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ABSTRACT
The endo/lysosomal system in cells provides membranous platforms to assemble specific signaling complexes and to terminate signal
transduction, thus, is essential for physiological signaling. Endocytic organelles can significantly extend signaling of activated cell surface
receptors, and may additionally provide distinct locations for the generation of specific signaling outputs. Failures of regulation at different
levels of endocytosis, recycling, degradation as well as aberrations in specific endo/lysosomal signaling pathways, such as mTORC1, might
lead to different diseases including cancer. Therefore, a better understanding of spatio-temporal compartmentalization of sub-cellular
signaling might provide an opportunity to interfere with aberrant signal transduction in pathological processes by novel combinatorial
therapeutic approaches. J. Cell. Biochem. 117: 836–843, 2016. © 2015 The Authors. Journal of Cellular Biochemistry Published by Wiley Periodicals Inc.
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Cells respond to different environmental stimuli by initiation of
signal transduction at the plasma membrane. The binding of

ligands to specific receptors at the cell surface, such as Receptor
Tyrosine Kinases (RTKs) or G protein—coupled receptors (GPCRs),
triggers the activation of many downstream signaling pathways,
which are important for normal tissue homeostasis. For integration
and regulation of complex signaling networks the endo/lysosomal
system is essential [Miaczynska et al., 2004; Gould and Lippincott-
Schwartz, 2009; Sorkin and von Zastrow, 2009; Platta and Stenmark,
2011; Palfy et al., 2012]. Endosomes contribute to regulation of signal
transduction in several different ways to ensure the appropriate
signaling output in the proper time and the right place. The first well
established type is regulation of the duration of cell surface receptor
signaling and the number of exposed receptors by internalization and
recycling/degradation. Secondly, upon internalization many cell
surface receptors travel together with ligands in their activated state.

Therefore, the first and usually short wave of signaling from the
plasma membrane can be potentiated during receptor endocytosis
before final termination of signal transduction by degradation in
lysosomes. Importantly, this type of signaling from endosomes is not
just a temporal extension of plasma membrane signaling, but adds
additional signaling quality. Traveling endosomes provide access to
newsubstrateswith specific subcellular localization,whichmight lead
to distinct physiological output. Often scaffolds and adaptor proteins
are involved in organizing specific signaling units for endocytosed
receptors en route to lysosomes. By a third mechanism, signaling
components are exclusively localized to endosomes/lysosomes but
not directly connected to receptor endocytosis.

The general principle of spatio-temporal regulation of receptor-
mediated signal transduction is that the cellular response to different
types of ligands is maximal and transient at the plasma membrane
and sustained in endosomes. In this review we try to look at cellular
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signaling from an organelle-centric point of view and present
selected examples of deregulation of endosomal signaling in disease
progression such as cancer. Hence, we discuss also perspectives in
development of combinatorial therapies based on our current
knowledge on compartmentalized signal transduction.

INTERNALIZATION AND RECYCLING

Endocytosis of cell surface receptors is one of the control
mechanisms of signal transduction initiated by extracellular stimuli.
For a long time it has been assumed that receptors signal from the
plasma membrane until they are internalized, endocytosed and sent
to lysosomes for degradation. Stimulation of cells in vitro with
appropriate ligands as, for instance, EGF reaches maximal EGFR
activation levels within the first minutes of stimulation [Stasyk et al.,
2007]. Ligand-induced receptor signaling is tightly controlled by the
rapid removal of receptors from the plasma membrane, which is the
major regulator of signaling intensity. Once internalized, receptors
can be transported through endosomal compartments either to
lysosomes for degradation or they can be recycled back to the cell
surface via recycling endosomes. Many activated receptors are
detected in peripheral early endosomes at 10–30min and reach
perinuclear late endosomal compartments after 20–60min upon
ligand binding. An imbalance in receptor recycling might lead to
sustained activation of receptors and could thereby promote
transformation. Interestingly, the further destination of internalized
receptors can differ, depending on the abundance of ligands as it was
shown for EGFR. At low EGF doses the EGFR is recycled, but sent
for lysosomal degradation at high ligand concentrations, thereby
preventing overstimulation of cells [Sigismund et al., 2008].

Notably, different ligands can have diverse effects on recycling of
the same receptor. Again the EGFR is a well-established example for
this. The receptor is directed for lysosomal degradation if induced
by EGF but is recycled upon transforming growth factor (TGF)-a
stimulation. TGF-a leads to sustained EGFR signaling and, therefore,
is more mitogenic than EGF [Waterman et al., 1998]. Additionally,
heparin-binding EGF-like growth factor and betacellulin target
EGFR for lysosomal degradation, but in contrast epiregulin and
amphiregulin lead to receptor recycling, similarly to TGF-a
[Roepstorff et al., 2009]. Many of these EGFR ligands are often
upregulated in cancer due to the autocrine nature; therefore it
was proposed that the oncogenic potential of different ligands
depends on their ability to induce receptor recycling [Roepstorff
et al., 2009]. A sustained stimulation with ligands that do not
promote receptor down-regulation but enhance recycling might
be a general mechanism of constitutive proliferation in cancer, in
addition to receptor overexpression as a result of gene amplification.

RECEPTOR SIGNALING EN ROUTE TO LYSOSOMES

Signaling from endosomes has been demonstrated for a number of
cell surface receptors from different receptor families such as the
RTKs (e.g., EGFR, Met, PDGFR, and the insulin receptor), serine/
threonine kinase receptors (transforming growth factor-b (TGF-b),
the bone morphogenetic protein (BMP) and the activin receptors),
GPCRs, toll-like receptors, as well as interferon, Wnt and Notch

receptors. Endosomal signaling of these receptors is well character-
ized and was extensively reviewed elsewhere [Hupalowska
and Miaczynska, 2012; Barrow-McGee and Kermorgant, 2014;
Vilardaga et al., 2014; Tsvetanova et al., 2015]. Detailed analysis of
different receptors is out of the scope of this review, only selected and
very recent findings will be briefly discussed here.

There are several important characteristics of endosomal signal-
ing that is spatially and temporally separated from signaling at
the plasma membrane: 1) signaling complexes on organelles
are different from those at the plasma membrane; 2) receptor
endocytosis and active signaling from organelles are required for
the full activation of their downstream effectors; and 3) there could
be specific targets or distinct pathways stimulated by the same
receptor depending on which endosome it is localized. These
properties of endosomal signaling were very recently shown for
Hepatocyte growth factor (HGF) receptor (Met) signaling from
two different populations of endosomes in human breast cancer
models [Menard et al., 2014]. Met signaling is initiated by HGF
at the plasma membrane of epithelial and endothelial cells. It
was shown previously that the small GTPase Rac1, which acts
downstream of Met, in a key pathway controlling cell migration,
is activated on endosomes to trigger actin cytoskeleton reorganiza-
tion at the plasma membrane [Palamidessi et al., 2008]. Kermogant
and colleagues described two distinct pathways stimulated by
Met depending on which organelles, that is, peripheral early or
perinuclear late endosomes, the receptor is localized [Menard et al.,
2014]. Remarkably, to stimulate breast cancer cell migration and
invasion Rac1, has to be activated from late endosomes, where
PI3K and guanine nucleotide exchange factor (GEF) VAV2 are
specifically engaged. However, they are not required for an
acute activation of Rac1 from early endosomes.

Scaffolds and adaptor proteins often organize specific endosomal
signaling complexes. For example, such complexes containing
activated endocytosed EGFR are organized on early endosomes by
APPL, which recruits AKT and its substrate GSK3 [Miaczynska et al.,
2004] and by the LAMTOR2/3 (p14/MP1) scaffold complex on late
endosomes, which engages MEK1 and ERK1/2 [Teis et al., 2002].
Such scaffolding proteins can bind and organize multiple signaling
proteins in a complex by non-catalytic protein–protein interactions.
Hence, trafficking and subcellular localization of MAPK signaling
complexes within the cell can dictate the biological response [Taub
et al., 2007]. Thereby, the duration of the signal does influence the
nature of the biological response. Thereby cells use a rather simple
regulatory principle to control complex and highly specific biological
responses during MAPK signaling. Not surprisingly, loss of this fine
tuned control of temporal or spatial regulation of MAPK signaling by
mutations or changes in expression of scaffold proteins regulating
MAPK signaling can make a significant contribution to many
different diseases, including infection, immunosupression, andcancer
[Pawson, 2004; Teis et al., 2006; Bohn et al., 2007].

Another well-established example is activated transforming
growth factor-b receptor (TGFbR), which upon internalization
interacts with Smad anchor for receptor activation (SARA) on early
endosomes. In case of bone morphogenetic protein receptor (BMPR)
another specific scaffold, endofin, organizes signaling from endo-
somes. These andmany other scaffolds that make possible activation
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of their downstream targets at specific subcellular locations, were
previously comprehensively summarized in [Palfy et al., 2012].

An interesting mechanism of early endosomal EGFR signaling,
sustained by the non-receptor tyrosine kinase PTK2B/PYK2,
was reported recently [Verma et al., 2015]. Upon EGF induced
phosphorylation PYK2 translocates to early endosomes and co-
localizes there with EGFR from where it enhances cell migration and
potentiates epithelial-to-mesenchymal transition (EMT) in human
breast carcinoma. It was proposed in this publication that PYK2 links
EGF-induced STAT3 phosphorylation followed by profound PYK2
transcription activation as well as partially induced Met expression
as a positive feedback loop, which prolongs signaling and
potentiates EMT. These results suggest formation of a specific early
endosomal signaling complex, consisting of EGFR, PYK2 and
pSTAT3, in response to EGF treatment. Interestingly, PYK2 depletion
facilitates lysosomal targeting and degradation of EGFR. Moreover,
PYK2 expression was found to correlate with high tumor grade and
metastasis formation in patients, demonstrating possible therapeutic
implications of the disruption of this endosomal-signaling cascade.

Recent data suggest that GPCRs mediate the production of cyclic
AMP not only from the plasma membrane but also from endosomal
membranes. Originally, two studies have shown that two GPCRs,
thyroid-stimulating hormone receptor (TSHR) [Calebiro et al.,
2009] and parathyroid hormone receptor type 1 (PTHR) [Ferrandon
et al., 2009], continue to stimulate cAMP production in a sustained
manner after internalization and their redistribution in Rab5-
positive endosomes. Endosomal cAMP generation has been further
described for several GPCRs, such as the D1 dopamine receptor, the
pituitary adenylate cyclase 1 receptor (PAC1R), the glucagon-like
peptide-1 receptor (GLP-1R), the vasopressin type 2 receptor (V2R),
for reviews see [Vilardaga et al., 2014; Tsvetanova et al., 2015]. The
currentmodel proposes that activated cell surface GPCRs redistribute
into early endosomes, from where signaling can be extended. Direct
evidence that GPCRs and cognate G protein activation indeed occurs
in endosomes came from recent experiments employing nanobody-
based biosensors in living mammalian cells [Irannejad et al., 2013].
In this report von Zastrow and colleagues used conformational
active-state-specific single-domain antibodies and detected two
temporally and spatially separated waves of b2AR signaling and its
associated Gs protein. The first one was detected within 2min after
agonist application at the cell membrane and involves ligand-
receptor interaction with the Gs protein. The second wave occurs on
early endosomes after receptor internalization. Both signaling waves
led to the accumulation of cAMP by the enzyme adenylyl cyclase,
reaching a maximum of two signaling waves within approximately
10 min. Interestingly, the second discrete phase of b2AR signaling is
separated from the first wave by an endocytosis event and appears to
begin shortly after the delivery of receptors to early endosomes
[Irannejad et al., 2013].

ENDOCYTOSIS INDEPENDENT ENDO/LYSOSOMAL
SIGNALING

All examples discussed above, of specific endosomal signaling
complexes, contain internalized and endocytosed receptors of
different families and scaffolds specific for different receptors and

(sub-)populations of endosomes. In addition to this well established
and commonly accepted type of endosomal signaling there is an
emerging field of organelle signaling independent from endocytosis,
if the latter one is defined as active transportation of cell surface
components into the cell. In most eukaryotic cells the plasma
membrane makes up only for a minor part of all cellular membranes.
The endo/lysosomal system, as a component of cellular endomem-
branes, provides membranous platforms to assemble specific
signaling complexes at specific subcellular locations. Here we will
briefly discuss endolysosomal signaling of the mechanistic (also
known as mammalian) target of rapamycin (mTOR) kinase.

Endolysosomes are the fusion product between late endosomes
and lysosomes and the place where most of the hydrolysis of
endocytosed cargo takes place [Huotari and Helenius, 2011].
Endolysosomes function as signaling platforms in activating the
mTOR kinase complex 1 (mTORC1) in response to nutrients and
growth factors. MTORC1 is a highly conserved activator of cell
growth, which is regulated by a variety of growth factors, cytokines
and hormones, including insulin and insulin-like growth factor
[Dibble and Manning, 2013]. Hyperactivation of mTORC1 signaling
is associated with human pathologies including diabetes and cancer
[Zoncu et al., 2011]. Interestingly, the LAMTOR complex mentioned
above as late endosomal scaffold for EGFR signaling is also
absolutely required for mTORC1 signaling, which is activated
primarily on the endolysosome. The LAMTOR complex (also known
as Ragulator [Sancak et al., 2010]) consists of five proteins: p18/p14/
MP1/C7orf59/HBXIP (LAMTOR1/2/3/4/5, respectively) and serves
as a GEF to the heterodimeric RagA/B-RagC/D GTPases, thereby
mediating the translocation ofmTORC1 to the lysosomal surface.We
and others have shown recently that the LAMTOR complex together
with a lysosomal transporter SLC38A9 can sense amino acid levels
that control the activation of mTOR on lysosomes [Rebsamen et al.,
2015;Wang et al., 2015;Wolfson et al., 2015]. The importance of the
subcellular localization in the regulation of mTORC1 signaling was
demonstrated recently by two groups Menon et al. [2014] and
Demetriades et al. [2014], who showed that mTORC1 deactivation is
determined by recruitment of the tuberous sclerosis complex TSC
to the lysosome. Interestingly, presence of the LAMTOR complex
on lysosomes, late endosomes and sub-population of intermediate
multivesicular bodies (MVB), with characteristics of both late and
early endosomes [Vogel et al., 2015] might suggest different
subcellular locations of mTORC1.

ENDOSOMES AS MOBILE SIGNALING VEHICLES

It has become evident already some time ago that endosomes play a
role in cell migration [Sadowski et al., 2009; Schiefermeier et al.,
2011]. We have recently shown that late endosomes can transport
signaling complexes towards the cell periphery to promote cell
migration. A specific subpopulation of the Rab7-positive endo-
somes, which carry the LAMTOR scaffold complex, can move from
the cell center along microtubules towards the cell periphery. There
they target the dynamic regions of mature focal adhesions and
thereby stimulate focal adhesion turnover that is necessary for cell
migration [Schiefermeier et al., 2014]. Directed organelle motility is
kinesin-dependent, because knocking down of the small GTPase
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Arl8B, known to recruit the motor protein kinesin-1 to late
endosomes, abrogated the delivery of late endosomes to focal
adhesions and subsequently impaired cell migration. This study also
suggested a possible mechanism of late endosomal stimulation of
cell migration by promoting the removal of the IQGAP1 frommature
adhesions.

Another interesting example of endosomes as vehicles of signals
over long distance is transportation of activated STAT3 from the
plasma membrane into the nucleus upon activation with EGF and
PDGF [Bild et al., 2002] or HGF [Kermorgant and Parker, 2008].
STAT3 co-localizes with activated and internalized receptors in
endocytic vesicles on their way from the plasma membrane to the
perinuclear region, but the activation of STAT3 is low because of
cytoplasmic phosphatases action that does not allow pSTAT3
diffusion and nuclear uptake. STAT3 gets only effectively
phosphorylated and accumulates in the nucleus upon delivery to
late endosomes at the perinuclear compartment where a sufficient
phosphorylation/dephosphorylation threshold is achieved.

Above-mentioned examples from different fields compose quite a
significant body of evidence for spatial and temporal consequences
of endosomal signaling. It is particularly exciting task for the future
to demonstrate different physiological responses produced by
activated receptors at the cell membrane and at endosomes. Better
understanding of how to specifically interfere with the two waves of
signaling might be beneficial for therapeutic purposes to treat
different diseases, including cancer.

ENDOCYTIC SIGNALING IN CANCER

Deregulations of signal transduction at different subcellular levels,
caused by defective trafficking of growth factor receptors, can drive
tumorigenesis (Table I). Mutations in receptors that make them

constitutively active, impaired receptor-mediated endocytosis, such
as increased recycling or decreased degradation, mislocalization
of active signaling complexes as well as mutations of negative
regulators can all contribute to the pathogenesis of cancer [Mellman
and Yarden, 2013].

One well-established oncogenic deregulation of cell surface
receptors is their escape from ligand-stimulated ubiquitination by
the Cbl family of adaptor proteins and ligases that function as
negative regulators of many signaling pathways. Such mechanism
was described for EGFRvIII, which is the most common mutation of
EGFR gene. This tumor-specific deletion in the extracellular domain
of EGFR contributes to the formation of many epithelial malignan-
cies. In some brain tumors this mutation of EGFR occurs at extremely
high frequency. Interestingly, although EGFRvIII possesses only
about 10% of the intrinsic activity of wild-type EGFR its net
signaling rate is enhanced by the delay of its endocytosis. The low
level of EGFRvIII signaling causes hypo-phosphorylation of the
receptor that prevents engaging of Cbl and, therefore reduced
polyubiquitination and degradation of the receptor, and, therefore,
increased recycling. This may also play a critical role in the
development of resistance to tyrosine kinase inhibitor treatments
as observed in the clinics [Han et al., 2006].

Aberrant activity of GPCRs is frequently associated with
tumorigenesis. Recent deep sequencing studies show that GPCRs
are mutated in nearly 20% of human cancers [O0Hayre et al., 2013].
Activating mutations in TSHR receptors with known endosomal
signaling, in approximately 30% of thyroid cancers, strongly
suggest a link between mutated GPCR signaling and human cancer.
Consistent with the role for GPCRs in tumor growth, constitutively
active mutants of G proteins have also been identified. For example,
more than 4 % of tumors were shown to carry activating mutations
in Gs, but in some specific tumor types, like in the case of pancreatic

TABLE I. Selected Examples of Oncogenic Mutations in Endo/Lysosomal Signaling

Protein/complex Mutation Signaling from organelle References

I. Surface receptors internalization
Dynamin Upregulated in pancreatic cancer,

a potent activator of metastatic
migration

GTPase responsible for the scission
of newly formed endocytic vesicles

Razidlo et al. [2013]

PHD3 (prolyl hydroxylase
domain protein 3)

Loss suppresses EGFR internalization and
hyperactivates EGFR signaling

Scaffolding protein that promotes
the internalization of EGFR

Henze et al. [2014]

II. Recycling endosomes
HER2 Overexpression Enhances recycling of EGFR-HER2

heterodimers
Worthylake et al. [1999]

NDRG1 (N-myc down
regulated gene1)

Downregulation increases prostate and
breast metastasis

Localizes to the endosomes and is a
Rab4a effector involved in vesicular
recycling

Bandyopadhyay et al. [2003]

III. Early endosomes
PYK2 High expression in many human tumors,

correlate with tumor grade and
lymph node metastasis

Sustains early endosomal EGFR signaling,
enhances cell migration and EMT

Verma et al. [2015]

Beclin1 Tumor suppressor that is decreased in
many human tumors which enhance
breast cancer progression

Impaired early endosome maturation,
dysregulation of growth factor
receptor signaling and autophagy

Rohatgi et al. [2015]

IV. Late endosomes
Met M1268T and D1246N in the kinase

domain of Met
Sustains late endosomal Rac1 signaling,

triggers cell migration and invasion
Joffre et al. [2011]

V. Lysosomes
mTORC1 Hyper-activation of upstream activators

PI3K, Akt, RAS, RAF; Rheb overexpression;
mutations or genetic loss of tumor suppressor:
TSC1/2, DEPTOR, PTEN, p53, LKB1, NF1

A highly conserved activator of
cell growth, recruited by
LAMTOR/Ragulator-Rag complex
specifically to late endosomes and
lysosomes in response to nutrients
and growth factors

Zoncu et al. [2011],
Hoogeveen-Westerveld et al.

[2013]
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adenocarcinoma, Gs mutations are found in 66% of intraductal
papillary mucinous neoplasms [O0Hayre et al., 2013]. In vivo
tumorigenicity of oncogenic Met mutants was demonstrated to be
caused by their accumulation and signaling on endosomes,
therefore, directly linking RTK endocytosis and cancer development.
Constitutively active Met, mutated in the kinase domain (M1268T or
D1246N), exhibits increased recycling and decreased degradation,
leading to accumulation on endosomes and, therefore, sustained
activation of the Rac1, enhanced cell migration and metastasis
[Joffre et al., 2011].

Upregulation of lysosomal mTORC1 signaling is one of the most
common hallmarks of human cancers [Zoncu et al., 2011]. Hyper-
activation of upstream activators such as PI3K, Akt or Rheb has been
observed in many types of tumors. On the other side, mutations or
genetic loss of upstream negative suppressors of mTORC1 signaling,
including TSC (tuberous sclerosis complex) and PTEN (phosphatase
and tensin homologue), can also cause tumor syndromes. More
than one hundred mutations were detected in either TSC1 or TSC2,
which cause the Tuberous Sclerosis complex, an autosomal disease
characterized by the formation of hamartomas in several tissues
[Hoogeveen-Westerveld et al., 2013]. Another endogenous mTOR
inhibitor DEPTOR (DEP domain containing mTOR-interacting
protein) was found to be expressed at low levels in most cancers.
Hyper-activation of the mTORC1 signaling contributes signifi-
cantly to cancer development, therefore, targeting of the mTORC1
pathway at different levels and different components, including
activators, inhibitors and adaptors, could potentially be an
effective therapeutic option. Along those lines, upon genetic
ablation of the LAMTOR2 protein in dendritic cells, the entire
Ragulator/LAMTOR complex gets destabilized on late endosomes
and as a consequence signaling is uncoupled: MAPK signaling
goes down, mTOR signaling is enhanced. The consequences of
such uncoupled signaling, involving two of the major signaling
pathways regulating cell growth and proliferation, are severe.
While ERK signaling is abolished the elevated mTOR signaling
at the same time induces a massive expansion of pre-DCs and
DCs resulting in a myeloid proliferative disorder. As a possible
mechanism we could identify a transport defect of the Flt3 receptor
to the lysosome, followed by an increase of the receptor on the
surface of DCs. Interestingly, rapamycin and ACC220 could treat
this myeloid proliferative disorder in mice, which provides new
therapeutic windows of opportunity in the treatment of myeloid
proliferative disorders in general [Scheffler et al., 2014].

COMBINATORIAL THERAPY AND FUTURE
PROSPECTS

Since patients often do not respond to conventional anti-cancer
drugs or develop resistance, alternative therapies are required.
According to the current sequential protocol, the patient is
administered one by one to different drugs, for example the tyrosine
kinase inhibitors, until the optimal response is reached. Unfortu-
nately the risk of multidrug resistance in this approach is increased.
An alternative therapeutic approach by administering combinations
of different drugs at the same time could provide a cure for patients

that did otherwise not respond to conventional therapies. Appropri-
ate combinations should potentially enhance response and decrease
development of drug resistance. Combinations of well-established
drugs, which inhibit receptors on the cell surface with specific
inhibitors of endosomal signaling as well as more general inhibitors
of endocytosis, which act on different levels of the process such as
internalization, recycling or degradation (see Fig. 1) might open new
therapeutic opportunities in the future. Some inhibitors of
endocytosis are being explored as potential anticancer drugs. For
example dynoles, dynamin GTPase inhibitors, have a potentially
promising therapeutic window as antiproliferative agents against
cancer cells (Table II). Dyngo-4a, another dynamin inhibitor,
specifically and significantly reduced the second endosomal phase
of b2AR signaling, which is one of the prototypic GPCRs, but did not
detectably affect signaling at the plasma membrane [Irannejad et al.,
2013]. As GPCRs are the target of more than 25% of all drugs on the
market, novel therapeutic strategies aimed at specific targeting of
endosomal GPCR signaling or receptor trafficking in general could
be beneficial for cancer treatment.

Met signaling from late endosomes was recently shown to be
crucial for sustained Rac1 activation in breast cancer cells,
responsible for cell spreading and metastasis formation [Menard
et al., 2014]. Therefore, combination of conventional anti-cancer
treatment with more specific interference with Met targeting to late
endosomes, formation of specific signaling complexes on late
endosomes or their activation from late endosomes might possibly
be an alternative strategy in the future cancer therapies in addition to
specific anti Met drugs being tested now on patients in clinical trials.
This possibility was originally demonstrated on HGF/Met signaling
dependent tumor progression, stimulated by two distinct activating
mutations in the kinase domain of Met [Joffre et al., 2011] and
shown recently also in a hepatocellular carcinoma (HCC) model [Hu
et al., 2015]. HGF-induced intrahepatic metastasis in mice, injected
with the human hepatoma cell line HepG2, were prevented by
Dynasore, the inhibitor of dynamin and endocytosis, suggesting
novel therapeutic endosomal targets for the treatment of HGF-
induced HCC.

Another combinatorial approach could be the simultaneous
inhibition of several receptors or the targeting of common signaling
pathways, in the context of crosstalk between different receptors. As
discussed above, EGFinduced early endosomal PYK2 signaling,
which leads to PYK2-STAT3-Met positive feedback [Verma et al.,
2015]. This would suggest that combinatorial treatment, including
EGFR- and Met- as well as PYK2-inhibitors, might be highly
synergistic against certain breast cancer subtypes. Additionally,
inhibition of several different receptors by inhibition of recycling in
combination with simultaneous activation of endocytosis might
have synergistic therapeutic potential.

All those inhibitors of endocytosis are still pretty far from
preclinical development since theymight target too common cellular
mechanisms with potentially high toxicity at the organism level.
However, the mode of action with targeting endocytosis would
suggest that chemical libraries could be developed in high-contents
screening setups that act like molecular chaperons by selectively
only disturbing endocytosis and recycling of certain mutated
oncogenic receptors.
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Fig. 1. Druggable points of oncogenic endo/lysosomal signaling. Receptor-mediated signal transduction is deregulated in human tumors at different levels of receptor
activation and trafficking, labeled here with red arrows. Oncogenic mutations in different receptors result in increased recycling and in a decrease in the degradation of the
receptors. Increased recycling of activated receptors is delineated in the schemewith bold arrows. In addition to conventional anticancer therapies employing, e.g., tyrosine kinase
inhibitors (I), novel combinatorial approaches could interfere with endo/lysosomal signaling and/or aberrant receptor trafficking at the levels of receptor internalization (II), early
endosomal signaling (III), receptor recycling back to the plasma membrane via recycling endosomes (IV), signaling from late endosomes (V) or lysosomes (VI). Endosomal adaptor
and scaffold proteins, which organize signaling complexes in the organelles and molecular sorting machineries that determine receptor trafficking (shown in green) could be
potential anticancer targets. ASRT, actin-sorting nexin 27-retromer tubule; EE, early endosome; LE/MVB, late endosome/multivesicular body; LY, lysosome; PM, plasma
membrane; RE, recycling endosome.

TABLE II. Examples of Anti-Cancer Drugs Applicable for Endo/Lysosomal Signaling for Possible Combinatorial Approaches (Modified From
Hojjat-Farsangi [2014], Vilardaga et al. [2014], and von Kleist and Haucke [2012])

Targets Inhibitors Mechanism

RTKs FDA approved RTK inhibitors
HER2, EGFR Afatinib, Lapatinib A small molecule dual tyrosine kinase inhibitors
EGFR Erlotinib, Gefitinib, Icotinib Reversible tyrosine kinase inhibitors
VEGFR Lenvatinib Inhibits both VEGFR2 and VEGFR3 kinases
Met Crizotinib A small-molecule dual inhibitor of the c-Met and ALK

Endocytic targets
Dynamin Dynasore, dynoles, dyngoes, Bis-T GTPase inhibitors that target dynamin-dependent endocytosis

MitMAB, OctMAB Block dynamin association with lipids
Clathrin Pitstop 2 Clathrin-mediated endocytosis
PIP5KIII (PIKfyve) YM201636 Inhibitor of PIKfyve-catalyzed PtdIns(3,5)P2

synthesis, disrupts late endosomal/lysosomal and
autophagosomal fusion

mTORC1 Rapamycin and FDA
approved rapalogs

(Temsirolimus, Everolimus)

The potent natural antibiotic, rapamycin, or its
derivatives form a complex with FKBP12 protein,
which then binds directly to mammalian TORC1
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Margalef et al. have shown recently that inhibition of the
endosomal V-ATPase is a potential therapeutic strategy for the
treatment of colorectal cancers with mutant BRAF, which is
predictive of poor prognosis and therapeutic resistance [Margalef
et al., 2015]. A new approach is based on decreasing the acidity of
endosomes and therefore inhibition of the P45-IKKa activation, an
endosomal protein that needs a specific acidic environment and is
essential for tumor progression. The authors found that the
inhibition of acidification of endosomes induced tumor cell death
in culture and enhanced the effect of conventional chemotherapy in
mice leading to suppression of colon tumor growth andmetastasis in
mice. Interestingly, proton pump inhibitors are common therapeutic
reagents for reflux esophagitis and H. pylori eradication in the
clinics and have also been used recently in tumor models. Proton
pump inhibitor pretreatment inhibited V-type Hþ-ATPase activity
and increased both extracellular pH and pH of lysosomal organelles.
Hence, in human/mouse xenograft models oral pretreatment with
proton pump inhibitors is able to sensitize human solid tumors to
anticancer drugs [De Milito and Fais, 2005].

An approach combining the mTORC1 inhibitor Everolimus with
an aromatase inhibitor improved progression-free survival in
patients with hormone-receptor-positive advanced breast cancer
[Baselga et al., 2012] and stimulated new pre-clinical tests and
clinical trials. Important for the spatial regulation of endosomal
signaling, we are addressing in this review, is a finding described a
few years ago that lysosomal positioning regulates the protein kinase
complex mTORC1 activity [Korolchuk et al., 2011]. It was shown in
this study that lysosomes move more closely to the plasma
membrane in response to nutrient availability, whereas starvation
causes perinuclear clustering of the organelles facilitating autoph-
agy. Particularly, overexpression or knockdown of the kinesinmotor
protein KIF2 or the late endosomal/lysosomal small GTPase Arl8B
regulated lysosomal distribution and mTORC1 activity. Taking into
account that increased mTORC1 activity accompanied by decreased
autophagy is strongly associated with tumorigenesis, as well as that
GTPases are potentially druggable targets, this finding may have
therapeutic potential for possible combinatorial approaches.

We anticipate that selective targeting of the endosomal signaling,
especially in combination with conventional anti-cancer therapy
and targeted small molecules, may offer more effective treatments.
The here suggested link between endosomal signaling and cancer
increases expectations from this type of combinatorial therapeutics
in future.
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