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ABSTRACT

Several families of small GTPases regulate a variety of fundamental cellular processes, encompassing
growth factor signal transduction, vesicular trafficking and control of the cytoskeleton. Frequently,
their action is hierarchical and complementary, but much of the detail of their functional
interactions remains to be clarified. It is well established that Rab family members regulate a variety
of intracellular vesicle trafficking pathways. Moreover, Rho family GTPases are pivotal for the control
of the actin and microtubule cytoskeleton. However, the interplay between these 2 types of
GTPases has been rarely reported. We discuss here our recent findings showing that Rab11, a key
regulator of endosomal recycling, and Racl, a central actin cytoskeleton regulator involved in
lamellipodium formation and cell migration, interplay on endosomes through the Rab11 effector
FIP3. In the context of the rapidly reactive T lymphocytes, Rab11-Rac1 endosomal functional
interplay is important to control cell shape changes and cell symmetry during lymphocyte
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spreading and immunological synapse formation and ultimately modulate T cell activation.

Rab proteins constitute the largest family of small
GTPases with more than 60 identified members in
humans. They localize to particular intracellular mem-
brane compartments, controlling trafficking pathways
that drive exchanges between different cellular organelles.
Rab GTPases and their effectors ensure a variety of func-
tions, including protein sorting, vesicle mobility and vesi-
cle tethering." The Rabll subfamily comprises Rablla,
Rabllb and Rabllc/Rab25 proteins. Rabll GTPases,
control trafficking through the endosomal recycling com-
partment (ERC). The ERC is a large tubulo-vesicular
compartment, concentrated around the centrosome, and
localized proximal to the Golgi apparatus. Rabll regu-
lates the indirect or long-loop” endosomal recycling path-
way of a variety of cargo proteins and membranes which
transit the ERC.> This trafficking pathway is crucial for
numerous cellular functions, ranging from nutrient
homeostasis to cell division. Thus, the Rabll proteins
regulate vesicular trafficking pathways that ensure the
transport of endosomes from the plasma membrane to
the ERC*® and from the ERC to the plasma membrane.

Rabll proteins exert their functions through their
interaction with several effector proteins, including the 5
members of the Rabll-family interacting proteins
(Rab11-FIPs, or FIPs), Myosin V and others.>* The
Rabl11-FIP proteins are comprised of several protein
motifs/domains (Fig. 1), including a Rab binding domain
(RBD) which mediates their GTP-dependent interac-
tions with Rab GTPases; (C2 or EF-hand) that confer
calcium sensitivity and/or phospholipid binding. The
FIPs also bind motor proteins such as Myosin V, Dynein
and Kinesin. Additionally, FIPs can form part of the
exocyst complex. Depending on their specific protein-,
lipid- and calcium-binding abilities, as well as their likely
post-translational modification by phosphorylation, the
various FIPs likely ensure distinct aspects of the endoso-
mal recycling process.” In this regard, some major differ-
ences are evident in the phenotype resulting from Class
II FIPs (particularly FIP3) gain-of-function when com-
pared with Class I FIP gain-of-function in cells during
interphase. Specifically, increased FIP3 expression leads
to a dramatic accumulation/condensation of the pericen-
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Figure 1. Structure of Rab11-FIPs. Classification and schematic representation of FIPs predicted domain architecture: C2-domain (C2);
PEST domain (PEST), coiled-coil domain (CC), Rab-binding domain (RBD), Prolin-Rich domain, EF-hand domain (EF); Arf-binding domain

(ABD). According to Horgan and McCaffrey.?

triolar ERC.>® While the other Class II FIP (FIP4) also
generates a similar albeit weaker phenotype, none of the
3 Class I FIPS (RCP/FIP1C, FIP2 and Rip11/FIP5) give
rise to this phenotype. In previous work, we have clari-
fied the mechanism for the FIP3 condensed ERC pheno-
type; it occurs due to Rabl1GTP on peripheral early/
sorting endosomes binding FIP3, which binds the cyto-
plasmic dynein complex. The functional Rabl1/FIP3/
Dynein regulates the movement of peripheral endosomes
along microtubule tracks toward the microtubule orga-
nizing center/centrosome generating the ERC.” While
Rab11/FIP3 controlled trafficking from the ERC to the
plasma membrane cannot be ruled out, it seems that
there is a heavy directionality-bias of Rab11/FIP3 medi-
ated trafficking in an inward cellular direction. The Class
I FIPs are the more likely mediators of cargo trafficking
from the ERC.

Additional layers of complexity remain to be unrav-
elled regarding Rabll and FIP controlled vesicular
trafficking. One aspect of this is the likelihood that
post-translational modification of the FIPs by phos-
phorylation very likely regulates their function. How-
ever, despite the fact that the first report on these
proteins in the literature identified FIP5 (Ripll) as a
heavily phosphorylated protein (pp75),® the extent of
FIP phosphorylation, identity of kinases and impact of
their phosphorylation on vesicular trafficking is largely
unclear currently. Furthermore, all 5 FIPs are capable
of interacting with all 3 Rabll subfamily members
(Rablla, Rabllb and Rabllc, also known as Rab25)
and some are capable of interacting with other Rabs,
for example Rab4 with RCP/FIP1C’ and the Class I
FIPs with Rab14."® These observations beg the ques-
tion of which FIP is critical for which trafficking path-
way, which Rab protein is controlling the event and
what specific cargo is being trafficked? Interestingly,
data is now beginning to emerge that implicates

Rabl1lb as an important driver of endosomal recy-
cling, while the role of Rablla appears to be toward
the degradative pathway, for certain cargo at least'
(Artemiuk and McCaffrey, unpublished data).
Currently, ERC functions are not precisely defined,
but this often-overlooked organelle likely serves vari-
ous critical roles in cell physiology, acting as a cellu-
lar store of protein and bulk membrane for transport
to different subcellular locations as required. As such,
the ERC likely serves to supply proteins and mem-
brane for recycling back to the plasma membrane, or
in a polarized fashion in migrating cells and across
epithelial cells during transcytosis. Some examples of
the importance of trafficking via this organelle in
migrating cells involves trafficking of membrane and
adhesion receptors in a polarized fashion to the cell
front lamellipodium.'>'?> This has both physiological
(developmental) and pathophysiological consequences
in processes, such as tumor metastasis. Thus, Rabll
and its effector FIP1C (Rab coupling protein RCP)
are involved in integrin trafficking that promotes
invasive tumor cell invasion. Interestingly, this pro-
cess is guided by the production of membrane phos-
phatidic acid that facilitates the tethering of Rabll-
RCP vesicles carrying o581 integrins to invasive pseu-
dopodes.'* Another striking example of the impor-
tance of Rab11/FIP2/Myosin V controlled endosomal
recycling is in post-synaptic dendrites involving the
calcium triggered delivery of membrane and AMPA-
Receptors to dendritic spines.'” This important physi-
ological event underpins memory acquisition—a pro-
cess known as long-term potentiation.'® Thus Rabl1
and its effectors can deliver receptors and signaling
molecules in specialized cells, like neurons,'® or lym-
phocytes.'”'® This mechanism of controlled delivery
of signaling components helps to build the activation
capacity of neural and immunological synapses.
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Finally, small Rho GTPases, may also transit through
various types of recycling endosomes and use this mecha-
nism to control cytoskeleton remodeling.>**° Rho
GTPases are master regulators of the cytoskeleton. Three
subfamilies, Rho, Rac and Cdc42, regulate actin and
microtubule cytoskeleton dynamics, controlling cell shape
and cell polarity in tissue forming, or in migrating cells.*"

Our recent findings in T lymphocytes show that Racl
traffics through the ERC and that Racl endosomal traffic
is necessary for the control of its functions on the actin
cytoskeleton.” Traffic of Racl to the ERC is controlled by
Rabl1 and its effector FIP3. Interestingly, at steady state
only a minor fraction of Racl appears localized at the
Rab11™" pericentrosomal ERC. However, when FIP3 was
overexpressed, Racl massively concentrated at the ERC
—a finding very similar to that previously reported by us
for several markers of the endosomal recycling path-
way.>” This indicates that Racl traffics to the ERC in a
Rab11-FIP3-dependent manner. Further supporting this
hypothesis, the overexpression of a FIP3 mutant that
cannot interact with Rabl1 delocalized Racl from the
ERC to the plasma membrane and the cytosol. Finally,
FIP3 silencing dispersed ERC-localized Racl into small
vesicles throughout the cytoplasm. Racl dispersion had
interesting functional consequences in both cortical actin
in resting cells, and in dynamic actin remodeling during
surface spreading of T cells and in immunological syn-
apse formation. Thus, FIP3-silenced resting T cells dis-
played reduced cortical rigidity, indicating that
endosomal-mediated Racl localization controls steady-
state cortical actin organization. Moreover, FIP3-silenced
cells spread much more on poly-lysine-covered glass sur-
faces, forming Racl-dependent extended lamellipodium-
like membrane extensions enriched in filamentous actin
(F-actin). Altogether, these findings indicate that endo-
somal Racl localization and traffic buffers actin dynam-
ics responsible for cortical rigidity and cell spreading.

T cell antigen receptor (TCR) engagement by peptide
antigens associated with major histocompatibility com-
plex (MHC) molecules on antigen presenting cells leads
to robust actin cytoskeleton remodeling and the forma-
tion of immunological synapses.”* Antibodies directed to
TCR complex subunits, like CD3¢, can mimic TCR anti-
gen engagement triggering T cell cytoskeleton rearrange-
ments.”> Rho-family GTPases are among the central
actin cytoskeleton regulators downstream of the TCR.**
Our recent data support that Rab11-FIP3-mediated traf-
fic of Racl is necessary for Racl relocalization to the
immunological synapse. Thus, concentration of Racl at
the ERC by overexpression of FIP3, or delocalization of
Racl from the ERC by overexpression of the FIP3
mutant 1738E, which does not bind to Rab11, inhibited
Racl clustering at the synapse.’ Interestingly,

immunological synapses are symmetric structures® and
this symmetry was significantly altered in FIP3-silenced
T cells, despite of the fact that Racl could reach the
immunological synapse in these cells.” Therefore, Rab11-
FIP3-driven endosomes seem to finely control the spatial
and temporal organization of Racl at the immunological
synapse and, as a consequence, control the balanced
actin dynamics that ensures synapse symmetry. More-
over, T cell spreading on anti-CD3 coated surfaces is
also controlled by Rab11-FIP3, as indicated by enhanced
T cell spreading of FIP3-silenced T cells.”

How does Racl associate with Rab11" endosomes?
Racl is expected to interact with the cytosolic face of
membranes via its geranyl-geranyl C-terminal moieties.
Additionally, we unveiled an interaction between FIP3
and Racl by co-immunoprecipitation approaches. This
interaction was lost only in part when the FIP3 mutant
that does not bind to Rabll was pulled down. These
findings suggest that a tripartite Rab11-FIP3-Racl com-
plex may be responsible for Racl endosomal localization
and traffic (Fig. 2). As we demonstrated previously in
FIP3-silenced cells, the Rab11* ERC was dispersed,® we
have recently shown that Racl is similarly dispersed
under these conditions.” Moreover, Rab11 and Racl did
not colocalize in cells lacking FIP3. The most likely inter-
pretation for these findings is that when cells lack FIP3,
the Rabl1 controlled inward/centrosomal trafficking of
peripheral endosomes along microtubule tracks in a
dynein dependent manner is abrogated and both Rab11
and Racl remain on peripheral vesicles that have associ-
ated either Racl or Rabll, but not both. FIP3 may be
important in linking these 2 types of vesicles.

FIP3 has several protein interaction domains,
including EF-hands rather than C2 domains which are
present in the Class I FIPs'® (Fig. 1). i) FIP3 interacts
with microtubule-based molecular motors dynein and
kinesin.”*® Our results in T cells are consistent with a
predominant effect of dynein, which drives vesicle
traffic toward the microtubule minus end, favoring
inwards vesicle movement, dependent on FIP3 interac-
tion with Rabl1 in its active GTP bound state. Indeed,
disruption of FIP3 interaction with Rabll appears to
mediate a kinesin-dependent effect, driving Racl
vesicles to the plus-end of microtubules and to the
plasma membrane (Fig. 2). ii) FIP3 interacts with the
small GTPase ARF6,”” also associated with recycling
endosomes and capable of regulating intracellular vesi-
cle traffic and actin cytoskeleton dynamics.”® There-
fore, FIP3 might form a versatile platform of interplay
of the 3 types of small GTPases Rabll, ARF6, and
Racl that would regulate together T cell spreading and
immunological synapse formation. However, our
efforts to investigate the involvement of ARF6 in these
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Figure 2. Model for Rab11-Rac1 interplay. After internalization, Rac1 is targeted to early/sorting endosomes, where its traffic is taken in
charge by Rab11. Via its interaction with FIP3 and with the help of Rab11 and dynein complex, Rac1 carrying vesicles migrate to the
endosomal recycling compartment. Rac1 recycling back to the plasma membrane may involve Rab11 associated to FIP3 or to type | FIPs
both interacting with kinesin that drives outward vesicle movement. Finally, interaction of FIP3 with the exocyst complex would facili-
tate the targeting and release of Rac1 carrying vesicles to the plasma membrane.

phenomena did not provide any enlightening result
(Bouchet, unpublished). iii) FIP3 interacts with com-
ponents of the exocyst,”” a protein complex involved
in tethering exocytic vesicles at particular areas of the
plasma membrane.*

Are other Rho GTPases associated to the Rabl1™
ERC? Under the same experimental conditions, we did
not observe Cdc42 presence in this compartment in T
lymphocytes (Bouchet, unpublished). However, Osmani
et al. reported that Cdc42 and its exchange factor SPIX
were associated with intracellular vesicles in polarized
migrating astrocytes. Moreover, ARF6 was necessary for
the polarized recruitment of Cdc42, BPIX, Rac and the
Par6-aPKC polarity complex to the leading edge of
migrating astrocytes and for microtubule polarization."
In contrast, under our experimental conditions, microtu-
bule reorganization or polarization at the immunological
synapse appeared normal in FIP3-silenced T cells.” These
differences suggest that the ARF6- and the FIP3-depen-
dent processes may be different, despite the reported
interaction between FIP3 and ARF6.”

An additional important question is whether endoso-
mal transport would facilitate the localization of Rho
GTPase activity in order to fulfill particular cellular func-
tions. Small GTPase activity is controlled by the equilib-
rium of 3 types of regulatory proteins: guanine
nucleotide exchange factors (GEFs), GTPase activating
proteins (GAPs) and guanine dissociation inhibitors
(GDIs) that drive GTP-GDP exchange. Endosomal traf-
fic may modulate the interaction between the Rho
GTPases and their regulatory proteins. In the context of

the immunological synapse, Racl targeting via endo-
somes would facilitate the interaction of Racl with one
of its GEFs, Vavl, which is activated via tyrosine phos-
phorylation in response to TCR stimulation. Vavl could
locally activate Racl to facilitate lamellipodium-like
membrane structures rich in F-actin that characterize
TCR engagement and synapse formation.**° Other
GEFs, like DOCK2, Tiam1 and Trio, also regulate Racl
and may act downstream of the TCR to regulate Racl at
the synapse.”’’*> Consistent with this reasoning, it was
shown in other cellular context that Racl encounters
Tiam1 in Rab5" endosomes and facilitate Racl-depen-
dent membrane ruffle formation.*’

Do other molecules targeted to the immunological
synapse utilize this endosomal transport? The TCR and
2 signaling molecules, the protein tyrosine kinase Lck
and the signaling adaptor LAT, are also associated with
endosomes that convey them to the synapse. Interest-
ingly, the endosomal subcompartments and the molecu-
lar mechanisms involved in targeting these molecules to
the synapse are different for the TCR¢, Lck and LAT.>
We observed that the Rab11-FIP3 mediated endosomal
transport is used by Lck, but not by TCR¢ or LAT (Bou-
chet et al., unpublished). The src family kinase Lck is the
first tyrosine kinase engaged in the TCR signaling cas-
cade upon TCR engagement. Lck was shown to traffic
through intracellular vesicles® that overlap with
Rabl11."® Lck endosomal traffic is subverted during
human immunodeficiency virus (HIV-1) infection by
the viral protein Nef”” in a mechanism that could involve
Nefs ability to alter the endosomal recycling
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compartment.”® We observed that Lck intracellular traf-
fic and targeting to the immunological synapse was
altered in FIP3 overexpressing T cells similarly to Racl.’
Likewise, Lck localization in FIP3-silenced cells was dis-
persed all over the cytoplasm (Bouchet et al., unpub-
lished). Interestingly, cytoplasmic dispersion of Racl and
Lck in FIP3-silenced cells led to opposite functional
effects. While Racl dispersion induced enhanced actin
dynamics, Lck dispersion led to a reduced Lck capacity
to phosphorylate its main substrates, TCR¢, ZAP70,
LAT and PLCy1 both, at steady state in resting cells and
upon TCR stimulation. Therefore, Lck delocalization
likely prevents Lck encountering its substrates. Interest-
ingly, reduced TCR¢ phosphorylation was concomitant
with increased protein levels of TCR¢ and higher TCR-
CD3 complex cell surface expression (Bouchet et al.,
unpublished). Of note is that TCR¢ levels are controlled
by its phosphorylation by Lck.””

In conclusion, by finely regulating the subcellular locali-
zation and intracellular traffic of central regulatory mole-
cules, Rab11 and its effector FIP3 modulate central T cell
processes, including actin remodeling and cell morphology
as well as TCR signal transduction. These findings provide
new clues for understanding the functional interplay
between intracellular vesicle traffic, actin cytoskeleton
remodeling and the TCR signaling machinery into a more
complex process of T cell effector functions.
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