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Introduction

Introduction

1. Intracellular membrane traffic

Eukaryotic cells are organized in many different membrane-bound compartments that have
distinct functions. The coordination and communication between these compartments is crucial
for the cell to function properly. Complex vesicular trafficking pathways allow the cell to

exchange molecules between compartments, and to communicate with the extracellular

environment.
1 Donor membrane
®e
Q
2
Acceptor membrane g é i i i ﬁ ’
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aglp Rab ® Cargo X t-SNARE @ Coat protein

Figure 1: The main steps of intracellular vesicular traffic. First, coat proteins are recruited to the donor
membrane and form a coated vesicle containing selected cargo that buds off the membrane (1 and 2). The vesicle
moves along cytoskeletal tracks with the aid from motor proteins that can be recruited by Rab proteins (3) and
interacts with tethering proteins that bring it in close proximity to its target membrane (4). Finally, SNARE proteins
mediate vesicle fusion and the cargo is delivered to its target destination (5). Figure from (Watson, 2015).
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The vesicular transport can be divided into several steps (Figure 1), beginning with the sorting
of cargo and formation of a carrier vesicle. Usually, cytosolic coat proteins such as clathrin,
COPI or COPII, are recruited to the donor membrane to form a coated vesicle. The inner layer
of coat proteins associates with cargo or cargo receptors to concentrate them in a membrane
patch, while the outer layer induces membrane curvature to form a bud (Dacks and Robinson,
2017). After this, scission occurs and the vesicle pinches off the donor membrane. Scission can
be driven by dynamin and related proteins that form a ring around the neck of the bud, or by

the actin cytoskeleton (Chappie and Dyda, 2013; Romer et al., 2010).

After its formation, the transport vesicle moves toward its target compartment along
cytoskeletal tracks of actin or tubulin. The movement is mediated by different motor proteins
that connect the vesicle to the cytoskeleton. Myosin motor proteins mediate the movement
along actin filaments, while dynein or kinesin mediate the movement along microtubules. As
the vesicle approaches its target destination, it can interact with tethering proteins that bring it
in close proximity to the acceptor compartment. There are three classes of tethering factors:
long coiled-coil proteins, Complexes Associated with Tethering Containing Helical Rods
(CATCHR) tethers, and Class C multisubunit tethering complexes (Gillingham and Munro,
2019; Ungermann and Kiimmel, 2019). Finally, SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) proteins mediate the fusion of the transport vesicle with its
acceptor membrane. When the SNARE proteins on the vesicle interact with matching SNAREs
on the target membrane, they form a complex that brings the membranes close together and

catalyzes membrane fusion (Zhang and Hughson, 2021).

To ensure that all cargos are delivered to their correct destination, each of the different
trafficking steps described is tightly controlled. Several diseases, including
immunodeficiencies, neurodegenerative disorders and cancer, are associated with defects in
membrane trafficking (Yarwood et al., 2020). This illustrates how important the intracellular

membrane traffic system is for the cell to function properly.
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2. The Rab GTPase family

Rab proteins are small guanosine triphosphatases (GTPases) that play a crucial role in
regulating intracellular transport. More than 60 different Rab proteins have been identified in
humans, making the Rab family the largest branch of the Ras superfamily of small GTPases
(Diekmann et al., 2011; Homma et al., 2021). The other main members of the superfamily are
the Ras, Rho, Arf and Ran GTPases (Goitre et al., 2014). All members of the Ras superfamily
contain a highly conserved guanosine triphosphate (GTP) binding domain called the G motif.
They also contain so-called “Switch regions” that change conformation upon nucleotide
binding, allowing the GTPase to function as a molecular switch (Pylypenko et al., 2018). Five
regions are specific to the Rab family, and called Rab family (RabF) motifs (Pereira-Leal and
Seabra, 2000). Furthermore, the Rabs can be divided into subfamilies that are defined by
subfamily sequence motifs (RabSF) (Pereira-Leal and Seabra, 2000).

In addition to the typical Rabs, different Rab-related proteins are considered part of the family
(Homma et al., 2021). This includes the ‘large Rab GTPases’ (Rab44, Rab45 and Rab46) and
six ‘Rab-like’ proteins (Rabl2A, Rabl2B, Rabl3, Rabl4/Ift27, Rabl5/Ift22, and Rabl6). In
contrast to the typical Rabs, which are between 20-30 kilodaltons (kDa) in size, the large Rab
GTPases have molecular weights between 70 and 150 kDa and contain long N-terminal regions
in addition to the C-terminal Rab-like GTPase domains. The knowledge on these atypical Rabs
is currently limited, but they have been implicated in membrane trafficking and cell
differentiation (Tsukuba et al., 2021). The Rab-like proteins contain a Rab-like GTPase domain,
but lack the C-terminal prenylation motif required for membrane insertion of classical Rabs.
Several of the Rab-like proteins regulate intraflagellar transport (Blacque et al., 2018; Huet et
al., 2014; Schafer et al., 2006).

2.1 Rab proteins as molecular switches

Rab GTPases function as molecular switches by cycling between two conformational states: an
active, GTP-bound form and an inactive, GDP-bound form. The conformational changes
involve two regions of the Rab protein called switch I and switch II. When GTP is bound, the
switch regions change from an unfolded state to well-defined confirmations (Miiller and Goody,
2018; Vetter and Wittinghofer, 2001). Since these regions contribute to effector binding, most

Rab proteins specifically interact with effector proteins in their GTP-bound active state
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(Pylypenko et al., 2018). By alternating between GDP and GTP-bound forms, the Rab proteins
change their ability to bind to membranes and effectors, and are able to regulate a variety of

Processes.

The nucleotide cycle of Rab proteins is controlled by two types of regulatory proteins called
guanine-nucleotide-exchange factors (GEFs) and GTPase activating proteins (GAPs) (Borchers
et al., 2021). GEFs activate Rab proteins by facilitating the release of GDP. Since there is a
large excess of GTP over GDP in the cytosol, the release of GDP leads to the binding of GTP
and activation of the Rab protein. The GTPase activating proteins (GAPs), on the other hand,
inactivate Rab proteins by stimulating their intrinsic ability to hydrolyze GTP into GDP. Rab
GEFs and GAPs can be specific for a single GTPase, or specific for a Rab subfamily (Lamber
etal., 2019).

Rab
GGTase g
/ WA

Rab REP | ——> Rab / MEP

GDP

<—
¥ ¥ 8%
To GAP o GEF oo
MQWWWWWWW
0000000000000000000000000000

Figure 2: The Rab cycle. After its synthesis, the Rab protein associates with Rab escort protein (REP) and is
presented to Rab geranylgeranyl transferase (Rab GGTase). This enzyme catalyzes the addition a hydrophobic tail
to the C-terminal end of the Rab protein, allowing it to associate with membranes. The GDP-bound prenylated Rab
is kept soluble in complex with REP or GDP dissociation inhibitor (GDI) until it is recruited to its target membrane.
Here, the Rab protein specifically associates with its target membrane either via a nucleotide exchange factor (GEF)
that exchanges GDP with GTP, or via a GDI displacement factor (GDF) which dissociates the Rab from GDI/REP
before activation by its GEF. At the membrane, the activated Rab interacts with effector proteins to perform its
function. After this, a GTPase activating protein (GAP) catalyzes GTP hydrolysis and inactivates the Rab. Finally,
GDI extracts the GDP-bound Rab from the membrane, so that it can enter a new cycle. Figure created with
BioRender.com, based on a figure by (Pylypenko et al., 2018).
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Depending on their nucleotide state, Rab proteins localize to the surface of membranes or to
the cytosol. Different proteins assist Rab proteins in this cycling, as shown in Figure 2. After
their synthesis, the GDP-bound Rab proteins first bind to Rab escort protein (REP) in the
cytosol. This complex presents the Rab to a Rab geranylgeranyl transferase (Rab GGTase)
which catalyzes a prenylation reaction where two geranylgeranyl groups are added to one or
two Cys-residues at the C-terminal end of the Rab protein (Homma et al., 2021; Seabra et al.,
1992). The hydrophobic geranylgeranyl groups function as a lipid anchor, and enable the Rab
protein to associate with membranes. After prenylation, REP keeps the Rab soluble until it
reaches its target membrane where it dissociates from REP and is activated by a specific GEF.
The GTP-bound Rab protein can then recruit its effector proteins to a specific membrane

(Pylypenko et al., 2018).

When the Rab protein has performed is function, and is no longer needed in its active state, it
hydrolyzes GTP and converts back to its GDP-bound form. Rabs have low intrinsic GTP
hydrolysis activity, and depend on GAPs to catalyze this process. Once inactivated, Rab GDP
dissociation factor (GDI) binds the GDP-bound Rab and solubilizes it from the membrane
(Ullrich et al., 1993). REP and GDI work in similar ways, and mask the lipid anchor of the Rab
protein so that it is kept soluble until it reaches its target membrane. While REP binds both
prenylated and unprenylated Rabs, GDI preferentially binds to prenylated Rabs. As a result,
REP is important for presenting the newly synthesized Rabs for prenylation, while GDI plays
a role in recycling prenylated Rabs from membranes back to the cytosol (Leung et al., 2006;

Zhen and Stenmark, 2015).

A long debated question is how each Rab protein is targeted to its specific membrane within
the cell. Before the Rab can interact with its target membrane, it must be displaced from the
complex with REP or GDI. A protein called GDI displacement factor (GDF) can interact with
the Rab-REP/GDI complex and catalyze its dissociation (Dirac-Svejstrup et al., 1997; Sivars
et al., 2003). It has been suggested that membrane localized GDFs are crucial for specific
membrane insertion (Miiller and Goody, 2018; Pfeffer, 2017). However, it is not clear
whether this mechanism is applicable to all Rabs (Homma et al., 2021). Others have argued
that GEFs are the most important determinants of specific Rab localization on membranes,
since GDIs preferentially bind to GDP-loaded, inactive Rabs. Rab activation by a GEF would
thus promote GDI dissociation and membrane insertion. Studies supporting this model have

shown that membrane-specific GEFs are sufficient for targeting a Rab GTPase to its specific
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membrane, and that retargeting of GEFs to different membranes affects the localization of
their corresponding Rab GTPases (Bliimer et al., 2013; Cabrera and Ungermann, 2013;
Schoebel et al., 2009). In addition, GAPs, effector molecules, and other factors may also
contribute to the precise targeting of Rab GTPases to various cellular membranes (Miiller and
Goody, 2018). Recently, it has also been shown that phosphorylation of Rab proteins affect
their interaction with GEFs and GDI, adding yet another layer of complexity to Rab
regulation (Xu et al., 2021).

2.2 Rab GTPases as regulators of intracellular traffic

The first members of the Rab family were identified in yeast, and found to share similarities
with the Ras proteins (Gallwitz et al., 1983; Schmitt et al., 1986). Soon after, it was discovered
that these proteins are involved in regulating vesicle transport (Goud et al., 1988; Salminen and
Novick, 1987; Segev et al., 1988). Mammalian homologues were also identified and found to
localize to distinct membranes within the cell (Chavrier et al., 1990). Today, Rab proteins are
well established as master regulators of intracellular traffic. Numerous studies have
demonstrated how Rab proteins can regulate many different steps of membrane trafficking,
including sorting, transport, tethering and fusion of vesicles (Homma et al., 2021; Pfeffer, 2017,
Zhen and Stenmark, 2015). Rab proteins carry out this function by recruiting specific effector
molecules to the- appropriate membranes. The effector proteins preferentially bind the active
(GTP-bound) Rabs, and perform the downstream functions of the GTPase. Many differet Rab
interactors have been identified, and they vary considerably in both their structure and function
(Pylypenko et al., 2018). For example, Rab proteins can interact with molecular motors to
regulate vesicle transport (Huang et al., 2001; Kjos et al., 2018; Lindsay et al., 2013; Ueno et
al., 2011), or recruit tethering molecules to bring the vesicle closer to its target membrane
(Angers and Merz, 2011; Liirick et al., 2016). Other examples of Rab effectors include sorting
adaptors, kinases and phophatases (Zhen and Stenmark, 2015). Each Rab can have multiple
effector proteins, and regulate many different processes. A single effector molecule can also
bind different Rab proteins simultaneously (Liirick et al., 2016). For example, Rabenosyn-5, a
regulator of membrane tethering and fusion of early endosomes, interacts with both Rab5 and

Rab4 (De Renzis et al., 2002).
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Figure 3: Intracellular localization of Rab GTPases. The figure shows the localization and pathways regulated
by selected Rab proteins in an epithelial cell. Figure modified from (Zhen and Stenmark, 2015) with updates from
(Kucera et al., 2015) (reversed arrow for Rab9 pathway) and (Progida et al., 2010) (addition of Rab7b).

As illustrated in Figure 3, different Rab proteins regulate specific trafficking routes, and have
distinct intracellular localizations. In this way, Rab GTPases contribute to membrane identity
and ensure that cargos are delivered to their correct destinations within the cell (Pfeffer, 2013;
Zhen and Stenmark, 2015). Due to their specific localizations, Rab proteins are used as

molecular markers of different organelles. For example, Rab5 localizes to early endosomes
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(Bucci et al., 1992), while Rab7a is present on late endosomes and lysosomes (Bucci et al.,
2000). Two different Rab proteins can also localize to the same compartment, but occupy
different microdomains and control separate pathways. For instance, there are distinct domains
enriched in Rab5 and Rab4 on early endosomes (Sonnichsen et al., 2000). Rab5 regulates the
early endocytic pathways, and controls the fusion of early endosomes (Bucci et al., 1992;
Gorvel et al., 1991). Rab4, on the other hand, regulates a recycling route from the early
endosome to the plasma membrane (van der Sluijs et al., 1992). Also on maturing endosomes,
there are Rab5-positive domains together with Rab7a. A recent study showed that these Rab5-
positive domains converge and give rise to a new Rab5-positive endosome, while the remaining
endosome turns Rab7a-positive (Skjeldal et al., 2021). Rab proteins can also function in so-
called “Rab cascades”, where the activation of one Rab causes the activation of another by
recruiting a GEF specific for the other Rab (Borchers et al., 2021). For example, Rab5 can
recruit a GEF for Rab7a onto endosomal membranes (Langemeyer et al., 2020). In this way,
Rab proteins can control the order of events, determine the identity of membranes and link

different transport pathways together.

2.3 Rab6

Rab6 was identified as a Golgi-associated small GTPase by Goud and colleagues in 1990 (Goud
et al., 1990). As more isoforms were discovered later, the first described Rab6 was renamed
Rab6A. Four proteins with similar sequences and electrostatic potentials are now grouped
together in the Rab VI subfamily: Rab6A, Rab6A’, Rab6B, Rab6C (Pereira-Leal and Seabra,
2001; Stein et al., 2012). Rab41, a slightly less similar protein, is sometimes considered a fifth
member of the family, and called Rab6D (Goud et al., 2018; Liu et al., 2013). The ubiquitously
expressed Rab6A and Rab6A’ are produced by alternative splicing of the RAB6A gene, and
differ by only three amino acids (Echard et al., 2000). Rab6B is encoded by a separate gene and
is predominantly expressed in the brain (Opdam et al., 2000). Rab6C is also expressed in a
limited number of human tissues, such as brain, testis and breast. It is produced by a retrogene

derived from the RAB6A' transcript (Young et al., 2010).

Rab6A and Rab6A’ localize to the same intracellular compartments, are expressed at similar
levels and exhibit the same GTP-binding properties (Echard et al., 2000). Most effectors bind
both isoforms, with one exception being the kinesin-like motor protein Rabkinesin-6 which

preferentially binds Rab6A (Echard et al., 2000). Although some studies have pointed to
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functional differences between the Rab6A and Rab6A’ (Del Nery et al., 2006; Echard et al.,
2000), others have shown that the two isoforms have overlapping roles in both endosome-to-
Golgi transport (Utskarpen et al., 2006) and Golgi-to-ER transport (Young et al., 2005). As the
two isoforms are both biochemically similar and largely redundant in function, they are often
collectively referred to as “Rab6” (Goud et al., 2018; Patwardhan et al., 2017; Progida, 2019;

Shomron et al., 2021) a convention that will also be followed in this thesis.

Rabé is the most abundant Golgi-associated Rab protein, and localizes to late Golgi/frans-Golgi
network (TGN) membranes and post-Golgi vesicles (Bardin and Goud, 2021; Goud et al.,
2018). Several studies have established Rab6 as a central regulator of many different transport
pathways connected to the Golgi complex, as illustrated in Figure 4. In addition, Rab6 is
involved in maintaining Golgi integrity and homeostasis (Starr et al., 2010). To perform its
multiple roles, Rab6 recruits a wide range of different effector proteins. At least 15 different
interactors of Rab6 have been described (Goud et al., 2018), including actin motors (Miserey-
Lenkei et al., 2010), microtubule motors (Hill et al., 2000; Short et al., 2002) and Golgi-
localized tethering molecules (Rosing et al., 2007). In addition, Rab6 is involved in crosstalk
with other Rab proteins, including Rab11 (Miserey-Lenkei et al., 2007) and Rab8 (Grigoriev et
al., 2011).
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Figure 4: Rab6 regulates multiple transport pathways connected to the Golgi complex. By recruiting different
effector proteins, Rab6 controls fission, translocation and docking-fusion of vesicles in different trafficking routes
including a) Golgi to plasma membrane, b) intra-Golgi transport, c) Golgi to the endoplasmic reticulum (ER) and d)
endosomes to Golgi. Figure modified from (Valente et al., 2010).

In anterograde transport, Rab6 regulates a route between Golgi and the plasma membrane,
which is important for exocytosis. White et al. found that in cells overexpressing green
fluorescent protein (GFP)-tagged Rab6, the majority of GFP-Rab6-positive vesicles moved
from the Golgi toward the cell periphery (White et al., 1999). Later, it was demonstrated that
Rab6 regulates the movement of exocytic vesicles by interacting with the kinesin motor KIF5B
(Grigoriev et al., 2007). To target the exocytic vesicles to their correct destination on the plasma
membrane, Rab6 interacts with the cortical protein ELKS (Grigoriev et al., 2007). Serra-
Marques et al. further showed that an additional kinesin motor protein, KIF13B, contributes to
the transport of Rab6 secretory vesicles to newly polymerized microtubule ends to which
KIF5B binds poorly (Serra-Marques et al., 2020). A third kinesin, KIF1C, also binds Rab6 to
regulate the movement of vesicles and control Golgi organization (Lee et al., 2015). In the
pathway between Golgi and the plasma membrane, Rab6 plays an additional role in the fission

of transport vesicles from the Golgi by interacting with both the kinesin KIF20A and the actin

10
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motor myosin II (Miserey-Lenkei et al., 2017; Miserey-Lenkei et al., 2010). The central role of
Rab6 in the secretory pathway is further supported by a study showing that inactivation of Rab6
causes a broad reduction of protein secretion (Fourriere et al., 2019). Recently, it was also
demonstrated that Rab6 is involved controlling the positioning of ER exit sites, which act as
starting points of the protein secretory pathway (Shomron et al., 2021). Here, Rab6 forms a
complex with the dynein—dynactin-binding protein Bicaudal-D2 (BicD2) to maintain Golgi-

associated ER exit sites at the cell center.

In retrograde transport, Rab6 is involved in regulating pathways between endosomes, Golgi and
the endoplasmic reticulum (ER). Depletion of Rab6, or expression of its dominant negative
mutant, inhibits transport of the receptor-binding, nontoxic B-subunit of Shiga toxin (STxB)
from early/recycling endosomes to the TGN (Del Nery et al., 2006; Mallard et al., 2002). In
addition, Rab6 regulates retrograde transport of ricin between these compartments (Utskarpen
et al., 2006). From the Golgi to the ER, Rab6 regulates a COPI-independent pathway. Martinez
and colleagues found that overexpression of a constitutively active mutant of Rab6 resulted in
redistribution of Golgi proteins to the ER, suggesting a role for Rab6 in Golgi-to-ER trafficking
(Martinez et al., 1997). In line with this, expression of the dominant negative mutant of Rab6
blocks the delivery of STxB and recycling of the Golgi glycosylation enzyme GalNAc-T2 to
the ER (Girod et al., 1999). Indeed, Rabb6 is required for the recycling of Golgi enzymes to the
ER, which is essential for maintaining Golgi homeostasis (Sengupta et al., 2015). Rab6 may
regulate this transport pathway through the interaction with dynactin. The dynactin complex
binds the motor protein dynein-1 that moves toward the minus end of microtubules (Matanis et

al., 2002; Young et al., 2005).

24 Rab7b

In 2004, Yang and colleagues identified a small GTPase that shared approximately 68 %
similarity with Rab7a and named it Rab7b (Yang et al., 2004). They further found that Rab7b,
similar to Rab7a, localizes to late endosomes and lysosomes. However, it was later
demonstrated that Rab7b also localizes to the TGN and Golgi (Progida et al., 2010). In fact,
these two GTPases regulate different transport pathways. Rab7a mediates the transport to late
endosomes and lysosomes, and is important for the degradation of several molecules such as
epidermal growth factor (EGF) and its receptor EGFR (Bucci et al., 2000; Ceresa and Bahr,
2006). Rab7b, on the other hand, does not influence this degradative pathway, but instead

11



Introduction

regulates a retrograde transport pathway from endosomes to the TGN (Progida et al., 2010).
Silencing of Rab7b causes mislocalization of TGN markers such as TGN46 to endosomes, and
affects the trafficking of the late endosomal markers CI-MPR and cathepsin. Furthermore, the
retrograde transport of the B-subunit of cholera toxin is delayed in Rab7b-depleted cells
(Progida et al., 2010).

The pathway from endosomes to the TGN is important for the recycling of sorting receptors.
Newly synthetized lysosomal enzymes are transported to lysosomes by binding the mannose-
6-phosphate receptor (MPR) in the TGN. The acidic pH of endosomes triggers their release
from the receptor, which is then transported back to the TGN to repeat the cycle. Rab7b plays
a role in this pathway, as depletion of this GTPase impairs the recycling of MPR (Progida et
al., 2010). In addition, Rab7b regulates an MPR-independent pathway involving the
transmembrane sorting receptor sortilin. Silencing of Rab7b resulted in delayed retrieval of
sortilin, and it was found that Rab7b specifically interacts with the cytoplasmic tail of sortilin

to control its recycling (Progida et al., 2012).

To understand more of how Rab7b regulates these trafficking pathways, Borg and colleagues
searched for interacting partners of this small GTPase (Borg et al., 2014). They identified
myosin II as a direct interactor of Rab7b, and found that Rab7b-mediated transport was
dependent on this motor protein. When myosin II was depleted or chemically inhibited, the
Rab7b-positive vesicles moved slower, were increased in size and clustered in the perinuclear
region. Furthermore, Borg et al. demonstrated that not only the intracellular transport, but also
other myosin II-dependent processes, were affected by Rab7b (Borg et al., 2014). Since myosin
II contracts and crosslinks actin filaments, it is involved in processes that require cytoskeletal
remodeling. Rab7b was found to affect such actomyosin-dependent processes, including stress
fiber formation, cell spreading and migration. Borg et al. proposed a model (Figure 5) in which
Rab7b regulates actin cytoskeleton dynamics through phosphorylation of the myosin II light
chain (MLC). They found that Rab7b modulates RhoA activity, and suggested that Rab7b
affects myosin phosphorylation through the RhoA-Rho kinase (ROCK) pathway. When Rab7b
activates RhoA, this leads to activation of the downstream effector ROCK kinase, which then

phosphorylates myosin II and in this way affects actin remodeling (Borg et al., 2014).
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Figure 5: Model of Rab7b regulation of actin dynamics. Rab7b interacts directly with myosin Il, and modulates
the activity of RhoA. This leads to the activation of RhoA-Rho kinase (ROCK), which through phosphorylation of
the myosin Il light chain (MLC) affects actin remodeling. As a result, actomyosin-dependent processes such as
stress fiber formation, cell adhesion and cell migration are affected. Figure from (Borg et al., 2014).

Rab7b is highly expressed in skeletal muscle, lung, placenta, heart and peripheral blood
leukocytes (Yang et al., 2004). In immune cells, Rab7b plays a role in the regulation of Toll-
like receptor (TLR) signaling. Toll-like receptors specifically recognize conserved molecular
patterns of bacteria and viruses, and activate signaling pathways to initiate immune responses.
One example of a well-studied TLR is TLR4, which recognizes the bacterial component
lipopolysaccharide (LPS) to detect infections (Poltorak et al., 1998). At the plasma membrane,
TLR4 binds LPS and is taken up by endocytosis. Wang and colleagues found that TLR4
localizes to Rab7b-positive compartments in LPS-treated macrophages and that Rab7b
negatively regulates TLR4 expression (Wang et al., 2007). After Rab7b knockdown, the
amount of TLR4 on the plasma membrane increased, and the receptor remained for a longer
time in early and late endosomes. As a result, TLR4-dependent signaling and production of
proinflammatory mediators by the macrophages increased. Conversely, increased expression of
Rab7b downregulates TLR4 signaling by affecting the recycling of the receptor to the cell
surface (Klaver et al., 2015; Wang et al., 2007). Later, Yao et al. found that Rab7b also
negatively regulates the signaling by TLR9 (Yao et al., 2009). After activation, TLR9 relocates
from the ER to late endosomes and lysosomes, where it colocalizes with Rab7b. Similar to
TLR4, silencing of Rab7b resulted in increased signaling by TLR9, underlining a role for this
small GTPase in the regulation of TLR trafficking (Yao et al., 2009).
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Rab7b is highly expressed in dendritic cells (DCs) (Yang et al., 2004), professional antigen-
presenting cells take up foreign material in peripheral tissues, and present it to T cells in the
lymph node to initiate adaptive immune responses (Cabeza-Cabrerizo et al., 2021). Sensing of
pathogenic stimuli causes DCs to enter a complex developmental program called maturation.
The maturation of DCs causes considerable changes in their properties and involves both
membrane trafficking and cytoskeleton remodeling (Banchereau et al., 2000; Reis e Sousa,
2006). These changes include decreased antigen uptake, increased antigen presenting
capabilities and increased migration (Chabaud et al., 2015b; Dalod et al., 2014). When DCs are
stimulated by the bacterial component lipopolysaccharide (LPS), Rab7b mRNA levels
dramatically increase, suggesting a specific role for this Rab in DC maturation (Berg-Larsen et
al., 2013). However, whether Rab7b has a specific function in regulating any of these processes

in DCs is not known.

2.5 Roles of Rab proteins beyond intracellular transport

Although Rab proteins are mostly known for their role in membrane trafficking, increasing
evidence demonstrates that these small GTPases are important for several other cellular
processes as well. Due to their ability to recruit a plethora of different effector proteins, Rab
proteins can function as coordinators in events that require tight temporal and spatial control.
For example, as described in the previous section, Rab7b can modulate actin cytoskeleton
organization and affect processes such as cell migration (Borg Distefano et al., 2015; Borg et
al., 2014). Rab proteins can also influence cell migration by regulating the transport of adhesion
molecules (Allaire et al., 2013; Pellinen et al., 2006). Moreover, several Rab proteins are
involved in the different steps of cell division (Gibieza and Prekeris, 2018; Miserey-Lenkei and
Colombo, 2016), including Rab5 which regulates the alignment of chromosomes on the
metaphase plate (Lanzetti, 2012), Rabl1 which contributes to mitotic spindle organization
(Hehnly and Doxsey, 2014), and Rab35 which controls cytokinesis (Kouranti et al., 2006). In
addition, different Rabs play critical roles in signaling events, and are thus crucial for embryonic
development and neurite outgrowth (Nassari et al., 2020; Numrich and Ungermann, 2014;

Villarroel-Campos et al., 2016).
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3.Small GTPases and the cytoskeleton

The cytoskeleton is a system of protein filaments that provides the cell shape and motility,
physical robustness and internal structure. It allows the cell to rearrange its inner components
as it grows, divides, moves and responds to changes. The three types of filaments that constitute
the cytoskeleton are microtubules, intermediate filaments and actin filaments. In intracellular
transport, the cytoskeleton plays a key role as it provides tracks for the transport vesicles to
move along. Microtubules have a more rigid structure than actin filaments, and are involved in
long-distance transport and the positioning of organelles (Barlan and Gelfand, 2017). Actin
filaments are flexible, and in addition to providing cell shape, they function as tracks for short-
range transport. Intermediate filaments are most known for their role in providing mechanical
strength, but there is also evidence that supports their involvement in membrane traffic

(Margiotta and Bucci, 2016; Styers et al., 2005).

The cytoskeleton is highly dynamic, and interacts with hundreds of accessory proteins that
regulate and connect the different filaments. This includes different motor proteins and adaptors
that connect cytoskeletal tracks to vesicles and organelles (Cross and Dodding, 2019), actin-
binding proteins that regulate actin polymerization (Pollard, 2016), and microtubule-binding
proteins that regulate microtubule assembly (Goodson and Jonasson, 2018). Members of the
Ras superfamily of small GTPases are also important regulators of the cytoskeleton. Most
known for this role is the Rho family, which has 20 members in humans. The most studied Rho
GTPases, Rho, Rac and Cdc42, have well established roles in regulating the actin cytoskeleton
and thereby control processes such as cell migration, cytokinesis and macropinocytosis (Croisé
et al., 2014; Crosas-Molist et al., 2021; Mosaddeghzadeh and Ahmadian, 2021; Ridley, 2015a).
More than 70 effector proteins for these GTPases have been identified, including kinases that
activate downstream phosphorylation cascades, and scaffolding proteins that organize signaling
cascades (Mosaddeghzadeh and Ahmadian, 2021). In this way, the Rho GTPases activate
signaling networks that contribute to actin polymerization, cell adhesion, cell polarity and

microtubule stabilization (Crosas-Molist et al., 2021; Mosaddeghzadeh and Ahmadian, 2021).

More recently, the Rab GTPases have also been linked to the regulation of the cytoskeleton.
Many of these small GTPases can interact directly with cytoskeletal components. One example
is the previously mentioned interaction between Rab7b and myosin II, which plays a role in

both trafficking and cytoskeletal dynamics. Another example is Rab1, which directly interacts
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with WASP homologue associated with actin, membranes, and microtubules (WHAMM). This
protein contributes to Arp2/3-mediated actin assembly, and is important for membrane tubule
elongation. Rabl negatively regulates the activity of WHAMM, and thus slows down actin
assembly when it recruits WHAMM to membranes (Russo et al., 2016). Furthermore, Rab
proteins can interact with the Moleculas Interacting with CasL. (MICAL)-family proteins.
MICALSs oxidize actin molecules, and cause actin depolymerization (Frémont et al., 2017).
Both Rab13 and Rab35 interact with members of this family to coordinate vesicular trafficking

and actin reorganization (Rahajeng et al., 2012; Terai et al., 2006).

In addition to interacting with cytoskeletal components, Rab GTPases can regulate the
cytoskeleton through crosstalk with the Rho GTPases. For example, Rab7a interacts directly
with the Rho GTPase Racl, and modulates its activity. This interaction is important for late
endosomal transport in osteoclasts, but also for cell migration (Margiotta et al., 2017; Sun et
al., 2005b). Also Rab5 can control Racl activity, and the interaction between these two
GTPases is important for cell migration (Palamidessi et al., 2008). Furthermore, there are
several examples of Rab GTPases that control the activity of the Rho GTPase Cdc42. Rab8
modulates the activity of Cdc42 in epithelial cells to control polarization and lumen formation
(Bryant et al., 2010), while Rab14 interacts with Cdc42 to establish cell polarity (Lu and
Wilson, 2016). Similarly, also Arf GTPases are involved in crosstalk with Rho GTPases. For
example, Arf6 interacts with Racl at the plasma membrane and in this way regulates membrane
ruffling and cell migration (Cotton et al., 2007; Radhakrishna et al., 1999; Santy and Casanova,
2001; Zhang et al., 1999). Another example is the crosstalk between Arfl, RhoA and RhoC. By
modulating the activity of RhoA and RhoC, Arfl affects the phosphorylation of the myosin
light chain and in this way influences cancer cell invasiveness (Schlienger et al., 2014). All
these examples highlight how intracellular membrane transport and the cytoskeleton are
interconnected, and how different GTPases can cooperate to coordinate complex cellular

Processes.

4. Cell migration

Cell migration is a fundamental cellular process that strongly depends on the cytoskeleton. It is
essential for embryonic development, immune surveillance and tissue repair. At the same time,

cell migration plays a role in diseases such as cancer and immune disorders (Crosas-Molist et
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al., 2021; Worbs et al., 2017). It is therefore important that the process of cell migration is
tightly regulated.

Cells can adopt different motility modes, which can be both cell-type dependent and regulated
by the extracellular environment. The best characterized type of cell migration is the
mesenchymal mode, typical of fibroblasts or cancer cells moving on a flat, two-dimensional
(2D) substrate and characterized by strong cell-substrate adhesion (Figure 6, top). This classical
mode of migration is often described as a multistep cycle, beginning with polymerization of
actin at the cell front. The actin filaments drive the plasma membrane forward to form
protrusions, which can be lamellipodia (thin, sheet-like protrusions) and/or filopodia (small,
finger-like protrusions) (Lehtimaéki et al., 2017). Lamellipodia formation involves activation of
the Rho GTPase Racl, while filopodia formation involves Cdc42 (Ridley, 2015a). The
protrusions are stabilized by the formation of adhesions that link the cytoskeleton to the
underlying substrate. The cell can bind to extracellular matrix proteins via transmembrane
receptors termed integrins and form different types of adhesion complexes (Doyle et al., 2022).
Finally, the adhesions at the cell rear detach and the back of the cell retracts using actomyosin
contractility, which is promoted by RhoA. After this, the cycle repeats and a new protrusion is

formed at the front of the cell (Ridley et al., 2003; Yamada and Sixt, 2019).

In recent years, it has become clear that cells can adopt a number of migration modes that differ
from the classical 2D cycle (Bodor et al., 2020). During wound healing or in the developing
embryo, cells often move as groups or sheets rather than individually. In this type of migration,
known as collective cell migration, the cells are physically connected and retain cell-cell
junctions during movement. This allows the cells to communicate and coordinate their

cytoskeletal dynamics (Mishra et al., 2019).
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Figure 6: Comparison of mesenchymal migration on a flat surface, and amoeboid migration in a
microchannel. Top: Example of mesenchymal migration on flat surfaces. The cell forms protrusions such as
lamellipodia and filopodia at its front. The protrusions are stabilized by adhesions to the underlying substrate. After
this, the adhesions at the back detach and the cell rear retracts using actomyosin. Bottom: Example of amoeboid
migration in a confined environment. This type of migration is characterized by actin polymerization at the front to
generate protrusive flow, together with squeezing contractions driven by actomyosin at the cell rear. Cortical actin
polymerization generates pushing forces and friction, enabling the cell to move independently of adhesion
molecules. Figure made by Katharina and Linnea Vestre, based on figures by (Callan-Jones and Voituriez, 2016;
Heuze et al., 2013).

Another type of motility is the amoeboid migration used for example by immune cells (Figure
6, bottom). In this type of migration, the cells adopt round or irregular shapes and undergo
cycles of expansion and contraction to squeeze through gaps in the extracellular matrix (Liu et
al., 2015). In contrast to the classical 2D migration, amoeboid migration is characterized by
weak or absent adhesion. For instance, DCs migrate independently of integrin-mediated
adhesion in confined environments such as micro-fabricated channels. Instead, their movement
depends on forces generated by actin polymerization, and myosin-driven contractions (Heuze
et al., 2013; Lammermann et al., 2008; Renkawitz et al., 2009). The DC generates pressure
against the walls of the channel by polymerizing its cortical actin network. By building up a

pressure gradient, the cell is able to create friction and move through the channel independently
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of adhesion molecules. At the cell front, actin polymerization promotes protrusive flowing, and
at the cell rear, myosin II drives squeezing contractions and propels the rigid nucleus through
narrow spaces (Barbier et al., 2019; Chabaud et al., 2015b; Heuze et al., 2013). The DC also
uses its actin cytoskeleton to deform the nucleus when passing through constrictions (Thiam et
al., 2016). This motility mode is highly efficient, and allows the immune cells to pass through

complex and narrow environments without damaging them by proteolysis.

The complex 3D environment that surrounds cells in vivo largely affects how they migrate.
Under these conditions, the cells need to navigate through narrow structures and interact with
their neighbors. To overcome different challenges, cells can flexibly change between different
migration modes (Liu et al., 2015; Vargas et al., 2017; Yamada and Sixt, 2019). For example,
under conditions of low adhesion and high confinement, slow mesenchymal cells can

spontaneously switch to a fast amoeboid migration mode (Liu et al., 2015).

5. Primary cilia and the cell cycle

Similar to cell migration, cell division is a fundamental cellular process that requires tight
control and cytoskeletal remodeling. Before a cell divides, it passes through an orderly series
of events that is altogether known as the cell cycle. A plethora of different proteins are involved
in regulating this cycle and ensuring that problems are solved before the cell progresses to
divide. For example, if the cell detects DNA damage, it can halt the cell cycle and attempt to
repair the damage (Smith et al., 2020). The cell can also activate a checkpoint at the very end
of division if the chromosomes are not properly segregated between the two daughter cells

(Steigemann et al., 2009).

As illustrated in Figure 7 the cell cycle is divided in four phases: Gi, S, G2 and M phase. A cell
that has exited the cell cycle enters a resting state known as Go. In the G and G> phases, the
cell grows and monitors its internal and external environment to ensure that it is ready to divide.
In the S phase, the cell synthesizes DNA to make a duplicate of each chromosome. In M phase,
the cell divides. The main events of M phase are the nuclear division (mitosis) and the
cytoplasmic division (cytokinesis). During this phase, the microtubule cytoskeleton rearranges
to form the mitotic spindle, which aligns at the cell equator and segregates the duplicated

chromosomes. The actin filaments form a contractile ring around the middle of the dividing cell

19



Introduction

that pinches the cell in two after the daughter nuclei have formed. This results in the formation

of two separate cells that can continue the cycle, or exit it and enter the Go resting state.

Assembly of
Gy primary cilium

G,

Growth

Cytokinesis

Mitosis

Resorption of
primary cilium

Duplication of

chromosomes
Growth

Figure 7: The cell cycle. In G+, the cell grows and prepares for the next steps of the cycle. As the cell progresses
towards S phase, the primary cilium is disassembled. In the S phase, the cell replicates its DNA to have two copies
of each chromosome. In Gz, the cell grows again and prepares for cell division, which happens in the M phase. In
M phase, the chromosomes are distributed into a pair of daughter nuclei (mitosis) and the cytoplasm is divided in
two (cytokinesis). As the cell exits the cycle, it will again assemble a primary cilium, either in Go or G1 phase. Figure
created in BioRender.com.

As the cell prepares to divide, it loses a specialized organelle called the primary cilium (Figure
7). Almost all cell types exhibit this sensory organelle that protrudes from the cell surface. The
primary cilium functions as an antenna, and is involved in many crucial signaling pathways for
development and tissue homeostasis (Gigante and Caspary, 2020). Defects in cilia are
associated with a group of diseases called ciliopathies that affect many different tissues and
organs. Prevalent symptoms of these diseases include cystic kidneys, obesity, retinal

degeneration, skeletal malformations and brain anomalies (Reiter and Leroux, 2017).

The primary cilium consists of a microtubule scaffold, the axoneme, which extends from a
structure called the basal body. The axoneme of the primary cilium is composed of a ring of
nine microtubule pairs, but unlike the motile cilia (or flagella) it has no central microtubule pair

to initiate movement. The basal body derives from the mother centriole of the centrosome
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(Kumar and Reiter, 2021). During mitosis, the centriole duplicates and functions as an organizer
of the mitotic spindle. Afterwards, it migrates to the cell surface to form the basal body. Because
of this dual role of the centriole, the cilium must be disassembled prior to mitosis (Breslow and
Holland, 2019; Malicki and Johnson, 2017). Thus, the regulation of cilium assembly and
disassembly is closely linked to the cell cycle. Indeed, key regulators of mitosis can also
function in primary cilia regulation, and ciliary proteins have roles in cell division (Doornbos
and Roepman, 2021; Vitre et al., 2020). For example, the ciliary protein IFT88 plays a role in
spindle orientation in mitosis (Delaval et al., 2011), while the cell cycle regulator anaphase-

promoting complex controls the length and disassembly of primary cilia (Wang et al., 2014).

5.1 Intraflagellar transport

The membrane that surrounds the cilium is continuous with the plasma membrane.
Nevertheless, the composition of the ciliary membrane and cytoplasm are distinct from their
surroundings. A region at the base of the cilium called the transition zone functions as a
diffusion barrier, and prevents molecules from passively entering the cilium. Since there are no
ribosomes in the cilium, all the required proteins need to be imported (Lechtreck et al., 2017).
A specialized transport system termed intraflagellar transport (IFT) mediates the transport into

and out of both motile and primary cilia (Kozminski et al., 1993) (Figure 8).

IFT involves large protein arrays called IFT trains that move along axonemal microtubules. The
trains are assembled from two complexes, IFT-A and IFT-B, at the ciliary base. These
complexes interact with microtubule motors and cargos to mediate the transport of molecules
into and out of the cilium. Anterograde movement toward the ciliary tip is mediated by kinesin-
2 (Cole et al., 1998). At the ciliary tip, the IFT trains remodel into retrograde trains that interact
with dynein-2 in order to move back to the base of the cilium (Pazour et al., 1998). IFT-A and
IFT-B move together within the cilium, but have different functions. IFT-B is composed of 16
subunits and contributes to anterograde transport. IFT-A, on the other hand, is involved in
retrograde transport, and is composed of six subunits and the adaptor TULP3 (Nakayama and
Katoh, 2020). Another protein complex called the BBSome connects to the IFT complexes and
acts as a cargo adaptor for ciliary membrane proteins. For this reason, the BBSome is essential

for the trafficking of signaling receptors (Nakayama and Katoh, 2020).
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Figure 8: Intraflagellar transport (IFT) in the primary cilium. The non-motile primary cilium extends from the
basal body, which derives from the mother centriole. The microtubule scaffold, called the axoneme, consists of a
ring of nine microtubule pairs. The transition zone (TZ) functions as a diffusion barrier, and contains specialized
structures called Y-links and basal body transition fibers (TFs). IFT trains mediate transport toward the ciliary tip
(anterograde IFT) and back to the base of the cilium (retrograde IFT). In anterograde IFT, the IFT-B complex
interacts with kinesin-2 to mediate movement along the axonemal microtubules. In this way, cargo such as tubulin
is transported into the cilium. At the ciliary tip, the IFT trains remodel and IFT-A interacts with dynein-2 to move
back to the base of the cilium. The BBSome connects to the IFT complexes and works as a cargo adaptor for ciliary
membrane proteins such as signaling receptors. This allows the primary cilium to function as a cell antenna and
transduce signals form the extracellular environment. Figure modified from (Anvarian et al., 2019).

The IFT proteins typically have protein-protein interaction domains such as tetratricopeptide
repeats (TPR), WDA40 repeats and coiled-coils. These domains both promote interactions
between the different IFT proteins, and enable them to function as adaptors (Jordan and Pigino,
2021). However, two IFT proteins, namely IFT22 and IFT27, do not contain these types of
domains. In fact, these proteins share sequence similarities with the Rab GTPases, and are also
known as Rab-like proteins (Qin et al., 2007; Schafer et al., 2006; Silva et al., 2012). The Rab-

like proteins are most likely unable to bind membranes, since they lack the C-terminal
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prenylation motif that is found in classical Rabs. However, both IFT22 and IFT27 have GTP
binding domains and detectable GTPase activity. While IFT22 lacks the G4 motif and has a
highly diverse G5 motif, IFT27 contains all five Rab motifs for GDP/GTP binding (Bhogaraju
etal., 2011; Wachter et al., 2019).

5.2 IFT27

IFT27 was first characterized in the single-celled green algae Chlamydomonas reinhardtii,
where it was found to localize to the flagellum and basal body (Qin et al., 2007). Qin and
colleagues demonstrated that GFP-IFT27 co-localized with other IFT proteins and moved bi-
directionally in the Chlamydomonas flagellum. In addition, they found that IFT27 affected
cytokinesis and suggested a role for this protein in cell cycle regulation (Qin et al., 2007). IFT27
is part of the IFT-B complex, where it interacts directly with IFT25 to form an IFT25/27
subcomplex (Lucker et al., 2005). IFT25/27 becomes part of the IFT-B core by interacting with
the IFT81/74 subcomplex. While the interaction between IFT27 and IFT25 is nucleotide-
independent, the association of IFT27 with the rest of IFT-B requires it to bind GTP (Bhogaraju
etal., 2011; Huet et al., 2014; Liew et al., 2014). IFT25 and IFT27 associate with the rest of the
IFT-B complex before entry into the flagellum, suggesting that they are involved in regulating
the initiation of anterograde IFT (Wang et al., 2009). In the unicellular parasite
Trypanosoma brucei, IFT27 controls both anterograde and retrograde ciliary transport and is
involved in flagellum formation (Huet et al., 2014). Huet and colleagues found that IFT27 is
involved the import of the IFT-A complex and dynein motors into cilia, as well as and in the

assembly of the [FT-B complex (Huet et al., 2014).

In mice, IFT27 controls sperm flagella formation and is required for spermatogenesis and male
fertility (Zhang et al., 2017). Other studies in mouse cells have shown that IFT27 plays an
important role as a link between the IFT complex and the BBSome. In IFT27 knockout mice,
the BBSome and its regulators Arl6 and Lztfll accumulate in primary cilia (Eguether et al.,
2014). IFT27 interacts directly with and stabilizes the nucleotide-free form of Arl6, promoting
its activation (Liew et al., 2014). Activated Arl6 in turn triggers BBSome coat formation and
the sorting of membrane proteins into the cilium. Lztfll functions downstream of IFT27 to
regulate the transport of signaling receptors out of the cilium (Eguether et al., 2014). These
interactions have important consequences for the hedgehog signaling pathway. Indeed,

Eguether et al found that IFT27 knockout mice have defects in almost all steps of the signal
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transduction cascade (Eguether et al., 2018; Eguether et al., 2014). The mice lacking IFT27
have multiple developmental defects typical of defective hedgehog signaling, including
abnormal kidneys, polydactyly and cleft palate, and die before birth (Eguether et al., 2018;
Eguether et al.,, 2014). Similarly, zebrafish injected with morpholino oligos to prevent
expression of IFT27 also display typical ciliopathy phenotypes (Aldahmesh et al., 2014). In
humans, different mutations in IFT27 are associated with Bardet-Biedl syndrome (BBS), a
ciliopathy characterized by multiple symptoms, including kidney dysfunction, polydactyly,
retinal degeneration, intellectual disabilities and obesity (Aldahmesh et al., 2014; Schaefer et
al., 2019). These symptoms have been linked to the role of IFT27 in BBSome transport, but the

precise mechanisms underlying the disease are unknown.

IFT27 is an evolutionary conserved protein present in the majority of ciliated organisms, but it
is absent in the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans.
There are also differences in IFT27 functions between species and cell types. For example,
knockdown in Trypanosoma brucei causes shortening of the flagella. However, in mouse
embryonic fibroblasts lacking IFT27, the cilia length and numbers are normal. Furthermore, a
possible role of IFT27 in cell division has been reported in Chlamydomonas (Qin et al., 2007).
Whether this function also applies for other organisms remains to be investigated. Only one
study partially addressed the role of IFT27 in mammalian cell division in (Taulet et al., 2017).
Taulet et al. found that IFT27 interacts with the mitotic regulator Aurora B kinase, and that
depletion of IFT27 prevents Aurora B localization at the central spindle in anaphase (Taulet et
al., 2017). As the majority of studies on IFT27 have focused on its role in cilia, the knowledge

on IFT27 in cell division is currently limited.
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Aim of the thesis

The overall aim of this thesis was to investigate and characterize novel roles of members of

the Rab family of small GTPases in cell migration and cell division.

The more specific aims of the included papers were as follows:

Paper 1:

The small GTPase Rab6 regulates multiple transport pathways connected to the Golgi
apparatus. To mediate these different trafficking routes, Rab6 interacts with several effector
proteins, and one of them is the actin motor protein myosin II. Our lab found that another small
GTPase, Rab7b, by interacting with myosin II, regulates actomyosin dynamics and plays a dual
role in both intracellular transport and cell migration. Therefore, the aim of paper 1 was to
investigate whether Rab6 has a similar role in the regulation of actomyosin dynamics and cell

migration, with particular focus on the crosstalk with Rho GTPases.

Paper 2:

Dendritic cells (DCs) are cells of the immune system. Upon encountering a pathogenic
stimulus, DCs start a maturation process that involves considerable changes in their phenotype
and functions. Interestingly, Rab7b is highly expressed in DCs and its mRNA levels
dramatically increase 4 hours after pathogenic stimuli. However, the specific function of Rab7b
in these specialized immune cells is not known. The aim of paper 2 was to characterize the role

of Rab7b in DCs, focusing on the specialized functions that characterize DC maturation.

Paper 3:

IFT27 is a Rab-like GTPase known for its role in intraflagellar transport, the bidirectional
trafficking required for the function and maintenance of cilia. Mutations in [FT27 cause Bardet
Biedl-syndrome (BBS), a ciliopathy characterized by a broad range of symptoms. However,
how these mutations interfere with IFT27 function has not been investigated before. Previous
work in single-celled organisms suggested that IFT27 is also involved in cell division, but not
much is known about this function of IFT27 in mammalian cells. The aim of Paper 3 was to
investigate the role of IFT27 in mammalian cell division, and characterize disease variants of

IFT27 to improve our understanding of the mechanisms behind BBS.
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Summary of included papers

Paper 1

Rabé6 regulates cell migration and invasion by recruiting Cdc42 and modulating its
activity

Rab6 is a small GTPase that regulates several transport pathways connected to the Golgi
complex. By interacting with many different effector molecules, Rab6 controls both retrograde
trafficking between endosomes, Golgi and the ER and anterograde trafficking between Golgi
and plasma membrane. One of the effectors of Rab6 is the actin motor protein myosin II.
Through this interaction, Rab6 controls the fission of transport vesicles from the Golgi. Another
Rab protein, namely Rab7b, also interacts with myosin II, and in this way regulates not only
regulates trafficking, but also actin cytoskeleton dynamics and cell migration. We therefore
investigated whether Rab6, similar to Rab7b, affects cell migration through its interaction with
myosin II. To do this, we performed wound healing assays and found that knockdown of Rab6
increases cell speed. We further found that depletion of Rab6 affected actin dynamics, causing
an increase in the formation of actin protrusions, and myosin II phosphorylation. Moreover, we
showed that Rab6 modulates the activity of the Rho GTPase Cdc42 at the cell periphery. We
finally provided a molecular mechanism behind this regulation by showing that Rab6 interacts
with both Cdc42 and its GEF Trio. In this way, we demonstrated that a Rab protein can control
the local activation of Rho GTPases to regulate the cytoskeletal rearrangements required for

cell migration.
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Paper 2

Rab7b regulates dendritic cell migration by linking lysosomes to the actomyosin
cytoskeleton

Rab7b is a small GTPase that localizes to late endosomes, lysosomes and the trans-Golgi
Network (TGN) and regulates the retrograde trafficking of different sorting receptors. By
interacting directly with the actin motor protein myosin II, Rab7b not only mediates the
movement of transport vesicles, but also modulates cytoskeletal remodeling. Rab7b is highly
expressed in dendritic cells (DCs), which are specialized immune cells that patrol the body in
order to find and take up foreign material. When DCs encounter antigens, they begin a
maturational process and migrate to the nearest lymph node to initiate an adaptive immune
response. Previous studies had demonstrated that there is a dramatic increase in Rab7b levels
shortly after pathogenic stimuli, but the function of this small GTPase in DCs was unknown.
Therefore, we investigated whether Rab7b could be involved in the changes that occur during
DC maturation. Our results demonstrated that silencing of Rab7b did not prevent the maturation
of DCs or their ability to present antigens. However, we found that Rab7b interfered with the
polarization of the actomyosin cytoskeleton required for efficient cell migration. In the absence
of Rab7b, LPS-treated DCs moved slower and less persistently and retained the macropinocytic
activity that is typical of immature DCs. Furthermore, Rab7b knockout DCs had a reduction in
myosin II phosphorylation and impaired lysosomal signaling. Finally, we demonstrated that
Rab7b interacts with the lysosomal Ca** channel TRPMLI1 to mediate the local activation of
myosin II at the cell rear required for cell migration, thus functioning as a physical link between

lysosomes and the actomyosin cytoskeleton.
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Paper 3

IFT27 regulates cytokinesis by interacting with CENPJ and Aurora B

IFT27 (also known as RABL4) is a Rab-like GTPase known to regulate intraflagellar transport
(IFT), the transport system that is required for the function and maintenance of cilia. Genetic
studies have linked different mutations in [FT27 to Bardet Biedl syndrome (BBS), a disease
characterized by a broad range of symptoms, including retinal degeneration, kidney
dysfunction, polydactyly and obesity. These symptoms have mainly been explained by defects
in primary cilia function, but increasing evidence suggests that the IFT proteins also have
additional roles in regulation of the cell cycle and proliferation. We therefore investigated
whether IFT27 plays a role in cell division, in addition to its canonical role in ciliary transport.
Our results showed that knockdown of IFT27 increased cell proliferation, and that the
localization and expression of IFT27 is cell cycle dependent. After telophase, we observed a
strong increase in IFT27 expression, and found that the protein localizes to the midbody. We
also demonstrated that overexpression of GFP-IFT27 caused a delay in abscission. To further
investigate how IFT27 regulates this process, we searched for novel interactors and identified
the microtubule regulator CENPJ as interacting partner of IFT27. Finally, we showed that
disease variants of IFT27 cause defects in cytokinesis, and were unable to bind both CENPJ
and the mitotic regulator Aurora B. Taken together, our findings reveal a novel role for IFT27
in cytokinesis, and suggest that defects in cell division could contribute to the symptoms of

BBS.
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Methodological considerations

Cell lines and in vitro generation of DCs

In the papers included in this thesis, we have used various types of mammalian cells to answer
different biological questions. In paper 1 and 3, we used different immortalized cell lines. These
cells are cost effective, easy to use and provide consistent samples of pure populations (Kaur
and Dufour, 2012). Immortalized cell lines are able to divide indefinitely and can be kept in
culture for long periods. However, cell lines that are kept in culture for too long change due to
selective pressures and genetic drift. This can make them less reliable models and affect
reproducibility (Hughes et al., 2007). Therefore, the passage number should be monitored, and
the cells should be exchanged regularly from frozen stocks. Furthermore, cell lines should be
monitored for contamination by mycoplasma regularly. In addition, a cell line can become
contaminated by another cell line. STR profiling, isoenzyme analysis, and contamination tests
should be routinely used to authenticate cell lines (Capes-Davis et al., 2019; Hughes et al.,

2007).

The cervical cancer cell line HeLa, used in both paper 1 and 3, was the first successful attempt
to culture a continuous human derived cell line (Gey et al., 1952). Today, HelLa is still one of
the most commonly used cell lines. These cells are well characterized and easy to transfect with
siRNAs or DNA constructs. Furthermore, their flat, epithelial morphology make them well
suited for imaging studies. The human osteosarcoma U20S cell line (Pontén and Saksela, 1967)
used in paper 1 and 3 offers similar advantages. In paper 1, we also used the human retinal
pigment epithelium RPE-1 cell line. These cells have been immortalized through transfection
with human telomerase reverse transcriptase (hTERT), and offer an alternative to cancer cell
lines (Bodnar et al., 1998; Jiang et al., 1999). We also used the human non-small cell lung
carcinoma cell line H1299 for the xenotransplantation into zebrafish experiments in paper 1.
The H1299 cells were chosen because they have known invasion/metastasis potential and have
been successfully used for similar experiments in previous studies (Moshal et al., 2011; Paul et
al., 2015; Vaughan et al., 2015). In both paper 1 and 3, several of the experiments were repeated
with different cell lines to verify that the results were not particular for only a specific cell type.

For example, the results from the migration assays initially performed on U20S cells in Paper
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1 were confirmed using RPE-1 cells. In paper 3, we confirmed the localization of IFT27 to the

midbody and its effect on cell proliferation in both HeLa and U20S cells.

In paper 2, we used primary cells, namely monocyte-derived DCs (MDDCs) and bone marrow-
derived DCs (BMDCs) for our experiments. These cells provide a more physiologically
relevant model, as they are obtained from fresh, healthy tissues and are not immortalized.
However, for this reason the amount of cells available for each experiment is

limited. Furthermore, primary cells are more challenging to transfect than standard cell lines.

To obtain MDDCs, we used monocyte precursors from buffy coats from human blood donors.
For the BMDCs, we used the bone marrow of C57BL/6 mice. The cells were grown in culture
medium supplemented with specific cytokines to generate DCs. In the body, there are many
different subtypes of DCs that can be classified based on their location, properties and
transcriptional profiles. Monocytes can give rise to functionally different DCs depending on the
cytokine mix added. Therefore, the cytokines should be chosen so that the type of DCs
generated best fits the purpose of the experiment (Cechim and Chies, 2019). The most
commonly used cytokines for generating MDDCs is a mix of interleukin 4 (IL-4) and
granulocyte-macrophage colony-stimulating factor (GM-CSF), which was used in our
experiments in paper 2. These cytokines inhibit the monocytes from differentiating into
macrophages (Cechim and Chies, 2019). For the BMDC s, it is common to use GM-CSF only
to generate DCs, and we followed a protocol used in previous studies where BMDC migration
was investigated (Chabaud et al., 2015a; Faure-André et al., 2008; Vargas et al., 2016b). To
generate mature DCs, different agents can be used, including inflammatory signals such as
tumor necrosis factor (TNF) and bacterial derivates (Brunner et al., 2000; Han et al., 2009;
Jonuleit et al., 1997; Zobywalski et al., 2007). In our experiments, we used the bacterial derivate
LPS, which is one of the most widely used agents to stimulate DC maturation (Alloatti et al.,
2016; Bretou et al., 2017; Granucci et al., 1999; Vargas et al., 2016b). LPS is a molecule present
on the outer surface of almost all Gram-negative bacteria, and induces DC maturation by

stimulating TLR4 signaling (Michelsen et al., 2001; Park and Lee, 2013).
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Methods to deplete proteins

A typical way to study the function of a particular protein is to deplete the protein of interest
from cells and investigate the consequences of this depletion. RNA interference (RNAIi) is a
fast and effective method for this purpose (Dana et al., 2017). This method takes advantage of
a biological process in which double-stranded RNA is involved in specific suppression of gene
expression. By introducing specific small interfering RNA (siRNA) molecules into cells, it is
possible to prevent the translation of a protein of interest. The siRNA molecules can be
delivered through lipid transfection reagents, electroporation or via the use of viruses. The latter
method can be effective for cells that are difficult to transfect, but requires strict laboratory
safety procedures. Lipid-based transfection is fast and easy to perform, and was used for all our
experiments with cell lines. However, these reagents are not suitable for the primary immune
cells used in paper 2. For these cells, we instead used electroporation to transfect cells. Even
though this method works on primary cells, the silencing efficiency is much lower compared to

what was achieved in cell lines.

A major concern that needs to be addressed in all experiments using RNAI, is the risk of off-
target effects (Cullen, 2006; Neumeier and Meister, 2021; Seok et al., 2018). Off-target effects
can occur when the siRNA used also targets other genes than the one it was designed to target,
thus affecting their expression. The best way to control the specificity of an effect caused by
RNAI silencing, is through rescue experiments (Cullen, 2006). In these experiments, cells are
first depleted of the protein of interest with siRNAs, before the protein is re-introduced through
transfection with a DNA construct. If the re-introduction of the gene abolishes the effect caused
by silencing, this is a strong indication that the effect is specific. This control was included for
several of the experiments in paper 1. However, rescue experiments can be difficult to include
if the transfection efficiency is low, as was the case in paper 2 where we used primary cells. In
paper 3, rescue experiments were also challenging due to the cell-cycle dependent expression
of the protein. An alternative to rescue experiments is to verify the effects caused by silencing
using different siRNA molecules that target non-overlapping regions of the gene of interest. In
many of the experiments included in this thesis, we compared the effects in two groups of
silenced cells, where we used two different siRNA sequences to target the protein of interest.
When using RNAI, there could also be non-specific effects related to the siRNA delivery
method. Therefore, we included a negative control using an siRNA that does not target a

specific gene in all RNAi experiments in this thesis.
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The effect of RNAI is only temporary, and the protein of interest is not completely depleted.
Therefore, it is often referred to as a gene knockdown. A gene knockout, on the other hand,
involves modifications to the DNA of the organism that causes the gene of interest to be
completely removed. Due to the challenges associated with transfecting primary cells in paper
2, we also used knockout cells from genetically modified mice. The mice used were so-called
conditional knockout mice, as the Rab7b gene was not removed from all cells in the organism.
Instead, the gene was depleted specifically from cells positive for CD11c, which includes
BMDCs. The advantage of using a conditional knockout is that it only affects the cells of
interest. This allows the cells to develop within a normal physiological environment. In terms
of animal welfare, there is also a lower risk that the knockout will affect the health and

wellbeing of the animal, compared to when a complete knockout is introduced.

Microscopy

The microscope is one of the most important tools in cell biology. In the papers included in this
thesis, we used various techniques of advanced light microscopy, including laser scanning
confocal microscopy, spinning disk confocal systems, super-resolution microscopy,
fluorescence resonance energy transfer (FRET) microscopy, total internal reflection

fluorescence (TIRF) microscopy and optical tweezers.

In confocal microscopy, laser light is used to excite fluorescent molecules. The emitted light
passes through a pinhole that cuts off signals that are out of focus, so that only a thin plane at a
specific depth of the sample is imaged. This offers a major advantage compared to conventional
wide field fluorescence microscopy, where light collected from below and above the focal plane

generates blur and a higher background.

In laser scanning confocal microscopy, the sample is scanned point-by-point using a focused
laser beam. The laser scanning instruments allow very thin optical sectioning and high
resolution. However, it can be time consuming to produce images. For high-speed imaging of
fast moving objects, a spinning disk system may provide a better alternative. In this system, a
rotating disk with a pattern of hundreds of pinholes is used. The pinholes are arranged so that
every part of the image is scanned while the disk is spinning. This improves the speed of image

acquisition and reduces photo damage. However, the spinning disk systems cannot deliver as
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thin optical sections as the laser scanning systems. There are thus advantages and disadvantages
with both these types of confocal microscopes. We used both laser scanning and spinning disk
confocal microscopes in all three papers included in this thesis. Spinning disk microscopes were
used to image fast intracellular events such as the movement of vesicles (Paper 1) and
macropinosome dynamics (Paper 2). In addition, we used a spinning disk microscope for time-
lapse imaging over several hours to study cell division, since this microscope allowed us to use

lower laser power and thus reduces photo toxicity (Paper 3).

The resolution of optical microscopes is limited by the diffraction of light. Consequently, the
smallest resolvable distance between two points cannot be less than half the wavelength of the
imaging light. This means that the resolution is limited to around 200 nanometers in
conventional confocal microscopes (Sigal Yaron et al., 2018). However, it is possible to
overcome this limit through different techniques known as super-resolution microscopy. In
paper 2, we took advantage of the Airyscan detector from Zeiss to achieve super-resolution.
Instead of a physical pinhole, this system uses a 32-element detector array where each detector
element behaves as a pinhole of very small diameter. The system combines this with linear
deconvolution to achieve an almost two-fold increase in resolution in all three spatial
dimensions. By using this system in Paper 2, we could study the intracellular localization of
Rab7b and TRMPLI in DCs in more detail, and distinguish small vesicles. In Paper 3, we used
the super-resolution mode to image GFP-IFT27 in U20S in order to make an accurate 3D

reconstruction of its localization to the midbody ring.

Confocal microscopy makes it possible to determine if two proteins share the same intracellular
location. However, protein interactions happen at a few nanometers range. Advances in super-
resolution technologies has made it possible to reach resolutions of tens of nanometers, but to
detect interactions that occur at length scales below 10 nanometers, FRET microscopy can be
used (Grecco and Verveer, 2011). FRET microscopy is suitable for studying intermolecular
associations, detect conformational changes of proteins and investigate other biological
phenomena that produce changes in molecular proximity (Grecco and Verveer, 2011) (Figure

9).
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Figure 9: Examples of FRET sensors. A) FRET sensor to detect a conformational change. A conformational
change in the linking proteins causes a change in the distance and orientation between the donor an acceptor
fluorophores, producing a FRET signal. B) A FRET sensor to detect cleavage. When the linker between the donor
and acceptor fluorophores is cleaved by a protease, there is a loss of FRET signal. C) FRET between a donor
fluorophore and multiple acceptors occurs on binding of the probe molecule. D) FRET to detect interactions between
two different proteins labelled with donor or acceptor fluorophores. Figure from (Grecco and Verveer, 2011).

The technique is based on a physical process by which energy is transferred from an excited
donor fluorophore to an acceptor fluorophore. When the donor fluorophore is excited by a laser,
it may transfer its excitation energy non-radiatively to a nearby acceptor through long-range
dipole-dipole interactions (Deal et al., 2020; Grecco and Verveer, 2011). This process, called
FRET, will cause the donor channel signal to be quenched and while the acceptor channel signal
increases. The occurrence of FRET is often measured by exciting the donor fluorophore,
determining the emission of the donor and the acceptor, and plotting the ratio of the two in each

pixel of the image.

In paper 1, we used a biosensor based on FRET to detect Cdc42 activity. The conformational
change associated with GTP binding brings the two fluorescent proteins of the biosensor in
close proximity and produces a FRET signal. It is thus possible to detect the regions in which

Cdc4?2 is active (GTP-bound) within the cell.

Another specialized microscopy technique we used in paper 1 is total internal reflection
fluorescence (TIRF) microscopy, also known as “evanescent wave microscopy”’. This
technique was developed in the early 1980s and provides a way to selectively excite

fluorophores in close proximity to a solid surface, without exciting fluorescence in regions
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farther from the surface (Axelrod, 1981). TIRF microscopy takes advantage of the refractive
index differences between the glass and the cell interior, which regulates how light is refracted
or reflected at the interface. The excitation light travels through a solid medium (i.e. a glass
coverslip) at an angle large enough for the beam to totally internally reflect (TIR) rather than
refract through the surface. This generates a thin electromagnetic field capable of exciting
fluorophores near the surface (Axelrod, 2001). It is thus possible to image fluorophores near
the cover glass interface with a high signal-to-noise ratio, making TIRF microscopy ideal for
studying events that occur at the plasma membrane of cells. Examples of phenomena that are
well suited to study using TIRF microscopy include endocytosis, exocytosis, and focal adhesion
dynamics (Poulter et al., 2015). In paper 1, we used TIRF microscopy to study the movement

of Rab6-positive vesicles toward the cell surface and filopodia.

Finally, in paper 1 we used optical tweezers to investigate filopodia dynamics. Optical tweezers
is a tool that takes advantage of the ability of light to exert force on matter, and uses focused
laser beams to precisely manipulate small objects (Ashkin et al., 1986; Choudhary et al., 2019).
Advances in optical tweezers has made it possible to measure down to piconewton forces, and
movements on the angstrom scale (Choudhary et al., 2019). We used optical tweezers in paper
1 to measure forces exerted by filopodia on optically trapped beads and the retraction velocity

of these dynamic actin-based protrusions.

Cell migration studies

In paper 1 and 2, we used different methods to study cell migration. One of the most commonly
used methods is the wound healing assay, which we used in paper 1. To perform the assay, a
confluent layer of cells is scratched to remove cells from a defined area of the dish. The scratch
area is then monitored over time as the remaining cells start to migrate in order to close the
artificial wound. To generate wounds of equal sizes, we used the IncuCyte Wound Maker tool.
After time-lapse imaging, we performed two types of analysis. Firstly, the cell confluency in
the wound area was estimated by automated analysis using the IncuCyte software. Secondly,
we manually tracked single cells to determine the cell speed and directionality. In this way, we

could exclude effects of cell proliferation and variations in wound size.
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The wound healing assay is easy to perform, can be used for many different cells and is
reproducible (Kauanova et al., 2021). However, since the cells move on a flat glass or plastic
surface, it does not reflect well how cells migrate in the complex three-dimensional
environment of body tissues. Indeed, this method is not suitable to study the adhesion-
independent amoeboid motility mode used by DCs (Heuze et al., 2013; Lammermann et al.,

2008). Therefore, we used different migration assays to study immune cell migration in paper
2.

One of the tools used in paper 2 to study migration of DCs in confined environments was
microfabricated channels (Vargas et al., 2016a; Vargas et al.,, 2014). In this system,
microfabricated chambers are made using the gas-permeable polymer polydimethylsiloxane
(PDMS) and attached to a glass coverslip to create 3D channels with specified dimensions (e.g.
5x 5 or 5 x 8 um). Before use, the channels are coated with extracellular matrix proteins such
as fibronectin. As cells are loaded into central chambers, they will spontaneously enter the

channels and can be imaged while they migrate in this confined environment (Figure 2).

Micro-channels

Loading chamber

| m—

Figure 10: Microchannels to study migration in a confined environment. Cells are loaded into the loading
chamber before they spontaneously enter the microfabricated channels. Figure modified from (Vargas et al.,
2016a).

Using this system, we could measure cell speed as well as changes in direction in paper 2.
Another advantage of using microchannels is that the cells are forced to adopt similar shapes,
making it possible to generate average protein distribution maps and more easily compare cells
under different conditions. However, the cells can only move along one line in the
microchannels, and it is thus not the optimal system for measuring effects on cell directionality.
For this reason, we also used a different cell migration assay in paper 2, namely the collagen
migration assay. In this assay, we seeded cells in 3D collagen gels to mimic the environment

between cells in tissues, and the cells could freely move in all directions. By adding the
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chemoattractant chemokine (C-C motif) ligand 21 (CCL21) to the cell medium surrounding the
gels, we stimulated the DCs to move in a specific direction, and could measure their persistency
toward the target by single cell tracking. One problem using this assay is the possibility of
variability in the collagen matrix structure, since the polymerization is sensitive to both pH,
temperature and time (Sung et al., 2009). It is thus important to keep the procedure for collagen

gel preparation as similar as possible for each experiment.

In paper 1, we also performed in vivo cancer cell invasion experiments. For these
xenotransplantation experiments, we used zebrafish embryos and injected H1299 cancer cells
into the otic vesicle. The cancer cells were stained so that we could identify them as they
migrated into the surrounding tissues. In this way, we could confirm that the effect on cell
migration by in vitro experiments was also relevant for migration in vivo. Even if this type of
xenotransplantation experiment involves human cancer cells injected into a fish, and thus does
not reflect a normal physiological setting, this is a widely used method (Hason and Bartiin¢k,
2019; Zampedri et al., 2021; Zhang et al, 2015). While traditional assays using
immunosuppressed mice can be time-consuming and expensive, the zebrafish model provides
a fast and cost-effective alternative (Teng et al., 2013). Since zebrafish embryos lack adaptive
immunity, this allows the transplanted human cells to survive and spread (Astell and Sieger,
2020). Furthermore, transparency of the zebrafish embryos make them well suited for imaging,
and the movement of fluorescently labeled cells can easily be tracked (Hason and Bartingk,

2019).
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Discussion and future perspectives

Members of the Rab family of GTPases are most known as key regulators of intracellular
trafficking, controlling all steps from vesicle formation to movement, docking and fusion. Their
ability to regulate and coordinate these processes relies on interactions with a broad range of
effector proteins, such as adaptors, tethers, motor proteins and kinases (Zhen and Stenmark,
2015). Increasing evidence demonstrates that the interactions between Rab proteins and their
effectors is important not only for vesicular transport, but also for many other cellular processes.
In this thesis, we have studied Rab6 and Rab7b, as well as the Rab-like GTPase IFT27. Our
work has given new insight into how these small GTPases are involved in the processes of cell

migration and proliferation.

1. Rab proteins in cytoskeletal remodeling

1.1 Rab6 in cell migration

In paper 1, we found a novel role for Rab6 in the regulation of cell migration and invasion.
Several Rabs have been shown to affect cell migration and invasion by controlling the transport
of adhesion molecules such as integrins (Allaire et al., 2013; Jeong et al., 2018; Kessler et al.,
2012; Pellinen et al., 2006). It is likely that also Rab6, as an important regulator of several
transport pathways connected to the Golgi, could influence migration indirectly through this
role. Indeed, knockdown of Rab6 has been shown to affect the function and distribution of 1
integrin (Shafaq-Zadah et al., 2016). Recently, Rab33b, another Golgi-associated Rab, was
shown to regulate cell migration (Bjernestad et al., 2022). Similar to Rab6, depletion of Rab33b
promotes cell migration and delays protein secretion. Bjernestad et al. found that Rab33b
regulates focal adhesion dynamics by controlling the delivery of cargo such as integrins to the
adhesion sites. It is possible that Rab6, similar to Rab33b, also affects cell migration through
its role in the secretory pathway. In support of this hypothesis, Rab6 was shown to regulate the
transport of various cargos toward focal adhesion sites (Fourriere et al., 2019). However, our

study shows that Rab6 can also affect cell migration by interfering with actomyosin dynamics.
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We identified Cdc42 as an interactor of Rab6 and demonstrated that Rab6 modulates the activity
of this Rho GTPase at the cell periphery. This provides a new example of crosstalk between a
Rab and a Rho GTPase. The role of Rho GTPases in regulation of actin dynamics is well
established, while the contribution of Rab GTPases to this process is less characterized. An
increasing number of studies report that Rab proteins can regulate the activity of Rho GTPases
and in this way influence actin-dependent processes (Borg et al., 2014; Bryant et al., 2010;
Palamidessi et al., 2008; Sun et al., 2005a; Wang et al., 2016). The molecular mechanisms
underlying this crosstalk are currently not well understood. Our finding that Rab6 also interacts
with Trio demonstrates how Rabs could modulate Rho GTPase activity through recruitment of
their GEFs. This is consistent with what was described for Rab 5 and Rac (Palamidessi et al.,
2008), where Rab5 recruits the GEF for Rac to ensure a precise spatial and temporal activation
of the Rho GTPase. Rab proteins can also recruit GAPs for Rho GTPases to modulate their
activity. For example, Rab27a recruits Slp1, which in turn interacts with the RhoA GAP Gem-
interacting protein (GMIP) (Johnson et al., 2012). In this way, Rab27a can downregulate RhoA,
which in turn promotes local actin depolymerization. Other ways of regulation may also exist,
and the relationship between Rho and Rab GTPases should be further investigated to fully

understand the processes that they are involved in.

In addition to modulating Cdc42 activity, we found that Rab6 influences myosin II
phosphorylation. Rab6 interacts directly with myosin II, and through this interaction mediates
the fission of transport vesicles from the Golgi (Miserey-Lenkei et al., 2010). However, since
myosin II is important for cytoskeletal dynamics, this interaction could also be linked to the
role of Rab6 in cell migration. Indeed, another Rab that interacts directly with myosin II, Rab7b,
plays a duel role in both intracellular trafficking and cell migration (Borg et al., 2014). How
depletion of Rab6 causes a decrease in myosin II phosphorylation needs to be further
investigated, but it is possible that it occurs via the interaction with Cdc42. Indeed, Cdc42 is
known to regulate kinases and phosphatases that can control myosin II phosphorylation

(Edwards et al., 1999; Manser et al., 1994; Vicente-Manzanares et al., 2009).

Cell migration is a process that requires tight temporal and spatial regulation. By ensuring that
Cdc42 is activated at the correct localization at the right time, Rab6 could influence myosin II
phosphorylation and in this way ensure that the actomyosin dynamics are properly controlled.
Using a FRET-based biosensor for Cdc42, we found an increase in Cdc42 activity at the cell

periphery when Rab6 is silenced. Activation of Cdc42 in this region promotes the formation of
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filopodia (Ridley, 2015b), and in line with this we found an increase in the number of filopodia
and the amount of F-actin in Rab6-depleted cells. We also showed that Cdc42 is present on
Rab6-positive vesicles that move toward the cell periphery, and that knockdown of Rab6
increased the percentage of Cdc42-positive vesicles in the front of migrating cells. It is therefore
possible that Rab6 is involved in regulating the localization of Cdc42, ensuring that the correct

amount of active Cdc42 is present at the leading edge of migrating cells.

1.2 Rab6 in cancer metastasis

Dysregulation of cell migration can cause several diseases and drive tumor metastasis. The in
vivo experiments we performed in Paper 1 demonstrate the relevance of Rab6-mediated control
of cell migration in cancer. Indeed, knockdown of Rab6 resulted in increased invasion of cancer
cells xenotransplanted in zebrafish embryos. This could be linked to Rab6 role in modulating
Cdc42 activity, since deregulation of Rho family members in cancer cells is associated with
increased motility and invasiveness (Crosas-Molist et al., 2021; Porter et al., 2016). In
particular, Cdc4?2 is upregulated in several types of human cancers, and inappropriate activation
of Cdc42 contributes to oncogenesis (Stengel and Zheng, 2011). Also, Cdc42 is involved in the
formation and regulation of protrusions associated with invasion and metastasis (Stengel and
Zheng, 2011). Increased filopodia formation has also been shown to drive cancer cell invasion
(Jacquemet et al., 2015). Therefore, it is likely that in the absence of Rab6, over activation of
Cdc42 increases cell migration and invasion by promoting protrusion formation. Several Cdc42
GEFs are also altered in cancers, including Trio (Murphy et al., 2021). In fact, targeting Trio
and other GEFs that activate Cdc42 has been proposed as a strategy for cancer therapy
(Maldonado et al., 2020). Stimulation of Rab6 activity could provide an alternative target.
Indeed, in line with our results from paper 1, reduced expression of Rab6 promotes cancer, as
a microRNA that decreases Rab6 expression is highly expressed in various lung cancer tissues

(Huang et al., 2015).

1.3 The role of Rab7b in DC maturation

In paper 2, we explored the role of Rab7b in DCs. From previous studies, we knew that Rab7b
is highly expressed in these immune cells, and that a burst of expression occurs during LPS-
induced maturation (Berg-Larsen et al., 2013; Yang et al., 2004). Why DCs upregulate the

expression of Rab7b during maturation was unknown. Therefore, we investigated whether
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Rab7b is involved in regulating the functions that are important during DC maturation, such as
antigen uptake, antigen presentation and cell migration. While we did not observe differences
in antigen presentation ability in DCs silenced for Rab7b, cell migration was inhibited.
Furthermore, DCs lacking Rab7b sustained their macropinocytic activity after LPS-induced
maturation. Since Rab7b interacts directly with myosin II, and in this way influences both
intracellular transport and actin remodeling (Borg et al., 2014), we investigated whether this

interaction could be important for these two functions of DCs.

Mpyosin II plays a crucial role in antigen uptake through macropinocytosis and cell migration.
DCs use an amoeboid-like migration strategy, which depends on contractile forces driven by
myosin II (Chabaud et al., 2015b; Lammermann et al., 2008). Upon maturation, in order to
migrate fast and persistently, DCs increase the amount of actin and myosin at the cell rear
(Vargas et al., 2016b). During macropinocytosis, which mainly occurs in immature cells, the
DCs concentrate actin and myosin at the cell front. Myosin II at the cell front is crucial for the
formation of macropinosomes, and allows the transport of engulfed antigens towards lysosomes
(Chabaud et al., 2015b). Thus, by reorganizing their actin cytoskeleton, the DCs can alternate
between efficient migration and antigen capture. As the DCs mature, they switch to a faster and
more persistent migration mode and reduce their macropinocytic activity (Chabaud et al.,
2015b; Vargas et al., 2016b). Our experiments in paper 2 demonstrated that cells lacking Rab7b
moved slower and less persistently, and had increased macropinocytic activity. The Rab7b
knockout cells also had more actin and myosin in the front compared to wild type cells.
Furthermore, depletion of Rab7b caused defects in polarization. This suggests that Rab7b is
involved in regulating the distribution of actin and myosin in DCs. The strong increase in Rab7b
expression upon DC maturation could thus be necessary for the actomyosin rearrangements

required for the switch from antigen capture to fast cell motility.

1.4 Rab7b as a physical link between lysosomes and myosin Il

From previous studies in cell lines, it is known that Rab7b localizes to and regulates the
transport to the late endocytic/lysosomal compartments (Progida et al., 2010). In addition,
Rab7b directly binds myosin II only in its active, GTP-bound form (Borg et al., 2014), and as
a consequence it specifically recruits the motor protein when bound to membranes. Therefore,
it is likely that Rab7b is involved in the recruitment of myosin II from macropinosomes to

lysosomes in DCs, and thus also in the transport of internalized antigens toward late endocytic
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compartments. This could provide an explanation for why macropinocytosis is retained when
Rab7b is absent, since the myosin II is not properly redistributed to the rear of Rab7b KO-cells
where the lysosomes are concentrated. We also found that lack of Rab7b reduces myosin II
phosphorylation at the cell rear, confirming that Rab7b controls actomyosin dynamics by

regulating local myosin phosphorylation.

Our findings in Paper 2 show that the link between Rab7b, myosin and lysosomes is important
for the signaling events associated with DC maturation. A previous study demonstrated that
when DC maturation is triggered, the lysosomes release calcium via the channel TRMPLI,
which in turn activates myosin II at the cell rear to promote fast migration (Bretou et al., 2017).
However, how lysosomes are associated with myosin II was unknown. We found that Rab7b
interacts with TRMPLI1, and therefore propose that Rab7b functions as a physical link between
the lysosomal calcium channel TRMPL1 and myosin II. According to our model, Rab7b brings
myosin Il in close proximity to TRPMLI, so that it can be activated by the local calcium release

from this channel at the cell rear.

1.5 Relevance of Rab7b in immune cells

DCs are used for cell vaccines in cancer immunotherapy (Filin et al., 2021; Yu et al., 2022).
However, the clinical efficacy of this type of therapy needs to be improved. A major challenge
with DC vaccines is that only a limited number of injected DCs migrate to the lymph node,
where they can present their antigens to T cells and initiate an immune response (Perez and De
Palma, 2019; Verdijk et al., 2009). It is therefore of particular interest to improve our
knowledge on the molecular mechanisms that underlie DC motility. This knowledge can then
be applied to engineer DCs that migrate more efficiently to lymph nodes (Perez and De Palma,
2019). Our work provides important pieces of information to this field, showing that Rab7b is
required for fast and efficient migration of DCs in vitro. However, in order to fully understand
the physiological role of Rab7b, in vivo experiments such as footpad injections of labelled DCs
(Vargas et al., 2016b) and ear paintings with imiquimod (Baptista et al., 2016; Oliveira et al.,
2022) should be performed to determine if the migration of DCs through complex tissues is

similarly affected.

Further studies could also elucidate additional pathways regulated by Rab7b. For example,
Rab7b has been shown to regulate TLR4 and TLR9 signaling in immune cells (Wang et al.,
2007; Yao et al., 2009), but the molecular mechanisms behind this regulation are not fully
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characterized. Wang et al. found that the amount of TLR4 on the plasma membrane increases
after Rab7b knockdown, and the receptor remains for a longer time in early and late endosomes
(Wang et al., 2007). They suggested that Rab7b promotes the translocation of TLR4 intro
lysosomes, but how Rab7b mediates this transport is not known. Similarly, Yao et al. showed
that Rab7b regulates TLRY signaling, possibly by transporting the receptor into lysosomes for
degradation (Yao et al., 2009). Since TLRs are important for activating immune cell responses,
it would be interesting to further explore how Rab7b regulates TLRs in DCs and other immune
cells. This could provide important answers to why these cell types in particular express Rab7b,

and deepen our understanding of the functions of this small GTPase.

2.IFT27 in cell division

2.1 Regulation of Rab-like proteins

In paper 3, we studied the role of IFT27 in mammalian cell division. This small GTPase is
considered an extended member of the Rab family, and is also known as Rab-like protein 4
(RABLA4). The Rab-like proteins contain a GTPase domain, but lack the C-terminal prenylation
motif required for membrane insertion (Yan and Shen, 2021). This suggests that the Rab-like
proteins work in a different manner than the classical Rabs, which cycle between membranes
and the cytosol. Little is known about how the Rab-like proteins perform their function, as they
have received less attention than the typical members of the family. It is still possible that Rab-
like proteins can associate with membranes via interactions with membrane-bound proteins.
IFT proteins could also associate with non-membrane-bound organelles. For example, we found
that IFT27 localizes to centrosomes. We also discovered that IFT27 interacts with the
centrosomal protein CENPJ in a nucleotide-independent manner. Previously identified
effectors of IFT27, including IFT25 and Arl6, also bind IFT27 independently of GTP (Liew et
al., 2014). This further indicates that Rab-like GTPases may be regulated in a different way
than by the classical GTP/GDP, membrane/cytosol cycle. One possibility is that their functions
are regulated by post-translational modifications such as phosphorylation. Indeed,
phosphorylation is emerging as an essential regulatory mechanism of Rab function (Homma et
al., 2021; Xu et al., 2021). Several Rab proteins are phosphorylated in their switch II regions
by the leucine-rich repeat kinase 2 (LRRK2) (Steger et al., 2016), and this phosphorylation can

affect their binding to effector proteins. For example, the primary ciliogenesis regulator
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RILPLI specifically interacts with the LRRK2-phosphorylated forms of Rab8A and Rab10
(Steger et al., 2016). It is therefore possible that phosphorylation of IFT27 could similarly

control when and where it interacts with its specific effectors.

2.2 IFT27 as a regulator of cell division

IFT27 is a poorly characterized protein, and its functions have mostly been studied in
unicellular organisms. The majority of literature on IFT27 has looked at its role in ciliary
transport and function, although a few early studies suggested an additional role in cell cycle
regulation (Qin et al., 2007; Wood et al., 2012). Recently, it is becoming increasingly clear that
many of the IFT proteins have dual roles in ciliary transport and cell cycle regulation (Doornbos
and Roepman, 2021; Izawa et al., 2015; Vertii et al., 2015). Indeed, the cell reuses many of the
components of the primary cilium as it prepares to divide. The centriole, for example, functions
both as the basal body of the cilium, and as an organizer of the mitotic spindle in dividing cells.

Our finding that IFT27 regulates cell division adds further support to this emerging view.

Our experiments in paper 3 show that IFT27 localizes to the midbody, and that its depletion
causes increased cell proliferation. Furthermore, we show that IFT27 levels increase during cell
division, with a burst of expression occurring during cytokinesis. Intriguingly, we found that
cytokinesis is delayed in cells overexpressing GFP-IFT27. While the cells overexpressing
IFT27 progressed normally through telophase and were able to form midbodies, they remained
connected for an extended period before abscission. This suggests that IFT27 is involved in
regulating the timing of abscission. How IFT27 controls this process needs to be further
investigated, but our identification of CENPJ as a novel interactor of IFT27 could provide
important answers. Similar to IFT27, CENPJ localizes to the midbody during cytokinesis.
Previous evidence indicates that CENPJ may play a role in cytokinesis, but its role in this
process remains to be characterized (Chou et al., 2016). One possibility is that CENPJ regulates
the stability of the microtubules in the intercellular bridge, as it binds tubulin and regulates
microtubule nucleation and stabilization (Hung et al., 2004). In this way, IFT27 could control
the stability of the intercellular bridge via interactions with CENPJ. The tubulin binding
properties of CENPJ are affected by its phosphorylation status, and it would thus be interesting

to investigate whether IFT27 recruits a kinase to this interactor.

From previous work, it is known that IFT27 binds the Aurora B kinase (Taulet et al., 2017).

Whether Aurora B is involved in CENPJ phosphorylation is unknown. However, the
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structurally similar kinase Aurora A has been shown to phosphorylate CENPJ at Ser 467 during
mitosis (Chou et al., 2016). Both Aurora A and Aurora B localize to the midbody during
cytokinesis (Afonso et al., 2017), and in vitro studies have shown that they have common
substrates (Magnaghi-Jaulin et al., 2019). It is thus possible that IFT27 recruits either Aurora A
or Aurora B to phosphorylate CENPJ in the midbody. The activity of the Aurora kinases
themselves is also controlled by phosphorylation (Carmena et al., 2009), and IFT27 could
interact with further kinases to control the activities of both CENPJ and Aurora B in time and
space. If IFT27 indeed is involved in regulating the activation of Aurora B, this could provide
an explanation for the delay in abscission we observed upon overexpression of the GTPase.
Aurora B kinase is involved in many steps of cell division, including a checkpoint occurring
just before abscission (Lens and Medema, 2019; Petsalaki and Zachos, 2021; Steigemann et al.,
2009). Normally, Aurora B is inactivated by dephosphorylation at the end of cytokinesis, but
in cases where the chromosomes are not properly segregated, the kinase remains active and
delays abscission. It is possible that overexpression of IFT27 leads to over activation of Aurora
B and in this way delays completion of cytokinesis in a similar manner as when the abscission

checkpoint is triggered.

There are differences in the cell division machinery of complex multicellular organisms and
that of a single celled organism such as the algae Chlamydomonas reinhardtii. Nevertheless,
we found several similarities between our studies of IFT27 in HeLa cells, and previous reports
of Chlamydomonas cell division. Similar to reports by Wood et al. on Chlamydomonas (Wood
et al.,, 2012), we observed that IFT27 accumulates in the cleavage furrow and is strongly
upregulated in dividing cells. This suggests that some of the functions of IFT27 in cell division
are evolutionary conserved. However, the midbody has only been described in animal cells,
while other eukaryotic cells form different types of structures at the end of division (Eme et al.,
2009). These structures include the chitin-rich septum formed at the division site of fungi, and
the phragmoplast in plants, which serves as a scaffold for the formation of a new cell wall (Eme
et al., 2009). Little is known about the mechanisms behind abscission in Chlamydomonas, but
it is possible that I[FT27 plays similar roles in the algae and in mammalian cells. Even though
IFT27 is present in most ciliated organisms, there are species that lack this GTPase, including
Drosophila melanogaster and Caenorhabditis elegans (Yan and Shen, 2021). It would be
interesting to compare the cell division machineries of different organisms with and without
IFT27, to understand why some of them lost this GTPase as they evolved. Since abscission

remains the least understood step of cytokinesis in all organisms (Frémont and Echard, 2018),
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further investigation of the role of IFT27 in this process could provide valuable new insights

into this process.

2.3 IFT27 in diseases

Ever since it became clear that primary cilia are connected to a group of severe diseases known
as ciliopathies, this previously overlooked organelle has received increasing attention. Many of
the symptoms associated with ciliopathies have been explained by defects in signaling
pathways connected to primary cilia, such as the Hedgehog pathway. However, the fact that
ciliary proteins have additional roles in the cell adds another layer of complexity to our
understanding of these diseases. For example, Bardet Biedl syndrome, which can be caused by
the mutations in IFT27 we studied in Paper 3, is often associated with cognitive impairment
and developmental delays (Chandra et al., 2021). It is known that cell proliferation needs to be
tightly controlled as the brain forms, and regulation of abscission timing has been suggested to
control brain growth and structure (Homem et al., 2015; McNeely and Dwyer, 2020). Our study
revealed that BBS-associated variants of IFT27 cause defects in cytokinesis. It is therefore
tempting to speculate that these defects could affect brain development. Furthermore, mutations
in the IFT27 interactor CENPJ have been linked to the neurodevelopmental disorder
microcephaly, which is characterized by reduced brain size (Bond et al., 2005; Faheem et al.,
2015). This further suggests that alterations in the IFT27-CENPJ regulation of cell division can

also contribute to developmental defects.

That IFT27 regulates cell division could have implications for cancer. Indeed, several BBS
genes have been linked to renal cancer (Beales et al., 2000). Since silencing of IFT27 increases
proliferation, this suggests that IFT27 may function as a brake in cell division and prevent
uncontrolled growth. Furthermore, cytokinesis defects similar to the ones we observed for the
disease variants of IFT27 are connected to tumorigenesis. The generation of tetraploid cells
after failed cytokinesis can function as a starting point for generating cells with abnormal
chromosome content, which is thought to contribute to cancer development (Lens and Medema,
2019). IFT27 could also influence cancer development through its interaction with CENPJ,
since overexpression of CENPJ has been shown to increase tumor growth, angiogenesis and
metastasis (Chen et al., 2020). Furthermore, the link between IFT27 and Aurora B is also
interesting for cancer research. Overexpression of Aurora B has been observed in many tumors,

and the kinase is considered an attractive drug target for cancer therapy (Ahmed et al., 2021;

49



Discussion and future perspectives

Borah and Reddy, 2021; Yeung et al., 2008). Various inhibitors of Aurora B, such as barasertib,
have been tested in clinical trials (Borah and Reddy, 2021). Interestingly, Aurora B inhibitors
can cause impairments in cytokinesis and induction of polyploidy (Oke et al., 2009; Shamsipour
et al., 2014). Understanding more about the interaction between Aurora B and IFT27 in

cytokinesis will provide important knowledge that may be used in drug development.

3. Concluding remarks

The work of this thesis sheds new light on the many and diverse roles of Rab proteins. In paper
1, we found a novel role of Rab6 in cell migration, and provided a new example of how crosstalk
between Rho and Rab GTPases can influence this process. Furthermore, we demonstrated that
Rab6 regulates cancer cell invasion. In paper 2, we characterized the specific role of Rab7b in
DCs, and proposed a model in which Rab7b functions as a physical link between lysosomes
and the actomyosin cytoskeleton. By controlling lysosomal signaling and local activation of
myosin II, Rab7b regulates the migration of these specialized immune cells. In paper 3, we
discovered a novel role of IFT27 in cytokinesis and for the first time described the localization
of this protein to the midbody. We also demonstrated that disease variants of IFT27 cause

defects in cytokinesis, which sheds new light on our understanding of Bardet Biedl-syndrome.

Common to all these studies is the fact that the cell uses the same proteins in different pathways
and processes. Therefore, to completely understand different cellular processes, we should not
only study them as separate systems, but look at how they are interconnected. How the cell
manages to coordinate all its complex processes so elegantly remains one of the most
fascinating mysteries of biology, and many questions remain unanswered. By characterizing
the diverse functions of Rab proteins, we gain a deeper understanding of how the cell can
coordinate different processes in time and space. Ultimately, this new knowledge can be used

to improve how we treat diseases such as immune disorders, ciliopathies and cancer.
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Abstract

Rab proteins are master regulators of intracellular membrane trafficking, but they also contribute to cell division, signaling,
polarization, and migration. The majority of the works describing the mechanisms used by Rab proteins to regulate cell
motility involve intracellular transport of key molecules important for migration. Interestingly, a few studies indicate that
Rabs can modulate the activity of Rho GTPases, important regulators for the cytoskeleton rearrangements, but the mecha-
nisms behind this crosstalk are still poorly understood. In this work, we identify Rab6 as a negative regulator of cell migra-
tion in vitro and in vivo. We show that the loss of Rab6 promotes formation of actin protrusions and influences actomyosin
dynamics by upregulating Cdc42 activity and downregulating myosin II phosphorylation. We further provide the molecular
mechanism behind this regulation demonstrating that Rab6 interacts with both Cdc42 and Trio, a GEF for Cdc42. In sum,
our results uncover a mechanism used by Rab proteins to ensure spatial regulation of Rho GTPase activity for coordination
of cytoskeleton rearrangements required in migrating cells.

Keywords Rab proteins - Rab6 - small GTPases - cell migration

Introduction

Rab proteins constitute the largest family of the Ras super-
family of small GTPases, with more than 60 members in
humans. The role of Rab proteins in vesicle transport was
identified for the first time in yeast already in the 1980s, and
since then, more and more studies have established them as
the master regulators of intracellular membrane traffic [1-4].
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To perform their tasks each Rab protein cycles between
membrane and cytosol, switching between a GTP-bound and
a GDP-bound conformation. Upon membrane recruitment,
Rab proteins in their GTP-bound state can bind a variety
of different effector molecules, including sorting adaptors,
tethering factors, fusion regulators, kinases, phosphatases,
and motor proteins [4, 5].

Lately, it has been demonstrated that in addition to regu-
lating intracellular traffic, Rab proteins take part in several
other cellular processes. Indeed, these small GTPases are
also important for regulation of mitotic spindle positioning
and abscission during cell division, apical lumen formation
and polarization of epithelial cells, and nutrient sensing and
signaling [6-9].

Interestingly, an increasing amount of evidence dem-
onstrates that Rab proteins also have a role in cell migra-
tion [10-12]. So far, regulation of cytoskeleton dynamics
involved in cell shape and motility has been mainly attrib-
uted to another family of small GTPases, namely, the Rho
proteins, and thus, the contribution by the Rab family to
this process remains much less characterized [13, 14]. We
recently demonstrated that Rab7b can affect cell migration
through regulation of the actin cytoskeleton [10]. By directly
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interacting with the actin motor myosin II, Rab7b is able to
modulate the activity of RhoA and thereby the phosphoryla-
tion of myosin light chain (MLC). In this way, Rab7b influ-
ences actin cytoskeleton dynamics, including the formation
of stress fibers, cell adhesions, and thus cell migration [10].

Intriguingly, also Rab6 is known to interact directly
with myosin II in a GTP-dependent manner [15]. Rabb6 is
an evolutionary conserved and ubiquitously expressed Rab
protein [16, 17]. It locates to the Golgi apparatus and Golgi-
derived vesicles and regulates many trafficking routes, both
anterograde and retrograde, between the Golgi apparatus,
endoplasmatic reticulum (ER), plasma membrane (PM), and
endosomes [17-21]. In addition, Rab6 is involved in cell
division and phagosome maturation [22-24].

To execute all these functions, Rab6 interacts with many
different effector molecules, including motor proteins and
their interactors such as KIF1C, KIF5B, KIF20A (also
known as Rabkinesin-6), the dynein—dynactin complex
through Bicaudal D, myosin II, and myosin VA [15, 18,
25-29].

In this study, we investigated whether Rab6, similar to
Rab7b, can regulate cell migration through its interaction
with myosin II. Our results show that Rab6 knockdown
indeed affects cell migration by increasing cell speed and,
therefore, wound closure. We also demonstrate that Rab6
depletion influences the actomyosin system by upregulation
of Cdc42 activity and downregulation of MLC phosphoryla-
tion. Intriguingly, we discover that Rab6 interacts with both
the Rho GTPase Cdc42 and Trio, a GEF for Cdc42 [30]. By
modulating Cdc42 activity, Rab6 regulates the formation
and dynamics of actin-dependent protrusions such as filo-
podia. We finally confirm that Rab6 is a negative regulator
of cell migration using xenotransplantation of human cancer
cells into zebrafish embryos. In sum, our results support a
novel emerging mechanism for Rab proteins in the regula-
tion of actin cytoskeleton dynamics and cell migration by
crosstalk with Rho GTPases.

Materials and methods
Cell culture

U208, HeLa, and H1299 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Lonza, BioWhittaker).
RPE-1 cells were grown DMEM F-12 (Lonza, BioWhit-
taker). Both DMEM and DMEM F-12 were supplemented
with 10% fetal calf serum (FCS), 2 mM r-glutamine, 100 U/
ml penicillin, and 100 pg/ml streptomycin.
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Constructs and antibodies

pEGFP-C1 was purchased from BD Biosciences, Clon-
tech. pPEGFP-C1 Rab6A wt, pEGFP-C1 Rab6A Q72L, and
pEGFP-C1 Rab6A T27 N were a gift from Marci Scid-
more (Addgene plasmid #49,469, #49,483, and #49,484,
respectively) [31]. pcDNA3-EGFP-Cdc42-Q61L and
pcDNA3-EGFP-Cdc42-T17 N were a gift from Gary
Bokoch (Addgene plasmid #12,986 and #12,976, respec-
tively) [32]. pTriEx- mCherry-cdc42 Q61L and the bio-
sensor constructs, pTriEX Cdc42 wt and pTriEX Cdc42
G12 V, were a gift from Luis Hodgson (Albert Einstein
College of Medicine, NY, USA). mCherry-Cdc42-C-10
was a gift from Michael Davidson (Addgene plasmid #
55,014). p™V-LifeAct-RFP was purchased from Ibidi.
pEGFP-C3 Cdc42 wt was a gift from Keith Burridge, Uni-
versity of North Carolina, Chapel Hill, USA. pcDNA 3.1-
HA Rab6A, pcDNA 3.1-HA Rab6A Q72L, and pcDNA
3.1-HA Rab6A T27 N were purchased from Genscript.
pEGFPCI1-Trio was a kind gift from Jaap D. Van Buul
(University of Amsterdam, The Netherlands) [33].
Primary antibodies used in this study were: anti-giantin
(Abcam, ab24586, 1:1000), anti-tubulin (Life Technologies,
# 13-8000, 1:12,000), anti-phospho-myosin light chain 2
(Ser19) (Cell Signaling Technology, # 3671, 1:300), anti-
myosin light chain (Sigma-Aldrich, # M4401, 1:50), anti-
GFP (Abcam, ab6556, 1:3000), anti-HA (Abcam, ab9110,
1:1000), anti-RhoA (Cytoskeleton Inc., ARHO04, 1:500),
anti-Racl (Cytoskeleton Inc., ARCO03, 1:500), anti-Cdc42
(Cytoskeleton Inc., ACDO03, 1:250), anti-Cdc42 (Abcam,
ab155940, 1:200), anti-Trio (Abnova, H00007204-A01),
anti-Rab6A (Abcam, ab95954, 1:200), anti-actin (Cytoskel-
eton Inc., AANOI1, 1:500), anti-N-WASP (Cell Signaling
Technology, # 30D10, 1:300), anti-IQGAP1 (BD Labora-
tories, #610,611, 1:300), anti-DOCK10 (Abcam, ab75258,
1:1000), and mouse 1gG1 (x 0931, Dako, 1:50). Rhoda-
mine-conjugated phalloidin was purchased from Invitrogen
(R415). The SiR-actin kit was purchased from Cytoskel-
eton, Inc. and used according to manufacturer’s protocol
(Cytoskeleton, Inc./Spirochrome #CY-SCO001). For immuno-
fluorescence experiments, Alexa Fluor secondary antibodies
(Invitrogen) were used at dilution 1:200. Secondary antibod-
ies conjugated to horseradish peroxidase for immunoblot-
ting studies (GE Healthcare) were diluted 1:5000. Hoechst
(Life Technologies, H3569) was used at 0.2 pg/ml and DAPI
(Sigma-Aldrich, D9542) was used at 0.1 pg/ml.

Transfection and RNA interference

U20S cells were transiently transfected using Lipo-
fectamine 2000 (Life Technologies), while HeLa cells
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were transfected using FuGENE 6 (ProMega), following
the producer’s protocol. Cells were transfected at approxi-
mately 50-70% confluency for 24 h prior to further execu-
tion of experiments. U20S, RPE-1, and H1299 cells were
transfected with siRNA using Lipofectamine RNAIMAX
Transfection Reagent (Life Technologies) according the
manufacturer’s instructions. The cells were transfected
either the day after plating or the same day by reverse
transfection, and analyzed after 72 h. siRNA transfections
in HeLa cells were performed using Oligofectamine (Inv-
itrogen) as described previously [34]. In short, cells were
plated in 6-cm dishes 1 day prior to transfection (~ 4 x 10
cells/dish), and replated 72 h after transfection. Experi-
ments were performed after 48 h.

Nontargeting control siRNA (sense sequence 5'-ACU
UCGAGCGUGCAUGGCUTT-3' and antisense 5'-AGC
CAUGCACGCUCGAAGUTT-3") was purchased from
MWG-Biotech (Ebersberg, Germany).

siRNAs against Rab6 (siRab6 #1, J-008975-08; siRab6
#2. J-008975-09; siRab6 #3, J-008975-07; siRab6 #4,
J-008975-10). Trio (siTrio, J-005047-05) and DOCK
10 (siDOCK10, J-023079-05) were purchased from
Dharmacon™.

For rescue experiments, cells were first transfected with
siRNA using RNAiMax (for U20S cells) or Oligofectamine
(for HeLa cells). After 48 h, the cells were transfected with
pPEGFP-Rab6 using Lipofectamine 2000 (for U20S cells) or
FuGENE 6 (for HeLa cells) according to the manufacturers’
instructions. The experiments were performed 72 h after
siRNA transfection.

Cell migration assays

Cells were grown to form confluent monolayers in IncuCyte
ImageLock 96-well plates (Essen Bioscience) and scratched
with IncuCyte® WoundMaker (Essen Bioscience). Cell
migration was monitored by time-lapse imaging using
an IncuCyte® Z0OOM (10x objective, Essen Bioscience).
Relative wound density (percent) was calculated using the
IncuCyte® ZOOM software analysis program. Cell tracking
and quantification of velocity and directionality was done
using Fiji/Image] manual tracking plugin and Ibidi Chemo-
taxis software.

Particle image velocimetry (PIV) analysis was done using
OpenPIV and OpenPIV spatial analysis toolbox in MAT-
LAB R2015b. The interrogation windows were set to 32 X
32-pixels with 50% overlap.

Cell proliferation and cell death assays
Cell proliferation and cell death assays were performed on

cells subjected to wound healing assays as described above.
For the cell proliferation assays, the Click-iT™ Plus EAU

Alexa Fluor™ 488 Imaging Kit (Molecular Probes) was
used according to the manufacturer’s instructions. Briefly,
medium containing 10 uM EdU was added to the cells before
imaging, and after 24 h, the cells were fixed using 3% para-
formaldehyde and permabilized with 0.5% Triton® X-100.
Incorporated Edu was detected by adding the Click-iT®
Plus reaction cocktail as described by the manufacturer, and
DNA was stained with 5 ug/ml Hoechst® 33342 (Molecu-
lar Probes). Cells were imaged using an Andor Dragonfly
microscope with a 10X objective and quantification of the
percentage of Edu-positive cells was done using the Fiji/
ImagelJ analysis software.

For the cell death assays, medium containing 250 nM
IncuCyte® Cytotox Reagent (Essen Bioscience) was added
to label dying cells green. The number of green objects per
image was calculated using the IncuCyte® ZOOM software
analysis program. Cell death was quantified by dividing the
number of green objects at each timepoint with the number
of green objects at time 0.

Golgi reorientation measurements

Cells were grown to form a confluent monolayer on glass
slides, scratched with a pipette tip, and incubated for 2 h
at 37 °C and 5% CO,. Subsequently, the cells were fixed
and stained with anti-giantin, rhodamine-conjugated phal-
loidin and Hoechst to visualize the Golgi complex, actin
cytoskeleton, and nuclei, respectively. Golgi reorientation
was measured by dividing the cells on the wound edge into
three equal sectors and calculating the percentage of cells
having their Golgi apparatus in the front sector (facing in the
direction of migration) as previously described [10].

Cell-spreading assay

Cells were seeded onto fibronectin-coated coverslips (10 pg/
ml) and incubated for 1 h at 37 °C and 5% CO, before fixa-
tion and staining with rhodamine-conjugated phalloidin and
DAPI. Quantification of the cell area was done using the Fiji/
Imagel] analysis software.

Micropatterns

96-well CYTOO plates (CYTOO, 20-900-00) containing
L-shaped micropattern (1100 um?) were coated with 20 pg/
ml sterile fibronectin (Sigma F2006) in PBS for 2 h at room
temperature. 3 X 10° cells were then added to each well
and kept at room temperature for 30 min and subsequently
at 37 °C for 3 h. Cells were then fixed and stained with
rhodamine-conjugated phalloidin and Hoechst.

Analysis of actin distribution in cells seeded on the
L-shaped micropatterns was performed in ImagelJ, using the
CYTOOL-IP Reference Cell macro (RefCell) that provides
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a statistical representation of the spatial distribution of intra-
cellular compartments, in our case the actin fibers. Using the
Reference Cell macro, a normalized mean cell was obtained
by alignment and overlay of 40 cells per experiment and
averaging the signals for each condition. A Reference Cell
was constructed by making a projection of the filtered and
aligned images from a stack [35]. The rigidity/collapse of
the actin fibers along the hypotenuse was quantified using
the Hypotenuse Macro [35]. Briefly, thresholded images of
the empty L-micropatterns were used to define the theoreti-
cal hypotenuse of the triangle shape. Next, thresholding of
the actin stained images was performed to define the actual
cell shape. The hypotenuse macro was modified by shifting
the theoretical hypotenuse of 2.4 um to be able to recognize
smaller difference in the collapse of the actin fibers. The dif-
ference in the areas between the theoretical hypotenuse and
the actual cell border was then measured and represented as
percentage of collapsed cells (curved when the area differ-
ence resulted in a positive value) and non-collapsed cells
(straight when no differences in the areas between the theo-
retical hypotenuse and the actual cell border were detected).

Immunofluorescence and live-cell microscopy

Cells were grown on coverslips, fixed with 3% paraform-
aldehyde, and quenched using 50 mM NH,CI. Afterwards,
0.25% saponin in PBS 1x was used for permeabilization and
5% FCS in PBS 1x for blocking. The cells were incubated
with primary antibodies at room temperature for 20 min,
washed in PBS/saponin, incubated with secondary antibod-
ies in darkness at room temperature for 20 min, washed
again in PBS/saponin, and finally mounted with Mowiol.

Fixed cells were imaged with an Olympus FluoView 1000
IX81 confocal laser scanning microscope (inverted) using
a 60x PlanApo NA 1.35 objective, or with an Olympus
FluoView 1000 BX61WTI confocal laser scanning micro-
scope (upright) using a 60x PlanApo 1.4 objective and
FV1000 software.

For live-cell imaging, cells were seeded on MatTek
glass-bottom dishes. Before imaging, the culture medium
was replaced to phenol red-free DMEM. For live-cell image
acquisition the cells were kept in an incubation chamber
(Solent Scientific) at 37 °C and 5% CO, and imaged using
a Yokagawa CSU22 spinning-disk confocal unit with an
Andor Ixon EMCCD camera and a 60X NA 1.42 objective
provided with the Andor iQ1.8 software.

Total internal reflection fluorescence (TIRF) micros-
copy acquisition was done on an Andor Dragonfly micro-
scope using a 100X objective with NA 1.45 and the Fusion
software.

To measure Cdc4?2 activity in live cells, a biosensor for
Cdc42 based on Forster resonance energy transfer (FRET)
was used [49]. This single-chain biosensor incorporates
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the donor/acceptor FRET pair of the monomeric Ceru-
lean (mCer) and monomeric Venus (mVen) fluorescent
proteins. When Cdc42 is in an inactive GDP-bound state,
the mCer and mVen are at a distance from each other,
only given off a weak FRET signal when excited. How-
ever, when Cdc42 upon binding to GTP changes its con-
formation, the mCer and mVen fluorescent proteins are
brought into closer proximity and therefore the FRET
signal increases. For excitation of the biosensor (excita-
tion of mCer), the 405 nm laser was used to reduce the
amount of mVen cross excitation to a minimum. The emis-
sion was measured using the Zeiss LSM880 microscope
equipped with a 32 array spectral GaAsP detector using
a 63x oil C Plan Apo objective with NA 1.4 or a 40X
oil Plan Apo objective with NA 1.3 and the ZEN Black
software. To measure the activity of Cdc42, the emission
values were recorded at 477 nm, which corresponds to the
maximum emission peak of mCer, and at 530 nm, which
corresponds to the maximum emission peak for mVen.
Since the 405 nm laser was used for excitation, which
does not excite mVen, the observed emission at 530 nm
of mVen corresponds to the FRET in the sample. To make
our measurements comparable between cells, we divided
the intensities at 530 nm by the intensities at 477 nm to
obtain the FRET/mCer ratio. Image acquisition was per-
formed on a focal plane close to the cell surface/dish.

Optical tweezers

HeLa cells were seeded on MatTek glass-bottom dishes at
low confluency to assure a good access for the optical twee-
zers. Before mounting the dishes on the optical tweezers
setup, the medium was replaced by phenol red-free DMEM
containing 1 um carboxylated latex beads (Bangs Laborato-
ries). The experiments were performed on an optical twee-
zers setup (NanoTracker2, JPK, Germany) equipped with
a confocal unit (C2, Nikon, Japan) and a temperature-con-
trolled stage at 37 °C. Before every experiment, the optical
trap and the QPD detection system were calibrated using the
implemented calibration function based on thermal fluctua-
tions [36]. To investigate the filopodial properties, a trapped
bead was moved close to the filopodial tip. After binding of
the bead to the filopodium, the filopodium usually starts to
retract [37, 38]. The bead’s position was tracked during the
entire retraction process of each filopodium. Hereby, a force
clamp was used, where the set point has been changed every
10 s to test the reaction on different forces. The trajectory
segments were analyzed by a linear fit of the projection on
the main retraction velocity, which reveals a velocity for
the respective counteracting force during acquisition of the
segment. Velocities below a threshold of 0.5 nm/s were con-
sidered as a stall event.
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Immunoblotting

Cell lysates were subjected to SDS-PAGE and blotted onto
polyvinylidene fluoride (PVDF) membranes (Millipore).
The membranes were incubated with primary antibodies
diluted in 2% blotting grade non-fat dry milk (BioRad), fol-
lowed by secondary antibodies conjugated to horseradish
peroxidase (HRP) (GE Healthcare). Either the ECL Prime
Western Blotting Detection (GE Healthcare) or the Super-
Signal West Femto Maximum Sensitivity Substrate (Thermo
Scientific) were used to detect the chemiluminescent signals.
Quantification of band intensity was done by densitrometry
analysis with the ImageQuant TL software (GE Healthcare)
or with the Carestream software.

RhoA, Rac1, and Cdc42 activation assay

RhoA, Racl, and Cdc42 activation was assessed using the
Activation Assay Biochem Kit (Cytoskeleton, Inc.) accord-
ing to manufacturer’s protocol. Briefly, GTP-bound RhoA
was immunoprecipitated from cell lysates with beads cou-
pled to the Rho-binding domain (RBD) of the Rho effector
protein rhotekin, while Racl and Cdc42 were immunopre-
cipitated using beads coupled to the Interactive Binding
(CRIB/PDB) region of the Cdc42/Racl effector protein p21
activated kinase I (PAK1). Immunoprecipitated samples and
total lysates were analyzed by immunoblotting.

F- and G-actin quantification

F- and G-actin extractions were performed with the G-Actin/
F-actin In Vivo Assay Biochem Kit (Cytoskeleton, Inc.)
according to the manufacturer’s instructions. Briefly, U20S
cells were lysed in a buffer that stabilized and maintained
the globular and filamentous forms of actin, incubated for
10 min at 37 °C, and subjected to ultracentrifugation for 2 h
at 100,000xg at room temperature. The supernatants, con-
taining the G-actin fractions, and the re-suspended pellets,
containing F-actin, were subjected to Western Blot analy-
sis. The amounts of F-actin and G-actin relative to the total
actin were quantified by detecting the intensity of the bands
using the program ImageQuant (Amersham Biosciences).
To control that the F-actin was efficiently pelleted during
centrifugation, 100X phalloidin (AEO1, Cytoskeleton inc.)
was added at 1X final concentration to an additional control
sample directly after lysis.

Co-immunoprecipitation

Co-immunoprecipitation experiments were done using the
GFP-Trap®_MA (Chromotek) according to the producer’s
protocol. In short, lysates from cells transfected with GFP-
fusion proteins were incubated for 1 h at 4 °C with magnetic

beads coupled to anti-GFP antibodies for co-immunoprecip-
itation. Immunoprecipitated samples and total lysates were
subsequently loaded on SDS-PAGE gels and subjected to
western blotting analysis.

Dynabead protein G (Life Technologies) was used
according to the manufacturer’s protocol for IP of HA-Rabb6.
Briefly, Dynabeads (0.6 pg) were washed in RIPA buffer
and incubated with either IgG isotype control or with the
antibody against HA, for 60 min with end-over-end-rotation
at room temperature. Precleared cell lysates were thereafter
incubated with the antibody-coupled beads for 90 min with
end-over-end-rotation at room temperature. Immunoprecipi-
tated samples were loaded on SDS-PAGE and analyzed by
western blotting.

Zebrafish xenotransplants

Wild-type zebrafish embryos were kept at 28.5 °C in stand-
ard embryo medium [39] containing 0.003% phenylthiourea
(Aldrich). The experiments were conducted in agreement
with the provisions enforced by the Norwegian national ani-
mal research authority (NARA).

Embryos were decorionated 24 h post-fertilization (hpf).
At day 2 post-fertilization, H1299 were injected in the otic
vesicle. For this, larvae were first sedated in a 230 pg/ml
tricaine bath before being placed on a dish containing 2% of
hardened agarose gel in water.

Before the injection, 10° H1299 cells were transfected
for 16-20 h with either a control siRNA or a siRNA against
Rab6. For rescue experiments, cells were electroporated
with GFP-Rab6 (Amaxa nucleofector, Lonza) the day after
silencing. 6-7 h after electroporation the cells were injected
in the otic vesicle of zebrafish embryos. Before the injec-
tion, cells were stained with Q-tracker 655 cell-labelling
kit (Life Technologies) for 45 min at 37 °C following the
manufacturer’s instructions. After staining, cells were
trypsinized, re-suspended in culture medium, and centri-
fuged for 8 min at 400xg. The supernatant was discarded
and 1 ml PBS —/— Ca**/Mg** was added to each cell pellet.
Cells were re-suspended and centrifuged again for 8 min,
at 400xg. The PBS was removed until the pellet was only
partially covered and re-suspended in the small remaining
volume of PBS. The cell suspension was then loaded onto
a glass capillary connected to a pump (Eppendorf Femtojet
Express) and controlled using a micromanipulator (MN153,
Narishige). Prior to injection, the number of cells was regu-
lated by varying the applied pressure of the pump. 2-3 nl of
cell suspension was injected in the otic vesicle of each ani-
mal that were subsequently placed at 35 °C to facilitate cell
growth. No adverse effects on embryo development were
observed. Images were acquired directly after the injection
(time zero) and at 24 and 48 h post-injection using a Leica
DFC365FX stereomicroscope with a 1.0x PlanApo lens. For
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«Fig. 1 Rabb6 silencing promotes cell migration. a U20S cells trans-
fected with control siRNA or 4 different siRNAs against Rab6 (#1,
#2, #3, #4) were scratch-wounded and imaged every 3rd hour for
24 h. Representative images of (T;) and 18 h after scratching are
shown. Scale bar: 300 um. b Quantification of the relative wound
density (%) as function of time for control cells and Rab6-depleted
cells. Data represents the mean of three independent experiments.
##%P<(0.001 compared to control (two-way repeated measures
ANOVA followed by Tukey’s post test for t=24 h). ¢ Cell lysates
from each sample were subjected to Western blot analysis with anti-
bodies against Rab6 and tubulin (as a loading control). d Repre-
sentative track plots of the single-cell distances of migration for cells
transfected with siRNA control, siRNA Rab6#1 or siRNA Rab6#2.
Individual tracks are shown so that each starts at the origin (distance
0). Quantification of the mean+SEM of speed (e) and directness (f)
relative to the control. n>150 cells from at least five independent
experiments. *P <0.05; **P <0.01 (paired Student’s 7 test). g Lysates
from cells transfected with either siRNA control or siRNA against
Rab6 (#1 and #2) were subjected to Western blot analysis with the
indicated antibodies

the quantification of cell migration, the distance of the cells
from the injection site was measured as the area obtained
by drawing a line along the cells outside of the injection site
at 24 and 48 h after the injection. The quantification was
performed using the software Imagel.

Image processing and analysis

Image analysis and processing was performed using ImagelJ
(National Institutes of Health) and Adobe Photoshop (Adobe
Systems). Analysis of the total filopodia number per cell was
done using FiloQuant plugin for ImagelJ, kindly provided by
Guillaume Jacquemet, University of Turku, Finland.

For the analysis of filopodia at the leading edge of migrat-
ing cells, the FiloQuant plugin was used to measure the cell
border, and the filopodia were manually counted to include
only protrusions extending from the membrane facing the
wound.

For the quantification of Cdc42-positive vesicles in the
cell front of migrating cells, the total number of Cdc42-
positive vesicles was calculated using ImagelJ. A line paral-
lel to the migration front was drawn over the perinuclear
region, half-way between the nucleus and the cell border and
the number of vesicles above the line in the cell front was
counted and expressed as percentage compared to the total
number of vesicles per cell.

Statistical analysis

Assessment of statistical differences was done by two-tailed
paired Student’s ¢ test using the Excel software, or ANOVA
followed by post hoc tests in the GraphPad Prism 8 software
as indicated in the figure legends. In the figures, statistical
significance is indicated as follows: *P <0.05, **P <0.01,
*#*%P <0.001. The statistical analysis of the filopodial

retraction force and velocity was done in Matlab using a
two-sample Student’s ¢ test and a two-sample Kolmogo-
rov—Smirnov test.

Results
Rab6 depletion increases cell migration

Rab proteins are master regulators of intracellular membrane
transport. However, increasing evidence shows that Rabs
are also involved in the process of cell migration [10-12].
Rab7b interferes with cell migration by modulating acto-
myosin dynamics through direct interaction with the actin
motor myosin II [10]. Since also Rab6 interacts directly with
myosin II [15], we investigated whether Rab6, similar to
Rab7b, is important for the process of cell migration.

To test our hypothesis, we performed a wound healing
assay using U20S cells transfected with an siRNA control
or with four different siRNAs against Rab6 (siRNA Rab6
#1, siRNARab6 #2, siRNA Rab6 #3, and siRNA Rab6 #4).
The quantification of the relative wound density showed
that Rab6 knockdown does indeed affect cell migration by
increasing the rate of wound closure (Fig. la—c). Impor-
tantly, all the four different siRNAs used to knockdown Rab6
gave similar results, with an increase in wound density of
approximately 20% 24 h after wounding (except siRNA
Rab6 #4 that resulted in only 5% increase), indicating that
Rab6 specifically influences cell migration and that the
result obtained was unlikely caused by off-target effects.

We further analyzed in more detail the effect of Rab6
depletion on migrating cells. For this purpose, we chose
the two siRNAs that gave the strongest effect in the wound
healing assay (siRNA Rab6 #1 and siRNA Rab6 #2) and
measured single-cell speed and directionality in both U20S
(cancer cell line) and RPE-1 cells (epithelial cell line). The
single-cell analysis revealed that the depletion of Rab6
increased cell speed by about 30% compared to control
cells in both U20S and RPE-1 cells, while directionality
was only modestly affected (Fig. 1d—g; Suppl. Fig. 1a—f).
The movement of continuous sheets of epithelial RPE-1
cells was also visualized by velocity fields, showing that
the increased migration speed upon Rab6 depletion can be
observed throughout the cell monolayer (Suppl. Fig. 1g).

The re-expression of Rab6 in U20S cells depleted for
this small GTPase, using either oligos, rescued the migra-
tion at levels similar to the control (Suppl. Fig. 2a, b), thus
excluding that this effect was a consequence of increased
proliferation or reduced cell death (Suppl. Fig. 2c, d). This
further validates the specificity of the Rab6 siRNAs and of
the migration phenotype upon Rab6 knockdown.

In addition to U20S and RPE-1 cells, we also meas-
ured the effect on cell migration upon Rab6 silencing on
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«Fig.2 Rab6 influences actin dynamics and cell spreading. a U20S
cells treated with siRNA control, siRNA Rab6 #1 or siRNA Rab6
#2 were scratched with a pipet tip and fixed after 2 h. Cells were
immunostained with an antibody against giantin. Actin was labeled
with rhodamine-conjugated phalloidin and nuclei with Hoechst.
The lower insets show magnifications of the boxed areas. Scale bar:
20 um. b Quantification of the percentage of cells with actin fibers
perpendicular to the wound is represented as mean+SEM; n> 150
cells from four independent experiments. *P <0.05 (paired Stu-
dent’s ¢ test). ¢ Quantification of the percentage of cells having
Golgi located between the nucleus and the leading edge. The graph
shows the mean+SEM; n>120 cells from four independent experi-
ments. d U20S cells transfected with siRNA control, siRNA Rab6
#1, siRNA Rab6 #2, or silenced with siRNA control or siRNA Rab6
#1 and subsequently transfected with GFP-Rab6 were plated on
fibronectin-coated coverslips and left to adhere for 1 h before fixa-
tion and staining with Hoechst and rhodamine-conjugated phalloidin.
Lower panel shows transmission images for comparison. Scale bar:
20 um. e Quantification of the average area. The graph represents
the mean+SEM normalized to the control; n>90 cells from at least
three independent experiments. *P<0.05 (one-way ANOVA fol-
lowed by Tukey’s post test). f U20S cells treated with siRNA con-
trol, siRNA Rab6 #1 or siRNA Rab6 #2 were plated onto dishes with
fibronectin-coated L-shaped micropattern and left to adhere for 3.5 h
before fixation and staining with rhodamine-conjugated phalloidin.
Color-coded frequency map of averaged Z-projected images from one
representative experiment are shown. Scale bar: 10 um. g The graph
shows the quantification for each condition of the percentage of cells
with straight or curved hypotenuse (mean+SEM) normalized to the
control. n> 60 cells from three independent experiments. *P <0.05;
*#*P <0.01 (paired Student’s 7 test)

HelL a cells. Similar to the previously tested cell lines, also
migration in HeLa cells was increased in cells silenced
with either oligos (Suppl. Fig. 2e, g).

Having discovered that depletion of Rab6 increases cell
migration, and knowing that Rab6 directly interacts with
myosin II [15], we next investigated whether the effect of
Rab6 on cell migration is a consequence of an effect on
the actomyosin cytoskeleton. U20S cells transfected with
siRNA control or siRNAs against Rab6 were subjected to
wound healing assays and the arrangement of the actin
cytoskeleton was analyzed by confocal microscopy. The
results showed a clear difference in the formation of actin
protrusions at the leading edge of the migrating cells. In
about 50% of the cells silenced for Rab6 the actin fibers
were oriented perpendicular to the wound in contrast to
only 30% for control cells (Fig. 2a, b). This result suggests
that Rab6 influences actin dynamics.

We also checked whether Rab6 influences cell polariza-
tion in migrating cells. It is known that the Golgi appara-
tus reorients in migrating cells from a random perinuclear
position to the area between the nucleus and the leading
edge [40, 41]. However, Golgi reorientation was unaf-
fected after Rab6 depletion (Fig. 2a—c).

All together, these data indicate that Rab6 depletion
promote cell migration and actin fiber reorientation.

Rabé is required for cell spreading

Having observed that Rab6 affects cell motility, we fur-
ther investigated whether Rab6 is required for cell spread-
ing. U20S cells transfected with siRNA control, siRNA
Rab6 #1 or siRNA Rab6 #2 were trypsinized and plated
on fibronectin-coated cover slips, fixed and finally stained
with rhodamine—phalloidin. Quantification of the cell
area clearly shows that knockdown of Rab6 decreases cell
spreading in U20S cells by circa 30% for both the tested
oligos (Fig. 2d, e).

In line with this, overexpression of Rab6 leads to an
increased cell area by almost 30% (Fig. 2d, e), indicating
that Rab6 is a modulator of cell spreading. Moreover, in
samples knocked down using siRNA Rab6 #1, transfection
of GFP-Rab6 rescued the spreading defect by restoring the
normal cellular area (Fig. 2d, e).

To shed more light on how Rab6 influences cell migra-
tion and cell spreading, we took advantage of L-shaped
adhesive micropatterns. Cells plated on regular culture
dishes can take on a variety of different shapes and are
constantly changing as their cytoskeleton reorganizes.
Having all cells confined to specific and identical shapes
makes it easier to compare them and identify possible
effects on cytoskeleton architecture after Rab6 knock-
down. On L-shaped fibronectin-coated micropatterns, cells
are forced to assume a right-angled triangular shape with
the adhesive micropattern on two sides and a long non-
adhesive stretch along the hypotenuse (Fig. 2f).

U20S cells were seeded on fibronectin-coated L-shaped
micropatterns for 3.5 h before fixation and staining with
rhodamine—phalloidin to visualize the actin network. Inter-
estingly, more than 80% of the cells silenced for Rab6
displayed an actin network architecture that appeared less
straight and more collapsed along the non-adhesive side
resulting in a hypotenuse with higher curvature, compared
to 60% of the control cells (Fig. 2f, g). To overcome the
absence of the underlying adhesive substrate, cells are
dependent on actomyosin contraction. Indeed, upon myo-
sin inhibition, the non-adhesive stretch takes on a relaxed
(curved) instead of straight cell border [42]. Therefore, our
results suggest that the increased curvature after depletion
of Rab6 could be a consequence of reduced actomyosin
contractility.

To test this hypothesis, we next checked if Rab6 knock-
down alter the phosphorylation status of MLC, as phospho-
rylation of MLC is known to regulate myosin II assembly
and contraction [43]. As Ser19 is the primary phosphoryla-
tion site of MLC [44-46], we investigated whether MLC
phosphorylation on Ser19 was affected upon Rab6 silenc-
ing. In line with our hypothesis, MLC phosphorylation was
strongly downregulated after knockdown of Rab6 (Fig. 3a,
b).
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«Fig.3 Rab6 regulates MLC phosphorylation and Cdc42 activity.
a Lysates from U20S cells transfected with control siRNA, siRNA
Rab6 #1 or siRNA Rab6 #2 were subjected to western blot analysis
using antibodies against phosphorylated myosin light chain (p-MLC),
total MLC and tubulin (as a loading control). b Quantification of
the amount of p-MLC normalized to the total amount of MLC for
each of the indicated sample. The data represent the mean+SEM
relative to the siRNA control sample of three independent experi-
ments. c-h Lysates from U20S cells treated with control siRNA or
siRNA Rab6 #1 were mixed with beads coupled to either GST-Rho-
tekin—RBD to pull down the active form (GTP-bound) of RhoA (c),
or to GST-PAK-PBD to pull down the active forms of Racl (e) or
Cdc42 (g) and analyzed by western blot. As a positive control, cells
were loaded with GTPyS. The levels of active RhoA (d), Racl (f),
and Cdc42 (h) were normalized to the amount of tubulin and plotted
relative to the intensities of GTP-bound Rho proteins in the control
sample. The graphs represent the mean + SEM normalized to the con-
trol of at least three independent experiments. i U20S cells treated
with siRNA control or siRNA Rab6 #1 and transfected with either
Cdc42 G12 V biosensor or Cdc42 wt biosensor as indicated, were
imaged live with spectral imaging. Scale bar: 20 um. j Graph shows
the mean+SEM of the normalized FRET/mCerulean ratios for the
indicated samples; n> 70 cells from three independent experiments. k
U20S cells treated with siRNA control or siRNA Rab6 #1 and trans-
fected with either Cdc42 G12 V biosensor or Cdc42 wt biosensor as
indicated, were scratched and let migrate for 4 h before live spectral
imaging. The white arrows indicate the direction of migration. Scale
bar: 20 um. I Graph shows the mean +SEM of the normalized FRET/
mCerulean ratios for the indicated samples; n> 12 cells from four
independent experiments. *P <0.05; **P<0.01 (paired Student’s ¢
test)

Taken together, these results suggest that Rab6 is impor-
tant for regulation of actin dynamics and actomyosin con-
tractility by regulating the activity of myosin II.

Cdc42 activity is regulated by Rab6

The phosphorylation status of MLC is tightly regulated by
a myosin specific phosphatase and several different kinases
working at distinct places in the cell to locally control myo-
sin activity [45, 47-52]. The upstream control of these
kinases is orchestrated by members of the Rho GTPase
family that are master regulators of cytoskeleton rearrange-
ments [47, 53, 54]. We, therefore, hypothesized that Rab6
influences myosin phosphorylation through the regulation of
Rho GTPase family members. To test this, we investigated
if Rab6 knockdown affected the activity of the most exten-
sively characterized Rho GTPases, namely, RhoA, Racl, or
Cdc42 [53, 54], by pull-down assays.

GST-tagged Rho-binding domain (RBD) of the RhoA
effector Rhotekin was used to pull down the active form of
RhoA, while GST-tagged p21 Binding Domain (PBD) of
the Cdc42 and Racl effector protein p21 activated kinase I
(PAK) was used to pull down the active forms of Racl and
Cdc42 in U20S cell lysates treated with siRNA control or
siRNA Rab6 #1. As shown in Fig. 3c—f, Rab6 depletion did
not affect RhoA or Racl activity. However, Cdc4?2 activity

was increased more than 1.6-fold compared to control cells,
indicating that Rab6 regulates actin dynamics through the
modulation of Cdc4?2 activity (Fig. 3g, h).

To further detect the localized Cdc42 activation in live
cells, we next took advantage of a fluorescence resonance
energy transfer (FRET)-based biosensor for Cdc42 [55].
U20S cells treated with siRNA control or siRNA Rab6
#1 were transfected with either wild-type Cdc42 biosen-
sor or Cdc42 G12 V constitutively active mutant biosensor
as control, and imaged for FRET analysis. We measured
Cdc42 activity in regions at the cell periphery as we had
previously detected differences in actin arrangement in cell
protrusions after Rab6 depletion (Fig. 2a, b). Spectral imag-
ing and measurement of the FRET/Cerulean ratio at 530 nm
confirmed a significant increase in Cdc42 activity in cells
depleted for Rab6 compared to the control, thus verifying
the results from the pull-down assay and further demon-
strating a localized activation of Cdc42 at the cell periph-
ery (Fig. 31, j). A similar increase in Cdc4?2 activity in cells
depleted for Rab6 was measured also in migrating U20S
cells (Fig. 3k, 1). All together, these results support a model
in which Rab6 knockdown induces the activation of Cdc42
at the cell periphery.

Cdc42 and its GEF Trio interact with Rab6

To understand how Rab6 affects Cdc42 activity, we next
looked at the intracellular localization and dynamics of these
molecules by live-cell confocal microscopy. U20S cells
were co-transfected with GFP-Rab6 and mCherry-Cdc42
before time-lapse image acquisition. As shown in Fig. 4a,
GFP-Rab6 was present in the perinuclear/Golgi region from
where Rab6-positive vesicles emerged and moved towards
the cell periphery as previously reported [18, 56]. Some
of these vesicles were also positive for mCherry-Cdc42,
although the percentage of mCherry-Cdc42-positive vesi-
cles that co-localized with GFP-Rab6 varied considerably
between cells. Interestingly, time-lapse imaging revealed that
these vesicles moved from the perinuclear region towards
the cell periphery (Fig. 4a, Movie 1). Similar dynamics were
also observed in migrating cells, where vesicles positive for
both Rab6 and Cdc42 were observed to move towards the
cell periphery at the leading edge, but also often return back
towards the cell centre (Fig. 4b).

As Rab6 depletion promotes the activation of Cdc42, we
then studied whether it also influences the localization of
GTP-bound Cdc4?2. For this, we transfected control cells
and cells silenced for Rab6 with the constitutively active
mutant of Cdc42. We left the cells to migrate for 3 h after
a scratch was made with a pipette tip in the confluent cell
monolayer, and then, we imaged the cells using time-lapse
video microscopy. Interestingly, the percentage of Cdc42-
positive vesicles present in the front of the migrating cells
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was higher in cells silenced for Rab6, suggesting that Rab6
might have a role in balancing the transport of active Cdc42
to the cell periphery (Fig. 4c, d).

Having observed that Cdc42 is present on Rab6-positive
vesicles, we next investigated if these two small GTPases
also interact. To test this, we performed co-immunopre-
cipitation (co-IP) experiments in U20S cells transiently
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transfected with either GFP, GFP-Cdc42 wt, GFP-Cdc42
Q61L (constitutively active mutant), or GFP-Cdc42 T17 N
(dominant negative mutant). The results in Fig. 5a show that
Rab6 interacts with all forms of Cdc4?2, and indicate that
this interaction does not depend on the nucleotide binding
state of Cdc42. As controls, both N-WASP and IQGAP1,
known interactors of Cdc42, were immunoprecipitated by
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«Fig.4 Cdc42 is transported towards the cell periphery in Rab6-
positive vesicles. a U20S cells co-transfected with GFP-Rab6 and
mCherry-Cdc42 were imaged using a spinning-disk confocal micro-
scope for the indicated time points. The arrows indicate a vesicle
positive for both Rab6 and Cdc42 moving towards the cell periphery.
Scale bar: 10 um. b U20S cells co-transfected with GFP-Rab6 and
mCherry-Cdc42 were scratch-wounded with a pipet tip and imaged 3
h later by using a spinning-disk confocal microscope for the indicated
time points. The image represents maximum-intensity projections of
z-stacks. The big white arrow indicates the direction of migration.
Magnifications of the boxed area are shown in the insets. The arrows
in the insets indicate a vesicle positive for both Rab6 and Cdc42
moving both towards the cell periphery and back. Scale bar: 10 pm.
¢ U20S cells treated with siRNA control or siRNA Rab6 #1 and
transfected with pTriEx-mCherry-Cdc42 Q61L were scratched with
a pipet tip and imaged 3 h later. The images represent maximum-
intensity projections of z-stacks. The white arrows indicate the direc-
tion of migration. Magnifications of the boxed areas are shown in the
insets. Scale bar: 10 um. d Quantification of the percentage of Cdc42
Q61L-positive vesicle in the cell front compared to the total number
of Cdc42 Q61L-positive vesicles within the cell. The graph shows the
mean=+SEM from two independent experiments (n=8). *P<0.05
(paired Student’s 7 test)

Cdc42 wt and its constitutively active mutant, but not by the
dominant negative mutant (Fig. 5a), in agreement with the
previous reports [57-59]. This further supports the specific-
ity of the interaction of Rab6 with all forms of Cdc42. We
additionally performed a reverse co-IP, where U20S cells
were transiently transfected with HA-Rab6. HA-Rab6 was
able to immunoprecipitate endogenous Cdc42, again con-
firming the interaction between Rab6 and Cdc42 (Fig. 5b).

Cdc42 is a small GTPase, whose activity is regulated by
guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs) that activate and inactivate it,
respectively. Intriguingly, in a study from 2014, a GEF for
the Rho family GTPases, Trio, was identified as a putative
Rab6-binding protein [5]. Importantly, while Trio has been
considered a GEF for RhoG and Racl, a recent work has
challenged this view by demonstrating that Trio, although
with a lower exchange rate than RhoG and Racl, potently
activates both RhoA and Cdc42 [30].

We, therefore, investigated whether Rab6 modulates
Cdc42 activity by regulating the recruitment of a Cdc42
GEF, and verified the putative interaction between Rab6 and
Trio by co-IP in HeLa cells as U20S cells express lower
levels of endogenous Trio. Cells were transiently transfected
with GFP, GFP-Rab6 wt, GFP-Rab6 Q72L (constitutively
active mutant), or GFP-Rab6 T27 N (dominant negative
mutant) and the immunoprecipitation was performed using
GFP-Trap magnetic agarose beads. Immunoblotting using
an antibody against Trio indeed demonstrated that GTP-
bound Rab6 and endogenous Trio interact (Fig. 5¢). We
also performed a reverse co-IP in U20S cells by transiently
transfecting cells with either GFP or GFP-Trio, as well as
HA-tagged Rab6 wt, HA-Rab6 Q72L, or HA-Rab6 T27 N,
and verified the interaction between Rab6 and Trio (Fig. 5d).

Taken together, these findings indicate that Rab6 is able to
recruit both Cdc42 and the GEF Trio and thus suggest a
possible mechanism for Rab6 to modulate Cdc4?2 activity.

To further investigate whether the enhanced activation of
Cdc42 upon Rab6 knockdown depends on Trio, we silenced
both Rab6 and Trio and measured Cdc4?2 activity. As shown
in Suppl. Fig. 3a, b, Trio depletion alone inhibits Cdc42
activation down to levels comparable to another well-known
GEEF for Cdc42, DOCK10. The activity of Cdc42 in Rab6
and Trio double-knockdown cells was also significantly
reduced, indicating that the effect on Cdc42 activation upon
of Rab6 knockdown depends, at least to a certain extent,
on Trio.

We next studied the contribution of Trio on cell migra-
tion. In line with previous work [60], silencing of Trio
considerably inhibited cell migration in a wound healing
assay (Suppl. Fig. 3c). Overexpression of Rab6 wt did not
further influence the effect of Trio depletion, while double-
knockdown of Trio and Rab6 reduced the Rab6-dependent
increase in cell migration to the level of control cells. Taken
together, these results suggest that the increased migration
upon Rab6 depletion may be at least in part dependent on
Trio-mediated activation of Cdc42.

Rab6 depletion influences F/G-actin ratio
and filopodia formation and dynamics

Cdc42 is a regulator of actin cytoskeleton dynamics that pro-
motes formation of filopodia [61]. Since our results indicate
that Rab6 influences Cdc42 activity at the cell periphery,
we next checked whether actin polymerization and filopodia
formation were altered after Rab6 knockdown.

To determine if Rab6 influences actin polymerization,
we quantified the relative amounts of cellular G-actin and
F-actin in control cells and cells depleted for Rab6. Cell
lysates were subjected to high-speed centrifugation to
separate the G- and F-actin pools, followed by quantitative
Western blot analysis to assess the ratio of F-to-G-actin. As
expected, pretreatment with phalloidin, which stabilizes
F-actin, increased the F/G-actin ratio with almost 2.5-fold
compared to control cells (Fig. 6a, b). Importantly, Rab6
knockdown also increased the ratio between F/G-actin of
0.6-fold compared to control cells (Fig. 6a, b).

As this result is in line with increased actin polymeri-
zation, we next investigated whether the augmented pool
of F-actin in cells knocked down for Rab6 could correlate
with an increase in filopodia formation. We silenced HeLa
cells for Rab6 as filopodia are easier to detect in this cell
line than in U20s cells, before fixation and staining of actin
filaments with rhodamine—phalloidin. Consistent with the
augmented Cdc4?2 activity after Rab6 knockdown, quanti-
fication revealed an increase in filopodia number by 17% in
cells depleted for Rab7b compared to control cells (Suppl.
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Fig. 4a, b). Interestingly, the number of filopodia at the lead-
ing edge of migrating cells was even higher (27% more than
in control cells) upon Rab6 depletion and the re-expression
of GFP-Rab6 in these cells was able to reduce the filopodia
number (Fig. 6¢, d). Since Rab6 is able to affect filopodia
formation, it is reasonable to expect that Rabb6 is localized
to filopodia. To confirm this, U20S cells were transiently
transfected with GFP-Rab6 and imaged using TIRF micros-
copy (TIRFM). TIRFM showed that Rab6-positive vesicles
were transported towards the cell surface and often localized
to filopodia (Suppl. Fig. 4c, Movie 2).

Filopodia are dynamic structures consisting of F-actin
bundles. Their growth and retraction is dependent on actin
polymerization rate at the tip of the filopodia and on the
actin retrograde flow [38]. To further investigate whether
Rab6 in addition to filopodia formation also influences filo-
podia dynamics, we measured the retraction velocity and the
force exerted by filopodia on optically trapped beads in con-
trol cells and in cells silenced for Rab6 (Fig. 6e). As shown
in Fig. 6g, the velocity of filopodia retraction increased in
cells knocked down for Rab6 as the mean retraction veloc-
ity of filopodia resulted in 41.2 +23.9 nm/s compared to
28.5+12.7 nm/s in control cells. In addition, the mean stall
force of the filopodia was quantified. The stall force is evalu-
ated by the considering both the highest counteracting force
at which still a retraction could be determined and the lowest
counteracting force which led to a stall of the retraction pro-
cess. The mean stall force of the filopodia in cells depleted
for Rab6 (15.7+ 11 pN) was slightly higher than the one of
the control cells (13.5 +5.9pN) (Fig. 6f). In sum, our results
show that the enhanced activation of Cdc42 induced by Rab6
silencing results in an increase in filopodia formation and
influences filopodia dynamics.

Rab6 knockdown promotes spread of cancer cells
in vivo

In this study, we have shown using in vitro systems that
Rab6 depletion leads to increased cell migration by inhibit-
ing myosin II phosphorylation and promoting Cdc42 acti-
vation. This results in increased actin polymerization that
in turn leads to an enhanced formation of cell protrusions.
We next investigated whether Rab6 depletion also promotes
cell migration in vivo. To test this, we examined if Rab6
silencing influences the dissemination of human cancer cells
with known invasion/metastasis potential, such as H1299
[62, 63] in zebrafish embryos. 20 h after silencing, control
cells, or cells silenced for Rab6 were labeled with fluores-
cent quantum dots (QDs) and injected into the otic vesicle
of zebrafish larvae at 48 h post-fertilization. Analysis was
performed at 24 and 48 h post-injection by acquiring images
using a stereomicroscope, as the spread of cancer cells could
be seen in the body of the fish. The invasion potential of

these cells was assessed by calculating the ability of the
cells to migrate out from the otic vesicle. The results show
that, compared to the control, cells silenced for Rab6 were
able to migrate from the otic vesicle already at 24 h post-
injection and even more at 48 h post injections (Fig. 7).
Moreover, transfection of GFP-Rab6 in cells knocked down
using siRNA Rab6 #1 rescued the increased invasive abil-
ity induced by Rab6 depletion (Fig. 7a, c). The effect of
Rab6 depletion on in vivo cell migration was additionally
confirmed by using a second siRNA targeting Rab6. Similar
to the results obtained with siRNA #1, cells silenced with
Rab6 #2 were able to migrate in zebrafish embryos from the
otic vesicle at 24 h post-injection and at 48 h post injections
more than control cells (suppl. Fig. 5). In conclusion, using
a zebrafish xenograft model, we demonstrated that silencing
of Rab6 potentiates invasion of H1299 cells in vivo, further
confirming the role of Rab6 in cell migration.

Discussion

Rab6 is known to regulate the transport between the endo-
plasmatic reticulum, Golgi apparatus, plasma membrane,
and endosomes [17-21]. In this study, we reveal a novel
function of this GTPase as a negative regulator of cell migra-
tion by interacting with both a Rho family member and its
GEF and influencing actin cytoskeleton organization.

Rab proteins are known to interact with different motor
proteins to facilitate distinct processes in intracellular traf-
ficking [64—67]. Between them, only Rab6 and Rab7b have
so far been shown to directly interact with the non-proces-
sive motor protein myosin II [10, 15]. Interestingly, while
Rab6 is reported to mediate the fission of vesicles from the
Golgi apparatus by recruiting myosin II [15], the interaction
between Rab7b and myosin II has proven to be important not
only for vesicular transport but also for proper cytoskeleton
dynamics required in cell migration [10].

In the present study, we reveal a new function for Rab6 in
the regulation of cytoskeleton organization and cell migra-
tion by showing that Rab6 modulates myosin II activity.
Indeed, depletion of Rab6 decreases myosin II phosphoryla-
tion on Ser 19 (Fig. 3a, b). These results are further sup-
ported by the decreased ability of cells knocked down for
Rabb6 to generate enough actomyosin contractility to support
full extension of their free edge when grown on L-shaped
micropatterns (Fig. 2f, g).

Myosin II knockdown or inhibition by drugs has been
generally shown to increase the speed of migrating cells in
many different cell types [68—71]. These studies support our
finding that increased cell migration after Rab6 knockdown
is a consequence of a decrease in myosin II phosphorylation.
Even though there is no general consensus on the role of
myosin IT in cell spreading and on the effects of its inhibition

@ Springer



K. Vestre et al.

2608

.
@ S
c
: ey, Ss g
* ,QQ <<
2 . Y4 94 ZZz
< #9 Ly XX o
*_H O@Qv\ .@O@T ® 0 3
40 Vers Yég.w _H_u °
£ N O © © ¥ «~ O —v&\ N
Z S £ Q@ iy Ys
%@o 2 5 w o] wrigo | Jod eipodojy # .
0% b, —w < o * N% 9 N
\O;\ \V@\ i X QWQ
NQOO & * T\.\
b Q\@ o
*x, &, e&\ \OKNQ - o o o ©v o
o, “h,  EQ 5538
(o} ©
% * 1o Uor s aF ) Aunqeqoid
m&\@ . . . B .QQ@O\\Q\ o o
3 2 g 3oy e My LY
a a (lo13u09 0} aAljelRl) i % -
=~ S|oA9] 9qey » © 2 ©
ot
S o
X o
L
c £ - 1 o g
== Y \ B w
£ m m g : “
Ly © Lo G 2 1 _H_-
%6, < m o .
Y, o 4 s “ b
h.\\,o Ly % © \
17, — TR X & b, [ =
\eoo b ¥ é&e@
b, - o H - T o o = o
&w\% . /o o o o o
" w " éeoo b, — Anngeqoid
r 7/ L
0, N, o b
\060%0\\00 — V) * H s ...nu {
o&tQ w Y 8
Yo * 10, P10
Vo "y <
1 1 V\
) s 8 8 g 8§ ° Nys X
[a] - 7]
x uljoe [ej0} Jo %
@ 3) o

velocity (nm/s)

stall force (pN)

pringer

fNs



Rab6 regulates cell migration and invasion by recruiting Cdc42 and modulating its activity 2609

«Fig. 6 Filopodia formation and dynamics are affected by Rab6 deple-
tion. a F-actin (F) and G-actin (G) pools were separated from lysates
of U20S cells transfected with siRNA control or siRNA Rab6 #1 by
ultracentrifugation. Phalloidin was added to a control sample to verify
that the F- and G-actin pools were successfully separated. Samples
were loaded on SDS-PAGE and subjected to Western blot analysis
using an antibody against actin. The graph shows the percentage of
F-actin and G-actin relative to the total amount of actin. Data repre-
sents the average of four independent experiments. **P <0.01 (paired
Student’s ¢ test). b Cell lysates from each of the indicated sample
were subjected to Western blot analysis with antibodies against Rab6
and tubulin (as a loading control). The intensities of the bands were
quantified using densitometry, normalized against the amount of
tubulin, and plotted relative to the intensities obtained in cells trans-
fected with siRNA control. The values represent the mean+SEM
for four independent experiments. ***P <0.001 (paired Student’s
t test). ¢ HeLa cells treated with siRNA control or siRNA Rab6 #I,
or silenced for Rab6 and subsequently transfected with GFP-Rab6,
were scratched and let migrate for 3 h before fixation and staining
with DAPI and rhodamine-conjugated phalloidin. The lower insets
show magnifications of the boxed areas. Scale bar: 20 um. d Quan-
tification of the number of filopodia per 100 pm of cell membrane
facing the wound. The graph represents the mean +SEM; n> 50 cells
from three independent experiments. P <0.05 (one-way ANOVA fol-
lowed by Fisher’s LSD test). e Confocal image of HeLa cells trans-
fected with LifeAct-RFP showing an optically trapped bead attached
to a filopodium. Scale bar: 2 um. f Distribution of the mean filopodial
retraction velocity from 8 independent experiments (n=30 for siRNA
Rab6 #1 and n=23 for siRNA control). Average values: 41.2 nm/s
for siRNA Rab6 #1 and 28.5 nm/s for siRNA control. The measured
velocities reject the null hypothesis that they originate from the same
sample using a two-sample Kolmogorov—Smirnov test and a two-
sample 7 test at a 5% significance level. g Distribution of measured
stall forces from 8 independent experiments (n=27 for siRNA Rab6
#1 and n=15 for siRNA control). Mean stall force for siRNA Rab6
#1=12.6 pN and for siRNA control=10.6 pN. Neither a two-sample
Kolmogorov—Smirnov test nor a two-sample ¢ test of the data does
allow to reject the null hypothesis that they originate from the same
sample

[72-77], Nisenholz et al. recently found that the balance of
the forces exerted by myosin II between the periphery and
the center of the cell is important for the regulation of cell
spreading [78]. They demonstrated that the forces exerted by
myosin II in the periphery facilitated cell spreading, while
those exerted more centrally opposed spreading. Based on
this model, the decrease in cell spreading we measured after
Rab6 knockdown could be a consequence of less myosin-
dependent forces exerted towards the cell periphery due to
the decreased myosin II phosphorylation.

Intriguingly, our results also show that depletion of Rab6
increases Cdc4?2 activity (Fig. 3g, h). In addition, using a
Cdc4?2 FRET biosensor construct, we demonstrate that the
Cdc42 activity is increased at the cell periphery in both
migrating and non-migrating cells (Fig. 3i, 1). It is well
established that the activation of the small GTPase Cdc42
promotes Arp2/3-dependent actin nucleation and polymeri-
zation important for initiation and dynamics of filopodia [53,
79-82]. In agreement with this, we found an increase not
only in the amount of F-actin after depletion of Rab6, but

also in cell protrusions and filopodia formation (Figs. 2a, b,
6a—d, Suppl. Fig. 4a, b).

It is tempting to hypothesize that the increased activation
of Cdc42 after Rab6 knockdown could be the cause for the
reduced phosphorylation of myosin II. Indeed, phosphoryla-
tion of myosin II on Ser 19 is tightly controlled by myosin
specific phosphatase and kinases, some of which are regu-
lated by Cdc42 [44-46, 83, 84]. In line with this hypothesis,
studies on force generation of cortical actin and cell pro-
trusions have shown that less myosin II contractility in the
cortical actin can lead to more protrusions [85, 86]. This is
again consistent with the increased formation of protrusions
and filopodia observed in cells silenced for Rab6. In the light
of this, our results are compatible with a model, where Rab6
modulates Cdc42 activity at the cell periphery, thereby regu-
lating actin cytoskeleton dynamics and myosin II activity,
which results in decreased spreading and increased filopodia
formation and protruding potential. Indeed, we demonstrate
that Cdc42 is present on Rab6-positive vesicles directed
towards the cell periphery that afterwards can also move
back towards the center of the cell (Fig. 4a, b). Most interest-
ingly, depletion of Rab6 redistributes active Cdc42 towards
the leading edge of migrating cells (Fig. 4c, d). This suggests
that Rab6 may modulate either how much Cdc42 should be
transported to the cell periphery or its time of residence at
the periphery of the cells, and that upon Rab6 depletion this
control is lost.

How then, does Rab6 regulate Cdc42 activity? Evidence
of crosstalk between the Rab and Rho family of small
GTPases in the regulation of cytoskeleton dynamics is start-
ing to emerge as some Rab proteins have been shown to
regulate the activity of Rho family members [10, 12, 67,
87-90]. However, a general mechanism behind this regula-
tion is not well characterized. Our results show that Rab6
and Cdc42 are not only present on the same transport vesi-
cle, but can also interact. This interaction is independent on
the nucleotide binding state of Cdc42 (Fig. 5a, b), suggesting
that Rab6 may recruit another factor for the direct modula-
tion of Cdc42 activity. As we found that GTP-bound Rab6
binds to the Rho family GEF Trio (Fig. 5c, d), it is tempting
to speculate that the recruitment of Trio by active Rab6 may
prevent the activation of Cdc42.

Trio is a member of the Dbl family of GEFs whose
activity is inhibited by direct interaction with phospho-
rylated myosin II [91]. A reduction in myosin II phos-
phorylation decreases the Dbl GEF—-myosin II interaction,
resulting in increased GEF activity [91]. In light of this,
the reduced amount of phosphorylated myosin II we meas-
ured after knockdown of Rab6 could trigger the increase
in Trio GEF activity and thereby promote Cdc42 activa-
tion. As both Trio and Rab6 are known to bind to myosin
I [15, 91], an intriguing scenario is, therefore, that Rab6,
Trio and myosin II may form a complex for the specific
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Fig.7 Rab6 knockdown promotes spread of cancer cells in zebrafish
embryos following xenotransplantation. a H1299 cells transfected
with control siRNA, siRNA Rab6 #1, or silenced with siRNA Rab6
#1 and subsequently transfected with GFP-Rab6, were stained with
QDs Q-Tracker 655 and injected into the otic vesicle (red circle) of
2-dpf zebrafish wild-type embryos. Representative images of (T)
and 48 h after injection are shown. In contrast to the control cells
(top panels), and to cells silenced with siRNA Rab6 #1 and trans-
fected with GFP-Rab6 (lower panels), that remained confined to the
injection area, cell silenced for Rab6 (middle panels) showed higher
ability to migrate outside from the otic vesicle at 48 h (arrows). Mag-
nification of the boxed areas are shown in the inset on the right of
each panel. Scale bar: 100 pm. b Quantification of cell migration was
performed by measuring the area occupied by the cells at 24 h and
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48 h after injection and was normalized to the area occupied by the
cells in the otic vesicle at T, The graph represents the mean+SEM
from n> 10 embryos. ¢ H1299 cells transfected with control siRNA
or siRNA Rab6 #1 for 24 or 48 h, or silenced with siRNA Rab6 #I
and subsequently transfected with GFP-Rab6 for 24 or 48 h, were
subjected to western blot analysis using antibodies against Rab6
and tubulin (as a loading control). *P <0.05; **P<0.01 (one-way
ANOVA followed by Fisher’s LSD test). d Quantification of Rab6
levels normalized to the amount of tubulin, and plotted relative to the
intensities obtained in cells transfected with siRNA control for each
of the indicated sample. The data represent the mean+SEM rela-
tive to the siRNA control sample of three independent experiments.
*#P <0.01 (paired Student’s 7 test)
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regulation of Cdc42 activity. The formation of such com-
plex could explain how Rab6 recruits Trio and prevents
Cdc42 activation: active Rab6 binds to both myosin II and
Trio, sequestering this GEF as the binding of myosin II to
Trio inhibits its GEF activity [91].

In line with the involvement of Trio in the Rab6-
dependent modulation of Cdc42 activity, double knock-
down of Rab6 and Trio-reduced Cdc42 activation and
to some extent also the Rab6-dependent increase in cell
migration (Suppl. Fig. 3). However, as both the activation
of Cdc42 and the migration in the double-knockdown cells
were not decreased to the same levels as Trio silencing
alone, this suggests that the increased migration caused by
Rab6 depletion is only in part dependent on Trio-mediated
activation of Cdc42. Therefore, additional mechanisms
contribute to Cdc42 activation or to the increased migra-
tion, and based on our results, one of these is likely to
involve myosin II phosphorylation.

In conclusion, in this study, we have revealed a new
role for Rab6 in cell migration. We have also elucidated
the underlying molecular mechanisms involved by show-
ing that Rab6 can influence filopodia formation through
the modulation of Cdc42 activity. Intriguingly, we further
demonstrated that Rab6 knockdown promotes cancer cell
spreading after xenotransplantation in zebrafish embryos
(Fig. 7, Suppl. Fig. 5), in line with the evidence that an
increased protrusion potential and filopodia formation con-
tribute to cancer cell invasion [92, 93], thus establishing
Rab6 as a negative regulator of cell migration.
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Rab7b regulates dendritic cell migration by linking lysosomes

to the actomyosin cytoskeleton
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ABSTRACT

Lysosomal signaling facilitates the migration of immune cells by
releasing Ca?* to activate the actin-based motor myosin Il at the cell
rear. However, how the actomyosin cytoskeleton physically associates
to lysosomes is unknown. We have previously identified myosin Il as a
direct interactor of Rab7b, a small GTPase that mediates the transport
from late endosomes/lysosomes to the trans-Golgi network (TGN).
Here, we show that Rab7b regulates the migration of dendritic cells
(DCs) in one- and three-dimensional environments. DCs are immune
sentinels that transport antigens from peripheral tissues to lymph
nodes to activate T lymphocytes and initiate adaptive immune
responses. We found that the lack of Rab7b reduces myosin Il light
chain phosphorylation and the activation of the transcription factor EB
(TFEB), which controls lysosomal signaling and is required for fast DC
migration. Furthermore, we demonstrate that Rab7b interacts with the
lysosomal Ca?* channel TRPML1 (also known as MCOLN1), enabling
the local activation of myosin Il at the cell rear. Taken together, our
findings identify Rab7b as the missing physical link between
lysosomes and the actomyosin cytoskeleton, allowing control of
immune cell migration through lysosomal signaling.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Rab7b, Rab protein, Actomyosin, Cell migration,
Dendritic cells

INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting cells that
engulf extracellular material in peripheral tissues and transport it to
lymph nodes for presentation to T cells. When encountering danger-
associated antigens, for example, microbial products, DCs start a
maturation program, where they undergo massive phenotypical and
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functional changes (Banchereau et al., 2000; Reis e Sousa, 2006). In
particular, while immature DCs are characterized by a high antigen
uptake capacity and a slow intermittent migration mode (Chabaud
et al., 2015), mature DCs are less capable of antigen uptake but are
highly motile (Vargas et al., 2016). This increase in their migration
capacity, together with the upregulation of the CCR7 chemokine
receptor at their surface, promotes their migration to lymph nodes for
the initiation of adaptive immune responses (Mellman and Steinman,
2001). Therefore, DCs strongly rely on their ability to migrate to exert
their immunosurveillance function (Alvarez et al., 2008).

The fast and directional migration that characterizes mature DCs is
regulated by lysosomal signaling (Bretou et al, 2017).
Lipopolysaccharide (LPS) stimulation in DCs promotes the nuclear
translocation of the transcription factor EB (TFEB), the master regulator
of lysosome biogenesis and function (Bretou et al., 2017; Sardiello et al.,
2009). This results in the expression of a plethora of genes involved in
lysosome activity and biogenesis, including the lysosomal Ca?* channel
TRPMLI1 (also known as MCOLNTI). Ca®* release through TRPMLI1
promotes the activity of the actin-based motor myosin II at the cell rear,
which regulates fast and directional migration (Bretou et al., 2017).
However, it is not known how the actomyosin cytoskeleton physically
associates to the lysosomal compartment.

We previously reported that the small GTPase Rab7b, which
regulates the transport from late endosomes towards the trans-Golgi
network (TGN) (Borg Distefano et al., 2018; Progida et al., 2010,
2012), interacts directly with the actin motor protein myosin II
(Borg et al., 2014; Distefano et al., 2015). Interestingly, Rab7b was
originally identified in DCs (Yang et al., 2004) and later shown to be
also expressed upon monocytic and megakaryocytic differentiation
(He et al., 2011; Yang et al., 2004). In DCs, Rab7b is strongly
upregulated upon LPS-induced maturation, before a gradual
downregulation as the cells fully mature (Berg-Larsen et al.,
2013), suggesting a possible involvement in some of the initial
changes that occur upon maturation.

Here, we investigated the role of Rab7b in DCs. We show that the
lack of Rab7b compromises the switch from slow to fast migration
that occurs upon DC maturation, with antigen uptake remaining
unaffected. We further highlight that lysosomal signaling and
myosin II activity are reduced in Rab7b-knockout (KO) DCs.
Finally, we demonstrate that Rab7b interacts with the lysosomal
Ca?* channel TRPMLI1, bridging it to myosin II for the local
activation at the cell rear. These results strongly suggest that Rab7b
acts as the missing physical link between lysosomes and the
actomyosin cytoskeleton, thereby promoting fast DC migration.

RESULTS

Rab7b is needed for actomyosin polarization in mature DCs
Rab7b is highly expressed in DCs, and strongly upregulated upon
LPS-induced maturation (Berg-Larsen et al., 2013; Progida et al.,
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2010). However, it is currently unknown what the role of this small
GTPase in maturing DCs is. To assess the function of Rab7b in DCs,
we first analyzed the intracellular localization of the endogenous
protein in monocyte-derived human DCs (MDDCs). As shown in
Fig. 1A and Fig. S1A, Rab7b localizes to lysosomes but not to early
endosomes nor the TGN in MDDCs. We also found Rab7b to
colocalize with its interactor myosin II. We therefore next
investigated how the actomyosin organization was affected in
cells depleted of Rab7b. MDDCs were transfected with siRNA
targeting Rab7b, stimulated with LPS, seeded on poly-L-lysine
(PLL)-coated coverslips, were fixed and stained with the actin
marker phalloidin and an antibody against myosin II. Intriguingly,
while control cells were clearly organized in a polarized and
directional manner, with actin-rich structures called podosomes
only at the leading edge, DCs depleted of Rab7b lacked
polarization, and podosome orientation was altered (Fig. 1A,B).
Interestingly, the altered orientation and distribution of podosomes
observed upon Rab7b knockdown resembled the ones observed in
immature DCs (Fig. S1B). As we did not detect any significant
differences in the size or number of podosomes per cell in cells
depleted of Rab7b compared to control cells (Fig. 1C,D), we
conclude that Rab7b does not affect podosome formation, but rather
their distribution and the polarization of mature human DCs.

Depletion of Rab7b does not prevent DC maturation or
antigen presentation ability

To investigate whether the altered DC polarization upon Rab7b
depletion was a consequence of defective maturation rather than a
specific effect on the actomyosin cytoskeleton, we measured the
expression of maturation markers on the DC surface by flow
cytometry (Banchereau et al., 2000). Both immature and mature LPS-
treated DCs were efficiently depleted of Rab7b (Fig. 2A,B). We
found no significant difference in surface expression of maturational
markers between Rab7b siRNA-treated and control siRNA-treated
DCs (Fig. 2C). Indeed, the levels of the co-stimulatory molecules
CD80 and CD86, as well as human leukocyte antigen (HLA)-class |
and HLA-DR, remained unchanged upon Rab7b knockdown.
Likewise, the surface levels of the immunoregulatory molecule
CD83, the chemokine receptor CCR7 and the DC marker CD11c
(also known as ITGAX) were unaffected (Fig. 2C). We excluded that
the electroporation or the depletion of Rab7b by itself initiated the DC
maturation process, as immature DCs depleted of Rab7b, similar to
immature control cells, displayed lower levels of the surface markers
of mature DCs, like CD80, CD86 and CD83 (Fig. 2C). Thus, Rab7b
does not affect the maturation of DCs as Rab7b-depleted DCs show a
normal maturation pattern upon LPS treatment.

Phenotypic markers are commonly used to assess DCs maturation
(Banchereau et al.,, 2000; Manh et al., 2013). However, this
assessment is not sufficient to determine whether DCs have
acquired the ability to present antigens. Therefore, we also
investigated whether depletion of Rab7b affects the ability of DCs
to present antigens to T cells in vitro by performing a CD107a (also
known as LAMP1) mobilization assay. DCs isolated from healthy
donors were successfully depleted for Rab7b (Fig. S2A,B), loaded
with a specific cancer peptide (a TGFBR2 frameshift mutation-
derived epitope), and further incubated with autologous T cells
transfected with the validated cognate T cell receptor (TCR), Radium-
1 (Inderberg et al., 2017). The amount of specifically stimulated
CD8+ T cells, monitored by measuring the levels of the degranulation
marker CD107a, was measured by flow cytometry. As shown in
Fig. 2D, depletion of Rab7b did not affect the antigen presentation
abilities of mature DCs, as both the control siRNA- and the Rab7b

siRNA-treated DCs stimulated T cell activation to the same extent.
Taken together, our results indicate that although Rab7b regulates
actin polarization in DCs, it does not play any role in their maturation
and ability to present antigens to T lymphocytes.

Rab7b depletion prevents fast and persistent DC migration
As cell polarization is important for cell migration, we next
evaluated whether Rab7b knockdown also affects DC motility. DC
migration is strongly dependent on external geometry, and DCs
migrate faster in confined environments (Heuze et al., 2013;
Lammermann et al., 2008). To study the effect of Rab7b depletion
on DC migration under confinement, we used micro-fabricated
channels (Fig. 3A). These experiments were performed with bone
marrow-derived murine DCs (BMDCs), as previously described
(Bretou et al., 2017; Chabaud et al., 2015; Vargas et al., 2016,
2014). Similar to human MDDCs, BMDCs were successfully
depleted for Rab7b, and the depletion did not affect their maturation
(Fig. S2C,D). BMDCs transfected with control siRNA or siRNA
targeting Rab7b were loaded into microchannels and imaged
overnight. Our results showed that for cells transfected with the
control siRNA, immature DCs were slower (mean speed 4.8 pm/
min) than the mature LPS-stimulated DCs (LPS-DCs; mean speed
8.4 um/min) (Fig. 3B,C), as expected. However, cells depleted of
Rab7b failed to speed up after addition of LPS (Fig. 3B,C).

While immature DCs are known to change direction frequently,
undergoing important speed fluctuations during motion, mature
DCs are more persistent (Chabaud et al., 2015; Vargas et al., 2016).
Interestingly, upon depletion of Rab7b, LPS-DCs still behave like
immature DCs, as they have low speed and significantly higher local
speed variations compared to control cells, indicating that DCs
depleted of Rab7b change direction more frequently while
migrating in microchannels (Fig. 3D). These results point to a role
for Rab7b in DC polarization and migration, suggesting that the lack
of this small GTPase prevents the switch to the faster and more
persistent locomotion typical of mature DCs.

To further explore the role of Rab7b in DC migration, we generated
a CDl11c conditional knockout (KO) mouse model for this small
GTPase. We then investigated whether the Rab7b-dependent
migration defects observed in LPS-DCs affected their chemotactic
migration. When exposed to the chemokine CCL21 in vivo, DCs
increase their persistency and are guided towards lymphatic vessels
(Weber et al., 2013). To model this process, mature LPS-DCs from
conditional KO mice were embedded in collagen gels and left to
migrate in the presence of a CCL21 gradient. Consistent with our
previous results, we found that Rab7b KO DC migration speed was
significantly decreased. Indeed, Rab7b KO DCs were over 20%
slower than wild-type (WT) cells (Fig. 3E,F; Movie 1). Similarly,
Rab7b KO LPS-DCs were also significantly less persistent in
comparison to the WT cells (Fig. 3G). Taken together, these results
demonstrate that Rab7b is needed for mature DCs to switch to a fast
and directional migration mode.

Rab7b affects actomyosin distribution and

macropinocytosis in LPS-DCs

The migration of DCs in confined environments depends on
contractile forces driven by myosin II (Chabaud et al., 2015;
Lammermann et al., 2008). To promote fast migration, mature DCs
increase the amount of actin and myosin at the cell rear, while
immature DCs have more actin and myosin at the cell front to perform
macropinocytosis (Chabaud et al., 2015; Vargas et al., 2016). Since
our data indicate that Rab7b is important for polarization of DCs, we
speculated that the decreased migratory ability of DCs lacking Rab7b
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Fig. 1. Rab7b is required for DC polarization. (A) MDDCs were transfected by electroporation with either control siRNA or Rab7b siRNA, and stimulated with
LPS for 48 h. Thereafter, DCs were plated on PLL-coated coverslips and left to adhere for additional 24 h, before fixation and immunostaining with anti-myosin Il
(green). Actin was labeled with Rhodamine-conjugated phalloidin (red) and nuclei with Hoechst 33258 (blue). Images represent maximum intensity projections of
Z stacks. Scale bars: 10 ym. (B) Quantification of the percentage of polarized cells. Polarized cells have a clear podosome-rich leading edge and a trailing edge
devoid of podosomes. Cells with podosomes equally distributed and with no distinction between leading and trailing edges are accounted as not polarized. Data
represent the meanzs.d. of three independent experiments (n>145). **P<0.005 (two-tailed unpaired Student’s t-test). (C,D) Quantification of the number (C) and
size (D) of podosomes per cell. The graphs show the meants.d. from three independent experiments (n>120).

might be a consequence of the altered actomyosin distribution. We
therefore compared myosin II distribution in immature and mature
WT and Rab7b KO DCs migrating in micro-fabricated channels. The
analysis of density maps of the mean myosin II distribution showed
that Rab7b KO cells, in contrast to WT cells, failed to increase the
amount of myosin II at the cell rear after addition of LPS (Fig. 4A—C).
While the front-to-back ratio for myosin II was not significantly
different between WT and KO immature cells, the front-to-back ratio
in Rab7b KO LPS-DCs was 32% higher than in the WT LPS-DCs
(Fig. 4C).

Having observed that the myosin II distribution is altered in LPS-
treated Rab7b KO DCs, we next looked at whether the actin
distribution was affected in a similar way in these cells. In line
with our results for myosin II, density maps of the mean actin
distribution showed that the fraction of actin located at the cell front
in LPS-DCs was almost 30% higher in the Rab7b KO cells than in
the WT cells (Fig. 4D,E). Intriguingly, this distribution is similar to

the distribution in immature DCs during phases of slow locomotion
(Chabaud et al., 2015; Vargas et al., 2016).

Immature DCs are characterized by a high antigen uptake
capacity, and they sample their environment by engulfing large
amounts of extracellular material using macropinocytosis. The
enrichment of actin and myosin at the cell front is typical for DCs
performing macropinocytosis, and, in line with this, the actin at the
cell front in Rab7b KO DCs was mainly localized in ruffles and
around macropinosomes (Fig. 4F). We therefore verified whether
the increased actin concentration at the front of Rab7b-KO DCs was
the result of increased macropinocytic activity. For this, LPS-DCs
were imaged in microchannels filled with fluorescently labeled
dextran to visualize macropinosomes. Similar to what was found in
previous studies (Chabaud et al., 2015), we observed large dextran-
containing macropinosomes that formed at the front of the DCs
(Fig. 5A; Movie 2). As expected for LPS-DCs, the majority of WT
cells displayed few or no macropinosomes. However, in the Rab7b-
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Fig. 2. Rab7b depletion does not affect DC maturation and antigen presentation ability. (A) MDDCs were transfected by electroporation with either control sSiRNA
or Rab7b siRNA. 18 h (for immature DCs; imDCs) or 48 h (for LPS-DCs) after transfection the DCs were harvested, lysed and subjected to western blot analysis with
antibodies against Rab7b and tubulin as a loading control. (B) Quantification of Rab7b levels in MDDCs silenced with control siRNA or Rab7b siRNA. The intensity of the
bands from western blots was quantified using ImageQuant, and the level of Rab7b was normalized to the amount of tubulin. Data represent the meanzs.d. of three
independent experiments. ***P<0.0001 (two-tailed unpaired Student's t-test). (C) FACS analysis of the surface expression markers CD80, CD86 CD83 and CD11c (left
panels), and HLA-DR, HLA class | and CCRY (right panels). A representative histogram overlay is shown for each marker. The black line represents mock electroporated
(without sSiRNA) MDDCs, the blue line the control siRNA and the red line the Rab7b siRNA electroporated MDDCs. The gray line corresponds to isotype antibodies. The
x-axis represents the mean fluorescence intensity of the conjugated markers indicated for each histogram. The histograms are representative examples from one out of
three independent experiments. All experiments were repeated three independent times. (D) Radium-1 TCR-expressing T cells were stimulated for 5 h with either control
siRNA- or Rab7b siRNA-treated DCs loaded with a specific 19-mer peptide encoded by the TGFBR2 frameshift mutation. An anti-CD107a antibody was used to assess
the amount of degranulation by CD8+ cytotoxic T cells specifically activated by DCs. Data represents the meants.d. of three independent experiments.

KO LPS-DCs, both the number of macropinosomes and the area of ~ disappeared quickly after they were formed, the macropinosomes
internalized dextran were significantly increased (Fig. 5A—C). in the Rab7b KO DCs persisted for a longer time. Indeed, the
Furthermore, while the macropinosomes in the WT cells average lifetime of single macropinosomes in Rab7b KO LPS-DCs
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was 28% longer than in WT LPS-DCs (Fig. 5D; Movie 2).
Altogether, these results indicate that the decreased motility
of Rab7b KO LPS-DCs is associated with their sustained
macropinocytic activity.

Lysosome signaling is inhibited in Rab7b KO DCs

Antigens taken up by macropinocytosis are delivered to
lysosomes, which become more active during maturation
(Trombetta et al., 2003). Previous studies have shown that the

inhibition of macropinocytosis after DC maturation activates
lysosomal signaling, which in turn is important for controlling the
changes in DC migration by facilitating the formation and/or
maintenance of actomyosin at the cell rear (Bretou et al., 2017).
Since Rab7b is involved in lysosomal transport (Progida et al.,
2010) and also affects DC migration and macropinocytic activity,
we next analyzed lysosome distribution in Rab7b KO DCs.
LPS-DCs were incubated with fluorescent wheat germ agglutinin
(WGA) to label lysosomes, as previously described (Bretou et al.,
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Fig. 3. Rab7b is required for fast and persistent migration of LPS-DCs.
(A) Scheme of a micro-fabricated device used to study DC motility under
confinement. Cells are loaded in the loading chambers, and spontaneously
enter into the microchannels (inset with arrows indicating entry points).

(B) BMDCs were either mock treated or LPS-treated for 20 min, before
transfection with either control siRNA or Rab7b siRNA. DCs were loaded in
5x5 pm micro-fabricated channels and imaged for 20 h in an epifluorescence
Nikon TiE microscope equipped with a cooled CCD camera, using a 10%
objective and acquiring one transmission phase image every 2 min.
Representative kymographs are shown for DCs treated with either control
siRNA, with or without LPS (left panels), or Rab7b siRNA, with or without
LPS (right panels). Scale bars: horizontal (distance), 20 um; vertical (time),
30 min. (C) Quantification of the meanzs.d cell speed (um/min). n>150, three
independent experiments. *P<0.05 (two-tailed unpaired Student’s t-test). (D)
Quantification of meanzs.d. speed fluctuations [calculated as s.d./mean
instantaneous speed (Chabaud et al., 2015; Faure-Andre et al., 2008)]. n>150,
three independent experiments. *P<0.05 (two-tailed unpaired Student’s t-test).
(E) Chemotactic response of LPS-DCs embedded in a collagen gel containing
a CCL21 gradient. The plot represents movement in the x- and y-direction of
single cells, each track starting at distance 0, from one representative
experiment. (F) Quantification of the mean cell speed of WT and Rab7b KO
LPS-DCs. Data represents the meants.d. of four independent experiments
(n=238 and 284 cells for WT and Rab7b-KO, respectively). *P<0.05 (two-tailed
paired Student’s t-test). (G) Quantification of the cell persistency of WT and
Rab7b KO LPS-DCs. Cell persistency was calculated by dividing the Euclidian
distance with the accumulated distance of each cell trajectory, and is presented
relative to WT. Data represents the meants.d. of four independent
experiments (n=238 and 284 cells for WT and Rab7b-KO, respectively).
*P<0.05 (two-tailed unpaired Student’s t-test).

2017), before loading the cells into dextran-filled microchannels.
Consistent with what has been seen in previous studies (Bretou
etal., 2017), we observed a large cluster of lysosomes located at the
rear in WT LPS-DCs. A similar distribution was also observed in
Rab7b KO cells (Fig. 5E), and no differences in either size or
distribution of lysosomes or orientation of the microtubule-
organizing center (MTOC) was detected between WT and Rab7b
KO DCs (Fig. S4A-E). However, while WT cells also had several
small and highly dynamic lysosomes that mainly moved between
the main cluster and the cell front making contact with the
macropinosomes, Rab7b KO cells were devoid of this lysosomal
population (Fig. 5E; Movie 3). Indeed, the number of small
lysosomes (with an area <0.5 um?) per cell in WT LPS-DCs was
over three times higher than in Rab7b KO cells (Fig. SE,F).

This result suggests that Rab7b influences lysosome dynamics in
DCs. We thus investigated whether it also affects the nuclear
translocation of the transcription factor TFEB, the master regulator of
lysosome biogenesis and function (Bretou et al., 2017; Sardiello
et al, 2009). LPS stimulation in DCs promotes the nuclear
translocation of TFEB, which is required for triggering the fast and
directional migration that characterizes mature DCs (Bretou et al.,
2017). Interestingly, the lack of Rab7b reduces by ~60% the fraction
of TFEB in the nucleus in LPS-DCs (Fig. 5G,H). Altogether, our
results indicate that Rab7b modulates lysosomal signaling through
TFEB, which is in turn required for the re-organization of the actin
cytoskeleton and fast migration of mature DCs.

Lack of Rab7b reduces myosin Il phosphorylation

The lysosomal signaling pathway activated by TFEB also leads to
increased phosphorylation of myosin II, a direct interaction partner
of Rab7b. Indeed, TFEB triggers the activation of myosin light-
chain kinase, which is responsible for phosphorylation of the light
chain of myosin I (MLC; herein referring to MYL9) (Bretou et al.,
2017). The phosphorylation of MLC is important for the regulation
of actin cytoskeletal dynamics, therefore, we investigated whether

Rab7b influences MLC phosphorylation in DCs. Our data
confirmed that the proportion of phosphorylated MLC is reduced
by ~50% in Rab7b KO cells compared to WT cells (Fig. 6A,B).
Immunofluorescence analysis further revealed that phosphorylated
MLC (pMLC) is enriched at the cell rear edge of WT but not Rab7b
KO DCs migrating in microchannels (Fig. 6C,D). This suggests that
Rab7b is involved in the activation of myosin II at the cell rear that is
responsible for triggering fast motility.

The phosphorylation of MLC triggered by TFEB is dependent on
the local release of Ca®" from the lysosomes via the transient
receptor potential cation channel, mucolipin subfamily, member 1
(TRPML1) (Bretou et al., 2017). To investigate whether the reduced
MLC phosphorylation in Rab7b KO LPS-DCs was caused by the
inactivation of TRPML1 or by the impaired Rab7b-mediated
recruitment of myosin II to the lysosomes, we treated the cells with
ML-SAT1, an agonist of the TRPML1 channel (Shen et al., 2012). As
shown in Fig. 6E,F, stimulation of lysosomal Ca*" release by ML-
SAl in Rab7b KO DCs was not sufficient to restore MLC
phosphorylation. As Rab7b interacts directly with myosin II
(Borg et al., 2014; Distefano et al., 2015), this result supports a
model where, in the absence of Rab7b, the localized Ca?* release
from the lysosomes cannot activate myosin II as the recruitment of
this motor protein to the lysosomes is prevented. As a result, actin
localization at the rear of LPS-DCs is hampered, thereby preventing
fast and persistent DC migration. Intriguingly, and in line with this
model, we demonstrated that His-tagged Rab7b pulled down
TRPMLI1 from total cell extracts (Fig. 6G), and the two proteins
colocalize at the cell rear in migrating DCs (Fig. 6H).

Altogether, these data point to a role of Rab7b in the regulation of
DC migration by physically linking actomyosin to lysosomes.

DISCUSSION

After antigen uptake, DCs modify their migratory behavior,
triggering a fast and directed migration mode. Lysosomal signaling
is involved in this process, by stimulating local Ca?* release and the
activity of myosin II. How the actomyosin cytoskeleton physically
associates to lysosomes has nonetheless remained elusive. Here, we
show that Rab7b is the missing link between lysosomes and the
actomyosin cytoskeleton, controlling the fast migration of DCs
through lysosomal signaling.

Rab7b is a small GTPase that regulates the transport from late
endosomes/lysosomes to the TGN (Progida et al., 2010, 2012). It is
highly expressed in DCs, with a burst of expression upon LPS-
induced maturation (Berg-Larsen et al., 2013; Yang et al., 2004).
Why maturing DCs upregulate the expression of this small GTPase
is, however, unknown. Here, we found that DCs depleted of Rab7b
are significantly less polarized (Fig. 1), demonstrating that this small
GTPase is important for the polarization of the mature DCs. In line
with this, Rab7b KO LPS-DCs migrating in microchannels have
more actin and myosin in the front compared to WT cells (Fig. 4),
indicating that, in the absence of Rab7b, mature DCs fail to re-orient
their actin and myosin properly.

This actomyosin reorganization is essential for the ability of
mature DCs to migrate fast and efficiently towards lymph nodes.
The pool of actin and myosin at the cell front is indeed associated
with slow motility, which is mainly observed in immature DCs and
is responsible for membrane ruffling and macropinosome
formation. On the contrary, the presence of an actomyosin pool at
the cell rear characterizes mature DCs and their ability to migrate
faster and more persistently (Vargas et al., 2016). In agreement with
this, the retained actin distribution at the front of DCs lacking
Rab7b is consistent with their increased macropinocytic activity
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compared to WT cells (Fig. SA-D), as well as with their slow
and less persistent motility (Fig. 3). As depletion of Rab7b causes
a significant decrease in the speed and directionality of DCs,
our findings demonstrate that this small GTPase, by regulating
actomyosin distribution, is important for the reduction of
macropinocytic activity and the acquisition of the fast migratory
ability of mature DCs. This is supported by the defective
polarization of DCs when Rab7b is silenced; if the cells cannot
polarize properly, migration and directionality is also impaired
(Danuser et al., 2013).

Lysosomal signaling plays a crucial role in triggering the re-
organization of the actomyosin cytoskeleton at the cell rear that is
necessary for the fast chemotactic DC migration upon LPS sensing.
These signaling events involve translocation of the transcription
factor TFEB, a master regulator of lysosome biogenesis and
function (Sardiello et al., 2009), to the nucleus (Bretou et al., 2017).
As Rab7b is required for proper lysosome function (Progida et al.,
2010), it is not surprising that it is involved in the nuclear

translocation of TFEB. Indeed, the lack of Rab7b alters lysosome
dynamics and reduces TFEB translocation to the nucleus in the
LPS-DCs (Fig. SE-H). This suggests that the failure in Rab7b KO
cells in triggering fast migration is a result of impaired lysosomal
signaling through TFEB.

How does Rab7b regulate TFEB translocation? DCs take up
foreign material using macropinocytosis, and the ingested antigens
are delivered to lysosomes (Norbury, 2006). Previous studies have
shown that myosin II is important for the trafficking of
macropinosomes towards the cell rear, and that it promotes the
delivery of antigens to endolysosomal compartments (Chabaud
et al., 2015). Since Rab7b interacts directly with myosin II (Borg
et al.,, 2014) and has a role in the trafficking of endolysosomal
compartments (Progida et al., 2010), it is likely that Rab7b, by
recruiting myosin II from macropinosomes to late endocytic
compartments, mediates the transport of internalized material to
lysosomes. According to this model, in absence of Rab7b, myosin II
is retained on macropinosomes at the front of the cells, promoting
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Fig. 5. Rab7b affects macropinocytosis and lysosome signaling. (A) LPS-DCs were loaded in 5%x8 pm micro-fabricated channels. After 16 h, the channels
were filled with 10 kDa Alexa Fluor 647-conjugated dextran (magenta) and the cells were imaged 30 min later. Representative images of live WT and Rab7b KO
cells are shown. Scale bars: 10 um. (B) Quantification of the area of internalized dextran in WT and Rab7b KO cells. The graph represents the mean+s.d. of three
independent experiments (n=39 and 32 cells for WT and Rab7b-KO, respectively). *P<0.05 (two-tailed unpaired Student’s t-test). (C) Distribution of
macropinosome numbers for WT and Rab7b KO cells from three independent experiments. Data represents the meanzs.d. (n=39 and 32 cells for WT and Rab7b
KO, respectively). **P<0.01 (two-tailed unpaired Student’s t-test). (D) Quantification of the lifetime of macropinosomes in WT and Rab7b KO cells. Data represents
the meanzs.d. of three independent experiments (>100 tracked macropinosomes per condition, n=23 and 28 cells for WT and Rab7b KO, respectively).
***P<0.001 (two-tailed unpaired Student’s t-test). (E) Spinning disk images of live WT and Rab7b KO LPS-DCs stained with Alexa Fluor 594-conjugated WGA to
label lysosomes (cyan) and loaded in 5x8 um micro-fabricated channels filled with 10 kDa Alexa Fluor 647-conjugated dextran (magenta). Representative
images from one out of three independent experiments are shown. Scale bar: 10 um. The magnified area shows a lysosome (arrow) moving towards a
macropinosome in a control cell. Image contrast has been increased to improve visualization. (F) Quantification of the number of lysosomes with area <0.5 um?
per cell. Data represents the meants.d. of three independent experiments (n=29 cells for WT and Rab7b-KO). *P<0.05 (two-tailed unpaired Student’s t-test). (G)
BMDCs from WT and Rab7b KO mice were pulsed with 100 ng/ml LPS for 30 min and lysed after 6 h. Cytosolic and nuclear fractions were subjected to
immunoblotting analysis with the indicated antibodies. Histone 3 was used as control of the cytosolic and nuclear fraction separation. (H) The graph shows the
quantification of the nucleus-to-cytosol ratio for TFEB in Rab7b-KO DCs relative to WT. Data represents the meanzs.d. of four independent experiments. **P<0.01
(two-tailed unpaired Student’s t-test).

formation of large macropinosomes and slowing down migration
(Fig. 7). The sustained macropinocytosis activity inhibits TFEB

known to promote myosin phosphorylation, thereby triggering
localized actomyosin contractility at the rear of mature DCs, is not

nuclear translocation as this transcription factor is activated by the
downregulation of macropinocytosis (Bretou et al., 2017). In
line with this, stimulation of lysosomal Ca’" release, which is

able to rescue MLC phosphorylation defects in Rab7b KO DCs
(Fig. 6A-F). Since we reveal that Rab7b interacts with the
lysosomal Ca?" channel TRPMLI, this indicates that Rab7b
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Fig. 6. Rab7b regulates myosin Il activation and interacts with the lysosomal Ca?* channel TRPMLA1. (A) Lysates from BMDCs from WT and Rab7b KO mice
pulsed with 100 ng/ml LPS for 30 min were subjected to immunoblotting analysis with the indicated antibodies. Tubulin was used as loading control. (B) The graph
shows the quantification of phosphorylated myosin light chain (pMLC) levels in WT and Rab7b KO DCs normalized to the tubulin levels. Data represents the mean
+s.d. of four independent experiments. *P<0.05 (two-tailed unpaired Student’s t-test). (C) LPS-DCs were loaded in 5x8 ym micro-fabricated channels, fixed after
16 h and stained with and antibody against phosphorylated myosin light chain (pMLC). Representative images from one out of three independent experiments are
shown. Images are inverted to improve visualization. Scale bars: 10 um. (D) Quantification of the pMLC rear edge-to-cell ratio. Data represents the meanzs.d. of
three independent experiments (n=72 and 84 cells for WT and Rab7b-KO, respectively). **P<0.01 (two-tailed unpaired Student’s t-test). (E) BMDCs from WT and
Rab7b KO mice pulsed with 100 ng/ml LPS for 30 min were treated with either DMSO or ML-SA1 20 uM overnight and then lysed. Lysates were subjected to
immunoblotting analysis with the indicated antibodies. Tubulin was used as loading control. (F) The graph shows the quantification of pMLC levels in WT and
Rab7b KO DCs normalized to the tubulin levels. Data represents the meanzs.d. of five independent experiments. *P<0.05; **P<0.01 (two-tailed unpaired
Student’s t-test). (G) Lower panel, Coomassie Blue staining of bacterially expressed His—Rab7b Q67L (constitutively active mutant) and His—Rab33b Q92L
(constitutively active mutant) purified using Ni-NTA agarose matrix. Upper panel: bacterially expressed and purified His—Rab7b Q67L and His—Rab33b Q92L
were incubated with lysates from LPS-treated MDDCs. Proteins were pulled down using cobalt-coated magnetic beads and subjected to western blot (WB)
analysis using antibodies against His and TRPML1. (H) LPS-MDDCs were loaded in 5x8 um micro-fabricated channels, fixed after 16 h and stained with
antibodies against TRPML1 (red) and Rab7b (green). The red and white arrows indicate colocalization between TRPML1 and Rab7b. Scale bars: 10 pm. The
magnified images were acquired using super-resolution mode.
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Fig. 7. Model to illustrate the role of Rab7b
in DCs. Upon microbial sensing, DCs
increase their migration ability and decrease

their capacity of antigen uptake by
macropinocytosis. Upregulation of Rab7b
promotes this switch by recruiting myosin Il
from macropinosomes to late endocytic
compartments, bringing the motor in close

proximity to TRPML1, which activates
myosin Il at the cell rear and promotes fast

DC motility. In the absence of Rab7b, myosin
Il'is retained on macropinosomes at the front
of the cells, promoting formation of large
macropinosomes and slowing down
migration.

back front
wt
o)
Rab7b &0 8¢
KO 20
O\@
\
lysosome macropinosome
®Rab7b A myosinll  ><actin - 0 TRPML1

brings its effector myosin II in close proximity to TRPMLI1 to be
activated by the localized Ca" release from this channel.

In conclusion, we have identified Rab7b as a physical link
between lysosomes and the actomyosin cytoskeleton in DCs, and
found that this small GTPase is critical for proper polarization and
the fast migratory ability of these immune cells by coordinating
lysosomal signaling and actomyosin cytoskeleton reorganization.

MATERIALS AND METHODS

Mice and cells

C57BL/6 mice bearing a Rab7b-KO (Rab7b™?“P"¢) allele specifically in
CDl11c" cells, including in BMDCs, corresponding to the deletion of exon 5
of the Rab7b gene, have been generated by crossing Rab7b-floxed/reporter
(Rab7p™ICiPhey C5TBL/6 mice with CD11c-Cre mice [B6.Cg-Tg(Itgax-
cre)l-1Reiz/J] (Fig. S3). Monocyte-derived DCs (MDDCs) from human
blood and bone-marrow derived DCs (BMDCs) from 8—16-week-old male
or female C57BL/6 mice (Zhang et al., 2012) were used in this study.
MDDCs were generated as previously described (Borg et al., 2014), and
cultured for 5 days in RPMI medium (BioWhittaker) supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin and
100 pg/ml  streptomycin  (Sigma-Aldrich). 100 ng/ml  granulocyte-
macrophage colony stimulating factor (GM-CSF; Immunotools) and
20 ng/ml IL-4 (Invitrogen, Life Technologies) were replenished every 2—
3 days. BMDCs were cultured in medium supplemented with fetal calf
serum and 50 ng/ml GM-CSF obtained from the supernatants of transfected
J558 cells, as previously described (Faure-Andre et al., 2008). For the TFEB
experiments, commercial GM-CSF (Sigma-Aldrich) was used. To induce
DC maturation, the 2x10° cells/ml were pulsed with 100 ng/ml LPS (Santa
Cruz Biotechnology) for 30 min.

DCs and T cells from a healthy leukapheresis donor were used for the
antigen presentation assay. Leukapheresis of a healthy donor was performed
at the Department of Cellular Therapy, Radium Hospitalet, Oslo, Norway to
harvest monocytes and lymphocytes. T cells from leukapheresis were thawed
and expanded using Dynabeads CD3/CD28. In brief, T cells were cultured

with Dynabeads (Dynabeads®ClinExVivo™ CD3/CD28, Thermo Fisher
Scientific) at a 3:1 ratio in complete CellGro DC Medium (CellGenix) with
100 U/ml recombinant human IL-2 (Novartis) for 10 days. The T cells were
frozen and aliquots were thawed and rested in complete medium [CellGro DC
medium (CellGenix GmbH, Germany) supplemented with 5% heat-
inactivated human pooled serum (TCS Biosciences Ltd, UK), 10 mM N-
acetylcysteine (Mucomyst, 200 mg/ml; AstraZeneca AS, UK), 0.01 M
HEPES (Life Technologies, Norway) and 0.05 mg/ml gentamycin
(Garamycin; Schering-Plough Europe, Belgium)] before transfection and
antigen presentation assay. Frozen monocytes were used to generate DCs for
the antigen presentation assay. Briefly, monocytes were thawed and cultured
5 days in CellGro DC medium (CellGenix) supplemented with 100 ng/ml
GM-CSF (Immunotools) and 20 ng/ml IL-4 (Invitrogen, Life Technologies)
followed by 24h maturation with LPS (100 ng/ml, Santa Cruz
Biotechnology).

All experiments were performed in accordance with relevant guidelines
and regulations. The animals were bred under conventional conditions,
regularly screened for common pathogens and housed in compliance with
guidelines set by the Experimental Animal Board under the Ministry of
Agriculture of Norway. All experimental protocols involving transgenic and
WT animals were approved by the National Committee for Animal
Experiments (Oslo, Norway). Blood components (buffy-coats) from
anonymous blood donors were obtained from the local blood bank
(Section for Immunology and Blood Transfusion, Ulleval University
Hospital, Oslo, Norway) according to the guidelines of the local blood bank
approved by the Norwegian Regional Committee for Medical Research
Ethics.

Antibodies and reagents

The following antibodies were used for immunofluorescence (IF) and
western blot (WB) experiments: anti-non-muscle myosin IIA (ab24762,
abcam, IF 1:300), anti-myosin II light chain (M4401, Sigma-Aldrich, WB
1:200), anti-non muscle myosin IIA (ab55456, Abcam, IF 1:50), anti-
phosphorylated myosin II light chain (#3671, Cell Signaling Technology,
WB 1:500; IF 1:50), anti-vinculin (V9131, Sigma-Aldrich, IF 1:100), anti-
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tubulin (T9026, Sigma-Aldrich, WB 1:10,000), anti-TFEB (#4240, Cell
Signalling Technology, WB 1:100), anti-Histone H3 (ab1791, Abcam, WB
1:100,000), anti-Rab7b (H00338382-M01, AbNova, WB 1:300; IF 1:20),
anti-TRPMLI1 (Abcam, WB 1:100; IF 1:40), anti-TGN46 (AHP500, Bio-
Rad, IF 1:250), anti-transferrin receptor (CBL47, Chemicon, IF 1:50), rabbit
polyclonal antibody against LAMP2 (IF 1:1000; a gift from Sven Carlsson,
University of Umed, Sweden), anti-y-tubulin (ab11316, Abcam, 1:200), and
anti-a-tubulin (13-8000, Invitrogen, IF 1:200). Secondary antibodies
conjugated to Alexa Fluor 488, Alexa Fluor 555 or Alexa Fluor 633
fluorophores (Life Technologies, 1:200) was used for immunofluorescence,
while secondary antibodies conjugated with horseradish peroxidase (GE
Healthcare, 1:500) were used for western blotting. Hoechst 33258 (H3569,
Life Technologies) or DAPI (D9542, Sigma-Aldrich) was used at 0.2 pg/ml;
Rhodamine-conjugated phalloidin (Invitrogen) was used at 33 nM; 10 kDa
dextran, Alexa Fluor® 647 conjugate (Life Technologies) was used at
120 pg/ml, and wheat germ agglutinin, Alexa Fluor® 647 or 594 conjugate
(WGA, Invitrogen) was used at 0.25 pg/ml. Fibronectin (Sigma-Aldrich)
was used at 10 pg/ml for coating of coverslips. ML-SA1 (Sigma-Aldrich)
was used overnight at a concentration of 20 pM.

The following antibodies were used for the flow cytometry experiments
on human cells: HLA-DR (MHLDROS5, Caltag Labs; 10 pl/test), CD80
(BD557227, BD Biosciences; 20 pl/test), HLA-ABC (BD562006, BD
Biosciences; 20 pl/test), CCR7 (FAB197A, R&D Systems; 10 pl/test),
CDllc (BD559877, BD Biosciences; 20 pl/test), CD83 (sc19678; 20 ul/
test) and CD86 (sc19617; 20 pl/test) (both from Santa Cruz Technology). To
check the expression of the TCR Radium-1 a VB3-FITC antibody was used
(PN IM2372, Beckman Coulter-Immunotech; data not shown). As a
degranulation marker for measuring antigen specific T cell activation upon
antigen presentation from DCs, a CD107a—PE-CyS5 antibody was used
(BD555802, BD Biosciences). CD8—PE-Cy7 (25-0088-42, Thermo Fisher
Scientific) was used as a T cell marker to identify CD8+ cytotoxic T cells.
Isotype controls IgG2a-FITC (sc¢2856), IgG1-FITC (sc2855), 1gG1-PE
(sc2866), 1gG1-APC (5c2888) and 1gG2b-APC (5c2890) (all from Santa
Cruz Technology) were used. For Flow Cytometry on murine DCs, an
antibody against CD86 (GL1, BD Biosciences) was used.

RNA interference

For RNA interference (RNAi) in human DCs, the following siRNA
oligonucleotides were used. For Rab7b siRNA, sense sequence 5'-GUA-
GCUCAAGGCUGGUGUATT-3" and antisense sequence 5'-UACAC-
CAGCCUUGAGCUACTT-3'. As negative control, we used the sense
sequence: 5'-ACUUCGAGCGUGCAUGGCUTT-3" and antisense control
5’-AGCCAUGCACGCUCGAAGUTT-3". The oligonucleotides were pur-
chased from Eurofins MWG Operon.

For RNAI in murine DCs, the following siRNA oligonucleotides were
used. For Rab7b siRNA, sense sequence 5'-CAAUGGUAUCAACAUU-
CUATT-3" and antisense sequence 5-UAGAAUGUUGAUACCAUU-
GAG-3'. As negative control, we used the sense sequence: 5'-UUCUCC-
GAACGUGUCACGUTT-3’ and antisense sequence 5'-ACGUGACAC-
GUUCGGAGAATT-3'. The murine oligonucleotides were purchased from
Qiagen.

Transfection by electroporation
After 5 days in culture, human DCs were collected, spun down at 300 g at
4°C, and washed in cold RPMI with no supplements. The cells were
resuspended in cold RPMI to a concentration of 10° cells per 300 pl, and
electroporated with 100 nM siRNA in a 4 mm gap size cuvette (VWR).
Electroporation was performed with an ECM 830 Square Wave
Electroporation System (BTX Technologies Inc.,) for 3 ms at 500 V.
Following electroporation, the cells were plated in complete RPMI medium
and kept at 37°C with 5% CO, for minimum 24 h before further experiments.
Expanded T cells were electroporated with mRNA encoding for Radium-1
TCR, specific for the tumor neoantigen encoded by the 7GFBR2 frameshift
mutant, peptide;7.145 KSLVRLSSCVPVALMSAMT (Inderberg et al.,
2017). Briefly, T cells were washed twice and resuspended in cold RPMI
medium to 20x10° cells/ml. The mRNA was mixed with the cell suspension
at 100 pg/ml, and electroporated in a 2 mm gap cuvette at 250 V and 2 ms

using a BTX 830 Square Wave Electroporator (BTX Technologies Inc.).
Immediately after transfection, T cells were transferred to complete culture
medium [CellGro DC medium (CellGenix GmbH, Germany) supplemented
with 5% heat-inactivated human pooled serum (TCS Biosciences Ltd, UK),
10 mM N-acetylcysteine (Mucomyst, 200 mg/ml; AstraZeneca AS, UK),
0.01M HEPES (Life Technologies, Norway) and 0.05 mg/ml gentamycin
(Garamycin; Schering-Plough Europe, Belgium)] at 37°C in 5% CO,
overnight.

BMDCs were collected on day 67 of differentiation, and were
transfected using the Amaza mouse Dendritic Cell Nucleofector Kit
(Lonza), according to the manufacturer’s specifications. Briefly, cells were
resuspended to 5x10° cells per 100 pl of Amaxa Solution containing 1 pM
siRNA. After electroporation with an Amaxa Biosystems Nucleofector II
electroporator (protocol Y-001), cells were incubated at 37°C for 30 min,
before washing steps and re-plating for later experiments on day 10-12. The
silencing efficiency was controlled either by western blotting or by
quantitative real-time RT-PCR.

Quantitative real-time RT-PCR

RNA extraction was undertaken by using an miRNeasy mini kit (Qiagen),
following the manufacturer’s protocol. cDNA was produced from 1 pug of
RNA by using the SuperScriptVILO ¢cDNA synthesis kit (Thermo Fisher
Scientific). Quantitative PCR was performed to amplify and quantify cDNA
using real-time reverse transcriptase (RT)-PCR with the Lightcycler 480
SYBR green I master mix and the Lightcycler 480 PCR system (Roche).
Primers for murine Rab7b (forward primer, 5'-CGAGGAATACCAGAC-
CACACT-3’; reverse primer, 5-GGCTGGCCAGAACCTCAAAGG-3’,
and for murine Actb (forward primer, 5'-AGTGTGACGTTGACATCCGT-
3’; reverse primer, 5'-GCAGCTCAGTAACAGTCCGC-3’) were purchased
from Eurofins MWG Operon. The PCR program was as follows: 1 cycle
3 min at 94°C; 40 cycles 15 sat 95°C, 30 s at 60°C, and 30 s at 72°C; 1 cycle
6 s at 75°C. The specificity and the identity of the PCR products were
checked by a melting curve test. Actin transcript levels were used for the
normalization of the samples.

Western blotting

DC lysates were separated by SDS-PAGE, transferred onto a PVDF
membrane (Millipore) and subjected to immunoblot analysis, with specific
primary antibodies diluted in 2% non-fat dry milk (Bio-Rad) overnight at 4°
C, followed by incubation with secondary HRP-conjugated antibodies for
1 h at room temperature. Bands were visualized by using the ECL system
(GE Healthcare), and protein levels were quantified by densitometry using
ImageQuant TL software (GE Healthcare).

Antigen presentation assay

Radium-1 TCR-expressing T cells were stimulated for 5h with DCs
electroporated with either control siRNA or Rab7b siRNA and loaded with
10 uM  of 19-mer peptide encoded by the TGFBR2 frameshift
KSLVRLSSCVPVALMSAMT (amino acid sequence 127-145; provided
by Norsk Hydro ASA). The T-cell to target ratio was one T cell per two DCs,
and the cells were incubated in the presence of an anti-CD107a antibody, as
well as BD GolgiPlug (BD555029) and BD Golgistop (BD554724, both
from BD Biosciences) at a 1:1000 dilution. Cells were then washed and
surface stained with anti-CD8 antibody for flow cytometric analysis.

Flow cytometry

Immature and activated DCs were harvested, washed three times with cold
1x PBS containing 0.05% BSA, and stained for flow cytometry on ice for
30 min with the indicated antibodies. After staining, the cells were washed
three times with cold 1x PBS containing 0.05% BSA, before fixation in 3%
PFA. The antigen presentation assay was performed on a BD FACSCanto 11
Flow Cytometer, while phenotype experiments were performed on a LSR 11
Flow Cytometer, and data was analyzed using FlowJo software (Tree Star
Inc, USA).
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Immunofluorescence

MDDCs grown on poly-L-lysine coated coverslips (BioCoat) were gently
washed with 1x PBS, then fixed in 3% PFA for 20 min at room temperature.
Fixed samples were quenched for 10min in NH4Cl 50 mM, and
permeabilized with 0.25% saponin (Sigma-Aldrich) in PBS for 10 min,
before staining with primary antibodies for 20 min, followed by 20 min
incubation with Alexa-Fluor-conjugated secondary antibodies. Coverslips
were mounted with Mowiol (Sigma-Aldrich), and confocal images were
acquired on an Olympus FV1000 confocal scanning laser upright
microscope (BX61WI) with a PlanApo 60x1.10 NA oil objective. For
DCs migrating in microchannels, the PMDS was gently removed before
permabilization and staining, and the dishes were filled with PBS before
imaging. Confocal images were acquired on a Zeiss LSM880 Fast AiryScan
confocal microscope with a C Plan Apo 63%/1.4A oil objective. For the
staining of the MTOC, cells were fixed in 3% PFA for 5 min followed by
ice-cold methanol for 5 min. The cells were permabilized and stained using
a buffer containing 20 mM HEPES pH 7.5, 50 mM NacCl, 3 mM MgCl, and
0.1% Triton X-100.

Preparation of microchannels and speed quantification
Microchannels were prepared as previously described (Faure-Andre et al.,
2008). Briefly, polydimethylsiloxane (PDMS) was added to prefabricated
molds, before activation in a plasma cleaner for 30 s and attachment of the
PDMS piece to a glass-bottomed dish. These were further incubated with
20 pg/ml fibronectin (Sigma-Aldrich) for 1 h, and rinsed with 1x PBS. For
quantification of mean velocity and persistency, cells were loaded into
microchannels and imaged for 20h at 37°C with 5% CO,, on an
epifluorescence Nikon TiE video-microscope equipped with a cooled CCD
camera, using a 10x objective and acquiring one transmission phase image
every 2 min. Extraction of kymographs and instantaneous velocity analysis
were performed using an in-house MATLAB program as described
previously (Faure-Andre et al., 2008). Graphs and statistical differences
were assessed with Prism software, using a two-tailed unpaired Student’s
t-test.

Migration in collagen gel

BMDCs were collected on day 9-10, stimulated with LPS for 30 min and
replated in culture dishes. The following day, 7x10* cells were resuspended
in BMDC medium and mixed with 1.4 mg/ml collagen type I (Advanced
BioMatrix) and 0.2% NaHCOj; (Sigma-Aldrich). From this, a 33.3 ul drop
was spotted in a 24-well plate with glass bottom and topped with a coverslip
to form a collagen sandwich. The plate was incubated at 37°C with 5% CO,
for 30 min to allow collagen polymerization. After this, 500 pl BMDC
medium supplemented with 400 ng/ml chemokine [C-C motif ligand 21
(CCL21); BioLegend] was added to the wells as a chemoattractant. Cells
were imaged every 2 min for 2 h using an Andor Dragonfly spinning disk
microscope equipped with a CFI Plan Apo 10%/0.45 NA objective at 37°C
with 5% CO,. Cells tracking was performed using the Manual Tracking
plugin of Image] software (National Institutes of Health). Cell speed and
directionality was determined using the Chemotaxis and Migration Tool
software (Ibidi).

Myosin and actin density map generation and analysis

Myosin and actin distribution analysis was performed on BMDCs
loaded in 5x8 pm microchannels (4D Cell). Before seeding the cells,
the channels were coated with 20 pg/ml of fibronectin as previously
described. BMDCs were either plated untreated (for immature DCs)
or treated with LPS to induce maturation for 30 min at 37°C, 5%
CO,. 10x10° cells were loaded into the access port for each channel
and allowed to migrate overnight at 37°C, 5% CO,. On the following
day, the cells in the channels were fixed with 3% PFA for 20 min
and washed with PBS. After this, the PMDS structure on top of the
channels was carefully removed before permeabilization with 0.25%
saponin in PBS for 10 min followed by staining. All the steps were
performed at room temperature. The cells were imaged using a Zeiss
LSM880 Fast AiryScan confocal microscope with a C Plan Apo 63x/1.4A
oil objective.

Density maps were generated using ImagelJ. Briefly, images were cropped
to contain single cells and resized to the average cell size. After background
subtraction, the intensities were normalized and density maps were
generated by projecting the mean signal of every individual cell and
applying the physics look-up table (LUT; ImagelJ) to the image. Intensities
were measured in rectangles covering the front 20% of the cell, and in the
back 20% of the cell.

Actin distribution analysis was performed similarly to the myosin
distribution analysis. Rhodamine-conjugated phalloidin was used to stain
the actin cytoskeleton and imaging was performed on an Andor Dragonfly
microscope equipped with a CFI Plan Apo 100x/1.45 NA oil objective.
Density maps were generated using the same method as for the myosin
maps. Intensities were measured in a rectangle covering the first third of
the cell, defined as the front, and in the last two thirds of the cell, defined as
the back.

Macropinocytosis and lysosome dynamics in migrating DCs
LPS-BMDCs were stained with WGA, Alexa Fluor® 594 conjugate, as
previously described (Bretou et al., 2017), before loading into 5x8 um
microchannels (4D Cell). The following day, channels were filled with
120 pg/ml 10 kDa Alexa Fluor 647-conjugated dextran (Life Technologies)
for 30 min and then imaged every minute for 20 min using on an Andor
Dragonfly microscope equipped with a CFI Plan Apo 100x/1.45 NA oil
objective. A confocal section of the middle plane was selected, and multi-
position mode was used to image multiple cells simultaneously from the
same starting point. The area of internalized dextran and number of
macropinosomes was quantified by drawing a region of interest (ROI)
around each cell and using particle analysis in ImageJ to identify dextran-
positive objects. Prior particle analysis, the images were processed with a
median filter, and a threshold was applied to generate a binary image. The
watershed function was used to split touching objects. The lysosomes were
analyzed similarly, using particle analysis to identify WGA-positive objects.
Macropinosome lifetime was estimated by counting the number of frames in
which the same macropinosome was present.

TFEB nuclear translocation assay

On day 7 of culture, BMDCs were treated with 100 ng/ml LPS for 30 min
and lysed after 6 h with a cold lysis buffer containing 20 mM Tris-HCI pH
7.5, 150 mM NaCl (Sigma-Aldrich), 2 mM EDTA (VWR), 0.1% IGEPAL
CA-630 (Sigma-Aldrich), protease and phosphatase inhibitors (Sigma-
Aldrich). The samples were spun at 13,400 g for 1 min and the supernatant
was collected as the cytosolic fraction. The pellet containing the nuclei was
washed three times with cold lysis buffer. Both cytosolic and nuclear
fractions were resuspended in Laemmli sample buffer containing 100 mM
DTT. Cytosolic fractions were heated at 96°C for 5 min while nuclear
fractions were heated at 96°C for 20 min. The denatured fractions were
subjected to SDS-PAGE and analyzed by western blotting.

Expression of His-tagged proteins and pull down

His-tagged Rab7bQ67L and His-tagged Rab33bQ92L were expressed in
Escherichia coli BL21 (DE3; Agilent Technologies) transformed with
pET16b His-Rab7bQ67L (Progida et al., 2012) and pETI6b His-
Rab3bQ92L (GenScript), after induction with 0.5 mM IPTG for 3 h at
37°C. The bacteria were centrifuged at 3000 g for 25 min, resuspended in
64 mM Tris-HCI pH 8.5, 8 mM MgCl,, 20 mM B-mercaptoethanol and
0.3 mM PMSF, and lysed with a French press. Expressed His-tagged
proteins were purified from the bacterial soluble fraction using nickel-
nitrilotriacetic acid resin (Qiagen) in the presence of 50 mM Tris-HCI pH
8.0, 500mM NaCl, 5% glycerol, 1% Triton X-100, 5mM f-
mercaptoethanol, 20 mM imidazole and 0.3 mM PMSF, according to the
manufacturer’s protocol. For pulldown experiments, 40 ug of His—Rab
fusion proteins bound to Dynabeads™ His-Tag were incubated with
precleared lysates from LPS-treated MDDCs for 30 min at 4°C and then
washed six times with buffer containing 3.25 mM sodium phosphate, pH
7.4, 70 mM NaCl and 0.01% Tween-20. Bound proteins were eluted with
elution buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 0.01%
Tween-20, 300 mM imidazole). Samples were analyzed by using SDS-
PAGE and immunoblotting.
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Image analysis, processing and statistical analysis

Images were processed with ImageJ and Adobe Photoshop (Adobe Systems
Inc., CA, USA). Quantifications were undertaken using Fluoview 1000
(Olympus, Hamburg, Germany) and ImagelJ. Statistical differences, unless
otherwise stated, were assessed by two-tailed unpaired Student’s #-test
(Excel software). In the figures, statistical significance is indicated as
follows: *P<0.05, **P<0.01, ***P<0.001.
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Fig. 1. Localization of endogenous Rab7b and polarization of podosomes in mature DCs
(A) MDDCs stimulated with LPS were plated on PLL-coated coverslips, fixed and immunostained
with the indicated antibodies. Scale bar 10um. (B) Immature MDDCs were plated on PLL-coated
coverslips, and stimulated with 100 ng/ml LPS for either 2h or 66h before fixation and
immunostaining with an antibody against vinculin (green). Actin was labeled with rhodamine-
conjugated phalloidin (red) and nuclei with Hoechst (blue). Scale bar 10pum.
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Fig. $2. Rab7b depletion in DCs

(A) DCs from a healthy donor were transfected by electroporation with either control siRNA or
Rab7b siRNA, and subjected to Western blot analysis with antibodies against Rab7b and tubulin as
a loading control. (B) Quantification of Rab7b levels in DCs silenced with control siRNA or Rab7b
siRNA. The intensity of the bands from western blots was quantified using ImageQuant, and the
level of Rab7b was normalized to the amount of tubulin. Data represents the mean + s.d. of three
independent experiments. ***P < 0.0001. (C) Quantification of Rab7b mRNA levels in BMDCs.
Rab7b mRNA levels were quantified by real-time RT-PCR in BMDCs transfected with either
control siRNA or Rab7b siRNA. The levels of Rab7b mRNAs were normalized to the amount of
actin. Data represents the average of three independent experiments * s.d. *P < 0.05. (D) FACS
analysis of the surface expression marker CD86 in BMDCs. Data shows a representative histogram
overlay in which the dotted and the red lines represent the control siRNA with and without LPS,
while the green and the orange lines represent the Rab7b siRNA with and without LPS,
respectively.

c
9o
i)
©
£
—
qg
=
>
—
©
i)
c
[J]
S
@
a
a
)
n
()
0]
O
c
Q
3]
n
o
O
G
o
©
c
—
>
o
=



J. Cell Sci.: doi:10.1242/jcs.259221: Supplementary information

Supplementary Figure 3
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Fig. S3. Schematic representation of the genetic engineering of the Rab7b alleles

A LoxP site was introduced 5’ of exon 5 and an IRES2-mTFP1-LoxP cassette was inserted downstream
of the stop codon in the 3 -untranslated region of exon 5 of the Rab7b gene, by classical homologous
recombination in the C57BL6/N EUCOMM JM8.F6 ES cell line, generating the Rab7b™1Ciphe g]lele
preserving the expression of the Rab7b gene but reporting it via the expression of the mTFP1
fluorescent protein and enabling its knock-out upon deletion of exon 5 together with the reporter
cassette after crossing to Cre-expressing mice. The Rab7b"Ci"¢ conditional knock-out allele was
generated specifically in CD11c+ cells, including BMDCs, by crossing mice bearing the Rab7b!mCiphe
allele with CD11c-Cre transgenic mice (B6.Cg-Tg(Itgax-cre)1-1Reiz/]).
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Supplementary Figure 4
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Fig. S4. Rab7b does not affect lysosome or MTOC orientation

(A-C) WT and Rab7b KO DCs were incubated with AF647-WGA to label lysosomes, treated with
LPS, loaded in 5 x 8 um micro-fabricated channels and fixed after 16 hours. (A) Quantification of
the lysosome area index, defined as the area of the lysosomes relative to size and normalized to
control. (B) The intensity of each cell for each condition was averaged into a single density map.
One representative experiment out of three is shown. (C) Quantification of the percentage of cells
with the main lysosome cluster localized at the cell rear (defined as last two thirds of the cell).
Data represents the average of three independent experiments * s.d. (n=51 and 57 cells for WT
and Rab7b-KO, respectively). (D) LPSDCs were loaded in 5 x 5-8 um wide micro-fabricated
channels, fixed after 16 hours and stained with an antibody against -tubulin to label the MTOC.
Rhodamine-conjugated phalloidin was used to visualize actin and DAPI to label the nucleus.
Representative images from one out of three independent experiments are shown. Scale bar 10
um. (E) Quantification of the percentage of cells with the MTOC positioned at the rear. Data
represents the average of three independent experiments + s.d. (n=30 and 35 cells for WT and
Rab7b-KO, respectively).

c
9o
)
(]
£
—
Ne)
£
>
—
(]
-
c
0]
£
k3]
qQ
a
=}
n
(]
0]
Q
c
Q
3]
n
0
O
G
o
©
c
—
S
o
e



J. Cell Sci.: doi:10.1242/jcs.259221: Supplementary information

Movie 1. WT and Rab7b-KO DCs migrating in collagen gels
WT and Rab7b-KO LPS-DCs migrating in collagen gels. The source of the CCL21 chemoattractant is
at the top of the movie. Cells were imaged every two minutes for two hours. Scale bar: 100 um.
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Movie 2. Macropinocytosis in WT and Rab7b-KO DCs

WT and Rab7b-KO LPS-DCs were loaded in 5 x 8 um micro-fabricated channels. After 16 hours, the
channels were filled with 10 kDa 647-Dextran (magenta), and 30 minutes later the cells were imaged

at imaged at 1-minute intervals. The arrow shows an example of a macropinosome with long liftetime
in the Rab7b-KO cell. Scale bar: 10 pm.
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Movie 3. Lysosome dynamics during macropinocytosis in WT and Rab7b-KO DCs

WT and Rab7b-KO LPS-DCs stained with AF594-WGA to label lysosomes (cyan) were loaded in 5
x 8 um micro-fabricated channels. After 16 hours, the channels were filled with 10 kDa 647-Dextran
(magenta), and 30 minutes later the cells were imaged at imaged at 1-minute intervals. Scale bar: 10

pm.
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