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ABSTRACT OF THE DISSERTATION

Endocytic recycling and regulation of the

early-to-recycling endosome transition

by Ou Liu
Dissertation Director: Dr. Barth D. Grant

Endocytic recycling is the process by which cells return internalized cargos and receptors
back to plasma membrane. Efficient recycling of cargos requires ordered transport of
cargos from early endosome to recycling endosome. This is mainly achieved through
the coordination of small GTPase RAB-5 and RAB-10. The small GTPase RAB-5 is a
master regulator of cargo sorting at the early endosome and RAB-10 is a key resident of
the recycling endosome. Countercurrent cascades of GEFs and GAPs for Rab proteins
have been proposed to mediate Rab conversion, a process in which early acting Rabs are
inactivated by later acting Rabs. Here we demonstrate that a downstream Rab protein,
RAB-10, binds to and recruits a RAB-5 GAP, TBC-2, onto endosomes to inactivate
the upstream Rab, RAB-5. This process is critical for proper relay of cargos from
RAB-5 controlled early endosomes to RAB-10 regulated recycling endosomes. Lack
of TBC-2 disrupted RAB-5/RAB-10 interaction and caused accumulation of recycling
cargo hTAC-GFP in a malfunctioned hybrid early-recycling endosome compartment.
Furthermore, our study showed that this cargo transition process from early to recycling
endosome also requires the concerted effort by a BAR-domain protein AMPH-1, which
acts as a binding partner and a contributor to the recruitment of TBC-2 on endosomes.

In addition, the C. elegans Racl homolog CED-10 can also bind and recruit it to
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endosomes. Taken together, our worked showed that RAB-10, AMPH-1 and CED-10
act in a concerted manner and recruits TBC-2 to inactivate RAB-5. These interactions
are essential for early-to-recycling endosome transition and endocytic recycling.

We further demonstrated here that RAB-10, recruits CNT-1, the C. elegans homolog
of mammalian ACAP1 and ACAP2 (Arf6 GTPase-activating proteins) to inactivate
ARF-6 and downregulate endosomal PI(4,5)P2, a key phosphoinositide in membrane

traffic.
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Chapter 1.

Introduction



An overview of endocytosis

Cells internalize extracellular materials, fluid, macromolecules, membrane components,
receptors and their associated ligands through endocytosis. Endocytosis is a process by
which cells uses budding vesicles to selectively take in macromolecules such as nutrients
and intercellular signals from the outside environment. This process plays a key role in
removing lipids and proteins from the plasma membrane, maintaining the homeostasis
of the plasma membrane and counterbalancing secretion (Sato et al., 2014).

Internalization of receptors and ligands occurs mainly through two major pathways:
the canonical clathrin-dependent pathway (CDE) and a less well-understood clathrin-
independent pathway (CIE). In the clathrin-dependent pathway, cargos are selected for
internalization through recognition of their cytoplasmic signal sequences by clathrin
adaptors. The most common internalization signals are dileucine-based [DE] xxxL [LI]
and tyrosine-based Yxx® (where @ is a bulky hydrophobic amino acid) motifs that are
recognized by the major endocytic clathrin adaptor, AP2. Some other internalization
signals through CDE include post-translational modifications such as ubiquitination
and phosphorylation (Kelly and Owen, 2011). In addition, many clathrin adaptors
also functions by binding directly to the negatively charged lipid phosphatidylinositol-
4, 5-phosphate PI(4,5)P2 which is enriched on the plasma membrane (Traub, 2009).
AP2 exists in “locked” cytosolic form in which its binding sites for internalization
sequence are blocked. Upon binding to PI (4, 5) P2, AP2 undergoes a large-scale con-
formational change and reveals its cargo binding sites. It is through this mechanism
cargo internalization is restricted to required sites on the plasma membrane but not
on other membrane systems (Jackson et al., 2010). After cargo recognition, adaptor
proteins recruit clathrin and form a cage-like structure described as clathrin-coated pits
(CCP). Invaginated CCPs pinch off into vesicles, uncoat and fuse with one another and
early endosomes. Iron-bound transferrin receptors (TFRs) and low-density lipopro-
teins (LDLRs) are well-characterized cargos that enter the cell through CDE pathway.
In contrast, the clathrin-independent endocytosis occurs through a variety of poorly

understood pathways. One type of CIE is dynamin-dependent and involves caveolin



and cytoplasmic coat components termed cavins. ADP-ribosylation factor 1(ARF1),
CDC42 and actin polymerization regulate another mode of dynamin-independent CIE
pathway. Another dynamin-independent CIE pathway is regulated by ARF6 GTPase
and mediates the entry of cargo proteins like major histocompatibility complex (MHC)
class I proteins and interleukin 2 receptor a-subunit (TAC) into cells (Grant and Don-

aldson, 2009; Howes et al., 2010).

Pathways of membrane trafficking

The cellular uptake process is balanced in part by endocytic recycling processes that
return much of endocytosed proteins and lipids back to the plasma membrane. The bal-
ance between endocytic uptake and recycling is subjected to tight regulation and exerts
significant impact on a variety of cellular processes including nutrient uptake, plasma
membrane repair, cell adhesion and junction formation, cell polarity and migration, cy-
tokinesis and signal transduction (Grant and Donaldson, 2009). Molecular players and
mechanisms underlying how certain cargos are sorted from others and recycled back to
the plasma membrane remain to be better characterized.

After internalization into cells, cargos from both CDE and CIE pathways converge at
the early endosome where sorting occurs. From early endosomes, cargos can be returned
directly to plasma membrane through a rapid recycling pathway. Some other cargos
are delivered to recycling endosomes for further sorting and returned back to plasma
membrane (Grant and Donaldson, 2009; Hsu and Prekeris, 2010b). There is another
route called the retrograde pathway where cargos are cycled from endosomes to the
Golgi (Bonifacino and Rojas, 2006). Still some other cargos labeled by ubiquitin are
transported from early endosomes to late endosomes and finally to lysosomes for degra-
dation (Raiborg and Stenmark, 2009). Large cytoplasmic components are targeted to
lysosome for degradation via autophagy, a process in which cytoplasmic macromolecules
are engulfed into a double-membrane cytosolic vesicle referred to as an autophagosome

and targeted to fusion with the lysosome for degradation (Melendez and Levine, 2009).



Rab Proteins as key regulators of membrane trafficking

Proper and efficient membrane trafficking requires coordination of a series of events:
budding of vesicular or tubular organelles from donor membranes, transporting them
to their acceptor membranes, docking and fusion of donor organelle with acceptor or-
ganelle to achieve transfer of cargo between different membranous stations. The key
coordinators for all these events mentioned above are the Rab GTPases (Stenmark,
2009). Rab proteins constitute the largest family of the Ras GTPase superfamily. In
humans, there are approximately 70 Rab GTPases and about three quarters are in-
volved in endocytic trafficking. In worms, there are 31 genes encoding Rab or Rab-like
proteins and these genes are commonly involved in targeted movement of vesicles. Rab
GTPases act as molecular switches and cycle between an “active” GTP-bound and an
“inactive” GDP-bound state. The switch is controlled by guanine nucleotide exchange
factors (GEFs), which promote the binding of GTP, and GTPase-activating proteins
(GAPs), which catalyze the hydrolysis of the bound GTP to GDP. Upon translation,
Rab proteins associate with Rab escort protein (REP) and are presented to Rab geranyl-
geranyl transferase (RabGGT). Modification of two C-terminal cysteines on Rabs with
geranylgeranyl moieties confers a membrane insertion ability to Rab proteins. GDP dis-
sociation inhibitor (GDI) binds to the GDP-bound form of prenylated Rabs and masks
the isoprenyl anchor, thereby sequestering Rab proteins in the cytosol. A GDI dis-
placement factor (GDF) maybe required to dissociate GDI from Rabs, thereby prepar-
ing Rabs ready for GEF-stimulated GTP binding (Hutagalung and Novick, 2011b).
Through the shift between active membrane-bound form and inactive cytosolic form,
Rab proteins perform their roles as master regulators of membrane traffic.

Rab proteins regulate a diverse array of membrane transport processes such as vesicle
formation, movement, tethering and fusion by signaling through various effectors. Rab
effectors interact preferentially with a GTP-bound form of their respective Rabs. Sub-
tle variations within and outside the conserved Rab switch region (Switch I and Switch

IT) convey specificity for binding of effectors to corresponding Rabs. Rab proteins can



recruit Rab effectors that bind specifically to certain receptors and cause concentra-
tion of cargo on a subset of endosomes. Rabs can also have effectors from both donor
and acceptor organelles to promote fusion. Still, some Rabs interact with actin- or
microtubule-based structures directly (Echard et al., 1998) or indirectly bridged by
interaction of effectors with actin/microtubule motors (Grosshans et al., 2006b). In-
triguingly, under some circumstances Rab GEFs and Rab effectors can form a complex
to create a positive feedback loop which couples Rab localization and activation of

downstream Rab effector function.

Membrane compartmentalization and achieving specificity in mem-

brane trafficking

One major challenge in membrane trafficking is to transfer a variety of cargos with
different destinations between distinct membranous organelles in a specific and tightly
regulated manner that guarantees precision and efficiency. Sorting and relaying diverse
cargos in this highly demanding manner entails accurate spatial and temporal regulation
of the function of trafficking machinery. The assembly of a protein complex promoting
the relay of cargo at one step also needs to be reversible. There is accumulating evidence
showing that this formidable task is achieved at several different levels of regulation by
Rab GTPases.

First, the Rab GDP-GTP cycle renders Rab proteins eligible candidates for acting
as molecular switches for turning “on” and “off” the machinery for a certain step
of membrane trafficking. Facilitated by guanine-nucleotide exchange factors (GEF's)
and GTPase-activating proteins (GAPs), Rab proteins can shuffle between GTP-bound
“active” state and the GDP-bound ”inactive” state. The two different states allow
the Rab to behave as both a soluable cytosolic proteins and an integral-membrane
protein. Therefore, in times of need, Rab proteins can become GTP-bound and insert
to membranes for recruitment of a cohort of its binding partners to implement a series
of downstream effects. After having fulfilled its mission, the Rab protein can convert to

its GDP-bound form, be removed from the membrane, and sequestered in the cytosol



for storage.

Second, Rab GTPases can interact with one another and weave into a complicated but
effective network, coordinating between different steps of membrane trafficking. Several
modes of coordination of Rab proteins have been revealed. In one case, different Rab
proteins are localized to distinct membrane microdomains. For instance, studies have
characterized RAB4, RAB5 and RABI11 domains that do not overlap over time (de
Renzis et al., 2002). The segregation of Rab proteins likely comes from feedback loops
with Rab effectors that contributes to the sorting of cargos into distinct routes. Alter-
natively, Rab interactions are commonly associated with Rab effector coupling. Rab
effectors have been found to contain separate binding sites for two or more different Rab
GTPases. Through shared Rab effectors, the functions of multiple Rab proteins can be
orchestrated in a concerted manner to promote and maintain working machinery for
certain routes of membrane trafficking. Additionally, another noteworthy theory con-
cerning transition of different Rab-defined compartments is the Rab cascade model. In
this model, it has been proposed that an upstream Rab recruits as its effector the GEF
for a downstream Rab to promote its association with the membrane. The downstream
Rab may then recruit the GAP that inactivates the upstream Rab (Hutagalung and
Novick, 2011b). A schematic illustration of the proposed Rab cascade model is shown

below.

organelle membrane

Figure 1: The nucleotide and membrane attachment/detachment cycles of Rab

GTPases (Grosshans et al., 2006b).
Several examples have been shown to corroborate this Rab cascade model. In the event

that RAB-5 positive early endosome matures into RAB-7 positive late endosome, it has
been demonstrated that SAND-1/Monl acts as the mediator protein to negatively reg-

ulate the activity of the upstream Rab, RAB-5, and positively regulate the downstream



Rab, RAB-7. SAND-1 interacts with and removes the guanine-nucleotide exchange fac-
tor (GEF) of RAB-5, RABX-5 from the early endosome to disrupt the positive feedback
loop for RAB-5. (Poteryaev et al., 2010). SAND-1 act as a RAB-7 GEF to facilitate
the endosomal association of RAB-7. (Nordmann et al., 2010)

Third, through interaction with Rab effectors, Rab proteins function to specify the
identity of membrane compartments. The identity is conferred both by protein recruit-
ment and controlling membrane lipid composition. Each membrane compartment has
its own associated protein complex and characteristic lipid compostion. Rab proteins
control the lipid composition by recruiting as its effectors the kinases and phosphatases
of phosphotidylinositides. For example, RAB-5 can recruit the class I1I PI3K to produce
PI3P on early endosomes. Lipid that are specifically enriched on certain populations
of endosomes also provide a platform for binding of Rab effectors. As in the exam-
ple mentioned above, RAB-5 effectors EEA-1, rabenosyn 5 and rabankyrin 5 contain
PI3P-binding FYVE domain. Thus defining the structural and functional identity of
an organelle requires coincidence detection of the presence proper protein and lipid
components. This constitutes a competent system that ensures precision and efficacy
for transporting various cargos to their appropriate destination.

Through the above-mentioned complex regulated machinery, Rab proteins contribute
to maintain organelle identity in the face of formidable challenges posed by large flow
of cargo exchange between different cellular compartments. RAB-5 and the early en-
dosome

The small GTPase RAB-5 is a canonical master regulator of the early endosome (Bucci
et al., 1992). Regardless of the various routes of endocytosis, all the cargos converge to
the early endosome for sorting. Therefore RAB-5 labeled early endosomes serve as the
central hub of a complex network of proteins that undergoes a series of events including
membrane fusion and fission, tethering and motility (Zeigerer et al., 2012). The activ-
ity of RAB-5 is controlled by guanine-nucleotide exchange factors which activate it and
GTPase-activating protein that inactivates it. The catalytic Vps9 domain identifies
Rab5/RAB-5 exchange factors (Carney et al., 2006). Distinct aspects of RAB-5 activ-

ity may require different RAB-5 GEF proteins for activation of RAB-5. For instance,



both RME-6 and RABX-5 proteins in C. elegans contain the Rab5/RAB-5 GEF Vps9
domain. However, they are involved in different facets of RAB-5 function. RME-6
localizes mainly to clathrin-coated pits and binds to clathrin adaptor APA-2. It is
suggested that RME-6 activates RAB-5 on the nascent endocytic vesicles derived from
clathrin-coated pits and mediate the fusion of nascent endocytic vesicles to early endo-
some (Sato et al., 2005). On the other hand, RABX-5 is thought to promote homotypic
fusion of early endosomes and maturation of early endosome into late endosome along
the degradation pathway. In particular, SAND-1 and its associated proteins remove
RABX-5 from early endosomes as the RAB-5 labeled early endosomes mature into
RAB-7 labeled late endosomes (Poteryaev et al., 2010).

RAB-5 builds its functional connections with various membranous compartments through
a cohort of effector proteins. One effector of RAB-5 is the tethering factor early endo-
some antigen (EEA-1) which forms parallel coiled-coil dimers and has both amino- and
carboxy- terminal RAB-5 binding sites thereby facilitating tethering of RAB5 labeled
early endosomes (Stenmark, 2009). Another tethering complex that binds to RAB-5

contains RABS-5 (Rabenosynb) and its binding protein VPS-45 (Sato et al., 2014).

RAB-10/Rab10 and the recycling endosome

Our lab set forth to characterize the molecular components of endocytic recycling path-
way focusing on the processes employing RAB-10 as a master regulator in polarized
epithelial cells. Previous work has indicated that RME-1, a fou C. elegansnding member
of the C-terminal Epsl15-homology (EH)-domain proteins (EHDs), mediates transport
of cargo from recycling endosomes to plasma membrane. Loss of RME-1 results in
accumulation of gigantic fluid-filled recycling endosomes in the worm intestine (Grant
et al., 2001a). Our lab has also reported that RAB-10 is localized to a subset of endo-
somes. The number of early endosomes labeled by GFP-RAB-5 was found to increase
in rab-10 mutant and the gigantic vacuoles present in rab-10 mutant worm intestine
were weakly positive for GFP-RAB-5 and strongly positive for ARF-6-GFP, a marker
for recycling endosomes. Based on the fact that GFP-RME-1 appears more diffusive in

rab-10 mutants, and rme-1 mutants do not display increased number of RAB-5 labeled



early endosomes, we proposed that RAB-10 resides on a subset of basolateral early
and recycling endosomes where it can regulate basolateral cargo recycling upstream of
RME-1 (Chen et al., 2006b). In the intestinal cells of C. elegans, RAB-10 has partial
localization with RAB-5 and RAB-10 localizes adjacently to RME-1 labeled recycling
endosomal structures. Our studies in C. elegans suggests that RAB-10 function from
the junction of early endosome to recycling endosome. rab-10 mutants did not affect
other pathways such as degradation pathway and apical recycling pathway (Chen et
al., 2006a).

Some other studies also reported different roles for RAB-10/RAB10 in both endocytic
and biosynthetic pathways. In C. elegans neuron cells, RAB-10 has been shown to
regulate the recycling of glutamate receptor AMPARSs after clathrin-independent endo-
cytosis (Glodowski et al., 2007b). RAB-10 also regulate the secretion of neuropeptides
in neurons (Sasidharan et al., 2012). In polarized MDCK cells, Rab10 is found to
localize to only a fraction of basolateral sorting endosomes and mainly to common re-
cycling endosomes. It is thought to negatively regulate rapid recycling from basolateral
sorting endosomes by mediating the transport from basolateral sorting endosomes to
common endosomes (Babbey et al., 2006b). In adipocytes, Rabl0 has been shown to
be a substrate for RabGAP AS160 and responsible for the translocation of glucose
transporter GLUT4 to plasma membrane upon insulin stimulation (Sano et al., 2007a).
Additionally, in MDCK cells, Rab10 is reported to function cooperatively with Rab8
and mediate the biosynthetic transport from Golgi to basolateral plasma membrane
(Schuck et al., 2007b). Also, the replenishment of Toll-like receptor (TLR) 4/receptor
complex to plasma membrane requires Rabl0. In nonpolarized cells, the function of
RAB-10 in membrane traffic might be redundant with its closest homolog RAB-8 (Shi
et al., 2010b). It was observed that rab-10 and rab-8 double mutants caused many
worms to arrest at larvae stage, while the single mutants for either rab-10 or rab-8 are
viable and fertile. We can conclude from the above-mentioned examples that although
expressed ubiquitously among several tissues, the function of small Rab GTPases can
differ with cell type.

The function of RAB-10 in the basolateral recycling pathway and its relationship with
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RAB-8 was further illustrated in the study of a RAB-10 effector protein called EHBP-
1. EHBP-1 binds to GTP-bound form of RAB-10 through its C-terminal coiled-coil
domain. RAB-10 colocalizes with EHBP-1 on punctate endosomes. Loss of EHBP-1
results in accumulation of enlarged intestinal vacuoles filled with fluid-phase markers
similar to the phenotype of a rab-10 mutant (Chen et al., 2006b; Shi et al., 2010c). In
ehbp-1 mutant background, an obvious disruption in the recycling of CIE-dependent
cargo hTAC was observed, whereas only minor effect was found for the recycling of CDE-
dependent cargo h'TFR. This preferential selectivity on cargo by EHBP-1 resembles that
of RAB-10, which also has stronger effect on the recycling of hTAC than hTFR (Chen et
al., 2006b; Shi et al., 2010c). In interneurons, as previously found for RAB-10, EHBP-1
regulates the trafficking of AMPAR subunit GLR-1 from endosomes within the neurites
to synaptic membranes (Glodowski et al., 2007b; Shi et al., 2010c). Also, loss of EHBP-
1 leads to accumulation of RAB-5 positive endosomes and loss of tubular structures
labeled by RME-1, similar to that in rab-10 loss-of-function strain. Taken together,
these shared phenotypes suggest that EHBP-1 and RAB-10 may function on the same
basolateral recycling pathway in polarized cells. However, membrane association of
EHBP-1 does not require RAB-10. Surprisingly, RAB-10 (but not RAB-8) appears
very diffusive in ehbp-1 mutant, implying that EHBP-1 functions to recruit RAB-10 on
endosomes. This effect is more likely expected in a Rab-GEF mutant rather that in Rab-
effector mutant. In the germline, ehbp-Imutant animals display larval arrest and adult
sterility which can be phenocopied by simultaneous loss of both RAB-10 and RAB-
8. It is also found that in ehbp-1 mutant, or rab-8/rab-10(RNAi), plasma membrane
localized SNARE SNB-1 is trapped intracellularly in endosomes. These results indicate
that EHBP-1 may function with RAB-8 and RAB-10 together in non-polarized germ
cells. In mammalian cells, EHBP1 has been reported to function with Eps15-homology
(EH)-domain proteins EHD1 and EHD2 and affect insulin-regulated GLUT4 recycling
and distribution of transferrin receptor (Guilherme et al., 2004a; Guilherme et al.,
2004b). Another evidence for a better understanding of how RAB-10 regulates the
recycling pathway comes from the interaction between RAB-10 and CNT-1, the only

C.elegans homolog of mammalian Arf6 GTPase-activating protein ACAP1 and ACAP2
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(Shi et al., 2012). Mammalian Arf6 regulates the recycling of cargos that entered the
plasma membrane from the clathrin-independent endocytic (CIE) pathway, and rab-
10 mutants caused block of recycling of the Arf6-dependent cargo hTAC (Brown et
al., 2001; Radhakrishna and Donaldson, 1997). Mammalian Arf6 functions in part by
activating type I phosphatidylinositol-4-phosphate 5 kinase which converts PI(4)P into
PI(4,5)P2 (Brown et al., 2001; Radhakrishna and Donaldson, 1997) RAB-10 (GTP)
interacts with the C-terminal ankyrin repeats of CNT-1. CNT-1 colocalizes with both
RAB-10 and ARF-6 on endosomes and it becomes very diffusive in rab-10 mutants,
but not in mutants of other closely related Rabs such as rab-8 and rab-35 mutants.
This suggests that RAB-10 functions to recruite CNT-1 onto endosomes to negatively
regulate the activity of ARF-6. It turns out that this function loop affects the level of
PI(4,5)P2 of on recycling endosomes. In arf-6 mutants, the PI(4,5)P2 level was reduced,
while in rab-10 or cnt-1 mutants, the PI(4,5)P2 level increased. Since PI(4,5)P2 is the
characteristic lipid on the recycling endosome, changing its composition on the recycling
endosome strongly influences the recruitment of other relevant proteins that function
in the recycling pathway by sensing the membrane PI(4,5)P2 level. In summary, one
of the roles of RAB-10 in the endocytic recycling pathway occurs by the recruitment
an ARF-6 GAP protein called CNT-1 by RAB-10 to regulate the PI(4,5)P2 level of the
recycling endosome (Shi et al., 2012).

With a wide range of implications in membrane trafficking processes, it is of great
interest to further study the molecular components and mechanisms involved in RAB-

10/Rab10-dependent endocytic pathways.

TBC-2, a RABGAP involved in endocytic recycling

Most known Rab GAPs share a Tre-2/Bub2/Cdcl16(TBC) catalytic domain (Bernards,
2003). There are 21 predicted TBC domain proteins in C. elegans (www.wormbase.org)
and TBC-2 is one of them. TBC-2 is a RabGAP family protein which contains an N-
terminal PH domain followed by a central coiled-coil domain and a C-terminal TBC
domain. (Itoh et al., 2006) TBC-2 is most similar to human TBC1D2 (also known as
PARIS-1 or Armus) and TBC1D2B (Frasa et al., 2010a; Zhou et al., 2002). PARIS-1
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contains a TBC domain and has been found to express differentially in normal prostate
cells and prostate cancer cells, indicating that PARIS-1 potentially plays a role in
regulation of cell differentiation and growth (Zhou et al., 2002). Armus contains a PH
domain which mediates its localization at cell-cell contacts. It is also shown to bind
to Racl, a Rho subfamily small GTPase through its central coiled-coil domain. And
the C-terminal RABGAP domain has GAP activity towards Rab7 both in vitro and
in vivo. Armus is reported to integrate Racl and Rab7 function in Arf6-dependent
degradation of E-Cadherin. (Frasa et al., 2010b)

Studies in the C. elegans showed that TBC-2 is crucial for the removal of RAB-5
from phagosomes and maintaining a proper level and duration for PI(3)P to label
phagosomes. Loss of TBC-2 caused less recruitment of RAB-7 and lysosome-associated
membrane protein LMP-1 onto cell corpses-containing phagosomes. All of the above-
described processes are critical for phagosome maturation and the efficient removal of
cell corpse (Li et al., 2009). Another study in C. elegans showed that TBC-2 regulates
RAB-5/RAB-7- mediated trafficking and has strongest GAP activity towards RAB-5
in vitro. (Chotard et al., 2010a)

In a recent publication from our lab, we have identified that a Rho-GTPase CED-10,
together with its bipartite guanine-nucleotide exchange factor CED-5/CED-12, regu-
lates endocytic recycling by recruiting TBC-2 onto endosomes. Loss of CED-10 or
TBC-2 caused abnormal accumulation of both CDE cargo hTFR and CIE cargo hTAC
in the worm intestine. In this study, we found that abnormally accumulated recycling
cargo hTAC caused by tbc-2 mutant background co-localizes with EHBP-1, a marker
for recycling endosome. We further reasoned that if the abnormal accumulation of
recycling cargos in tbc-2 mutant background is caused by a lack of down-regulation
of RAB-5 activity through TBC-2’s RAB-5 GAP activity, overexpression of constitu-
tively active form of RAB-5 should cause a similar cargo accumulation defect as in
tbc-2 mutant background. Consistent with this hypothesis, we found that overexpres-
sion of GTP-locked RAB-5 (Q78L) mimics the intracellular accumulation of recycling
cargos including hTAC and hTFR as in tbc-2 mutant (Sun et al., 2012a) A bioinfor-

matics study on the interactome of Src homology 3 (SH3) domain protein has identified



13

AMPH-1, the only C. elegans homolog of Amphiphysin/BIN1 family of BAR-domain
proteins, as a potential binding partner to TBC-2 (Xin et al., 2013). Using AMPH-1
SH3 domain as bait and randomly short peptide sequences expressed as prey in phage
display analysis, a sequence within TBC-2 (146-160Aa) came out as the fourth best
match in the whole genome for this AMPH-1 SH3 domain consensus target sequence.
The binding between full-length TBC-2 protein and AMPH-1 SH3 domain was further
confirmed to be a direct interaction. This interaction is also characterized to be specif-
ically for the SH3 domain in AMPH-1 as another SH3 family protein SDPN-1 SH3
failed to bind to TBC-2. Interesting enough, C. elegans AMPH-1 has been reported
previously to function in the endocytic recycling pathway by binding to RME-1, a reg-
ulator of basolateral recycling at a later step (Pant et al., 2009). In particular, during
the cargo recycling process, RME-1 and AMPH-1 together promote the formation of
narrower tubules than that generated by each protein individually. Taken together, it
is of particular interest to further characterize the role of TBC-2 as a RABGAP in me-
diating endocytic recycling processes and investigate the molecular mechanism behind

ordered transition of cargos along different Rab-defined endosomal compartments.

C. elegans as a model for studying membrane traffic

C. elegans is a small free-living nematode worm and it was first brought to the research
community as a good potential experimental model organism to study development and
behavior by Syndey Brenner in 1974 (Brenner, 1974). C. elegans has several advantages

to serve as an excellent organism for genetics analysis:

(1) Compared to other higher organisms, it has relatively simple anatomy and genetic

organization
(2) The life cycle of C. elegans is 3.5 days grown on agar plate seeded with E. coli

(3) Mutations can be induced by chemical mutagens or the recently developed CRISPR/Cas9
riedland et al., ; Paix et al., system to study behavior and morpho-
Friedland 1., 2013; Pai 1., 2014 dy behavi d h

logical changes
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(4) Strains can be kept as frozen stocks

C.elegans has proved to be an excellent model organism to study membrane traffick-
ing. Almost all of the genes involved in membrane trafficking events that have been
identified in mammalian studies are conserved in worm genome. The molecular mech-
anisms of how these genes function in the endocytic pathways also preserve well from
C. elegans to mammalian systems. Moreover, for the genes that have multiple copies
in the mammalian systems there is usually one corresponding C.elegans homolog. This
is an advantage since only single mutants in C.elegans are sufficient to characterize the
function of this gene. Taking advantage of this excellent genetic system of C.elegans,
we can perform epistasis analysis to elucidate complex biochemical pathways.

The C.elegans intestine is our main choice of tissue to study membrane trafficking
events. It is a relatively simple polarized epithelial tube consisted of 20 epithelial
cells that are paired up to form nine rings. The worm intestine mains two distinct
plasma membrane domains: basolateral and apical compartments which are separated
by apical junctions. The intestinal cells of C.elegans present us the opportunity to
study trafficking events in live intact polarized epithelial cells with the assistance of

confocal imaging facilities.
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Chapter 2.
CED-10/Racl Regulates

Endocytic Recycling Through the
RAB-5 GAP TBC-2
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SUMMARY

Racl is a founding member of the Rho-GTPase family and a key regulator of membrane
remodeling. In the context of apoptotic cell corpse engulfment, CED-10/Racl acts with
its bipartite guanine nucleotide exchange factor, CED-5/Dock180-CED-12/ELMO, in
an evolutionarily conserved pathway to promote phagocytosis. Here we show that in
the context of the C. elegans intestinal epithelium CED-10/Racl, CED-5/Dock180,
and CED-12/ELMO promote basolateral recycling. Furthermore, we show that CED-
10 binds to the RAB-5 GTPase activating protein TBC-2, that CED-10 contributes to
recruitment of TBC-2 to endosomes, and that recycling cargo is trapped in recycling
endosomes in ced-12, ced-10, and tbc-2 mutants. Expression of GTPase defective RAB-
5(Q78L) also traps recycling cargo. Our results indicate that down-regulation of early
endosome regulator RAB-5/Rab5 by a CED-5, CED-12, CED-10, TBC-2 cascade is an
important step in the transport of cargo through the basolateral recycling endosome

for delivery to the plasma membrane.
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INTRODUCTION

The C. elegans intestine has proven to be a powerful model system for the study of
epithelial cell membrane trafficking mechanisms. The worm intestine is a simple ep-
ithelial tube consisting of 20 enterocyte cells that form nine “donut-like” intestinal rings
(McGhee, 2007). Each of these 20 cells is terminally differentiated, and each intestinal
cell is maintained for the life of the animal without replacement (McGhee, 2007).

Like mammalian intestinal epithelial cells, C. elegans enterocytes display apicobasal
polarity with defined apical junctions separating the apical and basolateral domains
(McGhee, 2007). The apical enterocyte membranes, which form the intestinal lumen,
display a prominent microvillar brush border, with an overlying glycocalyx and under-
lying subapical terminal web rich in actin and intermediate filaments (McGhee, 2007).
The basolateral membrane is in contact with the pseudocoelom (body cavity) and is
responsible for the exchange of molecules between the intestine and other tissues of the
body.

In previous studies we established three model transmembrane cargo markers for the
analysis of basolateral endocytic trafficking in the C. elegans intestine: hTAC-GFP,
hTfR-GFP, and MIG-14-GFP (Chen et al., 2006a; Pant et al., 2009; Shi et al., 2010a;
Shi et al., 2007; Shi et al., 2009). hTAC (human IL-2 receptor alpha-chain) enters cells
via clathrin-independent endocytosis (CIE), while hTfR (human transferrin receptor)
and MIG-14 (Wntless) enter cells via clathrin-dependent endocytosis (CDE) (Grant
and Donaldson, 2009; Pan et al., 2008; Yang et al., 2008). However, while hTAC
and hTfR recycle via the recycling endosome in an RME-1/EHD-dependent manner,
MIG-14 recycles via retrograde recycling to the Golgi in a retromer-dependent manner
(Caplan et al., 2002; Chen et al., 2006a; Grant and Caplan, 2008; Lin et al., 2001; Pan
et al., 2008; Shi et al., 2009; Yang et al., 2008). Thus comparison of the effects of any
endocytic transport mutant on these three cargo proteins can give insight into which
steps in receptor traffic are affected.

Here we focus on the function of the C. elegans Racl homolog CED-10 in regulation of

epithelial cell endocytic trafficking. During engulfment of dead apoptotic cells, CED-10
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functions in a pathway with associated proteins CED-12/ELMO, CED-5/DOCK180,
and CED-2/CrklII, promoting cytoskeletal reorganization that is thought to be impor-
tant for pseudopod formation/function (Kinchen and Ravichandran, 2007). CED-12
and CED-5 form a bipartite guanine-nucleotide exchange factor for CED-10, and are
thus thought to promote conversion of inactive CED-10(GDP) to active CED-10(GTP)
(Brugnera et al., 2002). CED-2 physically associates with CED-5 and is thought to
function as an adapter, potentially linking the protein complex to certain apoptotic
corpse receptors such as MOM-5/Frizzled and/or Integrins, but not the CED-1 corpse
receptor (Cabello et al.; Reddien and Horvitz, 2000).

Mammalian Racl has been reported to become GTP-loaded on endosomes, and to re-
quire Arf6-dependent recycling for membrane ruffling and its localization to the leading
edge of migrating cells (Donaldson et al., 2009; Koo et al., 2007; Palamidessi et al., 2008;
Radhakrishna et al., 1999). Despite the known association of activated Racl with early
and recycling endosomes, little is known of the potential role of Racl in regulating endo-
some function. In this study we define an important requirement for CED-10/Racl in
basolateral recycling in the intestinal epithelia. This function of CED-10/Rac requires
CED-5 and CED-12, but not CED-2. Furthermore we connect this recycling function
of CED-10 to Rab-GAP TBC-2, indicating a mechanism for the down-regulation of the

RAB-5 GTPase as endocytic cargo reaches the recycling endosome.
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RESULTS

Loss of CED-10/Racl, CED-12/Elmo, or CED-5/Dock180 leads to in-

tracellular accumulation of recycling cargo

In order to determine if CED-10/Racl is required for endocytic transport, we assayed
the effect of a strong Racl loss-of-function mutant, ced-10 (n3246), on the subcellular
distribution of three endocytic cargos, using confocal microscopy in the adult intestine
(Reddien and Horvitz, 2000). The C. elegans intestine is known to express CED-
10/Racl at high levels, but CED-10/Racl function has not been previously investigated
in this tissue (Lundquist et al., 2001).

Interestingly, we observed strong intracellular accumulation of recycling receptor hTfR-
GFP in the ced-10 mutant background, similar to that we had previously observed in
known endocytic recycling mutants such as rme-1 and amph-1 (Figure 1A and 1B,
quantified in 1D) (Chen et al., 2006a; Pant et al., 2009). The abnormal intracellular
accumulation of hTfR-GFP in the ced-10(n3246) mutant was completely rescued by
transgenic expression of CED-10 using an intestine-specific promoter, indicating that
the effect of CED-10 on recycling is cell autonomous and is not mediated by indirect
effects via other tissues (Figure 1C and 1D). We also observed abnormal accumulation
of another recycling cargo protein, hTAC-GFP, in ced-10 mutants, and found that accu-
mulated intracellular " TAC-GFP colocalized with recycling endosome marker EHBP-1
(Figure 11, 1J, 1L, and 1N-IN") (Shi et al., 2010a). TAC and TfR are thought to be
internalized independently, meet in the endosomal system, and then recycle from the
recycling endosome to plasma membrane in separate carriers (Naslavsky et al., 2003,
2004; Shi et al., 2007; Weigert et al., 2004). Taken together our results indicated
trapping of multiple types of cargo in the recycling arm of the endocytic pathway in
ced-10/Racl mutants.

Furthermore, we found that ced-12(tp2) and ced-5(n1812) mutants displayed the same
aberrant intracellular accumulation of h'TfR-GFP and hTAC-GFP found in ced-10 mu-
tants, indicating that the CED-12/CED-5 Rac exchange factor complex is also required
for the recycling process (Figure 1E, 1F, 1H, 1K and 1L; Figure S2A-S2D and S2I). The
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abnormal intracellular accumulation of h'TfR-GFP in the ced-12 mutant was completely
rescued by transgenic expression of CED-12 using an intestine-specific promoter, again
indicating an intrinsic requirement for CED-12 in the intestinal cells (Figure 1G and
1H).

Importantly, ced-10 and ced-12 mutants had no effect on the subcellular localization of
MIG-14-GFP, indicating that CED-10/Racl and CED-12/ELMO are somewhat cargo
specific in their effects, and are not required for retrograde recycling from endosomes to
the Golgi (Figure S1A-S1G). Since MIG-14 shares its uptake route with hTfR, but is
not thought to enter the recycling endosome, these results suggest that CED-10/Racl
is required for specific membrane trafficking events associated with recycling endosome
dependent cargo.

No defect in h"TAC-GFP or hTfR-GFP localization was found in ced-2(el752) mutants,
indicating that CED-2 is not required for the endocytic transport of these cargos (Figure
S3A-S3D, S3I). Since CED-2 is required for phagocytic dead cell engulfment, this result
indicates that the observed defects in endocytic traffic are not indirect effects of failed
phagocytosis. This is also consistent with previous studies of the C. elegans intestinal
cells, indicating that after embryogenesis the intestinal cells are not involved in the
clearance of apoptotic cell corpses, do not perform phagocytosis, and do not migrate
(Clokey and Jacobson, 1986; McGhee, 2007). Our results showing that CED-2 is not
required in the intestine for hTfR and hTAC trafficking also indicates that not all

CED-10 associated factors are shared between phagocytic and endocytic regulation.

Loss of CED-10, CED-12, or CED-5 disrupts endosome morphology

In order to help determine which step in trafficking is affected by loss of CED-10/Racl
and its exchange factor CED-5/CED-12, we performed morphometric analysis of a
wide-variety of marker proteins associated with endocytic organelles in the intestine
of ced-10 and ced-12 mutant animals. This set of markers has been used successfully
in previous studies to gain insight into the specific defects associated with endocytic
transport mutants (Chen et al., 2006a; Pant et al., 2009; Shi et al., 2010a; Shi et al.,

2007; Shi et al., 2009). We noted over-accumulation of GFP-tagged early endosome
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regulator RAB-5 in ced-10 and ced-12 mutants (Figure 2A-2C, quantified in 2M and
Figure S4). The average GFP-RAB-5 puncta intensity increased by about 8-fold and
12-fold, respectively, in ced-10 and ced-12 mutants (Figure 2M). We also noted in both
mutants abnormal morphology of basolateral recycling endosomes labeled by GFP-
RAB-10, ARF-6-GFP, GFP-RME-1, and SDPN-1-GFP (Figure 2D-2L, quantified in
2M, 2N, Figure S4, and Figure S5A-S5C, quantified in S5J). By contrast, markers for
late endosomes (GFP-RAB-7), and apical recycling endosomes (GFP-RAB-11) were
unperturbed (Figure S5D- S5I and S5K). We found that ced-5 mutants, but not ced-
2 mutants, also displayed defective recycling endosome morphology (Figure S2E-S2H,
S3E-S3H, S2J and S3J). Taken together with the cargo accumulation results, these
specific changes in endosomal morphology indicate that a particular branch of the
endocytic pathway, including the early endosomes and basolateral recycling endosomes,
but not late endosomes or apical recycling endosomes, require CED-10/Racl activity

for their normal function.

CED-10 and CED-12 are associated with early and recycling endosomes

If CED-10 and CED-12 function directly in endosomal regulation, then we would ex-
pect to find them associated with endosomes in wild-type cells. Thus we sought to
determine the subcellular localization of CED-10 and CED-12 in the intestinal ep-
ithelial cells using functional tagged forms of the proteins. GFP-CED-10 localized
strongly to the apical domain (likely to the microvilli) and to intracellular puncta in
the cytoplasm (Figure 3A). CED-12-RFP colocalized well with GFP-CED-10 to the in-
tracellular puncta (Figure 3B and 3C). However, CED-12-RFP also strongly labeled a
subapical band that displayed significant overlap with the GFP-CED-10 labeled apical
band (Figure 3A, 3B and 3C). It is not clear if the partial apical overlap represents
the presence of both proteins on certain subapical structures, or rather represents two
distinct apical localizations for CED-10 and CED-12 that are very near one-another.
The simplest interpretation of these results is that the functionally important site of
CED-10/CED-12 interaction for the recycling of basolateral cargo is on the intracellular

puncta (endosomes - see below), although we cannot exclude important interactions on
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other subcellular compartments.

We identified the intracellular puncta labeled by CED-10 as endosomes by performing
a series of colocalization studies with a previously established set of intestine-specific
compartment markers (Chen et al., 2006a; Pant et al., 2009; Shi et al., 2010a; Shi et al.,
2007; Shi et al., 2009). CED-10 appeared specifically enriched on endosomes along the
early and recycling pathway. We observed direct overlap of intestinal GFP-CED-10-
labeled puncta and a subset of early endosomes marked by RFP-RAB-5 (Figure 3D,
3E and 3F). GFP-CED-10 showed the strongest colocalization with recycling endosome
marker RFP-RAB-10 (Figure 3J, 3K and 3L), and displayed less overlap with later act-
ing recycling endosome protein RFP-RME-1 (Figure 3G-3I). Similarly, we also observed
colocalization between CED-12-GFP and markers of early endosomes and recycling en-
dosomes (Figure S6J-S6L, and data not shown). Little overlap was observed between
GFP-CED-10 and markers for late endosomes (GFP-RAB-7), the Golgi (MANS-GFP),
or multi-vesicular bodies (GFP-HGRS-1/Hrs) indicating specificity in endosome-type
associated with CED-10 (Figure S6A-S6I).

In order to confirm the endosomal localization of CED-10 we assayed for changes in
the localization of GFP-CED-10 in rab-10 and rme-1 mutant backgrounds where the
morphology of specific types of endosomes is specifically disrupted. Indeed we found
that loss of either RAB-10 or RME-1 disrupted GFP-CED-10 localization (Figure 3M-
30). In rab-10 and rme-1 mutants, GFP-CED-10 labeled the grossly enlarged endo-
somes that were produced (Figure 3M-30). Since our previous work showed that rme-1
mutants accumulate enlarged basolateral recycling endosomes without affecting early
endosomes, and rab-10 mutants accumulate enlarged early endosomes and display re-
duced numbers of recycling endosomes, our results further indicate the residence of
CED-10/Racl on both early and recycling endosome types (Chen et al., 2006a; Shi et
al., 2007).
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TBC-2 functions with CED-10 to mediate recycling

While most Racl effectors are thought to be plasma membrane localized, recent work
identified the TBC-domain Rab-GAP protein Armus (TBC1D2) as an endosome asso-
ciated Racl effector (Frasa et al., 2010a). This work showed that active GTP-bound
Racl binds to Armus, regulating the trafficking of E-cadherin, and thus cell adhesion, in
MDCK cells (Frasa et al., 2010a). The C. elegans homolog of Armus is TBC-2, a TBC-
domain protein recently shown to function as a RAB-5 GAP important for the regu-
lation of endocytosis and phagocytosis in vivo (Chotard et al., 2010 ; Li et al., 2009).
Genetic analysis indicated that in the absence of TBC-2, RAB-5 activity is abnormally
high, and early and late endosomes of the intestine are enlarged (Chotard et al., 2010
). The enlargement of late endosomes in tbc-2 mutants could be phenocopied by ex-
pression of constitutively active RAB-5(Q78L), and could be suppressed by depletion of
RAB-5, RAB-7, or the HOPS complex. Thus it was proposed that hyperactive RAB-5
in tbc-2 mutants leads to increased RAB-7 activity, and apparent increased lysosomal
degradative activity (Chotard et al., 2010).

Previous studies did not determine if TBC-2/Armus is important for endocytic recy-
cling. Since Rab GTPases generally function sequentially as cargo progresses along
membrane trafficking pathways, one might expect that de-activation of the early acting
GTPase RAB-5 is required to allow proper functioning of recycling endosomes asso-
ciated with later acting GTPases such as RAB-10 (Hutagalung and Novick, 2011a).
Thus we sought to determine if TBC-2 functions with CED-10/Racl in C. elegans, and
if TBC-2 function is required for endocytic recycling.

In agreement with the work on mammalian Armus, we observed clear and consistent
interactions between GFP::TBC-2 and CED-10 in GST pull-down experiments from
C. elegans lysates. We found that GFP::'TBC-2 interacts with a constitutively active
mutant form of CED-10, G12V, or wild-type CED-10 loaded with GTP~S, but not wild-
type CED-10 loaded with GDP (Figure 4A and 4B). Thus TBC-2 interacts specifically
with activated CED-10, indicating that the physical interaction between Racl/CED-10

and Armus/TBC-2 is evolutionarily conserved.
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To determine if CED-10 is important for TBC-2 recruitment to endosomes, we exam-
ined the subcellular localization of GFP-TBC-2 in ced-10 and ced-12 mutants. We
found that the normal punctate endosomal distribution of GFP-TBC-2 was disrupted
in animals lacking CED-10 or CED-12 (Figure 4C-4E). The intensity of GFP-TBC-2
endosomal labeling was reduced by 6 to 7-fold in ced-10 and ced-12 mutants (Figure
4I). These results indicate that CED-10 and CED-12 are required in vivo for the effi-
cient recruitment of TBC-2 to endosomal membranes, likely through direct binding of
CED-10 (GTP) to TBC-2.

To determine if TBC-2 is important for endocytic recycling, we analyzed the localiza-
tion of recycling endosome markers and recycling cargo markers in the the-2(tm2241)
deletion mutant. We found that basolateral recycling endosome markers GFP-RME-1
and SDPN-1-GFP were severely perturbed in tbc-2 mutants in a manner similar to
that found in ced-10, ced-12, and ced-5 mutants (Figure 5E-5H and 5J). Loss of TBC-2
also resulted in intracellular accumulation of hTAC-GFP and hTfR-GFP, similar to
the phenotype observed in ced-10, ced-12, and ced-5 mutants (Figure 5A-5D and 5I).
hTAC-GFP in tbc-2 mutants colocalized with recycling endosome marker EHBP-1-
MC, indicating cargo trapping in recycling endosomes (Figure 5K-5K”). Furthermore,
we reasoned that if the role of TBC-2 in recycling was to convert RAB-5(GTP) to
RAB-5(GDP), then expression of GTPase-defective RAB-5 should also interfere with
cargo recycling. Consistent with this model we found strong intracellular accumulation
of hTAC-GFP and hTfR-GFP in the intestinal cells of animals expressing GTPase-
defective RAB-5(Q78L) (Figure 6A-6F). Taken together these results indicate that the
recycling of clathrin- independent cargo hTAC and clathrin-dependent cargo hTfR re-
quire TBC-2-depedent RAB-5 down-regulation. These results indicate that TBC-2
function is critical for the basolateral endocytic recycling pathway.

We also sought further evidence that TBC-2 functions downstream of CED-10/Racl in
the recycling pathway. We reasoned that if the ced-10 recycling phenotype is due to poor
recruitment of TBC-2 to endosomes, then overexpression of TBC-2 might ameliorate
ced-10 mutant defects. Indeed, we found that the overexpression of RFP-tagged TBC-2

completely rescued the abnormal accumulation of recycling cargo hTfR-GFP in ced-10
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mutant animals (Figure 4F-4H and 4J). These results strongly suggest that TBC-2 is

a key CED-10/Racl effector required for endocytic recycling.

DISCUSSION

Rab conversion has recently emerged as a general principle of membrane traffic, acting
as a key regulator of vectorial transport of cargo along the secretory and endocytic
pathways (Hutagalung and Novick, 2011a). Countercurrent cascades of Rab GEF's
and Rab GAPs have been proposed to mediate such Rab conversion (Hutagalung and
Novick, 2011a). In the simplest form of such a cascade, the early acting Rab recruits
the GEF for the next Rab along the pathway, while the later acting Rab recruits the
GAP for the earlier acting Rab, producing a directional exchange of Rab-GTPases as
cargo progresses along the pathway.

One well-studied Rab conversion event occurs during the early to late endosome tran-
sition, and during phagosome maturation, via a RAB-5 to RAB-7 switch (Kinchen and
Ravichandran; Poteryaev et al.; Rink et al., 2005). RAB-5(GTP) recruits the SAND-
1(Monl1)/CZZ-1 heterodimer, which in turn acts to displace RABX-5 (Rabex-5), a key
RAB-5 GEF (Kinchen and Ravichandran; Poteryaev et al.). SAND-1/Monl also aids
in RAB-7 recruitment, in part through interactions with the HOPS complex, a shared
RAB- 5/RAB-7 effector (Poteryaev et al.). Recent evidence in yeast further indicates
that the Monl/Czz1 dimer is a Ypt7 (Rab7) GEF, acting to activate Ypt7 (Rab7) as
the endosome matures (Nordmann et al.).

TBC-2 also appears to play a role in this process as a RAB-5 GAP. tbc-2 null mutants
produce grossly enlarged early and late endosomes, a phenotype very similar to that
produced upon expression of constitutively active RAB-5(Q78L) (Chotard et al.)
These thc-2(-) phenotypes can be suppressed by partial knockdown of RAB-5, RAB-7,
or components of the HOPS complex, suggesting that TBC-2 is normally required to
dampen the RAB-5 driven cascade that activates RAB-7 (Chotard et al.).

Importantly, our current study shows that TBC-2 also strongly influences the recycling
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arm of the endocytic pathway, through interaction with CED-10/Racl. This is partic-
ularly interesting because little is known of how the transition from early endosome to
recycling endosome is achieved or how Rab GEFs and GAPs might be involved. Most
studies on the early endosome to recycling endosome transition have focused on the joint
Rabb/Rab4 effector Rabaptin5, or the neuron-specific Rab4 effector GRASP-1 (Deneka
et al., 2003; Hoogenraad et al.). Our results indicate that CED-10/Rac1 resides on early
and recycling endosomes where it is likely activated by the CED-5/CED-12 bipartite
GEF. This is reminiscent of the activation of Racl by a different Rho-GEF, Tiam1, on
endosomes of migrating mammalian cells (Palamidessi et al., 2008). Our results are
the first to clearly show that CED-10/Racl is required for the recycling process, and is
not simply a recycling cargo. Furthermore our work provides mechanistic insight into
this requirement, showing that CED-10 acts to recruit TBC-2 to endosomal membranes.
These results indicate that down-regulation of RAB-5 by TBC-2 is an important aspect
of cargo recycling, and may serve as part of a program for Rab conversion along the
recycling pathway. This is consistent with early work on Rabb indicating that overex-
pressed Rab5(Q78L) inhibits transferrin recycling in HeLa cells (Stenmark et al., 1994).
It remains unclear if direct down-regulation of RAB-7 is also important to promote re-
cycling, since the TBC-2 homolog Armus was originally described as a Rab7 GAP,
and C. elegans TBC-2 displays some GAP activity toward RAB-7 in vitro, albeit at a
lower level than its activity toward RAB-5 (Chotard et al., 2010; Frasa et al., 2010a).
In one important respect the ced-10 mutant phenotype differs from that of tbc-2 null
mutants, in that RAB-7-positive late endosomes appear insensitive to CED-10 activity
(Figure S5G and S5H). This suggests that while TBC-2 is generally important for reg-
ulating RAB-5, its interaction with CED-10 is mainly important for regulating RAB-5
along the recycling arm of the endocytic pathway. The specificity of the ced-10 mutant
phenotype suggests that TBC-2 maintains some activity and membrane localization
that is CED-10 independent, perhaps by direct lipid binding and/or interactions with
additional endosomal proteins (Li et al., 2009).

The mechanisms that give rise to recycling endosomes are not clear, but most work

suggests that recycling endosomes are formed from fission products that leave the early
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endosome as it matures toward a late endosome (Grant and Donaldson, 2009; Hsu and
Prekeris, 2010a). Fission products released from the Trans-Golgi also contribute to the
recycling endosome (Ang et al., 2004). Once endosomal and Golgi-derived fission prod-
ucts fuse with one another and with pre-existing recycling endosomes, they would be
expected to take on new recycling endosome-specific characteristics, including chang-
ing their phosphoinositide content and Rab-GTPase activities. Given the plethora of
evidence that RAB-10 regulates basolateral recycling in many polarized cells, as first
shown in the C. elegans intestine, one possibility is that the CED-10/TBC-2 interac-
tion acts to promote a RAB-5 to RAB-10 transition (Babbey et al., 2006a; Chen et
al., 2006a; Schuck et al., 2007a). In addition, endosomes are thought to contain func-
tionally distinct subdomains (Sonnichsen et al., 2000; Thompson et al., 2007). The
recycling endosome may maintain a RAB-5 positive fusogenic domain for incoming
vesicles, and likely maintains multiple distinct tubular budding domains that accumu-
late outgoing cargo destined for different cellular compartments such as the basolateral
plasma membrane, apical plasma membrane, and Golgi (Thompson et al., 2007). Thus
another possible role for CED-10 to TBC-2 signaling is to provide negative feedback
from RAB-10 to RAB-5 that maintains distinct RAB-10 and RAB-5 subdomains on
the common recycling endosome. Both the Rab transition or subdomain maintenance
models are consistent with the partial overlap in localization of RAB-5 and RAB-10
observed on basolateral endosomes of the C. elegans intestine, and both models pre-
dict that RAB-10 will be involved in recruiting or activating CED-10 and TBC-2 on
recycling endosomes (Chen et al., 2006a). Future work will be directed at testing these
models.

Interestingly, previous work in MDCK cells expressing constitutively active Racl(V12)
suggested that Racl could play a role in regulating the function of the common recycling
endosome (Jou et al., 2000). In that work Jou et al. identified a Racl(V12)-induced
morphological defect in recycling endosomes that contain both apical and basolateral
cargos. However pulse-chase analysis in Racl(V12) MDCK cells defined defects in
apically-directed common endosome-dependent functions (basolateral-to-apical tran-

scytosis, apical recycling, and apical secretion), but surprisingly found no defect in
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basolateral recycling. The physiological relevance of these results were unclear because
expression of dominant negative Racl(N17) did not affect recycling, and efficient knock-
down methods were not available at that time to directly assay Racl loss-of-function.
It would be of interest to revisit the MDCK system to investigate more fully the role of
Racl and Armus in Rab5 down-regulation at the common recycling endosome, directly
assaying for phylogenetic conservation of the mechanisms that we have defined here in
the C. elegans intestine.

Our data connecting CED-10 to TBC-2 also has important implications for phagocy-
tosis/engulfment, since CED-10/Racl and TBC-2 are both known to function early in
the apoptotic corpse phagocytosis pathway. The potential importance of an interaction
between CED-10 and TBC-2 during that process remains unexplored, but a function in
promoting endocytic recycling may contribute to lamellipodia formation (Li et al., 2009;
Struckhoff and Lundquist, 2003). RAB-10 has also recently been implicated in regulat-
ing phagosome maturation, and thus may be relevant to understanding the phagocytic

functions of CED-10/Racl and TBC-2 (Cardoso et al.).
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MATERIALS AND METHODS

General methods and strains

All C. elegans strains were derived originally from the wild-type Bristol strain N2.
Worm cultures, genetic crosses, and other C. elegans husbandry were performed ac-
cording to standard protocols (Brenner, 1974). Strains were maintained at 20°C. A
complete list of strains used in this study can be found in Table S1—under a sub-

heading “Transgenic and mutant strains used in this study”.

Plasmid and transgenic worm strain construction

The CED-10 expression plasmid was created by PCR amplification and Gateway cloning
of the ced-10 cDNA, lacking a start codon, into the Gateway entry vector pDONR221
(Invitrogen, Carlsbad, CA). To create N-terminally tagged GFP or RFP/mCherry
transgenes for CED-10 or RAB-5(Q78L) for expression specifically in the worm in-
testine, Gateway destination vectors were used that contain the promoter region of the
intestine- specific gene vha-6 cloned into the C. elegans pPD117.01 vector, a Gateway
cassette followed by a GFP or RFP/mCherry coding sequence and then the unc-119
gene of C. briggsae.

To construct C-terminally tagged GFP or mCherry transgenes for CED-5/-12 for ex-
pression in the worm intestine, cDNA sequences of C. elegans ced-5 and ced-12 lacking
a stop codon were cloned individually into Gateway entry vector pDONR221 by PCR
and BP reaction, and then transferred into intestinal expression vectors by Gateway
recombination cloning LR reaction according to the manufacturer’s instructions (Invit-
rogen, Carlsbad, CA). All plasmids used in this study were sequenced and complete
plasmid sequences are available on request.

Low copy integrated transgenic lines for all of these plasmids were obtained using the

microparticle bombardment method (Praitis et al., 2001).
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Microscopy and image analysis

Live worms were mounted on 2% agarose pads containing 100 mM tetramisole (MP
Biomedicals, OH) in M9 buffer. Most GFP versus mCherry/RFP colocalization ex-
periments were performed on L3 and L4 larvae expressing GFP and mCherry/RFP
markers. Young adult hermaphrodites expressing GFP were used for taking confocal
images. Images taken in the DAPI channel were used to identify broad-spectrum in-
testinal autofluorescence caused by lipofuscin-positive lysosome-like organelles (Clokey
and Jacobson, 1986; Hermann et al., 2005).

Multi-wavelength fluorescence images were obtained using an Axiovert 200M (Carl Zeiss
Microlmaging, Oberkochen, Germany) microscope equipped with a digital CCD cam-
era (C4742-12ER, Hamamatsu Photonics, Hamamatsu, Japan). Metamorph software
version 6.3r2 (Universal Imaging, West Chester, PA) was utilized for image acquisi-
tion and Z-stacks of images were deconvolved with AutoDeblur Gold software ver 9.3
(AutoQuant Imaging, Watervliet, NY).

To obtain images of GFP fluorescence without interference from autofluorescence, the
spectral fingerprinting function of a Zeiss LSM510 Meta confocal microscope system
(Carl Zeiss Microlmaging) was used as described previously (Chen et al., 2006a). Quan-
tification of confocal images was performed with MetaMorph software version 6.3r2.
The same threshold values were used for all images within a given experiment. For each
marker comparison, at least six animals were analyzed. Three randomly selected re-
gions of per animal were analyzed using circular regions of defined area. Quantification
of fluorescence intensities or object count was performed. The average total intensity
or average puncta number was calculated. Student’s t-test was used to determine the

difference between the different groups.

Preparation of worm extracts, GST protein purification and pull-downs

Worm extracts were prepared from a mixed-stage population of wild-type and thbc-
2(tm2241); vhIs12[P,pq.6::GFP::itbe-2 + Cb-unc-119] animals. Worms were grown on

egg plates, harvested with 0.1M NaCl, floated in 30% fresh sucrose solution, and washed
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three times with 0.1M NaCl. The worm pellet was frozen in liquid nitrogen and stored
at -80°C. Frozen worm pellets were thawed on ice. An equal volume of fresh ice-cold
lysis buffer (50 mM HEPES pH7.4, 1 mM EGTA, 150 mM KCl, 1 mM MgCly, 10% glyc-
erol, 0.2% Triton X-100, Protease inhibitors: Pepstatin, Leupectin, Aprotinin, Sodium
Orthovanadate, and PMSF) was added. One mL of the suspension was subjected to 35
strokes in a 2-mL pyrex tissue homogenizer (Thermo Fisher Scientific, Waltham, MA)
at 4°C. The suspension was centrifuged twice at 12,000g for 10 minutes and once for 20
minutes at 4°C. The resulting supernatant was recovered.

The plasmid pGEX-5X-CED-10 was constructed by PCR amplification of ced-10 from
a cDNA template (kindly provided by Dr. Erik Lundquist, University of Kansas) using
the primers 5-GAT CGG ATC CCC CAA GCG ATC AAA TGT GTC GT-3 and
5-GAT CCT CGA GTT ACT TGC TCT TTT TGG CTC TTT-3'. The resulting
PCR product was cloned in plasmid pGEX-5X-2 (GE Healthcare Life Sciences, Buck-
inghamshire, England) using the BamHI and Xhol restriction sites.

To purify the GST proteins, overnight cultures (10 mL) of BL21 E. coli transformed
with pGEX-5X-2 vectors were diluted 10-fold in 2X YT with 100 mg/mL ampicillin,
grown for one hour at 37°C with shaking. Protein expression was induced with 0.5 mM
IPTG and shaking at 25°C for 2 hours. The culture was centrifuged at 5,000g for 10
minutes at 4°C and the pellet was resuspended in 10 mL ice-cold PBS, centrifuged at
3,000g for 10 minutes at 4°C, and the pellet was resuspended in 1 mL PBS containing
1 mM PMSF and 7 mM pB-mercaptoethanol. Cells were sonicated 10 seconds on ice,
freeze/thawed three times in liquid nitrogen and a 20°C water bath, and mixed with
100 pL of 10% Triton X- 100. The sample was centrifuged at 12,000g for 5 minutes
at 4°C. The supernatant was gently mixed with 100 uL of 50% glutathione sepharose
beads coated with 5% BSA. The sample was centrifuged 500g for 60 seconds at room
temperature and washed with 1 mL of ice-cold PBS two times, centrifuged for 10
seconds at room temperature and the pellet was resuspended in 1mL PBS was stored
at 4°C for not more than 4 weeks. For the pull-down assays, 10 ug of the purified
GST-CED-10 (or GST as the negative control) was added to 800 uL of worm lysate, 20

uL of extra glutathione sepharose beads (3X washed with PBS and pre-coated with 5%
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BSA), 0.2 mM GDP or GTP~S (Sigma- Aldrich, St. Louis, MO) and 10 mM MgCl,,
and then incubated for 2 hours rotating at 4°C. The mixture was washed 3 times with
ice-cold lysis buffer (without protease inhibitors) and proteins were eluted in 60 uL 2X
Laemmli buffer for 20 minutes at 65°C. The samples were centrifuged at 500g for one
minute at room temperature and 25 pL of eluted proteins were carefully collected from
the solution above the beads and analyzed by SDS-polyacrylamide-gel electrophoresis
using 8% resolving gel and blotted onto nitrocellulose membrane (Bio-Rad Laboratories,
Hercules, CA). GFP::TBC-2 was detected using a goat anti-GFP antibody (Rockland
Inc., Gilbertville, PA) and a donkey anti-goat antibody (Santa Cruz Biotechnology,
CA) at a 1:1000 and a 1:10,000 dilution, respectively. To detect GST and GST::CED-
10 proteins, the nitrocellulose membrane was reprobed with a rabbit anti-GST antibody
and a goat anti-rabbit antibody (Sigma- Aldrich, St. Louis, MO) at a 1:2000 and a

1:10,000 dilution, respectively.
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Figure 1: ced-10 and ced-12 mutants display abnormal trafficking of recycling

cargo in the C. elegans intestine.

(A-C) Confocal images of the worm intestine in live intact animals expressing a GFP-
tagged CDE cargo protein that recycles via the recycling endosome, the human transfer-
rin receptor (hTfR-GFP). The ced-10 mutant phenotype is rescued by intestine-specific
expression of RFP-CED-10. (D) Quantification of h'TfR-GFP puncta intensity. (E-
G) Intracellular h'TfR-GFP accumulates in ced-12(tp2) mutants. The CED-12 mutant
phenotype is rescued by intestine-specific expression of CED-12-RFP. (H) Quantifica-
tion of h'TfR-GFP puncta intensity. (I-K) Representative confocal images of the worm
intestine in living intact young adult animals expressing a GFP-tagged CIE cargo pro-
tein that recycles via the recycling endosome, the IL- 2 receptor alpha chain (hTAC-
GFP). Wild type (N2), ced-10(n3246), and ced-12(tp2) mutant animals are shown. (L)
Quantification of hTAC-GFP intensity. (M-O”) Confocal images of the worm intestine
in live intact animals expressing GFP-tagged IL-2 receptor alpha chain (h"TAC-GFP)
and mCherry-tagged C. elegans EHBP-1 (EHBP-1-MC), a recycling endosome marker.
Wild-type animals (M-M"), ced-10(n3246) mutant animals (N-N"), and ced-12(tp2)
mutant animals (O-O") are shown. Error bars represent standard deviations from the
mean (n = 18 each, 6 animals of each genotype sampled in three different regions of
each intestine). Asterisks indicate a significant difference in the one-tailed Student’s

T-test (***p<0.0001). Scale bar, 10 um.
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Figure 2: Abnormal accumulation of early and recycling endosomes markers in

ced-10(n3246) and ced-12(tp2) mutants.

Representative confocal images are shown for GFP-RAB-5 (A-C), GFP-RAB-10 (D-F),
ARF-6- GFP (G-I), and GFP-RME-1 (J-L). Quantifications of average puncta intensity
are shown in (M-N). All images were collected from living intact young adult animals
expressing GFP- tagged proteins specifically in the intestinal epithelial cells. Error bars
represent standard deviation from the mean (n = 18 each, 6 animals of each genotype
sampled in three different regions of each intestine). Asterisks indicate a significant
difference in the one-tailed Student’s t-test (***p< 0.0001). Scale bar represents 10

um.
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Figure 3: CED-10 localizes to early and recycling endosomes, and colocalizes

with CED-12, in the intestine.

All images are from wide-field deconvolved, or confocal, 3-D image stacks acquired
in intact living animals expressing GFP and RFP tagged proteins specifically in in-
testinal epithelial cells. (A-C) GFP-CED-10 colocalizes with CED-12-RFP on intra-
cellular puncta. Arrowheads indicate structures labeled by both GFP-CED-10 and
CED-12-RFP. (D-F) GFP-CED-10 colocalizes with RFP-RAB-5 on a subset of early
endosomes. Arrowheads indicate endosomes labeled by both GFP-CED-10 and RFP-
RAB-5. (G-I) GFP-CED-10 partially colocalizes with RFP-RME-1 on basolateral re-
cycling endosomes. Arrowheads indicate endosomes labeled by both GFP-CED-10 and
RFP-RME-1. (J-L) GFP-CED-10 colocalizes extensively with RFP-RAB-10 on recy-
cling endosomes. Arrowheads indicate endosomes labeled by both GFP-CED-10 and
RFP-RAB-10. (M-O) GFP-CED-10 localizes to the abnormally enlarged endosomes
present in rab-10 and rme-1 mutants. Arrows mark the grossly enlarged early and re-
cycling endosomes. In each image autofluorescent lysosome- like organelles are shown
in blue in all three channels, whereas GFP appears only in the green channel and RFP
only in the red channel. Signals observed in the green or red channels that do not
overlap with signals in the blue channel are considered bone fide GFP or RFP signals,

respectively. Scale bar, 10 pum.
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Figure 4: TBC-2 is recruited to endosomes by CED-10.

(A) Glutathione beads loaded with recombinant GST or GST-CED-10(G12V), or (B)
GST- CED-10(GDP) or GST-CED-10(GTP~S) were incubated with worm lysates con-
taining GFP::TBC-2 and then washed to remove unbound proteins. Bound proteins
were eluted and analyzed by Western blot using anti-GFP (top) or anti-GST (bottom)
antibodies. Worm lysate represents 1% of the input. No GFP:: TBC-2 was detected in
non-transgenic worm lysates (not shown). (C-G) Representative confocal micrographs
for GFP-TBC-2 and hTfR- GFP in various genetic backgrounds are shown. All images
were collected from living intact adult animals expressing intestine-specific transgenes.
(C-E) GFP-TBC-2 localization to endosomes is strongly reduced in ced-10 and ced-12
mutants. (F-H) hTfR-GFP overaccumulation in ced-10 mutants is suppressed by over-
expression of RFP-TBC-2. (I-J) Quantification of average puncta and tubule intensities
for the indicated genotypes are shown. Asterisks indicate a significant difference in the
one-tailed Student’s T-test (***p < 0.0001). For all the presented data, error bars
represent standard deviations from the mean (n = 18 each, 6 animals of each genotype

sampled in three different regions of each intestine). Scale bar, 10 pm.
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Figure 5: TBC-2 is required for recycling endosome morphology and function.

Representative confocal micrographs are shown for hrTAC-GFP, h'TfR-GFP, GFP-RME-
1 and SDPN-1-GFP, in a tbc-2 mutant background. All images were collected from
living intact adult animals expressing intestine-specific transgenes. (A-D) Recycling
cargos hTAC-GFP and hTfR-GFP over-accumulate in tbe-2 mutants. (I) Quantification
of hTAC-GFP and hTfR- GFP puncta and tubule intensity in the intestine of living
intact wild-type and tbc-2 mutant animals. (E-H) Recycling endosome markers GFP-
RME-1 and SDPN-1-GFP also over- accumulate in tbc-2 mutants. (J) Quantification
of puncta and tubule intensity of GFP-RME-1 and SDPN-1-GFP per unit area. (K-
K”) Confocal images of the intestinal epithelium in live intact tbc-2(tm2241) mutant
animals expressing recycling cargo hTAC-GFP and recycling endosome marker EHBP-
1-MC. Autofluorescent lysosomes are shown in blue. Asterisks indicate a significant
difference in the one-tailed Student’s t test (***p < 0.0001). Error bars represent
standard deviations from the mean (n = 18 each, 6 animals of each genotype sampled

in three different regions of each intestine). Scale bar, 10 pum.
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Figure 6: Expression of GTPase-defective RAB-5 interferes with the trafficking

of recycling cargo.

(A and B) Confocal images of recycling cargo hTAC-GFP in the intestinal epithelium.
Wild-type animals (A) and animals expressing of GTPase-defective RAB-5 (tagRFP-
RAB-5(Q78L)) (B) are shown. (C) Quantification of hTAC-GFP puncta and tubule
intensity. (D and E) Confocal images of recycling cargo hTfR-GFP in the intestinal
epithelium. Wild-type animals (D) and animals expressing of GTPase-defective RAB-
5 (tagRFP-RAB-5(Q78L)) (E) are shown. (F) Quantification of hTfR-GFP puncta
intensity. Error bars represent standard deviations from the mean (n = 18 each, 6
animals of each genotype sampled in three different regions of each intestine). Asterisks
indicate a significant difference in the one-tailed Student’s T-test (***p < 0.0001). Scale

bar, 10 um.
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Figure S1: No change in retrograde recycling cargo protein MIG-14-GFP was

observed in ced-10 and ced-12 mutants.

Representative confocal micrographs of MIG-14(Wntless)-GFP expressed in the intes-
tine of living intact animals, in the indicated genetic backgrounds, are shown (A-F).
Average total MIG-14-GFP intensities are shown in (G). Error bars represent standard
deviations from the mean (n = 18 each, 6 animals of each genotype sampled in three

different regions of each intestine). Scale bar, 10 um.
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Figure S2: Recycling cargo hTfR and hTAC, and recycling endosome markers
RME-1 and SDPN-1 accumulate in ced-5 mutants.

(A,B) Recycling cargo hTAC-GFP over-accumulates in ced-5(n1812) mutants. (C,D)
Recycling cargo hTfR-GFP accumulates in ced-5(n1812) mutants. (I) Quantification
of h"TAC-GFP and hTfR-GFP intensities in the intestine of living wild-type and ced-5
mutant animals. Asterisks indicate a significant difference in the one-tailed Student’s
t test (***p < 0.0001). (E,F) Recycling endosome marker GFP-RME-1 accumulates
abnormally in ced-5(n1812) mutants. (G,H) Recycling endosome marker SDPN-1-GFP
accumulates abnormally in ced-5(n1812) mutants. (J) Quantification of GFP-RME-
1 and SDPN-1-GFP intensity in the intestine of living wild-type and ced-5 mutants.
Error bars represent standard deviations from the mean (n = 18 each, 6 animals of

each genotype sampled in three different regions of each intestine). Scale bar, 10 pum.
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Figure S3: No change in the localization or intensity of recycling cargo hTfR
and hTAC, or recycling endosome markers RME-1 and SDPN-1, in ced-2 mu-

tants.

(A-H) Recycling cargo hTAC-GFP and hTfR-GFP, and recycling endosome markers
GFP-RME-1 and SDPN-1-GFP did not change distribution or intensity in ced-2(el1752)
mutants. (I-J) Quantification of indicated marker intensities in the intestine of living
wild-type and ced-2 mutant animals. Error bars represent standard deviations from
the mean (n = 18 each, 6 animals of each genotype sampled in three different regions

of each intestine). Scale bar, 10 pm.
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Figure S4: Quantification of endosome marker puncta number in ced-10 and

ced-12 mutants.

Bar graph representation of puncta number, rather than puncta intensity, for the data
shown in main figure 2. Asterisks indicate a significant difference in the one-tailed
Student’s t test (***p < 0.0001, **p = 0.001). Error bars represent standard deviations
from the mean (n = 18 each, 6 animals of each genotype sampled in three different

regions of each intestine).
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Figure S5: Further analysis of endosome markers in ced-10(n3246) and ced-
12(tp2) mutants.

(A-C) Basolateral recycling endosome marker SDPN-1-GFP over-accumulates in ced-
10(n3246) and ced-12(tp2) mutants. (D-F) Apical recycling endosome marker GFP-
RAB-11 was not affected by ced-10 and ced-12 mutants. (G-I) Late endosome marker
GFP-RAB-7 was not affected by ced-10(n3246) and ced-12(tp2) mutants. (J) Quantifi-
cation of SDPN-1- GFP intensity in the intestine of living wild-type, ced-10, and ced-12
mutants. The asterisk indicates a significant difference in the one-tailed Student’s T-
test (***p < 0.0001). (K) Quantification of GFP-RAB-11 and GFP-RAB-7 intensity
in the intestine of living wild-type, ced-10, and ced-12 mutants. Error bars represent
standard deviations from the mean (n = 18 each, 6 animals of each genotype sampled

in three different regions of each intestine). Scale bar, 10 um.
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Figure S6: Further analysis of CED-10 and CED-12 localization in the intestine.

(A-C) RFP-CED-10 fails to colocalize with late endosome marker GFP-RAB-7. (D-F)

RFP-CED-10 does not co-localize with the Golgi marker AMAN-2/Mannosidase-GFP,
but often labels structures juxtaposed to the Golgi ministacks. (G-I) RFP-CED-10 and
GFP-HGRS- 1 label different endosome types. Virtually no overlap was observed be-
tween RFP-CED-10 and GFP-HGRS-1 labeled multivesicular endosomes. (J-L) CED-
12-GFP colocalizes with RFP- RME-1 on basolateral recycling endosomes. In each
image autofluorescent lysosome-like organelles can be seen in all three channels with
the strongest signal in blue, whereas GFP appears only in the green channel and
RFP/mCherry only in the red channel. Signals observed in the green or red chan-
nels that do not overlap with signals in the blue channel are considered bone fide GFP

or RFP/mCherry signals, respectively. Scale bar, 10 um.
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Transgenic and mutant strains used in this study

pwis112[Pvha-6::hTAC::GFP] (Chen et al., 2006a)
pwls717[Pvha-6::hTfR::GFP] (Chen et al., 2006a)
pwils883[Pvha-6::EHBP-1::mCherry] (Shi et al., 2010b)
pwls859[Pvha-6::mCherry::CED-10] (this work)
pwils807[Pvha-6::CED-12::mCherry] (this work)
pwls72[Pvha-6::GFP::RAB-5] (Chen et al., 2006a)
pwls206[Pvha-6::GFP::RAB-10] (Chen et al., 2006a)
pwls601[Pvha-6::ARF-6::GFP] (this work)
pwls87[Pvha-6::GFP::RME-1] (Chen et al., 2006a)
pwls731[Pvha-6::GFP::CED-10] (this work)
pwls846[Pvha-6::RFP::RAB-5] (Shi et al., 2007)
pwls852[Pvha-6::RFP::RME-1] (Shi et al., 2007)
pwls414[Pvha-6::mCherry::RAB-10] (this work)
pwis69[Pvha-6::GFP::RAB-11] (Chen et al., 2006a)
vhIs12[Pvha-6::GFP:: TBC-2] (Chotard et al., 2010b)
vhIs1[Pvha-6::mCherry:: TBC-2] (Chotard et al., 2010b)
pwls722[Pvha-6::SDPN-1::GFP] (Shi et al., 2007)
pwls765[Pvha-6::MIG-14::GFP] (Shi et al., 2009)
pwls170[Pvha-6::GFP::RAB-7] (Chen et al., 2006a)
pwls481[Pvha-6::MANS::GFP] (Chen et al., 2006a)
pwls518[Pvha-6::GFP::HGRS-1] (Shi et al., 2009)
pwis770[Pvha-6::CED-12::GFP] (this work)
pwis950[Pvha-6::RFP::RAB-5(Q78L)] (this work)
pwls954[Pvha-6::RFP::RAB-5(Q78L)] (this work)
ced-10(n3246) (Reddien and Horvitz, 2000)
ced-12(tp2) (Brugnera et al., 2002)

rab-10(q373) (Chen et al., 2006a)

rme-1(b1045) (Grant et al., 2001b)
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ced-5(n1812) (Cabello et al., 2010)
ced-2(el1752) (Reddien and Horvitz, 2000)
tbc-2(tm2241) (Chotard et al., 2010b)

Table S1: Strain list: Summary of the transgenic and mutant strains used

during this work.
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SUMMARY

Ordered transport of cargos from early endosome to recycling endosome requires the
coordination of small GTPase RAB-5 and RAB-10. Countercurrent cascades of GEF's
and GAPs for Rab proteins have been proposed to mediate Rab conversion, a process
in which early acting Rabs are inactivated by later acting Rabs. Here we demonstrate
that a downstream Rab protein, RAB-10, binds to and recruits a RAB-5 GAP, TBC-2,
onto endosomes to inactivate the upstream Rab, RAB-5. This process is critical for
proper transport of cargos from RAB-5 controlled early endosomes to RAB-10 regu-
lated recycling endosomes. Lack of TBC-2 disrupted RAB-5/RAB-10 interaction and
caused accumulation of recycling cargo hTAC-GFP in a malfunctioned hybrid early-
recycling endosome compartment. In addition, our study showed that this cargo tran-
sition process from early to recycling endosome also requires the concerted effort by a
BAR-domain protein AMPH-1, which acts as a binding partner and a contributor to

the recruitment of TBC-2 on endosomes.

INTRODUCTION

Endocytic recycling, the return of proteins and lipids from endosomes to the plasma
membrane, plays a key role in many essential cellular processes including nutrient up-
take, cell migration, cytokinesis, synaptic plasticity, immune response, and growth fac-
tor receptor modulation (Grant and Donaldson, 2009). In polarized epithelial cells
an additional layer of complexity in the endocytic pathway contributes to formation

and/or maintenance of the specialized apical and basolateral domains (Eaton and
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Martin-Belmonte, 2014; Folsch et al., 2009). Both the apical and basolateral mem-
branes deliver cargo to early endosomes, often referred to as apical early endosomes
and basolateral early endosomes (Brown et al., 2000; Folsch et al., 2009; Wang et al.,
2000). Basolaterally derived and apically derived cargo can reach common recycling
endosomes, from which cargo is sorted for delivery to the basolateral plasma membrane
or to apical recycling endosomes (Brown et al., 2000; Folsch et al., 2009; Wang et al.,
2000). The apical recycling endosomes are thought to send their cargo to the apical
plasma membrane. Small GTPases of the Rab superfamily play key roles in membrane
transport, with at least one Rab protein regulating each transport step. In polarized
epithelial cells Rabl11 is primarily associated with the ARE and is thought to function
in the transport of cargo from the ARE to the plasma membrane (Casanova et al.,
1999; Folsch et al., 2009; Sobajima et al., 2014). Rab8 has also been implicated in
apical recycling in the intestinal epithelia of mouse and worms (Sato et al., 2007).

Our attention was first brought to bear on the basolateral recycling pathway of C. el-
egans intestinal epithelia because of the accumulation of grossly enlarged basolateral
vesicles in mutants lacking the recycling regulator RME-1/EHD (Grant et al., 2001b).
In the case of rme-1 mutants, these enlarged vesicles accumulated recycling cargo and
were positive for the endosomal recycling regulator ARF-6, but lacked early endosome
marker RAB-5, suggesting that RME-1 functions at a late recycling step (Chen et al.,
2006a; Grant et al., 2001b; Shi et al., 2012). Pulse-chase data in mammalian cells
showed that loss of mRme- 1/EHD1 likewise resulted in a block in recycling endosome
to plasma membrane transport (Caplan et al., 2002; Lin et al., 2001). Similarly rab-10
mutants first caught our attention because they displayed enlarged basolateral vesi-
cles in the C. elegans intestine that accumulated recycling cargo (Chen et al., 2006a).
However, in this case the enlarged endosomes were positive for RAB-5, indicating an
earlier block in basolateral recycling, at the level of early endosome to recycling endo-
some transport (Chen et al., 2006a). We extended this work, identifying two RAB-10
effectors that function with RAB-10 in basolateral recycling, EHBP-1 and CNT-1 (Shi
et al., 2010b; Shi et al., 2012). EHBP-1 strongly labeled the tubular elements of the

recycling pathway, was required for strong RAB-10 endosomal recruitment, and may
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link endosomes to the cytoskeleton (Guilherme et al., 2004c; Shi et al., 2010b). CNT-
1/ACAP is recruited to endosomes by RAB-10 and regulates the activity of ARF-6,
acting as part of a small GTPase regulatory loop (Shi et al., 2012). In turn ARF-6
regulates PI5-kinase, controlling PI1(4,5)P2 levels on basolateral recycling endosomes,
and the recruitment of downstream PI(4,5)P2 lipid binding proteins such as RME-1
(Brown et al., 2001; Shi et al., 2012).

C. elegans RAB-10 and human Rab10 are now known to contribute a wide range of
endocytic recycling pathways. Like its C. elegans homolog, mammalian Rab10 functions
in basolateral recycling in polarized MDCK cells, where Rab10 localized to the common
recycling endosome (Babbey et al., 2006a).

C. elegans RAB-10 is also required for the postsynaptic recycling of glutamate receptors
in interneurons (Glodowski et al., 2007a), and dense-core vesicle secretion of neuropep-
tides by motor neurons (Sasidharan et al., 2012). Mammalian Rabl0 is required for
toll-like receptor 4 recycling in activated macrophages (Wang et al., 2010), membrane
insertion of plasmalemmal precursor vesicles during neuronal polarization and axonal
growth (Deng et al., 2014; Wang et al., 2011), and insulin-stimulated glucose trans-
porter recycling in adipocytes (Chen et al., 2012). Expression of human Rab10 in the
C. elegans intestine rescues rab-10 mutant defects, indicating a high degree of functional
conservation, suggesting that further elucidating RAB-10 function in the C. elegans will
provide mechanistic insight into RAB-10/Rab10 function in many or all of these related
processes (Chen et al., 2006a).

Countercurrent cascades of Rab GEFs and Rab GAPs have been proposed to mediate
Rab conversion, a process by which Rab proteins interact, helping to establish vecto-
rial transport of cargo along membrane trafficking pathways (Hutagalung and Novick,
2011a). In such cascades early acting Rab-GTPases recruit effectors that activate later
acting Rab- GTPases, and in turn later acting Rab-GTPases recruit effectors that in-
activate early acting Rab-GTPases (Hutagalung and Novick, 2011a). However little
is known of how such cascades contribute to endocytic recycling. Here we show that
RAB-10 recruits the RAB-5 GTPase-activating-protein TBC-2 to endosomes in a step

necessary for early endosome to recycling endosome transport. This negative feedback
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from RAB-10 to RAB-5 is required for the exit of recycling cargo from early endosomes.
We also show that the BAR-domain protein AMPH-1 as a binding partner of TBC-2
important for recruitment of TBC-2 to endosomes, as part of the transition of cargo
from the early to recycling endosome compartments, a poorly understood membrane

transport step in any organism.

RESULTS

RAB-5 GAP TBC-2 is a RAB-10 binding partner

We have previously reported several proteins that function with RAB-10 in basolateral
recycling in the C. elegans intestine, some of which we first identified via a yeast two-
hybrid screen that used a predicted constitutively GTP-bound form of RAB-10 (Q68L)
as bait (Shi et al., 2010b). In this same yeast two-hybrid screen we also identified a
RAB-10(Q68L) interacting clone encoding full-length TBC-2, a GAP for the earlier
acting endosomal GTPase RAB-5 (Caplan et al., 2002; Chotard et al., 2010b; Deng et
al., 2014). The interaction between RAB-10(Q68L) and TBC-2 was positive in both
Leu2 and (-galactosidase expression assays (Figure 1A). Using successive truncations
of TBC-2 we narrowed the RAB-10 binding site to a 42 amino acid region of TBC-2
(amino acids 279-321) (Figure 1A- 1B, 1E). We noted several runs of highly charged
residues in this region, and tested their importance for binding to RAB-10 in groups
of 5 by alanine scanning. The interaction was abolished when alanine substitutions
were imposed at TBC-2 positions aa283-287, aa288- 292, and aa294-298, indicating a
requirement for these sequences in RAB-10 binding (Figure 1C). Taken together, our
results indicate the presence of a sequence of 42 amino acids within the predicted coiled-
coil domain of TBC-2 that provides a binding surface to interact with RAB-10, a key
regulator of the basolateral endocytic recycling process. Since TBC-2 is known to act
as a GAP for early endosome master regulator RAB-5, these results suggest a negative
feedback loop from RAB-10 to RAB-5, potentially acting as part of a RAB cascade in

the basolateral recycling pathway.
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TBC-2 is highly enriched on RAB-10-positive endosomes

Intestinally expressed GFP-tagged TBC-2 labels abundant cytoplasmic puncta with
the typical size and shape of endosomes ( 250-500nm diameter). If TBC-2 is a physi-
ologically relevant binding partner for RAB-10, we would expect to find RAB-10 and
TBC-2 on the same endosomes in vivo. Previous qualitative work indicated some lo-
calization of TBC-2 to early and late endosomes, but the extent of localization, and its
relationship to recycling endosomes, remained unclear (Chotard et al., 2010b; Deng et
al., 2014). To quantitatively test the subcellular localization of TBC-2 we conducted a
series of co-localization studies in the intestinal epithelial cells where RAB-10 is known
to function, using a set of previously established RFP markers for RAB-10 and a variety
endocytic compartments. The degree of colocalization was measured using Pearson’s
correlation coefficient (Manders et al., 1992). Consistent with our binding data, we
detected the greatest overlap of GFP-TBC-2 with RFP- tagged RAB-10(+) and RFP-
RAB-10(Q68L), 60% and 70% respectively (Figure 2A-2A”", 2B- 2B” and Figure 2D).
The greater degree of colocalization with RAB-10(Q68L) is consistent with a model
where RAB-10 helps to recruit TBC-2 onto endosomes. GFP-TBC-2 also colocalized
very well (57%) with a previously characterized RAB-10 effector, CNT-1 (CNT- 1-
mCherry) (Figure 2C-2C" and Figure 2D), which is also required for the recycling
process (Shi et al., 2012). These results are consistent with TBC-2 acting with RAB-10
and CNT-1 in the basolateral endocytic recycling process.

GFP-TBC-2 also showed partial colocalization with early endosomal marker tagRFP-
RAB-5 (34%) (Figure S2A-S2A"" and S2D) and late endosomal marker tagRFP-RAB-7
(45%) (Figure S2B-S2B”’ and Figure S2D). The degree of colocalization of TBC-2 with
RAB-5 and RAB-7 was significantly less than that of TBC-2 with RAB-10. We also
noted that GFP-TBC-2 displays hardly any colocalization with EHBP-1, another RAB-
10 interacting protein that labels tubular aspects of the basolateral recycling endosome
network (Figure S2C-S2C"). Collectively, our results indicate that TBC-2 is enriched
on a subpopulation of endosomes, where it could work with RAB-10 and RAB-5 to

confer effective transport of cargo during the endocytic recycling process.



66

RAB-10 is required for the endosomal recruitment of TBC-2 in the

intestinal epithelium

To further test the idea that an interaction with RAB-10 is important for TBC-2 func-
tion in vivo, we examined the effect of a rab-10 loss-of-function mutant on the endosomal
localization of GFP-TBC-2 in the intestinal epithelia. In the rab-10 mutant background
GFP- TBC-2 became very diffusive, losing its typical punctate endosomal localization,
indicating a requirement for RAB-10 in TBC-2 endosomal recruitment (Figure 3A and
3B). We extended this analysis further, testing a form of TBC-2 impaired for RAB-10
binding (QRNNE 288-292 AAAAA) for function in vivo. In previous work we showed
that TBC-2 is required for the normal recycling of model cargo hTfR-GFP (human
transferrin receptor - GFP)(Sun et al., 2012b). In the absence of TBC-2, hTfR-GFP
accumulates in enlarged intracellular structures (Figure 4A-4B, 4F). While expression
of full length wild-type TBC-2 efficiently rescued the localization of hTfR-GFP in a
tbe-2 null mutant background (Figure 4C and 4F), we found that expression of the
interaction defective form of TBC-2 failed to rescue the localization of hTfR-GFP in a

tbe-2 null mutant background (Figure 4E and 4F).

Physical interaction between TBC-2 and AMPH-1

In many cases peripheral membrane proteins of the endosome require multiple protein
and/or lipid interactions to direct their localization. Recent work using phage-display
to identify the binding preferences of all C. elegans SH3 domains suggested a link
between TBC-2 and AMPH-1, a BAR-domain and SH3-domain protein that is the
only C. elegans member of the Amphiphysin/BIN1 protein family (Pant et al., 2009;
Xin et al., 2013). TBC-2 amino acid sequence 146-160 was identified as the fourth
best match for the AMPH-1 SH3- domain binding consensus in the entire predicted C.
elegans proteome (Xin et al., 2013). Previous work from our laboratory has shown that
AMPH-1 participates in the basolateral recycling pathway (Pant et al., 2009; Xin et
al., 2013). Thus we sought to further examine this potential interaction. We detected

interaction of full-length TBC-2 with the AMPH-1 SH3 domain in a yeast 2-hybrid
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assay (Figure 1D). Importantly, the interaction was abolished when key residues in the
consensus sequence, prolines P150 or P153, or arginine R155, were mutated to alanine
(Figure 1D and 1E). Despite losing their ability to interact with AMPH-1, the P150A,
P153A, and R155A mutant forms of TBC-2 protein retained the ability to interact
with RAB-10(Q68L) in the same two-hybrid assay, indicating that the mutant forms of
TBC-2 were stable (Figure S1A). We conclude that the AMPH-1 SH3 domain has the

potential to bind to the predicted target sequence in TBC-2 (Figure 1D and S1A).

AMPH-1 contributes to the endosomal recruitment of TBC-2

If an interaction between AMPH-1 and TBC-2 is important in vivo, we might expect to
observe a change in TBC-2 localization in an amph-1 mutant background. Indeed, when
we examined the subcellular localization of intestinally expressed GFP-TBC-2 in an
amph-1 deletion mutant, we found that the normal punctate endosomal distribution of
GFP-TBC-2 was severely disrupted (Figure 3A-3C, 3D). Instead, GFP-TBC-2 appeared
quite diffusive in the absence of AMPH-1 (Figure 3C). We extended this analysis further,
testing a form of TBC-2 impaired for AMPH-1 binding (P150A) for function in vivo,
using the same hTfR-GFP localization assay described above. We found that while
expression of full length wild-type TBC-2 efficiently rescued the localization of hTfR-
GFP in a tbc-2 null mutant background (Figure 4A-4C, 4F), the expression of the
interaction defective form of TBC-2 failed to rescue the localization of h"TfR-GFP in a
tbe-2 null mutant background (Figure 4A-B, 4D, 4F). Our results thus indicate that in

addition to RAB-10, AMPH-1 also contributes to TBC-2 endosomal recruitment.

RAB-5 displays elevated membrane-association in tbc-2, rab-10, and

amph-1 mutants

If RAB-10 and AMPH-1 contribute to TBC-2 recruitment and function, then loss of
RAB-10 or AMPH-1 would be expected to result in abnormally elevated levels of GTP-
bound RAB-5. Furthermore, since the Rab protein nucleotide cycle is linked to Rab pro-
tein membrane association, an elevated “active” GTP-bound status for RAB-5 should

result in an elevated level of membrane-bound RAB-5. This model predicts that in
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tbc-2, rab-10, and amph-1 mutants, where the RAB-5 GAP TBC-2 is either completely
missing, or is mislocalized, RAB- 5 association with membranes should be increased. We
tested this hypothesis biochemically, separating membranes from cytosol in C. elegans
lysates using ultracentrifugation at 100,000g in the appropriate mutant backgrounds,
comparing the amount of intestinally expressed GFP-RAB-5 present in each fraction
by Western blot. Consistent with the predictions from this model, we observed an
elevation in GFP-RAB-5 membrane-to-cytosol ratio in tbc-2, rab-10, and amph-1 mu-
tants (Figure 5A-5C). Loss of RAB-10 or AMPH-1 increased the membrane association
of RAB-5 to a lesser extent than that caused by loss of TBC-2, suggesting that some
localized TBC-2 remains in rab-10 and amph-1 mutants, although endosome localized
TBC-2 is difficult to visualize by microscopy in such mutant backgrounds (Figure 5A
and Figure 5C). In summary, our data supports a role for rab-10 and amph-1 in TBC-2
membrane recruitment that is required to complete the RAB-5 nucleotide cycle, re-
moving RAB-5 from membranes. Since RAB-10 and AMPH-1 function in the recycling
aspect of endocytic trafficking, these results suggest that removal of RAB-5 from endo-
somal membranes is an integral part of the recycling process, perhaps linked to cargo

transition from early to recycling endosome transport.

Loss of TBC-2 or AMPH-1 alters the spatial coordination of RAB-5
and RAB-10

Previous work showed that RAB-5 and RAB-10 display significant spatial overlap in the
C. elegans intestine, consistent with functional data indicating that RAB-10 is impor-
tant for exit of recycling cargo from RAB-5-positive endosomes (Chen et al., 2006a).
To better understand the relationship between RAB-5 and RAB-10, we assayed for
changes in their relative colocalization in tbc-2 and amph-1 mutants. Similar to pre-
viously published results, we found that under wild-type conditions tagRFP-RAB-5
and GFP-RAB-10 both label punctate endosomal structures that partially colocalize
(563%) (Figure 6A-6A"", 6D). We detected dramatic morphological changes for both
tagRFP-RAB-5 and GFP-RAB-10 labeled endosomes in a tbc-2 mutant background.

Aside from some remaining punctate structures, in thc-2 mutants tagRFP-RAB-5 and
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GFP-RAB-10 tended to label very large pleiomorphic structures that were never ob-
served in wild-type animals (Figure 6B-6B”). Quantification of RAB-5 colocalization
with RAB-10 showed a signficant increase (to 71%) in the degree of overlap of tagRFP-
RAB-5 and GFP-RAB-10 in tbc-2 mutants (Figure 6D), mostly restricted to the grossly
enlarged structures (Fig 6B-6B"’). amph-1 mutants also displayed a significant increase
in tagRFP-RAB-5 spatial overlap with GFP-RAB-10 (Figure 6C-6C", 6D), although
the morphological size and shape changes were less severe than those in tbc-2 mutants
(Fig 6C-6C""). Taken together, these data suggest that TBC-2 and AMPH-1 cause
recycling defects by altering the normal compartmentalization of RAB-5 and RAB-10

on endosomes.

Recycling cargo accumulates in RAB-5 labeled endosomes in tbc-2 and

amph-1 mutants

Our previous work on RAB-10 function in the intestine showed that RAB-5 labeled en-
dosomes in rab-10 mutants are grossly enlarged and accumulate an additional model re-
cycling cargo, hTAC-GFP (human TAC, IL-2 receptor alpha chain)(Chen et al., 2006a).
hTAC-GFP strongly labels that tubular aspects of the basolateral recycling pathway at
steady state, and depends upon RAB-10, RME-1, and ARF-6 for its recycling [10-11,13].
To better understand the step in recycling transport affected by TBC-2 and AMPH-1 we
assayed the relative localization of hTAC-GFP to tagRFP-RAB-5 and tagRFP-RAB-
10 in tbc-2 and amph-1 mutants. Under wild-type conditions, hTAC-GFP displays
little steady-state overlap with tagRFP-RAB-5 (Figure 7A-7A”"). In tbc-2 mutant ani-
mals, the tubular meshwork of hTAC-GFP appears disrupted, with hTAC-GFP mostly
found in enlarged endosomes, many of which label for tagRFP-RAB-5 (Figure 7B-7B"").
We measured a striking increase in the degree of colocalization between hTAC-GFP
and tagRFP-RAB-5 in TBC-2 mutants (Figure 7D). In animals lacking AMPH-1, we
also detected a significantly larger degree of overlap between h"TAC-GFP and tagRFP-
RAB-5 in comparison to that of wild-type animals (Figure 7C-7C"”’, 7D). Consistent
with our previous reports, we observed partial overlap of hTAC-GFP with tagRFP-

RAB-10, mostly restricted to punctate rather than tubular aspects of the hTAC-GFP
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labeled endosomes (Figure 8A-8A””"). The degree of colocalization between hTAC-GFP
and tagRFP-RAB-10 increased mildly in tbc-2 mutant and was basically unaltered in
amph-1 mutants (Figure 8A-8A") 8B-8B", 8C-8C"’, 8D) . Taking into account the
aforementioned increase in colocalization between RAB-5 and RAB-10 in these mutant
backgrounds, these data suggest that most hTAC-GFP in tbc-2 mutant and in amph-1

mutant animals is trapped in the early endosome.

DISCUSSION

Given the continuous flow of proteins and membranes along the endocytic and exocytic
pathways, cells face a formidable challenge in achieving accurate intracellular transport
of membrane cargo. Such transport is likely to require tight regulation that enforces
the directionality of sequential flow between membranous compartments (Hutagalung
and Novick, 2011a). Rab GTPases serve as master regulators of membrane trafficking
by controlling the structural and functional characteristics of intracellular organelles
(Hutagalung and Novick, 2011a). The ability to switch between the “on” and “off”
states through the Rab GTP/GDP cycle empowers Rab proteins to control the spatial
and temporal regulation of cargo transport (Barr and Lambright, 2010). Rabs interact
with a cohort of effector proteins that contribute to a variety of functions, ranging from
vesicle tethering, their most widely observed role, to vesicle budding and movement,
and regulating the activation state of other small GTPases (Grosshans et al., 2006a).
An ordered relay of cargo between sequentially acting compartments is thought to
entail coordination of Rab activation states, coordinating changes in organelle mat-
uration and/or allowing distinct compartments to interact at the right time and the
right place for cargo transfer (Wandinger-Ness and Zerial, 2014). A Rab cascade model
has been proposed that likely defines a general principle in membrane transport. This
model proposes that an upstream GTP-loaded Rab protein recruits the GEF for the
next Rab-GTPase along a transport pathway, activating the downstream Rab. In turn
a countercurrent activity is initiated by the downstream GTP-loaded Rab, which re-
cruits the GAP for the upstream Rab to deactivate it (Hutagalung and Novick, 2011a).

Together these activities are proposed to help enforce unidirectional flow. Such Rab
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cascades have been proposed for maturation based transport steps, such as the early
endosome to late endosome transition, as well as transport steps mediated by small
vesicle transport between distinct compartments, such as ER to Golgi transport (Del
Conte-Zerial et al., 2008; Poteryaev et al., 2010; Wang and Ferro-Novick, 2002).
While the molecular details of how such Rab cascades work are beginning to come to
light in a small number of cases, little is known of how such activities influence en-
docytic recycling. In this study, we focused on the transition from early endosomes,
controlled by RAB-5, to recycling endosomes, controlled by RAB-10, acting in the ba-
solateral recycling pathway of the C. elegans intestinal epithelia. Our study shows that
the downstream Rab, RAB-10, in its GTP-bound form, binds to RAB-5 GAP TBC-2
and is required for its recruitment to endosomes. Consistent with a RAB-10 to RAB-5
negative regulatory loop via TBC-2, loss of TBC-2 or RAB-10 increases association
of RAB-5 with membranes, indicating abnormally high RAB-5 activation. Lack of
TBC-2 also causes a dramatic morphological change in the RAB-5 labeled early endo-
somes. We observed accumulation of abnormally large, RAB-5-positive, pleomorphic
endosome structures, many of which displayed increased overlap with RAB-10. Thus
we propose that TBC-2 can serve as a bridge in the interaction between RAB-10 and
RAB-5. This model suggests that without TBC-2, RAB-5 cannot be inactivated as
part of the recycling pathway, and RAB-10 endosomes cannot properly separate from
RAB-5 endosomes. Our cargo localization analysis shows that in tbc-2 mutants the
recycling cargo hTAC is mostly trapped in RAB-5 positive endosomes, indicating a de-
fect in the exit of recycling cargo from early endosomes that cannot inactivate RAB-5.
These results are reminiscent of the a counter-current GAP cascade in Saccharomyces
cerevisiae that is required to restrict the spatial overlap of early and late Golgi Rabs
Yptlp and Ypt32p (Rivera-Molina and Novick, 2009).

Our study also showed that cargo transition from early endosomes to recycling endo-
somes requires the coordination of another regulator of the recycling pathway, BAR-
domain protein AMPH-1. Like RAB-10, AMPH-1 contributes to endosomal recruitment
of TBC-2. We also detected failure in proper separation of RAB-5 and RAB-10 and

failure in the exit of recycling cargo from early endosomes in amph-1 mutants, although
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the endosomes did not appear as grossly enlarged as in tbc-2 mutants. The AMPH-1
BAR domain binds directly to PI(4,5)P2 enriched membranes, can potentially sense
membrane curvature, and can promote tubule formation (Pant et al., 2009). An inter-
esting possibility is that AMPH-1 derived membrane tubules could be directly involved
in cargo transfer. Our previous work also showed that AMPH-1 binds to RME-1, a later
acting player in the basolateral recycling pathway, potentially acting to coordinate early
and late aspects of recycling (Pant et al., 2009).

Our current study delineated distinct regions of TBC-2 bound by RAB-10 binding and
AMPH-1. Combined with our previous work showing a connection of CED-10/Racl to
TBC-2 and recycling (Sun et al., 2012b), our observations indicate that TBC-2 is a key
feedback regulator of RAB-5, acting as a molecular nexus that integrates signals from
recycling endosome regulators RAB-10, AMPH-1, and CED-10. The correct localiza-
tion of peripheral membrane proteins is often maintained by multiple weak physical
interactions, perhaps to more precisely position such proteins at points where multi-
ple binding partners converge, a concept sometimes called coincidence sensing. Precise
recruitment of TBC-2 to endosomes during recycling is likely to be quite important
in the complex process of endosomal transport, where RAB-5 activity is essential for
early aspects of the pathway but needs to be deactivated for later events. Such localiza-
tion mechanisms may also be easily reversible, an important characteristic in dynamic
situations.

In wild-type animals we found that RAB-5-labeled endosomes and RAB-10-labeled en-
dosomes appear as distinct puncta that show partial overlap, suggesting that only a
subpopulation of RAB-5 and RAB-10 labeled endosomes is interacting at any given
time. This could imply the existence of transient interactions between RAB-5 and
RAB-10 labeled endosomes that function to transfer cargo, removing recycling cargo
as the early endosome matures into the late endosome. Such transient interactions
between early and recycling endosomes have been proposed in other systems, although
the detailed mechanisms remain obscure (Rodal et al., 2011). Interestingly that work
also indicated a BAR domain protein (Nwk) was involved in early endosome to re-

cycling endosome transport, perhaps indicating cargo transfer via membrane tubules.
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More work will be required to understand the dynamic interactions between early and

recycling endosomes that mediate cargo transfer.

MATERIAL AND METHODS

General Methods and Strains

All Cl.elegans strains were derived originally from the wild-type Bristol strain N2. Worm
cultures, genetic crosses, and other C.elegans husbandry were performed according to
standard protocols (Brenner, 1974). Strains expressing transgenes were grown at 20 °C.

A complete list of strains used in this study can be found in Table S1.

Bioinformatics Analyses

Secondary structures of TBC-2 protein were predicted using the Quick2D from the

Bioinformatics Toolkit (Max-Planck Institute for Developmental Biology). (Web link:

)

Yeast Two-Hybrid Analyses

The yeast two-hybrid experiments were performed according to the procedure of the
DupLEX-A yeast two-hybrid system (OriGene Technologies). All two-hybrid plasmids
were generated as PCR products with Gateway attB1.1 and attB2.1 sequence exten-
sions and were introduced into the Gateway entry vector pDONR221 by BP clonase 11
(Invitrogen) reaction. The bait vector pEG202-Gtwy and target vector pJG4-5-Gtwy
have been described previously (Sato et al., 2005). Origene plasmid pSH18-34 (URA3, 8
ops.-LacZ) was used as a reporter in all yeast two-hybrid experiments. Constructs were
introduced into the yeast strain EGY48 (MATa trpl his3 ura3 leu2::6 LexAop-LEU2)
included in the system.

Transformants were selected on plates lacking leucine, histidine, tryptophan, and uracil
and containing 2% (wt/vol) galactose/1% (wt/vol) raffinose at 30 °C for 3d and were
assayed for the expression of the LEU2 reporter. The constructs of mutated forms of

TBC-2 with alanine substitution were constructed by Q5® - Site Directed Mutagenesis


http://toolkit.tuebingen.mpg.de/quick2_d
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Kit (New England Biolabs, Inc.) using the cDNA sequence of TBC-2 as template.

Plasmids and Transgenic Strains

To construct GFP or RFP/mCherry fusion transgenes that express specifically in the
worm intestine, we used a previously described vha-6 promoter-driven vector modi-
fied with a Gateway cassette inserted at the Asp718I site just upstream of the GFP
or RFP coding region (Chen et al., 2006a). The PCR products of the genes of
interest were first cloned into the Gateway entry vector pDONR221 by BP reac-
tion (Invitrogen). Then the pDONR221 carrying the sequence for the gene of in-
terest were transferred into the intestinal expression vectors by Gateway recombina-
tion cloning LR clonase II (Invitrogen) reaction to generate N- terminal/C-terminal
fusions (Chen et al., 2006a). Low-copy integrated transgenic lines for all of these
plasmids were obtained by the microparticle bombardment method (Praitis et al.,
2001). Transgenic strains pwEx142-144 were generated as following. Full-length TBC-
2, TBC-2(P150A), and TBC-2(288-292AAAAA) was first cloned into pDONR221.
pSM47 pSNX- 1:tagRFP, pDONR221 containing TBC-2, or TBC-2(P150A), TBC-
2(288-292AAAAA), pCM1.36-TBB-2 3-UTR was inserted into the pCFJ1001 vector
via multi-site LR reaction. (Gateway® LR Clonase™ II Plus Enzyme by Life Tech-
nologies) Rescue plasmids pCFJ1001::pSNX-1::tagRFP::TBC-2 (full length, P150A, or
288-292AAAAA) (10ng/ul), pCFJ601 (50ng/ul) and pmyo-2::GFP (coinjection marker)
(10ng/ul) were microinjected and resulting extrachromosomal arrays wereused in this
study (Mello and Fire, 1995). The baits for yeast two-hybrid analysis pEG202-RAB-
10(Q68L) and pEG202-AMPH-1(SH3) was constructed as described previously (Chen
et al., 2006a; Pant et al., 2009). TBC-2 cDNA was cloned into prey plasmid pJG4-5-

Gtwy. Complete plasmid sequences are available on request.

Microscopy and Image Analysis

Live worms were mounted on 2% agarose pads with 10mM levamisole as described
previously (Sato et al., 2005). Multiwavelength fluorescence colocalization images were

obtained using an Axio Imager.Z1 microscope (Carl Zeiss Microimaging) equipped with
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a YOKOGAWA CSU-X1 spinning disk, Photometrics Evolve 512 EMCCD camera,
captured using Metamorph software (Universal Imaging), and then deconvolved using
AutoQuant X5 (AutoQuant Imaging). Images taken in the DAPI channel were used
to identify broad-spectrum intestinal autofluorescence caused by lipofuscin-positive
lysosome-like organelles (Clokey and Jacobson, 1986; Hermann et al., 2005). Quantifi-
cation of colocalization images was done using the open source Fiji (Image J) software
(Schindelin et al., 2012). GFP/RFP colocalization experiments were performed on L4
larvae expressing GFP and RFP markers as previously described. To obtain images
of GFP fluorescence without interference from autofluorescence, we used argon 488-nm
excitation and the spectral fingerprinting function of the Zeiss LSM710 Meta confocal
microscope system (Carl Zeiss Microimaging). Quantification of images was performed

with Metamorph Version 6.3r2 (Universal Imaging).

Membrane Fractionation Assay

Worms expressing intestinal GFP-RAB-5 in wild-type, tbc-2(tm2241), rab-10(q373)
and amph-1(tm1060) genetic backgrounds were synchronized and cultured on NGM.
Mixed stage worms were washed off with M9 buffer, pelleted and resuspended in 500
ul of lysis buffer (50mM Tris-HCL PH 8.0, 20% Sucrose, 10% Glycerol, 2mM DTT
and protease inhibitors). The worms are then disrupted using a Mini-Beadbeater-16
(BioSpec Products). Carcasses and nuclei were removed by centrifugation at 1000g for
5 min at 4°C. 200 pl of the postnuclear lysate was centrifuged at 100,000g for 1h. Pellets

were reconstituted in the same volume of lysis buffer as that recovered as supernatant.
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Figure 1: TBC-2 interacts physically with RAB-10 and AMPH-1.

(A) and (B) The interaction between TBC-2 and RAB-10(Q68L) requires a segment of
TBC- 2(AA 279-321) containing a predicted coiled-coil domain. RAB-10 (Q68L) was
expressed in a yeast reporter strain as a fusion to the DNA-binding domain of LexA
(bait). Different truncations of TBC-2 were expressed in the same yeast cells as fusions
to the B42 transcriptional activation domain (prey). Interaction between bait and prey
was assayed by complementation of leucine auxotrophy (LEU2 growth assay). Colonies
were diluted in liquid and spotted on solid growth medium directly (1X) or after further
dilution (0.1X). (C) Alanine substitutions within the critical RAB-10-binding sequence
of TBC-2 (positions aa283-287, aa288-292, aa294-298) abolished the interaction between
TBC-2 and RAB-10 (Q68L). (D) Full-length TBC-2 interacts with AMPH-1. Mutation
of key residues (prolines P150 or P153, or arginine R155) within TBC-2 (aal146-160), the
predicted consensus sequence for AMPH-1 SH3-domain-binding, into alanine via site-
directed mutagenesis disrupted the interaction between TBC-2 and the SH3 domain of
AMPH-1. AMPH-1 SH3 domain was expressed as bait. Full-length and mutated forms
of TBC-2 were expressed as prey. Their interactions were detected using the same
two-hybrid assay as described in (A) and (B). (E) Schematic representation of TBC-2
domains and the truncated fragments of TBC-2 used in the Y2H analysis. Protein
domains are displayed as dark boxes above the protein sequences (represented by dark

lines). Amino acid numbers are indicated.
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Figure 2: TBC-2 colocalizes with RAB-10 and CNT-1 on endosomes.

All images are from deconvolved 3D confocal image stacks acquired in intact living ani-
mals expressing GFP- and RFP-tagged proteins specifically in intestinal epithelial cells.
(A-A") GFP-TBC-2 colocalizes well with tagRFP-RAB-10. Arrowheads indicate endo-
somes labeled by both GFP-TBC-2 and tagRFP-RAB-10. (A”’) Magnified image of A”
is designated by rectangular outline. (B-B”) GFP-TBC-2 colocalizes extensively with
tagRFP-RAB-10(Q68L). Arrowheads indicate endosomes labeled by both GFP-TBC-2
and tagRFP-RAB-10 (Q68L). (B"”) Magnified image of B” is designated by rectangular
outline. (C-C”) GFP-TBC-2 colocalizes well with CNT-1-MC. Arrowheads indicate
endosomes labeled by both GFP-TBC- 2 and CNT-1-MC. (C") Magnified image of
C” is designated by rectangular outline. In each image autofluorescent lysosome-like
organelles appears in blue in all three channels, whereas GFP appears only in the green
channel and RFP shows up only in the red channel. Signals observed in the green or
red channels that do not overlap with signals in the blue channel are considered bone
fide GFP or RFP signals respectively. (Scale bar: 10um) (D) Pearson’s correlation
coefficient for colocalization of GFP-TBC-2 with tagRFP-RAB-10, tagRFP-RAB-10
(Q68L), and CNT-1-MC. n = 6. Error bars represent SEM. *P < 0.05(student’s t

test).



GFP-TBC-2 I

Average Total Intensity (Per Unit Area)

250000

200000

150000

100000

SO000

rab-10{ok1494)

amph-1(tm1060)

GFP-TBC-2 Intensity

WT rab-10{ok1484) amph-1(tm1060)

81



82

Figure 3: RAB-10 and AMPH-1 contribute to the endosome recruitment of
TBC-2.

All images were collected from living intact adult animals expressing intestine-specific
transgenes. (A-C) Representative confocal images of GFP-TBC-2 in wild-type, rab-
10(0k1494) mutant and amph-1(tm1060) mutant backgrounds are shown. The endo-
somal localization of GFP-TBC-2 is strongly reduced in rab-10(ok1494) and amph-
1(tm1060) mutant backgrounds. (Scale bar: 10um) (D) Quantification of the average
total intensity of GFP- TBC-2 labeled structures. (n = 18 each, 6 animals of each
genotype sampled in three different regions of each intestine.) FError bars represent

SEM. ***P < 0.001(student’s t test).
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Figure 4: Rescue of the cargo-recycling defect of tbc-2 mutants requires intact

RAB-10 and AMPH-1 interaction sequences.

All images are from deconvolved 3D confocal image stacks acquired in intact living
animals expressing GFP- and RFP-tagged proteins. (A-E) Representative confocal
images of the worm intestine expressing a GFP-tagged recycling cargo protein, the
human transferrin receptor (WTFR-GFP). Loss of TBC-2 caused accumulation of hTFP-
GFP on abnormally enlarged endosomal structures. The tbc-2 mutant phenotype in
cargo recycling is rescued by expression of RFP-tagged full-length TBC-2 in the worm
intestine. However, expression of mutant forms of RFP-tagged TBC-2 defective either in
AMPH-1-binding (TBC-2[P150A]) or in RAB-10-binding (TBC-2[288-292 AAAAA]) in
the worm intestine failed to rescue the tbc-2 mutant phenotype. (C') Confocal image of
the worm intestine expressing RFP-tagged wild-type TBC-2. (D’) Confocal image of the
worm intestine expressing RFP-tagged mutant form of TBC-2 with alanine substitution
at proline P150. (E’) Confocal image of the worm intestine expressing RFP-tagged
mutant form of TBC-2 with five alanines replacing amino acids 288-292. (Scale bar:
10pm) (F) Quantification of the average total intestity of hTFR- GFP. In each image
autofluorescent lysosome-like organelles appears in blue in all three channels, whereas
GFP appears only in the green channel and RFP shows up only in the red channel.
Signals observed in the green or red channels that do not overlap with signals in the
blue channel are considered bone fide GFP or RFP signals respectively. (n = 18 each,
6 animals of each genotype sampled in three different regions of each intestine.) Error

bars represent SEM. **P < 0.01, ***P < 0.001(student’s t test).
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Figure 5: RAB-5 displays elevated membrane-association in tbc-2, rab-10 and

amph-1 mutants

(A) The membrane-to-cytosol ratio of RAB-5 increased in tbc-2, rab-10 and amph-1
mutants. Post-nuclear worm lysates were subject to centrifugation at 100,000g for 1h.
100P corresponds to the pellets and 100S represents the supernatants after the 100,000g
centrifugation. (B) Loading control with actin antibody. (C) Quantification of the
membrane- to-cytosol ratio (100P/100S) of RAB-5 in appropriate genetic backgrounds.
The ratio of membrane-bound VS cytosolic RAB-5 was determined by densitometry.
The standard deviations from three independent experiments are shown. **P < 0.01

(student’s t test).
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Figure 6: Loss of TBC-2 or AMPH-1 alters the spatial coordination of RAB-5
and RAB-10

All images are from deconvolved 3D confocal image stacks acquired in intact living ani-
mals expressing GFP- and RFP-tagged proteins specifically in intestinal epithelial cells.
(A-A"") Under wild-type conditions, tagRFP-RAB-5 and GFP-RAB-10 display partial
colocalization ( 53%) on punctate endosomal structures. (B-B”') In tbc-2 (tm2241) mu-
tant animals, tagRFP-RAB-5 and GFP-RAB-10 label enlarged pleiomorphic structures
and their degree of overlap increased to 71%. (C-C”’) amph-1 mutants also displayed
increased overlap between tagRFP-RAB-5 and GFP-RAB-10 (76%) with less severe
morphological change than that caused by tbc-2 mutants. In each image autofluores-
cent lysosome-like organelles appears in blue in all three channels, whereas GFP appears
only in the green channel and RFP shows up only in the red channel. Signals observed
in the green or red channels that do not overlap with signals in the blue channel are
considered bone fide GFP or RFP signals respectively. (Scale bar: 10um) (D) Pearson’s
correlation coefficient for colocalization of tagRFP-RAB-5 and GFP-RAB-10. n = 6.

Error bars represent SEM. **P < 0.01, ***P < 0.001(student’s t test).



89

WT

the-2(tm2241) 8

L

amph-1(tm1060) e

D hTAC-GFP colocalization with tagRFP-RAB-5
1

0.8

0.6

0.4

0.2

Pearson’s Correlation Coefficient

WT thc-2(tm2241) ~ amph-1(tm1060)



90

Figure 7: Recycling cargo accumulates in RAB-5 labeled endosomes in tbc-2

and amph-1 mutants

All images are from deconvolved 3D confocal image stacks acquired in intact living
animals expressing a GFP-tagged recycling cargo protein, the IL-2 receptor alpha-
chain (hTAC-GFP) and tagRFP-RAB-5 in wild-type animals (A-A"), tbc-2(tm2241)
(B-B") and amph-1(tm1060) mutants (C-C”). (A-A") In wild-type animals, hTAC-
GFP labels both punctate and tubular endosomal structures and has very little overlap
with tagRFP-RAB-5. (B-B"”') In tbc-2 mutants, hTAC-GFP and tagRFP-RAB-5 label
abnormally enlarged endosomal structures. There is a striking increase in the degree
of overlap between hTAC-GFP and tagRFP-RAB-5 in tbc-2 mutants in comparison
to that in wild-type animals. (C-C") In amph-1 mutants, the degree of colocalization
between hTAC-GFP and tagRFP-RAB-5 also increased. In each image autofluorescent
lysosome-like organelles appear in blue in all three channels, whereas GFP appears only
in the green channel and RFP appears only in the red channel. Signals observed in the
green or red channels that do not overlap with signals in the blue channel are considered
bone fide GFP or RFP signals respectively. (Scale bar: 10um) (D) Pearson’s correlation
coefficient for colocalization of hTAC-GFP and tagRFP-RAB-5. n = 6. Error bars

represent SEM. ***P < 0.001(student’s t test).
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Figure 8: Colocalization of recycling cargo on RAB-10 labeled endosomes

All images are from deconvolved 3D confocal image stacks acquired in intact living
animals expressing a GFP-tagged recycling cargo protein, the IL-2 receptor alpha-
chain (hTAC-GFP) and tagRFP-RAB-10 in wild-type animals (A-A""), tbc-2 (tm2241)
(B-B”) and amph-1(tm1060) mutants (C-C"”). (A-A") In wild-type animals, hTAC-
GFP and tagRFP-RAB-10 colocalizes partially. (B-B”') In tbc-2 mutants, the degree
of colocalization between hTAC- GFP and tagRFP-RAB-10 increased and they mainly
overlap on punctate endosomal structures. (C-C”) In amph-1 mutants, no obvious
change in the degree of overlap between h"TAC-GFP and tagRFP-RAB-10 was detected
in comparison to that in wild-type animals. In each image autofluorescent lysosome-like
organelles appears in blue in all three channels, whereas GFP appears only in the green
channel and RFP shows up only in the red channel. Signals observed in the green or
red channels that do not overlap with signals in the blue channel are considered bone
fide GFP or RFP signals respectively. (Scale bar: 10um) (D) Pearson’s correlation
coefficient for colocalization of hTAC-GFP and tagRFP-RAB-10. n = 6. Error bars

represent SEM. **P < 0.01(student’s t test).
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Figure S1.: Mutated forms of TBC-2 (P150A, P153A, or R155A) which are
incapable of binding to AMPH-1, can still interact with RAB-10 (Q68L).

(A) RAB-10(Q68L) was expressed in a yeast reporter strain as a fusion to the DNA-
binding domain of LexA (bait). Mutated forms of TBC-2 (P150A, P153A or R155A)
were expressed in the same yeast cells as fusions to the B42 transcriptional activation
domain (prey). Interaction between bait and prey was assayed by complementation of
leucine auxotrophy (LEU2 growth assay). Colonies were diluted in liquid and spotted

on solid growth medium directly (1X) or after further dilution (0.1X).
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Figure S1.: TBC-2 colocalizes partially with RAB-5 and RAB-7, and does not
colocalize with EHBP-1

All images are from deconvolved 3D confocal image stacks acquired in intact living
animals expressing GFP- and RFP-tagged proteins specifically in intestinal epithelial
cells. (A-A”) GFP-TBC-2 colocalizes partially with tagRFP-RAB-5 on punctate en-
dosomal structures. (B- B”) GFP-TBC-2 colocalizes partially with tagRFP-RAB-7.
(C-C") GFP-TBC-2 displays little colocalization with EHBP-1-MC. In each image aut-
ofluorescent lysosome-like organelles appears in blue in all three channels, whereas GFP
appears only in the green channel and RFP shows up only in the red channel. Signals
observed in the green or red channels that do not overlap with signals in the blue chan-
nel are considered bone fide GFP or RFP signals respectively. (Scale bar: 10um) (D)
Pearson’s correlation coefficient for colocalization of GFP-TBC-2 with tagRFP-RAB-5,
tagRFP-RAB-7, and EHBP-1-MC. n = 6. Error bars represent SEM.



Table S1: Transgenic and mutant strains used in this study

pwls728[Pvha6::CNT-1::mCherry](Shi et al., 2012)
pwls112[Pvha-6::hTAC::GFP] (Chen et al., 2006a)
pwls717[Pvha-6::hTfR::GFP] (Sun et al., 2012b)
pwls883[Pvha-6::EHBP-1::mCherry] (Sun et al., 2012b)
pwls846[Pvha-6::RFP::RAB-5] (Sun et al., 2012b)
pwls72[Pvha-6::GFP::RAB-5] (Chen et al., 2006a)
pwls206[Pvha-6::GFP::RAB-10] (Chen et al., 2006a)
pwls957[Pvha-6::RFP::RAB-10] (Sun et al., 2012b)
pwls1195[Pvha-6::GFP::RAB-10(Q68L)]
pwEx142[Psnx-1::RFP::TBC-2]
pwEx143[Psnx-1::RFP:: TBC-2(P150A)]
pwEx143[Psnx-1::RFP:: TBC-2(288-292 AAAAA)]
vhils12[Pvha-6::GFP:: TBC-2] (Chotard et al., 2010Db)
pwls849[Pvha-6::RFP::RAB-7] (Gleason et al., 2014)
rab-10(ok1494) (Shi et al., 2012)

rab-10(q373) (Chen et al., 2006a)

the-2(tm2241)

amph-1(tm1060)
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SUMMARY

C. elegans RAB-10 and mammalian Rabl0 are key regulators of endocytic recycling,
especially in the basolateral recycling pathways of polarized epithelial cells. To bet-
ter understand how RAB-10 contributes to recycling endosome function we sought to
identify RAB-10 effectors. One novel RAB-10 binding partner that we identified, CNT-
1, is the only C. elegans homolog of mammalian ACAP1 and ACAP2, Arf6 GTPase-
activating proteins. Arf6 is known to regulate endosome to plasma membrane transport,
in part through activation of type I phophatidylinositol-4-phosphate 5 kinase (PIP5KI).
Here we show that CNT-1 binds to RAB-10 through its C-terminal ANK repeats and
colocalizes with RAB-10 and ARF-6 on recycling endosomes in vivo. Furthermore,
we find that RAB-10 is required for the recruitment of CNT-1 to endosomal mem-
branes in the intestinal epithelium. Consistent with negative regulation of ARF-6 by
RAB-10 and CNT-1, we found overaccumulation of endosomal phosphatidylinositol-
4,5-bisphosphate (PI(4,5)P2) in cnt-1 and rab-10 mutants, and reduced endosomal
PI(4,5)P2 levels in arf-6 mutants. These mutants produced similar effects on endo-
somal recruitment of PI(4,5)P2-dependent membrane bending proteins RME-1/Ehd
and SDPN-1/Syndapin/Pacsin and resulted in endosomal trapping of specific recycling
cargo. Our studies identify a novel RAB-10 to ARF-6 regulatory loop required to

regulate endosomal PI(4,5)P2, a key phosphoinositide in membrane traffic.

INTRODUCTION

Endocytic recycling is essential for counterbalancing endocytosis and is important for
a host of higher order processes such as cytokinesis, cell migration, maintenance of po-
larized cell membrane domains and synaptic plasticity (Grant and Donaldson, 2009).
Small GTPases of the Rab and Arf families have long been known to be key regula-
tors of membrane traffic, and certain members of these families function specifically
in endocytic recycling (Chen et al., 2006a; Donaldson, 2005; Donaldson and Honda,
2005; Linder et al., 2007; Patino-Lopez et al., 2008; Sato et al., 2008). Previous studies
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in our lab indicated that RAB-10 is required for the basolateral recycling of clathrin-
independent cargo such as hTAC-GFP in the C. elegans intestine (Chen et al., 2006a;
Shi et al., 2010b). In the C. elegans nervous system, RAB-10 is also required for the
recycling of AMPA-type glutamate receptors in postsynaptic membranes (Glodowski et
al., 2007a). Accumulating evidence suggests that RAB-10 functions upstream of RME-
1/Ehd, a peripheral membrane protein involved in recycling endosome tubulation and
probably endosome fission (Chen et al., 2006a; Pant et al., 2009; Shi et al., 2010b).
In polarized MDCK cells Rab10 also functions in basolateral recycling (Babbey et al.,
2006a). Additionally, in mammalian adipocytes Rab10 was reported to regulate the
insulin-dependent recycling of Glut4 glucose transporters (Sano et al., 2007b). C. ele-
gans intestinal RAB-10-labeled endosomes are often positive for RAB-5, RAB-8, and
RAB-11 (Chen et al., 2006a). Such endosomes are likely to be counterparts of the
Rab10-positive common recycling endosome (CRE) in MDCK cells. CREs are thought
to receive, sort, and recycle cargo received from both the apical and basolateral plasma
membrane domains (Babbey et al., 2006a).

Of the Arfs, Arf6 is most closely associated with endocytic recycling regulation. The
requirement for Arf6 in endosomal recycling was first documented in CHO cells, in
which the expression of the dominant negative Arf6(T27N) blocked the recycling of
both clathrin-dependent and independent cargos (D’Souza-Schorey et al., 1998). In
HeLa cells expression of GTP hydrolysis defective Arf6(Q67L) caused PI(4,5)P2 and
actin accumulation on endosomes, sequestering clathrin independent cargo proteins,
but not clathrin dependent cargo TfR in the abnormal endosomes (Brown et al., 2001).
While reports vary, siRNA-mediated knockdown of Arf6, or expression of dominant
negative Arf6(T27N) in HeLa cells, generally affects the recycling of integral plasma
membrane proteins that lack cytoplasmic clathrin adaptor sorting sequences, such as
TAC, the major histocompatibility complex class I protein (MHCI), GPI anchored
proteins, and certain cell adhesion molecules (Eyster et al., 2009; Naslavsky et al., 2003;
Radhakrishna and Donaldson, 1997). Recycling of these cargos occurs through Arf6-
positive tubules that emanate from the juxtanuclear endocytic recycling compartment

(Naslavsky et al., 2003). These tubules may represent a separate recycling route from
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that taken by other recycling cargo such as TfR (Naslavsky et al., 2003).
Phosphatidylinositide (PI) lipid composition defines the functional identities of distinct
membrane-bound compartments. Distinct lipids are phosphorylated at different po-
sitions around the inositol rings and therefore confers different functions. Peripheral
membrane proteins involved in membrane trafficking often has their preferences for a
specific species of phosphoinositides. Through protein-protein and protein-lipid inter-
actions, multiple players promoting certain step of membrane trafficking are recruited
to their target sites. For each type of membrane organelle, there is usually one char-
acteristic species of lipid that are enriched on the endosomal membrane. For example,
PI(4,5)P2 are enriched on the plasma membrane and recycling endosomes, PI(4)P on
Golgi, PI(3)P on early endosomes and PI(3,5)P2 on late endosomes/lysosomes. Transi-
tion from one membrane organelle to another requires proper switch of phosphorylation
status of the inositol groups to provide a binding platform for the proteins that work
in a certain trafficking pathway. (Di Paolo and De Camilli, 2006)

Arf6 regulates endocytic recycling, at least in part, through activation of enzymes that
modify membrane lipids (D’Souza-Schorey and Chavrier, 2006). In tissue culture cells,
Arf6 localizes with and activates PIP5KI (Honda et al., 1999). PIP5KI is responsible for
phosphorylating PI(4)P to generate PI(4,5)P2, a major plasma membrane and recycling
endosome phosphoinositide that is required to recruit and activate many peripheral
membrane proteins that mediate membrane traffic and actin polymerization (Honda et
al., 1999; Yin and Janmey, 2003).

In our effort to identify interacting partners of RAB-10, we recovered CNT-1, the C. ele-
gans homolog of mammalian ACAP1/2 (Arf GAP, with Coil, ANK repeat, PH domain).
ACAP1/2 (Centaurin beta 1/2) belongs to the AZAP-type of Arf GTPase-activating
proteins (GAPs) (Inoue and Randazzo, 2007). Biochemical studies have suggested that
ACAP1 and ACAP2 preferentially activate the GTPase activity of Arf6 over other Arfs
and that the ACAPs are activated by PI(4,5)P2 binding (Jackson et al., 2000). Fur-
thermore, PIP5KI, which is positively regulated by Arf6(GTP), seems to function with
ACAP1 to enhance endosomal tubulation (Shinozaki-Narikawa et al., 2006). Here we

demonstrate that CNT-1 functions as a RAB-10 effector to regulate ARF-6-dependent
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endocytic recycling. Interestingly, both loss of CNT-1 or overexpression of CNT-1 re-
sults in endosomal accumulation of model ARF-6-dependent cargo protein hTAC-GFP.
Our data provides evidence of a novel RAB to ARF regulatory loop influencing endo-

somal PI(4,5)P2 levels and the recruitment of endosomal membrane bending proteins.

RESULTS

The C-terminal ANK repeat sequence of CNT-1 is a Rab interacting

domain

To better understand how RAB-10 controls endocytic recycling we sought to identify
RAB-10 effectors via a yeast two-hybrid screen using a predicted constitutively active
(GTPase-defective) form of RAB-10, Q68L, as bait (Shi et al., 2010b). Out of 70 clones
that tested positive for interaction with RAB-10(Q68L) in Leu2 and S-galactosidase
expression assays, two clones were identified that encoded full length CNT-1 (see Ma-
terial and Methods). No interaction was detected between CNT-1 and a predicted
GDP-bound mutant form RAB-10, T23N, or wild-type RAB-10 (Fig. 1A and Fig.
S1A), suggesting that CNT-1 preferentially interacts with the active form of RAB-10.
CNT-1 was a particularly interesting candidate interactor for RAB-10, because it is the
only C. elegans homolog of mammalian ACAP1 and ACAP2, GAPs for the class III
Arf-GTPase Arf6. Binding of RAB-10 to CNT-1 suggested a link between the activities
of RAB-10 and ARF-6 during endocytic recycling. Like Arf6, mammalian ACAP1 is
required for the recycling of endocytic cargo proteins, and is enriched on recycling
endosome tubules that contain Arf6, PIP5KI, and PI(4,5)P2 (Jackson et al., 2000;
Shinozaki-Narikawa et al., 2006). Like ACAP1 and ACAP2, CNT-1 contains tandem
predicted lipid binding domains (N-terminal BAR domain followed by a Pleckstrin
Homology (PH) domain), in addition to a central ARF-GAP domain and C-terminal
Ankyrin (ANK) repeat domain (Shinozaki-Narikawa et al., 2006).

To determine the region of CNT-1 that interacts with RAB-10 we tested various trunca-
tions of CNT-1 in the 2-hybrid assay with RAB-10(Q68L). These experiments delimited
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the RAB-10 binding site within CNT-1, showing that the C-terminal ANK repeat con-
taining segment (aa 656-826) is necessary and sufficient to mediate the interaction with
RAB-10 (Fig. 1B-D). To determine the specificity of the CNT-1 interaction with RAB-
10, we assayed other endocytic Rab-GTPases. While RAB-5(Q78L), RAB-7(Q68L),
and RAB-11(Q70L) failed to interact with CNT-1, RAB-8(Q67L) and RAB-35(Q69L)
displayed a robust interaction with CNT-1 in this assay, interacting with the same ANK
repeat containing segment (aa 656-826) that interacts with RAB-10 (Fig. 1A; Fig. S1B-
C). RAB-8 is the closest paralog of RAB-10 in C. elegans and is redundant with RAB-10
in some non-polarized cells types (Shi et al., 2010b). Like RAB-10 and RAB-8, RAB-35
is an important recycling regulator in C. elegans and mammals (Kouranti et al., 2006;
Sato et al., 2008). We also tested these binding interactions using a GST-pulldown
approach, using GST-only as a negative control, and a RAB-10 effector that we previ-
ously identified, EHBP-1, as a positive control (Fig. 1C). This experiment confirmed
the interaction of CNT-1(ANK) with the active forms of RAB-10, RAB-8, and RAB-
35, while EHBP-1 only interacted with RAB-10 and RAB-8 (Fig. 1C). Interestingly,
binding of the CNT-1 ANK domain to RAB-5(Q78L) was also detected in our pulldown
assay, but was not detected in the 2-hybrid assay (Fig 1C). Taken together, these results
indicate that the C-terminal ANK repeats of CNT-1 provides a binding surface with

the potential to interact with a subgroup of Rabs associated with endocytic recycling.

CNT-1 is enriched on endosomes

To determine if CNT-1 is associated with the same organelles as these recycling Rabs in
vivo, we assayed the subcellular localization of functional mCherry(MC)-tagged CNT-1
fusion proteins expressed specifically in the intestinal epithelial cells (Fig. S2H-J), a
tissue with well-established markers for endo-membrane compartments (Chen et al.,
2006a; Shi et al., 2010b; Shi et al., 2007). CNT-1 localized strongly to intracellular
puncta that were similar in size and shape to endosomes (Fig. 3A). CNT-1 also dis-
played enrichment on or near the basolateral and apical plasma membranes (Fig. 2A").

Consistent with our binding data, we observed extensive colocalization of CNT-1-MC
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with endosomes labeled by GFP-RAB-10, GFP-RAB-8 and GFP-RAB-35 (Fig. 2A-
B”, Fig. S2A-A”"). In these cells RAB-10 is required for basolateral recycling, while
RAB-8 has been implicated in apical transport (Chen et al., 2006a; Sato et al., 2007).
RAB-10 and RAB-8 extensively colocalize on endosomes in this tissue, suggesting that
this organelle sorts basolateral and apical cargos (Chen et al., 2006a; Shi et al., 2010b).
This is consistent with the localization of mammalian Rab10 to the common recycling
endosome (CRE) in polarized MDCK cells, an organelle that receives and sorts ba-
solateral and apical cargos (Babbey et al., 2006a; Brown et al., 2000). RAB-35 had
not been previously studied in the intestine, but we previously showed that RAB-35 is
ubiquitously expressed and is required for receptor recycling in the C. elegans oocyte
cells (Sato et al., 2008). These results are consistent with CNT-1 acting as an effector
for Rab-GTPases during endocytic recycling.

Like RAB-10, CNT-1-MC showed partial colocalization with early endosome marker
GFP-RAB-5, and showed little overlap with the late acting recycling endosome protein
GFP-RME-1 (Fig. 2C-C"” and Fig. S2B-B”). Likewise, little overlap was observed
between CNT-1-MC and GFP-ALX-1 (Fig. S2C-C”), which labels both RME-1 pos-
itive basolateral recycling endosomes and ESCRT-enriched multivesicular endosomes
(MVEs) (Shi et al., 2007). The Golgi ministack marker MANS-GFP was generally
found closely juxtaposed to CNT-1-MC-labeled endosomes but with little direct over-
lap (Fig. S2D-D"), again similar to the localization we previously described for RAB-10
(Chen et al., 2006a; Shi et al., 2010b). Collectively, our results demonstrate that CNT-1
is enriched on recycling endosomes where it could potentially interact with RAB-10,
RAB-8 and/or RAB-35 to regulate endosome-to-plasma membrane transport of cargo

derived from the PM and/or the Golgi.

RAB-10 is required for CNT-1 endosomal recruitment

In many cases proteins that bind to GTP-bound Rabs are effector proteins, and such
effectors are often localized and/or activated by interaction with their cognate Rab(s)
(Stenmark, 2009). To determine whether CNT-1 displays such a relationship with

any of the Rabs with which it can bind, we assayed for changes in the localization of
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CNT-1-GFP in the relevant rab mutant backgrounds. We found a dramatic redistri-
bution of CNT-1-GFP in rab-10(q373) mutants. CNT-1-GFP appeared very diffusive
in rab-10 mutants, displaying an almost complete loss of CNT-1-GFP endosomal lo-
calization (Fig. 3A, C, E). Loss of RAB-8 had a minor effect on CNT-1-GFP localiza-
tion,displaying an average reduction in puncta intensity of about 20% in rab-8(tm2526)
mutants (Fig. 3D, E). CNT-1-GFP localization and puncta intensity was unaffected in
rab-35(b1013) mutants (Fig. S2E-G). The intensity of CNT-1-GFP-labeling of endo-
somes was mildly increased in rme-1(b1045) mutants that are defective in a later step
in the basolateral recycling pathway (Fig. 3B, E). These results indicate that, at least

in this tissue, RAB-10 is the dominant Rab GTPase recruiting CNT-1 to endosomes.

CNT-1 and RAB-10 colocalize with ARF-6 in the basolateral recycling

pathway

As a first test of a functional connection of CNT-1 and RAB-10 with ARF-6 we assayed
for colocalization of each protein with ARF-6 in the C. elegans intestine. We found that
a functional ARF-6-GFP fusion proteins labels punctate and tubular membrane struc-
tures in the intestinal cells, and overlaps extensively with CNT-1-MC on endosomes
(Fig. S3G-G”). Consistent with the potential connection of ARF-6 and RAB-10, we
found that ARF-6-GFP also colocalized well with MC-RAB-10 on recycling endosomes
(Fig. S3H-H"). To a lesser extent ARF-6-GFP also labeled the RME-1 positive re-
cycling endosomes close to the basolateral plasma membrane, further indicating that
ARF-6 is present on endosomes associated with basolateral recycling (Fig. S3I-1").

Neither RAB-10 nor RME-1 function was required for ARF-6 endosomal recruitment.
ARF-6-GFP remained localized to endosomal puncta and tubules in rab-10 and rme-
1 mutants, and also labeled the limiting membrane of the grossly enlarged early and
recycling endosomes that accumulate in rab-10 and rme-1 mutants, respectively (Fig.
S3B, C, E). Notably, we observed an over-accumulation of ARF-6-GFP positive baso-
lateral tubules and punctae in cnt-1(tm2313) mutants, suggesting in vivo relevance for
CNT-1 in ARF-6 function (Fig. S3D, E). GFP-RAB-10 intensity also increased in cnt-

1 mutants (Fig. S5B). We did not find any effect of cnt-1 mutants on late endosomal
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markers GFP-RAB-7 and LMP-1-GFP, or the MVE/MVB marker HGRS-1/Hrs (Fig.
S5E, H, K). The cnt-1(tm2313) mutant used in this analysis is a 344 base deletion and
single base insertion in the ninth exon of cnt-1. This cnt-1 mutation is predicted in-
troduce a frame-shift and stop codon soon after the deletion, removing the majority of
the predicted CNT-1 GAP domain, and all of the predicted ANK repeats (A472-826).
We also tested the importance of ARF-6 in the localization of CNT-1 and RAB-10.
The arf-6 mutant tm1447 used in these studies deletes nearly the entire arf-6 gene,
and does not produce any ARF-6 protein as judged by anti-ARF-6 Western blot (Fig.
S3F). Neither CNT-1 nor RAB-10 required ARF-6 for endosomal localization. Rather
we noted that both CNT-1-GFP and GFP-RAB-10 labeling of endosomes increased in
intensity in arf-6(tm1447) mutants (Fig. S4B, C and Fig. S5C, M). Further analysis
showed that CNT-1-RFP and GFP-RAB-10 remain colocalized in arf-6 mutants (Fig.
S4D-D”). These results may reflect a block in the recycling pathway downstream of
RAB-10 in arf-6 (and cnt-1) mutants. We did not find any effect of arf-6 mutants on late
endosomal markers GFP-RAB-7 and LMP-1-GFP, or the MVE/MVB marker HGRS-
1/Hrs (Fig. S5F, I, L). In summary, these studies establish that CNT-1, RAB-10, and
ARF-6 overlap in localization on endosomes of the basolateral recycling pathway, and
that loss of any of the three proteins affects the morphology of endosomes labeled by

the others.

Loss of CNT-1 affects ARF-6-dependent cargo

To further test the functional relationship of CNT-1 and ARF-6 we assayed deletion
alleles of cnt-1 and arf-6 for effects on well-defined recycling cargo proteins hTAC-GFP
and hTfR-GFP (Chen et al., 2006a; Shi et al., 2007). In HeLa cells Arf6 preferentially
affects recycling of CIE cargo such as TAC, while having very little effect on clathrin
dependent endocytosis (CDE) cargo TfR (Naslavsky et al., 2003; Radhakrishna and
Donaldson, 1997). In our previous work we showed that loss of RAB-10 preferentially
traps hTAC-GFP in the endosomal system, but has very little effect on hTfR-GFP
(Chen et al., 2006a; Shi et al., 2010b). Consistent with its cargo-specificity in mammals,

we observed a dramatic intracellular accumulation of hTAC-GFP in the intestinal cells
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of arf-6(tm1447) deletion mutants (Fig. 3H, O), but no such effect was found for
hTfR-GFP (Fig. 3M, P). Most of the over-accumulated hTAC-GFP in arf-6 mutants
colocalized with recycling endosome marker EHBP-1-RFP (Fig S6A-A") (Shi et al.,
2010b). We observed a similar intracellular accumulation of "-TAC-GFP in intestinal
cells over-expressing CNT-1, a perturbation that would be expected to inactivate ARF-6
and mimic the arf-6 loss-of-function phenotype (Fig. 31, O).

A full Arf6 GTPase cycle is thought to be important for the efficient recycling of
CIE cargo (D’Souza-Schorey and Chavrier, 2006; Radhakrishna and Donaldson, 1997).
In HeLa cells MHCI and TAC recycling is also impaired upon expression of GTP-
hydrolysis defective mutant ARF6(Q67L) (Naslavsky et al., 2003). Likewise, we found
that expression of C. elegans ARF-6(Q67L) caused apparent trapping of hTAC-GFP
in endosomes (Fig. 3J, O). As an ARF-6 GAP, loss of CNT-1 would be expected to
result in elevated levels of ARF-6(GTP) and impaired recycling of hTAC. Indeed we
observed endosomal accumulation of hTAC-GFP in cnt-1(tm2313) deletion mutants,
and the accumulated hTAC-GFP colocalized with recycling endosome marker EHBP-
1-RFP (Fig. 3G, O and Fig. S6B-B”) (Shi et al., 2010b). Our results provide in vivo
evidence of the importance of the ARF-6 GTPase cycle in the regulation of CIE cargo

recycling in C. elegans, and indicate a clear requirement for CNT-1 in this process.

Loss of RAB-10 leads to increased accumulation of PI(4,5)P2

Since PIP5KI is an important Arf6 effector, and CNT-1 is expected to inactivate ARF-
6, loss of CNT-1 or RAB-10 would be expected to increase P1(4,5)P2 levels, while loss
of ARF-6 is expected to reduce PI(4,5)P2 levels (D’Souza-Schorey and Chavrier, 2006;
Honda et al., 1999; Yin and Janmey, 2003). Thus, we sought to test these predictions by
assaying the subcellular distribution of PI(4,5)P2 in the C. elegans intestinal cells, using
the PI(4,5)P2 biosensor PH(PLCJ)-GFP, which contains the PI1(4,5)P2-specific binding
pleckstrin homology (PH) domain of the rat phospholipase Co (Garcia et al., 1995). As
controls, we also assayed the subcellular localization of PI(3)P and PI(3,4,5)P3 using
biosensors GFP-2xFYVE(HRS) and PH(Akt)-GFP. In wild-type animals we noted that

PH(PLCJ)-GFP labels the apical and basolateral plasma membrane as well as internal
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puncta and tubules (Fig. 4A and Fig. S7J-J’). The PH(PLC¢)-GFP-labeled intracel-
lular puncta and tubules colocalize extensively with functional ARF-6-MC, identifying
them as endosomes along the basolateral recycling pathway (Fig. S2M, STA-A"). Ad-
ditionally, extensive overlap can be observed on the apical and lateral plasma mem-
brane (Fig. S7TB-B”). The PI(3)P marker GFP-2xFYVE(HRS) localized relatively dif-
fusely in the intestinal cells, with only rare visible puncta (Fig. S7C). The PI(3,4,5)P3
marker PH(Akt)-GFP labeled rare cytoplasmic puncta and the apical and basolateral
plasma membranes, although neither plasma membrane was as strongly labeled by the
PI(3,4,5)P3 marker as by the PI(4,5)P2 marker (Fig. STF).

In arf-6 null mutant animals we observed a significant decrease in PH(PLCJ)-GFP
labeling of endosomal puncta and tubules (Fig. 4C, D). These findings indicate that
ARF-6 is important for regulation of endosomal PI1(4,5)P2 levels. Conversely, we found
that in cnt-1 and rab-10 mutants PH(PLCJ)-GFP labeling on the basolateral endosomal
puncta and tubules was increased, as would be expected if ARF-6 activity is increased
in these mutant backgrounds (Fig. 4B, D and F, G). However, the apparent increase of
PI(4,5)P2 labeling in rab-10 mutants was greater than that in cnt-1 mutants, suggesting
that only part of the effect of RAB-10 on PI(4,5)P2 could be accounted for by failure
in recruiting CNT-1 to membranes. We also detected an increase in PH(PLCJ)-GFP
labeling in the intestine of rab-8 mutant animals (Fig S7L-N), consistent with the
mildly reduced endosomal recruitment of CNT-1 observed in rab-8 mutants (Fig 3D,
E). In this case however, the increased PI(4,5)P2 biosensor labeling was near the apical
membranes, consistent with a proposed role for RAB-8 in apical transport (Sato et
al., 2007). As shown in Fig. S7, the levels of PI(3)P (labeled by GFP- 2xFYVE)
and PI(3,4,5)P3 (labeled by PH(Akt)-GFP) appeared unperturbed in cnt-1 and arf-6
mutants (Fig S7C-I), indicating the specificity of the effects. Interestingly, PH(PLC?)-
GFP labeling intensity in rme-1 mutants was not detectably altered, although some
of the endosomes labeled by PH(PLCJ)-GFP were grossly enlarged in rme-1 mutants
(Fig. S7J-K').

We also sought to confirm the results derived from imaging methods using biochemical

methods. Thus we measured PI1(4,5)P2 levels in whole animal lipid extracts, comparing
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rab-10, cnt-1, and arf-6 mutants with wild-type controls, using thin-layer chromatog-
raphy followed by gas chromatography (Konig et al., 2008). To account for differences
in lipid extraction efficiency between samples, we normalized the measured PI(4,5)P2
levels in the samples relative to the more abundant phospholipids phosphatidylcholine
and phosphatidylinositol.

In agreement with the imaging data, our bulk lipid analysis detected elevated PI(4,5)P2
levels in rab-10 mutants, and reduced PI(4,5)P2 levels in arf-6 mutants (Fig 4H). Fur-
thermore, we found that loss of ARF-6 reduced the elevated PI(4,5)P2 levels found in
rab-10 mutants by about 40%, further indicating that ARF-6 contributes to the effects
of RAB-10 on PI(4,5)P2 (Fig 4H). However, the bulk lipid analysis did not detect a
clear difference in PI1(4,5)P2 levels between wild-type animals and cnt-1 mutants (Fig.
4H). This may reflect a difference in the sensitivity of the two methods, or may reflect
the inability of the bulk lipid analysis approach to detect differences in specific phospho-
lipid pools that can be detected using the imaging approach. For instance CNT-1 may
affect only certain organelles (i.e. endosome versus plasma membrane pools) and/or

tissues.

Endosomal recruitment of membrane bending proteins is aberrant in

cnt-1 and arf-6 mutants

Changes in endosomal PI(4,5)P2 levels in cnt-1 and arf-6 mutants would be expected
to affect the endosomal recruitment of endosomal PI(4,5)P2-binding proteins such as
RME-1 and SDPN-1 (C. elegans ortholog of Syndapin/Pacsin), endosomal proteins that
are required for basolateral recycling in the intestine through their membrane bending
activities (Pant et al., 2009; Shi et al., 2007). Consistent with this prediction, GFP-
RME-1 and GFP-SDPN-1 endosomal labeling increased in cnt-1 mutants, and decreased
in arf-6 mutants (Fig. 5). Altered recruitment of these proteins and others like them,
that participate in the recycling process could explain the defects in recycling that we

observed in cnt-1 and arf-6 mutants.
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Clathrin and CNT-1 co-accumulate on the enlarged endosomes of arf-6

mutants

ACAP1 has been reported to be part of a clathrin complex that functions on endosomes
to promote the recycling of the insulin responsive glucose transporter Glut4, and the
adhesion molecule S-integrin (Li et al., 2007). This work also indicated that endosomal
clathrin accumulates when ACAP1 is over-expressed, but no previous studies have
tested if this effect on endosomal clathrin requires Arf6 (Li et al., 2007). We found that
CNT-1-GFP over- accumulates on endosomes in arf-6 mutants (Fig. S4B). We further
found that functional GFP-tagged clathrin heavy chain (GFP-CHC-1) showed a similar
strong intracellular accumulation in arf-6 mutants (Fig. S8B). Importantly we noted
that CNT-1-MC colocalizes with GFP-CHC-1 in wild-type animals (Fig. S8C-C"), and
that CNT-1-MC and GFP-CHC-1 co-accumulate on the enlarged endosomes of arf-6
null mutant animals (Fig. S8D-D”). While we do not yet understand the precise role of
this pool of endosomal clathrin, our results do suggest that the endosomal clathrin could
interact with CNT-1 and/or ARF-6 during endocytic sorting and recycling, although
our data do not fit with a simple model in which ARF-6 acts to assemble endosomal

clathrin.

DISCUSSION

In this study, we further investigated the role of the RAB-10 GTPase in endocytic recy-
cling, identifying an important link to endosomal PI1(4,5)P2 regulation, in part through
a newly identified interaction of RAB-10 with the ACAP homolog CNT-1. We defined
the RAB-10 binding region within CNT-1 as the C-terminal ANK repeat domain, and
provided evidence that RAB-10 is required for the endosomal recruitment of CNT-1.
Our results suggest that RAB-10 is the dominant Rab recruiting CNT-1 to endosomes
in the intestinal epithelium. Thus CNT-1 is likely to provide a functional connec-
tion between members of different GTPase classes (RAB-10 and ARF-6) that are vital

for endocytic recycling regulation. We went on to show mis-regulation of endosomal
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PI(4,5)P2 levels in rab-10, cnt-1, and arf-6 mutants, and showed that part of the ef-
fect of RAB-10 on PI(4,5)P2 depends upon ARF-6. Indeed, certain PI(4,5)P2-binding
proteins of the recycling endosome that are implicated in membrane bending and mem-
brane fission are aberrantly recruited upon perturbation of any of these components.
However, the effects of RAB-10 on endosomal PI(4,5)P2 were stronger than those of
CNT-1, and not all of the increased levels of PI(4,5)P2 detected in rab-10 mutants
could be suppressed by loss of ARF-6, indicating that RAB-10 also affects endosomal
PI(4,5)P2 via additional mechanisms that remain to be identified. One possibility is
that RAB-10 interacts with additional ARF regulators such as CNT-2. Alternatively
RAB-10 may interact with additional effectors that control PI(4,5)P2 levels by a com-
pletely different mechanism.

RAB-10 appears to function at the interface of early endosomes and recycling endo-
somes, as reflected by its partial colocalization with early and recycling endosome mark-
ers, and the defects in morphology observed in both endosome types in rab-10 mutants
(Chen et al., 2006a; Shi et al., 2010b). Given the importance of phosphoinositide
species in determining distinct organelle identities, the control of endosomal PI(4,5)P2
by RAB-10 likely contributes to the biogenesis and/or maintenance of the basolateral
recycling endosome compartment (Di Paolo and De Camilli, 2006; Grant and Donald-
son, 2009). It remains unclear if such recycling endosomes form by the remodeling
of early endosome fission products, which might be viewed as a maturation process.
RAB-10 could act to promote early endosome to recycling endosome maturation, or
RAB-10 could act to define the identity of a particular subdomain within a complex,
longer-lived, recycling organelle.

Studies in mammals suggest that a complete Arf6 GTPase cycle (activation of Arf6
via GDP- to-GTP exchange, and Arf6 inactivation through GTP-to-GDP hydrolysis)
is necessary for functional transport, since expression of GDP or GTP locked forms of
Arf6 impairs cargo recycling, albeit at different steps in the transport process (Brown
et al., 2001; D’Souza- Schorey et al., 1998). Our results, showing intracellular ac-
cumulation of hTAC-GFP in an arf-6 null mutant, or under conditions predicted to

cause over-accumulation of ARF-6(GTP), agree with this model. Loss of CNT-1 is
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expected to reduce GTP hydrolysis by ARF-6, leading to an increased level of active
ARF-6-GTP, interfering with receptor recycling, as was observed upon expression of
GTPase defective Arf6. Over-accumulation of PI(4,5)P2 in rab-10 and cnt-1 mutants,
and partial suppression of this defect in combination with arf-6 mutants is consistent
with accumulation of abnormally high levels of ARF-6-GTP.

RAB-10 effector CNT-1 may also contribute additional functions to the recycling pro-
cess. CNT-1 harbors an N-terminal BAR domain. Proteins with BAR domains such as
amphiphysin, endophilins, and sorting nexins have been reported to sense membrane
curvature and to induce positive curvature, features that are important in membrane
budding and tubulation (Casal et al., 2006). Recruited to the membrane by RAB-
10, CNT-1 could be further localized to high-curvature regions of budding vesicles or
tubules through its BAR domain, or could help to remodel functional subdomains or
buds on endosomes, facilitating sequestration of recycling cargo.

Recent studies suggest that Rab to Arf signaling is an evolutionarily conserved process.
Kanno et al, recently identified binding of another recycling associated Rab GTPase,
Rab35, to ACAP2 in mammalian cells (Kanno et al., 2010). The Kanno et al. study
also identified the ACAP2 ANK repeats as the Rab-binding domain for Rab35-mediated
recruitment of ACAP2 to the plasma membrane (Kanno et al., 2010). In mammalian
macrophages it was demonstrated that Rab35, together with ACAP2, regulates phago-
cytosis (Egami et al., 2011). In addition, in PC12 cells, ACAP2 can be recruited by
Rab35 to Arf6 positive endosomes, and ACAP2’s Arf6-GAP activity is required for
NGF-induced neurite outgrowth (Kobayashi and Fukuda, 2012). None of these re-
cent Rab35 studies directly assayed for effects on endosomal PI(4,5)P2 levels, effects
on the recruitment of PI(4,5)P2-binding membrane bending/fission proteins, or the
requirement for Arf6 in these changes, but could very well proceed via such mecha-
nisms. Indeed, our studies also demonstrated that CN'T-1 has the potential to interact
with RAB-35 in C. elegans. Although the RAB-35 interaction with CNT-1 did not
appear physiologically important in the intestinal epithelium, both proteins are widely
expressed and thus may interact functionally in another tissue or at another develop-

mental time. Rab35 has been proposed to regulate PI1(4,5)P2 at the intercellular bridge
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of cells during mitosis, but that regulation was proposed to be through interaction of
Rab35 and the OCRL lipid phosphatase (Dambournet et al., 2011). It will be inter-
esting to determine if a Rab35/ACAP/Arf6 cascade also contributes to the abscission
process.

Rab/Arf functional interactions can also be reciprocal. In HeLa cell, Chesneau et al.
showed that Arf6-GTP can interact with Rab35 GAP EPI64B, negatively regulating
Rab35 activity during cytokinesis (Chesneau et al., 2012). Together with our results,
these observations provide compelling evidence that Rab to Arf, and Arf to Rab, reg-
ulatory loops represent a general mechanism for the coordinate regulation of Rabs and
Arfs during membrane trafficking. Rab/Arf cross-talk is likely important for many
higher-level processes that depend upon tight regulation of recycling endosome func-
tion.

Previous studies in mammals demonstrated a role for ACAP1 in Glut4 and integrin
recycling (Dai et al., 2004; Li et al., 2005). Furthermore, ACAP1 was reported to be
part of a clathrin coat complex on endosomes (Li et al., 2007). Although clathrin coats
have been suggested to participate in the recycling process (van Dam and Stoorvogel,
2002), the role of clathrin coats in endocytic recycling remains controversial. In our
studies we found that GFP-CHC-1 colocalizes with CNT-1-MC on endosomes, and that
GFP-CHC-1 and CNT-1-MC co- accumulate on the enlarged endosomes of arf-6 mu-
tants, consistent with the idea of a conserved clathrin-ACAP interaction. However the
traditional role of an Arf protein is in recruiting clathrin adaptors, and thus loss of
the Arf would be expected to reduce clathrin accumulation (Krauss et al., 2003). In-
deed, recent work indicated endosomal recruitment of the epithelial cell-specific clathrin
adaptor complex AP-1B by Arf6 (Shteyn et al., 2011). Rather, we observed increased
accumulation of endosomal clathrin in arf-6 null mutant C. elegans. Thus our data does
not fit with a simple recruitment model for endosomal clathrin via ARF-6.

While the budding of clathrin-coated vesicles has been suggested to contribute to en-
docytic recycling, a flat clathrin lattice on endosomes has been suggested to create
and/or maintain degradative subdomains on endosomes associated with HRS and ES-

CRT proteins, regulating the sorting of ubiquitinated cargo proteins in the endosome
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(Raiborg et al., 2001; Raiborg et al., 2006; Shi et al., 2009). Thus another possibility
is that ACAPs could interact with clathrin in the flat lattice to affect the balance in

degradation and recycling that must be maintained in the endosomal system.

MATERIALS AND METHODS

General Methods and Strains

All C. elegans strains were derived originally from the wild-type Bristol strain N2.
Worm cultures, genetic crosses, and other C. elegans husbandry were performed accord-
ing to standard protocols (Brenner, 1974). Strains expressing transgenes were grown
at 20°C. A complete list of strains used in this study can be found in Supplementary

Table 1.

Antibodies

The mouse anti-HA monoclonal antibody (16B12) was purchased from Covance Re-
search Products (Berkeley, CA). The rabbit polyclonal antibody against C. elegans
ARF-6 was produced against a peptide (CSTGDGLHEGLTWLSQN) corresponding
to ARF-6 amino acids 157-172 coupled to keyhole limpet hemocyanin. The resulting
serum was affinity purified using standard methods against the same peptide coupled to
a HiTrap NHS-activated HP Column (GE Healthcare). The resulting purified antibod-
ies were tested for specificity on Western blots of wild-type, arf-6 null, and ARF-6-GFP

expressing animals.

Yeast Two-hybrid Analyses

Yeast two-hybrid screen for candidates of RAB-10 interacting proteins was performed
according to the procedure of the DupLEX-A yeast two-hybrid system (OriGene Tech-
nologies, Rockville MD). The ¢cDNA sequences of C. elegans rab-10(Q68L) in the entry
vector pPDONR221 were cloned into the pEG202-Gtwy bait vector by Gateway recom-
bination cloning (Invitrogen, Carlsbad, CA) to generate N-terminal fusions with the

LexA DNA binding domain. The pEG202-rab-5(Q78L), rab-7(Q68L), rab-8(Q67L),
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rab-10(+), rab-10(T23N), rab-11(Q70L) and rab-35(Q69L) were constructed accord-
ingly. The preprylation motifs for membrane attachment at the C-terminal ends of
RAB were also deleted to improve entry of bait fusion proteins into the yeast nucleus.
The C. elegans cDNA library was purchased from the DupLEX-A yeast two-hybrid
system (OriGene Technologies, Rockville MD).

The LexA-based DupLEX-A yeast two-hybrid system (OriGene Technologies Inc.,
Rockville, MD) was used for all subsequent truncation analysis. All two-hybrid plasmids
were generated as PCR products with Gateway attB.1 and attB.2 sequence extensions,
and were introduced into the Gateway entry vector pDONR221 by BP reaction. The
bait vector pEG202-Gtwy and target vector pJG4-5-Gtwy have been described previ-
ously (Sato et al., 2008). Origene plasmid pSH18-34 [URA3, 8 ops.-LacZ] was used as
reporter in all the yeast two-hybrid experiments. Constructs were introduced into the
yeast strain EGY48 [MAT trpl his3 ura3 leu2::6 LexAop-LEU2] included in the system.
Transformants were selected on plates lacking leucine, histidine, tryptophan and uracil,
containing 2% galactose/1% raffinose at 30°C for 3 days and assayed for the expression
of the LEU2 reporter. Blue/white S-galactosidase assays confirmed results shown for

growth assays, according to manufacturer’s instructions.

Protein Expression and Coprecipitation Assays

rab-5(Q78L), rab-7(QG68L), rab-8(Q67L), rab-10(Q68L) and rab-35(Q69L) cDNA clones
were transferred into an in-house modified vector pcDNA3.1 (+) (Invitrogen, Carlsbad,
CA) with 2xHA epitope tag and Gateway cassette (Invitrogen, Carlsbad, CA) for in
vitro transcription/translation experiments. For GST pull-down experiments an equiv-
alent ehbp-1(aa 662-901) and cnt-1(aa 656-826) PCR products were introduced in frame
into vector pGEX-2T (GE Healthcare Life Sciences, Piscataway, NJ) modified with a
Gateway cassette.

N-terminally hemagglutinin (HA)-tagged proteins, RAB-5(Q78L), RAB7(Q68L), RAB-
8(Q67L), and RAB-10(Q68L), RAB-35(Q69L) were synthesized in vitro using the TNT-
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coupled transcription-translation system (Promega, Madison, WI) using DNA tem-
plates pcDNA3.1-2xHA-RAB-5(Q78L), pcDNA3.1-2xHA-RAB-7(Q68L), pcDNA3.1-
2xHA-RAB- 8(Q67L), and pcDNA3.1-2xHA-RAB10(Q68L) and pcDNA3.1-2xHA-
RAB-35(Q69L) respectively (1 pg/50 pl reaction). The reaction cocktail was incubated
at 30°C for 90 min. Negative control glutathione S-transferase (GST) was expressed
in NEB Express 19 Competent E. coli cells (NEB BioLabs, Ipswich, MA). GST-CNT-
1(aa 656-826) and GST- EHBP-1(aa 662-901) fusion proteins were expressed in the
ArcticExpress™ strain of E. coli (Stratagene, La Jolla, CA). Bacterial pellets of GST
and GST-EHBP-1(aa 662-901) were lysed in 20 ml B-PER Bacterial Protein Extrac-
tion Reagent (Pierce, Rockford, ILL) with Complete Protease Inhibitor Cocktail Tablets
(Roche, Indianapolis, IN). Bacterial pellets of GST-CNT-1 (aa 656-826) was lysed with
Avestin EmulsiFlex-C3 homogenizer (AVESTIN, Ottawa, Canada) at 15,000 psi in
40ml bacterial lysis buffer (50mM Tris-HCL, pH 8.0, 20% sucrose, 10% glycerol, 2mM
dithiothreitol) with Complete Protease Inhibitor Cocktail Tablets (Roche, Indianapo-
lis, IN). Extracts were cleared by centrifugation, and supernatants were incubated with
glutathione-Sepharose 4B beads (Amersham Pharmacia, Piscataway, NJ) at 4°C for 3
hours. Beads were then washed six times with cold STET buffer (10 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% Tween-20). In vitro synthesized HA-tagged
protein (10 pl TNT mix diluted in 500 pl STET) was added to the beads and allowed
to bind at 4°C for 1h. After six additional washes in STET, the proteins were eluted
by boiling in 70 ul of 2X SDS-PAGE sample buffers. Eluted proteins were separated
on SDS-PAGE (12% polyacrylamide), blotted to nitrocellulose, stained with Ponceau S
to detect GST fusion proteins. After blocking, the blot was then probed with anti-HA

(16B12) antibody.

Plasmids and Transgenic Strains

To construct GFP or RFP/mCherry fusion transgenes for expression specifically in the
worm intestine, a previously described vha-6 promoter driven vector modified with a
Gateway cassette inserted at the Asp718I site just upstream of the GFP or RFP coding

region was used. The sequences of C. elegans cnt-1(cDNA) (a gift from H. A. Baylis,
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University of Cambridge) and C. elegans arf-6(genomic DNA) lacking a stop codon were
cloned into entry vector pDONR221 by PCR and BP reaction, and then transferred into
intestinal expression vectors by Gateway recombination cloning LR reaction to generate
C-terminal fusions (Chen et al., 2006a). Complete plasmid sequences are available on
request. Low copy integrated transgenic lines for all of these plasmids were obtained

by the microparticle bombardment method (Praitis et al., 2001).

Microscopy and Image Analysis

Live worms were mounted on 2% agarose pads with 10 mM levamisole as described
previously (Sato et al., 2005). Multi-wavelength fluorescence images were obtained us-
ing an Axiovert 200M (Carl Zeiss Microlmaging, Oberkochen, Germany) microscope
equipped with a digital CCD camera (C4742-12ER, Hamamatsu Photonics, Hama-
matsu, Japan), captured using Metamorph software ver 6.3r2 (Universal Imaging, West
Chester, PA), and then deconvolved using AutoDeblur Gold software ver 9.3 (Auto-
Quant Imaging, Watervliet, NY). Images taken in the DAPI channel were used to iden-
tify broad-spectrum intestinal autofluorescence caused by lipofuscin-positive lysosome-
like organelles (Clokey and Jacobson, 1986; Hermann et al., 2005). To obtain images
of GFP fluorescence without interference from autofluorescence, we used argon 488nm
excitation and the spectral fingerprinting function of the Zeiss LSM510 Meta confo-
cal microscope system (Carl Zeiss Microlmaging) as described previously (Chen et al.,
2006a). Quantification of images was performed with Metamorph software ver 6.3r2
(Universal Imaging). Most GFP/RFP colocalization experiments were performed on

L3 and L4 larvae expressing GFP and RFP-markers as previously described.

Whole animal lipid extracting, thin-layer chromatography and gas

chromatography

All C. elegans strains for lipid analysis were maintained at 20°C using standard methods.
For each strain animals were harvested from growth plates using M9 buffer and worms
were isolated by centrifugation. Pellets were ground in liquid N2 to a fine powder using

mortar and pestle. Phospholipids were extracted under acidic conditions as described
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in Konig et al. 2008 (Konig et al., 2008). Phosphatidylinositol lipid standards were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Phosphatidylcholine was

purchased from MoBiTec (Gottingen, Germany).
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Figure 1: CNT-1 physically interacts with RAB-10(Q68L).

Binding specificity of CNT-1 with RAB-8, RAB-10 and RAB-35. Using full-length
CNT-1 as prey, Rabs with reported endosomal trafficking involvement were used
as bait in the yeast two-hybrid assays, including active RAB-5(Q78L), RAB-
7(Q68L), RAB-8(Q67L), RAB-10(Q68L), RAB-10(+), RAB-10(T23N), RAB-
11(Q70L), RAB-35(Q69L).

The interaction between CNT-1 and RAB-10(Q68L) requires CNT-1 C-terminal
ANK repeat containing segment. RAB-10(Q68L) was expressed in a yeast re-
porter strain as a fusion with the DNA-binding domain of LexA (bait). CNT-
1 truncated forms were expressed in the same yeast cells as fusions with the
B42 transcriptional activation domain (prey). Interaction between bait and prey
was assayed by complementation of leucine auxotrophy (LEU2 growth assay).
Colonies were diluted in liquid and spotted on solid growth medium directly or

after further 0.1x dilutions.

Glutathione beads loaded with recombinant GST, GST-EHBP-1(aa 662-901),
GST-CNT-1(aa 656-826) were incubated with in vitro expressed HA-tagged RAB-
5(Q78L), RAB-7(Q68L), RAB-8(Q67L), RAB-10(Q68L) and RAB-35(Q69L), and
then washed to remove unbound proteins. Eluted proteins were separated on
SDS-PAGE and stained with Ponceau S to detect GST fusion proteins (bottom).
Bound proteins were eluted and analyzed by western blot using anti-HA (top).

Input lanes contain in vitro expressed HA-tagged RABs used in the binding assays

(10%).

(D) Schematic representations of CNT-1 domains and the truncated fragments
used in the Y2H analysis. Protein domains are displayed as dark boxes above
protein sequence used in the study (shown as dark lines). Amino acid numbers

are indicated.
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Figure 2: CNT-1 colocalizes with RAB-10 on endosomes.

(A-C") Colocalization images are from deconvolved 3-D image stacks acquired in intact
living animals expressing GFP and mCherry tagged proteins specifically in intestinal
epithelial cells. (A-A”) CNT-1-MC colocalizes with GFP-RAB-10. Arrowheads in-
dicate endosomes labeled by both CNT-1-MC and GFP-RAB-10. (B-B”) CNT-1-MC
colocalizes with GFP-RAB-8 on endosomal structures. Arrowheads indicate endosomes
labeled by both CNT-1-MC and GFP-RAB-8. (C-C”) CNT-1-MC partially colocalizes
with GFP-RAB-5 on endosomal structures. Arrowheads indicate endosomes labeled
by both CNT-1-MC and GFP-RAB-5. In each image autofluorescent lysosome-like or-
ganelles can be seen in all three channels with the strongest signal in blue, whereas
GFP appears only in the green channel and mCherry only in the red channel. Sig-
nals observed in the green or red channels that do not overlap with signals in the blue
channel are considered bone fide GFP or RFP signals, respectively. Asterisk indicates

intestinal lumen. Scale bar represents 10 pm.
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Figure 3: CNT-1 lost its endosomal association in rab-10(q373) mutants.

Representative confocal images are shown for CNT-1-GFP in wild-type animals, rme-
1(b1045), rab-10(q373) and rab-8(tm2526) mutants. Average total intensity of CNT-
1-GFP in unit area was quantified in (E). Loss of functional RAB-10 disrupts CNT-1
endosomal association (C and E). Instead, depletion of RME-1 induces greatly accu-
mulated CNT-1-GFP positive puncta, approximate 2-fold average total intensity (per
unit area) increase (B and E). (D and E) Loss of RAB-8 had a minor effect on CNT-1-
GFP localization, displaying an average reduction in puncta intensity of about 20% in
rab-8(tm2526) mutants.

(F-P) Loss of CNT-1 induces endocytic recycling defects of hTAC in the C. elegans
intestine. Confocal images of the worm intestine expressing GFP-tagged cargo proteins
that recycle via the recycling endosome, the human transferrin receptor (hTfR-GFP)
and the IL-2 receptor alpha chain (h"TAC-GFP) in wild type, cnt-1(tm2313) and arf-
6(tm1447) mutant animals. Compared with wild type animals (F), hTAC-GFP signif-
icantly accumulates on the intestinal cytosolic endosomal structures (6-fold increase)
in cnt-1(tm2313) and increases in arf-6(tm1447) (50-fold increase), respectively (G,
H and O). hTfR-GFP was not affected in cnt-1(tm2313) and arf-6(tm1447) mutants
(L, M and P). (I and O) Intracellular h-TAC-GFP accumulates in intestinal cells with
CNT-1 over-expressed. (J and O) Expression of C. elegans ARF-6 GTPase-defective
form ARF-6(Q67L) greatly impaired hTAC-GFP localization and caused trapping of
hTAC-GFP in endosomes.

In panel A, F, and K, asterisks indicate intestinal lumen, arrows indicate apical mem-
brane, and arrowheads indicate basolateral membrane. Error bars are SEM (n = 18
each, 6 animals of each genotype sampled in three different regions of each intestine
defined by a 100 x 100 (pixl?) box positioned at random). Asterisks indicate signifi-
cant differences in the one-tailed Students t-test (*p < 0.01, ***p < 0.001). Scale bar

represents 10 pym.
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Figure 4: PH-GFP increased in cnt-1 or rab-10 mutants and decreased in arf-6

mutants

(A-C, E-F) Subcellular PH-GFP (PI(4,5)P2) were up-regulated in cnt-1(tm2313) and
rab-10(q373) mutants, however, down-regulated in arf-6(tm1447) mutants. Represen-
tative confocal images are shown for PH-GFP in wild-type animals, cnt-1(tm2313),
arf-6(tm1447) and rab-10(q373) mutants. Average total intensity of PH-GFP in unit
area was quantified in (D and G). In panel A, arrowhead indicates basolateral mem-
brane. Error bars are SEM (n = 18 each, 6 animals of each genotype sampled in
three different regions of each intestine defined by a 100 x 100 (pixl?) box positioned
at random). Asterisks indicate significant differences in the one-tailed Students t-test
(***p < 0.001). Scale bar represents 10 pm.

(H) PI(4,5)P2 levels in cnt-1(tm2313), arf-6(tm1447), rab-10(q373) and cnt-
1(tm2313);arf-6(tm1447), rab-10(q373);arf-6(tm1447) double mutants. Whole animal
lipid extracts were prepared using thin-layer chromatography and analyzed by gas
chromatography. PI(4,5)P2 measurements were normalized to the abundant phos-
pholipids (phosphatidylcholine and phosphatidylinositol) in each sample respectively.
Membrane PI(4,5)P2 are present in both cnt-1 and rab-10 mutants at levels higher
than WT. Notably, consistent with subcellular PH-GFP quantification result in (G),
PI(4,5)P2 level is substantially higher in rab-10 mutants than WT. Conversely, arf-
6 mutants PI(4,5)P2 level shows moderate (35%) decrease compared with WT. In
cnt-1(tm2313);arf-6(tm1447) double mutants, PI(4,5)P2 level appears fairly normal.
Whereas, rab-10(q373);arf-6(tm1447) double mutants PI(4,5)P2 level is 2-fold higher
than WT, loss-of-ARF-6 reduces the elevated PI(4,5)P2 levels in rab-10 mutants by

about 40%. The mean values and SEM from three independent experiments are shown.
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Figure 5: Aberrant subcellular distribution of PI(4,5)P2-binding proteins
GFP-RME-1 and GFP- SDPN-1 in cnt-1 and arf-6 mutants.

(A-D) GFP-RME-1 medial endosomal labeling increased in cnt-1 mutants, while its
basolateral tubular and puncta labeling greatly decreased in arf-6 mutants. Average
total intensity of GFP-RME-1 in unit area was quantified in (I). (E-H) Similar to GFP-
RME-1, recycling endosomal marker GFP-SDPN-1 medial endosomal labeling increased
in cnt-1 mutants. Whereas, SDPN-1 basolateral tubular and puncta labeling greatly
decreased in arf-6 mutants. Average total intensity of GFP-SDPN-1 in unit area were
quantified in (J).

In panels A, C, E, and G, asterisks indicate intestinal lumen, arrows indicate apical
membrane, and arrowheads indicate basolateral membrane. Error bars are SEM (n =
18 each, 6 animals of each genotype sampled in three different regions of each intestine
defined by a 100 x 100 (pixI?) box positioned at random). Asterisks indicate significant

differences in the one-tailed Student’s t-test (***p < 0.001). Scale bar represents 10

wm.
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Figure S1: CNT-1 interacts with RAB-10, RAB-8, and RAB-35.

(A) CNT-1 interacts with GTP bound active form of RAB-10 preferentially. RAB-
10, RAB- 10(Q68L) and RAB-10(T23N) were expressed in a yeast reporter strain as
a fusion with the DNA-binding domain of LexA (bait). CNT-1 truncated forms were
expressed in the same yeast cells as fusions with the B42 transcriptional activation
domain (prey). Interaction between bait and prey was assayed by complementation of
leucine auxotrophy (LEU2 growth assay). Colonies were diluted in liquid and spotted
on solid growth medium directly or after further 0.1 x dilutions.

(B-C) CNT-1 physically interacts with RAB-8(Q67L) and RAB-35(Q69L), and the
interaction between CNT-1 and RAB-8(Q67L) and RAB-35(Q69L) requires CNT-1
C-terminal ANK repeat containing segment. RAB-8(Q67L) and RAB-35(Q69L) were
expressed in as bait, and CNT-1 truncated forms were expressed as prey. (C) Schematic
representations of CNT-1 domains and the truncated fragments used in the Y2H anal-
ysis. Protein domains are displayed as dark boxes above protein sequence used in the

study (shown as dark lines). Amino acid numbers are indicated.
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Figure S2: CNT-1 colocalizes with RAB-35 but not affected by rab-35 mutants
(A-D") Colocalization images are from deconvolved 3-D image stacks acquired in intact
living animals expressing GFP and mCherry tagged proteins specifically in intestinal ep-
ithelial cells. (A-A”) CNT-1-MC colocalizes with GFP-RAB-35. Arrowheads indicate
endosomes labeled by both CNT-1-MC and GFP-RAB-35. (B-B”) CNT-1-MC par-
tially colocalizes with recycling endosome marker GFP-RME-1. Arrowheads indicate
endosomes labeled by both CNT-1-MC and GFP-RME-1. (C-C"”) CNT-1-MC partially
colocalizes with GFP- ALX-1. Arrowheads indicate CNT-1-MC positive endosomes
partially overlapped with GFP- ALX-1 labeled structures. (D-D”) CNT-1-MC does
not colocalize with Golgi marker GFP- Mannosidase. In each image autofluorescent
lysosome-like organelles can be seen in all three channels with the strongest signal in
blue, whereas GFP appears only in the green channel and mCherry only in the red
channel. Signals observed in the green or red channels that do not overlap with signals
in the blue channel are considered bone fide GFP or RFP signals, respectively. Scale
bar represents 10 um.

(E-F) Loss of RAB-35 had no effect on CNT-1-GFP localization. Average total intensity
of CNT-1-GFP in unit area was quantified in (G). Error bars are SEM (n = 18 each,
6 animals of each genotype sampled in three different regions of each intestine defined
by a 100 x 100 (pixl?) box positioned at random). Scale bar represents 10 pm.

(H-J) GFP-RME-1 medial endosomal accumulation phenotype in cnt-1(tm2313) mu-
tants can be rescued by expression of MC-tagged CNT-1 driven by the intestine-specific
vha-6 promoter. (K-M) GFP-RME-1 basolateral tubular and puncta labeling decrease
phenotype in arf-6(tm1447) mutants can be rescued by intestinal expression of MC-

ARF-6. Scale bar represents 10 um.
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Figure S3: ARF-6 labels recycling endosomes and accumulates on enlarged

endosomes in recycling defective mutants

(A-E) ARF-6-GFP labels recycling endosomes and accumulates on enlarged endosomes
in recycling defective mutants. (A-D) Representative confocal images are shown for
ARF-6- GFP in wild-type animals, rme-1(b1045), rab-10(q373) and cnt-1(tm2313) mu-
tants. Total intensity of ARf-6-GFP in unit area was quantified in (E).

(F) ARF-6 levels in wild-type, arf-6(tm1447) and ARF-6-GFP expressing transgenic
animals. Protein ARF-6 was not detected in arf-6(tm1447) mutant animals.

(G-1") Colocalization images are from deconvolved 3-D image stacks acquired in intact
living animals expressing fluorophore tagged proteins specifically in intestinal epithelial
cells. (G- G”) CNT-1-MC colocalizes with ARF-6-GFP. Arrowheads indicate endo-
somes labeled by both CNT-1-MC and ARF-6-GFP. (H-H”) ARF-6-GFP colocalizes
with RFP-RAB-10. Arrowheads indicate ARF-6-GFP positive endosomes overlapped
with RFP-RAB-10 labeled puncta. (I-I”) Recycling endosomal marker RFP-RME-1
mainly colocalizes with ARF-6-GFP on puncta close to basolateral membrane. Arrow-
heads indicate endosomes labeled by both RFP-RME- 1 and ARF-6-GFP. Scale bar

represents 10 um.
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Figure S4: CNT-1 accumulates on recycling endosomes in arf-6 mutants
(A-C) CNT-1 accumulates on endosomal structures in arf-6 mutants. Depletion of
ARF-6 induces greatly accumulated CNT-1-GFP positive puncta, approximate 4-fold
average total intensity (per unit area) increase (C). Error bars are SEM (n = 18 each, 6
animals of each genotype sampled in three different regions of each intestine defined by
a 100 x 100 (pixl?) box positioned at random). Asterisks indicate significant differences
in the one-tailed Student’s t-test (***p < 0.001). Scale bar represents 10 pm. (D-
D”) RAB-10 and CNT-1 co- accumulate on endosomes in arf-6 mutants. Arrowheads
indicate endosomes labeled by both CNT-1-MC and GFP-RAB-10. Scale bar represents

10 pm.
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Figure S5: RAB-10 accumulates in cnt-1 and arf-6 mutants

(A-C) GFP-RAB-10-labeled recycling endosomes increase in number in cnt-1 and arf-6
mutant intestinal cells. (M) Quantification of GFP-labeled puncta total intensity per
unit area. Error bars are SEM (n = 18 each, 6 animals of each genotype sampled in
three different regions of each intestine defined by a 100 x 100 (pixl?) box positioned
at random). Asterisks indicate significant differences in the one-tailed Student’s t-test
(***p < 0.001).

(D-F) GFP-RAB-T7 labeled late endosomes were not detectably altered in cnt-1 and arf-6
mutant intestinal cells. (G-I) LMP-1-GFP labeled late endosomes were not afftected in
cnt-1 and arf-6 mutant intestinal cells. (J-L) MVE/MVB marker HGRS-1/Hrs appears

normal in cnt-1 and arf-6 mutants. Scale bar represents 10 um.
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Figure S6: GFP-hTAC accumulates on recycling endosome in cnt-1 and arf-6

mutants

(A-A”) GFP-hTAC co-accumulates on endosomes with EHBP-1-RFP endosomes in cnt-
1 mutants. Arrowheads indicate endosomes labeled by both GFP-hTAC and EHBP-1-
RFP. (B- B”) GFP-hTAC co-accumulates on endosomes with EHBP-1-RFP endosomes
in arf-6 mutants. Arrowheads indicate endosomes labeled by both GFP-hTAC and
EHBP-1-RFP. Arrowheads indicate basolateral /apical membrane labeled by both GFP-
hTAC and EHBP-1-RFP. Scale bar represents 10 um.
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Figure S7: ARF-6 colocalizes with PH-GFP and accumulates in rab-8 mutants

(A-A") ARF-6 colocalizes with PH-GFP on basolateral tubular and puncta. (B-B”)
ARF- 6(Q67L) colocalizes with PH-GFP on apical and lateral plasma membrane. Ar-
rowheads indicate tubular and puncta labeled by both ARF-6-MC and PH-GFP. Scale
bar represents 10 um.

(C-I) Levels of PI(3)P (labeled by GFP-2xFYVE) and P1(3,4,5)P3 (labeled by PH(Akt)-
GFP) were unperturbed in cnt-1 and arf-6 mutants. Error bars are SEM (n = 18 each,
6 animals of each genotype sampled in three different regions of each intestine defined
by a 100 x 100 (pixl?) box positioned at random). Scale bar represents 10 um.

(J-K”) PH(PLC6)-GFP labeling in rme-1 mutants was not detectably altered. Some
of the endosomes labeled by PH(PLCJ)-GFP were grossly enlarged in rme-1 mutants.
Scale bar represents 10 um.

(L-M) Loss of RAB-8 causes significant cytosolic accumulation of PH-GFP. Total in-
tensity of PH-GFP in unit area was quantified in (N). Error bars are SEM (n = 18
each, 6 animals of each genotype sampled in three different regions of each intestine

defined by a 100 x 100 (pixI?) box positioned at random). Scale bar represents 10 pm.
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Figure S8: Clathrin accumulates and overlaps with CNT-1 on enlarged endo-

somes in arf-6 mutants.

(A-B) Representative confocal images are shown for GFP-tagged clathrin heavy chain
(GFP- CHC-1) in wild-type animals and arf-6(tm1447) mutants. Scale bar represents
10 pm.

(C-D") Colocalization images of CHC-1 and CNT-1 in both WT and arf-6 mutant
background are from deconvolved 3-D image stacks acquired in intact living animals
expressing GFP and mCherry tagged proteins specifically in intestinal epithelial cells.
(C-C") CNT-1-MC colocalizes with GFP-CHC-1 in wild type animals. Arrowheads
indicate representative endosomes labeled by both CNT-1-MC and GFP-CHC-1. (D-
D”) CNT-1-MC colocalizes with GFP-CHC-1 on enlarged endosomal structures in arf-6
mutants. Arrowheads indicate enlarged puncta labeled by both CNT-1-MC and GFP-
CHC-1. In each image autofluorescent lysosome-like organelles can be seen in all three

channels with the strongest signal in blue. Scale bar represents 10 pum.
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Supplemental Table

Table 1: Transgenic and Mutant Strains Used in This Study

pwls724[pvha6::CNT-1::GFP]
pwls728[pvha6::CNT-1::mCherry|
pwls601[pvha6::ARF-6::GFP]
pwls206[pvha6::GFP::RAB-10](Chen et al., 2006a)
pwls72[pvha6::GFP::RAB-5] (Chen et al., 2006a)
pwls87[pvha6::GFP::RME-1](Chen et al., 2006a)
pwls524[pvha6::GFP::ALX-1](Shi et al., 2007)
pwls481[pvha6::MANS::GFP|(Chen et al., 2006a)
pwls112[pvha6::hTAC::GFP](Chen et al., 2006a)
pwis90[pvha6::hTfR::GFP](Chen et al., 2006a)
pwls722[pvha6::SDPN-1::GFP](Pant et al., 2009)
pwls170[pvha6::GFP::RAB-7](Chen et al., 2006a)
pwls50[plmp-1::LMP-1::GFP](Treusch et al., 2004)
pwls518[pvha6::GFP::HGRS-1](Shi et al., 2007)
pwls446[pvha6::PH::GFP]

pwls140[pvha6::GFP::2xFYVE]
pwls890[pvha6::Akt-PH::GFP]

dkIs8 [pvha6::GEFP::CHC-1](Sato, 2008)
pwis68[pvha6::GFP::RAB-8]
pwls625[pvha6::ARF-6::mCherry]

rme-1(b1045)(Grant et al., 2001b)

rab-10(q373)(Chen et al., 2006a)

alx-1 (gk275)(Shi et al., 2007)

rab-10(0k1494) (From C. elegans Gene Knockout Consortium)
cnt-1(tm2313) (Dr. Shohei Mitani, Japanese National Bioresource
Project for the Experimental Animal “Nematode C. elegans”)

arf-6(tm1447) (Dr. Shohei Mitani, Japanese National Bioresource
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Project for the Experimental Animal “Nematode C. elegans”)
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Chapter 5.

Conclusion and discussion
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One of the main focuses of research in our lab is to investigate how the recycling cargos
are sorted from the early endosome and returned back to the plasma membrane along
the endocytic recycling pathway. The small GTPase RAB-10 has been identified as
a key resident and regulator of the basolateral recycling endosome. rab-10 mutants
causes large vacuoles in the intestine which are detectable at the dissecting-microscope
level. And since these vacuoles accumulate fluid-phase endocytic markers including
ssGFP secreted from body wall muscle and fluorescent BSA microinjected into the
body cavity, we learned that RAB-10 functions at the basolateral recycling step. In the
worm intestine, RAB-10 partially colocalizes with early endosome marker RAB-5 and
loss of RAB-10 caused accumulation of RAB-5. In addition, our lab uses the previously
characterized CIE-dependent cargo hTAC and CDE-dependent cargo hTFR as model
cargo to study the basolateral recycling pathway. rab-10 mutant caused CIE-dependent
cargo hTAC to accumulate in the worm intestine (Chen et al., 2006a).

Another key component of the basolateral recycling endosome is RME-1. RME-1 was
first discovered in a screen for Receptor Mediated Endocytosis in which defects in the
uptake of intestinally secreted yolk protein YP170A by oocytes were screened for. rme-
1 mutant animals displayed deficiency in yolk uptake by oocytes which turned out to
be due to poor recycling of yolk receptor RME-2 in oocytes. rme-1 mutants also have
vacuoles in the intestine which can be recognized under the dissecting microscope. The
enlarged vacuoles in rme-1 mutant also accumulated fluid-phase basolateral endocytic
markers and model basolateral recycling cargos hTFR and hTAC (Chen et al., 2006a;
Grant et al., 2001b). rme-I mutant caused accumulation of RAB-10 and the enlarged
structures of rme-1 labeled for ARF-6 but not RAB-5 (Chen et al., 2006a; Shi et al.,
2010b). Under wild-type conditions, RME-1 labels a tubulovesicular meshwork of en-
dosomes that is close to the basolateral membrane. However, in rab-10 mutants, RME-
1 labeled structures becomes diffusive. In mammalian cells, the RME-1 homolog EHD1
was also found to label endocytic recycling compartment and mediate the transport
from recycling endosome to plasma membrane (Caplan et al., 2002; Lin et al., 2001).
All these lines of evidence suggest that RME-1 could function at a step of the basolateral

recycling pathway that is close to the plasma membrane and downstream of RAB-10
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function. We could also infer from the results mentioned above that RAB-10 functions
from the interface between early endosome and recycling endosome and at a later step
that connects with RME-1 function that recycles cargo back to plasma membrane.
Encountered with continuous flow of proteins and membranes along the endocytic and
exocytic pathways, cells face a formidable challenge in achieving accurate intracellular
transport of membrane cargo. After internalization into the cell from plasma mem-
brane, cargos arrive at the early endosome to be sorted for different destinations: (1)
direct return plasma membrane through rapid recycling pathway (2) recycle through
the recycling endosomes for further sorting and returned back to plasma membrane
(Grant and Donaldson, 2009; Hsu and Prekeris, 2010b). (3) cycle from endosomes to
the Golgi through retrograde pathway (Bonifacino and Rojas, 2006) (4) transport from
early endosomes to late endosomes and finally to lysosomes for degradation (Raiborg
and Stenmark, 2009). Such transport is likely to require tight regulation that enforces
the directionality of sequential flow between membranous compartments (Hutagalung
and Novick, 2011a).

Our keen interest rests on how is the recycling pathway branched from the sorting
station, i.e. how do recycling cargo achieve the transition from early endosome to
recycling endosome. We learned from previous work in the field that Rab GTPases serve
as master regulators of membrane trafficking by controlling the structural and functional
characteristics of intracellular organelles (Hutagalung and Novick, 2011a). The ability
to switch between the “on” and “off” states through the Rab GTP/GDP cycle empowers
Rab proteins to control the spatial and temporal regulation of cargo transport (Barr and
Lambright, 2010). An ordered relay of cargo between sequentially acting compartments
is thought to entail coordination of Rab activation states, coordinating changes in
organelle maturation and/or allowing distinct compartments to interact at the right
time and the right place for cargo transfer (Wandinger-Ness and Zerial, 2014). A Rab
cascade model has been proposed that likely defines a general principle in membrane
transport. This model proposes that an upstream GTP-loaded Rab protein recruits the
GEF for the next Rab- GTPase along a transport pathway, activating the downstream

Rab. In turn a countercurrent activity is initiated by the downstream GTP-loaded Rab,
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which recruits the GAP for the upstream Rab to deactivate it (Hutagalung and Novick,
2011a). Therefore, we approached this problem on transition from the early endosome
compartment to the recycling compartment from potential interaction between the
key Rab proteins that labels these two endosomal compartment, RAB-5 and RAB-10,
respectively.

In Chapter 2, we identified that TBC-2 plays a role in cargo recycling most likely
by acting as a GAP protein for RAB-5. tbc-2 mutant animals display accumulation
of both CIE recycling cargo hTAC and CDE recycling cargo hTFR. Consistent with
TBC-2 potentially act as a GAP protein to inactivate RAB-5, expression of RAB-
5 in the nonhydrolyzable GTP-locked form mimics the loss of TBC-2 phenotype in
recycling pathways in the fact that it causes even more dramatic accumulation of both
recycling cargos hTAC and h'TFR in the worm intestine. This work also revealed that
the Rho-family GTPase CED-10, likely to be activated by the CED-5/CED-12 bipartite
GEF, serves to bring TBC-2 onto endosomes to dampen the activity of RAB-5. CED-
10 functions upstream of TBC-2 in the recycling pathway and its action in promoting
cargo recycling is mainly through TBC-2 as overexpression of fluorescently tagged TBC-
2 can bypass the deficiency in cargo recycling caused by loss of CED-10. CED-10 has
some overlap with a small subset of RAB-5 labeled endosome and has the strongest
overlap with the recycling endosome regulator RAB-10 and has less colocalization with
the later acting recycling endosome protein RME-1. In addition, the GFP-RAB-5 and
GFP-RAB-10 labeled puncta intensities increased in ced-10 mutants. The recycling
cargo hTAC was found to accumulate on EHBP-1 positive tubular recycling endosomes
in ced-10, ced-12 or tbc-2 mutants. This work demonstrates how the crosstalk between
Rho-family GTPase CED- 10 and Rab-family GTPase RAB-5 mediated by RABGAP
protein TBC-2 can regulate the early-to-recycling pathway.

In Chapter 3, further work is done to investigate on how the transition from early
endosome to recycling endosome is achieved from the RAB-5/RAB-10 interaction per-
spective. In this study, we showed that the downstream Rab, RAB-10, in its GTP-
bound form, binds to RAB-5 GAP TBC-2 and is required for its recruitment to en-

dosomes. This is consistent with the Rab cascade model where a RAB-10 works as
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a downstream Rab to inactivate the upstream RAB-5 through a negative regulatory
loop via the RAB-5 GAP TBC-2. Furthermore we have shown that loss of TBC-2 or
RAB-10 increases association of RAB-5 with membranes, indicating abnormally high
RAB-5 activation. Lack of TBC-2 also causes a dramatic morphological change in
the RAB-5 labeled early endosomes. We observed accumulation of abnormally large,
RAB-5-positive, pleomorphic endosome structures, many of which displayed increased
overlap with RAB-10. Thus we reasoned that TBC-2 could serve as a bridge in the
interaction between RAB-10 and RAB-5. This model suggests that without TBC-2,
RAB-5 cannot be inactivated as part of the recycling pathway, and RAB-10 endosomes
cannot properly separate from RAB-5 endosomes. Our cargo localization analysis shows
that in tbc-2 mutants the recycling cargo hTAC is mostly trapped in RAB-5 positive
endosomes, indicating a defect in the exit of recycling cargo from early endosomes that
cannot inactivate RAB-5. These results are reminiscent of the a counter-current GAP
cascade in Saccharomyces cerevisiae that is required to restrict the spatial overlap of
early and late Golgi Rabs Yptlp and Ypt32p (Rivera-Molina and Novick, 2009).

Our study also showed that cargo transition from early endosomes to recycling endo-
somes requires the coordination of another regulator of the recycling pathway, BAR-
domain protein AMPH-1. Our previous work also showed that AMPH-1 is involved
in the endocytic recycling pathway potentially by binding to RME-1, a later acting
player in the basolateral recycling pathway. (Pant et al., 2009). The AMPH-1 BAR
domain binds directly to PI(4,5)P2 enriched membranes, can potentially sense mem-
brane curvature, and can promote tubule formation (Pant et al., 2009). Like RAB-10,
AMPH-1 contributes to endosomal recruitment of TBC-2. We also detected failure
in proper separation of RAB-5 and RAB-10 and failure in the exit of recycling cargo
from early endosomes in amph-1 mutants, although the endosomes did not appear as
grossly enlarged as in tbe-2 mutants. An interesting possibility is that AMPH-1 derived
membrane tubules could be directly involved in cargo transfer and AMPH-1 might act
in the recycling pathway for a longer journey, possibly starting from the RAB-5/RAB-
10 interface to the later acting RAB-10/RME-1 interface or even longer towards the

tubules branching towards the plasma membrane.
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Our current study delineated distinct regions of TBC-2 bound by RAB-10 binding and
AMPH-1, favoring a cooperative rapport between RAB-10 and AMPH-1 in terms of
interacting with TBC-2 and promote early-to-recycling transition over a competitive
model between the two proteins.

Combining our work in Chapter 2 and Chapter 3, our observations indicate that TBC-
2 is a key feedback regulator of RAB-5, acting as a molecular nexus that integrates
signals from recycling endosome regulators RAB-10, AMPH-1, and CED-10. To ensure
correct localization of peripheral membrane proteins at a certain transport step, mul-
tiple weak physical interactions are usually needed, perhaps to more precisely position
such proteins at points where multiple binding partners converge, a concept sometimes
called coincidence sensing. Such localization mechanisms may also be easily reversible,
an important characteristic in dynamic situations.

We conclude here that recruitment of TBC-2 to endosomes during recycling is likely
to be quite important in the complex process of endosomal transport, where RAB-5
activity is essential for early aspects of the pathway but needs to be deactivated for
later events.

In wild-type animals our data showed that RAB-5-labeled endosomes and RAB-10-
labeled endosomes appear as distinct puncta that show partial overlap, suggesting that
only a subpopulation of RAB-5 and RAB-10 labeled endosomes is interacting at any
given time. This could imply the existence of transient interactions between RAB-5 and
RAB-10 labeled endosomes that function to transfer recycling cargo. Such transient in-
teractions between early and recycling endosomes have been proposed in other systems,
although the detailed mechanisms remain obscure (Rodal et al., 2011). Interestingly
that work also indicated a BAR domain protein (Nwk) was involved in early endo-
some to recycling endosome transport, perhaps indicating cargo transfer via membrane
tubules.

In Chapter 4, we further explored on how RAB-10 regulates the recycling endosome by
studying a RAB-10 effector, CNT-1, which is the only C. elegans homolog of mammalian
ACAP1 and ACAP2, Arf6 GTPase-activating proteins. Arf6 regulates endosome to
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plasma membrane transport, in part through activation of type I phophatidylinositol-
4-phosphate 5 kinase (PIP5KI). Our study indicates that CNT-1 binds to RAB-10
through its C-terminal ANK repeats and colocalizes with RAB-10 and ARF-6 on recy-
cling endosomes in vivo. Furthermore RAB-10 recruits CNT-1 to endosomes to nega-
tively regulate ARF-6. We found overaccumulation of endosomal phosphatidylinositol-
4,5-bisphosphate (PI(4,5)P2) in cnt-1 and rab-10 mutants, and reduced endosomal
PI(4,5)P2 levels in arf-6 mutants. These mutants produced similar effects on endo-
somal recruitment of PI(4,5)P2-dependent membrane bending proteins RME-1/Ehd
and SDPN-1/Syndapin/Pacsin and resulted in endosomal trapping of specific recycling
cargo. Our studies identified a novel RAB-10 to ARF-6 regulatory loop required to
regulate endosomal PI(4,5)P2; a key phosphoinositide in membrane traffic.

One future direction would be to understand the dynamic interactions between early
and recycling endosomes that mediate cargo transfer. One speculation is that the
early-to-recycling endosome transition might differ from the better-known mechanism
for early-to-late endosome maturation. This is likely due to the morphological differ-
ence between late endosome and the recycling endosome. In the worm intestine, late
endosome often labels round ring-like structures which could provide a better platform
for the subdomain model in which RAB-5 is gradually removed from its domain of
occupation and RAB-7 is recruited and expand its localization onto the round endoso-
mal structures as early endosome mature into late endosome. The recycling endosome
need to form a network of tubular vesicular structures which facilitates long distance
transport. With the key Rab protein RAB-10 labeling mostly small punctate endoso-
mal structures, we suspect that RAB-10 moves dynamically to contact and inactivate
RAB-5, and this dynamic interaction and separation of RAB-5 and RAB-10 is nec-
essary for formation of tubular recycling endosomes and the transfer of cargos from
early endosome to recycling endosome. A recently study has casted some light onto
the dynamic between RAB-10 and recycling cargo hTAC tubules supports this idea
that RAB-10’s dynamic movement could serve to guide the formation of hTAC tubules
(Chen et al., 2014). Further work is needed to study the dynamic rapport between

early endosome and recycling endosome.
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