
assembly (Klassen et al. 2010).

A study by Salilew-Wondim et al. (2010) showed
higher levels of Ari8b gene expression in bovine
embryos that resulted in calf delivery than in those
that resulted in no pregnancy. This study highlighted
the potential of Arl8b gene expression pattern in
embryos as a predictor of pregnancy success in cattle.
Arl8b has recently been identified as an endogenous
reference gene (ERG) using multi-platform expression
data and validated for quantitative gene expression
analysis (Kwon et al. 2009). ERGs are useful in nor-
malization of mRNA levels, which is essential for an
accurate comparison of gene expression between dif-
ferent samples. Several studies have reported the
expression variability of traditional ERGs (tERGs)
such as GAPDH and ACTB in various tissues or
disease status. It has been suggested that Arl8 is better
reference gene than tERGs owing to its greater
expression stability.

A recent study by Korolchuk et al. (2011) has shown
that knockdown of Arl8b (along with Arla) resulted in
disruption of the centrifugal movement of lysosomes
along microtubules and reduction in the nutrient-
dependent activation of » mammalian target of
rapamycin (mTOR)-C1. In contrast, overexpression of
Arl8b increased » mTOR-Cl1 activity by increasing the
number of lysosomes at the tip of cell protrusions. These
findings suggest that the positioning of lysosomes regu-
lates the » mTOR-C1 activity. Inhibiting » mTOR-C1
activity by restricting lysosomes transport to the cell
periphery through downregulation of Arl8b and Arl8a
increases the number of autophagosomes formed even
when cells are maintained in nutrient-rich conditions.
Moreover, an increase in the transfer of autophagic
cargo from autophagosomes to lysosomes, known as
autophagic flux, and its subsequent degradation was
also observed in cells with simultaneous knockdown
of Arl8b and Arl8a.

Arl8b activity is regulated through exchange of
bound GDP for GTP and hydrolysis of the bound
GTP to GDP. Arl8b is active when it is bound to
GTP and inactive when it is bound to GDP
(Okai et al. 2004). However, it is unknown currently
whether Arl8b requires GEFs for its activation and
GAPs for its inactivation. No GEFs or GAPs that
are specific for Arl8b have been identified so far.
In addition, it is currently unknown whether Arf
GEFs and GAPs are active on Arl8b.

Arl8b

Arl8b is N-acetylated, which is necessary for its
localization, and thereby its activity in intact cells.
However, it is currently unknown whether
N-acetylation is required for the GTP-binding or
GTPase activity of Arl8b. Several members of the Arf
family require membranes or lipid vesicles and micro-
molar concentrations of Mg?* for an increase in their
in vitro GTP binding (Pasqualato et al. 2002). However,
it is currently unknown whether Arl8b requires any of
these cofactors to promote GTP binding.

Arl8b interacts with GDP and GTP (Okai et al.
2004). Bagshaw et al. (2006) concluded that the local-
ization of Arl8b to lysosomes may occur only when
the protein is present in its GTP-bound active
state. The authors made a constitutively GTP-bound
active (Arl8-Q75L) and a constitutively GDP-bound
inactive (Arl8-T34N) mutants of Arl8b. When these
mutants were expressed in mammalian cells,
the GTP-bound mutant localized to lysosomes
whereas the GDP-bound mutant did not, indicating
that the lysosomal localization of Arl8b depends on its
guanine-nucleotide-bound status (Bagshaw et al.
20006).

Arl8b has been shown to associate with B-tubulin
independent of its guanine-nucleotide-bound status or
the absence of its effector domain (Okai et al. 2004).
Interaction between Arl8b and B-tubulin was shown by
co-immunoprecipitation from the extracts of Hela
cells overexpressing Arl8b.

In addition, several interacting proteins for
Arl8b have been identified in the Biogrid, IntAct,
HPRD, Bind, UniProtKB, MINT, and STRING
databases. However, these interactions are yet to be
confirmed.

Haraguchi et al. (2006) demonstrated that short-
term feeding of a high beef-tallow diet in mice results
in the downregulation of Arl8b mRNA in the brain.

Major Sites of Expression and Subcellular
Localization

Arl8b is ubiquitously expressed in various tissues and
cell lines. Expression in human tissues includes the
brain, heart, skeletal muscle, colon, thymus, spleen,
kidney, liver, small intestine, placenta, lung, and
peripheral blood leukocytes. However, higher expres-
sion levels were observed in brain, heart, skeletal
muscle, kidney, and placenta (Okai et al. 2004).
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Arl8b has also been shown to be expressed in cell lines
such as human HelLa and HEK?293, rat PC12, mouse
NIH3T3 and neuro2A, and mast cells (Okai et al.
2004).

Bagshaw et al. (2005) identified Arl8b as
a lysosomal membrane protein by proteomic analysis.
The lysosomal localization of Arl8b is supported by its
colocalization with the lysosomal markers CDG63,
Lampl, Lamp2, and NPC1 when expressed exoge-
nously in mammalian cells (Hoffman and Munro
2006; Bagshaw et al. 2006; Nakae et al. 2010). In
addition, Arl8b has been shown to change its localiza-
tion from lysosomes to the mid-zone of spindle during
mitosis (Okai et al. 2004). However, two later studies
disproved this by showing Arl8b localization to lyso-
somes during mitosis (Hofmann and Munro 2006;
Nakae et al. 2010). In neuronal cells, Arl8b localizes
to the protruded core and the perinuclear regions
(Haraguchi et al. 2006).

Arl8b is N-terminally acetylated, which is essential
for its lysosome localization (Hofmann and Munro
2006). Arl8b becomes cytosolic when three hydropho-
bic amino acids in the N-terminal amphipathic helix
are mutated (I5SA, L8A, and F12A), which does not
affect the N-acetylation of Arl8b (Hofmann and Munro
2006). This study indicates that the lysosomal locali-
zation of Arl8b may require not only the N-acetylation
but also an intact N-terminal amphipathic helix region.

There are several anti-Arl8b antibodies that are
commercially available, which could be used for
studying Arl8b expression in tissues and cell lines.
Two rabbit polyclonal antibodies raised against the
C terminus (SAB1300305) and the center
(SAB1300683) of Arl8 are available from Sigma
and can be used for the detection of protein of
human origin by Western blot, enzyme-linked immu-
nosorbent assay (ELISA), and immunohistochemis-
try. Three rabbit polyclonal antibodies raised against
synthetic peptide corresponding to internal regions of
human ARLS8b (LS-C102443, LS-C111980, and LS-
C111981) are available from Lifespan Biosciences.
These antibodies can be used for the detection of
endogenous ARL8b by Western blot. Abnova sup-
plies a mouse monoclonal antibody, clone 1A2
(HO00055207-M01) raised against a full-length recom-
binant human ARLS, which can be used for the detec-
tion of recombinant protein by ELISA. An anti-Arl8b
rabbit polyclonal antibody (13049-1-AP) available
from ProteinTech group is suitable for recognition
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of Arl8b by Western blot and ELISA. Although no
publications currently site any of these commercially
available antibodies, the product data sheets supplied
by companies contain evidence of their efficiency in
the methods outlined above.

Phenotypes and Splice Variants

No studies on the phenotypic effects of Arl8b have
been carried out in mammals because of the lack of
Arl8b knockout mice. However, loss of Arl8 in
C. elegans results in an increase in the number of
late endosomal-lysosomal compartments that are
small in size and inhibition of viable embryo produc-
tion by hermaphrodites (Nakae et al. 2010). Knock-
down of Ari8b in Drosophila S2 cells with siRNA
resulted in chromosomal mis-segregation but no inhi-
bition of mitotic progression (Okai et al. 2004). These
abnormalities were also observed in HeLa cells fol-
lowing introduction of the dominant-negative
mutants, Arl8b-T34N and Arl8b-N130I, into the
cell. Therefore, the function of Arl8b in chromosome
segregation must be conserved in animals. In addi-
tion, a recent study has shown that simultaneous
knockdown of Arl8b and Ari8a additively enhanced
autophagosome-lysosome fusion in HeLa cells
(Korolchuk et al. 2011).

The human ArI8b gene is located on chromosome 3
and has eight exons. Nine splice variants have been
predicted to be formed through alternative splicing
of Ari8b, which differ from each other in length
and amino acid sequence. However, it is not yet
known whether the splice variants of Ar/8b are func-
tionally active or whether their expression levels
differ.

Okai et al. (2004) raised a rabbit polyclonal
antibody against the carboxy-terminal peptide
(CLIQHSKSRRS) of human Arl8b and Arl8a and
used in the recognition of Arl8 proteins by Western blot.

A rabbit antiserum raised against residues 18—186
of Drosophila Arl8 was used by Hoffman and Munro
(2006) for the detection of endogenous Drosophila
Arl8 by Western blot.

Nakae et al. (2010) generated an anti-Arl8 antibody
by immunizing rabbits with a synthetic peptide
(CDITLQWLIDHSKAQR) corresponding to the
C terminus of C. elegans Arl8 and used it in the
identification of Arl8 protein by Western blot.
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Garin et al. (2001) have used a polyclonal antibody
raised against the C-terminal region of Arl8b in
Western blot analysis to indicate that the protein is
highly enriched on phagosomes in macrophages.
However, neither the immunogen sequence nor ani-
mal used for raising the antibody was reported in the
publication.

Summary

ADP ribosylation factor (Arf)-like 8b (Arl8b) is
a member of the Arf family of small GTP-binding
proteins, which regulate membrane trafficking in
eukaryotic cells. Arl8b is 186 amino acids in length
and has a molecular weight of approximately 22 kDa.
The protein contains an amino-terminally acetylated
amphipathic helix, a putative effector domain, and
GTP-binding domains. Like other small GTP-binding
proteins, Arl8b acts as a molecular switch by cycling
between the GDP-bound inactive and the GTP-bound
active forms. Arl8b is primarily localized to lyso-
somes in its GTP-bound form. The N-terminal acety-
lation of Arl8b is also important for its localization to
lysosomes. The main functions of Arl8b discovered
so far include a role in microtubule-dependent accu-
mulation of lysosomes at the cell periphery, delivery
of endocytosed macromolecules to lysosomes, axonal
transport of presynaptic cargo, neurite formation, and
chromosome segregation. Recent studies also
highlighted the potential of Arl8b as an endogenous
reference gene for quantitative gene expression
analysis and the use of its gene expression pattern in
embryos as a predictor of pregnancy success in cattle.
Arl8b has been shown to associate with B-tubulin
independent of its guanine-nucleotide-bound status
or the effector domain. It also interacts with several
other proteins, but the interactions have not yet
been confirmed. Arl8b is ubiquitously expressed
in tissues and is especially high in brain, heart, skel-
etal muscle, kidney, liver, placenta, and lung and
cell lines. Furthermore, Arl8b mRNA expression is
downregulated in the brains of mice fed a high-fat
diet. Studies on the phenotypic effects of loss of
Arl8 in Caenorhabditis elegans revealed that Arl8
is required for embryonic development and late endo-
some-lysosome fusion. The human Arl8b gene is
located on chromosome 3 and its alternative splicing
is predicted to generate nine splice variants.

Arl8b
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CRG-5; LRF-1; LRG-21; TI-241

Historical Background

The term ATF was first used in 1987 to refer to a
putative polypeptide with the activity to bind
to the sites on the adenovirus E2, E3, and E4 promoters
with sequences similar to the consensus TGACGT(C/A)
(G/A) (Leeetal. 1987). However, it was later found that,
instead of a single polypeptide, many polypeptides can
bind to the sequence (Hai et al. 1988; Raychaudhuri
et al. 1987). Cloning of the corresponding cDNAs
using the consensus sequence to screen the expression
library revealed seven different clones (Hai et al. 1989).
These proteins were collectively called the ATF family
of proteins. Over the years, identical or homologous
cDNA clones have been isolated, expanding the size of
this protein family (for previous reviews, see Hai and



170

Hartman 2001; Hai et al. 1999). Because the consensus
ATF binding site is the same as the cAMP responsive
element (CRE) (Montminy and Bilezsikjian 1987) and
because ATF1 is 75% similar to the CRE-binding pro-
tein (» CREB) at the amino acid level (Hai et al. 1989),
sometimes the ATF and » CREB proteins are referred
to as the ATF/» CREB or » CREB/ATF family of pro-
teins. ATF3 is a member of this family.

DNA Binding by ATF3

Both ATF and » CREB proteins bind to DNA using
their basic region/leucine zipper (bZip) motif and
belong to a superfamily of bZip proteins that includes
ATF, » CREB, AP1 (Fos/Jun), C/EBP, and Maf fam-
ilies (see Hai 2006 for a dendrogram). These proteins
can form cross-family heterodimers. In addition, many
of these proteins can bind to each other’s consensus
sequences (which are similar to each other) or the
composite sites (a previous review, Hai and Hartman
2001). Thus, their names reflect the history of discov-
ery, rather than the differences (or similarities)
between them. An unbiased way to view them is that
they all belong to a superfamily of bZip transcription
factors that form homodimers and selective
heterodimers, with potentially overlapping DNA-
binding sequences (for a few reviews on bZip proteins,
see Amoutzias et al. 2007; Hurst 1995; Newman and
Keating 2003; Vinson et al. 2002). Strictly speaking,
there is no such site as the “ATF3 consensus binding
sequence,” since any sites bound by ATF3 are likely to
be also recognized by other bZip proteins. When
searching for potential ATF3 binding sites on a given
promoter, one should scan the sequence not just for the
consensus ATF sequence, but also the AP1 sequence
(TGACTCA, one nucleotide deletion from the ATF
site), and sequences with several deviations from
either consensus. If potential sites are identified, it is
necessary to test the binding experimentally. If no
potential sites are identified, it does not necessarily
mean that ATF3 does not regulate the promoters. It is
possible that ATF3 can bind to the promoters at yet
unidentified sites, or ATF3 can be recruited to these
promoters via other proteins. Alternatively, ATF3 may
regulate them indirectly via regulating other transcrip-
tion factors that in turn regulate the promoters of inter-
est. For more discussions on DNA binding by ATF3,
see McConoughey et al. (2011).

ATF3 Activating Transcription Factor 3

Transcriptional Activity and Target
Promoters of ATF3

Although the name “ATF” implies that the proteins are
transcriptional activators, it is clear now that ATF3 can
be an activator or repressor, depending on the promoter
or cellular context (previous reviews, Hai 2006; Hai and
Hartman 2001). Over the years, many potential ATF3
target genes (direct or indirect) have been identified.
Table 1 lists some of the potential direct target genes
that fulfill minimally two criteria: (a) ATF3 was shown
to be recruited to their promoters in vivo by chromatin-
immunoprecipitation (ChIP) assay; (b) their steady-
state mRNA or protein levels are affected by ectopic
expression or knockdown of ATF3. Note that changes in
steady-state mRNA level could be due to change in
transcription, or mRNA stability, or both, and the
change in the steady-state protein level could be due to
regulation at various steps. Thus, the second criterion by
itself does not necessarily mean transcriptional regula-
tion. In addition, it does not mean that the influence of
ATF3 on the genes is direct or indirect. However, com-
bined with the first criterion (recruitment of ATF3 to
their promoters in vivo), it suggests that ATF3 may, at
least in part, regulate their transcription. For some of the
target genes listed in Table 1, ATF3 was shown to
modulate their transcription in vivo by the indicated
assay: pol II occupancy on the promoters/genes or the
measurement of their pre-mRNA levels. Results based
on transient transfection coupled with reporter assay
were not included as evidence for in vivo transcription,
because the assay does not address the issue of endog-
enous gene regulation. In addition, in vitro DNA bind-
ing (such as DNase footprint or electrophoretic mobility
shift assay) were not included as evidence for ATF3
binding to the promoters. For potential ATF3 target
genes identified using less stringent criteria, see
McConoughey et al. (2011).

Biological Function of ATF3

ATF3 as a “Hub”

Overwhelming evidence indicates that the ATF3
mRNA level is low in many cell lines and tissues, but
upregulated by a variety of signals, usually within 2 h
of induction (see Hai (2006) for a short list, and
see McConoughey et al. (2011) for more). One
striking feature of ATF3 induction is that it is neither



ATF3 Activating Transcription Factor 3

ATF3 Activating Transcription Factor 3, Table 1 Potential target genes of ATF3

Cells® used in the indicated assays

Gene* ChIP Western or RT-PCR
AdipoR1  HepG2 HepG2, MIN6NS, and
C2C12
AdipoR2  HepG2
bNIP3 INS-1 Mouse primary islets
Cdc25A  HCT116 HCT116
CCL2 INS-1 Mouse primary islets
CCL4 RAW264.7 Mouse peritoneal and
bone marrow
derived macrophages
Cyclin DI MEFs Ras-transformed MEFs
FN-1 MCF10CAla MCF10CAla
GLUT4  HEK293T Mouse white adipose
tissue
HIF-2a HeLa MEFs
IFN-y Mouse NK cells Mouse NK cells
IL-1B INS-1 Mouse primary islets
IL-6 RAW264.7 RAW264.7
INS-1 Mouse primary islets
IL-12b RAW264.7 RAW264.7
IRS2 MING6 and INS823/13 MING6 and INS823/13
MMP1 Primary mouse THP-1
monocytes
MMPI13  MDA-MB231 MDA-MB231
Noxa INS-1 INS-1
pl57AF  HaCaT MEFs
Slug MCF10CAla MCF10CAla
Snail MCF10CAla MCF10CAla
STATI1 MING6NS MING6NS
TNFa RAW264.7 RAW264.7
INS-1 Mouse primary islets
TWISTI MCF10CAla MCF10CAla

Transcription assays
Pre-mRNA? or PollI”

ND* Repression (Amoutzias et al. 2007)
ND Repression (Demidova et al. 2009)
ND Activation (Gilchrist et al. 2006)
ND Repression (Hai 2006)

ND Activation (Gilchrist et al. 2006)
ND Repression (Hai and Hartman 2001)
MEFs* Repression (Hai et al. 1988)
MCF10CA1a” Activation (Hai et al. 1989)

ND Repression (Hai et al. 1999)

ND Activation (Hai et al. 2010)

ND Repression (Ho et al. 2008)

ND Activation (Gilchrist et al. 2006)
ND Repression (Hurst 1995)

ND Activation (Gilchrist et al. 2006)
ND Repression (Hurst 1995)
INS823/13° Repression (Kang et al. 2003)

ND Repression (Khuu et al. 2007)

ND Activation (Kim et al. 2009)

ND Activation (Gilchrist et al. 2006)
ND Activation (Kim et al. 2010)
MCF10CA1a" Activation (Hai et al. 1989)
MCF10CA1a® Activation (Hai et al. 1989)

ND Activation (Koh et al. 2010)

ND Repression (Korb et al. 2008)

ND Activation (Gilchrist et al. 2006)
MCF10CAla® Activation (Hai et al. 1989)
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Effect of ATF3 References

4Gene: AdipoR1 adiponectin receptor 1, AdipoR2 adiponectin receptor 2, bNIP3 Bcl-2/E1B-19 K-interacting protein 3, Cdc25A
Cdc25 protein phosphastase type A, CCL Chemokine (CC motif) ligand, FN-I Fibronectin, GLUT4 glucose transporter 4, HIF-2o
hypoxia-inducible factor 2 alpha subunit, /FN-y interferon-y, IL interleukin, /RS2 insulin receptor substrate 2, MMP matrix
metalloproteinase, Noxa Latin for damage, p157*" proliferating Cell Nuclear Antigen-associated factor KIAA0101, STAT signal
transducer and activator of transcription, TNF-o tumor necrosis factor

Cells: C2C12 mouse myoblast cell line, HaCaT human skin keratinocyte cell line, HCT116 human colon carcinoma cell line,
HEK293T human embryonic kidney cell line, HeLa human cervical cancer cell line, HepG2 human liver carcinoma cell line, INS-1
rat insulinoma cell line, INS823/13 rat insulinoma cell line derived from INS-1, MCFI10CAla human breast cancer cell line,
MDA-MB231 human breast cancer cell line, MEFs immortalized mouse embryonic fibroblasts, MIN6 mouse pancreatic  cell
line, MIN6N8 mouse pancreatic B cell line, RAW264.7 mouse leukemic monocyte macrophage cell line, THP-I human acute

monocytic leukemia cell 1

stimulus- nor cell type-specific. This lack of specificity
raises an important question: What is the purpose of
inducing ATF3? Previously, the idea that ATF3 is
a hub of the cellular adaptive-response network to
respond to signals perturbing homeostasis was put
forth (Hai et al. 2010). This idea was based on the

following observations (Amoutzias et al. 2007).
A broad spectrum of stimuli can induce ATF3
(above) (Demidova et al. 2009). A variety of signaling
pathways have been shown to induce ATF3, such as
the JNK, Erk, p38, PKC, and NFxB pathways. This is
consistent with the numerous binding sites on the
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Fig. 1 Potential ATF3
interacting proteins

POLR3D

ATF
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CREBBP

FGFR3
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ATF3 promoters (ATF3 has at least two promoters, see
a review, (Hai et al. 2010) that are recognized by
transcription factors targeted by the above signaling
pathways. (Gilchrist et al. 2006) Analysis of the amino
acid sequence of ATF3 revealed many potential post-
translational modification sites, again supporting the
idea that ATF3 is a target for regulation by many
signaling pathways. For detailed description and
references, see Hai et al. (2010).

Additional observations to support the “hub” idea
came from bioinformatics analysis. Using the Cytoscape
program, Aderem and colleagues analyzed the known
transcription factor protein—protein interaction network
and found ATF3 to interact with a number of transcription
factors, including AP1, CHOP, NFxB, and » p53
(Gilchrist et al. 2006). As shown in Fig. 1, an expansion
of this analysis to include all proteins — not just transcrip-
tion factors — using the Ingenuity Pathway Analysis data-
base revealed that ATF3 interacts with many proteins,
further supporting the idea of ATF3 as a hub.

Figure 1 shows the potential ATF3-interacting
proteins derived from the Ingenuity Pathway Analysis
database. The level of evidence for their interaction
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ATF3

aora>
RELA

varies, depending on the assays used in the studies. To
address whether any interaction occurs in vivo in spe-
cific cell types, it is important to examine it using
appropriate assays. White rectangle in the figure
denotes classically defined sequence-specific tran-
scription factors; blue circle denotes cofactors or reg-
ulators that modulate transcription factors; yellow
diamond denotes other types of proteins.
Abbreviations used in Fig. 1 are the following.
AP1: Activator protein 1; ATF: Activating
Transcription Factor; BATF3: Basic leucine zipper
transcription factor, ATF-like 3; Clorf103: Chromo-
some 1 open reading frame 103; CEBPG: CCAAT/
enhancer binding protein gamma; CHOP: C/EBP
homologous protein; CREB5:Cyclic AMP-responsive
element-binding protein 5; CREBBP: CREB-binding
protein; EP300: E1A binding protein p300; FGFR3:
Fibroblast growth factor receptor 3; FHL2: Four and
a half LIM domain protein 2; FOS: FBJ murine osteo-
sarcoma viral oncogene homolog; HDACI1: Histone
Deacetylase 1; ID3: Inhibitor of DNA-binding 3;
IGSF21: Immunoglobin superfamily 21; JUN: Jun
proto-oncogene; MDM?2: Murine double minute
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oncogene; NFE2L2: Nuclear factor (erythroid-derived
2)-like 2: NFkB: Nuclear Factor-KappaB; NUF2:
NDCS80 kinectochore complex component; POLR3D:
Polymerase (RNA) III (DNA directed) polypeptide D;
RELA: v-rel reticuloendotheliosis viral oncogene
homolog A (avian); RIF1: RAP1 interacting factor 1;
SMAD3: Mothers against decapentaplegic homolog 3;
SS18L1: Synovial sarcoma translocation gene on chro-
mosome 18 like protein 1; TP53: Tumor protein 53;
ZNF212: Zinc finger protein 212

ATF3 as a Cell-Cell Communication Gene

By its nature as an immediate-early gene, ATF3 has
far-reaching effects. Immediate-early genes encode
transcription factors and are known to turn on/off
genes encoding transcription factors, which in turn
regulate downstream genes, leading to a cascade of
changes in transcriptional programs. Thus, to under-
stand ATF3 function, an important task is to elucidate
its target genes — either direct or indirect targets.
Table 1 lists some genes that are likely to be direct
targets (see above for criteria for inclusion). However,
ATF3 has been shown to affect the expression of many
more genes (see previous reviews, Hai et al. 2010;
McConoughey et al. 2011; Thompson et al. 2009).
Due to the lack of evidence for ATF3 recruitment to
their promoters in vivo, it is not clear whether they are
direct or indirect target genes of ATF3. Among the
diversity of ATF3 targets, some can be grouped into
functional pathways or groups. (a) ATF3 modulates
the expression of numerous inflammatory genes — not
only in immune cells (such as macrophages, mast cells,
and T cells) but also in non-immune cells (see database
(Knob et al. 2008) and a previous review Hai et al.
2010). (b) ATF3 functions as a co-transcription factor
for Smad3 to regulate many TGFp target genes, such
as those that affect cell motility and cell cycle (Kang
et al. 2003; Yin et al. 2008; Yin et al. 2010). Further-
more, ATF3 forms a positive feedback loop on TGF[:
ATF3 gene is induced by TGFp (Kang et al. 2003) and
its gene product upregulates the expression of TGF 3
gene (Yin et al. 2010). Thus, ATF3 appears to play an
important role in TGF signaling.

TGFp and the inflammatory gene products (such as
cytokines and chemokines) are all soluble factors.
This, combined with the “hub” idea above, supports
the following view of ATF3. Upon the disturbance of
homeostasis by extra- or/and intra-cellular signals, one
of the key genes that the cells turn on is ATF3. After
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induction, ATF3 initiates a cascade of changes in gene
expression with a key consequence of releasing vari-
ous soluble factors, which in turn disturb the homeo-
stasis of the cells receiving the signals. Thus, ATF3 is
a key molecule for cell-cell communication, both as
a gene to respond to the signals and as a gene to send
out signals for communication. This proposed view of
ATF3 is supported by a recent cRNA microarray data
that cell-cell communication is within the top ten
functional groups of genes regulated by ATF3
(Wolford et al. in preparation).

Other Functions

The above two proposed functions of ATF3 are based

on literature with a perspective of viewing ATF3 from

a broad angle. They are not meant to be comprehensive

and do not include the function of ATF3 in various

cellular processes, such as apoptosis, cell cycle, cell
motility, metabolism, and DNA repair. For those func-

tions, see previous reviews (Hai et al. 2010;

McConoughey et al. 2011; Thompson et al. 2009). In

this context, two points relevant to the understanding

of ATF3 functions are of interest.

(a) Although ATF3 is a transcription factor, its sub-
cellular localization is not limited to the nucleus.
MacLeod and colleagues reported low levels of
cytoplasmic ATF3 (in addition to nuclear ATF3)
in human breast tumor samples by immunohisto-
chemistry (Wang et al. 2008). Similar cytoplasmic
localization of ATF3 has also been observed by
other investigators (not published). The subcellular
localization of ATF3 is likely a regulated event, as
suggested by the observation that ATF3 localizes
in the cytoplasm of Statl knockdown hepatocytes
but in the nucleus of the control knockdown cells
(Kim et al. 2009). These are potentially interesting
observations. As shown in the literature, some
proteins have unexpected functions outside their
originally identified subcellular location, such as
the mitochondrial function of the transcription
factor » p53 (a review, Vaseva and Moll 2009)
and the nuclear function of the cytoplasmic
membrane protein epidermal growth factor
receptor (EGFR, Liccardi et al. (2011) and refer-
ences therein). Clearly, further analysis for the
subcellular localization of ATF3 is required. It
is intriguing that FGFR3 — a cytoplasmic mem-
brane receptor — is a potential ATF3-interacting
protein based on a yeast two-hybrid screen
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(Stelzl et al. 2005). If this interaction can be vali-
dated in mammalian cells, it would be important to
address the subcellular localization of their inter-
action (nuclear or non-nuclear) and the functional
consequences.

(b) Several isoforms of ATF3 have been identified
(a review, McConoughey et al. 2011). However,
the functional importance of these isoforms and
the regulation of their expression are not well
understood. When investigating ATF3 functions,
this is an area to consider.

Potential Roles of ATF3 in the Pathogenesis
of Diseases

Inflammation: A Potential Unifying Component
for the Roles of ATF3 in Various Diseases

As detailed in a previous review (Hai et al. 2010),
ATF3 modulates the expression of many inflammatory
genes. Work by several groups clearly identified ATF3
to play a role in modulating inflammatory responses in
macrophages (Gilchrist et al. 2006; Khuu et al. 2007;
Whitmore et al. 2007). Furthermore, using systems
biology approach combined with genome-wide ChIP-
on-chip analyses, Aderem and colleagues identified
a large array of ATF3 target genes (not just inflamma-
tory genes) in macrophages and generated an interac-
tive database (Korb et al. 2008). In addition to
macrophages, ATF3 also regulates inflammatory
genes in other immune cells (such as CD4*-T cells,
natural killer cells, mast cells, and dendritic cells) and
nonimmune cells (such as fibroblasts and epithelial
cells). See Table 2 in Hai et al. (2010) for a list and
references. Considering the importance of inflamma-
tion in the pathogenesis of various diseases, it is rea-
sonable to speculate that the ability of ATF3 to
modulate inflammatory response genes — either in the
immune cells or nonimmune cells — plays a key role in
its potential implication in various diseases [for more
discussions, see Hai et al. (2010)]. Below is a brief
review of the data for ATF3 in cancer.

ATF3 in Cancer

Various mouse models have been used to investigate
the potential roles of ATF3 in the pathogenesis of
diseases. These include transgenic mice ectopically
expressing ATF3 in selective tissues, knockout mice

ATF3 Activating Transcription Factor 3

deficient in ATF3, and orthotopic injection of cells
with modulation of ATF3 levels. See Table 3 in
a previous review (Hai et al. 2010) for a brief descrip-
tion of the mouse models and phenotypes. Taking
this set of literature together with the in vitro data
that ATF3 affects many cellular processes relevant
to cancer development (such as apoptosis, cell
cycle progression, angiogenesis; for a review, see
McConoughey et al. (2011)), it is reasonable to con-
clude that ATF3 most likely plays a role in the patho-
genesis of cancer. However, ATF3 does not simply
inhibit or promote cancer; rather, its function varies
depending on the cellular context. As shown in the
literature, ATF3 can either inhibit or enhance pro-
cesses such as apoptosis, cell cycle progression, and
tumor formation. Since these reports were derived
from vastly different cell lines or models with different
contexts (see McConoughey et al. (2011) for some
examples), one idea is that the role of ATF3 is affected
by cellular context. To address what specific features
of the cells may affect the roles of ATF3 in cancer
development, one study utilized isogenic cell lines.
These cells share the same genetic background except
the genetic and/or epigenetic alterations that allow
them to have varying degrees of malignancy. Interest-
ingly, ATF3 enhances apoptosis in normal or
untransformed epithelial cells but has an opposite
effect on a malignant cell line derived from them
(Yin et al. 2008). Thus, ATF3 plays a dichotomous
role, depending on the degree of malignancy of the
cells. This concept explains the phenotypes of many
transgenic mice models ectopically expressing ATF3
in selective tissues (see Table 3 in Hai et al. (2010) for
specifics). In general, ATF3 has deleterious effects on
the corresponding tissues, since the cells are
untransformed. An exception is the CK5-ATF3 trans-
genic mice (which express ATF3 in the basal epithelial
cells by the bovine cytokeratin promoter 5); the mice
developed mammary carcinoma in biparous mice
(Wang et al. 2007; Wang et al. 2008). Presumably,
after cycles of proliferation and apoptosis, the mam-
mary epithelial cells in biparous mice develop cellular
context allowing ATF3 to be “co-opted” and become
pro-oncogenic.

All the above data are derived from cell lines in
culture dish or mouse models; a critical question is
whether the conclusion that ATF3 affects cancer
development can be extrapolated to human. At present,
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ATF3 has been detected in various tumors, such as
breast, prostate, squamous cell carcinoma, and
Hodgkin lymphoma (see Table 4 in Hai et al. (2010)).
Due to its nature of induction by various stress signals,
it is not surprising that ATF3 is expressed within the
tumors. The question is whether this has any functional
relevance. Does ATF3 play a causal or preventive
role? Can its expression be used as a predictive marker
(positive or negative) for clinical outcomes? Since
ATEF3 can be induced in different cell types by various
signals, it is likely to be expressed in both cancer
epithelial cells and stromal cells. Does its expression
in stromal cells have any functional relevance? Con-
sidering the complexity of ATF3 biology, these are
challenging questions and much work is required to
address them.

Summary

ATF3 is a member of the bZip superfamily of tran-
scription factors. This review puts forth two potential
functions of ATF3 from a broad perspective. (a) ATF3
as a hub: Overwhelming evidence indicates that ATF3
is induced by a variety of extra- and intra-cellular
signals. This, combined with other clues (such as the
involvement of various signaling pathways in its
induction and its interaction with many proteins),
prompted the proposal that ATF3 functions as
a “hub” of the cellular adaptive-response network to
respond to signals perturbing homeostasis. (b) ATF3 in
cell—cell communication: Since ATF3 is a transcrip-
tion factor, it exerts its actions at least in part by
regulating downstream target genes. Analyses of its
target genes — either direct or indirect targets —
revealed that a consequence of inducing ATF3 is to
turn on a variety of genes encoding soluble factors,
which in turn disturbs the homeostasis of the cells
receiving the signals. Thus, ATF3 is a key molecule
for cell—cell communication, both as a gene to respond
to the signals and as a gene to send out signals for
communication. Various mouse models have been
used to investigate the potential roles of ATF3 in the
pathogenesis of diseases. A previous review put forth
the idea that the ability of ATF3 to modulate inflam-
matory response genes is a key component for the
potential implication of ATF3 in various diseases.
This review highlights the evidence and clues that
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ATF3 most likely plays a role in the pathogenesis of
cancer — in a context-dependent manner, not simply
anti- or pro-cancer. A critical question is whether the
findings from cell culture and mouse models can be
extrapolated to human. This is a challenging question;
in addressing this issue, it is important to consider the
complexity of ATF3 biology.
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Aurora Kinases Family Members

Aurora-A: AIK, ARK1, AURA, AURORA2, BTAK,
MGC34538, STK15, STK6, STK7

Aurora-B: AIK2, AIM-1, AIM1, ARK?2, AurB, IPL1,
STK12, STK5

Aurora-C: AIE2, AIK3, ARK3, AurC, STK13,
Aurora-C

Historical Background

Every new cell is generated through division of an
existing cell (one cell generates two cells) and survival
of all organisms depends on reliable transmission of
the genetic information from the mother cell to daugh-
ter cells. Consequently, all cellular components must
be duplicated before cell divides, and these duplica-
tions must be achieved with extreme precision and
reliability over generations. The eukaryotic cell (cell
with a nucleus) has set up complex network of regula-
tory mechanisms to ensure a correct sequence of events
that eventually leads to cell division. This network
called the cell cycle control system consists mainly in
a complex assembly of oscillating phosphorylation/
dephosphorylation reactions. Several protein kinases
and phosphatases are involved in these signaling cas-
cades. Aurora kinases that belong to a family of serine/
threonine kinases play such a role; they are critical for
the establishment of mitotic spindle, centrosome dupli-
cation, and separation as well as maturation, chromo-
somal alignment, spindle assembly checkpoint, and
cytokinesis. In the early 1990s, Chan and Botstein
(1993) identified the first Aurora kinase in the budding
yeast Saccharomyces cerevisiae. The kinase was orig-
inally named Ipll for Increase in Ploidy 1. Indeed,
conditional temperature sensitive ip//™ mutant cells
reveal abnormal ploidy induction, suggesting that the
Ipll kinase is involved in controlling chromosomes
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segregation. Glover and colleagues (1995) then dis-
covered a Drosophila homolog that they named
Aurora. The kinase was identified during a search of
mutants that affect centrosome cycle in Drosophila.
The first human Aurora kinase was isolated simulta-
neously by two groups, one was searching homology
with yeast Ipll and Drosophila Aurora in randomly
sequenced cDNAs (They identified Aik “Aurora
Ipll-related Kinase™) and the other one was mapping
a chromosome region commonly amplified in breast
cancer to search for potential oncogenes (they identi-
fied BTAK “breast tumor—activated kinase”). Rapidly,
homology studies revealed several genes encoding
Aurora kinases in the genome of multicellular organ-
isms. They were first called AIRK for Aurora/
Ipll-related kinases. Thus, while yeast genome
encodes only one Aurora kinase, a second gene was
found in D. melanogaster through a genome sequenc-
ing program and simultaneously two new genes were
found in Homo sapiens: STK12 and AIE2. Because all
these kinases have been isolated simultaneously in
different laboratories, they carried “esoteric” names
strongly requiring a new nomenclature. This was
achieved by dividing the Aurora family into three
sub-members (Nigg 2001): Aurora-A, Aurora-B, and
Aurora-C. Both Aurora-A and -B are expressed in
proliferating cells, yet Aurora-A is associated predom-
inantly with centrosomes and the spindle apparatus
from prophase through telophase, whereas Aurora-B
is prominent at the midzone during anaphase and in
postmitotic bridges during telophase. Aurora-C seems
to be restricted to germlines, is highly expressed in
testis, but is also found overexpressed in tumors. Inter-
estingly enough Aurora-C can fulfill Aurora-B func-
tion suggesting a close relationship. Chromosome
localizations of Aurora kinase genes are as follows:
Aurora-A  (AURKA) on chromosome 20ql13.2,
Aurora-B (AURKB) on chromosome 17p13.1, and
Aurora-C (AURKC) on chromosome 19q13.3.

Aurora Kinases Structure and Functions

Structure of Aurora Kinases

The catalytic domain of the Aurora kinases family is
located in the carboxy terminus and is highly con-
served among species. It contains 26 residues lining
the ATP-binding active site that are characteristic of
the Auroras. Interestingly, Aurora-A and Aurora-B
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Fig. 1 Aurora kinases
localization through cell cycle
progression

sequences are so conserved that the mutation of
a single residue in Aurora-A (G198N) is able to trans-
form this kinase in a functional Aurora-B kinase (Hans
et al. 2009). All Auroras possess a carboxyl terminal
“destruction box” (D-box), but only Aurora-A has the
amino terminal “D-box-activating domain box”
required for the functional activation of D-box and
subsequent degradation by the proteasome via the ana-
phase-promoting cyclosome complex (APC/c) path-
way activated by CDHI1. Aurora-B degradation also
depends on proteasome and APC/c but needs
a KEN-box and a A-box in the amino terminal part.
Amino terminal extensions are of variable lengths and
display little or no similarity (Fig. 1). Data suggest
these domains may be involved in subcellular locali-
zation or substrate recognition for the proteins
(Rannou et al. 2008).

Aurora-A Functions

Aurora-A is mainly localized at centrosome in inter-
phase and at the poles of the spindle in mitosis (Fig. 2).
Aurora-A first appears at centrosomes in G2, its
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targeting depends on several protein kinases also
found at the centrosome, such as » Pakl, Plk-1, and
Cdk-11 (Vader and Lens 2008). At the centrosome
Aurora-A participates in the recruitment of
pericentrosomal materials (PCM), an event commonly
called centrosome maturation. Aurora-A is for instance
required for the centrosome localization and function
of Centrosomin, NDEL1, LATS, TACC. Aurora-A
depletion causes defects in centrosome maturation
but also ch-TOG and MCAK mislocalization, two
centrosomal proteins that are involved in microtubules
polymerization and depolymerization, respectively,
one of the major functions of the centrosome PCM.
After maturation, the centrosomes migrate apart dur-
ing late G2 to define the two poles of the bipolar
mitotic spindle. This event requires Aurora-A func-
tion, since its invalidation leads to monopolar spindle
formation. One hypothesis possibly explaining such
phenotype could involve the Eg5 kinesin. Eg5,
known to be involved in spindle bipolarity, is phos-
phorylated by Aurora-A. Yet the link between Eg5
phosphorylation and spindle bipolarity is still lacking.
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Astral microtubules have also been implicated in cen-
trosome’s separation by connecting centrosomes to
cellular cortex. One other hypothesis likely explaining
involvement of Aurora-A in centrosome separation is
that Aurora-A is implicated in astral microtubules for-
mation by phosphorylating TACC on Ser863.
Aurora-A is involved in mitotic entry. On the first
hand, Aurora-A phosphorylates and promotes the acti-
vation of the Cdc25B phosphatase at centrosomes.
This event is dependent on the targeting of Aurora-A
to the centrosome via the LIM protein Ajuba. Phos-
phorylation of CDC25B is required for initial
centrosomal activation of Cyclin-B/Cdk-1. On the
other hand, it was recently shown that Aurora-A pro-
motes the G2 activation of Polo-like kinase-1 (Plk-1)
through phosphorylation within the T-loop of Plk-1.
Active Plk1 controls Cyclin-B/Cdk1 activity through
phosphorylation of the Cdc25B phosphatase and deg-
radation of the Cdkl1 inhibitory kinase Weel. Aurora-
A might also be involved in both the DNA damage
checkpoint and in the spindle assembly checkpoint.
Marumoto et al. (2003) showed that loss of function
of Aurora-A through microinjection of antibodies
delays mitotic entry, while gain of function through
overexpression leads to premature entry into mitosis in
the presence of DNA damage. Anand et al. (2003)
showed that overexpression of Aurora-A at levels
equivalent to those observed in cancers leads to an
override of the spindle assembly checkpoint (SAC).
The function of this checkpoint is to prevent chromo-
some segregation until every one of them is bioriented
through kinetochore/microtubule attachment. This is

132 383

Activation loop
A-Box T232 D-Box

f \ \

76 Activation loop 827
D-Box

T195 ‘

39 290

achieved by controlling the activity of the anaphase-
promoting complex/cyclosome (APC/C). Once the
checkpoint is satisfied, the inhibition is relieved on
the APC/C that promotes anaphase and mitotic exit
by targeting securin and cyclin-B for degradation by
the proteasome.

In one word, in the presence of spindle defects
induced by taxol treatment, cells should arrest in
prometaphase because of the SAC. Cells overexpressing
Aurora-A are resistant to taxol treatment, they exit mito-
sis despite an active SAC. This might explain centro-
some amplification and polyploidy frequently observed
after Aurora-A overexpression (Meraldi et al. 2002;
Marumoto et al. 2003).

To fulfill its functions, Aurora-A needs to be acti-
vated. Several Aurora-A activators have been
suggested, yet data are quite controversial. For exam-
ple, Bora and Ajuba have been first described as
Aurora-A activators. However, Bora turns out not to
be a direct and general activator of Aurora-A but rather
an intermediate stimulating PLK1 phosphorylation by
Aurora-A. And Ajuba was demonstrated not to be an
Aurora-A activator in Drosophila. TPX2, HEF1, and,
more recently, CEP192 and Arpclb were also
described as Aurora-A activators. Activation mecha-
nism through binding to TPX2 and CEP192 is well
documented. TPX?2 activates Aurora-A through con-
formational changes triggering protection of the T288
residue from dephosphorylation by PP1 phosphatase
(Bayliss et al. 2003). CEP192 recruits Aurora-A to
centrosomes and favors oligomerization leading to
a strong activation.
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Aurora-B

Aurora-B is a chromosome passenger protein, local-
ized on chromosome and kinetochores in prophase, on
kinetochores during prophase and metaphase, and at
the midbody at the end of mitosis (Fig. 2). At the
chromosome level, Aurora-B fulfills various functions.
Aurora-B phosphorylates histone H3 at serine-10 dur-
ing late G2/prophase thought to be required for chro-
mosome condensation. Mutation of H3 serine-10 in
Tetrahymena thermophila or Schizosaccharomyces
pombe indeed caused chromosome condensation
defects and subsequent segregation anomalies. Yet,
the same mutation does not cause any similar defect
in Saccharomyces cerevisiae and there is actually no
evidence it could work in a similar way in human.
Within condensin complexes, that play a major role
in chromosomes condensation, the three non-SMC
subunits are phosphorylated by Aurora-B. This phos-
phorylation is required for loading of condensin
I complex on chromosomes.

Aurora-B is also involved in sister chromatid cohe-
sion. This cohesion is maintained by a ring structure
formed by the cohesin complex, that surrounds two
sister chromatids. The ring is then broken at the meta-
phase-anaphase transition through a mechanism that
involved both kinases Plk-1 and Aurora-B.

Aurora-B activity is required for the localization of
the centromeric protein shugoshin-1 (Sgol). In the
absence of Aurora-B, instead of concentrating on cen-
tromeres, Sgol localizes diffusely along chromosome
arms. The role of Sgol during mitosis is to protect
centromeric cohesin from being degraded before the
SAC has been satisfied. To protect cohesin, Sgol must
bind to PP2A that locally counteracts PLK1 activity.
Redistribution of Sgol from centromeres to chromo-
some arms in the absence of Aurora-B causes inappro-
priate cohesin protection along chromosome arms
eventually inhibiting sister chromatids separation.

Aurora-B also participates in the SAC by regulating
an enzyme involved in microtubule dynamics and that
specifically controlled the biorientation of each chro-
mosomes as well as the stability of the bipolar mitotic
spindle. In a perfect spindle, each pair of every kinet-
ochore is attached to microtubules emanating from
different centrosomes building a bipolar spindle.
Abnormal attachments can take various forms:
(1) synthelic (in a kinetochore pair, both bind micro-
tubules emanating from the same pole or centrosome)
or (2) merothelic attachments (in a kinetochore pair,
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one binds to both centrosomes). Those two abnormal
attachments are at the origin of a signal “lack of ten-
sion” in the spindle that will trigger a correction
corresponding to an elimination of the abnormal
attachment. The unattached kinetochores can then
enter a new cycle of microtubule attachment until
bipolar attachment is obtained. Two mechanisms
involving Aurora-B in such corrections have been
described. In the first one, Aurora-B phosphorylates
the microtubule-depolymerizing enzyme MCAK and
increases its recruitment to centromere. In the second
one, Aurora-B phosphorylates kinetochore microtu-
bule-capture factors such as Ncd80/Hecl and Daml.
Phosphorylation reduces kinetochore affinity for
microtubules whereas dephosphorylation stabilizes
microtubule-kinetochore interactions. When
biorientation is achieved, mitotic spindle comes
under tension. This tension results in a movement of
the kinetochores away from the kinase Aurora-B that is
not able anymore to phosphorylate its target at the
kinetochores. In summary, a single unattached kineto-
chore is sufficient to keep the SAC on in prometaphase.
Aurora-B activity is required to arrest cell cycle
progression in response to taxol that induces a lack
of tension in the mitotic spindle. Attachments
that do not generate tension are removed in an
Aurora-B-dependent manner that triggers the recruit-
ment of checkpoint proteins to kinetochores, resulting
in inhibition of APC/C Cdc20.

After metaphase/anaphase transition, Aurora-B
leaves kinetochores to concentrate at the spindle
midzone and at the equatorial cortex to finally accumu-
lates at the midbody. This protein localization from
chromosome to midbody depends on microtubules and
is characteristic of chromosome passenger protein
essential for late mitotic events. Indeed, Aurora-B is
the catalytic activity of the chromosomal passenger
complex (CPC) consisting of Aurora-B itself, inner cen-
tromere protein (INCENP), borealin, and survivin. CPC
plays an essential role in cytokinesis in a wide range of
organisms. At the midbody Aurora-B phosphorylates
the centralspindlin complex composed of the kinesin
MKLP1/ZEN4 and the Rac GTPase—activating protein
1 (MgcRacGAP). This phosphorylation is required to
signal the positioning of the cleavage furrow via phos-
phorylation. The centralspindlin complex then regulates
events leading to RhoA activation positioning the acto-
myosin contracting ring. In budding yeast, Aurora-B
(Ipll) plays an additional role during cytokinesis by
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controlling the NoCut pathway that prevents abscission
(the final step of cytokinesis) when chromosomes have
not been fully segregated and remain present at the site
of abscission (Norden et al. 2006). Ipll controls the
localization of the anillin-related proteins Boil and
Boi2 to the ingression site, they both act as abscission
inhibitors and prevent premature abscission and con-
comitant chromosome breakage.

Aurora-C

The third member of the Aurora family, Aurora-C, is
a close relative to Aurora-B. Ectopically expressed
Aurora-C shows the same mitotic localization pattern
as Aurora-B. Aurora-C can also interact with INCENP
and survivin, two CPC proteins. Overexpression of
a kinase-dead mutant of Aurora-C interfered with
Aurora-B function by displacing its binding partners.
In normal physiological conditions, Aurora-C mRNA
and protein were initially described to be expressed
only in testis. Aurora-C is required for spermatogene-
sis and male fertility in mice. A recent study identified
a homozygous mutation within the Aurora-C gene in
a group of infertile men. The mutated Aurora-C gene
yielded a truncated kinase activity-deficient Aurora-C
protein. The spermatozoa in these men were polyploid,
again indicating a role for Aurora-C in maintaining
a stable karyotype during male meiosis. Aurora-C
mRNA was detected in several human adult tissues,
yet to significantly lower levels than in testis.

Aurora Kinases and Cancer

The chromosomal region in which Aurora-A gene is
located is frequently amplified in human cancers.
Many studies show a significant incidence of Aurora-A
amplification and overexpression in human breast,
bladder, ovarian, colon, and pancreatic cancers.
Ectopic overexpression of Aurora-A transforms
NIH3T3 cells and Rat 1 fibroblasts in vitro, and intro-
duction of these transformed cells into nude mice
results in tumor growth. Aurora-A mRNA and protein
overexpression is not systematically correlated with
the gene amplification (i.e., amplification of Aurora-
A was detected in 3% of hepatocellular carcinoma
(HCC), whereas more than 60% of HCCs
overexpressed Aurora-A mRNA and protein). Apart
from gene amplification, transcriptional activation
and inhibition of protein degradation can also
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contribute to the elevated levels of Aurora-A expres-
sion. It is still unclear how Aurora-A triggers cellular
transformation and tumorigenesis, and how important
its kinase activity is during this process. For instance,
two different studies showed contradictory results
concerning the effect of overexpression of a kinase-
dead version of Aurora-A (Meraldi et al. 2002; Anand
et al. 2003). The oncogenic effect of Aurora-A
overexpression is likely due to chromosome instability
and directly due to its functions during mitosis.
Aurora-A overexpression triggers centrosome amplifi-
cation likely through a cytokinesis defect. Subsequent
abnormal spindles (monopolar or multipolar) forma-
tion are precursors of aneuploidy that could contribute
to genomic instability and to tumorigenesis. Also,
abnormal spindle usually results in the maintenance
of the SAC, which leads to abortive mitosis and cell
death through apoptosis. Yet, in many tumor cells,
there is a tight relation between Aurora-A
overexpression and the tumor suppressor » p53.
Aurora-A directly phosphorylates pS3 and controls its
stability and transcriptional activity. Additionally, p53
directly inhibits Aurora-A function, potentially via its
binding to the catalytic domain of Aurora-A. The
effect of Aurora-A overexpression on tetraploidization
and centrosome amplification thus depends on the p53
status. When Aurora-A is overexpressed in cells
lacking p53, the newly generated tetraploid cells
would continue their cell cycle progression, thus giv-
ing rise to polyploid cells with four centrosomes and
finally leading to genomic instability. Aurora-A was
also shown to physically bind to and phosphorylate
BRCA1. BRCAL, like p53, is a tumor suppressor; its
phosphorylation by Aurora-A causes a loss of function,
making cells resistant to DNA damage and override
checkpoint response.

Two recent studies in Drosophila and mouse showed
that Aurora-A could yet function as a tumor suppressor.
In Drosophila, Aurora-A is required for correct spindle
orientation during asymmetric neuroblast division.
Asymmetric stem cell division is required for the correct
balance between stem cell self-renewal and differentia-
tion. Disruption of asymmetric stem cell division
through Aurora-A inactivation can give rise to stem
cell overproduction and concomitant tumor growth. In
mouse, Aurora-A heterozygosity results in a significant
increased tumor incidence suggesting that Aurora-A
may act as a haplo-insufficient tumor suppressor. Fur-
thermore, Aurora-A heterozygous mouse embryonic



182

fibroblasts have higher rates of aneuploidy. These find-
ings, together with the observation that Aurora-A levels
are low in certain tumors, strongly suggest that
a balanced Aurora-A level is critical for maintaining
genomic stability. These data are important to keep in
mind regarding the current efforts that are made to
exploit Aurora-A inhibition by chemical inhibitors as
an antitumor therapeutic.

The role of Aurora-B in tumorigenesis is not as
clear as concerning Aurora-A. Only one study showed
that overexpression of Aurora-B in CHO cells can
promote aneuploidy and increase invasiveness in
xenograft experiments. Yet, the chromosomal region
containing Aurora-B has never been associated with
amplification in tumors. Reports show that Aurora-B is
overexpressed in certain tumor types, but it is not clear
whether the observed overexpression of Aurora-B is
due to the high proliferative index of cancerous cells or
whether it is really related to tumorigenesis. Aurora-B
overexpression was also shown to strongly enhance
cellular transformation in cells expressing oncogenic
Ras-V12. Thus, Aurora-B is probably not directly
oncogenic but could participate in cell transformation
in a particular cellular context.

Although the chromosomal region in which the
Aurora-C gene is located is known to be deleted or
translocated in certain human cancers cell lines, it is
unclear whether Aurora-C deletion or overexpression
plays a causative role in tumorigenesis even if
a correlation was made between expression and
aggressiveness of thyroid cancer.

Pharmacological Inhibitors of Aurora
Kinases

The clearly established role for Aurora kinases in
mitosis, accompanied by the evidence suggesting that
deregulated Aurora-A and, to a lesser extent, Aurora-B
expression is linked to tumorigenesis, raised the
hypothesis that inhibiting these kinases might be
a powerful antitumor strategy. The aim of this entry
is not to give exhaustive data about Aurora kinase
inhibitor (exhaustive details are given in these three
excellent reviews: Boss et al. 2009; Katayama and Sen
2010; Karthigeyan et al. 2010) but to bring clear infor-
mation important to know about pharmacological
Aurora inhibition. Globally, and because the catalytic
site is well conserved in Aurora kinases family, there
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does not exist any inhibitor to specifically target
Aurora-A or Aurora-B. All inhibitors target the
ATP-binding site to inhibit the catalytic activity of
the kinase. Hesperadin and ZM447439 were the first
proven small-molecule inhibitors of Aurora kinases. If
Hesperadin is more effective on Aurora kinase B than
on Aurora-A, ZM447439 inhibits both Aurora kinases
A and B. Both compounds never entered clinical trials,
probably due to the emergence of more potent and
specific inhibitors of the Aurora kinases family.
There are actually several new molecules that entered
phase I and even phase II clinical trials. Some mole-
cules are pan-Aurora inhibitors (i.e., VX-680,
PHA-739358...), others are more selective for
Aurora-B  (i.e., AZDI1152) or Aurora-A (i.e.,
MLN8054, MLN8237). Concerning pan-Aurora inhib-
itors, results suggest that effect is mainly directed
against Aurora-B. Regarding these data, it is important
to keep in mind that in vitro tests designed to assess
inhibitor specificity do not take into account Aurora-
interacting proteins (i.e., inhibitors or activators).
Indeed, it is now known that binding of TPX2 to
Aurora-A alters inhibitor interaction (Anderson et al.
2007). Specificity revealed in vitro thus does not reflect
the real effect of the drug in vivo. Overall, the
responses seen in the phase I studies reported to date
in patients with solid tumors are rather disappointing.
The majority of reports had only disease stabilization
as best response, with very few exceptions. This high-
lights the fact that to increase the antitumor activity of
the Aurora kinase inhibitors in the clinic, combination
therapy with cytotoxic anticancer agents, radiotherapy,
or other targeted agents might be used in the future.
Regarding the possible role of Aurora-A as a tumor
suppressor, one can also ask whether it is really judi-
cious to specifically target the Aurora-A kinase or, in
other words, whether there a risk to trigger tumorigen-
esis of noncancer cells in a patient treated with an
Aurora kinase inhibitor. Further studies are needed to
fully address these questions and there is a strong need
to generate pertinent biomarkers to treat patients that
really need these molecules.

Summary
Aurora proteins belong to a family of kinases involved

in cell cycle regulation. In mammals, there exist three
different Aurora kinases named Aurora-A, -B, and -C.
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These proteins share a common structure but present
different functions and subcellular localizations.
Aurora-A is associated predominantly with centro-
somes and the spindle apparatus from prophase through
telophase and is mainly involved in mitotic spindle
assembly. Aurora-B is prominent at the midzone during
anaphase and in postmitotic bridges during telophase
and participates in chromosomes segregation and cyto-
kinesis. Aurora-C appears to possess functions similar
to Aurora-B but its expression is restricted to testis. Due
to their prominent roles in cell cycle regulation, Aurora
kinases are frequently involved in tumorigenesis and are
targets of pharmaceutical industry that aims at generat-
ing specific Aurora kinase inhibitors to treat cancer.
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Synonyms

Al (BCL2-related protein Al), BFL-1, BCL2L5
(BCL-2 like 5); BAD (BCL-2-Associated Agonist of
cell Death), BBC6 (BCL2-Binding Component 6),
BCL2LS8 (BCL2-like protein 8); BAK (BCL-2 antag-
onist Killer), BCL2L7 (BCL-2 like 7), CDN1; BAX
(BClI2-associated X protein), BCL2L4 (BCL-2 like 4);
BCL-2 (B-cell lymphoma 2); BCL-W, BCL2L2
(BCL-2 like 2); BCL-XL, BCL2L, BCL2L1 (BCL-2
like 1); BID (BH3 Interacting domain Death agonist);
BIK (BH3 interacting Killer), NBK; BIM (BCL-2
Interacting Mediator of cell death), BCL2LI11
(BCL-2-like Protein 11), BOD; BMF (BCL-2-

BAX (BCl2-Associated X Protein), BCL2L4 (BCL-2 Like 4)

Modifying Factor); BOK (BCL-2 related Ovarian
Killer), BCL2L9 (BCL-2 like 9); HRK (Harakiri
BCL2 interacting protein), DP5 (Neuronal Death
Protein-5); MCL-1 (Myeloid Cell Leukemia-1),
BCL2L3 (BCL-2 like 3); NOXA, PMAIP (Phorbol-
Mpyristate-Acetate-induced Protein), APR (Adult
T cell leukemia-derived PMA-responsive); PUMA
(pS3 upregulated modulator of apoptosis), BBC3
(BCL2-Binding component 3)

Historical Background

The BCL-2 protein, the founding member of this
family of proteins, was discovered in 1985. The gene
BCL2 was identified as the main protagonist in the
chromosomal translocation t(14;18) in a subset of
B-cell lymphomas, placing it under the control of the
promoter of the immunoglobulin heavy chain genes
(Cotter 2009). In contrast to previously identified
oncogenes that mainly promote cell proliferation,
BCL-2 was the first oncogene shown to inhibit cell
death (Vaux et al. 1988). Since then other members
of the BCL-2 family have been discovered, and the
family of BCL-2 proteins now consists of approxi-
mately 20 members. In mammalian organisms,
BCL-2 proteins play an essential role in the control
of programmed cell death, and in particular apoptosis.
Recent investigations have helped to unveil some
facets of their regulation and their molecular mode of
action on membrane organelles and mitochondria.

Structure and Classification of BCL-2
Proteins

BCL-2 proteins are divided into three groups, based
on functional as well as structural criteria (Chipuk
et al. 2010): (1) functionally, depending on their
effect on apoptosis — either pro- or anti-apoptotic;
(2) structurally according to the presence of one or
multiple homology domains — all members of the
BCL-2 family share one or more regions of sequence
homology, called the BCL-2 homology domains 1-4
(BH1 to BH4). The anti-apoptotic proteins of the
BCL-2 family constitute the first group of proteins.
They are multidomain proteins, usually containing
BH1-BH4 domains. This group principally includes
the proteins BCL-2, BCL-XL, MCL-1, and Al
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(Fig. 1). The corresponding proteins functionally
counteract the pro-apoptotic proteins of the BCL-2
family. The pro-apoptotic proteins are divided into
two groups: (1) the multidomain pro-apoptotic pro-
teins (BAX, BAK, BOK) of the BCL-2 family, and
(2) the BH3-only proteins, containing this sole
homology domain (such as BID, BIM, PUMA,
BAD, NOXA, BMF, HRK, BIK) (Fig. 1). The BH3
domain is, therefore, the only conserved region of
homology among the proteins of the BCL-2 family.
While this domain is an essential region for the activ-
ity of the BCL-2 proteins, it is short and consists of
approximately 15 amino acids organized in an amphi-
pathic helix (Fig. 1). The BH3 domain is also present

in proteins that are only loosely connected to the
BCL-2 family, such as the proteins MULE and
Beclin-1.

Remarkably, despite important differences in their
amino-acid sequences, all multidomain proteins of the
BCL-2 family possess a similar secondary structure
consisting mostly of a-helices and a similar overall
fold (Chipuk et al. 2010). This similarity extends to
the proteins that have opposing functions, either pro-
or anti-apoptotic. In BCL-XL, the spatial juxtaposition
of a-helices from the BHI1-BH3 regions defines
a globular structure with a hydrophobic groove on the
surface of the molecule. This hydrophobic groove
enables BCL-XL to interact with the BH3 domain of
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BCL-2 Family, Fig. 2 A model for the activation of BAX/BAK
and the induction of MOMP. The activation of the pro-apoptotic
multidomain proteins BAX and BAK is an essential step that
leads to mitochondrial membrane permeabilization and apopto-
sis. While BAK is constitutively present at the mitochondrial
level, BAX is normally cytosolic. The first step in the activation
of BAX consists of a cytosolic to membrane translocation,
possibly occurring as a consequence of the release of the
carboxy-terminal tail of BAX from an inhibitory internal

pro-apoptotic proteins. In contrast to the multidomain
proteins of the BCL-2 family, the BH3-only proteins
are structurally diverse, with the exception of BID,
which has an overall fold reminiscent of the
multidomain proteins. Members of the BH3-only
subset, such as BAD or BIM, tend to be intrinsically
unfolded proteins and they probably acquire a stable
fold only upon their interaction with other members of
the BCL-2 family.

Mitochondrial Membrane Permeabilization
by BCL-2 Proteins

In mammalian cells, mitochondrial outer membrane
permeabilization (MOMP) is an early and crucial
event during the induction of apoptosis (Tait and
Green 2010). The MOMP leads to the release of
pro-apoptotic factors, such as cytochrome c, into the
cytosol. There, cytochrome c¢ induces a cascade of
biochemical events that lead to the activation of
caspases, a family of proteases involved in the
execution of the death sentence.

The proteins of the BCL-2 family are key players in
the MOMP (Kuwana et al. 2002). The pro-apoptotic

interaction with the hydrophobic groove of this molecule. The
second step consists of the activation of BAX/BAK per se and
probably results in the shaping of the BH3 domains of BAX or
BAK. Reciprocal interactions and homodimer formation are
rendered possible once this shaping has allowed reciprocal inter-
actions between their BH3 domains and hydrophobic grooves.
Further interactions implicating other parts of BAX/BAK lead to
higher order complex- and pore-formation, resulting in MOMP
and apoptosis

multidomain proteins of the BCL-2 family, i.e., BAX
and BAK, play an essential role in the MOMP through
their ability to form membrane-inserted oligomers
(Chipuk et al. 2010; Westphal et al. 2010). How
BAX and BAK insert and ultimately permeabilize
mitochondrial membranes is a complex question and
represents the focus of intense research. According to
acommonly accepted model, several steps are required
for BAX/BAX oligomerization and MOMP (Fig. 2).
The first step consists of the mitochondrial recruitment
of these proteins. While BAK is constitutively present
at the mitochondrial level, BAX is cytosolic in healthy
cells. In its cytosolic form, the C-terminal extremity of
BAX is sequestered in its BH3-binding pocket and
BAX is therefore locked in a monomeric, inactive
form. The first step in BAX activation consists of the
release of BAX from this intramolecular lock, and this
step is a requisite for the insertion of BAX into the
MOM. The next step is common to BAX and BAK,
and consists of the direct activation of these proteins.
Some proteins of the BH3-only subset, in particular
BID, BIM, or PUMA, can directly activate BAX and
BAK through direct contacts (Gavathiotis et al. 2008;
Gallenne et al. 2009). The multimerization of BAX
and BAK also requires the release of these molecules
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from the inhibitory effect of anti-apoptotic proteins
of the BCL-2 family, such as BCL-2, BCL-XL, or
MCL-1. Anti-apoptotic proteins of the BCL-2 family
negatively regulate the multimerization of BAX and
BAK through two mechanisms: (1) the direct seques-
tration of BAX and/or BAK, and (2) indirectly,
through the neutralization of the BH3-only proteins
endowed with the ability to activate BAX/BAK, such
as BID (Billen et al. 2008). Overall, the MOMP is
a complex process that is intimately associated with
the formation of complexes between proteins of the
BCL-2 family. While the role of BCL-2 proteins in
MOMP is well accepted, many questions about the
precise mechanisms still remain, such as the exact
nature of the pore formed by BAX and BAK and the
contribution of accessory mitochondrial proteins to
this process.

Regulation of the BCL-2 Network: Role of the
BH3-Only Proteins

Cell survival is the result of a delicate balance between
the activities of the pro- and anti-apoptotic proteins of
the BCL-2 family. Apoptosis occurs when this balance
is tipped over in favor of the pro-apoptotic signal. The
BH3-only proteins play an upstream regulatory role in
the BCL-2 network. While the proteins of this subset
generally stimulate apoptosis, a complex picture of the
mode of action of BH3-only proteins has recently
emerged.

All BH3-only proteins are able to neutralize the
anti-apoptotic proteins of the BCL-2 family, but the
interaction of BH3-only proteins with anti-apoptotic
BCL-2 proteins is characterized by its selectivity.
There are large differences in the interaction spectra
among BH3-only proteins (Chen et al. 2005; Certo
et al. 2006). Some BH3-only proteins, such as BAD,
neutralize selected anti-apoptotic proteins, such as
BCL-2 and BCL-XL, while others, such as BIM and
PUMA, bind all pro-survival proteins. Some BH3-only
proteins, such as BIM, BID, and PUMA, do not only
neutralize the anti-apoptotic proteins of the BCL-2
family, but can also activate the pro-apoptotic proteins
BAX and BAK through labile interactions
(Gavathiotis et al. 2008; Gallenne et al. 2009). These
differences in terms of mode of action of the BH3-only
proteins translate into differences in apoptotic potency,
and proteins such as BAD behave more as sensitizers
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toward apoptosis rather than true inducers. The study
of how the effector BCL-2 proteins are regulated in
living cells has until now been a difficult task. New
biochemical as well as functional approaches will
certainly help to track the dynamic interactions
between BCL-2 proteins, and to clarify the regulation
of BCL-2 proteins during the life/death decision.

An important aspect of the regulation of BH3-only
proteins is that they are kept under control by specific
stimuli. Apoptosis-modulating stimuli operate on each
BH3-only protein, via an array of regulations ranging
from transcriptional to posttranslational (Fig. 3).
For example, PUMA is induced transcriptionally fol-
lowing severe DNA damage, essentially through the
activation of the transcription factor » p53 (Yu and
Zhang 2008). On the other hand, the BH3-only protein
BAD is phosphorylated and thereby inactivated by
pro-survival kinases, such as the kinase cascades
RAF-MEK-ERK or PKB-mTOR. The survival of
cells requires their constant exposure to trophic factors
that activate these cascades, and BAD becomes acti-
vated by dephosphorylation in response to growth fac-
tor deprivation (Danial 2008). BID is another member
of the BH3-only subset whose activity is under regu-
lation through the engagement of a family of cell
surface receptors known as death receptors. BID is
activated by a proteolytic cleavage generating the trun-
cated, active form of the molecule called tBID. Cellu-
lar studies have helped to establish the basics on the
regulation of each BH3-only protein and the sentinel
function of BH3-only proteins, but the regulation of
BCL-2 proteins remains a complex topic, involving
several protagonists with different tissue-specific
expression patterns and partially redundant functions.

Various Physiological Functions

In addition to the regulation of programmed cell death,
proteins of the BCL-2 family regulate several physio-
logical processes. These processes are diverse, and
range from the control of mitochondrial morphogene-
sis and Ca®* fluxes in the endoplasmic reticulum to
various aspects of cell metabolism. Cell proliferation
and the integrity of the genome are also regulated by
BCL-2 proteins, through interactions established with
regulatory proteins of the cell cycle and DNA repair
machinery. A detailed overview of these mechanisms
is clearly beyond the scope of this chapter, but the
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BCL-2 Famiily, Fig. 3 Posttranslational regulation of proteins
of the BCL-2 family. The BCL-2 proteins are regulated through
the direct modulation of their activation status, their subcellular
localization, protein stability, or their functional sequestration.
Posttranslational modifications, such as phosphorylations, pro-
teolytic cleavage, ubiquitylation, lipidation, interaction with
chaperones or with specific molecules are frequently encoun-
tered. For example, the protein BAD is regulated by phosphor-
ylation and association with proteins of the 14-3-3 family
(panel A). BID becomes active upon engagement of death
receptors: A proteolytic cleavage by Caspase-8 creates

regulation of autophagy and inflammatory cytokine
production by BCL-2 proteins provide two well-
known examples. Autophagy is a process whereby
cellular macromolecules or organelles become isolated
inside cellular membrane and fuse with lysosomes to
promote their elimination and recycling of their com-
ponents. BCL-2 and BCL-XL have been shown to
interact with Beclin-1, an essential regulator of
autophagy. The interaction between Beclin-1 and
BCL-2 is possible because Beclin-1 possesses a BH3
motif (Maiuri et al. 2007). BCL-2 and BCL-XL
also play a role in the regulation of the metabolism
of inflammatory cytokines, such as Interleukin-1,
through molecular interactions established with the
inflammasome, an intracellular protein complex
involved in the regulation of Caspase-1, the enzyme

BCL-2 Family
b
( BID )
\ BID ]
Proteolytic cleavage
Lipidation
d : BIM

( BIM )

Protein / Protein interaction

a truncated version of this protein (tBID) and unmasks a site
for N-myristoylation of this protein (panel B). The protein
MCL-1 is regulated by ubiquitylation, a posttranslational
modification that controls its turnover through proteasomal deg-
radation (panel C). Finally, protein interactions can also regulate
the activity of BCL-2 proteins. The protein p53 is able to func-
tionally neutralize the anti-apoptotic proteins of the BCL-2
family, such as BCL-XL or MCL-1, despite the absence of
a BH3 domain; by doing so, the cytosolic accumulation of p53
might release pro-apoptotic proteins of the BCL-2 family, such
as BIM, from preexisting inhibitory interactions (panel D)

responsible for the maturation processing of this cyto-
kine (Bruey et al. 2007). The proteins of the BCL-2
family therefore exert pleiotropic effects that extend
far beyond the regulation of programmed cell death.

BCL-2 Proteins and Cancer

Reduced sensitivity to apoptosis is one of the hall-
marks of cancer cells. Deregulation of BCL-2 protein
expression is frequently observed and it was shown to
contribute to this disease (Yip and Reed 2008; Frenzel
et al. 2009). Overexpression of the anti-apoptotic
proteins of the BCL-2 family was the mechanism first
reported to account for apoptosis resistance in cancer
cells. While it is now well accepted that most
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cancer cells present a reduced sensitivity to apoptosis
due to modulation of the BCL-2 regulatory system,
the mechanisms that lead to the altered regulation of
BCL-2 proteins are complex. Alterations in the
genome of cancer cells, epigenetic mechanisms, and
posttranslational modifications often concur to shape
the BCL-2 proteome in cancer cells (Yip and Reed
2008; Frenzel et al. 2009).

The regulation of the proteins of the BCL-2 family
has attracted considerable attention as a possible
approach for cancer treatment. Indeed, inducing
tumor regression through the death of cancer cells is
the main goal of cancer treatment, and most chemo-
therapeutic agents are apoptosis inducers in cancer
cells (Fulda and Debatin 2006). In a growing number
of situations, apoptosis of cancer cells induced by
medical treatments was found to depend on the modu-
lation of BCL-2 proteins: treatment-induced apoptosis
could either be blocked by the overexpression of
anti-apoptotic proteins, such as BCL-XL or MCL-1,
or by the reduction of the expression of pro-apoptotic
proteins of the BCL-2 family. For example, colorectal
cancer cells with a BAX knockout were found to be
insensitive to the commonly used chemotherapeutic
agent S-fluorouracil (Zhang et al. 2000). More
recently, specific BH3-only proteins were found to
account for cell death induced by specific targeted
therapies. For example, the BH3-only protein BAD
mediates the apoptotic response of liver cancer cells
exposed to the kinase inhibitor sorafenib, currently
the only medical treatment for this tumor (Galmiche
et al. 2010).

The realization that BCL-2 proteins play a pivotal
role in the response of cancers to medical treatments
led to intense efforts aiming to identify compounds
that would directly target these proteins and could be
used as a new line of targeted therapies in oncology. In
recent years great advancements have been made
along this line, principally with the search for
BH3-mimetic compounds that bind the hydrophobic
groove formed by BHI1-BH3 of the anti-apoptotic
BCL-2 proteins, thus favoring apoptosis. To date, the
compound with the best characterized BH3-mimetic
activity is ABT-737 that was developed by the Abbott
laboratories (Oltersdorf et al. 2005). ABT-737 binds
with high affinity to the anti-apoptotic proteins BCL-2,
BCL-XL, and BCL-W, but not to MCL-1, thus dem-
onstrating a BAD-like reactivity. ABT-737 exerts
a strong anticancer activity on Small Cell Lung
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Carcinoma cells, which frequently overexpress
BCL-2 (Oltersdorf et al. 2005). An orally active deriv-
ative, ABT-263, has been developed. ABT-263 has
shown promising effects in animal models with
xenografted tumors, leading to sustained regression
and demonstrating the safety of the inhibition of
BCL-2 proteins in the entire organism. Studies aiming
to test BCL-2 inhibitors in animal models that more
closely mimic human tumors are now eagerly awaited.
In parallel, the identification of compounds with reac-
tivities that differ from those of ABT-737 as well as the
understanding of cancer cell addiction to anti-
apoptotic proteins of the BCL-2 family are the focus
of future research. BCL-2 proteins have acquired the
status of potential targets in oncology, and advances in
this field are expected in the coming decade.

Summary

BCL-2 proteins are pivotal regulators of apoptosis.
Over the past decade, intense research efforts have
helped to better understand how these proteins mutu-
ally interact and regulate the mitochondrial mem-
brane permeabilization, a critical step in apoptosis
execution. In addition to their role as important effec-
tors, BCL-2 proteins have also emerged as key inte-
grators for the cell signaling pathways regulating
programmed cell death. Extensive work still remains
to fully understand the functionality of the intricate
network of BCL-2 proteins, but recent advances have
demonstrated the therapeutic potential of targeting
BCL-2 proteins in cancer therapy. The introduction
of drugs with a new mode of action, called BH3
mimetics, holds great promise in cancer research. It
is also expected to facilitate the exploration of the
physiological functions and the regulation of these
important signaling molecules.
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Synonyms

Catenin (cadherin-associated protein), beta 1 (88kD);
Catenin beta; Catnb; Ctnnb; CTNNB 1

Historical Background

Beta-catenin (B-catenin) (Armadillo in Drosophila) is
a multifunctional protein involved in two essential
cellular events: cell—cell adhesion and the canonical
Wnht signaling pathway (Takemaru 2006). B-Catenin/
armadillo (Arm) was initially identified as a segment
polarity protein in Drosophila in the early 1980s, and
later recognized as a key downstream effector of the
Wnt pathway. Meanwhile, B-catenin was shown to be
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an integral component of cadherin-mediated cell
adhesion complexes. Over the past two decades, inter-
disciplinary research has tremendously advanced our
knowledge of B-catenin function and its involvement
in human disorders (Takemaru et al. 2008; Cadigan
and Peifer 2009; MacDonald et al. 2009). At cell—cell
adhesion junctions, B-catenin interacts with type-I
cadherins and o-catenin, which in turn associates
with the actin cytoskeleton. In canonical Wnt signal-
ing, P-catenin acts as a transcriptional coactivator
through its interaction with transcription factors and
cofactors to stimulate expression of target genes. In
recent years, aberrant activity of B-catenin signaling
has been linked to various diseases, especially cancer.

Structural Features of 3-Catenin

Human or mouse B-catenin consists of 781 amino acid
residues, harboring a central structural core of 12 Arm
repeats, flanked by unique N- and C-termini
(Takemaru et al. 2008; Mosimann et al. 2009). The
Arm repeat domain is highly conserved between ver-
tebrates and other species but the terminal portions are
diverged. The three-dimensional structure of the Arm
repeat region has been determined, forming a twisted
superhelical structure with a positively charged
groove. Many B-catenin-binding partners bind to the
Arm repeat domain. The precise structures of the N-
and C-terminal tails remain unknown and may not
form a rigid structure on their own. B-Catenin is
subjected to posttranslational modifications such as
ubiquitination, phosphorylation, and acetylation that
control its protein stability, subcellular localization,
and protein—protein interactions (Verheyen and
Gottardi 2010). Plakoglobin (y-catenin) is a close
homologue of B-catenin in vertebrates and can fulfill
some of the same functions (Zhurinsky et al. 2000).

B-Catenin as a Key Transcriptional
Coactivator in the Canonical Wnt Pathway

B-Catenin is best known for its function as
a transcriptional coactivator downstream of canonical
Whnt signaling. Wnts are secreted extracellular proteins
that play diverse roles in embryonic development and
tissue homeostasis, including cell proliferation, cell
fate decisions, and stem cell maintenance, as well as
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cell movement and polarity (Angers and Moon 2009;
Cadigan and Peifer 2009; MacDonald et al. 2009).
Core components of the Wnt/B-pathway are highly
conserved in evolution from primitive cnidarians to
humans.

Our current understanding of the Wnt/B-catenin
signaling pathway is summarized in Fig. 1. In the
absence of a Wnt ligand (Fig. 1, left), B-catenin is
captured by the multi-protein “destruction complex,”
composed of the tumor suppressors Axin and adeno-
matous polyposis coli (APC), and the protein kinases
casein kinase 1 (CK1) and glycogen synthase kinase 3
(GSK3). CKI acts as a priming kinase and phosphor-
ylates B-catenin at serine 45, allowing subsequent
phosphorylation at threonine 41, serine 37, and serine
33 by GSK3. Phosphorylated B-catenin is then recog-
nized by the E3 ubiquitin ligase receptor B-TrCP and
targeted for ubiquitin-mediated proteasomal degrada-
tion. Therefore, under unstimulated conditions, cyto-
solic B-catenin is maintained at low levels. In the
nucleus, the DNA-binding HMG-box T-cell factor/
lymphoid enhancer factor (TCF/LEF) proteins keep
Wht target genes off by recruiting transcriptional core-
pressors such as Groucho (TLE). Extracellularly, the
activity of Wnts is regulated by several secreted antag-
onists including Dickkopfs (DKKs), secreted frizzled-
related proteins (sFRPs), and Wnt inhibitory factors
(WIFs). Upon engagement with the seven transmem-
brane frizzled (Fz) receptors and the low-density lipo-
protein receptor-related protein (LRP) coreceptors
LRP5/6 (Fig. 1, right), Wnts trigger activation of the
cytoplasmic protein disheveled (Dsh) and phosphoryla-
tion of the cytoplasmic tail of LRP5/6. This promotes
recruitment of Dsh and Axin to the receptor complex at
the plasma membrane, resulting in inhibition of
B-catenin phosphorylation and degradation. Conse-
quently, B-catenin accumulates in the cytoplasm and
then translocates into the nucleus where it displaces
Groucho and forms a complex with TCF/LEF transcrip-
tion factors, leading to activation of Wnt target genes.
Thus, activation of the Wnt pathway at the cell surface is
ultimately translated into changes in gene expression
through the TCF/B-catenin complex in the nucleus.

It is noteworthy that several negative regulators of
B-catenin signaling, including APC, Axin, and Chibby
(Cby), have been shown to contain both nuclear local-
ization and nuclear export signals that enable them to
shuttle between the nucleus and cytoplasm, and facil-
itate nuclear export of B-catenin (Willert and Jones
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Beta-Catenin, Fig. 1 A simplified current model of the Wnt/B-catenin signaling pathway. f-Catenin has a dual function, acting in
both cell adhesion and canonical Wnt signaling. See text for details

2006; Cadigan and Peifer 2009; MacDonald et al.
2009). In contrast, nuclear B-catenin interactors, such
as TCF and BCL9/Pygopus (Pygo), appear to retain
B-catenin in the nucleus. Detailed information on Wnt
signaling can be found on the Wnt Homepage (http://
www.stanford.edu/~rnusse/wntwindow.html).

Mechanisms of Target Gene Activation
by 3-Catenin

B-Catenin exerts its activation potential through
assembly of coactivator and chromatin-remodeling
complexes (Willert and Jones 2006; Takemaru et al.
2008; Mosimann et al. 2009). The C-terminal activa-
tion domain of B-catenin interacts with various posi-
tive cofactors such as the histone acetyltransferases
CBP/p300, SWI/SNF ATPase subunit BRG1, and

Parafibromin (Hyrax; a component of the RNA poly-
merase [I-associated PAF1 complex). On the other
hand, the N-terminal portion of P-catenin directly
binds to the bridging molecule BCL9 (Legless),
which in turn recruits the PHD-finger protein Pygo.
Other B-catenin coactivators include TIP49 (Pontin),
MED12, TRRAP, MLL1/2, and TBL1/TBLR1. The
signaling activity of B-catenin is negatively regulated
by its antagonists such as ICAT and Cby. There is also
evidence that the TCF/B-catenin complex can function
as a transcriptional repressor (Cadigan and Peifer
2009; MacDonald et al. 2009).

A considerable number of direct target genes of the
TCF/B-catenin complex have been identified in vari-
ous model systems including c-Myc, cyclinD1, Axin2,
and TCF/LEF (for a comprehensive list of Wnt target
genes, see the Wnt homepage). In general, cellular
responses to Wnt signals vary significantly among
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different cell types, and many Wnt/B-catenin target
genes are regulated in a cell-type specific manner.
There are a number of reagents/tools available to mon-
itor B-catenin signaling activity including cell-based
reporters, transgenic reporter animals, and direct
B-catenin target genes (Moon et al. 2004; Barker and
Clevers 2006; Chien et al. 2009).

B-Catenin at the Crosstalk with Other
Signaling Pathways

Besides the canonical Wnt pathway, B-catenin signal-
ing activity is positively or negatively regulated by
a variety of other signaling pathways including Akt
(protein kinase B), Src, PTEN, p53, NF-kB, epidermal
growth factor (EGF), integrin-linked kinase (ILK),
insulin-like growth factor (IGF), and prostaglandin
E2 (PGE2) (Moon et al. 2004; MacDonald et al. 2009).
In addition to TCF/LEF factors, B-catenin has been
shown to serve as a coactivator or, in some cases,
a corepressor for many DNA-binding transcription
factors including members of the nuclear hormone
receptor family and HMG-box-containing Sox pro-
teins (Takemaru et al. 2008; MacDonald et al. 2009).
For instance, the vitamin A, vitamin D, and androgen
receptors physically interact with [-catenin in
a ligand-dependent fashion to potentiate activation of
their target genes, while suppressing expression of
TCF/B-catenin-dependent genes. Thus, it is apparent
that B-catenin, via these transcription factors, could
impact a broader range of gene expression programs.

B-Catenin in Development and Disease

The Wnt/B-catenin pathway has been studied exten-
sively in a wide spectrum of model organisms includ-
ing C. elegans, Drosophila, zebrafish, Xenopus, and
mouse, and proven to be essential for numerous
aspects of embryonic development such as segmenta-
tion, axis formation, and brain patterning (Cadigan and
Nusse 1997; Chien et al. 2009). In mice, B-catenin
deficiency results in embryonic lethality at the gastru-
lation stage (Grigoryan et al. 2008). Over the last
decade, through the use of conditional mouse models,
[B-catenin has been activated and inactivated in various
tissues in a temporal and tissue-specific manner
(Grigoryan et al. 2008). These studies revealed
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important roles of Wnt/B-catenin signaling in develop-
ment and homeostatic maintenance of many organs. In
adults, Wnt/B-catenin signaling is crucial for
maintaining self-renewal of pluripotent stem cells in
skin, blood, intestine, and brain, and for tissue regen-
eration and repair following injury (Reya and Clevers
2005; Clevers 2006; Stoick-Cooper et al. 2007).
Remarkably, recent studies identified the Wnt/
B-catenin target and orphan receptor Lgr5 (GPR49)
as a marker for stem cells in the adult intestinal epi-
thelium and hair follicle (Barker and Clevers 2010).

More recently, dysregulation of Wnt/B-catenin sig-
naling activity has been linked to the pathogenesis of
a wide range of human diseases such as bone density
defects and cancer (Logan and Nusse 2004; Clevers
2006; MacDonald et al. 2009).

Loss-of-function mutations in the Wnt coreceptor
LRPS5 are associated with osteoporosis-pseudoglioma
syndrome (OPPG) characterized by low bone mass and
loss of vision. Conversely, activating mutations in
LRPS5 cause increased bone density. These findings
clearly demonstrate that Wnt/B-catenin signaling pos-
itively regulates bone formation.

Constitutively activated B-catenin signaling, due to
loss-of-function mutations in APC or Axin or gain-of-
function mutations in B-catenin itself, is associated
with a variety of human malignancies including mela-
noma and colon and hepatocellular carcinomas
(Polakis 2000; Takemaru et al. 2008). Remarkably,
greater than 70% of colon cancers show aberrant
Wnt/B-catenin signaling activity. Mutations in APC
or Axin compromise their function within the
B-catenin destruction complex, while oncogenic muta-
tions in the N-terminal regulatory domain of -catenin
block its degradation via the ubiquitin-proteasome
pathway. In addition, some tumor types show loss of
expression of the secreted Wnt antagonists sFRPs and
WIF1 due to epigenetic silencing by hypermethylation
(Barker and Clevers 2006; Takemaru et al. 2008). All
of these alterations ultimately lead to stabilization and
nuclear translocation of -catenin, followed by activa-
tion of target gene expression. Hence, B-catenin is an
attractive molecular target for cancer therapeutics as
well as other Wnt-related diseases. To date, small
molecules that disrupt TCF/B-catenin or CBP/
B-catenin interaction or stabilize Axin protein and
therefore inhibit [B-catenin-dependent transcription
have been reported (Moon et al. 2004; Barker and
Clevers 2006; Takemaru et al. 2008).
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Summary

[-Catenin plays crucial roles in diverse biological pro-
cesses as a pivotal component of cell-cell adhesion
and Wnt signaling. It serves as a protein network hub
by mediating numerous protein—protein interactions to
ensure proper development and homeostasis of multi-
ple tissues. Recent advances in genome-wide RNAi
screens and proteomics approaches greatly facilitate
the identification of novel B-catenin regulators (Angers
and Moon 2009). The realization that 3-catenin signal-
ing is perturbed in various human diseases continues to
fuel worldwide research efforts in the future. Certainly,
a better understanding of B-catenin functions has broad
impact on human diseases, stem cell biology, and
regenerative medicine.
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Synonyms

B1BKR; B;R; B2BKR; B,R; BDKRBI1; BDKRB2;
BKBIR; BKB2R; BKR1; BKR2; Kinin B;; Kinin B,

Historical Background

A primary mediator of inflammation, the nonapeptide
bradykinin (BK) is a pharmacologically active pep-
tide of the kinin group released in tissues and circu-
lation as a consequence of coagulation cascade
activation, more specifically by the kininogen cleav-
age by kallikrein. The enzyme Kkallikrein was
described in 1930 by Werle and Frey. It was the first
component of the kallikrein-kinin system (KKS) dis-
covered, followed by the identification of bradykinin
(BK) by Rocha e Silva and colleagues in 1949. In
1970s Regoli and coworkers characterized molecu-
larly the two subtypes of kinin receptors B; and B,,
based in their pharmacological and expression pro-
files differences (Fig. 1). These findings enabled the
subsequent development of different agonists and
antagonists for these receptors (Leeb-Lundberg et al.
2005). The genes encoding these receptors were
cloned in 1990s and after that, animal models for the
study of this system were generated: the B, knockout
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Bradykinin Receptors,
Fig 1 Kallikrein-kinin [
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mice (Borskowki et al. 1995), the B; knockout mice
(Pesquero et al. 2000), and the knockout mice for both
kinin receptors (Cayla et al. 2002).

Structural Aspects

The BK receptors are typical G protein coupled recep-
tor (GPCR), consisting of a single polypeptide chain
that spans the membrane seven times, with the N-
terminal domain being extracellular and the
C-terminal domain being intracellular. These receptors
are present in different species of mammals like
human, monkey, rats, mice, rabbit, and others.

In humans both receptors, B; and B,, are homo-
logues preserving 36% of identity at the amino acid
level (Leeb-lundbeerg et al. 2005). These receptors
are encoded by three-exon genes. By receptor gene is
in tandem with the B, receptor gene, located sequentially
(5’ direction) separated by only 12 kb at cromossome
14932 in humans. This composition can vary between
species like the deletion of exon 2 in mice (Cayla et al.
2002).

Knockout animal models of each kinin receptor
gene by homologous recombination have been done.
The B, receptor knockout mice are fertile, apparently
healthy, and when smooth muscle or neurons of these
mice are stimulated with bradykinin they failed to
produce response (Borkowski et al. 1995). The B,
receptor knockout mice are healthy, fertile, normoten-
sive, and they are analgesic in behavioral tests of
chemical and thermal nociception (Pesquero et al.

l

J— |

Bradykinin ] o {Des-Argg-Bradykinin]

Receptor B1

2000). The generation of a knockout mouse of both
receptors (BlB[/ ~) was also done. Due to the fact
that both genes are in close chromosomal position,
B;B, /" mice could not be obtained by simple
breeding of the single knockout lines. The B receptor
gene was inactivated in embryonic stem cells derived
from B,-deficient animals. These animals are normo-
tensive and protected from endotoxin-induced hypo-
tension (Cayla et al. 2007). Recently, another
model of double-knockout of kinin receptors was gen-
erated by complete deletion of the gene locus (Kakoki
et al. 2010).

Pharmacological Aspects

Kinins are locally released from their origin molecules,
the kininogens, as a result of limited proteolysis
by a class of serine proteases called kallikreins.
The metabolite generated is the nonapeptide bradyki-
nin or a decapeptide, kallidin (Lys-BK). Kinins cleav-
age by the kininase II also named angiotensin
converting enzyme (ACE) generates inactive metabo-
lites terminating bradykinin activity. The action of
carboxipeptidases on kinins generates des-Arg’-BK
(DBK) or Lys-des-Arg”-BK (Lys-DBK). The B,
receptor has high affinity for the intact kinins, those
generated by either plasma or tissue kallikreins, BK
and Lys-BK, in all mammalian species. B; receptor
responds to different kinin metabolites, either DBK or
Lys-DBK, generated by arginine carboxypeptidases,
such as carboxypeptidase N and M. In humans, plasma
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kallikrein forms BK, whereas tissue kallikreins form
kallidin. In rodents, both plasma and tissue kallikrein
generate BK. Receptor affinity for agonist ligands: B,
receptor, BK ~ Lys-BK >> des-Arg’-BK and Lys-des-
Arg’-BK; B, receptor, Lys-des-Arg’-BK > Lys-BK ~
des-Arg’-BK >>BK (Leeb-Lundberg et al. 2005).

Peptide antagonists for the kinin B; receptor were
the first antagonists generated based on modifications
of the agonist structure, such as [Leu8]des-Arg’-BK
and Lys-[Leu8]des-Arg®-BK. The search for antago-
nists showed that the spatial orientation of the
C-terminal region of the peptide molecule is critical
for antagonism. Many antagonists the for B, receptor
have been generated. The most known peptide antag-
onist is the icatibant or HOE-140. Non-peptide ligands
for the kinin receptors have been designed and are yet
a great field of study, since peptides are generally poor
drugs for oral bioavailability and brain penetration
(Leeb-Lundberg et al. 2005).

Signaling Pathways

In different species both kinin receptors are identified
as seven transmembrane G protein coupled receptor.
Various signal transduction mechanisms have been
described for kinins depending on the cellular type.
BK or DBK stimulates B, or B; receptors, respec-
tively. Through the phospholipase C pathway (by Gq
activation), kinin signaling leads to inositol
3-phosphate (IP5) generation and intracellular calcium
mobilization, whereas through the » phospholipase A,
pathway (activated through Gi or calcium-dependent
mechanisms) it leads to arachidonic acid release,
also by activating the endothelium nitric oxide
synthase (eNOS) and producing nitric oxide (NO).
B, receptor has also been found to directly interact
with other eNOS in a G protein-independent manner
(Leeb-Lundberg et al. 2005).

BK also transiently promotes tyrosine phosphory-
lation of » MAP Kinases and activates a Janus-
activated kinase/STAT (JAK-STAT) pathaway. This
involves tyrosine phosphorylation of both the Janus-
activated kinase family tyrosine kinase Tyk2 and
STAT3 followed by STAT3 nuclear translocation. B,
activates multiple transcription factors that regulate
the induction of several cytokines involved in tissue
injury and inflammation as well as B; receptor
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induction. Besides these classical pathways, IL-1
and » TNF-a can stimulate the expression of B; and
B, receptors by pathways involving activation of

NF-xB and MAPKs. Although the B, and B, recep-
tors seem to couple to similar cellular signal transduc-
tion pathways, the patterns of signaling are different
(Leeb-Lundberg et al. 2005; Brechter et al. 2008).

B; and B, receptor form homodimers and these
receptors were found to spontaneously heterodimerize.
Heterodimerization was associated with a specific pro-
teolytic degradation of the participating B, receptor
and an increase in both agonist-dependent and
-independent signaling of the heterologous receptor
complex. The existence of a B, receptor and angioten-
sin receptor 1 (B,/AT1) heterodimeric complex may
have implications for blood pressure. The B,/ACE
interaction modulates ACE activity (Sabatini et al.
2008).

B, receptor function is controlled by short-term
mechanisms involving fast ligand dissociation, receptor
desensitization and internalization, and, after long-term
stimulation, downregulation of the receptor occurs.
In contrast, B, receptors elicit persistent responses and
signaling that are subjected to very limited desensitiza-
tion and receptor internalization with very slow ligand
dissociation (Couture et al. 2001).

Kinins and Disease

The kallikrein-kinin system (KKS) is present in
numerous pathologies and the role it plays may vary.
It can maintain the danous state of disease or play
a protective role, as summarized below in Table 1.
Generated during inflammation and tissue injury,
bradykinin contributes to the initiation and mainte-
nance of inflammation, to exciting and sensitizing sen-
sory nerve fibers, thus producing pain as reviewed by
Couture and coalleagues in 2001. Thus the B, receptor
is involved in acute inflammation, including increased
vascular permeability, venoconstriction, arterial dila-
tation, and pain through the activation of sensory nerve
terminals. This receptor has a limited role in the cellu-
lar component of the inflammatory response involving
leukocyte recruitment within the microcirculation. The
activation of B, receptors in sensory neurons promotes
hyperalgesia. Bradykinin can sensitize nociceptors fol-
lowing the release of prostaglandins, cytokines, and
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Bradykinin Receptors, Table 1 Kinin receptors’ presence in
various diseases

Disease Effect
Inflammation Pro-inflammatory®
Pain Hyperalgesia®
Infection BK increase:

Vascular leakage and vasodilation®
Arterial vasodilatation®

Imune cells stimulation and
regulation®

Imune system

(autoimmune diseases)
Bone (arthritis and Stimulate bone resorption®
periodontitis)
Respiratory system Increase in the expression of kinins®
(asthma and rhinitis)

Neurological disease

Alzheimer Improvement of cognitive deficits®
Epilepsy Deleterious and protective effects®
Sclerosis BR increases blood—brain barrier
permeabilityf
Kidney nephrophaty Chemokine production®
Macrophage accumulation®
Metabolism
Diabetes Prevention of progression of insulin-
dependent diabetes"
Obesity B, absence enhance senescence in
mice'
Bf/ "~ mice are protect from diet-
induced obesity’
Cardiovascular Hypertrophyk
Cardiopathy*
Hypertension™'
Atherosclerosis™
Liver Attenuates fibrosis/hepatocellular
damage”
Cancer Tumor growthl

Angiogenesis stimulation'

#Couture et al. (2001)
°Schulze-Topphoff et al. (2009)
“Brechter et al. (2008)

9Proud (1998)

“Lemos et al. (2010)
fSchulze-Topphoff et al. (2009)
#Klein et al. (2010)

"Kakoki et al. (2010)

iKakoki et al. (2006)

9Mori et al. (2008)

XSharma (2003)
"Leeb-Lundberg et al. (2005)
"MMerino et al. (2009)
"Kouyoumdjian et al. (2005)

nitric oxide either from sensory neurones, endothelial
and immune cells or fibroblasts in addition to its inter-
action with mast cell mediators. The blockade of B,
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receptors located on sensory neurons may be respon-
sible for the analgesic property of B, receptor antago-
nists. The pro-inflammatory effects of B; receptors
include promotion of blood-borne leukocyte traffick-
ing, edema and pain. B; receptors are primarily
involved in persistent inflammatory pain and are
expressed in macrophages, fibroblasts, or endothelial
cells, where they may be responsible for inflammation
mediators releasing (prostaglandins, cytokines, and
nitric oxide) that sensitize or activate the nociceptors.

Because of its multicellular location and the mode
of persistent signaling mechanism, the B, receptor is
likely to exert a strategic role in inflammatory diseases,
particularly those with an immune etiology (asthma,
rheumatoid arthritis, multiple sclerosis, and diabetes).
In addition to the pro-inflammatory effects of kinin
receptors, B, receptors may exert a protective effect
in brain inflammatory diseases such as multiple scle-
rosis by reducing T-lymphocyte infiltration into the
brain (Schulze-Topphoff et al. 2009).

Kinins exert influence on multiple players of the
immune system (i.e., macrophages, dendritic cells,
T and B lymphocytes). BK is capable of modulating
the activation, proliferation, migration, and effector
functions of immune cells. Kinin receptors seem to
be important in autoimmune conditions, such as rheu-
matoid arthritis, lupus, and myasthenia gravis
(Schulze-Topphoff et al. 2008).

Kinin receptors are present in osteoblasts, osteo-
clasts, and fibroblasts, linking the kallikrein-kinin sys-
tem with rheumatoid arthritis, periodontitis, and bone
resorption. They can stimulate bone resorption through
prostaglandins. Kinin B; and B, receptors synergisti-
cally potentiate IL-1p and TNF-a-induced prostaglan-
din biosynthesis in osteoblasts by a mechanism
involving increased levels of cycloxygenase-2
(Brechter et al. 2008).

Many studies have demonstrated increased kinin
generation associated with asthma, allergic rhinitis,
and during viral rhinitis (Proud 1998). The first studies
began with the analysis of the presence of kinins after
allergen stimulation in allergic subjects and absence of
them in non-allergic subjects. The inflammatory infil-
tration and relation between kinins and the chronic
phase of the disease were then observed. Kinins are
also associated with the release of the mast cell granule
constituents, histamine, and tryptase, major mediators
of acute phase. The kinin concentration increase dur-
ing asthma is associated with the augment in histamine
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and other inflammatory markers, including eicosa-
noids. The administration of bradykinin by nasal
spray to the upper airways of normal, nonatopic sub-
jects, or of asymptomatic atopic individuals has been
shown to result in the dose-dependent induction of
symptoms of nasal obstruction, modest rhinorrhea,
nasal irritation, and sore throat, but not sneezing
(Proud 1998).

Kinin receptors are involved with brain damage in
different forms. They act in multiplus sclerosis, epi-
lepsy, and Alzheimer’s disease. Kinin B, receptor pro-
motes survival and protects against brain injury by
suppression of apoptosis and inflammation induced
by ischemic stroke. In epilepsy, the kinin B, receptor
also plays a neuroprotector effect and the kinin B,
receptor plays a deleterious, pro-epileptogenic action
in animal models (Leeb-Lundberg et al. 2005). Kinin
receptors are involved in neurodegeneration and
increase of amyloid-b concentration, associated
with Alzheimer’s disease (Lemos et al. 2010). More
recently it was shown that during the aging process, the
B, receptor could be involved in neurodegeneration
and memory loss. Nevertheless, the B, receptor is
apparently acting as a neuroprotective factor (Lemos
et al. 2010). In inflammatory brain disease, like
sclerosis, kinin By receptors are important in limitating
migration of lymphocytes through the central barrier
and inflammation in the brain (Schulze-Topphoff
et al. 2009).

Kinins receptors are present in the kidney and are
involved with kidney disease, such as renal failure and
nephropathy. Since kinin receptors are present in
patients in end stage of renal failure, treatment with
a B, receptor antagonist reduces both glomerular and
tubular lesions and improve renal function trough
the reduction of renal chemokine expression and
macrophage accumulation in glomerulonephritis
(Klein et al. 2010). Genetic association between B,
receptor polymorphisms and end-stage renal failure
have been reported, as the B, receptor polymorphism
is associated with diabetic nephropathy (Leeb-
Lundberg et al. 2005).

Lack of B; and B, receptors exacerbates diabetic
complications, enhances the nephropathy (glomerulo-
nephritis), neuropathy (decrease the time of nervous
impulse), and bone mineral loss caused by insulin-
dependent diabetes in mice (Kakoki et al. 2010). The
development of diabetic retinopathy increases vascular
permeability, neovascularization, inflammation and B,
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activation contributes to vascular permeability and
edema, which suggests the correlations between the
KKS and microvascular complications of diabetes.
Studies performed in diabetic mice demonstrated that
the absence of B, receptor in these animals increases
indicators of senescence like alopecia, skin atrophy,
kyphosis, osteoporosis, testicular atrophy, lipofuscin
accumulation in renal proximal tubule and testicular
Leydig cells, and apoptosis in the testis and intestine
(Kakoki et al. 2006).

The kinin B, receptor agonist BK may participate in
the regulation of substrate utilization by several tissues
by improving blood flow and substrate delivery to
the tissues and also by promoting translocation of
glucose transporters. It appears to improve the release
of insulin and improve insulin sensitivitiy. Further-
more, insulin may activate the kallikrein-kinin system,
which consequently may increase its metabolic effects.
However, in experimental diabetes mellitus, BK may
participate in the inflammatory reaction leading to
Langerhans islets destruction (Damas et al. 2004).
Kinin B, receptor is involved in obesity, as shown by
Mori et al. The absence of B; receptor in mice
decreases plasma leptin levels, increases leptin sensi-
bility, protects mice from diet-induced obesity (diet
with 45% of fat), and augments energy expenditure.

The KKS has importante role in various pathologi-
cal processes of the cardiovascular system, such as
hypertension, cardiac failure, ischemia, left ventricular
hypertrophy, and endotoxemia. There is activation of
BK activity in endotoxemia. On the other hand, it
seems that there is deficient activity of the KKS in
hypertension, cardiac ischemia, and development of
left ventricular hypertrophy. These pathological states
might be due to a genetic abnormality of the KKS or
downregulation of the BK receptors (Sharma 2003).
Several studies have detected a significant association
between the B, receptor 58 C/T polymorphism and
hypertension (Leeb-Lundberg et al. 2005). Kinin B,
receptor deficiency aggravates atherosclerosis and aor-
tic aneurysms in mice under cholesterolemic condi-
tions, supporting an antiatherogenic role for the kinin
B, receptor (Merino et al. 2009).

The KKS is also present in the liver and is related to
liver disease. BK can induce portal hypertensive
response when injected in the liver. This hepatic hyper-
tensive response to BK is mediated by the B, receptor
and modulated by the L-Arg/nitric oxide pathway.
There is also evidence of the participation of BK in
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the pathogenesis of vasodilatation and ascites forma-
tion in cirrhotic patients (Kouyoumdjian et al. 2005).

Finally, the ability of BK to stimulate vessel growth
and increase vascular permeability may contribute to
the biological behavior of tumors. Evidence for
increased generation of kinins and kinin receptors
detection in different types of cancer has been reported
(Leeb-Lundberg et al. 2005).

Summary

Considering the knowledge gathered since the classi-
cal pharmacological models were established and the
more recently gene target animal models, much has
been changed concerning the kinin receptors func-
tion. In the beginning, the kinin receptors were first
implicated with pain and inflammation. Nowadays
they are still important in this area of study; however,
they have been implicated with different diseases like
asthma, arthritis, sepsis, kidney disease, hyperten-
sion, cardiopathy, diabetes, and cancer among others.
In the last years, new implications of kinin receptors
in obesity and immunology are described, as well as
interaction of kinin receptors and other proteins like
ACE and AT1 receptor. These implications will bring
new possibilities for therapies involving kinin ligands
(agonists and antagonists). Moreover, ongoing
tests with new drugs affecting the KKS are on the
way. The main goal is to develop more potent and
tissue specific ligands, with increased disposability,
central permeability, and reduced collateral effects.
The field of study of these receptors is wide and
promising.
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Synonyms

BTG1; BTG2 (TIS21, PC3); BTG3 (ANA, TOB5S);
BTG4 (PC3B); TOB1 (TOB, transducer of ERBB2);
TOB2 (transducer of ERBB2 2)

Historical Background

The human BTG/TOB proteins form a small family of
six proteins, which share a conserved N-terminal
domain and anti-proliferative activity (Matsuda et al.
2001; Tirone 2001; Winkler 2010). BTG2 was discov-
ered first by two laboratories: as the immediate/early
response gene PC3 in rat PC12 cells stimulated with
nerve growth factor and as TIS21 in mouse 37T3 fibro-
blasts in response to treatment with 12-O-tetradeca-
noylphorbol-13-acetate (TPA). The discovery of
BTG1 (B-cell translocation gene 1), as a gene involved
in a chromosomal translocation associated with
chronic lymphocytic leukemia, suggested the presence
of a new family of anti-proliferative genes. These
findings were extended by the discovery of TOBI,
which was found as an interacting protein of the
ErbB2 tyrosine kinase receptor (HER2). The
remaining three members, BTG3 (ANA), BTG4
(PC3B), and TOB2, were identified based on sequence
homology of the conserved N-terminal domain. The
preferred gene names by the Human Genome Nomen-
clature Committee are BTG1, BTG2, BTG3, BTG4,
TOB1, and TOB2.

Regulation of Gene Expression: mRNA
Deadenylation

The conserved N-terminus is known as the BTG
domain (Pfam number PF(07742) and comprises
104-106 amino acids. The C-terminal regions are
less conserved and confer additional functions to the
family members. Sequence analysis of both the BTG
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domain and the C-terminal regions suggests that TOB1
and TOB2, as well as BTG1 and BTG2, are highly
similar, whereas BTG3 and BTG4 are more distantly
related (Fig. 1). The BTG/TOB proteins are implicated
in the regulation of gene expression by at least two
distinct mechanisms.

The best characterized role of the BTG/TOB pro-
teins in gene expression is mediated via the BTG
homology domain, which interacts with the CNOT7
(Cafla) and CNOTS8 (Caf1b) subunits of the Ccr4-Not
complex (Mauxion et al. 2009; Bartlam and
Yamamoto 2010; Wiederhold and Passmore 2010;
Winkler 2010). The highly similar CNOT7 and
CNOTS proteins are deadenylase enzymes, which
shorten and remove the poly(A) tails of cytoplasmic
mRNA resulting in translational repression and mRNA
degradation (Bartlam and Yamamoto 2010;
Wiederhold and Passmore 2010; Winkler 2010). The
interaction of all BTG/TOB proteins (except BTG4)
with either CNOT7 and/or CNOTS is experimentally
confirmed, and a specific role in the regulation of
deadenylation and mRNA degradation was demon-
strated for BTG2, TOB1, and TOB2. Both TOB1 and
TOB2 contain PAM2 motifs in their C-terminal
regions, which allow them to interact with poly(A)-
binding protein 1 (PABPC1). During termination of
translation, several proteins containing a PAM2 motif
are consecutively recruited to the mRNA by PABPC1:
following binding of the translation termination com-
plex eRF1-eRF3 and the PAN2-PAN3 deadenylase,
TOBI1 recruits the Ccr4-Not deadenylase via interac-
tions between the conserved BTG domain and the

CNOT7 and CNOT8 deadenylase subunits. This
sequence of events implicates TOB1 — as well as the
related TOB2 protein — in mRNA deadenylation
coupled to termination of translation. Alternatively,
TOB1 can be recruited to specific mRNAs by
sequence-specific RNA-binding proteins. For exam-
ple, cytoplasmic polyadenylation element-binding
protein 3 (CPEB3) binds TOB1 resulting in mRNA
destabilization (Hosoda et al. 2011).

Several protein structures illuminate the molecular
details of the interaction between BTG/TOB proteins
and the CNOT7/CNOT8 deadenylase enzymes. The
BTG domain is characterized by two long anti-parallel
a-helices in the N-terminus of the domain that are
part of a four-helix bundle and three [-sheets at
the C-terminus of the domain (Fig. 2). Comparison of
the structure of the free BTG domain of TOB1 with the
domain in complex with the CNOT7 deadenylase indi-
cates that the BTG domain does not undergo signifi-
cant rearrangements upon binding. The RNA-binding
catalytic site of the CNOT7 deadenylase appears to be
separated from the residues important for binding to
the BTG domain. In agreement with this, binding of
the BTG domain of TOB1 does not influence the
catalytic activity of the CNOT7 deadenylase.

Regulation of Gene Expression:
Transcription

In addition to their role in mRNA deadenylation, BTG/
TOB proteins can regulate gene expression at the level
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BTG/TOB, Fig. 2 Structure of the BTG domain of TOBI in
complex with the CNOT7 (Cafla) deadenylase enzyme. The
representation was generated using structure 2d5r deposited in
the Protein Data Bank (PDB) using Pymol (www.pymol.org).
The BTG domain of TOBI is represented by a multicolored
cartoon. Indicated are the five a-helices and four -sheets. The
surface of the CNOT7 (Cafla) deadenylase enzyme is
represented in gray. Circled is a deep pocket that binds poly(A)
RNA and corresponds to the catalytic center

of transcription (Matsuda et al. 2001; Tirone 2001;
Winkler 2010). Several reports point to the ability of
the BTG/TOB proteins to interact with DNA-binding
transcription factors and modulate their ability to bind
their cognate DNA sequence elements. Both BTG1
and BTG2 can interact with Hoxb9, a homeobox
DNA-binding transcription factor, through their
extreme N-terminus (residues 1-14). This interaction
enhances the ability of Hoxb9 to bind to its consensus
DNA sequence. Thus, this may increase the transcrip-
tion rates of Hoxb9 target genes, which may contribute
to the anti-proliferative function of BTG1 and BTG2.
TOBI1 and TOB2 have the most extensive C-terminal
regions within the protein family. This region of TOB1
mediates interactions with a number of Smad tran-
scription factors, altering their ability to bind to
DNA. As a consequence, TOB1 regulates the expres-
sion of Smad target genes, such as the cytokine IL-2
promoter in quiescent T cells. BTG3 presents a third
example of this mode of action: BTG3 can interact
with E2F1, a transcription factor important for
S-phase entry and cell-cycle progression. BTG3
binds E2F1 through its N-terminal region, which,
in this case, inhibits DNA binding of the E2FI,
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thereby reducing the overall transcription rate of
E2F1-responsive promoters and cell proliferation.

Finally, BTG1 and BTG2 can interact with protein
arginine methyltransferase 1 (PRMT1) through a short
B-sheet region (also known as Box C) just outside the
BTG domain, which is not conserved in other BTG/
TOB proteins. PRMT1 specifically methylates the
arginine 3 residue of histone H4 in vitro and in vivo,
which facilitates subsequent acetylation of histone H4
tails by p300 and gene activation. Thus, this raises the
possibility that BTG1 and BTG2 could be involved in
the regulation of chromatin modifications.

Effectors of Signaling Pathways

There are a variety of different signaling pathways that
exploit the anti-proliferative properties of BTG/TOB
proteins either positively or negatively by regulating
the cellular levels of these proteins by transcriptional
and post-translational mechanisms (Fig. 3). Both TOB1
and BTG2 are phosphorylated upon stimulation with
growth factors by the Erk1/Erk?2 kinases at serine res-
idues in the C-terminus. This results in subsequent
deactivation, which — in the case of TOB1 — leads to
increased cyclin D1 expression and enhanced activa-
tion of CDK4, driving cell proliferation forward.

In MCF7 cells (an estrogen receptor—expressing
breast cancer cell line), BTG2 mRNA can be regulated
both positively and negatively by signaling through
nuclear receptor transcription factors. BTG2 expression
is activated when MCF7 cells are treated with retinoic
acid through direct binding of the » retinoic acid recep-
tor (RAR)/RXR heterodimers to three retinoic acid
response elements (RARE) in the BTG2 promoter
region. Conversely, BTG2 expression is reduced when
MCFT cells are treated with estrogen through » estrogen
receptor ERa and its co-repressor REA.

BTG2 and BTG3 are both downstream targets of
the » p53 signaling pathway. Both proteins are direct
transcriptional targets for p53 and play a role in the
p53-mediated response to DNA damage (Rouault et al.
1996; Ou et al. 2007). In embryonic mouse fibroblasts,
BTG?2 plays critical role in suppressing transformation
through oncogenic Ras by acting as a downstream
effector of p53 (Boiko et al. 2006). BTG2 expression
downregulates cyclin D1, cyclin E1, and the phosphor-
ylation of retinoblastoma (Rb), slowing the cell cycle
rate and preventing cellular transformation.
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Finally, TOB1 and BTG2 are implicated in signal-
ing of TGF family members through Smad transcrip-
tion factors. This was demonstrated in both quiescent
T cells activated by CD28, which impinges on TGF-f3
signaling, and in bone-forming osteoblast cells upon
stimulation by bone morphogenic protein (BMP) 2,
a TGF family member.

Bone Formation: TOB1 and TOB2

The generation of mice containing null alleles of
TOBI1, TOB2, BTG2, and BTG3 uncovered a role
for these proteins in bone formation and resorption
(Yoshida et al. 2003; Park et al. 2004; Ajima et al.
2008; Miyai et al. 2009). The contrasting phenotypes
observed in TOB1 and TOB2 knockout mice are
of particular interest. Mice lacking TOBI1 are appar-
ently normal, but display increased bone volume
and bone density. Interestingly, in a mouse model
for estrogen-deficiency-induced osteoporosis, the
increased bone mineralization in TOB1 null mice
can compensate for bone loss associated with induced
osteoporosis since ovariectomized TOB1 knockout
mice have a bone mineral density and volume com-
parable to (sham operated) control mice (Usui et al.
2004). The increased bone density in TOB1 /™ mice
is due to enhanced bone formation, and osteoclast
parameters are unchanged as compared to control
mice. A similar increase in bone density is ob-
served in mice lacking the CNOT7 deadenylase
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(Washio-Oikawa et al. 2007). As observed in TOB1
null mice, CNOT7 knockout mice do not display
altered osteoclast parameters, suggesting that the role
of TOB1 in bone formation is mediated via its interac-
tions with the CNOT7 deadenylase subunits of the
Ccr4-Not complex.

By contrast, mice lacking TOB2 display decreased
bone mass due to an increased number of differentiated
osteoclast cells. TOB2 interacts with the » vitamin
D receptor and reduces expression of RANKL,
a vitamin D-induced gene. In agreement with this
notion and the observation that osteoclast parameters
are unaltered in CNOT7 knockout mice, TOB2 is
a repressor of vitamin D—induced osteoclast formation
(Ajima et al. 2008).

Cancer and Tumorigenesis

The discovery of BTG2 as an effector of the tumor
suppressor function of p53, as well as the critical role
of TOB1 in Ras-mediated transformation, strongly
implicates these BTG/TOB proteins as important
cellular components that contribute to the prevention
of tumorigenesis (Rouault et al. 1996; Suzuki et al.
2002; Boiko et al. 2006). In agreement with this notion,
expression of BTG/TOB genes is reduced or
undetectable in a variety of clinical cancer samples
(Table 1). In particular, the presence of increased
levels of phosphorylated, inactive TOBI1, and the
absence of TOBI protein levels correlate with tumor
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BTG/TOB, Table 1 Relationship of BTG/TOB expression and cancer. To date, no changes in TOB2 expression are reported in

human cancer samples

Gene Cancer
TOBI Lung Spontaneous tumor formation®
Lung Decreased expression/increased phosphorylation®
Lymph node Spontaneous tumor formation®
Liver Spontaneous tumor formation®
Breast Reduced expression in human breast cancer cell lines
Thyroid Decreased mRNA expression®
Pancreatic Induced expression inhibits tumorigenesis in nude mice
BTGl Leukemia Reduced/undetectable expression”
Lymphoma Somatic mutations”
BTG2 Breast Reduced expression and re-localization (nuclear to cytoplasm)b
Renal Reduced mRNA levels®
Prostate Low/undetectable mRNA levels®
Brain Induced expression inhibits medulloblastomas (transgenic mice)
Lymphoma Somatic mutations”
BTG3 Lung Increased lung tumor formation®
Lung Reduced expression in adenocarcinoma samplesb
Renal Reduced mRNA expression”
BTG4 Colon Reduced mRNA expression®

4Observations made using mouse knock-out models
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BTG/TOB, Fig. 4 Mutations
identified in BTG1 and BTG2
in non-Hodgkin lymphoma.
Mutations in BTG1 and BTG2
identified by RNA-sequencing
data from over 100 non-
Hodgkin lymphomas (Morin
et al. 2011. Nature; doi:
10.1038/nature10351). In
some cases, both alleles
contained mutations. Indicated

158

are schematic representations
of BTG1 and BTG2, the

location of the BTG domain,

and the presence of secondary
structure elements based on
the crystal structure of BTG2
(PDB structures 3dju, 3djn
and 3e9v)

grade in a panel of lung cancer samples. Similarly,
expression of BTG3 is reduced in the majority of
lung cancer cell lines and clinical samples derived
from lung cancer patients. Furthermore, BTG1 and
BTG2 are frequently found to be mutated in non-
Hodgkin lymphomas (Fig. 4). Such mutations are

seemingly present in a mutually exclusive manner as
compared to p53 mutations, suggesting a causative
role as a component of the p53 pathway in this type
of cancer. It is yet unknown how the identified muta-
tions in BTG1 and BTG2 interfere with the function of
the encoded gene products.
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An important role for BTG/TOB proteins in the
suppression of tumorigenesis is further evident from
mouse knockout models. Disruption of TOB1 in mice
results in susceptibility to a variety of cancers, includ-
ing lung tumors, which is also observed in mice
lacking BTG3 (Table 1). Thus, a direct role of several
BTG/TOB proteins in the suppression of tumorigene-
sis and cancer development is now clearly established.

Summary

The understanding of the function and mechanisms
through which the BTG/TOB proteins act have rap-
idly advanced in the past few years. The best charac-
terized role of the BTG/TOB proteins is mediated by
the interaction of the BTG homology domain with the
CNOT7 and CNOTS8 deadenylase subunits of the
Ccr4-Not complex, which impacts on mRNA
deadenylation. In addition, BTG/TOB proteins are
also involved in the regulation of transcription and,
possibly, the establishment of histone H4 modifica-
tions through the interactions of BTGl and BTG2
with the PRMT1 methyltransferase. Mouse models
have uncovered the importance of these proteins in
the biology of bone and cancer. Reduced expression
of BTG/TOB proteins is observed in a variety of
clinical samples, and mutations in BTG1 and BTG2
are found in non-Hodgkin lymphoma. It remains to
be determined whether BTG/TOB proteins regulate
cell proliferation through mRNA degradation or
transcriptional mechanisms, or both. Furthermore,
there are still many questions with respect to unique
and/or redundant roles of the individual BTG/TOB
proteins.
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Historical Background: The Larger Cadherin
Superfamily

Cadherins comprise a large protein superfamily of
calcium-dependent proteins associated with the
plasma membrane. They are hallmarked by at least
two consecutive extracellular cadherin repeats (ECs)
in their extracellular domain. Epithelial cadherin
(E-cadherin or cadherin-1) is the founding family

member and represents the classic or type-I cadherins.
These cadherins mediate specific and strong cell-cell
adhesion and play key roles in local organization of
cytoskeletal structures and in signaling cascades, as
documented below. The mature E-cadherin contains
an ectodomain of about 550 amino acids (AA) com-
prising five ECs, a single transmembrane (TM)
domain, and a cytoplasmic domain (CD) of about 150
AA. The CD has two highly conserved domains for
binding p120ctn and related protein family members,
as well as B-catenin and the homologous plakoglobin
(y-catenin), all of which belong to the armadillo pro-
tein family (reviewed by van Roy and Berx 2008)
(Fig. 1). Association of pl20ctn with the
juxtamembrane domain (JMD) of cadherins protects
them from premature endocytosis and hence stabilizes
the junctions. On the other hand, in a classical
cadherin-catenin complex (CCC), B-catenin forms
a molecular bridge between the cadherins and
a-catenins, the latter of which are vinculin-related pro-
teins that bind F-actin. However, recent data reported
by the groups of Nelson and Weis have cast doubt on
this model (reviewed in Nelson and Fuchs 2010).
These authors showed that monomeric a-catenin can
integrate into the CCC but does not associate with
F-actin, whereas homodimeric o-catenin dissociates
from the CCC but binds F-actin. In contrast, other
actin-binding linker molecules, such as a-actinin and
Eplin, might be involved in anchoring cadherin-
dependent junctions to the cytoskeleton (Fig. 1).
Cadherins were originally discovered as mediators
of specific cell-cell adhesive structures, often called
adherens junctions (AJ) (Gumbiner 2005; Nelson and
Fuchs 2010). The basic and well-documented model
for this function involves two modes of interaction
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Cadherins, Fig. 1 Alternative states of the classic cadherin-
catenin complex (CCC) at the junction between two neighboring
epithelial cells (see text for details and references). (a) Nascent
junction: Transmembrane classic cadherins form zipper-like
intercellular  junctions based on homophilic molecular

interactions between their EC1 and EC2 domains. Their cyto-
plasmic domains contain conserved binding sites for the arma-
dillo proteins p120ctn and B-catenin (although not drawn that
way, p120ctn and B-catenin can interact simultaneously with
a single cadherin molecule). p120ctn and B-catenin also have
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between the most amino-terminal ECs (called EC1):
homophilic (between identical cadherin species) and
homotypic (between identical cell types). Both cis
(between neigboring cadherin molecules in the same
plasma membrane) and trans interactions (between
apposing cadherin molecules) have been described in
considerable detail (van Roy and Berx 2008). Cell-cell
adhesion mediated by classic cadherins is considered
the basis of cell sorting out during both embryonic
development and the morphogenesis of most organs
(Gumbiner 2005; Halbleib and Nelson 2006; Nelson
and Fuchs 2010). Although the cadherin activity dur-
ing these important processes might be explained by
cadherins serving as cell-type specific molecular glues,
it is increasingly clear that signaling by and to
cadherins plays major roles. Indeed, cadherins are
required not only for rigid, static cell-cell contacts,
but also for regulation of dynamic morphogenetic cell
movements by active remodeling of intercellular junc-
tions and the associated cytoskeletal structures
(Nishimura and Takeichi 2009; Harris and Tepass
2010).

Presently, mammalian genomes are known to con-
tain over 100 genes encoding cadherins or cadherin-
related proteins (Hulpiau and van Roy 2011). Some of
them are more recent evolvements, such as
desmogleins and desmocollins, which form the back-
bone of desmosomes (strong cell junctions in tissues
under high physical stress, like epidermis and heart).
The so-called clustered protocadherins form another
recently evolved cadherin subtype. Protocadherins
seem to be less involved in tight cell-cell adhesion
and may play greater roles in cell recognition and
signaling. On the other hand, recent phylogenetic

<
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analyses have shown the existence of six ancient
types of cadherins and cadherin-related proteins
(Hulpiau and van Roy 2011) (Fig. 2). These are the
classical cadherins (CDH), the FAT cadherins, the
FAT-like cadherins, the Dachsous cadherins (DCHS),
the flamingo (Fmi) or CELSR cadherins, and several
cadherin-related proteins, such as cadherin-related 23
(CDHR23). Several of these cadherin family members
were originally discovered in the fruit fly, and their
genetic analyses have revealed important functions in
signaling. The protocadherins emerged slightly later in
evolution. They were originally thought to be specific
for deuterostomes, but recent studies revealed their
presence in cnidarians but not in the fruit fly or the
nematode, which probably lost them during evolution.

From these studies, several hallmarks became clear:
ancient family members always have long
ectodomains with numerous ECs, which during evolu-
tion became progressively shorter (Hulpiau and van
Roy 2011). Current classic and desmosomal cadherins
have five ECs whereas protocadherins have six to
seven ECs (Fig. 2). This, together with the finding of
many long cadherin-like proteins in unicellular
choanoflagellates, indicates that the cadherin family
members originally served in extracellular sensing
and cell-cell recognition rather than in specific cell-
cell adhesion.

Cadherins characteristically have an ectodomain
that is largely or exclusively composed of ECs, but
their TM domains and in particular their CDs are much
more diverse (Fig. 2). Quite often, cadherins have their
own subfamily-specific CD, often with one to several
motifs. These CDs are conserved within the same
subfamily, but apparently they are not related to each

«

Cadherins, Fig. 1 (continued) roles in the cytoplasm and
nucleus (not detailed here). Further, the CCC contains mono-
meric o-catenin, which via partly unknown intermediate pro-
teins (?) links the CCC to the actin cytoskeleton. In a nascent
junction, F-actin grows and branches by the action of the Arp2/3
protein complex. Certain  §-protocadherins  (including
protocadherin-10/OL-protocadherin) interfere with formation
of tight CCC-dependent junctions and induce cell migration by
(strong?) activation of Arp2/3, leading to formation of
lamellipodia. This is because the cytoplasmic domain of -
protocadherins, which has conserved motifs (CMs), recruits
a Nap1-Abi-WASP/WAVE complex. (b) Molecular interactions
in an established CCC-dependent junction. Monomeric o-
catenin in the CCC can associate with the actin-bundling protein
Eplin. On the other hand, it can dissociate from the CCC,
dimerize, and locally bundle F-actin. Dimeric o-catenin is

thought to inhibit the Arp2/3 complex, so that F-actin grows
merely linearly by the action of formins. (¢) Recently, evi-
dence was obtained for tighter cadherin-dependent junctions in
cells under mechanical tension, for example, during morpho-
genetic movements and wound repair. While in cells not under
tension (depicted on the right) both vinculin and a-catenin are
in a less active, folded configuration, they become unfolded
when tension is applied. Local tension is generated by the
action of myosin-II on F-actin (depicted on the /left). This
stretches o-catenin to a configuration that recruits and acti-
vates vinculin. Vinculin in turn binds the actomyosin complex.
In this way, the reinforced mechanical coupling between the
CCC and the cytoskeleton protects the junction against the
tension while transmitting the force over the tissue. Modified
after (van Roy and Berx 2008), and after (Yonemura et al.
2010)
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other and often not at all to the “standard” CD of
classic cadherins. Cadherin-13, also called T-cadherin
(truncated), stands out because it is the only known
cadherin lacking a TM domain. Instead, it is linked to
the cell surface by a glycosylphosphatidylinositol
(GPI) anchor (reviewed by Berx and van Roy in Nel-
son and Fuchs 2010). Moreover, the recently resolved
structure of its EC1 domain is unusual. The flamingo/
CELSR cadherins have, besides an ectodomain of nine
ECs, a 7-TM domain, which is exceptional for
cadherins.

Signaling by Classic Cadherin-Catenin
Complexes

Many major mechanisms are known to influence the
roles of classic cadherins in cell structure and function.
(1) Specific interactions between cells are influenced
by the generation and stabilization versus destabiliza-
tion and internalization of junctions composed of
cadherins. This also has consequences for other types
of junctions, such as tight junctions and gap junctions,
which are not composed of cadherins. (2) By forming
either static or dynamic cell-cell junctions, cadherins
have a flexible influence on cytoskeletal structures,
such as cortical F-actin/myosin-II (actomyosin) net-
works as well as microtubules, which in turn influence
the form, polarity, and behavior of cells. (3) Either by
physically sequestering B-catenin and p120ctn in sta-
ble junctions at the cell surface or by functional control
of these armadillo proteins, cadherins can modulate the
signaling roles of these key proteins in the cytoplasm
and/or nucleus. Reciprocally, stable exposition of clas-
sic cadherins at the cell surface is due to pl120-
mediated inhibition of endocytosis, and stable
association of B-catenin is needed for a functional
CCC. (4) Cadherin ligation by itself is an excellent
inhibitor of cell proliferation and a stimulator of cell
polarity and differentiation, because cadherins
engaged in adhesion serve as a hub in various signaling
pathways, particularly in those involving small
GTPases. A selection of published studies illustrates
and consolidates these various signaling possibilities.
1. During both normal embryogenesis and pathologi-
cal processes, such as invasive cancer, cadherin-
type switching is a frequent occurence that forms
the basis for the migration of particular cells and for
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generation of new structures with new functions
(reviewed by Berx and van Roy in Nelson and
Fuchs 2010). A notable example is the dynamic
but highly controlled behavioral change of cells
derived from the neural crest.

. On the one hand, junctional p120ctn stabilizes the

cadherins, but on the other hand, cadherins coun-
teract cytoplasmic p120ctn, which can modulate
members of the Rho GTPase family (reviewed by
Pieters et al. 2012). Also, it has recently become
clear that junctional oE-catenin can serve as
a tension transducer for the CCC (Yonemura et al.
2010) (Fig. 1c). When an external force is applied to
epithelial cells, for instance during wound healing,
actomyosin-driven tension induces an unfolded
conformation in oE-catenin so that it can recruit
vinculin to the CCC. This serves as a positive feed-
back because it reinforces mechanical coupling
between actomyosin networks and the CCC. At
the same time, the force-dependent oE-catenin/
vinculin interaction strengthens the intercellular
junctions and contributes to tissue integrity despite
the external force.

On the other hand, oE-catenin dimers were shown
to preferentially dissociate from the CCC and to
locally block the binding of the actin nucleating
and branching factor ARP2/3 complex (reviewed
in Nelson and Fuchs 2010) (Fig. 1b). At the same
time, binding of aE-catenin to formin is promoted
in a way that facilitates the formation of elongated
F-actin fibers that can associate effectively with
myosin-II (Fig. 1b and c). More recently, it was
demonstrated that AJs interact also with microtu-
bules, either the plus ends of microtubules via
B-catenin or the minus ends via p120ctn (reviewed
by Harris and Tepass 2010). Association of the AJ
with microtubules facilitates junctional assembly
and also allows the AJ to influence intracellular
structuring. For instance, the orientation of both
symmetric and asymmetric cell divisions are
influenced by Als (reviewed by Harris and Tepass
2010).

. By sequestering B-catenin in the junctions, this

important signaling molecule is prevented from
entering the nucleus and activating LEF/TCF-
dependent gene activation (> Beta-Catenin). Simi-
larly, p120ctn in complex with classic cadherins
cannot shuttle into the nucleus, where it would
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contribute to Wnt signaling by retrieving the tran-
scriptional inhibitor Kaiso to the cytoplasm. In the
case of E-cadherin, p120ctn binding to the JMD of
classic cadherins shields both a di-leucine motif
required in mammalian cells for clathrin-mediated
endocytosis and a Tyr residue that, when phosphor-
ylated, is recognized by Hakai, an E3 ubiquitin ligase
(reviewed by Niessen et al. 2011) (see next section).
. Native cadherin ligation, that is, the interaction in
trans between cadherins across cell-cell boundaries,
can result in two types of signaling: increased
juxtacrine signaling by neighboring non-cadherin
molecules, and a direct effect on cadherin-mediated
signaling. To dissociate the first type of adhesion-
dependent processes from the second type,
researchers trigger cell-associated cadherins with,
for instance, beads coated with recombinant cadherin
ectodomains. Studies of this type have revealed
a major role for small GTPases of the Rho family
(Kooistra et al. 2007; Watanabe et al. in Nelson and
Fuchs 2010; Niessen et al. 2011; Pieters et al. 2012).
Although the effects seen are complex and much
dependent on the cadherin type involved, as well as
on cell type and cell activation status, several useful
models have emerged. For instance, E-cadherin liga-
tion induces local and transient activation of Racl
and Cdc42 GTPases (Fig. 3). This might occur by
activation of appropriate GEFs (guanine nucleotide
exchange factors) such as Tiam1 and Vav2, and it
appears to be dependent on association of p120ctn
with cadherin. Two potential mediators of cadherin-
induced GTPase activation are PI3K, which is stim-
ulated upon E-cadherin ligation and leads to Tiam1
activation, and Rap1, a Ras-like small GTPase that
has numerous effectors, including Vav2 and Tiaml
(Kooistra et al. 2007).

Rapl by itself can be activated upon cadherin
ligation in at least four possible ways (Fig. 3). (a)
The E-cadherin cytoplasmic domain transiently
recruits the Rap-GEF C3G in nascent junctions.
(b) Junctional B-catenin recruits MAGI scaffold
proteins and PDZ-GEF1, and this macromolecular
complex activates Rapl. (c) Nectins, which are
immunoglobulin-like adhesion molecules, promote
cadherin-dependent junction formation (reviewed
by van Roy and Berx 2008) and also induce Rapl
activation by a process involving c-Src, Crk, and
C3G (Hoshino et al. 2005). (d) Various RTKSs can
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associate with classic cadherins (see below) and

trigger signaling pathways leading to Rap1 activa-

tion. Interestingly, afadin (AF6), an actin-binding
adaptor protein, couples the cytoplasmic domains
of nectins to junctional p120ctn and a-catenin (van

Roy and Berx 2008) (Fig. 3). Afadin has a Rapl-

binding domain and is indeed recruited to nascent

junctions through the action of Rapl. There, it
strengthens the binding of p120ctn to E-cadherin,
what counteracts the endocytosis of unligated

E-cadherin and hence contributes to maturation of

cadherin-based and nectin-based  junctions

(Hoshino et al. 2005).

When and where are such cadherin-modulated sig-
nals important? Nascent epithelial junctions show
a restricted membrane zone with active GTP-Racl,
recruitment of Arp2/3, and increased lamellipodial
activity at the site of the expanding intercellular con-
tacts (reviewed by Nelson and Fuchs 2010; Niessen
et al. 2011). Subsequent expansion and completion of
cell-cell adhesion is dependent on RhoA activation at
the distal edges of the intercellular contacts, which
locally induces actomyosin contractility. The cadherin-
induced activation of Racl (and also Cdc42) can have
different consequences, including actin nucleation
through activation of WASP-WAVE family proteins
and the Arp2/3 complex, local inhibition of RhoA by
activation of pl90RhoGAP, and inhibition of E-
cadherin endocytosis through IQGAP1, which is an F-
actin cross-linking protein and a downstream target of
Rac and Cdc42 (Izumi et al. 2004) (Fig. 3).

Interestingly, similar signaling molecules are at
play also in neural synapses (reviewed by Brigidi and
Bamji 2011). Postsynaptic spine morphology is indeed
dependent on modulation of small GTPases by
p120ctn, the related neural §-catenin, and «-catenin.
So, clustering of postsynaptic N-cadherin with associ-
ated p120ctn and o-catenin leads to recruitment of
afadin, which in turn recruits the Rac-GEF kalirin-7,
promoting Racl-dependent widening of the spine
head. Moreover, p120ctn and §-catenin can inhibit
RhoA, which regulates spine length and density.
These findings collectively show that functional
interactions of catenins, be it B-catenin, p120ctn, or
a-catenin, with small GTPases and actin remodeling
proteins is a recurrent theme that has evident implica-
tions for correct tissue morphogenesis (reviewed by
Harris and Tepass 2010).
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Cadherins, Fig. 3 Interactions between ligation of nectins,
ligation of classic cadherins and activation of small GTPases.
Nectins are members of the immunoglobulin(Ig)-like family of
adhesion proteins. They homopolymerize in cis and heteropo-
lymerize in trans. Their C-terminal ends bind to the PDZ domain
of afadin. Afadin binds to a variety of proteins, including
a-catenin, p120ctn, and Rapl, a Ras-like small GTPase. Rapl
is converted into its GTP-bound active form by the action of
either Rap-GEF C3G or PDZ-GEFI1. This occurs initially in
nascent E-cadherin-containing junctions as C3G binds tran-
siently to the cytoplasmic domain of E-cadherin (where it com-
petes with B-catenin). Nectins promote C3G activation and
junctional maturation via a c-Src/CRK signaling pathway. In
this macromolecular complex, strengthening of the binding of

p120ctn to E-cadherin stimulates activation of Rac1, which leads
to inactivation of RhoA and activation of IQGAP1. The latter is
an F-actin cross-linking protein counteracting E-cadherin endo-
cytosis and in that way stimulating junctional maturation.
Cadherin ligation by itself stimulates PI3K, leading to activation
of the GEF proteins Vav2 and Tiaml, which in turn activate
Racl and Cdc42. Upon junctional maturation, C3G on the
cadherin tail is displaced by B-catenin, which interacts with
scaffold proteins of the MAGI/S-SCAM family. Interaction of
these scaffold proteins with PDZ-GEF1 further increases the
local concentration of active Rap1-GTP, which in turn further
activates Vav2 and Tiam1. Modified after (van Roy and Berx
2008), and after (Pieters et al. 2012)
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Signaling by Posttranslational Modification
of Classic Cadherins

Of the wide variety of possible posttranslational mod-
ifications that might affect and modulate classic
cadherins and associated proteins, (de)phosphoryla-
tion and proteolytic processing have been studied in
most detail. For instance, the cytoplasmic domains of
classic cadherins as well as the associated armadillo
proteins p120ctn and B-catenin are efficient substrates
for various tyrosine kinases, both receptor tyrosine
kinases (RTKs) and non-receptor tyrosine kinases
such as Src, Fyn, and Fer (reviewed by Niessen et al.
2011; Pieters et al. 2012). Tyrosine phosphorylation of
cadherin and catenin is generally thought to perturb
their functions, but there is ample evidence that weak
or transient phosphorylation under physiological con-
ditions stimulates cadherin-mediated adhesion. Liga-
tion of E-cadherin stimulates the c-Src signaling
pathway in a delicate biphasic way: weak signals are
supportive of E-cadherin-based cell-cell contacts in
a positive feedback, whereas strong signals inhibit
E-cadherin functionality in a negative feedback
(reviewed by Niessen et al. 2011).

Interestingly, cadherins can interact, in a cadherin-
type specific way, with transmembrane signaling pro-
teins like RTKs and phosphotyrosine phosphatases,
and this influences both transcellular and intracelluar
signaling. For instance, the E-cadherin ectodomain
interacts physically with the ectodomains of EGFR
and the HGF-receptor c-Met (Fig. 4a). These interac-
tions either stimulate or inhibit ligand-induced
receptor activities, through co-recruitment of RTKs
by E-cadherin to the cell surface or by co-endocytosis
of E-cadherin with the receptor (reviewed by van Roy
and Berx 2008). On the other hand, the associated
RTKSs can negatively affect E-cadherin functionality
by tyrosine phosphorylation of E-cadherin and the
associated catenins. In the case of N-cadherin, the
ectodomain has been demonstrated to interact molec-
ularly and functionally with the FGF-receptor
ectodomain to prevent FGFR internalization and
allow sustained receptor activation and downstream
signaling (reviewed by Berx and van Roy in Nelson
and Fuchs 2010). In endothelial cells, VEGFR2 asso-
ciates with the CD instead of the ectodomain of
VE-cadherin (cadherin-5). This interaction also pre-
vents receptor internalization and signaling, and
this ultimately inhibits cell growth (reviewed by
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Niessen et al. 2011). VE-cadherin is tyrosine phos-
phorylated in response to a wide spectrum of signals,
including triggering by VEGF and various inflamma-
tory mediators.

Generally, the cellular response to cadherin/catenin
phoshorylation appears to be much influenced by the
cadherin type, the cell type, and the microenvironment.
Therefore, the following interactions serve as repre-
sentative examples rather than as rules of thumb. In
adherent cells expressing N-cadherin, the cadherin-
associated p120ctn recruits the non-receptor tyrosine
kinase Fer, which activates the protein Tyr phospha-
tase PTP1B (PTPN1) when this is complexed to junc-
tional B-catenin (Fig. 4b). This promotes junctional
integrity (reviewed by Pieters et al. 2012). Interest-
ingly, a similar mechanism of junctional stabilization
occurs in excitatory synapses, where junctional
p120ctn at the presynaptic membrane recruits Fer,
leading to activation of the Tyr phosphatase SHP2
(PTPN11), which in turn dephosphorylates [3-catenin
and promotes junctional integrity at synapses (Lee
et al. 2008) (Fig. 4b). Further, synaptic functionality
is promoted by the following specific molecular inter-
actions with junctional B-catenin (reviewed by Brigidi
and Bamji 2011). The PDZ-binding motif at the
C-terminus of B-catenin acts as a scaffold for recruit-
ment of various proteins to the cadherin/catenin com-
plex, including the presynaptic scaffolding protein
Scribble and the postsynaptic scaffolding protein
S-SCAM (Magi2). Synaptic vesicles (SVs) are
recruited via Scribble to the presynaptic membrane,
whereas at the postsynaptic side, junctional S-SCAM
recruits the cell adhesion protein neuroligin-1 (NL1) to
the synapse. NL-1 engages in trans-synaptic binding
with neurexin and this enhances the clustering of SVs
in the presynaptic compartment (reviewed by Brigidi
and Bamji 2011). Likewise, d-catenin binds several
PDZ-domain-containing proteins, including postsynap-
tic receptor scaffolding proteins. d-catenin is a p120ctn
homolog exclusively expressed in the brain. Moreover,
the ectodomain of N-cadherin also associates with the
AMPA receptor GluR2, and this interaction appears to
be essential for GluR2-mediated spine maturation.

When RTKs or oncogenic tyrosine kinases are
active, phosphotyrosine sites on p120ctn and cadherin
cytoplasmic domains recruit SH2-containing kinases
and phosphatases. These enzymes act in a complex and
concerted manner on junctional, cytoskeletal, and sig-
naling protein substrates. A major consequence can be
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E-cadherin

Cadherins, Fig. 4 Tyrosine phosphorylation of the cadherin/
catenin complex (CCC) influences its stability. (a) The
ectodomain of E-cadherin forms a complex (bidirectional
arrows) with the epidermal growth factor receptor (EGFR).
Triggering of dimeric EGFR by its ligand EGF activates its
tyrosine kinase (TK) activity, leading to cross-phosphorylation
of EGFR and phosphorylation of several components of the CCC
on Tyr (Y) residues (arrows and - YP annotations). This leads to
release of catenins from the CCC, which exposes a di-Leu motif
on the cytoplasmic domain of E-cadherin. Recognition of this
motif by the clathrin adaptor AP2 induces endoctysosis of

phosphorylation of critical Tyr residues on B-catenin,
leading to disassembly of B-catenin from cadherin tails
on the one hand and from o-catenin on the other hand
(Fig. 4a). Moreover, junctional pl120ctn can also

E-cadherin. Moreover, the P-Tyr on the cytoplasmic domain of
E-cadherin is recognized by the E3 ubiquitin ligase Hakai.
Ubiquitinated E-cadherin is quickly endocytosed. (b) On the
other hand, junctional p120ctn can associate with the non-
receptor tyrosine kinase Fer. This leads to activation of the
protein Tyr phosphatase PTP1B in complex with junctional
B-catenin, which counteracts the action of other tyrosine kinases,
including EGFR, on B-catenin. Not shown here is that increased
Fer activity leads to Tyr phosphorylation also of B-catenin,
stimulating its release from the CCC. Modified after (Pieters
et al. 2012)

recruit the Ser/Thr kinase CKleg, which upon activa-
tion (for instance, by Wnt signaling) phosphorylates
and activates several Wnt receptor components,
which form a macromolecular complex with the
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Cadherins, Fig. 5 Action of casein kinase-le (CKlg) on
a macromolecular complex of E-cadherin with the Wnt receptor
modulates the Wnt signaling pathway. (a) In the absence of the
ligand Wnt, the Ser/Thr kinase CK1¢ associates with junctional
p120ctn, whereas E-cadherin associates with the Wnt co-
receptor LRP5/6 (bidirectional arrows). Upon binding of Wnt,
the complex grows by association between LRP5/6 and the Wnt
receptor Frizzled (Fz), followed by recruitment of Dishevelled
(Dvl). By then, CKle becomes activated and phosphorylates
LRP5/6, Dvl, p120ctn, and the cytoplasmic tail of E-cadherin
(arrows). (b) On the one hand, these phosphorylation events
trigger Wnt signaling by recruiting (and thus inhibiting) Axin
and GSK-3f, while B-catenin is released from the CCC and can
shuttle to the nucleus, where it stimulates transcription. On the
other hand, phosphorylated E-cadherin dissociates from both
LRP and p120ctn, which increases its turnover. Modified after
(Casagolda et al. 2010)

E-cadherin/catenin complex (Casagolda et al. 2010)
(Fig. 5). However, CKle also phosphorylates the
cadherin tail and p120ctn. This leads to dissociation
of both B-catenin and p120ctn/CK1¢ from E-cadherin.
Wnt signaling is then terminated for two reasons:
CKleisreleased from the signalosome, and the release
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Cadherins, Fig. 6 Junctional E-cadherin is sensitive to proteo-
lytic processing. Action of metalloproteases (MMPs) and
ADAMs (A Disintegrin and Metalloprotease) can lead to shed-
ding of the ectodomain of cadherins. This reduces intercellular
adhesion directly, as well as indirectly by interfering elsewhere
in the tissue or organism with the clustering/signaling by full-
length cadherins. The remaining cell-associated cadherin frag-
ment is released from the plasma membrane by the actions of
presenilin (y-secretase) and then caspase-3. The final C-terminal
fragment, which is still bound to the armadillo catenins, might
shuttle as a complex to the nucleus, or it might first release these
catenins, which then might translocate separately to the nucleus.
In either case, transcription of specific target genes would be
activated. Modified after (van Roy and Berx 2008)

of pl20ctn from the JMD of the E-cadherin tail
removes Fer and PTPIB from the complex and
exposes Tyr residues in the cadherin tail. When these
residues become phosphorylated, they serve as
docking sites for the E3 ubiquitin ligase Hakai; this
results in ubiquitination and internalization of E-
cadherin (Fig. 4a) (Pieters et al. 2012). Whether this
scenario is valid for all cell types that are responsive to
Wht signals is an open question.

Posttranslational processing is another means for
modulating the adhesive and signaling functions of
cadherin-catenin complexes. Briefly, furin-mediated
removal of a prodomain is essential for initiating adhe-
sion by classic cadherins (reviewed by van Roy and
Berx 2008). Moreover, the ectodomain of classic
cadherins is shed upon cleavage by various
metalloproteases, including transmembrane ADAMs.
This phenomenon is probably relevant to cancer pro-
gression (reviewed by Berx and van Roy in Nelson and
Fuchs 2010). In turn, the remaining membrane-
associated cadherin fragments can be further cleaved
by presenilin-1/y-secretase or by caspase-3 (Fig. 6).
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The final C-terminal fragments can retain biological
activity by binding various proteins, including arma-
dillo-family catenins, and by translocation into the
nucleus (reviewed by Berx and van Roy in Nelson
and Fuchs 2010; Niessen et al. 2011).

Signaling by Nonclassic Cadherins

Compared to classic cadherins, knowledge on
nonclassic and cadherin-related atypical cadherins is
still sparse. Nevertheles, it points to multiple signaling
functions.

Cadherins with atypical membrane association are
the GPI-anchored cadherin-13 and flamingo/CELSR
with 7-TM domains. Upon homophilic ligation to
endothelial cell surfaces, cadherin-13 becomes linked
to Grp78/BiP. The latter is normally ER-retained but
can be secreted under particular conditions. Forma-
tion of this complex with Grp78 triggers the anti-
apoptotic Akt kinase pathway. This has important
consequences for tumor-associated angiogenesis
(reviewed by Berx and van Roy in Nelson and Fuchs
2010). The flamingo (Fmi)/CELSR proteins are par-
ticularly well known for their roles in planar cell
polarity (PCP), both in fruit fly (where flamingo is
also called starry night or stan) and in vertebrates
(Gray et al. 2011). PCP (Fig. 7, middle) has turned
out to be central for a variety of important biological
processes: convergence and extension movements
during embryonic development, inner ear develop-
ment, hair follicle and cilia polarization, tangential
neuronal migration, and development of heart, kid-
ney, and lung (Gray et al. 2011). At the distal side
of polarized cells, Fmi/CELSR forms a molecular
complex with Frizzled receptors preferentially,
while at the proximal side a complex of Fmi/CELSR
with Van gogh (Vang, also called strabismus or stan),
is preferred (Fig. 7, bottom). In addition to these
heterophilic interactions, Fmi/CELSR molecules
interact homophilically in trans across distal-
proximal membrane boundaries, but not at lateral
cell boundaries. Unfortunately, the structures of
these various molecular interactions have not been
reported. Anyhow, cellular asymmetry is assumed to
be generated on the basis of the heterophilic interac-
tion partners of Fmi/CELSR. Outside these asymmet-
ric junctional complexes, Fmi/CELSR is unstable due
to a high rate of endocytosis.
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While Fmi/CELSR is considered a core protein
that mediates PCP at the cellular level, two other
atypical cadherin proteins, Fat and Dachsous (Ds),
are considered either upstream or parallel signaling
proteins for PCP, as they mediate PCP at a more
global embryonic or organ level (Gray et al. 2011).
In mammals, Fat4 is the true ortholog of fly Fat, and
DCHSI is the ortholog of Ds (Hulpiau and van Roy
2011). It is noteworthy that the cytoplasmic domain of
FAT4 deviates completely from those of FATI to
FATS3. Both Fat and Ds have very long ectodomains
with numerous EC repeats, and they interact
heterophilically with each other at cell junctions.
Unfortunately, the structure of these ectodomains is
not resolved. Polarity across embryos/organs is medi-
ated both by increased Ds expression at the proximal
side and by increased four-jointed (Fj) at the distal
side (Sopko and McNeill 2009) (Fig. 7, middle). Fj is
a kinase that phosphorylates the ectodomains of Fat
and Ds. In fly, strong triggering of Fat by Ds leads to
cis-dimerization of Fat and to phosphorylation by the
associated Dco (Disc Overgrown, the fly homolog of
CKl1e) (Fig. 7, top). Importantly, actively signaling
Fat not only mediates PCP but, at least in Drosophila,
also activates the Hippo signaling pathway by
a complex, multistep and still incompletely under-
stood mechanism (Badouel and McNeill 2011). The
Hippo or Yap pathway is an emerging signaling net-
work with critical importance for controlling organ
size, and its derangement is being reported in an
increasing number of human cancer types (Badouel
and McNeill 2011).

Genuine protocadherins comprise more than half of
the cadherin species in mammals and have typical
cytoplasmic domains completely different from those
of classic cadherins. Reportedly, they have much
weaker or even undetectable adhesion potential com-
pared to classic cadherins (for instance, Biswas et al.
2010). Consequently, they are believed to have
a signaling function rather than an adhesive function.
Unfortunately, analyses of protocadherins are fairly
few, and functional studies have been performed only
on a few protocadherins and mostly in Xenopus
(Nishimura and Takeichi 2009). The cytoplasmic
domain of arcadlin, which corresponds to the rat
protocadherin-8, interacts in synaptic junctions with
N-cadherin. Excitation of hippocampal neurons
upregulates arcadlin, and this promotes N-cadherin
internalization, which is accelerated by the homophilic



222

Cadherins

Distal
Posterior

Fat dimer

EC27

Proximal
Anterior

Polarized structure

Lateral

Apical 0 |
Junctions e —> |
roximal/
Basal Anterior

Distal/ 7
osterior

Distal
Posterior

Proximal
Anterior

CYTOSKELETAL
STRUCTURING

= Fz

Dista‘|>

Posterior

Cadherins, Fig. 7 Role of various members of the cadherin
superfamily in planar cell polarity (PCP). Central panel: Scheme
of a typical tissue with established PCP. Cells are arranged in

a sheet with a polarized structure (for instance, sensory bristles
on a fly wing). Besides having lateral membranes, cells thus have
a proximal (anterior) membrane and a distal (posterior)
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interaction of arcadlin ectodomains and involves an
associated MAPKKK named TAO2f (reviewed by
Nishimura and Takeichi 2009). A similar observation
of cross-inhibition involves the induction by activin of
PAPC expression in Xenopus, which is linked to
decreased adhesion activity of C-cadherin, a classic
cadherin in frog. For protocadherin-10 (OL-
protocadherin), a specific interaction between its CD
and the actin-organizing complex Napl/WAVE has
been reported (Nishimura and Takeichi 2009).
Protocadherin-10 is enriched at sites of cell-cell con-
tact and it recruits Nap1/WAVE, which in turn leads to
weakening of the classic cadherin-catenin complex
and upregulation of the cell motility machinery
(Fig. 1a). These molecular interactions might explain
the aberrant migration of particular neurons in mice in
which protocadherin-10 is knocked out. One could
therefore conclude that a general function of
protocadherins is to negatively regulate the activity
of classic cadherins. However, protocadherin-19 in
zebrafish acts synergistically with N-cadherin to con-
trol cell migration during anterior neurulation (Biswas
et al. 2010). This protocadherin is also thought to be
linked to WAVE regulation. It will thus be challenging
to unravel in detail the underlying mechanisms of
protocadherin functions.

Summary
This entry deals with selected examples of intra- and

cross-cellular signaling by members of the large
cadherin superfamily. Much attention is paid to

<
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E-cadherin, which as founder of the superfamily, is
an extensively studied “classic” cadherin. As
a mediator of specific intercellular junctions, both
static and dynamic ones, it has a pivotal role in epithe-
lial cell behavior, tissue formation, and suppression of
cancer. Compelling evidence has been gathered that
E-cadherin is much more than “molecular glue,”
because it serves as a hub for several signaling path-
ways. On the one hand, association of the armadillo
protein p120ctn with the juxtamembrane domain of
classic cadherins, as well as activation of various
small GTPases, contribute to junctional stability. On
the other hand, cadherin ligation generates signals that
contribute to cell differentiation and inhibit growth
stimulatory signaling, in part by binding via its
C-terminal domain the proto-oncogenic [-catenin.
Important modulators of cadherin-associated signaling
are cytoskeleton components, such as actomyosin, and
several enzymes, in particular receptor tyrosine
kinases and counteracting phosphatases. E-cadherin
is also processed by several proteases to generate var-
ious fragments with signaling activity. The many other
members of the superfamily include protocadherins,
which may act negatively on classic cadherins in var-
ious ways. The flamingo/CELSR cadherins and the
very extended Dachsous and Fat cadherins play impor-
tant roles in the signaling toward planar cell polarity. In
conclusion, signaling by cadherins is a rapidly growing
research field with multiple proven or proposed links to
mammalian pathologies. Recent investigations on
cadherin-linked signaling raised many interesting
questions that remain to be addressed by multidis-
ciplinary approaches.

«

Cadherins, Fig. 7 (continued) membrane. A spatial gradient of
Dachsous (Ds) and an inverse gradient of four-jointed (Fj)
contribute to long-range polarity (indicated by the arrow).
This is further detailed in the top panel, showing a specu-
lative model of Drosophila cells with PCP. The very long Ds
protein in the apical region of a distal membrane interacts with
Fat in a proximal membrane of a juxtaposed cell (the interac-
tion via the EC1 domains of these two cadherin family mem-
bers is speculative). This induces cis-dimerization of Fat,
followed by phosphorylation of their Fat cytoplasmic domains
by the recruited kinase Discs Overgrown (Dco). This leads to
inhibition of Fj, which is a Golgi-localized kinase that can
phosphorylate the ectodomains of both Ds and Fat. Inverse
spatial gradients of Ds and Fj over the tissue (middle panel)
are believed to direct PCP. Moreover, the activated Fat dimer
triggers, via complex signaling (not shown here), the growth
inhibitory Hippo/YAP signaling pathway. One of the

mechanisms involved is recruitment of Expanded, a FERM-
domain-containing protein, to the apical side of the membrane.
Bottom panel: Polarized expression pattern of the core polarity
proteins Frizzled (Fz) and Van Gogh (Vang, also named Stra-
bismus/Stbm) in juxtaposed plasma membranes. At the extra-
cellular side, Fz becomes activated by Wnt5 or Wnt 11. At the
cytoplasmic side, Fz is associated with Dishevelled (Dvl) and
Diego (Dgo), whereas Vang is associated with Prickle (Pk).
The assymetric distribution of these proteins leads to a polar-
ized cytoskeleton structure via modulation of Rho and Rac
signaling. Fz and Vang interact heterophilically across the
intercellular space in a poorly understood way to which
homophilic interaction of Flamingo (CELSR/Fmi) cadherins
contribute (the interaction between EC1 and EC9 domains of
overlapping Flamingo molecules is speculative). Modified
after Berx and van Roy in (Nelson and Fuchs 2010), and after
(Badouel and McNeill 2011)
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Synonyms

Calcium-activated neutral protease; EC 3.4.22.52; EC
3.4.22.53; Non-lysosomal cysteine protease

Historical Background

Calpains are a family of non-lysosomal cysteine pro-
teases that are activated by calcium. Calcium-
dependent protease activity has already been
detected in 1964 in brain tissue from rats, and this
activity was later related to calpain. Yet, the identi-
fication of the protein started off with structural
analysis of muscle tissue and its alteration by post
mortem degradation (history broadly reviewed by
Goll et al. 1990, 2003): In the late 1960s, Wayne
Busch and Darrel Goll studied the physiological
effects of Ca”* in tissue specimen of rabbit muscle.
When muscle strips were left overnight in a 1 mM
Ca”" buffer solution, it became apparent that the Z-
line (a structural element separating sarcomers in
skeletal muscle) had completely disappeared. Busch
and Goll subsequently incubated the stripes in
EGTA, thereby preventing degradation of the
Z-line. With the help of Marvin Stromer, they
performed electron microscopy studies showing that
the degradation process was completely restricted to
the Z-line, leaving other structural elements
unaltered. In 1972, Busch and colleagues isolated
a protein fraction from muscle fibers which caused
removal of the Z-disk in a preparation of rabbit
skeletal muscle at Ca®* concentrations higher than
0.1 mM. The Z-line remained intact when Ca** was
substituted by EGTA, strengthening the view that
this activity required calcium. In 1976, Bill Dayton
joined this group to isolate the protein (at that time
called “Ca**-activated factor”). There was need for
larger tissue quantities which required a switch of
species from rabbit to pigs. From this preparation,
Dayton and colleagues could isolate a sufficient
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amount of protein with Ca**-dependent proteolytic
activity, which showed Z-disk removing characteris-
tics. They also revealed that this protease contained
two subunits, an 80-kDa subunit and a 30-kDa
subunit. The protein was later named m-calpain,
and is now mainly referred to as calpain 2.
The name calpain was given to indicate that this is
a calcium-dependent protease with papain-like
activity.

Ron Mellgren identified a second Ca**-dependent
protease eluting at a different salt concentration than
m-calpain. The Ca** concentration necessary for acti-
vation was in the uM range, and this protein was later
named pi-calpain (now called calpain 1). This protein is
also a heterodimer consisting of a catalytic 80-kDa
subunit and a small 30-kDa subunit. The cDNAs for
the large subunit of the two calpains have been cloned
in the 1990s, and described as gene products of CAPN1
(coding for calpain 1) and CAPN2 (coding for calpain 2).
The gene encoding the 30-kDa subunit has also been
cloned and referred to as CAPN4. In 1989, further
calpains beyond calpain 1 and calpain 2 were discovered,
and over the last two decades 15 calpain-like genes have
been identified in various tissues, and implicated with
a variety of diseases. Only nine of them have the typical
calmodulin-like EF-hand sequence and are commonly
called “typical calpains,” as opposed to the ‘“atypical
calpains,” which do not contain an EF-hand domain
(Saez et al. 2006).

Since the mid-1970s it was suspected that there
must be a natural inhibitor of calpain in purified frac-
tions of the enzyme and, in 1982, the first detailed
report on an intrinsic inhibitor of calpain from human
erythrocytes, called calpastatin, was published.
Calpastatin is specific for calpain 1 and calpain 2, and
does not appear to inhibit any other protease (Rachel
et al. 2008). A number of synthetic calpain inhibitors,
mostly of peptidic nature, are now commercially avail-
able. However, none of them is specific to calpain
(Pietsch et al. 2010).

In the late 1980s, it was discovered that calpain
dysfunction = underlies  muscular  dystrophies.
Since then, calpains have been suggested to be
involved in a number of different pathologies, and the
information on the pathophysiology of the calpain
system has been increasing tremendously in the last
two decades (Zatz and Starling 2005). Yet, the physi-
ological role of calpains remains to a large extent
unclear.
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The “classical” calpains (1 and 2) are heterodimers
comprising an 80-kDa subunit (catalytic subunit) and
a common 30-kDa subunit (regulatory subunit). The
catalytic domains of both calpains share about 60%
sequence homology, and are comprised of four
domains (I-IV). Domain II is further divided into two
subdomains, IIa and IIb. In the absence of calcium, the
catalytic triad consisting of Cys105 in domain I and
His262 and Asn286 in domain II is separated, indicat-
ing that a conformational change is required for acti-
vation. Domain IV shares some sequence identity with
calmodulin and contains five EF-hand Ca**-binding
sites. The regulatory subunit constitutes two domains
(V and VI), with EF-hand binding sites in domain VI
(Strobl et al. 2000).

The cellular regulation of calpain and its inhibition
by calpastatin is rather complex (Khorchid and Ikura
2002). Structural analysis revealed that the Ca**-free
enzyme is catalytically inactive. A rise in the Ca®*
concentration above 1 mM induces a conformational
change in the calpain molecule, inducing its proteo-
lytic properties. Calcium appears to bind to more sites
of the protein than just the EF-hand motifs, and it is not
yet resolved which binding sites are required for acti-
vation of proteolytic activity. Interestingly, the con-
centration of 1 mM for the activation of calpain is not
reached under physiological conditions, as the total
intracellular Ca®* concentration normally does not
exceed 500 nM. It is likely that calpain can only be
activated in cellular subdomains with increased Ca**
concentration (e.g., in proximity to Ca”** channels,
synaptic terminals, etc.). Phospholipids appear to mod-
ulate the Ca®* requirements of calpain, and it is possi-
ble that localization of calpain to the plasma membrane
would enhance catalytic activity. Recent studies in
fibroblasts have revealed that calpain 2 can be acti-
vated independently of calcium. Mitogen-activated
protein kinase (> MAP Kinases), for example, acti-
vates calpain 2 by phosphorylation. As a result, calpain
2 is rapidly activated in dendrites and dendritic spines,
thereby participating in cytoskeletal reorganization.
Calpain 2 is also phosphorylated by the serine/threo-
nine protein kinase ERK, leading to an activation of
calpain and subsequent changes in tau cleavage, cell
motility, and adhesion.

The contribution of the small “regulatory” subunit
to calpain regulation is not fully understood. It has

Calpain

initially been speculated that the catalytic subunit is
activated by dissociation of the small subunit from the
core molecule. However, it appears that proteolytic
activity is also present when the subunits are associ-
ated. The 30-kDa subunit may also be involved in
folding of the 80-kDa subunit (as a molecular chaper-
one), thereby regulating function.

Physiological Function

The last decades have revealed the involvement of
calpain in several pathological conditions. In contrast,
less is known about the exact physiological function of
calpain. It likely fulfills multiple roles, which is indi-
cated by its great number of cellular substrates. It is
therefore surprising that inhibition of calpain in ani-
mals by synthetic inhibitors is largely harmless.

Probably the best described function of calpain is its
contribution to the (re)organization of the cytoskeletal
system during a number of cellular events. The
involvement of calpains in cell movement is well
documented (Glading et al. 2002). Some cytoskeletal
proteins including those assembling into intermediate
filaments (vimentin, desmin, neurofilament protein)
are cleaved by calpain and may allow adaptation of
cellular architecture. Spectrin, a building block of the
sub-membraneous cytoskeleton as well as cross-
linkers of cytoskeletal filaments (e.g., talin) are also
substrates for calpain, further underlining its involve-
ment in structural modulation. Notably, a number of
muscular elements including myosin and titin (which
anchors actin and myosin to the Z-disk) are calpain
substrates and possibly mediate the involvement of
calpain in muscle diseases. Calpain also degrades dys-
trophin, a protein anchoring actin to the plasma mem-
brane of muscle cells. Proteins of the microtubular
system (MAP1 and MAP2) are also cleaved, as well
as cell adhesion molecules (e.g., N-cadherin). In addi-
tion, calpain appears to be involved in cytoskeletal
protein cleavage in platelet aggregation. Finally,
calpain modulates cytoskeletal organization during
myoblast fusion.

It is generally thought that calpain is central to
a number of signaling pathways (Vosler et al. 2008).
For example, RhoA activity is directly affected by
calpain, thereby inhibiting cell spreading. Calpain
also appears to be involved in apoptosis. Calpain inhib-
itors reportedly block proliferation at the G1 phase
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suggesting that calpain contributes to cell cycle. In
some tissues calpains may have highly specialized
functions. In neurons, for example, calpains appear to
play a central role in regulating synaptic function and
plasticity (Wu and Lynch 2006), and may mediate
long-term potentiation (LTP), a cellular form of learn-
ing and memory.

Calpains and Disease

Calpains have been suggested to be involved in
a number of CNS diseases, especially those accompa-
nied by chronic neurodegenerative processes (Liu et al.
2008). Excessive stimulation of NMDA receptors
leads to calpain-mediated neurodegenerative cascades,
which can be prevented by inhibition of calpain in
several in vivo models. Calpain is activated in
a number of CNS disorders, including Alzheimer’s
disease, Parkinson’s disease, and Huntington’s
disease. It was recently shown that amyloid-B-induced
nucleus basalis degeneration (a brain region affected
during Alzheimer’s disease) can be prevented by
calpain inhibition in rats. At the cellular level, calpain
mediates amyloid-B-induced cleavage of the presyn-
aptic protein dynamin, thereby causing deficits in syn-
aptic function. Calpain exacerbates tau pathology in
Alzheimer’s disease by cleaving p35, thereby activat-
ing cdk$, one of the kinases hyperphosphorylating tau
protein. Calpain-mediated cdk5 activation also con-
tributes to dopaminergic cell death in Parkinson’s dis-
ease. A dysfunctional calpain system is also present in
Huntington’s disease, where active calpain directly
cleavages the protein huntingtin, leading to a toxic
accumulation of a protein fragment.

Beside chronic neurodegenerative diseases, calpain
contributes to cell death in traumatic brain injury
(Saatman et al. 2010) and cerebral ischemic processes
(Bevers and Neumar 2008). Both pathologies involve
excitotoxic cascades, which are prevented by calpain
inhibition. For example, knockdown of calpain 1
increases long-term survival and protects hippocampal
function in transient forebrain ischemia. Calpain is
activated in the penumbra of the ischemic injury site
and some calpain inhibitors have been shown to be
neuroprotective. Similarly, calpain inhibition was
effective in rat models of traumatic brain injury. Inter-
esting, brain damage in both ischemia as well as trau-
matic brain injury can be prevented, when calpain
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inhibitors are given after the insult, indicating that
calpain is involved in part of the downstream cascade
of the excitotoxic process.

Calpain activation also facilitates degeneration of
cardiac tissue after myocardial ischemia/reperfusion
injury (Inserte et al. 2009). Both calpain 1 and calpain
2 are increased in ventricular muscle after coronary
artery ligation in rats, and inhibition of calpain protects
from ischemic cardiac muscle degeneration in animal
models of myocardial infarction or in isolated rabbit
heart. In an ischemia/reperfusion model in pigs,
calpain inhibition decreased infarct size and improved
ventricular contractility, and improved overall hemo-
dynamic function.

Finally, there is strong evidence for the involvement
of calpains in myopathies of skeletal muscle (Zatz and
Starling 2005). Mutations in the gene encoding calpain
3 are responsible for the autosomal recessive disorder
limb-girdle muscular dystrophy type 2A. Recent
data suggest that mitochondrial abnormalities in
calpain 3 deficient muscles may be the underlying
mechanism.

Summary

Ubiquitously expressed and with numerous known
substrates, calpain plays a significant role in cellular
physiology. When activated, calpain cleaves various
membrane components, cytosolic enzymes, and regu-
latory and structural proteins. Interaction with its sub-
strates may lead to rapid changes in cellular
functioning. While calpain activation is critically
involved in numerous diseases including degenerative
changes in the brain, muscles, retina, kidney, and other
tissues, the physiological role is less understood. For
an activity-regulated system like the calpain system,
parameters like duration, intensity, and localization set
the course for either a physiological or a pathological
process. For example, activation of NMDA receptors
activates calpain, leading to a cleavage of synaptic
NMDA receptor subunits thereby preventing
overexcitation. In contrast, excessive stimulation (pos-
sibly involving extrasynaptic NMDA receptors)
induces calpain overactivation leading to downstream
excitotoxic cascades and neurodegeneration. Analysis
of the conditions which turn calpain activation from
physiological function into pathophysiological offense
is important not only for a full appreciation of the
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signaling role of this molecule, but also for the devel-
opment of novel therapeutics exploiting the biological
significance of the calpain system.
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10 (BCL10) and MALTL translocation gene 1
(MALT1), form a complex and play an essential role
in nuclear factor kB (NF-kB) activation through
immunoreceptor tyrosine-based activation —motif
(ITAM)-coupled receptors and some G-protein-coupled
receptors (Hara and Saito 2009). CARMA1 is a member
of CARD-containing membrane-associated guanylate
kinase (MAGUK) family and was found to be
a binding partner of BCL10 via CARD-CARD
interaction (Bertin et al. 2001; Gaide et al. 2001), similar
to CARD9 and the other member of CARD-MAGUKS,
CARMA?2 and CARMA3. Among the CARD-MAGUK
families, only CARMAI1 is highly and selectively
expressed in lymphoid organs such as thymus,
lymph node, and spleen. It is thought that CARMA1
binds to BCL10-» MALT1 complex following
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CARMAL, BCL10, and MALT1 protein. Blue text denotes
positive regulatory sites and red text denotes negative regulation
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triggering through lymphocyte antigen receptors
to form a signaling complex referred to as
CARMA1-BCL10-MALT1 (CBM) complex (Fig. 1).

CARMAT1 in the Development and Function
in T and B Lymphocytes

Immunoreceptors such as T-cell receptors (TCRs),
B-cell receptors (BCRs), some members of
Fc receptors (FcRs), and activating » NK receptors
(NKRs) transduce activation signals by associating
with signaling chains (e.g., CD3s, Iga, IgP, FcRy,

and DAPI12) containing ITAM (consensus;
YxxL-x6-8-YxxL) in their cytoplasmic domains
(Fig. 2). Upon engagement of ITAM-coupled
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receptors, an activation signal cascade is initiated with
phosphorylation of specific tyrosines in ITAMs, cul-
minating in the activation of transcription factors
including NF-xB, nuclear factor-activated T cells
(NFAT), and activating protein-1 (AP-1).

Genetic studies using knockout mice of CARMALI,
BCL10, and MALT1 as well as a CARMA1-deficient
Jurkat cell line have demonstrated an essential
role of CBM complex in antigen receptor signaling
(Fig. 2a). The T-cell phenotype of CARMA1-deficient
(CARDI1 7/7) mice closely resembles that of
BCL10-deficient (BCLI0~'~) and of MALT1-deficient
(MALTI™'™) mice (Hara et al. 2003; Ruefli-Brasse et al.
2003; Ruland et al. 2001, 2003). Peripheral mature
T cells from these knockout mice show almost complete
abrogation of proliferation and cytokine production upon
stimulation through TCR or with a direct protein kinase
C (PKC) activator, PMA plus Ca**-ionophore (P/I).
Accordingly, these mice exhibit severely impaired T-
cell immunity. The loss of CBM molecules abrogates
TCR-or P/I-induced NF-kB activation owing to defec-
tive activation of I-xB kinase (IKK), whereas calcium
mobilization and proximal tyrosine phosphorylation are
unaffected. In addition, CARMA1 and MALTI1 defi-
ciency affect the activation of the MAPK JNK, particu-
larly JNK2, but not the other MAPKSs, Erk, and p38.

The CBM deficiency does not affect overall devel-
opment of thymocytes, with normal numbers of the
CD4*CD8", CD4*CD8, and CD4~CD8" cells, but
increased CD4 CDS8™ cells for unclear reasons (Hara
et al. 2003; Ruland et al. 2001). No overt developmen-
tal defects in conventional CD4 and CD8 T cells are
observed in the peripheral lymphoid organs of these
knockout mice; however, the number of natural-
occurring regulatory T cells (nTregs) is markedly
reduced both in the thymus and periphery (Molinero
et al. 2009; Schmidt-Supprian et al. 2004). This phe-
notype is likely attributed to the reduced expression of
the transcription factor Foxp3, the master regulator of
Treg development, in thymic nTreg precursor cells in
CARDI11~'~ mice because the TCR-induced NF-kB
activation directly promotes the transcription of
Foxp3 (Long et al. 2009).

Deficiency of CBM molecules in B cells, similar to
that in T cells, results in abrogated BCR-induced NF-x
B activation and thereby defects in B-cell proliferation
and survival, although one line of MALT! '~ mice has
exhibited only mild defects in B-cell activation
(Fig. 2a) (Hara et al. 2003; Ruefli-Brasse et al. 2003;
Ruland et al. 2001, 2003). Reduced follicular (FO) and
marginal zone (MZ) B cells in spleen and an almost
complete absence of peritoneal B-1 B cells have been
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consistently observed in CARD11 ~'= BCLI 0_/_, and
MALTI~'~ mice. CARMA1 and probably BCL10 con-
trol JNK activation through BCRs, whereas MALT1
might be dispensable for it. » CD40-induced prolifer-
ation is also defective in splenic B cells with CBM
deficiency, possibly owing to the defective develop-
ment of MZ B cells, which are the major cells
responding to CD40 stimulation.

The involvement of CBM complex in toll-like
receptor (TLR) signaling in B cells has been
suggested, although it remains a controversial issue.
CARDI1™'~ whole splenic B cells show impaired
proliferation in response to LPS (Hara et al. 2003).
A study that compared FO and MZ splenic B cells
revealed that BCL10 deficiency affected only MZ
B cells responding to LPS due to impaired NF-kB
activation (Fig. 2a) (Xue et al. 2003).

In addition to the essential role of CBM complex in
canonical NF-«xB signaling downstream of TCRs and
BCRs, it also acts in the noncanonical NF-kB pathway
through B-cell activation of the TNF family (BAFF)
receptor, which regulates the survival of MZ B cells
(Fig. 2a). Lack of MALT1 impairs BAFFR-induced
phosphorylation and degradation of NF-xB2 precursor
p100 (Tusche et al. 2009). The MALT] ~/~ MZ but not
FO B cells exhibit reduced survival and anti-apoptotic
gene induction in response to BAFF in vitro, likely
owing to the elevated expression and defective
BAFFR-induced downregulation of TRAF3,
a negative modulator of the BAFFR-induced survival
signal particularly in MZ B cells. The phenotypes of
BAFF-Tg mice, including increased basal serum Ig,
MZ B cells and B1 B cells, spontaneous germinal
center formation, and Ig deposition in the kidney, all
disappear in the absence of MALT1 or BCL10.

CARMAT1 in NK-Cell Development and
Function

Upon triggering of activating NKRs, NK cells attack
targets through two defined effector functions: the cyto-
toxicity and the production of pro-inflammatory
cytokines and chemokines. Studies have revealed
that CARMA1, BCL10, and MALT1 are essential for
production of cytokines and chemokines induced by
multiple activating NKRs, including FcyRIII, NK1.1,
Ly49H, Ly49D, and NKG2D; in contrast, the cytotoxic-
ity of NK cells induced by these activating NKRs is not
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affected by CBM deficiency (Fig. 2b) (Gross et al. 2008;
Hara et al. 2008). CBM deficiency does not influence
either maturation or the repertoire formation of periph-
eral NK cells. The loss of CBM results in impaired NF-«
B activation following activation of NKRs, whereas

Vavl phosphorylation and Ca®* mobilization,
both of which regulate exocytosis of lytic granules,
are unaffected. Contribution of CBM to MAPK activa-
tion remains controversial. Similar to T cells, PKCO
activity is required for NF-xB activation through
activating-NKR. TNF- or IL-18R-mediated NF-xB
activation does not require CBM in NK cells.

Signaling Regulation of CBM

Multiple regulation mechanisms, involving phosphor-
ylation, ubiquitylation, oligomerization, caspase acti-
vation, and recruitment to plasma membrane, have
been proposed to control CBM-signaling (Fig. 1)
(Hara et al. 2010).

Upon activation of antigen receptors, CARMA1 and
BCL10 are phosphorylated by several kinases. Phosphor-
ylation of CARMAI by PKCO (mainly in T cells) and
PKCP (mainly in B cells) in the PKC-regulated domain
(PRD) likely transform CARMALI1 to an active one that is
accessible to BCL10 and other downstream molecules.
Phosphorylation of CARMA1 by CaMKII facilitates the
interaction between CARMA1 and BCL10. CaMKII also
phosphorylates BCL10 but this phosphorylation is
involved in the attenuation of the signaling. » HPK1
phosphorylates CARMAL1 within the PRD and is
involved in both JNK and NF-xB activation although
the precise mechanism is unclear. Phosphorylation of
CARMALI by IKKP promotes signaling activation by
enhancing the assembly of CBM complex. IKKf also
phosphorylates BCL10 within the MALT 1-interacting
S/T-rich domain and within CARD upon TCR stimula-
tion. The former interferes with IKK ubiquitination by
causing disengagement of BCL10 from MALT1, and the
latter induces BCL10 degradation in the proteasome, thus
negatively regulating the signaling. CKlo associates
with the PRD of CARMAIlafter TCR stimulation
and contributes to initial NF-xB activation; however,
subsequent phosphorylation of the PRD by CKlo con-
tributes to the negative feedback of the signaling.

Upon receptor stimulation, CARMA recruits down-
stream molecules and triggers oligomerization and
ubiquitination cascades. BCL10-dependent MALT1
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oligomerization induces activation of the E3 ubiquitin
ligase » TRAF6, which in turn activates the IKK com-
plex through lysine (K) 63-linked ubiquitylation of the
regulatory subunit of IKK NEMO. BCL10 and MALT1
also undergo K63-linked ubiquitination in the CARD
domain and the C-terminal region, respectively, upon T-
cell activation, which provide docking surfaces for the
recruitment of NEMO. MALT]1 itself has an E3-ligase
activity and targets MALT and NEMO for
ubiquitination. In contrast, ubiquitination also acts for
signaling inhibition. CARMAI1l is K48-linked-
polyubiqutinated after receptor stimulation, leading to
degradation of CARMAL in the proteasome, which is
dependent on the phosphorylation by PKCs on PRD.
cIAP likely targets this ubiquitination of CARMA1. The
E3 Cbl-b promotes mono-ubiquitination of CARMAL,
which is involved in the anergy induction in NK T cells.
BCL10 undergoes degradation following ubiquitination
of CARD after receptor stimulation, which contributes
to the termination of signaling. NEDD, cIAP, B-TrCP,
and Itch have been suggested as E3 ubiquitin ligases of
BCL10. The CNS5 and CNS2 of the COP9 signalosome
fine-tune IKK activation by interfering with the
polyubiquitination and degradation of BCL10. The
deubiquitinating enzyme A20 catalyzes the removal of
the K63-linked ubiquitin chains on MALT1 and there-
fore regulates the duration and strength of signals.

MALT1 and CARMALI interact with Caspase-8 and
thereby regulate the Caspase-8-c-FLIPL-mediated NF-
kB activation pathway. Paracaspase activity of
MALT! fine-tunes CBM-signaling by cleaving
BCL10 and A20. The BCL10 cleavage is required for
TCR-induced cell adhesion to the extracellular matrix
protein fibronectin. The cleavage of A20 by MALT1
disrupts the inhibitory effect of A20.

Membrane recruitment of signaling components is
a crucial event in CBM-mediated NF-kB activation.
BCL10, PKC6, PKCP, MALTI1, pro-caspase-8,
c-FLIPL, and the IKK complex are recruited into
lipid rafts after antigen receptor stimulation.
CARMAL resides in both the cytoplasm and lipid
rafts in resting cells, but the amount in lipid rafts
increases after activation. CARMAL1 controls the
recruitment of PKC6O, BCL10-MALT1, and IKK com-
plexes to lipid rafts. The adapter protein » ADAP acts
as a linker between the TCR-ZAP-70-SLP-76 signal-
ing complex and CBM by binding to CARMA 1. PDK1
recruits PKC6O and CARMAL1 to lipid rafts upon TCR
stimulation.

CARMAT
CBM in Lymphomas

The chromosomal translocations, t(11;18)(q21;q21),
t(1;14)(p22;q32) and t(14;18)(q32;q21), have been
well characterized in MALTL. MALT1 gene was
originally identified in the break point of t(11;18)
(q21;921) (Du 2007). This translocation generates
API2-MALT1 fusion products comprising the N-
terminus of API2 and the C-terminus of MALTI.
The fusion product, but neither API2 nor MALT1
alone, is capable of activating NF-xB. The transloca-
tions, t(1;14)(p22;q32) and t(14;18)(q32;921), bring
the BCL10 and MALT1 genes under the regulatory
control of the Ig heavy chain (IgH) enhancer, respec-
tively, leading to dysregulated expression of these
genes and aberrant NF-xB activation. In addition,
BCL10 gene amplification has been reported in pan-
creatic cancer and nodal diffuse large B-cell
lymphoma (DLBCL). Similarly, MALT1 gene ampli-
fication was found in cell lines of MZ B-cell lym-
phoma and DLBCL. While normal B cells express
BCL10 in the cytoplasm, MALTL cells bearing
t(11;18)(q21;921) and t(1;14)(p22;q32) express the
protein predominantly in the nucleus, indicating
a possible relationship between aberrant BCL10
nuclear localization and tumorigenesis.

Among the subtypes of DLBCL, the least curable
activated-B-cell-like (ABC) subtype DLBCLs, but not
the germinal center B-cell-like (GCB) subtype, rely on
constitutive NF-kB signaling for survival (Hara et al.
2010). A loss-of-function RNA interference screen for
genes required for survival of ABC DLBCLs revealed
that CARMAL is a key upstream signaling component
responsible for the constitutive IKK activation in ABC
DLBCLs but not GCB DLBCLs (Ngo et al. 2006). In
line with this, oncogenic missense mutations of
CARMAL gene, all within exons encoding the C-C,
have been found in ABC DLBCLs (Lenz et al. 2008).
These mutations constitutively activate the NF-xB
pathway and enhance antigen receptor signaling to
NF-xB, possibly owing to aggregate the formation
of the mutant proteins. The oncogenic forms of
CARMAL1 promote proteolytic activity of MALTI.
Inhibition of MALTI1 activity with the inhibitor
z-VRPR-fmk specifically affects the growth and sur-
vival of ABC DLBCLs.

The CBM-regulated BAFFR signaling also contrib-
utes to the development of B lymphomas.
BCL10-transgenic mice elevate BAFF expression
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and specifically promote survival of MZ B cells, and
some mice develop splenic MZ lymphomas (MZL) (Li
et al. 2009). BAFF overexpression, with concomitant
nuclear expression of BCL10 and NF-xB activation, is
associated with Helicobacter pylori-independent
growth of gastric DLBCL with histological evidence
of MALTL (Kuo et al. 2008).

Summary

NF-xB plays a central role in the activation and sur-
vival of lymphocytes. CARMA1 is a CARD-MAGUK
family adaptor protein originally found as a binding
partner of BCL10 via CARD-CARD interaction.
CARMAL1 and the MALTL-related proteins BCL10
and MALT1 form so-called CBM complex following
receptor stimulation. CBM complex is essential for
the canonical NF-kB activation signaling through
TCRs, BCRs, and activating NKRs, as well as for
the noncanonical NF-xB signaling through BAFF,
thereby regulating proliferation, survival, and
effector functions of T, B, and NK cells. Multiple
regulation mechanisms involving phosphorylation,
ubiquitylation, oligomerization, caspase activation,
and recruitment to plasma membrane have been pro-
posed to control NF-xB activation signaling through
CARMALI. The chromosomal translocations and the
amplification of MALT1 and BCL10 genes are asso-
ciated with the development of MALTL and DLBCL.
ABC DLBCLs, but not GCB DLBCLs, rely on consti-
tutive NF-xB activation via CBM-signaling for its
survival. Oncogenic missense mutations of CARMA 1
gene within the coiled-coil domain, leading to consti-
tutive activation of the NF-kB pathway and enhancing
antigen receptor signaling to NF-kB, have been found
in ABC DLBCL. The CBM-regulated BAFF signaling
also contributes to the development of MALTL, MZL,
and DLBCL. Thus, CBM-signaling may be a promis-
ing therapeutic target of specific B lymphomas.
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Historical Background

Protein kinase CK2 was isolated almost 60 years ago
on the basis of its ability to phosphorylate the milk
protein Casein (Allende and Allende 1995). As a
result, it was originally designated “Casein kinase
II,” though this misnomer is less frequently used
because of the lack of physiological significance for
the phosphorylation of Casein by CK2. Ironically, the
enzyme/substrate relationship between CK2 and
Casein illustrates somewhat of a recurring theme. In
this respect, over 50 years of research on CK2 has
resulted in a compilation of a very large number of
putative CK2 substrates while the functional analysis
of these phosphorylation events has lagged compara-
tively behind. In large part, the identification of many
CK2 substrates has been promoted by its relatively
simple and somewhat unique preference for acidic
specificity determinants (S/T — X — X- E/D/pS/pY)
(Meggio and Pinna 2003). Even before the onset of
the large-scale identification of phosphorylation sites,
there were more than 300 candidate substrates identi-
fied with thousands of potential CK2 substrates now
predicted on the basis of global phosphoproteomics
and computational analyses (Pinna and Allende
2009). The promiscuity of CK2 in both its number of
substrates and the cellular functions in which it has
been implicated comes as little surprise when consid-
ering its lack of strict regulation (Litchfield 2003;
Olsten and Litchfield 2004). Work to date has not
yielded a unifying mechanism to explain the regula-
tion of CK2 in cells. In this respect, it has been
suggested that CK2 is constitutively active, although
there is evidence that there are changes in the phos-
phorylation of some of its substrates in cells
suggesting that its activity could in fact be regulated.
Despite the uncertainties about its cellular regulation,
evidence for pathogenic misregulation of CK2
in various human malignancies was observed over
20 years ago; CK2 activity and expression are ele-
vated in a number of human cancers, while inhibition
of CK2 results in cellular death (Duncan and
Litchfield 2008; Trembley et al. 2009). This entry
will outline structural and enzymatic features of
CK2 and will highlight some of the mechanisms that
may contribute to its physiological regulation. Also
outlined is an overview of its cellular functions and its
emergence as a candidate for molecular-targeted
therapy.
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Structural and Enzymatic Features of CK2

Protein kinase CK2 is ubiquitously expressed in
eukaryotes and has generally been considered to be
composed of two regulatory CK2f subunits and two
catalytic subunits (CK2a and/or CK2a/) (Litchfield
2003). CK2a and CK2a/ are 90% similar within their
catalytic domains, but differ substantially in their
C-terminal domains (Fig. 1). The close similarity of
CK2a/ and CK2a results in an inability to distinguish
them on the basis of their catalytic properties as they
appear to share the same enzymatic features. For
example, the substrate specificity of CK2a and
CK20o!/ appears to be indistinguishable, with both pro-
teins exhibiting a minimal consensus motif of S/T —
X — X — D/E/pS/pY. The regulatory CK2 subunit is
a 25 kDa protein in humans that displays little
sequence homology with any other protein, but with
exceptional conservation between species. While CK2
was traditionally considered to be a tetrameric enzyme,
there are indications that its catalytic and regulatory
subunits may also exist in cells independent of tetra-
meric complexes (reviewed in Olsten and Litchfield
2004; Bibby and Litchfield 2005). Although some of
the enzymatic characteristics of tetrameric CK2 can be
distinguished from that of the free catalytic subunits,
a striking feature of CK2 is that both of these forms of
CK2 are catalytically competent. In this respect, CK2
is distinct from Cyclin-dependent kinases where cata-
Iytic activity is strictly dependent on the presence of an
activating Cyclin or from second messenger-
dependent kinases such as PKA or PKC where cata-
lytic activity is suppressed by an auto-inhibitory
subunit or domain.

Although CK28 is not strictly required to turn on or
turn off the catalytic activity of CK2a or CK2d/, it is
apparent that it can affect the activity of the catalytic
subunits and modulate substrate selectivity (Meggio
and Pinna 2003; Olsten and Litchfield 2004; Bibby
and Litchfield 2005). While the majority of CK2 sub-
strates can be effectively phosphorylated by either
tetrameric CK2 or free catalytic CK2 subunits, the
regulatory CK2p subunit generally enhances thermal
stability of the catalytic subunits and confers a modest
increase (typically 3-5 fold) in catalytic activity
toward most substrates. By comparison, there are
other proteins such as eIF2f3, where CK2p is required
to enable efficient phosphorylation, or Calmodulin,
where the presence of CK2B leads to complete
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inhibition of phosphorylation. The demonstration
that Calmodulin is phosphorylated at its CK2 sites in
cells was amongst the first evidence provided to sug-
gest that free catalytic subunits exist, and are func-
tionally active, in cells. In a similar vein, CK2
independent functions and regulatory mechanisms of
CK2B have been explored (reviewed by Bibby
and Litchfield 2005). In this respect, it is interesting
to note that CK2P is synthesized in excess of
the catalytic subunits. Though it is believed that
CK2B is quickly degraded when it is not incorporated
into tetrameric CK2 complexes, a number of reports
highlight potential CK2-independent interactions
of CK2f including interactions with a number of
other protein kinases (e.g., c-Mos, Chkl, and
A-Raf). Collectively, these findings illustrate not
only the ability of CK2p to control the substrate spec-
ificity of CK2, but also raise the specter that individ-
ual CK2 subunits exist outside the holoenzyme and
are governed by unique modes of regulation. At this
point however, the precise mechanisms that drive
tetramer formation and dissociation in cells remain
unclear.

Structural studies have yielded many insights into
the unique features of protein kinase CK2 (Niefind
et al. 2009). First, its constitutive activity is apparent
in virtually all of its more than 30 solved structures. In
many instances, protein kinases contain an activation
loop that can exist in either an open or closed confir-
mation that governs kinase activity. In the case of
MAPKSs, for example, phosphorylation of this loop
by upstream protein kinases results in the open con-
firmation, thus activating the MAPK and promoting
downstream phosphorylation of pathway constitu-
ents. By comparison, structures of CK2 provide evi-
dence for its permanently open conformation and
constitutive activation. Second, the structure of the
CK2 holoenzyme, consisting of both catalytic and
regulatory subunits, revealed the tetrameric configu-
ration of CK2 (Fig. 2). CK2p dimerizes to form the
core of the tetramer, and individual catalytic subunits
bind to the regulatory subunit dimer. Interestingly, the
interaction surface between CK2f and the catalytic
subunits is considered strikingly small given the
extremely tight interactions that have been measured
between the two subunits. Lastly, structures of CK2 in
complex with purine analogues revealed unique fea-
tures of its ATP binding domain in relation to the ATP
binding domain of other protein kinases. In CK2, the
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Fig. 1 Schematic
representation of CK2 1
subunits. Linear
representation of the catalytic
isoforms CK2a and CK20o/
and the regulatory subunit
CK28. In vivo
phosphorylation sites are
indicated, including the four
mitotic phosphorylation sites
on the extended C-terminal
of CK2a. Also noted are

the mitotic and
autophosphorylation sites
located on CK2p3

CK2a,

C-terminal

Catalytic domain

391

T344 T360/ S370

$362
L cdki—!

Catalytic domain C-terminal

$209
L cdk1-

1 <——— CK2o C-terminus

AMPPNP
£

CK20o N-terminus

Casein Kinase Il, Fig. 2 Crystal structure of tetrameric CK2.
Catalytic subunits are shown in blue and yellow and regulatory
subunits are shown in green and red. Also indicated is a non-
hydrolyzable ATP analog, AMPPNP, in the active site of one of
the catalytic subunits. Note that the C-terminal tail of CK2a is

ATP binding domain is collapsed and relatively thin
in one plane, while being wider in the second plane.
The widening allows for utilization of GTP as
a phosphate donor, a relatively unique characteristic
amongst protein kinases, while the thinning in the
other plane provides the opportunity for the rational
design of specific, small molecule ATP competitive
inhibitors that exploit van der Waals interactions in
CK2. A more detailed discussion of strategies for the
development of CK2 inhibitors will be presented
later.

(truncated)

CK2p C-terminus

Ll .’-:._/

CK2pB N-terminus

truncated in this structure (missing amino acids 337-391). The
structure of the C-terminus is unknown. This representation of
the CK2 tetramer was generated using Swiss PDB Viewer; PDB
File 1JWH (Niefind et al. 2001)

Physiological Regulation of CK2

As mentioned previously, the activity of CK2 in cells is
not subject to absolute “on/off” regulation by individual
events such as posttranslational modifications, protein/
protein interactions, or small molecule secondary mes-
sengers that are observed with other major protein kinase
families such as MAPKs, CDKs, and PKCs, respectively.
Rather, on the basis of structural characteristics
(discussed above), the ability to isolate active, recombi-
nant enzyme from bacterial sources and, most
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importantly, the observation that activity is neither turned
on nor turned off in response to a variety cellular stimuli
that modulate a large number of other protein kinases,
CK?2 is considered to be constitutively active. While it is
apparent that CK2 lacks strict on-off regulation, it is
conceivable that a number of more subtle mechanisms
may contribute to its regulation in cells, including protein
interactions and temporal or stimulus specific changes in
function that are discussed below.

The observation that CK2 phosphorylates proteins
in multiple cellular compartments supports the hypoth-
esis that interacting proteins regulate CK2 function by
directing it to specific locations within the cell (Olsten
and Litchfield 2004; Filhol and Cochet 2009). In this
way, specific subpopulations of CK2 could be regu-
lated by interacting proteins that permit spatial access
to substrates, much the same way that AKAPs modu-
late the localization and function of PKA. One protein
that may regulate CK2 in this manner is » CKIP-1,
a PH-domain containing protein that localizes CK2a,
but not CK24a/, to the plasma membrane (Canton and
Litchfield 2006). Changes in the expression of CKIP-1
induce alterations in cell morphology and the actin
cytoskeleton. Since CKIP-1 interacts with CPa,
a subunit of the heterodimeric actin capping protein
that can be phosphorylated by CK2, these observations
are consistent with a working model suggesting that
CKIP-1 could participate in the regulation of the actin
cytoskeleton by modulating the CK?2 catalyzed phos-
phorylation of CPa. In addition to CKIP-1, CK2 has
a large number of other potential interaction partners.
Again, given the large number of CK?2 substrates that
are located in numerous cellular locations, further elu-
cidation of its interaction partners and investigation of
their spatial distribution could reveal important new
insights into the regulation and physiological functions
of CK2.

Though not necessarily responsible for global
changes in CK2 activity, it has been demonstrated
that discrete populations of CK2 are modulated in
response to specific stimuli (Filhol and Cochet
2009). For example, in response to UV radiation,
CK2 interacts with the FACT complex, which con-
sists of SSRP1 and hSPT16. Binding of CK2 to the
FACT complex results in increased phosphorylation
of » p53 by CK2 at Ser 392, an event believed to
increase the transcription of apoptotic and cell cycle
regulatory genes. Likewise, the regulation of specific
CK2 protein interactors and substrates has been
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observed in nocodazole-arrested cells where CK2a
has been shown to be phosphorylated at four pro-
line-directed phosphorylation sites that can be phos-
phorylated by CDK1 in vitro (Fig. 1) (St-Denis and
Litchfield 2009). Phosphorylation of these sites
within its unique C-terminal domain promotes inter-
actions between CK2a and the peptidyl-prolyl isom-
erase > Pinl. Interactions with Pinl modulate the
ability of CK2 to phosphorylate Topoisomerase Ilo
in vitro at sites that are known to be phosphorylated in
mitotic cells. Collectively, the examples of FACT and
Pinl illustrate mechanisms by which the ability of
CK2 to phosphorylate specific proteins can be modu-
lated by interactions with other cellular proteins.
Given the large number of protein interactions that
have been reported for CK2, it is likely that other
proteins will exert similar effects to modulate discrete
populations of CK2 in cells.

The isoform-specific interactions of proteins such
as CKIP-1 and Pinl also reveal independent forms of
regulation for CK20 as compared to CK2a!/, an obser-
vation consistent with the demonstration of distinct
phenotypes for CK2a and CK2o' knockout mice
(Dominguez et al. 2009). CK2a’ knockout mice are
viable but exhibit defects in spermatogenesis in males
which results in infertility. By comparison, CK2a
knockout mice are embryonic lethal with embryos
exhibiting significant defects in heart development.
Taken together, these contrasting phenotypes suggest
unique functions for both catalytic subunits, though
CK2a appears more able to compensate for a loss of
CK20!'. Furthermore, it is conceivable that unique reg-
ulatory mechanisms of CK2a are responsible for its
greater importance to murine viability.

Though some progress has been made regarding the
regulation of CK2 via posttranslational modifications
and protein/protein interactions, relatively little is
known about the transcriptional regulation of CK2.
As previously noted, the expression of CK2 is elevated
in rapidly dividing cells and a number of human can-
cers. The precise mechanism by which the expression
of CK2 isoforms, apparent housekeeping genes, are
upregulated in cancers has not been thoroughly char-
acterized, though a number of putative binding sites for
various transcription factors have been identified
(Pyerin and Ackermann 2003). For example, it is
intriguing that all of the human CK2 genes contain
response elements for the Etsl transcription factor
that is regulated by mitogen-activated pathways.
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Other factors that may contribute to the regulation of
CK2 levels include ubiquitination and degradation by
the proteasome (Zhang et al. 2002).

Cellular Functions of CK2

In consideration of its large number of documented
substrates (and the ever-expanding list of prospective
substrates that are appearing in rapidly populating
phosphoproteomic databases), it is not surprising that
CK2 has been implicated in a broad range of cellular
processes including cell proliferation and survival,
apoptosis, circadian rhythms, viral infection, and
transcriptional control (Duncan and Litchfield 2008;
St-Denis and Litchfield 2009; Mizoguchi et al. 2006).
Of particular interest to human disease are the obser-
vations that CK2 is over-expressed in a number of
human cancers, including kidney, mammary gland,
lung, head and neck and prostate, and that targeted
over-expression of CK2 in mice T-cells and mammary
glands results in lymphoma and mammary adenocar-
cinomas (Duncan and Litchfield 2008). Furthermore,
synergistic effects in tumor formation are observed in
mice when over-expressing CK2 in concert with the
Myc or Tal-1 oncogenes or in p53 (—/—) back-
grounds (Xu et al. 1999). Conversely, short hairpin
RNA (shRNA) knockdown and pharmacological inhi-
bition studies in a variety of model systems results in
cell death, reinforcing the notion that targeted inhibi-
tion of CK2 represents a promising therapeutic strat-
egy for the treatment of human cancers (Trembley
et al. 2009; Ruzzene and Pinna 2010). Though it is
clear that global changes in CK2 activity regulate
processes pertaining to cellular proliferation and sur-
vival, the precise molecular mechanisms by which
CK2 exerts these functions are still incompletely
understood. In the following discussion, some of the
recent advances made in dissecting the specific role of
CK?2 in these cellular processes will be highlighted.
CK2 has been implicated in many signaling path-
ways directly involved in controlling the rate of cellu-
lar proliferation (Duncan and Litchfield 2008). As
noted above, coordinated overexpression of CK2 and
Myc in murine T-cells results in lymphoma develop-
ment. Supporting the pathogenic synergism between
CK2 and Myc is the observation that CK2 phosphory-
lates Myc and prevents its proteasome-dependent deg-
radation, allowing increased transcriptional activity of

Casein Kinase Il

proliferative and survival genes. Similarly, CK2 is
believed to function at many levels within the Wnt
signaling pathway, ultimately promoting » Beta-
Catenin stability, dissociation from APC, and the tran-
scription of pro-survival and proliferative genes.

In a related vein, evidence for the direct involve-
ment of CK2 in the control of cell cycle progression is
continually mounting (St-Denis and Litchfield 2009).
Knockout studies in genetically tractable organisms
such as yeast highlight a requirement for CK2 in
G1/S and G2/M transitions. Similarly, knockdown
and pharmacological inhibition of CK2 in mammalian
cells results in attenuation of cell cycle progression.
A specific role for CK2 in mitosis has also been
revealed in mammalian cells, where disruption of
mitotic phosphorylation of CK2a leads to multiple
mitotic defects, including chromosome missegregation
and induction of mitotic catastrophe, a form of cell
death. CK2 substrates involved in mitotic progression
have also been identified, including the aforemen-
tioned Topoisomerase Ilo, whose phosphorylation is
regulated by mitosis-specific interaction of Pinl with
CK2a, and the cell cycle regulatory protein kinase
Weel. The phosphorylation of Weel reveals the intri-
cate relationships between protein kinases since prior
phosphorylation of Weel by CDKI1 generates
a consensus phosphorylation motif for CK2, which
leads to the degradation of Weel and entry into mito-
sis. Weel is a prime example of the participation of
CK2 in hierarchical phosphorylation (Fig. 3a). Given
its preference for acidic determinants, including
phosphoserine and phosphotyrosine, there will
undoubtedly be other substrates that are phosphory-
lated by CK2 only after prior phosphorylation by
other protein kinases. It is also noteworthy that CK2
can participate in hierarchical phosphorylation by
enabling subsequent phosphorylation by another pro-
tein kinase (Fig. 3b). For example, the CK2-catalyzed
phosphorylation of glycogen synthase is a prerequisite
for its subsequent phosphorylation by » GSK-3. Over-
all, the participation of CK2 in hierarchical phosphor-
ylation, both as a primary and as a secondary protein
kinase, reveals its capacity to participate in complex
regulatory events with other protein kinases.

The observation that shRNA-mediated knockdown
and pharmacological inhibition of CK2 results in cell
death has accelerated the identification of CK2 func-
tions within apoptotic pathways (Duncan and
Litchfield 2008). One provocative example involves
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Casein Kinase I, Fig. 3 Hierarchical phosphorylation events
involving CK2. (a) A hypothetical example of CK2 acting as
a secondary kinase in a hierarchical phosphorylation event
whereby previous phosphorylation of a protein renders
it a substrate of CK2. One example of this hierarchal phosphor-
ylation, as discussed in the text, is observed when CDK1 primes

the CK2-dependent regulation of PML — a tumor sup-
pressor protein responsible for the formation of PML
bodies in the nucleus, which acts to promote senes-
cence and apoptosis (Scaglioni et al. 2006). Interest-
ingly, phosphorylation of PML by CK2 results in its
proteasome-mediated degradation. Moreover, CK2
activity and PML protein levels are inversely corre-
lated in non-small cell lung cancers. The fact that PML
overexpression induces senescence and apoptosis
underscores the potential importance of CK2 in PML
regulation and, ultimately, cell survival. A role for
the direct regulation of apoptotic machinery by CK2
has also recently been observed (reviewed in
Duncan et al. 2010). Bid, a member of the Bcl-2
family of apoptotic signaling molecules, functions
to permeabilize the mitochondrial membrane upon
cleavage by Caspase-8 and, therefore, promote the
activation of downstream caspases. However, phos-
phorylation of Bid at CK?2 phosphorylation sites prox-
imal to the caspase-8 cleavage site blocks processing,
mitochondrial permeabilization, and the progression of
apoptosis. Notably, the strict requirement for acidic
residues in both the caspase recognition site and the
CK2 minimal consensus motif may illustrate a more
widespread apoptotic regulatory mechanism for CK2
than is currently appreciated (Fig. 4). Along these
lines, other substrates with overlapping CK2 and
caspase regulation motifs have been identified

Secondary -~ 2\
kinase P
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Weel for phosphorylation by CK2. (b) A depiction of CK2
phosphorylating and priming a protein for subsequent phosphor-
ylation by a secondary kinase is shown. This form of regulation
is observed, for example, on glycogen synthase, where phos-
phorylation by CK2 creates a phosphorylation site for GSK-3

(including Connexin 45.6, murine Caspase-9, Max,
HS-1, » PTEN, and Presenilin-2). In all of these
instances, phosphorylation by CK2 confers protection
from caspase cleavage. These observations may pro-
vide at least a partial explanation for the enhanced
survival that is observed in cancer cells with elevated
levels of CK2. In this respect, given its constitutive
activity, elevated levels of CK2 could result in
increased phosphorylation of caspase substrates to
attenuate caspase-mediated death pathways.

It is important to reiterate the vast repertoire of cellular
functions involving CK2 and the diversity of its sub-
strates. Even before the inception of predictive analyses
that probe phospho-proteomic databases for putative
CK2 substrates, CK2 was believed to have over 300
substrates, including over 60 transcription factors,
80 signaling molecules, and 40 viral proteins (Meggio
and Pinna 2003). However, as a result of the constitutive
activity of CK2 and its relatively simple consensus motif
determinants, some analyses of phospho-proteomic data-
bases have predicted the number of CK2 substrates to
number in the thousands (Pinna and Allende 2009).
While the systematic identification of all CK2 substrates
remains a daunting task, a more complete evaluation of
substrates will undoubtedly uncouple the pathogenic and
physiological functions of CK2. Along these lines, an
important avenue of future research will involve validat-
ing putative substrates. One appealing approach will
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Fig. 4 Modulation of caspase
cleavage by phosphorylation.
Shown here is an example
where phosphorylation within
a caspase degradation motif
renders a substrate refractory
to caspase cleavage

certainly employ bioinformatic consensus motif analyses
of phosphoproteomic databases to identify likely physi-
ological targets of CK2, followed by in vitro phosphory-
lation assays that test the ability of CK2 to directly
phosphorylate these sites (Turowec et al. 2010). In this
sense, demonstration of direct phosphorylation of puta-
tive substrates by CK2 as well as the existence of these
phosphorylation sites in cells should be adopted as the
gold standard for classifying substrates as bona fide.
Furthermore, sorting of biologically relevant CK2 sub-
strates by GO designations will not only act to further
clarify the physiological function of CK2, but may
streamline the identification of substrates with patholog-
ical significance. Likewise, the demonstration that CK2
can participate in complex hierarchical regulatory mech-
anisms, such as protection of caspase substrates from
degradation or acting as a primary or secondary kinase
in hierarchical protein phosphorylation, may also be
exploited by bioinformatics and/or high-throughput ana-
lyses that attempt to expand upon the role of CK2 in
signaling pathways pertaining to cellular proliferation
(Figs. 3 and 4) (St-Denis and Litchfield 2009; Duncan
et al. 2010).

Emergence of CK2 as a Candidate for
Molecular-Targeted Therapy

The overexpression of CK2 in a number of human
malignancies and its participation in multiple pro-
survival signaling pathways has driven the develop-
ment of pharmacological inhibitors of CK2 for use as
candidate lead compounds for molecular-targeted

r + caspase

CK2

r + caspase

therapy (Sarno and Pinna 2008). Rational development
of specific ATP competitive inhibitors using structural
information, as well as virtual screening of chemical
libraries has led to the identification of a number of
CK2 inhibitors with inhibitory constants (Ki) in the
micromolar range (Sarno et al. 2005). Preclinical stud-
ies of a number of these inhibitors, including DRB,
Emodin, TBB, TBBz, DMAT, IQA, and TBCA,
resulted in the induction of apoptosis in a number of
cancer cells (Duncan and Litchfield 2008; Ruzzene and
Pinna 2010). Despite these advances, the challenge of
developing ATP competitive specific protein kinase
inhibitors is exacerbated by the high degree of conser-
vation exhibited amongst all human protein kinases,
and to a lesser extent even other ATP binding proteins
(Prudent and Cochet 2009; Prudent et al. 2010).
Indeed, off-target effects of CK2 inhibitors are appar-
ent and remain relatively uncharacterized.

To address concerns of off-target effects that result
from ATP binding domain conservation, the develop-
ment of CK2 inhibitors that bind at allosteric sites has
recently been pursued (Prudent and Cochet 2009;
Prudent et al. 2010). Using high-throughput screening
of chemical libraries, polyoxometalates have been iden-
tified as a class of compounds that bind outside of both
the ATP binding domain and the CK20,/f interface, and
may function by docking in the vicinity of the activation
loop and locking it in the closed confirmation. Another
intriguing mode of modulating CK2 function is to reg-
ulate tetramer formation by blocking the ability of
CK2p to bind the catalytic subunits. Preventing holoen-
zyme formation is predicted to decrease the cellular
half-life of CK2 due to the relative instability of
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individual subunits. Furthermore, it should also reduce
catalytic activity by three- to fivefold, as CK2f has
a generally stimulatory effect toward catalytic activity,
but may also stimulate phosphorylation of substrates
that are negatively regulated by CK2p. While the phys-
iological consequences of inhibiting tetramer formation
remain unknown, the prospect that it could function to
block CK2 functions related to cellular proliferation and
apoptosis remain plausible.

One limiting aspect pertaining to the characteriza-
tion of CK2 inhibitors as being effective cellular phar-
macological agents is the lack of bona fide biomarkers.
As noted earlier, the preclinical utility of CK2 inhibi-
tors to date has generally been measured by gross
phenotypic changes, such as apoptosis, as opposed to
a decrease in phosphorylation of a particular biomarker
(Ruzzene and Pinna 2010). By developing tools that
directly monitor the phosphorylation status of specific
cellular substrates, the distinction between off-target
effects and specific CK2 inhibition would be more
easily clarified as biomarker status could be correlated
to gross phenotypic changes. Furthermore, the use of
phosphospecific antibodies, for example, as markers
for CK2 activity would also be useful in identifying
pathological samples that exhibit hyperactive CK2
activity and thus, are most likely to respond to treat-
ment with CK2 inhibitors.

Summary

Since its discovery in 1954, much has been learned
regarding the enzymatic characteristics, physiological
regulation, and cellular functions of protein kinase
CK2. Structural studies have yielded many insights
into the unique features of CK2, such as its constitutive
activity and ability to use GTP as a phosphate donor.
While CK2 appears to be constitutively active, it is
likely that a number of distinct mechanisms such as
spatial regulation through protein interactions and pos-
sibly the regulated assembly or disassembly of tetra-
meric CK2 will govern how the phosphorylation of
many of its substrates is controlled in cells. However,
on the whole, many details regarding the precise man-
ner by which CK2 is regulated in cells remain to be
defined. Though the expanding list of CK2 substrates
has illuminated many cellular functions, including
roles pertaining to cell survival, proliferation, and
involvement in diseases such as cancer, it is clear that
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CK2 has many undefined substrates whose phosphor-
ylation status dictates unknown roles. In this sense,
future endeavors should involve the wuse of
phosphoproteomic ~ databases, = which  contain
a tremendous resource of physiological protein phos-
phorylation sites, to guide the identification of bona
fide CK2 substrates. In expanding our knowledge of
CK2 substrates, it is more likely that the physiological
and pathogenic functions of CK2 will be uncoupled
and that the generation of convenient biomarkers capa-
ble of monitoring CK2 activity in cells will be
established. Tools such as these will greatly accelerate
the development and benchmarking of current and
future generations of inhibitors, which in turn will
feedback and drive the discovery of CK2 functions
and benefit the treatment of cancers where CK2 hyper-
activity may be an oncogenic driver.
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Historical Background

The importance of proteases in cell signaling is well
established. This chapter presents the protease family
of caspases, which performs limited proteolysis on
a wide range of substrates, with molecular conse-
quences ranging from inactivation to gain-of-function
to accelerated degradation. It is important to empha-
size that caspases are signaling proteases and not
degrading enzymes, akin to lysosomal cathepsins
or digestive enzymes. The first family member,
caspase 1, was identified in 1989 (Black et al. 1989).
Caspases are principally implicated in inflammation
and apoptosis.

The term “programmed cell death” (PCD) was
coined in 1964 by Lockshin and coworkers and origi-
nally designated the breakdown of tissues during
development, especially in insects. Later, in 1972,
Ker and colleagues described apoptosis for the first
time. However, both concepts (PCD and apoptosis)
are now considered synonymous. The first genetic evi-
dence of “programming” in apoptosis came with works
by H. Robert Horvitz’s group in 1986. They reported
the identification of genes required for the execution of
cell death in the roundworm Caenorhabditis elegans.
Finally, it took the work of Black and coworkers,
who identified the mammalian cysteine protease
caspase 1 as responsible for the maturation of pro-IL
(interleukin)-1p, to realize that one of the genes found
by Horvitz’s group, CED-3 (C. elegans cell death),
encoded a cysteine protease homologous to caspase 1.
These groundbreaking works paved the way for the
identification of caspases responsible for apoptosis in
mammals and other family members with roles in
inflammation and keratinization of epithelia.

Caspases

Caspase stands for cysteine aspartyl-specific protease.
They are members of clan CD peptidases, i.e., with
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Caspase Family, Fig. 1 Schematic representation of the
human caspase family. Human caspases are grouped according
to their main in vivo role: cytokine activators (inflammatory),
initiator, and executioner apoptotic caspases. The five known
domains of caspases are color coded: CARD (yellow) and DED
(orange) are involved in recruitment, regulation, and activation;
the N-peptide of executioner caspases (red) that is removed
during apoptosis; the large subunit (blue), and small subunit
(light blue) forming the catalytic domain are separated by
a linker of variable length. Caspases are drawn to scale and the
number of amino acids of the longest known isoform of each
protein is shown on the right

a cysteine nucleophile and catalytic residue in the order
His-Cys in the protein sequence. They form the C14
family of cytosolic cysteine peptidases, which is defined
by strict specificity for the hydrolysis of aspartyl bonds.
Their structure is highly conserved and composed of
two domains: the N-terminal domain and the catalytic
domain (Fig. 1). The catalytic domain, or unit, is defined
as having one large and one small subunit separated by
a flexible interdomain connector of variable lengths
(hereafter referred to as the linker). This segment is
sensitive to proteolysis and is always cleaved during
activation. Cleavage of the catalytic domain gives rise
to fragments often referred to as p20/p10. The catalytic
unit is structured by 6 B-strands and 5 o-helices assem-
bled in an open o/f barrel fold (Fig. 2a). The large
subunit contains the catalytic dyad His-Cys that controls
the hydrolysis of the peptide bond. The small subunit
possesses most residues that form the substrate binding
pocket, including a critical arginine, a residue involved
in aspartate recognition by the substrate binding pocket.
Based on the available literature, catalysis follows the
same steps as serine and other cysteine peptidases.
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Fuentes-Prior and Salvesen have described in great
depth the topology of the substrate binding site and
catalytic cycle of caspases (Fuentes-Prior and Salvesen
2004a). Due to space limitations, we will not discuss it
further. Importantly, active caspases are obligate
dimers, and this feature is at the root of the activation
mechanism.

Caspases are classified in three main categories
based on their functions (Fig. 1): apoptotic caspases
(caspases 2, 3, 6, 7, 8, 9, and 10), inflammatory
caspases (caspases 1, 4, and 5), and caspase 14 which
is involved in epithelial differentiation. However,
accumulating evidence has clearly demonstrated
roles of some caspases outside their traditional realm
(Yi and Yuan 2009).

Inflammatory Caspases

In humans, three inflammatory caspases (caspases 1, 4,
and 5) coexist, caspase 1 being the prototypical mem-
ber of this group. The similar domain organization and
the fact that their genes are all located on chromosome
11 suggest a rather recent evolution. These caspases
are expressed in most, if not all, tissues, but mRNA
levels are higher in inflammatory cells, such as mono-
cytes (Martinon and Tschopp 2007).

Inflammasomes

In healthy cells, inflammatory caspases rest as cyto-
solic monomeric inactive enzymes. It is through
recruitment by their N-terminal CARD (caspase-
recruitment domain) to multimeric platforms named
inflammasomes that they gain activity. Similar to other
homotypic interaction domains, DD (death domain)
and DED (death effector domain), CARD is
a member of the death domain superfamily, and all of
its members share a similar fold (Fig. 2b) (Park et al.
2007). The function of an inflammasome is to bring
enough caspase molecules in close proximity to pro-
voke their dimerization and activation [the so-called
induced-proximity model (Salvesen and Dixit 1999)].
Subsequently, cleavage of the linker occurs, which
further stabilizes the dimer.

Inflammasomes are multimeric complexes com-
posed of several different proteins (Schroder and
Tschopp 2010). At their core, they contain
a NLR (NOD [nucleotide-binding oligomerization
domain]-like receptor): a NOD protein, a (NOD)-like
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Caspase Family, Fig. 2 Caspase domain structures. (a) Gen-
eral structure of caspases. Caspase structure is highly conserved
and composed of two domains: the N-terminal domain and the
catalytic domain. The catalytic domain (red/orange), or unit, is
defined as having one large (blue/gray) and one small subunit
(light blue/gray) separated by a flexible linker of variable
lengths. This segment is sensitive to proteolysis and is always
cleaved during activation. Cleavage of the catalytic domain
gives rise to fragments often referred to as p20/p10. The catalytic
unit is structured by six B-strands and five a-helices assembled in
an open o/ barrel fold. The large subunit contains the catalytic

receptor protein (NLRP) family member or an Ipaf
(ICE [IL-1B converting enzyme]-protease activating
factor) protein. The complex also includes ASC
(apoptosis-associated speck-like protein containing
a CARD) and caspase 1 (Bryant and Fitzgerald
2009). Caspase 5, but not caspase 4, has also been
reported as part of inflammasomes (Martinon et al.
2002). In humans, 22 NLRs have been identified;
thus, at least as many different inflammasomes may
exist (Schroder and Tschopp 2010). With the excep-
tion of NLRP10, all NLRs are composed of an LRR

VvFLIP
DED1

dyad His-Cys that controls the hydrolysis of the peptide bond.
The cleaved linker interacts with the other end of the other
catalytic unit and stabilizes the active site. Active caspase 3:
PDB 1CP3. (b) CARD, DED, DD, and PYD share similar fold
of the death domain family. CARD caspase-recruitment domain,
DED death effector domain, DD death domain, PYD pyrin
domain are members of the DD superfamily, all members share
a globular helicoidal structure made of six antiparallel a-helices.
Homophylic interactions between each domain are dictated by
specific residues. Apaf-1 CARD: PDB 1C15; vFLIP DED1: PDB
2F1S; FADD DD: PDB 1E3Y; ASC PYD: PDB 1UCP

(leucine rich-repeat), a central NOD, and one to three
variable homotypic protein-protein  interaction
domains involved in protein recruitment. LRRs recog-
nize a wide range of pathogen-associated molecular
patterns (PAMPs), such as lipopolysaccharide (LPS),
muramyl dipeptide, lethal toxin, crystalline factors,
and endogenous damaged-associated  patterns
(DAMPs). By a mechanism that is still poorly under-
stood, a specific LRR recognizes a particular PAMP or
DAMP, a macromolecular platform assembled via the
NOD, and ASC is recruited. Subsequently, caspase 1
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monomers join the complex and dimerize (Bryant and
Fitzgerald 2009). Despite little information, the current
view is that the many NLRs exist to detect various
bacterial, viral, or other chemical entities, and most,
if not all, lead to caspase 1 activation. To add to the
complexity of multiple NLRs, several decoy CARD-
only proteins (COPs) have been described that can
compete with caspases at the activation platforms
(Stehlik and Dorfleutner 2007).

Like caspase 1, caspase 4 activation requires its
dimerization and cleavage of its linker domain. By
analogy, caspase 5 activation likely resembles that of
caspases 1 and 4, but further studies are needed to
clarify this point.

Inflammatory Caspases Functions

Active caspase 1 cleaves cytosolic cytokine precursors
to their mature form. Based on small peptidic
substrate libraries, caspase 1 prefers (W/Y)XXD]
motifs (Thornberry et al. 1997) with a small residue
in P1°, a motif that is found in caspases 1, 4, and 5 and
in pro-IL-1B. Pro-IL-1B and pro-IL-18 are the only
caspase 1 inflammatory mediators identified to date.
Recent proteomic data suggest that caspase 1 is respon-
sible for the bulk of cleavage events versus other
inflammatory caspases (Agard et al. 2010). Caspase 4
cleaves caspase 3, IL-1B, and IL-1F7B (Luthi and
Martin 2007). The transcription factor Max is
a substrate of caspase 5, and cleavage occurs at an
unconventional glutamate residue instead of aspartate
(Luthi and Martin 2007).

Other substrates of caspase 1 include caspase 7 and
PARP (poly[ADP-ribose] polymerase), which are
cleaved during pyroptosis (Lamkanfi 2011). This pro-
cess is a peculiar form of cell death related to inflam-
mation and macrophage death, thus providing a link
between inflammation and part of the apoptotic
machinery (Lamkanfi 2011).

Apoptotic Caspases: The Initiators

Apoptotic caspases are expressed in all tissues and cell
types. They are integrators of apoptotic stimuli, and
their activity is required for the activation of execu-
tioner caspases, their main substrates (Fig. 4). Like
inflammatory caspases, initiators possess a protein-
protein interaction domain at the N-terminus (Fig. 1),
and they are activated by dimerization on
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macromolecular platforms (Mace and Riedl 2010a)
(Fig. 3a). For a long time, cleavage of initiators has
been viewed as synonymous to activation. However,
the picture is far more complex than this model. Cleav-
age of the linker, which gives rise to the characteristic
large and small subunits, always occurs during apopto-
sis. However, in a reconstituted system, uncleavable
caspase 9 sustains caspase activation to the same
extent as the fully cleaved protease. In vitro proteolysis
is not necessary for initiator activation (Boatright and
Salvesen 2003). Consequently, cleavage of an initiator
caspase does not equate to activation. However, recent
work has shown that cleavage is necessary for caspase
8-driven apoptosis in cellulo (Oberst et al. 2010).
Therefore, cleavage seems to play a role not in activa-
tion per se, but rather in modulating the activity of the
active caspase. Interestingly, executioner caspase 6
can cleave caspase 8, and caspase 3 cleaves caspase
9. The role of cleavage of caspase 9 by caspase 3 is
to relieve it from the inhibition set by the endoge-
nous XIAP (X-linked IAP [inhibitor of apoptosis
protein]) caspase inhibitor. In contrast, cleavage of
caspase 8 produces a more stable caspase dimer (Pop
et al. 2007). Because mice do not have caspase 10,
little attention has been paid to this caspase in
humans. Nevertheless, it is known that, similar to
other initiators, this caspase is activated by dimeriza-
tion (Wachmann et al. 2010). Importantly, unprocessed
caspase 10 possesses high activity on Bid (BH3
interacting domain death agonist), but efficient cleavage
of its other targets requires linker proteolysis
(Wachmann et al. 2010). Initiator caspases activate
two major intracellular pathways to drive apoptosis:
the extrinsic and the intrinsic pathways.

The Extrinsic Pathway

The extrinsic pathway (Fig. 4) drives the activation of
caspases 8 and 10. It is initiated by ligation of
preassembled trimeric death receptors by their cognate
ligand (Guicciardi and Gores 2009). These ligands are
membrane bound in their more potent form and are
normally produced by cytotoxic lymphocytes and nat-
ural Kkiller cells, which play a crucial role in
immunosurveillance against viral infection and cancer.
Based on X-ray crystallography, ligation of death
receptors would enable the opening of the cytoplasmic
region of the receptor and exposed DD. This would
signal the recruitment of the adaptor FADD (Fas
[fibroblast associated]-associated with death domain)
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pro-caspase 7

Caspase Family, Fig. 3 Conformational changes during
caspase activation. (a) Initiator caspase activation: caspase 8.
The NMR structure of pro-caspase 8 catalytic domain shows
a monomeric (left) entity and has the general fold of an active
catalytic unit (right). However, the dimer interface provided by
the small subunit (orange) is disorganized. Interestingly, and
contrary to executioner pro-caspase 7, the rather long linker is
structured and sits over the unformed catalytic domain where it
contacts several residues from loop L1. Recruitment at the DISC
brings molecules in close proximity and caspase 8 dimerizes.
The activity gained by this process allows cleavage of caspase 8,
which further stabilizes the active form. However, it is not clear
whether proteolysis occurs in cis (self-cleavage) or trans
(cleavage by a neighboring molecule). Zymogen: PDB 2K7Z;
active caspase 8: PDB 1QDU. (b) Executioner caspase activa-
tion: caspase 7. The zymogen (left and middle) and the active
form (right) of caspase 7 adopt a similar fold, a globular arrange-
ment of two catalytic units (one blue, one gray), each of which is
composed of two subunits, the large and small (dark and light

proteolysis

caspase 8

caspase 7

colors). The main differences between them involve three flex-
ible loops (L2-L4, yellow) surrounding the unformed catalytic
site and substrate binding pocket of the zymogen. The transition
to the active form is driven by proteolysis at one of the two
cleavage sites (magenta) found in the L2 loop. It is noteworthy
that in the zymogen dimer, L2 loops adopt different conforma-
tion. The L3 loop, which is implicated in the formation of
substrate binding pocket, is reoriented following cleavage of
the caspase linker, allowing the formation of the substrate bind-
ing pocket in the mature form. The L4 loop turns 60° toward the
opposite direction and flattens the catalytic groove. Together
with loop L2, loop L4 forms a loop bundle, a structure implicated
in the stabilization of the active site in the active form of caspase
7. The L2 loop changes drastically upon its cleavage and interacts
with the same loop (L2’) of the other catalytic unit and stabilizes
the active site by crucial interactions. The cleavage of L2 loops
leads to the reorientation of the catalytic cysteine in a solvent
accessible conformation and enables the catalytic activity of
caspases. Zymogen: PDB 1GQF; active caspase 7: PDB 1F1J
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Caspase Family, Fig. 4 Apoptotic pathways. There are two
fundamental pathways leading to caspase activation. The intrin-
sic pathway depends on the cell’s internal control mechanisms,
which are integrated at the mitochondrion by Bcl-2 family mem-
bers (blue ovals). If proapoptotic members dominate, the mito-
chondrion then releases, among others, cytc (red) and
Smac. With dATP (lime), cytc causes Apaf-1 protein oligomer-
ization into an heptameric structure, the apoptosome, that
regroups caspase-recruitment domains (CARD; yellow) at its
apex. This allows the gathering of initiator caspase 9 by virtue
of its CARD and its activation by dimerization. Smac (light
green), which is co-released along with cytc, relieves the inhi-
bition of caspases by XIAP (BIR2 domain inhibits caspase 3 and
7 whereas BIR3 inhibits dimerization of caspase 9) and amplifies
the signal initiated by cytc. The second pathway, called extrin-
sic, originates from outside the cell and requires the ligation of
death receptors (DRs) such as Trail-Rs, CD95/Fas, or TNF-Rs.
Their ligands are produced by natural killer cells and cytotoxic
T lymphocytes. Their activation provokes the assembly of

by homophilic interactions between the newly exposed
DD and FADD’s DD. On the contrary, NMR (nuclear
magnetic resonance) studies have proposed a model
that does not involve structural opening, but instead the
sandwiching of Fas and FADD’s DDs into

a death-inducing signaling complex (DISC) that will recruit the
adaptor protein FADD and initiator caspase 8 and 10 (and also
FLIP) by virtue of DEDs (orange) and DDs (magenta)
homotypic interactions. The high concentration of initiator
caspases recruited at the DISC allows their activation through
dimerization, which can be prevented by excess FLIP. Once
active, the initiators cleave executioner caspases 3 and 7
(Fig. 5) to activate them. Depending of the DR, the DISC has
the possibility to activate inflammatory and survival pathways
through the recruitment of various proteins. The Bcl-2 family
member Bid is proteolyzed by initiator caspase 8 and 10 to give
tBid (truncated Bid), which provides a way for the extrinsic
pathway to activate the intrinsic pathway. Some immune cells
can inject in the cytosol of doomed cells using perforin pores the
serine protease granzyme B (GrB) complementing the extrinsic
pathway. GrB directly activate executioner caspases. Finally,
some regulating steps are provided by executioner caspases
through their ability to cleave the initiator caspases (gray
arrows), although these events do not activate the initiators

a pentameric organization of Fas/FADD heterodimer.
Interestingly, this latter arrangement is similar to the
one observed for the proposed caspase 2 activation
platform (Hymowitz and Dixit 2010). No matter
which model prevails, both highlight the importance
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of receptor clustering for death-inducing signaling
complex (DISC) formation. The other domain found
on FADD is a DED that is also present in initiator
caspases 8 and 10. This four-component complex,
ligand-receptor-adaptor-caspase, constitutes the basis
of the extrinsic pathway. DISC composition and sig-
naling varies greatly depending on the initiating
ligand-receptor pair (reviewed in Guicciardi and
Gores 2009a). All assemblies use FADD adaptor pro-
tein to link the death receptor to caspase 8, but the
tumor necrosis factor (TNF) receptor type 1-associated
DD (TRADD) is also used as an adaptor by TNFa
receptor.

Bound receptors cluster in lipid rafts and are inter-
nalized. Subsequently, the cytosolic side of the DISC
becomes a micro-domain of DED and recruits caspases
8 and 10. The locally high concentration of initiator
caspase molecules causes its dimerization through
induced proximity (Salvesen and Dixit 1999), activa-
tion and cleavage of the caspase. A layer of regulation
is provided by cFLIP (cellular FLICE [full-length ICE]
inhibitory protein) (Thome et al. 1997). The long form
of FLIP (FLIP,) is a catalytically disabled caspase
8-like protein and competes with initiator caspases at
the DISC at high level of expression, thus damping the
death signal. Alternatively, low levels of cFLIP| can
serve as a caspase 8 dimer partner and support caspase
activation. In general, death signaling is strong during
or after internalization, but weak when receptors are at
the plasma membrane, where likely all of them gener-
ate pro-survival signals through the NFxB (nuclear
factor kB) or mitogen-activated protein (MAP) path-
ways (Varfolomeeyv et al. 2005). A key mediator of the
pro-survival effect is the kinase RIP1 (receptor-
interacting serine/threonine-protein 1) that binds to
all death receptors and FADD using its own DD.
Post-translational modifications, such as phosphory-
lation, proteolytic cleavage by caspase 8, and
ubiquitination, dictate the various effects of this
kinase (Cho et al. 2009). Some particularities of each
complex are briefly summarized below (reviewed in
(Guicciardi and Gores 2009a)).

The Fas/CD95 DISC

Fas/CD95 (fibroblast associated) was discovered as
the antigen to an antibody recognizing T lymphocytes
and B cells (Oehm et al. 1992) and is considered
a tumor suppressor. Compared to TNF-R1 (TNF
receptor 1) and to a lesser extent Trail-R1/2

Caspase Family

(TNF-related apoptosis-inducing ligand receptor 1/2;
see » APO2L/TRAIL), Fas does not display strong
pro-survival effects unless its proapoptotic signaling
is masked. For example, tumor cells with disabled
Fas-mediated apoptosis will activate the pro-survival
NFxB and MAP kinase pathways (Shikama et al. 2003;
Barnhart et al. 2004). In non-pathological conditions,
Fas signaling via extracellular signal-regulated kinase
(ERK) is critical for neuronal regeneration, stellate cell
proliferation after hepatic injury, and is required for
activated T-cell and thymocyte proliferation. How-
ever, despite these few examples, Fas is essentially
a death receptor.

The mechanism by which Fas is activated is the
best understood among death receptors. After ligation
by FasL (Fas ligand), the adaptor FADD is recruited,
and the receptor gets palmitoylated, which constitutes
the signal for receptor clustering in the lipid raft.
Subsequently, Fas is internalized in endosomes in
a clathrin-dependent manner, where it continues to
recruit and promote caspase 8 and 10 activation. In
some cells (so-called type II cells, e.g., hepatocytes,
pancreatic B-cells), direct Fas-driven caspase activa-
tion is insufficient to cause apoptosis. Consequently,
the intrinsic pathway also contributes via the cleavage
of Bid by caspases 8 and 10 (Wachmann et al. 2010),
which will engage the mitochondrion to release cyto-
chrome c¢ (cytc). The discriminating difference
between type I and II cells is the level of XIAP,
which needs to be overcome for apoptosis to proceed
(Jost et al. 2009). Although this dichotomy was ini-
tially described for Fas, it also applies to the other
death receptors.

The TNFa DISC

The TNF receptor system is comprised of two recep-
tors, TNF-R1 and TNF-R2, but only TNF-R1 is con-
sidered a true death receptor because TNF-R2 does not
have a DD. Three ligands bind TNF-R1: the membrane
bound and soluble form of TNFao and TNF, also
known as the lymphocyte-derived cytokine o (LTo).
However, the focus will be on TNFa signaling because
it is the most studied. TNFa is produced by many
immune cell types, hepatocytes, and fibroblasts, and
plays a crucial role in inflammation, proliferation,
and differentiation. The complex formed after TNFa
ligation to TNF-R1 is peculiar in that its primary
signaling is pro-survival (complex I) rather than apo-
ptotic. It involves the recruitment of RIP1, TRAF2
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(TNF receptor-associated factor 2), cIAP1/2 (cellular
inhibitors of apoptosis protein 1/2), and maybe
TRADD, although the presence of the latter is contro-
versial. This complex also includes IKK Y (inhibitors of
kB kinase)/NEMO (NFkB essential modulator). The
association of RIP1 and TRAF2 activates two signal-
ing routes. First, it promotes differentiation, prolifera-
tion, and inflammation via NFxB activation (Wajant
and Scheurich 2001), and second, it stimulates JNK
(c-Jun N-terminal kinase) activity. Together, both
routes counteract each other because, despite the fact
that at a low level of activity the JNK pro-death signal
is counteracted by NFkB activation, sustained JNK
activity leads to the activation of caspases 8 and 10,
and apoptosis.

The pro-death DISC efficiently assembles only after
internalization of the receptor, following which FADD
and both initiators are recruited to promote cell death.
Until now, there is no specific event that switches
signaling by TNF-R1 from pro-survival to apoptosis.
Instead, the build-up of pro-survival signaling before
pro-death signaling strikes the balance between life
and death by TNFa signaling.

The Trail-R1/2 DISC

Signaling via Trail-R1/2 seems to follow a mechanism
similar to the one used by Fas to activate initiator
caspases 8 and 10. However, internalization is dispens-
able for efficient apoptosis induction in type I cells but
seems necessary for type II cells (Guicciardi and Gores
2009a). Trail can also initiate pro-survival signaling by
a secondary complex, which is initiated at the receptor
but works independently afterward. It contains FADD
and initiators, but this complex does not support
caspase activation. The complex also contains the
kinase RIP1, TRAF2, the adaptor TRADD, and
IKKY/NEMO in a manner reminiscent of TNF-R1
signaling. Furthermore, this complex can lead to
MAP kinase pathway activation. The role of this com-
plex is not clear because it antagonizes the death path-
way, but it may explain why many cancer cells retain
Trail receptor expression.

Caspases 8 and 10 Substrates

Initiator caspases 8 and 10 have few substrates. They
cleave themselves at the DISC and proteolyze execu-
tioner pro-caspases 3 and 7 and Bid (Luthi and Martin
2007). Because both caspases are recruited to the
DISC, it is not surprising that some substrates are
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part of this complex. Indeed, initiators cleave proteins
that are part of pro-survival signaling assemblies with
a net result of promoting death. For example, caspase
8 proteolyzes RIP1, shifting TNFa signaling toward
cell death. TRAF1, which participates with TRAF2 in
NFxB signaling, is cleaved by caspase 8. It was shown
that the C-terminal fragment of TRAF1 can displace
TRAF2 from a TNF-R/TRADD complex and sensitize
cells to apoptosis. Consequently, cleavage of TRAF1
would have the same functional role as RIPI1
proteolysis.

FLIP; is cleaved by caspase 8. Its ability to compete
with initiators at the DISC, to heterodimerize and
activate caspases 8 and 10 (Yu et al. 2009) and even
alter caspase 8 substrate preference make it a key
player in DISC signaling. To illustrate this, recent
work by Oberst and colleagues showed that uncleaved
caspase 8-FLIP; heterodimer abrogates RIP kinase
3-dependent necrosis during development without
inducing apoptosis (Oberst et al. 2011), suggesting
a different activity of this dimer compared to the
cleaved version. Taken together, both the protein com-
position of the DISC and the specific form of each of its
constituents 