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Endosomes: A legitimate platform for the signaling train
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Although long regarded as a conduit for the degradation or recycling of cell surface receptors, the endosomal system is also an es-
sential site of signal transduction. Activated receptors accumulate in endosomes, and certain signaling components are exclusively
localized to endosomes. Receptors can continue to transmit signals from endosomes that are different from those that arise from the
plasma membrane, resulting in distinct physiological responses. Endosomal signaling is widespread in metazoans and plants, where
it transmits signals for diverse receptor families that regulate essential processes including growth, differentiation and survival. Re-
ceptor signaling at endosomal membranes is tightly regulated by mechanisms that control agonist availability, receptor coupling to
signaling machinery, and the subcellular localization of signaling components. Drugs that target mechanisms that initiate and termi-
nate receptor signaling at the plasma membrane are widespread and effective treatments for disease. Selective disruption of recep-
tor signaling in endosomes, which can be accomplished by targeting endosomal-specific signaling pathways or by selective delivery
of drugs to the endosomal network, may provide novel therapies for disease.
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ell surface receptors allow

cells to detect and respond to

signals from the external envi-

ronment. The binding of an ex-
tracellular ligand to a cell surface receptor
initiates a cascade of signals that begins
at the plasma membrane. Given the im-
portance of this process, signaling at the
plasma membrane has been intensively
studied, and many drugs target signaling
by cell surface receptors. However, upon
activation, many receptors enter the endo-
somal system, a large, dynamic tubulove-
sicular network extending throughout
the cytoplasm. Trafficking of a ligand-
receptor complex within this system pro-
vides a mechanism to either terminate
signaling through degradation of the re-
ceptor in lysosomes and proteasomes, or
to sustain signaling through recycling of
the receptor back to the cell surface
where it can rebind extracellular ligands.
Although the endocytic system has tradi-
tionally been viewed as a conduit that
transports receptors to a degradative or
recycling fate, endosomes are also a site at
which receptor signaling can be initiated,
sustained, and terminated. Activated re-
ceptors accumulate in endosomes, and
certain essential signaling components are
confined to endosomes. Different signals
can arise from receptors at endosomal
and plasma membranes, resulting in dis-
tinct physiological responses. Moreover,
different mechanisms regulate signaling of
receptors at endosomal and plasma mem-
branes. These disparate mechanisms of
signaling and regulation raise the possibil-
ity of novel therapies based on targeting
endosomal rather than plasma membrane
signaling. In this article, we review the
mechanisms of receptor signaling from
endosomes and summarize how this sig-
naling is regulated. We discuss the physio-
logical relevance of endosomal signaling
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and speculate on whether drugs that tar-
get endosomal signaling could be new
therapies for disease.

Diverse Receptor Families Signal From En-
dosomes. (Summarized in Table S1.)

Receptor Tyrosine Kinases (RTKs). The view
that RTK signaling occurs solely at the
plasma membrane was challenged when
subcellular fractionation and coimmuno-
precipitation studies revealed that epider-
mal growth factor (EGF) induced accu-
mulation of activated EGF receptor
(EGFR) and its downstream signaling
factors (SOS, Grb2, SHC) in early endo-
somes of liver parenchymal cells (1). A
similar analysis of insulin-treated adipo-
cytes revealed that internalized insulin
receptors were more highly phosphory-
lated than those at the plasma membrane
and that insulin receptor substrate (IRS-1)
was associated with internal membranes
where IRS-1 phosphorylation paralleled
that of the insulin receptor (2). Insulin
also preferentially activates PI3K in inter-
nal rather than plasma membranes (3)
and causes accumulation of mitogen-
activated protein kinase (MAPK) signal-
ing components in endosomes isolated
from fibroblasts by using insulin-coated
magnetic microbeads (4). Nerve growth
factor (NGF) similarly causes accumula-
tion of NGF, activated TrkA receptor,
phospholipase C-y1 (PLC-y1), and com-
ponents of MAPK and PI3K signaling
pathways in endosomes of pheochromocy-
toma PC12 cells (5) and nociceptive
neurons (6).

Although these studies indicated that
endosomes contain signaling machinery, it
was less clear if signals could arise from
endosomes themselves. Initial studies that
addressed this issue focused on EGF-
induced activation of MAPK and PI3K/

Akt signaling pathways, which regulate
cell proliferation and survival. Disruption
of EGFR endocytosis, by expression of a
mutant of the endocytic protein dynamin,
suppressed EGF-induced activation of
ERK 1/2 and PI3K, suggesting that EGFR
internalization is required for the full
spectrum of EGF signaling (7). However,
a subsequent study reported that traffick-
ing of the activated downstream kinase
MEK, rather than of activated EGFR,
from the plasma membrane is the critical
step of endosomal signaling (8). To fur-
ther establish—without the use of endo-
cytic inhibitors—whether activated EGFR
per se can signal from endosomes, a phar-
macological approach was used to selec-
tively activate EGFR in endosomes (9).
Treatment of cells with the EGFR ty-
rosine kinase inhibitor AG-1478 blocked
activation of EGFR at the plasma mem-
brane but allowed endocytosis to proceed.
Withdrawal of AG-1478 caused activation
of endosomal EGFR, induced recruitment
of signaling factors (SHC, Grb2, p85 sub-
unit of PI3K) to endosomes, and led to
the activation of ERK1/2 and Akt. This
endosome-specific signaling of activated
EGFR was sufficient to promote cell sur-
vival by the PI3K/Akt pathway. Thus, sig-
naling pathways can originate from EGFR
activated within endosomes. However,
AG-1478 can attenuate EGFR internaliza-
tion (10, 11), which may limit its useful-
ness in studying endosome-specific EGFR
signaling. Signaling of the insulin receptor
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Signaling endosomes transport NGF signals from axon terminals to the cell body of neurons,

resulting in activation of ERK5 in the cell body and neuronal survival. In contrast, TrkA activated directly
at the cell body activates both ERK5 and ERK1/2. P, phosphate.

in endosomes was demonstrated by using
a peroxovanadium compound (bpV-
(phen)) that activates insulin receptor ki-
nase by inhibiting receptor-associated
phosphotyrosine phosphatases, together
with colchicine, which inhibits receptor
recycling (12). Treatment of rats with
bpV(phen) and colchicine allowed selec-
tive activation of the insulin receptor ki-
nase in hepatic endosomes, which was
accompanied by phosphorylation of
IRS-1, thus demonstrating the signaling
potential of the endosomal insulin recep-
tor. Endocytosis mediates the full biologi-
cal activity of other RTKSs including the
platelet-derived growth factor receptor
(13) and vascular endothelial growth fac-
tor receptor-2 (14).

Given that receptors can signal at the
cell surface and in endosomes, what is the
relevance of endosomal signaling? Insight
into this question is provided by consider-
ation of NGF signaling in the nervous
system. For growth factors released from
target tissues to promote survival of in-
nervating neurons, signals that arise from
axon terminals must be sufficiently sus-
tained and robust to travel long distances
(>1,000-fold soma diameter) to the soma.
The identification of NGF, activated
TrkA, and signaling components in endo-
somes led to the hypothesis that NGF sig-
nals are transmitted in an axon to the cell
body by retrograde transport of “signaling
endosomes” (5) (Fig. 1). NGF-containing
endosomes are retrogradely transported at
~1.3 us/s in axons of nociceptive neurons
(15). In PC12 cells, NGF causes assembly
of a stable endosomal signaling complex
comprising TrkA, MAPK, and Rap-1
(Ras GTPase that causes sustained activa-
tion of MEK/MAPK) (16). Disruption of
endosomes inhibits sustained activation of
Rap-1 and MAPK, suggesting that NGF-
TrkA signals in endosomes by Rap-1 to
cause persistent MAPK activation. Thus,
endosomes can provide a platform for

sustained and robust signaling that can be
transported to distant sites.

Do receptors in endosomes transmit
signals that are distinct from those origi-
nating from receptors at the plasma
membrane? Studies of the TrkA receptor
provide evidence for endosome-specific
signaling of NGF. Whereas NGF signaling
in endosomes causes sustained MAPK
activation, NGF-activated TrkA at the
plasma membrane activates Ras tran-
siently (16). In highly differentiated cells,
such as neurons, the site of receptor acti-
vation can influence the nature of the en-
dosomal signal. NGF-induced activation
of TrkA in axon terminals of dorsal root
ganglia neurons leads to retrograde trans-
port of signaling endosomes to the cell
body, where TrkA activates ERKS (17).
ERKS translocates to the nucleus to acti-
vate CREB and enhance neuronal sur-
vival. In contrast, TrkA activated directly
at the cell body signals through both
ERK1/2 and ERKS pathways (Fig. 1).
Addition of neurotrophins to distal axons,
but not cell bodies, also enhances activa-
tion of the transcription factor MEF2D by
a Trk-dependent ERKS pathway (18).
Together, ERKS and MEF2D increase
expression of the antiapoptotic protein
bcl-w, MEF2D, and other retrograde re-
sponse genes. Thus, retrograde signaling
from endosomes has a different outcome
from that of direct stimulation at the
soma and is required to activate an
ERK5/MEF2D transcriptional response
that enables neurons to survive in the
presence of target-derived neurotrophins.

G Protein-Coupled Receptors (GPCRs).
GPCRs, or 7 transmembrane receptors,
are the largest family of cell surface re-
ceptors. They participate in physiological
control and disease and are the targets of
many drugs. GPCRs signal at the plasma
membrane by coupling to heterotrimeric
G proteins. Although GPCRs are rapidly
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uncoupled from G proteins at the plasma
membrane by receptor desensitization,
these “desensitized” receptors can
continue to signal at the plasma mem-
brane and in endosomes by G protein-
independent mechanisms. Arrestins are
critically important for desensitization,
endocytosis, and G protein-independent
signaling of GPCRs (19). Arrestins were
discovered as inhibitors of GPCR signal-
ing; B-arrestin (Barr) 1 and 2 were
identified as inhibitors of B, adrenergic
receptors (B.AR) but were subsequently
found to regulate many GPCRs. Barrs
interact with agonist-occupied, G protein-
coupled receptor kinase (GRK)-
phosphorylated GPCRs. This interaction
sterically uncouples receptors from G
proteins to mediate desensitization and
couples receptors to clathrin and AP2 to
mediate endocytosis. However, Barrs
also recruit diverse signaling proteins to
activated receptors at plasma and endo-
somal membranes and are essential me-
diators of signaling.

The MAPK cascades [ERK, c-Jun
amino-terminal kinase (JNK), p38] are
the most thoroughly characterized Barr-
dependent signaling pathways (19, 20)
(Fig. 2). The first evidence that Barrs are
active participants in signaling was the
observation that dominant negative mu-
tants of Barr inhibited B,AR-induced
activation of ERK1/2 (21). Subsequently,
Barrs were found to couple 3,AR to
c-Src and mediate ERK1/2 activation (22).
Barrs similarly participate in ERK1/2
signaling by other GPCRs, including neu-
rokinin-1 receptor (NK;R), protease-
activated receptor 2 (PAR3), angiotensin
II type 1A receptor (AT;aR), and vaso-
pressin V2 receptor (V,R) (23-26). These
observations led to the view that Barrs are
scaffolds that couple activated GPCRs
with MAPK signaling complexes or
“signalosomes”. Barrs thereby mediate a
second wave of GPCR signaling that is
distinct from G protein-dependent signal-
ing at the plasma membrane. The impor-
tance of this mechanism depends on the
affinity with which GPCRs interact with
Barrs, which varies depending on the ex-
tent of GPCR phosphorylation by GRKs.
“Class A” GPCRs (e.g., B2AR, ai,AR)
have few phosphorylation sites, and tran-
siently interact with Barrl and Barr2,
mostly at the plasma membrane, with a
higher affinity for Barr2. “Class B”
GPCRs (C.g., ATlAR, VzR, NKlR, PARz)
are phosphorylated at multiple sites and
interact with both Barrl and 2 with high
affinity for prolonged periods at plasma
and endosomal membranes. “Class C”
GPCRs (e.g., bradykinin B, receptor) in-
ternalize with Barrs into endosomes fol-
lowed by rapid dissociation of Barr upon
agonist removal (27). The extent of Barr-
induced MAPK signaling depends on the

Murphy et al.
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Barrs recruit signaling complexes to endosomes. Complexes can include activators and inhibitors

of signaling. Overlapping symbols specify direct interaction with Barr.

affinity of the receptor for Barrs, which
depends on the receptor structure and on
which of the seven mammalian GRKs
phosphorylate the receptor. Thus, activa-
tion of AT 4R and V3R causes greater
phosphorylation of Barr-bound ERK1/2
than activation of a;,AR and B,AR, sug-
gesting that the class B receptors signal
more robustly through this pathway (26).
Phosphorylation of the AT4aR by GRKS
and 6 is required for Barr-mediated ERK
activation, whereas phosphorylation by
GRK?2 and 3 inhibits this signaling path-
way (28). Different receptor agonists can
lead to differential stimulation of GRKs
with distinct outcomes. The chemokine
receptor CCR7 has two endogenous ago-
nists, CCL19 and CCL21. Whereas both
agonists activate G proteins and induce
recruitment of Barr2 and Barr2-dependent
ERK activation, only CCL19 causes redis-
tribution of Barr2 to endosomes and
CCR?7 desensitization (29). CCL19 in-
duces GRK3- and 6-dependent phosphor-
ylation of CCR7, whereas CCL21 activates
GRKG6 only, which may explain the differ-
ent functional effects of these agonists.
By recruiting receptors and MAPK to
endosomes, Barrs can determine the sub-
cellular location and function of activated
ERKs. As is the case for RTKSs, receptors
in endosomes may activate signals that
differ from those originating from G pro-
teins at the plasma membrane, resulting in
distinct physiological responses. These dis-
tinct mechanisms of signaling have been
evaluated by disrupting Barr or G pro-
teins, by studying mutant receptors that
are unable to interact with Barrs, or by
using agonists that selectively activate par-
ticular pathways. PAR, and AT;AR cou-
pling to Gaq activates conventional iso-
forms of PKC and stimulates rapid Ras-
mediated activation of the Raf-1/MEK1/

Murphy et al.

ERK1/2 module; activated ERK1/2
translocate to the nucleus to regulate pro-
liferation and transcription (23, 30). PAR,
and AT AR also activate ERK1/2 by Barr-
dependent mechanisms. PAR; activation
induces assembly of a signaling complex
comprising PAR/Barr/Raf-1/MEK1/
ERK1/2, which retains ERK activity in
the cytosol rather than the nucleus (23).
A PAR, mutant that was unable to inter-
act with Barrs failed to promote formation
of this complex or cause cytosolic reten-
tion of activated ERK1/2, which instead
translocated to the nucleus to promote
proliferation. Barr-dependent mechanisms
mediate delayed and sustained activation
of ERK1/2 that accumulates in endosomes
with AT;AR and Barrs (30). V2R activa-
tion also results in Barr-dependent activa-
tion of ERK1/2, which are mostly retained
in the cytosol (26). Substance P (SP) also
induces the formation of a signaling com-
plex comprising SP/NK;R/Barr/Src/MEK1/
ERK1/2 (24). When parrl is fused to the
NK;R C terminus, the receptor is consti-
tutively associated with a c-Raf/MEK1/2/
ERKI1/2 complex in endosomes, leading to
robust activation of cytosolic but not nu-
clear ERK1/2 (31).

Barrs similarly participate in activation
of the JNK MAPK cascade, a regulator of
stress-induced apoptosis, cell survival, and
morphogenesis. Stimulation of AT;4R
promotes assembly of a signaling complex
in endosomes comprising Barr2, the up-
stream kinases MAP kinase kinase
(MKK4), and apoptosis signaling kinase
(ASK1), and active INK3 (32, 33).
Whereas JNK3 and ASK1 directly interact
with Barr2, MKK4, although part of the
complex, interacts indirectly with Barr2.
As is the case with ERK1/2, Barr2 retains
activated JNK3 in the cytosol. Notably,
the complex includes MAP kinase phos-

phatase 7 (MKP7), which interacts with
Barr2 and can dephosphorylate JNK3 (34)
(Fig. 2). Thus, the complex contains ma-
chinery to both initiate and terminate
JNK3 activation. The p38 MAPK medi-
ates transcriptional responses to stress and
inflammation. Barrs are necessary for p38-
dependent signaling of the chemokine
receptor CXCR4 (35) and the k-opioid
receptor (36).

Barrs also control PI3K, a regulator of
cell growth, movement, and apoptosis.
Activation of PAR, promotes interaction
of Barrs and PI3K, which inhibits PI3K
catalytic activity (37, 38). This mechanism
opposes PAR»-induced stimulation of
PI3K, which is mediated by Gaq. The re-
sult of these opposing mechanisms de-
pends on the level of Barr expression,
with PI3K inhibition predominating in
cells that highly express Barrs.

In keeping with inhibition of PI3K,
Barrs can also inhibit Akt, a downstream
target of PI3K that controls transcription,
apoptosis, and the cell-cycle (Fig. 2).
Phosphatidylinositol-dependent kinase 1
and target of rapamycin complex 2 kinase
phosphorylate and activate Akt, whereas
protein phosphatase 2A (PP2A) dephos-
phorylates and inactivates Akt. Dopamine
2 receptor (D,R) stimulation induces for-
mation of a Barr2/Akt/PP2A complex,
identified in striatal extracts by pull-down
assays (39, 40). Whether this complex
forms at the plasma membrane or endo-
somes is unknown. Sustained stimulation
of DR in the mouse striatum inactivates
Akt by a Barr2-dependent mechanism (39,
40). This mechanism is another example,
along with regulation of JNK3, of Barr
recruiting both activators and inhibitors
(PP2A, MKP7) to signaling complexes.
Ghrelin, a regulator of food intake and
metabolism, also activates Akt, here in a
biphasic fashion with an early Gi/o-
dependent pathway and a late Barr-
dependent pathway involving recruitment
of Src and Akt (41).

Despite the focus on Barr-mediated
signaling in endosomes, G proteins can
also signal from endosomes. In the mating
pheromone response pathway of Saccha-
romyces cerevisiae, the GPCR Ste2 trans-
duces signals to secreted a-factor, which
were thought to depend on the plasma
membrane bound G+ subunits. How-
ever, Ga subunits translocate to endo-
somes to stimulate PI3K activity (42).
Gpy subunits can also mediate signals
from endosomes in mammalian cells (43).
Gy interact with Rab11a, lysophospha-
tidic acid promotes association of Gf3,
PI3K, and Akt with Rab1la-positive endo-
somes in HEK cells. Disruption of these
associations attenuates effects of lysophos-
phatidic acid on cell survival and prolifer-
ation, suggesting that endosomal signaling
of G proteins is functionally important.
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Lo L

P

1\

=y

Toll-Like Receptors (TLRs). Endosomes are
a platform for signaling of TLRs, major
mediators of innate immunity. TLR9
binding to its ligand CpG oligode-
oxynucleotide (CpG-A) induces IFN by
activating the transcription factor IRF-7
via the adaptor protein myeloid differenti-
ation primary response gene 88 (MyD88)
(44). However, this response only occurs
in the plasmacytoid subset of dendritic
cells. The reason for this cell-type specific-
ity has been attributed to the ability of
plasmacytoid dendritic cells to retain the
TLR9-bound CpG-A and MyD88-IRF-7
complex in endosomes for long periods,
which is required for a robust IFN re-
sponse. In conventional dendritic cells,
CpG-A is rapidly degraded in lysosomes.
Inducing endosomal retention of CpG-A
in conventional dendritic cells by using a
cationic lipid activates the TLR9-MyD88-
IRF-7 pathway, causing IFN production.
Endosomes also play a vital role in the
antiviral responses triggered by double-
stranded RNA binding to TLR3 (45).
Stimulation of dendritic cells with double-
stranded RNA induces redistribution of
TLR3 from the endoplasmic reticulum to
endosomes. TLR3 and c-Src accumulate
in endosomes containing double-stranded
RNA, and c-Src is essential for antiviral
signaling. Endosomes are a site for the
coordinated activation of signaling path-
ways by TLR4, a receptor for lipopolysac-
charide from bacterial cell walls (46).
TLR4 activates two pathways: the Toll-
interleukin 1 receptor domain-containing
adaptor protein (TIRAP)-MyD88 path-
way that induces cytokines, and the Toll-
receptor-associated molecule (TRAM)-
Toll-receptor-associated activator of
interferon (TRIF) pathway that induces
IFN. Inhibiting TLR4 endocytosis disrupts
the TRAM-TRIF pathway, and localiza-
tion of TRAM to endosomes is necessary
for TLR4 signaling (46). Thus, TIRAP-
MyD88 signaling is initiated by TLR4 at
the plasma membrane, whereas TRAM-
TRIF signaling is initiated by endocytosed
TLRA4. The switch between the two path-
ways may be caused by depletion of phos-
phatidylinositol-4,5-bisphosphate from the
membrane during endocytosis, which re-
leases the TIRAP-MyD88 complex from
TLRA4, thereby enabling TLR4 to interact
with TRAM-TRIF in endosomes (Fig. 3).

Other Mechanisms of Endosomal Signaling.
Although many signal-transduction cas-
cades are propagated by phosphorylation,
signaling can also require proteolysis,
which may activate a substrate or allow a
product to translocate to a different cellu-
lar location to exert its effect. Proteases
are essential for Notch signaling, a regula-
tor of development. Notch receptors exist
in the plasma membrane as heterodimers
composed of the Notch extracellular do-

A Pro-

inflammatory
cytokines

Fig. 3. Endosomes are key to TLR signaling. The
figure depicts the requirement of TLR4 internaliza-
tion to endosomes for the exchange of the TIRAP-
MyD88 signaling complex with the TRAM-TRIF sig-
naling complex.

AType |
interferons

main and the membrane-anchored intra-
cellular domain. Ligand binding results in
cleavage of the membrane-anchored intra-
cellular domain at an extracellular site by
metalloproteases (Fig. S1). Notch then
undergoes intramembrane cleavage of the
membrane-anchored intracellular domain
by +y-secretase to liberate the Notch intra-
cellular domain, which translocates to the
nucleus to regulate gene transcription
(Fig. S1). Although the role of endocyto-
sis in Notch cleavage and signaling is
poorly understood, observations of Dro-
sophila melanogaster mutants with defects
in the endocytic pathway indicate that
entry of Notch into early endosomes is
required for efficient y-secretase-mediated
cleavage of Notch and Notch signaling
(47). Alterations in Notch trafficking in
endosomes may underlie developmental
abnormalities that are related to defects in
Notch signaling.

Although mostly studied in metazoans,
endosomes are a site for receptor signal-
ing in plants. Increasing the endosomal
localization of the steroid receptor BRI1
in Arabidopsis thaliana by overexpression
enhances transcriptional signaling and
genomic responses, suggesting that in
plants, as in animal cells, endosomes play
an essential role in receptor signaling (43).

Endosomal Signaling Is Tightly Controlled.
Receptor signaling at the plasma mem-
brane is precisely regulated by mecha-
nisms that control agonist availability, re-
ceptor coupling to signal-transduction
machinery, and subcellular distribution of
signaling components. Defects in these
mechanisms can cause disease, and drugs
that target these mechanisms have power-
ful effects. Considerably less is known
about the mechanisms that regulate recep-
tor signaling from endosomes.

Endosomal Proteolysis Attenuates Signaling.
The mechanisms that terminate endoso-
mal signaling are not fully understood,

17618 | www.pnas.org/cgi/doi/10.1073/pnas.0906541106

and it is uncertain whether endosomal
signaling ceases before receptor degrada-
tion or recycling. The EGFR is substan-
tially phosphorylated in endosomes but is
dephosphorylated and deactivated before
trafficking to lysosomes (49). EGFR de-
phosphorylation coincides with a loss of
EGF from endosomes, suggesting that
ligand dissociation from the internalized
receptor attenuates EGFR signaling. This
conclusion is supported by the observa-
tions that cathepsin B in soluble endo-
some extracts degrades EGF and that ca-
thepsin B inhibition enhances EGFR
phosphorylation in endosomes (50). The
importance of ligand dissociation in termi-
nating EGFR signaling is further illus-
trated by comparing signaling of TGF-a
and EGF. Whereas both agonists bind
EGFR with equal affinity at the plasma
membrane where the pH is neutral,
TGF-a more readily dissociates from
EGFR at the acidic pH of endosomes and
exhibits diminished EGFR mitogenic sig-
naling (51). Thus, EGFR signaling in en-
dosomes is regulated by the rate of ligand
dissociation in the acidic endosomal envi-
ronment and subsequent degradation.
Ligand dissociation from GPCRs and
subsequent degradation by endosomal
peptidases also controls trafficking and
signaling of neuropeptide receptors (Fig.
4). Endothelin-converting enzyme 1
(ECE-1) is a membrane-associated metal-
loendopeptidase that shuttles between
plasma and endosomal membranes (52).
ECE-1 rapidly degrades SP, calcitonin
gene-related peptide (CGRP) and soma-
tostatin in endosomes to disrupt the
peptide-receptor-Barr complex, allowing
Barrs to return to the cytoplasm and re-
ceptors, freed from Barrs, to recycle and
resensitize (52-54). This mechanism pro-
motes recycling and resensitization of re-
ceptors for SP (NK;R), CGRP, and soma-
tostatin (somatostatin receptor 2A). For
these class B GPCRs, dissociation from
Barrs in endosomes is necessary for recy-
cling and resensitization. ECE-1 does not
regulate resensitization of the class B
AT AR because angiotensin II is not an
ECE-1 substrate. Similarly, ECE-1 does
not regulate recycling and resensitization
of the bradykinin B, receptor, which tran-
siently interacts with Barrs and rapidly
recycles and resensitizes. Neuropeptide
degradation in endosomes also regulates
Barr-mediated MAPK signaling. Inhibi-
tion of ECE-1 or treatment with the vacu-
olar H"-ATPAse inhibitor bafilomycin A,
causes retention of the SP/NK;R/Barr/
MEKI1/ERK1/2 complex in endosomes
and sustained ERK1/2 activation (55).

Deubiquitinating Proteases (DUBs) Control
Endosomal Trafficking and Perhaps Signal-
ing. Attachment of ubiquitin to lysines of
target proteins is a critical determinant of

Murphy et al.
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Endosomal ECE-1 regulates SP-induced ERK activation and cell death. (1) SP binding to the NK4R

leads to recruitment of Barr to the receptor, assembly of a MAPK signalosome, and ERK1/2 activation. (2)
Degradation of SP by ECE-1 in acidified endosomes disrupts the SP/NK R/Barr/MAPK signalosome. (3) NK;R
recycles to the plasma membrane for resensitization. (4) Inhibiting ECE-1 activity causes sustained ERK1/2

activation and SP-induced cell death.

their subcellular distribution and function.
Agonist-induced ubiquitination of RTKs
and GPCRs at the plasma membrane and
possibly in endosomes controls receptor
trafficking throughout the endosomal sys-
tem. For some receptors, the ubiquitin E3
ligase that mediates agonist-stimulated
ubiquitination is known. c-Cbl ubiquiti-
nates the EGFR (56) and PAR; (57),
ATP4 ubiquitinates CXCR4 (58) and
8-opioid receptor (59), and Nedd4 ubig-
uitinates the B,AR (60). BAR agonists
also promote interaction between Barr2
and the E3 ligase Mdm?2, which ubiquiti-
nates Barr2 (61). The importance of ubig-
uitination for trafficking varies between
receptors. Ubiquitination is necessary for
endocytosis of the yeast GPCRs Ste2p
and Ste3p (62, 63). However, ubiquitina-
tion-defective mutants of B,AR, CXCR4
and PAR; internalize normally but are
instead retained in early endosomes, es-
caping lysosomal trafficking and degrada-
tion (57, 61, 64). Similarly, ubiquitination
is not necessary for EGFR endocytosis
because mutation of lysine residues in the
EGFR kinase domain does not impair
internalization (65) and EGFR internal-
ization is unaltered in fibroblasts lacking
¢-Cbl (66). Mdm2-mediated ubiquitination
of Barr is required for endocytosis of the
B2AR and perhaps other GPCRs (61, 67)
and is necessary for high-affinity interac-
tions of Barr and GPCRs that determine
receptor endocytosis and downstream sig-
nal transduction (68).

Before receptors are incorporated
into the intralumenal vesicles of multive-
sicular bodies en route to lysosomes,
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they are deubiquitinated, which main-
tains levels of free ubiquitin. Two endo-
somal DUBs, associated molecule with
the Src homology 3 (SH3) domain of
signal transducing adapter molecule
(STAM) (AMSH) and ubiquitin-specific
protease Y (UBPY or USPS), control
EGFR deubiquitination and postendo-
cytic trafficking. AMSH and UBPY in-
teract directly with STAM through a
common binding site within its SH3 do-
main (69, 70). Whereas c-Cbl promotes
lysosomal degradation of the EGFR
(56), AMSH opposes c-Cbl action and
promotes EGFR recycling (71), and
UBPY is required for lysosomal sorting
and degradation of EGFR (72-74). It is
unclear whether AMSH and UBPY act
in opposition or in a coordinated fash-
ion (75). AMSH and UBPY also deu-
biquitinate §-opioid receptor and PAR;
and are required for lysosomal traffick-
ing and degradation of these receptors
(59, 76). USP33 and USP20 deubiquiti-
nate the B,AR, which inhibits receptor
degradation and promotes recycling
from late endosomes (77).

Lysosomal degradation irrevocably ter-
minates receptor signaling, and disruption
of this process would be expected to pro-
long signaling of receptors at the plasma
membrane or in endosomes. Fusing the
C-tail of the recycling NK;R to PAR;,
which normally traffics to lysosomes, gen-
erates a receptor that recycles and contin-
ues to signal at the plasma membrane
(78). Ubiquitination-defective PAR, mu-
tants also recycle and resensitize at the
cell surface (57). DUBs regulate recycling
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and resensitization of the B,AR. Knock-
down of both USP33 and USP20 inhibits
B2AR recycling and resensitization of
cAMP responses but increases agonist-
induced B,AR ubiquitination, lysosomal
trafficking and degradation of the recep-
tor (77). Little is known about the role of
endosomal DUBs in controlling signaling
of endocytosed receptors. However, dis-
ruption of AMSH and UBPY does not
affect the association of PAR, with Barrs
in endosomes and does not influence the
duration or magnitude of PAR»-induced
activation of ERK1/2 (76). In contrast, the
balance of Barr ubiquitination and deubi-
quitination regulates the association of
Barr with GPCRs and Barr-dependent
ERK1/2 activation (79). Whereas the E3
ligase Mdm2 mediates agonist-induced
ubiquitination of Barr2, the DUB USP33
interacts with and deubiquitinates Barr2.
Overexpression of Mdm?2 or knockdown
of USP33 stabilizes the endosomal inter-
action of Barr2 with B,AR (transiently
interacts with Barrs), leading to prolonged
and enhanced ERK1/2 activation. Con-
versely, overexpression of USP33 destabi-
lizes the interaction of Barr2 with V,R
(stably interacts with Barrs in endosomes),
which attenuates ERK1/2 activation. Thus,
Barr ubiquitination and deubiquitination
regulate stability of the Barr MAPK sig-
nalosome to control the duration of
ERK1/2 signaling.

The Mechanism of Endocytosis Specifies the
Outcome of Endosomal Signals. Differences
in the mechanism of endocytosis of Trk
and EGFR explain the quandary that
whereas Trk promotes neuronal differenti-
ation and survival, other growth factors
do not (80). NGF induces endocytosis of
Trk in PC12 cells by a mechanism involv-
ing the Rho GTPase Rac and the traffick-
ing protein Pincher, termed “macroendo-
cytosis”. This results in accumulation of
Trk in immature multivesicular bodies
containing Rab5 but lacking the late en-
dosome protein Rab7. In contrast, EGF
stimulates clathrin-dependent endocytosis
of EGFR into Rab5 endosomes, with
rapid exchange of Rab7 for Rab5 and
transition to late endosomes and lyso-
somes. Whereas NGF/Trk induce sus-
tained ERK1/2 activation, EGF/EGFR
transiently activate ERK1/2 because
EGFR is rapidly degraded. Thus, endo-
somes provide a specialized NGF/TrkA
platform for sustained signaling required
for neuronal survival.

Receptor Transit Through the Endosomal
Network Refines Signals. The importance
of endosomal transit for signaling is il-
lustrated by the finding that disruption
of trafficking of c-Met (hepatocyte
growth factor receptor) from peripheral
to perinuclear endosomes inhibits nu-
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clear accumulation of the transcription
factor STAT3 (81). Similarly, redirecting
endosomes containing EGFR between
peripheral and perinuclear locations af-
fects EGFR degradation, MAPK activa-
tion and transcription (82).

Physiological Outcomes of Endosomal Sig-
naling. The signals that emanate from di-
verse families of receptors in endosomes
control essential processes of growth, dif-
ferentiation, survival, inflammation, and
immunity. However, most information
about endosomal signaling derives from
studies of cell lines that often overexpress
receptors and signaling components at
supraphysiological levels. Although such
studies provide important mechanistic
insights, the physiological outcomes of
endosomal signaling in functionally impor-
tant cells or in intact animals are not fully
understood.

The importance of endosomes to the
physiological outcomes of RTK signaling
is illustrated by neurotrophin signaling to
sensory nerves (Fig. 1). Neurotrophins
from innervated tissues stimulate endocy-
tosis of TrkA in axon terminals, and en-
dosomes convey signals to the nucleus to
induce transcriptional events that promote
neuronal growth. Disruption of this pro-
cess enhances lysosomal degradation of
TrkA, inhibits NGF-induced ERK activity
in endosomes, and attenuates effects of
NGF on gene expression and neurite
outgrowth (83).

Barrs couple GPCRs to multiple signal-
ing pathways and may therefore mediate
many physiological responses (Fig. 2). For
some receptors, [arrs retain activated
ERK1/2 in endosomes or the cytosol,
thereby restricting nuclear translocation
and effects on transcription and prolifera-
tion. The precise downstream targets of
Barr-activated ERK1/2 are not fully char-
acterized. However, PAR; controls tight
junction assembly and paracellular perme-
ability of colonocytes by Barr-dependent
activation of ERK1/2, with implications
for intestinal inflammatory diseases char-
acterized by bacterial and macromolecule
translocation from the lumen (84). A
PARy/Barr/ERK1/2 complex is enriched in
pseudopodia of migrating cells and is re-
quired for cytoskeletal reorganization,
pseudopodia extension, and chemotaxis
(85). This mechanism may mediate the
migration of breast cancer cells induced
by the release of trypsin and autocrine
activation of PAR; (86). A SP/NK;R/Bart/
Src/ERK1/2 complex is required for the
proliferative and antiapoptotic actions of
the SP (24). Inhibition of ECE-1 stabilizes
this complex and results in markedly sus-
tained ERK1/2 signaling, where activated
ERK1/2 translocates to the nucleus and
activates the death receptor Nur77, caus-
ing neurodegeneration (55).

The physiological consequences of Barr
signaling have been characterized in Barr-
deficient mice (87). Barr2-deficient mice
fail to develop antinociceptive tolerance
to morphine due to diminished Barr-
mediated desensitization of the u-opioid
receptor (88). However, other effects of
morphine (for example, induction of con-
stipation) are diminished in these mice,
suggesting a role for Barr2 in p-opioid
receptor signaling in enteric neurons by
mechanisms that remain to be explored
(87). Barr2 deficiency impedes formation
of the Barr2/Akt/PP2A complex, disrupts
the effects of dopamine on Akt activity,
and abrogates the behavioral effects of
dopaminergic drugs without affecting G
protein signaling (39, 40). Given the im-
portance of dopamine in locomotion, re-
ward, and affect, and its involvement in
Parkinson’s disease, Huntington’s disease,
and schizophrenia, this mechanism of
Barr2-dependent signaling could be of
considerable importance. Although studies
of Barr2-deficient mice illustrate the physi-
ological importance of Barr2 for opioid
and dopamine signaling, it remains to be
determined whether this role depends
on formation of endosomal signaling
complexes.

The use of agonists that selectively
activate G protein- or Barr-dependent
signaling (biased agonists) has provided
further insight into the physiological im-
portance of Barr signaling. An analogue
of angiotensin II, SII-angiotensin, is a
specific agonist of the Barr-dependent
pathway of ATR signaling and does not
activate G protein-dependent signaling.
This analogue induces proliferation, pro-
tein synthesis, and antiapoptotic signals
in vascular smooth muscle cells by Barr
and ERK1/2-dependent processes, dem-
onstrating the functional relevance of
this pathway (89-91).

Barrs also regulate signaling in primary
cilia, hair-like extensions of cells that de-
tect environmental stimuli (92). The
GPCR Smoothened is a component of the
Hedgehog signaling pathway that is essen-
tial for development, stem cell function,
and cancer. Translocation of Smoothened
to cilia is necessary for regulation of gene
transcription. Barrs couple Smoothened to
the kinesin motor protein Kif3A and
thereby promote the translocation of this
complex to primary cilia where Smooth-
ened regulates transcription. Because
other GPCRs are found in cilia (93, 94),
Barrs may control the location and activity
of several signaling pathways in this
location.

Endosomal mechanisms also regulate
signaling of TLRs (Fig. 3) and Notch
(Fig. S1), and may therefore be essential
for innate immunity and development.
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Targeting Endosomal Signaling: New Oppor-
tunities for Therapy? Many drugs target
receptor signaling at the cell surface.
Given the importance of signals that origi-
nate from receptors in endosomes, which
are sometimes quite distinct from those
that derive from cell surface receptors,
therapies specifically directed to endoso-
mal signals will likely offer a novel and
important pharmacological approach to
disease. The concept that receptors can
signal differently at the cell surface and in
endosomes emphasizes the importance of
screening multiple pathways during drug
discovery. Specific inhibition of endoso-
mal signaling may be achieved by target-
ing drugs to disrupt only endosomal sig-
naling pathways or by designing drugs that
are selectively delivered to endosomes.
Both strategies have been successful.

The observation that therapeutic ac-
tions of lithium depend on disrupting Barr
function illustrates the feasibility of target-
ing Barr. Lithium is used to treat certain
psychiatric disorders, including schizophre-
nia, bipolar disorder, and depression. Lith-
ium disrupts the ability of Barr2 to assem-
ble the Akt/PP2A complex, which
mediates some of its therapeutic actions
(95). Importantly, lithium does not disrupt
other actions of Barr2 at the plasma mem-
brane and in endosomes, including Barr2
interaction with receptors, clathrin, and
Raf-1, Barr-mediated desensitization of
receptors, and Barr-dependent activation
of ERK1/2. Whereas chronic administra-
tion of lithium to WT mice has effects on
tail suspension and dark-light emergence
behaviors, it is completely without effect
in mice deficient in Barr2. Thus, lithium
specifically targets Barr-dependent interac-
tions of Akt/PP2A to exert its effects on
behavior. Given that distinct domains of
Barr interact with various proteins at
plasma and endosomal membranes, it
should be possible to target specific do-
mains to influence particular actions of
Barrs.

The differential effects of drugs on G
protein- and Barr-mediated signaling can
explain some of their beneficial and detri-
mental effects. Deletion of Barr2 en-
hances morphine analgesia due to dimin-
ished desensitization of the u-opioid
receptor but reduces the detrimental side
effect of constipation (87, 88). Deletion of
Barrl does not affect the beneficial ac-
tions of nicotinic acid on lowering circu-
lating triglycerides and raising high-density
lipoproteins but attenuates the side effect
of flushing, which is associated with burn-
ing and itching of the skin (96).

Drugs that target mechanisms that reg-
ulate endosomal signaling may also be
useful. Endosomal ECE-1 is a target for
disorders of inflammation and pain. By
degrading SP and CGRP in acidified en-
dosomes, ECE-1 promotes recycling and
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resensitization of receptors that mediate
neurogenic inflammation and pain (52,
53). An ECE-1 inhibitor prevents resensi-
tization of SP-induced plasma extravasa-
tion, providing evidence for an antiinflam-
matory effect of ECE-1 inhibitors (53,
97). Thus, in the case of Barrs and ECE-1,
therapies that specifically target GPCR
signaling in endosomes without affecting
signaling at the plasma membrane are a
viable and novel pharmacological strategy.

Although most drug development fo-
cuses on drug interaction with active sites
of target proteins, strategies that target
drugs to specific subcellular regions can
be effective. Endosomal B-secretase is
critical for formation of B-amyloid protein
and is a therapeutic target for Alzheimer’s
disease. By synthesizing a B-secretase in-
hibitor coupled to a sterol moiety, an in-
hibitor was developed that concentrated
the inhibitor at the endosomal membrane
(98). This “endosomally targeted” inhibi-
tor was more effective than the free inhib-
itor. Similar strategies could be used to
target other drugs to the endosomal
system.

Concluding Remarks and Future Directions.
Endocytosis was originally viewed as a
mechanism that delivered receptors to

degradatory or recycling pathways. It is
now clear that diverse families of recep-
tors cells can signal from the endosomal
network to control essential cellular re-
sponses. These endosomal signals differ
from those originating from receptors at
the plasma membrane, both mechanisti-
cally and temporally, and endosomal sig-
naling is tightly regulated by mechanisms
that are not fully understood.

A major challenge is to understand the
physiological relevance of endosomal sig-
naling: Why do receptors signal from en-
dosomes? and Do endosomes transmit

unique and functionally important signals?

Studies of model systems, typically cell
lines overexpressing receptors, have pro-
vided a wealth of information about the
potential mechanisms of receptor signal-
ing in endosomes, but whether they faith-

fully replicate signaling in complex, highly

differentiated cells such as neurons is not
completely clear. Difficulties in studying
endosomal signaling in cells in primary

culture or in intact animals include detec-

tion of signaling molecules, which are of-
ten expressed at low levels, and discrimi-
nation between plasma membrane and
endosomal signaling events. Promising
approaches include studies of mice ex-

pressing fluorescently tagged receptors
(99) or lacking key endosomal signaling
proteins (87), siRNA knockdown of sig-
naling intermediates in neurons (18), use
of innovative methods to isolate endoso-
mal signaling complexes (4, 55), and stud-
ies of agonists that selectively activate en-
dosomal rather than plasma membrane
signaling pathways (89-91).

The knowledge that receptors can sig-
nal in endosomes by mechanisms that are
distinct from those at the plasma mem-
brane raises the possibility of developing
drugs that specifically target endosomal
signaling. This strategy may offer im-
proved selectivity with fewer side effects
than targeting more proximal steps of re-
ceptor signaling. Indeed, drugs that either
target endosomal signaling events (53,
95-97) or that are specifically delivered to
endosomes (98) have powerful effects.
The challenge will be to design drugs that
target endosomal signaling relevant to
disease. Given the success of drugs that
target signals generated at the plasma
membrane, this challenge is likely to be
worthwhile.
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