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Abstract
Ykt6 is an evolutionarily conserved R-SNARE that mediates vesicle fusion events at
diverse cellular compartments of secretory, endocytic and autophagy pathways. It is known
to be required for the secretion of Wnts on small extracellular vesicles termed exosomes.
However, the exact molecular mechanism of Ykt6 in exosomal Wnt sorting remains unclear.
Employing proximity labelling, in vivo genetics and biochemical approaches, we identified that
Ykt6 acts at the level of sorting endosome where it trafficks Wnts to the PM for extracellular
Wnt release. Ykt6 is a unique SNARE that lacks a transmembrane domain and cycles between
cytosol and membranes to initiate fusion events. Strikingly, blocking acidification led to an
increased association of Ykt6 with membranes. Thus, it is plausible that Ykt6 gets recruited to
de-acidified endosomal compartments to traffic Wnt proteins. The exact mechanism that
governs this conformational switch of Ykt6 from closed, cytosolic form to open, membranebound form is unknown. We identified putative phosphosites in the SNARE domain, that
triggers the conformational switch, thereby regulating its membrane recruitment and activity.
Furthermore, we identified PDK1 to phosphorylate Ykt6 in vitro and successfully confirmed
PDK1 to regulate its membrane recruitment. PDK1, a nutrient-sensing axis, could sense
upstream metabolic cues, which in turn recruits Ykt6 to traffic Wnts. Ykt6 is an essential gene
in yeast and lack of Ykt6 leads to growth defects in vivo. Ykt6 is highly upregulated in
aggressive and metastatic tumours. Furthermore, we identified that Ykt6 KD leads to a delay
in cell growth and proliferation in human colon cancer cells, which in turn leads to a delay in
cell cycle progression. By single-cell transcriptomics, we identified novel Ykt6-regulated genes
involved in membrane trafficking, cell cycle, and polyamine metabolism. Polyamines –
putrescine, spermidine and spermine are indispensable for cell growth and proliferation.
Remarkably, Ykt6 KD led to reduced expression levels of a key metabolic enzyme that acts
as a global polyamine rheostat: SAT1. Concordantly, metabolomic profiling revealed lower
levels of polyamines and precursor amino acids upon Ykt6 KD cells and one of the
polyamines, putrescine, partially rescued the growth defects of Ykt6 KD. In conclusion, this
study elucidates a hitherto unknown function of Ykt6 in modulating polyamine homeostasis
during cell cycle progression, possibly via the trafficking of polyamine transporters. This fits
with the previously established role of Ykt6 in the trafficking of nutrient transporters to PM and
growth factors such as Wnt proteins onto exosomes. Taken together, we propose that Ykt6
acts as a valve that adapts Wnt and metabolite levels required for cell growth and therefore,
a proper cell cycle progression.
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Introduction

1. Introduction
1.1 Cancer

Genetic alterations in our healthy body cells and tissue lead to cancer. Cancer cells are
regular cells, that grow and divide continuously. While there are many drivers of genetic
alternations, the major mutations implicated in the onset of cancer are proto-oncogenes and
tumour suppressor genes. Proto-oncogenes are activated by mutations that cause the genes
to be highly active in promoting growth and proliferation (Bishop, 1988). Tumour suppressor
genes usually help to keep the growth under control and are often mutated in cancer cells by
loss of function, leading to uncontrollable growth (Sager, 1986). Cancer inducing factors that
occur based on exposure to the environment, chemicals, radiations during one’s lifetime are
called carcinogens. However, these mutations can also be inherited along the germline. Most
of the cancers arise from carcinogens or errors in copying and repair mechanisms. More often,
a series of mutations leads to a clone of altered cells that rapidly proliferate, escaping the
regular growth checkpoints. Eventually, these cells grow into a tumour if they are not cleared
by the immune system. The tumour cells migrate from their primary site and adapt to a new
microenvironment through metastasis that leads to a secondary tumour at a distant site.
Metastasis is a cascade of events, where the tumour cells lose cellular adhesion, increase
motility, enter the circulatory system, facilitate angiogenesis and eventually colonize the
secondary tissue (Fidler & George, 1980; Gupta & Massagué, 2006; Stephen Paget, 1889).
Cancer cells escape immune surveillance, hijack cell cycle checkpoints and harness important
signalling pathways to promote uncontrollable proliferation and metastasis. Many of these
cancer-causing mutations map to signalling pathways that determine crucial processes
governing the cell fate, such as cell growth, proliferation, survival, apoptosis and cell motility.
Signal transduction pathways determine the growth and development of an organism by
controlling the expression of specific genes at certain stages. When extracellular molecules
such as growth factors or amino acids bind to their respective cell surface receptors, the
pathway is stimulated in the target cells in an autocrine or paracrine fashion. The pathways
are regulated by a cascade of feedback mechanisms based on physiological responses, and
aberrations in these pathways or the feedback mechanisms make them oncogenic. Most
often, hyperactivation (e.g. gene amplification) and oncogenic mutations (e.g. point mutations,
truncations and fusions) in these pathways fuel cancer progression (Sever & Brugge, 2015).
For example, mutations in negative regulators of pathways such as PTEN and APC lead to
constitutive activation of PI3K/Akt and the Wnt pathway respectively (Huang et al., 1996;
Lengauer, Kinzler, & Vogelstein, 1997; Li et al., 1997). The cancer genome atlas (TCGA)
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analysed somatic alterations in ten canonical pathways and 89% of the tumours had an
alteration in at least one of these pathways. These include Hippo, Myc, Notch, Nrf2, PI3K/Akt,
Rtk-Ras, TGF-β, p53, Cell cycle and Wnt signalling pathways (Sanchez-Vega et al., 2018).

1.2 Cell cycle
The cell division cycle is the fundamental means of propagation in all living organisms.
The duration of the cell cycle differs between different species, where the cell cycle of
Drosophila takes only 8 minutes, in contrast to a mammalian cell that takes about 24 hours.
The cell division cycle comprises chromosome replication followed by their segregation to
daughter cells with proper order and high fidelity (Alberts et al., 2002). The cell cycle is a
precisely regulated process coordinated by various cyclins and cyclin-dependent kinases that
oscillate during cell cycle progression and are cell-cycle stage-specific. The cell cycle is
traditionally divided into four distinct phases called Gap 1 phase (G1), synthesis phase (S),
Gap 2 phase (G2) and Mitosis (M). Briefly, at the G1 phase, the cells grow larger in size,
synthesize RNA and proteins and prepare for DNA synthesis and chromosome replication
during the S phase. During the S phase, DNA is replicated and the cellular contents are
duplicated. At the G2 phase, the cells continue to grow and prepare for cell division. Cell
division occurs at the M phase, which is the shortest, yet crucial part of the cell cycle. The M
phase consists of nuclear division which includes the four phases prophase, metaphase,
anaphase and telophase, followed by the cytoplasmic division phase called cytokinesis
(Lodish et al., 2004; P Nurse, 1990). During prophase, the chromosomes condense and by
the end of late prophase appear as thin threads called chromatids held together by the
centromere. At metaphase, the chromatids line up at the equatorial plate of the mitotic spindle,
which comprises microtubules and associated proteins. The kinetochore is present on the
centromere region that links the chromatids to microtubule polymers reaching out from the
mitotic spindle. The cells transition from metaphase to anaphase by abrupt separation of sister
chromatids. Mitosis terminates with telophase which is marked by the reforming of the nuclear
envelope around each set of chromosomes. This is followed by the division of cytoplasm
through the formation of a cleavage furrow by a process called cytokinesis. This results in two
daughter cells that have an identical genetic composition (Reviewed by Paul Nurse, 2000;
Rhind & Russell, 2012).
Cell cycle progression is regulated by modulating the synthesis, activity and degradation
of the cyclin-CDK complexes at every cell cycle stage. The cyclin-CDK complexes are
periodically degraded by ubiquitin ligases that mark them for proteasomal degradation
2
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(Morgan, 1995). At every stage of the cell cycle, the cell constantly monitors various internal
cues such as replication errors and external cues such as the availability of growth factors and
amino acids, which govern the progression to the subsequent phase. If a cell fails to meet the
required criteria, it activates the immediate cell cycle checkpoint and cell cycle progression is
halted. The major checkpoints include the G1 checkpoint, G2 checkpoint and mitotic
checkpoint. In the event of replication errors, DNA damage or other stresses, the cell cycle
checkpoint is triggered, p53 is activated, which in turn causes cell cycle arrest or cell death
(Giono & Manfredi, 2006). p53 is a transcription factor and a tumour suppressor gene (Finlay,
Hinds, & Levine, 1989). It regulates the expression of several genes and has the ability to
induce cell cycle arrest (p21), senescence (p16) or apoptosis based on the encountered stress
and cell type (Beauséjour et al., 2003; Chen, 2016). It plays a crucial role at the G1/S
checkpoint and G2/M checkpoint (Senturk & Manfredi, 2013). Cell cycle arrest by p53 is mainly
mediated by transcriptional activation of p21 which is a cyclin-dependent kinase inhibitor. p21
induces cell cycle arrest by inhibiting cyclin-CDK complexes involved in the G1/S transition
(Wade Harper, Adami, Wei, Keyomarsi, & Elledge, 1993). Tumour cells manage to escape
such tightly regulated checkpoints to facilitate unsupervised cell division. It is no surprise that
the TP53 gene is frequently mutated or deleted in almost 50%-60% of the tumours (Hollstein,
Sidransky, Vogelstein, & Curtis, 1991).
The cell cycle progression is also regulated by several signalling pathways. One prominent
example is Wnt signalling, as in proliferating cells, Wnt Signaling peaks at the G2/M phase
(Acebron, Karaulanov, Berger, Huang, & Niehrs, 2014). The Wnt co-receptor LRP5/6 is a key
Wnt signalling transducer and is under cell cycle control (Davidson et al., 2009). Wnt β-catenin
pathway and PI3K/Akt signalling pathway upregulate target genes such as cyclin D and c-Myc
that promotes the G1/S transition of the cell cycle. Other pathways like mTOR contribute to
increased protein synthesis that leads to cell growth during the G1 phase (Fingar, Salama,
Tsou, Harlow, & Blenis, 2002). Taken together, several signalling pathways along with the
feedback mechanisms co-ordinate with each other and culminate in the progression of the cell
cycle.

1.3 PI3K/Akt Signalling
The phosphatidylinositol 3 kinase/ protein kinase B is an important signalling pathway
involved in the regulation of several downstream processes such as cell cycle, growth, protein
synthesis and proliferation. PI3K belongs to the family of lipid kinases and is activated by
ligands binding to tyrosine kinase receptors (RTK). However, it is also known to be activated
by various stimuli including growth factors such as Epidermal growth factors, cytokines and
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hormones. Once activated, it phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) at
the 3′ position, generating the second messenger phosphatidylinositol-3,4,5-trisphosphate
(PIP3). PTEN dephosphorylates PIP3 and acts as a negative regulator of PI3K. Activated PIP3
recruits other downstream molecules especially the serine-threonine kinases Akt and PDK1
(3-phosphoinositol-dependent protein kinase-1) to the cell membranes. PDK1 subsequently
phosphorylates and activates Akt, which in turn regulates a wide range of target proteins that
control cell growth and survival as depicted in Figure 1 (Cantley, 2002).
An important downstream effect of the PI3K pathway is the control of cell cycle
progression. Activated Akt inhibits GSK3β through phosphorylation, which in turn stabilizes
cyclin D and myc, involved in the G1/S transition of the cell cycle. Cell proliferation and cell
growth are interlinked, where a large part of the cell growth hugely relies on increased protein
synthesis. The mTOR pathway controls protein synthesis, which is dependent on the
availability of nutrients and growth factors. mTOR regulates cell growth by activating the
ribosomal S6 kinase (S6K1) that stimulates protein translation. By phosphorylating Akt and
inhibiting tuberous sclerosis complex-2 (TSC2) in response to growth signals, the PI3K
pathway activates mTOR, leading to enhanced protein synthesis (Cantley, 2002).
This PI3K-Akt-mTOR axis is crucial for several oncogenic signalling pathways (Fingar et
al., 2002; Luo, Manning, & Cantley, 2003). Aberrant activation of PI3K/Akt signalling is
reported in many cancers, especially Akt was found to be an oncogene, activated in ovarian,
breast and colon cancers. One of the striking discoveries was PTEN being a tumoursuppressor gene. Several loss-of-function mutations were associated with the PTEN gene and
are common among melanomas, prostate cancers, breast cancer (Li et al., 1997; Steck et al.,
1997). Since the pathway majorly controls cell growth and proliferation, hyperactivation of the
PI3K/Akt pathway most often leads to tumorigenesis.
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Figure 1: Scheme of the PI3K/Akt Signalling Pathway. Growth factors bind to RTK, which recruits
PI3K at the membranes, PI3K phosphorylates PIP2 and converts it to PIP3, which in turn recruits PDK1
and hence Akt. PDK1 phosphorylates Akt which in turn has several downstream targets. Akt regulates
cell cycle progression by inhibiting GSK3, which stabilizes cyclin D. Akt also stimulates protein synthesis
by activating the mTOR pathway by inhibiting the TSC complex. mTOR can also be activated by
nutrients and amino acids upstream. The intermediate steps in this pathway are omitted for clarity.

1.4 Wnt Signalling

Wnts are secreted proteins that mediate cell-cell communication, either in a contactdependent manner or across a long distance. The Wnt signalling pathway is conserved across
evolution and is a fundamental mechanism of intercellular communication used by all
multicellular animals. It was initially identified in Drosophila termed as Wg (Wingless),
necessary of the wing development. Apart from an intricate network of intracellular
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components and molecular responses, the 19 different Wnts,10 Frizzled (Fzd) and two lowdensity lipoproteins (LRP) co-receptor genes in mammalian genomes offer diverse
possibilities for promiscuous interactions on the cell surface. Overall, Wnt proteins modulate
the generation of cell polarity, determination of cellular fate, maintenance of the pluripotency
of stem cells and cellular proliferation by canonical and non-canonical Wnt signalling pathways
(Mikels & Nusse, 2006).
Wnt signalling pathways are broadly classified as canonical and non-canonical Wnt
pathways. In the canonical β-catenin Wnt pathway, the Wnt3a ligand binds to Fzd and the coreceptor LRP5/6 (He, Semenov, Tamai, & Zeng, 2004), recruits Dishevelled (Dvl) and Axin to
the plasma membrane (DeBruine, Xu, & Melcher, 2017). This leads to a series of events that
inhibit GSK3β activity and disrupts the protein complex that usually degrades β-catenin. As a
result, β-catenin stabilizes and accumulates in the cytosol, translocate into the nucleus and
activates TCF/LEF factors (Clevers & Nusse, 2012; Cselenyi et al., 2008). These are
transcriptional factors that regulate downstream processes such as cell cycle progression and
proliferation. In the absence of Wnts, the degradation complex comprising of Axin,
adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), casein kinase 1α (CK1α)
and glycogen synthase kinase 3 beta (GSK3β) targets β-catenin for degradation (Gordon &
Nusse, 2006; Nusse, 2005). Several negative regulators of the pathway serve as a feedback
loop, which includes Dickkopf-related protein 1 (Dkk-1) (Glinka et al., 1998) at the receptor
level and Axin2 at the cytoplasm (Jho et al., 2002).
The Wnt/LRP6 signalling pathway also has β-catenin independent routes that branch into
the Wnt/TOR and Wnt/STOP pathway, which again trifurcates at the level of GSK3β
inactivation as depicted in Figure 2 (Acebron & Niehrs, 2016). In the absence of Wnts, GSK3β
phosphorylates TSC2 and inhibits it from binding to the TORC1 complex. Wnts block TSC2
and thereby activate the mTOR pathway, which stimulates protein translation during the cell
cycle progression. Similarly, Wnts prevent protein degradation by inhibiting GSK3β, which in
sum leads to the stabilization of 15% of the cellular proteins by Wnt/STOP signalling (Acebron
et al., 2014). Wnt/STOP increases the cell size and stabilizes G1 proteins such as Myc and
Cyclin D1, which couple cell cycle progression with cell growth.
Non-canonical Wnt pathways make use of the same core components, but branch into the
Wnt/PCP and Wnt/Ca2+ pathway at the level of Dishevelled. The non-canonical Wnt Planar
cell polarity pathway (PCP) is well studied in Drosophila and is known to regulate cell polarity.
Epithelial cells possess apical-basolateral polarity and this organization is required in various
epithelia, for example in the inner ear, hair follicles and even mesodermal cells during
gastrulation. The Wnt PCP pathway regulates the actin cytoskeleton to allow for polarized
6
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cellular organization and cell migration. The Wnt calcium pathway on the other hand stimulates
calcium release from the ER and is dependent on G-proteins. Wnt5a and Wnt11 are known to
stimulate this pathway that leads to intracellular calcium release and activates several Ca2+
sensitive proteins such as Protein Kinase C (PKC) and calcium/calmodulin-dependent kinase
II (CamKII). These proteins for example regulate gastrulation in Xenopus embryos and heart
formation which is a crucial component of the Wnt/Ca2+ pathway (Reviewed in (Komiya &
Habas, 2008)).

Figure 2: Scheme of the Wnt Signaling Pathway. Wnt ligands form a complex with Fzd and LRP6
that form a cluster along with Dvl. This complex inactivates GSK3β, which triggers several downstream
cascades, which are β-catenin dependent and β-catenin independent. These pathways contribute to
overall cell growth and proliferation. Inspired by Acebron & Niehrs, 2016.

The Wnt signalling pathway is one of the main regulators for development and adult tissue
homeostasis. A mutated Wnt pathway leads to several forms of cancer and growth-related
7

Introduction

pathologies. Wnt signalling is not only important during early development, but continues to
influence the maintenance of multiple different tissues. In many tumours, the Wnt pathway is
hyper activated by dominant mutations in the downstream signalling components, such as
APC and β-catenin. However, interesting promising therapeutics have also been discovered
in the upstream signalling cascades rather than on events within the receiving cell (Wiese,
Nusse, & van Amerongen, 2018)

1.4.1 Wnt Secretion

In Wnt-secreting cells, the O-acyltransferase porcupine (Porcn) is required for lipid
modification of Wnts with palmitoleic acids in the endoplasmic reticulum (ER) (Zhai,
Chaturvedi, & Cumberledge, 2004). The transport of Wnt proteins from the ER to the Golgi
requires members of the p24 protein family. This suggests that p24 proteins might function as
early cargo receptors in the secretory route of Wnts (Port, Hausmann, & Basler, 2011). The
secretion of Wnt proteins depends on Evi/Wntless(WLS)/Sprinter, a conserved multipass
transmembrane protein, that shuttles the lipid-modified Wnts/Wg to the plasma membrane
(Bartscherer, Pelte, Ingelfinger, & Boutros, 2006). Evi is then internalized by clathrin-mediated
endocytosis which is mediated by AP2, recycled via the retromer complex back to the Golgi
and ER (Gasnereau, Herr, Chia, Basler, & Gleeson, 2011). The retrograde transport of Evi
from the plasma membrane to the Golgi is required for continuous Wnt secretion and is
mediated by the retromer complex SNX3 comprised of the subunits VPS26, VPS29 and
VPS35 (Zhang, Wu, Belenkaya, & Lin, 2011). The recycling of Evi from the membrane back
to the Golgi is conserved from C. elegans to vertebrates (Harterink et al., 2011). Mutation of
Evi/WLS leads to surface accumulation of Evi and Wg secretion defects in Drosophila. It was
discovered that the retromer complex is also required for the retrieval of Evi from the
endosomes to the Golgi (Port & Basler, 2010; Port et al., 2008). This suggests that Evi escorts
lipidated Wnts to the plasma membrane, where it can be released or endocytosed back into
the cell to enter the endocytic pathway (Herr, Hausmann, & Basler, 2012). Wg trafficking into
endosomes is required for Wingless signalling in Drosophila wing epithelium (Strigini & Cohen,
2000). Several studies show that Evi and Wnt reach the endosomal compartment together
before the secretion of active Wnts. Impairing the early endosomal sorting complexes
(ESCRT), which is known to mediate cargo recognition of exosomal proteins, reduces Wg
secretion and signalling (Gross, Chaudhary, Bartscherer, & Boutros, 2012).
Wnts are secreted morphogens and lipidated Wnts travel in the extracellular space by
forming a short-range or long-range gradient depending on the distance to the target cells.
8
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Wnts are known to be transferred by binding to extracellular matrix components such as
heparin sulphate proteoglycans (HSPGs) (Yan & Lin, 2009). They belong to the glypican family
and attach to the cells through a GPI anchor. Drosophila wing imaginal discs have been widely
used to study morphogen gradient formation and Wg signalling where the glypican Dally and
Dally like protein (Dlp) is involved in Wnt gradient formation and signalling (Han, Yan,
Belenkaya, & Lin, 2005). The morphogens are also transported by forming cell-cell contact
sites with the receiving cells, through actin-based filopodial extensions called cytonemes
(Hsiung, Ramirez-Weber, David Iwaki, & Kornberg, 2005). The formation of a long-range
gradient requires special mechanisms to spread Wnts farther from their source of production,
for example, soluble micelles, lipoprotein particles or extracellular vesicles. Wnts are known
to be secreted on lipoprotein particles in the Drosophila wing epithelium and mammalian cells
(Neumann et al., 2009; Panáková, Sprong, Marois, Thiele, & Eaton, 2005). They are also
known to be associated with Reggie-1/Flotillin-1 which are components of membrane
microdomains in Drosophila for long-range spreading (Katanaev et al., 2008). Wnts can also
bind to extracellular molecules that act as vehicles that carry Wnts to the target cells. For
example, an extracellular Wg binding protein SWIM (secreted Wg interacting molecule), which
is a member of the Lipocalin family of transport proteins, was described as a co-factor in longrange Wg signalling (Mulligan et al., 2012). In human cells, a crystal structure revealed that
Afamin a glycoprotein is complexed with Wnt and acts as a Wnt carrier (Naschberger et al.,
2017). Active Wnts are also secreted on exosomes in human cell lines and Drosophila (Gross
et al., 2012). The different extracellular forms of Wnts can co-exist and gradient formation is
largely dependent on the tissue type and its developmental status.
Exosomes are extracellular vesicles with a size range of 30-100nm and are generated as
intraluminal vesicles by inward budding of multi-vesicular bodies. They are formed in the
endocytic pathway in an ESCRT-dependent (endosome sorting complex) or ESCRTindependent manner. Based on the machinery involved, exosomes carry specific markers
which categorize them into different sub-populations such as CD63, CD81, CD9, Tsg101, Alix
or Syntenin bearing exosomes (Van Niel, D’Angelo, & Raposo, 2018). Cytoskeletal proteins,
motor proteins, molecular switches such as GTPases and fusion machinery such as SNARE
proteins are involved in the release of exosomes (Raposo & Stoorvogel, 2013). An in vivo
RNAi screen in Drosophila identified Ykt6, a SNARE protein to block Wg secretion.
Furthermore, Ykt6 is evolutionarily conserved and plays an important role in extracellular
transport on Wnt proteins (Gross et al., 2012).
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Figure 3: Scheme of Wnt secretion. Wnts are palmitoylated by Porcupine in the ER, transported to
the Golgi, where it binds to Evi and subsequently reaches the plasma membrane to be released. It can
also be re-endocytosed to enter the endocytic pathway and secreted onto the exosomes. EE: Early
endosome; LE: Late Endosome, MVB: Multi-vesicular body. Inspired by Gross et al., 2012.

1.5 SNARE Proteins

Eukaryotic cells have specialized membrane compartments that are segmented to carry
out a plethora of functions. One of the most important functions is the transport of molecules
between these intracellular compartments as well as the external environment. These
movements are mediated by small membrane-bound transport vesicles that bud off from one
cellular compartment and fuse with the next compartment and is termed vesicular trafficking.
Vesicular trafficking in the endocytic and secretory pathway is facilitated by Rab GTPases
(Rab guanosine triphosphate hydrolases), tethering complexes and SNARE proteins
(Gonzalez & Scheller, 1999). Inter-compartment communication requires interaction between
the targeting molecules on such transport vesicles and the target membranes for cellular
compartmentalization and cargo transport. These events are not just unidirectional, where
the newly synthesized proteins are transported to the final destination during anterograde
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transport. It occurs in the reverse direction as well termed as retrograde transport, which is
required for recycling of cargo receptors or recovery of misfolded proteins (Sanderfoot &
Raikhel, 1999).
SNARE (Soluble N-ethylmaleimide sensitive factor attachment protein) proteins are
evolutionarily conserved and play a central role in vesicle fusion and docking. Understanding
the regulation and localization of SNAREs has helped to elucidate both anterograde and
retrograde membrane trafficking in the secretory pathway. SNAREs are small proteins that
are made of 100-300 amino acids in length and the core complex of SNARE proteins is
evolutionarily conserved. They are functionally classified as t-SNAREs and v-SNAREs based
on their association with the target membrane or vesicle membrane respectively (Ungar &
Hughson, 2003). The assembled SNARE complexes form a four-helical bundle that has
several layers of interacting amino acids which make them fusion-competent (Sutton,
Fasshauer, Jahn, & Brunger, 1998). The middle of the bundle consists of hydrophilic residues
characterized as a zero ionic layer that consists of either Glutamine (Q) or Arginine (R)
residues, which led to their structural classification as Q-SNAREs or R-SNAREs respectively
(Fasshauer, Sutton, Brunger, & Jahn, 1998). SNARE complexes are usually formed between
three Q-SNAREs and one R-SNARE. SNAREs are additionally categorized based on their Nterminal domain and Ykt6 belongs to the category called longin SNAREs (Rossi et al., 2004).

1.5.1 Ykt6 Structure
Ykt6 is a 23 kDa R-SNARE that lacks a transmembrane domain. It is conserved from yeast
to humans and is ubiquitously expressed in a variety of tissues (Catchpoole & Wanjin, 1999).
It has an N-terminal longin domain and a C-terminal SNARE domain. The resolved N-terminal
structure of Ykt6 reveals that it has a profilin-like structure, where Ykt6 adopts a folded back
closed conformation. This autoinhibitory conformation was facilitated by the interaction of the
N-terminal profilin domain with the C-terminal SNARE domain (Tochio, Tsui, Banfield, &
Zhang, 2001). The C-terminal SNARE domain has a consensus CAAX motif, that contains
two conserved cysteine residues. This motif is conserved in several other proteins such as
Ras, Marcks and Rac-1. The closed, inactive, soluble Ykt6 is only farnesylated at the second
cysteine residue (Cys195) and farnesylation alone is not sufficient to anchor the protein to the
membrane (Fukasawa, Varlamov, Eng, Sollner, & Rothman, 2004; Veit, 2004). It was later
discovered that Ykt6 palmitoylation at the first cysteine residue (Cys194) leads to strong
membrane attachment (Lars E.P. Dietrich et al., 2005). In yeast studies, it was proposed that
Ykt6 goes through a cycle of palmitoylation/depalmitoylation during the vacuole fusion
11
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reaction. This gives Ykt6 an exclusive ability to cycle between cytosol and membranes, where
a large pool of Ykt6 exists cytoplasmically in its inactive form and gets recruited to membranes
to initiate vesicle fusion events. Membrane recruitment of Ykt6 is controlled by its N-terminal
domain which interacts with the C-terminal SNARE domain to keep Ykt6 in its inactive closed
conformation. Palmitoylation is a common reversible post-translational modification and is
required for membrane localization and protein sorting (L. E P Dietrich & Ungermann, 2004).
It was also reported that Ykt6 mediates protein palmitoylation of Vac8 through its
acyltransferase activity in yeast vacuoles (Lars E.P. Dietrich, Gurezka, Veit, & Ungermann,
2004). Another study, further highlights that depalmitoylation of Ykt6 is required for its
recycling and entry into the endosomal pathway (Meiringer, Auffarth, Hou, & Ungermann,
2008). Taken together, Ykt6 is a promiscuous SNARE that dynamically regulates the
intracellular trafficking by localizing to diverse membrane compartments.
Extensive research has been done in understanding the mechanism of membrane
recruitment of Ykt6 and its regulatory mechanism. Regulation of Ykt6 can occur via its longin
domain that controls the Ykt6 conformation and localization. It was proposed that Ykt6 exists
in a soluble closed conformation, where the longin domain is locked in place and acts as a
lipid chaperone masking the hydrophobic residues. The longin domain interacts with the
SNARE domain via intramolecular protein-protein interactions and with the masked lipid
groups at the C terminus via protein-lipid interactions, thereby preventing the SNARE from
binding to promiscuous targets. Once the longin domain retracts, it weakens the interactions
with the SNARE motif which would then open up to form complexes with potential partners to
modulate vesicle fusion events. Thus, the protein-lipid interaction facilitates the closed
conformation of the SNARE to regulate its targeting and activity (H. Hasegawa, 2004). Another
study based on circular dichroism spectroscopy revealed that farnesylated Ykt6 is more stably
folded than the non-lipidated variant (Pylypenko et al., 2008). Along these lines, NMR (Nuclear
magnetic

resonance)

studies

revealed

that

Ykt6

adopts

multiple

interconverting

conformational states, where farnesylation shifts the conformation from a semi-closed to a
dominantly closed stable conformation. Therefore, the Ykt6 SNARE and longin domain
mutually cooperate to keep the farnesylated, unpalmitoylated Ykt6 protein in its soluble closed
conformation. When Ykt6 is palmitoylated, the partition co-efficient increases that shifts a
portion of the protein from cytosol to membranes (Weng, Yang, & Wang, 2015). Even though
several studies have reported Ykt6 to be palmitoylated at Cys194, a recent study reported that
Ykt6 is a substrate for geranylgeranyltransferase type III (GGTase-III), that recognizes
farnesylated Ykt6 and attaches a geranylgeranyl group at the Cys194 position. This leads to
a doubly prenylated Ykt6 that is soluble, however, since prenylation is irreversible, perhaps a

12

Introduction

different mechanism might regulate the open/closed conformation of the doubly prenylated
Ykt6 (Shirakawa et al., 2020).
Another well-known regulatory mechanism that controls the activity of SNAREs is
phosphorylation, which is considered a general inhibitory mechanism for SNAREs to suppress
membrane fusion. A study on non-neuronal SNAREs such as VAMP8 revealed conserved
phosphorylation residues within the SNARE domain in fungi, plant and animal kingdoms.
Phosphorylation or mutation of these sites allowed the docking of these SNAREs at
membranes but prevented the fusion of secretory granules (Malmersjö et al., 2016b). Based
on this paper, several studies followed investigating the role of phosphorylation in regulating
Ykt6 activity by mutating these conserved phosphorylation sites in the Ykt6 SNARE domain.
In Drosophila studies, the phosphomimicking mutant led to wing notches in the adult flies,
leading to the development of melanotic tumours (Linnemannstöns et al., 2020). Similar
effects were observed in a human cell culture system where phosphorylated Ykt6 gets
recruited to membranes but prevents vesicle fusion events. Phosphorylated Ykt6 has
dominant-negative effects and cannot revert to its closed conformation which leads to
membrane stabilization (Pradhipa Karuna et al., 2020). Phosphorylated Ykt6 also inhibits
autophagy flux in yeast (Barz et al., 2020) and prevents the SNARE from binding to its potential
partners to form SNARE complexes (McGrath et al., 2021). Several kinases are predicted to
phosphorylate Ykt6, including the PKC family of kinases (Malmersjö et al., 2016b), PDK1
(Pradhipa Karuna et al., 2020), protein kinase C iota type (PRKci) (McGrath et al., 2021) and
Atg1 kinase during autophagy (Barz et al., 2020). These kinases could differentially modulate
the activity of Ykt6 based on the organelle and the processes involved. In a nutshell, Ykt6 is
regulated via a two-step process, where the phosphorylation of the SNARE recruits it to the
membranes, but an additional dephosphorylation step, that could for example be calcineurindependent (McGrath et al., 2021), is required to make it fusion-competent. Hence,
phosphorylation of Ykt6 regulates its function in the secretory and autophagy pathway.
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Figure 4: Scheme of human and Drosophila Ykt6. Ykt6 with predicted phosphorylation sites in
human and Drosophila. It consists of the N-terminal longin domain and C-terminal SNARE domain. The
SNARE domain has a conserved CCAIM motif, where the cysteine residues at positions 194 and 195
are palmitoylated and farnesylated respectively.

1.5.2 Ykt6 Functions

Ykt6 has been implicated in several steps of trafficking in the endomembrane system. One
of the earliest elucidated functions of Ykt6 is in ER- Golgi transport (McNew et al., 1997) and
Golgi retrograde transport (Lupashin, Pokrovskaya, McNew, & Waters, 1997). Ykt6 is
essential for yeast cell viability and it was known to be involved in homotypic vacuole fusion
(Ungermann et al., 1999) in yeast. Later, Ykt6 was shown to be involved in post-Golgi
membrane trafficking and cells lacking Ykt6 are blocked at an early Golgi stage in the
secretory pathway (Grinnell, 2002). A recent study revealed that Ykt6 is an essential SNARE
for the structural and functional organization of the Golgi apparatus (Shirakawa et al., 2020).
This suggests that Ykt6 is a multi-functional SNARE that is involved in several membrane
trafficking fusion events in the secretory pathway.
Ykt6 is involved in a plethora of functions, however, a major discovery unfolded the role
of Ykt6 in the Wnt signalling pathway. Ykt6 was identified as a gene to block Wg secretion in
Drosophila where depletion of Ykt6 in Wg-producing cells reduced the expression of the Wg
target gene senseless in the neighbouring target cells, leading to an adult wing notch
phenotype consistent with defective Wg signalling. Furthermore, Ykt6 is required for the
extracellular vesicular transport of Wnt proteins (Gross et al., 2012). Complementing these
studies, Ykt6 acts via Rab4 recycling endosomes to transport Wnts to the cell surface and is
involved in fine-tuning Wnt secretion from endosomes (Linnemannstöns et al., 2020).
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Not until recently, another novel function of Ykt6 in autophagy was discovered. In
Drosophila fat cells, Ykt6 acts as a non-conventional regulatory SNARE to initiate
autophagosome-lysosome fusion. It competes with VAMP7 and forms a SNARE complex with
Syx17 and Snap29 and is present in the lysosomes and autophagic vesicles (Takáts et al.,
2018). Ykt6 also forms a complex with Stx17 and Snap29 in Hela cells for autophagosomelysosome fusion. Interestingly, here, the longin domain regulates the recruitment of Ykt6 to
autophagosomes, as a C-terminal mutant was unable to localize to the Golgi, but was still
present on autophagosomes (Matsui et al., 2018). An in vitro reconstitution assay in yeast
revealed the role of Ykt6 in autophagosome-lysosome fusion, where it forms complexes with
the Q-SNAREs Vam3, Vam7 and Vti1 on the vacuole (J. Gao, Reggiori, & Ungermann, 2018;
Rossi et al., 2018). This further emphasizes a differential recruitment mechanism for Ykt6 to
autophagic membranes.
Another striking study has highlighted yet another function of Ykt6 in adapting to nutritional
stress levels in ER+ breast cancer cell lines: Ykt6 forms a trimeric complex with LLGL2,
scaffolding protein and SLC7A5, a leucine transporter to promote leucine uptake in response
to nutrient stress. It is therefore proposed as a part of the LLGL2-SLC7A5 pathway to facilitate
membrane fusion at the cell surface levels (Saito et al., 2019). Apart from being involved in
the transport of leucine, Ykt6 was reported as a potential regulator of GLUT4 trafficking in
human cells (Morris et al., 2020).
Ykt6 acts at the cross-road of essential pathways such as secretory, endocytic and
autophagy pathways. Diseases such as cancer could harness Ykt6 to their advantage to
facilitate tumorigenesis. In fact, Ykt6 is implicated as a key molecule in the regulation of
exosome release from lung cancer cell lines (Ruiz-Martinez et al., 2016). Ykt6 overexpression
also leads to an increased mitotic index in rat kidney cells (Thayanidhi et al., 2012).
Furthermore, Ykt6 is upregulated in p53-mutated breast tumours (Ooe, Kato, & Noguchi,
2007) and plays a role in tumour metastasis (Kluger et al., 2004). Apart from cancer, Ykt6 also
plays a role in neurodegenerative disorders such as Parkinson’s disease: In neuronal cells, αsynuclein binds to and deactivates Ykt6, which disables the lysosomal stress response and
facilitates protein accumulation in patients. Activating Ykt6 restores lysosomal stress
clearance activity by enhancing hydrolase trafficking during stressful situations and restores
protein homeostasis (Cuddy et al., 2019). The doubly prenylated Ykt6 is not only essential for
the Golgi organization, but also critical for lysosomal hydrolase trafficking (Sakata, Shirakawa,
Goto, Trinh, & Horiuchi, 2021).
Taken together, Ykt6 is a promiscuous SNARE involved in crucial processes in the cell.
It is no surprise that cancer cells or neuronal cells harness the SNARE to their advantage to
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induce cancer metastasis or protein accumulation in neurodegenerative disorders. Although it
acts in diverse cellular processes, it remains unclear if Ykt6 has a dedicated function or if it’s
a multifunctional SNARE that acts as a stress sensor. Ykt6 exists in a closed, inactive form
and open the active form. Even though there have been several studies investigating the
mechanisms that activate Ykt6, the exact molecular mechanism involved in its membrane
recruitment and regulation remains unclear.

Figure 5: Schematic representation of membrane recruitment of Ykt6. Ykt6 exists in an inactive,
soluble closed form. A conformation switch triggers Ykt6 to be anchored to membranes to initiate vesicle
fusion events. Inspired by Daste et al., 2015.
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2. Aim of the thesis
2.1 Elucidating the molecular mechanism of Ykt6 in Wnt secretion

Ykt6 is a promiscuous SNARE required for Wnt secretion on exosomes. It lacks a
transmembrane domain and cycles between cytosol and membranes to initiate vesicle fusion.
The first aim of the thesis is to investigate the mechanism of the cytosol to membrane cycling
of Ykt6 in fine-tuning the extracellular Wnt levels. An in vivo genetic analysis in the Drosophila
model system, combined with in vitro biochemical analysis and proximity-dependent
proteomics in human cells was performed to understand this molecular mechanism.

2.2 Deciphering the mechanistic role of Ykt6 phosphorylation in regulating
its membrane recruitment and activity

Ykt6 has evolutionarily conserved phosphorylation sites in its SNARE domain. It acts at
multiple fusion events in the secretory, endocytic and autophagy pathways. How the
phosphorylation of the SNARE regulates its conformational switch to attach to the membranes
and what are the kinases involved in phosphorylation remains unclear. The second aim of the
thesis is to decipher how phosphorylation of Ykt6 determines its membrane recruitment and
hence its activity. An in vitro kinase screen assay, membrane fractionation and proximitydependent proteomics was performed to understand the mechanism of membrane
recruitment.

2.3 Characterization of Wnt-bearing small extracellular vesicles
Wnts are secreted morphogens that are loaded onto exosomes for long-range signalling.
Even though several studies highlight the role of exosomal Wnts during development and
tissue homeostasis, it is still unclear if there is a specific sub-population of exosomes that carry
Wnt. The third aim of this thesis is to identify and characterize the Wnt-bearing small
extracellular vesicles otherwise called exosomes. Electron microscopy, lipidomics and
proteomics were performed to identify and characterize the exosome subtypes that carry Wnt.
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2.4 Investigating the function of Ykt6 in cell cycle progression and the
signalling pathways involved

Ykt6 is an essential gene in yeast and knockdown of Ykt6 causes growth defects in vivo.
The fourth aim of the thesis is to investigate the function of Ykt6 in cell cycle progression and
to determine the signalling pathway involved in this regulation. Using cell cycle
synchronization, flow cytometry, single-cell transcriptomics and metabolomics, novel Ykt6dependent expression patterns in a cell cycle-dependent manner were elucidated.

18

Results

3. Results
3.1 Manuscript I: Ykt6-dependent endosomal recycling is required for Wnt
secretion in the Drosophila wing epithelium
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RESEARCH ARTICLE

Ykt6-dependent endosomal recycling is required for Wnt secretion
in the Drosophila wing epithelium

ABSTRACT
Morphogens are important signalling molecules for tissue
development and their secretion requires tight regulation. In the
wing imaginal disc of flies, the morphogen Wnt/Wingless is apically
presented by the secreting cell and re-internalized before final longrange secretion. Why Wnt molecules undergo these trafficking steps
and the nature of the regulatory control within the endosomal
compartment remain unclear. Here, we have investigated how Wnts
are sorted at the level of endosomes by the versatile v-SNARE Ykt6.
Using in vivo genetics, proximity-dependent proteomics and in vitro
biochemical analyses, we show that most Ykt6 is present in the
cytosol, but can be recruited to de-acidified compartments and
recycle Wnts to the plasma membrane via Rab4-positive recycling
endosomes. Thus, we propose a molecular mechanism by which
producing cells integrate and leverage endocytosis and recycling via
Ykt6 to coordinate extracellular Wnt levels.
KEY WORDS: Wnt secretion, Wnt signalling, Endosomal sorting,
Morphogen trafficking

INTRODUCTION

Cell behaviour and growth is coordinated at the tissue level by
morphogen signalling to provide context-specific information in a
space-, time- and dose-dependent manner. One such morphogen that
forms a concentration gradient across a developing tissue is Wnt.
Wnts act on neighbouring and distant target cells to activate Wnt
signalling pathways, which play a central role in stem cell
maintenance, differentiation in development and adult homeostasis
(Nusse and Clevers, 2017). Within the source cells, Wnt trafficking
through the secretory pathway is highly regulated to fine-tune
extracellular signal distribution. First, Wnts are lipidated in the ER by
Porcupine (Kadowaki et al., 1996; Tanaka et al., 2000). This
modification is required for their activity and secretion, and is
1
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essential for p24 protein-dependent Wnt exit from the ER (Buechling
et al., 2011; Port et al., 2011). Here, the cargo receptor Evi [also
referred to as Wntless (Wls)] recognizes palmitoleic acid-modified
Wnts and escorts them from the ER to the plasma membrane (Herr
and Basler, 2012). In the ER, Evi levels depend on Wnt ligands and
are regulated by the ERAD pathway (Glaeser et al., 2018). The
recycling of Evi from the cell surface to the trans-Golgi network
(TGN) enables further transport of newly synthesized Wnts from the
TGN to the cell surface. Evi recycling depends both on clathrinadaptor protein 2 (AP-2)-mediated endocytosis (Gasnereau et al.,
2011) and retromer function, because blocking either of these steps
leads to a reduction in Wnt secretion (Belenkaya et al., 2008;
Harterink et al., 2011; Port et al., 2008; Yang et al., 2008; Zhang et al.,
2011). Interestingly, Wnt and Evi only separate in acidified
endosomes (Coombs et al., 2010), but the exact routes of postendocytic trafficking leading to Wnt secretion remain unclear.
Endocytosis into endosomes is required for Wg trafficking,
secretion and signalling, as demonstrated in the polarized epithelium
of developing Drosophila wings (Pfeiffer et al., 2002; Strigini and
Cohen, 2000). In addition, there seems to be a dual effect of the
endosomal compartment on Wg signalling: impairing early
endosomal sorting causes reduction in Wg secretion and signalling
(Marois et al., 2006; Seto and Bellen, 2006), whereas blocking
endosomal trafficking from late endosome to lysosome increases Wg
signalling (Dubois et al., 2001; Seto and Bellen, 2006). Time-course
analysis revealed that Wg is first trafficked to the apical membrane and
then re-endocytosed before its final secretion. Several hypotheses exist
for this postendocytic trafficking: (1) Wg is transcytosed and secreted
at the basolateral membrane (Yamazaki et al., 2016); (2) Wg is loaded
onto endosome-derived exosomes for export after endocytosis (Gross
et al., 2012); and (3) Wg and Frizzled (Fz) receptors meet in
endosomal compartments for signalling and degradation (Hemalatha
et al., 2016). Therefore, to elucidate the role of Wnt trafficking to
endosomal compartments, it is essential to determine whether it is
destined for secretion, signalling or degradation.
Previously, we identified the SNARE Ykt6 to be required for the
secretion of Wnts on exosomes in Drosophila and human cells
(Gross et al., 2012). Wnts are secreted on different extracellular
vesicles (EVs) such as exosomes (Beckett et al., 2013; Gross et al.,
2012; Koles et al., 2012; Menck et al., 2013), e.g. in the context
of spermatogenesis and nerve regeneration (Koch et al., 2015;
Tassew et al., 2017). Ykt6 is an unusual SNARE, as it lacks a
transmembrane domain and therefore cycles between cytosol and
membranes (reviewed by Kriegenburg et al., 2019). Ykt6 localizes
to different membranes (such as ER, Golgi, endosomal membranes
and the plasma membrane) and was found in variable SNARE
complexes in vitro. In yeast, Ykt6 functions in homotypic fusion
of ER and vacuolar membranes, in retrograde Golgi trafficking and
in autophagosome formation (Bas et al., 2018; Gao et al., 2018).
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In higher eukaryotes, Ykt6 seems to play a role in non-canonical
autophagosome formation under starvation conditions in human
cells (Matsui et al., 2018) and Drosophila fat body (Takáts et al.,
2018). Considering the ability of Ykt6 to adapt to multiple cellular
localizations, we investigate it here as a candidate to orchestrate Wnt
secretion from endosomes. Combining in vivo genetics, proximitydependent proteomics and in vitro biochemical analyses, we found
that cytosol-to-membrane cycling of Ykt6 has an evolutionarily
conserved function in endosomal Wnt trafficking in Drosophila and
in human cells. Ykt6 acts via Rab4 in recycling Wnts to the cell
surface, and we propose that this is a novel mechanism for finetuning of Wnt secretion in endosomes.
RESULTS
Loss of Ykt6 blocks Wnt secretion

To analyse the role of Ykt6 in Wnt secretion, we used the polarized
epithelium of Drosophila wing imaginal discs (WIDs), a wellestablished model system to study the secretory pathway of
Wingless (Wg), the Drosophila homologue of Wnt1 (reviewed by
Parchure et al., 2018; Swarup and Verheyen, 2012). RNAi-mediated
knockdown of Ykt6 in third-instar WIDs strongly reduced
extracellular Wg staining (Fig. 1A; Gross et al., 2012), indicating
a block of Wg secretion. We confirmed this RNAi phenotype using
two available loss-of-function alleles: ykt6C, which has a mutated
start codon (M1I); and ykt6A, which carries a Q62R exchange in the
Longin domain (Haelterman et al., 2014) (Fig. 1B). These alleles
are homozygous lethal, confirming the essential role of Ykt6
described in yeast (McNew et al., 1997). GFP-negative ykt6A mutant
mitotic clones were small compared with control clones (Fig. S1A),
yet Wg accumulated intracellularly within these clones, as observed
for RNAi (Fig. 1C). DE-Cadherin staining was unaffected in ykt6A
mutant clones, indicating that cargo trafficking from the ER through
the Golgi to the plasma membrane is unperturbed (Fig. S1B). This
implies that Ykt6 is required for Wg secretion at a post-Golgi step.
To confirm these findings, we next investigated the role of Ykt6
in human cells. Ykt6 knockdown in human Hek293T cells caused
intracellular accumulation of overexpressed Wnt3A-GFP (Fig. 1D)
and reduced endogenous Wnt5A secretion from SK-BR-3 breast
cancer cells (Fig. S1C). Thus, the role of Ykt6 in Wnt secretion
appears to be evolutionarily conserved. Proteins of the SNARE
family drive membrane fusion by formation of a trans-SNARE
complex consisting of four specific v- and t-SNAREs present at
vesicle and target membranes. Different trafficking steps are
mediated by preferential sets of SNAREs to ensure a directional
flow of membranes and cargo (Dingjan et al., 2018). However, Ykt6
has multiple sites of action and it has been shown to interact with
different SNARE partners in vitro (Tsui et al., 2001). To understand
at which step Ykt6 is involved in post-Golgi Wnt trafficking, we
undertook a comparative RNAi candidate approach in Drosophila
WIDs, comparing its knockdown with the knockdown of early and
late secretory SNAREs (Fig. 1E, Table S1). First, the adult wings of
wgGal4-driven RNAi crosses of all 25 SNAREs were analysed for
Wnt signalling defects, i.e. wing notches (Fig. 1E, upper diagram).
Owing to the general importance of membrane fusion events for
protein secretion (Gordon et al., 2010), 15 of those 25 SNAREs
showed notches and one cross was lethal (Table S1). Next, enGal4driven RNAi of those 16 was analysed in WIDs for Wg secretion
defects by comparing and visually scoring Wg staining in the
anterior and the posterior compartment (Fig. 1E, lower diagram).
Under those conditions, six candidates were lethal and six affected
Wg secretion. Golgi SNAREs, such as Syx5 and Bet1, strongly
reduced Wg secretion and overall cell survival, and were not further
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investigated. Sec22 and Vamp7 contain a Longin domain like Ykt6
and, together with Synaptobrevin (Syb), act in plasma membrane
fusion of secretory vesicles (Gordon et al., 2017) and Wg secretion
(Gao et al., 2017; Li et al., 2015; Yamazaki et al., 2016). Indeed, we
observed Wg accumulation and wing notches for Sec22 and Syb,
but not for Vamp7 (Table S1). Transverse optical sections clearly
showed that Syb RNAi leads to apical accumulation of Wg, similar
to the phenotype observed with Ykt6 (Fig. 1F, middle panel). As
Ykt6 negatively interacts with Syb and Sec22 in Drosophila cells
(Gordon et al., 2017), we asked whether Ykt6 knockdown would
affect these late secretory SNAREs in vivo. Staining for Sec22, Syb
and Vamp7 in enGAL4/Ykt6-RNAi WIDs revealed that Ykt6
depletion affects neither localization nor stability of these three
SNAREs in vivo (Fig. S1D). We further tested for a role for these
SNAREs in Wnt secretion and signalling in non-polarized Hek293T
cells. In an autocrine Wnt reporter assay, knockdown of Ykt6 and
VAMP1 (human Syb homologue) reduced Wnt activity, whereas
Sec22B and VAMP7 did not (Fig. S1E). Taken together, these data
suggest that Ykt6-mediated trafficking events resemble those of
Syb, a SNARE previously described in a post-endocytic step in Wg
secretion in WIDs (Yamazaki et al., 2016).
Ykt6 acts on endosomal compartments after apical
presentation

To clarify the direction of Ykt6-mediated trafficking events, we
used an unbiased BioID approach to label proteins in close
proximity (Roux et al., 2012, 2018) and thereby identify potential
Ykt6 interaction partners informative of Ykt6 sub-endosomal
localization. Ykt6 was N-terminally tagged with the prokaryotic
BirA* domain. This promiscuous ligase biotinylates amine groups
of neighbouring proteins within a 10 nm radius upon addition of
biotin. Wild-type (WT) and mock constructs were expressed in
human Hek293T cells in the presence of 50 μM biotin; biotinylated
proteins were purified by streptavidin pulldown and subjected to
mass spectrometry (Fig. 2A,B). We identified a total of 143
biotinylated proteins enriched over background in cells expressing
Ykt6-WT (Table S2). In general, BioID captures weak and transient
protein-protein interactions and proximate proteins (Liu et al.,
2018). Reactome functional network (Gobert et al., 1996) and Kegg
pathway analysis (Kanehisa et al., 2016) of identified proteins
connected Ykt6 to processes like vesicle trafficking, metabolic
processes and endocytosis (Fig. S2A-C). These connections are in
line with the pleiotropic effects observed for Ykt6 in diverse
membrane-associated processes such as ER-Golgi traffic (Fukasawa
et al., 2004; McNew et al., 1997; Zhang and Hong, 2001),
autophagy (Bas et al., 2018; Gao et al., 2018; Matsui et al., 2018;
Takáts et al., 2018) and plasma membrane fusion (Gordon et al.,
2017). However, we did not identify other SNAREs using the BioID
approach, potentially owing to the long labelling time of first
generation BioID constructs (Roux et al., 2018).
Interestingly, and supporting the findings from the WID
candidate screen, we found nine candidates connected to
endocytosis (Fig. 2C). Among them are both early (Clathrin
adaptor AP2 complex components and Dynamin2) and late (Alix
and Chmp2B) endosomal proteins. We confirmed Ykt6-mediated
BioID labelling of AP2A1/2 by immunoblotting of streptavidin
pulldown from Hek293T cell lysates (Fig. 2D). Furthermore,
knockdown of Dynamin 2, Chmp2B and Alix in Hek293T Wnt
reporter cells reduced autocrine Wnt signalling activity (Fig. S2D).
Together with the results from the SNARE in vivo RNAi approach,
this supports a connection between Ykt6 and endosomal sorting in
Wnt signalling.
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Fig. 1. Loss of Ykt6 blocks Wnt secretion. (A) RNAi-knockdown of Ykt6 in the posterior compartment of third instar WIDs marked by co-expression of GFP
(engrailed-Gal4, UAS-GFP/UAS-ykt6RNAi) causes extracellular Wingless reduction. The GFP-negative anterior compartment serves as an internal control.
Maximum intensity projection of 20 sections (distance 0.5 μm) depicted for visualization. (B) Scheme of Drosophila ykt6 mutant alleles. (C) Wingless protein
accumulates in ykt6A clones marked by the absence of GFP. The lower panels depict enlarged images of the areas outlined in the upper panels. (D) Western blot
analysis of intracellular Wnt accumulation in Hek293T cells transfected with control or Ykt6-1 or Ykt6-2 siRNA. (E) RNAi against 25 Drosophila SNAREs was
screened for Wnt secretion defects in adult wings (wgGAL4) and third instar WIDs (enGAL4) (see also Table S1). (F) Knockdown of Ykt6 and Syb by RNAi in the
posterior compartment of third instar WIDs marked by co-expression of GFP leads to intracellular Wg accumulation, whereas Sec22 does not affect Wg
distribution. The GFP-negative compartment serves as an internal control. Left panels in F show maximum intensity projections of six (Ykt6), 15 (Syb) and two
(Sec22) sections (distance 1 μm) depicted for visualization. Right panels in F show optical transverse sections. Scale bars: 20 μm.
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Last, the identification of AP2 in the BioID approach and the
similarity to the Syb phenotype prompted us to compare Ykt6
knockdown with depletion of different Wnt secretion components
involved after apical plasma membrane presentation of Wg (Fig. 2E,F).
Similar to Ykt6 and Syb RNAi, depletion of Evi, SNX3 and AP2α
complex components led to Wg accumulation close to the membrane.
In contrast, knockdown of the multivesicular body (MVB) component
Hrs displayed punctate accumulation in Wg-secreting and -receiving
cells (Fig. 2E,F). We therefore hypothesized that Ykt6 might be either
involved in recycling of the transmembrane protein Evi or secretion of
Wg from endosomal compartments.

expect AP2α and Ykt6 knockdown to differentially affect
extracellular Wg. Indeed, staining of non-permeabilized WIDs
revealed Wg accumulation at the apical surface in AP2α RNAi,
whereas extracellular Wg levels were reduced upon loss of Ykt6
(Fig. 3D-F). Moreover, Wg endocytosis was unchanged in a pulsechase Wg antibody uptake assay in Ykt6 knockdown compared
with control (Fig. S3). Taken together, this demonstrates that
Clathrin-mediated endocytosis and Retromer sustain the Evi
recycling route. In contrast, Ykt6-dependent trafficking appears to
be necessary for postendocytic secondary secretion of Wg
independent of Evi.

Ykt6 knockdown is not sufficient to block Evi recycling

Ykt6 acts on Wnt trafficking at the level of endosomes

Similar to Evi knockdown, SNX3 knockdown leads to Wg
accumulation. In the absence of all Retromer components
(VPS26, VPS35 and SNX3) Evi is lysosomally degraded, instead
of retrogradely transported towards the Golgi (Belenkaya et al.,
2008; Franch-Marro et al., 2008; Port et al., 2008; Yang et al.,
2008). AP2 is crucial for the endocytosis of membrane proteins such
as Evi, as AP2α RNAi strongly reduces apical Evi staining
(Belenkaya et al., 2008; Franch-Marro et al., 2008; Port et al., 2008;
Yang et al., 2008). In contrast, we found that Ykt6 knockdown had
only a weak effect on Evi (Fig. 3A-C), thus making a function of
Ykt6 in Evi recycling unlikely. This is in line with a model from
human cell culture, in which Wnt and Evi separate after reaching
acidified endosomes (Coombs et al., 2010). If this is correct, then we

As Ykt6 appears to function after Evi and Wg separate from each
other, we hypothesized that it mediates an endosomal fusion event.
Upon Ykt6 RNAi, we observed no change in staining for early
(Rab5) or late (Rab7) endosomal markers, but a slight increase of
Hrs and a slight decrease in staining for Lamp-1, a marker for
lysosomes (Fig. 4A,B). Hrs captures ubiquitylated proteins and
recruits ESCRT-I to sort cargo into MVBs for degradation or cargo
sorting onto exosomes, but recently Hrs was also implicated in
promoting the recycling of cargo via WASH-actin (MacDonald
et al., 2018). Interestingly, ykt6A and ykt6C homozygous lethality
can be rescued by removing one copy of hrsD28, indicating that ykt6
and hrs genetically interact (Fig. S4A). Next, we analysed MVB
morphology and the formation of intraluminal vesicles, which can
4
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Fig. 2. Ykt6 acts on endosomal
compartments after apical presentation.
(A) Scheme of BioID labelling in Hek293T
cells: Ykt6 was N-terminally tagged with a
BioID domain. Upon addition of biotin, a
streptavidin pull-down was performed, and
control and Ykt6-WT samples were subjected
to proteomics identification. (B) Western blot
of biotin labelling of Ykt6-BioID and control in
the presence of 50 μM biotin. All proteins
identified by mass spectrometry in two
independent experiments (significance level
P=0.003 and 1.3-fold over BioID control
samples) are listed in Table S2.
(C) Enrichment scores for BioID-identified
proteins of the endocytic pathway.
(D) Western blot of Ykt6-WT-mediated BioID
labelling of AP2A1/2 and Chmp2B.
(E) Overview of Wnt secretion components
involved after initial apical plasma membrane
presentation of Wg. (F) Wg accumulation
phenotypes of different factors required for
Wg secretion. RNAi against Evi, Snx3 and
AP2α expressed with enGAL4, and RNAi
against Hrs and Dcr expressed with UAS-Dcr;
enGAL4. Images represent a single confocal
section and are representative of more than
six WIDs per RNAi from three independent
experiments. Scale bars: 20 μm.
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be secreted as exosomes, a population of small extracellular
vesicles, in an ESCRT-dependent and Alix-Syntenin-regulated
manner (Baietti et al., 2012). In electron microscopy sections of
WIDs, MVBs were of similar sizes in wild-type and Ykt6 RNAi
compartments (Fig. 4C,D), and the apical membrane showed no
strong morphological defects upon Ykt6 loss (Fig. S4B). This
indicates that Ykt6 knockdown does not impair MVB morphology.
Hrs is recruited to endosomes via its Fab1/YOTB/Vac1/EEA1
(FYVE) domain, which interacts with locally generated
phosphatidylinositol 3-phosphate (PI3P) (Urbé et al., 2002). To
check whether increased binding of Hrs to endosomes in Ykt6 KD
cells was due to a change in the composition of PI3P, which is
abundant in early endosomes and MVBs, we used 2xFYVE-GFP to
mark PI3P-containing endosomes in vivo (Wucherpfennig et al.,
2003). In larval wing disc cells, 2xFYVE-GFP mostly localizes to
Rab7- but not to Rab5- or Rab11-positive endosomes (Abe et al.,
2009). In control WIDs, Wg-expressing cells showed a ∼32%
colocalization of Wg with FYVE-GFP in puncta, compared with
only 16% of Wg in Ykt6 knockdown (Fig. 4E-H). FYVE-GFP
structures were smaller in Ykt6 RNAi compared with control and

Wg accumulated intracellularly at the plasma membrane (Fig. 4E-H
and Fig. S4C), indicating that lack of Ykt6 reduces the pool of late
PI3P-containing endosomes.
To check whether Ykt6 mediates an endosome-to-plasma
membrane fusion event, we used a constitutively active Rab5
(Rab5Q88L) to enlarge and visualize endosomes (Zhang et al.,
2007). WgGal4-driven Rab5Q88L-YFP expression in WIDs led to
enlarged endosomes positive for endogenous Wg (Fig. 4I, left
panel). In Ykt6-RNAi WIDs, these endosomes were significantly
larger and, in addition, Wg was seen outside Rab5Q88L endosomes
close to the membrane (Fig. 4I, right panel, J), similar to Ykt6 KD
alone (Fig. S4D). Higher resolution using Airyscan imaging
revealed that Wg accumulates mainly laterally below junctions as
marked with DE-Cadherin (Fig. S4E). Rab5Q88L-YFP expression
alone did not impair Wg secretion and signalling, as wings
developed normally, but when this was combined with Ykt6-RNAi
it resulted in pupal lethality (Fig. S4F). It is noteworthy that we did
not find endosomal size alterations in cells that overexpressed a WT
version of Rab5-YFP (Fig. S4G,H). Colocalization of Wg- and
endogenous Rab5 was significantly decreased in Ykt6 knockdown
5
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Fig. 3. Ykt6 knockdown is not sufficient to block Evi recycling. (A-C) RNAi against Ykt6 and AP2α was expressed with enGAL4,UAS-GFP, and stained for
Evi. (A) The upper panels depict a maximum intensity projection of 15 apical xy sections (distance 1 μm); the lower panels are a transverse xz section of 20 pixels.
(B) Comparison of Evi fluorescence intensity in n=5 biologically independent samples. Data are mean±s.d., *P=0.0425, ****P<0.0001. (C) Quantification of Evi
puncta in n=5 biologically independent samples. Data are mean±s.d., ****P<0.0001. (D-F) RNAi against Ykt6 and AP2α was expressed with enGAL4 and stained
for extracellular Wg. (D) A maximum intensity projection of all sections covering the entire apico-basal axis is depicted for visualization. (E) Profile of the
extracellular Wg staining in the ROI depicted in D of the corresponding average intensity projection. This compares exWg in the anterior (control, no GFP) with the
posterior (RNAi, GFP-positive) region for this one representative example. (F) Comparison of exWg fluorescence intensity in n=5 biologically independent
samples. Data are mean±s.d., ***P=0.0007, ****P<0.0001. Scale bars: 20 μm.
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Fig. 4. Ykt6 acts on Wnt trafficking at the level of endosomes. (A) Localization of different organelle markers in wild type (left) and Ykt6 RNAi (right)
from enGAL4, UAS-GFP/Ykt6 RNAi WIDs. Maximum intensity projections of 13 (Rab5), seven (Rab7, Lamp1) and nine (Hrs) sections (distance 1 μm) depicted
for visualization. Scale bars: 20 μm. (B) Quantification of fluorescence intensity in n=7 (Rab5, Rab7 and Hrs) or n=8 (Lamp1) biologically independent samples
from A. Data are mean±s.d., **P=0.0026, ***P=0.0004. (C) Semi-thin section of a WID (left) and electron microscopy images of MVBs in a WID (right) during timecontrolled depletion of Ykt6 by RNAi (engrailed-Gal4, UAS-GFP/UAS-ykt6RNAi; tubGal80-TS/+ larvae reared for 3 days at 29°C). Scale bars: 50 μm (left);
500 nm (right). (D) Quantification of MVB size in electron microscopy images from cells in the anterior (n=17) and posterior (n=22) compartments of WIDs.
(E,F) GFP-Myc-FYVE was expressed with wgGAL4 and yellow (control) or ykt6 RNAi to label PI(3)P-containing endosomes. (E) MIP of six apical sections
(distance 0.5 μm). (F) Transverse xy section. Scale bars: 10 μm. (G) Quantification of E. The diameter of GFP-Myc-FYVE -positive vesicles with a clear lumen was
measured. Four representative WIDs from three biological replicates with in total 394 (yellow RNAi) and 460 (ykt6 RNAi) enlarged endosomes were quantified.
Data are mean±s.d., ****P<0.0001. (H) Quantification of F. The number of Wg puncta positive for GFP-Myc-2XFYVE was quantified. Data are mean±s.d.,
**P=0.0071. (I) Constitutively active Rab5Q88L-YFP was expressed with wgGAL4 and yellow (control) or ykt6 RNAi. Images represent a single confocal section.
Scale bars: 10 μm. (J) Quantification of I. The diameter of Rab5Q88L-YFP-positive vesicles with a clear lumen was measured. Five representative WIDs from
three biological replicates with, in total, 446 (yellow RNAi) and 326 (ykt6 RNAi) enlarged endosomes were quantified. Data are mean±s.d., ****P<0.0001.
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(Fig. S4I), further confirming Rab5Q88L results. Taken together,
our in vivo genetic analyses demonstrate that lack of Ykt6 decreases
Wg trafficking to late endosomes, possibly because Ykt6dependent, endosome-derived vesicles accumulate close to the
plasma membrane. Thus, Ykt6 is involved in endosomal Wg
trafficking required for Wnt release.
The Ykt6 SNARE domain is required for cycling between
compartments

In contrast to SNAREs with a transmembrane domain, Ykt6 is able
to cycle from cytosol to membranes and back owing to its reversible
C-terminal palmitoylation. Depalmitoylation of Ykt6 was described
to prevent its sorting into MVBs and consequently its inactivation
(Meiringer et al., 2008). To understand how Ykt6 membrane
recruitment mediates Wnt secretion, we mutated the SNARE
domain of Ykt6 to prevent interactions with other SNARE partners
and therefore fusion events. As shown for VAMP8, mutation of
serine/threonine residues to glutamic acid in the SNARE layers
facing each other inhibits fusion of secretory granules by sterically
blocking the interaction of the SNARE helices (Malmersjö et al.,
2016). Within the SNARE layers of human Ykt6, we mutated three
serine residues to glutamic acid (Ykt6-3E) and structural modelling
showed steric hindrance of these glutamic acids with the autoinhibited state of Ykt6 (Fig. S5A,B). In this state, the Longin
domain binds to the farnesyl group at the C terminus, bringing it into
close proximity to the SNARE domain (Tochio, 2001). We
therefore investigated the intracellular localization of these Ykt6
constructs in Hek293T cells. Overexpressed Ykt6-WT showed
strong cytoplasmic staining partially overlapping with Calnexin,
whereas the mutated SNARE Ykt6 (Ykt6-3E) was more punctate at
Golgi and the plasma membrane, suggesting accumulation at
membranes (Fig. S5C-F). To confirm this biochemically, we
separated cytosolic and membrane-bound proteins by differential
detergent fractionation (Baghirova et al., 2015). Indeed,
overexpressed Ykt6-3E was found in the membrane fraction,
whereas overexpressed Ykt6-WT and endogenous Ykt6 was mostly
detected in the cytoplasmic fraction (Fig. 5A,B). We hypothesized
that Ykt6-3E attached more stably to membranes because it was
unable to fold and release the palmitoylation. To address this
possibility, we monitored the steady-state level of palmitoylated
Ykt6-WT and -3E in a click-palmitate assay (Haberkant et al.,
2016). In the pull down of all palmitoylated proteins, Wnt3A, as a
positive control, and Ykt6-3E were both detected, whereas Ykt6WT was below the detection limit (Fig. 5C). This indicates that the
majority of Ykt6-WT reverts into its autoinhibited, depalmitoylated
form in the cytoplasm, whereas depalmitoylation of Ykt6-3E is
hindered and therefore some remains associated with membranes.
This is in line with findings in yeast, where the release of Ykt6 from
membranes into the cytoplasm depends on a functional Longin
domain and its intramolecular interaction with the SNARE domain
to fold into a soluble, closed conformation (Fukasawa et al., 2004;
Tochio, 2001). Expressing siRNA-resistant, N-terminally-tagged
Ykt6 mutant constructs in Hek293T cells, we found that, in contrast
to Ykt6-WT and a non-phosphorylatable Ykt6-3A, Ykt6-3E is unable
to rescue Wnt secretion (Fig. 5D,E). Mutation of F42 to alanine, a site
within the Longin domain and required for the cytoplasmic, closed
conformation of Ykt6 (Tochio, 2001), did not reduce Wnt secretion.
All these constructs did not affect secretion of secreted GFP (ssGFP;
Suzuki et al., 2012), indicating that the SNARE domain is
functionally involved in Wnt secretion (Fig. 5D,E).
Endosomes acidify during trafficking towards the perinuclear
region (Wallroth and Haucke, 2018), but also during trafficking
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towards the plasma membrane, as passage through an acidic
compartment is required for Wnt secretion (Coombs et al., 2010).
To understand how Ykt6 changes from the auto-inhibited soluble
form into the membrane-bound active form, we tested how blocking
depalmitoylation by Palmostatin B and acidification by Bafilomycin
A1, chloroquine or ammonium chloride affect Ykt6 recruitment to
membranes. To increase the detection limit of endogenous Ykt6,
proteins in membrane and cytoplasmic fractions were methanol
precipitated (Wessel and Flügge, 1984). Bafilomycin A1,
chloroquine, ammonium chloride and Palmostatin B alone did not
significantly increase membrane recruitment of endogenous Ykt6
(Fig. 5F,G). Inhibiting both endosomal acidification and
depalmitoylation together significantly increased Ykt6 detection in
the membrane fraction (Fig. 5F,G). Next, we checked whether Ykt6
was able to detach from membranes after Bafilomycin A1 release in
the presence or absence of Palmostatin B. Bafilomycin-dependent
Ykt6 attachment to membranes was reversible only in the absence of
Palmostatin B, demonstrating that depalmitoylation is the final step of
membrane release (Fig. 5H,I). As Ykt6-3E remains palmitoylated and
cannot detach from bound membranes anymore, a functional SNARE
domain is required for the turnover of palmitoylation and regulation of
membrane detachment.
To confirm the functional role of the Ykt6 SNARE domain
in vivo, we mutated four serine residues to alanine (Ykt6-4A) or
glutamic acid (Ykt6-4E) within the SNARE layers of Drosophila
Ykt6 (Fig. S5A). Prolonged knockdown or permanent loss of Ykt6
is cell lethal, probably owing to lysosomal dysfunction (Matsui
et al., 2018). Time-controlled RNAi of Ykt6 in the posterior
compartment of WIDs caused intracellular Wg accumulation
compared with the anterior control compartment (Fig. 5J,K).
Ykt6 knockdown also suppressed Wnt target gene expression
(Fig. S6A) and ultimately led to wing notches in adult flies,
indicating blocked Wg secretion and consequently Wnt signalling
defects (Fig. 5L; Strigini and Cohen, 2000). The mutated SNARE
constructs (Ykt6-4A or Ykt6-4E) and Ykt6-WT were expressed
using enGal4 in addition to tubGAL80-mediated time-controlled
RNAi of Ykt6 in the posterior WID. Inhibition of Wg secretion and
wing notches were rescued by expression of Ykt6-WT and Ykt6-4A
(Fig. 5M-O, left and middle panels, Fig. S6B), thus confirming its
specificity. However, co-expression of Ykt6-4E resulted in Wg
accumulation and adult wing defects (Fig. 5M-O right panel, Fig.
S6B). Along these lines, Ykt6-WT and, to some extent, -4A, but not
-4E, were able to rescue overall lethality of the mutant alleles ykt6A
and ykt6C (Fig. S6C). This indicates that Ykt6 requires a functional
SNARE domain for both normal cellular growth and Wg secretion
in vivo.
Ykt6 recycles Wg via Rab4 endosomes

Based on our findings that Ykt6 is recruited to membranes by
endosomal deacidification and genetically interacts with Hrs, we
investigated whether Ykt6 recycles Wg from sorting endosomes to
the apical surface for secondary, long-range secretion, possibly on
cytonemes or extracellular vesicles (Gross et al., 2012; Stanganello
et al., 2015). In mammalian cells, Rab4 directs fast recycling from
early endosomes to the plasma membrane, whereas Rab11 mediates
a slow recycling route from MVBs towards the plasma membrane
(De Renzis et al., 2002). In WIDs, localization of the slow recycling
endogenously tagged Rab11-YFP, as well as UAS-Rab11-YFP,
were not affected upon Ykt6 knockdown (Fig. S6D,E), supporting
the previous finding that Ykt6 does not influence MVB biogenesis
(Fig. 4C,D). We next analysed the possibility that Wg might be
recycled via a fast Rab4-dependent way. Both an endogenously
7
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Fig. 5. See next page for legend.
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Fig. 5. A Ykt6 SNARE domain is required for cycling between
compartments. (A,B) Representative blot (A) and quantification (B) of
detergent fractionation of Hek293T cells transfected with Ykt6-WT and Ykt63E constructs. C, cytoplasmic; M, membrane fraction, n=3. (C) Click
palmitoylation assay of Ykt6-WT and Ykt6-3E; Wnt3A is a positive control.
Representative blot of three biological replicates. (D,E) Representative blot (D)
and quantification (E) of Wnt3A secretion from Hek293T cells transfected with
Ykt6-WT, phosphor-mutant Ykt6-3A and Ykt6-3E, and Longin domain mutant
Ykt6-F42 constructs. n=4. One-way ANOVA (no significant differences).
(F,G) Inhibiting endosomal acidification and depalmitoylation affects Ykt6
subcellular localization. (F) Representative blot of cell fractionation of untagged
Ykt6 mutant constructs in Hek293T cells, treated with bafilomycin, chloroquine
or ammonium chloride in combination with palmostatin B, stained for Ykt6 and
fraction markers. (G) Quantification of Ykt6 in the membrane fraction, n=7;
*P=0,01, **P=0.005 one-way ANOVA. (H,I) Ykt6 membrane recruitment and
release. Blot of cell fractionation of untagged Ykt6 in Hek293T cells treated with
bafilomycin and palmostatin B, and release from bafilomycin inhibition stained
for Ykt6 and fraction markers. (I) Quantification of H from n=4; *P=0,03, oneway ANOVA. (J-L) Time-controlled depletion of Ykt6 by RNAi (engrailed-Gal4,
UAS-GFP/UAS-ykt6RNAi; tubGal80-TS/UAS-Tsp96F larvae reared for 3 days
at 29°C) causes intracellular Wg accumulation (J,K) and wing notches (L).
(M-O) Time-controlled Ykt6 RNAi-induced block of Wg secretion and adult
wing margin notches can be rescued by co-overexpression of wild-type Ykt6
and the SNARE mutant Ykt6-4A (left and middle panels), but not by Ykt6-4E
(right panels). (K,N) Quantification of fluorescence intensity in n=6 biologically
independent samples from J,M. Data are mean±s.d., ****P<0.0001.
(J,M) Projections of six subapical sections (distance 1 μm, J) and six subapical
sections (distance 0.5 μm, M). Representative images of more than 10 discs
from n=3. Scale bars: 20 μm (J,M); 500 μm in adult wing images (L,O).

tagged Rab4-YFP and overexpressed UAS-Rab4-YFP partially
colocalize with Wg in puncta under control conditions (Fig. 6A,B).
In contrast, both Wg and UAS-Rab4-YFP accumulate together
intracellularly at the plasma membrane in Ykt6 RNAi, indicating
that Ykt6 mediates Wg trafficking via Rab4 recycling endosomes
(Fig. 6B,C, left and middle panels). Co-expression of Ykt6-4E
results in Wg accumulating together with Rab4 and does not rescue
wing notches induced by impaired Wg secretion (Fig. 6B,C, right
panel). In agreement with this recycling route, in RNAi of Rab4,
Wg accumulated towards the apical membrane (Fig. 6D,E), similar
to Rab5 (Fig. 6D,F). Taken together, our results position Ykt6
function at the level of sorting endosomes, upstream of MVB
sorting and ILV formation. Ykt6 cytosol-to-membrane cycling is
required in a Rab4 endosomal trafficking step to ensure proper
extracellular Wnt levels for Wnt target gene activation.
DISCUSSION

In this study, we have shown that Ykt6 recycles Wg to the
membrane via Rab4-positive endosomes to regulate Wnt trafficking
in the polarized wing epithelium of Drosophila. Counterintuitively,
an essential step of this trafficking is Wg endocytosis from the apical
membrane before final secondary secretion and subsequent Wnt
signal activation. In particular, the SNARE domain of Ykt6 is
required for cycling between cytosol and membranes, as Wg/Wnts
are trafficked through the secretory pathway. Our results explain
how post-endocytic Wnt trafficking and Ykt6 as a valve contribute
to adjusting extracellular Wnt levels and proper gradient formation.
Endosomal regulation of Wnt signalling

Early endosomes are a major sorting hub and crossroad for
internalized receptors, cargo and membranes (reviewed by Jovic
et al., 2010). Interestingly, three Wnt signalling processes converge
in and separate from acidified endosomes: (1) separation of Wnt
from its trafficking receptor Evi and recycling of Evi via Retromer;
(2) Wnt receptor activation; and (3) as we show here, secondary
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secretion of Wnts. The pool of apically presented and subsequently
endocytosed Wg might serve as a signalling reservoir that can be
rapidly mobilized by Ykt6-mediated recycling to the membrane. A
possible reason for this might be that endosomes sense Wnt
signalling levels and fine-tune further Wnt secretion accordingly. In
line with this idea, Wg is endocytosed apically, while its receptor
Fz2 is internalized from the basolateral side and both meet in
acidified endosomes for signal transduction (Hemalatha et al.,
2016). Similarly, acidification by V-ATPase activity is required for
Wnt receptor activation in vertebrates (Cruciat et al., 2010). MVBs
are also important regulatory hubs for non-transcriptional Wnt
signalling readout (Acebron et al., 2014; Albrecht et al., 2018;
Taelman et al., 2010). We found that, upon Ykt6 depletion,
extracellular Wnt levels are reduced, but Evi levels are unchanged.
Thus, we excluded a role for Ykt6 in the passage of Evi/Wnt
complexes to acidified endosomes and reasoned that Ykt6 is
required for an Evi-independent step of Wnt trafficking. We thus
propose a model in which Ykt6 is recruited to de-acidified
endosomes to re-secrete more Wnts, ensuring proper receptor
activation in a feedback loop.
Our finding that Ykt6 acts at the level of early endosomes
suggests that it only affects exosomal Wnt sorting indirectly. Ykt6
depletion increases Hrs-positive but reduces FYVE-GFP-positive
endosomes and no changes were observed in MVB morphology in
WIDs (Fig. 4C,D). This is in line with our previous observation in
human cells that Ykt6 depletion affects exosomal CD63 MVB
sorting rather than their formation (Gross et al., 2012). Interestingly,
Wg endocytosis from the apical side depends on HSPGs (Baeg
et al., 2001; Perrimon and Lin, 1999; Selleck et al., 1999), which are
also involved in cargo sorting onto exosomes via Alix and Syntenin
(Ghossoub et al., 2014).
Our results on Ykt6 membrane recruitment and Rab4 recycling in
Drosophila indicate that there is an additional level at which Wnt
secretion is fine-tuned in the late secretory pathway by Ykt6
cytosol-to-membrane cycling. Wnts and other lipid-modified
signalling molecules, such as Hedgehog (Hh), have a common
mechanism of intracellular trafficking and secretion (reviewed by
Brunt and Scholpp, 2018). In agreement with our findings, two
different routes of secretion from WIDs have been proposed for Hh:
secretion from: (1) the basolateral membrane on cytonemes/EVs
(Bischoff et al., 2013; Gradilla et al., 2014); and (2) from the apical
membrane after passage through Rab4 endosomes (D’Angelo et al.,
2015). Whether an Ykt6-mediated fusion step via Rab4 is regulating
Hh secretion remains to be investigated.
SNARE Ykt6 in endosomal trafficking

A fundamental question in intracellular trafficking is how
specificity and directionality can be achieved. Peripheral
membrane proteins have an advantage over transmembrane
proteins in that their subcellular localization can be rapidly
modulated. We identified putative phosphorylation sites within
the SNARE domain of Ykt6 that allow membrane recruitment and
stabilization. This mechanism is required for Ykt6 membrane-tocytosol cycling and its function in Wnt secretion. Our rescue
experiments show that phosphomimicking mutations stabilize Ykt6
at membranes and fail to rescue Wnt trafficking via Rab4 recycling
endosomes. In general, members of the SNARE family are
regulated by post-translational modifications such as
monoubiquitylation (Syx5) (Huang et al., 2016) or palmitoylation
(SNAP25) (Gonzalo and Linder, 1998). A recent study described
phosphorylation sites within the SNARE domain of non-neuronal
SNAREs conserved over the plant, fungi and animal kingdoms
9
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(Malmersjö et al., 2016). As shown for VAMP8, mutation of these
sites inhibits fusion of secretory granules (Malmersjö et al., 2016).
Further work will be required to determine which phosphorylation
sites of the Ykt6 SNARE domain are physiologically relevant and
whether they precede and direct membrane binding or stabilize
previous membrane attachment. As a proposed stress sensor in yeast
(Dietrich et al., 2004), our results confirm that the majority of
human Ykt6 localizes to the cytoplasm, potentially serving as a
reserve pool to release trafficking stress at different levels and under
specific circumstances.
Our observed trafficking direction towards the plasma membrane
oppose recent studies, in which Ykt6 was implicated in non-

canonical autophagosome formation under starvation conditions
(Kimura et al., 2017; Matsui et al., 2018; Takáts et al., 2018).
However, first, we investigated Ykt6 function under normal growth
conditions, as Wnt secretion is strongly reduced under starvation
(Mihara et al., 2016) and found accumulation of Wg and Rab4 close
to the plasma membrane, in combination with an increase in early
but a decrease in late endosomal markers. Second, we found a
genetic interaction between Ykt6 and Hrs, as Hrs knockout rescued
Ykt6 RNAi lethality. These results fit with a re-routing of
endosomal trafficking towards the extracellular space. Indeed
Matsui and colleagues have proposed that lysosomal dysfunction
is the cause of Ykt6 lethality (Matsui et al., 2018). Another Longin
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Fig. 6. Ykt6 recycles Wg via Rab4 endosomes. (A) Yellow RNAi was expressed with MS1096GAL4 in the wing pouch in an endogenously tagged
Rab4-YFP background. Maximum intensity projection of three sections (distance 0.5 μm) depicted for visualization. Scale bar: 20 μm. (B) UAS-Rab4-YFP was
expressed with wgGAL4 alone, in combination with ykt6 RNAi or ykt6 RNAi and Ykt6-4E. A single subapical section is depicted. Scale bars: 10 μm. (C) Adult
wings of the crosses from B to show adult wing notches. Scale bars: 500 μm. These wings are representative of more than 10 wings from three independent
experiments. (D) RNAi against Rab4 was expressed with enGAL4, UAS-GFP,UAS-Dcr and stained for Wg and Rab5. Maximum intensity projection of three
apical (upper panels) and intermediate (lower panels) sections is depicted for visualization. Scale bar: 20 μm. (E) Quantification of Wg apical versus intermediate
fluorescence intensity in n=8 biologically independent samples from D. Data are mean±s.d., ****P<0.0001, *P=0.04. (F) Quantification of Rab5 apical versus
intermediate fluorescence intensity in n=8 biologically independent samples from D. Data are mean±s.d., **P=0.006.

SNARE, Sec22B, mediates unconventional secretion of cytosolic
proteins via autophagosome fusion with the plasma membrane
(Kimura et al., 2017). Ykt6 activation via its conformational switch
in the SNARE domain raises the interesting possibility of
integrating different upstream signalling pathways and
determining local activation of Ykt6 and therefore direction of
trafficking events. In line with our findings, Ykt6 was shown to
increase leucine and isoleucine uptake under starvation conditions
by increasing the surface level of their transporters (Saito et al.,
2019). Our BioID data confirm that Ykt6 acts proximal to very
different cellular processes, such as endocytosis, RNA transport and
metabolic signalling pathways, which could contribute to its RNAiinduced cell growth defects. It remains to be determined whether
Ykt6 activation is a directional switch in endosomal trafficking
towards the plasma membrane or lysosomal degradation.
Taken together, we have shown that Ykt6 cytosol-to-membrane
cycling is required for Wnt secretion from endosomes. With its ability
to adapt to multiple cellular localizations, Ykt6 is an ideal candidate
for orchestrating selected cargo recycling of secreted morphogens
such as Wnt, in the endosomal system. Further investigation is
required to understand the regulatory networks upstream of Ykt6
endosomal trafficking at the crossroad of secretion and degradation.
MATERIALS AND METHODS
Plasmids and siRNA

The coding region of Drosophila Ykt6 was amplified and the PCR product
recombined into pDONR221 vector using the Gateway BP Clonase II
Enzyme mix (Life Technologies). Point mutations of potential
phosphorylation sites (S175, S182, T188 and T192) were introduced by
site-directed mutagenesis. For generation of transgenic flies, constructs were
subcloned into expression vectors pUASt-attB-rfA-mCherry (a kind gift from
Sven Bogdan, Philipps University Marburg, Germany) by LR recombination
(Life Technologies). Human Ykt6 was amplified from hYkt6-Myc [Cterminal myc-destination plasmids (DKFZ – Genomics and Proteomics Core
Facility)] and the PCR product inserted into pcDNA3.1MycBioID (Addgene
35700). Point mutations for Ykt6-3A (S174A, T181A and S187A), Ykt6-3E
(S174E, T187E and S181E), F42A, C194A, C195A and relevant
combinations were introduced by site-directed mutagenesis. The MycBioID
tag was removed using NheI/XhoI to obtain untagged constructs in
pcDNA3.1. The following expression constructs were used: TCF4/WntFirefly Luciferase (Demir et al., 2013), Actin-Renilla Luciferase (Nickles
et al., 2012), pCMV-Wnt3A (Gross et al., 2012) and DsRed-Rab5-QL (E. De
Robertis, University of California, Los Angeles, USA; Addgene 29688).
Dharmacon siRNA SMARTpools are listed in Table S3.
Antibodies

Antibodies were used against Calnexin [1:1000 western blot (WB); rabbit
(sc-11397), Santa Cruz); 1:10 immunofluorescence (IF); mouse (Cnx99A
6-2-1), DSHB], CD81 (1.3.3.22) [1:1000 WB; mouse (DLN-09707),
Dianova], GAPDH (6C5) [1:5000 WB; mouse (AM4300), Ambion], GFP
[1:1000 IF; mouse (A11120) and rabbit (A11122), Molecular Probes],
GM130 [1:300 IF; mouse (610823), BD], GM130 [1:500 IF; rabbit
(ab30637) Abcam], Hrs [1:10 IF; mouse (Hrs8-2 and Hrs27-4), DSHB],
Hsc70 [1:2000 WB; mouse (sc-7298), Santa Cruz], Lamp1 [1:100 IF; rabbit
(ab30687), Abcam], mCherry [1:1000 IF; rabbit (ab167453), Abcam],
Rab5 [1:500; rabbit (ab31261), Abcam], Rab7 [1:10; mouse (Rab7),
DSHB], Sec22, Syb and Vamp7 [IF; 1:250, kind gifts from Andrew
A. Peden, The University of Sheffield, UK (Gordon et al., 2017)], Sens [IF;
rabbit; 1:1000, a kind gift from Hugo Bellen, Baylor College of Medicine,
Houston, TX, USA (Nolo et al., 2000)], Syx1A [1:10; mouse (8C3),
DSHB], TSG101 [1:1000 WB; rabbit (HPA006161), Sigma], Wg [1:3 for
extracellular and 1:20 for total staining (mouse, 4D4, DSHB)], Wnt3A
[1:500 WB; rabbit, Abcam, ab172612), Wnt5A [1:500 WB; rabbit (2530),
CST], Evi/Wls [1:500 IF; rabbit, a kind gift from Konrad Basler, University
of Zurich, Switzerland), and Ykt6 [1:1000 WB and IF; mouse (sc-365732),
Santa Cruz]. Secondary antibodies directed against the species of interest
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were coupled to Alexa Fluor 488, 568, 594 and 647 (IF, 1:500, Invitrogen),
and 680RD and 800CW (WB, 1:20,000, LiCor).
Drosophila stocks and genetics

The following Drosophila stocks were used in this study: en-GAL4, UASGFP (chr. II, a gift from J. Grosshans, Philipps University Marburg,
Germany), wg-Gal4 (chr. II, a gift from S. Cohen, University of
Copenhagen, Denmark) and UAS-GFP-Myc-2XFYVE (chr. III, a gift from
M. Gonzalez-Gaitan, University of Geneva, Switzerland). The following
stocks were obtained from Bloomington Drosophila Stock Center: da-GAL4
(5460), UAS-Dcr; enGAL4,UAS-GFP (25752), tub-GAL80TS (7108),
MS1096-GAL4
(8860),
ykt6AFRT19A/FM7c,Kr-GAL4,UAS-GFP
C
(57143), ykt6 FRT19A/FM7c,Kr-GAL4,UAS-GFP (57142), His2Av-GFP,
hsFlp,FRT19A (32045), FRT19A (1709), vas-PhiC31; attP.ZH-86Fb
(24749), AliX TRiP (33417), Hrs TRiP (28026 and 33900), UAS-Rab4YFP (9767), UAS-Rab5-YFP (24616), UAS-Rab5Q88L-YFP (9773), UASRab11-YFP (50782), Rab4-YFP trap (62542) and Rab11-YFP trap (62549).
The following UAS-RNAi stocks were obtained from Vienna Drosophila
RNAi Center: ALiX (GD32047), AP-2α (GD15565), Evi (GD5214 and KK
103812), Rab4 (KK106651), Sec22 (KK100766), Snx3 (KK104494), Syb
(KK102922) and Ykt6 (KK105648). Additional RNAi lines used for the
screens in Fig. 3A are listed in Table S1. UAS-Ykt6 transgenic lines were
generated according to standard protocols by φC31 integrase-mediated
site-specific insertion in the attP landing site at ZH-86Fb (Bischof et al.,
2007). We sequenced the ykt6 mutant allele stocks and realized that the
annotation at FlyBase/Bloomington is not correct: ykt6A (BL57143),
annotated as M1I in fact carries Q62R, the mutation in the Longin domain.
ykt6C (BL57142), annotated as Q62R in fact carries M1I, the mutation in
the start codon.
Fly stocks were kept on standard medium containing agar, yeast and corn
flour. Crosses were performed at 25°C except for tub–Gal80TS crosses,
which were moved to 29°C 3 days before dissection of wing imaginal discs.
To generate negatively marked ykt6 mutant and FRT control clones in the
wing imaginal disc under the control of hsFlp, animals of the appropriate
genotype were heat-shocked 4 days after egg laying for 2 h at 37°C on 2
consecutive days and dissected on the next day at the wandering L3 stage.
Cell culture and transfection

Hek293T, HCT116 and SkBr3 cells were maintained in DMEM (Gibco)
supplemented with 10% fetal calf serum (Biochrom) at 37°C in a humidified
atmosphere with 5% CO2. Cells were transiently transfected with Screenfect
siRNA for siRNA and Screenfect A (Screenfect) for plasmids according to
the manufacturer’s instructions and checked regularly for mycoplasma
contamination and authenticated.
Cell fractionation

Cells were fractionated as described previously (Baghirova et al., 2015), briefly
HEK293T cells were seeded and transfected with Ykt6-WT plasmid. At 48 h
post-transfection, cells were lysed on ice with 1 ml of Lysis buffer A (150 mM
NaCl, 50 mM Hepes, 0.1% saponin, 1 M glycerol and 1% PIC), then
centrifuged at 2000 g for 10 min at 4°C and the supernatant (cytosolic fraction)
was transferred to a new tube. The pellet was lysed in 1 ml of Lysis Buffer B
(150 mM NaCl, 50 mM Hepes, 1% Igepal, 1 M glycerol and 1% PIC) and
incubated by rotating for 30 min at 4°C. It was then centrifuged at 7000 g for
10 min at 4°C and the supernatant transferred to a new tube (membrane
fraction). Proteins in both fractions were precipitated with methanol/chloroform
and water as described previously (Wessel and Flügge, 1984).
Blue sepharose precipitation

The relative amount of Wnts secreted into cell culture supernatant was
analysed using blue sepharose precipitation as described previously
(Glaeser et al., 2016; Willert et al., 2003). Briefly, cells were transiently
transfected in 6-well plates with 1 μg of Wnt3A plasmids. At 72 h after
transfection the supernatant was collected and centrifuged at 1500 g to
remove cell debris, transferred to a fresh tube and rotated at 4°C for 1 h with
1% Triton X-100 and 40 μl of blue sepharose beads. The samples were
washed and eluted from the beads using 2×SDS buffer with
β-mercaptoethanol and analysed by immunoblotting.
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Immunostaining, microscopy and image analysis

For IF, cells were reverse transfected with siRNAs, seeded in 6-well dishes or on
8-well microscopic coverslips, transfected 24 h later with indicated plasmids and
fixed with 4% paraformaldehyde 48–72 h later. Cells were permeabilized with
0.1% Triton X-100 and blocked in 10% BSA/PBS. Primary antibodies in PBS
were incubated for 1 h at room temperature and antibody binding visualized
using fluorochrome-conjugated secondary antibodies.
Immunostaining of wing imaginal discs was performed as per standard
procedures. Total and extracellular Wg staining were carried out as
previously described (Strigini and Cohen, 2000). Staining and microscopy
conditions were kept identical for discs used for comparisons. Imaginal
discs were mounted in Mowiol and images were taken using a Zeiss
LSM780 confocal microscope. Z stacks were generated with 0.5-1 μm
intervals using a Plan Neofluar 63×/oil NA 1.4 objective. Confocal images
were processed with Zen lite (Zeiss), Fiji/ImageJ (NIH) (Rueden et al.,
2017; Schindelin et al., 2012; Schneider et al., 2012) and Affinity Designer
(Affinity). Quantification of colocalization was performed by calculating
Pearson’s coefficients of z-stacks using the Fiji/ImageJ PlugIn JaCoP (Bolte
and Cordelières, 2006). Rab5Q88L and FYVE endosome sizes were
quantified manually using Fiji/ImageJ. Details on image analysis are
provided in the supplementary Materials and Methods.
Wg endocytosis assay

To monitor Wg endocytosis and intracellular trafficking, WIDs were
incubated in mouse anti-Wg (1:5, 4D4, DSHB) for 1 h at 22°C. To remove
extracellular antibody signal, WIDs were rinsed three times in PBS and acid
washed in 0.1 M glycine-HCl buffer ( pH 3.5) for 30 s at room temperature.
WIDs were rinsed three more times in PBS before being fixed and stained as
described previously (Strigini and Cohen, 2000).
Electron microscopy

Wing imaginal discs were fixed in 2.5% glutaraldehyde in 100 mM
phosphate buffer ( pH 7.2), washed in 100 mM phosphate buffer and
postfixed in 2% osminum tetroxide in phosphate buffer for 1 h on ice. After
contrasting en bloc in 2% uranyl acetate, the specimens were dehydrated in
ethanol and embedded in araldite using acetone as an intermediate solvent.
Thin sections were stained with 2% uranyl acetate and lead citrate. Sections
were observed under an EM 109 (Zeiss) microscope at 80 KV.
Quantification of MVB diameter was carried out manually in Fiji/ImageJ
(NIH) (Rueden et al., 2017; Schindelin et al., 2012; Schneider et al., 2012).
Click palmitoylation assay

Click assay was performed as described previously (Haberkant et al., 2016).
In short, HEK293T cells were seeded, then transfected with plasmids
(YKT6-WT BioID, YKT6-3E BioID and Wnt3A) in DMEM supplemented
with 10% FBS. ω-Alkynyl palmitic acid (Alk-C16) was dissolved in ethanol
to a final concentration of 50 mM and stored at −80°C. Alk-C16 was diluted
to a final concentration of 100 μM in DMEM supplemented with 5% FBS
(fatty acid-free) sonicated for 15 min at room temperature in a water bath and
then allowed to precomplex for another 15 min. Alk-C16-containing
medium was added to cells and partially replaced after 24 h. At 72 h posttransfection, cells were lysed (PBS with 1% Triton x-100, 0.1% SDS, PIC),
then centrifuged at 16,000 g for 5 min at 4°C. Lysates were then precipitated
with Wessel-Flugge Protein precipitation. The click labelling reaction
[0.1 mM biotin-azide, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, Sigma-Aldrich) dissolved in water, 0.1 mM Tris[(1-benzyl-1H1,2,3-triazol-4-yl)methyl]amine (TBTA, Sigma–Aldrich) dissolved in
DMSO and 1 mM CuSO4 in water] was incubated by shaking for 2 h at
37°C under dark conditions. After the click reaction, the samples were
precipitated with 10× methanol overnight at −80°C, then centrifuged and
washed again with ice-cold methanol, The dried pellet was resuspended in
4% SDS. Click-biotinylated proteins precipitated with High Capacity
Neutravidin Agarose Resin (Thermo Scientific). Samples were washed with
1% SDS and eluted, then analysed further by immunoblotting.
BioID pull down and mass spectrometry

For large-scale BioID pull down, Hek293T cells were seeded and 24 h later
transfected with BioID-WT or mock constructs. At 36 h post-transfection
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50 μM biotin was added overnight. Cells were washed with PBS twice and
harvested in Ripa Lysis buffer [50 mM Tris-HCl ( pH 7.5), 150 mM NaCl,
1% Igepal, 0.5% sodium desoxycholate, 0.1% SDS] containing 1×
Complete protease inhibitor (Life Technologies). After centrifugation at
16,500 g for 10 min, lysates were boiled for 5 min in non-reducing SDS
sample buffer [300 mM Tris-HCl ( pH 6.8), 12% SDS, 0.05% bromophenol
blue, 60% glycerol, 12 mM EDTA], either fully separated or run shortdistance (1.5 cm) on a 4-12% NuPAGE Novex Bis-Tris Minigel
(Invitrogen). Gels were stained with Coomassie Blue for visualization
purposes. Full lanes were sliced into 23 equidistant slices regardless of
staining, short runs were cut out as a whole and diced. After washing,
gel slices were reduced with dithiothreitol (DTT), alkylated with
2-iodoacetamide and digested with trypsin overnight. The resulting
peptide mixtures were then extracted, dried in a SpeedVac, reconstituted
in 2% acetonitrile/0.1% formic acid/ (v:v) and prepared for nanoLC-MS/MS
as described previously (Atanassov and Urlaub, 2013).
For generation of a peptide library for SWATH-MS, equal aliquots from
each sample were pooled to a total amount of 80 μg and separated into eight
fractions using a reversed-phase spin column (Pierce High pH Reversed-Phase
Peptide Fractionation Kit, Thermo Fisher Scientific). Mass spectrometry
analysis protein digests were separated by nanoflow chromatography. Either
25% of gel slices or 1 μg aliquots of digested protein were enriched on a selfpacked precolumn (0.15 mm ID×20 mm, Reprosil-Pur120 C18-AQ 5 μm,
Dr Maisch, Ammerbuch-Entringen, Germany) and separated on an analytical
RP-C18 column (0.075 mm ID×250 mm, Reprosil-Pur 120 C18-AQ, 3 μm,
Dr Maisch) using a 30 to 90 min linear gradient of 5-35% acetonitrile/0.1%
formic acid (v:v) at 300 nl min−1.
For spectral counting analysis, the eluent was analysed on a Q Exactive
hybrid quadrupole/orbitrap mass spectrometer (ThermoFisher Scientific)
equipped with a FlexIon nanoSpray source and operated under Excalibur 2.4
software using a data-dependent acquisition method. Each experimental
cycle was of the following form: one full MS scan across the 350-1600 m/z
range was acquired at a resolution setting of 70,000 FWHM, an AGC target
of 1×10e6 and a maximum fill time of 60 ms. Up to the 12 most abundant
peptide precursors of charge states 2 to 5 above a 2×10e4 intensity threshold
were then sequentially isolated at 2.0 FWHM isolation width and
fragmented with nitrogen at a normalized collision energy setting of 25%.
The resulting product ion spectra were recorded at a resolution setting of
17,500 FWHM, AGC target of 2×10e5 and a maximum fill time of 60 ms.
Selected precursor m/z values were then excluded for the following 15 s.
Two technical replicates per sample were acquired.
SWATH-MS library generation was performed on a hybrid triple
quadrupole-TOF mass spectrometer (TripleTOF 5600+) equipped with a
Nanospray III ion source (Ionspray Voltage 2400V, Interface Heater
Temperature 150°C, Sheath Gas Setting 12) and controlled by Analyst TF
1.7.1 software build 1163 (all AB Sciex), using a Top30 data-dependent
acquisition method with an MS survey scan of m/z 380–1250 accumulated
for 250 ms at a resolution of 35,000 full width at half maximum (FWHM).
MS/MS scans of m/z 180–1500 were accumulated for 100 ms at a resolution
of 17,500 FWHM and a precursor isolation width of 0.7 FWHM, resulting
in a total cycle time of 3.4 s. Precursors above a threshold MS intensity of
200 cps with charge states 2+, 3+ and 4+ were selected for MS/MS; the
dynamic exclusion time was set to 15 s. MS/MS activation was achieved by
CID using nitrogen as a collision gas and using the manufacturer’s default
rolling collision energy settings. Two technical replicates per reversed phase
fraction were analysed to construct a spectral library.
For quantitative SWATH analysis, MS/MS data were acquired using 100
variable size windows (Zhang et al., 2015) across the 400-1200 m/z range.
Fragments were produced using rolling collision energy settings for charge
state 2+, and fragments acquired over an m/z range of 180-1500 for 40 ms per
segment. Including a 250 ms survey scan, this resulted in an overall cycle time
of 4.3 s. Two replicate injections were acquired for each biological sample.
Mass spectrometry data processing

For spectral counting analysis, peaklists were extracted from the raw data
using Raw2MSMS software v1.17 (Max Planck Institute for Biochemistry,
Martinsried, Germany). Protein identification was achieved using MASCOT
2.5.1 software (Matrixscience, London, UK). Proteins were identified against
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Immunoblot

To analyse total cell lysates using immunoblot, cells were lysed in
SDS–PAGE sample buffer and boiled for 5 min. Proteins were separated on
4–12% gradient gels (Bolt Bis-Tris Plus Gels, ThermoFisher Scientific) and
transferred to PVDF membrane (Merck). After blocking with 5% (wt/vol)
milk-TBST, membranes were incubated with Licor-800nm–conjugated
streptavidin (1:20,000, ab7403; Abcam) for 30 min. After detecting
biotinylated proteins, membranes were subjected to detection with
antibodies against Ykt6, cellular fraction markers already mentioned and
Licor680nm–conjugated secondary antibodies.
Ykt6 model prediction

A Ykt6-3E structural model was predicted using RaptorX (Källberg et al.,
2012) and is based on the Ykt6 structure (3kyqA) as a template.
Statistics

All experiments were carried out in at least biological triplicates. Error bars
indicate s.d. Statistical significance was calculated by carrying out one-way
ANOVA with Dunnett’s multiple comparison test to compare a control
mean with the other means or using an unpaired Student’s t-test where
appropriate. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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PMC for immediate release.

Supplementary information
Supplementary information available online at
https://dev.biologists.org/lookup/doi/10.1242/dev.185421.supplemental

Peer review history
The peer review history is available online at
https://dev.biologists.org/lookup/doi/10.1242/dev.185421.reviewer-comments.pdf

References
Abe, M., Setoguchi, Y., Tanaka, T., Awano, W., Takahashi, K., Ueda, R.,
Nakamura, A. and Goto, S. (2009). Membrane protein location-dependent
regulation by PI3K (III) and Rabenosyn-5 in Drosophila wing cells. PLoS ONE 4,
e7306. doi:10.1371/journal.pone.0007306
Acebron, S. P., Karaulanov, E., Berger, B. S., Huang, Y.-L. and Niehrs, C. (2014).
Mitotic Wnt signaling promotes protein stabilization and regulates cell size. Mol.
Cell 54, 663-674. doi:10.1016/j.molcel.2014.04.014
Albrecht, L. V., Ploper, D., Tejeda-Muñoz, N. and De Robertis, E. M. (2018).
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the UniProtKB Homo sapiens reference proteome (revision 02-2017, 92,928
entries). The search was performed with trypsin as enzyme and iodoacetamide
as cysteine blocking agent. Up to two missed tryptic cleavages and
methionine oxidation as a variable modification were allowed for. Search
tolerances were set to 10 ppm for the precursor mass and 0.05 Da for fragment
masses. Scaffold software version 4.4.1.1 (Proteome Software) was used to
validate MS/MS-based peptide and protein identifications. Protein and
peptide identifications were filtered to 1% FDR using a concatenated forwardand-reverse decoy database approach. Relative quantification of proteins in
the samples was achieved by two-sided t-tests of normalized spectral counts
using a Benjamini-Hochberg-corrected P value of 0.05 to judge significance.
To allow for the calculation of low abundance protein ratios, a minimum value
of three spectral counts was introduced where necessary to avoid division by
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hedgehog through dispatched regulates long-range signaling. Dev. Cell 32,
290-303. doi:10.1016/j.devcel.2014.12.004
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Varjosalo, M. (2018). An AP-MS- and BioID-compatible MAC-tag enables
comprehensive mapping of protein interactions and subcellular localizations. Nat.
Commun. 9, 1188. doi:10.1038/s41467-018-03523-2
MacDonald, E., Brown, L., Selvais, A., Liu, H., Waring, T., Newman, D., Bithell,
J., Grimes, D., Urbé , S., Clague, M. J. et al. (2018). HRS-WASH axis governs
actin-mediated endosomal recycling and cell invasion. J. Cell Biol. 217,
2549-2564. doi:10.1083/jcb.201710051
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Role of Drosophila Rab5 during endosomal trafficking at the synapse and evoked
neurotransmitter release. J. Cell Biol. 161, 609-624. doi:10.1083/jcb.200211087
Yamazaki, Y., Palmer, L., Alexandre, C., Kakugawa, S., Beckett, K., Gaugue, I.,
Palmer, R. H. and Vincent, J.-P. (2016). Godzilla-dependent transcytosis
promotes Wingless signalling in Drosophila wing imaginal discs. Nat. Cell Biol. 18,
451-457. doi:10.1038/ncb3325
Yang, P.-T., Lorenowicz, M. J., Silhankova, M., Coudreuse, D. Y. M., Betist, M. C.
and Korswagen, H. C. (2008). Wnt signaling requires retromer-dependent
recycling of MIG-14/Wntless in Wnt-producing cells. Dev. Cell 14, 140-147.
doi:10.1016/j.devcel.2007.12.004
Zhang, J., Schulze, K. L., Hiesinger, P. R., Suyama, K., Wang, S., Fish, M., Acar,
M., Hoskins, R. A., Bellen, H. J. and Scott, M. P. (2007). Thirty-one flavors of
Drosophila rab proteins. Genetics 176, 1307-1322. doi:10.1534/genetics.106.
066761
Zhang, T. and Hong, W. (2001). Ykt6 forms a SNARE complex with Syntaxin 5,
GS28, and Bet1 and participates in a late stage in endoplasmic reticulum-golgi
transport. J. Biol. Chem. 276, 27480-27487. doi:10.1074/jbc.M102786200
Zhang, P., Wu, Y., Belenkaya, T. Y. and Lin, X. (2011). SNX3 controls Wingless/
Wnt secretion through regulating retromer-dependent recycling of Wntless. Cell
Res. 21, 1677-1690. doi:10.1038/cr.2011.167
Zhang, Y., Bilbao, A., Bruderer, T., Luban, J., Strambio-De-Castillia, C.,
Lisacek, F., Hopfgartner, G. and Varesio, E. (2015). The use of variable Q1
isolation windows improves selectivity in LC–SWATH–MS acquisition.
J. Proteome Res. 14, 4359-4371. doi:10.1021/acs.jproteome.5b00543

DEVELOPMENT

RESEARCH ARTICLE

15

'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ

Supplementary information
Table 61: SNARE in vivo RNAi screening results.
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Table 62: Proteins identified by mass spectrometry from BioID control and Ykt6-WT
samples in two biological replicates
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Table 63: Dharmacon siRNA SMARTpools
GI
Number

Sequence
UGGUUUACAUGUCGACUAA

AP1S1
AP1S1
AP1S1
AP2S1

1174
1174
1174
1175

NM_057089
NM_057089
NM_057089
NM_021575

148536832
148536832
148536832
70906431

AAUGGUACCUGGCCACUUC
GCUCGAAAGCCCAAGAUGU
CAUCGAGGGCCAAGACAAU
AGACGAAGGUGCUGAAACA

AP2S1
AP2S1

1175
1175

NM_021575
NM_021575

70906431
70906431

GGUCUUAAACGAAUAUUUC
AACAGAAGCUGAUCGAGGA

ARPC1A
ARPC1A

10552
10552

NM_006409
NM_006409

22907051
22907051

ACGAAGUGCACAUCUAUAA
GAAUUAAUCGCGCAGCUAC

ARPC1A
ARPC1A

10552
10552

NM_006409
NM_006409

22907051
22907051

GUGGCACGAUGGCGAGGAA
GGAAGUGGAGCACGACUCA

CHMP2B
CHMP2B

25978
25978

NM_014043
NM_014043

40254865
40254865

GAAGAUGGCUGGAGCAAUG
UAAGGAAGCUUGCAAAGUU

CHMP2B
CHMP2B

25978
25978

NM_014043
NM_014043

40254865
40254865

GCUCGAAGCUUACCAUCUG
GCCAGGAUAUUGUGAAUCA

CTNNB1
CTNNB1
CTNNB1
DNM2
DNM2
DNM2

1499
1499
1499
1785
1785
1785

NM_001904

4503130

NM_001904
NM_001904
NM_004945
NM_004945
NM_004945

4503130
4503130
56549118
56549118
56549118

GCUGAAACAUGCAGUUGUA
GAUAAAGGCUACUGUUGGA
CCACUAAUGUCCAGCGUUU
CCGAAUCAAUCGCAUCUUC
GACAUGAUCCUGCAGUUCA
CCUCCGAGCUGGCGUCUAC

DNM2
GOSR2

1785
9570

NM_004945
NM_054022

56549118
60499002

AGUCCUACAUCAACACGAA
ACGAAUCACUGCAGUUUAA

GOSR2
GOSR2

9570
9570

NM_054022
NM_054022

60499002
60499002

GAUCCAGUCUUGCAUGGGA
CGAAAUCCAAGCAAGCAUA

GOSR2
KIF5B

9570
3799

NM_054022
NM_004521

60499002
4758647

GAUAUUCAGCCGUCUAGAA
GCAGUCAGGUCAAAGAAUA

KIF5B
KIF5B
SEC22B
SEC22B

3799
3799
9554
9554

NM_004521
NM_004521
NM_004892
NM_004892

4758647
4758647
94429049
94429049

GAACUGGCAUGAUAGAUGA
CAACAGACAUGUAGCAGUU
GAAGAAGUGUUACAACGAG
CUAAGCAACUCUUUCGAAA

ϭ
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'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ

SEC22B

9554

NM_004892

94429049

UAACAAUGAUCGCCCGAGU

SNAP25
SNAP25

6616
6616
6616
6642

18765732
18765732
18765732
71772739

GCAAUGAGAUCGAUACACA
GCGAAGGGCUGACCAGUUG

SNAP25
SNX1

NM_003081
NM_003081
NM_003081
NM_148955

SNX1
SNX1
SNX1

6642
6642
6642

NM_148955
NM_148955
NM_148955

71772739
71772739
71772739

GAAAGGGACUUCGAGAGGA
GAAAAGAAGUGAUACGGUU
AGAACCACGUGAUCAAGUA

STX1A

6804
6804
6804
6811
6811

STX5
STX7

6811
8417

NM_004603
NM_004603
NM_004603
NM_003164
NM_003164
NM_003164
NM_003569

95147340
95147340
95147340
94400931
94400931
94400931
4507294

GGAACACGCGGUAGACUAU

STX1A
STX1A
STX5
STX5

STX7
STX7

8417
8417

NM_003569
NM_003569

4507294
4507294

GCGAUUAUCAGUCUCAUCA
GUCAAGGGCAGCAGAUUAU

STX7
STX8
STX8
STX8

8417
9482
9482
9482

NM_003569
NM_004853
NM_004853
NM_004853

4507294
296010812
296010812
296010812

GAGUUUGUUGCUCGAGUAA
CACCAAAGCUUACCGUGAC
UCUUGUAACUCGAGAGAGA
GAAUGAGGGUGCCGAACCA

STX8
USE1
USE1
USE1
USE1
VAMP1
VAMP1
VAMP1
VAMP1
VAMP3

9482
55850
55850
55850
55850
6843
6843
6843
6843
9341

NM_004853
NM_018467
NM_018467
NM_018467
NM_018467
NM_014231
NM_014231
NM_014231
NM_014231
NM_004781

296010812
154354977
154354977
154354977
154354977
40549444
40549444
40549444
40549444
42544205

UGAGAUAAUUGACGACCUU
CGUCGAGGCUGGAGCUAAA
CUGAGGUGAUCAAUGAAUA
GAGAUGGACGUAAGGAAGA
CGAAUCAUGCCUAAACUCA
CUCCUAACAUGACCAGUAA
CAUCACAAUUUGAGAGCAG
CCAUCAUCGUGGUAGUUAU
AGGCACAAGUGGAGGAGGU
GGCAGGCGCUUCUCAAUUU

VAMP3
VAMP3

9341
9341

NM_004781
NM_004781

42544205
42544205

GGAUUACUGUUCUGGUUAU
GCCAAGUUGAAGAGGAAAU

VAMP7
VAMP7
VAMP7
VTI1A

6845
6845
6845
143187

NM_005638
NM_005638
NM_005638
NM_145206

27545446
27545446
27545446
113374155

GGAGAAAGAUUGGAAUUAU
GUACUCACAUGGCAAUUAU
AAGAAGAGGUUCCAGACUA
CGUCCGACUUCGAAGGUUA

VTI1A
VTI1A
VTI1A

143187
143187
143187

NM_145206
NM_145206
NM_145206

113374155
113374155
113374155

CGUGAAAGACUUCGGGAAA
CGAGGGAUGUACAGCAACA
GGUCAGGAGAUGUUGGAAA

z<dϲ
z<dϲ
z<dϲ

ϭϬϲϱϮ
ϭϬϲϱϮ
ϭϬϲϱϮ

EDͺϬϬϲϱϱϱ
EDͺϬϬϲϱϱϱ
EDͺϬϬϲϱϱϱ

GGAGGAGAUUCGAGGCUUC
ACAUAAAGAAGACAGCAAA
GCAAGUCCCUCUUUGAUGA
GAGCUAACAUAUAUCAUCA
GAGCCCAGCUGGACGUUGA
CAAAGAAACAGAUAAGUAC

ϯϰϯϬϰϯϴϰ 'h''h'h
ϯϰϯϬϰϯϴϰ 'h'''h'h'hh
ϯϰϯϬϰϯϴϰ '''hh'h'hh
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'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ

6XSSOHPHQWDU\PDWHULDOVDQGPHWKRGV
Image analysis
Fig. 3: exWg

Fig. 3: Evi
MIP of 15 apical sections (distance 1 μm) depicted for visualization. For quantification the
average intensity projection of the corresponding stack was used. The profile of the Evi staining
in the shown ROI (1428 x 300 px 2, corresponding to 100 x 21 μm 2), comparing Evi in the
anterior (control, no GFP) with the posterior (RNAi, GFP-positive) region for this one
representative example, was plotted with Fiji. For quantification of several independent
samples, two ROIs (500x250 px2, corresponding to 623 μm 2) were placed manually in the
anterior (control) and posterior (RNAi) region of the corresponding stack. The mean
fluorescence of five subapical sections (distance 1 μm) is measured with Fiji and averaged per
stack. This corresponds to taking the mean fluorescence of an average intensity projection of
this corresponding stack. For quantification of Evi punctae, a maximum intensity projection of
the same five subapical sections as above (distance 1 μm) was generated and thresholded
using Triangle algorithm implemented in Fiji. Two manually drawn ROIs were placed in the
control and the RNAi region along the entire Evi expression domain. Particles > 4 px2 were
automatically counted using Fiji Particle Analyzer within the ROIs. The number of particles was
QRUPDOL]HGWRWKHDUHDTXDQWLILHG6WDWLVWLFDOVLJQLILFDQFHZDVGHWHUPLQHGXVLQJ6WXGHQW¶V ttest (two-tailed) in GraphPad Prism 6 software.
Fig.4: Hrs
MIP of nine sections (distance 1 μm) for visualization. For quantification of several independent
samples two ROIs (500x500 px2, corresponding to 1245 μm 2) were placed manually in the
anterior (control) and posterior (RNAi) region of the corresponding stack. The mean
fluorescence of five subapical sections (distance 1 μm) is measured with Fiji and averaged per
stack. This corresponds to taking the mean fluorescence of an average intensity projection of
this corresponding stack. The sections to be measured were chosen based on nuclear staining.
The nuclei had to be apparent in the entire section. Hrs staining is also very strong in the
peripodial membrane, but this signal was not included. Statistical significance was determined
XVLQJ6WXGHQW¶Vt-test (two-tailed) in GraphPad Prism 6 software.

ϯ
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MIP of 45 (Ykt6, distance 0,5 μm) or 25 (AP2, distance 1 μm) sections covering the entire stack
depicted for visualization. For quantification the average intensity projection of the
corresponding stack was used. The profile of the extracellular Wg staining in the shown ROI
(1142 x 300 px2, corresponding to 80x21 μm 2), comparing exWg in the anterior (control, no
GFP) with the posterior (RNAi, GFP-positive) region for this one representative example, was
plotted with Fiji. For quantification of several independent samples, two ROIs (500x500 px 2,
corresponding to 1245 μm 2) were placed manually in the anterior (control) and posterior (RNAi)
region of the corresponding stack. The mean fluorescence of five subapical sections (distance
1 μm) is measured with Fiji and averaged per stack. This corresponds to taking the mean
fluorescence of an average intensity projection of this corresponding stack. Statistical
VLJQLILFDQFHZDVGHWHUPLQHGXVLQJ6WXGHQW¶Vt-test (two-tailed) in GraphPad Prism 6 software.

'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ

Fig.4: Lamp1
MIP of seven sections (distance 1 μm) are depicted for visualization. Quantification was done
as for Hrs.
Fig.4: Rab5
MIP of 13 sections (distance 1 μm) are depicted for visualization. Quantification was done as
for Hrs.
Fig.4: Rab7
MIP of seven sections (distance 1 μm) are depicted for visualization. Quantification was done
as for Hrs.
Fig. 4: FYVE
For quantification of FYVE-labelled Wg punctae, a 30px XZ section within the Wg stripe was
generated. In Fiji a ROI (1500 x 250 px 2, corresponding to 105 x 17.5 μm 2) was placed at the
center of the Wg expression domain. Within this ROI, particles >6 px were automatically
counted and colocalization determined using the Fiji Plugin ComDet.

ϰ
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Fig. 5: Wg in rescue crosses with Ykt6 SNARE-mutants
MIP of six sections (distance 0,5 μm) for visualization. For quantification of several
independent samples a 5 μm average intensity projection of the corresponding stack was used.
Two ROIs (100x300 px2, corresponding to 145 μm 2) were placed manually in the anterior
(control) and posterior (RNAi) region of the corresponding stack. The mean fluorescence is
PHDVXUHGZLWK)LML6WDWLVWLFDOVLJQLILFDQFHZDVGHWHUPLQHGXVLQJ6WXGHQW¶V t-test (two-tailed)
in GraphPad Prism 6 software.

'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ
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Supplementary information
Table 61: SNARE in vivo RNAi screening results.

$MJDLIFSFUP%PXOMPBE5BCMF4
Table 62: Proteins identified by mass spectrometry from BioID control and Ykt6-WT
samples in two biological replicates

$MJDLIFSFUP%PXOMPBE5BCMF4

Table 63: Dharmacon siRNA SMARTpools
GI
Number

Sequence
UGGUUUACAUGUCGACUAA

AP1S1
AP1S1
AP1S1
AP2S1

1174
1174
1174
1175

NM_057089
NM_057089
NM_057089
NM_021575

148536832
148536832
148536832
70906431

AAUGGUACCUGGCCACUUC
GCUCGAAAGCCCAAGAUGU
CAUCGAGGGCCAAGACAAU
AGACGAAGGUGCUGAAACA

AP2S1
AP2S1

1175
1175

NM_021575
NM_021575

70906431
70906431

GGUCUUAAACGAAUAUUUC
AACAGAAGCUGAUCGAGGA

ARPC1A
ARPC1A

10552
10552

NM_006409
NM_006409

22907051
22907051

ACGAAGUGCACAUCUAUAA
GAAUUAAUCGCGCAGCUAC

ARPC1A
ARPC1A

10552
10552

NM_006409
NM_006409

22907051
22907051

GUGGCACGAUGGCGAGGAA
GGAAGUGGAGCACGACUCA

CHMP2B
CHMP2B

25978
25978

NM_014043
NM_014043

40254865
40254865

GAAGAUGGCUGGAGCAAUG
UAAGGAAGCUUGCAAAGUU

CHMP2B
CHMP2B

25978
25978

NM_014043
NM_014043

40254865
40254865

GCUCGAAGCUUACCAUCUG
GCCAGGAUAUUGUGAAUCA

CTNNB1
CTNNB1
CTNNB1
DNM2
DNM2
DNM2

1499
1499
1499
1785
1785
1785

NM_001904

4503130

NM_001904
NM_001904
NM_004945
NM_004945
NM_004945

4503130
4503130
56549118
56549118
56549118

GCUGAAACAUGCAGUUGUA
GAUAAAGGCUACUGUUGGA
CCACUAAUGUCCAGCGUUU
CCGAAUCAAUCGCAUCUUC
GACAUGAUCCUGCAGUUCA
CCUCCGAGCUGGCGUCUAC

DNM2
GOSR2

1785
9570

NM_004945
NM_054022

56549118
60499002

AGUCCUACAUCAACACGAA
ACGAAUCACUGCAGUUUAA

GOSR2
GOSR2

9570
9570

NM_054022
NM_054022

60499002
60499002

GAUCCAGUCUUGCAUGGGA
CGAAAUCCAAGCAAGCAUA

GOSR2
KIF5B

9570
3799

NM_054022
NM_004521

60499002
4758647

GAUAUUCAGCCGUCUAGAA
GCAGUCAGGUCAAAGAAUA

KIF5B
KIF5B
SEC22B
SEC22B

3799
3799
9554
9554

NM_004521
NM_004521
NM_004892
NM_004892

4758647
4758647
94429049
94429049

GAACUGGCAUGAUAGAUGA
CAACAGACAUGUAGCAGUU
GAAGAAGUGUUACAACGAG
CUAAGCAACUCUUUCGAAA

ϭ
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'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ

SEC22B

9554

NM_004892

94429049

UAACAAUGAUCGCCCGAGU

SNAP25
SNAP25

6616
6616
6616
6642

18765732
18765732
18765732
71772739

GCAAUGAGAUCGAUACACA
GCGAAGGGCUGACCAGUUG

SNAP25
SNX1

NM_003081
NM_003081
NM_003081
NM_148955

SNX1
SNX1
SNX1

6642
6642
6642

NM_148955
NM_148955
NM_148955

71772739
71772739
71772739

GAAAGGGACUUCGAGAGGA
GAAAAGAAGUGAUACGGUU
AGAACCACGUGAUCAAGUA

STX1A

6804
6804
6804
6811
6811

STX5
STX7

6811
8417

NM_004603
NM_004603
NM_004603
NM_003164
NM_003164
NM_003164
NM_003569

95147340
95147340
95147340
94400931
94400931
94400931
4507294

GGAACACGCGGUAGACUAU

STX1A
STX1A
STX5
STX5

STX7
STX7

8417
8417

NM_003569
NM_003569

4507294
4507294

GCGAUUAUCAGUCUCAUCA
GUCAAGGGCAGCAGAUUAU

STX7
STX8
STX8
STX8

8417
9482
9482
9482

NM_003569
NM_004853
NM_004853
NM_004853

4507294
296010812
296010812
296010812

GAGUUUGUUGCUCGAGUAA
CACCAAAGCUUACCGUGAC
UCUUGUAACUCGAGAGAGA
GAAUGAGGGUGCCGAACCA

STX8
USE1
USE1
USE1
USE1
VAMP1
VAMP1
VAMP1
VAMP1
VAMP3

9482
55850
55850
55850
55850
6843
6843
6843
6843
9341

NM_004853
NM_018467
NM_018467
NM_018467
NM_018467
NM_014231
NM_014231
NM_014231
NM_014231
NM_004781

296010812
154354977
154354977
154354977
154354977
40549444
40549444
40549444
40549444
42544205

UGAGAUAAUUGACGACCUU
CGUCGAGGCUGGAGCUAAA
CUGAGGUGAUCAAUGAAUA
GAGAUGGACGUAAGGAAGA
CGAAUCAUGCCUAAACUCA
CUCCUAACAUGACCAGUAA
CAUCACAAUUUGAGAGCAG
CCAUCAUCGUGGUAGUUAU
AGGCACAAGUGGAGGAGGU
GGCAGGCGCUUCUCAAUUU

VAMP3
VAMP3

9341
9341

NM_004781
NM_004781

42544205
42544205

GGAUUACUGUUCUGGUUAU
GCCAAGUUGAAGAGGAAAU

VAMP7
VAMP7
VAMP7
VTI1A

6845
6845
6845
143187

NM_005638
NM_005638
NM_005638
NM_145206

27545446
27545446
27545446
113374155

GGAGAAAGAUUGGAAUUAU
GUACUCACAUGGCAAUUAU
AAGAAGAGGUUCCAGACUA
CGUCCGACUUCGAAGGUUA

VTI1A
VTI1A
VTI1A

143187
143187
143187

NM_145206
NM_145206
NM_145206

113374155
113374155
113374155

CGUGAAAGACUUCGGGAAA
CGAGGGAUGUACAGCAACA
GGUCAGGAGAUGUUGGAAA

z<dϲ
z<dϲ
z<dϲ

ϭϬϲϱϮ
ϭϬϲϱϮ
ϭϬϲϱϮ

EDͺϬϬϲϱϱϱ
EDͺϬϬϲϱϱϱ
EDͺϬϬϲϱϱϱ

GGAGGAGAUUCGAGGCUUC
ACAUAAAGAAGACAGCAAA
GCAAGUCCCUCUUUGAUGA
GAGCUAACAUAUAUCAUCA
GAGCCCAGCUGGACGUUGA
CAAAGAAACAGAUAAGUAC

ϯϰϯϬϰϯϴϰ 'h''h'h
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6XSSOHPHQWDU\PDWHULDOVDQGPHWKRGV
Image analysis
Fig. 3: exWg

Fig. 3: Evi
MIP of 15 apical sections (distance 1 μm) depicted for visualization. For quantification the
average intensity projection of the corresponding stack was used. The profile of the Evi staining
in the shown ROI (1428 x 300 px 2, corresponding to 100 x 21 μm 2), comparing Evi in the
anterior (control, no GFP) with the posterior (RNAi, GFP-positive) region for this one
representative example, was plotted with Fiji. For quantification of several independent
samples, two ROIs (500x250 px2, corresponding to 623 μm 2) were placed manually in the
anterior (control) and posterior (RNAi) region of the corresponding stack. The mean
fluorescence of five subapical sections (distance 1 μm) is measured with Fiji and averaged per
stack. This corresponds to taking the mean fluorescence of an average intensity projection of
this corresponding stack. For quantification of Evi punctae, a maximum intensity projection of
the same five subapical sections as above (distance 1 μm) was generated and thresholded
using Triangle algorithm implemented in Fiji. Two manually drawn ROIs were placed in the
control and the RNAi region along the entire Evi expression domain. Particles > 4 px2 were
automatically counted using Fiji Particle Analyzer within the ROIs. The number of particles was
QRUPDOL]HGWRWKHDUHDTXDQWLILHG6WDWLVWLFDOVLJQLILFDQFHZDVGHWHUPLQHGXVLQJ6WXGHQW¶V ttest (two-tailed) in GraphPad Prism 6 software.
Fig.4: Hrs
MIP of nine sections (distance 1 μm) for visualization. For quantification of several independent
samples two ROIs (500x500 px2, corresponding to 1245 μm 2) were placed manually in the
anterior (control) and posterior (RNAi) region of the corresponding stack. The mean
fluorescence of five subapical sections (distance 1 μm) is measured with Fiji and averaged per
stack. This corresponds to taking the mean fluorescence of an average intensity projection of
this corresponding stack. The sections to be measured were chosen based on nuclear staining.
The nuclei had to be apparent in the entire section. Hrs staining is also very strong in the
peripodial membrane, but this signal was not included. Statistical significance was determined
XVLQJ6WXGHQW¶Vt-test (two-tailed) in GraphPad Prism 6 software.
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MIP of 45 (Ykt6, distance 0,5 μm) or 25 (AP2, distance 1 μm) sections covering the entire stack
depicted for visualization. For quantification the average intensity projection of the
corresponding stack was used. The profile of the extracellular Wg staining in the shown ROI
(1142 x 300 px2, corresponding to 80x21 μm 2), comparing exWg in the anterior (control, no
GFP) with the posterior (RNAi, GFP-positive) region for this one representative example, was
plotted with Fiji. For quantification of several independent samples, two ROIs (500x500 px 2,
corresponding to 1245 μm 2) were placed manually in the anterior (control) and posterior (RNAi)
region of the corresponding stack. The mean fluorescence of five subapical sections (distance
1 μm) is measured with Fiji and averaged per stack. This corresponds to taking the mean
fluorescence of an average intensity projection of this corresponding stack. Statistical
VLJQLILFDQFHZDVGHWHUPLQHGXVLQJ6WXGHQW¶Vt-test (two-tailed) in GraphPad Prism 6 software.

'HYHORSPHQWGRLGHY6XSSOHPHQWDU\LQIRUPDWLRQ

Fig.4: Lamp1
MIP of seven sections (distance 1 μm) are depicted for visualization. Quantification was done
as for Hrs.
Fig.4: Rab5
MIP of 13 sections (distance 1 μm) are depicted for visualization. Quantification was done as
for Hrs.
Fig.4: Rab7
MIP of seven sections (distance 1 μm) are depicted for visualization. Quantification was done
as for Hrs.
Fig. 4: FYVE
For quantification of FYVE-labelled Wg punctae, a 30px XZ section within the Wg stripe was
generated. In Fiji a ROI (1500 x 250 px 2, corresponding to 105 x 17.5 μm 2) was placed at the
center of the Wg expression domain. Within this ROI, particles >6 px were automatically
counted and colocalization determined using the Fiji Plugin ComDet.
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Fig. 5: Wg in rescue crosses with Ykt6 SNARE-mutants
MIP of six sections (distance 0,5 μm) for visualization. For quantification of several
independent samples a 5 μm average intensity projection of the corresponding stack was used.
Two ROIs (100x300 px2, corresponding to 145 μm 2) were placed manually in the anterior
(control) and posterior (RNAi) region of the corresponding stack. The mean fluorescence is
PHDVXUHGZLWK)LML6WDWLVWLFDOVLJQLILFDQFHZDVGHWHUPLQHGXVLQJ6WXGHQW¶V t-test (two-tailed)
in GraphPad Prism 6 software.
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Abstract: Sensitive factor attachment protein receptors (SNARE) proteins are important mediators of
protein traﬃcking that regulate the membrane fusion of speciﬁc vesicle populations and their target
organelles. The SNARE protein Ykt6 lacks a transmembrane domain and attaches to diﬀerent organelle
membranes. Mechanistically, Ykt6 activity is thought to be regulated by a conformational change
from a closed cytosolic form to an open membrane-bound form, yet the mechanism that regulates
this transition is unknown. We identiﬁed phosphorylation sites in the SNARE domain of Ykt6 that
mediate Ykt6 membrane recruitment and are essential for cellular growth. Using proximity-dependent
labeling and membrane fractionation, we found that phosphorylation regulates Ykt6 conversion
from a closed to an open conformation. This conformational switch recruits Ykt6 to several organelle
membranes, where it functionally regulates the traﬃcking of Wnt proteins and extracellular vesicle
secretion in a concentration-dependent manner. We propose that phosphorylation of its SNARE
domain leads to a conformational switch from a cytosolic, auto-inhibited Ykt6 to an active SNARE at
diﬀerent membranes.
Keywords: Ykt6 conformational switch; membrane attachment; protein traﬃcking; secretory pathway

1. Introduction
N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) family members drive
membrane fusion by the formation of a trans-SNARE complex consisting of speciﬁc v- and t-SNAREs
present at vesicle (v) and target (t) membranes. Most SNAREs have autonomously folding N-terminal
domains, along with SNARE (coiled-coil) motifs and membrane anchors. The SNARE motifs are
60–70 amino acid residues long [1] and contain repeated heptad patterns of hydrophobic residues.
They assemble into parallel four-helix bundles stabilized by a hydrophobic helix that faces the bundle’s
core. Within the hydrophobic core of the bundle X-ray crystallography [2,3] revealed an unusual
central hydrophilic layer composed of three glutamines (Q) and one arginine (R) residue, which led to
the classiﬁcation of Q- and R-SNAREs, respectively [4].
Ykt6 is an unusual SNARE as it lacks a transmembrane domain and therefore can cycle between
cytosol and membranes. Membrane localization depends on the intramolecular interaction of the
N-terminal Longin and C-terminal SNARE domains and the presence of a farnesylation and reversible
palmitoylation within a CCAIM/CAAX motif at the C-terminus [5]. This interaction is exempliﬁed
in yeast, where the release of Ykt6 from endosomal membranes into the cytoplasm depends on a
Biomolecules 2020, 10, 1560; doi:10.3390/biom10111560
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functional Longin domain and an intramolecular interaction with its SNARE domain to fold into
a soluble, closed conformation [6]. Additionally, a recent study identiﬁed a new geranylgeranyl
transferase that plays an essential role for membrane-anchored Ykt6 in proper Golgi function [7].
Albeit sometimes redundant, speciﬁc sets of SNAREs mediate distinct steps in intracellular
protein traﬃcking [8]. Correspondingly, Ykt6 interacts with diﬀerent SNARE partners in vitro [9]
and is proposed to function as a membrane stress sensor within the secretory pathway of yeast [10].
In addition to its functions in the homotypic fusion of Endoplasmic Reticulum (ER) and vacuolar
membranes [11,12], ER-Golgi traﬃcking [13] and retrograde Golgi traﬃcking in yeast [14–16], it was
also described to function in in autophagy [16] and lysosomal stress [17]. Recent studies revealed
that Ykt6 mediates several steps of autophagosome formation in human cells [18], the Drosophila fat
body [19], and yeast [15,20]. Nevertheless, how Ykt6 is recruited to these diﬀerent membranes remains
unclear. Here, we investigate how the functional regulation of the SNARE domain can mechanistically
regulate Ykt6 membrane recruitment and activity in mammalian cells and in Drosophila.
2. Material and Methods
The Drosophila Ykt6 coding region was ampliﬁed and the PCR product was recombined into the
pDONRTM 221 vector using the Gateway BP Clonase II Enzyme mix (Life Technologies, Carlsbad, CA,
USA). Point mutations of potential phosphorylation sites (S175, S182, T188, T192) were introduced
by site-directed mutagenesis. For the generation of transgenic ﬂies, constructs were subcloned
into expression vectors pUASt-attB-rfA-mCherry and pUASt-attB-mCherry-rfA (kind gift from Sven
Bogdan) by LR recombination (Life Technologies, Carlsbad, CA, USA). Human Ykt6 was ampliﬁed from
hYkt6-Myc (C-Terminal myc-destination plasmids (DKFZ—Genomics and Proteomics Core Facility))
and the PCR product was inserted into pcDNA3.1MycBioID (Addgene #35700). Point mutations for
Ykt6-3A (S174A, T181A, S187A), Ykt6-3E (S174E, T187E, S181E), F42A, C194A, C195A, and relevant
combinations were introduced by site-directed mutagenesis. MycBioID tag was removed via Nhe1/Xho1
to obtain untagged constructs in pcDNA3.1. RUSH-EGFP-Wnt3A was constructed by amplifying
the core protein sequence of Wnt3A and integrating it by Gibson cloning [21] with the Wnt3A
signal peptide and the streptavidin-binding peptide sequence into the ER-hook containing the
pCMV-KDEL-IVS-IRES-reporter plasmid backbone [22]. The following expression constructs were
used: pCMV-Wnt3A [23], DsRed-Rab5-QL (E. De Robertis, Addgene #29688) (Table 1)
Table 1. Dharmacon siRNA SMARTpools.
Gene Symbol

GENE ID

Gene Accession

GI Number

siGENOME Non-targeting Control_5 #

Sequence
UGGUUUACAUGUCGACUAA

Ykt6

10652

NM_006555

34304384

GCUCAAAGCCGCAUACGAU
GUGAGAAGCUAGAUGACUU
GAAGGUACUAGAUGAAUUC

Alix

10015

NM_013374

371875333

GAAGGAUGCUUUCGAUAAA
GAACAGAACCUGGAUAAUG
GAGAGGGUCUGGAGAAUGA
GCAGUGAGGUUGUAAAUGU

# represents the non-Targeting siRNA number provided by the company.

2.1. Antibodies
Antibodies were used against Calnexin, 1:1000, (WB, rabbit), Dallas, Texas, US; CD81 1:1000
(1.3.3.22, WB, mouse (DLN-09707), Dianova, Hamburg, Germany; EEA1, 1:300 (IF, mouse (610456),
BD, New Jersey, NJ, USA; GAPDH (6C5), 1:5000 [WB; mouse (AM4300)], Ambion, Austin, TX,
USA; Hsc70 1:2000 (WB; mouse (sc-7298), Santa Cruz, CA, CA, USA; TSG101, 1:1000, (WB, rabbit
(HPA006161), Sigma, MO, USA; Wnt3A, 1:500 (WB, rabbit), Abcam, Cambridge, UK, and Ykt6 WB and
IF; mouse (sc-365732), Santa Cruz, CA, USA. Antibodies against Ykt6 were generated by immunizing
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two guinea pigs with the peptides KVSADQWPNGTEATI (aa 105–119, within Longin domain) and
YQNPVEADPLTKMQN (aa 131–145, covers part of the SNARE domain). Final bleeds were pooled
and aﬃnity puriﬁed against the original peptides (Eurogentec). Secondary antibodies directed against
the species of interest were coupled to Alexa Fluor 488, 568, 594 and 647 IF, 1:500, Invitrogen, Carlsbad,
CA, USA and 680RD and 800CW WB, 1:20,000, LiCor, Lincoln, NE, USA.
2.2. Drosophila Stocks and Genetics
The following Drosophila stocks were used in this study: en-GAL4, UAS-GFP (chr. II, a gift
from J. Grosshans). The following stocks were obtained from the Bloomington Drosophila stock
center: UAS-Dcr; enGAL4, UAS-GFP (#25752), tub-GAL80TS (#7108), and vas-PhiC31; attP.ZH-86Fb
(#24749). The Ykt6 (KK105648) UAS-RNAi stock was obtained from the Vienna Drosophila RNAi Center.
UAS-Ykt6 transgenic lines were generated according to standard protocols by ϕC31 integrase-mediated
site-speciﬁc insertion in the attP landing site at ZH-86Fb [24]. Fly stocks were kept on standard medium
containing agar, yeast, and corn ﬂour. Crosses were performed at 25 ◦ C or RT.
2.3. Kinase Screen
Biotinylated Ykt6-WT peptide (GEKLDDLVSKSEVLGTQSKAFYKTARKQN) was tested in
one concentration against 245 Ser/Thr kinases in a radiometric, FlashPlate PlusTM-based assay.
Ten out of 18 kinase hits identiﬁed among the 245 kinases were subsequently conﬁrmed in a
hit conﬁrmation experiment. For this, three peptide concentrations in triplicate for each of the
10 tested kinase hits were used for N-terminally biotinylated peptides of Ykt6-WT and Ykt6-3E
(GEKLDDLVSKEEVLGTQEKAFYKEARKQN). The Kinase screen was performed by Reaction
Biology, available online: https://www.proqinase.com/products-service-biochemical-assay-services/
kinaseﬁnder, received on 15th October 2018).
2.4. Cell Culture and Transfection
Hek293T and HCT116 cells were maintained in DMEM (Gibco) supplemented with 10% fetal
calf serum (Biochrom) at 37 ◦ C in a humidified atmosphere with 5% CO2 . Cells were transiently
transfected with Screenfect siRNA for siRNA and Screenfect A (Screenfect) for plasmids according to the
manufacturer’s instructions. Cells were identified and checked regularly for mycoplasma contamination.
2.5. Blue Sepharose Precipitation
The relative amount of Wnts secreted into cell culture supernatant was analyzed using Blue
Sepharose precipitation as described [23,25]. Shortly, HEK293T cells were transiently transfected in
6-well plates with 1 μg of Wnt3A plasmids. Then, 72 h after transfection, the supernatant was collected
and centrifuged at 4000× g rpm to remove cell debris, transferred to a fresh tube, and rotated at 4 ◦ C
for 1 h with 1% Triton X-100 and 40 μL of Blue Sepharose beads. The samples were washed and eluted
from the beads using 2X SDS buﬀer with β-mercaptoethanol and analyzed by immunoblotting.
2.6. Extracellular Vesicle puriﬁcation
Extracellular vesicles were puriﬁed by diﬀerential centrifugation as described previously [26,27].
In short, supernatants from mammalian cells were subjected to sequential centrifugation steps of
750× g, 1.5 × 103 g and 1.4 × 104 g, before pelleting exosomes at 1× 105 g in a SW41Ti swinging bucket
rotor for 2 h (Beckman). The supernatant was discarded, and exosomes were taken up in 1/100 of their
original volume in H2 O.
2.7. Immunostainings, Microscopy, and Image Analysis
For immunoﬂuorescence staining, cells were reverse transfected with siRNAs, seeded in 6 well
dishes or 8-well microscopic coverslips, 24 h later transfected with indicated plasmids, and 48–72 h
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later ﬁxed with 4% paraformaldehyde. Cells were permeabilized with 0.1% Triton X-100 and blocked
in 10% BSA/PBS. Primary antibodies in PBS were incubated for 1 h at room temperature and antibody
binding was visualized by ﬂuorochrome-conjugated secondary antibodies. Confocal images were
processed with Zen lite (Zeiss, Oberkochen, Germany), Fiji/ImageJ (NIH, Rockville, Maryland, MA,
USA) [28–30] and Aﬃnity Designer (Aﬃnity Serif, San Francisco, CA, USA).
2.8. Rab5QL Assay and Quantiﬁcation
Hek293T cells were co-transfected with plasmids for Rab5Q79L-DsRed and either control,
Ykt6-WT or Ykt6-3E and analyzed by immunoﬂuorescence microscopy, and the size of enlarged
Rab5Q79L-positive endosomes was measured in diﬀerent biological replicates.
2.9. Membrane Fractionation
As previously described [31], HEK293T cells were seeded and transfected with Ykt6-WT plasmid.
Then, 48 h post transfection, cells were lysed on ice with 1 mL of Lysis buﬀer A (150 mM NaCl, 50 mM
HEPES, 0.1% Saponin, 1 M Glycerol, and 1% PIC) and then centrifuged at 2000× g for 10 min at 4 ◦ C;
then, the supernatant (cytosolic fraction) was transferred to a new tube. The pellet was lysed in 1 mL
of Lysis Buﬀer B (150 mM NaCl, 50 mM Hepes, 1% Igepal, 1 M Glycerol and 1% PIC) and incubated
rotating for 30 min at 4 ◦ C. Then, after being centrifuged at 7000× g for 10 min at 4 ◦ C, the supernatant
was transferred to a new tube (membrane fraction).
2.10. BioID Pull Down and Mass Spectrometry
For large-scale BioID pull down, cells were seeded and 24 h later transfected with BioID-WT or
mock constructs. Then, 36 h post transfection, 50 μM biotin was added over night. Cells were washed
with PBS twice, cell fractionated, and then boiled 5 min in non-reducing SDS sample buﬀer (300 mM
Tris-HCl pH 6.8, 12% SDS, 0.05% Bromphenolblue, 60% Glycerol, 12 mM EDTA), run a short-distance
(1.5 cm) on a 4–12% NuPAGE Novex Bis-Tris Minigel (Invitrogen). Gels were stained with Coomassie
Blue for visualization purposes. Full lanes were sliced into 23 equidistant slices regardless of staining,
short runs cut out as a whole and diced. After washing, gel slices were reduced with dithiothreitol
(DTT), alkylated with 2-iodoacetamide, and digested with trypsin overnight. Then, the resulting
peptide mixtures were extracted, dried in a SpeedVac, reconstituted in 2% acetonitrile/0.1% formic
acid/(v:v), and prepared for nanoLC-MS/MS as described previously [32].
For the generation of a peptide library for SWATH-MS, equal amount aliquots from each sample
were pooled to a total amount of 80 μg and separated into eight fractions using a reversed phase spin
column (Pierce High pH Reversed-Phase Peptide Fractionation Kit, Thermo Fisher Scientific, Waltham,
Massachusetts, United States. MS analysis Protein digests were separated by nanoflow chromatography.
Then, 25% of gel slices or 1 μg aliquots of digested protein were enriched on a self-packed precolumn
(0.15 mm ID × 20 mm, Reprosil-Pur120 C18-AQ 5 μm, Dr. Maisch, Ammerbuch-Entringen, Germany)
and separated on an analytical RP-C18 column (0.075 mm ID × 250 mm, Reprosil-Pur 120 C18-AQ, 3 μm,
Dr. Maisch) using a 30 to 90 min linear gradient of 5–35% acetonitrile/0.1% formic acid (v:v) at 300 nl/ min.
SWATH-MS library generation was performed on a hybrid triple quadrupole-TOF mass
spectrometer (TripleTOF 5600+) equipped with a Nanospray III ion source (Ionspray Voltage 2400 V,
Interface Heater Temperature 150 ◦ C, Sheath Gas Setting 12) and controlled by Analyst TF 1.7.1
software (SCIEX, Framingham, Massachusetts, MA, USA)build 1163 (all AB Sciex), using a Top30
data-dependent acquisition method with an MS survey scan of m/z 380–1250 accumulated for 250 ms
at a resolution of 3.5 × 104 full width at half maximum (FWHM). MS/MS scans of m/z 180–1500 were
accumulated for 100 ms at a resolution of 17,500 FWHM and a precursor isolation width of 0.7 FWHM,
resulting in a total cycle time of 3.4 s. Precursors above a threshold MS intensity of 200 cps with
charge states 2+, 3+, and 4+ were selected for MS/MS, and the dynamic exclusion time was set to
15 s. MS/MS activation was achieved by CID using nitrogen as a collision gas and the manufacturer’s
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default rolling collision energy settings. Two technical replicates per reversed phase fraction were
analyzed to construct a spectral library.
For quantitative SWATH analysis, MS/MS data were acquired using 100 variable size windows [33]
across the 400–1200 m/z range. Fragments were produced using rolling collision energy settings for
charge state 2+, and fragments acquired over an m/z range of 180–1500 for 40 ms per segment. Including
a 250 ms survey scan, this resulted in an overall cycle time of 4.3 s. Two replicate injections were
acquired for each biological sample.
2.11. Mass Spectrometry Data Processing
For SWATH-MS analysis, protein identiﬁcation was achieved using ProteinPilot Software version
5.0 (SCIEX, Framingham, Massachusetts, MA, USA) build 4769 (AB Sciex) at “thorough” settings.
MS/MS spectra from the combined qualitative analyses were searched against the UniProtKB Homo
sapiens reference proteome (revision February 2017. 92,928 entries) augmented with a set of 51 known
common laboratory contaminants to identify 597 proteins at a False Discovery Rate (FDR) of 1%.
Spectral library generation and SWATH peak extraction were achieved in PeakView Software version 2.1
(SCIEX, Framingham, Massachusetts, MA, USA) build 11041 (AB Sciex) using the SWATH quantitation
microApp version 2.0 SCIEX, Framingham, Massachusetts, MA, USA) build 2003. Following retention
time correction on endogenous peptides spanning the entire retention time range, peak areas were
extracted using information from the MS/MS library at an FDR of 1% [34]. The 26 resulting peak areas
were summed to peptide and protein area values, which were used for further statistical analysis.
Reactome Functional Network analysis [35] was performed with Cytoscape [www.cytoscape.org
(Accessed on 15th June 2020)] and Kegg pathway analysis was performed with David [36].
2.12. Statistics
All experiments were carried out at least in biological triplicates. Error bars indicate s.d. Statistical
signiﬁcance was calculated by carrying out Student’s t-test where appropriate or one-way ANOVA
with Dunnett’s multiple comparison test to compare a control mean with the other means.
3. Results
3.1. Several Phosphorylation Sites in the Ykt6 SNARE Domain Are Evolutionarily Conserved
Speciﬁc phosphorylation sites within the SNARE domain of non-neuronal SNAREs are conserved
over the plant, fungi, and animal kingdoms [37]. These sites are located within the SNARE layers
and sterically block the interacting domains of the helices. Their importance was demonstrated using
the example of the SNARE VAMP8, for which the phosphorylation or mutation of these sites inhibits
the fusion of secretory granules [37]. To identify these conserved residues in Ykt6, we aligned its
protein sequences deduced from the genomes of S. cerevisiae, C. elegans, D. melanogaster, and vertebrates
such as D. rerio, M. musculus, and H. sapiens (Figure 1A). Within the largely hydrophobic SNARE
alpha-helix, residues at helical layer positions are designated from 0 to +8 starting from the ionic
residue (Arginine or Glutamine) toward the C-Terminus [3]. We found two conserved Serines and
a Threonine (S174, S181, and T187 in the human sequence) at layers +3 and +5 and +7, respectively.
Furthermore, an additional Threonine (T192) was identiﬁed in Drosophila at layer +8 (Figure 1A).
In conﬁrmation, position S174 was identiﬁed in diﬀerent published phosphoproteomic approaches [38].
Prediction according to NetPhos 3.1 [39] suggested that the identiﬁed phosphorylation sites are
potential CDK1 and PKC sites (Figure 1B). In light of the identiﬁed conserved phosphorylation sites,
we decided to study the mechanistic role of possible phosphorylations in human and Drosophila Ykt6
in more detail (Figure 1C). To identify potential kinases that phosphorylate these sites, a biotinylated
peptide of the human Ykt6 SNARE domain was subjected to a bead-based kinase screen with 245
Serine/Threonine-kinases (Figure 1D). Out of 18 kinases that phosphorylated the peptide more than
two-fold over background (Supplementary Table S1), ten were selected (Figure 1E) and subjected to
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a validation screen. In comparison to the human Ykt6-WT peptide, a Ykt6 peptide with three sites
mutated to Glutamic acid (S174E, S181E, T187E, termed Ykt6-3E) was used to test for the speciﬁcity
of these three positions. In vitro, phosphoinositide-dependent kinase-1 (PDK1) phosphorylated the
Ykt6-WT SNARE domain and did not phosphorylate the Ykt6-3E peptide over the background
signal (Figure 1F).
To test the physiological relevance of the identiﬁed Ykt6 phosphorylation sites, we expressed
Ykt6 RNAi and overexpressed Ykt6 rescue constructs in Drosophila with the UAS/GAL4 system [40].
While a strong Ykt6 knockdown by enGAL4-driven UAS-Ykt6 RNAi at 25 ◦ C was lethal at the larval
stage, this phenotype was rescued by the overexpression of Ykt6-WT and a non-phosphorylatable
Ykt6-4A (S175A, S1812A, T188A, T192A) mutant, but not by the overexpression of a phosphomimicking
Ykt6-4E (S175E, S1812E, T188E, T192E) (Table 2, right column). Similarly, a mild enGAL4-driven
Ykt6 knockdown at RT showed (1) melanotic tumors in larvae, a sign of increased cell death in
combination with phagocytic clearance activity [41], and (2) wing notches in adult ﬂies, typical cell
growth, and Wnt signaling defects [42,43] In both cases, Ykt6-WT and -4A expression rescued these
phenotypes, but Ykt6-4E did not (Figure 1G, middle column). Taken together, these results indicate
that Ykt6 has evolutionarily conserved phosphorylation sites within the SNARE domain, which are
important for Ykt6 function in cell growth.

Figure 1. Several phosphorylation sites in the Ykt6 sensitive factor attachment protein receptors
(SNARE) domain are evolutionarily conserved. (A) Sequence alignment of Ykt6 SNARE domain
(Human: position 136–198) of different eukaryotes. Conserved serines and threonines at SNARE layers
are marked in yellow, lipid-modified cysteines are in the red box. (B) PhosphoSite prediction for human
Ykt6 position S174, S181, and T187 using Netphos 3.1 [39]. (C) Scheme of human and Drosophila Ykt6
with predicted phosphorylation sites that were either mutated to alanine or glutamic acid. (D) In vitro
kinase assay of biotinylated peptide of the Ykt6-WT SNARE domain with 245 different serine/threonine
kinases. (E) Ten out of 18 identified kinases phosphorylating Ykt6 SNARE domain >twofold over
background were validated. (F) A validation kinase assay comparing Ykt6-WT versus Ykt6-3E found
phosphoinositide-dependent kinase-1 (PDK1) as a kinase phosphorylating the SNARE domain. * = 0.05.
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Table 2. Depletion of Ykt6 by RNAi (engrailed-Gal4, UAS-GFP/ UAS-ykt6 RNAi; larvae reared for
three days at RT or 25 ◦ C).
EngrailedGAL4, UAS-GFP>
ykt6 RNAi
ykt6 RNAi; UAS-Ykt6-WT
ykt6 RNAi; UAS Ykt6-4A
ykt6 RNAi; UAS-Ykt6-4E

Mild Knockdown (RT)

Strong Knockdown (25 ◦ C)

Larvae

Adult

Larvae

Adult

Melanotic tumors
Normal
Normal
Melanotic tumors

wing defects
viable
viable
wing defects

lethal *
normal
normal
lethal

lethal
viable
viable
lethal

* Few larvae develop melanotic tumors.

3.2. Phosphomimicking Mutations Accumulate Ykt6 at Membranes in the Secretory Pathway
To investigate the mechanistic relevance of phosphorylation of the Ykt6 SNARE domain,
we checked the cellular localization of Ykt6–WT or -3E by immunoﬂuorescence microscopy. Transiently
expressed constructs in HCT116 cells showed a diﬀuse cytoplasmic localization for Ykt6-WT,
while Ykt6-3E distinctly localized to the perinuclear area and the plasma membrane (Figure 2A),
suggesting a membrane association of Ykt6-3E. Co-staining with the Golgi marker GM130 revealed
that Ykt6-3E strongly colocalizes with the Golgi as seen in intensity line proﬁles (Figure 2B), which is
in line with the function of Ykt6 in the organization of Golgi apparatus [7].
Ykt6 was shown previously to be involved in Wnt secretion from Drosophila cells of the developing
wing epithelium as well as from human cells [23,44]. To understand the dynamics of Ykt6-membrane
attachment, we used Wnt3A secretion as a Ykt6-dependent process to study the role of the putative
phosphorylation sites. We used “retention using selective hook” (RUSH), which is an inducible system
for the release of secretory cargo [22]. This system consists of an ER-resident streptavidin-KDEL fusion
protein (“hook”) and a “bait”-protein fused to a streptavidin-binding peptide (SBP) to be retained
in the ER in the absence of biotin (Figure 2C). We constructed a tagged Wnt3A with an integrated
GFP and an SBP between the signal peptide and the core sequence of Wnt3A. In Hek293T cells, this
construct was secreted into the supernatant in the presence of biotin (Figure 2D) and localizes to
the ER in the absence of biotin (Figure 2E). An addition of 50 μM biotin triggered the ER-release of
Wnt3A by competitive binding to the streptavidin hook, and 30 to 60 min later, Wnt3A localized to
the perinuclear region, indicating transport to the Golgi (Figure 2E,F). In cells co-expressing Ykt6-WT,
Wnt3A is detected both at the Golgi and in the cytoplasm at later time points (>120 min), partially
co-localizing with Ykt6 (Figure 2E,G). In contrast to Ykt6-WT, the co-expression of Ykt6-3E leads to
strong accumulation with Wnt3A at the plasma membrane (>120 min) (Figure 2F,H). Hence, in the
presence of endogenous Ykt6, the phosphomimicking Ykt6 mutant neither has a dominant negative
eﬀect, nor blocks ER to Golgi traﬃcking of Wnt3A but accumulates at diﬀerent post-Golgi membranes
within the secretory pathway together with Wnt3A.
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Figure 2. Phosphomimicking mutations accumulate Ykt6 at membranes in the secretory pathway.
(A) Representative immunoﬂuorescence and (B) Quantiﬁcation of Ykt6-WT and -3E transfected in
HCT116 cells and additionally stained for GM130, Phalloidin, and Hoechst. Scale bar 10 μm. (C) Scheme
representation of Wnt3A-RUSH (“retention using selective hook”) system. (D) Representative
immunoblot of Wnt3A, Ykt6 WT, and -3E in Hek293T lysates and blue sepharose precipitation of
Wnt3A secretion from the supernatant after 24 h of biotin treatment. (E) HCT116 cells transfected with
RUSH-EGFP-Wnt3A in combination with Ykt6-WT and quantiﬁcation in (G). (F) Ykt6-3E stained for
Ykt6 and F-actin in addition to GFP and quantiﬁcation in (H). Scale bar represents 10 μm, representative
images, and quantiﬁcations of three independent experiments.

3.3. SNARE Phosphorylation Sites Determine Membrane Attachment and Autoinhibited Conformation
To further analyze the role of Ykt6 phosphorylation in membrane attachment, we used a diﬀerential
detergent fractionation [31] to biochemically separate membranes from cytoplasm.
Conﬁrming immunoﬂuorescence results (Figure 2A), we found that Ykt6-3E partially associated
with the membrane fraction, whereas Ykt6-WT was exclusively found cytoplasmically (Figure 3A,
left panel, lane 5 and 7). In addition, diﬀerent Ykt6 mutants previously described to impair Ykt6
conformational changes were also found only in the cytoplasmic fraction. This includes mutations of
either palmitoylation (C194A) or farnesylation (C195A) sites, the palmitoyl/farnesyl (C194/195A) double
mutant, and a combination of phosphomimicking and palmitoyl/farnesyl (Ykt6-3E/C194A/C195A)
mutants (Figure 3A). This aﬃrms that farnesylation and subsequent palmitoylation is required for
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the stable membrane association of Ykt6 [5,17]. Mutation in the Longin domain (F42A) was shown
to impair the auto-inhibited conformation by shielding the lipidation [6]. Indeed, we detected
some Ykt6-F42A in the membrane fraction, while non-phosphorylatable Ykt6-3A did not show this
membrane association (Figure 3A, right panel, lane 11 and 13). All constructs were expressed at levels
comparable to endogenous Ykt6 in total cell lysate, excluding any eﬀect of strong overexpression
(Figure 3B). This demonstrates that phosphomimicking modiﬁcations within the SNARE domain result
in a form of Ykt6 that preferentially associates with membranes, possibly through inhibition of its
closed conformation.
To test whether Ykt6 expression levels might determine the level of membrane recruitment,
we expressed increasing amounts of WT constructs (0.1, 0.3, and 1 μg). This leads to an expected
linear increase of Ykt6 expression (Figure 3C) in the overall cell lysates. While this linear increase is
also visible in the cytoplasmic fraction (Figure 3D), the level of Ykt6-3E, but not Ykt6-WT is strongly
increased in the membrane fraction, (Figure 3E). This indicates that it is not the cellular level of Ykt6
determines membrane recruitment but speciﬁcally the modiﬁcation of its SNARE domain.
Next, we used an unbiased BioID approach [45] to label proteins in close vicinity of Ykt6 by fusion
with the prokaryotic BirA* domain (Figure 3F). N-terminally tagged Ykt6-WT and mutant constructs
were expressed at comparable levels (Figure 3G) in the presence of 50 μM biotin. Biotinylated proteins
were puriﬁed by streptavidin pulldown and subjected to mass spectrometry to deﬁne the “proxisome” of
the functional Ykt6 SNARE domain (Figure 3F). We found Ykt6 highly enriched among the biotinylated
proteins compared to background proteins labeled by the BioID alone, indicating an ability of the
N-terminal BioID domain to intra- or intermolecularly label Ykt6. We hypothesized that the closed
conformation of Ykt6 could interfere with self-labeling and compared the biotin-labeling ability of
Ykt6-3E with diﬀerent Ykt6 point mutations known to interfere with the closed conformation (Figure 3H).
Both cytosolic and membrane fractions were analyzed by immuno-blotting for streptavidin-labeled
Ykt6-BioID. Compared to Ykt6-WT, the phosphomimicking (3E) and the palmitoyl/farnesyl (C194/195A)
double mutant BioID constructs were strongly labeled by the N-terminal BioID domain in the
cytoplasmic fraction (Figure 3H, left panel, lane 6, and 12 and quantiﬁcation in (I). Minor self-labeling
of Ykt6-WT, due to binding of the functional Longin domain to the farnesyl group, suggests that a large
portion acquires a closed conformation, which is in agreement with the lower Ykt6-WT levels in the
membrane fraction (Figure 3A, lane 5). In contrast, combined mutations of palmitoylation/farnesylation
sites and the phosphomimicking mutations (Ykt6-3E/C194A/C195A) lead to a more unstable and open
conformation, allowing stronger self-labeling by the N-terminal BioID (Figure 3H,I). Taken together,
these complementary approaches suggest that modiﬁcation of the Ykt6 SNARE domain can prevent Ykt6
from assuming a closed auto-inhibited conformation and thereby promote Ykt6 membrane recruitment.
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Figure 3. SNARE phosphorylation sites determine membrane attachment and auto-inhibited
conformation. (A) Representative immunoblot of cell fractionation of diﬀerent Ykt6 mutant constructs
transfected in Hek293T cells and stained with Ykt6 and fraction markers GADPH for cytoplasmic (C)
and Calnexin for membrane (M) fraction (n = 4). (B) Representative immunoblot of Ykt6 knockdown and
overexpression of diﬀerent Ykt6 mutant constructs with Hsc70 as a loading control. (C) Representative
immunoblot and quantiﬁcation of overexpressed Ykt6-WT construct in three diﬀerent concentrations
(0.1 μg, 0.3 μg, and 1 μg), along with overexpressed Ykt6-3E construct and endogenous Ykt6 from three
biological replicates. (D) Representative blot and quantiﬁcation of endogenous and overexpressed
Ykt6-WT (0.1 μg, 0.3 μg, and 1 μg), 3E (1 μg) in the cytoplasmic fraction, n = 4 (E) Representative blot
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and quantiﬁcation of endogenous and overexpressed Ykt6-WT (0.1 μg, 0.3 μg, and 1 μg) or 3E (1 μg) in
the membrane fraction, n = 4. (F) Scheme of biotin-labeling assay. Biotin–ligase BioID was expressed
alone or as Ykt6-WT or -3E fusion constructs in Hek293T cells in the presence of 50 μM biotin.
After membrane fractionation, proteins were streptavidin-puriﬁed and subjected to mass spectrometry
or immunoblotting. (G) Representative immunoblot of Ykt6 knockdown and overexpression of
diﬀerent Bio-ID-tagged Ykt6 mutant constructs with Hsc70 as a loading control (H) Representative
immunoblot of cell fractionation of diﬀerent Ykt6-BioID constructs transfected in Hek293 cells, stained
with Streptavidin, Ykt6 and fraction markers as in (B) (n = 3). (I) Quantiﬁcation of biotin labeling in the
cytosolic fraction of (H). * = 0.05, ** = 0.01, *** = 0.001, **** = 0.0001.

3.4. Ykt6 SNARE Domain-Dependent Proximity Proteome
Ykt6 is involved in the homotypic fusion of ER and vacuolar membranes, retrograde Golgi
traﬃcking in yeast, and autophagosome formation [12,15,19,46]. However, the mechanism of how
Ykt6 is recruited to those diﬀerent organelles is not well understood. As the phosphomimicking
Ykt6-3E construct was present in the membrane fraction and was labeled strongly by the N-terminal
BioID domain compared to Ykt6-WT, we next subjected the pull-down of membrane and cytoplasmic
fractions to mass spectrometry in order to identify biotinylated proteins in both fractions. We reasoned
that although Ykt6-WT steady-state membrane levels were low, BioID labeling might label transient
Ykt6-WT interaction partners at membranes during its cycling. Ykt6-WT and -3E were detected at
similar levels among biotinylated proteins of the cytoplasmic fraction, but Ykt6-3E was approximately
six-fold enriched over Ykt6-WT in the membrane fraction (Supplementary Table S2). We identiﬁed a
total of 241 enriched proteins in Ykt6-WT and 235 enriched proteins in -3E, indicating that labeling
by both constructs was similarly successful. Then, we performed an enrichment analysis based
on PANTHER classiﬁcation of the identiﬁed proteins [47]. At ﬁrst, we compared the enriched
biological processes of Ykt6-WT between the cytoplasmic and the membrane fraction (Figure 4A–C).
Among the biological processes exclusive to the membrane fractionated Ykt6-WT proxisome were
vesicle traﬃcking, regulated exocytosis, organelle organization, and various biosynthetic processes
(Figure 4C). This further infers that the membrane-bound Ykt6 acts as an active SNARE proximal to
very diﬀerent cellular processes.
Next, we compared the processes diﬀerentially identiﬁed in the proxisomes of theYkt6-WT and
-3E of membrane fractions (Figure 4D–H). GO term enrichment and Reactome pathway analysis
showed Ykt6-WT to be proximal to processes such as Golgi-ER traﬃc and autophagy, among others.
In contrast, Ykt6-3E was proximal to Akt and Wnt Signaling, protein folding, and protein ubiquitination
(Figure 4F,H). This suggests that modiﬁcation of the Ykt6 SNARE domain plays a role in the functional
membrane attachment of Ykt6 in speciﬁc cellular pathways.

Biomolecules 2020, 10, 1560

12 of 19

Figure 4. Ykt6 SNARE-dependent proximity proteome. (A) Proteins enriched in Ykt6-WT cytoplasmic
fraction versus membrane fraction. (B,C) Enriched GO biological processes of Ykt6-WT in cytoplasmic
versus membrane fraction. (D) Proteins up-regulated between Ykt6-WT versus Ykt6-3E in the
membrane fraction. (E,F) Enriched GO biological processes of Ykt6-WT and -3E with a (p-value < 0.05)
as determined by Fisher Exact Test with the Benjamini–Hochberg False Discovery Rate < 0.05.
(G,H) Enriched Reactome Pathway hits of Ykt6-WT and -3E in the membrane fraction based on
FDR < 0.05.
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3.5. Ykt6 Regulates EV Secretion in a Concentration-Dependent Manner
Due to the role of Ykt6 in autophagosome formation [15,18,19] and extracellular vesicle (EV)
secretion [23] we next wanted to address how Ykt6 conformational changes via the phosphorylation
sites in the SNARE domain aﬀect endosomal sorting and EV secretion. Exosomes are a population of
small extracellular vesicles. They are generated as intraluminal vesicles (ILVs) by inward budding of
the limiting membrane of multivesicular bodies (MVBs) and can be secreted in an ESCRT- as well as
an Alix-Syntenin-dependent manner [48]. Microautophagy, which is involved in the degradation of
soluble cytosol, occurs during MVB formation and shares the ESCRT components for vesicle formation
and cargo internalization [49]. To understand whether Ykt6 membrane recruitment plays a role at the
level of cargo sorting into ILVs, we used constitutively active Rab5 (Rab5Q79L) to enlarge endosomes
and thereby visualize whether cargo is present at the limiting membrane or within MVBs [50].
In Rab5Q79L-expressing Hek293T cells, overexpressed Ykt6-WT as well as -3E localized inside enlarged
endosomes (Figure 5A). However, in Ykt6-3E overexpressing cells, those endosomes were signiﬁcantly
smaller than in Ykt6-WT (Figure 5B), indicating that the mutated SNARE domain might hinder
endosomal fusion events activated by Rab5Q79L. Interestingly, under serum-fed conditions, Ykt6 had
no eﬀect on the levels of p62, as a readout of autophagy induction (Figure 5C), suggesting that the
non-canonical role of Ykt6 in autophagy could be starvation-dependent [51,52].
A portion of ILVs is secreted as exosomes by the fusion of MVBs with the plasma membrane.
Thus, we next compared the eﬀect of Ykt6 on EV secretion into the supernatant of Hek293T cells.
Knockdown of Ykt6 as well as Alix reduced the level of EVs as measured by nanoparticle tracking
analysis (NTA) after diﬀerential ultracentrifugation for EV isolation (Figure 5D,F,G). Surprisingly,
similar to Ykt6 knockdown, the overexpression of tagged Ykt6-WT signiﬁcantly reduced secretion of
EVs, but Ykt6-3E did not (Figure 5E,H,I). This suggests that the amount of Ykt6 regulates its function in
secretory processes and further highlights that in line with the eﬀect observed on Rab5Q79L endosomes,
Ykt6 function can be impaired by modiﬁcation of the Ykt6 SNARE domain. Ykt6 knockdown was
previously shown to reduce Wnt as well as exosome secretion [23]; thus, we next checked Wnt levels
on exosomes (P100) puriﬁed from the supernatant of Hek293T cells. Here, the overexpression of
Ykt6-WT as well as Ykt6-3E reduced the level of Wnt3A (Figure 5J). Membrane recruitment of Ykt6
was not increased with higher levels of Ykt6-WT (Figure 3E). However, looking at the secretion of
Wnt3A, we found that increasing amounts of Ykt6-WT decreased the level of Wnt3A on exosomes
to a level similar to Ykt6 knockdown (Figure 5K). This could imply that the phosphorylation and
fusion competence of Ykt6 present at endosomal membranes is a concentration-dependent process in
exosome secretion.

Biomolecules 2020, 10, 1560

14 of 19

Figure 5. Ykt6 regulates extracellular vesicle (EV) secretion in a concentration-dependent manner.
(A) Hek293T cells were co-transfected with plasmids for Rab5Q79L-DsRed and either control,
Ykt6-WT, or Ykt6-3E and analyzed by immunoﬂuorescence microscopy. Scale bar represents 10 μm.
(B) Quantiﬁcation of (A), number of endosomes: control (n = 34), Ykt6-WT (n = 21), or Ykt6-3E (n = 18)
from two independent biological replicates. (C) Representative blot and quantiﬁcations of p62 levels in
HCT116 cells transfected with siRNA against control or Ykt6 and Ykt6-WT or 3E. (D) Immunoblot
of Hek293T cells transfected with siRNA against control, Ykt6, or Alix. (E) Immunoblot of Hek293T
cells transfected with Ykt6-WT, -3E, and BioID mock plasmid. (F) Extracellular vesicles (EV) were
puriﬁed from the supernatant. EVs in P100 are centrifuged 1 h at 100,000× g. Size proﬁle of P100-EV
was analyzed by nanoparticle tracking analysis (NTA). (G) Quantiﬁcation of 100–200 nm EV size proﬁle
in (D) from three biological replicates. Signiﬁcance level ** = 0.01. (H) NTA EV size proﬁle of P100
from (F,I) Quantiﬁcation of 100–200 nm sized EVs from (G) from three biological replicates. * = 0.05.
(J,K) Immunoblot and quantiﬁcation of Wnt3A in P100 puriﬁed from Hek293T cells transfected with
siRNA against control, Ykt6 or Alix and (J) Ykt6-WT or 3E, *** = 0.001 and (K) Ykt6-WT in three diﬀerent
concentrations (0.1, 0.3, and 1 μg DNA) * = 0.05.

4. Discussion
The fusion of eukaryotic transport vesicles with target organelles requires membrane-bridging
complexes of membrane anchored SNAREs. Ykt6 is lacking a transmembrane domain, and thus, its
site of action is determined by changing from a soluble to a membrane-bound conformation. How Ykt6
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is recruited to membranes remains unclear. Here, we investigate how the functional regulation of its
SNARE domain can mechanistically regulate Ykt6 membrane attachment and its activity in mammalian
cells and in Drosophila. We found that Ykt6 membrane attachment is regulated by modiﬁcations in
its SNARE domain, and that this regulation aﬀects cell survival in vivo. Ykt6 phosphorylation and
attachment further aﬀect the Ykt6 proximity proﬁle and the cellular processes in which it takes part.
Speciﬁc secretory processes, such as Wnt and EV secretion, furthermore depend on a functional Ykt6
SNARE domain and could thus be regulated by Ykt6 phosphorylation. Under normal growth conditions,
these processes seem to be more important for cellular function, than its role in autophagosome
formation. As it has also been reported that Ykt6 is involved in autophagosome–lysosome fusion in
human cells and Drosophila fat body under starvation-induced conditions [15,19], it is possible that
Ykt6 is allocated to alternate compartments, especially under nutrient stress condition [51,52].
Non-neuronal SNAREs possess evolutionarily conserved phosphorylation sites [37], which seem
to prevent membrane fusion when SNAREs are phosphorylated. Based on our data, Ykt6 functions in
a similar manner, as Ykt6-3E seems to prevent fusion as well. Yet, dynamic membrane recruitment
is speciﬁc to SNAREs lacking a transmembrane domain such as Ykt6. Indeed, self-labeling and
membrane attachment of diﬀerent Ykt6 mutants varies and in agreement with previous work [53] hints
toward a two-step process of activation that is speciﬁc to Ykt6 and involves (1) a change from closed to
open conﬁrmation and (2) membrane recruitment. Post-membrane recruitment, true for all SNAREs
with phosphorylation sites in the SNARE domain [37], phosphorylation would prevent the fusion of
diﬀerent SNAREs to mediate membrane fusion.
Protein acylation is a regulatory post-translational modiﬁcation regulating membrane association
and the dissociation of its target proteins. The F42 position has been previously shown to participate in
intramolecular interactions between the Ykt6 Longin domain and the SNARE motif. The hydrophobic
face at position F42 within the Longin domain seems to accommodate the farnesyl anchor, as seen in a
crystal structure with dodecylphosphocholine (DPC) [7]. This intramolecular binding explains the
membrane association of Ykt6 when F42 is mutated (Figure 3A, right panel, lane13). Similarly,
the phosphorylation sites we identiﬁed (S174/S181/T187) are directly facing this interface and
therefore likely impact the tight folding of Ykt6 into a closed conformation and thus membrane
attachment (Figure 3E). Interestingly, the non-phosphorylatable mutant Ykt6-3A does not attach to
membranes by itself, yet it is able to rescue the growth defects in vivo (Figure 1G). Taken together,
this suggests that the phosphorylation of Ykt6 prevents the conformational switch to the inactive
state, which leads to membrane stabilization. Likely, an additional step is required to render Ykt6
fusion-competent, as Ykt6-3E did not rescue Ykt6 KD in vivo, but it had no dominant-negative eﬀects
in the presence of endogenous Ykt6. This last step toward fusion-competent Ykt6 could be achieved by
dephosphorylation [52], for example by calcineurin, as suggested by a recent study [54].
Which signaling pathways could stimulate the phosphorylation of Ykt6 and therefore its membrane
recruitment? As PKC gets activated in the context of endocytosis to recruit adaptor complexes to
endosomes [55,56] local PKC-dependent conformation changes and subsequent palmitoylation could
stimulate Ykt6 association with endosomes. Similarly, PDK1 is a growth factor-dependent kinase
that could phosphorylate Ykt6 in the presence of mitogenic signals that require Wnt secretion and/or
autophagy. Moreover, the Netphos prediction of Ykt6 S174 to be a CDK1 target and the fact that proteins
proximal of Ykt6 are involved in cell cycle regulation opens interesting questions of whether Ykt6 is
involved in cell growth-dependent regulations of organelle fusion. Furthermore, the identiﬁcation of
three phosphorylation sites bears the possibility that the three sites are individually targeted by diﬀerent
signaling pathways and diﬀer in their role in recruiting and stabilizing Ykt6 to and at membranes
under permissive circumstances. Yet, the physiological relevance of Ykt6 phosphorylation remains
to be demonstrated, and more detailed analysis is necessary to understand the interconnection and
hierarchy of diﬀerent signaling pathways targeting Ykt6.
Interestingly, other SNAREs such as Syntaxin-5 are modiﬁed by monoubiquitination that regulates
Golgi integrity during cell cycle progression [57]. In addition to position S174 in Ykt6 being identiﬁed

Biomolecules 2020, 10, 1560

16 of 19

in Phosphoproteomic studies, its Lysine 182 and 186 (K182,K186) were found to be ubiquitinated
in diﬀerent human cell lines and the mouse liver [58–60]. These positions lie close by the analyzed
phosphorylation sites (S181, T187). Thus, Ykt6 function and its membrane recruitment could be the
target of diﬀerent posttranscriptional modiﬁcations at the crossroad of cellular traﬃcking events in
cellular growth.
Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/11/1560/s1,
Table S1: Ykt6 SNARE in vitro kinase screening results. Kinase ﬁnder and validation screen. Supplementary
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technical replicates by SWATH (for experimental details see Material and Methods section). Supplementary Table
S3: List of abbreviations.
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Supplementary Table1

Supplementary Table 1
Phosphorylation profile of peptide “Ykt6-WT” in 245 Ser/Thr kinase assays; singlicate measurements
Sample peptide concentration: 1 μM
All values in cpm
A

#

Kinase (ProQinase Lot #)

Serine/ Threonine Kinases
1
ACV-R1 (Lot001)
2
ACV-R1B (Lot001)
3
ACV-R2A (Lot001)
4
ACV-R2B (Lot001)
5
ACV-RL1 (Lot002)
6
AKT1 (Lot007)
7
AKT2 (Lot003)
8
AKT3 (Lot004)
9
AMPK-alpha1 (Lot001)
10 ARK5 (Lot002)
11 ASK1 (Lot001)
12 Aurora-A (Lot004)
13 Aurora-B (Lot008)
14 Aurora-C (Lot009)
15 BMPR1A (Lot002)
16 B-RAF VE (Lot002)
17 B-RAF wt (Lot001)
18 BRSK1 (Lot001)
19 BRSK2 (Lot002)
20 BUB1B (Lot002)
21 CAMK1D (Lot001)
22 CAMK2A (Lot001)
23 CAMK2B (Lot001)
24 CAMK2D (Lot001)
25 CAMK2G (Lot001)
26 CAMK4 (Lot001)
27 CAMKK1 (Lot001)
28 CAMKK2 (Lot001)
29 CDC42BPA (Lot001)
30 CDC42BPB (Lot001)
31 CDC7/ASK (Lot001)
32 CDK1/CycA (Lot005)
33 CDK1/CycE (Lot001)
34 CDK16/CycY (Lot001)
35 CDK1CycB1 (Lot025)
36 CDK2/CycA (Lot005)
37 CDK2/CycE (Lot009)
38 CDK3/CycE (Lot001)
39 CDK4/CycD1 (Lot007)
40 CDK4/CycD3 (Lot001)
41 CDK5/p25NCK (Lot001)
42 CDK5/p35NCK (Lot001)
43 CDK6/CycD1 (Lot004)
44 CDK6/CycD3 (Lot003)
45 CDK7CycH (Lot002)
46 CDK8/CycC (Lot002)
47 CDK9/CycK (Lot001)
48 CDK9/CycT (Lot004)
49 CHK1 (Lot002)
50 CHK2 (Lot002)
51 CK1-alpha1 (Lot001)
52 CK1-delta (Lot001)
53 CK1-epsilon (Lot001)
54 CK1-gamma1 (Lot001)
55 CK1-gamma2 (Lot001)
56 CK1-gamma3 (Lot001)
57 CK2-alpha1 (Lot003)
58 CK2-alpha2 (Lot001)
59 CLK1 (Lot001)
60 CLK2 (Lot001)
61 CLK3 (Lot002)
62 CLK4 (Lot001)
63 COT (Lot018)

External Vendor
Lot #

INV_35826
INV_862446
INV_745099
INV_511550

INV_666419

INV_834034
INV_36097
CAR_08CBS-0302
CAR_08CBS-1281
INV_33214
INV_28192
INV_35330
INV_31647
MIL_D8NN026U
INV_35391
INV_406782
INV_35319
INV_36844
CAR_10CBS-0119

CAR_09CBS-0622
INV_35774
INV_31541
INV_33225
INV_31778
INV_34360
INV_31770
INV_34380

INV_271879
INV_34379

Enzyme,
ng/well

20
10
40
25
20
25
200
10
200
100
2
50
100
100
50
25
25
3
25
35
100
2
100
1
5
75
30
10
10
25
10
15
50
20
25
50
10
10
25
10
15
15
200
20
50
50
40
15
50
10
100
5
2.5
5
10
5
20
50
400
2
10
100
300

B

Kinase
Kinase
activity
activity
with peptide w/o peptide

421
138
255
231
243
337
406
279
1012
557
553
771
484
397
234
135
168
102
157
79
397
1656
174
570
123
316
95
735
565
200
126
210
118
84
312
556
322
246
27
72
147
42
458
81
502
391
111
337
733
316
636
352
391
194
322
131
286
184
481
289
1144
289
1418

271
105
201
120
253
322
514
92
822
534
298
725
430
253
286
126
123
183
106
113
421
240
164
629
126
577
101
190
352
22
94
78
55
181
131
256
117
123
69
25
128
29
62
58
190
232
349
174
490
409
276
267
346
171
207
177
171
62
332
157
513
88
1460
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C

D

Peptide
background,
median
n=3

Kinase
activity
with
peptide,
corrected
(A-C)

Activity
Ratio
(D/B)

162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162

259
-24
93
69
81
175
244
117
850
395
391
609
322
235
72
-27
6
-60
-5
-83
235
1494
12
408
-39
154
-67
573
403
38
-36
48
-44
-78
150
394
160
84
-135
-90
-15
-120
296
-81
340
229
-51
175
571
154
474
190
229
32
160
-31
124
22
319
127
982
127
1256

0.96
-0.23
0.46
0.58
0.32
0.54
0.47
1.27
1.03
0.74
1.31
0.84
0.75
0.93
0.25
-0.21
0.05
-0.33
-0.05
-0.73
0.56
6.23
0.07
0.65
-0.31
0.27
-0.66
3.02
1.14
1.73
-0.38
0.62
-0.80
-0.43
1.15
1.54
1.37
0.68
-1.96
-3.60
-0.12
-4.14
4.77
-1.40
1.79
0.99
-0.15
1.01
1.17
0.38
1.72
0.71
0.66
0.19
0.77
-0.18
0.73
0.35
0.96
0.81
1.91
1.44
0.86

Supplementary Table1

A

#

64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

Kinase (ProQinase Lot #)

DAPK1 (Lot002)
DAPK2 (Lot001)
DAPK3 (Lot001)
DCAMKL2 (Lot001)
DMPK (Lot001)
DNA-PK (Lot001)
DYRK1A (Lot002)
DYRK1B (Lot001)
DYRK2 (Lot001)
DYRK3 (Lot001)
DYRK4 (Lot002)
EEF2K (Lot001)
EIF2AK2 (Lot001)
EIF2AK3 (Lot001)
ERK1 (Lot002)
ERK2 (Lot004)
ERK7 (Lot002)
GRK2 (Lot001)
GRK3 (Lot001)
GRK4 (Lot002)
GRK5 (Lot001)
GRK6 (Lot002)
GRK7 (Lot001)
GSG2 (Lot002)
GSK3-alpha (Lot001)
GSK3-beta (Lot003)
HIPK1 (Lot001)
HIPK2 (Lot001)
HIPK3 (Lot001)
HIPK4 (Lot001)
HRI (Lot001)
IKK-alpha (Lot003)
IKK-beta (Lot005)
IKK-epsilon (Lot007)
IRAK1 (Lot002)
IRAK4 (Lot006)
JNK1 (Lot005)
JNK2 (Lot003)
JNK3 (Lot001)
LIMK1 (Lot001)
LIMK2 (Lot001)
LRRK G2019S (Lot001)
LRRK2 I2020T (Lot001)
LRRK2 R1441C (Lot001)
LRRK2 wt (Lot002)
MAP3K1 (Lot001)
MAP3K10 (Lot001)
MAP3K11 (Lot001)
MAP3K7/MAP3K7IP1 (Lot001)
MAP3K9 (Lot002)
MAP4K2 (Lot001)
MAP4K4 (Lot001)
MAP4K5 (Lot001)
MAPKAPK2 (Lot004)
MAPKAPK3 (Lot001)
MAPKAPK5 (Lot005)
MARK1 (Lot001)
MARK2 (Lot002)
MARK3 (Lot001)
MARK4 (Lot001)
MEK1 wt (Lot002)
MEK2 (Lot001)
MEK5 (Lot005)
MEKK2 (Lot003)
MEKK3 (Lot001)
MELK (Lot001)
MINK1 (Lot002)
MKK4 (Lot004)
MKK6SDTD (Lot001)
MKK7 (Lot002)
MKNK1 (Lot001)
MKNK2 (Lot001)
MLK4 (Lot002)

External Vendor
Lot #

INV_32159
INV_33763
INV_35320
INV_34024
INV_727478
INV_38993
INV_450178
CAR_09CBS-1249B
INV_290370
INV_37361
INV_38185
INV_374655
INV_390343Z2C

INV_31090
INV_34008
INV_401163
INV_38284
INV_37437
INV_34013
INV_869949
INV_29135
INV_37497
INV_452552
INV_35332
INV_719847
INV_447027
INV_472069

INV_367810
INV_355434
INV_513572
INV_586693
INV_612366
INV_698199
INV_34554
INV_34029
INV_452618
INV_762486
INV_35217
INV_33761
INV_33456

INV_503177
INV_304213
INV_32519
INV_34361
INV_34560

INV_652363
INV_504229

B

Kinase
Kinase
Enzyme,
activity
activity
ng/well
with peptide w/o peptide

40
10
10
20
80
10
10
2
4
3
50
8
10
20
20
10
50
50
10
5
5
15
5
7
50
50
20
20
20
20
80
50
100
20
20
10
5
5
5
50
150
5
50
50
75
10
25
25
10
15
4
5
3
10
10
20
100
5
100
5
50
100
100
15
15
100
10
50
50
150
15
10
50

603
620
76
113
262
586
266
327
162
211
1548
111
224
309
305
360
322
150
72
109
156
178
285
312
389
428
211
233
76
108
415
204
256
204
292
76
38
481
55
162
735
227
367
135
138
532
141
190
157
322
201
447
302
114
58
282
1157
130
894
258
404
180
240
490
197
136
234
227
509
295
217
418
89

238
769
99
231
380
425
279
130
183
301
132
60
156
180
35
227
292
126
326
221
130
204
528
263
376
237
62
144
103
95
201
140
152
323
319
123
35
241
120
253
920
178
57
87
141
102
144
108
111
293
386
178
150
343
45
175
658
251
712
307
140
183
340
246
157
42
45
133
130
289
65
283
89
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C

D

Peptide
background,
median
n=3

Kinase
activity
with
peptide,
corrected
(A-C)

Activity
Ratio
(D/B)

162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162

441
458
-86
-49
100
424
104
165
0
49
1386
-51
62
147
143
198
160
-12
-90
-53
-6
16
123
150
227
266
49
71
-86
-54
253
42
94
42
130
-86
-124
319
-107
0
573
65
205
-27
-24
370
-21
28
-5
160
39
285
140
-48
-104
120
995
-32
732
96
242
18
78
328
35
-26
72
65
347
133
55
256
-73

1.85
0.60
-0.87
-0.21
0.26
1.00
0.37
1.27
0.00
0.16
10.50
-0.85
0.40
0.82
4.09
0.87
0.55
-0.10
-0.28
-0.24
-0.05
0.08
0.23
0.57
0.60
1.12
0.79
0.49
-0.83
-0.57
1.26
0.30
0.62
0.13
0.41
-0.70
-3.54
1.32
-0.89
0.00
0.62
0.37
3.60
-0.31
-0.17
3.63
-0.15
0.26
-0.05
0.55
0.10
1.60
0.93
-0.14
-2.31
0.69
1.51
-0.13
1.03
0.31
1.73
0.10
0.23
1.33
0.22
-0.62
1.60
0.49
2.67
0.46
0.85
0.90
-0.82

Supplementary Table1

A

#

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

Kinase (ProQinase Lot #)

MST1 (Lot002)
MST2 (Lot003)
MST3 (Lot001)
MST4 (Lot001)
mTOR (Lot001)
MYLK (Lot001)
MYLK2 (Lot001)
MYLK3 (Lot001)
NEK1 (Lot001)
NEK11 (Lot001)
NEK2 (Lot002)
NEK3 (Lot001)
NEK4 (Lot002)
NEK6 (Lot001)
NEK7 (Lot002)
NEK9 (Lot001)
NIK (Lot003)
NLK (Lot002)
p38-alpha (Lot005)
p38-beta (Lot004)
p38-delta (Lot001)
p38-gamma (Lot001)
PAK1 (Lot002)
PAK2 (Lot001)
PAK3 (Lot001)
PAK4 (Lot004)
PAK6 (Lot001)
PAK7 (Lot001)
PASK (Lot001)
PBK (Lot003)
PDK1 (Lot002)
PHKG1 (Lot001)
PHKG2 (Lot001)
PIM1 (Lot003)
PIM2 (Lot002)
PIM3 (Lot007)
PKA (Lot002)
PKC-alpha (Lot005)
PKC-beta1 (Lot004)
PKC-beta2 (Lot003)
PKC-delta (Lot004)
PKC-epsilon (Lot006)
PKC-eta (Lot005)
PKC-gamma (Lot007)
PKC-iota (Lot006)
PKC-mu (Lot004)
PKC-nu (Lot002)
PKC-theta (Lot008)
PKC-zeta (Lot005)
PKC-zeta wt aa184-592 (Lot001)
PKMYT1 (Lot002)
PKN3 (Lot002)
PLK1 (Lot013)
PLK3 (Lot001)
PRK1 (Lot004)
PRK2 (Lot001)
PRKD2 (Lot001)
PRKG1 (Lot001)
PRKG2 (Lot002)
PRKX (Lot001)
RAF1 YDYD (Lot001)
RIPK2 (Lot003)
RIPK5 (Lot001)
ROCK1 (Lot001)
ROCK2 (Lot002)
RPS6KA1 (Lot002)
RPS6KA2 (Lot001)
RPS6KA3 (Lot002)
RPS6KA4 (Lot001)
RPS6KA5 (Lot001)
RPS6KA6 (Lot001)
S6K (Lot006)
S6K-beta (Lot002)

External Vendor
Lot #

INV_32932
INV_533404
INV_36152
INV_34028
INV_35267
INV_38163
INV_34362
INV_35817
INV_38162

INV_32881

INV_34883
INV_34488
INV_37321

INV_37377

CAR_09CBS-0180
CAR_09CBS-1290

INV_34557
INV_34015
INV_36099
INV_273926
INV_34283
INV_38724
INV_37178
INV_386267
INV_34468
INV_37397
INV_34070
INV_33702
INV_37496
INV_34389

B

Kinase
Kinase
Enzyme,
activity
activity
ng/well
with peptide w/o peptide

5
10
20
100
20
25
2.5
50
5
25
50
10
4
20
25
2
350
10
10
3
2
5
15
25
20
50
25
15
50
200
20
5
10
2
50
25
5
2.5
2.5
5
25
10
10
10
50
20
50
2.5
50
10
35
20
50
30
25
20
5
12.5
1
10
10
50
10
4
2.5
10
10
5
50
25
2
50
100

761
165
228
311
103
507
147
89
1030
405
2697
152
713
133
42
857
3591
321
211
256
171
55
248
110
235
250
239
116
216
181
470
151
296
84
161
181
147
191
140
103
390
992
293
367
367
250
451
219
1918
55
79
136
757
496
254
133
157
61
229
93
68
79
495
130
202
120
400
190
1189
116
209
157
263

315
350
187
149
228
468
76
556
732
642
1429
165
363
59
103
741
2874
208
91
29
77
110
113
164
32
418
113
277
177
106
110
155
145
42
84
140
120
192
205
72
294
616
429
97
193
168
150
130
1115
96
96
45
200
248
274
109
219
29
145
48
126
89
366
137
79
103
485
219
509
238
271
140
345
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C

D

Peptide
background,
median
n=3

Kinase
activity
with
peptide,
corrected
(A-C)

Activity
Ratio
(D/B)

162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162

599
3
66
149
-59
345
-15
-73
868
243
2535
-10
551
-29
-120
695
3429
159
49
94
9
-107
86
-52
73
88
77
-46
54
19
308
-11
134
-78
-1
19
-15
29
-22
-59
228
830
131
205
205
88
289
57
1756
-107
-83
-26
595
334
92
-29
-5
-101
67
-69
-94
-83
333
-32
40
-42
238
28
1027
-46
47
-5
101

1.90
0.01
0.35
1.00
-0.26
0.74
-0.20
-0.13
1.19
0.38
1.77
-0.06
1.52
-0.49
-1.17
0.94
1.19
0.76
0.54
3.24
0.12
-0.97
0.76
-0.32
2.28
0.21
0.68
-0.17
0.31
0.18
2.80
-0.07
0.92
-1.86
-0.01
0.14
-0.13
0.15
-0.11
-0.82
0.78
1.35
0.31
2.11
1.06
0.52
1.93
0.44
1.57
-1.11
-0.86
-0.58
2.98
1.35
0.34
-0.27
-0.02
-3.48
0.46
-1.44
-0.75
-0.93
0.91
-0.23
0.51
-0.41
0.49
0.13
2.02
-0.19
0.17
-0.04
0.29

Supplementary Table1

A

#

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

Kinase (ProQinase Lot #)

SAK (Lot003)
SGK1 (Lot005)
SGK2 (Lot001)
SGK3 (Lot004)
SIK1 aa1-350 (Lot003)
SIK2 (Lot001)
SLK (Lot001)
SNARK (Lot001)
SNK (Lot007)
SRPK1 (Lot001)
SRPK2 (Lot001)
STK17A (Lot001)
STK23 (Lot002)
STK25 (Lot001)
STK33 (Lot001)
STK39 (Lot001)
TAOK2 (Lot001)
TAOK3 (Lot005)
TBK1 (Lot004)
TGFB-R1 (Lot003)
TGFB-R2 (Lot001)
TLK1 (Lot002)
TLK2 (Lot002)
TSF1 (Lot002)
TSK2 (Lot002)
TSSK1 (Lot001)
TTBK1 (Lot004)
TTBK2 (Lot002)
TTK (Lot003)
VRK1 (Lot001)
VRK2 (Lot001)
WEE1 (Lot005)
WNK1 (Lot001)
WNK2 (Lot001)
WNK3 (Lot001)
ZAK (Lot001)

External Vendor
Lot #

INV_34433

INV_34390

INV_33789
INV_285180
INV_33163
INV_36048
CAR_08CBS-0864
INV_622141

CAR_09CBS-0960

INV_31989
CAR_08CBS-1131
CAR_08CBS-0814
INV_35976
INV_36047
INV_34603

B

Kinase
Kinase
Enzyme,
activity
activity
ng/well
with peptide w/o peptide

100
50
20
50
50
10
25
200
50
25
20
25
25
20
50
50
20
50
5
10
10
15
10
25
25
5
10
5
100
50
20
200
50
40
10
4

2694
463
123
285
165
116
35
989
669
431
395
1761
683
160
486
726
213
537
141
138
42
363
369
114
439
113
109
399
2092
2590
431
178
82
243
195
332

2346
195
157
280
126
230
45
1088
253
240
362
198
457
123
364
992
229
180
271
105
71
369
175
90
346
123
113
78
1636
1947
191
185
103
154
191
308
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C

D

Peptide
background,
median
n=3

Kinase
activity
with
peptide,
corrected
(A-C)

Activity
Ratio
(D/B)

162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162
162

2532
301
-39
123
3
-46
-127
827
507
269
233
1599
521
-2
324
564
51
375
-21
-24
-120
201
207
-48
277
-49
-53
237
1930
2428
269
16
-80
81
33
170

1.08
1.54
-0.25
0.44
0.02
-0.20
-2.82
0.76
2.00
1.12
0.64
8.08
1.14
-0.02
0.89
0.57
0.22
2.08
-0.08
-0.23
-1.69
0.54
1.18
-0.53
0.80
-0.40
-0.47
3.04
1.18
1.25
1.41
0.09
-0.78
0.53
0.17
0.55
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Ykt6-WT (Cytoplasmic Fraction)

Ykt6-WT (Membrane Fraction)

Common Proteins

PYC_HUMAN

ECHM_HUMAN

PSB5_HUMAN

UBP5_HUMAN

SYWC_HUMAN

YKT6_HUMAN

ACHB4_HUMAN

J3KQE5_HUMAN

RL21_HUMAN

E5RJ48_HUMAN

ENOA_HUMAN

BZW1_HUMAN

H12_HUMAN

PSA4_HUMAN

K7EK07_HUMAN

F6WQW2_HUMAN

IF2GL_HUMAN

M0R2B0_HUMAN

ACACA_HUMAN

MYH10_HUMAN

K1C10_HUMAN

F8WCF6_HUMAN

PGM1_HUMAN

K22E_HUMAN

IF4H_HUMAN

E9PRY8_HUMAN

RL7A_HUMAN

H2AV_HUMAN

CDC37_HUMAN

K2C1_HUMAN

G3BP2_HUMAN

SYG_HUMAN

F8W727_HUMAN

NACAM_HUMAN

HPRT_HUMAN

K1C14_HUMAN

HNRPM_HUMAN

ROA2_HUMAN

RL23A_HUMAN

E7ETK0_HUMAN

UB2L3_HUMAN

A0A0A0MQR7_HUMAN

E7EQ69_HUMAN

TPM3_HUMAN

ANM5_HUMAN

SSRP1_HUMAN

A6NFX8_HUMAN

H7C0C1_HUMAN

J3KPX7_HUMAN

XPO1_HUMAN

J3KQ32_HUMAN

ELAV1_HUMAN

DC1I2_HUMAN

Q5JXI8_HUMAN

M0QYS1_HUMAN

PZP_HUMAN

TBR1_HUMAN

H2BFS_HUMAN

TLN1_HUMAN

ILF3_HUMAN

A0A087WY10_HUMAN

PRDX2_HUMAN

Q5T9B7_HUMAN

FBRL_HUMAN

HS105_HUMAN

Q5HY81_HUMAN

MARE1_HUMAN

Q5SQT8_HUMAN

G8JLB6_HUMAN

H4_HUMAN

H7C2I1_HUMAN

A0A0U1RRM4_HUMAN

ADT2_HUMAN

G6PD_HUMAN

GCN1_HUMAN

H2B2D_HUMAN

SYDC_HUMAN

OAT_HUMAN

RS10_HUMAN

ARF1_HUMAN

E7EX53_HUMAN

E9PF18_HUMAN

ALDR_HUMAN

PA1B2_HUMAN

H0YKD8_HUMAN

RACK1_HUMAN

CAND1_HUMAN

RDH14_HUMAN

ANXA5_HUMAN

F8W6I7_HUMAN

C1K3N0_HUMAN

K7EL40_HUMAN

J3KTA4_HUMAN

PRS4_HUMAN

MAT2B_HUMAN

CGL_HUMAN

AHSA1_HUMAN

CALX_HUMAN

PPIB_HUMAN

AIFM1_HUMAN

LDHB_HUMAN

H0YA96_HUMAN

E7EPB3_HUMAN

PPIA_HUMAN

PEBP1_HUMAN

PSB2_HUMAN

RL27_HUMAN

PRS6B_HUMAN

PSMD2_HUMAN

IPYR_HUMAN

RS2_HUMAN

SYK_HUMAN

GUAA_HUMAN

RS23_HUMAN

F6TLX2_HUMAN

RS4X_HUMAN

SYQ_HUMAN

F8VPD4_HUMAN

J3KPS3_HUMAN

PSA7_HUMAN

UBC12_HUMAN

PSDE_HUMAN

CAP1_HUMAN

E9PES6_HUMAN

RAB1A_HUMAN

XRCC6_HUMAN

K7ERI7_HUMAN

SFPQ_HUMAN

MCM5_HUMAN

B1AK88_HUMAN

DX39B_HUMAN

MDHM_HUMAN

PDIA6_HUMAN

1433T_HUMAN

G3V576_HUMAN

SYVC_HUMAN

HNRPK_HUMAN

RL35_HUMAN

RS14_HUMAN

FABP5_HUMAN

GDIB_HUMAN

DNJC8_HUMAN

C9J9K3_HUMAN

RS18_HUMAN

SYYC_HUMAN

SMD3_HUMAN

UCHL1_HUMAN

UBAP2_HUMAN

H0YLA2_HUMAN

RS6_HUMAN

AATM_HUMAN

F8W1A4_HUMAN

J3QSB5_HUMAN

FEN1_HUMAN

F8VVL1_HUMAN

SND1_HUMAN

B4DJV2_HUMAN

PDIA4_HUMAN

E9PK47_HUMAN

E9PHF7_HUMAN

1433F_HUMAN

A8MUA9_HUMAN

A0A087WW66_HUMAN

DYHC1_HUMAN

RL23_HUMAN

TBA1B_HUMAN

SERA_HUMAN

H0YAG8_HUMAN

I3L504_HUMAN

CAH2_HUMAN

LA_HUMAN

RS21_HUMAN

HUWE1_HUMAN

E9PK25_HUMAN

PRS7_HUMAN

E5RGA2_HUMAN

SAHH_HUMAN

COPG1_HUMAN

A0A024R4M0_HUMAN

RS27_HUMAN

RL5_HUMAN

ARL3_HUMAN

K7EJB9_HUMAN

J3QRI7_HUMAN

PARP1_HUMAN

H7C2W9_HUMAN

RL7_HUMAN

PDIA1_HUMAN

RL6_HUMAN

E9PLL6_HUMAN

NUCL_HUMAN

IF4A1_HUMAN

M0R261_HUMAN

FLNA_HUMAN

E5RI99_HUMAN

RL4_HUMAN

SERC_HUMAN

PRPS1_HUMAN

E9PD53_HUMAN

THIO_HUMAN

UBA1_HUMAN

SF3B1_HUMAN

EIF3A_HUMAN

TPIS_HUMAN

UBE2K_HUMAN

TCPQ_HUMAN

Q32Q12_HUMAN

RL13_HUMAN

GLYM_HUMAN

M0QZC5_HUMAN

AL9A1_HUMAN

PGAM1_HUMAN

A0A0D9SG12_HUMAN

RL11_HUMAN

CH10_HUMAN

J3QR09_HUMAN

DDB1_HUMAN

RL10A_HUMAN

IF4A3_HUMAN

A0A087WVQ6_HUMAN

HS90B_HUMAN

M0R3D6_HUMAN

G3P_HUMAN

RS13_HUMAN

GSTP1_HUMAN

RAGP1_HUMAN

FKBP4_HUMAN

PYRG1_HUMAN

A0A0A0MSQ0_HUMAN

TALDO_HUMAN

XRCC5_HUMAN

J3QQ67_HUMAN

EF1A3_HUMAN

EIF3F_HUMAN

HSP74_HUMAN

AIMP2_HUMAN

PPAC_HUMAN

RL24_HUMAN

GANAB_HUMAN

MOB1A_HUMAN

STRAP_HUMAN

MCM6_HUMAN

MIF_HUMAN

Q1JUQ3_HUMAN

DCTN2_HUMAN

BAF_HUMAN

SYHC_HUMAN

A0A0B4J1R6_HUMAN

A0A0C4DFV9_HUMAN

SYRC_HUMAN

RINI_HUMAN

RL8_HUMAN

KPYM_HUMAN

RL12_HUMAN

A2MG_HUMAN

LDHA_HUMAN

F5H796_HUMAN

RS26_HUMAN

6PGD_HUMAN

PDIA3_HUMAN

ETFB_HUMAN

Q96C32_HUMAN

RLA0_HUMAN

J3QQT2_HUMAN

A0A087X0K1_HUMAN

BIEA_HUMAN

LGUL_HUMAN

Q5W0H4_HUMAN

G3V5Z7_HUMAN

SYMC_HUMAN

RS28_HUMAN

A0A087X020_HUMAN

CBS_HUMAN

PSB6_HUMAN

SMD1_HUMAN

1433B_HUMAN

SMC2_HUMAN

RS25_HUMAN

Q5JR95_HUMAN

APEX1_HUMAN

EF1B_HUMAN

GSTO1_HUMAN

HS90A_HUMAN

1433E_HUMAN

ACTG_HUMAN

FNTA_HUMAN

ACTN4_HUMAN

C9J592_HUMAN

RS15A_HUMAN

A0A024RA52_HUMAN

SSBP_HUMAN

HINT1_HUMAN

H0YLU7_HUMAN

H0Y5B4_HUMAN

HMGB1_HUMAN

CND1_HUMAN

KINH_HUMAN

KCRB_HUMAN

MDHC_HUMAN

RD23B_HUMAN

J3KQ18_HUMAN

RL34_HUMAN

E7EX29_HUMAN

B4DY09_HUMAN

E9PKT8_HUMAN

E9PFT6_HUMAN

SP16H_HUMAN

RS3_HUMAN

COR1C_HUMAN

HNRPU_HUMAN
PA2G4_HUMAN
PSA5_HUMAN
C1QBP_HUMAN
ATPA_HUMAN

Ykt6-WT (Membrane Fraction)

Ykt6-3E (Membrane Fraction)

Common Proteins

IF2GL_HUMAN

HINT1_HUMAN

ECHM_HUMAN

A0A0D9SG12_HUMAN

RL35A_HUMAN

SYWC_HUMAN

E7EX53_HUMAN

SIAS_HUMAN

RL21_HUMAN

J3KTA4_HUMAN

J3KR44_HUMAN

J3KQE5_HUMAN

DC1I2_HUMAN

PSA3_HUMAN

ENOA_HUMAN

ARF1_HUMAN

SRP68_HUMAN

K1C14_HUMAN

PA1B2_HUMAN

RL5_HUMAN

PSA4_HUMAN

RACK1_HUMAN

PSD13_HUMAN

MYH10_HUMAN

MAT2B_HUMAN

A0A087X020_HUMAN

PSA7_HUMAN

RL35_HUMAN

UBC12_HUMAN

PGM1_HUMAN

RS4X_HUMAN

XPO2_HUMAN

E9PRY8_HUMAN

RS18_HUMAN

J3KPX7_HUMAN

K1C10_HUMAN

LA_HUMAN

ELAV1_HUMAN

K2C1_HUMAN

F8W1A4_HUMAN

AIMP1_HUMAN

CDC37_HUMAN

RS6_HUMAN

E5RJ48_HUMAN

SYG_HUMAN

PDIA4_HUMAN

SYYC_HUMAN

HPRT_HUMAN

A0A024R4M0_HUMAN

H0YN26_HUMAN

ROA2_HUMAN

PDIA1_HUMAN

CND1_HUMAN

UB2L3_HUMAN

NUCL_HUMAN

F8WCF6_HUMAN

H0YAG8_HUMAN

E9PK25_HUMAN

NDKA_HUMAN

TPM3_HUMAN

SERC_HUMAN

UBP5_HUMAN

A6NFX8_HUMAN

CH10_HUMAN

MCM6_HUMAN

M0QZC5_HUMAN

RL10A_HUMAN

PDLI1_HUMAN

XPO1_HUMAN

HS90B_HUMAN

PUR2_HUMAN

H7C2W9_HUMAN

G3P_HUMAN

B1AK88_HUMAN

PEBP1_HUMAN

FKBP4_HUMAN

A0A0A0MTS2_HUMAN

RL7A_HUMAN

PPAC_HUMAN

FLNB_HUMAN

PZP_HUMAN

MIF_HUMAN

RS3_HUMAN

K22E_HUMAN

DCTN2_HUMAN

K7ERI7_HUMAN

TLN1_HUMAN

SYHC_HUMAN

IF2A_HUMAN

PRDX2_HUMAN

F5H796_HUMAN

TCP4_HUMAN

HS105_HUMAN

A0A0A0MQR7_HUMAN

PROF1_HUMAN

K7EJB9_HUMAN

ETFB_HUMAN

D6RF35_HUMAN

Q5SQT8_HUMAN

A0A087X0K1_HUMAN

STMN1_HUMAN

H7C2I1_HUMAN

LGUL_HUMAN

CYBP_HUMAN

G6PD_HUMAN

M0R2B0_HUMAN

F8VPD4_HUMAN

SYDC_HUMAN

RS28_HUMAN

GRP78_HUMAN

GCN1_HUMAN

CBS_HUMAN

PFKAP_HUMAN

RL23A_HUMAN

SMD1_HUMAN

AATM_HUMAN

ALDR_HUMAN

HS90A_HUMAN

AATC_HUMAN

H0YA96_HUMAN

RS23_HUMAN

M0R3D6_HUMAN

PSB5_HUMAN

ACTN4_HUMAN

J3QQX2_HUMAN

ANXA5_HUMAN

J3QSB5_HUMAN

DNJC8_HUMAN

K7EL40_HUMAN

E7EX29_HUMAN

E7EQ69_HUMAN

PPIB_HUMAN

H0Y711_HUMAN

XRCC6_HUMAN

EFTU_HUMAN

CALX_HUMAN

K7EN20_HUMAN

IF4A3_HUMAN

PSMD2_HUMAN

LDHB_HUMAN

Q5TEJ7_HUMAN

PPIA_HUMAN

FNTA_HUMAN

RL27_HUMAN

RUVB1_HUMAN

J3QR09_HUMAN

ACHB4_HUMAN

IPYR_HUMAN

ANT3_HUMAN

GUAA_HUMAN

GRP75_HUMAN

J3KPS3_HUMAN

TALDO_HUMAN

ILF3_HUMAN

C1TC_HUMAN

PSDE_HUMAN

C1K3N0_HUMAN

MDHM_HUMAN

PEPD_HUMAN

PRPS1_HUMAN

SYAC_HUMAN

RAB1A_HUMAN

PRS4_HUMAN

SFPQ_HUMAN

VINC_HUMAN

SYQ_HUMAN

A0A087WYT3_HUMAN

DX39B_HUMAN

PRKDC_HUMAN

1433T_HUMAN

IMA3_HUMAN

HNRPK_HUMAN

RD23B_HUMAN

FABP5_HUMAN

GSTO1_HUMAN

C9J9K3_HUMAN

RL4_HUMAN

SMD3_HUMAN

C9J592_HUMAN

H0YLA2_HUMAN

TCPH_HUMAN

F8VVL1_HUMAN

AIMP2_HUMAN

E5RI99_HUMAN

PSMD3_HUMAN

E9PK47_HUMAN

ARP3B_HUMAN

1433F_HUMAN

H3BRU6_HUMAN

F8W6I7_HUMAN

HSPB1_HUMAN

DYHC1_HUMAN

TCPD_HUMAN

SERA_HUMAN

SYMC_HUMAN

CAH2_HUMAN

NACAM_HUMAN

H7C0C1_HUMAN

SYNC_HUMAN

HUWE1_HUMAN

IPO4_HUMAN

E5RGA2_HUMAN

STIP1_HUMAN

ARL3_HUMAN

B0QY89_HUMAN

PARP1_HUMAN

MCM3_HUMAN

FLNA_HUMAN

UBE2K_HUMAN

TPIS_HUMAN

EF2_HUMAN

Q5HY81_HUMAN

TBA1B_HUMAN

THIO_HUMAN

HNRPM_HUMAN

EIF3A_HUMAN

AL9A1_HUMAN

TCPQ_HUMAN

Q5T4U5_HUMAN

GLYM_HUMAN

C9JPM4_HUMAN

OAT_HUMAN

KCRB_HUMAN

SAHH_HUMAN

1433B_HUMAN

PGAM1_HUMAN

RS13_HUMAN

G3V576_HUMAN

RAB5C_HUMAN

UCHL1_HUMAN

H7BY58_HUMAN

SND1_HUMAN

MOB1A_HUMAN

GSTP1_HUMAN

A0A087WY10_HUMAN

A0A0A0MSQ0_HUMAN

H2AX_HUMAN

ANM5_HUMAN

NPM_HUMAN

XRCC5_HUMAN

E9PC52_HUMAN

EF1A3_HUMAN

F5GX11_HUMAN

HSP74_HUMAN

RL11_HUMAN

CAND1_HUMAN

RS25_HUMAN

TBR1_HUMAN

PRP19_HUMAN

GDIB_HUMAN

I3L504_HUMAN

J3KQ32_HUMAN

PRDX6_HUMAN

GANAB_HUMAN

A0A087X2I1_HUMAN

STRAP_HUMAN

SYRC_HUMAN

RS2_HUMAN

APT_HUMAN

K7EK07_HUMAN

K2C5_HUMAN

CGL_HUMAN

RS10_HUMAN

MCM5_HUMAN

B4DY09_HUMAN

Q5T9B7_HUMAN

RL7_HUMAN

A8MUA9_HUMAN

RS21_HUMAN

BZW1_HUMAN

ATPA_HUMAN

A0A0C4DFV9_HUMAN

TCPA_HUMAN

CAP1_HUMAN

PARK7_HUMAN

RL23_HUMAN

ADT2_HUMAN

RINI_HUMAN

PSD11_HUMAN

PRS6B_HUMAN
KPYM_HUMAN
A2MG_HUMAN
6PGD_HUMAN
RLA0_HUMAN
G3V5Z7_HUMAN
Q5JXI8_HUMAN
G8JLB6_HUMAN
SMC2_HUMAN
Q5JR95_HUMAN
EF1B_HUMAN
ACTG_HUMAN
RS15A_HUMAN
IF4A1_HUMAN
SSBP_HUMAN
F8W727_HUMAN
H0YLU7_HUMAN
HMGB1_HUMAN
KINH_HUMAN
YKT6_HUMAN
RS27_HUMAN
UBA1_HUMAN

Q32Q12_HUMAN
RL6_HUMAN
MDHC_HUMAN
J3KQ18_HUMAN
E9PKT8_HUMAN
SP16H_HUMAN
COR1C_HUMAN
A0A0U1RRM4_HUMAN

Supplementary Table 3
1

Ykt6 Mutants
Ykt6 - WT

Abbreviations
Ykt6 Wild Type

2

Ykt6-3E

Ykt6 with three sites mutated to Glutamic acid (Phosphomimicking mutant)

3

Ykt6-3A

4

Ykt6-4E

3
5
6
7
8
9

Ykt6-4A
C194A
C195A
C194A/195A
Ykt6-3E/C194A/195A
F42A

Ykt6 with three sites mutated to Alanine (Non-phosphorylatable mutant)
Ykt6 with four sites mutated to Glutamic acid in Drosophila
(Phosphomimicking mutant)
Ykt6 with four sites mutated to Alanine in Drosophila (Nonphosphorylatable mutant)

1
2
3
4
5
6
7
8
9

Others
Bio ID
BirA
EV
PKC
PDK1
CDK1
MVB
ILV
ER

Palmitoylation mutant
Farnesylation mutant
Palmitoylation and Farnesylation double mutant
Phosphomimicking, Palmitoylation and Farnesylation mutant
Longin Domain Mutation

Abbreviations
Proximity dependent Biotin identification
Biotin protein ligase
Extracellular vesicles
Protein kinase C
Phosphoinositide-dependent kinase 1
Cyclin dependent kinase 1
Multi vesicular bodies
Intraluminal vesicles
Endoplasmic reticulum
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Abstract
Small extracellular vesicles (sEVs) otherwise termed exosomes, are generated from
intraluminal vesicles (ILVs) released after fusion of multivesicular endosomes (MVEs) with the
plasma membrane. They act as messengers that transport proteins, lipids or nucleic acids to
the extracellular space to maintain cellular homeostasis or to promote pathological conditions.
Wnt, an essential morphogen for development, reaches the extracellular space by being
loaded onto exosomes for long-range signalling. Different Wnt ligands are carried by different
sub-populations of EVs depending on the cell type and the function. Using a conventional
ultracentrifugation technique combined with immunomagnetic based pull-down assay, we
discovered that Wnts are not carried by bonafide CD63+, CD81+, CD9+, Alix+ or Syntenin+
exosome sub-types. Strikingly, Wnts were identified in the flow-through fraction after the pulldown of classical exosomal markers CD63+/CD81+/CD9+. The flow-through fraction was
enriched in exosomal vesicles as confirmed by transmission electron microscopy and
lipidomic characterization. Furthermore, our proteomics characterization revealed a novel
non-canonical sub-population of exosomes that could potentially carry Wnt proteins.
Keywords
Tetraspanins, Rabs, Annexins, Flowthrough, Exosomes
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Introduction
Extracellular vesicles (EVs) are messengers that carry proteins, lipids or nucleic acids
between cells to promote homeostasis or pathologies. They are broadly classified as
exosomes or microvesicles, based on their size and origin. Exosomes are generated as intraluminal vesicles (ILVs) formed by the inward budding of the limiting membranes of multi
vesicular endosomes (MVEs). They are 30-100nm in diameter and are released by the fusion
of MVEs with the plasma membrane. Microvesicles are generated by outward budding of the
plasma membrane and subsequent release of vesicles into the extracellular space. They are
50-1000nm in diameter, but can also be larger. Even though exosomes and microvesicles
have different modes of biogenesis, they share the common machinery of the endosomal
system (Van Niel, D’Angelo, & Raposo, 2018). These machinery sort cargoes on the
microdomains of MVEs for fusion with the plasma membrane, followed by the release of
cargoes into the extracellular space. Exosomes are formed by ESCRT-dependent and
ESCRT-independent machinery. The biogenesis and the abundance of exosomes are further
dependent on the cell type and the extracellular signals from the target cells (Mathieu, MartinJaular, Lavieu, & Théry, 2019). For example, tumour cells communicate with the neighbouring
cells through extracellular vesicles to promote tumour migration and metastatic niche
formation (Peinado et al., 2017). On the other hand, a healthy cell communicates with nearby
cells or tissues in an autocrine or paracrine manner to promote growth and development
(Raposo & Stoorvogel, 2013). Therefore, cells secrete different sub-populations of exosomes
depending on the protein sorting machinery as well as stimuli from their surrounding cells.
Overall, exosome biogenesis is complex and is influenced by a plethora of signals in the
microenvironment.
The cargoes that are sorted onto exosomes reach the endosomal system from the Golgi
apparatus or are internalized at the plasma membrane. For example, Wnt proteins enter the
endosomal system through endocytosis, are sorted onto MVEs and are released onto
exosomes for long-range signalling (Gross, Chaudhary, Bartscherer, & Boutros, 2012;
Linnemannstöns et al., 2020). As they are crucial morphogens for development and tissue
morphogenesis, different exosomes carry different Wnts based on the cell type and the
required function. For example, in breast cancer cells, exosomes carrying Wnt11 promote cell
invasion and therefore metastasis through the Wnt-PCP pathway (Luga et al., 2012). Similarly,
during neuronal regeneration, exosomes carry Wnt10b to promote axonal growth by activating
mTOR signalling (Tassew et al., 2017). Even though several studies highlight the function of
exosomes on carrying Wnts, it is still unclear if there are specific sub-population of exosomes
involved in the transport of Wnt proteins to the target site. This is largely because exosomes
are highly heterogeneous in nature.
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In this study, we show for the first time that Wnts are not carried by bonafide CD63+,
CD81+, CD9+, alix+ or syntenin+ exosomes. Moreover, we characterized the lipidome of Wnt
bearing vesicles, which revealed that the isolated fraction is enriched in exosomes in contrast
to lipoprotein particles. To this end, mass spectrometry analysis revealed interesting noncanonical exosomal sub-populations that potentially carry Wnt.

Results
Wnts are secreted on a non-classical subpopulation of small EVs
Active Wnts are loaded onto exosomes for long-range signalling in Drosophila and
mammalian cells (Gross et al., 2012). Exosomes are heterogeneous in nature and are
characterized into different subtypes with distinct biological properties (Fig. 1A) (Kowal et al.,
2016). To investigate if Wnts are sorted onto a specific exosomal subtype, we overexpressed
tagged (Wnt-GFP) and untagged (Wnt-pCS2) Wnt3a in Hek293T cells, collected the
conditioned media and isolated exosomes by ultracentrifugation (UC) at 100,000 g according
to MISEV guidelines (Théry et al., 2018) (Fig. 1B, left part). Concordantly, we identified both
untagged and tagged Wnts on exosomes in the UC fraction, along with conventional exosomal
markers such as Alix, Syntenin and CD81 (Fig. 1C, D, lane 2). To identify if Wnts are sorted
onto classical exosomal subpopulations such as tetraspanins, we performed an
immunomagnetic based magnetic pull-down of the CD63+, CD81+ and CD9+ carrying
exosomes. Surprisingly, we did not find both tagged and untagged Wnts in the pull-down
fraction (PD) (Fig. 1C, D, lane 3). This indicates that Wnts are not carried by the classical
CD63+, CD81+ or CD9+ exosomes along with Alix and Syntenin subtypes. We then collected
the flow-through fraction (FT) left over after the pull-down and isolated exosomes by
ultracentrifugation (Fig. 1B, right part). Expectedly, the exosomes isolated from this fraction
do not carry CD81, indicating that the CD81+ subtype of exosomes has efficiently been
removed by pulldown, which further confirms the purity of the respective exosomal fractions.
Strikingly, we identified both tagged and untagged Wnts in the flow-through fraction after
ultracentrifugation (Fig. 1C, D lane 4). This indicates that Wnts are predominantly carried by
the CD63-, CD81- or CD9- exosome sub-types. Moreover, we also see that both the tagged
and the untagged Wnts behave similarly where they are sorted onto the same exosomal subpopulations. This further confirms the functional similarity between wild-type and fluorescently
tagged Wnt3a in exosomal secretion (Wesslowski et al., 2020). Taken together, we show that
Wnts are not secreted on classical exosomal sub-populations and are present abundantly in
the flow-through fraction.
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Figure 1: Wnts are secreted on non-classical subpopulations of small EVs. (A) Different subpopulations of exosomes in shades of red, generated as ILVs formed by the fusion of MVEs with the
plasma membrane. (B) Scheme of sEV isolation from cell culture conditioned medium through stepwise serial centrifugation and immunomagnetic based pull-down assay. (C) Representative western
blot of exosomal markers Alix, Syntenin and CD81 along with Wnt-pCS2 in cell lysates and exosomal
fractions isolated by UC, PD and FT of UC, n=3. (D) Representative western blot of exosomal markers
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Alix, Syntenin and CD81 along with Wnt-GFP in cell lysates and exosomal fractions isolated by UC, PD
and FT of UC, n=3. (E) Electron microscopy images of 100,000g exosomal pellet of the UC and FT
fraction from Wnt-pCS2 and Wnt-GFP. (F, G) Lipid class profile representing the percentage of lipid
classes in the UC and FT fraction of Wnt-pCS2 and Wnt-GFP from three biological replicates. The lipid
classes are as follows: a: diacyl, e: ether acyl, PC: phosphatidylcholine, LPC: lysophosphatidylcholine,
SM: sphingomyelin, PE: phosphatidylethanolamine, PS: phosphatidylserine, PI: phosphatidylinositol,
PG: phosphatidylglycerol, PA: phosphatidic acid, Cer: ceramide, HexCer: hexosylceramide, LacCer:
lactosylceramide, CE: cholesterol ester, DAG: diacylglycerol, TAG: triacylglycerol.

Lipidomic characterization of Wnt bearing small EVs
In addition to exosomes, Wnts are known to be transported to long distances through
association with lipoprotein particles. For example, Wnt5a associates with lipoprotein particles
but not exosomal markers to regulate hindbrain morphogenesis in both mice and humans
(Kaiser et al., 2019). Since we identified Wnts in the flow-through fraction, we next investigated
if the fraction is composed of exosome vesicles or lipoprotein particles. We performed
transmission electron microscopy (TEM) on the 100,000g pellet obtained by ultracentrifugation
of supernatants before (UC) and after pulldown (FT) and were able to confirm the presence of
exosome-like vesicles based on size and morphology in both UC and FT fraction (Fig. 1E).
The lipid composition of exosomes reflects the endosomal system. They are therefore
enriched

in

cholesterol,

sphingomyelin,

glycosphingolipids,

and

phosphatidylserine

Interestingly, the lipid composition of ILVs depends on the maturation stage of the MVB, with
cholesterol being high at the early ILV stages involved in exosome secretion (Skotland,
Hessvik, Sandvig, & Llorente, 2019). To investigate the lipid composition of the flow-through
fraction we performed a lipidomic characterization. The lipidome of UC and FT fraction
revealed enrichment of cholesterol and sphingomyelin, compared to other lipid groups which
confirm the presence of exosome vesicles in the fraction (Fig. 1F, G). In general, high levels
of cholesterol esters (CE) and triacylglycerides (TAG) in exosome preparations indicate the
presence of lipoprotein particles because CE and TAG make up the core of the lipid droplet.
In addition, the presence of cardiolipin in the exosome preparation indicates mitochondrial
membrane contaminations (Skotland, Sandvig, & Llorente, 2017). Our exosome preparation
from tagged and untagged Wnts have low levels of cholesterol esters and triacylglycerides
which further emphasizes the purity and composition of the isolated exosomes in the UC and
the FT fraction (Fig. 1F, G).

Proteomic characterization of Wnt bearing small EVs
To identify the sub-populations of exosomes that carry Wnt, we performed a quantitative
label-free data-independent acquisition (DIA) mass spectrometry analysis of the 100,000 g
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exosome pellet obtained from ultracentrifugation (UC) and flow-through fraction (FT). The
proteome was abundant in exosomes. Since Wnts were abundant in the exosomes from UC
and FT fraction, we selected the top 1000 abundant proteins in the UC and FT fraction and
first filtered out the non-vesicular proteins (Jeppesen et al., 2019). Furthermore, we filtered
out the CD63, CD81, CD9 and IgG pull down proteome from the list (Based on (Kowal et al.,
2016)), as the Wnts are not secreted on these classical exosome subtypes. We then filtered
out the exosomal markers that are depleted in the FT fraction. The step-wise filtering of
proteins is represented in the scheme (Fig. 2A), which resulted in exosomal sub-populations
that could potentially carry Wnt proteins (Supplementary Table 1). There was a significant
overlap of these Wnt-bearing exosomes from both tagged and untagged Wnts (Fig. 2B). A GO
term enrichment of these markers revealed processes such as plasma membrane to
endosome transport, protein localization to the cell periphery, secretion, cell cycle and Wnt
signalling, among others (Fig. 2C, D).
Exosomes are heterogeneous in nature and we reasoned that the sub-type of exosomes
that carry Wnts could perhaps belong to well-known non-classical exosome subtypes.
Therefore, we further narrowed down the Wnt-bearing exosomal proteins by performing an
overlap with the top EV markers as defined by Exocarta/Vesiclepedia and the GO terms
associated with the extracellular vesicles. This led to a total of 55 exosomal proteins in WntpCS2 and 43 proteins in Wnt-GFP (Fig. 2E). Since tagged and untagged Wnts behave
similarly based on our previous findings, an overlap of these led to a final list of 41 exosomal
sub-populations that could potentially carry Wnt (Fig. 2F, Supplementary Table 2). Based on
the literature, we chose interesting candidates for further investigation and characterization
(Fig. 2G). The candidates chosen are upregulated in several tumours. We reasoned that
tumour cells up-regulate Wnt-bearing markers to promote uncontrolled proliferation. Annexin
A2 is up-regulated in several tumours (Xi, Ju, & Wang, 2020). Annexins were categorized as
exosome sub-populations devoid of CD63/CD81/CD9 (Kowal et al., 2016). Rac1 is a small
GTPase that initiates several signalling pathways such as NFkB, Wnt/β-catenin and regulates
cell adhesion, motility and polarity leading to cell proliferation (Kotelevets & Chastre, 2020).
Rac1 correlated with aggressive tumours and are highly upregulated in colon cancers (Ji et
al., 2015). Interestingly, many Rab proteins such as Rab1A, the Rab5 family and Rab14 were
also present in the final list. Rab proteins regulate vesicle trafficking and exosome formation
in the endocytic pathway (Blanc & Vidal, 2018).
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Figure 2: Proteomic characterization of Wnt bearing small EVs (A) Scheme representing the stepwise filtering of total exosomal markers to obtain the exosomal markers carrying Wnt. (B) Venn diagram
representing an overlap of the filtered proteins from Wnt-pCS2 and Wnt-GFP. (C, D) Enriched GO
Biological processes in Wnt-pCS2 or Wnt-GFP as determined by Fisher Exact Test with the BenjaminiHochberg False Discovery Rate <0.05. (E) Venn diagram representing an overlap of the filtered proteins
from Wnt-pCS2 or Wnt-GFP with Top EV markers and GO EVs. (F) Venn diagram representing an
overlap of the final proteins from Wnt-pCS2 and Wnt-GFP. (G) List of interesting candidates based on
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literature search. (H) Venn diagram representing an overlap of the filtered proteins from Wnt-pCS2 or
Wnt-GFP with Top EV markers and GO Cell cycle. (I) Venn diagram representing an overlap of the final
proteins from Wnt-pCS2 and Wnt-GFP. (J) List of interesting candidates based on cell cycle.

Interestingly, the GO term enrichment, apart from EV-related processes, also revealed an
enrichment of cell cycle processes (Fig. 2C, D). The Wnt co-receptor LRP5/6 is a key Wnt
signalling transducer and is under cell cycle control. (Davidson & Niehrs, 2010). Moreover,
Mitotic Wnt signalling peaks at the G2/M phase of the cell cycle (Niehrs & Acebron, 2012).
Therefore, secretion of Wnt-bearing exosomes could be cell cycle-dependent. Therefore, we
performed an overlap of the potential Wnt-bearing exosomes with GO terms associated with
the cell cycle as well as with top EV markers (Fig. 2H). This finally gave us a final list of 8
exosomal proteins that could potentially carry Wnt in a cell-cycle dependent manner (Fig. I, J,
Supplementary Table 3). Understanding why Rabs, Annexins or other non-classical exosomal
subtypes are involved in carrying Wnt proteins can give more insights into the regulation and
trafficking of Wnt proteins. However, further characterization and validation these potential
Wnt-bearing exosomes remains to be undertaken.

Discussion
In this study, we for the first time, have shown that Wnts are not secreted on classical wellcharacterized exosomal sub-populations such as CD63, CD81, CD9, Alix or Syntenin. Wnts
were present in the flow-through after immunomagnetic pulldown of CD63+, CD81+ and CD9+
exosomes predominantly. This implies that Wnts are not sorted onto well-known exosomal
sub-populations and that exosomes are highly heterogeneous in nature. Even though
tetraspanins, such as CD9, CD63, CD81 are widely used as bonafide exosomal markers, other
subtypes devoid of these classical markers exist that carry important cargoes such as Wnt.
Despite the traces of contaminants, our EM characterization confirms the presence of vesicles
in the flow-through fraction. Complementing the EM analysis, our lipidomic characterization
revealed that the flow-through fraction is indeed enriched in lipid classes that are associated
with exosomal vesicles and not of the lipoprotein particles. Finally, proteomic analysis revealed
non-canonical sub-populations of exosomal sub-types that could potentially carry Wnt
proteins. Interestingly, these markers from both tagged and untagged Wnts were enriched in
processes such as endocytosis, membrane-membrane docking, secretion, exocytosis, cell
cycle and Wnt signalling. This confirms that active Wnts enter the endocytic pathway and are
sorted onto exosomes.
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Why Wnts are sorted onto a non-canonical sub-population of exosomes remains an
interesting question. sEVs are categorized as sub-populations enriched in CD63/CD81/CD9
tetraspanins which are bonafide exosomes or sub-populations devoid of CD63/CD81/CD9
(Kowal et al., 2016). Based on our proteomic data, Wnts seem to be transported on exosomes
devoid of CD63/CD81/CD9 tetraspanins. The sub-populations of exosomes devoid of
tetraspanins are also known to be enriched in Annexins (Kowal et al., 2016). The Annexin
family of proteins regulate autophagy and promote cell exocytosis. They are Ca2+ sensitive
proteins that regulate vesicle fusion, aggregation and are involved in plasma membrane repair.
Some of the other interesting candidates from our proteomic analysis include Rabs, RalA
GTPase, Rac1 GTPase and Flotillins since most of them are up-regulated in several types of
tumours. For example, Flotillins, which are lipid raft markers are closely associated with
tumour development and metastasis (Liu et al., 2018). RalA is a GTPase known to promote
breast cancer metastasis by harnessing the exosome biogenesis pathway. These GTPases
secrete a different sub-type of EVs to promote metastatic niche formation (Ghoroghi et al.,
2021). Since the tumour cells can hijack the cargo sorting of EVs, they might also have the
ability to change the sub-type of secreted EVs. For example, the tumour cells could downregulate the EVs that are necessary for cell adhesion and up-regulate EVs that promote
growth and proliferation for example via Wnt proteins. Cell cycle progression involves the
coordination of several growth-promoting signals. For example, the binding of Wnt proteins to
the receptors promotes G1 to S progression of the cell cycle (Niehrs & Acebron, 2012).
Therefore, in tumour cells, the sub-type of EVs carrying Wnt proteins can influence cell cycle
progression to promote uncontrolled proliferation. Indeed, Wnt secretion and signalling
components are mutated or up-regulated in several tumours (Wiese, Nusse, & van
Amerongen, 2018). Unravelling the mechanism of sorting of Wnts onto different EV subtypes
would provide more insights into the mechanism of tumour invasion and open up future
perspectives of EV biomarker research.

Materials and Methods
Antibodies
The following antibodies were used for western blotting (WB): Wnt3a (1:1000; Western Blot
(WB); Abcam), GFP (1:1000, WB, Molecular probes), Syntenin (1:1000, WB, Abcam), Alix
(1:1000, WB, Santa Cruz), CD81 (1:1000, WB, Biolegend). Secondary antibodies were
coupled to 680RD and 800 CW (1:20000, WB, Licor).
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Cell culture and Transfection
Hek293T cells were maintained in DMEM (Gibco) supplemented with 10% fetal calf serum
(Biochrom) at 37 °C in a humidified atmosphere with 5% CO2. Cells were transiently
transfected with Screenfect A (Screenfect) for plasmids Wnt-pCS2 and Wnt-GFP (Gross et
al., 2012) according to the manufacturer’s instructions. Cells were authenticated and checked
regularly for mycoplasma contamination.

Extracellular vesicle purification
Extracellular vesicles were purified by differential centrifugation as described previously
(Menck et al., 2017). In short, supernatants from mammalian cells were subjected to
sequential centrifugation steps of 750 g, 1500g and 14,000g, before pelleting exosomes at
100,000g for 1h (Beckman). The supernatant was discarded, and exosomes were taken up in
1/100 of their original volume in 1X PBS. Exosome Pan Isolation kit (Miltenyi Biotec) was used
for the immunomagnetic pull-down of exosomes as per the manufacturer’s protocol.

Western blot analysis
Cell and sEV lysates in the SDS-PAGE sample buffer was boiled for 5 min before separating
the protein on 4-12% gradient gels (Bolt Bis-Tris Plus Gels, Thermo Scientific). Protein was
then transferred to PVDF membranes (Merck) and blocked with 5% (wt/vol) milk-TBST for 30
min. Membranes were incubated with primary antibodies overnight at 4 TBST at 4°C. After
washing, membranes were incubated with fluorescently labelled secondary antibodies at room
temperature in the dark and detected using Odyssey from Li-COR. Quantitative
measurements were done with LiCOR image analysis software.

Mass Spectrometry
For large-scale Exosome isolation, cells were seeded and 24 h later transfected with Wnt3apCS2 or Wnt3a-GFP. Then, 72 h post-transfection, exosomes were isolated and the pellets
were dissolved in 1X PBS buffer. Cells were washed with PBS twice, cell fractionated, and
then boiled 5 min in non-reducing SDS sample buffer (300 mM Tris-HCl pH 6.8, 12% SDS,
0.05% Bromophenol blue, 60% Glycerol, 12 mM EDTA), run a short-distance (1.5 cm) on a
4–12% NuPAGE Novex Bis-Tris Minigel (Invitrogen). Gels were stained with Coomassie Blue
for visualization purposes. Full lanes were sliced into 23 equidistant slices regardless of
staining, short runs cut out as a whole and diced. After washing, gel slices were reduced with
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dithiothreitol (DTT), alkylated with 2-iodoacetamide, and digested with trypsin overnight. Then,
the resulting peptide mixtures were extracted, dried in a SpeedVac, reconstituted in 2%
acetonitrile/0.1% formic acid/(v:v), and prepared for nanoLC-MS/MS as described previously
[32]. For the generation of a peptide library for SWATH-MS, equal amount aliquots from each
sample were pooled to a total amount of 80 µg and separated into eight fractions using a
reversed-phase spin column (Pierce High pH Reversed-Phase Peptide Fractionation Kit,
Thermo Fisher Scientific, Waltham, Massachusetts, United States. MS analysis Protein
digests were separated by nanoflow chromatography. Then, 25% of gel slices or 1 µg aliquots
of digested protein were enriched on a self-packed precolumn (0.15 mm ID × 20 mm, ReprosilPur120 C18-AQ 5 µm, Dr. Maisch, Ammerbuch-Entringen, Germany) and separated on an
analytical RP-C18 column (0.075 mm ID × 250 mm, Reprosil-Pur 120 C18-AQ, 3 µm, Dr.
Maisch) using a 30 to 90 min linear gradient of 5–35% acetonitrile/0.1% formic acid (v:v) at
300 nl/ min. SWATH-MS library generation was performed on a hybrid triple quadrupole-TOF
mass spectrometer (TripleTOF 5600+) equipped with a Nanospray III ion source (Ionspray
Voltage 2400 V, Interface Heater Temperature 150 ◦C, Sheath Gas Setting 12) and controlled
by Analyst TF 1.7.1 software (SCIEX, Framingham, Massachusetts, MA, USA)build 1163 (all
AB Sciex), using a Top30 data-dependent acquisition method with an MS survey scan of m/z
380–1250 accumulated for 250 ms at a resolution of 3.5 × 104 full widths at half maximum
(FWHM). MS/MS scans of m/z 180–1500 were accumulated for 100 ms at a resolution of
17,500 FWHM and a precursor isolation width of 0.7 FWHM, resulting in a total cycle time of
3.4 s. Precursors above a threshold MS intensity of 200 cps with charge states 2+, 3+, and 4+
were selected for MS/MS, and the dynamic exclusion time was set to 15 s. MS/MS activation
was achieved by CID using nitrogen as collision gas and the manufacturer’s default rolling
collision energy settings. Two technical replicates per reversed-phase fraction were analyzed
to construct a spectral library. For quantitative SWATH analysis, MS/MS data were acquired
using 100 variable size windows across the 400–1200 m/z range. Fragments were produced
using rolling collision energy settings for charge state 2+, and fragments acquired over an m/z
range of 180–1500 for 40 ms per segment. Including a 250 ms survey scan, this resulted in
an overall cycle time of 4.3 s. Two replicate injections were acquired for each biological
sample.

Mass Spectrometry Data Processing
For SWATH-MS analysis, protein identification was achieved using ProteinPilot Software
version 5.0 (SCIEX, Framingham, Massachusetts, MA, USA) build 4769 (AB Sciex) at
“thorough” settings. MS/MS spectra from the combined qualitative analyses were searched
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against the UniProtKB Homo sapiens reference proteome (revision February 2017. 92,928
entries) augmented with a set of 51 known common laboratory contaminants to identify 597
proteins at a False Discovery Rate (FDR) of 1%. Spectral library generation and SWATH peak
extraction were achieved in PeakView Software version 2.1 (SCIEX, Framingham,
Massachusetts, MA, USA) build 11041 (AB Sciex) using the SWATH quantitation microApp
version 2.0 SCIEX, Framingham, Massachusetts, MA, USA) build 2003. Following retention
time correction on endogenous peptides spanning the entire retention time range, peak areas
were extracted using information from the MS/MS library at an FDR of 1%. The 26 resulting
peak areas were summed to peptide and protein area values, which were used for further
statistical analysis.

Electron microscopy
Purified EVs were left to settle on carbon-coated grids. After washing with water, samples
were stained with neutral uranyl acetate. After incubation with a 1:1 mixture of 4% uranyl
acetate and 2% methylcellulose, grids were air-dried and visualized at 30 000X magnification
using a transmission electron microscope (Zeiss EM900). Representative images from three
biological replicates of Wnt-pCS2 and Wnt-GFP from UC and FT fraction were obtained.
Particle size was determined compared to a size marker in Fiji.

Lipidomics
For large-scale Exosome isolation, cells were seeded and 24 h later transfected with Wnt3apCS2 or Wnt3a-GFP. Then, 72 h post-transfection, exosomes were isolated and the pellets
were subjected to lipid extractions using an acidic liquid-liquid extraction method (Bligh, E. G.;
Dyer, 1959), except plasmalogens, which were extracted under neutral conditions. To ensure
that similar amounts of lipids were subjected to extractions, a test extraction was performed
to determine the concentration of PC as a bulk membrane lipid and to adapt extractions
volumes to similar total lipid amounts. Typically, a total lipid amount of approximately 2600
pmol (cells) or 2900 pmol (subcellular fractions) was subjected to extractions. Quantification
was achieved by adding 1-3 internal lipid standards for each lipid class, with the standards
resembling the structure of the endogenous lipid species. Of note, sample volumes were
adjusted to ensure that all lipid standard to lipid species ratios were in a linear range of
quantification. Typically, the range of standard to species ratios was within a range of >0.1 to
<10. Following this approach, relative quantification of lipid species was performed. Lipid
standards were added prior to extractions, using a master mix consisting of 50 pmol
phosphatidylcholine (PC, 13:0/13:0, 14:0/14:0, 20:0/20:0; 21:0/21:0, Avanti Polar Lipids), 50
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pmol sphingomyelin (SM, d18:1 with N-acylated 13:0, 17:0, 25:0, semi-synthesized (Özbalci,
Sachsenheimer, & Brügger, 2013), 100 pmol deuterated cholesterol (D7-cholesterol,
Cambridge Isotope Laboratory), 30 pmol phosphatidylinositol (PI, 17:0/ 20:4, Avanti Polar
Lipids), 25 pmol phosphatidylethanolamine (PE) and 25 pmol phosphatidylserine (PS) (both
14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesized (Özbalci et al., 2013), 25 pmol
diacylglycerol (DAG, 17:0/17:0, Larodan), 25 pmol cholesteryl ester (CE, 9:0, 19:0, 24:1,
Sigma), and 24 pmol triacylglycerol (TAG, LM-6000/D5-17:0,17:1,17:1, Avanti Polar Lipids), 5
pmol ceramide (Cer, d18:1 with N-acylated 14:0, 17:0, 25:0, semi-synthesized or Cer
d18:1/18:0-D3, Matreya) and 5 pmol glucosylceramide (HexCer) (d18:1 with N-acylated 14:0,
19:0, 27:0, semi-synthesized or GlcCer d18:1/17:0, Avanti Polar Lipids), 5 pmol
lactosylceramide (Hex2Cer, d18:1 with N-acylated C17 fatty acid), 10 pmol phosphatidic acid
(PA, 17:0/20:4, Avanti Polar Lipids), 10 pmol phosphatidylglycerol (PG, 14:1/14:1, 20:1/20:1,
22:1/22:1, semi-synthesized (Özbalci et al., 2013) and 5 pmol lysophosphatidylcholine (LPC,
17:1, Avanti Polar Lipids). The phosphatidylethanolamine plasmalogen (PE P-) standard mix
consisted of 16.5 pmol PE P-Mix 1 (16:0p/15:0, 16:0p/19:0, 16:0p/ 25:0), 23.25 pmol PE PMix 2 (18:0p/15:0, 18:0p/19:0, 18:0p/25:0), 32.25 pmol PE P-Mix 3 (18:1p/15:0, 18:1p/19:0,
18:1p/25:0). Semi-synthesis of PE P- was performed as described in (Paltauf & Hermetter,
1994). The final CHCl3 phase was evaporated under a gentle stream of nitrogen at 37°C.
Samples were either directly subjected to mass spectrometric analysis, or were stored at 20°C before analysis, which was typically done within 1-2 days after the extraction. Lipid
extracts were resuspended in 10 mM ammonium acetate in 60 µl methanol. 2 µl aliquots of
the resuspended lipid extracts were diluted 1:10 in 10 mM ammonium acetate in methanol in
96-well plates (Eppendorf twin tec 96) before measurement. For cholesterol determinations,
the remaining lipid extract was again evaporated and subjected to acetylation as described in
(Liebisch et al., 2006). Samples were analyzed on a QTRAP 6500+ mass spectrometer
(Sciex) with chip-based (HD-D ESI Chip, Advion Biosciences) electrospray infusion and
ionization via a Triversa Nanomate (Advion Biosciences) as described. Data evaluation was
done using LipidView (Sciex) and an in-house-developed software (ShinyLipids).
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Abstract
SNAREs play a crucial role in steering intracellular trafficking decisions. Ykt6 is a special
SNARE protein that exists abundantly in the cytosolic pool in its inactive form, and upon stimuli
is recruited to membranes to initiate vesicle fusion events. The promiscuity of the SNARE
enables it to localize to diverse loci and regulate a multitude of processes. Here, we
demonstrate a so far unfamiliar function of Ykt6 in cell cycle progression. We discovered that
lack of Ykt6 affects cell growth and causes a delay in cell cycle progression. Employing a
single-cell transcriptomic approach, complemented with flow cytometry, metabolomics and
cell cycle synchronization techniques, we identified novel differentially expressed genes
regulated by Ykt6. Interestingly, one of the down-regulated genes is SAT1, the rate-limiting
enzyme in polyamine catabolism. The polyamines - putrescine, spermidine and spermine,
regulated by a combination of synthesis, catabolism and transport, are indispensable for
cellular growth and proliferation. We find putrescine to partially rescue the Ykt6 knockdown
growth defects in human colon cancer cells. Furthermore, we dissected the molecular
mechanism and the signalling pathway underlying the rescue by putrescine. This study
elucidates a hitherto unknown role of Ykt6 in modulating the polyamine homeostasis during
the cell cycle progression via the PDK1 signalling pathway.
Keywords
SNARE, SAT1, Putrescine, Metabolism, single-cell transcriptome
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Introduction
SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins
mediate vesicle fusion events that steer intracellular trafficking decisions. They are functionally
categorized as v-SNARE (vesicle) or t-SNARE (target) based on their preferred localization
(Ungar & Hughson, 2003) and structurally classified as R-SNARE (arginine) or Q-SNARE
(glutamine) based on the conserved amino acids in the SNARE bundle complexes (Sutton,
Fasshauer, Jahn, & Brunger, 1998). Typically, fusion events involve complexes formed
between three Q-SNAREs donated by target organelles and one R-SNARE donated by the
respective vesicle. SNAREs are evolutionarily conserved from yeast to human and unlike
other SNAREs, Ykt6 is a special R-SNARE as it lacks a transmembrane domain. Ykt6 has an
N-terminal longin domain and a C-terminal SNARE domain. The C-terminal has the consensus
‘CCAIM’ motif which can be palmitoylated and farnesylated at the cysteine residues
respectively. One of the remarkable features of this SNARE is its ability to cycle between
cytosol and membranes. A large pool of Ykt6 resides cytosolically in an auto-inhibited closed
confirmation and upon activation, a conformation switch occurs which recruits Ykt6 to
membranes to initiate vesicle fusion events (Fukasawa, Varlamov, Eng, Sollner, & Rothman,
2004; Wen et al., 2010). This gives an advantage to the SNARE to induce vesicle fusion events
in diverse cellular compartments. However, the promiscuity of the SNARE also requires it to
be tightly regulated, to prevent any fusion anomalies. For example, the longin domain indirectly
regulates Ykt6 localization through intramolecular interactions with the SNARE domain to
prevent promiscuous target interactions (Hasegawa, 2004). Another well-known regulatory
mechanism is through phosphorylation of evolutionarily conserved residues in the SNARE
domain (Malmersjö et al., 2016), where phosphorylation of Ykt6 triggers the open
conformation which further determines its membrane recruitment and activity (Barz et al.,
2020; McGrath et al., 2021; Pradhipa Karuna et al., 2020).
Ykt6 acts at the crossroads of secretory, endocytic and autophagy pathways and has a
multifunctional role in diverse processes such as ER-Golgi trafficking (McNew et al., 1997;
Zhang & Hong, 2001), exosomal Wnt secretion (Gross et al., 2012; Linnemannstöns et al.,
2020), autophagosome-lysosome fusion (Bas et al., 2018; Gao et al., 2018; Nair & Klionsky,
2011). One of the intriguing roles of the SNARE is the ability to get recruited to organelles
especially during stressful situations. Ykt6 adapts to nutrient stress in breast cancer cells by
transport of leucine transporter to the plasma membrane (Saito et al., 2019), regulates
autophagy under starvation conditions (Barz et al., 2020; McGrath et al., 2021), adapts to
lysosomal stress in Parkinson’s disease (Cuddy et al., 2019) and acts as a stress sensor in
yeast (Dietrich et al., 2004). Since Ykt6 is involved in such crucial processes, it contributes to
adapting to stress situations under physiological conditions, hijacked by cancer cells in its
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favour. In fact, Ykt6 is up-regulated in p53-mutated breast tumours (Ooe et al., 2007) and
metastatic tumours (Kluger et al., 2004). We set out to investigate if Ykt6 could play a potential
role in regulating the cell cycle progression. The cell cycle is a precisely coordinated process,
where the progression from one phase to another is tightly regulated by oscillating levels of
cyclins and cyclin-dependent kinases. Important regulatory mechanisms occur during the G1
phase, where the cells ensure that they have enough nutrients and growth factors to help them
grow and divide during the next phase. Amongst all the nutrients, growth factors and
molecules required for a faithful cell cycle progression, polyamines are a category of small
organic cations, that oscillates during the cell cycle and are essential for normal cell cycle
progression (Nasizadeh et al., 2005; Ray et al., 1999).
The polyamines – putrescine, spermidine and spermine play an important role in regulating
cellular growth and proliferation. SAT1 (spermidine/spermine N1-acetyltransferase) is a key
enzyme in polyamine catabolism, which catalyzes the acetylation of spermidine or spermine
to generate N1-acetylspermidine or N1-acetylspermine, and N1, N1,2-diacetylspermine. These
acetylated polyamines are then susceptible to either be exported out or converted back to
putrescine or spermidine by N1-acetylpolyamine oxidase (PAO) (Pegg, 2008). Therefore,
overexpression of SAT1 leads to an overall depletion of spermidine and spermine while
increasing the levels of putrescine and N1-acetylspermidine. SAT1 has an important role in
translation initiation (Lee et al., 2010) and its over-expression leads to rapid arrest in protein
synthesis (Mandal et al., 2013).
In this study, we discovered a role of Ykt6 in regulating the cell cycle progression, where
Ykt6 deficient cells show a significant G1 delay during the cell cycle progression and have
reduced mitotic index, which makes them proliferate/divide slower. To deduce the so far
unknown role of Ykt6 in the cell cycle, we used a single-cell transcriptomic approach and
identified novel genes differentially regulated by Ykt6 in human colon cancer cell lines
(HCT116). Notably, these genes were linked to membrane trafficking, metabolomic pathways
and cell cycle processes. One of the identified genes SAT1, a key catabolic enzyme of the
polyamine pathway, was down-regulated upon Ykt6 knockdown specifically in the G1 phase
of the cell cycle. Remarkably, putrescine is able to partially rescue the growth defects caused
by the loss of Ykt6 and putrescine is able to recruit Ykt6 to the membranes via the PDK1
signalling pathway. This study highlights a novel function of how Ykt6 could regulate the
metabolic status of the cell by adapting the polyamine levels during cell cycle progression.
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Ykt6 KD reduces cell proliferation independently of apoptosis
Ykt6 is an essential gene in yeast (Ungermann et al., 1999) and is expressed ubiquitously
in a variety of tissues (Catchpoole & Wanjin, 1999). We previously showed that Ykt6
knockdown causes growth defects in vivo (Linnemannstöns et al., 2020). To extend these
findings in human cell culture, we used HCT116 colon cancer cells. In line with the in vivo
data, we confirmed that knockdown of Ykt6 affects the cell’s viability (Fig. 1A, S1A). We next
monitored the rate of proliferation, which revealed that cells with Ykt6 knockdown proliferate
much slower compared to their control counterparts (Fig. 1B). A similar pattern was observed
in Hek293T cells (Fig. S1B). Since, we observed a delay in cell growth and proliferation, we
next asked if knockdown of Ykt6 leads to apoptosis. Therefore, we performed an Annexin VFITC/PI, a live and sensitive method that truly discriminates between nuclear debris and true
apoptotic nuclei by staining phosphatidyl serine in the extracellular leaflet of the plasma
membrane of apoptotic cells (Koopman et al., 1994). The cells were sorted into four regions,
bases on PI vs Annexin-FITC stain, as represented by two-dimensional scatter plots (Fig. 1C,
D). The plots are divided into four quadrants: viable cells negative to both the staining (Annexin
V-/PI-), early apoptotic cells (Annexin V+/PI-), late apoptotic cells positive to both the staining
(Annexin V+/PI+) and necrotic cells (Annexin V-/PI+). Tnfα, known to induce apoptosis was
used as a positive control. Tnfα treated cells are less viable as seen in the scatter plots (Fig.
1D, left) and more apoptotic as represented in the Annexin V single scatter population (Fig.
1D, right) compared to the control cells (Fig. 1C). Interestingly, Ykt6 KD cells are less viable
(Fig. 1E, F) as observed previously (Fig. 1A) but do not induce apoptosis (Fig. 1E). Comparing
the early and late apoptotic cells separately revealed no significant increase in apoptosis with
Ykt6 KD (Fig. 2G, H). Taken together, knockdown of Ykt6 leads to reduced growth and
proliferation, but does not induce apoptosis.
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Figure 1: Ykt6 KD reduces cell proliferation independently of apoptosis. (A) Viability assay in
HCT116 cells as measured by relative growth vs no. of days, normalized to day 0, in control or Ykt6 KD
cells. (B) Rate of proliferation in HCT116 cells as measured by confluence percent vs time, in control
or Ykt6 KD cells, n=3 (C) (left panel) Two dimensional scatter plot representing the population of cells
gated into four quadrants and sorted based on PI vs Annexin V FITC staining, in the control untreated
cells; (right panel) Population of cells gated and sorted based on only Annexin V FITC staining, in control
untreated cells (D) (left panel) Two dimensional scatter plot representing the population of cells gated
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into four quadrants and sorted based on PI vs Annexin V FITC staining, in the control cells treated with
Tnfα (right panel); Population of cells gated and sorted based on only Annexin V FITC staining, in
control cells treated with Tnfα (E) Percentage of cells sorted into: viable cells negative to both the
staining (Annexin V-/PI-), early apoptotic cells (Annexin V+/PI-), late apoptotic cells (Annexin V+/PI+) and
necrotic cells (Annexin V-/PI+), in control or Ykt6 KD in the presence or absence of Tnfα. (F) The
percentage of viable cells from (F) normalized to the control, represented as fold increase. (G, H) The
percentage of early apoptotic cells and late apoptotic cells from (E) normalized to the control,
represented as a fold increase. All experiments were done with at least three biological replicates;
*p<=0.05, **p<=0.01, ***p<=0.001, ****p<=0.0001

Ykt6 KD leads to G1 delay and reduced mitotic index
As Ykt6 KD cells grow and proliferate slower, we next monitored the cell cycle progression
using flow cytometry. The cells are sorted into different cell cycle phases, along with the mitotic
phase based on the PI (propidium iodide) staining that binds stoichiometrically to DNA (Fig.
2A) and MPM-2 antibody which stains the mitotic cells respectively (Riccardi & Nicoletti, 2006).
The steady-state distribution of the cells in each cell cycle phase based on flow cytometry
revealed that approximately 50% of the cells are in the G1 phase, 10% in the S phase, 40%
in the G2/M phase and 2% of the cells are in mitotic phase (Fig. 2B). Interestingly, with Ykt6
KD we observe a small but significant increase in the percentage of cells in the G1 phase
compared to the control cells, which is an indication of G1 delay (Fig. 2C). During the G1
phase of the cell cycle, the cells constantly monitor nutrient availability and growth factor levels
that govern progression to the next phase (Lodish et al., 2004). In agreement, fewer cells are
detected in the S phase (Fig. 1D) and G2/M phase compared to control cells (Fig. 1E). We
reasoned that the G1 delay could be an indication of stress due to the lack of Ykt6. In response
to replication errors, DNA damage, nutrient deprivation or other stresses, the cell cycle
checkpoint is triggered, p53 is activated, which causes cell cycle arrest or cell death (Giono &
Manfredi, 2006). Only the cells that meet the required criteria, get past the checkpoints to the
following cell cycle phase. Hence, lesser cells enter the subsequent phases of the cell cycle
with Ykt6 KD. Interestingly, although only a few percent of cells are in the mitotic phase, we
observe a significant decrease in the percentage of cells in the M phase upon Ykt6 KD. This
indicates a reduced mitotic index which explains the delay in proliferating/dividing cells (Fig.
1F). This is in line with the study, where Ykt6 overexpression leads to an increase in mitotic
index and results in smaller cells (Thayanidhi et al., 2012). Concordantly, we observed that
upon Ykt6 knockdown, the cells shift to a larger size fraction as measured by the flow
cytometry (Fig. 1G, S1C, D). Taken together, we show that lack of Ykt6 slows down the growth
and proliferative capacity of the cells, which is indicated as G1 delay and reduced mitotic index
during the cell cycle progression.
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The progression of the cell cycle relies on stress or damage sensors that signal mediator
proteins, which in turn binds and regulates transcription factors to halt the cell cycle temporarily
or permanently. p53, a tumour suppressor gene and a transcription factor can integrate stress
signals from multiple pathways and regulate a plethora of genes by directly binding to them
(Finlay, Hinds, & Levine, 1989). Few of the well-studied target effects include cell cycle arrest
mainly mediated by CDKN1A or p21 or apoptosis, based on the encountered stress and cell
type (Beauséjour et al., 2003; J. Chen, 2016). p21 is a universal cyclin-dependent kinase
inhibitor and induces cell cycle arrest at the G1 phase by inhibiting cyclin-CDK complexes
involved in the G1/S transition (Wade Harper, Adami, Wei, Keyomarsi, & Elledge, 1993).
Having identified that Ykt6 KD does not induce apoptosis, we next asked if Ykt6 KD induces
cell cycle arrest. Cell cycle arrest is measured by an increase in p21 levels both
transcriptionally and translationally (Sekiguchi & Hunter, 1998; Xiong et al., 1993).
Concordantly, we see that p21 protein levels were not increased upon Ykt6 KD (Fig. 2H, I).
Taken together, knockdown of Ykt6 does not induce apoptosis or a visible cell cycle arrest,
however, a repair mechanism might be involved, visible as a significant G1 delay and a
reduced mitotic index.
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Figure 2: Ykt6 KD leads to G1 delay and reduced mitotic index. (A) The population of cells gated
to sort for G1, S, G2/M phase using flow cytometry. (B) Percentage of cells sorted for G1, S, G2/M and
M phase of the cell cycle using flow cytometry, n=6. (C) Percentage of cells sorted for G1 phase from
(B) normalized to the control, represented as a fold increase. (D-F) Percentage of cells sorted for S,
G2/M and M phase respectively from (B) normalized to control, represented as a fold increase (G) Cells
sorted based on size bins as measured by the forward scatter intensity in the flow cytometry in control
or Ykt6 KD cells, normalized to the control cells in each size bin. (H) Representative western blot of p21
levels in control or Ykt6 KD in the presence or absence of Tnfα (I) Quantification of WB from (H)
normalized to the respective GAPDH levels, followed by normalization to the control UT sample. All
experiments were done with at least three biological replicates; *p<=0.05, **p<=0.01, ***p<=0.001,
****p<=0.0001
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Ykt6 shows stable expression levels during cell cycle phases
Ykt6 is highly expressed in neurons and over-expressed in metastatic tumours (Kluger
et al., 2004; Ooe, Kato, & Noguchi, 2007). To investigate if Ykt6 is differentially expressed
during the cell cycle, we synchronized HCT116 cells using double thymidine and CDK1
inhibitor RO-3306. In the double thymidine synchronization, the excess thymidine inhibits DNA
synthesis, thereby arresting cells at the early S phase. After thymidine release, the cells
progress through the subsequent cell cycle phases synchronously, where they enter the S
phase in 0-2 hours, followed by the G2/M phase between 6-8 hours post-release (Fig. S3A)
(Ma & Poon, 2016). In the RO-3306 synchronization, the cells are blocked at the G2/M border
due to inhibition of CDK1 which is required for G2 to M transition and when released, the cells
enter the M phase in 0-2 hours, followed by the G1 phase between 6-8 hours (Fig. S3B)
(Vassilev et al., 1962). Ykt6 protein levels are stable throughout the cell cycle phases (Fig. 3A,
B). Ykt6 mRNA levels did not show a significant difference in expression levels in the cell cycle
phases by quantitative PCR (Fig. 3C). A significant portion of Ykt6 resides in membraneassociated particles that form aggregates, visible as a puncta in fluorescence microscopy
(Thayanidhi et al., 2012). Using confocal microscopy, we explored the localization of Ykt6 in
different cell cycle phases (Fig. 3D). The localization of Ykt6 was unchanged during the cell
cycle phases as quantified by the total cellular fluorescence and the puncta number per cell
(Fig. 3E, F). Using several different methods, we observe that Ykt6 is not differentially
expressed or localized during cell cycle phases.
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Figure 3: Ykt6 shows stable expression levels during cell cycle phases. (A) Representative
western blot of Ykt6 during different cell cycle phases in synchronized cells. (B) Quantification of WB
from (A) normalized to the respective Hsc70 levels. (C) Quantitative Real-time PCR (q-RT PCR) of Ykt6
expression levels in synchronized cells during different cell cycle phases normalized to β-actin levels,
followed by normalizing to the unsynchronized control. (D) Representative immunofluorescence in
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HCT116 cells stained for Ykt6, Phalloidin and Hoechst. Scale bar represents 10uM. (E, F) Quantification
of corrected cellular fluorescence and puncta number per cell from (D).

Transcriptomic profiling of Ykt6 reveals novel differentially regulated genes
Although Ykt6 expression levels were unchanged throughout the cell cycle phases, the
knockdown of Ykt6 affects the progression of the cell cycle. Ykt6 is involved in diverse
functions such as Golgi growth (Shirakawa et al., 2020), nutrient stress adaptation (Saito et
al., 2019) or trafficking of Wnt proteins (Gross, Chaudhary, Bartscherer, & Boutros, 2012), that
could potentially occur during the G1 phase of the cell cycle. Therefore, we employed an
unbiased single-cell transcriptomic approach to identify novel Ykt6-dependent expression
patterns during the cell cycle progression. HCT116 treated with control or Ykt6 siRNA, reveal
a heterogeneous population of single cells as represented by the tSNE plot (Fig. 4A). tSNE
plot (t-Distributed Stochastic Neighbour Embedding) is a common pipeline used for visualizing
the local structure of high-dimensional data in two dimensions (Kobak & Berens, 2019). A
string network analysis, where the network interactions were increased by one level, revealed
that the differentially regulated genes were primarily connected by cell cycle processes (Fig.
4B) (Szklarczyk et al., 2019). The 16 differentially genes are portrayed in the heat map based
on their expression levels (Fig. 4C). Furthermore, the mRNA expression levels of these genes
were analyzed using quantitative RT-PCR, which further validated the expression levels from
the transcriptomic data (Fig. 4C, S2A).
We then performed a panther based enrichment analysis to investigate the pathways and
processes these genes are connected to (J. E. Chen & Glover, 2016). The Reactome pathway
analysis of upregulated genes revealed that membrane trafficking pathways (ER-Golgi, GolgiER) are enriched upon Ykt6 knockdown (Fig. 4D, S1E). This fits with the diverse trafficking
role Ykt6 plays in the secretory pathway such as Wnt secretion (Gross et al., 2012) and with
its essential role for proper Golgi function (Shirakawa et al., 2020). Other up-regulated genes
include genes involved in the Interferon signalling pathway (IFI6 and ISG15), which are highly
expressed post-infection known to regulate DNA-damage mediated apoptosis or misfolded
protein degradation respectively (Huang, Wee, Gunaratne, Lane, & Bulavin, 2014; Qi et al.,
2015). Apart from the antiviral activity, they have potent anti-mitogenic activity based on
various stress stimuli (Olle Sangfelt, 2000). Many cytoskeletal and scaffolding genes such as
AKAP12 and STMN1 that regulate cell migration and microtubule dynamics in the cell cycle
are enriched as well (Akakura & Gelman, 2012; Han, Poppinga, & Schmidt, 2015; Rubin &
Atweh, 2004). Interestingly, we observed that the ornithine decarboxylation pathway is
upregulated, which is a key metabolic process involved in polyamine biosynthesis. The
ornithine decarboxylase (ODC) enzyme activity oscillates during the cell cycle peaking at the
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G1/S and G2/M boundary (Heby et al., 1981) and the first rate-limiting step in polyamine
biosynthesis. All the down-regulated pathways and processes were related to cell cycle, cell
cycle transition and cell cycle checkpoints (Fig. 4E, S1F).

Therefore, single-cell

transcriptomics revealed novel Ykt6-dependent genes majorly involved in membrane
trafficking, cell cycle and metabolism.
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Figure 4: Transcriptomic profiling of Ykt6 reveals novel differentially regulated genes. (A) tSNE
plot representing the distribution of single cells in control or Ykt6 KD samples in a two-dimensional
space. (B) String network of differentially expressed genes with Ykt6 knockdown. (C) Heatmap
representing the up or down-regulated genes based on the expression levels in Control or Ykt6 KD, as
measure by quantitative PCR and single-cell RNA sequencing. (D) Enriched Reactome pathways of
up-regulated genes with Ykt6 KD (p<0.05) as determined by Fisher Exact Test with the BenjaminiHochberg False Discovery Rate <0.05. (E) Enriched Reactome pathways of down-regulated genes with
Ykt6 KD (p<0.05) as determined by Fisher Exact Test with the Benjamini-Hochberg False Discovery
Rate <0.05.

Ykt6 KD reduces SAT levels and leads to polyamine deficiency
Ykt6 was previously reported to adapt nutrient levels in cells during starvation, by
trafficking leucine transporter (SLC7A5) to the plasma membrane to promote leucine uptake
(Saito et al., 2019). Ykt6 is a potential regulator of GLUT4 trafficking in human cells (Morris et
al., 2020) and is known to be involved in autophagosome-lysosome fusion especially during
nutrient starvation (Barz et al., 2020). Therefore, we reasoned that Ykt6 could be involved in
fine-tuning the metabolic requirements of the cell during cell cycle progression. Concordantly,
one of the genes down-regulated with Ykt6 knockdown is a key metabolic enzyme involved in
polyamine biosynthesis, SAT1. SAT1 (Spermidine/spermine N1-acetyltransferase) catalyses
the N1-acetylation of spermidine and spermine and, by the successive activity of polyamine
oxidase (PAO), spermine can be converted to spermidine and spermidine to putrescine, as
represented in the scheme (Fig. 5A). SAT1 is considered the global polyamine rheostat and
plays an important role in translation initiation and its overexpression inhibits protein synthesis
(Mandal, Mandal, Johansson, Orjalo, & Park, 2013). Polyamines act at the G1/S of the cell
boundary and depletion of polyamines leads to cell cycle delay at G1/S transition majorly and
G2/M minorly (Ray et al., 1999; Yamashita et al., 2013). To determine the specific cell cycle
phase where Ykt6 affects SAT1, we monitored the expression levels of SAT1 upon Ykt6
knockdown during different cell cycle phases. Upon Ykt6 KD, SAT1 was significantly downregulated in unsynchronized cells in line with the transcriptomic data, however, the cell cycle
synchronizers reduced the overall SAT1 expression levels during the cell cycle phases (Fig.
5B). Nevertheless, by normalizing each Ykt6 KD to its respective control in a specific cell cycle
phase, we observed that SAT1 was down-regulated in the G1 and G2/M phase upon Ykt6 KD
(Fig. 5C). These results indicate that lack of Ykt6 affects the cell cycle progression through
SAT1 levels, which in turn would affect the polyamine levels. To investigate the polyamine
levels upon Ykt6 knockdown, we performed metabolomic profiling. As expected, the
polyamines putrescine, spermidine and spermine levels were lower in Ykt6 KD compared to
the control as represented in the heatmap (Fig. 5D). Interestingly, the amino acids upstream
of polyamine biosynthesis arginine and ornithine that feed into the polyamine biosynthetic
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pathway are down-regulated as well (Fig. 5D). Therefore, the cells have reduced level of
polyamines upon Ykt6 KD, possibly due to the requirement of Ykt6 in trafficking of the
polyamine transporters. The down-regulation of SAT1 could be a compensatory mechanism
to ensure enough reserves of spermidine and spermine for protein synthesis and cell growth.
Typically, SAT1 levels are maintained low, so the cells have enough spermidine and
spermine for protein synthesis (Pegg, 2008). To deduce, if Ykt6 could affect the cell cycle
progression via SAT1, we assessed protein synthesis levels in Ykt6 KD cells using puromycin
labelling as a readout (Crossland, Smith, Atherton, & Wilkinson, 2017). We reasoned that Ykt6
KD cells that have lower levels of SAT1, should lead to increased protein synthesis compared
to the control. In line with our hypothesis, the protein levels were increased significantly with
Ykt6 knockdown (Fig. 5E, F). In mammalian cells, cell growth which majorly depends on
protein synthesis continues, even when the cell cycle progression is blocked. This is indicated
by an increased percentage of cells in the G1 phase and an increase in cell size (Faridi,
Fawcett, Wang, & Roth, 2003). This is in line with our results, where Ykt6 KD cells reveal a
delay in the G1 phase, increase in cell size and delay in proliferation. Taken together, we show
that lack of Ykt6 leads to lower levels of SAT1 and polyamines, which leads to a delay in cell
cycle progression.
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Figure 5: Ykt6 KD reduces SAT levels and leads to polyamine deficiency. (A) Scheme of polyamine
biosynthetic pathway. (B) Quantitative Real-time PCR (q-RT PCR) of SAT1 expression levels in
synchronized cells, normalized to β-actin levels, followed by normalizing with unsynchronized control.
(C) Quantitative Real-time PCR (q-RT PCR) of SAT1 expression levels in synchronized cells during
different cell cycle phases, normalized to β-actin levels, followed by normalizing with the respective
control in each phase. (D) Metabolic profiling of HCT116 cells in control vs Ykt6 KD from two biological
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replicates. (E) Representative western blot of puromycin levels, in control and Ykt6 KD cells treated
with or without cycloheximide (Chx). (F) Quantification of WB from (E) normalized to the respective
GAPDH levels, followed by normalization to the siCtrl UT sample.

Putrescine partially rescues the viability defects of Ykt6 KD via the PDK1 pathway
Since Ykt6 KD cells have reduced levels of polyamines, the cells could down-regulate
SAT1 to ensure sufficient reserves of spermidine and spermine for cell growth and translation.
We hypothesized that adding polyamines back to the Ykt6 KD cells could rescue the effect on
cell growth and proliferation. To explore this, we performed a viability assay based on ATP
quantitation, where we monitored the growth curve of control and Ykt6 KD cells at 24 and 48
hours after the addition of different polyamines, Dmfo (alpha-difluoromethylornithine), which
inhibits polyamine biosynthesis and Tnfα as a positive control (Fig. S3C). Surprisingly,
putrescine partially rescues the viability of Ykt6 KD at 24h and 48h (Fig. 6A, B, S3C).
Putrescine can subsequently be metabolized into spermidine and spermine. Counterintuitively, spermidine and spermine did not rescue the viability of the cells (Fig. 6A, S3D). The
control or Ykt6 KD cells have a similar pattern with different treatments, except putrescine,
which partially increases the viability of only Ykt6 KD cells and not the control (Fig. 6A, S3C).
We further confirmed the rescue of viability by putrescine using Annexin V-FITC/PI staining
as well, where the Ykt6 KD cells are more viable when treated with putrescine (Fig. 6C, D).
We next investigated the potential signalling pathway and the molecular mechanism
underlying the rescue of Ykt6 KD phenotype with putrescine. Polyamine depletion was shown
to induce PDK1 phosphorylation, which in turn increases its kinase activity (Keledjian, Marasa,
Wang, & Rao, 2012). From our previous study, we identified PDK1 to phosphorylate Ykt6 in
vitro (Pradhipa Karuna et al., 2020). Since polyamines act upstream of PDK1 signalling, we
first investigated the effect of PDK1 on Ykt6 activity (Keledjian et al., 2012). Interestingly,
inhibition of PDK1 by BX-795 inhibitor led to the membrane recruitment of Ykt6, whereas
activating the kinase by PS-48 did not recruit the Ykt6 to membranes (Fig. 6E). Instead of
inhibitors, we next activated or inhibited the PDK1 pathway further upstream with the addition
or depletion of polyamines to understand the recruitment of Ykt6. To this end, we added the
polyamines putrescine and spermine along with Dmfo. Again, adding putrescine, but not
spermine led to the recruitment of Ykt6 via inhibiting the PDK1 pathway (Fig. 6F, G).
Interestingly, polyamine homeostasis majorly depends on putrescine uptake, which is crucial
for G1 to S phase transition (Martin, Ilett, & Minchin, 1991). Therefore, Ykt6 may be involved
in the trafficking of polyamine transporters during the cell cycle progression. Taken together,
we show that the growth delay of Ykt6 could be partially rescued by supplementing putrescine
through the PDK1 signalling pathway.
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Figure 6: Putrescine rescues the viability defects of Ykt6 KD via the PDK1 pathway. (A) Viability
assay representing the relative growth with different treatments: putrescine, spermidine, spermine,
Dmfo and Tnfα in control and Ykt6 KD cells, normalized to control untreated cells represented as a fold
increase, measured at 24 hours and 48 hours. (B) The relative growth of Ykt6 KD cells treated with
putrescine, Dmfo and Tnfα at 24 and 48 hours normalized to the untreated Ykt6 KD cells, represented
as a fold increase. (C) Percentage of cells sorted into viable cells negative to both the staining (Annexin
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V-/PI-), early apoptotic cells (Annexin V+/PI-), late apoptotic cells (Annexin V+/PI+) and necrotic cells
(Annexin V-/PI+), in control or Ykt6 KD cells with different treatments, putrescine or Tnfα. (D) Percentage
of viable cells in Ykt6 KD from (C) normalized to the untreated Ykt6 KD cells, represented as a fold
increase. (E) Representative western blot and quantification of Ykt6 in the membrane fraction with
different treatments, normalized to Calnexin, which is a membrane marker. (F) Representative western
blot of Ykt6 in cytosolic and membrane fraction with different treatments. (G) Quantification of WB from
(F) normalized to the respective GAPDH or Calnexin levels, followed by normalization to the control UT
sample.

Discussion
In this study, we have shown that Ykt6 is an essential SNARE for a faithful cell cycle
progression and the lack of which impairs cell growth and proliferation, revealed as a G1 delay
and reduced mitotic index phenotype. Since Ykt6 KD led to a cell cycle phenotype, a single
cell transcriptomic approach is useful in the future to cluster individual cells into specific cell
cycle phases based on the expression of cell cycle markers (Liu et al., 2017). Ykt6 deficient
cells have lower levels of SAT1, which is a key metabolic enzyme and therefore low polyamine
levels. Intriguingly, one of the polyamines which is also a catalytic product of SAT1, putrescine
can partially rescue the growth defects caused by Ykt6 KD. Furthermore, putrescine triggers
the open conformation of Ykt6, when the PDK1 signalling pathway is inhibited. Our results
demonstrate the interplay between Ykt6 and polyamines, that govern the cell cycle
progression through the PDK1 signalling pathway as depicted in the working model (Fig. 7).
Taken together, we propose that Ykt6 could play a crucial role in modulating the polyamine
homeostasis through the nutritional sensing PDK1 pathway, required for a proper cell cycle
progression.
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Figure 7: Working model of Ykt6 in modulating the polyamine levels during cell cycle
progression.

Role of Ykt6 during cell cycle progression
Ykt6 is indispensable for cell growth in vivo and caused a visible delay in growth and
proliferation in human colon cancer cells. Although it acts in diverse cellular processes, it
remains unclear if Ykt6 has a dedicated function during cell cycle progression. Our finding
revealed that Ykt6 has a canonical role during the cell cycle progression. Even though lack of
Ykt6 causes cell cycle delay, it does not induce apoptosis or arrest the cell cycle. However, it
remains unclear if Ykt6 KD cells exit the cell cycle and are in a non-diving quiescent like state.
Nevertheless, based on our finding lack of Ykt6 causes a significant G1 delay, which could
indicate that the cells are engaged in a repair mechanism or compensatory mechanism for the
loss of Ykt6. In line with this, cell cycle-related genes involved in checkpoints, mitosis, cell
cycle transition phase was down-regulated upon Ykt6 KD. However, none of the apoptotic or
senescence genes was enriched in the transcriptome. Additionally, autophagy-related genes
were not affected with Ykt6 KD, which further confirms its non-canonical role in autophagy
(Matsui et al., 2018; Takáts et al., 2018). Concordantly, the membrane trafficking genes
especially ER-Golgi and Golgi-ER transport are up-regulated, which could indicate that the
up-regulation is a compensatory mechanism to rescue the trafficking role of Ykt6 in the
secretory pathway. This is in line with the role of Ykt6 for proper Golgi function (Shirakawa et
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al., 2020) and its role in the secretory pathway for example, in the secretion or recycling of
Wnt proteins (Gross et al., 2012; Linnemannstöns et al., 2020). Cells spend most of the time
in the G1 phase in constant communication with the external environment monitoring external
and internal metabolic cues that govern the cell cycle progression. Since most of the key
metabolic and regulatory processes occur during this phase, it was challenging the decipher
the specific processes in the cell cycle where Ykt6 is required.
Ykt6 has a unique ability to act in stressful situations. Some of the studies where Ykt6
plays a role under cellular stress include trafficking of leucine transporter (SLC7A5) to the
plasma membrane during nutritional starvation (Saito et al., 2019), lysosomal stress clearance
in Parkinson’s disease (Cuddy et al., 2019) and autophagosome-lysosome fusion under
starvation (Takáts et al., 2018). It was also proposed as a stress sensor in yeast (Dietrich,
Gurezka, Veit, & Ungermann, 2004). Since the majority of the protein resides in the cytoplasm,
it can be triggered to be recruited to membranes by various unknown stimuli when required to
act. Therefore, we reasoned that Ykt6 could be involved as a stress sensor or a valve that
adapts to nutritional status during the cell cycle progression.

Role of Ykt6 as a stress sensor
Interestingly, our finding from the transcriptomic data linked Ykt6 to amino acid /polyamine
metabolism. One of the down-regulated genes SAT1 is a key metabolic enzyme in polyamine
biosynthesis and a gatekeeper of polyamine flux (Pegg, 2008). Polyamines are essential for
cell growth and proliferation, lack of which causes G1 delay in the cell cycle (Fuller, Gerner, &
Russell, 1977). Our finding by metabolic profiling further revealed that Ykt6 KD cells are
deficient in all three polyamines, putrescine, spermidine (spd) and spermine (spm). The amino
acids upstream of polyamines that feed into the polyamine biosynthetic pathway are arginine
followed by ornithine. Interestingly, these amino acids were reduced as well upon Ykt6
knockdown. This indicates that overall Ykt6 KD cells have deficient metabolites compared to
the control. Therefore, the cell down-regulates SAT1, to ensure enough reserves of
spermidine and spermine for protein synthesis. This fits with our finding where Ykt6 KD cells
have increased protein synthesis. Akt signalling pathway increases the mammalian cell size,
by stimulating protein synthesis and inhibiting protein degradation (Faridi et al., 2003). In
agreement, our findings reveal that Ykt6 knockdown cells are larger, which could be due to
the increased protein synthesis.
Polyamines are required for the activation of elf5A, a major translation factor and
polyamine depletion leads to growth delay (Zhang et al., 2019). The precursor for polyamine
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biosynthesis is putrescine, which is further metabolized into spermidine and spermine
sequentially. Depletion of polyamines leads to growth delay at G1/S and G2/M boundary (Ray,
Zimmerman, Mccormack, Patel, & Johnson, 1999; Yamashita et al., 2013), which is in line
with our findings where SAT1 is specifically down-regulated at the G1 and G2M phase of the
cell cycle in Ykt6 KD cells. If the growth delay of Ykt6 KD cells is due to polyamine deficiency,
we hypothesized that supplementing the cells with polyamines should rescue the phenotype.
Strikingly, only putrescine was able to partially rescue the viability defects of Ykt6, but not
spermidine (spd) or spermine (spm). Do the cells require more putrescine compared to
spd/spm or does the intermediate enzymes or feedback mechanisms govern the uptake of
different polyamines based on the cells requirement?
Interestingly, the polyamines enter and exit the cell via different transporters that are tightly
regulated, where spd/spm have different transporters compared to putrescine. Spermidine
and spermine are known to be transported via members of several SLC (solute carrier)
transporters (Abdulhussein & Wallace, 2014; Moriyama, Hatano, Moriyama, & Uehara, 2020)
and P-Type ATPases in mammalian systems (Vrijsen et al., 2020), whereas putrescine
transporter occurs via SLC diamine exporter through Arginine/Putrescine exchange in
mammals (Uemura et al., 2008) and by a putrescine-ornithine antiporter activity in E.coli
(Kurihara et al., 2009; Terui et al., 2014). Even though the polyamines are added externally,
the cells govern the uptake and excretion by regulating the transporters. The polyamine uptake
depends on the growth status of the cell, where depletion of polyamines increases the affinity
for putrescine, but not for spermidine (Corral & Wallace, 2020). Another interesting study
revealed that putrescine uptake is cell cycle-dependent, required for G1 to S transition in
mouse hepatocytes (Martin et al., 1991). This could explain why we observe rescue of Ykt6
KD growth effects with putrescine and not with spermidine or spermine. Therefore, our results
further emphasize that Ykt6 could act as a sensor in modulating the polyamine levels during
the cell cycle progression. Ykt6 promotes leucine uptake by transporting leucine transporter
(SLC7A5) to the plasma membrane. Similarly, it is conceivable that Ykt6 regulates the
polyamine levels directly by the trafficking of polyamine transporters.

Role of PDK1 in regulating Ykt6 activity
Several signalling pathways regulate polyamine uptake for example K-Ras negatively
regulates putrescine transporter and SAT1 expression (Uemura et al., 2008). Another study
reported that the level of polyamines induces the PDK1 activity which in turn suppresses
apoptosis (Keledjian et al., 2012). PDK1 (phosphoinositide-dependent protein kinase-1) is a
master kinase that is crucial for the phosphorylation and activation of Akt/PKB and many other
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AGC kinases (protein kinases A, G and C) such as p70S6K (ribosomal protein S6 kinase),
SGK (serum/glucocorticoid regulated kinase) and members of PKC family. PDK1 gets
activated upon growth factors and polyamines and has several downstream effects in cell
cycle progression, proliferation and protein translation (Cantley, 2002). PDK1 signalling axis
is one of the most deregulated pathways in cancer. Lack of PDK1 led to a delay in the transition
of cells from G1 to S and slowed the progression at the G2/M phase of the cell cycle
(Nakamura et al., 2008). It acts downstream of the PI3K pathway, which is an important
nutrient-sensing pathway (Luo, Manning, & Cantley, 2003). Since PDK1 was found to regulate
Ykt6 activity, we reasoned that the PDK1 signalling pathway could be involved in sensing the
polyamine levels, which in turn would recruit Ykt6 to modulate polyamine homeostasis during
the cell cycle progression. One of the crucial regulatory mechanisms of Ykt6 is via
phosphorylation of the SNARE domain. Many kinases are predicted to phosphorylate Ykt6
such as the PKC family of kinases (Malmersjö et al., 2016), PDK1 (Pradhipa Karuna et al.,
2020), Protein kinase C iota type (PRKci) (McGrath et al., 2021) and Atg1 kinase (Barz et al.,
2020) during autophagy. Phosphorylation of the SNARE drives the conformational switch of
the Ykt6 from close to open confirmation, which recruits Ykt6 to the membranes. Once the
phosphorylated SNARE is docked at the membranes, an additional dephosphorylation step is
required which would enable the SNARE to initiate vesicle fusion events.
Counter-intuitively, inhibiting the PDK1 pathway, but not activating the pathway recruited
Ykt6 to membranes. However, it is still unclear if the membrane recruited Ykt6 is active since
an additional dephosphorylation step is required to activate the SNARE. Since PDK1 is in a
constitutively active state, inhibiting the pathway could have several downstream effects that
cause cellular stress, which in turn could activate Ykt6. To circumvent the use of artificial
inhibitors, we activated or inhibited the pathway by adding or depleting polyamines. Our results
indicate that putrescine led to strong membrane recruitment of Ykt6, which could occur by
inhibiting the PDK1 pathway since polyamines act upstream of PDK1 (Keledjian et al., 2012).
To modulate the polyamine levels, Ykt6 should undergo a conformation change from the
closed state to an active membrane recruited state and facilitate the trafficking of polyamine
transporters. The conformational switch of Ykt6 in turn could be regulated by the active or
inactive state of PDK1.
Based on our findings, we propose that PDK1 could leverage Ykt6 by recruiting it to the
membranes which in turn would modulate the polyamine homeostasis. It is plausible that Ykt6
modulates polyamine levels directly by trafficking the polyamine transporters similar to a study
where Ykt6 traffics leucine transporter (Saito et al., 2019). In line with this, lack of Ykt6 leads
to reduced polyamine levels that cause a delay in cell cycle progression. In our study, for the
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first time, we show that Ykt6 modulates the polyamine homeostasis during the cell cycle
progression via the PDK1 signalling pathway.

Materials and Methods
Antibodies
The following antibodies were used for western blotting (WB) or immunofluorescence (IF):
Ykt6 (1:1000; Western Blot (WB); Santa Cruz), GAPDH (1:1000, WB, Millipore), Calnexin
(1:1000, WB, Abcam), p21 (1:1000, WB, Cell signalling technology), Hsc 70 (1:1000, WB,
Santa Cruz), Puromycin (1:25000, WB, Millipore). Secondary antibodies were coupled to
Alexa Fluor 488,568,594 and 647 (1:500, IF, Invitrogen) and 680RD and 800 CW (1:20000,
WB, Licor).

Cell culture and Transfection
Hek293T and HCT116 cells were maintained in DMEM (Gibco) supplemented with 10% fetal
calf serum (Biochrom) at 37 °C in a humidified atmosphere with 5% CO2. Cells were transiently
transfected with Screenfect siRNA for siRNA and Screenfect A (Screenfect) for plasmids
according to the manufacturer’s instructions. Cells were authenticated and checked regularly
for mycoplasma contamination.

Viability assay
Ykt6 effects on cell viability were measured by performing a CellTiter-Glo assay. Cells were
seeded in a 96-well plate, reverse transfected with either Control or Ykt6 siRNA. The
polyamines or inhibitors were added to the cells in the following concentrations: putrescine,
spermidine and spermine in concentrations of 100µM, the inhibitors Dmfo at 500µM and, Tnfα
at 15ng/ml. The viability was measured by luminometer at 24h and 48h post-treatment. Before
measuring, 100 𝜇𝜇l of the cell titer glow reagent (Promega) were added to each well (1:1). The
plate was incubated on a shaker for 2 min at RT to allow cell lysis and then incubated at RT
without shaking for 10 min to allow luminescence signal stabilization. The signal was
measured using a luminometer and analyzed using MikroWin 2000 lite Version 4.43.
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Real-time Proliferation assay
The cells were seeded in 96-well plates, reverse transfected with either Ctrl or Ykt6 siRNA.
Cell proliferation is monitored by analyzing the occupied area (% confluence) of cell images
over time. The cell confluence was scanned and measured every 4 hours by using the
IncuCyte ZOOM Live Cell Analysis System (Essen Bioscience).

Cell cycle analysis using Flow cytometry
Cell cycle distribution and apoptosis were analysed using a Flow cytometer. For cell cycle
analysis, cells were harvested and then fixed in 70% cold EtOH and stored at 4C until further
use. The ethanol was removed by centrifuging at 400 g for 5 min. The pellet was re-suspended
in 500µl 1X PBS and 0.25% Triton X-100 and incubated on ice for 15 min. Once again,
samples were centrifuged and the pellet was incubated with 100µl of 1X PBS, 1% of BSA and
primary antibody MPM-2 for 1 hour at RT. Following incubation, the tubes were centrifuged
and the pellet was washed with 150 μl PBS with 1% BSA. The pellet was then resuspended
in 100 μl PBS with 1% BSA and Alexa 488-conjugated goat anti-rabbit antibodies. The tube
was incubated at RT for 30 min in the dark. The cells were then centrifuged and the pellet was
resuspended in 400-900 μl RNase A solution (200 μg/ml in PBS), according to the pellet size.
The tube was incubated in RT for 30 min in the dark. Before FACS analysis, 5 μl propidium
iodide was added and the samples were analysed using a flow cytometer (BD Biosciences,
San Jose, CA).

Apoptosis assay using Flow cytometry
For apoptosis analysis, FITC–Annexin V Apoptosis Detection Kit with PI (BioLegend, San
Diego, CA). The cells were washed with 1x PBS and re-suspended with Annexin-V binding
buffer. Post this, the cells were stained with Annexin-FITC and PI and incubated for 15 min at
room temperature. The samples were analysed using a flow cytometer (BD Biosciences, San
Jose, CA).

Cell cycle synchronization – RO 3306
Cells were seeded in 60 mm dishes, reverse transfected with control or Ykt6 siRNA if required,
and incubated for 22 h. Then, RO-3306 solution (10 mM in DMSO) was added to a final
concentration of 10 μM and the cells were incubated for 19-22 h. The cells were washed twice
with PBS and a fresh medium was added before their harvest at different time points.
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Cell cycle synchronization – Double Thymidine
Double Thymidine (100 mM in DMEM) and 2’-deoxycytidine (240 mM in water) solutions were
freshly prepared. Cells were seeded in 60 mm dishes, reverse transfected with control or Ykt6
siRNA. Once the cells were attached in about 24 hours, thymidine solution was added for the
first time to final concertation of 3 mM and was incubated for 14-16 h. The cells were then
released from the thymidine block by washing with PBS and addition of fresh medium
containing 24 μM 2’-deoxycytidine. Following 8-9 h of incubation, the cells were washed with
PBS, thymidine solution was added for the second time and the cells were incubated for
another 14-16 h. The cells were washed twice with PBS and a fresh medium containing 24
μM 2’- deoxycytidine was added to release to block. Following the second release, the cells
were harvested at different time points.

Western Blotting
Cell and sEV lysates in the SDS-PAGE sample buffer was boiled for 5 min before separating
the protein on 4-12% gradient gels (Bolt Bis-Tris Plus Gels, Thermo Scientific). Protein was
then transferred to PVDF membranes (Merck) and blocked with 5% (wt/vol) milk-TBST for 30
min. Membranes were incubated with primary antibodies overnight at 4 TBST at 4°C. After
washing, membranes were incubated with fluorescently labelled secondary antibodies at room
temperature in the dark and detected using Odyssey from Li-COR. Quantitative
measurements were done with LiCOR image analysis software.

Membrane Fractionation
As described previously (Baghirova, Hughes, Hendzel, & Schulz, 2015), Hek293T cells were
seeded and transfected with Ykt6-WT plasmid. Then, 48 h post-transfection, cells were lysed
on ice with 1 ml of Lysis buffer A (150 mM NaCl, 50 mM HEPES, 0.1% Saponin, 1 M Glycerol,
and 1% PIC) and then centrifuged at 2000 g for 10 min at 4ºC. The supernatant (cytosolic
fraction) was transferred to a new tube. The pellet was lysed in 1 ml of Lysis Buffer B (150 mM
NaCl, 50 mM Hepes, 1% Igepal, 1 M Glycerol and 1% PIC) and incubated rotating for 30 min
at 4ºC. Then, after being centrifuged at 7000 g for 10 min at 4ºC, the supernatant was
transferred to a new tube (membrane fraction).
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Puromycin labelling assay
Cells were reverse transfected with Control or Ykt6 siRNA, treated with Cycloheximide
(20ug/ml) 48 hours post-transfection. The cells were harvested using Ripa lysis buffer 72 h
post-transfection and labelled with puromycin (16ug/ml) for 1 hour before the harvest
(Schmidt, Clavarino, Ceppi, & Pierre, 2009)

Immunostaining and Image Analysis
2.0x104 cells were seed in each well of an 8-wells slide in a final volume of 500μl. The cells
were synchronized with the desired method (double thymidine or RO-3306). Following the
release, the medium was removed and the cells were incubated with 100μl fixation solution
(4% w/v PFA in PBS with 0.2% v/v Triton X-100) for 10 min at 37ºC. Then, the fixation solution
was replaced with blocking solution (5% w/v BSA in PBS with 0.05% v/v Triton X-100) and the
cells were incubated for at least 30min. When needed, the cells were stored for up to three
days at 4ºC. For staining, the blocking solution was removed and the cells were incubated for
30min at RT with 50μl primary antibodies in the blocking solution. The cells were washed with
500μl PBS three times and incubated for 30min at RT in the dark with 50µl secondary
antibodies and Alexa Fluor 647 phalloidin (Life Technologies, A22287, diluted 1:100) in
blocking solution. The secondary antibody mixture was removed and the cells were incubated
for 5min with Hoechst (1:500) in PBS. Following three washes with 500μl PBS the chambers
of the slide were removed and one drop of Fluoromount G (SouthernBiotech, 0100-01) was
pipetted on each well position. A coverslip was put on top of the slide and the Fluoromount G
was left to dry overnight at RT in the dark. The stained samples were observed with the
LSM780 confocal microscope (Zeiss) using a 63x objective and the ZEN 2.0 software.
Analysis of the Total Corrected Cellular Fluorescent (TCCF) intensity was modified based
on the mentioned in (McCloy et al., 2014), using the software Fiji ((Fiji Is Just) ImageJ 2.0.0rc-61/1.51n). In short, a figure was opened with Fiji, cells were outlined and set as Regions Of
Interest (ROIs) with the ROI manager and the phalloidin staining channel. The channels were
then split and the relevant channel was further processed. First, the Area, Integrated Density
and Mean Gray Value of the ROIs were measured through the ROI manager. Then the image
type was set to 8-bit and thresholded for 4.5-5.5% (closest possible to 5%) of the total intensity.
The same Image was opened again in a “composite” mode and the measurement from the
split channel was redirected to the relevant channel in the freshly opened figure through
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Analyze and Set Measurement. Then the particles in each ROI were measured via the Analyze
particle function (size: 5-Infinity pixel units, Circularity 0.00-1.00, ‘Display Results’ and
‘Summarize’ ticked). The percentage of intensity which is allocated to punctated Ykt6 was then
calculated using the TCCF and the total corrected puncta intensity (TCPF) which was
calculated with the same principle: TCPF= sum intensity of all puncta- (sum puncta area*
mean background measurements), and the results were plotted using GraphPad Prism 5.

Single-cell RNA sequencing
A high-throughput full-length, single-cell RNA-seq approach was used with the SMART-Seq
ICELL8 cx application. Cells were diluted for a final concentration of 1.4 cells/50 nl in a total
volume of 1 ml in 1xPBS. Cell suspensions were fluorescently labelled with live/dead stain,
Hoechst 33342 and propidium iodide (NucBlue™ Cell Stain Reagent, Thermo Fisher
Scientific) for 15 min before their dispensing into the 5184 microchip nano wells (Takara Bio)
using the ICELL8 system. CellSelect® Software (Takara Bio) was used to visualize and select
wells containing single and live cells. Next, a full-Length cDNA synthesis by RT-PCR was done
according to the SMART-Seq ICELL8 cx application protocol (Takara) by dispensing the
reagents directly into the nano wells of the ICELL8 chip. P5 indexing primers were dispensed,
with each of the 72 rows on the ICELL8 chip receiving a different index, in addition to Terra
polymerase and reaction buffer. Transposase enzyme and reaction buffer (Tn5 mixture) were
dispensed to selected wells, and the transposition reaction was performed. P7 indexing
primers were dispensed to wells, with each of the 72 columns on the chip receiving a different
index. Final Illumina libraries were amplified and pooled as they are extracted from the chip.
Pooled libraries were purified and size selected using Agencourt AMPure XP magnetic beads
(Beckman Coulter) to obtain an average library size of 800 bp. Library validation and
quantification were done using the Fragment Analyzer by using the dsDNA 905 Reagent Kit
(Advanced Bioanalytical) and the QuantiFluorTMdsDNA System from Promega. A typical yield
for a library comprised of 1278 cells was 28.7 nM. Single-cell libraries were sequenced on the
HiSeq 4000 (Illumina) to obtain on average ~ 0.5 Mio reads per cell (SE; 50bp).
For data analysis, bcl2fastq was used to retrieve fastq files with dual-indexed barcodes in
their read headers and the resulting fastq files were used to associate reads with individual
cells based on their barcodes, as well as quantify how many reads are in each cell using the
mappa_demuxer.py script from Takara. The demultiplexed fastq file was then run through the
analysis pipeline using the mappa_analysed.py script from Takara. In brief, the demultiplexed
reads were trimmed for adapters using cutadapt version 2.5 and the reads kept after trimming
were aligned to a custom human genome (hg38 version 99) using STAR 2.7. Next, the
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uniquely mapped reads were counted for exons, genes (exons+introns) and mitochondrial
chromosomes using featureCounts 1.6.4. TSNE analysis was used for clustering analysis.

Metabolomic profiling
The metabolic profiling of the cells was done using Biocrates p180 and Quant500 kit as per
the manufacturer’s protocol. In short, the cells were lysed with ice-cold phosphate buffer,
followed by three freeze and thaw cycles. The samples were sonicated for 15 seconds,
followed by freezing in liquid nitrogen and then thawed at 98C until clear. Then, the samples
were centrifuged at 20,000g for 10 min at 4°C. The supernatant was transferred to a new
Eppendorf and stored at -80°C until further use.

Real-time PCR
Total RNA was isolated from cells using Trizol reagent from Invitrogen. Equal amounts of RNA
were reverse transcribes into cDNA. The resulting cDNA product was analyzed by real-time
quantitative PCR using iQ SYBR Green Supermix and gene-specific primers. The primer
sequences are listed in the table below. Transcript Ct-values were converted to fold change
expression changes (2-∆∆Ct values) after normalization to housekeeping gene β-actin.
Quantitative real-time PCR was performed using the CFX system (Bio-Rad).

Gene Name

Forward Primer

Reverse Primer

β-Actin

GAGCACAGAGCCTCGCCTTT

ACATGCCGGAGCCGTTGTC

YKT6

GTAGATACCAGAACCCACGA

CACCTCGCTCTAACAGAGAC

SAT1

ACTTCTCTTGCTTTCTATGCTG TCACACCACCTTGTTGTTTATC

AKAP12

CGTCTCCTTCATTCGCAGGCT

GACAGGGGCAAGAGCCAAAAG

CPA4

TTCAATCGGCCTGTGGATGT

TCCGTTCTTGCCCTTCATTGT

FTL

CTCCTTCTTGCCAACCAAC

TTCCAGAGCCACATCATCG

IFI6

CCATCTATCAGCAGGCTCCG

CACCCCACTGCAAGTGAAGA

ISG15

GTGGACAAATGCGACGAACC

TCGAAGGTCAGCCAGAACAG

NAP1L1

GGAAGGGGAAGAAGAAGGAG

AGAAGGTAGACCAGTGCAG

STMN1

CGTCGAGGAGACAATAGGGG

CCGTCCCTTCAGACAATGGG

TSPAN3

AGCTGTAGGAGCCCTGCTTT

GCAGGATGATGACAAACGTGG
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Statistics
All experiments were carried out at least in biological triplicates. All graphs depict the mean
and error bars indicate standard deviation. Statistical significance was calculated by carrying
out one-way ANOVA with Dunnett's multiple comparison test to compare a control mean with
the other means or Student’s t-test where appropriate. The data that support the findings of
this study are available from the corresponding author upon reasonable request.
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Figure S1: (A) Quantitative Real-time PCR (q-RT PCR) of Ykt6 expression levels, normalized to βactin levels (B) Rate of proliferation in Hek293T cells as measured by the percentage of confluence vs
time in control or Ykt6 KD cells. (C) Sorting of cells based on size bins as measured by forward-scatter
intensity using flow cytometry in control vs Ykt6 KD cells. (D) Overlay of control vs Ykt6 KD cells from
(C). (E) Enriched processes of up-regulated genes with Ykt6 KD in the string network (F) Enriched
processes of down-regulated genes with Ykt6 KD in the string network.
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Figure S2: (A) Quantitative Real-time PCR (q-RT PCR) of AKAP12, CPA4, FTL, IFI6, ISG15, NAP1L1,
STMN1, TSPAN3 expression levels, normalized to β-actin levels. (B) Quantitative Real-time PCR (qRT PCR) of Ykt6 expression levels in synchronized cells during different cell cycle phases, normalized
to β-actin levels, followed by normalizing with respective control in each phase.
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Figure S3: (A) Scheme of synchronization using Double thymidine block. The cells were treated with
double thymidine and the cell cycle phases were analyzed at different time points post-release using
flow cytometry (B) Scheme of synchronization using RO-3306. The cells were treated with RO-3306
and the cell cycle phases were analysed at different time points post-release using flow cytometry. (C)
Viability assay representing the absolute growth in control or Ykt6 KD cells, with different treatments:
putrescine, spermidine, spermine, Dmfo and Tnfα, measured at 24 hours and 48 hours. (D) The relative
growth of Ykt6 KD cells treated with spermidine, spermine, Dmfo and Tnfα at 24 hours from (C)
normalized to the untreated Ykt6 KD cells, represented as a fold increase.
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4. Discussion
Ykt6 is highly conserved from yeast to humans and is an indispensable SNARE required
for crucial fusion events at the crossroads of secretory, endocytic and autophagy pathways.
Previously, we showed that lack of Ykt6 leads to growth defects in vivo. In this thesis, we
identified that lack of Ykt6 leads to growth and proliferation delay in human colon cancer cells
and embryonic kidney cells, which in turn leads to a delay during the cell cycle progression.
Indeed, Ykt6 is implicated in a crucial trafficking role of cargoes that is required for cell growth
and proliferation such as Wnt proteins. Wnts are secreted morphogens that induce
development and patterning decisions. In this thesis, we dissected the molecular mechanism
of Ykt6 in extracellular Wnt secretion, where Ykt6 is required for trafficking of Wnts at the
sorting endosomal level for extracellular Wnt release. This is in line with the transcriptomic
profiling that revealed novel Ykt6-dependent genes involved in membrane trafficking, cell
cycle and metabolism. Interestingly, from our metabolic profiling, we identified that lack of Ykt6
leads to a lower level of polyamines and the precursor amino acids required for polyamine
synthesis. Therefore, Ykt6 could be required for trafficking of the polyamine or amino acid
transporters. Since Ykt6 is involved in the trafficking of growth factors like Wnt and possibly
the polyamines, there should be a signalling pathway that regulates Ykt6. Ykt6 exists majorly
in the cytoplasm but gets recruited to the membrane upon stimuli to initiate vesicle fusion
events. In this thesis, we dissected that phosphorylation of the conserved residues in the
SNARE domain of Ykt6 recruits it to the membranes. Using a combination of mutants in the
longin and SNARE domain, we determined the activity of the membrane recruited Ykt6. Even
though, phosphorylation recruits Ykt6 to the membranes, it is still inhibited to promote vesicle
fusion events. The reason for this might be because a functional SNARE domain is required
to initiate fusion events. Moreover, the cytosolic pool of Ykt6 could act as a reserve that gets
recruited to membranes to traffic cargoes. We also identified PDK1 to phosphorylate Ykt6 in
vitro. This would fit with its role in Wnt trafficking or polyamine homeostasis since PDK1 is an
essential nutrient-sensing pathway. Therefore, the PDK1 axis could be involved in recruiting
Ykt6 to the membranes based on upstream metabolic cues. Taken together, lack of Ykt6 leads
to low extracellular Wnt levels and intracellular polyamine levels, which in turn could lead to a
delay in growth and cell cycle progression.
Cells respond to extracellular and intracellular cues by modifying cargoes that are
transported to the cell surface or secreted into the extracellular space. During stress situations,
the cells modify the secreted factors or surface proteins through unconventional protein
secretion (UPS) which is an alternative route in contrast to the classical bulk secretion pathway
(Nuchel et al., 2021; Rabouille, 2017). Since Ykt6 has been proposed as a stress sensor in
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yeast and acts at diverse cellular compartments, it could be employed by the UPS route under
stress situations to adapt to the metabolic requirements of the cell. Overall, we propose a
working model where Ykt6 could act as a valve in the trafficking of growth factors such as Wnt
proteins and modulate metabolite levels such as polyamines required for cell growth,
metabolism and proliferation. Since PDK1 is an important nutrient-sensing signalling axis, it
could govern the conformation switch and hence the activity of Ykt6 based on upstream
metabolic requirements as depicted in the overall working model Figure 6.

Figure 6: Working model of Ykt6 in the trafficking of Wnt proteins and modulating polyamine
homeostasis. Inactive or knockdown of Ykt6 leads to lower extracellular Wnt and intracellular
polyamine levels in contrast to active Ykt6 which gets recruited to membranes resulting in high Wnt or
polyamine levels required for cell growth and proliferation.
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4.1 Ykt6 regulates Wnt secretion at the endosomal level

Endocytic trafficking involves the transport of proteins or lipids between cellular
compartments mediated by budding and the fusion of membrane-bound vesicles. SNARE
proteins make up the core of membrane fusion machinery. Ykt6 is a versatile SNARE involved
in multiple fusion events in diverse cellular compartments such as Golgi, endosomes and
lysosomes. Endosomes act as a central station for sorting proteins for secretion, degradation
or for recycling. The newly synthesized proteins or cargoes reach the endosomal system
through the Golgi network or endocytosis. For example, Wnts are secreted morphogens that
are trafficked through Golgi to the plasma membrane and reach the extracellular space. Once
they reach the extracellular space, Wnts get endocytosed back into the cell, trafficked through
ESCRT complexes, sorted onto vesicles and are released back into the extracellular space
for secretion. Several studies exist to understand the mechanism and reason underlying Wnt
endocytosis. Endocytosis is required for Wg trafficking and signalling in the Drosophila wing
epithelium (Pfeiffer, Ricardo, Manneville, Alexandre, & Vincent, 2002). One of the reasons
could be that Wnts need to be loaded onto extracellular vesicles for long-range signalling
(Gross et al., 2012) or perhaps Wnts are additionally regulated at the endosomal level, to
either be secreted or degraded.
It was previously shown that lack of Ykt6 reduces Wnt secretion on exosomes in
Drosophila and mammalian cells (Gross et al., 2012). From our results, we see that
knockdown of Ykt6 causes an intracellular accumulation of Wnt proteins (Manuscript I, Figure
1D) which indicates that Ykt6 is involved in a crucial fusion step of Wnt trafficking. At which
step of the endocytic pathway does Ykt6 act in the trafficking of Wnt proteins? In the endocytic
pathway, apart from protein sorting, the ESCRT machinery also plays a key role in the
biogenesis of intraluminal vesicles (ILVs) in multivesicular endosomes (MVEs), which are
sources of extracellular vesicle formation, otherwise called exosomes. The ESCRT-0 complex
Hrs is recruited to endosomes via its FYVE domain that binds to phosphatidylinositol 3phosphate (PI3-P), which is abundant in early endosomal membranes and MVBs (Urbé, Mills,
Stenmark, Kitamura, & Clague, 2000). Our in vivo genetic analysis revealed that Ykt6
genetically interacts with Hrs and knockdown of Ykt6 increases Hrs-positive vesicles, but no
changes were observed in MVB morphology (Manuscript I, Figure 4C, D). The transport from
early (Rab5) to late endosome (Rab7) requires biogenesis of endosomal intermediates
followed by the fusion with late endosomes. 2xFYVE-GFP that labels PI3P-containing
endosomes mostly localizes to Rab7 endosomes. Concordantly, lack of Ykt6 also reduced
FYVE-GFP positive endosomes, with decreased co-localization with Wg puncta, indicating
that lack of Ykt6 reduces the pool of late PI3P-containing endosomes (Manuscript I, Figure
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4E-H). This indicates that Ykt6 is required for fusion at the early endosomal level. This is in
line with the Rab5Q88L assay results, where lack of Ykt6 decreases Wg trafficking to late
endosomes, as Wg was seen outside of Rab5Q88L endosomes close to the membrane
(Manuscript I, Figure 4I, J). Moreover, the lack of Ykt6 does not influence MVB biogenesis
which also fits our previous finding where Ykt6 depletion increases sorting of exosomal marker
CD63 from MVBs to lysosomes, but not its formation (Gross et al., 2012). Therefore, Ykt6 is
required for a fusion step at the early endosomal level that facilitates trafficking of cargoes
such as Wnt proteins to the late endosomes/MVBs and the lack of which could lead to
degradation or accumulation of the cargoes.
Cargo sorting and vesicle trafficking in the endocytic pathway are regulated by Rab
proteins that act as molecular switches. After entering the early endosomes, proteins or lipids
can be directed to the late endosome/MVE for secretion or lysosome for degradation.
Alternatively, they can be transported back to the plasma membrane via recycling endosomes
mediated majorly by Rab4 and Rab11(Hu, Dammer, Ren, & Wang, 2015). Interestingly, the
lack of Ykt6 led to an intracellular accumulation of both Wg and Rab4 at the plasma
membranes that indicates that Ykt6 mediates Wg trafficking via Rab4 recycling endosomes
(Manuscript I, Figure 6). Therefore, Ykt6 could mediate fusion events at the level of sorting
endosomes upstream of MVB biogenesis. Why do cargoes such as Wnt be recycled via faster
recycling endosomes instead of sorting into the MVBs remains unclear. Tissue
morphogenesis depends on the endocytic recycling pathway, which can be clathrin-dependent
(CDE) or clathrin-independent endocytic pathways (CIE). For example, recycling syndecans,
a heparin sulphate proteoglycan requires ARF6, PIP2 and syntenin. Syntenin mutants cause
accumulation of syndecans in the endosomes that block recycling and lead to impaired cell
spreading (Zimmermann et al., 2005). E-cadherin once internalized, can be degraded or
recycled which is crucial for the cells undergoing adhesion and morphogenesis (Grant &
Donaldson, 2009). Similarly, Wg is an important morphogen whose directionality and secretion
has to be tightly regulated. Wnts are known to spread via heparin sulphate proteoglycans like
Dally and Dally-like protein (Dlp) (Han et al., 2005). Therefore, Wnts on the re-cycling
endosomes could be an alternate route for reaching the target cell based on the cells
requirement and the tissue type. In Drosophila, lack of Vamp7 led to an accumulation of Wg
puncta in the Rab4-dependent recycling endosome which was Dlp positive (H. Gao, He, Lin,
& Wu, 2017). Another study reported that in Drosophila embryos, recycling of Wnts sustain a
high level of Wnt signalling which is required especially during development (Pfeiffer et al.,
2002). Alternatively, it could be a mechanism to prevent degradation of the Wnts.
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Since Ykt6 mediates Wnt trafficking at the early endosomal level, does it also regulate the
endosomal trafficking of Wnts towards secretion or degradation based on the cell’s metabolic
requirements? Ykt6 was proposed as a stress sensor in yeast (Lars E.P. Dietrich et al., 2004).
It is known to mediate crucial fusion events to adapt to the nutritional requirements of the cell.
For example, under starvation conditions, Ykt6 mediates trafficking of leucine transporter to
PM (Saito et al., 2019) and promotes autophagosome-lysosome fusion (Matsui et al., 2018;
Takáts et al., 2018). The majority of Ykt6 exists in the cytosol and gets recruited to membranes
upon unknown stimuli. We found that blocking endosomal acidification using bafilomycin or
chloroquine led to the membrane recruitment of Ykt6 (Manuscript I, Figure 5). Since
endosomes and lysosomes are acidic, it remains unclear to which de-acidified cellular
compartment Ykt6 gets recruited to. The early endosomes are mildly acidic which enables the
dissociation of receptors and ligands, where the receptors can be recycled. The ligands such
as Wnts can be then directed for secretion or degradation (Hu et al., 2015) and passage
through an acidic compartment is required for Wnt secretion. (Coombs et al., 2010).
Endosomes could act as a central hub that senses Wnt signalling and fine-tunes Wnt secretion
accordingly (Hemalatha, Prabhakara, & Mayor, 2016). An upstream signalling pathway could
recruit Ykt6 to de-acidified endosomal compartments to mediate fusion events for extracellular
Wnt release. Taken together, we show that the Ykt6-mediated fusion step at the sorting
endosomal level regulates extracellular Wnt secretion levels and hence proper gradient
formation.

4.2 Ykt6 phosphorylation determines its membrane recruitment and activity

Ykt6 has a unique structure and functional flexibility, which requires it to be tightly regulated
to prevent any fusion anomalies. Even though there are several studies in understanding the
regulation of the SNARE, the exact mechanism of the membrane recruitment and hence its
activity is still not clear. The phosphorylation residues in the SNARE domain are conserved
throughout the fungi, plant and animal kingdom (Malmersjö et al., 2016). Therefore, we
identified and mutated these three conserved residues in humans and four residues in
Drosophila to Alanine or Glutamate and generated non-phosphorylatable (Ykt6-4A/3A) or
phosphomimicking mutant (Ykt6-4E/3E) respectively. How does phosphorylation of Ykt6
mechanistically regulate the conformation of Ykt6 to initiate vesicle fusion events? We used
the phosphomimicking mutant to dissect the membrane recruitment and hence the activity of
Ykt6. Our results from detergent fractionation and immunofluorescence microscopy revealed
that Ykt6-3E associates primarily with membranes, whereas Ykt6-WT is present
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predominantly in the cytoplasm (Manuscript II, Figure 2A, B, 3A). Since, the membrane
recruited Ykt6 should be palmitoylated, which enables it to attach it to the membranes, we
performed a pull-down of all the palmitoylated proteins using a click assay (Haberkant et al.,
2016). Ykt6-3E was detected in the palmitoylated fraction, along with Wnt3A which is a positive
control, whereas Ykt6-WT was below the detection threshold (Manuscript I, Figure 5C). Using
different combinations of single and double mutations, in the longin domain (F42A),
palmitoylation domain (C194) and farnesylation domain (C195), we aimed to determine the
mechanism underlying the membrane recruitment of Ykt6 (Manuscript II, Figure 3A).
Interestingly, we found that mutation in the longin domain (F42A) led to slight recruitment to
membranes. The N-terminal longin domain interacts with the C-terminal SNARE domain and
masks the lipid moieties to prevent the SNARE from binding to promiscuous targets (Haruki
Hasegawa, Yang, Oltedal, Davanger, & Hay, 2004). Therefore, the interaction of the mutated
longin domain with the SNARE domain could be distorted which leads to slight membrane
recruitment. The non-phosphorylatable mutant does not associate with membranes, which
further emphasizes the role of phosphorylation in membrane recruitment. Interestingly, all the
combinations of double mutants which included the phosphomimicking mutant led to strong
membrane recruitment (Manuscript II, Figure 3A). Therefore, phosphorylated Ykt6 is
predominantly associated with the membranes. Since Ykt6 majorly exists in the cytoplasm,
does the cytoplasmic fraction serve as a reserve pool, that gets recruited to membranes upon
stimuli? Therefore, if more Ykt6 is present in this reserve pool, would more amounts of Ykt6
get recruited to membranes proportionally? Our results indicate that expressing increased
amounts of Ykt6 WT, led to an expected linear increase of expression in overall cell lysates
and the cytoplasmic fraction (Manuscript II, Figure 3C, D). However, this was not the case in
the membrane fraction, where increased amounts of Ykt6 WT did not lead to increased
membrane recruitment (Manuscript II, Figure 3E). This indicates that the cellular levels do not
determine the membrane recruitment, but upstream stimuli or modifications in the SNARE
domain determines the level of recruitment.
What are the kinases and hence the signalling pathways involved in phosphorylating Ykt6?
Our finding from bead-based kinase screening revealed that Ykt6 was phosphorylated by
PDK1 (phosphoinositide-dependent kinase 1) in vitro (Manuscript II, Figure 1D-F). This was
intriguing because, PDK1 is an important nutritional sensing pathway, that acts downstream
of the PI3K signalling pathway. PDK1 is activated or inhibited by upstream cues such as
growth factors or nutrients. Ykt6 adapts the leucine levels by trafficking leucine transporter to
the PM (Saito et al., 2019) and regulates extracellular Wnt levels by the trafficking of Wnt
proteins (Linnemannstöns et al., 2020). Therefore, we hypothesized that PDK1 which is a
growth factor-dependent kinase could phosphorylate and recruit Ykt6 to the membranes to
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adapt to the metabolic demands of the cells based on upstream cues. Counter-intuitively, we
see that inhibiting PDK1, but not activating it led to the membrane recruitment of Ykt6
(Manuscript IV, Figure 6E). However, it remains unclear if the membrane recruited Ykt6 is
inhibited or activated. PDK1 is in a constitutively active state and inhibiting the pathway, could
have other downstream effects that stress the cells, which in turn could recruit Ykt6 to adapt
to stress. Indeed, other stressors such as blocking acidification by inhibiting the V-ATPase
pumps also recruits Ykt6 to the membranes.
Indeed, another interesting question remains, if the phosphorylated membrane recruited
Ykt6 initiates vesicle fusion events? Phosphorylation of Vamp8 within the SNARE domain
reduces vesicle fusion in vitro and suppresses mast cell secretion in living cells.
Phosphorylation is an inhibitory mechanism that allows the vesicles to dock but prevents the
fusion with the plasma membranes (Malmersjö et al., 2016). In Drosophila, the lethality of a
strong Ykt6 knockdown at the larval stage was rescued by overexpression of Ykt6-WT and
non-phosphorylatable mutant Ykt6-4A, but not by the phosphomimicking mutant Ykt6-4E
(Manuscript I, Figure 5J-O). Similarly, a mild knockdown of Ykt6 caused melanotic tumours
and wing notches, a typical Wnt signalling and growth defect, which was rescued by reexpression of Ykt6-WT and 4A but not Ykt6-4E (Manuscript II, Table 2). In human Hek293T
cells, Ykt6-3E was unable to rescue Wnt secretion, in contrast to Ykt6-WT and Ykt6-3A.
Therefore, our results demonstrate a conserved physiological role of phosphorylation,
essential for growth and development. Using our inducible RUSH system, we deduced that
Ykt6 WT transports to Golgi together with Wnt3A, whereas Ykt6-3E led to a strong
accumulation of Wnt3A at the plasma membrane (Manuscript II, Figure 2C-H). Our results
from the Rab5QL assay determines that the phosphorylated Ykt6 hinders the endosomal
fusion events, as Ykt6-3E yielded smaller endosomes (Manuscript II, Figure 5A, B).
Furthermore, overexpression of Ykt6-3E reduced the Wnt secretion on exosomes.
Complementing these findings, the proximity-dependent proteome revealed that only Ykt6 WT
was proximal to processes such as ER-Golgi, Intra Golgi trafficking and autophagy, whereas
the Ykt6 3E in the membrane fraction was proximal to PI3K/Akt signalling, protein folding and
protein ubiquitination (Manuscript II, Figure 4). This indicates that a functional reserve pool of
Ykt6 is required to adapt to the nutritional requirements of the cell, which is in line with a study
where depalmitoylation of Ykt6 prevents it from entering the MVB pathway (Meiringer et al.,
2008). Taken together, the phosphorylated Ykt6 is recruited to the membranes, however is
still inhibited that prevents any vesicle fusion events.
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Figure 7: Model depicting three conformational states of Ykt6. The closed conformation of Ykt6
exists in the cytosol and is inactive. The phosphorylated Ykt6 associates primarily with membranes and
is inhibited to initiate vesicle fusion events. The dephosphorylated Ykt6 associates primarily with
membranes and is functionally active to initiate vesicle fusion events.

Since the phosphorylated Ykt6 is recruited to membranes, yet inhibited to initiate
vesicle fusion, there should be involvement of phosphatases that activates the membrane
recruited Ykt6. In fact, there are also other kinases known to phosphorylate Ykt6, Atg1 kinase
in autophagy (Barz et al., 2020) and protein kinase C iota type (PRKCi) (McGrath et al., 2021).
Interestingly, phosphorylated Ykt6 is sensitive to calcineurin (CaN), which is a Ca2+ dependent
phosphatase (McGrath et al., 2021). In Parkinson’s disease, α-synuclein triggers high levels
of Ca2+ release which activates CaN. Interestingly, α-synuclein harnesses Ykt6 by inactivating
it. Therefore, activating Ykt6 reduces α-synuclein toxicity through lysosomal stress clearance
(Cuddy et al., 2019). Autophagy is known to be triggered by cytosolic Ca2+ signalling
(Bootman, Chehab, Bultynck, Parys, & Rietdorf, 2018). Indeed, there are several signals
including G-protein coupled receptors and receptor tyrosine kinase that increase calcium
concentrations, most commonly via the PLC (phospholipase C) pathway. Therefore, the
membrane recruited Ykt6, sensitive to CaN, could be regulated additionally by Calcium
signalling pathways to initiate fusion events. For example, since Ykt6 plays a role in
autophagy, Ykt6 could get recruited to membranes based on stimuli from signalling pathways
and the rise of cytosolic Ca2+ levels could further trigger the vesicle fusion events. Therefore,
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the membrane recruitment and hence the activity of Ykt6 is a two-step process, where the
closed form of Ykt6 gets recruited to membranes upon phosphorylation and an additional dephosphorylation is required to activate the membrane recruited Ykt6 to initiate vesicle fusion
as depicted in the Figure 7.

4.3 Ykt6 acts as a stress sensor during cell cycle progression

Vesicle Trafficking involves the transport of cargoes or their receptors to their final
destination which is crucial to activate several signalling pathways and to maintain metabolic
homeostasis. The complex coordination and regulation of signalling pathways culminate in the
progression of the cell cycle for growth, development and homeostasis. For example, the
binding of Wnts to its receptors upregulates target genes such as cyclin D and c-myc that
promote cell cycle progression (Niehrs & Acebron, 2012). Therefore, the cells must sustain
continuous secretion of Wnts, to ensure steady active Wnt signalling. Endosomes are central
hubs that regulate the duration, intensity and spatial patterning of morphogens that determines
cell fate determination and migration. Wnts are additionally regulated at the endosomal level,
loaded onto exosomes for long-range signalling (Linnemannstöns et al., 2020). Different
exosomes carry different Wnts based on the cell type and function. For example, epididymal
epithelium secretes high levels of Wnt2b on exosomes to induce Wnt/LRP6 signalling in sperm
maturation (Koch, Acebron, Herbst, Hatiboglu, & Niehrs, 2015). In our study, for the first time,
we show that Wnts are not secreted on classical exosomal sub-populations such as
CD63+/CD81+/CD9+ tetraspanins. They were predominantly identified in the flow-through
fraction (CD63-/CD81-/CD9-) which contained exosomal vesicles as characterized by electron
microscopy and lipidomics (Manuscript III, Figure 1). Our proteomic characterization revealed
several markers that could potentially carry Wnt. Interestingly, some of these markers such as
Annexins, Rala, Rac1 and Flotillins are up-regulated in several tumours (Ghoroghi et al., 2021;
Ji et al., 2015; Liu et al., 2018; Xi, Ju, & Wang, 2020). If these markers carry Wnt, then the
tumours cells could specifically up-regulate the Wnt-bearing exosomal sub-populations to
promote uncontrolled proliferation. Moreover, we also see an enrichment of cell-cycle
dependent EV markers. The Wnt co-receptor LRP5/6 is a key Wnt signalling transducer and
is under cell cycle control, where phosphorylation of the receptor is mediated by CDK14 during
G2/M, which in turn increases the receptiveness of Wnt signalling (Davidson & Niehrs, 2010).
For example, colon cancer cells secrete exosomes that reduce the mitotic duration to promote
self-proliferation (Ren, Sun, Ma, Liu, & Wang, 2019). Therefore, secretion of Wnt-bearing
exosomes could be cell-cycle dependent to promote mitogenic Wnt signalling in a healthy cell
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or to promote metastatic niches in cancer cells. Since Ykt6 plays a crucial trafficking role in
Wnt secretion and therefore Wnt signalling, we next asked if the lack of Ykt6 could affect the
cell cycle progression.
Even though Ykt6 is an essential gene in yeast and well-studied in diverse cellular
functions, its function during cell cycle progression is not well studied so far. Our studies
revealed that lack of Ykt6 led to growth and proliferation delay in human colon cancer cells
and embryonic kidney cells. The growth and proliferation defects are translated as G1 delay
and reduced mitotic index during cell cycle progression (Manuscript IV, Figure 2). Even though
Ykt6 could act at multiple trafficking events that occur during the cell cycle, it is still unclear if
Ykt6 has a dedicated trafficking function that is crucial for cell cycle progression. Since Ykt6
knockdown also leads to reduced mitotic index, it is still unclear if these cells are in a
quiescent-like state. In non-dividing cells, the quiescent state is favoured by up-regulating cell
cycle arrest pathways or down-regulating mitogenic pathways (Hinze & Boucrot, 2018).
Interestingly, our finding from Ykt6 knockdown does not reveal any cell cycle arrest, but simply
a delay. If Ykt6 is involved in the trafficking of mitogens such as Wnt proteins, then the lack of
Ykt6 could lead to a delay in cell proliferation. Therefore, it is plausible that lack of Ykt6 affects
the trafficking of Wnt proteins which in turn could lead to a delay in cell cycle progression.
Cell cycle progression majorly depends on cell growth, which in turn relies on nutrient
availability. Extracellular nutrient signals along with intracellular metabolites contribute to cell
growth and therefore to an increase in cell size. mTOR is the master regulator that controls
the cell growth by stimulating protein synthesis and, accordingly the cell size by sensing amino
acids and growth-promoting signals (Fingar et al., 2002; Yuan, Xiong, & Guan, 2013). In our
study, we observed that the knockdown of Ykt6 resulted in larger cell size (Manuscript IV,
Figure 2G). An increase in cell size reflects an increased protein synthesis. In line with this,
we identified that lack of Ykt6 leads to increased protein synthesis (Manuscript IV, Figure 5E,
F). Why does the lack of Ykt6 lead to increased protein synthesis? Several pathways converge
to promote cell growth and protein stabilization during cell cycle progression. The prominent
Wnt/STOP pathway increases cellular protein levels and cell size, by inhibiting GSK3βmediated protein degradation to promote cell growth (Acebron et al., 2014). Interestingly, 15%
of the proteins are stabilized by Wnt/STOP signalling. Indeed, Ykt6 was also specified as one
of the GSK3β targets. In the absence of Wnt signals, GSK3β phosphorylates several
cytoplasmic target proteins. Does GSK3β phosphorylate Ykt6 as well? Though not strictly
required, priming phosphorylation significantly increases the efficiency of substrate
phosphorylation of most GSK3β targets by a factor of 100-1000X (Thomas et al., 1999). It
would be interesting to investigate if GSK3β additionally phosphorylates a previously
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phosphorylated Ykt6, as we identified a GSK3β phosphorylation motif in the longin domain at
T55 position in the Ykt6 sequence. The PI3K/Akt pathway increases mammalian cell size by
stimulating protein synthesis and inhibiting protein degradation (Faridi, Fawcett, Wang, &
Roth, 2003). This indicates that Ykt6 plays an important role in protein synthesis and the lack
of which affects cell growth, although the exact pathway involved in regulating the cell size in
Ykt6 KD remains to be elucidated. In yeast cells, inactivation of cell cycle regulator genes
results in large cell size where cell growth continues but cell division is blocked. Similarly, in
mammalian cells, mTOR and PI3K-mediated cell growth continue even when the cell cycle
progression is blocked with an increased percentage of cells in the G1 phase and increased
cell size (Faridi et al., 2003). Therefore, cell growth and cell cycle progression are distinct
processes in yeast as well as mammalian cells. This is in line with our findings where lack of
Ykt6 leads to a delay in cell division that corresponds to an increased cell size due to increased
protein synthesis.
How does the lack of Ykt6 increase protein synthesis? Based on our transcriptomic data,
SAT1, a key catabolic enzyme in polyamine biosynthesis is down-regulated upon Ykt6
knockdown. Spermidine is required for the activation of the eukaryotic initiation factor (elF5A),
a major translation factor (Park, 2006). Depletion of polyamines leads to translation arrest and
therefore cell growth delay/arrest (Mandal, Mandal, Johansson, Orjalo, & Park, 2013).
Therefore, the cell compensates, the lack of Ykt6 by down-regulating SAT1, which in turn
would prevent the catabolism of spermidine and spermine and lead to increased protein
synthesis. Strikingly, our results from the metabolic profiling of Ykt6 KD revealed that the
polyamines: putrescine, spermidine, spermine and, amino acids: arginine and ornithine
involved in polyamine biosynthesis, are down-regulated upon Ykt6 knockdown (Manuscript
IV, Figure 5D). Lack of polyamines leads to G1 delay during the cell cycle progression (Ray,
Zimmerman, Mccormack, Patel, & Johnson, 1999). If the G1 delay observed with Ykt6 KD is
due to a deficiency in polyamines, then polyamines should be able to rescue the Ykt6 KD
phenotype. Indeed, we identified that putrescine, but not spermidine or spermine, partially
rescued the growth effects of Ykt6 KD (Manuscript IV, Figure 6A, B). If the cells require
spermidine and spermine, then why does only putrescine rescue the viability? Adding
spermidine and spermine decreased the viability of the cells in both control and Ykt6 KD cells.
Although polyamines are provided externally, the cells govern their uptake and transport.
Polyamine levels are tightly regulated at the entry and exit of the cell by a combination of
synthesis, catabolism and transport. Interestingly, putrescine has a different transporter
(Uemura et al., 2008) in contrast to spermidine/spermine (Abdulhussein & Wallace, 2014).
Therefore, the upstream signals involved in the uptake of these polyamines could be different.
Moreover, spermidine and spermine are cytotoxic metabolites when provided in excess (Del
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Rio et al., 2018). Interestingly, in colon cancer cells, polyamine depletion favoured uptake of
putrescine rather than spermidine (Corral & Wallace, 2020). The uptake of polyamines also
depends on the growth status of the cell. Interestingly, polyamine homeostasis majorly relies
on putrescine uptake and sustaining high levels of intracellular putrescine is crucial for G1 to
S phase transition during the cell cycle progression (Martin, Ilett, & Minchin, 1991). Therefore,
it is plausible that Ykt6 could be involved in the trafficking of the polyamine transporters based
on the cell growth status similar to the trafficking of leucine transporter under nutritional stress
(Saito et al., 2019). In agreement, lack of Ykt6 results in low polyamine levels that cause a
delay in the cell cycle, which can be partially rescued by supplementing putrescine. Therefore,
the cell is compensating for the lack of Ykt6 by stimulating the uptake of putrescine, since the
polyamine homeostasis majorly depends on putrescine.
Which signalling pathway is involved in stimulating the uptake of putrescine? Apart from
being a precursor metabolite for spermidine, putrescine could have an essential function on
its own which is not known so far. Polyamines coordinate with several signalling pathways to
promote cell growth and proliferation. Putrescine stimulates the mTOR signalling pathway and
therefore protein synthesis (Kong et al., 2014). Interestingly, depletion of polyamines by
overexpression of SAT1 inhibits cell proliferation and migration via Akt/GSK3β/β-catenin
signalling pathway in colorectal cancer cells (Wang et al., 2017). Polyamine depletion induces
PDK1 activity, activates Akt, which in turn has several downstream effects on cell growth and
proliferation. Since we identified PDK1 to phosphorylate Ykt6 in vitro and recruit Ykt6 to
membranes, we reasoned that the PDK1 signalling pathway could regulate Ykt6 to modulate
polyamine levels during cell cycle progression. Strikingly, we discovered that putrescine leads
to membrane recruitment of Ykt6 via the PDK1 signalling pathway. Therefore, Ykt6 could be
involved in mediating the trafficking of transporters involved in polyamine homeostasis during
cell cycle progression required for cell growth and proliferation.
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5. Summary of the findings and concluding remarks
In this study, we identified that Ykt6 regulates trafficking of Wnt proteins at the endosomal
levels and the lack of which causes low extracellular Wnt levels. Furthermore, we discovered
that lack of Ykt6 leads to lower polyamine levels, which could be due to the trafficking of the
polyamine transporters. Since Ykt6 is involved in the crucial trafficking role of growth factors
such as Wnt proteins and metabolites such as polyamines, the lack of Ykt6 leads to a delay
in cell cycle progression and proliferation. Ykt6 exists predominantly in the cytosol and gets
recruited to membranes to initiate fusion events. We also identified that phosphorylation of the
Ykt6 SNARE domain regulates its membrane recruitment and activity. The key findings of the
thesis are summarized as follows:
•

It was previously shown Ykt6 is required for exosomal Wnt secretion (Gross et al., 2012).
In this study, we aimed to understand at which step of Wnt trafficking does Ykt6 act. We
identified that the lack of Ykt6 led to an increase in Hrs-positive vesicles and reduced the
pool of PI3P containing late endosomes. Lack of Ykt6 led to a larger endosome in Rab5QL
assay, where Wg localized outside the endosomes closed to the membrane. Therefore,
lack of Ykt6 decreased Wg trafficking to late endosomes/MVEs. We also show that Ykt6
recycles Wg to the plasma membrane via Rab4 positive endosomes. Since Ykt6 is majorly
present in the cytosol, it gets recruited to membranes to initiate fusion events. We further
confirmed that Ykt6 attaches to the membranes via palmitoylation as revealed by the pulldown of palmitoylated proteins. Furthermore, we identified that de-acidification leads to
membrane recruitment of Ykt6. Therefore, we propose that Ykt6 could get recruited to deacidified compartments such as endosomes to traffic Wnt proteins and therefore
extracellular Wnt release.

•

We further identified that phosphorylation of the SNARE domain governs the membrane
recruitment of Ykt6. By mutating the conserved phosphorylated sites, we identified that
phosphorylated Ykt6 associates with membranes predominantly. Knockdown of Ykt6
leads to low Wnt secretion levels in humans and wing notches in Drosophila. However,
the knockdown phenotype of Ykt6 was rescued with overexpression of Ykt6-WT and the
non-phosphorylatable mutant, but not with the phosphomimicking mutant. Interestingly,
we found that the cellular levels of Ykt6 do not determine the membrane recruitment of
Ykt6, but rather an upstream stimulus involving modification of the SNARE domain.
Furthermore, we identified Ykt6 to be phosphorylated by PDK1 in vitro, which is an
essential nutrient-sensing pathway. Therefore, PDK1 could govern the conformational
switch of Ykt6 based on upstream metabolic cues.
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•

Since lack of Ykt6 leads to growth defects in vivo, we set out to investigate the growth
effects of Ykt6 in human cell culture. Our findings revealed that lack of Ykt6 leads to a
delay in cell growth and proliferation. Interestingly, by flow cytometry, we identified that
lack of Ykt6 increased the percentage of cells in the G1 phase which indicates a G1 delay
and reduced the percentage of cells in the mitotic phase which indicates a reduced mitotic
index. Therefore, Ykt6 has an essential role during cell cycle progression. Even though
Ykt6 is not differentially expressed or localized throughout the cell cycle phases, singlecell transcriptomic characterization revealed novel Ykt6-dependent genes involved in
membrane trafficking, cell cycle and metabolism. Interestingly, we identified SAT1, a key
metabolic enzyme involved in polyamine homeostasis to be down-regulated upon Ykt6 KD
specifically at the G1 phase. In line with this, all the metabolites/amino acids involved in
polyamine synthesis were present in lower levels with Ykt6 KD. It could be plausible that
Ykt6 is required for the trafficking of polyamine transporters similar to a study where Ykt6
traffics leucine transporter to the plasma membrane. Strikingly, one of the polyamines,
putrescine, a catalytic product of SAT1, was able to partially rescue the growth defects
caused by Ykt6 KD. Furthermore, putrescine led to membrane recruitment of Ykt6 in a
PDK dependent manner. Since PDK1 is a nutrient-sensing pathway, it could regulate the
membrane recruitment of Ykt6 to traffic growth factors such as Wnts or metabolites such
as polyamines essential for cellular growth and proliferation.

Taken together, Ykt6 is a crucial SNARE involved in the trafficking of growth factors or
cellular metabolites required during cell cycle progression. It acts at the crossroads of cell
growth and metabolism. Therefore, we propose that Ykt6 acts as a valve by trafficking
important cargoes to adapt to the metabolic requirements of the cell. Ykt6 can co-operatively
act together with several important signalling pathways to adapt to stressful situations in the
cell. For example, under stress situations, cells reshape the extracellular proteome and
surface proteins via unconventional protein secretion (UPS) mediated by the mTORC1GRASP55 signalling axis (Nuchel et al., 2021; Rabouille, 2017). This fits with the role of Ykt6,
where it is involved in the trafficking of Wnt proteins in nutrient-replete conditions and involved
in trafficking of leucine transporter to the PM under nutrient-depleted conditions (Gross et al.,
2012; Saito et al., 2019). The PI3K-Akt-mTOR axis and Wnt signalling axis are important
signalling pathways that are hyperactive in cancer. It is interesting to speculate if these
pathways regulate the activity of Ykt6 or if Ykt6 regulates these pathways. Indeed, the
signalling pathways and Ykt6 could be reciprocally regulated to adapt to the metabolic
demands of the cell. Several important questions remain regarding the exact mechanism by
which Ykt6 is recruited to different cellular compartments. The regulatory mechanism of Ykt6
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is not simple as in the case of other SNAREs. Ykt6 has several layers of regulations such as
phosphorylation and dephosphorylation that require coordination of several signaling
pathways that culminate to activate Ykt6. Why cells should coordinate or employ important
developmental pathways to activate a SNARE, still remains an exciting and puzzling question.
Unravelling these questions would open future perspectives on therapeutics based on the
activity of Ykt6. Due to its structural and functional flexibility, it has also been hijacked by
cancer cells or neuronal cell to promote metastasis or protein aggregates during
neurodegeneration respectively. The cancer cells or the neuronal cells activate Ykt6 by
recruiting it to membranes which could increase the trafficking of growth factors and
metabolites which in turn leads to unsupervised growth and proliferation. Moreover, the tumor
cells associated increased aggressiveness, metastasis and immune-inhibitory phenotypes
had a high expression of Ykt6 (Yang et al., 2021). In a similar fashion, farnesyl inhibitors or
other molecules can be employed to activate Ykt6 at the membranes to adapt to cellular stress
in a healthy cell. Ykt6 has the ability to co-ordinate extracellular nutritional status and
intracellular metabolic needs to promote metabolic homeostasis required for a proper cell
cycle progression. Therefore, Ykt6 could be activated in tissues or a system to sustain high
levels of Wnt or polyamines essential for cell growth and division. Furthermore, Ykt6 could be
used as a complementary drug target for cancer and neurodegenerative disorders to adapt to
cellular metabolic stress or a promising biomarker in aggressive metastatic tumours.
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µg

microgram

µl

microliter

AKAP12

A-kinase anchor protein 12

Akt/PKB

serine/threonine-protein kinase

AP2

Activator Protein 2

APC

Adenomatous polyposis coli

Atg1

Autophagy-related protein

ATPase

Adenosine triphosphate

BSA

Bovine serum albumin

C. elegans

Caenorhabditis elegans

CD

Cluster of differentiation

CDK

Cell-cycle dependent kinase

CDKN1A

Cyclin Dependent Kinase Inhibitor 1A

CPA4

Carboxypeptidase A4

Cys

Cysteine

DAPI

4’,6’–Diamidino-2-phenylindole

DMEM

Dulbecco’s Modified Eagle Medium

DNA

Deoxyribonucleic acid

EE

Early endosome

elf5A

eukaryotic translation initiation factor 5A

ER

Endoplasmic reticulum

ESCRT

Endosomal sorting complexes required for transport

EV

Extracellular vesicle

FACS

Fluorescence-activated cell sorting

FBS

Fetal bovine serum

FITC

Fluorescein isothiocyanate

FTL

Ferritin Light Chain

GMPPA

GDP-Mannose Pyrophosphorylase A

GSK3

Glycogen synthase kinase 3

GTPase

Guanosine triphosphate
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hours

HINT1

Histidine Triad Nucleotide Binding Protein 1

HRS
IFI6

Hepatocyte growth factor-regulated
substrate
Interferon Alpha Inducible Protein 6

ISG15

Interferon-stimulated gene 15

KD

Knockdown

kDa

Kilodalton

LE

Late endosome

LLG2

LLGL Scribble Cell Polarity Complex Component 2

LRP5/6

Lipoprotein receptor-related protein 6

Marcks

Myristoylated alanine-rich C-kinase substrate

min

minutes

mTOR

Mammalian target of rapamycin

MVB

Multi-vesicular body

NFkB
Nrf2

Nuclear factor ‘kappa-light-chain-enhancer’ of activated Bcells
Nuclear factor-erythroid factor 2-related factor 2

PBS

Phosphate-buffered saline

PH

Pleckstrin homology

PI3K

Phosphatidylinositol 3‑kinase

PIP2

Phosphatidylinositol-4,5-bisphosphate

PIP3

Phosphatidylinositol-3,4,5-trisphosphate

PKC

Protein kinase C

PM

Plasma membrane

PRSS3

Serine Protease 3

PTEN
Rac-1

Phosphatase and Tensin Homolog deleted on Chromosome
10
Ras-related C3 botulinum toxin substrate 1

RalA

Ras-related protein Ral-A

Ras

Rat sarcoma virus

RPL13A

Ribosomal Protein L13a

RT

Room Temperature

Rtk

Receptor Tyrosine Kinase

tyrosine

kinase
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SET

SET Nuclear Proto-Oncogen

siRNA

Small interfering RNA

SLC7A5

Solute Carrier Family 7 Member 5

Snap29

Synaptosome Associated Protein 29

SNARE
SNX3

Soluble
N-ethylmaleimide-sensitive-factor
receptor
Sorting nexin-3

STMN1

Stathmin 1

Stx17

Syntaxin 17

TCF/LEF

T cell factor/lymphoid enhancer factor family

TGFβ

Transforming growth factor beta

TNFα

Tumor-necrosis factor α

Tsg101

Tumor Susceptibility 101

TSPAN3

Tetraspanin 3

UT

Untreated

VAMP7

Vesicle Associated Membrane Protein 7

VPS

Vacuolar protein sorting

VTPase

Vacuolar-type ATPase

Wg

Wingless

Wnt

Wingless-related integration site

Wnt/STOP

Wnt-dependent stabilization of protein

attachment
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