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RESEARCH ARTICLE

Rab11a–Rab8a cascade regulates the formation of tunneling
nanotubes through vesicle recycling
Seng Zhu1,*, Shaarvari Bhat1,*, Sylvie Syan1, Yoshihiko Kuchitsu2, Mitsunori Fukuda2 and Chiara Zurzolo1,‡

ABSTRACT
Tunneling nanotubes (TNTs) are actin-enriched membranous
channels enabling cells to communicate over long distances. TNT-
like structures form between various cell types and mediate the
exchange of different cargos, such as ions, vesicles, organelles and
pathogens; thus, they may play a role in physiological conditions and
diseases (e.g. cancer and infection). TNTs also allow the intercellular
passage of protein aggregates related to neurodegenerative
diseases, thus propagating protein misfolding. Understanding the
mechanism of TNT formation is mandatory in order to reveal the
mechanism of disease propagation and to uncover their physiological
function. Vesicular transport controlled by the small GTPases
Rab11a and Rab8a can promote the formation of different plasma
membrane protrusions (filopodia, cilia and neurites). Here, we report
that inhibiting membrane recycling reduces the number of TNT-
connected cells and that overexpression of Rab11a and Rab8a
increases the number of TNT-connected cells and the propagation of
vesicles between cells in co-culture. We demonstrate that these two
Rab GTPases act in a cascade in which Rab11a activation of Rab8a
is independent of Rabin8. We also show that VAMP3 acts
downstream of Rab8a to regulate TNT formation.

KEY WORDS: Rab GTPase, Tunneling nanotube, Vesicle recycling,
Vesicle transfer

INTRODUCTION
Tunneling nanotubes (TNTs) are thin membranous structures that
connect distant cells. Observed in different cell types, TNTs are
normally observed as straight membrane protrusions hovering above
the substrate between two cells (Rustom et al., 2004). TNTs act as
conduits between cells that allow the exchange of both cell-surface
molecules and cytoplasmic content such as endosomes,
mitochondria, endoplasmic reticulum and calcium ions (Abounit
and Zurzolo, 2012;Marzo et al., 2012). TNTs can also be hijacked by
different pathogens, including prions (Gousset et al., 2009; Zhu et al.,
2017), bacteria (Onfelt et al., 2006) and viruses (Kadiu and
Gendelman, 2011; Sherer and Mothes, 2008; Sowinski et al.,
2008), thus participating in the propagation of a wide range of
diseases. Interestingly, several misfolded proteins associated with
neurodegenerative diseases, such as β-amyloid (Aβ), tau, α-synuclein
(α-syn) and huntingtin polyglutamine aggregates, have been found

inside TNTs, supporting the hypothesis that TNTs are a preferential
highway for the spreading of proteinaceous aggregates (Abounit
et al., 2016a,b; Marzo et al., 2012; Victoria and Zurzolo, 2017;
Wang et al., 2011).

TNTs principally comprise continuous actin filaments that are
enclosed in a lipid bilayer (Austefjord et al., 2014). In some cells
(e.g. macrophages), TNTs have been shown to also contain
microtubules organized in bundles parallel to the major axis
(Sanchez et al., 2017). The formation of TNTs can be impaired by
the use of F-actin-depolymerizing drugs, such as latrunculin and
cytochalasin D (Bukoreshtliev et al., 2009; Gousset et al., 2009;
Rustom et al., 2004), suggesting that actin polymerization plays an
important role in TNT formation. However, the mechanism
underlying TNT formation is not completely understood and it is
possible that different mechanisms are involved in different cell
types (Abounit and Zurzolo, 2012; Gousset et al., 2013).

Time-lapse imaging studies have previously suggested two
possible mechanisms of TNT formation: (1) actin-driven
protrusion outgrowth (Abounit and Zurzolo, 2012; Reichert et al.,
2016; Rustom et al., 2004) and (2) cell dislodgement (Davis and
Sowinski, 2008; Rustom et al., 2004; Sowinski et al., 2008). Based
on our current understanding, an intercellular bridge is established
by the outgrowth of a filopodia-like protrusion containing F-actin
from either one or both cells. After extension, the tip of the
filopodia-like protrusion contacts the target cell directly (or through
adhesion molecules) and could (or not) fuse with the receiving cell
(Rustom et al., 2004). On the other hand, it has been proposed that
when two cells come into physical contact with each other, they
could either form an immune synapse (Dustin et al., 2010; Reichert
et al., 2016) or fuse temporarily. After plasma membrane fusion,
cells continue to migrate in opposing directions, stretching out the
plasma membranes to form TNTs that could be formed by either one
or two cells. Although the first mechanism is more common in
immobile cells such as neurons, the latter is mainly found in motile
cells such as macrophages and other cells of the immune system
(Abounit and Zurzolo, 2012).

Several proteins controlling actin polymerization and
depolymerization have been shown to play a role in filopodia
formation. Among these proteins, the cell division control protein
42 homolog (CDC42), a small GTPase of the Ras superfamily,
regulates actin polymerization through direct binding to the neural
Wiskott–Aldrich syndrome protein (N-WASP), which subsequently
activates Arp2/3, a protein complex that promotes actin branching
(Higgs and Pollard, 1999). Treatment of Jurkat cells with the
CDC42-specific inhibitor secramine A blocks TNT formation
(Arkwright et al., 2010). Similarly, inhibition of CDC42 in HeLa
cells results in the decreased formation of TNTs induced by the
overexpression of M-Sec, whereas Rac1 inhibition shows no effect
(Hase et al., 2009). On the other hand, in macrophages, both the
CDC42 and Rac1 pathways are involved in TNT formation through
WASP-dependent actin remodeling (Hanna et al., 2017). InReceived 24 January 2018; Accepted 29 August 2018
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neurons, the actin regulator proteins CDC42, insulin receptor
substrate of 53kDa (IRSp53) and vasodilator-stimulated
phosphoprotein (VASP) work as a network to increase filopodia
formation (Disanza et al., 2013). Interestingly, we showed that the
same network inhibits TNT formation in neuronal cells while
increasing filopodia formation. These and other data suggest that the
same actin modifiers might have opposite actions on filopodia and
TNT formation, indicating that these two structures, although
similar, are distinct organelles with different functions (Delage
et al., 2016; Gousset et al., 2013).
In addition to actin polymerization, formation of cellular

protrusions (TNT, filopodia, cilia, etc.) also requires vesicular
traffic. Rab GTPases are considered to be master regulators of
intracellular membrane trafficking (Fukuda, 2008; Stenmark, 2009).
Rab GTPases are localized in different membrane compartments to
control the specificity and directionality of membrane trafficking
pathways, mostly related to the trafficking of vesicles. Of particular
interest, Rab GTPases are also involved in the regulation of
cytoskeleton dynamics, including the formation of cell protrusions
(Diekmann et al., 2011; Klöpper et al., 2012; Villarroel-Campos
et al., 2016). Rab8 localizes to the primary cilium membrane during
ciliogenesis, and cilia formation is inhibited or promoted when a
Rab8 dominant-negative or positive form is expressed, respectively
(Follit et al., 2010; Nachury et al., 2007). This suggests that the
activity of Rab8 is crucial for the biogenesis of cilia. Rab8 is
functionally linked to ADP-ribosylation factor 6 (Arf6). When the
active form of Arf6 is present, cell protrusions induced by Rab8 can
be inhibited (Hattula et al., 2006), indicating that inhibition may be
related to membrane trafficking via endosome recycling rather than
through the trans-Golgi network (TGN) (Hattula et al., 2006;
Villarroel-Campos et al., 2016). On the other hand, Rab11 has been
shown to promote neuritogenesis, both in hippocampal neurons in
culture and in PC12 cells differentiated with nerve growth factor
(NGF) through its interaction with protrudin (Shirane and
Nakayama, 2006). Rab11 also increases axon outgrowth, a
process that requires remodeling of the actin cytoskeleton. In
hippocampal neurons, depletion of Rab11 reduces axonal length,
which is also controlled by cyclin-dependent protein kinase5
(Cdk5) via an inhibitory phosphorylation of lemur kinase 1
(LMTK1), which in turn can activate Rab11 (Takano et al., 2012).
We decided to investigate the role of Rab GTPases in TNT

formation and therefore performed a screen by overexpressing 41
GFP–Rab GTPases in our neuronal model CAD cells, (Matsui and
Fukuda, 2011; Tsuboi and Fukuda, 2006). Based on this
screening, Rab8a and Rab11a seemed promising candidates so
we chose to investigate their specific involvement in TNT
formation. Although two recent independent observations
indicated that Rab8a and/or Rab11a are involved in TNT
formation, the specific mechanism was not investigated (Burtey
et al., 2015; Zhu et al., 2016). Our results showed that Rab8a and
Rab11a positively regulate TNT formation and function in vesicle
transfer between connected cells, via their active GTP-bound
form. We demonstrated that Rab11a and Rab8a act through a
cascade pathway to regulate downstream v-SNARE VAMP3-
mediated fusion, suggesting that they increase vesicle recycling to
the cell surface in order to form TNTs. Importantly, we
demonstrated that this Rab cascade also regulates filopodia
formation in our cell model, but through different effectors.
Thus, in addition to improving our knowledge about TNT
formation, our data demonstrate that TNTs are specific novel
structures that are different from filopodia and other cellular
protrusions.

RESULTS
High-content screening reveals that Rab8a and Rab11a
promote DiD-labeled vesicle transfer between cells
To determine whether and which Rab GTPases affect TNT
formation, we set up a screen whereby 41 GFP–Rab GTPases
were overexpressed in our CAD cell line model. The transfer of
cargos between cells, which is the main function of TNTs, was used
to perform a preliminary screen and subsequently to study the
formation of TNTs. To perform the transfer experiments, donor cells
were transfected with 41 different GFP–Rab GTPases and incubated
with the nonspecific membrane dye DiD (Vybrant™DiD), which is
quickly internalized and labels all internal vesicular compartments.
Acceptor cells were transfected with H2B–mCherry and co-cultured
with donor cells in a 1:1 ratio (Fig. 1A) (Delage et al., 2016). After
16 h of co-culture in 96-well plates, cells were fixed and images
acquired to analyze the percentage of acceptor cells containing DiD-
labeled vesicles transferred from donor cells (Fig. 1A). Images were
analyzed with Cellprofiler (Fig. 1B). The percentage of acceptor
cells containing DiD-labeled vesicles from each condition was
normalized to control condition (cells transfected with an empty
vector tagged with GFP) (Table S1). GFP–myosin10 and GFP–
VASP were employed as positive and negative controls, as they
respectively increase and decrease TNT formation and vesicle
transfer (Delage et al., 2016; Gousset et al., 2013). We used three
additional conditions as controls for cell-to-cell contact-mediated
transfer: (i) mixture, where cells were just mixed and not incubated
in co-culture, which gives the background noise; (ii) filter, where
cells in co-culture were separated by a Transwell filter that impairs
cell-to-cell contact; and (iii) supernatant, where the supernatant of
donor cells was challenged with acceptor cells cultured separately,
which measures transfer though secretion (Fig. 1C–F). To call hits
from 41 GFP–Rab GTPases, two threshold values (105% and 95%)
were set to score all conditions. When the relative percentage was
higher than 105%, a hit was scored as ‘1’; when a hit was lower than
95%, it was scored as ‘−1’; and when a hit was between 95% and
105%, it was scored as ‘0’ (Table S1). The score values obtained
from the average of triplicates from four experiments were summed,
and a comparative analysis of the 41 GFP–Rab GTPases tested was
performed. Among others, cells overexpressing Rab8a and Rab11a
increased vesicle transfer between cells. These results were
intriguing, because both these Rabs are involved in formation of
cilia and other cell protrusions (Cox et al., 2000; Eva et al., 2010;
Hattula et al., 2006; Peränen, 2011). Furthermore, two independent
reports suggest that Rab8 or both Rab8 and Rab11 might be
involved in regulating TNT formation, although the mechanism was
not explored (Burtey et al., 2015; Zhu et al., 2016).

Rab11a positively regulates TNT formation and function via
the active GTP-bound form
Rab11 localizes at the endocytic recycling compartment/recycling
endosome (ERC/RE), the TGN and post-Golgi vesicles. It
influences several cellular processes, including exocytic and
recycling processes (controlling both secretion and composition
of plasma membrane), cytokinesis, phagocytosis, cell migration,
immunological synapse and primary cilia formation (Campa and
Hirsch, 2017). To understand whether the increase in vesicle
transfer is related to an increase in TNTs, we investigated the effect
of Rab11a on TNTs by calculating the percentage of TNT-
connected cells. Because no specific marker of TNTs is currently
available, we quantified TNTs between cells (labeled with wheat
germ agglutinin; WGA) (Delage et al., 2016). TNTs were identified
in culture according to the current definition of TNTs as
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membranous stretches between cells that do not contact the substrate
(Fig. S1A) (Rustom et al., 2004). To rule out possible effects
resulting from the distance between cells on TNT formation, we
seeded different concentrations of cells (Fig. S1B) and determined
the range of cell concentrations (Fig. S1C,D) for which the number

of TNT-connected cells was not affected (Fig. S1E). This measured
the tolerance of the system and assured the reproducibility of our
data. For all subsequent experiments, cells were plated at the same
concentration within the determined tolerance regime. By using this
method, we overexpressed wild-type (WT) GFP–Rab11a and

Fig. 1. See next page for legend.
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observed a significant increase in the percentage of TNT-connected
cells (Fig. 2A,B and Table S2).
To confirm that the intercellular connections induced by Rab11a

were functional TNTs, we performed transfer assays measuring the
transfer of labeled vesicles between cells in co-culture (Abounit
et al., 2015). Two populations of cells, donor cells (transfected with
GFP–Rab11a-WT) with internal vesicles labeled with a fluorescent
membrane dye (VybrantTM DiD) and acceptor cells (transfected
with H2B–mCherry) were mixed at a 1:1 ratio and co-cultured for
16 h (Delage et al., 2016). Overexpression of GFP–Rab11a-WT
significantly increased the transfer of DiD-labeled vesicles, as
measured by two different methods, quantitative fluorescent image
analysis (Fig. 2C) and flow cytometry (Fig. S2A). Again, we used
two controls to exclude the effect of vesicle transfer by secretion: (1)
cells were co-cultured using a Transwell filter to separate the two
populations, and/or (2) the conditioned medium from donor cells
(cultured in a separate dish) was applied to acceptor cells. In both
conditions, transfer of vesicles was very low and not affected by the
overexpression of GFP–Rab11a-WT, showing that vesicle transfer
between cells relied on cell-to-cell contact, and not on secretion
(Fig. S2A). We also found that Rab11a-WT protein was present in
acceptor cells, which indicates that Rab11a-positive vesicles could
transfer between cells through TNTs (Fig. S2B). These combined
results show that the increase in TNTs induced by Rab11a
corresponds to an increase in cargo transfer between cells,
suggesting that the TNTs induced by Rab11a are functional.
Rab GTPases switch between two conformations, an inactive

form bound to guanosine diphosphate (GDP) and an active form
bound to guanosine triphosphate (GTP), to regulate different
cellular processes. Thus, cells were transfected with GFP–Rab11a-
Q70L (constitutively active mutant) and GFP–Rab11a-S25N
(dominant-negative mutant) for 40 h. For GFP–Rab11a-Q70L, the
increase in the percentage of TNT-connected cells was similar to
that observed with GFP–Rab11a-WT (Fig. 2A,B and Table S2).
Similarly, we observed an increase in vesicle transfer between cells
(Fig. 2C). By contrast, GFP–Rab11a-S25N overexpression showed
no increase in the number of TNT-connected cells (Fig. 2A,B and
Table S2) nor an increase in vesicle transfer (Fig. 2C). Importantly,
when the expression time of GFP–Rab11a-S25N was extended to
52 h, the percentage of TNT-connected cells was significantly
decreased (Fig. S3A), indicating that the effectiveness of the

dominant-negative proteins depends on the time elapsed after
transfection. We speculate that the levels of expression of dominant-
negative Rabs at 40 h after transfection are insufficient to show
dominant-negative effects (e.g. trapping their activator’s GEFs)
(Ramalho et al., 2002).

To further confirm the effect of Rab11a on TNTs, Rab11a was
knocked down in an acute manner (more than 90%) using short
hairpin RNA (shRNA; Fig. 2D). In this condition, both the number
of TNT-connected cells (Fig. 2E,F and Table S2) and vesicle
transfer between the two cell populations (Fig. 2G) were
substantially decreased. Rescue experiments in which GFP–
Rab11a-WT was overexpressed in Rab11a knockdown cells
showed that both the number of TNT-connected cells (Fig. 2E,F
and Table S2) and vesicle transfer were rescued (Fig. 2G). Together,
these results suggest that Rab11a plays a role in the formation of
functionally active TNTs and that the active GTP-bound form of
Rab11a is needed.

Rab8a positively regulates TNT formation and function via
the active GTP-bound form
Rab8 localizes in the TGN, where it recycles endosomes,
vesicular and tubular structures in the cytosol, membrane
protrusions and the plasma membrane. Rab8 is reported to be
involved in several transport pathways, and it induces actin
polymerization and cell surface protrusion formation (Hattula
et al., 2002, 2006). We overexpressed GFP–Rab8a-WT, GFP–
Rab8a-Q67L (constitutively active mutant) and GFP–Rab8a-
T22N (dominant-negative mutant) for 40 h by transient
transfection and found that GFP–Rab8a-WT and GFP–Rab8a-
Q67L significantly increased the number of TNT-connected
cells (Fig. 3A,B and Table S2). On the other hand, expression of
GFP–Rab8a-T22N had no significant effect on TNT-connected
cells (Fig. 3A,B and Table S2) unless its expression time was
extended to 52 h. In the latter case, the percentage of TNT-
connected cells was significantly decreased (Fig. S3A).

Consistent with a positive role of Rab8a in TNT formation, the
transfer of vesicles increased in cells overexpressing GFP–Rab8a-
WT and GFP–Rab8a-Q67L (Fig. 3C and Fig. S2C). On the other
hand, expression of GFP–Rab8a-T22N resulted in a decrease in
vesicle transfer between cells (Fig. 3C). By comparison with
Transwell plate co-culture or conditioned medium, the effect of
secretion on vesicle transfer in this condition was negligible,
indicating that the transfer of vesicles between cells was mediated
through cell–cell contact and not secretion (Fig. S2C). Similar to
Rab11a, Rab8a protein could also transfer between cells through
cell–cell contact and not secretion (Fig. S2D).

To further confirm the effect of Rab8a on TNTs, we acutely
depleted Rab8a (more than 90%) with a specific shRNA (Fig. 3D).
Downregulating the expression of Rab8a decreased the number of
TNT-connected cells (Fig. 3E,F and Table S2) as well as DiD-
labeled vesicle transfer between cells (Fig. 3G). Of importance,
when overexpressing GFP–Rab8a-WT in Rab8a knockdown cells,
both the number of TNT-connected cells (Fig. 3E,F and Table S2)
and vesicles transferred (Fig. 3G) were rescued to control levels. All
these results suggest that Rab8a is a positive regulator of TNTs
through its GTP-active form.

An isoform of Rab8a (Rab8b) has been shown to have an effect
on apical transport (Sato et al., 2014). Thus, we also checked the
role of Rab8b in TNT formation. We found that overexpression of
GFP–Rab8b-WT in CAD cells had no effect on either the number of
TNT-connected cells (Fig. S3B) or the number of acceptor cells
containing vesicles following co-culture (Fig. S3C). Overall, the

Fig. 1. Co-culture system for intercellular transfer of DiD-labeled vesicles
and high-content screening assay. (A) An example of the co-culture system
setup. Donor cells were transfected with GFP–vector or GFP–Rab plasmids
and labeled with DiD; acceptor cells were transfected with H2B–mCherry. Cells
were fixed after co-culture and labeled with HCS CellMask™. DiD-labeled
vesicles transferred to acceptor cells were detected as white spots in cells with
red nuclei. (B) Left panel shows high-content screening setup and workflow.
Cells were co-cultured as described in A and fixed after co-culture. Right panel
shows a representative image of process of segmentation of cells and vesicles.
(C) Representative flow cytometry raw data (dot plots) of the co-culture of
donor cells expressing GFP–vector or GFP–myosin10 and labeled with DiD
and acceptor cells expressing H2B–mCherry. Acceptor cells containing DiD-
labeled vesicles from the entire population of acceptor cells after co-culture
were quantified. The various conditions were donor and acceptor cells co-
cultured, cultured separately and mixed just before sorting (mixture); cultured
separated by a filter (filter); and acceptor cells challenged with donor cells
supernatant (supernatant). (D) Bar graphs showing the relative percentage of
acceptor cells from the experiment described in C (GFP–vector=100±1.8,
GFP–myosin10=130.9±5.6). (E,F) As C,D, except that GFP–vector
or GFP–VASP was expressed in donor cells (GFP–vector=100.0±1.8,
GFP–VASP=85.2±2.4). Data show mean±s.e.m. from three independent
experiments. Scale bar: 10 μm.
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data indicate that only the Rab8-specific isoform Rab8a has a
positive effect on TNT formation.

Rab11a–Rab8a cascade in TNT formation
Of interest, Rab11 and Rab8 have been shown to work in a cascade
pathway in several cellular processes, such as cyst lumen formation
in MDCK cells (Roland et al., 2011), primary cilium generation
(Westlake et al., 2011) and axon outgrowth (Furusawa et al., 2017).
To assess whether Rab8a and Rab11a GTPases work in the same

pathway to modulate TNTs, we depleted one of the two Rabs and
overexpressed the other one and quantified the number of TNT-
connected cells and vesicle transfer between cells. We found that
overexpressing Rab8a in shRNA-depleted Rab11a cells still led to
an increase in the number of TNT-connected cells (Fig. 4A,B and
Table S2) and rescued vesicle transfer between cells to control levels
(Fig. 4C). By contrast, in cells depleted of Rab8a using shRNA,
Rab11a overexpression had no effect on the number of
TNT-connected cells (Fig. 4D,E and Table S2) or the number of

Fig. 2. See next page for legend.
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vesicles transferred between cells (Fig. 4F). These experiments
showed that the effect of Rab8a on TNTs could be independent of
Rab11a activation, whereas the effect of Rab11a on TNTs was
dependent on the presence of Rab8a, indicating that Rab8a acts
downstream of Rab11a in the regulation of TNT formation.
Interestingly, when co-transfected in CAD cells, GFP–Rab8a and
strawberry-Rab11a appeared to locate on the end of TNTs. This
suggests that the two proteins cooperate on the same endosome at
the base of the TNT for its formation (Fig. S4A).
A similar Rab activation cascade has been implicated in the de

novo generation of the primary cilium (Westlake et al., 2011). It was
demonstrated that Rab11 regulates Rab8 function by activating
Rabin8 (Westlake et al., 2011), which is a major guanine nucleotide
exchange factor (GEF) for Rab8 and an essential component for cell
protrusion formation, such as ciliogenesis and neurite outgrowth
(Wang et al., 2015). However, overexpression of GFP–Rabin8 did
not affect the number of TNT-connected cells compared with the
GFP control (Fig. S5A,B) nor affect the transfer of DiD-labeled
vesicles between cells (Fig. S5C,D). Similarly, knockdown of
Rabin8 by shRNA (Fig. S5E) had no effect on either the number of
TNT-connected cells (Fig. S5F) or the number of vesicles
transferred (Fig. S5G,H). This suggests that Rabin8 is not
involved in the Rab11a–Rab8a cascade leading to TNT increase.
It has been reported that MICAL-L1 binds to GTP-bound Rab8a

and stabilizes it on tubular membranes (Sharma et al., 2009;
Rahajeng et al., 2012). Rab35 is known to interact with MICAL-L1
and to regulate neurite outgrowth (Kobayashi et al., 2014).
Additionally, Rab35 also activates MICAL1 (Fremont et al.,
2017; Deng et al., 2016). Because Rab35 was one of the positive
hits in the screening (Table S1), we overexpressed MICAL-L1 and
MICAL1 and checked their effect on TNT formation (Fig. S4B) and
vesicle transfer (Fig. S4C). However, no significant effect on either
vesicle transfer or TNT formation was observed, thereby indicating
that Rab8 and Rab11 act independently of MICAL1 and
MICAL-L1 proteins.

GRAB regulates TNT formation independently of Rab8a
It has been reported that GRAB (a guanine nucleotide exchange
factor for Rab8a) mediates the Rab11a–Rab8a cascade mechanism
and facilitates axonal growth (Furusawa et al., 2017). Therefore, we
tested the effect of GRAB on TNT formation. We overexpressed
wild-type GRAB in CAD cells and found that there was an increase
in the number of TNT-connected cells (Fig. 5A,B and Table S2) and
in vesicle transfer between cells in co-culture (Fig. 5C,D). To
validate whether GRAB acts through the same pathway as Rab11a
and Rab8a, we knocked down Rab8a by shRNA and overexpressed
wild-type GFP–GRAB. We could still see an increase in TNT
formation between cells (Fig. 5E,F and Table S2) and also an
increase in vesicle transfer (Fig. 5G,H). This is an indication that
GRAB does not act upstream of Rab8a and that it might act through
an independent pathway that does not involve Rab8a.

VAMP3 acts downstream of Rab8a in regulating TNT
formation
Rab8 and Rab11 have been shown to be crucial in vesicle recycling
from the plasma membrane (Chen et al., 1998; Zhang et al., 2005).
Blocking of either Rab8 or Rab11 pathways leads to an inhibition of
the TGN-to-plasma membrane transport of recycling endosomes, as
well as inhibition of plasma membrane recycling (Rowe et al.,
2008); thus, one possibility is that TNT formation could be affected
by this process. Primaquine (PMQ) interferes with membrane
recycling from endosomes to the plasma membrane through direct
interaction with endosomes (van Weert et al., 2000). We used this
drug to inhibit transferrin recycling to the plasma membrane
(Fig. 6A) and quantified the number of TNT-connected cells after
4 h of PMQ treatment. The results showed a significant decrease in
the number of TNT-connected cells (Fig. 6B,C and Table S2),
suggesting that vesicle recycling to the plasma membrane is
involved in TNT formation.

The cascade of Rab11 activation couples cargo transport from the
TGN and recycling endosomes to vesicle docking and fusion at the
plasma membrane. By interacting with the v-SNARE VAMP3,
Rab8 is responsible for the final docking/fusion step in T cell
receptor recycling to the immune synapse (Finetti et al., 2015).
Rab8 also interacts with VAMP3 at the base of the cilium, where
VAMP3 regulates ciliary growth and targeting of Smoothened to the
plasma membrane (Patrussi and Baldari, 2016). To test whether
the Rab cascade affects TNTs through an increase in vesicle
recycling, as mediated by VAMP3, we overexpressed GFP–VAMP3
and quantified the number of TNT-connected cells and vesicle
transfer between cells. We found that there was an increase in both
the percentage of TNT-connected cells (Fig. 6D,E and Table S2)
and the number of DiD-labeled vesicles transferred (Fig. 6F and
Fig. S6A). Comparison between the total transfer of vesicles and the
supernatant-dependent transfer showed that the transfer of vesicles
was mainly mediated by cell-to-cell contact (Fig. S6A). Interestingly,
we also found that VAMP3-positive vesicles could transfer between
cells in a cell–cell contact-dependent manner (Fig. S6B).

To confirm the function of VAMP3 in regulating TNT formation,
knockdown of VAMP3 by shRNA (Fig. 6G) decreased the number
of TNT-connected cells (Fig. 6H,I and Table S2) and decreased the
transfer of vesicles between cells (Fig. 6J). On the other hand,
overexpressing VAMP3 in VAMP3 knockdown cells restored both
the number of TNT-connected cells (Fig. 6H,I and Table S2) and
vesicle transfer between cells (Fig. 6J). These results suggest that
VAMP3 is involved in the regulation of TNT formation.

To confirm whether VAMP3 is a downstream effector of Rab8a
in regulating TNT formation, GFP–Rab8a-WT was overexpressed

Fig. 2. Rab11a positively regulates functional TNTs via the active
GTP-bound form. (A) Representative confocal images of TNT-connected
cells after transfection of GFP–vector, GFP–Rab11a-WT, GFP–Rab11a-Q70L
and GFP–Rab11aS25N. Inserts are enlargements of boxed regions in the
merge panel. (B) Bar graph showing the relative percentage of TNT-connected
cells from experiment described in A (GFP–vector=100±0.5,
GFP–Rab11aWT=131.0±4.7, GFP–Rab11a-Q70L=152.4±2.2,
GFP–Rab11aS25N=97.6±11.0). (C) Bar graph showing the relative
percentage of acceptor cells containing DiD-labeled vesicles from the
co-cultures, where donor cells were transfected with GFP–vector, GFP–
Rab11a-WT, GFP–Rab11a-Q70L or GFP–Rab11a-S25N and labeled with
DiD (GFP–vector=100±0.0, GFPRab11aWT=120.4±4.6,
GFPRab11aQ70L=115.5±1.2, GFPRab11aS25N=94.6±1.6). (D) Western
blot analysis of cells transfected with shRNA non-targeting (ShCTL) or
targeting Rab11a (ShRab11a), showing the expression of Rab11a and
α-tubulin as loading control. (E) Representative confocal images of TNT-
connected cells after transfection with ShCTL/GFP–vector, ShRab11a/GFP–
vector or ShRab11a/GFP–Rab11a. Inserts are enlargements of framed
regions in merge panel. (F) Bar graph representing relative percentage of TNT-
connected cells from experiment described in E (ShCTL/GFP–vector=100
±0.5, ShRab11a/GFP–vector=70.5±4.5, ShRab11a/GFP–Rab11a=126.1
±5.1). (G) Bar graph showing the relative percentage of acceptor cells
containing DiD-labeled vesicles from the co-cultures, where donor cells were
transfected with ShCTL/GFP–vector, ShRab11a/GFP–vector or ShRab11a/
GFP–Rab11a and labeled with DiD (ShCTL/GFP–vector=100±0.2,
ShRab11a/GFP–vector=81.3±2.4, ShRab11a/GFPRab11a=94.2±4.2). All
graphs show mean±s.e.m. from three independent experiments (ns, not
significant; *P<0.05, **P<0.01, ***P<0.001; by one-way ANOVA with Tukey’s
multiple comparison post test). Scale bars: 10 µm.

6

RESEARCH ARTICLE Journal of Cell Science (2018) 131, jcs215889. doi:10.1242/jcs.215889

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental


Fig. 3. Rab8a positively regulates functional TNTs via the active GTP-bound form. (A) Representative confocal images of TNT-connected cells after
transfection with GFP–vector, GFP–Rab8a-WT, GFP–Rab8a-Q67L or GFP–Rab8a-T22N. Inserts are enlargements of boxed regions in merge panel. (B) Bar
graph representing relative percentage of TNT-connected cells from experiment described in A (GFP–vector=100, GFP–Rab8a-WT=124.2±3.1, GFP–Rab8a-
Q67L=138.8±2.1, GFP–Rab8a-T22N=88.3±0.9). (C) Bar graph showing the relative percentage of acceptor cells containing DiD-labeled vesicles from the
co-cultures, where donor cells were transfected with GFP–vector, GFP–Rab8a-WT, GFP–Rab8a-Q67L or GFP–Rab8a-T22N and labeled with DiD
(GFP–vector=100.0±0.57, GFP–Rab8aWT=114.9±2.004, GFP–Rab8aQ67L=115±1.729, GFP–Rab8a-T22N=84.02±3.145). (D) Western blot of cells
transfected with shRNA non-targeting (ShCTL) or targeting Rab8a (ShRab8a) and α-tubulin as loading control. (E) Representative confocal images of
TNT-connected cells after transfection with ShCTL/GFP–vector, ShRab8a/GFP–vector, and ShRab8a/GFP–Rab8a. Inserts are enlargements of the framed
region in merge panel. (F) Bar graph representing the relative percentage of TNT-connected cells from experiment described in E (ShCTL/GFP–vector=100
±0.57, ShRab8a/GFP–vector=75.67±1.8, ShRab8a/GFPRab8a=138.3±17.3). (G) Bar graph showing the relative percentage of acceptor cells containing
DiD-labeled vesicles from the co-cultures, where donor cells were transfected with ShCTL/GFP–vector, ShRab8a/GFP–vector or ShRab8a/GFP–Rab8a and
labeled with DiD (ShCTL/GFP–vector=100±0.2, ShRab8a/GFP–vector=84.5±2.4, ShRab8a/GFPRab8a=100.1±7.5). All graphs show mean±s.e.m. from three
independent experiments (ns, not significant; *P<0.05, **P<0.01, ***P<0.001; by one-way ANOVAwith Tukey’smultiple comparison post test). Scale bars: 10 µm.

7

RESEARCH ARTICLE Journal of Cell Science (2018) 131, jcs215889. doi:10.1242/jcs.215889

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



in VAMP3 knockdown cells. Under these conditions, neither the
number of TNT-connected cells (Fig. 7A,B and Table S2) nor the
vesicles transferred between cells (Fig. 7C) were affected.

Furthermore, overexpressing GFP–Rab11a-WT in VAMP3
knockdown cells had no effect on the number of TNT-connected
cells (Fig. 7A,B and Table S2) nor vesicle transfer between cells

Fig. 4. Rab11a–Rab8a cascade in TNT formation. (A) Representative confocal images of TNT-connected cells after transfection with ShCTL/GFP–vector,
ShRab11a/GFP–vector or ShRab11a/GFP–Rab8a. Inserts are enlargements of framed regions in merge panel. (B) Bar graph showing relative percentage
of TNT-connected cells from experiment described in A (ShCTL/GFP–vector=100±0.57, ShRab11a/GFP–vector=76.74±3.9, ShRab11a/GFP–Rab8a=121.7±4.74).
(C) Bar graph showing the relative percentage of acceptor cells containing DiD-labeled vesicles from the co-cultures, where donor cells were transfected with ShCTL/
GFP–vector, ShRab11a/GFP–vector or ShRab11a/GFP–Rab8a and labeled with DiD (ShCTL/GFP–vector=100±0.69, ShRab11a/GFP–vector=79.91±1.3,
ShRab11a/GFPRab8a=96.7±2.94). (D)Representative confocal images of TNT-connected cells after transfectionwith ShCTL/GFP–vector, ShRab8a/GFP–vector or
ShRab8a/GFP–Rab11a. Inserts are enlargements of the framed regions in merge panel. (E) Bar graph showing the relative percentage of TNT-connected cells from
the experiment described in D (ShCTL/GFP–vector=100±0.57, ShRab8a/GFP–vector=77.97±5.51, ShRab8a/GFP–Rab11a=81.95±3.15). (F) Bar graph
representing the relative percentage of acceptor cells containing DiD-labeled vesicles from the co-cultures, where donor cells were transfected with ShCTL/
GFP–vector, ShRab8a/GFP–vector or ShRab8a/GFP–Rab11a and labeled with DiD (ShCTL/GFP–vector=100±0.6, ShRab8a/GF–vector=78.05±1.9, ShRab8a/
GFP–Rab11a=80.91±2.9). All graphs are from three independent experiments and show mean±s.e.m. (ns, not significant; *P<0.05, **P<0.01, ***P<0.001;
by one-way ANOVA with Tukey’s multiple comparison post test). Scale bars: 10 µm.
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Fig. 5. GRAB regulates formation of TNT independent of Rab8a. (A) Representative confocal images of TNT-connected cells after transfection with GFP–
vector or GFP–GRAB. Inserts are enlargements of the framed region in merge panel. (B) Bar graph representing relative percentage of TNT-connected cells from
the experiment described in A (GFP–vector=100±0.5, GFP–GRAB=125±5.4). (C) Raw data (dot plots) of flow cytometry from a representative experiment
showing the relative percentage of acceptor cells containing DiD-labeled vesicles from the co-cultures, where donor cells were transfected with either GFP–vector
or GFP–GRAB and labeled with DiD. (D) Bar graph representing the relative percentage of acceptor cells containing DiD-labeled vesicles from the co-cultures of
the experiment described in C (GFP–vector=100.0±0.5, GFP–GRAB=128.0±5.8). All graphs show mean±s.e.m. from three independent experiments (*P<0.05,
**P<0.01; by unpaired Student’s t-test). (E) Representative confocal images of TNT-connected cells after transfection with ShCTL/GFP–vector, ShRab8a/GFP–
vector or ShRab8a/GFP–GRAB. Inserts are enlargements of the framed regions in merge panel. (F) Bar graph showing relative percentage of TNT-connected
cells from experiment described in E (ShCTL/GFP–vector=100, ShRab8a/GFP–vector=78.2±3.4, ShRab8a/GFP–GRAB=126.9±0.6). (G) Raw data (dot plots) of
flow cytometry from a representative experiment showing the relative percentage of acceptor cells containing DiD-labeled vesicles from the co-cultures, in which
the donor cells were transfected with ShCTL/GFP–vector, ShRab8a/GFP–vector or ShRab8a/GFP–GRAB and labeled with DiD. (H) Bar graph representing the
relative percentage of acceptor cells containing DiD-labeled vesicles from the co-cultures of the experiment described in G (ShCTL/GFP–vector=99.5±0.5,
ShRab8a/GFP–vector=85.1±10.2, ShRab8a/GFPGRAB=120.0±12.1). All graphs show mean±s.e.m. (*P<0.05, **P<0.01, ***P<0.001; by one-way ANOVAwith
Tukey’s multiple comparison post test) from two independent experiments. Scale bars: 10 µm.
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(Fig. 7C). These results indicate that VAMP3 is involved in the
Rab11a–Rab8a cascade, regulating TNT formation by acting
downstream of Rab8a.

Rab8a and Rab11a promote both TNTs and filopodia
formation, with different mechanisms
Both Rab11 and Rab8 have been shown to be involved in filopodia
formation in different contexts (Cox et al., 2000; Eva et al., 2010;
Hattula et al., 2006; Peränen, 2011). Although we have shown that

in CAD cells filopodia and TNTs are formed by different
mechanisms leading to actin remodeling (Delage et al., 2016), the
question arises whether, in our cell model, the same Rab cascade
also leads to an increase in filopodia formation. In contrast to TNTs,
attached filopodia exhibit vinculin-positive focal adhesions at the
tip (Bohil et al., 2006; Schafer et al., 2010). By automatically
detecting vinculin-positive peripheral cellular protrusions, we
observed that overexpression of Rab8a or Rab11a also increased
the number of vinculin-positive protrusions (Fig. S7A,B). Inversely,

Fig. 6. See next page for legend.
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knocking down Rab8a or Rab11a was associated with a decrease in
vinculin-positive protrusions (Fig. S7C,D). This result indicates that
Rab8a and Rab11a increased both the number of TNTs and the
number of attached filopodia. Interestingly, we found that
overexpression of Rabin8 increased the number of vinculin-
positive protrusions (Fig. S7E,F), whereas it had no effect on
TNT formation and vesicle transfer between the cells (Fig. S5).
Thus, Rabin8 could be the effector of Rab11a, and GEF of Rab8a, in
promoting attached filopodia formation, but not for TNTs. On the
other hand, overexpression of VAMP3, which increased TNTs
(Fig. 6), decreased the number of attached filopodia (Fig. S7E,F).
Together, these results suggest that VAMP3 could act as an effector
of Rab8a in regulating TNT formation, but not the formation of
attached filopodia.

DISCUSSION
The data presented here provide new insights into the factors
involved in TNT formation and intercellular vesicle transfer in
neuron-like CAD cells. Our results show that Rab11a, Rab8a and
VAMP3 increase both the number of TNT-connected cells and
vesicle transfer through TNTs in CAD cells. We have demonstrated
that Rab11a and Rab8a work in the same pathway and employ
VAMP3 as an effector to induce functional TNTs but not filopodia.
Of interest, this Rab11a–Rab8a signaling cascade does not require
Rabin8, which is essential in mediating Rab8a-activated filopodia
formation. Thus, in addition to providing mechanistic details about
the role of Rab proteins in TNT formation, the data also strengthen
our hypothesis that filopodia and TNTs are different structures,
which rely on different mechanisms of formation.

The fact that Rab effectors are highly diverse illustrates that Rab
GTPases control multiple biochemical events. The functions of Rab
GTPases and their effectors are mostly related to the vesicular traffic
between donor and recipient compartments. Some distinct Rab
effectors are involved in the sorting of cargo into vesicles by acting
on budding, uncoating and motility along actin or microtubule
filaments (Stenmark, 2009). Through their activation, Rab GTPases
control the maturation of vesicles, as well as vesicle shuttling
between different membrane compartments (Zhen and Stenmark,
2015). The function of activated Rab GTPases is to recruit effectors
such as coat proteins (Carroll et al., 2001), cytoskeletal motors
(Roland et al., 2007; Wu et al., 2002), kinases and phosphatases
(Shin et al., 2005) and membrane tethering/fusion proteins (Nielsen
et al., 2000; Simonsen et al., 1998). Because TNTs are novel cellular
structures consisting of membranous channels containing actin
that bridge distant cells and allow the exchange of different
materials/cargos (Abounit and Zurzolo, 2012), it is likely that
specific Rab proteins are involved in TNT formation. To assess
this, we set up a screen where all 41 Rab subfamilies were tested
for possible roles in TNT-mediated vesicle transfer in CAD cells.
Although Rab8a, Rab11a and Rab35 could increase vesicle
transfer between cells, we found that Rab39 and Rab40 had
negative effects (Table S1).

We decided to focus on Rab8 and Rab11, for which there is
evidence supporting their role in TNT formation in other cell
systems, although the mechanism was unexplored (Burtey et al.,
2015; Zhu et al., 2016). Rab11 and Rab8 could work independently
from each other or in the same pathway (Hattula et al., 2006). In
addition, because TNTs are membrane protrusions containing actin
filaments, these two Rab GTPases could affect TNT formation by
playing a role either in modulating actin dynamics and/or by
regulating the supply of the membrane-specific lipids and proteins
required for TNT development.

Both Rab8 and Rab11 can be found associated with the trans-
Golgi network and recycling endosomes, and have been shown to
be essential in the trafficking of proteins from the Golgi to the
plasma membrane (Rowe et al., 2008). Intriguingly, Rab8 and
Rab11 could also modulate actin dynamics (Castillo-Romero et al.,
2010; Hattula et al., 2002; Ramel et al., 2013). Rab11 is known to be
involved in the recycling of endocytosed proteins. However, Rab11
also regulates actin dynamics during formation of membrane
protrusions and is required for the spatial control of Rac1 activity
through the control of cell–cell communication during collective
cell migration by inducing cell protrusions through the regulation of
moesin activation (Ramel et al., 2013). On the other hand, Rab8 has
been shown to drive cytoskeletal reorganization in HeLa cells, either
through RhoA GTPase, calpain or MT1-MMP activation
(Bravo-Cordero et al., 2016). However, knocking down RhoA
GTPase in DNA damage-induced senescent cells did not induce a
significant reduction in mCherry transfer between cells, suggesting
that Rab8 could regulate TNT formation not only through actin
polymerization (Biran et al., 2015).

Of interest, Rab8 has been reported to target vesicles to the
cilium to promote ciliary membrane elongation (Nachury et al.,
2007). Endogenous Rab8 localizes to the primary cilium and to the
BBsome, which associates with the ciliary membrane. VAMP3,
which is involved in the docking and/or fusion of synaptic vesicles
with the plasma membrane, interacts with Rab8 at the base of the
cilium to regulate ciliary growth and transport of specific
receptors, such as Smoothened and fibrocystin to the cilium
(Boehlke et al., 2010; Follit et al., 2010). By interacting with
VAMP3, Rab8 is also responsible for the final docking/fusion step

Fig. 6. VAMP3 positively regulates functional TNTs. (A) Relative mean
intensity of Alexa Fluor 546-transferrin bound to cells after treatment
with Primaquine (PMQ) or H2O for 0 min (H2O=98.6, PMQ=99.2), 5 min
(H2O=98.6, PMQ=99.3),15 min (H2O=93.6, PMQ=98.4), 30 min (H2O=74.1,
PMQ=98.1), 60 min (H2O=44.0, PMQ=94.6), 120 min (H2O=13.8, PMQ=85.4)
or 240 min (H2O=11.0, PMQ=86.7) analyzed by flow cytometry. (B) Bar graphs
showing relative percentage of TNT-connected cells after treatment with PMQ
or H2O for 4 h (H2O=100±0.57, PMQ=64.92±10.07). The graph shows
mean±s.e.m. from three independent experiments (*P<0.05; by unpaired
Student’s t-test). (C) Representative confocal images of TNT-connected cells
after treatment with PMQor H2O for 4 h. (D) Representative confocal images of
TNT-connected cells after transfection with GFP–vector or GFP–VAMP3.
Inserts are enlargements of the framed regions in merge panel. (E) Bar graph
representing relative percentage of TNT-connected cells from experiment
described in D (GFP–vector=100.0±0.5, GFP–VAMP3=126.4±1.7). (F) Bar
graph representing the relative percentage of acceptor cells containing DiD-
labeled vesicles from the co-cultures, where donor cells were transfected with
either GFP–vector or GFP–VAMP3 and labeled with DiD (GFP–vector=100.2
±0.73, GFP–VAMP3=129.0±5.3). The graphs show mean±s.e.m. from three
independent experiments (**P<0.01, ***P<0.001; by unpairedStudent’s t-test).
(G) Western blot of cells transfected with shRNA non-targeting (ShCTL) or
targeting VAMP3 (ShVAMP3), showing the expression of VAMP3 and α-tubulin
as loading control. (H) Representative confocal images of TNT-connected
cells after transfection with ShCTL/GFP–vector, ShVAMP3/GFP–vector or
ShVAMP3/GFP–VAMP3. Inserts are enlargements of the framed region in
merge panel. (I) Bar graph representing relative percentage of TNT-connected
cells from experiment described in H (ShCTL/GFP–vector=100±0.4,
ShVAMP3/GFP–vector=81.6±3.6, ShVAMP3/GFP–VAMP3=126±2.9). (J) Bar
graph representing the relative percentage of acceptor cells containing DiD-
labeled vesicles from the co-cultures, where donor cells were transfected with
ShCTL/GFP–vector, ShVAMP3/GFP–vector or ShVAMP3/GFP–VAMP3 and
labeled with DiD (ShCTL/GFP–vector=100, ShVAMP3/GFP–vector=75.3
±1.2, ShVAMP3/GFP–VAMP3=104.5±1.2). The above graphs show mean
±s.e.m. from three independent experiments (*P<0.05, **P<0.01, ***P<0.001;
by one-way ANOVA with Tukey’s multiple comparison post test). Scale bars:
10 µm.
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in T cell receptor recycling to the immune synapse (Patrussi and
Baldari, 2016).
Our results clearly show that VAMP3 promotes TNT formation

by acting downstream of Rab8a in CAD cells. It is therefore possible
that Rab8a uses a similar mechanism to facilitate TNT formation by
transporting vesicles and/or specific proteins or receptors to the

bases of TNTs. This could be initiated by the fusion of a contractile
vacuole with the cell membrane to form negative and positive
curvature at the TNT tip and base, respectively. Subsequently, the
extension of TNTs could be supported by membrane intake through
motor proteins and exocytosis involving myosin10 (Bishai et al.,
2013; Gousset et al., 2013) and Rab8 (Wang et al., 2015). Our

Fig. 7. VAMP3 acts downstreamof Rab8a in regulating TNTs. (A) Representative confocal images of TNT-connected cells after transfection with ShCTL/GFP–
vector, ShVAMP3/GFP–vector, ShVAMP3/GFP–Rab8a or ShVAMP3/GFP–Rab11a. Inserts are enlargements of the framed region inmerge panel. (B) Bar graph
showing relative percentage of TNT-connected cells from the experiment described in A (ShCTL/GFP–vector=100±0.4, ShVAMP3/GFP–vector=81.6±3.6,
ShVAMP3/GFP–Rab8a=79.0±3.7, ShVAMP3/GFP–Rab11a=85.6±3.2). (C) Bar graph representing the relative percentage of acceptor cells containing
DiD-labeled vesicles from the co-cultures, where donor cells were transfected with ShCTL/GFP–vector, ShVAMP3/GFP–vector, ShVAMP3/GFP–Rab8a or
ShVAMP3/GFP–Rab11a and labeled with DiD (ShCTL/GFP–vector=100, ShVAMP3/GFP–vector=75.3±1.2, ShVAMP3/GFP–Rab8a=72.7±3.3, ShVAMP3/
GFP–Rab11a=78.3±1.4). The graphs show mean±s.e.m. from three independent experiments (ns, not significant; *P<0.05, **P<0.01, ***P<0.001; by one-way
ANOVA with Tukey’s multiple comparison post test). Scale bars: 10 μm.
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results show an impairment of membrane recycling from
endosomes to the plasma membrane with PMQ, leading to a
decrease in the number of TNT-connected cells, which is in perfect
accordance with this model.
There is evidence supporting a model in which, during membrane

flow from one organelle to another, the compartment transition from
an upstream Rab to a downstream Rab is regulated by the
recruitment of effectors (Hutagalung and Novick, 2011). The
Rab11–Rab8 cascade has been shown to be involved in several
cellular processes, including transferrin receptor recycling, primary
cilium formation and axon outgrowth. Regarding TNTs, our results
show that Rab8a depletion inhibits TNT formation induced by
Rab11a, whereas Rab11a depletion does not affect the formation of
TNTs induced by Rab8a. This indicates that Rab8a acts as a
downstream effector of Rab11a to regulate TNT formation. How
this occurs is still unclear. However, when overexpressed together,
Rab11a and Rab8a appear to colocalize at the base of the TNT,
which suggests that the two proteins cooperate on the same
endosome at the base of the TNT for its formation. On the other
hand, from this qualitative analysis, the two proteins do not appear
to colocalize inside TNTs.
Even though we have shown that the downregulation of Rab11a

and Rab8a by shRNA is close to 90%, we did not see a similar
decrease in 90% of the TNT-connected cells. This is expected, as
other effectors have been described to increase TNT formation, such
as M-sec (Hase et al., 2009) and myosin-10 (Gousset et al., 2013).
On the other hand, the data suggest that these proteins might act in
an independent (or parallel) pathway to the Rab11a–Rab8a cascade
described here.
M-sec is known to be a component of the exocyst complex. It

interacts with RalA (Ras-like small GTPase) to regulate the
formation of TNTs (Kimura et al., 2016). RalA interacts with
CDC42 through Ral1 binding protein for the formation of filopodia
(Ikeda et al., 1998). Additionally, CDC42 has been shown to
regulate the formation of TNTs in Raw264.7 cells (Hanna et al.,
2017). However, in the case of CAD cells, CDC42 negatively
regulates the formation of TNTs (Delage et al., 2016). Thus, we
believe that this pathway is not responsible for TNT formation in
our cell model.
However, some proteins of the exocyst complex (e.g. Sec15 and

Exo70) have been shown to interact with Rab11 (Takahashi et al.,
2012; Wu et al., 2005). From preliminary experiments,
overexpression of Sec15 in CAD cells results in only a slight
decrease in vesicle transfer between cells in co-culture;
consequently, we did not pursue this further. However, Exo70
could be an interesting candidate because it is known to induce
membrane curvature and actin-free filopodia (Zhao et al., 2013) and
it also interacts with Rab11 in the exocytosis process (Takahashi
et al., 2012). Further research is necessary to explore this possibility.
Guanine nucleotide exchange factor for Rab3A (GRAB), a GEF

of Rab8, has been shown to regulate axon outgrowth (Furusawa
et al., 2017). These results indicated that GRAB regulates axonal
outgrowth via activation and recruitment of Rab8A to Rab11A-
positive endosomes in a Cdk5-dependent manner. GRAB might act
as a GEF for regulating the formation of TNTs and the transfer of
vesicles. But, from our results, we conclude that GRAB acts on
TNT formation irrespective of Rab8a and is not involved in a
Rab8a–Rab11a pathway in regulating the formation of TNT.
Because GFP–GRAB promoted vesicle transfer in Rab8a-KD
cells, GRAB might activate unknown Rabs other than Rab8a to
increase vesicle transfer. Rabin8, a close homolog of GRAB, can
activate both Rab8 and Rab10 to promote neurite outgrowth of

PC12 cells. Overexpression of Rab10 (WT/QL) had no effect on
neurite outgrowth, whereas its knockdown decreased neurite
outgrowth (Homma and Fukuda, 2016). Thus, Rab10 is a likely
candidate for an alternative GRAB target in regulating the formation
of TNTs between the cells. However, since Rab10 did not come up
as a possible positive regulator in our initial screening of 41 Rabs,
we believe that further studies are needed to explore the mechanism
of Rab10 and GRAB in regulating the formation of TNTs.

In other circumstances, for example in de novo generation of the
primary cilium, Rab11 regulates Rab8 function by activating
Rabin8, a GEF of Rab8 (Westlake et al., 2011). However, in our cell
system, overexpression of Rabin8 did not affect TNT number,
strongly suggesting that Rabin8 is not the effector between Rab8
and Rab11 in the regulatory pathway of TNTs. Furthermore, we
showed that, in our cell system, the Rab11a–Rab8a cascade induces
filopodia formation through Rabin8, whereas VAMP3 had no effect
on filopodia. This indicates that filopodia and TNTs, although
naively similar in appearance, are distinct structures with different
mechanisms of formation and different functions. We propose that
Rab11a and Rab8a facilitate the trafficking and fusion of vesicles,
containing specific proteins and lipids necessary for TNT formation
and function, with the plasma membrane (by interacting with the
v-SNARE protein VAMP3). On the other hand, this cellular process
could also regulate TNT formation simply by facilitating membrane
accumulation at the site of TNT formation (see schematic in Fig. 8).

In summary, our results represent the first molecular evidence
of a mechanism whereby Rab GTPases regulate TNT formation in
neuron-like CAD cells. Our study further confirms that TNTs are
regulated differently from other cell protrusions, including filopodia
and primary cilia. Future studies are required to provide further

Fig. 8. Schematic of Rab11a–Rab8a–VAMP3 cascade in regulating TNTs.
GTP-bound Rab11a acts upstream of Rab8a, while VAMP3 acts downstream
of Rab8a in regulating TNT formation. Rab11a-induced activation of Rab8a is
independent of Rabin8 and GRAB. One possibility is that Rab11a is released
from the recycling endosome (RE) when Rab8a is activated. GTP-bound
Rab8a interacts with VAMP3, which functions as a Rab8a effector and
facilitates the fusion of RE-derived vesicle to supply lipids and specific proteins
needed for TNT formation.
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insights into the involvement of these and other Rab proteins (as
from our screen) in vesicular trafficking and actin remodeling in
TNT formation to better characterize the differences and similarities
between TNT and other membrane protrusions.

MATERIALS AND METHODS
Cell lines, plasmids and transfection procedures
The mouse catecholaminergic neuronal CAD cell line (mouse
catecholaminergic neuronal cell line, Cath.aDifferentiated) (Gousset et al.,
2013) was grown in Gibco OptiMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. pEGFP–C1-Rab plasmids
library, pEGFP–C1-Rab8a(Q67L), pEGFP–C1-Rab8a(T22N), pEGFP–C1-
Rab11a(Q70L), pEGFP–C1-Rab11a(S25N) and pEGFP–C1-Rabin8, and
pEGFP–C1-GRAB were prepared as described previously (Furusawa et al.,
2017; Ishida et al., 2012; Matsui and Fukuda, 2011; Tsuboi and Fukuda,
2006). GFP–VAMP3 was a kind gift from Thierry Galli (Center of
Psychiatry and Neuroscience, INSERMU894, Paris France). GFPMICAL1
and GFP MICAL-LI were a kind gift from Arnaud Echard (Institut Pasteur,
Paris). The shRNA non-target control (SHC016-1EA), shRNA Rab8a
(TRCN0000100422) and shRNA Rab11a (TRCN0000100344) were from
Sigma Aldrich. ShRNA Rabin8 was prepared as described previously
(Homma and Fukuda, 2016). Anti-Rabin8 was purified as described
(Homma and Fukuda, 2016). Anti-Rab8a antibody (ab188574), Anti-
Rab11a antibody (ab128913) and anti-VAMP3 antibody (ab2102) were
from Abcam. GFP–vector and H2B–mCherry–vector were from AddGene.
CAD cells were transiently transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

High-content screening of Rab-GTPases
Confluent CAD cells were mechanically detached and counted, and 5000
cells were plated for 6 h in 96-well plates (Greiner Bio-One). The 41 GFP–
Rab GTPase plasmids were mixed with 10 µl Opti-MEM, and 0.2 µl
Lipofectamine was mixed with 10 µl Opti-MEM. After mixing these two
compartments for 15 min, the transfection mixture was added to cells and
80 µl additional complete medium was added to cells. After 16 h of
transfection, cells were labeled with lipophilic tracer VybrantTM DiD (long-
chain dialkylcarbocyanine) in complete medium for 30 min at 37°C and
rinsed with PBS. 5000 CAD cells that had been transfected with H2B–
mCherry were added to each well and co-cultured for 24 h. Cells were fixed
with 4% PFA for 20 min at room temperature and labeled with HCS
CellMask™ Blue. Images were acquired with a 20× objective from Opera
Phenix High Content Screening System (PerkinElmer). Fifty images of
different fields from each well were acquired and analyzed using Cellprofiler
(http://cellprofiler.org/).

Quantification of TNT-connected cells
Confluent CAD cells were mechanically detached and counted, and
300,000 cells were plated for 6 h in six-well plates. Cells were transfected
with the appropriate plasmids. At 24 h post-transfection, cells were
detached and counted, and 220,000 cells were plated for 16 h on Ibidi
μ-dishes (Biovalley, France). At 16 h post-seeding, cells were fixed with
fixative solution 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in
PBS) for 20 min at 37°C, followed by a second 20 min fixation with
fixative solution 2 (4% PFA and 0.2 M HEPES in PBS) at 37°C. The cells
were gently washed with PBS and labeled with WGA-Alexa Fluor 594
(Sigma) (1:300 in PBS) for 20 min at room temperature, washed and sealed
with Aqua-Polymount (Polysciences, Inc.). Cells were labeled with
WGA-Alexa Fluor 594 for the plasma membrane and DAPI for the
nucleus in all the experiments.

Image stacks (0.3 µm) covering the whole cellular volume were acquired
using a confocal microscope (Zeiss LSM 700) controlled by ZEN software.
To evaluate the number of TNT-connected cells, manual analysis was
performed for transfected cells with TNTs. The criterion for identifying
TNTs was that a continuous connection could be found when moving along
the stacks after removing the bottom three slices. The two cells connected by
at least one continuous connection were marked as TNT-connected cells.
Each experiment was performed at least in triplicate. Image analyses and

displays of raw data, such as Z-projections, were obtained using ICY
software (Gousset et al., 2013).

Fluorescence image analysis to quantify the transfer of DiD-
labeled vesicles
Confluent CAD cells were mechanically detached and counted, and 800,000
cells were plated for 6 h in T25 flasks. The cells were transfected with the
appropriate GFP-tagged constructs for donor cells and H2B–mCherry for
acceptor cells for 24 h in complete medium. The donor cells were labeled
using a 333 nM solution of Vybrant™DiD in complete medium for 30 min
at 37°C. Cells were then washed with PBS and 0.01% trypsin, resuspended
in complete medium and counted. The labeled donor cells were mixed in a
1:1 ratio with H2B-transfected acceptor cells and plated at subconfluence
(220,000 cells) on Ibidi μ-dishes (Biovalley, France) for 16 h at 37°C. Cells
were fixed with 4% PFA. Cells were washed and sequentially stained for
30 min with a 1 μgml−1 solution of HCS CellMask™Blue, which stains the
entire cell volume (i.e. cytoplasm and nucleus). Samples were washed and
sealed with Aqua-Poly/Mount (Polysciences, Inc.). The cells were imaged
with an inverted confocal microscope (Zeiss LSM700) controlled by ZEN
software. Quantification was carried out using ICY software (http://icy.
bioimageanalysis.org/).

Flow cytometry to analyze the transfer of DiD-labeled vesicles
Confluent CAD cells were mechanically detached and counted, and
800,000 cells were plated for 6 h in T25 flasks. Cells were transfected
with Lipofectamine 2000 (Invitrogen), according to the manufacturer’s
instructions, with the appropriate GFP-tagged constructs for donor cells and
with H2B–mCherry for acceptor cells, for 24 h in complete medium. Donor
cells were detached, counted and labeled with a 333 nM solution of
Vybrant™ DiD in complete medium for 30 min at 37°C. Cells were then
washed with PBS and 0.01% trypsin, resuspended in complete medium and
counted.

The labeled donor cells were mixed in a 1:1 ratio with H2B–mCherry-
transfected acceptor cells and plated at subconfluence (120,000 cells per
well) on 24-well plates for 16 h at 37°C. Each independent co-culture was
performed in triplicate. To verify that the transfer of vesicles between cells is
cell–cell dependent and not through secretion, two populations of cells were
co-cultured with a Transwell insert (i.e. a filter; 0.4 µm) that could separate
two populations of cells but share the medium. Alternatively, the
supernatant from donor cells after overnight culture was taken and added
to acceptor cells for another 16 h of culture. Cells were then washed with
PBS, mechanically detached from the dish by pipetting up and down with
500 μl PBS and then passed through sterile 40-mm nylon cell strainers (BD
Falcon™) in order to obtain single-cell suspensions. Cell suspensions were
fixed with 500 μl of 4% PFA (2% final solution). Flow cytometry data were
acquired using an LSR Fortessa flow cytometer (BD Biosciences). GFP
fluorescence was analyzed at 488 nm excitation wavelength, RFP and
mCherry fluorescence were analyzed at 561 nm excitation wavelength and
DiD fluorescence was analyzed at 640 nm excitation wavelength. Samples
were analyzed at a high flow rate, corresponding to 200–400 events per
second, and 10,000 events were acquired for each condition. Data were
analyzed using FlowJo analysis software.

Quantification of vinculin-positive peripheral focal adhesion
For indirect immunofluorescence labeling of vinculin, 90,000 cells were
plated for 16 h on Ibidi μ-dishes and then fixed in 4% PFA in PBS for
15 min at 37°C. Cell samples were quenched with 50 mM NH4Cl for
15 min, then permeabilized with 0.01% saponin in PBS containing 2%BSA
(w/v) for 20 min at 37°C. After a first 1-h incubation with mouse anti-
vinculin antibody (V9264, Sigma) diluted 1:500 in PBS containing 0.01%
saponin and 2%BSA (w/v), cells were thoroughly washed and incubated for
40 min with goat anti-mouse Alexa Fluor 488 (Invitrogen) diluted 1:500 in
PBS containing 0.01% saponin and 2% BSA (w/v). Cells were washed and
sequentially stained for 20 min with a 3.3 μg μl−1 solution of WGA Alexa
Fluor 647 nm conjugate, for 30 min with 1 μg ml−1 solution of HCS
CellMask™ Blue, which stains the entire cell volume (i.e. cytoplasm and
nucleus), and for 5 min with a 0.2 μg μl−1 solution of DAPI. Samples were
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washed and sealed with Aqua-Poly/Mount (Polysciences, Inc.). The bottom
of the cell (in contact with the plastic dish) was imaged with an inverted
confocal microscope (Zeiss LSM700) controlled by ZEN software.
Displayed images corresponded to stack projections. Only linear
corrections were applied, using the software ImageJ. Vinculin-positive
peripheral focal adhesion was automatically detected and counted using
ICY software (http://icy.bioimageanalysis.org/).

Western blot
Cells transfected with shRNAwere lysed in NP-40 lysis buffer (25 mMTris,
pH 7–8, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100). Protein concentration in the cell lysate was quantified using a
Bradford protein assay (Bio-Rad). Protein samples were incubated at 100°C
for 5 min and electrophoresed on 10% SDS-polyacrylamide gels. Proteins
were transferred to PVDF membranes (GE Healthcare Life Sciences).
Membranes were blocked in 5% nonfat milk in Tris-buffered saline with
0.1%Tween 20 (Sigma) (TBS-T) for 1 h.Membranes were then incubated at
4°C with a primary antibody, rabbit anti-Rab8a, anti-Rab11a, anti-VAMP3
and anti-Rabin8 and mouse anti-α-tubulin (Sigma) or anti-rabbit GAPDH
(Cell Signaling Technology) diluted in 5% nonfat milk overnight (1:500 and
1:10,000, respectively) then washed several times with TBS-T. After 1 h
incubation with horseradish peroxidase conjugated with the respective IgG
secondary antibody (1:10,000) (GE Healthcare Life Sciences), membranes
were washed with TBS-T and protein bands on the membrane were detected
using an ECL-Plus immunoblotting chemiluminescence system (GE
Healthcare Life Sciences). Membranes were imaged using ImageQuant
LAS 500TM camera (GE Healthcare Life Sciences).

Acknowledgements
The authors thank A. Echard (Institut Pasteur) and all C.Z. laboratory members for
discussion and J. Y. Vargas, C. Brou, M. Henderson and D. Cordero-Cervantes for
critical reading of the manuscript. We gratefully acknowledge the Imagopole–Citech
of Institut Pasteur (Paris). We are also grateful for the financial support of Institut
Pasteur (Paris).

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: S.Z., C.Z.; Methodology: S.Z., Y.K., C.Z.; Software: S.Z.;
Validation: S.Z., S.B.; Formal analysis: S.Z., S.B.; Investigation: S.Z., S.B., S.S.,
Y.K., M.F.; Resources: S.Z.; Data curation: S.Z.; Writing - original draft: S.Z., S.B.,
M.F., C.Z.; Writing - review & editing: S.Z., S.B., M.F., C.Z.; Visualization: S.Z., C.Z.;
Supervision: M.F., C.Z.; Project administration: C.Z.; Funding acquisition: C.Z.

Funding
This work was supported by the Agence Nationale de la Recherche (ANR 16 CE 16
0019 01 NEUROTUNN) and the EU Joint Programme on Neurodegenerative
Diseases (JPND-NeuTARGETs-ANR-14-JPCD-0002-02) and by Equipe FRM
(Fondation pour la Recherche Médicale) 2014 (DEQ 20140329557) to C.Z.
S.Z. is supported by Ph.D. fellowships from the China Scholarship Council
(201306170046) and by an Institute Carnot fellowship. S.B. is supported by
JPND-NeuTARGETs-ANR-14-JPCD-0002-02 and INSERM (HTE201602).

Supplementary information
Supplementary information available online at
http://jcs.biologists.org/lookup/doi/10.1242/jcs.215889.supplemental

References
Abounit, S. and Zurzolo, C. (2012). Wiring through tunneling nanotubes–from
electrical signals to organelle transfer. J. Cell Sci. 125, 1089-1098.

Abounit, S., Delage, E. and Zurzolo, C. (2015). Identification and characterization
of tunneling nanotubes for intercellular trafficking. Curr. Protoc. Cell Biol. 67,
12.10.1-21.

Abounit, S., Bousset, L., Loria, F., Zhu, S., de Chaumont, F., Pieri, L.,
Olivo-Marin, J. C., Melki, R. and Zurzolo, C. (2016a). Tunneling nanotubes
spread fibrillar alpha-synuclein by intercellular trafficking of lysosomes. EMBO J.
35, 2120-2138.

Abounit, S., Wu, J. W., Duff, K., Victoria, G. S. and Zurzolo, C. (2016b). Tunneling
nanotubes: a possible highway in the spreading of tau and other prion-like proteins
in neurodegenerative diseases. Prion 10, 344-351.

Arkwright, P. D., Luchetti, F., Tour, J., Roberts, C., Ayub, R., Morales, A. P.,
Rodrıǵuez, J. J., Gilmore, A., Canonico, B., Papa, S. et al. (2010). Fas
stimulation of T lymphocytes promotes rapid intercellular exchange of death
signals via membrane nanotubes. Cell Res. 20, 72-88.

Austefjord, M. W., Gerdes, H.-H. and Wang, X. (2014). Tunneling nanotubes:
Diversity in morphology and structure. Commun. Integr. Biol. 7, e27934.

Biran, A., Perelmutter, M., Gal, H., Burton, D. G. A., Ovadya, Y., Vadai, E.,
Geiger, T. and Krizhanovsky, V. (2015). Senescent cells communicate via
intercellular protein transfer. Genes Dev. 29, 791-802.

Bishai, E. A., Sidhu, G. S., Li, W., Dhillon, J., Bohil, A. B., Cheney, R. E., Hartwig,
J. H. and Southwick, F. S. (2013). Myosin-X facilitates Shigella-induced
membrane protrusions and cell-to-cell spread. Cell. Microbiol. 15, 353-367.

Boehlke, C., Bashkurov, M., Buescher, A., Krick, T., John, A.-K., Nitschke, R.,
Walz, G. and Kuehn, E. W. (2010). Differential role of Rab proteins in ciliary
trafficking: Rab23 regulates smoothened levels. J. Cell Sci. 123, 1460-1467.

Bohil, A. B., Robertson, B. W. and Cheney, R. E. (2006). Myosin-X is a molecular
motor that functions in filopodia formation. Proc. Natl. Acad. Sci. USA 103,
12411-12416.

Bravo-Cordero, J. J., Cordani, M., Soriano, S. F., Dıéz, B., Mun ̃oz-Agudo, C.,
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Fig. S1. The percentage of TNT connected cells does not change within a range of cell
distance. A. Representative confocal images of TNT formation between CAD cells. Images were 
acquired in 27 stacks, TNTs were present from stack 6 to stack 20. WGA-Alexa594 (white) was 
used to label cell plasma membrane and DAPI (blue) was used to label the nucleus. (Scale 

e number of CADs cells per images when 160K to 240K cells were plated 
(160K=23.77±1.39,180K=25.70±1.77,200K=29.21±2.769,220K=31.16±2.163,240K=34.70±3.14
9) C. Average distance between two cell nuclei from conditions as in (B) in
mm(160K=22.51±0.62,180K=20.60±0.53,200K=20.49±0.43,220K=19.10±0.42,240K=18.44±0.4
0). D. Cumulative distribution of cell nuclear distance from conditions in (B). E. Bar graph
representing average percentage of TNT connected cells from experiment described in (B)
(160K=58.62±1.9 ,180K=58.75±1.91,200K=57.62±1.87,220K=58.49±2.72,240K=58.91±2.72)
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Fig. S2. DiD-labeled vesicles transfer between cells overexpressing Rab11a or Rab8a 
is mediated by cell-to-cell contact. . Left panel, Raw data (dot plots) from a representative
experiment showing the transfer of DiD-labeled vesicles to the acceptor cells population
(H2B-mCherry) from mixture, co-culture with filter GFP-vector or GFP-Rab11a, coculture
with/ without filter and supernatant between donor cells transfected with GFP-vector or GFP-
Rab11a and acceptor cells. Right panel, Bar graph representing relative percentage of DiD 
positive acceptor cells by flow cytometry from conditions indicated in left panel mixture GFP-
vector=5.03±0.67 or GFP-Rab11a=4.186±0.76, co-culture with filter GFP-vector=3.66±0.58,
GFP-Rab11a=5.58±0.57 coculture without filter GFP-vector=100.0±1.4 or GFP-
Rab11a=143.1±6.02 and supernatant GFP-vector=22.2±3.14 or GFP-Rab11a= 18.46±0.95

. Left panel, Raw data (dot plots) from a representative experiment showing the transfer of
GFP protein to the acceptor cells population (H2B-mCherry) from mixture , co-culture without
filter with filter, and supernatant between donor cells transfected with GFP-vector or GFP-
Rab11a and acceptor cells. Right panel shows bar graph representing relative percentage of
GFP protein positive acceptor cells by flow cytometry from conditions indicated in left panel for
mixture (GFP-vector=6.5±2.25 GFP-Rab11a=5.37±1.38), co-culture with filter (GFP-
vector=0.35 ±0.17, GFP-Rab11a=0.44±0.08), coculture without filter (GFP-vector=100±3.84,
GFP-Rab11a =72.64± 8.26) and supernatant (GFP-vector=0.85±0.21, GFP-Rab11a=1.13
±0.12).  Left panel, Raw data (dot plots) from a representative experiment showing the
transfer of DiD-labeled vesicles to the acceptor cells population (H2BmCherry) from
mixture, co-culture (with/without filter) and supernatant between donor cells transfected
with GFP-vector or GFP-Rab8a and acceptor cells. Right panel, Bar graph representing
relative percentage of DiD positive acceptor cells by flow cytometry from conditions
indicated in left panel for mixture GFP-vector=5.03±0.67 or GFP-Rab8a=3.46±0.6, co-
culture with filter GFP-vector=3.6±0.58 , GFP-Rab8a =3.193  coculture without filter GFP-
vector=100.0±1.4 or GFP-Rab8a=130.1±3.23 and supernatant (GFP-vector=22.2±3.14
or GFP-Rab8a= 20.04±3.6) . Left panel, Raw data (dot plots) from a representative
experiment showing the transfer of GFP protein to the acceptor cells population (H2B-
mCherry) from mixture coculture with filter coculture without filter and supernatant between
donor cells transfected with GFP-vector or GFP-Rab8a and acceptor cells. Right panel, Bar graph
representing relative percentage of GFP protein positive acceptor cells by flow cytometry from
conditions indicated in left panel for mixture (GFP-vector=9.09± 1.25, GFP-Rab8a=4.95±1.2),
co-culture without filter (GFP-vector=100± 3.764 GFP-Rab8a= 81.64±5.40) with filter
(GFP-vector=0.32±0.18, GFP-Rab8a=0.54±0.11), and supernatant (GFP-vector=0.57±0.29,
GFP-Rab8a=0.54 ±0.11). Data represent the mean ± s.e.m of at least 3 independent
experiments in triplicate setting
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Fig.S . Overexpression of inactive mutants of Rab11a and Rab8a for 52 hours significantly 
decreased the number of TNT-connected cells and Rab8b has no role in the TNT formation.
A. Bar graph showing relative percentage of TNT connected cells after transfection with either
GFP-vector, GFP-Rab8a-T22N and Rab11a-S25N for 52hr (GFP-vector=100± 0.577, GFP-
Rab8a-T22N=75.94±1.60 and Rab11a-S25N=78.29±0.92). The data represents the mean ±
s.e.m, of at least 3 independent experiments (ns, no significant; ***, p < 0.001 by One-way ANOVA
with Tukey’s multiple comparison post test). B. Left panel show representative confocal images
of TNT connected cells after transfection with GFP-vector and GFP-Rab8b. Right panel is
showing bar graph of relative percentage of the TNT-connected cells from the experiment
described in the left panel (GFP-vector = 100.0 ± 0.5774 ,GFP-Rab8b= 86.05 ± 11.27), the graph
shows mean ± s.e.m from three independent experiments (ns, no significant by Unpaired t test)
C. Left panel shows the dot plot of the flow cytometry analysis of DiD transfer between donor cells
overexpressing GFP-vector or GFP-Rab8b and acceptor cells expressing H2Bmcherry(GFP-
vector= 100.0 ± 0.5774,GFP-Rab8b= 116.2 ± 12.67). Right panel shows bar graph of the relative
percentage of the acceptor cells with DiD. Data shows mean ± s.e.m from three independent
experiments (ns, no significant by unpaired student t test).
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Fig.S4 Rabs do not colocalise on TNT and MICAL1 and MICAL-L1 has no effect on 
TNT formation: A Images show cells cotransfected with GFP-Rab8a(green) and
mStrawberry-Rab11a(red). The DAPI (blue) and WGA-Alexa 594(white) was used to label 
the nucleus and cell membrane respectively. Inset shows the magnification of the region
marked with yellow box from merge. (Scale bar =10µm) B. Bar graph representing the relative
percentage of TNT-connected cells transfected with GFP-Vector, GFP-MICAL-L1, GFP-MICAL1.
(GFP-Vector= 100±1.90, GFP-MICAL-L1= 90.46±3.75, GFP-MICAL1= 93.86±4.57) C. Bar
graph showing the relative percentage of acceptor cells containing DiD labeled vesicles from
the co-cultures, in which the donor cells were transfected with either GFP-Vector, GFP-MICAL-
L1, GFP-MICAL1 and labeled with Did. All the above bar graphs show mean ± s.e.m from
three independent experiments (GFP-Vector= 100±0.00, GFP-MICAL-L1= 94.51±6.49, GFP-
MICAL1= 104.5±4.98) (ns, no significant by One-way ANOVA with Tukey’s multiple comparison 
post test).
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Fig.S5. Rabin8 has no effect on the number of TNT-connected cells and vesicle transfer 
between cells. A. Representative confocal images of TNT connected cells transfected with GFP 
vector or GFP-Rabin8. Inserts are enlargements of the framed region in merge panel. 
WGAAlexa594 (white) was used to label cell plasma membrane to show TNT between cells. 
(Scale bar=10μm). B. Bar graph showing relative percentage of TNT connected cells transfected 
with GFP-vector or GFP-Rabin8(GFP-vector=100 ±0.57, GFP-Rabin8=96.80 ±2.60). Data shows 
mean ± s.e.m from three independent experiments (ns, no significant; by unpaired t test). C. Raw 
data (dot plots) from a representative experiment showing the transfer of DiD labeled vesicles to 
the acceptor cells population (H2B-mCherry) from co-culture, mixture and supernatant between 
donor cells transfected with GFP-vector or GFP-Rabin8 and acceptor cells by flow cytometry. D. 
Bar graph showing relative percentage of DiD positive acceptor cells from the experiment 
described in (C) (GFP-vector or GFP-Rabin8). Data represent the mean ± s.e.m of three 
independent experiments in triplicate setting (ns, no significant; by unpaired student t test). E.
Western blot analysis of extracts from cells transfected for 48h with ShRNA non-targeting (CTL) 
or targeting Rabin8 and GAPDH as loading control. F. Bar graph showing quantification of relative 
percentage of TNT connected cells transfected with ShCTL+GFP-vector or Shrabin8+GFP 
(ShCTL+GFP-vector= 100.5 ± 0.5, Shrabin8+GFP= 93.74 ± 10.37). Data shows mean ± s.e.m 
from two independent experiment (ns, no significant; by unpaired student t test). G. Raw data (dot 
plots) from a representative experiment showing the transfer of DiD labeled vesicles to the 
acceptor cells population (H2B-mCherry) from co-culture between ShCTL+GFPvector and 
shRabin8+GFP-vector transfected donor cells and acceptor cells. H. Bar graph showing relative 
percentage DiD positive acceptor cells from the experiment described in (G) (ShCTL+GFPvector=
100.0 ± 0.57, shRabin8+GFP-vector= 100.2 ± 2.09). Data shows mean ± s.e.m (ns, no significant; 
by unpaired t test) from one experiment performed in triplicate.)
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Fig. S6. DiD labeled vesicles transfer between cells affected by VAMP3 overexpression 
was mediated by cell-to-cell contact. A. Left panel, Raw data (dot plots) from a representative
experiment showing the transfer of DiD labeled vesicles to the acceptor cells population 
(H2BmCherry) from co-culture, mixture, and supernatant between donor cells transfected with 
GFPvector or GFP-VAMP3 and acceptor cells, was analyzed by flow cytometry. Right panel, bar
graph showing the relative percentage of DiD positive acceptor cells from the experiment
described in the left panel (coculture GFPvector=100.0±1.5 or GFP- VAMP3=127.8±3.19 mixture
GFPvector=4.5±1.38 GFP- VAMP3=4.15±1.18 supernatant GFPvector=3.18±0.01 GFP-
VAMP3=3.7±0.74) Data represent the mean ± s.e.m of at least 3 independent experiments in
triplicates. B. Left panel, Raw data (dot plots) from a representative experiment showing the
transfer of GFP-Vector or GFP-VAMP3 protein to the acceptor cells population (H2B-mCherry)
from mixture, co-culture (with/without filter) and supernatant between GFP-vector or GFP-VAMP3
transfected donor cells and acceptor cells and analyzed by flow cytometry. Right panel, Bar graph
showing relative percentage of DiD positive acceptor cells from the experiment described in the
left panel. Data represent the mean ± s.e.m, of at least 3 independent experiments in triplicates.
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Fig. S7. Rab8a and Rab11a promote attached filopodia formation.
A. Representative confocal images of cells transfected with either GFP- vector, GFP-Rab8a or
GFP-Rab11a. Cells were immunostained with anti-vinculin antibody (red). B. The bar graph
represents the average number of vinculin positive puncta per cell from the experiment described
in (A) (GFP- vector= 29.26±1.91, GFP-Rab8a= 40.84±2.43 or GFP-Rab11a= 67.59±5.87) C.
Representative confocal images of cells transfected with either ShCTL, ShRab8a or ShRab11a.
Cells were immunostained with anti-vinculin antibody (Green) and stained with HCS
CellMaskTM. Quantification of average number of vinculin positive puncta per cell of the
experiment described in (C) (ShCTL= 28.11±1.25, ShRab8a= 20.78±0.84, ShRab11a=
23.11±0.87). E. Representative confocal images of cells transfected with either GFP-vector,
GFPVAMP3 or GFP-Rabin8. Cells were immunostained with anti-vinculin antibody (Red).
Representation of the average number of vinculin positive puncta per cell from the experiment
described in (E) (GFP-vector= 30.52±2.40, GFPVAMP3= 21.15±2.12, GFP-Rabin8=
50.49±4.21). All the above graphs show mean ± s.e.m from three independent experiments (ns,
no significant *, p < 0.05; **, p < 0.01; ***, p<0.001 by one-way ANOVA with Tukey’s multiple
comparison post test). Scale bar=10μm
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Table S1. Data of High content subfamily-wide screening of 41 Rab GTPases 
overexpressed in CAD cells. Relative percentage of acceptor cells containing DID labeled 

vesicles that transferred from donor cells. Data were normalized to control conditions. Values of 

score when applying two thresholds (95% and 105%) to data and sum of 4 experiments.
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Table 2. Data showing  percentage of TNT connected cells. Cells
transfected with the plasmids as mentioned and the corresponding average of 
percentage of TNT connected cells showing ± s.e.m.  


