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Chapter 1

The endolysosomal network
Endocytosis is the process of internalization of macromolecules, fluids and membrane 
components from the extracellular space through invagination of the plasma membrane. After 
endocytic vesicles bud off from the plasma membrane (PM) they fuse with an early endosome 
(EE) where cargo is sorted towards the degradative pathway or the recycling pathway. When 
recycled, cargo travels back to the PM either directly from an EE or via specialized recycling 
endosomes (REs). Material that is not recycled stays in EEs, which mature into late endosomes 
(LE). LEs are able to fuse with lysosomes allowing the content to be degraded by hydrolases (fig. 
1). 
 The limiting membrane of each compartment in the endolysosomal system has a unique 
protein and lipid composition. An essential component of the membrane composition is the 
fusion machinery, which ensures membrane fusion takes place at the correct site and involves 
the correct membranes. Organelles can only fuse with a limited number of other compartments 
or vesicles, which makes fusion proteins highly specific for a given membrane, which is why 
they are often used as markers to identify compartments. The main players of the membrane 
fusion machinery are Rab (Ras Analog in Brain) proteins, tethering complexes, and soluble NSF 
attachment protein receptor (SNARE) proteins. Rab proteins are small molecular switches that 
upon activation are recruited to a specific membrane. Here, they recruit effector proteins such 
as lipid kinases and tethering complexes. Tethering complexes are large protein complexes that 

Figure 1. Schematic overview of the endolysosomal system. Endocytosis starts with the formation of vesicles via 
clathrin mediated endocytosis (CME) or clathrin independent endocytosis (CIE), which fuse with early endosomes (EEs). 
EEs are sorting stations where cargo is sorted towards the degradative or recycling pathways. Cargo destined for recycling 
enters tubules where vesicles bud off that travel either directly, or via specialized recycling endosomes (REs) back to the 
plasma membrane. EEs mature into late endosomes (LEs) which form intraluminal vesicles containing cytosolic cargo to 
be degraded. LEs can then fuse with hydrolase-containing lysosomes that degrade their content. Image from (79).
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establish the first contact between two membranes. This interaction safeguards fusion specificity 
and brings membranes in close proximity to allow SNARE proteins to mediate membrane fusion. 
SNARE proteins located on opposite tethered membranes can form a stable trans-complex. The 
assembly of the trans-SNARE complex together with the assistance of interacting proteins, drives 
fusion of the tethered membranes. Together the membrane fusion machinery maintains the 
specificity of fusion events at each compartment and thereby regulates its content and identity. 
Here we will discuss in detail the entire endolysosomal system and the role of the membrane 
fusion machinery in its regulation.

Endocytic vesicle formation
 At the onset of endocytosis, formation of a vesicle from the PM depends on the type, 
size, state and location of the cargo, but can also occur independent of cargo (1). The different 
types of endocytosis are characterized by the morphology of endocytic vesicles using electron 
microscopy (EM) techniques and by cargo specificity. The best characterized type of endocytosis 
is clathrin mediated endocytosis (CME), defined by the formation of 50-100nm clathrin coated 
vesicles (CCVs), which by EM have a visible lattice of clathrin surrounding the membrane (2). 
Clathrin is a cytosolic protein complex that is recruited to the site of endocytosis by the general 
adaptor protein AP2 or by cargo-specific AP1 (3). At the site of endocytosis (or nucleation site) 
specialized proteins initiate membrane bending and interact with cell-surface receptor tails and 
AP2 (4–6). AP2 then recruits additional  adapter proteins to mediate cargo selection (7–9). Next, 
clathrin is recruited and polymerizes into a lattice of hexagons and pentagons that stabilizes 
the increased membrane curvature generated by CALM/AP180, Epsins and BAR-domain proteins 
(10–12). The BAR-domain containing proteins recruit dynamin, which mediates the fission of the 
vesicle from the plasma membrane (13–15). After the release from the PM, the clathrin lattice is 
disassembled and the vesicle proceeds to its target endosome (16). 
Despite being the best understood form of endocytosis, the entire mechanism of CCV formation 
is not completely elucidated. CME is illustrative of the complexity of forming a vesicle containing 
the correct cargo from the correct site at the PM. Other (clathrin-independent) forms of 
endocytosis (CIE) have been identified by their morphology, cargo and regulatory proteins, but 
have a similar function: concentration of cargo at the PM and producing a vesicle that can enter 
the endolysosomal system.

Early endosomes
 For all types of endocytosis, the first station after internalization are EEs. At EEs cargo 
is sorted towards either degradation in lysosomes or recycling to the PM, hence, EEs are also 
known as sorting endosomes. However, in addition to sorting, EEs also have roles in cellular 
processes such as receptor mediated signaling (Box 1). EEs are dynamic compartments that are 
generally characterized as 100-500nm diameter vacuoles from which multiple tubules emerge 
(17). In addition to their morphology, EEs are characterized by a mildly acidic pH (~6.0) that allows 
the dissociation of ligands from their receptors (18,19), and by the time it takes for endocytosed 
material to reach the endosome, which for EEs is 1-5 minutes depending on cell type (20–22). 
However, the most widely used method to identify EEs is to visualize key marker proteins. For EEs 
this is Rab5, which operates as the regulator for membrane fusion (fig. 2) (23,24). 
 Activation and recruitment of Rab5 to EEs is mediated by Rabex-5, which localizes to 
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Box 1. The endolysosomal system and TGFβ signaling
Transforming growth factor-beta (TGFβ) is a cytokine belonging to the TGF-ß superfamily 
of growth factors, which modulate expression of hundreds of genes and thereby regulate 
cellular processes such as cell proliferation, tissue homeostasis and cell motility (199,200). 
TGFβ signaling starts with binding of TGFβ to type II cell surface receptors (TGFBRII), 
which induces complex formation with type I (TGFBRI) receptors. TGFBRI and TGFBRII are 
continuously endocytosed independent of ligand binding (201–203), although endocytosis 
can be triggered by ligand binding. (204–206). After internalization into EEs, activated 
receptor complexes associate with Smad Anchor for Receptor Activation (SARA), which is 
recruited to EEs by binding PI3P via its FYVE-domain (207). In addition SARA binds Smad2 
and thereby facilitates recruitment of Smad2 and Smad3 to the activated TGFβ receptor 
complex on endosomes (207–209). Since SARA-mediated Smad activation can only occur 
at EEs, endocytosis is a crucial step in TGFβ signaling (203,209,210). At EEs, the Smad2/3 
complex then binds Smad4, after which the entire Smad2/3/4 complex shuttles to the 
nucleus to modulate the expression of an extensive amount of genes (199,211–213).

Rab5

Rab7

Rab4
Rab11

Late
endosome Lysosome

Recycling endosome
CMECIE

Early
endosome

Figure 2. Rab localizations in the endolysosomal system. Rab-proteins are commonly used markers to distinguish 
endosomal compartments. At EEs, Rab5 is present on the vacuole, while Rab4 concentrates on the tubular domains. 
Rab4 is also present on recycling vesicles that transport cargo to the PM for fast recycling or to the RE for slow recycling. 
The RE is positive for Rab11, which regulates fusion of vesicles with the RE as well as transport from the RE to the PM. 
Upon maturation of an EE to a LE, Rab5 is replaced by Rab7, inducing movement to the perinuclear area and allowing 
fusion with lysosomes where cargo is degraded by lysosomal hydrolases. CME: clathrin mediated endocytosis; CIE: 
clathrin independent endoscytosis.
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EEs by binding ubiquitin on ubiquitinated endocytosed cargo (25–28). Rab5 and Rabex-5 recruit 
a series of effector proteins such as the tethering factor EEA1 (29) and the lipid kinase Vps34 
(30,31). These proteins stabilize Rabex-5 on the membrane causing a positive feedback loop on 
the EE localization of Rabex-5, Rab5 and their effector proteins (32). In addition, Vps34 generates 
phosphatidylinositol-3-phosphate (PI3P), leading to increased recruitment of effector molecules 
(31,32). The positive feedback loop of Rab5 activation establishes EE membrane identity and 
recruits proteins necessary for proper fusion of endocytic vesicles with EEs and homotypic fusion 
between EEs. 
The Rab5 positive feedback loop is interrupted on EE tubules, from where recycling takes place. 
Rabenosyn-5, which is recruited by the Rab5 feedback loop, is thought to facilitate segregation 
of cargo into the tubules, which are marked by Rab4 (fig. 2) (33) (34). The exact mechanism of 
generating Rab4 membrane domains on a Rab5-positive compartment, is poorly understood. 
The only other event where the Rab5 positive feedback loop is broken is during maturation of an 
EE to a LE, which is discussed below.

Endocytic recycling
 Depending in cell type, it is estimated that endocytosis is responsible for the 
internalization of 0,5 to 1,8 times the total cell surface area per hour (35). This amount of uptake 
is counterbalanced by the continuous recycling of endocytosed material and membrane to the 
PM. The fast turnover of membrane components through endocytosis and recycling allows 
precise control of the composition of the PM, and therefore is vital for cellular processes at the 
PM such as cell-matrix attachment, cell-cell adhesion, cell migration, signal transduction, cell 
division and establishment of cell polarity.
 From EEs there are 2 main recycling routes. Cargo can either be transported back to 
the PM directly (also called “fast recycling” or “short-loop recycling”), or indirectly via REs (also 
called “slow recycling” or “long-loop recycling”) (fig. 2). These separate recycling pathways 
allow molecules to be separately returned to the PM at different rates. Fast recycling transport 
molecules to the PM around 1-5 min after endocytosis, while slow recycling takes on average 10-
15 min (36,37). Not all cargo is completely separated over the two recycling pathways, transferrin 
receptors (TfRs) for example travel through both fast and slow recycling pathways (37) while 
distinct integrins are recycled separately (38–42) (Box 2).

Fast Recycling
 During fast recycling, vesicles pinch off from tubular membrane regions on EEs and fuse 
with the PM. Fast recycling is regulated by Rab4, which resides on EE tubules and EE-derived 
recycling vesicles(43–45). Dominant negative mutants of Rab4 inhibit recycling of endocytosed 
cargo such as transferrin (Tf) (43,44), the most widely used marker for endocytic recycling. 
Hence, Rab4 is often used as a specific marker for fast recycling. However, this is challenged by 
studies that show that siRNA mediated knockdown of Rab4 has a positive effect on Tf recycling 
(46), whereas overexpression of Rab4 has a negative effect (47). In addition, Rab4 is present on 
REs but not the PM (34,48,49) and some cargos travel to REs via a Rab4 positive intermediate 
(50–53). Together these data indicate that Rab4 is not exclusively involved in fast recycling, but 
also in transport from EEs to REs.
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Slow recycling
 Slow recycling requires 2 steps: transport from EEs to REs and transport from REs to 
the PM. REs are heterogeneous and dynamic compartments, consisting mainly of a collection 
of tubules and vesicles (17,54). In most cell types REs are found in the perinuclear area near 
the microtubule organizing center (MTOC) (55,56). However, in other cell types such as HeLa, 
REs have a more dispersed localization (57), and in polarized cells REs localize near the apical 
PM  (58,59). The main marker for REs is the small GTPase Rab11, the main regulator of fusion 
with REs and recycling from REs (60–63) (fig. 2). Additional markers are the SNARE Cellubrevin/
VAMP3 and the Rab11 family interacting proteins (Rab11-FIPs) (55,64–66). 
 The route from EEs to REs requires Rab4 and Sorting nexin 4 (SNX4), which both localize to 
the tubular domains of EEs and REs. SNX4 regulates transport of EE-derived vesicles by recruiting 
KIBRA, a protein that interacts with the motor protein dynein (67). siRNA mediated depletion 
of SNX4 results in rerouting of TfRs to LEs and lysosomes, showing that SNX4 knockdown blocks 
exit from EEs and thus inhibits the fast and slow recycling pathway. In contrast, depletion of 
the Rab effector protein RAb11FIP5, which mediates transport of TfRs from EEs to REs, does 
not inhibit fast recycling, and therefore likely acts downstream from SNX4 (68). The pathway 
between EEs and REs is poorly described and specific regulatory proteins for this pathway are not 
yet identified.
 Transport from REs to the PM can occur via several distinct pathways. For example, 
in HeLa cells TfRs travel from REs to the PM in separate vesicles than MHCI and other clathrin-
independent endocytosed (CIE) cargo (69). Although both pathways depend on Rab11 (70,71), 
it is has become increasingly clear that these pathways are separately regulated. Unlike TfR 
recycling, recycling of CIE cargo requires Arf6 and Rab8. Arf6 is recruited to REs by MICAL-L1 
and activates phospholipidase D (PLD), which generates diacylglycerol (DAG) and phosphatidic 
acid (PA) that assist fission of vesicles from REs and fusion of vesicles with the PM (72,73). The 
Arf6 dependent pathway of CIE cargo likely involves a subpopulation of REs. This is in agreement 
with studies that show multiple subsets of Rab11 positive REs in one cell, as well as multiple 
distinct domains in the same RE region (64,69,74–76). Polarized epithelial cells contain separate 
recycling compartments for apical and basolateral cargo, which are needed for proper recycling 
to distinct membrane domains (Box3) (77). Subcompartmentalization of the recycling system in 
non-polarized cells most likely has a similar regulatory function, but the details of this system are 
poorly understood.

Endosomal maturation and late endosomes
 Proteins that are not recycled to the PM accumulate in the main body of EEs. Here, 
ubiquitinated membrane proteins recruit the endosomal sorting required for transport (ESCRT) 
complex that induces inward-budding of the limiting membrane, producing intraluminal 
vesicles (ILVs) (78). Membrane proteins, cytoplasmic proteins, RNAs and lipids are targeted for 
lysosomal degradation via these ILV’s. Formation of ILVs is initiated on EEs and increases upon 
maturation of an EE to a LE. A single LE can have over 30 ILVs, which is why LEs  are also referred 
to as multivesicular bodies (MVBs) (17,79). Maturation of EEs to LEs is accompanied by their 
movement to the perinuclear area. In addition, maturing EEs lose their tubular domains resulting 
in a spherical compartment with a diameter of 0,2-1,0µM (17).
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Box 2. Fast and slow integrin recycling
Integrins are transmembrane cell surface proteins that establish the adhesion of cells to 
the extracellular matrix (ECM) (214). Integrins connect to the ECM as heterodimers (one 
alpha and one beta subunit). In vertabrates, 24 different integrin pairs exist that each have 
distinct substrate specificity (40,215). Constitutive endocytosis and regulated recycling 
of integrins determines the availability of integrin heterodimers at the PM and thereby 
regulates cellular processes such as cell adhesion and migration (42,216,217). Recycling of 
integrins occurs via fast or slow recycling pathways depending heterodimer composition, 
conformation (active or inactive) and ligand binding. Recycling of the majority of integrins 
depends on Rab11, thus involving slow recycling via REs. However, cellular triggers can alter 
the recycling of integrins. For example, growth factor stimulation of fibroblasts induces the 
Rab11-independent fast recycling of αvβ3, while α5β1 recycling remains Rab11-dependent 
(218). By regulating recycling, substrate specific adhesion of cells and integrin-mediated 
signaling are regulated (216,219). Integrins can adopt an active or inactive conformation, 
which defines the affinity for ECM ligands. For β1 integrins the activation state does not 
alter endocytosis rates, but does influence recycling. Active β1 integrins recycle via Rab11-
positive REs, while inactive β1 integrins recycle directly from EEs to the PM (41). This 
mechanism increases the pool of inactive and decreases active β1 integrin at the PM, as a 
feedback mechanism for integrin activation (42).

 During maturation of endosomes, the Rab5 dependent positive-feedback loop that 
maintains EE membrane identity is interrupted by replacing Rab5 with Rab7, the main regulator 
of LE fusion (fig. 2) (80). The cytosolic proteins Ccz1 and SAND1/mon1 bind activated Rab5 and 
PI3P, thereby displacing Rabex-5 and facilitating the recruitment of activated Rab7 (81–83). The 
timing of the Rab5-to-Rab7 conversion depends on the PI3P levels of the EE, ensuring that the 
conversion does not take place too early (84). Membrane associated Rab7 recruits its own set 
of effector molecules marking the final conversion to a functional LE. Rab7 effector molecules 
include the Rab7-interacting lysosomal protein (RILP), which binds p150glued and thereby 
recruits dynein motors for movement to the perinuclear area (85). In addition, RILP recruits the 
homotypic fusion and protein sorting (HOPS) tethering complex, which regulates fusion events 
at LEs and lysosomes (86–88). Rab7 also recruits the retromer complex, which facilitates the 
recycling of proteins to the trans Golgi network (TGN) (89,90).
 The conversion to a LE is accompanied by a decrease in pH from 6.8-5.9 in EEs to 6.0-
4.9 in LEs. The vacuolar-type H+ ATPase (V-ATPase), a transmembrane proton pump complex, 
actively transports protons across the limiting membrane of the endosome thereby decreasing 
the luminal pH, which is necessary for optimal activation of lysosomal hydrolases (91). The drop in 
pH is coupled to an increased transport of hydrolases and lysosomal membrane proteins (LMPs) 
to LEs (92). Multiple routes exist for the delivery of hydrolases and LMPs to LEs and lysosomes. 
Mannose-6-phosphate receptors (MPR) regulate the transport of the majority of lysosomal 
enzymes from the TGN to lysosomes (93,94). Newly synthesized, Mannose-6-phosphate (M6P) 
containing proteins bind to MPRs and are sorted into clathrin coated vesicles at the TGN that 
fuse with endosomes (95–97). In the acidified endosomal environment MPRs dissociate from 
their ligand and recycle to the TGN for another round of transport (89,98). LMPs are transported 
in an MPR-independent manner to lysosomes and instead rely on a tyrosine- or di-leucine based 
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Polarized epithelial cells have an apical and basolateral PM that are separated by junctions 
that inhibit mixing of membrane domains. Endocytosed cargo from the apical domain is 
transported to apical EEs and basolateral cargo to basolateral EEs (220–222). From there 
fast recycling can occur back to the original PM domains. For the slow recycling pathway, 
both apical and basolateral cargo is transported to the common recycling endosome (CRE) 
(223). At the CRE, basolateral cargo is transported directly to the basolateral PM while 
apical cargo travels from CRE to a specialized apical recycling endosome (ARE) to reach the 
apical PM (59,224,225). These separated recycling routes are necessary to maintain the 
distinction between the PM domains (226–228). Like in non-polarized cells, Rab11 is a key 
regulator for recycling in polarized cells. Rab11 regulates vesicular transport to and from 
the apically localized AREs (229–233). In contrast, recycling from the CRE does not depend 
on Rab11, but relies on Rab8 and Rab10 (234,235). Despite being differentially regulated, it 
is still unclear whether the ARE and CRE are separate compartments or different membrane 
domains of the same compartment (222,228,236).

Box 3. Recycling in polarized cells
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sorting motif that interacts with GGAs and the adaptor protein AP-1 at the TGN, enabling traffic 
to endosomes (99,100). Alternatively, LMPs can reach lysosomes through an indirect pathway 
via the PM followed by clathrin mediated endocytosis (101). A third route for the transport of 
LMPs directly from the TGN to LEs in an AP-1 and clathrin independent manner  requires VAMP7 
and Vps41, which assist in the fusion with LEs (102). The recruitment of fusion machinery and 
transport of lysosomal proteins to LEs prepares for the fusion of LEs with lysosomes.

Lysosomes
 Lysosomes are ubiquitous acidic organelles that are the main site for degradation in the 
cell. Lysosomes receive cargo from autophagic pathways by fusing with autophagosomes, and 
from the endosomal pathway by fusing with LEs. Degradation of cargo starts in LEs (79,103), but 
the majority of the proteolytic activity takes place after fusion of a LE with a lysosome (104,105). 
Fusion of a LE with an acidic lysosome (pH 4.5-5.0) results in a further drop of the luminal  pH 
and a rise in Ca2+ levels triggering the maturation of precursor hydrolases (106,107). Lysosomes 
contain over 50 different lysosomal hydrolases which degrade the content including the lipids of 
the ILVs (108). Heavily glycosylated LMPs protect the limiting membrane of the lysosome from 
its own hydrolytic activity. In addition, LMPs have a diversity of functions that are required for 
lysosome integrity, lipid homeostasis and the maintainance of an optimal milieu for lysosomal 
hydrolases (101,109–111).
The past few years have changed the dogma that lysosomes are just passive endpoints of 
the endocytic pathway completely. Recent data shows that lysosomes are active signaling 
compartments that modulate cellular lysosomal and autophagic activity. For example, detection 
of amino acid levels inside the lysosomal lumen is performed by a complex of Rag GTPases, 
Ragulator and the vacuolar-type H+ ATPase (V-ATPase) (112–114), which regulate the lysosomal 
recruitment of the mTOR complex 1 (mTORC1) in nutrient rich conditions. After recruitment, 
mTORC1 binds and phosphorylates Transcription Factor EB (TFEB), a master regulator of 
lysosomal biogenesis (115,116). Lysosomal recruitment inhibits translocation of TFEB to the 
nucleus, thereby blocking its function in upregulating genes of the Coordinated Lysosomal 
Expression and Regulation (CLEAR) network (115,117). By contrast, during starvation mTORC1 
is not recruited to the lysosome and does not phosphorylate TFEB, which can therefore freely 
translocate to the nucleus to upregulate cellular lysosomal and autophagic activity (115).
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Membrane fusion
Transport specificity and maintenance of membrane identity in the endolysosomal system is 
controlled by an elaborate membrane fusion machinery. Three main protein groups are crucial 
for membrane fusion: Rab proteins, Tethering complexes and SNARE proteins (fig. 3). Together 
these proteins ensure proper fusion at the correct site and between correct membranes.
 
Rab proteins
 Rab proteins are the largest group of the Ras superfamily of small monomeric G proteins 
and key factors in determining organelle membrane identity (118,119). Rab proteins cycle 
between a GTP bound (active) and GDP bound (inactive) state, which are catalyzed by Guanine-
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (120,121). The GTP/
GDP cycles of Rab proteins regulate their membrane localization. In the cytosol Rab proteins 
are kept in a soluble inactive (GDP-bound) state through interaction with Rab GDP-dissociation 
inhibitors (Rab-GDI) (122,123). Membrane targeting occurs by prenylation of Rab proteins on 
their C-terminus, followed by GEF-mediated stabilization on the membrane (27,124,125). The 
activation state of Rab proteins controls their ability to recruit various effector proteins such as 
tethering factors and lipid kinases (126). The combination of controllable membrane targeting 
and effector recruitment establish Rab proteins as master regulators of intracellular trafficking 
and membrane identity.

R-SNARE

Q-SNARE

-Tethering protein

-Rab-GTPase

vesicle

target membrane

Tethering Docking Fusion

cis-SNARE
complextrans-SNARE

complex

Figure 3. Schematic overview of membrane fusion. Membrane fusion requires the coordinated action of Rab 
proteins, tethering factors and SNARE proteins. Before fusion, Rab-GTPases are recruited to the membrane and in 
turn recruit other fusion machinery such as SNAREs and tethers. Membrane fusion starts with tethering proteins 
establishing the first connection between two membranes. Tethers bring the membranes in close proximity to allow 
formation of trans-SNARE complexes. The trans-SNARE complex undergoes a conformational change that pulls 
membranes together leading to fusion of the membranes.
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Tethering factors
 Tethering factors mediate the docking of a vesicle or compartment to its target 
membrane. This reflects the first contact between two membranes and therefore the first 
regulatory step to ensure specificity of membrane fusion (127–129). Rab or Arl GTPases  recruit 
tethers to specific membrane domains (130–132), where they are able to dock incoming vesicles, 
recruit effector proteins and assist in SNARE complex formation (29,127,133–136). Tethering 
factors can be divided into two main groups: multisubunit tethering complexes (MTCs) and long 
coiled-coil proteins (137,138). The coiled coil tethering factors are large hydrophilic homodimers 
that consist of a head and tail domain that interact with two opposite membranes (137). The 
length to span the distance between two membranes is provided by an elongated coiled coil 
domain, which in some cases reaches over 400nm (137,139). Multisubunit tethering complexes 
(MTCs) are a heterogenic group of protein complexes that consist of up to 10 subunits. Despite 
their higher molecular weight, the compact structure of MTCs results in a limited reach of 
maximally 30nm, preventing them to reach over equally long distances as the coiled coil tethers 
(140–142). However, the presence of multiple subunits permits additional regulatory roles 
in membrane fusion. For example, MTCs promote SNARE assembly (140), movement along 
microtubules (85,86), endosome maturation (79), coat protein interaction (143) and membrane 
bending (144,145). Moreover, some MTCs share subunits between complexes (146,147) and 
independent roles for individual MTC subunits have been described (102). Together these 
characteristics indicate that the role of MTCs comprises more than tethering alone, as will be 
discussed below in detail for the CORVET and HOPS tethering complexes.

SNARE proteins
 After tethering, SNARE proteins located on the two opposing membranes mediate the 
actual membrane fusion. SNARE proteins are grouped into two types, Q-SNAREs (Glutamine 
contributing SNAREs) and R-SNAREs (Arginine contributing SNAREs) (148). To form a SNARE 
complex, three Q-SNAREs on the target (acceptor) membrane and one R-SNARE on the incoming 
vesicle (donor) membrane form a trans-complex between the membranes (149,150). Pairing 
of the Q-SNAREs and R-SNAREs in the trans-SNARE complex only provides limited specificity 
for membrane fusion. Several SNARE proteins can engage in non-functional but stable SNARE 
complexes in vitro (151,152), emphasizing that Rab proteins and tethering factors are additionally 
important to determine fusion specificity (153). Formation of the trans-SNARE complex is 
regulated by SNARE-interacting Sec1/Munc18 (SM) proteins, since removal of SM proteins 
completely perturbs membrane fusion (150,154). In addition, SM proteins are implicated in 
membrane bending, SNARE complex stabilization and lipid mixing (155). During trans-SNARE 
complex formation, the individual unstructured SNARE proteins form a stable bundle of four 
α-helices (156,157). This folding process, named “zippering”, exerts force on the opposite 
membranes pulling them together (158). Although the exact stoichiometry of SNARE mediated 
fusion is still unsure, the assembly of one SNARE complex supplies around one third of the force 
necessary to fuse two membranes, suggesting that three SNARE complexes are sufficient for 
membrane fusion (159). After membrane fusion the bundled SNARE complex resides in the 
fused membrane as a cis-SNARE complex, which needs to be disassembled. This requires ATP-
hydrolysis and is mediated by the cis-SNARE complex binding proteins NSF and its adapter SNAP, 
after which the individual SNAREs are primed for a new round of fusion (160,161).
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Tethering complexes of the endolysosomal system: 
CORVET, HOPS and Vps33B/VIPAS39
Since this thesis focusses on the CORVET and HOPS tethering complexes, these complexes are 
described here in detail.

The HOPS complex
 The Homotypic fusion and protein sorting (HOPS) complex is a multisubunit tethering 
complex that was originally described in yeast (162). Mammalian HOPS consist of six subunits, 
Vps41, Vps39, Vps11, Vps16, Vps18 and Vps33A, of which four core subunits (11, 16, 18 and 33A) 
are shared with the class-C core vacuole endosome transport (CORVET) complex (142,163,164). 
Cryo-EM studies on the molecular structure of the HOPS complex revealed an elongated, curved 
complex, in which the core subunits are located in the center between Vps39 and Vps41 (142) 
(fig. 4). In yeast, Vps41 and Vps39 both interact with the Rab7 homologue Ypt7, suggesting that 
Vps41 and Vps39 interact with two opposing Ypt7-positive membranes to mediate tethering. 
In mammals, recruitment of Vps39 and Vps41 to membranes is regulated by interaction with 
Rab7 as well as Rab7 effector proteins, indicating that in mammals HOPS regulates fusion events 
at Rab7-positive  LEs as well (87,162,165–172). Knockdown of Vps39 or Vps41 indeed inhibits 
LE and lysosomal fusion events, resulting in accumulation of LEs that are unable to fuse with 
each other or with lysosomes (88). Moreover, the HOPS complex is one of the few MTC’s for 
which a positive effect on fusion is directly demonstrated since a reconstituted HOPS complex 
accelerates the SNARE mediated fusion between liposomes (173–175). Apart from membrane 
tethering and fusion, the HOPS complex also mediates other events at LEs and lysosomes. For 
example, in yeast the Sec1/Munc18 (SM) protein and HOPS component Vps33p binds lysosomal 
SNAREs and ensures the correct pairing of SNARE proteins in a process named “proofreading” 
(135,176). In addition, the HOPS complex facilitates anterograde transport of LEs and lysosomes 
via interactions with Arl8b and its effector SKIP, which bind kinesins (177), as well as retrograde 
transport of LEs via interactions with the Rab7 effector protein RILP, which binds the dynein 
motor complex (85–87,165). Together with the connection to coat proteins (166), the ESCRT 
machinery (178), the actin cytoskeleton (179,180) and the individual roles of HOPS subunits 
(102), these additional functions indicate that the HOPS complex is more than a tether, it is a hub 
for many critical functions on the LE membrane.

The CORVET complex
 Like the HOPS complex, the CORVET complex was originally described in yeast and 
consists of the same core subunits as the HOPS complex, with the addition of Vps3p and Vps8p 
(181) (fig. 4). Although CORVET subunits are well conserved from yeast to mammals, the 
mammalian homolog of Vps3p has only recently been identified as TGFβ-Receptor associated 
protein 1 (TGFBRAP1), now also known as Vps3 (182,183).  In the CORVET complex, Vps8 and 
Vps3 are located on opposite sides of the complex, similar to Vps41 and Vps39 in HOPS (142,171). 
Since Vps8 and Vps3 show homology to Vps41 and Vps39, respectively, they were modelled into 
the CORVET structure based on the positions of Vps41 and Vps39 in the HOPS complex (142). 
In yeast, Vps3p and Vps8p interact with Vps21, the yeast Rab5 ortholog, which is required for 
recruitment of the complex to endosomes (181,184–186). This interaction is conserved since in 
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mammalian cells Vps8 interacts with Rab5, localizing the CORVET to EEs (87,182,187). At EEs, the 
CORVET complex mediates the homotypic fusion of EEs (182). Despite high homology of CORVET 
and HOPS, their interaction partners and membrane localizations are surprisingly separate. For 
example, the HOPS binding protein RILP does not interact with the CORVET complex (86,87,165), 
ensuring that CORVET remains upstream of LEs. Although the CORVET complex is less extensively 
studied than the HOPS complex, it is speculated that CORVET, like HOPS, has a broader array of 
functions than tethering alone.

Vps33B and VIPAS39
 All HOPS and CORVET subunits are well conserved and all eight subunits are found 
in mammals, with the addition of two subunits, Vps33B and VIPAS39 (also known as VIPAR or 
SPE-39) (147,188,189). These proteins are homologous to Vps33A and Vps16 respectively, but 
are not included in the CORVET or HOPS complex (fig. 3). Vps33B and VIPAS39 strongly interact 
with each other and this interaction is required for their membrane localization (190,191). 
The Vps33B/VIPAS39 complex localizes to both LEs and REs (87,191,192). Both VIPAS39 and 
Vps33B interact with RILP recruiting them to LEs. In addition, Vps33B interacts with Rab11 
and the SNARE VAMP3 on REs (87). Mutations in Vps33B and VIPAS39 underlie Arthrogryposis 
Renal dysfunction Cholestasis (ARC) syndrome, a multisystem disorder that is characterized 
by neurogenic arthrogryposis multiplex congenita, renal tubular dysfunction and neonatal 
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Vps11

Vps18
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Vps8

Vps3
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Vps33B
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Vps33B/
VIPAS39
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Figure 4. Schematic representation of the CORVET, HOPS and Vps33B/VIPAS39 complexes. CORVET and HOPS are 
related tethering complexes each consisting of six subunits. CORVET and HOPS share a core of 4 proteins (Vps11, 
Vps16, Vps18, Vps33A) and have two complex specific subunits (Vps8 and Vps3 (also named TRAP1 or TGFBRAP1) 
for CORVET and Vps41 and Vps39 for HOPS). In mammalian cells a third complex next to the CORVET and HOPS 
exists, consisting of Vps33B and VIPAS39 (also named VIPAR or SPE-39), which are homologues to Vps33A and Vps16 
respectively. Structures based on Cryo EM studies on HOPS (142).
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cholestasis (191,193,194). These phenotypes are at least in part attributed to the role of VIPAS39 
and Vps33B at the RE, since the disease-causing mutations result in the mislocalization of apical 
membrane proteins in renal cells and hepatocytes (191,193,194). Additionally, perturbation of 
Vps33B and VIPAS39 impairs the formation of alpha-granules in platelets, which is likely caused 
by the disruption of LE function in megakaryocytes (195–197). These functions have caused 
speculation on the participation of Vps33B and VIPAS39 in alternative HOPS/CORVET complexes 
(198), but no evidence for this has been found to date. This positions the Vps33B/VIPAS39 
complex as a separate complex from HOPS and CORVET.
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Scope of this thesis
 The endolysosomal system is positioned on the crossroad of the intracellular and 
extracellular environment and is therefore crucial to regulate many cellular processes. Proper 
function of the endolysosomal system greatly depends on the concept of membrane identity; the 
controlled protein and lipid composition of all organellar membranes. To maintain this identity 
requires exact timing and regulation of membrane fusion, organelle motility and signaling, 
together regulating transport inside the cell. Multi-subunit tethering complexes such as CORVET 
and HOPS are increasingly implicated as interaction hubs for many aspects of membrane fusion, 
organelle motility and signaling. In this thesis we investigate the structure and function of the 
mammalian CORVET complex by focusing on subunits Vps3 and Vps8.
 Compared to yeast, the composition of the mammalian CORVET and HOPS complexes 
are less well described. In chapter 2 we investigate the mammalian CORVET and HOPS complexes 
and the mammalian specific VIPAS39/Vps33B complex and unravel their molecular architecture. 
We show that CORVET and HOPS differ in their ability to bind RILP. The CORVET specific subunit 
Vps3 prevents binding of RILP to Vps11 in CORVET, while replacement of Vps3 with the HOPS-
specific Vps39 allows binding of RILP to Vps11 in HOPS. Interaction of the HOPS complex with 
regulating proteins such as RILP and Arl8b connect LEs and lysosomes to motor complexes 
mediating retrograde and anterograde movement.
In chapter 3 we investigate the roles of the CORVET-specific subunits Vps3 and Vps8 in more 
detail. We reveal that in addition to their role in the CORVET complex, these 2 proteins form 
a separate complex that localizes to EE-derived, Rab4-positive recycling vesicles. We reveal an 
unexpected role for the Vps3/8 complex regulating integrin transport form EEs to REs together 
with the VIPAS39/Vps33B complex and VAMP3. Knocking down the Vps3/8 or VIPAS39/Vps33B 
complexes impairs integrin recycling as well as integrin-mediated processes such as cell migration, 
attachment, spreading and focal adhesion formation.
 Recycling in polarized cells is markedly different from non-polarized cells to accommodate 
separate recycling routes from the apical and basolateral PM (Box 3). The VIPAS39/Vps33B 
complex is involved in recycling of apical proteins in polarized cells and interacts with Vps3 
and Vps8. Having established a role for Vps3 and Vps8 in endosomal recycling in non-polarized 
cells, in chapter 4 we investigate the role of Vps8 in a polarized cell model. We show that Vps8 
localizes to apical EEs and the specialized Rab11-positive apical recycling endosome (ARE). 
Overexpression of Vps8 induces association of EEs with the ARE indicating a tethering role in 
the transport between these compartments. Knockdown of Vps8 interferes with correct apical-
basal polarization of HepG2 cells and the front-rear polarization of HeLa cells during directed cell 
migration. In addition we show that knockdown of Vps8 results in impaired abscission during 
cytokinesis, a defect that is similar to known defects in apical recycling.
 Before TGFBRAP1 was identified as the CORVET-specific subunit Vps3, it was shown to 
function in the TGFβ pathway as a Smad4 chaperone. As a consequence, the role of Vps3 as a 
Smad4 chaperone has not yet been studied in the context of its endosomal functions. In chapter 
5 we investigate the role of Vps3 and Vps8 in the TGFβ pathway. We show that Vps3 and Vps8 
knockdown decreases Smad4 recruitment to endosomes and leads to intracellular accumulation 
of TGFβ receptor II. These findings suggest a role for Vps3 as well as the Vps3/8 complex and the 
CORVET complex in the TGFβ signaling pathway.
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 During our studies on endosomal transport we recognized that commonly used 
approaches to overexpress or knock down proteins affect the integrity of the endolysosomal 
system. In chapter 6 we reveal that PEI-mediated transfections, which are used extensively in 
cell biology research, cause a reduction in the number of EEA1-positive EEs while the number 
and integrity of lysosomes remain unaltered. However, the reduction in EE numbers is temporary 
and can be easily overcome by including a chase period in the transfection protocol. These 
observations resulted in an alternative protocol for overexpression using PEI.
 Finally in chapter 7 the main results of this thesis are summarized and discussed.
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Abstract
Trafficking of cargo through the endosomal system depends on endosomal fusion events 
mediated by SNARE proteins, Rab-GTPases and multi-subunit tethering complexes. The CORVET 
and HOPS tethering complexes respectively regulate early- and late-endosomal tethering and 
have been characterized in detail in yeast, where their sequential membrane targeting and 
assembly is well understood. Mammalian CORVET and HOPS subunits significantly differ from 
their yeast homologues and novel proteins with high homology to CORVET/HOPS subunits have 
evolved. However, an analysis of the molecular interactions between these subunits in mammals 
is lacking. Here, we provide a detailed analysis of interactions within the mammalian CORVET and 
HOPS, as well as an additional endosomal-targeting complex (VIPAS39/ VPS33B) that does not 
exist in yeast. We show that core interactions within CORVET and HOPS are largely conserved, 
but that the membrane-targeting module in HOPS has significantly changed to accommodate 
binding to mammalian-specific RAB7 interacting lysosomal protein (RILP). Arthrogryposis-Renal 
dysfunction-Cholestasis (ARC) -syndrome associated mutations in VPS33B selectively disrupt 
recruitment to late endosomes by RILP or binding to its partner VIPAS39.  Within the shared 
core of CORVET/HOPS, we find that VPS11 acts as a molecular switch that binds either CORVET 
specific TGFBRAP1 or HOPS specific VPS39/RILP thereby allowing selective targeting of these 
tethering complexes to early- or late endosomes to time fusion events in the endo/lysosomal 
pathway. 

Introduction
The endocytic pathway is a dynamic system in which vesicles are continuously fusing, moving 
and budding in order to deliver their cargo to the correct compartment. After internalization, 
endocytic cargo is delivered to the early endosome (EE) from which it can be recycled or 
degraded (1). Cargo destined for degradation such as internalized nutrients, activated growth 
receptors and endocytosed pathogens are targeted to the late endosomes (LE) and lysosomes 
where the acidic environment and resident proteases allow for degradation. Rab5 (EE) and Rab7 
(LE) are master regulators of endosomal transport and fusion and regulate cargo flux through the 
endocytic system in conjunction with multi-subunit motor- and tethering complexes. In yeast, 
EE and LE tethering is regulated by the CORVET (class C core vacuole/endosome tethering) and 
HOPS (Homotypic fusion and vacuole Protein Sorting) complexes respectively, that have been 
characterized in high detail (2–8). Both complexes consist of a shared core (vps16, vps18, vps11, 
vps33) that associates with CORVET specific (vps3 and vps8) or HOPS specific (vps39 and vps41) 
subunits. These different subunits target the complexes to membranes by interaction with 
respectively vps21 (yeast Rab5) and Ypt7 (yeast Rab7) (6,7). In addition, vps41 can also bind lipids 
(9). Apparent homologues of CORVET and HOPS subunits in mammals have been implicated 
in endosomal maturation (10), EE fusion (11) and fusion of lysosomes with late endosomes, 
phagosomes  or autophagosomes (12–14). Based on sequence alignment, homologs of all eight 
yeast HOPS and CORVET subunits are present in mammalian cells with the addition of two 
novel homologues; VIPAS39 (a.k.a. SPE-39 or VIPAR) and VPS33B. Recently it was shown that 
mammalian VPS8 and TGFBRAP1 are the vps8 and vps3 homologues (11) and the mammalian 
CORVET therefore consists of VPS8, TGFBRAP1, VPS18, VPS16, VPS33A and VPS11, whereas 
HOPS consists of VPS41, VPS39, VPS18, VPS16, VPS33A and VPS11. While VPS33B was initially 
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shown to interact with HOPS subunits (15), more recent data suggest that VPS33B and VIPAS39 
form a separate complex (12). 
The organization of these mammalian complexes has only partly been addressed with seemingly 
conflicting results and hampered the interpretation of functional experiments in which roles 
of specific or multiple units are addressed (16–26). Furthermore, it is not known what drives 
membrane specificity of these complexes in mammals. Here we provide an extensive map of 
the mammalian CORVET, HOPS and VPS33B/VIPAS39 complexes describing their inter-subunit 
interactions and membrane recruitment. In agreement with Wartosch et al. we find that VIPAS39 
and VPS33B are not part of the CORVET or HOPS complex but assemble in a distinct complex. 
We find that the CORVET complex is prevented from recruitment to LE (in line with its function 
at the EE). Within the HOPS complex there are multiple RILP-binding modules and pathogenic 
(Arthrogryposis-Renal dysfunction-Cholestasis (ARC) -syndrome) mutations in VPS33B disrupt 
VPS33B/VIPAS39 complex assembly or RILP dependent LE recruitment. Within the shared 
CORVET/HOPS core, VPS11 can bind TGFBRAP1 (CORVET) as well as VPS39 (HOPS) and these 
subunits likely compete for binding to VPS11 in the core of the CORVET/HOPS complex, thereby 
driving the membrane-specific assembly and tethering capability of these complexes.  
 
Results
Characterization and definition of the mammalian CORVET, HOPS and VPS33B/VIPAS39 
complex.
The yeast CORVET and HOPS complexes are assembled from eight different proteins (a Vps16/
Vps33/Vps18/Vps11 core with Vps3/Vps8 or Vps39/Vps41). Mammals do not possess eight, but 
ten homologues to the yeast CORVET/HOPS subunits. Two mammalian homologues for yeast 
Vps33 exist (VPS33A and VPS33B) as well as an additional protein with weak homology to Vps16 
(VIPAS39). To probe the interactions between the ten putative CORVET/HOPS subunits and 
determine the topology of the different subunits in the CORVET/HOPS complexes, we performed 
an extensive array of co-immunoprecipitations (IP) in human MelJuSo cells with antibodies 
against endogenous VIPAS39, VPS33B, VPS11, VPS16, VPS8 and VPS33A (fig. 1a) (antibodies 
specific for other components were either not available or did not work for IP). We observed 
extensive interactions between VPS11, VPS16, VPS8, TGFBRAP1 and VPS33A. In contrast, VIPAS39 
and VPS33B interacted with each other, but not with any of the other canonical CORVET/HOPS 
subunits in line with recent data (12). 
To further map the HOPS complex and define possible interactions between VIPAS39 and VPS33B 
with HOPS components that we could not map in endogenous-pull down experiments, we 
ectopically co-expressed all six putative HOPS complex subunits as well as VPS33B and VIPAS39 
as tagged proteins. We have previously shown that expression levels of these tagged proteins in 
our systems are low (comparable to endogenous) and that the tagged-subunits incorporate into 
functional complexes (27).
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Figure 1. Biochemical definition of mammalian CORVET, HOPS and VPS33B/VIPAS39. (a) MelJuSo lysates were 
immunoprecipitated (IP) by indicated antibodies and analyzed by WB using indicated antibodies. Each panel represents 
an independent experiment. Upper left panel:  MelJuSo cell lysates were generated (at which point a total lysate TL 
fraction was taken) and divided over five fractions and an immunoprecipitation was performed on each lysate using one 
of the indicated antibodies (generating five experimental conditions, horizontal axis). The five experimental conditions 
were run on the same blot with the same exposures for each detection antibody. A separate gel was run for each 
detection antibody (on the vertical axis). From these blots cut-outs were taken and grouped to compose the figure panel. 
Top right panel: same as left panel, with three experimental conditions. The table (lower panel) summarizes results from 
the IP experiments. Checkmark indicates interaction detected, ND= not detected, empty boxes are not tested. (b) Lysates 
of MelJuSo cells expressing 8 tagged (experimental condition, exp) or 7 tagged subunits (control condition (ctrl) not-
expressing the GFP-tagged subunit) were IP’ed with anti-GFP (to pull down VPS16, VPS11, or VPS33B respectively) and 
analyzed by WB. Shown are total lysates (TL) for experimental and control lanes and the IP’ed fraction for experimental 
and control lanes. (c) Summary of experimental data A-E, VIPAS39 and VPS33B do not interact with HOPS complex 
subunits.
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We pulled down GFP-VPS16, GFP-VPS11 or GFP-VPS33B and detected associated proteins 
by Western blotting with antibodies against the different epitope-tags (fig. 1b) GFP-VPS16 
specifically interacted with VPS41, VPS18 and VPS33A. In addition, GFP-VPS11 interacted with 
VPS39. In contrast to the endogenous co-IP (fig. 1a), no interactions between the two groups 
(VPS16/41/18/33a and VPS11/39) were observed. A pull down-experiment with GFP-VPS11 
also failed to detect interactions between GFP-VPS11 and endogenous VPS16/VPS33a (data not 
shown). This may reflect a limitation of the over-expression system or an interference with normal 
interactions by the associated tags. In line with the endogenous IP (fig. 1a), we again observed 
strong interactions between VPS33B and VIPAS39, but not with any other subunit of the HOPS 
complex. This suggests that mammalian HOPS consist of VPS11/VPS16/VPS18/VPS33A/ VPS39/
VPS41 whereas VPS33B/VIPAS39 assemble in a distinct complex (fig. 1c). Furthermore, the 
observation that tagged-subunits recapitulate in large part endogenous interactions indicates 
we can use these constructs for further detailed mapping of the respective complexes. 

A high-detail interaction map of the mammalian HOPS complex 
The yeast HOPS complex resembles a seahorse shaped complex with a head (Vps16/Vps33/ 
Vps41/Vps18) and a tail (Vps11/Vps39) and interactions within the complex have been extensively 
mapped (6,7) (fig. 2a). No structure for the mammalian HOPS complex is available, yet our 
experiments (fig. 1) suggest that interactions within the head (VPS16/VPS33/VPS41/VPS18) and 
tail (VPS39/VPS11) are conserved from yeast to mammal. To study the interactions within the 
proposed head of the mammalian HOPS complex, we expressed tagged-truncation mutants of 
a particular subunit (domain organizations based on STRING 9.1 http://string-db.org/) depicted 
in figure 2b and assessed interactions with the three other head proteins by co-IP experiments 
(fig. 2c, summarized in 2d). We observed that VPS16 is a central protein in the head since its 
C-terminus binds VPS33A while the N-terminal segment binds to VPS41 and VPS18. The Ring 
finger (R) domains of VPS18 and VPS41 interact with the N-terminus of VPS16 possibly acting in 
a tripartite-interaction. 
Different from yeast, the mammalian HOPS complex is not recruited to membranes by RAB7 
(Ypt7 in yeast), but by binding to the RAB7 effector RILP that has no apparent ortholog in yeast 
(27,28). To evaluate membrane targeting of the mammalian HOPS complex, we mapped the 
minimal domains for membrane recruitment of distinct subunits by expressing tagged truncation 
mutants and assessed their recruitment to RILP-containing LE (fig. 2e). In addition to VPS41 
(32), we observed that small domains of various HOPS subunits could be recruited to RILP 
(summarized in fig. 2f, 2g). This suggests that RILP could act as a scaffold in the assembly of the 
HOPS complex or that interactions within the mammalian HOPS complex are further stabilized via 
secondary interactions of its subunits with RILP. In assembly, our data suggest that interactions 
within the HOPS complex are reasonably conserved from yeast to mammals, yet the complex has 
significantly evolved to accommodate a shift from RAB7 to binding to RAB7 effector RILP instead, 
possibly reflecting higher-order regulation such as the concomitant binding of the dynein-motor 
complex (27).
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VPS11 as the core receptor for HOPS and CORVET specific subunits. 
We have shown that TGFBRAP1 and VPS8 endogenously bind core CORVET/HOPS subunits 
including VPS11 and VPS16 (fig. 1a) and that VPS11 and VPS16 are recruited to LE by RILP ((27), 
fig. 2e). This argued that overexpression of RILP, via their secondary interactions with VPS11 or 
VPS16, might attract VPS8 and TGFBRAP1 to LE. However, when RILP and VPS8 or TGFBRAP1 were 
co-expressed, the latter were not recruited to RILP but remained localized to EE (fig. 3a) similar to 
VPS8 and TGFBRAP1 expression alone (fig. 3b). This indicates an active mechanism that prevents 
recruitment of TGFBRAP1 and VPS8 to LE even in the presence of RILP. We therefore asked how 
CORVET- versus HOPS-specific protein binding to the core of the complex is regulated to assure 
correct targeting and sequential activity in endosomal maturation. Since TGFBRAP1 and VPS39 
have high sequence homology, their competitive binding to the same subunit in the CORVET/
HOPS core suggests a mechanism for sequential binding. A likely candidate for a common binding 
partner in the core of the CORVET/HOPS complex would be VPS11, as we already identified 
interactions between VPS11 and VPS39 (fig. 1). In line with our endogenous IP with VPS11 
antibodies, an interaction between TGFBRAP1 and GFP-VPS11 was observed (fig. 3c) and co-
expression of VPS11 and TGFBRAP1 resulted in the recruitment of cytosolic GFP-VPS11 to EE (fig. 
3d). To map the interactions between TGFBRAP1 and VPS39 with VPS11, we expressed tagged-
truncation mutants of VPS11 and assessed putative interactions (Figure 4A-B). TGFBRAP1 and 
VPS39 bound to the same domain in VPS11 (fig. 4a, 4b), implying that these two proteins might 
compete for VPS11 binding (fig. 4c). As TGFBRAP1 binds VPS11 and VPS11 binds RILP, we argued 
that a RILP-VPS11-TGFBRAP1 interaction could exist that could induce (erroneous) recruitment 
of TGFBRAP1 to LE. However, when VPS11 was co-expressed with TGFBRAP1 and RILP, VPS11 was 
exclusively recruited to EE and no longer recruited to LE (even though high levels of RILP were 
present) (fig. 4d). This suggests a regulatory mechanism in which binding of TGFBRAP1 to VPS11 
in the CORVET complex prevents VPS11 binding to RILP, thereby blocking the targeting of VPS11 
to LE and premature assembly of the HOPS complex on LE. Such a mechanism would safeguard 
a sequential assembly of the CORVET and HOPS and thereby time the fusion events of EE and LE. 

Figure 2. Interactions within the mammalian HOPS complex. (a) Structure of the yeast HOPS complex. Yeast HOPS 
interacts with Ypt-7 via Vps41 and the N-terminus of Vps39. (b) Domain organization of the mammalian HOPS complex 
subunit orthologs. CLH, clathrin heavy chain repeat; CC, coiled coil; R, Ring Finger; V11C, PFAM VPS11 C-terminus; 
V16N, PFAM VPS11 N-terminus; V16C, PFAM VPS11 C-terminus; V39_1, VPS39 domain 1; V39_2, VPS39 domain 2; CNH; 
Citron Homology. (c) Lysates of MelJuSo cells co-expressing tagged-VPS constructs as indicated were IP’ed with anti-GFP 
antibodies and analyzed by WB using anti-HA, anti-Flag, anti-V5 and anti-GFP antibodies as indicated. Within each panel, 
experimental conditions were run on the same blot with the same exposures for each detection antibody and cut-outs 
were taken and grouped for presentation purposes. (d) Summarized results of Figure 2C. (e) MelJuSo cells expressing 
GFP-VPS16 constructs (green) and mRFP-RILP (red). Scale bars: 10 µm.  Graphs show average correlation coefficient 
(CC) + s.e.m. (n>25) between different VPS truncation constructs and RILP. (f) Detailed map of domain interactions and 
membrane targeting modules (domains required for RILP binding in green) within the mammalian HOPS complex. (g) 
Interactions in the head domain of the mammalian HOPS complex superimposed on the known structure of the yeast 
HOPS complex.
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CLSM. Scale bars: 10 µm. Graphs show average correlation coefficient (CC) + s.e.m. (n>25) for RILP or EEA1 and GFP, 
TGFBRAP1 or VPS8. Asterisks indicate significance to GFP control ((**** p ≤ 0.0001, * p ≤ 0.05, ns = not significant). 
(b) MelJuSo cells co-expressing GFP-TGFBRAP1 or HA-VPS8 were fixed, stained with antibodies against EEA1 (and anti-
HA for VPS8) and imaged by CLSM. Scale bars: 10 µm. (c) Lysates of MelJuSo cells expressing GFP or GFP-VPS11 were 
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TGFBRAP1 (green) were fixed, stained with antibodies against EEA1 (red) and imaged by CLSM. Scale bars: 10 µm.  Graphs 
show average correlation coefficient (CC) + s.e.m. (n>25) between VPS11 and EEA1 +/- ectopically expressed TGFBRAP1 
(**** p ≤ 0.0001).
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Figure 4. CORVET and HOPS specific assembly via VPS11. Lysates of HEK293 cells co-expressing GFP-VPS11 constructs 
(as indicated)  and HA-TGFBRAP1 (a) or MYC-mRFP-VPS39 (b) constructs were IP’ed with anti-GFP before SDS-PAGE and 
WB and probed with anti-GFP and anti-HA or anti-MYC antibodies. (c) Detailed map of interactions between TGFBRAP1, 
VPS39 and VPS11. TGFBRAP1 and VSP11 both bind to the same region in VPS11 indicating competitive binding. Domains 
that contribute to RILP binding are indicated in green. (d) MelJuSo cells expressing GFP-VPS11 (blue) and HA-RILP (red) 
+/- GFP-TGFBRAP1 (green) were fixed, stained with antibodies against HA and FLAG and imaged by CLSM. Scale bars: 
10 µm.  Graphs show average correlation coefficient (CC) + s.e.m. (n>25) between VPS11 and RILP in the +/- ectopically 
expressed TGFBRAP1 (**** p ≤ 0.0001).
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ARC mutations specifically disrupt VPS33B-VIPAS39 interactions or complex recruitment to 
late endosomes by RILP.  
Published data regarding the role of VPS33B and VIPAS39 as members of the HOPS complex are 
seemingly conflicting (12,15). Our endogenous IP data (fig. 1a) as well as our IP’s with tagged 
subunits (fig. 1b) indicated that VPS33B and VIPAS39 did not interact with other HOPS subunits. 
To further substantiate the existence of a separate VPS33B/VIPAS39 complex, we depleted 
CORVET/HOPS subunits by siRNA and assessed the effects on the stability of their endogenous 
interaction partners by western blot (WB) (fig. 5a). Silencing of VPS16 significantly decreased 
VPS33A and VPS11 protein levels, while VPS33B and VIPAS39 levels did not decrease (fig. 5a). 
Similarly, silencing of VPS33B compromised VIPAS39 levels without affecting VPS16, VPS33A or 
VPS11 (fig. 5a). These findings reinforce the notion that VPS33B and VIPAS39 assemble into a 
separate complex. 
Interestingly, autosomal recessive mutations in VPS33B or VIPAS39 cause ARC syndrome (22,29), 
a fatal multisystem disorder characterized by defects in apical transport in polarized cells. In line 
with this, VPS33B and VIPAS39 have previously been shown to function at RAB11 positive recycling 
endosomes (20,21). Under steady-state conditions VPS33B and VIPAR do not significantly localize 
to LE (21) but we have shown that these proteins can be recruited to LE by RILP (27). In line with 
a function of VPS33B and VIPAR at the LE, it was recently shown that VPS33B is important for 
the maturation of the α-granule, a specialized late endosomal compartment (30). Therefore, we 
investigated whether pathogenic mutations in VPS33B could still be recruited to LE by RILP. We 
studied two pathogenic mutations of VPS33B, a single amino-acid substitution mutant (VPS33B 
L30P) and a truncation mutant (VPS33B 1-437) and mapped the effect on VPS33B-VIPAS39 
interactions as well as RILP-dependent membrane recruitment. The truncated mutant of VPS33B 
(1-437) did not interact with VIPAS39 (fig. 5b, (21)), but was still recruited to LE by RILP, indicating 
that VPS33B can bind RILP independent of VIPAS39 (fig. 5c). The L30P mutation in VPS33B had 
a different effect; although VPS33B L30P still interacted with VIPAS39 (fig. 5b), it failed to be 
recruited to LE by RILP (fig. 5c, (27)). Thus, our results indicate that two specific mutations in 
VPS33B as found in ARC patients, affect assembly with VIPAS39 (VPS33B 1-437) or LE recruitment 
of the VPS33B-VIPAS39 complex (VPS33B L30P) by RILP (Figure 5D). 
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Figure 5. VPS33B and VIPAS39 are not HOPS complex subunits and mutations in VPS33B differentially affect VPS33B 
interactions with VIPAS39 and RILP.  (a) Lysates of MelJuSo cells silenced for indicated HOPS subunits were analyzed by 
WB using anti-VPS16, anti-VPS33B, anti-VIPAS39, anti-VPS11, anti-VPS33 and anti-Actin (as loading control) antibodies 
as indicated. Within each panel, experimental conditions were run on the same blot with the same exposures for each 
detection antibody and cut-outs were taken and grouped for presentation purposes. (b) IP with anti-GFP from lysates of 
MelJuSo cells co-expressing GFP-VPS33B mutants and HA-VIPAS39 (as indicated) were analyzed by WB using anti-GFP 
and anti-HA antibodies. Experimental conditions were run on the same blot with the same exposures for each detection 
antibody and cut-outs were taken and grouped for presentation purposes. (c) MelJuSo cells expressing GFP-VPS33B 
constructs (green) and mRFP-RILP (red) were fixed and imaged by CLSM. Scale bars: 10 µm. Correlation coefficient was 
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average correlation coefficient (CC) + s.e.m. (n>25) between VPS33B constructs and RILP (* p ≤ 0.05, **** p ≤ 0.0001, 
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(green) and VIPAS39. Asterisks indicates L30 residue (mutated in ARC syndrome) required for VPS33B recruitment to RILP.
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Discussion
We have investigated the interactions between the proposed mammalian subunits of the 
multi-subunit CORVET and HOPS tethering complexes, and found –with modifications- that 
the organization of these complexes is largely conserved from yeast to mammals (fig. 6a). As 
in yeast, the mammalian HOPS complex consists of VPS16, VPS11, VPS33A, VPS18, VPS41 and 
VPS39. We confirm that TGFBRAP1 and VPS8 are the mammalian CORVET specific subunits (with 
TGFBRAP1 as the yeast vps3 ortholog) (11,31). In contrast to previous data (15) however, our 
data indicates that VIPAS39 and VPS33B, two CORVET/HOPS subunit homologues not present in 
yeast, are not part of CORVET/HOPS as also suggested by others (12,20,32). We cannot formally 
exclude the occurrence of transient interactions of VPS33B and/or VIPAS39 with CORVET/HOPS 
or the existence of VPS33B/VIPAS39-HOPS interactions in other cellular systems. However, the 
existence of a VPS33/VIPAS39 complex independent of other core subunits might explain why 
only mutations in VPS33B and VIPAS39 but not any of other HOPS subunits are associated to 
ARC syndrome (20–22,29) and why all HOPS complex subunits –but not VPS33B and VIPAS39- 
are required for Ebola-virus infection (18). Conservation of these separate complexes is not 
apparent in all organisms. For example, in C. elegans the two VPS33 homologues (VPS33.1 
and VPS33.2) are present in HOPS (VPS33.1) and CORVET (VPS33.2) (33). It is unclear however 
whether VPS33.1 and VPS33.2 are direct orthologous for mammalian VPS33A and VPS33B or 
reflect other evolutionary divergence. Similar to mammals, Drosophila VPS33A (Car) and VPS33B 
have distinct functions (34) and Drosophila VPS16 interacts with VPS33A, whereas Drosophila 
VIPAS39 interacts with VPS33B (35). However, Drosophila VIPAS39 also interacted with VPS18 
suggesting that VIPAS39/VPS33B in Drosophila can interact with CORVET/HOPS core subunits 
(35). In mice, mutations in VPS33A yielded hypopigmentation and mild platelet-deficiency, but 
did not cause ARC indicating that VPS33A and VPS33B functions do not completely overlap in 
mice (36). This suggests that VPS33B/VIPAS39 interactions might have gradually diverted from 
that of CORVET/HOPS during mammalian evolution. Yet, functions of VIPAS39 seem conserved 
between different organisms. For example, the observation that Drosophila lacking VIPAS39 
(dVPS16) have a profound defect in phagosomal acidification is in line with our observation 
that VIPAS39 functions at LE compartments (27). Here we report that ARC-syndrome mutations 
in VPS33B differentially affect the binding of VPS33b to VIPAS39 or membrane recruitment of 
VPS33B to RILP. This consolidates the finding that VPS33B/VIPAS39 function at LE (30) as well 
as recycling endosomes (15,20,21), and that both membrane binding and VIPAS39 binding are 
needed for correct VPS33B function. 
We show that HOPS subunits have evolved to accommodate binding to the RAB7 effector RILP 
(for a mammalian model superimposed on the yeast structure see figure 3G). The N-terminus of 
yeast vps39 that binds Ypt7 is poorly conserved in the mammalian VPS39 ortholog, which might 
explain why the mammalian HOPS complex has shifted to bind RAB7 effectors such as RILP (27,28) 
and PLEKHM1 (14,37). The HOPS complex binds RILP on either side of the complex (VPS39/
VPS11 in the tail and VPS41/VPS18 in the head) and may bridge RILP molecules on opposing 
vesicles. Since VPS33A in the head of HOPS also binds to SNAREs (38), a connection between two 
vesicles will then support tethering and subsequent fusion. It is interesting to note that the HOPS 
complex can also bind the GTPase Arl8b on lysosomes (19,39) and PLEKHM1 on LE, phagosomes 
and autophagosomes (14,37), possibly tethering these vesicles with RILP containing organelles 
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(fig. 6b). RAB7-RILP concomitantly binds the HOPS complex and the dynein-motor complex for 
retrograde transport (27), whereas the Arl8b effector SKIP also concomitantly regulates HOPS 
binding and anterograde transport by kinesin (39), indicating that timing of vesicle tethering is 
likely coupled to their transport. 
We found that binding of TGFBRAP1 to VPS11 prevents the interaction of VPS11 with RILP and 
erroneous recruitment of CORVET complexes to RILP-bearing LE. This might provide an important 
regulatory step in the conversion of CORVET to HOPS complexes (fig. 5) where TGFBRAP1 in 
CORVET would have to release VPS11, thereby allowing VPS11 to bind VPS39 and recruit the 
entire HOPS complex to RAB7-RILP during RAB5 (EE) to RAB7 (LE) conversion. Specific targeting of 
tethering complexes by modulation of targeting subunits was recently also shown for GARP and 
EARP tethering on Golgi and EE respectively, indicating this might be a common mechanism in 
the regulation of vesicular fusion (40). TGFBRAP1 to VPS39 exchange might further be regulated 
by proteins such as MON1-CCZ1 (fig. 6b) that are recruited by CORVET, interact with VPS39 and 
act as activators of RAB7 (41–43) and signalling pathways such as the TGFβ pathway that has 
been shown to intersect with TGFBRAP1 and VPS39 function (44–46). 
In conclusion, we describe the molecular architecture of the mammalian CORVET, HOPS and 
VIPAS39/VPS33B complexes. We find that different ARC syndrome mutations affect VIPAS39-
VPS33B or VPS33B-RILP interactions, indicating that this complex has a function at the LE. 
Through mapping of the CORVET and HOPS complexes we found that within the shared CORVET/
HOPS core, VPS11 is a molecular switch that, depending on its interacting proteins (TGFBRAP1 or 
VPS39), determines targeting of CORVET and HOPS to EE and LE.



2

52

Chapter 2

RILP

Snare

VPS39

RILP

*

*
VPS16

VPS41

VPS18

 R

 R

VPS33A

   V16N
   V16C

CLH

V39_2
CC RV11C

RILP

VPS11

 CLH

 CNH

RAB5

RAB5

CORVET

EE

EE

RAB5

R
A

B
5

RAB5

RAB5

R
AB5

RA
B5

RAB5

RAB5R
AB
5

RAB5

RAB5

R
AB5

VPS39
VPS11TGFBRAP1

RAB5

VPS8

VPS11

VPS41
RILP

RILP

RILP

LE

1
RILP

VPS11

TGFBRAP1

VPS8

VPS41

VPS39

2

3

CCZ1/MON1?
TGFb signalling?

LE

RAB7-RILP(2)
     -RAB7

LE/Phagosome/Autophagosome

Arl8b

PLEKHM1

HOPS

a.

b.

Figure 6. Model of membrane binding specificity of the CORVET and HOPS complex and their conversion during 
maturation. (a) Model of the mammalian HOPS complex superimposed on the yeast structure, depicting RILP-binding 
domains. Asterisks indicate poorly conserved regions in the N-terminus of VPS39 and loss of lipid-binding motif of VPS41 
that have altered membrane targeting in the mammalian complex. (b) The CORVET complex binds to RAB5 on EE and (1) 
within this complex, TGFBRAP1 binding to VPS11 prevent association of VPS11 to RILP.  (2) To allow RAB7-RILP binding, 
TGFBRAP1 is replaced by VPS39, possibly controlled by CCZ1/MON1 and TGFβ signaling. Replacement of VPS8 with 
VPS41 adds an additional RILP-binding motif, completing the conversion of CORVET to HOPS complex from RAB5- to 
RAB7- during endosomal maturation (3). Both the head and tail of mammalian HOPS can bind the homodimer RAB7-
RILP. There may be two conditions; an inactive conformation where HOPS binds back to RILP on the same vesicle failing 
to contact a fusion partner; and an active conformation in which RILP-HOPS contacts other vesicles (LE, phagosomes or 
autophagosomes containing HOPS interactors such as ARL8b, PLEKHM1 or RILP) for tethering and subsequent fusion.
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Materials and Methods
Reagents
Rabbit anti-GFP and rabbit anti-mRFP antibodies were generated in house using purified His–
mRFP or His–GFP recombinant proteins, respectively. Cross- reactivity has been excluded by 
Western blot analyses with various mRFP- or GFP-labelled fusion proteins. Other antibodies used 
were: mouse anti-CD63 (47), mouse anti-EEA1 (ab2900, Abcam) mouse anti-V5 and anti- V5-
HRP (R96025, R96125 Invitrogen), anti-Myc (2278P, Cell signaling) anti-Myc-HRP (NB600-302H 
Novus), anti-HA (12013819001 , Roche) and anti-HA–HRP (ab1190, Abcam), anti-FLAG (M2) and 
anti-FLAG–HRP (F3165, A8592 Sigma) anti- VPS33A (C1C3) (GTX119416, GeneTex), anti-VPS33b 
(12195-1-AP, Proteintech), anti-VPS11 (19140-1-AP, Proteintech), anti-TGFBRAP1 (SC-13134 
Santa Cruz) anti-VPS41 (13869-1-AP, Proteintech), anti-VPS8 (HPA036871, Sigma), anti-VPS16 
(17776-1-AP Proteintech), Anti-VIPAS39 was a gift of V. Faundez (Center for Translational Social 
Neuroscience, Emory University, Atlanta). Fluorescent and HRP-conjugated secondary antibodies 
were obtained from Invitrogen. 

Constructs
RAB7 and RILP (48) and full length VPS constructs and GFP-VPS33b L30P (27) have been described 
previously. GFP–VPS16 and GFP–VPS18 were gifts from Chengyu Liang (Department of Molecular 
Microbiology and Immunology, University of Southern California, Los Angeles).  VPS33a was a gift 
of V.Faundez (Center translational social neuroscience, Emory University, Atlanta), Vps39 was a 
gift of J.Bonifacino (National Institute of Health, Bethesda, MD). HA-VPS8 was purchased from 
Origene and inserted into pcDNA3.2-HA/DEST vector (Invitrogen) using Gateway recombination 
cloning. Truncation constructs were generated by PCR using these respective cut sites, donor 
vectors, forward primer and reverse primer, 
VPS33b 1-437, Xho1-BamH1 GFP-C1 cccaCTCGAGCCATGGCTTTTCCCCATCG and 
cccaGGATCCTCACAGATTGGAGAAGGTTAGCA VPS33b 438-617, EcoR1-BamH1 GFP-C1 
CCCAGAATTCCCTGCGAAGAGCTGGGCTCCT and CCCAGGATCCTCAGGCTTTCACCTCACTCA 
mVPS16 1-516, EcoR1-Asp718 GFP-C1 cccaGAATTCCATGGACTGTTACACTGCGAA and 
cccaGGTACCTCAACCAGGCGTGTCACCCAGCT mVPS16 1-420, EcoR1-BamH1 GFP-C1, 
cccaGAATTCCATGGACTGCTACACGGCGAA and cccaGGATCCTCAGTGCACGAAGCTGTCGGGTG 
mVPS16 517-835, EcoR1-BamH1 GFP-C1 cccaGAATTCCTCTTACTCCGACATTGCTGC and 
cccaGGATCCTCATTGTGCCCTGGCCCGTTGAA mVPS16  517-839, EcoR1-EcoR1 GFP-C1 
cccaGAATTCCTCTTACTCCGACATTGCTGC and cccaGAATTCCTCACTTCTTCTGGGCTTGTG 
VPS41 1-790, Xho1-BamH1 GFP-C1 cccaCTCGAGCCATGGCGGAAGCAGAGGAGCA 
and cccaGGATCCTCAGATGTTCTCCTCATCAACAA VPS41 1-571, Xho1-BamH1 GFP-C1 
cccaCTCGAGCCATGGCGGAA¬GCAGAGGAGCA and cccaGGATCCTCAAAGCATGTCAACAGCTTTCT 
VPS41 712-854, BglII-EcoR1 GFP-C1 cccaAGATCTGGCTTGTTAAACAACATTGG 
and cccaGAATTCCTATTTTTTCATCTCCAAAA VPS11 1-773, Xho1-EcoR1 GFP-C1 
cccaCTCGAGCCATGGCGGCCTACCTGCAGTG and cccaGAATTCCTCAGTCCCTGATGACGGAGA 
VPS11 774-940, EcoR1-BamH1 GFP-C1 cccaGAATTCCTACCTGGTCCAAAAACTACA and 
cccaGGATCCTCAAGTGCCCCTCCTGGAGTGCA VPS11 774-812, EcoR1-BamH1 GFP-C1 
cccaGAATTCCTACCTGGTCCAAAAACTACA and cccaGGATCCTCAGGCCTTGAGCTCTTGGATCT 
VPS11 774-859, EcoR1-BamH1 GFP-C1 cccaGAATTCCTACCTGGTCCAAAAACTACA and 
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cccaGGATCCTCAGGTGGGGCAGTCAGCATCAC VPS11 859-940, EcoR1-BamH1 GFP-C1 
cccaGAATTCCACCTGCCTCCCTGAAAACCG and cccaGGATCCTCAAGTGCCCCTCCTGGAGTGCA 
VPS18 1-743, EcoR1-BamH1 GFP-C1 CCCAGAATTCCATGGCGTCCATCCTGGATGA and 
CCCAGGATCCTTAATCAGGAAAGAAGGGCA VPS18 1-612, EcoR1-BamH1 GFP-C1 
CCCAGAATTCCATGGCGTCCATCCTGGATGA and cccaGGATCCTCAATCTACAAGCTGGCGGGGGAT 
VPS18 500-612, EcoR1-BamH1 GFP-C1 cccaGAATTCCAGCCGGCTT¬GGGGCTCTGCA and 
cccaGGATCCTCAATCTACAAGCTGGCGGGGGAT VPS18 743-973, EcoR1-BamH1 GFP-C1 
CCCAGAATTCCGATTTCGTCACCATCGACCA and cccaGGATCCTCACAGCCAACTGAGCTGCTCCT 
VPS18 854-973, EcoR1-BamH1 GFP-C1 cccaGAATTCCGGCACTGTGGAGCCCCAGGA and 
cccaGGATCCTCACAGCCAACTGAGCTGCTCCT VPS39 551-761, EcoR1-BamH1 GFP-C1 
cccaGAATTCCCTGCATTTGATTTTCTCCTA and cccaGGATCCTCATAGTTCCAGCTTGATTGG 
VPS39 761-869, EcoR1-BamH1 GFP-C1 cccaGAA-TTCCCTACTGGAGCCAAAAGCCAA and 
cccaGGATCCTCAATTGGGGTATCTTGCAAATG 

Cell culture and microscopy
MelJuSo cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) 
supplemented with 8% FCS in a 5% CO2 humidified culture hood at 37°C. HEK293 cells were 
cultured in Dulbecco’s modified eagle medium (DMEM; Invitrogen) supplemented with 8% FCS 
in a 5% CO2 humidified culture hood at 37°C.  All specimens were analyzed by confocal laser-
scanning microscopes (TCS-SP1, TCS-SP2, or AOBS; Leica) equipped with HCX Plan-Apochromat 
63× NA 1.32 and HCX Plan-Apochromat lbd.bl 63× NA 1.4 oil-corrected objective lenses (Leica) 
using LCS (Leica) acquisition software or Deltavision wide field microscope (Applied Precision) 
with a 100/1.4A immersion objective. Widefield images were deconvolved using SoftWorx 
software (Applied Precision).

Transfection
Expression constructs were transfected using Effectene reagents (Qiagen) according to 
manufacturer’s instructions. For silencing, cells were transfected with Dharmafect1 (Thermo 
Fisher Scientific) with siRNA’s (ON-TARGETplus SMARTpool) against VPS16, VPS33B, VPS33A, SPE-
39 or control siRNA (Thermo Fisher Scientific).

Microscopy sample preparation
Transfected cells were fixed 24h post-transfection with 4% formaldehyde in PBS for 15 min and 
permeabilized for 10 min with 0.05% Triton X-100 in PBS at room temperature. Non-specific 
binding of antibodies was blocked by 0.5%BSA in PBS for 40 min, after which cells were incubated 
with primary antibodies in 0.5%BSA in PBS for 1h at room temperature. After washing three times 
with PBS, primary antibodies were visualized with Alexa-Fluor secondary antibody conjugates 
antibodies in 0.5%BSA in PBS for 30min at room temperature (Invitrogen). After three washes 
with PBS, samples were mounted in Vectashield mounting medium (Vector Laboratories).

Protein immunoprecipitation
MelJuSo cells were washed with ice-cold PBS and scraped into cell lysis buffer (50mM Tris-
HCl, 150mM NaCl, 5mM MgCl2, 1% NP40, 10% glycerol, pH 7.4) supplemented with complete 
EDTA-free Protease Inhibitor Cocktail. Cell lysates were obtained by incubation on ice for 10 



2

55

Characterization of the mammalian CORVET and HOPS complexes and their modular 
restructuring for endosome specificity

min followed by centrifugation for clearing. The supernatants were incubated for 2h with 
respective antibodies followed by capture with protein G-Sepharose 4 FF resin and washed 
extensively with wash-buffer (50mM Tris, 150mM NaCl, 5mM MgCl2, 10% glycerol, pH 7.4). For 
GFP-tagged pulldown, GFP-TRAP beads were used (Chromotek).  All experiments were repeated 
multiple times. To compose the figure panels, inserts from a single experiment containing all the 
experimental conditions (and all the transfected constructs) are composed as described in the 
figure legends. 

Statistical analysis
For calculation of correlation coefficients the signal intensity over a vector was plotted using 
the plot profile tool in ImageJ (http://imagej.nih.gov/ij/index.html) in respective fluorescence 
channels. Correlation coefficient for colocalization assays were calculated from plot profiles 
measuring intensity for the indicated fluorescence channels over a vector through the cells (as 
in (27)). Correlation coefficients for the two plots were calculated in Excel using the function:

Statistical testing was performed in Graphpad Prism 6 using a one-way Anova with Tukey’s 
multiple comparison test for significance. 
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Abstract
Recycling endosomes maintain plasma membrane homeostasis and are important for cell 
polarity, migration, and cytokinesis. Yet, the molecular machineries that drive endocytic recycling 
remain largely unclear. Here we define a complex consisting of two CORVET complex subunits, 
Vps3 and Vps8, regulating vesicular transport from early to recycling endosomes. The Vps3/8 
complex localizes to Rab4-positive recycling vesicles in a CORVET-independent manner and 
interacts with the Vps33B/VIPAS39 complex on Rab11-positive recycling endosomes. The SM 
protein Vps33B binds to VAMP3, identifying the first SNARE binding partner of the Vps33B/
VIPAS39 complex. Depletion of Vps3/8 or Vps33B/VIPAS39 does not affect transferrin recycling, 
but delays integrin recycling, resulting in defects in cell adhesion, spreading, migration and focal 
adhesion formation. Since mutations in Vps33B/VIPAS39 cause Arthrogryposis, Renal dysfunction 
and Cholestasis (ARC) syndrome, we suggest that the Vps3/8 complex is part of the molecular 
machinery regulating a specialized recycling pathway that is defective in ARC syndrome.

Introduction
The endolysosomal system is important for a variety of cellular processes, such as protein 
homeostasis, antigen presentation, signal transduction and cell migration. Hence, disruption of 
endolysosome function underlies a wide range of diseases, from lysosomal storage disorders 
to cancer and neurodegenerative disorders (1–3). The progression of cargo through the 
endolysosomal system, from early endosomes (EE) to late endosomes and lysosomes or from 
EEs to plasma membrane (PM) or recycling endosomes (REs), is tightly controlled by dedicated 
protein machinery. Membrane fusion is coordinated by the concerted action of Rab GTPases, 
tethers, Sec1/Munc18-like (SM) proteins and soluble NSF attachment protein receptors (SNAREs) 
(4,5). Rab GTPases drive the process by recruiting effector machinery proteins to specific 
membrane domains (6,7). Contact between opposing membranes is then initiated by tethering 
proteins, followed by SNARE mediated fusion. 
EE-EE fusion is initiated by activation of Rab5, which recruits multiple effector proteins including the 
class C core vacuole/endosome tethering (CORVET) tethering complex (8–11). The multisubunit 
CORVET complex consists of a core (Vps11, Vps16, Vps18, Vps33A) which is shared with the 
late endosomal ‘Homotypic fusion and protein sorting’ (HOPS) tethering complex, and the two 
CORVET specific subunits Vps8 and Vps3 (also named TGFBRAP1 or TRAP1) (9,12). Recycling 
of endocytosed proteins and membranes from EEs is crucial to maintain PM homeostasis and 
essential for cell polarity, migration, and cytokinesis. Recycling occurs either directly from EEs 
to the PM (fast recycling) or indirectly via Rab11-positive REs (slow recycling) (13–15). Both 
pathways require Rab4, which resides on the EE vacuole as well as on the recycling vesicles 
that emerge from there (15–17). A complex consisting of Vps33B and VIPAS39, homologous of 
Vps33A and Vps16 respectively, binds to Rab11 and localizes to REs(18–20). Mutations in Vps33B 
or VIPAS39 underlie Arthrogryposis, Renal dysfunction and Cholestasis (ARC) syndrome, a rare 
autosomal recessive multisystem disorder that at the cellular level affects the transport of apical 
and junctional proteins in polarized cells (18). 
A poorly understood step in endosomal recycling is transport from EEs to REs. Since EEs are the 
major source of membranes for REs, we here studied a possible role for the CORVET complex in 
endosomal recycling. To our surprise we found that Vps3 and Vps8 form a CORVET-independent 
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complex on Rab4-positive recycling vesicles. The Vps3/8 complex interacts with Vps33B/VIPAS39 
on REs by which a specialized recycling pathway is attained that we found to be required for 
integrin recycling and integrin dependent processes. Our data contribute to understanding the 
molecular basis of ARC syndrome and are of probable interest for integrin-dependent disorders, 
such as cancer metastasis.

Results
Vps3 and Vps8 localize to Rab4-and Rab11-positive recycling endosomes
The mammalian CORVET complex functions as a tether between EEs and is recruited to 
membranes via the interaction of Vps8 with Rab5 (8). To determine a possible role of the 
CORVET complex in endosomal recycling, we analysed the localization of the CORVET-specific 
subunits Vps3 and Vps8 in ultrastructural detail by expressing GFP-Vps3 and HA-Vps8 in HeLa 
cells and performing immuno-electron microscopy (IEM). By IEM we confirmed the localization 
of Vps3 and Vps8 on EEs (fig. 1a, left panel, arrow), but in addition found substantial label on EE-
associated tubules and vesicles negative for endocytosed BSA-Au5 (fig. 1a, right panel, arrows). 
Since BSA-Au5 predominantly follows the degradative pathway to lysosomes, the absence of 
BSA-Au5 in Vps3 and Vps8-positive vesicles indicates these as recycling vesicles.
To investigate a putative association of the CORVET complex with recycling vesicles, we expressed 
GFP-Vps3, HA-Vps8 or GFP-Vps11 together with mCherry-tagged Rab proteins (Rab4, Rab5 or 
Rab11). Using quantitative immunofluorescence (IF) microscopy we found that Vps3 (fig. 1c, 
S1a) and Vps8 (fig. 1b, 1c) significantly colocalized with Rab5 and Rab4, which label EEs and EE-
derived recycling vesicles, respectively (17,21). In addition, we found a partial colocalization with 
the RE marker Rab11 (fig. 1b, 1c, S1a). By contrast, the CORVET/HOPS core subunit GFP-Vps11 
only overlapped with Rab5 (fig. 1c, S1b). Expression of Rab5Q79L increases the size of EEs (22), 
which facilitates the distinction of Rab5 and Rab4 subdomains by IF microscopy (21). Strikingly, 
we found that on Rab5Q79L-positive endosomes HA-Vps8 concentrated in FLAG-Rab4 containing 
patches (fig. 1e, arrows) and protrusions (fig. S1c, arrows). To unequivocally define whether Vps3 
and Vps8 reside on the same vesicles as Rab4 we performed IEM of HeLa cells expressing HA-
Vps8 or HA-Vps3 with GFP-Rab4. This revealed that Vps3 and Vps8 indeed localized on Rab4-
positive tubules and vesicles (fig. 1a, 1d, arrows). Together these data show that Vps3 and Vps8 
localize to EE-derived Rab4-positive recycling vesicles. 
We conclude from these data that mammalian Vps3 and Vps8 localize to EEs as part of the 
CORVET complex and in addition to Rab4-positive recycling vesicles and partially to Rab11-
positive REs independent of the CORVET core.

A Vps3/8 complex interacts with the Vps33B/VIPAS39 complex on REs
Previous studies showed that Vps3 and Vps8 interact with the core complex to form the CORVET 
complex. In addition, direct interactions between Vps3 and Vps8 were reported in yeast (23). 
In HeLa cells we revealed by co-immunoprecipitation (co-IP) a strong interaction between Vps8 
and Vps3 (fig. 2a) and a mild interaction of Vps8 with Vps11 and Vps16. The strong interaction 
between Vps3 and Vps8 is indicative for a direct interaction between these two subunits. 
The previously described Vps33B/VIPAS39 complex localizes to REs and interacts with Rab11 
(8,9,18,19,24,25). Since Vps3 and Vps8 partially colocalized with Rab11 (fig. 1b, 1c) we studied 
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the localisation patterns of Vps8, Vps3 and Vps33B/VIPAS39 by quantitative IF microscopy. Co-
expression of VIPAS39-mCherry and Vps33B with HA-Vps8 or GFP-Vps3 resulted in extensive 
co-localization of Vps3 or Vps8 with the Vps33B/VIPAS39 complex (fig. 2b, 2c). By IEM, these 
punctae of co-localization were, based on their morphology, unequivocally identified as recycling 
tubules and vesicles (fig. 2d). 
To reveal a possible interaction between the Vps33B/VIPAS39 complex and Vps3 or Vps8 we 
performed co-IP experiments using HA-Vps8, GFP-Vps3, untagged Vps33B and VIPAS39-mCherry. 
VIPAS39 expression without co-expression of Vps33B causes cytoplasmic aggregates resulting 
in aspecific interactions of VIPAS39 with several HOPS and CORVET subunits (19). Hence, we 
only studied interactions with overexpressed VIPAS39 in the presence of overexpressed Vps33B, 
which leads to membrane recruitment of the Vps33B/VIPAS39 complex (18,19). This showed 
that both GFP-Vps3 and HA-Vps8 interacted with VIPAS39-mCherry, but not with Vps33B (fig. 
2e). We performed similar experiments with GFP-Vps11, which did not interact with VIPAS39 or 
Vps33B (fig. 2e). Previous studies using endogenous proteins failed to detect specific interactions 
between Vps33B or VIPAS39 with any of the HOPS or CORVET subunits, including Vps3 and Vps8 
(8,9). This suggests that the interaction between the Vps3/Vps8 and Vps33B/VIPAS39 complex is 
transient and remains below detection level in an endogenous system. 
Taken together these data show that Vps3 and Vps8 interact with each other and that the 
Vps3/8 complex can interact with VIPAS39 in the presence of Vps33B. Since the core subunit 
Vps11 does not interact with VIPAS39 or Vps33B we conclude that the Vps3/Vps8 - Vps33B/
VIPAS39 interactions occur independently from the CORVET core. Moreover, since Vps3 and 
Vps8 colocalize with the Vps33B/VIPAS39 complex we postulate that interaction between these 
complexes take place at REs.

Association of Vps33B with VAMP3 requires VIPAS39
Vps33B belongs to the family of SM proteins, which bind specific SNAREs and promote trans-
SNARE complex formation(26,27), however, the Vps33B-interacting SNARE proteins are not yet 
identified. On occasion, SM protein-SNARE interactions can prevent premature degradation 
of SNAREs (28–30). To identify SNARE binding partners of Vps33B we analysed protein levels 
of several post-Golgi SNAREs after knockdown of Vps33B. This revealed a decrease of the RE-
associated SNARE VAMP3 (fig. 3a), while the trans-Golgi network (TGN) SNARE syntaxin6 and the 
late endosomal-lysosomal SNAREs VAMP7, syntaxin7 and syntaxin8 were unaffected. Analysis 
of VAMP3 protein levels showed that the downregulation of VAMP3 is not caused by increased 
lysosomal or proteasomal degradation, but correlated with downregulation of VAMP3 mRNA 

Figure 1. (a) IEM of HeLa cells expressing HA-Vps8 and GFP-Vps3 loaded with BSA-Au5. HA-Vps8 (10nm gold, arrows) 
and GFP-Vps3 (15nm gold) colocalize on EEs (left panel) and on vesicles negative for BSA-Au5 (right panel). EE=early 
endosome, N=Nucleus, Bar, 100nm. (b) HeLa cells expressing HA-Vps8 together with mCherry-Rab4, mCherry-Rab5 or 
mCherry-Rab11. HA-Vps8 colocalizes strongly with Rab4 and Rab5 and less with Rab11. (c) Quantification of triplicate 
experiments shown in (b) based on n=>30 cells per condition. Error bars represent the standard error of the correlation 
coefficient (SEr). (d) IEM of HeLa cells expressing Rab4-GFP together with Vps8-V5 or HA-Vps3, showing colocalization 
of Rab4-GFP (10nm gold, arrows) with Vps8-V5 (15nm gold, top panel) and HA-Vps3 (15nm gold, bottom panel) on 
recycling tubules and vesicles. E=endosome EE=early endosome N=Nucleus. Bar, 200nm. (e) Immunofluorescence of 
HeLa cells expressing Rab5Q79L-GFP, Rab4-FLAG and Vps8-V5. Vps8 localizes to Rab4 positive patches on Rab5Q79L 
positive enlarged endosomes (arrows).
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levels in Vps33B knockdown cells (fig. S2a, S2b). This suggests that VAMP3 is co-regulated with 
Vps33B at the transcriptional level, which is indicative for a molecular interaction between 
Vps33B and VAMP3 (31,32).
To demonstrate a possible molecular interaction between VAMP3 and Vps33B we performed co-
IPs between VAMP3-GFP, VIPAS39-mCherry and Vps33B-HA-V5-His (fig. 3b). This revealed that 
VAMP3-GFP and Vps33B-HA-V5-His interact, but only in the presence of VIPAS39. No interaction 
was detected between VAMP3-GFP and VIPAS39-mCherry. To assess the specificity of the 
VAMP3-Vps33B interaction, we performed a GST-pulldown using GST-VAMP3 as bait and GST-
VAMP7 as a control. We found that Vps33B-HA-V5-His interacts with GST-VAMP3, but not with 
GST-VAMP7 (fig. 3c, TCL in fig. S2c.). These results show that Vps33B interacts with VAMP3, but 
only in the presence of VIPAS39. In agreement with our protein interaction data, co-expression of 
Vps33B-HA/V5/His, VIPAS39-mCherry and VAMP3-GFP resulted in the colocalization of all three 
proteins (fig. 3d, upper panels), which was lost in the absence of VIPAS39-mCherry (fig. 3d, lower 
panels). Ultrastructural localization of Vps33B-HA/V5/His or VIPAS39-mCherry with VAMP3-GFP 
in HeLa cells clearly showed their co-localization on tubulo-vesicular membranes typical for REs 
(33) (fig. 3e). 
These data identify VAMP3 as the first binding SNARE of Vps33B on REs. Since Vps3 and Vps8 
interact with VIPAS39, the binding partner of Vps33B (18,20,34) (fig. 3f), collectively our data 
indicate that Rab4-Vps3/8-vesicles dock on REs by interaction between the Vps3/8 and Vps33B/
VIPAS39 complexes, ultimately resulting in fusion in a Vps33B-VAMP3-dependent manner.

Vps3/8 and Vps33B/VIPAS39 complexes mediate α5β1 integrin recycling
To define the role of Vps3/8 and Vps33B/VIPAS39 in recycling we depleted these proteins from 
HeLa cells and studied the effect on transferrin (Tf) recycling. Endocytosed Tf recycles either 
directly from EEs to the PM or indirectly from EEs via REs to the PM (35). HeLa cells knocked 
down for Vps33B, Vps3, Vps8 or a double knockdown of Vps3+8 were incubated with fluorescent 
Tf and dextran for two hours. A block in Tf recycling would increase the colocalization between Tf 
and dextran (36,37), however, none of the knockdowns induced this effect (fig. 4a). These results 
are in agreement with earlier observations showing that Vps3 is not essential for Tf recycling (8) 
and show that Vps8 and Vps33B/VIPAS39 are not required either.
VAMP3 is required for the recycling of several substrates including β1 integrins (38,39). To study 
the role of Vps3/8 and Vps33B/VIPAS39 in recycling of β1 integrins we used an established 
antibody-based integrin recycling assay (40). HeLa cells were knocked down for Vps33B 

Figure 2. (a) Immunoprecipitates of GFP-tagged Vps3, Vps11, Vps16 or Vps41 probed for interaction with endogenous 
Vps8. (b) Immunofluorescence of HeLa cells expressing VIPAS39-mCherry, untagged Vps33B and either GFP-Vps3 or 
HA-Vps8. Vps3 and Vps8 colocalize with both VIPAS39 and Vps33B (line profiles in right panel indicate colocalization 
correlation, correlation coefficients indicated: VIPAS39=red, Vps33B=blue). (c) Quantification of triplicate experiments 
shown in (b) based on n=>30 cells per condition by line profile correlations. The mean is calculated using Fishers’ r 
to z transformation. Error bars represent SEr. (d) IEM analysis of HeLa cells expressing VIPAS39-mCherry (15nm gold), 
untagged Vps33B (not labelled) and either GFP-Vps3 (10nm gold, arrows) or HA-Vps8 (10nm gold, arrows). Vps3 
and Vps8 colocalize with VIPAS39 on recycling vesicles and tubules. E=endosome, M=mitochondria, Bar, 200nm. (e) 
Immunoprecipitates of HA-Vps8, GFP-Vps3 or GFP-Vps11 probed for interaction with co-expressed VIPAS39-mCherry and 
Vps33B-HA/V5/his in HeLa cells. Vps8 and Vps3 show interaction with VIPAS39 in the presence of co-expressed Vps33B 
while Vps11 does not.
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to inhibit formation of the Vps33B/VIPAS39 complex, or for Vps3+Vps8, to inhibit Vps3/8 
complex formation. Cells were serum-starved overnight, labelled with anti-β1-integrin, washed 
and chased for two hours. In the absence of serum, β1 integrins accumulate in REs (fig. 4b, 
arrows). Interference with the Vps3/8 or Vps33B/VIPAS39 complex formation prevented this 
accumulation of β1 integrins, which instead retained a dispersed distribution throughout the 
cell (fig. 4b). Using an adopted IEM protocol to visualize the antibody uptake as described above, 
we could identify the accumulations in control cells as clusters of recycling tubules and vesicles 
(fig. 4c, left panel). In the 3+8 knockdown cells β1 integrins retained their localization to EEs and 
EE-associated vesicles (fig. 4c, right panel). Re-addition of serum induced integrin recycling in 
control cells resulting in the disappearance of intracellular accumulations while the localization 
of β1 integrins in knockdown cells remained unchanged (fig. 4d, S3). Together these results imply 
that Vps3+8 or Vps33B knockdown prevents or delays β1 integrins to reach the RE and prevents 
clearance of the intracellular pool of β1 integrins.
We next investigated the impact of Vps3+8 or Vps33B knockdown on the kinetics of integrin 
recycling by studying the fibronectin-binding integrin α5β1 using surface biotinylation and 
capture-ELISA (41). In short, cells were surface-labelled with cleavable biotin and endocytosis 
was allowed for 30min in the absence of serum. Surface biotin was removed and recycling 
was induced by re-addition of serum. Surface biotin was removed again and the reduction of 
intracellular biotinylated α5 integrin before and after recycling was quantified using capture-
ELISA. This assay showed that knockdown of Vps33B or Vps3/8 resulted in a significant decrease 
of α5β1 recycling, especially after short recycling times (fig. 4e). Finally, to verify that α5β1 is 
indeed transported by Vps3/Vps8-positive recycling vesicles, we labelled the α5 and β1 subunits 
by IEM. Both subunits localized to Vps3/Vps8 positive recycling vesicles (fig. 4f), which is in 
agreement with the proposed role of Vps3/8 in α5β1 integrin recycling.
Taken together, these data show that β1 integrins are incorporated into Vps3/Vps8-positive 
recycling vesicles and that Vps3/Vps8 together with Vps33B/VIPAS39 are required for efficient 
β1 integrin recycling. 

Perturbation of the Vps3/8 or Vps33B/VIPAS39 complex impairs integrin-dependent cell 
adhesion, spreading, focal adhesion formation and cell migration
Integrins are the primary receptors for extracellular matrix (ECM) proteins (42) and integrin 
recycling is an important mechanism to regulate cell adhesion and migration (43–45). To 
investigate whether the Vps3/Vps8 or Vps33B/VIPAS39 complexes are required for the regulation 
of integrin-dependent cell adhesion, we seeded HeLa cells knocked down for Vps33B or Vps3+8 
on fibronectin (FN) or collagen-1 (Col-1) in the absence of serum. Non-adherent cells were 
washed away after 5, 15 or 30 minutes and the number of attached cells was quantified. This 
revealed that adhesion to both FN (fig. 5a) and Col-1 (fig. 5b) was significantly compromised in 
Vps33B or Vps3+8 knockdown cells. In parallel experiments we determined cell spreading on FN 
and Col-1 two hours after initial adhesion (fig. 5c). Quantification of the number of spread cells 
showed that in knockdown cells spreading was reduced on both FN and Col-1 (fig. 5d).
Integrin-mediated cell spreading is associated with the assembly of focal adhesions (FAs), that 
anchor the actin cytoskeleton to the ECM (46). To determine if Vps33B or Vps3+8 knockdown 
impacts FA formation, we quantified the number of FAs per cell from confocal images (fig. 
5e). Consistent with reduced cell adhesion and spreading, Vps33B or Vps3+8 knockdown cells 



3

70

Chapter 3

 % cells containing accumulated β1 integrin in RE

0
10
20
30
40
50
60
70

No recycling 5’ recycling 15’ recycling

Sc
ra

m
bl

ed

Vp
s3

+8
KD

Vp
s3

+8
KD

Vp
s3

+8
KD

Vp
s3

3B
KD

Sc
ra

m
bl

ed

Vp
s3

3B
KD

Sc
ra

m
bl

ed

Vp
s3

3B
KD

0
Scr 3KD 8KD 3+8KD VIPAS39

KD
33BKD

0.2

0.4

0.6

0.8 Dextran/Transferrin colocalization

M
ea

n 
co

rr
ol

at
io

n 
co

ef
fic

ie
nt

Dextran -alexa-488
Transferrin-alexa-568
Scrambled

Vps3KD

Vps8KD Vps3+8KD

VIPAS39KD Vps33BKD

a b

c

f

d e

Vps3+8KDEndocytosed anti-β1 integrin
Scrambled

Vps33BKD

α5β1 integrin recycling assay

minutes recycling
Scrambled Vps3+8 KD Vps33B KD

%
 re

cy
cl

ed
 α

5 
in

te
gr

in

0
0 2 4 6 8 10 12 14 16

10
20

30

40

50

60

70

80

Scrambled
β1 integrin uptake10

N

M

3+8 KD
β1 integrin uptake10

EE

α5 integrin15

GFP-Vps310

BSA-Au5

PM

E

β1 integrin15

GFP-Vps310

BSA-Au5

E



3

71

A complex of Vps3 and Vps8 controls integrin trafficking from early to recycling endosomes and 
regulates cell adhesion, spreading, and migration.

assembled less FAs, both on FN and Col-1 (fig. 5f). We next analysed cell motility by time-lapse 
microscopy (fig. 5g, arrows indicate migration direction). Knockdown of Vps33B or Vps3+8 
resulted in reduced migration speed (fig. 5h) and migration distance (fig. 5i) on both Col-1 and 
FN. Moreover, analysis of cell morphology revealed that the knockdowns induced a tail retraction 
defect (fig. 5g, 5j), which is a known effect of impaired integrin trafficking (47).
Together these results show that interfering with the Vps3/8/33B/VIPAS39-dependent pathway 
leads to a variety of defects in integrin-dependent processes. This positions the Vps3/8/33B/
VIPAS39 machinery as an important regulator for integrin turnover.

Discussion
Our study shows that Vps3 and 8 as well as Vps33B and VIPAS39 are required for integrin recycling. 
Previous studies on mammalian Vps3 and Vps8 revealed their importance in EE-EE fusion as part 
of the CORVET complex. We now show that Vps3 and Vps8 in addition to EEs also localize to 
Rab4-positive, EE-associated recycling vesicles and tubules that lack Vps11, a marker for the 
CORVET/HOPS core. By co-IP we find strong interactions between Vps3 and Vps8, suggesting 
they can form a complex without requiring additional core subunits. In addition we show that 
Vps3 and Vps8 can interact with the Vps33B/VIPAS39 complex. We therefore propose that Vps3 
and Vps8 are recruited to EEs together with CORVET core components, after which they form 
a separate complex on Rab4-positive recycling vesicles. The Rab4/Vps3/8 vesicles set out to 
fuse with Rab11-positive REs, possibly via the interaction of Vps3/8 with the Vps33B/VIPAS39 
complex (fig. 6). This model connects the Vps3/8 complex to the role of Vps33B and VIPAS39 
in recycling, and implicates Vps3 and Vps8 as additional ARC syndrome targets, a model that is 
reinforced by the recent discovery of Vps8 mutations in patients suffering from arthrogryposis 
(48). Additionally, we show that the Vps33B/VIPAS39 complex interacts with the recycling 
endosomal SNARE VAMP3 via Vps33B, implicating VAMP3 as putative SNARE for the Vps3/8 to 
Vps33B/VIPAS39 recycling pathway. Finally, we show that the Vps3/Vps8 and Vps33B/VIPAS39 
complexes are required for efficient recycling of β1 integrins and that perturbation of these 
complexes impairs integrin-dependent cell adhesion, spreading, migration and FA assembly. 
By IEM we showed that Vps3 and Vps8 localize to Rab4-positve recycling vesicles. Rab4 has been 

Figure 4. (a) HeLa cells knocked down for Vps3, Vps8, VIPAS39, Vps33B or Vps3 and 8 combined were incubated with 
green fluorescent dextran and red fluorescent Tf for 2hrs. Quantifications of colocalization over 3 separate experiments 
with n>40 cells showed no block of Tf recycling. Error bars represent standard deviation of the mean (SD). (b) Integrin 
recycling assay as described 24. HeLa cells knocked down for Vps3+8 or Vps33B were serum-starved overnight and 
subsequently incubated with anti-β1-integrin. After 2 hours uptake at 37°C, and labelling with fluorescent secondary 
antibodies, β1-integrins accumulate in REs (arrows). In knockdown cells no accumulation of integrin is found indicating 
that trafficking to the RE is blocked. (c) IEM of cells subjected to the integrin uptake assay as in (b) and imuunogold labeled 
for endocytosed anti-β1-integrin (10 nm gold). Accumulations of endocytosed β1 integrin are by IEM identified as a 
cluster of tubular membranes (left panel, cluster accented by white dashed line, inset shows magnification of membrane 
tubules). In knockdown cells, internalised β1 integrin was found in EEs and associated vesicles (right panel, arrows). 
EE=early endosome, N=nucleus, M=mitochondria, bar, 200nm. (d) Quantification of (fig. S3) indicating the percentage 
of cells with accumulation of β1 integrins in the RE. n=300 Cells per time point from 3 separate experiments. Error bars 
represent SD. (e) ELISA based recycling assay of surface biotinylated α5 integrin as described 24. HeLa cells knocked down 
for Vps3+8 or Vps33B show a decrease in recycling of α5β1 integrin compared to the control. Error bars represent SD. 
(f) IEM of HeLa cells loaded with BSA-Au5 expressing GFP-Vps3. GFP-Vps3 (10nm gold) colocalizes with endogenous β1 
integrin (15nm gold, left panel) and endogenous α5-integrin (15nm gold, right panel). G=Golgi, PM=plasma membrane, 
M=mitochondria, bar is 100nm.
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implicated in both short-loop recycling from EEs to the PM, as well as in long-loop recycling from 
EEs to Rab11-positive REs (13,15–17,21,49,50). Since Vps3+8 knockdown prevents transport 
of β1 integrins to REs (fig. 4b, 4d), we conclude that the Vps3/Vps8 complex is involved in 
transport from EEs to REs (fig. 6). Our model proposes a direct interaction of Vps3 and Vps8, as is 
demonstrated in fig. 2a. This direct interaction was found before (23), but seemed counterintuitive 
since in the current model of the CORVET complex Vps3 and Vps8 are located at opposite ends 
(51). The formation of a Vps3/Vps8 complex on recycling vesicles independent of the CORVET 
complex provides a functional and structural explanation for these findings. Interestingly, Vps39 
and Vps41, the counterparts of Vps3 and Vps8 residing on the opposite ends of the HOPS 
complex, can also directly interact (23). It was hypothesized that this interaction takes place 
following late endosome - lysosome fusion after which the HOPS complex could obtain a closed 
post-fusion conformation (51,52). In analogy herewith, a closed post EE-EE fusion conformation 
of the CORVET complex could precede the direct interaction of Vps3 and Vps8 (fig. 6). 
Endosomal tethering complexes interact with SNARE proteins to facilitate membrane fusion 
events. We found that Vps33B interacts with the SNARE VAMP3, an R-SNARE located on the TGN, 
EEs and REs (25,53–55). Previous studies have shown that endocytosed integrins recycle through 
VAMP3-positive REs(38)43 and that VAMP3 knockdown results in inhibition of cell migration and 
reduced β1-integrin levels at the PM (39). VAMP3 forms a transSNARE complex with syntaxin6 
and knockdown of syntaxin6 leads to accumulation of integrins in VAMP3-positive REs (38). We 
show that Vps33B knockdown reduces the expression of VAMP3 but not of syntaxin6 and in 
contrast to the syntaxin6 knockdown phenotype results in a block in transport towards REs (Fig. 
4), implicating a role for VAMP3 in the fusion of recycling vesicles with REs. 
As crucial mechanisms to control integrin action at the PM, endocytosis and recycling of integrins 
are topic of intense research (45,56–58). Integrins use multiple recycling pathways depending on 
heterodimer composition, conformation (active or inactive) and ligand binding. A key question 
is how sorting to these different pathways is achieved. Interestingly, we found that disruption 
of the Vps3/Vps8 or Vps33B/VIPAS39 complexes had no effect on Tf recycling (fig. 4a), which 
like β1 integrin also depends on Rab4 and Rab11 (13,36,40,44,59).  However, recycling of β1 
integrins specifically depends on a NPxY motif that in EEs binds SNX17 and SNX31 to sort integrins 
into recycling vesicles and prevents lysosomal degradation (60–62). This suggests that within 
the Rab4/Rab11 pathway multiple subpathways might exist. Consistent with the previously 
postulated concept of EE-associated tubular sorting endosomes or networks, machinery proteins 
involved in cargo sorting might define subdomains on REs (33,63,64). As SM protein and VAMP3-
interactor Vps33B is a putative candidate to define RE tubules specialized for integrin recycling, 

Figure 5. Cell adhesion assay. The number of adhered cells was assessed by PrestoBlue staining. Cells knocked down for 
Vps3+8 or Vps33B show a decreased capability to attach to collagen (a) or fibronectin (b). Error bars indicate SD. (c) HeLa 
cells knocked down for Vps3+8 or Vps33B show decreased spreading compared to the control cells 2hrs after seeding on 
collagen- or fibronectin-coated surfaces. (d) Quantification of (c). Error bars represent the SD. (e) Background-subtracted 
and thresholded confocal images of HeLa cells knocked down for Vps3+8 or Vps33B and stained with vinculin. Knockdown 
cells show a reduction in the number of FAs per cell both on collagen and fibronectin. (f) Quantification of (e). (g) Time-
lapse microscopy of HeLa cells knocked down for Vps3+8 or Vps33B (fibronectin condition, arrows indicate direction of 
migration) show defects in mean migration speed (h) and mean migration distance (i)  on both collagen and fibronectin. 
Error bars represent the standard error of the mean (SEM). (j) The percentage of cells showing an elongated tail during 
cell migration increases significantly in knockdown cells on both collagen and fibronectin. Error bars represent SD.
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even more since Vps33B interacts directly with integrin β-subunits (65). Since α5β1 integrin 
recycling promotes invasive migration of cells (43,66–68), our data indicate a putative role for 
Vps3/8 and Vps33B/VIPAS39 dependent regulation of integrin recycling in cancer metastasis. 
Finally, our data contribute to the emerging view that multisubunit tethering complexes are 
dynamic in composition in order to facilitate multiple transport pathways (11,69). The increasing 
number of disease-causing mutations found in individual subunits illustrates the importance to 
understand the role of each subunit at a fundamental cellular level.  Moreover, it will be of great 
interest to define additional cargo for the here portrayed specialized recycling pathway.

EE

EE

recycling endosomeearly endosome

Rab5 Rab4 Rab11

A

B

C

D

CORVET
A

Vps8
Vps3

B

VIPAS39 &
Vps33B

C D
VAMP3

Figure 6. Model of the proposed function of the Vps3/8 and VIPAS39/Vps33B complex in endosomal recycling. The 
CORVET complex mediates the fusion between Rab5 positive EEs (A), after which it can adopt a closed conformation, 
allowing Vps3 and Vps8 to interact with each other. The resulting Vps3/Vps8 complex localizes to Rab4-positive vesicles 
emerging from EEs (B). The Vps3/8 complex on recycling vesicles interacts with the VIPAS39/Vps33B complex on Rab11-
positive REs (C). The R-SNARE VAMP3 interacts with Vps33B and assists in the fusion of EE-derived vesicles with REs (D).
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Materials and Methods

Cell culture and transfection
HeLa cells (ATCC clone ccl-2) were grown at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% heat inactivated Foetal Bovine Serum (FBS), 2mM 
L-Glutamin, 100U/mL penicillin and 100µg/mL streptomycin. Cells were transfected with 
cDNA using Effectene transfection reagent (Qiagen) according to the manufacturer’s protocol. 
siRNA transfection was performed using HiPerfect transfection Reagent (Qiagen) according to 
manufacturer’s protocol.

Antibodies 
For immunofluorescence and IEM labelling: Mouse anti-HA (Covance), Mouse anti-β1-integrin 
(JB1A, Millipore), Mouse-anti-α5-integrin (VC5, BD biosciences), Goat anti-HA (Genscript), Rabbit 
anti-GFP (Acris), Rabbit-anti-mCherry was made on site as described (70), anti-Vps33B was 
generated by immunizing rabbits with a synthetic Vps33B peptide conjugated to KLH (sequence: 
ESKVSKLVTDKAAGKIT). Rabbit anti-goat IgG (NORDIC) or rabbit anti-mouse IgG (Z0412, Dako) 
was used to bridge between goat or mouse antibodies and protein-A gold (71). Fluorescent 
secondary antibodies were obtained from Invitrogen. For immunoprecipitation and Western 
blotting we used Mouse anti-GFP (Roche), Mouse anti-HA (Covance), Rabbit anti-mCherry, Rabbit 
anti-Vps33B and Rabbit anti-GFP (Abcam). Rabbit anti STX6, STX7, STX8, VAMP3 and VAMP7 
were described (72). Fluorescent secondary antibodies were obtained from Li-Cor.

Reagents
5nm gold particles coupled to bovine serum albumin (BSA-Au5) and 10nm or 15nm gold particles 
conjugated to Protein A were made on site (Cell Microscopy Core, UMC Utrecht, The Netherlands). 
HA-Vps8, Vps8-V5 and Vps8-GFP, GFP-Rab4, mCherry-Rab4, FLAG-Rab4, mCherry-Rab5, mCherry-
Rab7, mCherry-Rab11 and untagged Vps33B were cloned from cDNA purchased from Origen. HA-
TGFBRAP1, GFP-TGFBRAP1, GFP-Vps11 and Vps41-GFP were a generous gift from Dr. J. Neefjes 
(NKI, Amsterdam, The Netherlands), VIPAS39-mCherry was a generous gift from Dr. P. Gissen 
(LMCB, UCL, London), Vps33B-HA-V5-His was a generous gift from Dr. V. Faundez (Cell Biology, 
Emory University, Atlanta, GA, USA), VAMP3-GFP, GST-VAMP3, GST-VAMP7 were generated by 
Andrew Peden (University of Sheffield, Sheffield, UK). Vps8, TGFBRAP1, Vps33B, VIPAS39, Vps11 
and Vps41 SMARTPool siRNAs were purchased from Dharmacon. Fibronectin, Type-I collagen, 
bafilomycin A1 and poly-L-lysine were purchased from Sigma. MG132 was purchased from Enzo 
life sciences. EZ link Sulfo-NHS-SS-biotin was from Thermo Fisher. Complete protease inhibitors 
were purchased from Roche.

GST-Pulldown
GST-VAMP proteins were produced in Escherichia coli BL21 (DE3) grown at 30°C and immobilized 
on glutathione beads. HeLa cells expressing Vps33B-HA/V5/his were lysed for 30 to 60min at 4°C 
in 20mM HEPES pH 7.4, 100mM NaCl, 5mM MgCl2, 1% TX-100 supplemented with leupeptin, 
aprotinin and PMSF. Lysates were centrifuged for 20min at 13000rpm at 4°C and supernatants 
were incubated for 2h at 4°C with GST-VAMP beads. Beads were washed with lysis buffer minus 
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protease inhibitors after which proteins were eluted using 1x sample buffer for 5min at 95°C. 
Eluted proteins were separated using SDS-PAGE and analysed using Western blotting.

Co-immuno-precipitation
Cells were washed in ice-cold PBS and scraped in lysis buffer (40mM TRIS pH7.4, 100mM NaCl, 
0.1% TX-100, 5mM EDTA supplemented with complete protease inhibitors (Roche)). For VAMP3 
immuno-precipitation, lysis buffer contained 20mM HEPES pH 7.4, 100mM NaCl, 5mM MgCl2, 
1% TX-100 supplemented with leupeptin, aprotinin and PMSF. Cells were lysed for 30 to 60min at 
4°C followed by 20min centrifugation at 13000rpm at 4°C. Protein A beads were incubated with 
the desired antibody for 2hrs at 4°C, washed, and added to the collected supernatant. Beads 
and supernatant were incubated in a rotator at 4°C for 1hr. Beads were washed 6 times with 
lysis buffer minus protease inhibitors after which proteins were eluted using 1x sample buffer 
for 30min at 37°C. Eluted proteins were separated using SDS-PAGE and analysed by Western 
blotting. 

Western blotting
Cells were washed in ice cold PBS and scraped in E1A lysis buffer (40mM TRIS pH7.4, 100mM 
NaCl, 0.1%TX-100, 5mMEDTA supplemented with complete protease inhibitors (Roche)). Cells 
were lysed for 30min at 4°C followed by 20min centrifugation at max speed at 4°C to remove 
cell debris. Proteins were eluted using 1.5x sample buffer for 30min at 37°C, separated on a 7.5 
or 10% SDS-PAGE and transferred to Immobilon-FL PVDF membrane (Millipore). Membranes 
were blocked at room temperature using Odyssey blocking buffer in PBS (1:1) for 1hr and 
incubated with selected primary antibodies diluted in Odyssey blocking buffer in PBST 0.2% (1:1). 
Membranes were washed in PBST 0.1% and incubated with desired secondary antibodies diluted 
in Odyssey blocking buffer in PBST 0.2% (1:1) for 1hr at room temperature. Finally membranes 
were washed and imaged on an Odyssey imaging system (Li-Cor).

Degradation assay
To measure the effect of Vps33B depletion on degradation of VAMP3, HeLa cells were knocked 
down for Vps33B for 72hrs after which VAMP3 levels were assessed by Western blotting. 
Lysosomal degradation was inhibited by addition of 10nM Bafilomycin to the culture medium 
overnight. Proteasomal degradation was inhibited by addition of 20µM MG132 to the culture 
medium for 6hrs. 

Immunofluorescence microscopy
HeLa cells grown on sterile glass coverslips were washed with ice-cold PBS and fixed with 4% 
paraformaldehyde (PFA) in PBS for 20min at room temperature (RT). Then, cells were permeabilized 
using 0.1% Triton-X100 in PBS for 5min and blocked for 15min using PBS supplemented with 1% 
BSA. Cells were labelled with primary antibodies diluted in blocking buffer at RT for 1hr, washed, 
and labelled with fluorescent secondary antibodies for 30min in the dark. For localization of 
endogenous VAMP3, cells were permeabilized and incubated with primary antibodies overnight 
in PBS containing 1% BSA and 0.1% Saponin. After labelling the cells were washed and mounted 
using Prolong Gold antifade reagent with DAPI and imaged on a DeltaVision wide field microscope 
using a 100x/1.4A immersion objective. Pictures were deconvolved using Softworx software and 



3

77

A complex of Vps3 and Vps8 controls integrin trafficking from early to recycling endosomes and 
regulates cell adhesion, spreading, and migration.

analysed using FIJI ImageJ v1.48q.

Immuno-electron microscopy
Sample preparation, ultrathin cryosectioning and immunolabeling were described (71). In brief, 
HeLa cells were grown on 60mm dishes and fixed by the addition of freshly prepared 4% PFA in 
0.1M Phosphate buffer pH 7.4 to an equal volume of culture medium for 10min, followed by 
postfixation with fresh 4% PFA overnight at 4°C. Fixed cells were washed in PBS containing 0.05M 
glycine and gently scraped in PBS containing 1% gelatine. Cells were pelleted in 12% gelatin in 
PBS which was then left to solidify on ice and cut into small blocks. The blocks were infiltrated 
overnight in 2.3M sucrose at 4°C, mounted on aluminium pins and frozen in liquid nitrogen. 
70nm ultrathin cryosections were cut on a Leica ultracut UCT ultracryomicotome and picked up 
in a freshly prepared 1:1 mixture of 2.3M sucrose and 1.8% methylcellulose. Sections were then 
immunogold labelled with antibodies and protein A gold, contrasted and examined on a JEOL 
TEM 1010 electron microscope.
For antibody uptake IEM HeLa cells were serum-starved overnight in DMEM containing 0.01% 
BSA (D/B) and subsequently incubated at 4°C for 1hr with anti-β1-integrin (JB1A, Millipore) 
diluted in D/B to a final concentration of 10 µg/ml. Cells were transferred to pre-warmed D/B, 
and integrin endocytosis was allowed for 2hrs at 37°C after which cells were prepared for IEM as 
described above and labelled on section with Rabbit-ant-mouse IGG (Z0412, Dako) and protein 
A 10nm gold.

Stimulation-induced integrin recycling assay
Integrin recycling was analysed as described (40). In brief, HeLa cells were serum-starved overnight 
in DMEM containing 0.01% BSA (D/B) and subsequently incubated at 4°C for 1hr with anti-β1-
integrin (JB1A, Millipore) diluted in D/B to a final concentration of 10µg/ml. Excess antibody was 
removed by 2 washes with cold D/B. Cells were then transferred to pre-warmed D/B, and integrin 
endocytosis was allowed for 2hrs at 37°C. Surface-bound antibodies that were not endocytosed 
were removed with 2 acid washes (0.5% Acetic acid, 0.5M NaCl) at 4°C. For recycling, cells were 
stimulated with pre-warmed D/B containing 20% FCS and internal accumulation of β1-integrin 
was monitored at indicated time points by fixation and preparation for immunofluorescence 
microscopy as described above.

Cell adhesion and spreading, quantification of focal adhesions, and cell migration assays 
For cell adhesion assays, 48-well plates were coated with 10µg/ml FN or 3µg/ml Col-1, washed 
with PBS, and blocked with 2% BSA. Cells were seeded at a density of 5x104 per well in serum-
free DMEM. At the indicated time-points, non-adherent cells were washed away with PBS. 
Remaining cells were stained with Presto Blue, washed, transferred to a MDC SpectraMax M5e 
and absorbance was measured at 490nm. 
For cell spreading assays and focal adhesion (FA) analysis, cells were seeded on FN or Col-1, fixed 
at the indicated time-points and the number of spread cells was counted. Confocal images of 
vinculin staining were acquired using fixed settings, background-subtracted and thresholded in 
ImageJ 1.44, and FA size and number were then determined using the ‘analyze particles’ function. 
For cell migration assays, cells were sparsely seeded on the indicated matrix proteins, and phase-
contrast images were captured every 10min at 37°C and 5% CO2 on a Widefield CCD system 
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using a 10x dry lens objective (Carl Zeiss MicroImaging). Migration tracks were generated using 
ImageJ 1.44, and the average displacement and migration speed were calculated from ~30 cells 
out of 3 independent experiments. 

Integrin recycling and capture ELISA
Integrin recycling was investigated essentially as described earlier (41). Briefly, cells were 
transferred to ice, washed twice in PBS and surface-labeled at 4ºC with 140µg/ml NHS-SS-
biotin. Internalization was allowed for 15min, after which the cells were washed with PBS, and 
remaining cell-surface biotin was removed with 20mM MesNa. Recycling of internalized proteins 
was then induced in DMEM/FCS at 37ºC, whereafter biotin was removed from recycled proteins 
by a second reduction with MesNa, which was quenched with 20mM iodoacetamide. Cells 
were then washed twice in PBS and lysed in 1.5 NDLB buffer (150mM NaCl, 50mM Tris, 10mM 
NaF, 1.5mM Na3VO3, 5mM EDTA, 5mM EGTA, 1.5% Triton X-100, 0.75% Igepal CA-630, 1mM 
4-(2-aminoethyl)benzynesulphonyl fluoride supplemented with complete protease inhibitors). 
Maxisorb 96-well plates (Life Technologies) were coated overnight with 5μg/ml anti-integrin α5 
in 0.05M Na2CO3 pH 9.6 at 4ºC, and blocked in PBS/0.05% Tween-20 (PBS-T) with 5% BSA. Plates 
were incubated overnight with cell lysates at 4ºC, washed with PBS-T, and incubated with HRP-
streptavidin in PBS-T/1% BSA for 1hr at 4ºC. After washing, biotinylated proteins were detected 
with ortho-phenylenediamine in a buffer containing 25.4mM Na2HPO4, 12.3mM citric acid (pH 
5.4), and 0.003% H2O2. The reaction was terminated with 8 M H2SO4 and absorbance was read 
at 490nm.

Statistical analysis
For calculation of correlation coefficients of colocalization in immunofluorescence experiments 
the signal intensity over a vector was plotted using the plot profile tool in FIJI ImageJ in the green, 
red and where needed, the far-red channel. Correlation coefficients between two plots were 
calculated using the function:

Correlation coefficients were calculated between the channels from at least 30 cells taken from 
3 separate experiments. Correlation coefficients were averaged as follows. Individual correlation 
coefficients (r) underwent Fisher r-to-z transformation according to the formula:

The mean of the z values was calculated and the resulting mean was transformed back to the 
mean correlation coefficient using:
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To assess the significance between two mean correlation coefficients the z-score and P-value 
were calculated using:
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Figure S1. (a) HeLa cells expressing GFP-Vps3 together with mCherry-Rab4, mCherry-Rab5, or mCherry-Rab11. GFP-
Vps3 colocalizes strongly with Rab4 and Rab5 and mildly with Rab11. (b) HeLa cells expressing GFP-Vps11 together 
with mCherry-Rab4, mCherry-Rab5 or mCherry-Rab11. GFP-Vps11 colocalizes strongly with Rab5 and not with Rab4 
or Rab11. (c) Immunofluorescence of HeLa cells expressing Rab5Q79L-GFP, Rab4-FLAG and Vps8-V5. Vps8 localizes 
to Rab4 positive patches on Rab5Q79L positive enlarged endosomes. Three-dimensional reconstruction of the 
Zstack shows that Rab4 and Vps8 overlap and are connected to the Rab5Q79L positive endosome (arrows).
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Figure S2. (a) Vps33B and VAMP3 mRNA levels of HeLa cells knocked down for Vps33B were measured in triplicate 
and plotted relative to scrambled conditions. VAMP3 mRNA levels are significantly decreased after Vps33B 
knockdown. Error bars represent SEM. (b) Lysosomal degradation was inhibited by addition of 10nM Bafilomycin 
and proteasomal degradation was inhibited by addition of 20μM MG132. None of the inhibitors restored the 
levels of VAMP3. (c) Blot including total cell lysates of VAMP-GST pulldown. GST-VAMP3 and GST-VAMP7 were 
incubated with cell lysates of HeLa cells expressing Vps33B-HA/V5/his and VIPAS39-mCherry. Pulldown of GST 
showed binding of Vps33B to GST-VAMP3 but not to GST-VAMP7.
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Figure S3. Integrin recycling assay as described 24. HeLa cells knocked down for Vps3+8 or Vps33B were serum-
starved overnight and subsequently incubated with anti-β1-integrin. After 2hr uptake at 37°C, and labelling with 
fluorescent secondary antibodies, β1-integrins accumulate in REs (arrows). After addition of serum, β1-integrins are 
rapidly recycled and the accumulations disperse. Shown are time points before addition of serum (upper panels) 5 
minutes after addition of serum (middle panels) and 15 minutes after addition of serum (lower panels). In knockdown 
cells no accumulation of integrins is observed indicating that trafficking to the REs is impaired.
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Abstract
Previous studies in polarized epithelial cells showed that the VIPAS39/Vps33B complex is 
involved in recycling of apical and junctional proteins. Our recent findings (chapter 3) show 
that a complex of Vps3 and Vps8 together with the VIPAS39/Vps33B complex controls transport 
from early to recycling endosomes in non-polarized cells. This raises the question whether the 
Vps3/8 complex is also involved in apical recycling. Here we study the role of Vps8 in endosomal 
transport of polarized cells. We show that Vps8 localizes to early endosomes as well as apical 
recycling endosomes. Strikingly, overexpression of Vps8 induces recruitment of early endosomes 
to apical recycling endosomes, suggesting a role for Vps8 in tethering of these compartments. 
Furthermore, knockdown of Vps8 results in perturbation of cell polarity, prevents completion 
of cytokinesis and impairs polarization of cells during directed cell migration. These phenotypes 
are analogous to knockdown of the well-established recycling endosomal protein Rab11. We 
conclude that Vps8 is required for an apical recycling pathway essential for proper cell polarization.

Introduction
The endolysosomal system is the major membrane system of eukaryotic cells for uptake, 
recycling and degradation of extracellular molecules and plasma membrane (PM) constituents. 
In non-polarized cells endocytosed cargo is transported from the PM to early endosomes (EEs) 
and progresses to late endosomes (LEs) and lysosomes for degradation. Alternatively, cargo is 
transported from EEs to recycling endosomes (REs) for transport back to the PM. Specialized 
cell types have adapted their endolysosomal system to meet the requirements for cell type 
specific functions. In polarized epithelial cells the apical and basolateral PM are separated by 
junctions that inhibit mixing of membrane domains (chapter 1, Box3). After endocytosis, apical 
cargo enters apical EEs and basolateral cargo basolateral EEs (1–3). From each type of EE a 
direct, fast recycling pathway to the original PM can occur. In addition, indirect, slow recycling 
pathways exist that involve transport from either apical or basolateral EEs to a common recycling 
endosome (CRE) (4). From the CRE, basolateral cargo is transported back to the basolateral PM, 
while apical cargo travels via a specialized apical recycling endosome (ARE) to the apical PM 
(5–7). These separated recycling routes are necessary to maintain the distinction between the 
PM domains (8–10). 
The transport from AREs to the apical PM is mediated by Rab11a (11–15), whereas recycling 
from the CRE to the basolateral PM relies on Rab8 and Rab10 (16,17). Despite this distinction, it 
is still unclear whether the ARE and CRE are truly separate compartments or different membrane 
domains of the same compartment (3,10,18). 
Recent studies revealed a mammalian-specific vacuolar protein sorting (Vps) protein complex 
consisting of VIPAS39 and Vps33B, which interacts with Rab11a and is required for recycling 
of proteins to the apical PM (19–22). Mutations in Vps33B or VIPAS39 cause Arthrogryposis 
Renal dysfunction Cholestasis (ARC) syndrome, a multisystem disorder that is characterized 
by neurogenic arthrogryposis multiplex congenita, renal tubular dysfunction and neonatal 
cholestasis (19,20,23). ARC-causing mutations induce mislocalization of apical membrane 
proteins in renal cells and hepatocytes (19,20,23), illustrating the importance of the Vps33B/
VIPS39 complex in polarized transport.
VIPAS39 and Vps33B are homologous to Vps16 and Vps33A respectively, which are subunits of the 
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CORVET and HOPS tethering complexes. CORVET mediates fusion between EEs, whereas HOPS 
regulates fusion events at LEs. Recently, we found that the CORVET specific subunits Vps8 and 
Vps3 are required for transport of integrins from EEs to REs in non-polarized cells in a pathway 
independent of other CORVET subunits (chapter 3). Vps3 and Vps8 form a complex that interacts 
with the VIPAS39/Vps33B complex. These findings were the first to describe a role for Vps3 and 
Vps8 in recycling and add to a growing number of observations that subunits of the CORVET and 
related complexes can have individual roles in intracellular transport (24,25). Here we address 
the question whether the Vps3/8 complex is also required for apical recycling in polarized cells.

Results
Vps8 expression is increased in polarized cells and tissues
In HeLa cells, localization microscopy of endogenous Vps8 was hindered by low protein expression 
levels (chapter 3). Moreover, the pool of Vps8 that is localized to (endosomal) membranes in 
steady state is minimal compared to the amount of Vps8 present in the cytosol. To study Vps8 
function in polarized cells we established protein expression levels in HepG2 cells. HepG2 cells 
are human hepatoma cells that develop a well-defined apical-basolateral polarity, making them 
a widely used model system for human hepatocytes. By western blotting we found that HeG2 
cells have a 2-fold higher expression of endogenous Vps8 compared to HeLa cells (fig. 1a, 1b). 
Interestingly, an optimally polarized HepG2 cell line (pHepG2) presented even higher Vps8 levels 
(fig. 1a, 1b). 
To investigate if high expression of Vps8 is a more general characteristic of polarized cell types, 
we consulted the Proteinatlas immunohistological database (26). This revealed that protein 
expression levels of Vps8 are increased in various epithelial tissues including epithelial cells of the 
colon (fig. 1c, left panel), epididymis (middle panel) and the exocrine epithelium of the pancreas 
(right panel). Together these data show the propensity that Vps8 expression is increased in 
polarized cells.

Vps8 is enriched in the apical region of polarized cells
High expression of Vps8 in pHepG2 cells allowed detection of endogenous Vps8 using 
Immunofluorescence (IF) microscopy. Endogenous Vps8 localized throughout the cytosol, in 
discrete punctae, and was strikingly enriched near the apical PM (fig. 2a, left panel) delineated 
by the bile canaliculi (BC). Overexpression of HA-Vps8 resulted in a similar pattern, showing a 
clear accumulation of Vps8 just below the BC (fig. 2a, middle and right panel). Similarly, polarized 
LS174T-W4 cells and MDCK cells cultured in matrigel showed enrichment of Vps8 towards the 
apical PM (fig. 2b). Visualization of the cortical actin web lining the apical PM showed that Vps8 
is localized just below the apical PM, since Vps8 and actin staining do not overlap (fig. 2b, line 
graphs). Together these data show that both endogenous and overexpressed Vps8 are enriched 
near the apical PM, below the cortical actin web in several polarized cell types.
To identify the Vps8-positive punctae we labeled MDCK cells with markers for the endosomal 
system. Endogenous Vps8 clearly overlaps with the EE marker EEA1 (fig. 2c, upper panels) but not 
with the TGN/late endosomal marker cation-independent mannose-6-phosphate receptor (CI-
MPR) (fig. 2c, lower panels). Localization of Vps8 to EEs is in agreement with earlier observations 
in non-polarized cells by us and others (Chapter 3) (21,27). However, the apically enriched Vps8 
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did not completely overlap with EEA1, suggesting Vps8 is localized to an additional compartment 
in polarized cells. 
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Figure 1 (a) HeLa cells, HepG2 cells and polarized HepG2 (pHepG2) cells were blotted for Vps8 and actin as a loading 
control. Polarized HepG2 cells express more Vps8 than HeLa cells or non-polarized HepG2 cells. Representative blot. 
(b) Quantification of (a), normalized to actin loading control. (c) Tissue microarray-based immunohistochemistry 
slides from the Human proteinatlas program (www.proteinatlas.org) (26,66) show an increase of Vps8 in polarized 
cells of various tissues. Surrounding tissue shows lower levels of Vps8 compared to the epithelial cells in colon (left), 
epididymis (middle) and exocrine pancreas (right). Bar 100µm.
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Figure 2 (a) pHepG2 cells labeled for endogenous Vps8 (left panel), or overexpressed with HA-Vps8 (middle and right 
panel) show accumulation of Vps8 under the apical PM forming the Bile Canaliculis (marked with *) between two 
cells. Bar 10µm. (b) Endogenous Vps8 in polarized LS174T-W4 cells (upper panels) or polarized MDCK cells (lower 
panels) show enrichment of Vps8 near the apical PM marked by actin staining with phalloidine. Line quantifications 
show a high Vps8 signal in close proximity to the phalloidine signal that does not overlap. Bar 10µm. (c) Endogenous 
Vps8 colocalizes with EEA1 in polarized MDCK cells (upper panels) but not with CIMPR (lower panels) as indicated 
by the line quantifications. Bar 10µm. 
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Vps8 localizes to the apical recycling endosome in HepG2 cells
Enrichment of Vps8 near the apical membrane is reminiscent to the localization of the ARE, which 
is well described in pHepG2 cells (5,28,29). To investigate a potential overlap between Vps8 and 
the ARE, we expressed HA-Vps8 together with mCherry-Rab11, the main marker for ARE. This 
revealed a partial overlap between HA-Vps8 and the ARE (fig. 3a). The position of the ARE near 
the apical PM is dependent on an intact microtubular network (30). Treatment of pHepG2 cells 
expressing HA-Vps8 and mCherry-Rab11 for 2 hours with nocodazole caused both Vps8 and 
Rab11 to relocalize away from the apical PM to a dispersed localization throughout the cytosol 
(fig. 3b). These data strongly suggests that the Vps8 label overlapping with Rab11 localizes to 
membranes of the ARE. Additional labeling with EEA1 showed that Vps8 only colocalizes with 
mCherry-Rab11 close to the apical PM, whereas Vps8 and EEA1 also colocalize on EEs away 
from the apical PM (fig. 3c). To study the localization of Vps8 at higher resolution and within the 
context of membranes, we analyzed polarized HepG2 cells expressing HA-Vps8 using Immuno 
electron microscopy (IEM). This revealed that the pool of HA-Vps8 concentrating at the apical 
PM is membrane-bound (fig. 3d). The small tubulo-vesicular membranes positive for Vps8 are 
typical for REs (31). Together these results show that in polarized HepG2 cells Vps8 localizes to 
EEA1-positive EEs and the Rab11-positive ARE.
Vps8 tethers apical EEs to the ARE.
As shown in in figure 3c, a substantial quantity of EEA1-positive EEs localizes in close proximity 
to the Rab11-positive ARE. Previous studies in the same cell line showed a more dispersed 
localization of EEA1, also after overexpression of Rab11 (32). Similarly, we found that EEA1 does 
not significantly overlap with Rab11-positive ARE without co-expression of HA-Vps8 (fig. 4a). 
These observations suggest that expression of HA-Vps8 induces association of EEA1-positive EEs 
with the ARE. Indeed, co-expression of HA-Vps8 induced overlap between EEA1 and mCherry-
Rab11 (fig. 4b, cells with *), while adjacent cells in the same sample not expressing HA-Vps8 
maintained a dispersed localization of EEA1 (fig, 4b, cells without *). Quantification confirmed 
a significant increase of colocalization between EEA1 and Rab11 when cells co-express HA-Vps8 
(fig.4c). These results indicate that overexpression of HA-Vps8 induces tethering of EEA1-positive 
EEs to Rab11-positive AREs. 
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Figure 3 (a) Expression of HA-Vps8 and Rab11-mCherry in HepG2 cells results in their partial overlap near the apical PM. 
Bar 10µm. (b) Treatment of polarized HepG2 cells with 33µM nocodazole for 2hours disrupts the microtubular network 
and causes the HA-Vps8 signal and the Rab11-positive ARE to re-localize away from the apical PM. Bar 10µm. (c) Labeling 
of cells expressing HA-Vps8 and Rab11-mCherry with EEA1 reveals colocalization of Vps8 with EEA1 and Rab11. Bar 
10µm.  (d) IEM analysis of polarized HepG2 cells reveal that HA-Vps8 associates with tubules and vesicles of REs close 
to the BC (arrows indicate tubules, nearby lysosome (Ly) is negative). N=Nucleus, BC=Bile Canaliculus, Ly=Lysosome. Bar 
2µm left panel, 200nm right panel.
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Figure 4 (a) Expression of Rab11-mCherry in HepG2 cells without co-expression HA-Vps8. Rab11 and EEA1 do not 
overlap. Bar 10µm. (b) Expression of Rab11-mCherry together with HA-Vps8 in HepG2 cells (marked with *) show high 
colocalization of Rab11, EEA1 and Vps8. Bar 10µm (c) Quantification of (a) and (b), colocalization between mCherry-
Rab11 and EEA1 was measured using pixel based overlap. This shows a significant increase after co-expression of 
Vps8. Error bars represent the standard deviation of the mean (SD).
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Vps8 is required for cell polarization
So far our data show that Vps8 is localized to EEs and the ARE and suggests a role in tethering of 
EE membranes to the ARE. This is in line with our previous data in non-polarized cells revealing 
that Vps8 in complex with Vps3 is required for vesicular transport from EEs to REs (chapter 3). 
Transport from the ARE to the apical PM is crucial for the establishment of cell polarity (5). To 
study a putative role for Vps8 in cell polarity we monitored the formation of BCs in HepG2 cells 
(fig. 5a, arrows). We visualized BCs with phalloidine and counted the number of BC per number 
of cells, an established method to evaluate the efficiency of cell polarization (33,34). Using this 
assay we found that knockdown of Vps8 significantly reduced the number of polarized cells (fig. 
5b).
In addition to maintaining PM homeostasis in polarized cells, REs are also involved in cell migration 
by regulating the polarized distribution of  integrins (the main extracellular matrix (ECM) anchoring 
proteins) (35–37) and for providing membrane for the generation of  lamellopodia at the leading 
edge of a migrating cell (38). To study a putative role for Vps8 in migration-induced polarization 
we performed a directed cell migration assay using HeLa cells. Directed cell migration requires 
anterior to posterior polarization of the microtubular and endolysosomal networks and thereby 
induces polarization in non-polarized cell types such as HeLa. To investigate a possible role of 
Vps8 in this process, we knocked down Vps8 in HeLa cells and performed a wound healing assay. 
In this assay a scratch is made in a confluent layer of cells, resulting in directed migration of cells 
towards the wound (fig. 5c, red arrow shows the direction of the wound). Migration induced 
cell polarization is then quantified by measuring Golgi reorientation, which is the re-localization 
of the Golgi complex to the area between the nucleus and the leading edge of the cell (39). 
Knockdown of Vps8 led to a significant loss of Golgi reorientation (fig. 5d), as well as a reduced 
capability for wound closing after 20 hours (fig. 5e, 5f). Together these data show that Vps8 KD 
inhibits apical-basal cell polarization of HepG2 cells, as well as front-rear polarization of HeLa 
cells during cell migration.
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Figure 5 (a) Maximum projections of Zstacks taken from pHepG2 cells labeled with phalloidine show the formation of 
bile canaliculi (arrows). Bar 10µm (b) Quantification of BC’s per number of cells represents the percentage of polarized 
cells. Knockdown of Vps8 or Vps3 and Vps8 shows a significant defect on cell polarization. (c) A Golgi reorientation assay 
on a confluent layer of HeLa cells shows decreased polarization of the Golgi (assessed by Golgi presence in 3 faces of the 
cell) towards the direction of the wound (wound direction indicated by red arrow) in scrambled treated cells (left panel) 
and Vps8KD cells (right panel). (d) Quantification of (c) shows a significant decrease in Golgi polarization 5 hours after 
application of the scratch. (e) Wound healing assay in a confluent layer of HeLa cells, 20 hours after the application of 
the scratch. Vps8 knockdown cells migrate less in the direction of the wound. (f) Quantification of (e) shows a significant 
decrease in wound closing.
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Vps8 is required for completion of cytokinesis
During cytokinesis Rab11a positive vesicles travel to the intercellular bridge (ICB) for delivery of 
lipids and proteins required for the final stage of cell division (40–47). Completion of cytokinesis 
requires abscission of the ICB, a process that requires input from Rab11 positive REs (48). IF 
microscopy analysis of HepG2 cells revealed that endogenous Vps8 localizes to the ICB during 
late stages of cell division (fig. 6a), suggesting that Vps8 is involved in the abscission process. 
To test this hypothesis we knocked down Vps8 in HeLa cells and determined the amount of 
multinucleated cells, which is a measure for unsuccessful cell division (fig 6b). The knockdown of 
Vps8 increased the number of multinucleated cells more than 2-fold, indicating that cell division 
is impaired.
To determine at which stage the defect in cell division occurred, we used automated live cell 
microscopy to visualize defects in cytokinesis. Cells were synchronized by blocking cell division in 
the G1 phase using thymidine for 16 hours and subsequently released before imaging. Cells with 
Vps8 KD showed an overall increase in failure of abscission (fig. 6c, 6d left panel). Morphological 
analysis and quantification of individual cell divisions revealed that the defect predominantly 
occurs in the telophase (fig. 6d middle panel). Additionally, successful cell divisions were delayed, 
resulting in the significant increase of daughter cells that remained attached by the ICB more 
than 6 hours (fig. 6c, 6d right panel). These results show that similar to Rab11, Vps8 is required 
for the completion of cytokinesis. Cell division requires complete polarization of cells, which is in 
line with the role of Vps8 in recycling in polarized cells. 
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Figure 6 (a) Endogenous Vps8 and tubulin in HepG2 cells colocalize at the intercellular bridge (ICB) between 
2 daughter cells during cytokinesis. Bar 10µm (b) 2 Hours after replating, Vps8KD cells show increased 
number of bi-, and multi-nucleated cells (arrows, middle panel) compared to the Scrambled treated cells 
(left panel). Quantification shows a more than twofold increase in the number of multinucleated cells 
(right panel). Bar 10µm (c) Stills taken from a time-lapse movie show an example failed abscission in a 
dividing cell in Vps8KD (red arrows, upper panels) and a normal abscission in scrambled cells (red arrows, 
lower panels). (d) Quantification of all cells in the timelapse movies show an overall decrease in success 
of cell division (left graph), an increase in defects at the telophase (middle graph) and an increase in cell 
divisions in which cells remain connected by the ICB for more than 6 hours (right graph).
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Discussion
In this study we investigated the role of Vps8 in the endolysosomal system of polarized cells. 
We show that protein expression of Vps8 is increased in upon cell polarization and that Vps8 
expression is increased in polarized cells of tissues such as the colon, epididymis and exocrine 
pancreas. High Vps8 expression allowed the detection of endogenous Vps8 using IF microscopy, 
which showed that Vps8 is localized to EEA1-positive EEs and Rab11-positive AREs. Overexpression 
of Vps8 showed this same localization pattern. Interestingly, overexpression of Vps8 in pHepG2 
cells induced the recruitment of EEA1-positive EEs to Rab11-positive AREs, suggesting a role 
for Vps8 in the tethering of EE-derived membranes to the ARE. Pathways to and from the ARE 
are crucial for the establishment of cell polarity. Concomitantly, knockdown of Vps8 resulted in 
decreased apical-basal cell polarization of HepG2 cells and front-rear polarization of HeLa cells 
during directed cell migration. Finally, we found that, similar to Rab11, Vps8 localizes to the ICB 
between two daughter cells and knockdown of Vps8 reduces the efficiency of cell division. Like 
Rab11 deficiency, Vps8 mainly affects the telophase of cell division, slowing down or inhibiting 
the final abscission. Together our results show that Vps8 is required for cell polarization and we 
postulate that this is caused by regulating vesicular transport from EEs to the ARE. Our hypothesis 
is supported by the observation that defects in cell polarization after Vps8 knockdown result in 
very similar phenotypes to those caused by Rab11 deficiency. 
We show that Vps8 localizes to EEA1-positive EEs as well as the Rab11-positive ARE. This 
unequivocally positions Vps8 in the apical recycling pathway. Since the CRE is Rab11 and EEA1 
negative we do not expect an additional role for Vps8 in the basolateral pathway. However, 
further studies using basolateral and CRE-specific markers should be performed to formally rule 
out this possibility. In non-polarized cells, Vps8 functions in 2 separate complexes. Firstly, as 
part of the CORVET complex, Vps8 localizes to EEA1-positive EEs and regulates their homotypic 
fusion. Disruption of the CORVET complex alters the EE population, but does not inhibit 
transferrin recycling (27). Secondly, a separate complex of Vps3 and Vps8 localizes to EE-derived 
recycling vesicles and Rab11-positive REs and mediates transport from EEs to REs. Disruption of 
this complex inhibits the recycling of integrins but not transferrin (27) (chapter 3), indicating that 
the Vps3/8 complex is required for recycling of a subset of proteins only. Interestingly, the ARE is 
not involved in transport of transferrin (a basolateral recycling protein) either (7,49), providing 
a possible link between the Vps3/Vps8-mediated EE to RE pathway in non-polarized cells and 
apical EE to ARE transport in polarized cells. Together with the observed induction in EE-ARE 
tethering upon Vps8 overexpression, these results indicate a tethering role for Vps8 in apical EE 
to ARE transport as part of the Vps3/8 complex. The pathway between EEs and AREs in polarized 
epithelial cells is not well-characterized since the majority of transport between EEs and the ARE 
occurs via the CRE (4,28,50–52). Our studies provide a possible clue for a specialized machinery 
designed for an apical recycling pathway bypassing the CRE.
The Vps3/8 complex functions together with the Vps33B/VIPAS39 complex in the recycling 
of integrins in non-polarized cells (chapter 3). Mutations in Vps33B or VIPAS39 result in 
arthrogryposis, renal dysfunction and cholestasis (ARC) syndrome, a rare autosomal recessive 
multisystemic disorder that primarily affects the liver, kidney, skin, and central nervous and 
musculoskeletal systems (19,20,23,53). On a cellular level, Vps33B or VIPAS39 localize to Rab11-
positive REs and their disease-causing mutations causes mislocalization of apical and junctional 
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proteins and inhibit cell polarization (19,20). Our observations presented here connect Vps8 to 
the role of Vps33B and VIPAS39 in recycling of apical proteins, implicating Vps8 as an additional 
ARC syndrome target. The connection between Vps8 and ARC syndrome is supported by the 
recent discovery of Vps8 mutations in patients suffering from arthrogryposis (54). 
During directed cell migration, cells polarize towards a given stimulus, which requires adjusting 
of their cytoskeletal and endolysosomal system (55). Here we show that knockdown of Vps8 in 
HeLa cells reduces this polarization and inhibits cell migration. In a previous study we showed 
that knockdown of Vps3 and Vps8 inhibited random cell migration as a result of decreased 
β1 integrin recycling (chapter 3). Random migration of cells in 2D is promoted by β1 integrin 
signaling pathways, whereas directed cell migration is promoted by signaling from β3 integrins 
(56–58). Specific recycling of β1 or β3 integrins therefore regulates random or directed cell 
migration, respectively. Preliminary studies using IEM failed to detect β3 integrins as cargo for 
the Vps3/8-dependent transport pathway (unpublished observations). Therefore, we do not 
think it likely that the reduction of directed cell migration presented here is caused by reduced 
β3 integrin recycling. Determining the recycling efficiency of β3 integrin after Vps8 knockdown 
could unequivocally exclude this hypothesis. In addition, identification of additional cargo of the 
Vps8-positive recycling vesicles is necessary to determine which proteins influence the front-rear 
polarization during directed cell migration.
Here we localized Vps8 to the site of abscission, providing the first ever link between Vps8 and 
cytokinesis. During cytokinesis, vesicular transport from Rab11-positive REs is needed to complete 
abscission (48,59–61). Knockdown of Vps8 reduced successful cytokinesis, similar to the effect 
of Rab11 knockdown (48). This suggests that disruption of Vps8 dependent transport to REs 
causes defects in cytokinesis. Alternatively, Rab35, an EE-protein that regulates Arf6-dependent 
recycling to the PM, is also required for successful abscission (62). However, dominant negative 
Rab35 expression results in severe accumulation of transferrin-positive endosomes (63), a 
phenotype that was not observed after Vps8 knockdown. Therefore we postulate that disruption 
of EE-to-RE transport by Vps8 knockdown results in the observed failed and delayed abscission.
Taken together, our data show a role for Vps8 in the apical recycling pathway of polarized cells, 
which is important for induction of cellular polarity. 
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Materials & Methods
Cell culture and transfection
All cell lines were grown at 37°C and 5% CO2.  HeLa cells (ATCC clone ccl-2) were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat inactivated Fetal 
Bovine Serum (FBS), 2mM L-Glutamin, 100U/mL penicillin and 100µg/mL streptomycin (hereafter 
complete DMEM). MDCK cells were grown in 8-well chamber slides (Ibidi), pre coated with a thin 
layer of matrigel (BD-biosciences). Per well 10.000 cells were resuspended in 1x DMEM containing 
a final concentration of 20mM HEPES (Sigma), 56ug/mL collagen I (Sigma), 10% heat inactivated 
FBS, 100U/mL penicillin, 100µg/mL streptomycin, 2mM L-Glutamin and 50% Matrigel Basement 
Membrane Matrix (BD-biosciences). After solidifying overnight, fresh 1xDMEM containing 
10%FBS and P/S was added on top of the matrix and refreshed every 48 hours. HepG2 cells 
were grown in complete DMEM. For imaging HepG2 cells were grown on glass coverslips coated 
with 30ug/mL Collagen to induce polarization. LS174T-W4 cells (64) were grown in RPMI1640 
supplemented with 10% Tetracyclin-free heat inactivated FBS, 2mM L-Glutamin, 100U/mL 
penicillin and 100µg/mL streptomycin. Induction of polarization was achieved by addition of 1 
ug/ml doxycycline to the culture medium for at least 16hours. HeLa cells were transfected with 
cDNA using Effectene transfection reagent (Qiagen) according to the manufacturer’s protocol. 
HepG2 cells and LS174T-W4 cells were transfected using Polyethylenimine (PEI) in a ratio of 1/5 
cDNA/PEI, using a protocol implementing a chase time. siRNA transfection was performed using 
HiPerfect transfection Reagent (Qiagen) according to manufacturer’s protocol.

Antibodies 
For immunofluorescence and Immuno-EM labeling: Rabbit-anti-Vps8 (Sigma), Mouse anti-HA 
(Covance), Goat anti-HA (Genscript), Rabbit anti-GFP (Acris), Mouse anti GM130 (BD). Rabbit 
anti-goat IGG (NORDIC) or rabbit anti-mouse IGG (Dako) was used to bridge between goat or 
mouse antibodies and protein-A gold (65). Fluorescent secondary antibodies were obtained 
from Invitrogen. For Immunoprecipitation and western blot we used Mouse anti-GFP (Roche), 
Mouse-anti-FLAG (M2, Sigma), Mouse anti-HA (Covance), Mouse-anti-Rab11 (clone47, BD) and 
Rabbit anti-GFP (Abcam). Fluorescent secondary antibodies were obtained from Li-Cor.

Reagents
5nm gold particles coupled to bovine serum albumin (BSA-Au5) and 10nm or 15nm gold 
particles conjugated to Protein-A were made on site (Cell Microscopy Core, UMC Utrecht, The 
Netherlands). HA-Vps8, Vps8-V5 and Vps8-GFP, untagged Vps33B were cloned from Vps8 cDNA 
purchased from Origen. Rab11-GFP and Rab11-mCherry were made on site. Vps8, Vps3, Vps11 
and Vps41 SMARTPool siRNAs were purchased from Dharmacon. Nocodazole was purchased 
from Sigma.
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Western blot
Cells were washed in ice cold PBS and scraped in E1A lysisbuffer (40mM TRIS pH7.4, 100mM 
NaCl, 0.1%TX-100, 5mMEDTA supplemented with cOmplete protease inhibitors (Roche)). Cells 
were lysed for 30min at 4°C followed by 15min centrifugation at max speed at 4°C to remove 
cell debris. Proteins were eluted using 1.5x sample buffer for 30min at 37°C, separated on a 7.5 
or 10% SDS-PAGE and transferred to Immobilon-FL PVDF membrane (Millipore). Membranes 
were blocked at room temperature using Odyssey blocking buffer in PBS (1:1) for 1 hour and 
incubated with selected primary antibodies diluted in Odyssey blocking buffer in PBST 0,2% (1:1). 
Membranes were washed in PBST 0,1% and incubated with desired secondary antibodies diluted 
in Odyssey blocking buffer in PBST 0,2% (1:1) for 1 hour at room temperature. Finally membranes 
were washed and imaged on an Odyssey imaging system (Li-Cor).

Immunofluorescence microscopy
Cells grown on sterile glass coverslips were washed with ice-cold PBS and fixed with 4% 
paraformaldehyde (PFA) in PBS for 20 minutes at RT (room temperature). Then, cells were 
permeabilized using 0,1% Triton-X100 in PBS for 5 minutes and blocked for 15 minutes using PBS 
supplemented with 1% BSA. Cells were labeled with primary antibodies diluted in blocking buffer 
at RT for 1 hour, washed, and labeled with fluorescent secondary antibodies for 30 minutes in the 
dark. After labeling the cells were washed and mounted using Prolong Gold antifade reagent with 
DAPI. MDCK cells grown in Matrigel on chamberslides were processed the same except these 
alterations: Primary antibody was added overnight instead of 1 hour, secondary antibody was 
added for 3 hours instead of 30 minutes, Prolong Gold antifade reagent with DAPI was pipetted 
on top. Cells were imaged on a Deltavision wide field microscope using a 100x/1.4A immersion 
objective or a Zeiss LSM700 confocal microscope using a 63X/1.4 immersion objective. 3D MDCK 
cells were imaged using the 20x 20X/0.8 objective on the LSM700. Widefield pictures were 
deconvolved using Softworx software and analyzed using FIJI. 

Immuno-electron microscopy
Sample preparation, ultrathin cryosectioning and immunolabeling were performed as in (65). 
In brief, cells were grown on 60mm dishes and fixed by the addition of freshly prepared 4% 
wt/vol paraformaldehyde (PFA) in 0.1M Phosphate buffer pH7.4 to an equal volume of culture 
medium for 10 min, followed by postfixation with fresh 4%PFA overnight at 4°C. Fixed cells were 
washed in PBS containing 0.05M glycine and gently scraped in PBS containing 1% gelatin. Cells 
were pelleted in 12% gelatin in PBS which was then left to solidify on ice and cut into small 
blocks. The blocks were infiltrated overnight in 2.3M sucrose at 4°C, mounted on alluminium 
pins and frozen in liquid nitrogen. 70nm ultrathin cryosections were cut on a Leica ultracut UCT 
ultracryomicotome and picked up in a freshly prepared 1:1 mixture of 2.3M sucrose and 1.8% 
methylcellulose. Sections were then immunogold labeled with antibodies and protein-A gold and 
examined on a JEOL TEM 1010 electron micoscope.
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Wound healing assay
HeLa cells were grown to 90% confluency, after which they were treated with 10 µg/ml of 
Mitomycin C (Sigma) for 3 hours to inhibit proliferation. Three hours after addition of Mitomycin 
C, cells were washed twice with 1X PBS and a linear scratch was made on the plate using a yellow 
tip. The cells were washed one more time with 1X PBS. The cells were then returned to complete 
medium and observed under an Inverted microscope fitted with a stage maintained at 370C and 
5% CO2. Cells were observed for 20 hr. Migration was measured ImageJ software. The wound 
was photographed at three positions across the length of the wound. Migration is the difference 
between wound width at time 0hr and time 20 hr. 

Golgi reorientation assay
HeLa Cells knocked down for target proteins were seeded in a glass bottom 35mm to a confluency 
of 90%.  A linear scratch wound is made in the confluent monolayer with a pipette tip. Cells were 
fixed at 0 and 5-6 h following wounding. The Golgi was stained with an antibody directed against 
the Golgi-specific membrane protein GM130 and the nucleus stained with DAPI. To measure 
Golgi orientation, 120° angles were drawn (Image J) from the center of the nucleus on cells that 
lined the edge of the wound, creating three sectors. The angles were drawn such that one of the 
120° sectors faced the edge of the wound (sector A). If the Golgi encompassed a sector away 
from the wound edge or spanned any two sectors, it was categorized as polarized in a different 
direction away from the wound edge. Golgi found within all three sectors were classified as non-
polarized. All of the cells at the wound edge in three fields were categorized (120–150 total cells) 
per siRNA treatment and per time point.

Cytokinesis Imaging
HeLa cells knocked down for target proteins were treated overnight with thymidine to block cells 
in the G1 phase. Cells were washed 3 times with warm 1XPBS and placed in complete medium 
and Imaged for 16 hours under an Inverted microscope fitted with a stage maintained at 370C 
and 5% CO2. All cells going through cell division were counted manually to score the defect per 
stage of cell division. 
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Abstract
The TGFβ signaling pathway regulates the expression of target genes through a downstream 
cascade of Smad proteins. Activated TGFβ receptors phosphorylate a complex of Smad2 and 
Smad3, which require Smad4 to transfer to the nucleus to modulate target gene expression. 
Recruitment of Smad4 to the TGFβ receptor and Smad2/3 complexes is chaperoned by TGFBRAP1, 
which was recently identified as the TGFBRAP1/Vps3 subunit of the early endosomal class-C core 
vacuole endosome transport (CORVET) tethering complex. Suggesting a dual role in trafficking 
and signaling. Since the trafficking role of TGFBRAP1/Vps3 requires recruitment to endosomes, 
we investigated whether the signaling role of TGFBRAP1/Vps3 also depends on its endosomal 
localization. We find that TGFBRAP1/Vps3 together with its interaction partner Vps8 facilitates 
the endosomal recruitment of Smad4. Additionally, we find that TGFBRAP1/Vps3 and Vps8 are 
required for recycling of TGFβ receptor II from endosomes to the plasma membrane. Moreover, 
TGFBRAP1/Vps3 or Vps8 overexpression decreases TGFβ-induced downstream target gene 
transcription. Together our findings identify TGFβ receptors as cargo for a recently discovered 
Vps3/8-regulated recycling pathway, and imply a role for TGFBRAP1/Vps3 and Vps8 in TGFβ 
signaling, which depends on their endosomal localization.

Introduction
 Transforming growth factor-beta (TGFβ) is a cytokine belonging to the TGF-β superfamily 
of growth factors, which includes Bone Morphogenetic Proteins (BMPs) and Growth and 
differentiation factors (GDFs). TGFβ-family members regulate cell proliferation, tissue homeostasis 
and cell motility by modulating the expression of hundreds of genes in a cell type specific manner 
(1,2). Disruption of these factors or their downstream pathways are associated with many severe 
human diseases like cancer, diabetes, immunity disorders, Parkinson’s disease, tissue fibrosis and 
heart disease (3–8). TGFβ signaling starts with binding of TGFβ to type II cell surface receptors 
(TGFBRII), which induces complex formation with type I (TGFBRI) receptors. The Ser/Thr kinase 
TGFBRII then phosphorylates TGFBRI, which triggers the association and phosphorylation of 
Receptor-regulated Smad proteins Smad2 and Smad3 (R-Smads). The phosphorylated R-Smads 
then bind the co-Smad Smad4, after which the Smad2/3/4 complex shuttles to the nucleus. 
There they act as transcriptional regulators that modulate the expression of an extensive amount 
of genes (1,9–11).
 Endocytosis provides a mechanism to up or downregulate signaling from cell surface 
receptors. For example, the availability of positively regulating effector proteins on endosomes 
can enhance signaling. Alternatively, endocytosis can negatively regulate signaling by separating 
receptors from cytosolic effectors, inducing receptor-ligand dissociation, and ultimately, by 
receptor degradation (12–16). Receptors that are not degraded can be recycled to the plasma 
membrane (PM) to participate in an additional round of signaling (17–19). These regulatory 
mechanisms provide a tight association between the endocytic pathway and receptor mediated 
signaling. 
TGFBRI and TGFBRII are constitutively internalized (20–22), although endocytosis can also be 
triggered by ligand binding. (23–25). After transport to early endosomes (EEs), activated receptor 
complexes associate with Smad Anchor for Receptor Activation (SARA), which is recruited to EEs 
by binding phosphatidylinositol-3-phosphate (PI3P) (26). SARA recruits Smad2 to the activated 
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TGFβ receptor complex on endosomes, thereby facilitating the phosphorylation of Smad2 by 
the receptor complex (26–28). Since SARA-mediated Smad activation can only occur at EEs, 
endocytosis is a crucial step in TGFβ signaling (22,28,29).
Transforming growth factor-beta receptor associated protein 1 (TGFBRAP1) was initially identified 
as a Smad4 chaperone in the TGFβ signaling cascade. TGFBRAP1 binds Smad4 and TGFβ receptor 
2 (TGFBRII), mediating the transfer of Smad4 to the phosphorylated Smad2/3 complex (30). 
Interestingly, TGFBRAP1 was recently identified as a subunit of the mammalian EE class-C core 
vesicle endosome tethering (CORVET) complex (31,32). This highly conserved multisubunit 
tethering complex consists of Vps3, Vps8, Vps11, Vps16, Vps18 and Vps33a. As part of the 
CORVET complex, TGFBRAP1/Vps3 mediates the homotypic fusion of EEs (32). Independent from 
CORVET, TGFBRAP1/Vps3 and are required for vesicular transport from EEs to REs (chapter 3). 
The identification of TGFBRAP1 as the Vps3 subunit of CORVET raises a number of interesting 
questions. The model of Wurthner et. al. (30) describes the function of TGFBRAP1 before the 
connection with CORVET was made. Therefore it is unknown if any of the other CORVET subunits 
are involved in the Smad4 chaperone function. Moreover, since TGFBRAP1/Vps3 is recruited to 
EEs and recycling vesicles for its role in membrane trafficking (31,32), this poses the question 
whether an endosomal localization is also required for its chaperone function.
Here, we examine the function of TGFBRAP1/Vps3 as a Smad4 chaperone in relation to its 
localization on EEs. In our studies we include Vps8, which is required for endosomal localization of 
TGFBRAP1/Vps3. We find that both TGFBRAP1/Vps3 and Vps8 affect TGFβ signaling by regulating 
the endosomal recruitment of Smad4, as well as by regulating the endosomal recycling of 
TGFBRII. Our data directly link the vesicular transport function of TGFBRAP1/Vps3 to its role in 
signalling.
 



5

114

Chapter 5

Results
TGFβ pathway activation downregulates TGFBRAP1/Vps3 expression while not altering its 
localization
The model of Wurthner et. al. (30) postulates that TGFBRAP1/Vps3 is a chaperone that binds to 
Smad4 for presentation to the phosphorylated Smad2/3 complex at the TGFβ receptor complex  
(30). In steady state, the majority the TGFβRII localizes at the PM (33), and TGFβ stimulation 
can induce Smad4 association with the PM (34). Localization microscopy of TGFBRAP1/Vps3 by 
both immunofluorescence (IF) and immuno-electron microscopy (IEM) however, showed that 
TGFBRAP1/Vps3 is recruited to EEs and recycling vesicles, but not the PM (chapter3) (31,32). 
This raises the questions at which site TGFBRAP1/Vps3 binds Smad4, and if TGFβ stimulation 
can induce relocalization of TGFBRAP1/Vps3 from EEs to the PM. HeLa cells are a commonly 
used model system for endocytosis studies and known responders to TGFβ stimulation (35). We 
determined the TGFβ responsiveness of our HeLa cell line by expressing a construct containing 
the Smad3 consensus site GACAGA coupled to a luciferase reporter. Using an established 
luciferase reporter assay (36), we showed that our HeLa cell line responded significantly and 
reproducibly to TGFβ stimulation (fig. 1a). Next, we studied the localization of TGFBRAP1/Vps3 
upon TGFβ stimulation by IF microscopy. HeLa cells expressing HA-Vps3 were stimulated with 
TGFβ for 24 hours and immunolabeled for HA. In non-stimulated cells, HA-Vps3 localized to the 
cytosol and EEs as shown before (31,32). Notably, addition of TGFβ did not induce re-localization 
of HA-Vps3 towards the PM (fig. 1b). We then performed identical experiments for Vps8, which 
interacts with TGFBRAP1/Vps3 and is needed for recruitment of TGFBRAP1/Vps3 to EEs (32). 
Similar to TGFBRAP1/Vps3, the localization of HA-Vps8 was not altered upon TGFβ stimulation 
(fig. 1b). These data show that both TGFBRAP1/Vps3 and its interaction partner Vps8 show a 
strict endosomal localization pattern and are not recruited to the PM upon TGFβ stimulation.
 Induction of TGFβ signalling results in modulation of the expression of hundreds of 
genes. To establish whether TGFβ signaling affects the expression levels of TGFBRAP1/Vps3 
we performed qPCR analysis. We used the immortalized non-tumorigenic human mammary 
epithelial (HMLE) cell line in which the transcriptional response to TGFβ stimulation is well 
documented (37,38). This assay showed that upon TGFβ stimulation TGFBRAP1/Vps3 mRNA 
levels decreased significantly. By contrast, Vps8 mRNA levels remained unaltered (fig. 1c). These 
results indicate TGFBRAP1/Vps3 as a direct downstream target of the TGFβ signaling pathway. To 
test this we used Smad3 chromatin-IP sequencing analysis on the whole genome of HMLE cells. 
We found that binding of Smad3 to the start of the TGFBRAP1 gene is increased after stimulation 
of the cells with TGFβ (fig. 1d.), indicating that TGFBRAP1/Vps3 is a direct target of the TGFβ 
signaling pathway.
 Together these results show that TGFBRAP1/Vps3 expression levels are downregulated 
by TGFβ stimulation, possibly as a direct effect of Smad3 binding to the upstream region of the 
TGFBRAP1 start site. The downregulation is specific for TGFBRAP1/Vps3 since expression of 
its binding partner Vps8 is not altered upon TGFβ stimulation. The membrane localizations of 
TGFBRAP1/Vps3 or Vps8 remain endosomal in response to TGFβ treatment, suggesting that a 
role for TGFBRAP1/Vps3 as Smad4 chaparone would take place at EEs, not the PM.
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Figure 1. (a) HeLa cells overexpressing HA-Vps3 or HA-Vps8 were stimulated with TGFβ for 24 hours and labeled with 
anti-HA. TGFβ stimulation did not alter HA-Vps3 or HA-Vps8 localization. Bars 10µM. (b) Luciferase assay of Hela cells 
expressing a CAGA-luciferase reporter shows activation of the reporter after addition of TGFβ to the growth medium, 
indicating an intact TGFβ signaling pathway. Error bars represent the standard deviation of the mean (SD). (c) qPCR analysis 
of TGFBRAP1/Vps3 and Vps8 expression shows that TGFβ stimulation of HMLE reduces TGFBRAP1/Vps3 transcription. 
Vps8 mRNA levels are unaffected. Error bars represent SD. (d) Visualization of Smad3 Chromatin IP sequencing profiles 
in the genomic region of the TGFBRAP1/VPS3 locus in TGFβ treated or unstimulated conditions. Upon TGFβ treatment 
binding of Smad3 to the start site of the TGFBRAP1/VPS3 gene is increased.
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Vps3 and Vps8 are required for Smad4 localization to early endosomes
Endocytosis of TGFβ receptors is a constitutive process that occurs independently from ligand 
binding (17,25,39). However, endocytosis is a prerequisite for TGFβ signaling (22,28,29). At EEs 
the TGFβ receptor complex interacts with SARA, which mediates phosphorylation of Smad2 by 
the TGFβ receptor complex (27,28,40,41). SARA is an endosome associated protein, endocytosis 
of the TGFβ receptor complex is therefore required for stimulation of the pathway. Since 
TGFBRAP1/Vps3 retains a strict EE localization after TGFβ stimulation (fig. 1a), the proposed 
Smad4 chaperone function of TGFBRAP1/Vps3 is likely to take place at EEs. To establish if 
TGFBRAP1/Vps3 and Smad4 colocalize on EEs after TGFβ stimulation we expressed HA-Vps3 in a 
stable Smad4-GFP expressing HeLa cell line. IF microscopy revealed that both in TGFβ stimulated 
and unstimulated conditions Smad4 and TGFBRAP1/Vps3 colocalize on endosomes (fig. 2a, 2b). 
These endosomes were also positive for Vps8 (fig. 2a, 2b), consistent with previous colocalization 
studies of TGFBRAP1/Vps3 and Vps8. Strikingly, we found more Smad4-GFP punctae in cells 
expressing TGFBRAP1/Vps3 or Vps8 than in cells expressing Smad4-GFP alone (fig. 2a, 2b, 
marked with *). This indicates that TGFBRAP1/Vps3 and Vps8 stimulate recruitment of Smad4 to 
EEs. To test this hypothesis we knocked down TGFBRAP1/Vps3 and Vps8 in the stable Smad4-GFP 
expressing HeLa cell line and calculated the percentage of cells that show significant (>5 punctae) 
endosomal Smad4 localization (fig. 3). This revealed that after knockdown of TGFBRAP1/Vps3 or 
Vps8, significantly less cells contain endosomal Smad4 (fig. 3).
Together these results show that TGFBRAP1/Vps3 and Vps8 colocalize with Smad4 on EEs, 
independent of TGFβ stimulation. Moreover, increased levels of TGFBRAP1/Vps3 and Vps8 
stimulate the endosomal recruitment of Smad4.

Overexpression of TGFBRAP1/Vps3 inhibits TGFβ target gene expression
Our data show that knockdown of TGFBRAP1/Vps3 or its binding partner Vps8 reduces recruitment 
of Smad4 to EEs. To establish if this reduced EE localization of Smad4 affects TGFβ signaling, we 
performed qPCR analysis of several of the TGFβ target genes on HMLE cells after TGFBRAP1/
Vps3 or Vps8 knockdown. This showed that neither knockdown of TGFBRAP1/Vps3 nor of Vps8 
significantly reduces Serpin1, N-cadherin or TGFβ RNA levels after TGFβ stimulation (fig. 4a). 
By contrast, we found a slight increase in target gene expression (fig. 4a) although this was not 
statistically significant. Thus, although endosomal Smad4 levels are reduced upon TGFBRAP1/
Vps3 or Vps8 knockdown (fig. 3), the signaling capacity of the pathway remains intact. We then 
studied the effect of overexpression of TGFBRAP1/Vps3 or Vps8 on TGFβ signaling. Strikingly, 
overexpression of HA-Vps3 or HA-Vps8 significantly reduced the expression of TGFβ target 
genes (fig. 4b). These results suggest that overexpression of TGFBRAP1/Vps3 or Vps8 inhibits 
the TGFβ-induced Smad-mediated signaling cascade. Inhibition of signaling by TGFBRAP1/Vps3 
or Vps8 overexpression could either be caused by inhibition of the translocation of Smad4 from 
EEs to the nucleus, or by another negative feedback mechanism, possibly involving the role of 
TGFBRAP1/Vps3 and Vps8 in trafficking.
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Figure 2. IF microscopy of HeLa cells expressing Smad4-GFP and HA-Vps3 (a) or HA-Vps8 (b) in the presence or absence 
of TGFβ. Both HA-Vps3 and HA-Vps8 clearly overlap with Smad4. These colocalization punctae represent endosomal 
localization of Smad4. Notably, TGFBRAP1/Vps3 or Vps8 overexpressing cells show more endosomal Smad4 compared to 
cells expressing Smad4-GFP alone (marked with *). Bar 10µm.
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Figure 3. (a) IF microscopy of HeLa cells expressing Smad4-GFP. Knockdown of TGFBRAP1/Vps3 or Vps8 results in a 
marked decrease of Smad4-GFP punctae representing EE-associated Smad4 (white arrows). (b) Quantification of (a) by 
calculating the percentage of cells with >5 endosomal Smad4 punctae. The number of cells with more than 5 Smad4-GFP 
punctae was significantly reduced after TGFBRAP1/Vps3 or Vps8 knockdown. Bars 10µm. Error bars represent SD.
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Vps3 and Vps8 knockdown induces intracellular accumulation of TGFBRII
Previously it was shown that TGFBRAP1/Vps3 and Vps8 function in EE-EE fusion as part of the 
CORVET complex (32), and independent from the CORVET complex in EE to recycling endosome 
(RE) transport (chapter 3). The latter pathway is required for transport of β1 and α5 integrin 
recycling, but not transferrin recycling. Vps3/8 dependent recycling involves transport through 
Rab4 and Rab11 positive compartments. Since TGFβ receptor I and II recycling is also Rab4 and 
Rab11 dependent (18), this prompted us to investigate whether TGFBRAP1/Vps3 and Vps8 are 
required for TGFβ receptor recycling. To measure an effect on TGFBRII recycling, we expressed 
TGFBRII-FLAG in HeLa cells knocked down for TGFBRAP1/Vps3 or Vps8. By IF microscopy, TBGBRII-
FLAG in control cells was mainly found on the PM, with some intracellular punctae. Knockdown 
of TGFBRAP1/Vps3 or Vps8 reversed this pattern resulting in a marked intracellular accumulation 
of TGFBRII-FLAG (fig. 5). Since endocytosis continues after TGFBRAP1/Vps3 or Vps8KD (chapter 
3) (32), we postulate that TGFBRAP1/Vps3 and Vps8 are required for recycling of TGFBRII. 
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Figure 4. (a) qPCR analysis showing that TGFβ stimulation of HMLE cells knocked down for TGFBRAP1/Vps3 or Vps8 does 
not decrease transcription of TGFβ pathway target genes. (b) HMLE cells overexpressing (OE) HA-Vps3 or HA-Vps8 show 
significantly reduced transcription of target genes upon TGFβ treatment. Error bars represent SD.
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Scrambled TGFBRII-FLAG Vps3KD TGFBRII-FLAG Vps8KD TGFBRII-FLAG

Figure 5. Knockdown of TGFBRAP1/Vps3 or Vps8 in HeLa cells expressing TGFBRII-FLAG results in intracellular 
accumulation of TGFBRII (arrows), indicating a block in recycling of the receptor. Bars 10µm.

SMAD4 SMAD4

SMAD SMAD
32

SMAD4

SMAD SMAD
32

SMAD4

SMAD SMAD
32

SMAD4

SMAD SMAD
32

Receptor Recycling

Nucleus

SMAD2/3/4 translocation

SMAD4 association

Target gene transcription

Recycling endosomeEarly endosome

TGFβ ligand binding

Endocytosis

TGFβ Receptor
complex

TGFβ ligand

Vps8
Vps3

Vps3/Vps8
complex

SMAD complex

SMAD4

SMAD SMAD
32

A

B

Figure 6. Model of the proposed functions of TGFBRAP1/Vps3 and Vps8 in the TGFβ pathway. TGFBRAP1/Vps3 and 
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TGFBRAP1/Vps3 and Vps8 facilitate the endosomal localization of Smad4, possibly in conjunction with the CORVET 
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Discussion
In this study we investigated the role of TGFBRAP1/Vps3 as a Smad4 chaperone in the context 
of the endolysosomal system and as a part of the CORVET complex. We find that TGFBRAP1/
Vps3 is implicated in the TGFβ pathway by 2 separate mechanisms (fig. 6). Firstly, we show 
that TGFBRAP1/Vps3, as well as its binding partner Vps8, mediate the recruitment of Smad4 
to endosomes, pinpointing EEs as the site of the proposed chaperone function of TGFBRAP1/
Vps3 (fig. 6, highlighted in A). Secondly, we show that TGFBRII accumulates intracellularly 
upon knockdown of TGFBRAP1/Vps3 or Vps8 identifying TGFβ receptors as additional cargo 
for the specialized Vps3/8-dependent recycling pathway (chapter 3) (fig. 6, highlighted in B). In 
addition we show that TGFBRAP1/Vps3 expression is affected by TGFβ signaling, indicating that 
TGFBRAP1/Vps3, but not Vps8, is part of a feedback mechanism in the TGFβ pathway. Our data 
show that the proposed role of TGFBRAP1/Vps3 in the TGFβ signaling pathway is dependent on 
its EE localization and at least in part performed in conjunction with Vps8.
Both TGFBRAP1/Vps3 and Vps8 overexpression increases EE recruitment of Smad4, and both 
their knockdowns reduce EE localization of Smad4. Since no direct interactions between Vps8 
and Smad4 have been detected to date, the role of Vps8 in Smad4 localization is likely indirect, 
via TGFBRAP1/Vps3. Concomitantly, we find that TGFβ pathway activation downregulates 
TGFBRAP1/Vps3 but not Vps8. Together these data suggests that the chaperone function of 
TGFBRAP1/Vps3 requires Vps8 for recruitment to endosomes. Vps8 and TGFBRAP1/Vps3 reside 
together on EEs as part of the CORVET complex and on REs independently of CORVET (32) 
(chapter 3). Further studies are required to establish whether TGFBRAP1/Vps3 binds Smad4 in 
either or both settings.
We revealed that TGFBRAP1/Vps3 and Vps8 dependent recruitment of Smad4 to EEs is 
independent of TGFβ pathway activation. Moreover, TGFβ stimulation did not alter TGFBRAP1/
Vps3 localization, which remained EE-associated. This suggests that Smad4 is continuously 
recruited to EEs, independent of pathway activation. This raises the question why Smad4 
recruitment occurs independent from pathway activation. A plausible explanation is that pathway 
activation induces SARA-dependent phosphorylation of Smad2, which is restricted at EEs. Smad2 
phosphorylation disrupts the binding between TGFBRAP1/Vps3 and Smad4 (30), allowing Smad4 
to bind the Smad2/3 complex and translocate to the nucleus. If the chaperone role of TGFBRAP1/
Vps3 would require TGFβ activation, it would simultaneously induce and disrupt the interaction 
between TGFBRAP1/Vps3 and Smad4. Thus, we propose that Smad4 is constitutively recruited 
to endosomes by TGFBRAP1/Vps3 and that activation of the TGFβ pathway is needed to allow 
nuclear translocation.
Knockdown of Vps8 or TGFBRAP1/Vps3 decreased Smad4 recruitment to EEs but had no effect 
on TGFβ signaling. A possible explanation is that Smad4 is also recruited to EEs by other proteins. 
Endofin, a FYVE-domain containing protein, localizes to EEs and interacts with Smad4 and 
TGFBRI. Knockdown of Endofin or deletion of its FYVE domain reduces Smad2 phosphorylation 
and Smad2-Smad4 complex formation (42). Since TGFBRAP1/Vps3 interacts with TGFBRII (30), 
and Endofin interacts with TGFBRI (42), TGFBRAP1/Vps3 and Endofin could present Smad4 to 
Smad2 at EEs in a cooperative manner. Further studies on the interplay of TGFBRAP1/Vps3 and 
Endofin are needed to clarify the exact mechanism in Smad4 presentation on endosomes.
Although TGFBRAP1/Vps3 or Vps8 knockdown did not affect TGFβ signaling, we found a major 
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effect on TGFBRII localization, resulting in the intracellular accumulation of the receptor (fig. 
5b). As transport machinery proteins, TGFBRAP1/Vps3 and Vps8 are required for EE fusion (1) 
and transport from EEs to REs (chapter 3). Until now, only integrins are an established cargo 
for the EE to RE pathway mediated by TGFBRAP1/Vps3 and Vps8. The TGFBRII accumulation 
phenotype resembles that of integrin recycling defects, suggesting that TGFβ receptor recycling 
also depends on the TGFBRAP1/Vps3 and Vps8 mediated pathway. Accumulation of intracellular 
TGFBRII after TGFBRAP1/Vps3 or Vps8 knockdown could prolong endosomal localization of the 
activated receptor complex, thereby positively modulating TGFβ signaling. This scenario would 
explain the slight increase in TGFβ signaling shown in fig. 4a, which is in agreement with earlier 
observations (30). However, additional studies are required to confirm that TGFβ receptors are 
cargo for the Vps3/8-dependent recycling pathway.
Remarkably, we observed a significant reduction of TGFβ signaling after overexpression of 
TGFBRAP1/Vps3 or Vps8. This could be attributed to increased recycling of TGFβ receptors, resulting 
in reduced signaling from endosomes. Alternatively, or additionally, increased recruitment and 
prolonged localization of Smad4 to EEs caused by TGFBRAP1/Vps3 overexpression could inhibit 
translocation of the Smad2/3/4 complex to the nucleus. These findings are in contrast with earlier 
observations showing that overexpressing of TGFBRAP1/Vps3 does not decrease TGFβ signaling 
(30). However, overexpression of a truncated TGFBRAP1/Vps3 mutant that irreversibly binds 
Smad4 does downregulate TGFβ signaling (30). Possibly, higher TGFBRAP1/Vps3 overexpression 
in our cell system was able to mimic the dominant negative effect of truncated Vps3.
In conclusion, we show that TGFBRAP1/Vps3 acts as a Smad4 chaperone in the TGFβ signaling 
pathway by recruiting Smad4 to EEs. In addition, we propose a role for TGFBRAP1/Vps3 in TGFβ 
receptor recycling. The role of TGFBRAP1/Vps3 in TGFβ signaling thus depends on a tight balance 
between Smad4 recruitment and receptor recycling. Finally, since TGFBRAP1/Vps3 exerts its 
signaling function in conjunction with Vps8, our data link the CORVET tethering complex to the 
TGFβ signaling cascade, which is a completely new role for this complex.
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Materials & Methods

Cell culture and transfection
All cell lines were grown at 37°C and 5% CO2.  Hela cells (ATCC clone ccl-2) and stable HeLa 
cells with inducible Smad4-GFP expression were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% heat inactivated Fetal Bovine Serum (FBS), 2mM 
L-Glutamin, 100U/mL penicillin and 100µg/mL streptomycin. The inducible HeLa-Smad4-GFP 
line was grown in medium supplemented with 5 μg/mL blasticidin S and 250 μg/mL hygromycin 
B (Roche Diagnostics, Mannheim, Germany)  Non-transformed human mammary epithelial 
cells (classified as HMLE hTERT) were cultured in a 1:1 ratio of DMEM/F12 glutaMAX medium 
(Invitrogen) supplemented with insulin (Sigma), EGF (Lonza), hydrocortisone (Sigma), penicillin-
streptomycin (Invitrogen) and MEGM medium (Lonza) supplemented with growth factors 
according to manufacturer’s protocol. The stable doxycycline inducible Smad4-GFP HeLa cell line 
was created by co-transfecting pOG44 Flp-Recombinase expression vector along with pCDNA5/
FRT/TOSmad4-GFP expression vectors into HeLa FRT cells using polyethyleneimine (PEI). 48 
hours after transfection growth medium was to select for the Tet repressor and expression 
vector integration. HeLa cells were transfected with cDNA using Effectene transfection reagent 
(Qiagen) according to the manufacturer’s protocol. HMLE cells and were transfected using 
Polyethylenimine (PEI) in a ratio of 1/5 cDNA/PEI. SMARTPool siRNAs were purchased from 
Dharmacon and siRNA transfection was performed using HiPerfect transfection Reagent (Qiagen) 
according to manufacturer’s protocol. TGFβ treatment was performed by supplementing the 
normal culture medium with 2.5ng/ml of TGF-β1 (Sigma-Aldrich-Aldrich, Missouri, USA).

Antibodies and constructs
For immunofluorescence labeling: Mouse anti-HA (Covance), Mouse-anti-FLAG clone M2 
(Sigma), Rabbit-anti-TGFBRII (Santa Cruz). Fluorescent secondary antibodies were obtained 
from Invitrogen. For Western blot: Rabbit-anti-Vps8 (Sigma), Rabbit-anti-TGFBRAP1 (sigma), 
Mouse-anti-αtubulin (Sigma). For chIP: Rabbit-anti-Smad3 (ab28379, abcam). HA-VPS8 was 
purchased from Origene and inserted into pcDNA3.2-HA/DEST vector (Invitrogen) using Gateway 
recombination cloning. TGFBRAP1-HA was a generous gift from J. Neefjes (NKI, Amsterdam, 
The Netherlands), Smad4 cDNA IMAGE clone was purchased from Dharmacon and cloned into 
pENTR vector using Gateway cloning. To obtain a HeLa FRT compatible expression vector, the 
pENTR vector containing Smad4 was recombined using the Gateway system into pCDNA5/FRT/
TO/N-GFP according to manufacturer’s protocol (Thermo Fischer Scientific, Waltham, MA).

Western Blotting
Cells were washed with PBS and lysed in Laemmli buffer [0.12 mol/L Tris-HCL (pH 6.8), 4% 
SDS and 20% glycerol]. Samples were analyzed by Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electrophoretically transferred to polyvinylidene difluoride 
membrane (Milipore). The membranes were blocked with 5% milk protein in TBST (0.3% Tween, 10 
mM Tris pH8 and 150 mM NaCl in H2O) and probed with primary antibodies. Immunocomplexes 
were detected using ECL and exposure to Kodak XB films (Rochester, NY)
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Luciferase Assays
HeLa cells were knocked down for 48 hours in 24 wells-plate (Nunc) and transfected overnight 
with CAGA-luciferase reporter and TK Renilla-luciferase constructs. After 24 hours of transfection, 
cells were washed twice with PBS and lysed in 50 µL of passive lysis buffer (Promega) for 20 
minutes. 20 µL of the cell lysate was assayed for luciferase activity using Dual–Luciferase Reporter 
Assay System (Promega).
 
Immunofluorescence microscopy
Cells grown on sterile glass coverslips were washed with ice-cold PBS and fixed with 4% 
paraformaldehyde (PFA) in PBS for 20 minutes at RT (room temperature). Then, cells were 
permeabilized using 0,1% Triton-X100 in PBS for 5 minutes and blocked for 15 minutes using PBS 
supplemented with 1% BSA. Cells were labeled with primary antibodies diluted in blocking buffer 
at RT for 1 hour, washed, and labeled with fluorescent secondary antibodies for 30 minutes in the 
dark. After labeling the cells were washed and mounted using Prolong Gold antifade reagent with 
DAPI. Cells were imaged on a Deltavision wide field microscope using a 100x/1.4A immersion 
objective or a Zeiss LSM700 confocal microscope using a 63X/1.4 immersion objective. Widefield 
pictures were deconvolved using Softworx software and analyzed using FIJI. Quantification of 
Smad4 punctae was performed using FIJI. Cells containing >5 punctae with an intensity of 3 times 
the cytosolic intensity were scored manually.

Quantification of RNA Expression
mRNA was extracted from HeLa and HMLE cells using a Rneasy mini Isolation Kit (Qiagen). 
According to the manufactures protocol for single-stranded cDNA synthesis, 500 ng of total RNA 
was reverse transcribed using iScript cDNA synthesis kit (BIO-Rad). cDNA samples were amplified 
using SYBR green supermix (BIO-Rad), in a MyiQ single-color real time PCR detection system 
(BIO-Rad) according to the manufacturés protocol. To quantify the data, the comparative Ct 
method was used. Relative quantity was defined as 2− ΔΔCt and β2-Microglobulin was used as 
reference gene.

Antibody uptake
HeLa cells were incubated at 4°C for 1hr with Rabbit-anti-TGFBRII (Santa Cruz) diluted in serum 
free DMEM to a final concentration of 10µg/ml. Excess antibody was removed by 2 washes 
with cold DMEM. Cells were transferred to pre-warmed complete DMEM, and endocytosis was 
allowed for 2hrs at 37°C. Surface-bound antibodies that were not endocytosed were removed 
with 2 acid washes (0.5% Acetic acid, 0.5M NaCl) at 4°C. Cells were fixated and preparation for 
immunofluorescence microscopy as described above.

Chromatin Immuno-precipitation (ChIP)
ChIP was performed as previously described (43). HMLE cells were crosslinked with 2 mM 
disuccinimidyl glutarate (Thermo Fisher Scientific) and 1% formaldehyde, cells were lysed in pre-
immunoprecipitation buffer (10 mM Tris, 10 mM NaCl, 3 mM MgCl2 and 1 mM CaCl2). Chromatin 
was prepared and ChIP was performed according to the Millipore online protocol using 5 µg of 
rabbit-anti-Smad3 (ab28379, abcam) or rabbit IgG as a control.
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Abstract
Transfection of cells using polyethylenimine (PEI) polymers is a widely used technique for gene 
insertion and exogenous protein expression that offers several advantages over virus or lipid 
based transfection methods. PEI facilitates endocytosis of DNA into the cell, release of DNA from 
the endolysosomal system and protection from nucleases. Although PEI is extensively investigated 
for application in research and therapy, the mechanism of release from the endosomal system 
has remained a point of debate. The most prevailing model states that PEI causes endosomal 
rupture, resulting in release of PEI-DNA complexes into the cytosol. Hence, the use of PEI 
transfection should be applied with great care in studies on the endosomal system, since PEI 
transfection could induce endosomal artefacts. Here we study the effect of PEI transfections on 
the endolysosomal system. Using fluorescent and electron microscopy we find a decrease in early 
endosomes after PEI transfection. Adapting the PEI transfection protocol by including a chase 
time after initial uptake of the PEI-DNA polyplexes rescues this phenotype without affecting the 
efficiency of PEI transfection. Our data result in an adapted protocol for PEI transfection that can 
be used in studies involving the endolysosomal system.

Introduction
Exogenous expression of (tagged) proteins is a commonly used method in Life Sciences studies. 
For example, to localize proteins using fluorescence or electron microscopy when endogenous 
protein levels are too low for detection or when there are no specific antibodies available. 
Also numerous functional assays, for example luciferase assays or co-immunoprecipitations, 
often require over-expression of (tagged) proteins to obtain sufficient levels for quantitative 
measurements. Clearly, the transfection method used to express the protein of interest should 
have minimal effect on the cells, to allow unbiased measurements. However, transfection 
protocols pose a number of strains onto cells in order to deliver foreign DNA to the nucleus and 
to escape the cells natural defense mechanisms against incorporation of non-self DNA (1). A 
common technique is the use of viruses and utilize their efficient mechanisms to overcome the 
obstacles raised by the cell. Alternative non-viral methods are based on lipid carriers or polymers 
which copy viral entry pathways and have the advantage that the safety regulations involving the 
work with viruses are not required (2).
 Polyethylenimine (PEI) is a synthetic polymer agent for nucleic acid delivery in vitro and 
in vivo. Since its initial discovery as a transfection agent (3) it has become one of the most widely 
used gene transfer agents. The reasons for PEI’s popularity are numerous: i) PEI is not expensive 
and can be stored for several years. ii) PEI is able to transfect many different cell lines with high 
efficiency. iii) The protocol to use PEI is simple. iv). PEI can be chemically modified to adapt 
it for special transfection procedures. These advantages make PEI a favored reagent for gene 
transfections in biochemistry and cell biology research (Reviewed in (4)), as well as a research 
target for the application of gene therapy (5,6).
The efficiency of PEI in gene delivery relies on its chemical characteristics. PEI is a cationic 
polymer that efficiently binds to nucleic acids via charged amino groups (3). Despite extensive 
research, however, the details on the mechanism by which PEI transfects cells is still unclear. The 
PEI-DNA complexes, called polyplexes, condense into particles with a cationic surface, which can 
interact with anionic proteoglycans that are abundantly present on the cell surface (7–9). These 
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particles are endocytosed via clathrin dependent as well as clathrin independent endocytosis 
(10). After endocytosis the polyplexes need to escape from the endocytic system to the cytosol 
in order to reach the nucleus. The generally accepted mechanism for endosomal release is the 
“proton sponge” hypothesis (11), which refers to the buffering capacity of the cationic polymer. 
Endocytosis encompasses the transfer of endocytosed cargo from early endosome (EEs) to late 
endosomes (LEs) and finally lysosomes. Progression from EEs to LEs is indicated as endosomal 
maturation. During endosomal maturation the pH inside endosomes is lowered by resident 
ATPase proton pumps that actively translocate protons into the endosomes. This causes the 
polymers to be protonated, inhibiting acidification of the endosomal lumen. With no change in 
pH, the ATPase proton pumps will continue to translocate protons into the endosomes, resulting 
in an accumulation of protons inside endosomes causing an influx of water and chloride ions. This 
causes osmotic swelling of endosomes leading to disruption of their membrane and consequent 
release of the PEI-DNA polyplexes to the cytosol (12,13) (fig. 1). In the cytosol a portion of the 
PEI-DNA polyplexes enter the nucleus either via the nuclear pore complex or after dismantling of 
the nuclear envelope during cell division (14). Although the general mechanism is well-studied 
and most difficulties are known, the practical efficiency of polymer transfections depends heavily 
on cell type and the type of polymer that is used (10).
Studies involving the endolysosomal system are often combined with protein expression to 
label distinct compartments, for example with fluorescent Rab5 or RAB7 to label EEs or LEs, 
respectively (15,16). However, since PEI transfections may cause endosomal membrane rupture, 
this imposes a problem for studying the endolysosomal system in combination with PEI-mediated 
transfection.
Here we test to what extend the endolysosomal system is affected by PEI-mediated transfections. 
We show that PEI transfections specifically affect EEs and provide a protocol to overcome these 
PEI-induced artefacts.
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Figure 1. Model depicting the proton sponge hypothesis. (a) DNA-PEI polyplexes are endocytosed and transported 
to endosomes. (b) During endosomal maturation resident v-ATPases on the endosomal limiting membrane pump 
protons into the lumen of endosomes resulting in a lower pH. Consequently PEI is protonated, which blocks the 
acidification of endosomes, resulting in more protons that are pumped into the lumen to lower the pH. (c) The 
proton accumulation is followed by passive influx of chloride ions, which increasing the ionic concentration, causing 
water influx. The resulting osmotic pressure causes swelling and rupture of endosomes, which releases their luminal 
content, including the DNA-PEI polyplexes, into the cytosol.
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Results
Transfected PEI-DNA polyplexes accumulate in the endosomal system
Endocytosis starts with vesicles that bud off from the plasma membrane (PM) and fuse with an 
early endosome (EE) (17). From EEs, endocytosed cargo can be recycled to the PM via recycling 
endosomes (REs) (18) or proceed to late endosomes (LEs) and lysosomes for degradation (19–
21). To track PEI-DNA polyplexes throughout the endolysosomal system, we transfected HeLa 
cells overnight with a GFP construct using a well-established PEI-based transfection protocol (22) 
with a DNA:PEI ration of 1:5, which we further refer to as protocol A. After overnight transfection, 
cells were fixed and prepared for electron microscopy (EM) to assess the cellular localization of 
the PEI-DNA polyplexes, which by EM are visible as dense aggregates of approximately 60-100 
nanometers (23). Using this protocol we could readily identify PEI-DNA polyplexes in EEs (fig. 2a, 
panel A), LEs and lysosomes (fig. 2a, panel B-D). The polyplexes appeared as individual particles 
(fig. 2a, Panel A, arrows), or larger accumulations consisting of multiple particles (fig. 2a, panel 
B-D). Only in very few cases did we encounter PEI-DNA polyplexes in the cytoplasm or nucleus 
(not shown). 
PEI-mediated transfection is believed to cause endosomal swelling prior to polyplex release. 
To identify an effect of PEI-mediated transfection on the ultrastructure of the endolysosomal 
compartments, we quantified the size of endosomes after PEI-mediated transfection and control 
cells. Endocytosed PEI polyplexes prevent accurate determination of endosome subtype by 
morphology (fig. 2a), therefore all endosomes in a given cell were measured. This revealed a 
significant increase in endosome size after transfection, indicating endosomal swelling occurred 
(fig. 2b).
These data show that endocytosed PEI-DNA polyplexes traverses the entire endolysosomal to 
lysosomes and induce swelling of endosomes. Therefore, PEI-mediated endosomal rupture 
could occur at both early and late stages of endosomal maturation.

PEI transfection leads to a reduced early endosomal population
To test whether PEI-mediated transfection affects the composition of the endolysosomal system we 
used markers for endosomal compartments that are commonly applied in immunofluorescence 
microscopy (IF) and quantified their distribution after PEI-mediated transfection. HeLa cells were 
transfected using protocol A with GFP overnight, after which cells were fixed and labeled for 
the early endosomal marker EEA1 or the LE/lysosomal marker LAMP-1. In addition, cells were 
incubated with the fluorescent endocytic marker dextran for 2 hours before fixation to mark 
the entire endolysosomal system. Subsequent analysis of fluorescence area per cell revealed 
that EEA1 and dextran fluorescence area per cell was decreased in the transfected GFP-positive 
cells compared to the non-transfected cells, whereas LAMP-1 area was not affected (fig. 3a, 
3b). Quantification confirmed that EEA1 and dextran levels were reduced 2-fold in transfected 
cells compared to non-treated cells, while LAMP-1 levels did not change significantly (fig. 3b). 
Decreased EEA1 fluorescence indicates a reduction in the number of early endosomes. By 
contrast, LAMP-1-positive LEs/lysosomes were not affected by the transfection. Reduced levels 
of dextran indicates that either endocytosis is decreased in transfected cells or disruption of 
endosomal membranes causes leaking of fluorescent dextran out of the compartment. 
Together these results indicate that the endolysosomal system is disrupted after PEI-mediated 
transfection and primarily affects EEs. 
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Figure 2.  (a) DNA-PEI polyplexes are visible as dense 
particles (arrows in A.). EEs are recognized by a 
lucent content, presence of tubular regions and a 
clathrin coat (A.). Late endosomes/lysosomes are 
more electron dense and contain multiple internal 
membranes (21) (B-C.). Since the dense DNA-PEI 
polyplexes partially abscure luminal content, the 
distinction between EEs, LEs and lysosomes cannot 
always be made in these samples (B-C.). EE= early 
endosome, LE= late endosome, Ly= lysosome, N= 
nucleus, M= mitochondrium, PM= plasma membrane, 
ER= endoplasmic reticulum G= Golgi. Bars 200nm. 
(b) Endosome size quantification using pictures taken 
from >20 randomly selected cells. Endosome size is 
significantly increased after PEI-mediated transfection 
using protocol A.  Error bars represent the standard 
error of the mean (SEM).
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Lysosome integrity is not affected after PEI-mediated transfection
According to the proton sponge hypothesis, PEI-DNA polyplexes escape the endolysosomal 
pathway through endosomal membrane rupture. Permeabilization of the lysosomal membrane 
can lead to release of lysosomal enzymes from the lysosomal lumen to the cytoplasm, which 
ultimately can cause cell death (24,25). To study lysosomal integrity after PEI-mediated transfection, 
we used a galectin3-mCherry based assay that detects lysosomal membrane permeabilization 
as described in (26). In short, the stably transfected mCherry conjugated galectin3 protein is 
localized to the cytoplasm and nucleus in steady state conditions. However, upon disruption of 
the lysosomal membrane, galectin3, which has a high affinity for β-galactosides, translocates 
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ns Figure 3 (a) Immunofluorescence analysis of HeLa cells 
labeled for endogenous EEA1 or LAMP-1 or treated with 
dextran-Alexa568 for 2 hours. Non-transfected (upper 
panels) or PEI transfection with protocol A (lower panels). 
Insets show the GFP signal after transfection. Bars 10µM. 
(b) Quantification of (a) using fluorescence signal area 
corrected for cell area. Error bars represent the standard 
deviation of the mean (SD).
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into the lysosome to interact with β-galactosides in the glycocalix. This process can be visualized 
by the appearance of fluorescent galectin3-mCherry puncta, which correspond to damaged 
lysosomes. We used stably transfected galectin3-mCherry HeLa cells to test lysosomal membrane 
permeabilization (LMP) after PEI-mediated transfection of a GFP-construct using protocol A. 
As a positive control for LMP we used a 5-times higher than recommended dose of Effectine 
transfection reagent, which under these conditions induces lysosomal leakage. Both in control 
cells and cells transfected overnight, the galectin3-mCherry localization was primarily cytosolic. 
In contrast, clearly visible puncta were observed in the positive control (fig. 4a). Quantification 
of mCherry-galectin3 confirmed that PEI transfection does not increase the number or size of 
gelactin-mCherry punctae (fig. 4b). We conclude from these data that PEI transfection does not 
cause significant lysosomal membrane permeabilization.
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Figure 4. (a) HeLa cells stably expressing Galectin3-mCherry were transfected using PEI or a high dose effectine as 
positive control. Non-treated or PEI transfected cells show a predominantly cytosolic staining for mCherry, with only 
a few puncta. Positive control cells show many intense puncta of galectin3 indicating lysosomal permeabilization. 
Bars 10µM. (b) Quantification shows a significant increase of Galectin puncta in the positive control, but not in PEI 
transfected cells. Error bars represent SD.
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The early endosome population recovers after a pulse chase PEI transfection protocol
Our findings show that after overnight PEI transfection the population of EEA1-marked EEs 
is decreased. Since EEs are critical compartments for sorting and signaling of a wide variety 
of proteins, distortion of EE function is a highly unwanted side-effect in studies that require 
transfection. We reasoned that the impact of PEI on EE function might be restored over time 
and therefore developed a pulse-chase transfection protocol to increase the recovery time after 
transfection. To this end, cells were transfected for 8 hours, washed to remove surplus PEI-DNA 
polyplexes and chased overnight with fresh medium, we refer to this protocol as protocol B. 
Cells were then fixed and prepared for EM analysis or IF microscopy. By EM, PEI-DNA polyplexes 
were observed throughout the endolysosomal system after this pulse chase protocol B (fig. 5a), 
which reflects the data obtained using protocol A. Analysis of the endosomal size using protocol 
B revealed a slight decrease in endosomal swelling compared to protocol A (fig. 5b). Moreover, 
quantification of the EEA1 signal by IF identical to as shown in fig. 3a showed that protocol B 
restored EEA1 fluorescence area to control levels (fig. 5c).
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Figure 5 (a) Electron micrographs showing cells transfected with PEI using the adapted protocol B. DNA-PEI polyplexes 
are present in EEs, LEs and lysosomes. EE= early endosome, LE= late endosome, Ly= lysosome, N= nucleus, M= 
mitochondrium, PM= plasma membrane, G= Golgi. Bars 200nm. (b) Endosome size quantification using pictures taken 
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bars represent SEM. (c) Using the adapted protocol B shows a rescue in the early endosomal population compared 
to the standard protocol A. The adapted protocol B restores the EEA1 signal to control levels. Error bars represent SD.
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The pulse chase protocol has identical transfection efficiency
A prerequisite to our adapted pulse-chase transfection protocol B is a comparable efficient 
transfection yield. To test this we used FACS analysis to determine GFP expression (fig. 6a). This 
showed that the transfection efficiency of HeLa cells was identical in the original (A) and adapted 
(B) protocol (fig. 6a, 6b). These data show that the effect of the PEI on the endolysosomal system 
is temporary and that cells are able to restore their endosomal system. Our adapted transfection 
protocol incorporates time for restoring endosome function while maintaining high expression 
levels of the transfected protein.
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Discussion
In this study we use fluorescence and electron microscopy to study the effect of PEI transfection 
on the endolysosomal system, using HeLa cells as model system. We show that a widely used 
transfection protocol for PEI (22) caused a significant decrease in EEA1-positive EE numbers. 
By contrast, LAMP-1-positive LE/lysosome numbers and integrity were unaffected. Importantly, 
adapting the standard overnight transfection protocol to a pulse-chase protocol restored the 
number of EEs to wild-type levels while retaining a high level of transfection activity. From these 
data we conclude that PEI-mediated transfections particularly affect EEs but that this effect is 
temporary and can be reversed. We therefore recommend an adapted transfection protocol for 
studies that require an intact endolysosomal system in PEI transfected cells.
Escape from the endolysosomal system is an essential step for successful transfection (27). 
For cationic polymers such as PEI the proton sponge model for endosomal escape indicates 
that rupture of endosomal membranes is needed for transfer from the endosomal lumen to 
cytoplasm. By EM we found PEI-DNA polyplexes in all compartments of the endolysosomal 
system up to lysosomes. This is in agreement with earlier observations (11,13). Notably, despite 
the presence of PEI-DNA polyplexes in lysosomes, we observed no change in LE/lysosome 
number and no lysosomal membrane permeabilization could be detected. This indicates that 
lysosomes are unaffected by the presence of PEI, implicating that PEI-DNA polyplexes will be 
degraded rather than transferred to the cytosol. An explanation for this is that lysosomes have 
more stable, heavily glycosylated limiting membranes that protect them from hydrolase activity 
(20,21) that may protect from rupture.
We revealed a significant decrease EEA1 fluorescence signal area after PEI-mediated transfection. 
This indicates that the number of EEA1-positive EEs is decreased. If osmotic rupture disrupts 
endosomal membranes, it is likely that damaged endosomes are cleared from the cytosol by 
autophagy, a mechanism that is known to clear damaged endsosomes and lysosomes (28,29). 
Alternatively, or additionally, disruption of the endosomal membrane could prevent recruitment 
of fusion proteins such as EEA1 to EEs to avoid erroneous fusion with damaged compartments. 
Future studies on the induction of autophagy by PEI-mediated transfection could distinguish 
between these mechanisms of EE clearance.
In addition to decreased levels of EEA1, we found a significant decrease in dextran levels after 
PEI-mediated transfection. This can be explained by either a decrease in endocytosis or by leaking 
of dextran from damaged endosomes to the cytosol. Since PEI-DNA polyplexes are endocytosed 
themselves, and we could detect polyplexes in EEs after transfection (fig. 2), it is likely that the 
latter explanation causes the decrease in dextran fluorescence. Dextran leaking into the cytosol 
is diluted, resulting in disappearance of the fluorescent signal under the threshold that was set to 
identify endosomal punctae, causing a decrease is dextran fluorescence area per cell.
Surprisingly, we identified only a minor increase in endosomal size after overnight PEI-mediated 
transfection. The proton sponge hypothesis states membrane rupture is caused by endosomal 
swelling, while we observed only a 17% increase in endosome size.  Although we cannot exclude 
that minor swelling induces membrane rupture, other inhibitors of endosomal acidification, such 
as chloroquine or ammonium chloride can induce over 10-fold increase in endosome size in the 
same timeframe (30,31). One explanation for this is that endosome and consequtive rupture 
occurs rapidly and is therefore undetectable after overnight treatment. This is in agreement with 
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earlier observations where a 3-fold increase in endosome size was measured after 1 hour (32). 
Alternatively, other mechanisms for polyplex release other than the proton sponge hypothesis 
should be investigated. For example, membrane instability caused by the direct interaction of PEI 
with the endosomal membrane could induce permeabilization (33).
Other commonly used transfection methods that require endosomal escape are the use of lipid-
based reagents or calcium phosphate precipitates (CCPs). CCPs induce endosomal damage, 
upregulating autophagy resulting in major alterations of the endolysosomal system after 
transfection (28). CCP-based transfection protocols could therefore also potentially profit from a 
protocol that includes a chase period. By contrast, the destabilizing effect of the lipid complexes 
on the endolysosomal system is less damaging since they do not cause osmotic swelling or 
membrane rupture, but back-fuse with the limiting membrane of endosomal compartments 
(34–36), causing only minor disruptive effects on endosomal membrane integrity. However, in 
studies that require an intact endolysosomal system the use of any transfection method that 
requires endosomal escape could potentially benefit from a protocol that includes a chase period 
to allow restoration of endosome numbers.
In summary, our data show that PEI-induced alterations to the endolysosomal system are limited 
to the early endocytic compartments and transient in nature.  Application of an adapted protocol 
that includes a chase period is an easy tool to circumvent this disruption.
 



6

141

An adapted protocol to overcome endosomal damage caused by polyethylenimine (PEI) 
mediated transfections

Materials & Methods

Cell culture
Hela cells (ATCC clone ccl-2) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% heat inactivated Fetal Bovine Serum (FBS), 2mM L-Glutamin, 100U/mL 
penicillin and 100µg/mL streptomycin (complete DMEM) at 37°C and 5% CO2. 

Antibodies and reagents
Mouse-anti-human EEA1 (BD Transduction Lab), mouse-anti-human LAMP-1 CD107a (BD 
Pharmingen), Fluorescent secondary antibodies were obtained from Invitrogen, Fluorescent 
10.000MW dextran-Alexa Fluor 568 (invitrogen), linear 40kDa polyethylenimine (PEI) 
(Polysciences inc.), effectine transfection reagent (Qiagen).

Transfection protocols
HeLa cells were transfected with Pcdna3.2-GFP cDNA using linear 40kDa polyethylenimine 
(Polysciences inc.) with a DNA:PEI ratio of 1:5 using protocol described in (22). In the standard 
protocol the transfection mix was added to the HeLa cells for 16 hours. In the adapted protocol 
cells were washed 3 times and chased for 16 hours with 37°C complete DMEM after being 
subjected to the PEI-DNA mixture for 8 hours. Effectene transfection reagent (Qiagen) was used 
as a positive control for lysosomal leakage assay using a 5 times higher concentration of effectine 
than the manufacturer’s protocol. 

Immunofluorescence microscopy
HeLa cells grown on sterile glass coverslips were washed with ice-cold PBS and fixed with 4% 
paraformaldehyde (PFA) in PBS for 20 minutes at RT (room temperature). Then, cells were 
permeabilized using 0,1% Triton-X100 in PBS for 5 minutes and blocked for 15 minutes using PBS 
supplemented with 1% BSA. Cells were labeled with primary antibodies diluted in blocking buffer 
at RT for 1 hour, washed, and labeled with fluorescent secondary antibodies for 30 minutes in the 
dark. After labeling the cells were washed and mounted using Prolong Gold antifade reagent with 
DAPI. Cells were imaged on a Deltavision wide field microscope using a 100x/1.4A immersion 
objective. Widefield pictures were deconvolved using Softworx software and analyzed using FIJI. 

Electron microscopy
Cells grown on 6cm dishes were fixed in 2% wt/vol PFA, 2.5% wt/vol GA in Na-cacodylate buffer 
(Karnovsky fixative) for 2 h at RT. Subsequently, the Karnovsky fixative was replaced for 0.1 M Na-
cacodylate buffer, pH 7.4. Post fixation before Epon embedding was performed with 1% wt/vol 
OsO4, 1.5% wt/vol K3Fe(III)(CN)6 in 0.065 M Na-cacodylate for 2 h at 4°C. Subsequently the cells 
were stained with 0.5% uranyl acetate for 1 h at 4°C, dehydrated with ethanol, and embedded in 
Epon. Ultrathin sections were stained with uranyl acetate and lead citrate. Images were taken on 
a TECNAI T12 electron microscope.

Lysosomal membrane permeabilization assay
Galectin-mCherry based lysosomal leakage assay as described in (26). In short, galectin3-
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mCherry is localized to the cytosol and nucleus in unaffected cells. Upon lysosomal membrane 
permeabilization (LMP) Galectin3 is able to bind N-acetyllactosamine-containing glycans present 
on the inner membrane of lysosomes, leading to an accumulation selectively in damaged 
lysosomes. 

FACS analysis
Transfection efficiency was measured by FACS using the GFP signal after PEI transfection of 
PCDNA3.2-GFP in HeLa cells using 20.000 cells analyzed on a BD CANTO-II FACS.
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Mammalian HOPS and CORVET in the endolysosomal system
Transport of internalized cargo through the endolysosomal system is a tightly controlled process 
that ultimately results in cargo degradation or recycling. Cargo fate is determined by passage 
through different compartments of the endolysosomal system, which requires multiple protein 
sorting and membrane fusion steps. Membrane fusion depends on dedicated fusion machinery, 
which comprises SNARE proteins, Rab-GTPases and tethering factors. Tethering factors establish 
the first contact between membranes, which ultimately can lead to fusion. The multi-subunit 
tethering complexes CORVET and HOPS are important for fusion between endolysosomal 
compartments. Mammalian CORVET and HOPS consist of a core of 4 proteins (Vps11, Vps16, 
Vps18, Vps33A) and two complex-specific subunits, Vps8 and Vps3 for CORVET and Vps41 and 
Vps39 for HOPS (1). In higher eukaryotes, a third complex exists consisting of VIPAS39 and 
Vps33B, which are highly homologous to core subunits Vps16 and Vps33A respectively. In this 
thesis we investigate the role of Vps tethering proteins in endolysosomal transport, as part of a 
complex and as individual subunits.
In chapter 2 we provide a detailed analysis of the interactions within the mammalian CORVET 
and HOPS complexes, and show that VIPAS39 and VPS33B form a separate complex. We show 
that interactions within CORVET and HOPS are largely conserved from yeast to mammals, but 
that the membrane-targeting mechanism in HOPS has evolved by binding of individual HOPS 
subunits to the mammalian-specific Rab7-interacting lysosomal protein (RILP). Via RILP the HOPS 
complex is connected to other processes than tethering. For example, RILP binds the dynein 
motor complex which mediates retrograde transport of late endosomes (LEs) to the perinuclear 
area (2). Interestingly, the HOPS specific protein Vps41 in addition to RILP also interacts with 
Arl8b, which together with its effector protein SKIP regulates anterograde transport (3). This 
shows that LE movement is connected to HOPS and the fusion machinery. Since the HOPS and 
CORVET complexes are highly similar, comparable mechanisms are believed to exist for the 
CORVET complex,.
The high level of similarity between HOPS and CORVET raises the question how they can interact 
with distinct sets of interactor proteins present on different membranes (i.e. on early and late 
endosomes respectively). For example, the CORVET complex does not interact with RILP. In 
chapter 2 we show that Vps11, a subunit of core complex shared by CORVET and HOPS, acts 
as a molecular switch to regulate binding to RILP. Binding of Vps3 to Vps11 prevents interaction 
of RILP with Vps11, thereby regulating the selective targeting of CORVET and HOPS to early- or 
late endosomes. This shows how dynamic interactions within the complex result in a different 
interactome and contributes to the emerging view that multisubunit tethering complexes can 
regulate multiple transport pathways by locally distinct subunit compositions.

The versatile nature of CORVET subunits: Vps3 and Vps8 in endocytic recycling and polarity
As part of the CORVET complex, Vps3 and Vps8 mediate the homotypic fusion between early 
endosomes (EEs) (4,5). In addition to this established function, in chapter 3 we define a novel 
complex consisting of Vps3 and Vps8 only (i.e without requiring the core subunits) that localizes 
to Rab4-positive, EE-associated recycling vesicles and regulates vesicular transport from EEs 
to recycling endosomes (REs). The formation of a distinct Vps3/8 complex independent of the 
CORVET/ HOPS core components underlines the dynamic nature of multisubunit tethering 
complexes and exemplifies the individual roles that subunits can have outside the complex. 
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In analogy herewith, it was previously shown that Vps41 independently of the HOPS complex 
regulates the vesicular transport of lysosomal membrane proteins from the TGN to LEs (6).
The Vps33B/VIPAS39 complex binds to Rab11 on REs (5,7–9). Using coIP we show in Chapter 3 that 
the Vps3/8 and Vps33B/VIPAS39 complexes interact with each other and that both complexes 
are required for transport of β1 integrins from EEs to REs. Impairment of the pathway delayed 
integrin recycling, resulting in defects in cell adhesion, spreading, migration and focal adhesion 
formation. By contrast, depletion of Vps3/8 or Vps33B/VIPAS39 did not affect transferrin recycling, 
indicating that recycling through this pathway is for selected cargo’s only. The Vps33B/VIPAS39 
complex is only found in higher eukaryotes (10). Similarly, integrin-mediated processes such as 
substrate dependent migration are only found in higher eukaryotes. We therefore speculate that 
the Vps33B/VIPAS39 complex as well as the role of Vps3 and Vps8 in recycling co-evolved with 
the need for specialized recycling pathways, such as for integrin. The Vps3/8-Vps33B/VIPAS39 
pathway shares machinery like Rab4 and Rab11 with other recycling pathways, but likely defines 
a subset of membranes or specialized membrane subdomains to regulate the PM expression 
of specific cargo’s. In case of integrins PM levels determine migration capacity of metastasizing 
cancer cells, illustrating the importance of a specialized recycling pathway to regulate PM levels. 
In polarized cells, Vps33B and VIPAS39 are required for transport of apical and junctional proteins 
(7,8), a process that is also specific for higher eukaryotes. Mutations in Vps33B or VIPAS39 cause 
Arthrogryposis-Renal dysfunction-Cholestasis (ARC) syndrome, a multisystem disorder that is 
characterized by neurogenic arthrogryposis, renal dysfunction and neonatal cholestasis (7,8,11). 
Interestingly, a recent study revealed that a subset of patients with an ARC-like phenotype carried 
a mutation in Vps8 (12), linking Vps8 to apical trafficking and reinforcing the connection between 
Vps3/8 and Vps33B/VIPAS30 that we found in non-polarized cells. 
Apical recycling pathways in polarized epithelial cells requires specialized apical recycling 
endosomes (AREs) to regulate transport to the apical PM (13–15). Since we showed that the 
Vps3/8 complex together with VIPAS39/Vps33B controls transport from EEs to REs in non-
polarized cells, we investigated in chapter 4 whether the Vps3/8 complex is also involved in apical 
recycling. We showed that Vps8 localized to EEA1-positive EEs as well as Rab11-positive AREs. 
Strikingly, overexpression of Vps8 induced recruitment of EEs to the ARE, suggesting a role for 
Vps8 in membrane tethering between these compartments. Furthermore, knockdown of Vps8 
resulted in perturbation of apical-basal cell polarity, prevented completion of cytokinesis, and 
impaired front-rear polarization of cells during directed cell migration. Similarly, depletion of 
Vps33B or VIPAS39 result in the loss of polarization in renal cell lines (7). These findings reinforce 
the notion that Vps3/8 and VIPAS39/Vps33B act together on the same recycling pathway, which 
in polarized cells has developed into a specialized pathway from EEs to the ARE. 
Integrin recycling is intimately connected to the correct polarization of a migrating cell. 
Specialized protein complexes that establish front-rear polarization are localized on the leading 
edge of the cell and are activated by integrins (16,17). This connects the role of Vps8 in integrin 
recycling to that of front-rear polarization in migrating cells. A similar connection can be made 
between integrin recycling and cell division. Completion of cytokinesis requires abscission of the 
intercellular bridge (ICB) near the midbody, a process that requires input from Rab11 positive 
REs (18–21). During the late stages of cytokinesis, β1 integrins are transported to the ICB to 
assist in the abscission process (22). Although the exact function remains unclear, it is speculated 
that integrins mediate the attachment of the ICB to the matrix and assist in the assembly of the 
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contractile ring (22,23). This indicates that the defect after Vps8 knockdown could be caused by 
disturbed integrin transport. In most polarized epithelial cells however, the majority of integrins 
is localized to the basal membrane where they initiate apical-basal polarity (24,25). This raises the 
question whether in polarized cells the Vps3/8-dependent recycling pathway is truly conserved. 
In polarized cells, integrins are mainly recycled basolateral, not apical (24), suggesting a different 
cargo for the Vps3/8-dependent recycling pathway in these cells. Further identification of cargo 
specific for Vps3/8-positive recycling vesicles in different cell types would help to clarify the 
connection between the Vps3/8-dependent integrin recycling pathway and the processes of 
epithelial polarity, cytokinesis and front-rear polarity.

Vps3 and Vps8 as modulators of the TGFβ pathway
The TGFβ signaling pathway regulates the expression of target genes through a signaling cascade 
of Smad proteins. A complex of Smad2 and Smad3 is phosphorylated by activated TGFβ receptors 
and requires Smad4 to travel the nucleus (26–29). Transforming growth factor-beta receptor 
associated protein 1 (TGFBRAP1) is a Smad4 chaperone that mediates transfer of Smad4 to the 
phosphorylated Smad2/3 complex (30). Recently, TGFBRAP1 was identified to be the CORVET 
subunit Vps3 (4,5), suggesting a role for TGFBRAP1/Vps3 in both signaling (by binding Smad4 
in the TGFβ signaling pathway) and trafficking (by mediating EE fusion and EE to RE transport 
in and outside the CORVET complex respectively). Since TGFBRAP1/Vps3 localizes to EEs and 
recycling vesicles, we investigated in chapter 5 whether this membrane localization is required 
for its chaperone function and if any of the other CORVET subunits are involved in the Smad4 
chaperone function. We find that TGFBRAP1/Vps3 expression induces endosomal recruitment 
of Smad4, pinpointing EEs as the site of the proposed chaperone function of TGFBRAP1/Vps3. 
Similar results were found after Vps8 expression, indicating a role for the binding partners of 
TGFBRAP1/Vps3 in Smad4 binding. A likely explanation therefore is that Vps8 recruits TGFBRAP1/
Vps3 to EE membranes. Our findings are in agreement with the concept that the dynamic 
composition of multisubunit tethering complexes allows them to engage various endosomal 
processes, such as signaling. 
Additionally, we find that TGFBRAP1/Vps3 and Vps8 knockdown results in the intracellular 
accumulation of TGFβ receptor II (TGFBRII). This indicates that TGFBRAP1/Vps3 and Vps8 are 
required for the recycling of TGFBRII and identify TGFβ receptors as a potential cargo for the 
Vps3/8-regulated recycling pathway. Together these results reveal a potential role for the CORVET 
complex in TGFβ signaling from endosomes, a new function for this complex. Moreover, it shows 
that Vps3 and Vs8 have a dual role in the TGFBR signaling pathway, as signaling molecules and as 
regulators of TGFBR transport.

The impact of polymer based transfection methods on the endolysosomal system
Studying the endolysosomal system using fluorescence and electron microscopy techniques 
often requires exogenous expression of (tagged) proteins. Overexpression is used when 
endogenous protein levels are too low or when there are no suitable antibodies available. In 
addition, numerous functional assays such as luciferase reporter assays require overexpression. 
Transfection should have minimal effect on the homeostasis of cells, but in practice often poses 
a number of strains on cells (31). Transfection of cells using polyethylenimine (PEI) polymers is a 
widely used method. The current model states that PEI polymers are internalized by endocytosis, 



7

151

Summarizing Discussion

which then cause endolysosomal rupture, releasing the PEI-DNA complexes into the cytosol 
(32). In chapter 6 we test the impact of PEI transfections on the endolysosomal system using 
fluorescent and electron microscopy techniques. We find a decrease in the number of EEs after 
PEI transfection, while the number and integrity of lysosomes stay intact. Importantly, we reveal 
that the disruption of the endolysosomal system is reversible by implementing a chase period 
after transfection that allows the endosomal system to recover. 

Together our studies highlight multisubunit tethering complexes as dynamic molecular regulators 
with multiple functions in vesicular transport, organelle dynamics and signaling. By relatively 
minor changes in subunit composition or by the formation of subcomplexes, a single subunit 
can regulate various transport steps. Our data thus depict CORVET, HOPS, Vps33B/VIPAS39 and 
the here defined subcomplex Vps3/8 as active regulatory components of the cellular protein 
machinery. They can act in general pathways, like EE fusion, as well as specialized pathways, such 
as integrin recycling. The importance of these protein complexes for human health is illustrated 
by the increasing number of diseases that is caused by mutations in individual subunits, such as 
ARC syndrome, but also cancer and neurodegenerative diseases (33–38). A challenge for future 
studies will be to understand the precise role of each subunit in intracellular trafficking, and 
establish whether disease-causing mutations are due to disruption of a complex or by complex-
independent activities.
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Inleiding tot intracellulair transport en het endo-lysosomaal systeem
Het menselijk lichaam is opgebouwd uit miljoenen cellen die samen de verschillende 
organen vormen. Het samenspel van de cellen is belangrijk voor het vormen van weefsels en 
orgaanstructuren. De taak van een orgaan wordt voor het overgrote deel uitgevoerd binnen 
in de cellen waaruit het is opgebouwd. Een cel is het toneel voor de duizenden verschillende 
chemische reacties die nodig zijn voor onderhoud van de cel en het uitvoeren van haar functies. 
Deze reacties zijn soms tegenstrijdig aan elkaar, zo is het in een cel bijvoorbeeld nodig om 
eiwitten te produceren, maar ook om eiwitten af te breken. Om deze processen toch in goede 
banen te lijden worden ze onderverdeeld in verschillende compartimenten die omsloten zijn 
met een lipide membraan, de organellen. Binnen de organellen wordt een optimaal micromileu 
gecreëerd voor de processen die zich daar afspelen. De organellen in een cel zijn dus van elkaar 
afgesloten, maar kunnen toch met elkaar communiceren en stoffen uitwisselen. Dit gebeurt 
voornamelijk door middel van transport via kleine blaasjes die uit het lipide membraan van het 
organel vormen, zich afsnoeren en vervolgens fuseren met een ander organel. Op deze manier 
worden eiwitten en lipiden aan- en afgevoerd en kunnen signalen overgebracht worden van het 
ene naar het andere organel. Deze processen vormen de basis van intracellulair transport in een 
cel.
Het opnemen van voedingsstoffen, signaal- en membraaneiwitten uit het extracellulair milieu 
gebeurd door endocytose, het vormen van blaasjes aan het plasmamembraan die zich naar 
binnen afsnoeren. De blaasjes fuseren met het vroege endosoom waar de geëndocyteerde 
lading gesorteerd wordt. Vanaf het vroege endosoom kunnen eiwitten weer terug naar het 
plasmamembraan getransporteerd worden, dit is de recycling-route. De recycling-route wordt 
bijvoorbeeld gebruikt bij veel plasmamembraan eiwitten met een signaleringsfunctie. Deze 
worden doorlopend geëndocyteerd en gerecycled zodat ze nog een ronde kunnen signaleren. 
Het recyclen van eiwitten begint met het afsnoeren van blaasjes van het vroege endosoom. 
Deze blaasjes kunnen vervolgens óf direct fuseren met het plasmamembraan óf fuseren met 
een speciaal recycling endosoom. Vanaf het recycling endosoom worden de eiwitten vervolgens 
alsnog naar het plasmamembraan getransporteerd. De niet gerecyclede eiwitten blijven in het 
vroege endosoom achter. Het vroege endosoom ondergaat daaropvolgend een verandering 
die er voor zorgt dat recycling niet meer mogelijk is. Dit gaat gepaard met verzuring van het 
endosoom, de verplaatsing naar het centrum van de cel en het vormen van blaasjes die afsnoeren 
naar de binnenkant van het endosoom. Dit proces heet endosomale rijping en resulteert in een 
laat endosoom. Het late endosoom ontvangt enzymen die nodig zijn voor afbraak van eiwitten 
en lipiden via transportblaasjes, en is in staat om met een lysosoom te fuseren. Het lysosoom 
heeft een erg zuur milieu en is volgepakt met een arsenaal aan enzymen die de inhoud van 
het endosoom/lysosoom afbreken. Het product van de enzymen kan vervolgens weer gebruikt 
worden om nieuwe eiwitten of lipiden te produceren. De voltallige route vanaf plasmamebraan-
blaasjes tot lysosomen vertegenwoordigt het endo-lysosomale systeem.
Het transport via blaasjes en fusie van endosomen is van groot belang voor de functie van 
het endo-lysosomale systeem. Om er voor te zorgen dat alleen de juiste blaasjes met de 
juiste compartimenten fuseren, wordt het fuseren van membranen streng gereguleerd en 
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gecontroleerd. Eén van de eiwitten van fundamenteel belang voor dit proces is de tether, ook 
wel de lasso genoemd. De tether verzorgt het eerste contact tussen membranen voordat de 
fusie plaatsvindt. In dit proefschrift spitsen wij ons toe op twee tethers in het endo-lysosomale 
syteem, het HOPS complex en het CORVET complex. Het HOPS en CORVET zijn overeenkomstige 
eiwitcomplexen die elk opgebouwd zijn uit zes componenten. Van deze zes eiwitten zijn er vier 
(Vps11, Vps16, Vps18 en Vps33A) aanwezig in beide complexen. Het CORVET bevat daarnaast 
Vps3 en Vps8, en het HOPS heeft Vps39 en Vps41 als complex-specifieke eiwitten. Het CORVET 
complex doet dienst op vroege endosomen, waar het de fusie tussen vroege endosomen 
reguleert. HOPS reguleert de fusie tussen late endosomen en tussen late endosomen en 
lysosomen.
De vraagstelling van dit proefschrift richt zich op de functie van het CORVET en HOPS complex 
in het endo-lysosomale systeem. Enkele vraagstukken zijn: Wat is de samenstelling van de 
complexen? Is de samenstelling statisch of dynamisch? In welke cellulaire processen en 
transportroutes functioneren deze complexen? De eiwitten die de basis vormen van beide 
complexen zijn gering beschreven, wat het verklaren van de fenotypes van sommige gevonden 
mutaties van deze genen ernstig bemoeilijkt. Een gedegen fundamentele kennis over de functie 
van deze eiwitten is daarmee ook belangrijk voor toekomstig “translationeel onderzoek”.

Samenvatting van het proefschrift
In hoofdstuk 2 richten wij ons op de moleculaire architectuur van HOPS en CORVET. Wij stellen 
de interacties tussen de eiwitten binnen de complexen vast en sluiten uit dat Vps33B en VIPAS39, 
die gerelateerd zijn aan Vps33A en Vps16, zich in één van de complexen bevinden. In plaats 
daarvan vormen Vps33B en VIPAS39 een apart complex. Daarnaast onthullen wij dat HOPS en 
CORVET van elkaar verschillen in hun vermogen met RILP een interactie aan te gaan. RILP is 
een laat endosomaal eiwit dat van belang is voor het koppelen van een endosoom aan motor-
eiwitten die het endosoom verplaatsen naar het centrum van de cel. De interactie van Vps3 
met Vps11 in het CORVET complex zorgt er voor dat Vps11 niet meer in staat is om met RILP 
een interactie aan te gaan. In het HOPS complex verbreekt de interactie van Vps39 met Vps11 
deze binding met RILP niet. Deze vindingen laten zien dat deze gelijkende complexen genoeg 
van elkaar verschillen om hun functie op verschillende endosomen uit te voeren. Bovendien laat 
het zien dat een tether betrokken bij membraan fusie ook is verbonden met het transport van 
endosomen binnen de cel.
In hoofdstuk 3 verdiepen wij ons in onze vondst dat Vps3 en Vps8 zich op recycling blaasjes 
bevinden, naast hun plaats op het vroege endosoom in het CORVET. We laten zien dat Vps3 en Vps8 
een apart complex vormen wat het transport van vroege naar recycling endosomen reguleert. 
In samenwerking met het Vps33B/VIPAS39 complex en het SNARE eiwit VAMP3 reguleren ze het 
transport van integrines naar het recycling endosoom. Integrines zijn eiwitten die verantwoordelijk 
zijn voor de hechting van de cel aan zijn omgeving. Het specifiek verstoren van de productie van 
Vps3, Vps8, Vps33B of VIPAS39 heeft dan ook tot gevolg dat cellen zich minder goed kunnen 
hechten, spreiden en migreren. Ook wordt de vorming van de aanhechtingsstructuren van de 
cel, de focale adhesies, geremd. Deze route is specifiek voor integrines aangezien transferines, 
eiwitten waarvan bekend zijn dat ze via recycling endosomen worden getransporteerd, niet in de 
Vps3 en Vps8 gemarkeerde blaasjes voorkomen. Bovendien is het transport van transferines niet 
verstoord na inhibitie van Vps3, Vps8, Vps33B of VIPAS39. Deze bevindingen laten zien dat de 



A

158

Addendum

eiwitten waaruit het CORVET complex is opgebouwd ook buiten het complex een functie kunnen 
uitvoeren, het complex is dus dynamisch in zijn samenstelling.
In gepolariseerde cellen is het endo-lysosomale systeem anders ingericht dan in niet-
gepolariseerde cellen. Gepolariseerde cellen, bijvoorbeeld epitheelcellen, vormen specifieke 
apicale en basolaterale plasmamembranen. Van deze membranen is gescheiden endocytose 
mogelijk en kunnen eiwitten afzonderlijk gerecycled worden. In gepolariseerde cellen is het 
complex van Vps33B en VIPAS39 belangrijk voor transport van apicale eiwitten. Mutaties in 
Vps33B of VIPAS39 kunnen de ziekte ARC-syndroom veroorzaken wat onder andere de lever 
en nieren aantast. Aangezien we de rol van Vps3 en Vps8 hebben kunnen koppelen aan 
de rol van het Vps33B/VIPAS39 complex, bestuderen we in hoofdstuk 4 de rol van Vps8 in 
gepolariseerde cellen. We laten zien dat Vps8 verhoogd tot expressie komt in gepolariseerde 
cellen en lokaliseren Vps8 op gespecialiseerde apicale recycling endosomen. Het verhoogd tot 
expressie brengen van Vps8 heeft tot gevolg dat vroege endosomen zich opeenstapelen nabij de 
apicale recycling endosomen.  Dit is een indicatie dat Vps8 een transportfunctie uitoefent tussen 
vroege endosomen en apicale recycling endosomen. Het verstoren van de Vps8 productie in de 
cel heeft tot gevolg dat HepG2 cellen verminderde apicaal-basolateraal polariteit vertonen en 
dat HeLa cellen een verminderde voor-achter polarisatie vertonen tijdens het migreren. Tevens 
verstoort Vps8 inhibitie het losmaken van de dochtercellen tijdens de celdeling, een proces 
waarvan bekend is dat het berust op de functie van het recycling endosoom. Uit deze resultaten 
concluderen wij dat Vps8 in gepolariseerde cellen een rol speelt in het transport van vroege 
endosomen naar apicale recycling endosomen.
Voordat de functie van Vps3 in het CORVET complex werd vastgesteld, was dit eiwit al eerder 
beschreven onder de naam TGFβ Receptor Assaciated Protein 1 (TGFBRAP1). Het TGFβ netwerk 
is van belang voor het reguleren van honderden genen in verschillende cellulaire processen zoals 
celdeling, weefsel homeostase en cel migratie. In hoofdstuk 5 onderzoeken wij daarom de rol 
van Vps3/TGFBRAP1 in het TGFβ signaleringsnetwerk. Vps3 bindt aan Smad4, wat na activatie 
van het TGFβ netwerk naar de nucleus wordt getransporteerd om genen te reguleren. Wij wilden 
eten hoe de rol van Vps3 in het TGFβ netwerk zich verhoudt tot de rol van endosomale tether. 
Wij laten we zien dat Vps3 en Vps8 verantwoordelijk zijn voor het rekruteren van Smad4 naar 
endosomen. We identificeren het endosoom als de lokatie in de cel waar Vps3-Smad4 binding 
plaats vindt en tonen aan dat ook andere Vps genen dan Vps3 betrokken zijn bij TGFbeta signaling. 
Het verstoren van de Vps3 of Vps8 productie in de cel heeft tot gevolg dat de TGFβ receptor II 
zich in de cel ophoopt, wat wijst op verstoorde recycling. Dit is de eerste keer dat Vps3, in de 
contect van het CORVET complex, gekoppeld wordt aan een moleculaire signalerings route.
Tijdens ons onderzoek naar het endo-lysosomale systeem vonden wij dat een veelvuldig 
gebruikte methode om eiwit expressie te verhogen in cellen, schade geeft aan endosomen. In 
hoofdstuk 6 laten wij zien dat DNA transfectie-methodes die gebaseerd zijn op het polymeer 
polyethylenimine (PEI) het aantal vroege endosomen in een cel verminderd. PEI transfectie geeft 
echter geen meetbaar effect op de conditie van of het aantal lysosomen. De vermindering van 
het aantal vroege endosomen is tijdelijk. Invoering van een hersteltijd na toevoeging van het 
PEI polymeer resulteert in herstel van het endo-lysosomalesysteem. Voor het bestuderen van 
intracellulair transport en het endo-lysosomale systeem is het van belang om deze aanpassing in 
acht te nemen voor DNA transfectie-methodes die gebaseerd zijn op PEI.
In hoofdstuk 7 worden de resultaten van het gehele proefschrift samengevat en bediscussieerd.
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ontzettend voor bedanken.
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Peter, Catherine, Paul, Fulvio and Ger for their excellent choice in hiring such a great group of 
people and above all for the scientific conversations and assistance you offered. I want to give 
special thanks to Catherine, thank you very much for your interest in my projects and the many 
comments and questions that helped shape my thinking. You also taught me the important lesson 
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alle hulp met de biochemische experimenten, niks heeft mij zo goed troubleshooting geleerd als 
een coIP die maar niet wil lukken. Ik denk niet dat ik ooit een blotje heb kunnen laten zien die aan 
jouw hoge kwaliteitseisen voldeed, maar dat geeft me iets om naar toe te werken.

Of course I want to thank all the people from the Klumperman group! It was a great experience 
working in the lab with all of you. I had an unbelievably great time with each and every one of 
you and I will miss you all when leave! Most importantly, I would have never made it to this point 
if it was not for you all. Corlinda, bedankt voor alle hulp in het lab in mijn hele AIO tijd en voor 
alle hulp met de Deltavision, mijn favoriete stuk werktuig in de hele afdeling. De Deltavision 
en ik hadden elkaar nooit ontmoet zonder jou. Suzanne, bedankt voor de noodhulp met EM 
gerelateerde vraagstukken, ik heb je zelfs in het weekend thuis nog kunnen bellen omdat de Jeol 
weer eens op tilt sloeg (dat was toen nog nieuw voor mij). Ann, voor morfologie vraagstukken 
kon ik altijd bij jou terecht, en ik voelde me altijd geweldig opgelucht als jij ook niet wist wat het 
was. Want als jij het niet weet, dan bestaat het niet. Tineke, ik vond het heel gezellig om met jou 
samen te werken. Je hebt me ontzettend geholpen door mij niet altijd zelf te laten aanploeteren, 
dat heeft me denk ik wel een jaar extra tijd gegeven en heeft een hoop mooie data opgeleverd. 
George, ook bij jou kon ik altijd terecht, als het nou ging om een luchtsluis die verkeerd stond 
in de EM, of een ringsleutel om mijn fiets te repareren, je hebt overal wel een oplossing voor. 
Cilia, ook al ben je er voor mijn gevoel nog maar net, het is alsof je al jaren meedraait. Heel erg 
bedankt voor ook jouw hulp met de EM en alle gezelligheid die je in de groep hebt gebracht. 
René, wat kan ik zeggen, jij bent de DJ geweest van mijn hele AIO periode. Ik heb zo veel nieuwe 
(oude) muziek leren kennen en dat maakt het eindeloos kwantificeren van oneindig veel cellen 
toch leuk. Ik kijk altijd uit naar jouw mailtjes met muzieklinkjes er in, misschien dat ik eens een 
verzamel CD ga maken van alle muziek die je me hebt gestuurd. Ook bedankt voor alle hulp 
met het afdrukken en inscannen en de hulp met illustrator, photoshop en indesign, dat heeft 
echt heel erg geholpen bij het in elkaar zetten van dit proefschrift en de artikelen. Reini, de 
altijd gelukkige, vrolijke en optimistische tornado die door de afdeling waait. Ik vind het echt 
geweldig om met je samen te werken, het is jammer dat ik de laatste tijden niet meer zo vaak 
in het lab sta, want het is supergezellig met jou in het lab. Jouw PhD wordt een mooie, je verzet 
nu al zo veel goed werk, dat kan alleen maar goed gaan, maar laat het werk je goede humeur 
nooit afpakken! Daarnaast wil ik je ook echt bedanken voor de koffiepauze, die je eigenhandig in 
oude glorie hebt hersteld, chapeau! Nalan, you also brought an amazing change to the group. 
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use unfortunately ), and most of all because of your nice smile, optimism and kindness that 
always makes everyone happy. Lisette, bedankt voor alle goede zorgen en hulp die je altijd voor 
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het was druk met z´n zessen maar wel heel erg gezellig, wij waren duidelijk het betere AIO hok 
van de twee. Ook Jorg, niet van de chipseq PC af te slaan, je was even onze 7de kantoorgenoot, 
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