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Hook1, microtubules, and Rab22

Mediators of selective sorting of clathrin-independent
endocytic cargo proteins on endosomes
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Clathrin—independent endocytosis
(CIE) mediates the internalization
of many plasma membrane (PM) pro-
teins involved in homeostasis, immune
response, and signaling. CIE cargo
molecules are internalized independent
of clathrin, and dynamin, and modu-
lated by the small G protein Arf6. After
internalization the CIE cargo proteins
either follow a default pathway of traf-
ficking to lysosomes for degradation or
follow a pathway where they are routed
directly to the recycling endosomes for
return to the PM. The selective endo-
somal sorting of molecules like CD44,
CD98, and CD147, which are involved
in cell-cell and cell-extracellular inter-
actions, indicates that sorting mecha-
nisms dictate the post-endocytic fate of
CIE cargo proteins. In a recent study,
we identified sorting signals that specify
the endosomal trafficking of CIE cargo
proteins and uncover a role for Hook1 as
an endosomal cargo adaptor that routes
CIE cargo proteins to the recycling
endosomes. Furthermore, we found that
Hookl, microtubules, and Rab22a work
in coordination to directly recycle the
cargo proteins and facilitate cell spread-
ing. Here, we discuss our current view
on the endosomal sorting of CIE cargo
proteins and their molecular regulators.

Introduction

Endocytosis is an essential process
required by all eukaryotic cells for the
maintenance of homeostasis and signal-
ing regulation. Through this process cells
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internalize plasma membrane (PM) lipids
and proteins, as well as nutrients, through
the formation of vesicles that are excised
from the PM into the cytoplasm. The
cargo-loaded vesicles are delivered to early
endosomes, and then to a degradation
compartment or recycled back to the PM.
Eukaryotic cells have engineered differ-
ent modes of endocytosis that allow them
to efficiently control the composition of
the PM, downregulate signaling recep-
tors, regulate cell migration and protein
turnover.'

Endocytosis can be classified into two
major classes based on their requirements
for the clathrin coat for internalization.
Clathrin-mediated endocytosis (CME)
facilitates the internalization of PM pro-
teins that harbor internalization signals
in their cytoplasmic tails, which are rec-
ognized by clathrin-endocytic adaptors."?
These adaptors concentrate cargo proteins,
clathrin, and other components at sites of
endocytosis. The G protein dynamin then
completes the severing of the coated endo-
cytic vesicle. Once internalized, CME ves-
icles fuse with the classical eatly-endocytic
endosomes from which the cargo proteins
are directed to late endosomes for degra-
dation or recycled back to the PM. On the
other hand, clathrin-independent endocy-
tosis (CIE) facilitates the internalization
of integral membrane proteins devoid of
clathrin-adaptor targeting sequences. CIE
mechanisms do not require clathrin or any
other coat to facilitate the internalization
of the cargo proteins.* CIE mechanisms
are fundamental for many physiological
processes, such as immune surveillance,
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Figure 1. General model for the endosomal sorting of CIE cargo proteins.
CIE cargo proteins are internalized by a pathway independent of clathrin,
dynamin and associated with the small G protein Arf6. Prototypical CIE
cargo proteins (red bars) enter the cell in Arf6-positive endocytic vesicles
that either fuse with or mature into Rab5-, EEA1- and transferrin- positive
endosomes. Then, the cargo proteins are either targeted to late endo-
somes (LE) for degradation or recycled back to the PM in a Rab22/Rab11
dependent manner. CIE cargo proteins harboring cytoplasmic sorting
motifs (green bars) avoid trafficking to EEA1- and transferrin- (TfR/Tf;
black bars) associated endosomes and traffic directly to the recycling
endosomes (RE). Hook1 facilitates the directed recycling of CIE cargo
proteins, such as CD98 and CD147, through its interaction with microtu-
bules and their cytoplasmic sequences on sorting endosomes.
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cell signaling, cell migration, metastasis,
and wound healing.

Our group has characterized a form of
CIE that is associated with the small GTP-
binding protein Arf6 that is independent
of dynamin (Fig. 1).”? The conservation of
the Arf6-associated CIE pathway has been
supported by its prevalence in a variety of
human cell lines, and in the model organ-
ism Caenorhabditis elegans.®"° Significant
progress has been made in our under-
standing of this form of CIE by studying
the endocytic event and endosomal traf-
ficking of endogenous proteins that use
CIE as the mode of entry. The pool of
CIE cargo proteins is very diverse includ-
ing the major histocompatibility complex
class I (MHCI), the o chain of the IL-2
receptor (Tac), glycosylphosphatidylinosi-
tol anchored proteins (GPI-ADs), proteins
involved in interactions with extracellu-
lar matrix (CD44, CD98, CDI147, and
B-integrins), ion channels (Mucolipin
2 and Kir3.4) and nutrient transporters
(CD98 and Latl)."! CIE cargo proteins
enter the cells through vesicular struc-
tures associated with Arf6. Then, the
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either degraded in

late endosomes or
recycled back to the PM.>'? Another group
of CIE cargo proteins (CD44, CD98, and
CD147) avoids going to EEAl-positive
endosomes and meeting with transferrin
receptor, a CME cargo protein. Instead, it
is directly recycled back to the PM in a
process dependent on another G protein
Rab22a.""® The ability to be sorted out of
early endosomes and be directly targeted
to recycling endosomes confers on these
proteins a prolonged surface half-life of
more than 24 h, whereas MHCI and Tac
have a halflife of approximately 4 h in
HelLa cells.'

The endosomal segregation of these
CIE cargo proteins suggests that the
process is not random and that sort-
ing determinants may dictate their fate.
Uncovering the mechanisms that govern
the sorting of CIE cargo proteins will be
crucial to understand regulatory aspects of
CIE, including modes of cargo selection
at the PM and at endosomes, determi-
nants of the intracellular fate of the pro-
teins and the spatial-temporal regulation
of the CIE machinery. In our most recent

BioArchitecture

work we uncovered cytoplasmic sort-
ing signals responsible for the endosomal
segregation and recycling of specific CIE
cargo proteins.” Moreover, we have iden-
tified Hook1 as an adaptor-tethering fac-
tor involved in the recycling of CIE cargo
proteins through its interaction with cargo
and microtubules.

CIE Endosomal Sorting
Signals Provide Access to
the Recycling Endosome

Sorting signals for the specific internal-
ization of PM proteins have been exten-
sively documented for CME cargo proteins
in mammalian and yeast cells. Specifically,
CME adaptors use short peptide motifs
and/or post-transcriptional modifications
to facilitate the selective internalization of
proteins and their intracellular traffick-
ing.'"® The absence of known internaliza-
tion signals in the cytoplasmic tail of CIE
cargo proteins and the lack of specific-
ity at the PM argues against the idea of
this being a selective process like CME.
Historically, CIE has been referred to as
“bulk endocytosis” of PM proteins that
do not fulfill the requirements necessary
to enter through CME.*" Currently, our
knowledge about how CIE internalization
takes place is very limited. Evidence shows
that most CIE cargo proteins associate
with lipid rafts and their internalization
is cholesterol-dependent.””'#?° However,
mechanisms for membrane deforma-
tion, vesicle formation and scission of
CIE cargo-loaded vesicles, remain to be
elucidated.

Although CIE cargo proteins do not
have common cytoplasmic sequence
information, the observation that they
become segregated on endosomes and
routed to different compartments sug-
gested that a selection process takes place
after internalization. This hypothesis led
us to investigate whether CIE cargo pro-
teins that directly recycle back to the PM
and avoid lysosomal degradation had post-
endocytic sorting information that would
specifically facilitate their endosomal seg-
regation. In our recent study, we found
that the cytoplasmic tails of the CIE cargo
proteins CD44, CD98 and CD147, harbor
sorting information that determines their
preference for the CIE recycling route.”

Volume 3 Issue 5



Mutagenesis analysis of the CD147 cyto-
plasmic sequence revealed that two clus-
ters of acidic amino acids are necessary
for the trafficking of CD147 away from
EEAl-associated endosomes. Normally
CD147 will start to accumulate in a
Lampl-associated compartment after a 24
h chase.'”® On the other hand, when the
acidic clusters are mutated to alanine we
observed CD147 accumulating in Lampl-
endosomes as early as 4 h, similar to CIE
cargo proteins that follow the degradation
route. The two acidic clusters are highly
conserved among the different species
that express CD147, which is also known
as EMMPRIN or Basigin. Cytoplasmic
acidic clusters are also observed in CD44
and CD98. Importantly, CIE cargo pro-
teins that preferentially follow the default
degradation route of the pathway are char-
acterized by the lack of cytoplasmic di-
acidic or acidic cluster residues (MHCI,
Tac and GPI-APs).

Acidic clusters have been implicated in
the endocytic trafficking of two other CIE
cargo proteins; the rectifying K channel,
Kir3.4 and the lectin-like oxidized low-
density lipoprotein receptor-1 (LOX-1).
The KAC motif, which is found in the
cytoplasmic sequence of Kir3.4, consists of
two different acidic residue arrangements,
one containing the residues DEEEE and
the other consisting of acidic and non-
acidic residues organized in an alternate
fashion (EAEKEAEAEH).?! Mutation
of the KAC motif reduces the surface lev-
els of the Kir3.4 channel and causes its
accumulation in internal endosome-like
structures. Moreover, these acidic motifs
are necessary for the localization of the
channel to the recycling endosomes, rais-
ing the possibility that these residues are
involved in sorting Kir3.4 to the CIE
recycling route. Further studies have to be
conducted in order to decipher the specific
role of the KAC motifs and to determine
if Kir3.4 follows the same endocytic traf-
ficking itinerary as CD44, CD98 and
CD147. In the case of the LOX-1 recep-
tor, the cytoplasmic acidic motif (DDL)
serves as a signal for internalization
through a clathrin-independent mecha-
nism.*? Mutation of this tri-peptide motif
impaired the constitutive internalization
of the LOX-1 receptor and also the uptake
of its ligand in HeLa cells.
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The current
evidence in the
field indicates that
acidic motifs could
play multiple roles
in the endocytic-
and post-endocytic

trafficking of CIE

cargo proteins." It
is also possible that
the acidic motifs
function in coor-
dination with other
trafficking motifs

Figure 2. Hook1 and Rab22a colocalize with CIE cargo on recycling tubu-
lar endosomes. Hel a cells expressing endogenous levels of Hook1 and
overexpressing the constitutively active Rab22a mutant (GFP-Rab22a
Q64L) were incubated with anti-CD147 antibody for 30 min at 37°C to
allow internalization of bound antibodies. Hook1, Rab22a and CD147
meet on puncta and tubular endosomal structures after internalization.

to regulate the traf-

ficking of specific

cargo proteins. For instance, CD44, Glutl
and Syndecan-2, all CIE cargo proteins,
contain a PDZ-ligand domain in their
cytoplasmic sequences that could poten-
tially be involved in their endosomal traf-
ficking.®* The diversity governing the
cytoplasmic sequences of CIE cargo pro-
teins provides to this pathway the ability
to traffic multiple classes of PM proteins.
It will be interesting to see how different
sorting signals control the temporal and
spatial distribution of CIE cargo proteins
along the endosomal system.

Regulating the Endosomal
Sorting of CIE Cargo Proteins

The protein-protein and protein-lipid
interactions that mediate the endosomal
sorting of CIE cargo proteins remain to be
elucidated. Our most recent work identi-
fied Hookl as the first sorting factor that
binds to the cytoplasmic sequence of the
CIE cargo proteins CD98 and CD147 and
facilitates their recycling.” Hookl works
together with Rab22a and the microtu-
bule network to coordinate the recycling
of CIE cargo proteins.

Hook?1 Sorts CIE Cargo Proteins

Hookl associates with microtubules
through its N-terminal domain and to
the cargo proteins through its carboxyl-
terminal region. Hookl colocalizes with
the CIE cargo proteins in endosomes
devoid of EEA1 and in the tubular recy-
cling endosomes also decorated with
Rab22a (Fig. 2). Although the interac-
tion of Hookl with the cargo proteins is
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independent of its association with the
microtubules, both interactions are neces-
sary for the segregation and direct recy-
cling of the cargo. The perturbation of
the microtubule network with nocodazole
results in loss of endosomal segregation of
all CIE cargo proteins and the accumula-
tion of Hookl and the cargo proteins in
scattered endosomes containing EEAI
and the trasferrin receptor. Therefore, the
endosomal sorting of CIE cargo molecules
away from a degradation route depends on
an intact microtubule network and factors
that connect the cargo-containing mem-
branes to it.

Depletion of Hookl or the overexpres-
sion of the Hookl C-terminal sequence
(Hookl dominant negative) affects the
composition of the CIE endosomal sys-
tem. These conditions affect the recycling
of only CIE cargo proteins that avoid the
default route to EEAl-associated endo-
somes and lysosomes (CD44, CD98, and
CD147) and not that of MHCI and the
transferrin receptor. Also, these treat-
ments cause the fragmentation or loss of
the recycling endosomes. These observa-
tions suggest that a continual segregation
of CIE cargo-containing membranes is
necessary to maintain the CIE recycling
compartment. Altogether, our results
led us to propose that Hookl functions
as an adaptor and tethering factor that
selectively sorts CD98 and CDI147 on
endosomes to prevent their routing to the
degradation route.

Hookl was originally discovered in
Drosophila melanogaster as an important
factor for the delivery of PM receptors
to late endosomal compartments.’*? In
mammals, three members of the Hook
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protein family have been described,
defined as Hookl, 2, and 3. Hook2 local-
izes to the Golgi and centrosomes and plays
a role in ciliogenesis.?** Hook3 also local-
izes to the Golgi and unidentified vesic-
ular structures.’® Interestingly, Hook3
interacts with the cytoplasmic domain of
the macrophage scavenger receptor A (SR-
A).3' SR-A is a type II transmembrane pro-
tein that enters the cell trough CME.3%%
A region in the carboxyl-terminal domain
of Hook3 that is enriched in basic amino
acids and acidic residues in the cytoplas-
mic domain of SR-A mediate the inter-
action between these two proteins.® We
observed a similar relationship between
Hookl and CD147 in a direct yeast two-
hybrid assay. Thus, Hook proteins may
serve to coordinate the turnover of pro-
teins after internalization using similar
recognition mechanisms.

A Hook-related protein  family
(HkRP), has also been identified and is
involved in the trafficking of the EGFR
back to the PM.>* The HkRPs share with
Hook proteins the conserved N-terminal
microtubule association domain. Both
families share the same domain organiza-
tion, starting with the microtubule-asso-
ciation domain, followed by a coiled-coil
region and the membrane/cargo-associ-
ation domain at the carboxyl-terminus.
The carboxyl-terminus of HkRP harbors
a conserved HkRP domain, which is
responsible for the membrane association
of the protein. The cytoplasmic sequence
of HkRP1 localizes to endosomal struc-
tures devoid of EEAL, Lampl or Golgi
markers. However, the authors showed
that under low levels of expression the
cytoplasmic sequence of HkRP1 colocal-
izes with the sorting nexin 1 (SNX1). In
contrast, expressing high levels of the car-
boxyl-terminal of HKRP causes the redis-
tribution of SNX1 to the cytosol and loss
of the EGFR from the plasma membrane.
These findings further support a role for
Hook and Hook-related proteins in the
regulation of cargo recycling from early
endosomes.

Hookl interacts with components of
the HOPs complex and the ubiquitinyl-
ation system, suggesting that Hookl may
function in coordination with other pro-
tein complexes to regulate protein sort-
ing.>3¢ It is not clear whether the Hook
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proteins initially recognize the cargo at
the PM or if the interaction takes place
after the cargo have reached the early
endosomes. Furthermore, the conditions
required to establish the interaction still
remain to be uncovered.

Hook1 and Rab22 Sort
CIE Cargo Protein into
Recycling Endosomes

Hookl works in coordination with
microtubules and Rab22a to regulate the
recycling of CIE cargo proteins back to
the PM." Moreover, our work revealed
that Rab22a depletion impairs the sorting
and recycling of all CIE cargo proteins.
These observations put Rab22a as a central
component of the CIE sorting machinery.
siRNA-mediated depletion of Rab22a or
the expression of the constitutively inactive
mutant form of Rab22a (Rab22a S19N)
impair the recycling of CIE membranes
by affecting the formation of the recycling
endosomes and inhibiting its fusion with
the PM.>Y Intriguingly, overexpression of
Hookl rescues the Rab22a S19N domi-
nant negative phenotype. Similarly, over-
expression of Rab22a rescues the Hookl
dominant negative effect by restoring the
endosomal sorting of CIE cargo. Although
we did not observe a physical interaction
between Hookl and Rab22a, the recip-
rocal rescue of their respective dominant
negative phenotypes and their colocaliza-
tion on CIE-cargo containing membranes
(Fig. 2) suggest that both sorting factors
work at the same step to control the direct
recycling of CIE cargo proteins from early
endosomes.

It is possible that Hookl and Rab22a
share a common interacting partner or
that they interact with components of a
sorting complex necessary to complete the
segregation and recycling step of the path-
way. Cytosolic proteins that could poten-
tially fulfill chis role are the Rab effectors,
which modulate the downstream effects of
activated Rab proteins by recruiting them
to specific membranes, creating defined
membrane domains on endosomes and
recruiting other effectors.”” Even though
the list of Rab effectors has drastically
increased in the past ten years, little is
known about specific effectors regulating
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the function of Rab proteins on CIE
membranes.

Rab proteins and Rab effectors could
also interact with scaffold proteins that
bring cargo
together in specific domains of the sort-
37,38

and sorting machinery

ing endosomes.?’”?® Recently, it has been
shown that Hook2 interacts with pericen-
triolar material protein 1 (PCM1), which
is a Rab8a effector critical for the recruit-
ment of Rab8 to primary cilium.?® Hook2
brings PCM1 to the base of the primary
cilium. In turn, PCM1 activates Rab8a at
that location to complete the maturation
event during ciliogenesis. The absence
of Hook2 or inactivation of Rab8 causes
the arrest of ciliogenesis at a very eatly
step. The coordinated function of Rab8a
and Hook2 is reminiscent of the Hook1/
Rab22a functional interaction. Therefore,
it is tempting to speculate that Hookl
could be mediating the establishment
of a specialized domain on the sorting
endosomes for the action of Rab22a. This
could be achieved through the recruit-
ment of a Rab22a effector or a scaffold
protein responsible to bring other sort-
ing components to a specific membrane
domain. Although, Hookl interacts in
vitro with other Rab proteins (Rab7, Rab9
and Rabll), the physiological signifi-
cance and role of these interactions in vivo
have not been examined.” Alternatively,
Hookl and Rab22 might interact with a
microtubule motor protein to facilitate the
microtubule-based transport of the CIE
cargo proteins back to the PM.

Endosomal Sorting of CIE
Cargo Proteins Includes
Multiple Sorting Factors

Considering the diversity of CIE cargo
proteins and their unique cytoplasmic
sequence composition it is conceivable to
predict that multiple adaptors mediate
the sorting of specific CIE cargo proteins
after internalization. In agreement with
this view, a recent study by Steinberg
et al. revealed that the sorting nexin
27 (SNX27) in coordination with the
VPS26-VPS29-VPS35

performs a major role in the recycling of

retromer trimer,
PM membrane proteins from endosomal

compartments.”’ Interestingly, depletion

of SNX27 reduced the surface levels of
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known CIE cargo proteins (for example
Glutl, CD147, and other ion and nutri-
ent transporters) by deviating their traf-
ficking to lysosomes. The authors also
demonstrated that the PDZ-domain/
PDZ-ligand interaction between SNX27
and Glutl was required to maintain sur-
face levels of the transporter and pre-
vent its premature delivery to lysosomes.
Whether SNX27 regulates the sorting
of other CIE cargo proteins through the
same PDZ-domain mediate interactions
remains to be determined. However, the
new role for the retromer in the sorting
and recycling of multiple CIE membrane
proteins emphasizes the versatile character
of the CIE endosomal sorting network.

Additionally, other regulatory factors
may contribute to the spatial and tempo-
ral-regulation of CIE cargo recycling. For
instance, other Rab proteins localize to
CIE endosomal membranes. In particu-
lar, Rab11 has been shown to be required
for the recycling of MHCI although it
is not necessary for the formation of the
recycling endosomes.” The EPS15 homol-
ogy domain-containing (EHD) protein
EHDI1, MICAL-L1, and phospholipase
A2 function together to facilitate the
endosomal trafficking and recycling of
the GPI-APs, CD55 and CD59.4 The
field of CIE waits for more studies to
reveal the underlining mechanisms that
help orchestrate the different components
of this complex sorting system.

Summary and Perspectives

The intracellular sorting mechanisms
controlling the segregation of CIE cargo
proteins could be cell specific or perhaps
be determined by the cargo’s physiological
function. We have previously shown that
inactivation of Arf6 blocks the recycling
of CIE membranes, which in turn inhibits
cell spreading in HeLa cells.* Our recent
work underscores the importance of CIE
membrane recycling for cell spreading
by showing that Hookl depleted cells
have a delayed cell spreading phenotype.
Specifically, we believe that cells require
the recycling back to the PM of proteins
like CD44, CD98 and CD147 to spread,
adhere or migrate in response to devel-
opmental or environmental cues. These
CIE cargo proteins have been extensively
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characterized as factors involved in cell-
cell interactions and interactions with the
extra-cellular matrix.""*44¢ Increased sur-
face levels of these CIE cargo proteins are
a common feature of several types of can-
cer.! Due to their roles in cancer metasta-
sis and cell migration, CD44 and CD147
have become therapeutic targets for can-
cer treatment and prevention.” The sort-
ing of cargo proteins involved in nutrient
and ion transport may be modulated by
environmental or growth conditions. It
will be interesting to see whether starva-
tion conditions could cause a change in
the intracellular trafficking of proteins
like Glutl, CD98 and Latl. Further stud-
ies focusing on identifying the molecu-
lar players that control CIE will provide
insight into the mechanisms that control
the diverse trafficking itineraries followed
by CIE cargo proteins and their impacts
on cell physiology.
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