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Abstract

Cells from bacteria to man release extracellular vesicles (EV) such as microvesicles
(MV) that carry signaling molecules like morphogens and miRNAs to control intercellular
communication during health and disease. MV release also sculpts membranes, e.g. repairing
damaged membranes to avoid cell death. HIV viruses also bud from the plasma membrane in
a similar fashion. In order to determine the in vivo functions of M Vs and regulate their release,
we need to understand the mechanisms of MV release by plasma membrane budding
(ectocytosis).

The conserved phospholipid flippase TAT-5 maintains the asymmetric localization of
phosphatidylethanolamine (PE) in the plasma membrane and was the only known inhibitor of
ESCRT-mediated ectocytosis in C. elegans. Loss of TAT-5 lipid flipping activity increased
the externalization of PE and accumulation of MVs. However, it was unclear how cells control
TAT-5 activity to release the right amount of MVs at the right time, since no upstream
regulators of TAT-5 were known.

To identify conserved TAT-5 regulators we looked for new proteins that inhibit MV
release. To do so, we first developed a degradation-based technique to specifically label MVs.
We tagged a plasma membrane reporter with the endogenous ZF1 degradation tag (degron)
and expressed it in C. elegans embryos. This reporter is protected from degradation inside
MVs, but is degraded inside the cell. Thus, the fluorescence is selectively maintained inside
MVs, creating the first MV-specific reporter. We identified four MV release inhibitors
associated with retrograde recycling, including the class III PI3Kinase VPS-34, Beclinl
homolog BEC-1, Dnal protein RME-8, and the uncharacterized Dopey homolog PAD-1. We
found that VPS-34, BEC-1, RME-8, and redundant sorting nexins are required for the plasma
membrane localization of TAT-5, which is important to maintain PE asymmetry and inhibit
MV release. Although we confirmed that PAD-1 and the GEF-like protein MON-2 are
required for endosomal recycling, they only traffic TAT-5 in the absence of sorting nexin-
mediated recycling. Instead, PAD-1 is specifically required for the lipid flipping activity of
TAT-5 that inhibits MV release.

Thus, our work pinpoints TAT-5 and PE as key regulators of plasma membrane
budding, further supporting the model that PE externalization drives ectocytosis. In addition,
we uncovered redundant intracellular trafficking pathways, which affect organelle size and
revealed new regulators of TAT-5 flippase activity. These newly identified ectocytosis

inhibitors provide a toolkit to test the in vivo roles of MVs. In the long term, our work will



help to identify the mechanisms that govern MV budding, furthering our understanding of the
mechanisms that regulate disease-mediated EV release, membrane sculpting and viral

budding.



Zusammenfassung

Zellen von Bakterien bis zum Menschen produzieren Extrazellulidre Vesikel (EV) wie
zum Beispiel Mikrovesikel (MV). MV koénnen Signal Molekiile wie Morphogene und miRNA
transportieren, welche die normale oder krankheitsbedingte interzellulire Kommunikation
kontrollieren. Bei der Produktion von MVs werden Membranen verformt, wie auch fiir die
Reparatur von beschiddigten Membranen um den Zelltod zu verhindern. Auflerdem knospen
HIV-Virus Partikel von der Plasma Membrane durch eine dhnliche Art und Weise. Um zu
verstehen welche in vivo Funktion MV haben, miissen wir die Mechanismen der MV
Knospung von der Plasma Membran (Ektozytose) verstehen.

Die konservierte Phospholipid Flippase TAT-5 hilt die asymmetrische Verteilung von
Phosphatidylethanolamine (PE) in der Plasma Membrane aufrecht und war der einzig
bekannte Inhibitor der von ESCRT Proteinen durchgefiihrten Ektozytose in C. elegans. Wenn
die Lipid-flippende Funktion von TAT-5 verloren geht, wird PE externalisiert und MV
sammeln sich auflerhalb der Zelle an. Allerdings ist es unklar mit welchen Mechanismen die
Aktivitdt von TAT-5 reguliert wird um die richtige Menge an MV zur richtigen Zeit zu
produzieren, da die vorgeschalteten Regulatoren unbekannt sind.

Um konservierte TAT-5 Regulatoren zu identifizieren suchten wir nach neuen
Proteinen, die die Produktion von MV inhibieren. Dazu entwickelten wir eine Degradations-
Technik um MV spezifisch zu kennzeichnen. Wir markierten einen fluoreszierenden Plasma
Membran Marker mit dem endogenen ZF1 Degradations-Kennzeichen (Degron) und
exprimierten es im C. elegans Embryo. Der Marker wird vor der Degradation geschiitzt, wenn
er in einem MV von der Zelle ausgesondert wurde. Dadurch bleibt die Fluoreszenz speziell in
MYV erhalten, wihrend sie innerhalb der Zelle abgebaut wird. Dadurch wurde die Sichtbarkeit
von ausgeschiitteten MV erh6ht. Wir fanden vier Proteine, welche mit Protein Recycling in
Verbindung gebracht werden, die die Ausschiittung von MV verhindern: Class III PI3Kiase
VPS-34, Beclinl Homolog BEC-1, DnaJ Protein RME-8 und das nicht néher charakterisierte
Dopey Homolog PAD-1. Wir benutzten dieses Set an Proteinen, um zu testen ob und wie
diese TAT-5 regulieren konnen. Wir fanden, dass Class 111 PI3Kinase, RME-8 und redundante
Sorting Nexins fiir die Plasma Membran Lokalisierung von TAT-5 verantwortlich sind, was
wichtig ist um die PE Asymmetrie aufrecht zu erhalten und die MV Produktion zu verhindern.
Wenn auch PAD-1 und das GEF-dhnliche MON-2 fiir endosomales Recycling verantwortlich

sind, regulieren sie die Lokalisation von TAT-5 nur in Abwesenheit von Sorting Nexins-



reguliertem Transport. Zudem scheint PAD-1 direkt fiir die Lipid Translokations-Aktivitét
von TAT-5 verantwortlich zu sein.

Demnach konnten wir zeigen, dass TAT-5 und PE Schliisselregulatoren fiir MV
Produktion sind, was weiterhin die Ansicht unterstiitzt, dass PE Externalisierung fiir die
Ektozytose verantwortlich ist. AufBlerdem fanden wir, dass redundante intrazelluldre
Transportwege fiir die Grofle von Organellen verantwortlich sind und deckten neue TAT-5
Aktivitdts-Regulatoren auf. Diese neu aufgedeckten Ektozytose Inhibitoren konnten
Werkzeuge sein um die in vivo Funktionen von MV zu testen. Langerfristig kann unsere
Forschung dazu beitragen die Mechanismen der MV Produktion zu identifizieren und die
Regulation wihrend der krankheitsbedingten EV Produktion, der Membrane Reparatur und

der Virus Knospung besser zu verstehen.
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1. Introduction

1.1. Extracellular vesicles

Extracellular vesicles (EVs) are released fragments of cells wrapped in a lipid bilayer
membrane. They are released by all cell types examined so far from archaea, bacteria, protists,
fungi, plants and animals'~®. EVs contain different cargo molecules like proteins, microRNAs,
non-coding RNAs, and mRNAs, which can be internal cargo or exposed on the EV surface’.
Consequently, there are a variety of EVs released by cells with numerous potential functions.
EVs can transfer signals between cells and have important functions during intercellular or even
interspecies communication®!?, For example, EVs released from C. elegans neurons induce
male mating behaviors'?, while male flies release EVs that reduce female re-mating behavior
in Drosophila'3. This shows EVs can carry signals from one animal to the other in vivo. EVs
can mediate intercellular communication to influence development, homeostasis and

7,14,15

disease , including cancer and infections!®~!?. EVs were also found in the interface of plants

and symbiotic fungi where photosynthates and minerals are exchanged>:!!-2

, suggesting that
EVs transfer molecules between different species. EV release can also be used to remove and
repair membrane damage or to remove toxic aggregates to avoid cell death?!-2*, Because of
these diverse functions in cell signaling and beyond, EVs are of broad interest.

In addition to their physiological roles, EVs are also appreciated in the clinic as new
diagnostic and therapeutic tools. EVs represent a new source of clinical biomarkers that can
provide information on the disease state of the patient?>2%. EVs are present in easily extracted
human biofluids, including blood, spinal fluid, or urine. These EVs can be enriched in disease-
specific markers and may enable cancer detection or disease monitoring®®. As EVs can transmit
signals by presenting a signal molecule on the cell surface or after endocytic uptake by a target
cell”1%14 EVs are also being developed as a new drug delivery system?. In contrast to the
previously used vesicle delivery systems that contain artificial membranes (liposomes), the use
of extracted EVs opens up the possibility to develop vesicles with a membrane content closer
to the native membrane of the patient*’. This may enhance the efficiency of providing drugs to
a specific subset of cells or modulating the immune response. Given these diagnostic and
therapeutic potentials of EVs, understanding how they are produced and how they interact with

cells is of great clinical interest.



1. Introduction

1.1.1. Extracellular vesicle subtypes: Exosomes and Microvesicles

EVs are broadly separated into two classes based on their organelle of origin”-'4. The
first class are exosomes, which are derived from endosomes. Inward budding of the limiting
endosomal membrane results in the formation of internal intraluminal vesicles (ILV) (Fig. 1).
An endosome with multiple ILVs is called a multivesicular body (MVB). Fusion of an MVB
with the plasma membrane (i.e. exocytosis) releases ILVs, which are then called exosomes (Fig.
1). Both ILVs and exosomes typically range from 30-100 nm in diameter. As ILVs are found
in different types of endosomes, lysosomes, and lysosome-related organelles, which can all fuse
with the plasma membrane, there are multiple types of exosomes released by cells’.

The second class of EVs, microvesicles (MVs), form by direct budding of the plasma
membrane into the extracellular space (Fig. 1), a process called ectocytosis. For this reason,
MVs are also known as ectosomes, but have also been given a variety of names, including
microparticles and blebbing vesicles’. MVs were originally described as blebs released from
activated platelets that promote coagulation®!. Migrasomes are a class of MVs released during
cell migration that are large enough to transport internal vesicles®?. Similarly, apoptotic bodies
released from dying cells are also large MVs (up to 5 pm) that are released due to altered
membrane tension®3. In contrast, Arrestin-domain-containing protein 1 (ARRDC1)-mediated
MVs (ARMMs) are the size of exosomes (~50 nm in diameter), but still bud directly from the
plasma membrane’#3°, Thus, although M Vs tend to be bigger than exosomes, MVs vary in size
(30 nm-5 um) and are a particularly diverse group of plasma-membrane derived EVs with many
specialized MV subtypes’!43°,

Differential centrifugation protocols and size measurements are the popular way to
separate exosomes from MVs*. However, it is difficult to distinguish exosomes from MVs once
they are released from a cell due to their heterogeneity in size and content’. Furthermore, the
markers used for their identification are heterogeneous among exosomes and MVs. For
example, exosomes are typically detected in vivo by the tetraspanin proteins on their surface,
but tetraspanins are also found on the plasma membrane and on MVs*!. Thus, exosomes and
MVs can be similar in size and content, and current methods cannot fully separate the two types
once they are released from cells!'?. For this reason, it is not uncommon to see EVs referred to
as exosomes when the authors are studying a mixed population of small EVs’*’, This is also
the reason why it is not clear in most studies whether a certain effect is caused by exosomes or
MVs. Thus, the development of specific markers for exosomes or MVs is important to clarify

the functional differences between exosomes and MVs.
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Microvesicle

MVB

Exosomes

Fig. 1: The two types of extracellular vesicles. EVs released by direct budding of the plasma
membrane are called microvesicles. EVs released by the fusion of a multivesicular body (MVB) with
the plasma membrane are called exosomes. To form MVBs, endosomes must first bud vesicles into their
lumen, called intraluminal vesicles (ILVs). Image modified from Beer and Wehman, Cell Adh Migr
2017 .

1.2. Mechanisms of extracellular vesicle release

To examine the functions of EVs in vivo, it is important to expeimentally control the
formation of EVs. To finally tell apart the functions of exosomes versus MVs, it is important
to alter the formation of just one of the two subtypes in vivo. Thus, it is important to understand
which mechanisms are used to release exosomes and MVs. Many reviews have focused on the
biogenesis pathways that govern the various steps of exosome formation’>*3# building on
decades of studies on the mechanisms of MVB formation or regulated exocytosis**#2. In
contrast, the mechanisms of MV release are much less understood, with insights coming from
studies on viruses, which can also bud from the plasma membrane*3.

The release of exosomes and M Vs is regulated by common and distinct molecules. The
initial vesicle formation process occurs with the same topology (budding away from the
cytoplasm) for both ILVs and MVs (Fig. 2A), suggesting that similar mechanisms are required
for the formation of both exosomes and MVs. To initially form a vesicle, membrane-sculpting
proteins like the ESCRT complex are required to induce membrane curvature either at the
endosomal membrane for ILV budding or to curve the plasma membrane for MV budding (Fig.
2B-C). After the formation of a curved membrane, ESCRT proteins are also needed for scission
to release ILVs into the endosome lumen or to release MV outside the cell. Protein regulators

that are more likely to be specific for exosome release include proteins required to traffic MVBs
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to the plasma membrane, to tether MVBs to the plasma membrane, and to fuse MVBs with the
plasma membrane (Fig. 2D). The following sections contain a summary of proteins known to

be involved in EV formation.
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Fig. 2: Mechanisms of MV release. A) Both types of EVs use the same budding topology, e.g. budding

away from the cytoplasm on the plasma membrane for MVs (B), or on endosomes to form ILVs for
exosomes (C). B) Plasma membrane budding away from the cytoplasm to form MVs requires the
ESCRT complex and Rab GTPases. Lipids also play an important role in microvesicle budding, with
phosphatidylinositols in the cytosolic leaflet recruiting membrane-sculpting proteins and cone-shaped
phosphatidylethanolamine in the extracellular leaflet inducing membrane curvature. C) The budding of
ILVs into MVBs also requires Rab and Ral family GTPases, as well as the ESCRT complex. C) MVBs
fuse with the plasma membrane to release exosomes with the help of Rab and Ral GTPases, SNARE
proteins and the V-ATPase. Image from Beer and Wehman, Cell Adh Migr 2017".

1.2.1. ESCRT controls intraluminal vesicle and microvesicle budding

The Endosomal Sorting Complex Required for Transport (ESCRT) is one of the few
membrane-sculpting complexes that bends membranes away from the cytoplasm**, the
topology needed for EV release. ESCRT-0 engages and clusters ubiquitinated cargo and recruits
ESCRT-I and ESCRT-II to the bud site. ESCRT-I and ESCRT-II curve membranes and recruit
ESCRTH-III. Finally, the ESCRT-III complex forms a coil that is thought to pull the bud neck
together, leading to scission and release of the vesicle (Fig. 2B-C). The disassembly factor
VPS4 is an ATPase that is also responsible for the collapse of ESCRT-III coils to promote

scission and to disassociate the ESCRT subcomplexes from the membrane**6, Some ESCRT
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proteins are also found in released EVs'4, suggesting that ESCRTSs are trapped in EVs after
scission and implicating ESCRT in EV release.

ESCRT was first discovered for its role in forming ILVs, the precursors to exosomes
(Fig. 2C). Consistently, a C. elegans screen identified 10 ESCRT proteins important for
exosome biogenesis*’, based on defects in alae formation, a process which requires exosome
secretion from seam cells*®. These include an ESCRT-0 subunit (HGRS-1), ESCRT-I subunits
(VPS-32, VPS-25, VPS-36), ESCRT-II subunits (VPS-22, VPS-25, VPS-36), ESCRT-III
subunits (VPS-20, VPS-32), and the ATPase VPS-4*7. These findings support the role of all
ESCRT subcomplexes in exosome biogenesis. ESCRT components also have important

749:30 " consistent with a conserved

functions in exosome biogenesis in flies and mammalian cells
role of ESCRT in exosome biogenesis.

In addition to ILV budding, the ESCRT machinery also has a conserved role at the
plasma membrane to orchestrate MV budding (Fig. 2B). All ESCRT subcomplexes are required
for the release of MVs from Drosophila, while VPS4 and the ESCRT-I subunit TSG101 have
been shown to be required for MV budding from cultured mammalian cells®*>#+>!. In C. elegans
embryos, ESCRT proteins are recruited to the plasma membrane and mediate the release of
MVs>2, This study showed that ESCRT-I (TSG-101) and ESCRT-III (VPS-32) were increased
at the plasma membrane when MV budding was increased. Depleting proteins from the
ESCRT-0 (HGRS-1, STAM-1) or ESCRT-I (TSG-101, VPS-28) subcomplexes significantly
suppressed MV release, demonstrating that ESCRT proteins are required for plasma membrane
budding in C. elegans embryos. Thus, the ESCRT pathway has conserved functions in plasma
membrane budding to release MVs.

Viruses can hijack the ESCRT complex to produce virions by budding from the
endosome membrane like an ILV or from the plasma membrane like MVs(reviewed in*3-?%).
Gag proteins from different viruses directly recruit the ESCRT-I subunit TSG101 and ESCRT
accessory factor Alix to the site of virus formation. ESCRT-III and VPS4 are also recruited to
the virus bud site prior to virus release. Thus, viruses can hijack mechanisms used for exosome
and MV formation, which suggests that identifying the mechanisms of EV release will also
provide insights into the mechanisms of virus particle formation.

Although the ESCRT machinery plays a significant role in EV release, there is also
evidence that both exosomes and MVs can be formed by ESCRT-independent mechanisms. In
C. elegans embryos or Drosophila gland cells, depletion of ESCRT proteins did not completely

13,52

suppress MV or exosome release '~~-. Thus, additional mechanisms must exist to bud ILVs and

MVs independent of ESCRT proteins. Because of these redundancies, depletion of ESCRT
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subunits is unlikely to completely block EV formation. Furthermore, ESCRT depletion is likely
to disrupt exosome and MV release, making it impossible to differentiate the in vivo roles of
MV from exosomes. Thus, it is important to identify new upstream regulators that specifically

control the formation of MVs.

1.2.2. Rab GTPases control exosome and microvesicle release

Several Rab family GTPases have been implicated in EV release, including Rab2, Rab7,
Rabl1, Rab27, or Rab35. The Rab family of small GTPases are universal vesicle trafficking
regulators acting at multiple steps of membrane trafficking like vesicle formation, motility and
fusion®*. Rabs are attached to membranes of distinct organelles®, where they interact with
different proteins. Rabs are activated by guanine nucleotide exchange factors (GEFs) that
switch GDP for GTP, forming distinct domains of activated Rabs that can then recruit other
effectors>*>, Thus, Rab proteins are often known to be required for the maturation of

endosomes or phagosomes>®>’

. For example Rab5 localizes to early endosomes and recruits the
Phophatidylinositol-3-kinases, which in turn produces PI3P on endosomal membranes that is
required for early endosome fusion and the recruitment of many more effectors>°8. Due to their
diverse functions, Rabs are likely to affect many steps of EV formation.

Rab2 acts on the Golgi and endosomal membranes and is required for endosomal
trafficking pathways>-°!. Rab2 activity promotes the fusion of lysosomes with late endosomes

and is therefore required for endosomal maturation and degradation%?-63

. Thus, Rab2 is normally
required for the degradation of MVBs. Knocking down Rab2 has been shown to increase EV
release in cultured mammalian cells®. Tt is proposed that disruption of lysosomal degradation
of MVBs can boost MVB fusion with the plasma membrane and therefore increase exosome
release’. However, close studies describing how Rab2 inhibits EV formation are still lacking.

Rab7 is an endosome maturation factor required for exosome release. Rab7 is involved
in trafficking between early endosomes and lysosomes and is associated with late endosomes
and MVBs®. In Drosophila, knocking down Rab7 or expressing a dominant-negative version
of Rab7 in secretory gland cells disrupts exosome release!®. Rab7 is also required for the
secretion of microRNAs in EVs from cultured mammalian cells®®. Thus, Rab7 plays a
conserved role in exosome biogenesis in C. elegans, Drosophila, and mammals.

The small GTPase Rab11 plays an important role in both exosome and MV biogenesis'“.
Rabl1 is best known for its role in trafficking membrane cargo between recycling endosomes

and the plasma membrane®”-%%, but Rab11 was also shown to be required for an unknown step

in MVB fusion with the plasma membrane in cultured human cells ®-7°. Similarly, expressing
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a dominant-negative version of Rab11 disrupts exosome release from Drosophila gland cells!>.
Rabl1 thereby regulates exosome release by promoting MVB tethering, MVB docking, or
MYVB fusion with the plasma membrane. Rab11 has also been implicated in plasma membrane
budding. Depletion of RAB-11 in C. elegans embryos dramatically reduced MV release’?.
RAB-11 was also released inside MVs*2, suggesting that RAB-11 localizes to budding sites and
is required for MV biogenesis. Viruses can also bud from the plasma membrane using a Rab11-
binding protein’!. Intriguingly, this occurs independent of ESCRT proteins, suggesting that
Rabll defines an ESCRT-independent budding pathway. Thus, RAB-11 is a conserved
regulator of exosome, MV and viral release, although its precise role is unclear.

Rab27 is involved in exosome release through its role in MVB fusion. Rab27 localizes
to late endosomes and lysosome-related organelles, including MVBs4, and regulates the fusion
of lysosome-related organelles with the plasma membrane’>. MVB fusion and exosome release
are decreased after Rab27A/B knockdown in mammalian cells and its ortholog AEX-6 in C.

4764 This suggests that Rab27 has important roles in the formation of exosomes.

elegans
However, Rab27 may also have a role in plasma membrane budding. Rab27 has recently been
shown to regulate the trafficking of lipid regulators like PI4KlIla to the plasma membrane via
endosome fusion’3, and is thereby required for viruses to assemble on the plasma membrane at
phosphoinositide-rich microdomains. These data could indicate a role for Rab27 in MV
budding, but to date Rab27 is only thought to regulate exosome release.

Rab35 is an endosomal recycling factor required for exosome release. Rab35 is involved
in a parallel recycling pathway to Rab11 and helps traffic endosomes to the plasma membrane’.
In Drosophila, Rab35 RNAI disrupted exosome release from male gland cells'®. Similarly,
expressing dominant-negative Rab35 or knocking down Rab35 levels results in decreased
exosome release in cultured mammalian cells, due to failed fusion of MVBs with the plasma
membrane’>. Thus, Rab35 is likely to regulate exosome biogenesis by its role in MVB
trafficking, tethering, or docking.

Taken together, different Rab proteins can control the release of exosomes and MV at
multiple steps. The precise mechanisms of how Rab proteins regulate the formation of EVs and

which Rab effectors are involved in EV formation needs to be determined.

1.2.3. SNARESs, V-ATPase and RAL-1 are only implicated in exosome formation
Another class of proteins that may be preferentially required for exosome release are
SNAP receptors (SNAREs). SNARE proteins mediate the tethering and fusion of vesicles’s.

They are found on endosomes and the plasma membrane and have been implicated in the
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release of exosomes (Fig. 2D). For example, the vesicular SNARE (v-SNARE) vesicle-
associated membrane protein 7 (VAMP7) is required for MVB fusion to the plasma membrane
and the release of exosomes *-"7. The target SNARE (t-SNARE) Syntaxin3 is better known for
mediating vesicle fusion in ER-Golgi trafficking’®, but in C. elegans syntaxin 5 (SYX-5) is also
required for the fusion of MVBs with the plasma membrane to release exosomes*’. V-SNAREs
and t-SNAREs are also required for the release of exosomes in Drosophila, including the
synaptobrevin homologue Ykt6 and the syntaxin Syx1a**’°. This shows that SNARESs regulate
exosome release in many systems.

Furthermore, the vacuolar ATPase (V-ATPase) was shown to be required for the release
of exosomes, probably by regulating MVB tethering or fusion (Fig. 2D). The V-ATPase is an
ATP-dependent proton pump conserved in all eukaryotes, consisting of the transmembrane VO-
complex and cytoplasmic V1 complex®’. The V0, and maybe the V1 complex were found to be
required for fusion of MVBs with the plasma membrane and exosome release*®*’. The V-
ATPase also binds to Syx1la in Drosophila, which is required for the release of exosomes’3!,
Thus, the V-ATPase may also interact with SNARESs to mediate exosome release.

Lastly, the small GTPase RAL-1 is a conserved regulator of vesicle tethering and
fusion®?, which was identified to be required for MVB fusion to the plasma membrane and
therefore exosome release*’. Loss of RAL-1 also resulted in fewer MVBs and fewer ILVs per
MVB, in addition to reduced MVB fusion and thereby less secretion of exosomes. However,
MYVB tethering to the plasma membrane was not disrupted. Thus, RAL-1 is likely to act in
multiple steps of exosome biogenesis.

The aforementioned proteins regulate MVB trafficking and plasma membrane fusion
and are therefore known to regulate exosome release. However, membrane proteins also require
vesicular trafficking from endosomes to reach the plasma membrane®3, so trafficking factors
would also be expected to have a role in MV formation. Taken together, although many
exosome release mechanisms are known, we still lack a mechanism that specifically controls

MYV release, which would allow us to study the in vivo roles of MVs.

1.3. Membrane lipids and extracellular vesicle release

Since EV formation involves the bending of membranes, it is not surprising that the
lipid content and distribution in the membrane can also have important roles in regulating EV
budding’. Membranes consist of a mixture of many different lipid species organized in a bilayer
with the hydrophilic headgroup facing the cytosol and the hydrophobic acyl chains facing the

center of the bilayer. Due to their different shapes and charges, different lipids can also form
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nanodomains that change the biophysical and biochemical properties of a membrane®*#, Such
lipid domains are implicated in the formation of ILVs on endosomes as well as MV budding
from the plasma membrane’!#¢, Different lipids also have different binding partners®’, and can
therefore be involved in the recruitment of sculpting proteins to membrane budding sites®®.
Thus, lipid content and distribution are also likely to regulate EV release.

Eukaryotic membranes consist of three major lipid classes: glycerophospholipids,
sphingolipids and sterols®*. Glycerophospholipids are the major structural lipids in eukaryotic
membranes. Glycerophospholipids are amphipathic, containing a hydrophilic headgroup that
consists of a glycerol and phosphate as well as a tail that typically consists of two hydrophobic
fatty acyl chains, which vary in length and saturation. Glycerophospholipids with only one acyl
chain occur less frequently and are called lysophospholipids. The major glycerophospholipids
in biological membranes are phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidic acid (PA) and phosphatidylinositol (PI). Sphingolipids
are another class of structural membrane lipid with a ceramide as their hydrophobic backbone.
The two major types of sphingolipids in addition to ceramide are sphingomyelins (SM) and
glycosphingolipids. Sterols are relatively non-polar lipids, with cholesterol predominant in
animals. While glycerophospholipid species are present in all organelles, cholesterols and
sphingolipids are predominantly localized to the plasma membrane to resist mechanical stress®*.
Consequently, there is a variety of lipids that can impact the formation of EVs.

Alterations in lipid composition is a broadly discussed model for regulating membrane
curvature®°, One hypothesis about how lipids can cause membrane curvature directly, is by
selectively increasing the amount of lipids in one monolayer which creates an overhang in one
bilayer®®. Additionally, lipids can come in different shapes which also have an impact on
membrane curvature. Cylindrical lipids like PS and PC form a flat bilayer®>?, while conical
lipids like PE and PA have a small headgroup that can move closer together, which creates a
negative curvature in a microdomain enriched in conical lipids. Inverted conical lipids like PI
species have bigger headgroups that move more apart and promote a positive curvature. As a
consequence, conical and inverted-conical lipids are the most effective to deform membranes®>.

In this section, we will discuss how different lipids are thought to control EV formation.

1.3.1. Cholesterol, sphingolipids and phosphoinositides control extracellular vesicle
formation
Cholesterols are enriched in the plasma membrane and in the membranes of ILVs and

EVs#2192 suggesting that cholesterols could have important functions in both exosome and
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MYV formation. Pharmacological depletion of cholesterol in neutrophils decreases the formation
of MVs”, while loading human monocytes with cholesterol accelerates MV release®. This
demonstrates that cholesterol has an important role in MV release, but whether cholesterol also
functions in exosome release remains to be determined.

Ceramide is one of the main sphingolipids in the plasma membrane and intracellular
membranes®>. The enzyme neutral sphingomyelinase (nSMase) hydrolyzes cone-shaped
sphingomyelin lipids to a conical ceramide, which is thought to induce membrane curvature for
vesicle biogenesis®. Indeed, ceramide produced by nSMase is required for ILV budding
independent of the ESCRT complex in mouse cell culture®’. Inhibitors of ceramide biosynthesis
are therefore commonly used to inhibit exosome biogenesis in numerous systems®®. Thus, the
turnover of sphingomyelin to ceramide is a mechanism that induces membrane budding on
endosomes.

Sphingolipids are also implicated in MV release. Formation of ceramide on the outer
layer of the plasma membrane causes increased MV budding from glia cells?®. Knockdown of
the secreted acid SMase (aSMase) in fly wing discs also caused increased EV release and Hh
signaling in vivo”. However, increased MV shedding from epithelial cells was also seen after
pharmacological inhibition of nSMase that inhibited exosome release, suggesting that
inhibition of nSMase can have opposite effects on exosome and MV release®. However, it is
not clear whether this is a direct cause of nSMase depletion or compensation for decreased
exosome release. Thus, sphingomyelinases and sphingolipids can regulate ILV budding from
the cytosol or MV release when they are found in the endosomal lumen or on the outer surface
of the plasma membrane, hinting that asymmetric changes to lipids are a key regulator of EV
release.

PIs are a minor lipid species with major roles in intracellular signaling and vesicular
trafficking!?%1%!, PI can be phosphorylated on three different positions, leading to an array of
different binding partners®’. Specific kinases and phosphatases alter the phosphorylation of PI

species and thereby help mature endosomes!%?

. The localization of different PI species denotes
the identity of organelles, helping to recruit the right proteins to the right organelle at the right
time. For example, the FYVE domain of Hrs recognizes PI3P and recruits ESCRT-0 and
ESCRT-I to endosomal membranes for ILV formation'®®, which influences exosome
biogenesis. The ESCRT proteins are also required for MV budding in C. elegans®?, which is
also likely depend on their recruitment by PI species. Thus, PI species generally regulate EV

release by recruitment of budding regulators like the ESCRT complex.
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1.3.2. Lipid asymmetry affects membrane curvature and extracellular vesicle release

Lipids are asymmetrically distributed between the two membrane layers!'®4.

In
eukaryotic cells, PC, SM and glycosphingolipids are mostly present in the exoplasmic leaflet
of the plasma membrane. In contrast, PE, PS, PI (and its derivatives) and PA are mostly found
on the cytoplasmic layer of the membrane bilayer. Cholesterol is the only lipid that is relatively
symmetrically distributed!®>. By local concentration of cone-shaped phospholipids in one
bilayer, negative membrane curvature can be induced®. Thus, the regulation of lipids in
membrane bilayers can induce vesicle formation. Indeed, EVs are associated with a loss of lipid
asymmetry. MVs have altered lipid asymmetry, where PS and PE are often externalized and
found on the outer surface of the vesicle bilayer (Fig. 2B)!%6197, This observation suggested that
either budding disrupts lipid asymmetry or that lipid asymmetry plays a role in MV release.
Some exosomes also externalize PS!%%1%° suggesting that lipid asymmetry is also regulated on
the MVB during ILV formation. Thus, the regulation of lipid asymmetry is likely to be
important for EV biogenesis or function.

110
b

While cholesterol can translocate between bilayers rapidly phospholipid
translocation can take hours or even days to occur spontaneously®*. Three classes of transporters
are known to accelerate lipid translocation: scramblases, floppases, and flippases (reviewed in
HI-14) "Examples of these transporters have also been linked to EV release.

Scramblases are bidirectional lipid transporters that destroy membrane asymmetry.
They are activated by high Ca?* concentrations and are energy-independent''>. Several families
of transmembrane proteins have been proposed to be a scramblase responsible for randomizing
phospholipids, including GPCRs, SCRM, and XKR proteins, and anoctamins'!¢-!'8, However,

12 The anoctamin

it is not yet clear how these proteins scramble lipids, also called lipid flip-flop
TMEMI6F is of particular interest, because it responds to calcium by initiating PS and PE
exposure, inducing MV budding, and promoting platelet coagulation''®. Humans with
mutations in TMEM16F develop Scott syndrome, which causes defects in platelet coagulation,
disrupts PS & PE externalization, and reduces MV release!?%!2!. Thus, scramblases disrupt lipid
asymmetry, which is associated with MV release. However, due to the large number of
scramblases, it is not known whether the activity of a specific scramblase regulates EV release
or whether the activity of many scramblases contributes to the disruption of lipid asymmetry.
Alternatively, it is also discussed that all transmembrane proteins have the potential to cause
122-124

lipid flip-flop , emphasizing the need to counteract non-specific movement to maintain the

asymmetric distribution of lipids.
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There are two classes of energy-dependent proteins involved in establishing and
maintaining lipid asymmetry against the concentration gradient, flippases and floppases. These
transporters first establish lipid asymmetry in the ER and Golgi, which are the major source of
the different lipid species, but can also regulate lipid asymmetry directly in the plasma
membrane®*. Tt is proposed that flippases and floppases therefore balance the asymmetry
disruption activity of scramblases both on the cellular and organellular level.

Floppases hydrolyze ATP to mediate the translocation of phospholipids from the
cytoplasmic face of the membrane to the exoplasmic leaflet. Floppases have been identified
from the ABC transporter family. For example, ABCAI translocates cholesterol and PS to the
outer surface of the cell'?>12°, ABCB4 on the other hand is thought to selectively translocate
PC!?7, However, there are no reports to date that floppases are involved in EV formation.

Flippases hydrolyze ATP in order to translocate lipids from the exoplasmic leaflet to
the cytoplasmic leaflet, a process often called “flipping”. Flippases belong to a single family of
transporters, the P4-type ATPases, whose transport mechanism has been well studied
(discussed below). Intriguingly, the activity of the conserved PE flippase TAT-5 was found to
inhibit MV release in C. elegans embryos>2, showing that flippases can have fundamental roles

in the release of EVs.

1.3.3. P4-ATPases regulate the asymmetry of specific lipids and extracellular vesicle
release

Loss of P4-ATPase activity leads to disruption of phospholipid asymmetry, which often
affects membrane curvature for vesicle budding and membrane trafficking %!, Flippases also
prevent PS exposure during phagocytosis of living cells and are thought to counteract
scramblases to inhibit blood coagulation!!!12%12%  Since activated platelets and dying cells

release EVs with disrupted PS asymmetry!08:130.131

, flippases are likely to have roles in
inhibiting EV formation.

Flippases arose from the conserved family of P-type ATPases, which are transporters
conserved from prokaryotes and archaea'!!. The family contains five main classes with a
diverse range of substrates. The first class, P1-ATPases, contain K™ and heavy metal ion
transporters. P2-ATPases are Ca2+ and Mn2+ and monovalent ion transporters (Na+/ K+,
H+/K+), while P3-ATPases transport Mg2+. Only the P4-ATPases are reported to transport
lipids as substrates, but the cargo of P5-ATPases is not identified yet.

All P-type ATPases have in common that a conserved aspartic acid undergoes transient

phosphorylation, which leads to conformational changes in specific transmembrane (TM)
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domains promoting the movement of a substrate. The first six transmembrane domains TM1-6
form the principle unit required for transport, but the total number of TM domains is variable
between different P-ATPase classes. P-ATPases have three cytoplasmic domains (N, P, A)
involved in the ATPase catalytic cycle known as the Post-Albers cycle!!!!32, The nucleotide-
binding (N) domain facilitates ATP binding to initiate the phosphorylation cycle. The
phosphorylation (P) domain facilitates transient phosphorylation of Aspartic Acid (D) in the
conserved DKTGT motif. At the E1 state, ATP and the substrate can bind, which induces
aspartyl phosphorylation to the E1P state and the release of ADP. Movement of the P domain
stretches the link between TM domain 3 and the actuator (A) domain to the E2P state. The A
domain contains the conserved TGES or DGET motif and facilitates dephosphorylation of the
phosphorylated intermediate to create the E2 state, where the A domain returns to its original
position, the substrate is transported, and the reaction cycle can begin again.

P4-ATPases only evolved in eukaryotes, where multiple members exist that can traffic

a variety of phospholipids!'*

. The yeast Sacchromyces cerevisiae has five P4-ATPases: Drs2,
Dnfl, Dnf2, Dnf3 and Neol, which have lipid flipping activities towards several phospholipids,
including PC, PE, PS and their lyso derivatives (Table 1)!33. Most mammals have fourteen P4-
ATPases: ATP8A1-2, ATP8B1-4, ATP9A-B, ATP10A-D, and ATP11A-C'**, while mouse
have an additional ATP8B5!%. C. elegans has six P4-ATPases, which were named Transbilayer
Amphipath Transporters (TAT-1 to TAT-6)!%¢. The specificity of most of the animal P4-
ATPases has not been thoroughly tested (Table 1), but at least PC, PE, and PS can be flipped
by specific proteins. For example, TAT-1 is required to maintain PS asymmetry in the C.
elegans plasma membrane, while TAT-5 is required to maintain PE asymmetry in the plasma

membrane®>137-138 but it has not been tested whether these flippases also have weaker activity

to translocate other phospholipids or whether they can flip lysophospholipids.
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Organism | Subclass | Name Substrate
1 Drs2 PS, PE
el
Sy |2 Neol PS, PE
g 3
2 2 3 Dnfl PC, PE, PS, LPC, LPE, LPS
Y
T 8 3 Dnf2 PC, PE, PS, LPC, LPE
S
- 4 Dnf3 PC, PE
2 la TAT-1 PS
S
& 1b TAT-2 |-
Y
2 5 TAT-3 -
3
< 5 TAT-4 -
~=
S 2 TAT-5 |PE
L
S 2 TAT-6 -
la ATPSA1 | PS,PE
la ATPSA2 | PS, PE
1b ATPSB1 | PC,PS, PE
1b ATPSB2 | PC
1b ATPSB3 | PS
1b ATPSB4 | -
5 b ATPSB5 | -
Q
3 2 ATP9A | -
QS
§ 2 ATP9B | -
5 ATP10A | PC
5 ATPI0B | -
5 ATP10D |-
6 ATPI1A | PS,PE
6 ATP11B | PS, PE
6 ATP11C | PS,PE

Table 1: Flippases from yeast, nematodes and humans. The P4-ATPase subclass, the name of the
flippase and the reported lipid substrates are indicated. Data about lipid flipping was collected from two

83 and Lopez-Marqués et al. 2015, In some cases, the subclass was

reviews: Shin and Takatsu 201
derived from a phylogenetic tree from the review by van der Mark et al. 2013, That Neo| traffics PE
in addition to PS is from Takar et al. 2016'°. Abbreviations: PS: Phosphatidylserine; PE:

Phosphatidylethanolamine; PC: Phosphatidylcholine; LPS, LPE, LPC: lyso-derivatives of PS, PE or PC.
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1.3.3.1. Loss of PS asymmetry does not alter extracellular vesicle release
Exosomes and MVs derived from platelets or dying cells often have PS exposed on their

108,130.13L.140 " gygoesting that PS could have an important function in EV formation or

surface
function. The anionic phospholipid PS has a cylindrical shape and is found in all eukaryotic
membranes®>16, Disruption of PS membrane asymmetry is physiologically relevant, since PS
exposure on the plasma membrane of blood cells promotes platelet activation and blood
coagulation!!®, Furthermore, PS exposure on apoptotic cells is a signal for recognition and
phagocytosis of dying cells. PS externalization also promotes cell-cell fusion, such as between
myocytes or sperm-oocyte fusion, which is necessary for fertilization'*!'¥2, Thus, the
asymmetric distribution of PS needs to be tightly regulated during many cellular processes.

PS is well-studied mainly because many specific PS probes are available!*. The protein
Annexin A5 was first identified to bind PS and several Annexin A5 mimicking peptides were
developed and are widely used as probes to detect PS'#*!44, The C-terminal C2 domain of
lactadherin (MFGESR) is also used to selectively bind PS'#4. The PS-binding consensus sequence
of PS decarboxylase PSD or protein kinase C (PKC) were also used to develop PS-binding
peptide probes called PSBP!#3:146 Thus, there are many probes that can be used to specifically
label PS, making it easy to analyze the subcellular distribution of PS.

In C. elegans, the P4-ATPase responsible for flipping PS in the plasma membrane and
endolysosomal membranes is TAT-1, the homolog of human ATP8A1/2!3%147 TAT-1 is
required for endocytosis and endolysosomal trafficking and ta#- I mutants display severe MVB
accumulation. However, alae formation, which requires exosome release from MVBs, occurs
normally in fat-1 mutants'#’, suggesting that MVB biogenesis and MVB fusion with the plasma
membrane for exosome secretion are not affected in faz-1 mutants. Furthermore, fat-1 mutants
do not have increased MV release’?, suggesting that PS exposure does not induce MV budding.
Thus, PS asymmetry does not seem to have a role in EV release.

However, as PS exposure is an important signal for phagocytosis'#*148, PS exposure on
EVs could be important for EV signaling or uptake’. Alternatively, as PS exposure is important
for cell-cell fusion, PS exposure could be important for the fusion of EVs with cells. Thus, PS
asymmetry could alter EV biology in addition to its important roles on endolysosomes, but its

precise role remains to be determined.

1.3.3.2. Loss of PE asymmetry induces microvesicle release
PE was also found to be externalized on MVs'?’, and PE microdomains have been linked

to viral budding!'®’, suggesting that PE could have an important function during plasma
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membrane budding. The abundant phospholipid PE has a small headgroup and conical shape
that induces negative curvature®®. PE microdomains are thought to physically bend membranes
by driving steric pressure that causes negative membrane curvature (Fig. 2B)%. Thus, PE
microdomains in the extracellular leaflet would be predicted to cause budding away from the
cytoplasm (Fig. 2B).

In addition to a direct role for externalized PE in driving membrane curvature, PE
externalization could also be sensed by proteins. For example, negative membrane curvature is

necessary for ESCRT-III assembly at bud necks!>°

, which can be caused by PE microdomains.
Furthermore, the movement of uncharged PE could result in a higher relative density of anionic
lipids like PS and PI species in the cytoplasmic face of the plasma membrane, resulting in more
negatively charged microdomains. Mammalian Hrs, an ESCRT-0 component, binds anionic
lipids like PI3P via its FYVE domain®. Thus, the ESCRT complex important for EV budding
would be expected to be recruited to membranes where PE asymmetry is lost.

PE localization is less studied than PS, mostly due to a scarcity of tools. Until now, there
are no identified PE-binding domains, which makes it hard to label PE in vivo. Two lantibiotics
from S. cinnamoneus bacteria, duramycin and cinnamycin, have been found to exclusively bind
PE and have been used for specific PE labeling!>!"153, but fluorescently or biotin-labeled
versions of these peptides are not commercially available. Furthermore, these probes are toxic

and have been proposed to induce PE externalization!>!-152:154

. In addition, fluorescently-labeled
lipids (NBD) are used to analyze lipid asymmetry!'>>-15¢ but the fluorophore changes the
structure of the lipid, making it unclear whether NBD-PE lipids mirror the behavior of
endogenous PE lipids. Thus, the field currently lacks good tools to investigate PE localization
during membrane dynamics.

Like PS, PE is exposed on the plasma membrane of activated platelets and platelet
EVs!Y7, PE is exposed on apoptotic cells together with PS'>°. PE and PS externalization is also
induced by multiple viruses that bud from the plasma membrane'®’, promoting viral particle
uptake into neighboring cells. Thus, by externalizing PE and PS, the viruses mimic MVs to
escape the immune response and promote virus spreading!¢!. PE is also exposed on the plasma
membrane during cytokinesis and must be flipped back to the cytoplasmic leaflet for the plasma

membrane to fuse during abscission'®?

. Thus, the asymmetric distribution of PE needs to be
tightly regulated, to control membrane curvature formation at the right space and time during
many cellular processes.

To externalize a lipid that is normally maintained in the cytosolic face of the plasma

membrane, both inhibition of flippase activity and induction of scramblase activity must
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occur'!%, HIV and hepatitis C viruses induce lipid externalization by inducing a Ca?" influx!>°,
which is known to activate scramblases!!'. However, whether and how these viruses inactivate
PE flippases was not yet tested, but this would be predicted for PE externalization. Thus, it is
important to determine how PE flippases are regulated during normal physiology and viral
infection.

Strong evidence for a role for PE in MV budding comes from studies in C. elegans on
the P4-ATPase TAT-5°2. Loss of TAT-5 flippase activity results in a dramatic increase in PE
externalization, but not in PS externalization®?, suggesting that TAT-5 is the major PE flippase
in the plasma membrane. Knocking down TAT-5 also causes an increase in plasma membrane
budding and a massive accumulation of MVs in embryos. Thus, TAT-5 is predicted to flip PE
from the extracellular face of the plasma membrane to the cytoplasmic face of the plasma
membrane in order to maintain PE asymmetry and inhibit MV budding (Fig. 3). Naik et al.
recently reported that the mammalian TAT-5 ortholog ATP9A inhibits EV release from

cultured cancer cells!'®?

, suggesting that the EV-inhibiting function of TAT-5 is conserved in
humans. Thus, loss of PE asymmetry is consistently correlated with EV release, making this an

important area for further research.

PE

ESCRT

~_~"

Fig. 3: TAT-5 PE flipping activity inhibits MV budding. The ATPase TAT-5 flips PE and therefore
maintains the PE asymmetry at the plasma membrane. Maintaining PE asymmetry inhibits the
externalization of PE, which causes membrane curvature, recruitment of the ESCRT complex and

release of MVs. Image modified from Beer et al., PNAS 2018'%,
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1.4. C. elegans as a genetic model organism for extracellular vesicle research

To understand the in vivo roles of EVs, invertebrate genetic model organisms like the
nematode Caenorhabditis elegans can serve as invaluable model systems. C. elegans has a
rapid life cycle of three days from embryo to egg-laying, making it easy to examine every step
of animal development. Embryogenesis follows a defined pattern of asymmetric cell divisions
resulting in an invariant number of 959 somatic cells that can be easily followed live through
the transparent worm using time-lapse microscopy!®. Additionally, genetic approaches, such
as transgenesis, knockdown, or knock out are well established in C. elegans, allowing the in

vivo study of molecular function and localization!%%-167,
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Fig. 4: In vivo functions of EVs in C. elegans. A) Excessive MV release disrupts gastrulation
movements in embryos. B) In larvae and adults, seam cells (brown rectangle) release exosomes (brown
circles) to build the alae, which are longitudinal ridges on the cuticle. C) In adults, EVs important for
male mating behavior are released from ciliated neurons. Image modified from Beer and Wehman, Cell

Adh Migr 2017",

C. elegans cells also release EVs under physiological conditions, making it possible to
study the physiological relevance of EV release in vivo. For example, C. elegans embryos
release MVs during development®2. However, when too many MVs accumulate between cells,
cell morphology and movement is disrupted. During embryogenesis, cells divide, change their
shapes, and migrate to attain their proper location in the body (Fig. 4A). When MVs are
overproduced, gastrulation fails and cells that normally migrate inside the embryo remain at the
surface of the embryo, ultimately causing embryonic lethality. This suggests that EV
overproduction can be disadvantageous for the development of an animal.

Too little EV release is also counterproductive for normal C. elegans development. For

example, when exosome release from seam cells was blocked (Fig. 4B), the formation of
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longitudinal ridges called alae on the larval and adult cuticles was disrupted *%. Thus, EVs play
arole in normal C. elegans development.

EV release also influences C. elegans behavior. Ciliated sensory neurons release EVs
carrying transmembrane proteins that modulate male mating behavior (Fig. 4C)!%1%, The EV's
are produced outside the base of the cilia and are released into the environment via an opening
in the worm’s cuticle. The released EVs contain polycystin proteins known to be responsible
for male mating behaviors!¢%!70, If polycystins are no longer trafficked into EVs, male tail-
chasing behavior is disrupted!?. These findings suggest that the proteins presented by ciliary
EVs are able to influence the behavior of worms.

EV release also plays a role in physiology. C. elegans neurons are able to expel protein
aggregates and defective mitochondria into large MVs called exophers?. Exophers are then
taken up by neighboring epidermal cells or by coelomocytes, scavenger cells specialized in
clearing material from the fluid in the body cavity!”!. Interestingly, exopher release helps
neurons survive stressful conditions like proteotoxic or mitochondrial stress?*, suggesting that
EV release is advantageous for the long-term survival of the animal.

These examples show that EVs can change the development, behavior, or disease state
of C. elegans, establishing an invaluable in vivo system to study their functional roles.
Furthermore, these studies establish that EVs have immense signaling potential in animals, but
that there can also be too much of a good thing. This suggests that animals have developed
mechanisms to control the timing and amount of EV release. As the groundbreaking study on
the role of PE externalization in MV budding was also performed in C. elegans?, we decided
to develop new transgenic tools to visualize MVs in embryos and to determine the mechanisms

that control TAT-5 activity and MV release in vivo.

1.5. The lipid flippase TAT-5 as inhibitor of PE externalization and microvesicle release
Using TAT-5 as a starting point to understand the mechanisms of MV release has
already proven fruitful. The massive accumulation of MVs in taf-5 embryos is visible by light
microscopy using fluorescent plasma membrane reporters>2, which allowed the identification
of proteins important for MV budding by suppressing this phenotype. MV production in tat-5
mutants was shown to depend on the plasma membrane recruitment of ESCRTs (Fig. 3), similar
to ESCRT function in ectocytosis in mammalian cells and HIV virus budding from infected
cells*>172, Since increased plasma membrane budding was observed by electron tomography

and the EVs released from faz-5 mutants are larger than ILVs, TAT-5 is thought to specifically
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inhibit MV formation, not exosome release. Thus, TAT-5 is a regulator of ectocytosis that
inhibits MV release upstream of the ESCRT complex.

TAT-5 has also provided insight into the importance of regulating MV release. TAT-5
is an essential gene and ortholog of the essential PE/PS flippase Neol in yeast!'*®. Although taz-
5 mutant cells differentiate in terms of gene expression, they fail to move to their right position
in the developing embryo or take on their normal shape and stay rounded, which ultimately
causes embryonic lethality. Thus, the inhibition of MV production by TAT-5 is necessary for
normal embryogenesis, showing the need to tightly control the amount of released MVs.

To date, it is unclear whether TAT-5 activity is regulated to control MV release or how
the activity of TAT-5 or its orthologs in other species are regulated. Controlling MV release
could be accomplished by regulating the PE translocation activity of TAT-5 or its subcellular
localization. Accessory factors are required for the localization and function of many P4-
ATPases!!'!, such as the conserved cell division cycle protein 50(CDC50)/Ligand Effect
Modulator(LEM3) family of accessory B-subunits. CDC50 proteins are small glycoproteins
with two TM domains that are joined by a large exoplasmic domain. Three CDC50 family
proteins exist in yeast (Cdc50, Lem3, Crfl), C. elegans (CHAT-1, F20C5.4, W03G11.2) and
mammals (CDC50A, CDC50B and CDCS50C, also known as TMEM30A-C). In yeast and
mammalian CDC50 mutants, P4-ATPases fail to exit the ER and lack flippase activity.
However, the essential P4-ATPases Neol, ATP9A and ATP9B do not need CDC50 or Lem3
for their activity or to exit the ER'73:!74, Similarly, TAT-5 does not need CDC50 subunits for
its localization, since double knock down of the CDC50 family proteins F20C5.4 and
WO03G11.2 in chat-1 mutants did not disrupt TAT-5 exit from the ER or MV release!'®*. Thus,
TAT-5 and its orthologs are unique among the P4-ATPases in that they do not use a CDC50
family proteins as a B-subunit. Thus, it remains elusive how TAT-5 localization and activity
could be regulated by the cell to control the release of the right amount of MVs at the correct
time.

The TAT-5 orthologs ATP9A and ATP9B in mammals primarily localize to the Golgi,
but ATP9A is additionally found on endosomes!’®. A minimal sequence in the N-term of
ATPIB is required for the Golgi localization!”3, suggesting sequence-dependent regulation of
the subcellular localization of ATP9B. In contrast, TAT-5 primarily localizes to the plasma
membrane, but is also found on internal membranes®>!%4, suggesting that there could be
mechanisms that control TAT-5 trafficking. For example, GFP::TAT-5 is found on endocytic
vesicles, colocalizing with the clathrin adaptor AP2, which shows that TAT-5 is endocytosed.

GFP::TAT-5 also traffics through endosomes that are positive for various endosome markers,
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including the PI3P-binding early endosome protein EEA-1 and the recycling endosome-
associated protein RME-8. Furthermore, GFP::TAT-5 was found on degradative endosomes
and lysosomes positive for the ESCRT-III component VPS-32 and the lysosome-associated
membrane protein LMP-1'%*, This suggests that TAT-5 gets endocytosed and can either be
recycled to the plasma membrane or be degraded. However, until the point that we started this
work, no regulators of TAT-5 trafficking were known.

Interestingly, the yeast and mammalian TAT-5 orthologs, Neol and ATP9A, form a
complex with orthologs of the large Dopey-domain containing protein PAD-1, Dopl and
Dopey2, as well as a large GEF-like protein Mon2!7>176, Thus, it is possible that MON-2 and
PAD-1 are involved in regulating TAT-5 localization or activity. Loss of the yeast PAD-1
ortholog Dopl and the MON-2 ortholog Mon2 causes reduced Neol levels in yeast!'’>,
suggesting that Dop1 can control Mon?2 stability. However, it is unclear how these two proteins
regulate Neol. PAD-1, MON-2 and their yeast orthologs have been implicated in vacuolar and
retrograde trafficking!”>!77-182 guggesting that PAD-1 and MON2 could regulate TAT-5
localization. Thus, it is worth testing whether PAD-1 and MON-2 are novel trafficking
regulators of TAT-5 that thereby affect TAT-5 PE flipping activity and MV budding.

1.6. The goal of this study

As cells regulate PE asymmetry and EV release during cell division, cell fusion, and cell
death!62:183.184 it is important to determine how TAT-5 flippase activity is regulated to inhibit
the outward budding of the plasma membrane and the release of MVs. The goal of this thesis
was to find the regulatory factors that are required for TAT-5 activity. To shed light on this
issue, our lab conducted a candidate RNAi screen to look for proteins required for TAT-5
activity. Because TAT-5 PE flipping activity inhibits MV release, we designed a screen to look
for proteins whose depletion causes increased MV release, similar to TAT-5 depletion.

First, we had to overcome the challenge to visualize MVs in vivo because MVs are
small, carry the same reporters as the releasing cell and no specific markers exist that
differentiate between exosomes and MVs. These issues make it hard to specifically visualize
released MVs in vivo using bright field light microscopy. In chapter 3, we describe how we
increased the visibility of released MVs for the screen by designing a membrane reporter fused
with a degradation tag. The degron tag causes removal of the reporter from the cytosol by the
proteasome, but retains the reporter fluorescence in the released vesicles. This trick enabled us
to identify four proteins that inhibit MV release: the PI3K complex subunits VPS-34 and BEC-
1, the DNAJ-domain protein RME-8 and the Dopey-domain protein and potential TAT-5
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regulator PAD-1. Thus, our degron-tagging approach can help to visualize MVs in vivo and
can uncover proteins involved in MV formation.

Next, we wanted to understand if the identified MV inhibitors are TAT-5 regulators. In
chapter 4, we determined the TAT-5 regulatory function of PI3K and RME-8, which function
in endosomal trafficking pathways. We found that PI3K and RME-8 are required for TAT-5
plasma membrane localization and that TAT-5 is recycled through endosomes by specific
sorting nexin-dependent pathways. We found that RME-8 inhibits TAT-5 missorting to the
degradative pathway, which is required to maintain TAT-5 PE flipping activity. We also
identified redundant sorting nexin-depended TAT-5 trafficking pathways, which are required
for TAT-5 plasma membrane localization. This shows that controlling the localization of TAT-
5 can affect TAT-5 PE flipping activity to mediate MV release.

The last chapter 5 is devoted to the potential TAT-5 regulators PAD-1 and MON-2, where
we wanted to know if they are regulators of TAT-5 levels, localization and/or activity. We
found that PAD-1 is required for TAT-5 PE flipping activity, making PAD-1 a likely candidate
to regulate MV release through regulating TAT-5 activity. We also discovered that PAD-1 and
the GEF-like protein MON-2 are required for endolysosomal trafficking, which can prevent
TAT-5 localization to the degradative pathway when its trafficking by sorting nexins is
disrupted. This again supports the hypothesis that TAT-5 PE flipping activity needs to be
maintained to inhibit ectocytosis.

In the end, we show that TAT-5 localization is regulated by several redundant pathways,
which are likely to be conserved in higher organisms. We also provide a first candidate, namely
PAD-1, that could be directly required for TAT-5 flipping activity. Thus, our findings provide
a first look into the mechanism of how TAT-5 can be regulated to inhibit MV release. Since
these proteins are conserved in humans, our findings are likely to contribute to the

understanding of MV budding mechanisms during health and disease.
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2. Materials and methods

2.1. Worm culture and strains

Worms where kept in petri dishes at room temperature (22-24°C) on Nematode Growth
Media (NGM) seeded with OP50 bacteria using the standard protocols'. The temperature-
sensitive rme-8(b1023) mutants DH1206 and WEH226 were kept in a 15°C incubator. The unc-
119(ed3) mutant HT 1593 was kept in an 18°C incubator on peptone-rich plates before biolistic
transformation. After biolistic transformation, the potential transformants were kept at room
temperature’. To cross worm strains, male C. elegans worms were induced by heat shock. For
this, worms were incubated at larval stage L3 and/or L4 for three to four hours at 33°C in an
incubator. Male worms were crossed to hermaphrodites in a ratio of 4 to 1. F1 hermaphrodites
were separated from male siblings at L3 and/or L4 to avoid re-mating. F1-F3 hermaphrodites
where genotyped using primers listed in Table 2 and/or analyzed for fluorescence on an
Olympus SZX16 or a Leica DM5500 to identify homozygous worms. Maternal-zygotic bec- 1
and vps-34 mutant embryos were isolated as described®. As vps-34 mutants arrest as larvae,
they are rescued by an extrachromosomal array carrying a wild-type copy of the vps-34 gene®.

Lethal and sterile mutants were maintained as heterozygotes by crossing to a “balancer”
strain. Balancers are chromosome rearrangements that prevent meiotic recombination over
large regions’. In this study we mostly used the translocation rearrangements nT1 or hT2. The
balancer hT2[bli-4(e937) let-?(q782) pls48] has a chromosome translocation at chromosome |
and III and was used to maintain sterile and lethal mutants on chromosome I and III. The
translocation n7'1/qls51] was used to maintain mutants on chromosome IV and V.

Strains used in this study are listed in Table 1. Some worm strains were obtained from
Jeremy Nance, Julie Ahringer, Bruce Bowerman, Barth Grant, Zheng Zhou, Zhirong Bao, the
National Bioresource Project for the Nematode C. elegans (Japan), the C. elegans Gene
Knockout Project at the Oklahoma Medical Research Foundation, the C. elegans Reverse
Genetics Core Facility at the University of British Columbia, and the Caenorhabditis Genetics

Center.
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Strain Genotype Source

N2 wild type Brenner'

BV76 nmy-2::NMY-2::GFP; Gift of Zhirong
mCherry::PH(PLCldeltal) Bao

DH1206 rme-8(b1023) 1 Zhang®

EW0015 tat-1(kr15:Mos) Il Ruaud’

FT47 xnls3[par-6::gfp, unc-119(+)]; Gift of Jeremy
unc-119(ed3) III; Nance®’
xnls8[nmy-2::mCherry, unc-119(+)]

FT207 tat-5(tm1741) 1/ hT2[bli-4(e937) let-?(q782) qls48] (I; 11I) Wehman'’

FT598 xnSil [mex-5::GFP::PH::nos-2 3’'UTR, unc-119] II; Chihara'!
unc-119(ed3) 11I;
xnls91[pDCO05: end-1::mCherry::PH(PLCldeltal)]
pIN254[unc-119(+)]

FT1091 unc-119(ed3) III; Bombardment
xnls390 [pie-1.:GFP::.ZF1::PH(PLCldeltal), unc-119(+)]

FT1182 bec-1(0k691) 1V /nTI[qls51] (IV; V) Outcrossed from

VC517

FT1217 che-1(0k2369) 111/ hT2[bli-4(e937) let-?(q782) qls48] (I; 1II); Gift of Jeremy
xnls388[/pJN578: che-1p::.ZF1::mCh.:.chc-1, unc-119(+)] Nance

FX00847 snx-1(tm847) X Shi'"?

FX01595 snx-3(tm1595) 1 Harterink"

FX02423 | Ist-4(tm2423) IV Chen'

FX14884 | vps-26(tm1523) 1V /nT1[qls51] (IV; V) Chen'*

FX168114 | snx-6(tm3790) V Chen"

HT1593 unc-119(ed3) 111 Dickinson"’

KN555 vps-35(hu68) 11 Harterink"

KN2761 snx-3(hu256[Y224]) I; muls32[pmec-7::GFP + lin-15(+)] 1l McGough'®

MAD3 unc-119(-) II; Skop'”’
dqls3[pYNOS.: pie-1::dyn-1b-gfp::pie-1 3" UTR, unc-119(+)]

MCP6 pad-1(babls1[GFP]) 1 CRISPR/Cas9

ODs8 unc-119(ed3) I1I; Audhya'®
ltls38[pie-1::GFP::PH(PLCldeltal), unc-119(+)]

OD70 unc-119(ed3) IlI; Kachur'’

ltIs44[pie-1p::mCherry..:PH(PLCldeltal), unc-119(+)] V
OD178 unc-119(ed3) I1I; Audhya®
Itls105[pAA280: pie-1::GFPLAP::MVB-12, unc-119(+)]

PF100 pie-1::gfp-moesin Motegi*!

RT2277 unc-119(ed3) IlI; pwls834[plD3.01-tat-5a: pie-1::gfp. tat-5a, Wehman'®
unc-119(+)] V

RT1952 pie-1::GFP-snx-1[pID3.01-snx-1] Gift of Barth

Grant

VC1258 chat-1(0kl1681) 1V / nT1[qls51(myo-2.::GFP; pes-10::GFP; C. elegans Gene
F22B7.9::GFP)]V;V) KO Consortium
ItIs38/pie-1::GFP::PH(PLC101), unc-119(+)] Fazeli*

WEHO02 xnls8[pJN343: nmy-2::NMY-2::mCherry, unc-119(+)]
unc-119(ed3) 111
ItIs38/pie-1::GFP::PH(PLC101), unc-119(+)] Fazeli*

WEHO03 xnls8[pJN343: nmy-2::NMY-2::mCherry, unc-119(+)]
unc-119(ed3) IlI; bec-1(0k691) 1V / nT1[qls51] (IV; V)

WEH14 unc-119(ed3) III; Bombardment
wurls09[mon-2::TY1::GFP::3xFLAG fosmid WRM06
124 D10]

WEHS51 unc-119(ed3) 111, Fazeli*
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xnls65[nmy-2::gfp::zf1, unc-119(+)] 1V;
Itls44[pielp.::mCherry::PH(PLCI101), unc-119(+)] V

WEHG62 unc-119(ed3) III; Bombardment
wurls45[pie-1::GFP::tat-5 cDNA, unc-119(+)]

WEHG63 unc-119(ed3) III; Bombardment
wurls46/[pie-1::GFP::tat-5c cDNA, unc-119(+)]

WEH68 tat-5(tm1741)/hT2[bli-4(e937) let-?(q782) qls48] I, unc- Crossed WEH62
119(ed3)/hT2 III; wurls45[pID3.01-tat-5¢: pie-1::GFP::tat-5¢ to FT207
cDNA, unc-119(+)]

WEH69 bec-1(0k691) xnls65[nmy-2::gfp.:zf1, unc-119(+)] /nTI1 IV; Fazeli*

Itls44 [pie-1p::mCherry.:PH(PLCldeltal)] / nT1[qls51] V
vps-34(h510) dpy-5(e6l) I, Fazeli*

WEH?73 unc-119(ed3) III;
xnls65 [nmy-2::gfp::zf1, unc-119(+)] 1V;
ltIs44[pie-1p::mCherry::PH(PLCldeltal)] V;
enkEx441[vps-34(+), ced-1C::mRFP]

WEH95 unc-119(ed3) III; Crossed EU1436
pie-1::mCherry-HistoneH2B; and FT1091
xnls390/pie-1::GFP::.ZF1::PH(PLCldeltal), unc-119(+)]
zbls2[pie-1::LifeAct::RFP, unc-119(+)] I; Fazeli*

WEH106 bec-1(0k691) zuls45 [nmy-2::NMY-2::GFP, unc-119(+)] IV /
nTl[qls51] (IV; V)

WEH126 + /hT2[bli-4(e937) let-?(q782) qls48] (I;111) Crossed FT207

and N2

WEH159 | pad-1(wur02) 1/ hT2[bli-4(e937) let-?(q782) qls48] (I, 1II) CRISPR/Cas9

WEH192 | pad-1(wur02) 1/ hT2[bli-4(e937) let-?(q782) qls48] (I, I1I); Crossed RT2277
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V and WEH159

WEH222 unc-119(ed3) Il (?); Crossed RT2277
bec-1(0k691) / nT1[qls51] IV, pwls834[plD3.01-tat-5a: pie- and FT1182
1::gfp-tat-5a, unc-119(+)] / nT1 V

WEH226 rme-8(b1023) I Crossed DH1206
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V and RT2277

WEH228 | pad-1(wur04) 1 CRISPR/Cas9

WEH229 | pad-1(wur05) 1 CRISPR/Cas9

WEH238 | pad-1(wur06) 1 CRISPR/Cas9

WEH244 unc-119(ed3) III; Crossed WEH14
mon-2(xh22) IV; and XH2006
wurls09[mon-2::TY1:: GFP::3xFLAG fosmid WRM06
124 D10]

WEH254 | pad-1(wur07) 1/ hT2[bli-4(e937) let-?(q782) qls48] (I, 1II) CRISPR/Cas9

WEH255 | pad-1(wur07) 1/ hT2[bli-4(e937) let-?(q782) qls48] (I, 1II) CRISPR/Cas9

WEH260 unc-119(ed3) III; Bombardment
wurls90 [pGF7.pie-1::mCh.:PH::.ZF1, unc-119(+) ] V

WEH263 unc-119(ed3) IlI; mon-2(xh22) 1V; Crossed OD70
ltIs44[pie-1p::mCherry::PH(PLCldeltal), unc-119(+)] V and XH2006

WEH264 | pad-1(wur08)/+ 1 CRISPR/Cas9

WEH265 | pad-1(wur09)/+ 1 CRISPR/Cas9

WEH266 | pad-1(wurl0)/+ 1 CRISPR/Cas9

WEH280 vps-26(tm1523) 1V; Crossed FX14884
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V and RT2277

WEH281 unc-119(ed3) IlI; mon-2(xh22) 1V; Crossed RT2277
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V and XH2006

WEH287 | pad-1(wurl2) 1 CRISPR/Cas9

WEH288 | pad-1(wurl3) 1 CRISPR/Cas9

WEH289 | pad-1(wurl4)/+ 1 CRISPR/Cas9
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WEH290 | pad-1(wurl5)/+ 1 CRISPR/Cas9

WEH291 | pad-1(wurl6)/+ 1 CRISPR/Cas9

WEH293 unc-119(ed3) III; Crossed WEH260
dqls3[pYNOS: pie-1::dyn-1b-gfp::pie-1 3" UTR, unc-119(+)]; and MAD3
wurls90[pGF7.:pie-1.:mCh::PH::ZF'1, unc-119(+)] V

WEH310 unc-119(ed3) III; Crossed RT2277
pwlis834[plD3.01-tat-5a: pie-1::gfp::tat-5a, unc-119(+)] V; and FX00847
snx-1(tm847) X

WEH315 unc-119(ed3) I1I; Bombardment
wurlsl11[pGF14: pie-1p:: mCherry::unc-108, unc-119(+)]

WEH316 | snx-3(tm1595) I; Crossed FX01595
unc-119(ed3) III; and WEH260
wurls90[pGF7.: pie-1::mCh.:PH::.ZF1, unc-119(+)] V

WEH318 unc-119(ed3) III; Crossed FX03779
pwis834[pID3.01-tat-5a: pie-1::gfp-tat-5a, unc-119(+)] V; to RT2277
snx-17(tm3779) X

WEH319 unc-119(ed3) III; Crossed FX03779
snx-17(tm3779) X; to WEH260
wurls90[pGF7.pie-1.:mCh::PH::ZF 1, unc-119(+) ] V

WEH327 unc-119(ed3) I1I; Bombardment
wurlsl17[pie-1::mCh::2xFYVE, unc-119(+)]
unc-119(ed3) III; Crossed WEH315

WEH329 | pwis834[pID3.01-tat-5a: pie-1::gfp::tat-5a, unc-119(+)] V; and RT2277
wurlsl11[pGF14: pie-1p:: mCherry::unc-108, unc-119(+)]

WEH330 unc-119(ed3) III; Crossed WEH327
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V; and RT2277
wurlsl17[pie-1::mCh::2xFYVE, unc-119(+)]

WEH332 snx-3(tm1595) 1, unc-119(ed3) I1I; Crossed FX01595
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V and RT2277
unc-119(ed3) III; Crossed WEH281

WEH334 mon-2(xh22) IV; and WEH315
pwis834[pID3.01-tat-5a: pie-1::gfp: tat-5a, unc-119(+)] V;
wurlsl11[pGF14: pie-1p:: mCherry::unc-108, unc-119(+)]

WEH397 unc-119(ed3) I1I; Bombardment
wurls142[pID3.01-tat-5a: pie-1::GFP::tat-5 (W609A4), unc-
119(+)]

WEH401 unc-119(ed3) III; Bombardment
wurls142[pID3.01-tat-5a: pie-1::GFP::tat-5 (W411A4), unc-
119(+)]

WEH411 snx-3(hu256[Y224]) I; crossed KN2761
wurls90[pGF7.pie-1.:mCh::PH::ZF 1, unc-119(+) ] V to WEH269

WEH426 unc-119(ed3) III; Bombardment
wurEx22[pID3.01-tat-5a: pie-1::GFP::tat-5 (Y566D), unc-
119(+)]

WEHA427 unc-119(ed3) III; Bombardment
wurEx23[pID3.01-tat-5a: pie-1::GFP::tat-5 (F1154); unc-
119(+)]

WEH428 unc-119(ed3) wurlsl154[plD3.01-tat-5a: pie-1::GFP::tat-5 Bombardment
(Y566D); unc-119(+)] 1ll

WEH435 unc-119(ed3) III; Bombardment
wurls156[pID3.01-tat-5a. pie-1::GFP::tat-5 (Y566D), unc-
119(+)]

WEH439 unc-119(ed3) II; crossed FT1217 to

xnls388[pJN578: che-1p::ZF1::mCh::chc-1, unc-119(+)];
xnls390/pie-1::GFP::.ZF1::PH(PLCldeltal), unc-119(+)]

FT1091
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WEH452 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I; Crossed WEH428
unc-119(ed3) wurls154[pID3.01-tat-5a(Y566D): pie- to FT207
1::GFP::tat-5(Y566D), unc-119(+)] / hT2 1ll

WEH453 unc-119(ed3) III; Bombardment
wurls165[pID3.01-tat-5a F115A: pie-1::GFP::tat-5(F1154),
unc-119(+)]

WEH469 unc-119(ed3) III; Bombardment
wurls168[pID3.01-tat-5a F570A: pie-1::GFP::tat-5(F5704),
unc-119(+)]

WEH470 unc-119(ed3) III; Bombardment
wurls169[pID3.01-tat-5a F570A: pie-1::GFP::tat-5(F5704),
unc-119(+)]

WEHA471 unc-119(ed3) III; Bombardment
wurls170[pID3.01-tat-5a F570A: pie-1::GFP::tat-5(F5704),
unc-119(+)]

WEHA472 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I; Crossed FT207, to
unc-119(ed3) wurls156[pID3.01-tat-5a Y566D:. pie- WEH435
1::GFP::tat-5(Y566D), unc-119(+)] / hT2 1ll

WEH473 unc-119(ed3) III; Bombardment
wurls171[pID3.01-tat-5a F570D: pie-1::GFP::tat-5(F570D),
unc-119(+)]

WEH474 unc-119(ed3) I1I; Bombardment
wurls172[pID3.01-tat-5a F570D: pie-1::GFP::tat-5(F570D),
unc-119(+)]

WEHA475 unc-119(ed3) III; Bombardment
wurls173[pID3.01-tat-5a F570D: pie-1::GFP::tat-5(F570D),
unc-119(+)]

WEHA476 unc-119(ed3) III; Bombardment
wurEx31[pID3.01-tat-5a 1564D: pie-1::GFP::tat-5(1564D),
unc-119(+)]

WEH477 unc-119(ed3) I1I; Bombardment
wurls167[pID3.01-tat-5a Y566Q: pie-1::GFP::tat-5(Y5660),
unc-119(+)]

WEHA478 unc-119(ed3) I1I; Bombardment
wurls174[pID3.01-tat-5a Y566Q: pie-1::GFP::tat-5(Y5660),
unc-119(+)]

WEH479 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I; Crossed FT207
unc-119(ed3)? / hT2 IlI; and WEH401
wurls146[pID3.01-tat-5a W411A: pie-1::GFP::tat-5(W4114),
unc-119(+)]

WEH480 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I Crossed FT207 to

unc-119(ed3) wurls168[pID3.01-tat-5a F570A: pie- WEH469
1::GFP::tat-5(F5704); unc-119(+)] / hT2 Il

WEH481 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I Crossed FT207 to
unc-119(ed3) wurls168[pID3.01-tat-5a F570A: pie-1::GFP::tat- | WEH469
S(F5704); unc-119(+)] / hT2 11l

WEH482 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I; Crossed FT207 to
unc-119(ed3 or +) / hT2 III; WEH470
wurls169[pID3.01-tat-5a F570A: pie-1::GFP::tat-5(F5704),
unc-119(+)]

WEH483 tat-5(tml1741) I; Crossed FT207
unc-119(ed3)? 11I; and WEH401

wurls146[pID3.01-tat-5a W411A: pie-1::GFP::tat-5(W4114),
unc-119(+)]

43



2. Materials and Methods

WEH484 tat-5(tm1741) / hT2[bli-4(e937) let-?(q782) qls48] I; Crossed FT207 to
unc-119(ed3) / hT2 II; WEH470
wurls169[pID3.01-tat-5a F570A: pie-1::GFP::tat-5(F5704);
unc-119(+)]

WEH485 tat-5(tml1741) / hT2[bli-4(e937) let-?(q782) qls48] I; Crossed FT207, to
unc-119(ed3 or +) / hT2 III; WEH471
wurls170[pID3.01-tat-5a F570A: pie-1::GFP::tat-5(F5704); unc-
119(+)]

WEH488 unc-119(ed3) I1I; Bombardment

wurEx32[pID3.01-tat-5a 1564D: pie-1::GFP::tat-5(1564D),
unc-119(+)]

WEH489 unc-119(ed3) I1I; Bombardment
wurEx33[pID3.01-tat-5a 1564D: pie-1::GFP::tat-5(1564D),
unc-119(+)]

XH2006 mon-2(xh22) IV; Kanamori*?
wis51[scm::gfp] V

Table 1: Worm strains used in this study: Strain name, genotype and source are given. Strains that
were created for this study were either created using gene bombardment (biolistic transformation), strain

crossing or CRISPR/Cas9.

2.2. Worm genotyping
To genotype worms, hermaphrodites were lysed for 1h at 60°C and 15 min for 95°C
using single worm lysis buffer and used in a polymerase chain reaction (PCR) to amplify the

region of interest with the respective primers.

Single worm lysis buffer:
500 ul 1M KCI
100 pl 1M Tris, pH 8.3

250 pl 100 mM MgCl,

45 ul NP-40

45 ul Tween-20

1 ml 0.1% gelatin

60 pl proteinase K (10 mg/ml)
8 ml ddH,0O

Primers used to genotype worm strains from crosses in this study are listed in Table 2.
If necessary, PCR products were digested with restriction enzymes to visualize specific
transgenes. The rme-8 mutation 1023 was digested with Bcll (NEB), the mon-2 mutation x422
with BstXI (Thermo Fisher Scientific), the snx-3 mutation Au256 with Ndel (NEB).
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Primer name Sequence Transgenes genotyped
bec-10k691 internal B+ | CGGTATTTCCCAACTCCTCAAGT 0k691
bec-1 0k691 external F | ACGTAATCGCTCAGTGCC TT 0k691
bec-1 exon 6 F GGCGTACAACATCACGAACTG A 0k691
mCherry exon IR GCGGTTTGTGTTCCCTCATA wurlsii]
mon-2 ex7BstX1F CACTTTCATTGATGAGACTTCCAGTA xh22
mon-2 intron 7R CTGTCATGACAATTGCCGGAAA xh22
0JN437 GTTTGAAGGTGATACCCTTG pwis834
0JN753 GCATTGAACACCATAACAGAAAGTAG | bablsl
oKate R1 CGTCTTGGAGGGAGGTGTCTT wur(08-11

pad-1 promoter F1

GGCCGAAAATTGAGCCAATCTAGC

wur02, wur03

pad-1 promoter F2

TCGAGGTTATTCATGCAATGCGGA

wur02, wur03

pad-1 promoter F4

CCGTAACATTTCTCAACTTTCTGCT

bablsl, wur01-17

pad-1 promoter I3

TTCACGCTCTTTCCCCCATT

babls]

pad-1 exon IR

TCCGAGTGCCGAAATGAGAT

bablsl, wurQ1-17

pad-1 exon 2R

GCTGGATGAAGGCATTGTGACA

wur02, wur03

pad-1 exon 12F

CGATAGTGAAGCTGACGATGAA

wur02, wur03

pad-1 exon 12R

GAATCGCTCGAACATGCCGA

wur02, wur03

pad-1 downstream R

TCGCCATTTTCTTGCCAGTTGT

wur02, wur03

rme-8 exon 9F GCGATGAAGGAGAAGTTTGACCA b1023
rme-8 exon 10R CCTGTATTAATCTCGTTCGGCTGAT b1023
snx-1 exon 1F GCGATGAGATCAACTTGGGGAA tm847
snx-1 exon 5R GTCAACTTCGGCTTGTTTCCCA tm847
snx-1 exon 4F TGGAGAGCAATTGGGGAAGGT tm847
snx-3 exon 1F CAACTCAGCGGATCCCTTCAAAAC tml595
snx-3 exon 3R CATCGGATCGGAATGGCAGTT tm1595
snx-3 downstream R CGCATTTTGGTGGAGGGATG tml1595, hu256
snx-3 ex] ATGF CAGTGCAAATGGCATCCG hu256
snx-6 exon 2F CAGACGAAGCGATTTGTGTTGA tm3790
snx-6 exon 5R GCATTGCGACAGTCTTCTTGAA tm3790
snx-6 exon 4R GTAGCTTCACCTTCACCGAGTT tm3790
snx-17 ex 2F TGACCCAGCGGATAAGACAAC tm3779
snx-17 ex 3R CGGGTCCCTTATATCGTTGTGA tm3779
snx-17 ex 6R CACGTCCTTTTGCCATGAACAA tm3779
snx-27 promoter F' TGTTTCCATCCGTTTGCCTCTT tm5678
snx-27 intron IR GTTGTGCAGTTCTAGTTGGGAGT tm5678
snx-27 exon 2R CCTCCTTCGCTCACTTGTCCTT tm5678
tat-5 geno F TGCTCCAATCACTTACTGGGGAC tml741
tat-5 geno R TACGCGGAGTGAAATTGGAATAA tml741
tat-5 SL1 exon IR AACATGCCTCCCTTGGCAGCAG pwis834
vps-26 exon 1F GCTTTGGCCAATCAGCAGAAA tml523
vps-26 exon 2R GTCTCCGCGTGCTTTTACAATCT tml523
vps-26 exon 3R GACGAGCCAGTTCACGAGTCAA tml523

Table 2: Primers used to genotype worm strains: Name of the primers, primer sequence and

genotyped transgene with the respective primers are listed.
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2.3. Plasmid construction

The sgRNA plasmids pKB03, pKB04 and pKB06 for CRISPR/Cas9 experiments were
amplified from pDD122 with the sgRNA primers listed below (Table 3) in addition to the
pDD122 sgRNA R primer using the Q5 site-directed mutagenesis Kit (New England Biolabs),
according to Dickinson'. The pie-1::GFP::ZF1::PH plasmid was constructed by moving the
PH domain of rat PLC31 from the PH entry vector pJN415 to the pie-1::GFP.:ZF1::Gateway
destination vector pJN371 using Gateway cloning (Invitrogen). The plasmids pGF7 (pie-
1::mCh::PH::ZF1) and pGF14 (pie-1::mCh::UNC-108) were created by Gholamreza Fazeli?3.
The pie-1::mCh.:2xFYVE plasmid was constructed by amplifying two tandem FYVE domains
of EEA-1 from the plasmid pRA017 (gift of Julie Ahringer) using a two-step PCR with primers
attB MCS 2xFYVE and attB Stop 2xFYVE, followed by attB1 and attB2 primers. The PCR
fragment was then introduced into pDonor221 and pAZ132-mCh::Gateway using Gateway
cloning. The pie-1::GFP::TAT-5 cDNA plasmid was constructed by amplifying whole worm
cDNA using the primers tat-Saf nostart and tat-5r withstop. Using Gateway cloning, the
construct was introduced into pDonr221 and pID3.01. All plasmids were cloned using
DHS5alpha or NEB-alpha cells.
TA cloning was used to construct plasmids for RNAi experiments. For the rme-8§ RNAi
plasmid, the rme-8 primers below were used to clone a 1 kb fragment of rme-8 from cDNA into
the pPD129.36 vector. The resulting plasmid was then transformed into HT115 bacteria for
RNAI1 experiments by Kenneth Kuhn. Primer sequences used to generate plasmids are given in

Table 3.
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Experiment Primer name Sequence
pKB3(ATG2) pad-1 ATG sgRNA2 | AAATGGCATCAGCATCAGGgttttagagctagaa
atagcaagt
pKB4(Stopl) pad-1 Stop sgRNAI | GCCGTGGCCCGACTCGAATgttttagagctagaaa
tagcaagt
pKBo6(Stop6) pad-1 Stop sgRNA6 | CTCGAATCGGCTCTCTACGgttttagagctagaaat
agcaagt
attB MCS 2xFYVE | aaaaagcaggcttcAGCCCACAAGCTTTGGAAT
pie-1::mCh.::2xFYVE TCA
attB Stop 2xFYVE | agaaagctgggttaGTATGGCCGGCTAGCTTTCT
attB1 ggggacaagtttgtacaaaaaagcaggct
ple-L::mCh:: 2xFYVE attB2 ggggaccactttgtacaagaaagctgggt

pie-1::GFP::TAT-5 cDNA

tatSaf nostart

ggggacaactttgtacaaaaaagttg TGGGCAAACGGA
AGAAGAACGAC

tatSr_withstop

ggggacaactttgtacaaaaaagttg TCAGTTGACTTTC
GCGTAGCTTG

pPD129.36-rme-8

rme-8 F

GCGATGAAGGAGAAGTTTGACCA

rme-8 R

CCTGTATTAATCTCGTTCGGCTGAT

CRISPR/Cas9 Homology

repair template [

hdr5'Kate2 pad-1

tgctcaaattcaaagaaaaattgcagaaagaaataagaaATGG

TCTCCGAGCTCATTAAAGAAAAC

hdr3'Kate2 pad-1

ctatctttttctcgaccegcetggtacatctgc ACCTGATGCT
GATGCCTCACGGTGTCCGAGCTTGGA T

Kate pad-1 F3

caaagaaaaattgcagaaagaaataagaaatggcatcagcatca

CRISPR/Cas9 Homology GTCTCCGAGCTCATTAAAGAAAACA
repair template II Kate pad-1 R3 gcacgatatttactatctttttctcgacccgcetggtacatctccacctG
CACGGTGTCCGAGCTTGGAT
oMCPO39F aaagaaaaattgcagaaagaaataagaaATGAGTAAAG
GAGAAGAACTTTTC
GFP::PAD-1 knock-in oMCP040R gccgetggtacatctgeacctgatgctgatgc TTTGTATAG
homology repair template TTCATCCATGC
oMCP041R gtatgcacgatatttactatctttttctcgageegetggtacatctgea
cc
Amplify RNAI Inserts 177 GTAATACGACTCACTATAGGGC

Table 3: Primers used to construct plasmids and DNA templates. The purpose of the plasmid is

noted in Experiment. F at the end of the primer name indicates forward, R indicates reverse primer.

Primer sequence homologous to the transgene is in capital, lower case indicates DNA sequence

homologous to the plasmid backbone. Substitutions are bold and underlined.

47



2. Materials and Methods

To mutate potential SNX-binding sites of GFP::TAT-5, potential SNX-3 and SNX-6
binding sites were identified by sequence homology and listed in Table 4. Q5-site directed
mutagenesis was used to introduce substitution in the fat-5 DNA sequence to mutate potential
sorting nexin binding motifs. The genomic sequence was either substituted to “gcc”, the codon
used for Alanine (A), “gac” or “gat” for Aspartic Acid (D) or “caa” for Glutamine (Q).
Substitutions are numbered according to faf-5 isoform a. Substitutions were introduced in the
forward primer and used with a back-to-back reverse primer to amplify and mutate taz-5 from
the plasmid pDonr221-tat-5a using around the world PCR (Table 4). All exons of the fat-5
plasmids were sequenced. If the correct substitution were detected and no other exons were
mutated, the constructs were moved into pID3.01-pie-1::GFP::Gateway destination vector and

used for biolistic transformation.

Construct name Motif Primer name Sequence
tat-5 F1154A F5 | TAACATTTTCAGTgccGTGCCAATTG
TAAGTGA
pID3.0T tat-5a F115A | BSK e RS | TATTTCTGATTGCACACTGTGTTTG
GTGT
tat-5 W9304 F | CTTCTACTCGgecCAAATTGGTCGTG
pID3.01 tat-5a W411A | YSW AC

tat-5 W4114 R2 | GAGTTTAGCCATGTCGAGATTTAC
ILYVF | tat-51564D F ACAATTCCAGgaTCTTTATGTATTCC

pID3.01 tat-5a I564D CAT
tat-5 1564 R TTCATCAATGTCTGTCCATTTGG
tat-5 Y562D F CCAGATTCTTgacGTATTCCCATTTA
CATCAGAAAC
PpID3.01 tat-5a YS66D ILYVF tat-5 Y566Q F gCtAGATTCTTcaaGTATTCCCATTTA
atcaga
tat-5 Y562D R AATTGTTTCATCAATGTCTGTCCAT
TTGG
tat-5 F568DF | ATTCCAGATTCTTTATGTAgacCCAT
pID3.01 tat-5a F568D ILYVF TTACATCAGAAAC

tat-5 F568D R | TGTTTCATCAATGTCTGTCCATTTG
tat-5 F15124 F | TGTATTCCCAgccACATCAGAAACA
AAAC

pID3.01 tat-5a F5704 FPF tat-5 F570DF | TGTATTCCCAgaTACATCAGAAACA
AAACGAA

tat-5 F1512 R TAAAGAATCTGGAATTGTTTC

tat-5 W6094 F3 | ATATAATGATgccTTAGATGAAGAA
pID3.01 tat-5aW6094 WLD TGTAGTAATATGGC

tat-5 W6094 R3 | TGAACCATTCCACTCATTAC

Table 4: Plasmids for mutating TAT-5 sorting nexin binding motifs. Amino acids that are mutated

in the indicated motifs are in bold. The primer name indicates the original amino acid of the motif, the
position in the protein sequence followed by the amino acid it will be mutated to. F at the end of the
primer name indicates the forward primer, R indicates the reverse primer followed by the primer
number. Lower case in the DNA sequence indicates the mutated sequence region, upper case indicates

the wild type tat-5 sequence.
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2.4. CRISPR/Cas9-mediated genome editing

The pad-1 deletion allele wur(2 and wur03 were obtained by injecting 50 ng/ul of each
of the three Cas9 + sgRNA plasmids pKB3(ATG2), pKB04(Stopl) and pKBO06(Stop6) (see
Table 3) as well as the pRF4[rol-6(sul006d)] marker into N2 young adults to delete 24 kb of
pad-1 genomic sequence. For wur02, a 23.6 kb deletion was verified by sequencing and

includes the following 21 bp insertion (capital letters) between the break sites (lowercase):

gaaagaaataagaaatggcatcagcGTGGATTAGGCATCAGCGTGGcegtggatttttctgaacatttgcaa

The heterozygous wur(2 deletion strain was crossed with WEH126 to balance the sterile
mutant and generate the WEH159 strain. The wur03 allele had a 23.3 kb deletion verified by
sequencing. 238 bp of the last intron and the complete last exon of pad-1 remained. Lowercase
represents the pad-1 sequences between the break sites, capital letters indicate the remaining

pad-1 sequence after the break point:

aataagaaatggcatcagc T TCGAGACCCATTCGAGTAATTCCGTGCGCCTTTAGGAAGAAA
ATTAAGGAAAAAGTGTTTTTTGTCGAAAAACTTGTCAAAAAACCGGAAAATTGAG
GAATTTTGAGCTAGAAAATTATAAAATTCGCTGTAAAAAAATCAGAAGTTCCCAT
AGATTTTGAAATTTTTAAGAAAAAAAGCGATTTTTATCGCGATATATCGAAAAAC
TTGCCATTTTTTAACCCAAATTTTTTCCAGAACACACTCCGCGACGCTCACGCTCT
CTCCGGAAGCCTTACCTACAAAAACGCCGTGGCCCGACTCGAATCGGCTCTCTAcg
tggatttttctgaacatttgcaa

Because homozygous wur0)3 worms are sterile, the heterozygous wur0)3 worms were
also crossed to WEH126 to generate the balanced WEH160 strain.

To generate wur04-wurll, the plasmids pKB3(ATG2) and a homology template of
mKate?2 together with the pRF4[rol-6(su1006d)] marker was injected in young adult N2 wormes.
For wur04-wur08, pKB3(ATG2) and pRF4[rol-6(sul006d)] were each injected at 50 ng/ul and
the homology template of mKate2 at 230 ng/ul. For wur09-wurl 1 all constructs were injected
at a concentration of 50 ng/ul. The homology template was amplified by PCR from
pDD285[mKate2-C1-SEC-3xFlag]** (derived from Addgene) using the primer hdr5'Kate2
pad-1 and hdr3'Kate2 pad-1 (Table 3). DNA quality of a subvolume of the amplification was
tested on an agarose gel. PCRs with a single bright band were combined in one tube and

extracted using the QiaQuick PCR Purification Kit (Qiagen). To create wurl2-wurl6,
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pKB3(ATG2) and a homology template were injected at a concentration of 50 ng/ul each
together with the pRF4[rol-6(sul006d)] marker at 100 ng/ul. The homology template was
amplified from pDD285 using the primers Kate pad-1 F3 and Kate pad-1 R3. All mutant alleles
were isolated and verified by sequencing (see chapter 5 Table 2). Names of the worm strains
with the respective alleles are listed in Table 1. The strains of wur04-wur06 and wuri2-wurl3
were kept as homozygous lines because they are fertile. Because wur(7-wurl() and wurl4-16
worms were also mostly sterile, they were maintained as heterozygous lines or crossed to
WEH126 to create balanced strains WEH254 and WEH255. The line wurll could not be
maintained because the founder worm was sterile, but contained the same mutation as wur/0.
The GFP::PAD-1 strain MCP6 was generated by Maité Carre-Pierrat at the University
Claude Bernard in Lyon, France using CRISPR/Cas9 to knock eGFP with introns into the N-
terminus of PAD-1 as described by Paix et al. 2014%°. Briefly, N2 worms were injected with
pad-1 ATG sgRNA2 and a PCR repair template amplified from pPD95.75 with the nested
primers oMCPO39F, oMCP040R, and oMCPO0O41R. Correct insertion of GFP was verified by
sequencing. The MCP6 strain is fertile and viable, unlike pad-1 deletion mutants, indicating

that GFP insertion does not disrupt the essential functions of PAD-1.

2.5. Worm biolistic transformation

Transgenic strains were made by biolistic transformation (Bombardment) of the
HT1593 strain using a Bio-Rad PDS 1000 by standard methods?. Briefly, plasmids for biolistic
transformation were extracted from bacteria using the Wizard MidiPrep kit (Promega). 1 mg/pl
plasmid DNA was mixed with gold beads and spermidine to blast onto young adult HT 1593
worms. The FT1091 strain was generated by bombardment with pie-Ip::GFP::ZF1::PH
plasmid, WEH62 and WEHG63 with pie-1::GFP::tat-5¢c ¢DNA, and WEH327 with pie-
Ip::mCh::2xFYVE, WEH397 with pie-1::GFP::tat-5(W6094), WEH401 with pie-
1::GFP::tat-5(W4114), WEH476, WEH488 and WEH489 with pie-1::GFP::tat-5(Y564D),
WEH428 and WEH435 with pie-1::GFP::tat-5(Y566D), WEH477 and WEH478 with pie-
1::GFP::tat-5(Y566Q), WEH419 with pie-1:GFP::tat-5(F568D), WEH421, WEH469,
WEH470, WEH471 with pie-1::GFP::tat-5(F5704), WEH473, WEH474 and WEH475 with
pie-1::GFP::tat-5(F570D), WEH427, WEH449, WEH450 and WEH453 with pie-
1::GFP::tat-5(F1154). The WEH14 MON-2::GFP::3xFlag strain was generated by
bombardment with the following GFP-tagged fosmid from the TransgenOme project®®:
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WRMO06 12A D10(pRedFlp-Hgr)
(F11A10.4[28269]::S0001 pR6K Amp 2xTYlce EGFP_FRT rpsl neo FRT 3xFlag)
dFRT::unc-119-Nat.

2.6. Protein knockdown by RNA interference

RNAI1 was performed by feeding L1 larvae through adulthood at 25°C, as described
previously?’. Control worms were fed with the empty RNAi vector pPD129.36 in HT115
bacteria. For rme-8 RNAi, worms were treated starting at the L3 stage to avoid sterility or larval
lethality. The following RNAI1 clones were used from available libraries (Source BioScience):
arl-1 (JA:54C9.1), bec-1 (MV:T19E7.3) mon-2 (JA:F11A10.4), Ist-4 (JA:Y37A1B.2 &
MV:Y37A1B.2), pad-1 (JA:Y18DI0A.13 & MV:Y18D10A.15, provided by Reinoud de
Groot), pad-1(pPD129.36-pad-1) (covers exon 20-22, made from cDNA,), snx-I/
(MV:C05D09.1), snx-3 (JA:W06DA4.5), snx-6 (MV:YS59A8B.22), snx-17 (JA:X-6MO05), snx-27
(MV:F25H2.10), tat-5 (JA:F36H2.1), vps-4 (JA:Y34D9A.152.a) vps-26 (JA:T20D3.7), vps-29
(JA:ZK1128.8 & MV:ZK1128.8), vps-34 (MV:B0025.1a); vps-35 (JA:F59G1.3).

For double RNAI, constructs were PCR amplified using T7 primers (Table 3) and then
transcribed into RNA using T7 RNA Polymerase and RNase Inhibitor Ribolock (both from
Thermo Fisher Scientific). DNA was removed with DNase (Thermo Fisher Scientific) and RNA
was cleaned using standard Phenol Chloroform extraction. Briefly, DEPC Water and
Phenol:Chloroform:Isoamyl Alcohol 15:24:1 were added to the RNA mix (Thermo Fisher
Scientific). After centrifugation, the top phase was mixed with 3M potassium acetate and 100%
ethanol. RNA Precipitation was done overnight at -20°C. The centrifuged RNA pellet was
cleaned using 75% ethanol and was resuspended in DEPC water. To anneal double-stranded
RNA, RNA preps were boiled and slowly cooled to room temperature. For snx-17/snx-27
double RNAT1 snx-17(JA:X-6MO05) and snx-27(MV:F25H2.10) RNAI1 constructs were used to
generate dSRNA (done by Jiapei Chen). For pad-1 and vps-4 double RNA1 we used adult pad-
1(pPD129.36-pad-1) and vps-4(JA:Y34D9A.152a) RNAI to generate dsRNA. Adult worms
were injected with 1 pg/ul total dsSRNA and incubated at room temperature for >16 hours before

observation on the microscope.

2.7. Immunohistochemistry of fixed worm tissues
Embryos were extracted by cutting hermaphrodites in M9 and washed three times in M9.
Embryos were freeze-fractured, fixed in methanol or methanol plus paraformaldehyde fixative,

and stained as described previously*. Briefly, slides with fixed embryos were rinsed and washed
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in PBS+0.05% Triton twice for 10 min each. Incubation with the primary antibody was either
2h at room temperature or overnight at 4°C. This was followed by one rinse and three times
washing in PBS+0.05% Triton for 10 min each. Incubation with the secondary antibody was
also either conducted for 2h at room temperature or overnight at 4°C. This was followed by one
rinse and two times washing in PBS+0.05% Triton for 10 min each and finally a 10 min wash
in PBS+0.05% Triton and 3 pl of 50 pg/ml DAPI to stain DNA. Embryos were mounted in
DABCO and slides were protected from evaporation by sealing with nail polish. Antibodies
used in this study are listed in the following tables (Table 5 for primary antibodies, Table 6 for

secondary antibodies).

Antibody Staining Buffer (ASB)
400 mg BSA
4 ml 10x PBS

4 ml Normal Donkey Serum
20 pl Triton-X

200 pl 10% NaN3

ddH20O up to 40 pl

10% Paraformaldehyde

100 mg Paraformaldehyde
40 ul NaOH
ddH>O up to 1 ml

Fixative

100 ul 1 M EDTA

96 ul 0.5 M PIPES

50 ul 0.5 M HEPES

20 ul 100 mM MgCl,

370 ul 10% Paraformaldehyde
382 ul ddHO
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Hybridoma Bank?

Primary Antibodies
Antibody Lot Number Source Concentration

chicken o-GFP | 0511FP12 Aves 1:200, 1:500, 1:1000
rabbit a-GFP ab6556 Abcam 1:200
rabbit a-VPS-32 | - gift of Renaud Legouis™ 1:1000
mouse 0-CAV-1 | - Developmental Studies 1:10

Hybridoma Bank?
mouse 0-DYN-1 | - Developmental Studies 1:10

Hybridoma Bank?
mouse o-ERM-1 | - Developmental Studies 1:20

Hybridoma Bank?*
mouse o-LMP-1 | - Developmental Studies L:5

Hybridoma Bank?*
mouse 0-RME-1 | - Developmental Studies 1:10

Table 5: Primary Antibodies used in this study. All antibodies were diluted in ASB at the given

concentrations.
Secondary Antibodies
Antibody Catalog Number Lot Source Concentration
Number
Alexa Fluor® A488 703-545-155 108862 Jackson
Donkey Anti-Chicken ImmunoResearch
(IgG)
Alexa Fluor® A488 715-545-151 108424 Jackson
Donkey Anti-Mouse ImmunoResearch
IgG
Cy3™  Goat Anti- 115-165-164 101114 Jackson
Mouse IgG ImmunoResearch 1:200
Cy3 Donkey anti 711-165-152 109623 Jackson  Immuno
Rabbit Research
A488 Donkey anti 711-545-152 109117 Jackson  Immuno
Rabbit Research
A488 Chicken anti A-21441 470144 Molecular Probes
Rabbit
A568 Donkey anti A10042 685254 Molecular Probes
Rabbit

53




2. Materials and Methods

Table 6: Secondary Antibodies used in this study. All antibodies were diluted in ASB at the given

concentrations.

2.8. Lipid externalization measurements

L3-L4 worms were isolated one day before lipid staining. Gonads were dissected from
young adult worms in embryonic culture medium (ECM) and were washed twice in ECM.
Duramycin staining was performed by incubating dissected gonads from young adult worms in
0.25 pg/mL biotinylated duramycin (gift of Philip Thorpe®®) and 1 pg/mL Alexa488-
Streptavidin (Invitrogen) in ECM for 30 min at room temperature in the dark. The gonads were
then washed twice in ECM before mounting on slides in ECM. Annexin V staining was
performed by incubating dissected gonads in 1:100 Alexa488-Annexin V (Invitrogen) for 30
min, washing in ECM twice and mounting on slides in ECM. Images were taken in a
stereotyped manner (Fluorescence exposure time: 193.87 msec, Gain: 2, FIM: 55%,). For lipid
externalization measurements, membranes were chosen blindly from DIC or mCh::PH images
and the mean fluorescence intensities were measured along three membranes of the same gonad
using Fiji. The three measurements were averaged to obtain the final intensity. All

measurements were normalized to the vector control of the OD70 strain.

ECM

12 ul 100x Penn-Strep solution
900 ul L15 culture medium
100 ul Fetal calf serum

50 ul 20% Sucrose

2.9. Vesicle size measurements

For the analysis of extracellular vesicle size in chapter 3 Fig.8 and multivesicular
endosome and lysosome size in chapter 5 Fig.18, the perimeter of each vesicle was measured
in a circle traced on TEM images using Fiji*!'. The diameter of each vesicle was calculated from

the perimeter.

2.10. Colocalization measurements
To measure colocalization of GFP::TAT-5 with LMP-1 or UNC-108 in chapter 4 Fig. 4
and chapter 5 Fig. 20, deconvolved and thresholded z-stacks of stained embryos were analyzed

using the colocalization tool of Imaris. Confocal images of live embryos used to measure
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colocalization with 2xFY VE in chapter 5 Fig.19 were not deconvolved, because of high vesicle
motility. The whole embryo excluding the eggshell was defined as the region of interest from
which the Pearson's coefficient and percentage of colocalized GFP::TAT-5 voxels was
calculated. The background was masked in Imaris to only measure colocalization in 2- to 12-
cell embryos. The line scans in chapter 4 Fig. 4 and chapter 5 Fig. 20 were measured in Fiji
using Multi Plot with a one-pixel width straight or free-hand line to trace large TAT-5 vesicles.
In chapter 5 Fig.19, line scans were measured using a 4-pixel width straight or freehand line.
Colocalization of large GFP::TAT-5 vesicles with 2xFYVE, UNC-108 or LMP-1 puncta was

counted manually per embryo from mon-2 mutants after snx-6 RNAI1 for chapter 5 Fig.20.

2.11. Image adjustments

For clarity, all images were cropped, rotated and the intensity was adjusted using Adobe
Photoshop. In chapter 5 Fig. 6, Fig. 9, Z-stacks were deconvolved using 3D deconvolution in
the Leica LAS AS software. Huygens Professional compute engine (version 17.04.0p5 64b)
was used to deconvolve Fig. 4 in chapter 4 and Fig. 19 and 20 in chapter 5. In chapter 5, several
Z’s were projected for Fig. 6 to span a region of approximately 600 nm, 3 z’s were projected in
Fig. 8 covering approximately 600 nm, 5z’s were projected in Fig. 9 spanning a region of 1 um,
several Z’s were projected in Fig.13: A) spans a region of 9 um, B) 4.7 um and C) 6.6 um to

be able to show all midbodies. Only one Z is shown in all other figures.

2.12. Statistics

Box and Whisker plots were generated using Microsoft Excel, with the lower quartile
and upper quartile separated by the median. Whiskers represent the lowest and highest values,
with the exception of outliers depicted with a circle. Outliers represent values above or below
1.5 times the width of the interquartile range. Error bars display standard error of the mean in
chapter 4 Fig. 3F and chapter 5 Fig. 10E and standard deviation in chapter 4 Fig. 4C-D and 4G-
H and in chapter 5 Fig. 19C-D and Fig. 20B-C, E-G. For statistical analyses, Student’s one-
tailed z-test or Student’s two-tailed #-test with Bonferroni correction to adjust for multiple
comparisons or 2-tailed Fisher’s exact test was used. If a statistical test was used, the used test

is indicated in the text and in the figure legend.

2.13. TAT-S localization and levels measurements
Worms were dissected in M9 and mounted on an agar pad. To measure the localization

of TAT-5 to the plasma membrane, images of 1z of live 2- to 4-cell embryos were taken with a
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75% fluorescent lamp intensity to reduce photobleaching. The mean fluorescence intensity of
GFP::TAT-5 was measured on the cell contact of 2- and 4-cell embryos in Fiji. In 4-cell
embryos, the cell-cell contact with the clearest plasma membrane fluorescence was measured.
If the plasma membrane was not visible due to GFP::TAT-5 mislocalization, the plasma
membrane was traced using DIC. The mean intensity in the cytoplasm was then measured with
the same size line three steps away from the plasma membrane in both neighboring cells. Data
is presented as the ratio of the mean fluorescence on the cell contact to the average of the
neighboring cytoplasm.

To measure total GFP::TAT-5 levels, one z of 2- to 4-cell embryos were thresholded in
Fiji3! to measure the integrated density in the whole embryo excluding the eggshell. As TAT-5
accumulates on EVs, all pad-1 RNAi embryos with visibly increased EV release were excluded

from quantification.

2.14. PAD-1 and TAT-5 antibody design

Peptide antibodies were designed for the N- and C-terminal regions of both TAT-5 and
PAD-1 and ordered from Davids Biotechnology. For PAD-1 peptides, sequences were chosen
that recognizes the conserved Dopey domain at the N-term and the disordered region at the C-
term that have no similarity to other C. elegans proteins. For TAT-5 peptides, a N- and C-
terminal sequences were chosen that should recognize all three isoforms of TAT-5 plus TAT-
6, but have no homology to other P4-ATPases in worms. The peptides used for antibody
synthesis are listed in Table 7. For each peptide, two animals were immunized, creating two
antibodies per peptide. To analyze the binding specificity in fixed embryo tissues, antibody
staining was conducted with a final concentration of 5 pg/ml of the antibodies and 1 pg/ml for

western blots.

Localization Peptide

TAT-5 N-term RSLFSRRRVLHSRTVRVGYGP,
RRRVLHSRTVRVGYGPVGHDA

TAT-5 C-term KALRRKFSPPSYAKVN

PAD-1 N-term GREKDSKYRAYAKAIDQALK,
AKFDKLKSLDDQIHLVGDH

PAD-1 C-term LAERLTDLLDSVSKSDEKDK,
DKTEIFKPFAERINDLLAKK,
RDAHALSGSLTYKNAVARLES

Table 7: PAD-1 and TAT-5 synthesized peptides for antibody generation
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2.15. C. elegans protein extraction

Gravid worms were washed from plates using M9 buffer and were collected in protein
low-bind tubes. The worms were rinsed twice in M9 to remove bacteria from the buffer. Worms
were incubated for about 30 min in M9 on a rocker, to digest most intestinal bacteria. Excess
M9 was removed and worms were pipetted dropwise in a liquid-nitrogen containing falcon
tube. Before freezing, 100 ul of the worm pellet was pipetted onto a glass slide to count the
number of worms and extrapolate the total amount of worms in the pellet. Worm pellets were
stored at -80°C. For small worm protein extracts (~ 100 ul worms), the Eppendorf protein low-
bind tube containing the worms was put into liquid nitrogen and then stored at -80°C. The
weight of the pellet was measured and an equal amount of 2x Laemmli buffer was added. 2x
Laemmli Buffer was diluted from 5x Laemmli Buffer (see recipe below). The worm pellets
were homogenized with a clean pestle. Extracts for the cytosolic protein PAD-1 were boiled
for 15 min, vortexed and centrifuged at 10000g for 5 min. Samples for the transmembrane
protein TAT-5 were also centrifuged, but not boiled to avoid the formation of insoluble

aggregates. The liquid phase was used to load onto a polyacrylamide gel.

5x Laemmli Buffer
1.5 ml 300 mM Tris pH 6.8
2.5 ml 40% Sodium dodecyl sulfate (SDS)

Sml 50% glycerol
2.5 ml 25% [-Mercaptoethanol
Spatula tip Bromophenol blue

2.16. Western Blots

8% Polyacrylamide (PAA) separating gels were poured in a Mini-PROTEAN system
(Bio-Rad) and topped with 100% Isopropanol. After 30 min and completed polymerization, a
4% PAA stacking gel was poured on top of the separating gel and incubated for 30 min. The
gel was put in the running chamber containing Running buffer. Approximately 10 worms worth
of protein extract were loaded in each well. After separation of the proteins by electrophoresis,
proteins were transferred onto a nitrocellulose membrane in 1x Transfer buffer containing
methanol overnight at 4°C. The membrane was rinsed in distilled water and stained for 3 min
in Ponceau Red. The staining was washed three times in water and then documented as a protein
loading control. To control for successful transfer, the gel was rinsed in water three times and

stained in Coomassie for 2h. The gel was rinsed three times in 10% acetic acid, three times in
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water and stored at 4 °C. The nitrocellulose membrane was cut in TBST as needed. Blots were
blocked in TBST with 5% milk for 2h at room temperature. Blots were incubated with the
primary antibodies in 5% milk TBST and 0.02% NaN3 overnight at 4 °C (Table 8). Blots were
rinsed and washed four times for 10 min each in TBST before incubation in secondary
antibodies containing horse radish peroxidase in 5% milk TBST for 1h at room temperature.
Blots were rinsed and washed three times for 10 min each in TBST before detection using

Electrochemiluminescence (ECL) substrate (Bio-Rad).

100x Running Buffer
30.27 g Tris base

144 g Glycine

1L ddH>O

TBST
100 ml 10x TBS
900 ml ddH,O

1ml Tween

10x Transfer Buffer
146.5 g Glycine
290.5 g Tris Base
18.75 g SDS
Methanol up to 51

1x Transfer Buffer

100 ml 10x Transfer Buffer
700 ml ddH,O

200 ml Methanol

Ponceau Red staining solution
0.1% Ponceau S
5% Acetic Acid
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Coomassie staining solution

0.1% Coomassie Brilliant Blue G-250

25% Isopropanol

10%  Acetic Acid

Primary Antibodies
Antibody Source Catalog Number | Lot Number Dilution
Rabbit anti GFP Abcam ab6556 - 1:500, 1:1000
Mouse anti actin | Sigma A4551 122M4782 1:10000
Secondary Antibodies

Donkey anti Jackson 711-035-152 121911 1:5000
rabbit HRP ImmunoResearch
Sheep anti mouse | GE Healthcare UK RPN4201V 9532441 1:5000
HRP

Table 8: Antibodies used for Western Blots

2.17. Light microscopy

Most fluorescent images were taken on a Leica DM5500 wide-field fluorescence
microscope with a HC PL APO 40X 1.3 NA oil objective or a HCX PL APO 63X 1.4 NA
glycerol objective with a Leica DFC365 FX CCD camera controlled by LAS AF software. All
immunochemistry and live images were taken with 100% fluorescent lamp intensity. For TAT-
5 plasma membrane localization measurements all images were taken at 75% lamp intensity to
reduce phototoxicity. Live colocalization images in chapter 5 Fig. 19A-B were collected
simultaneously on a Leica SP8 confocal with a HC PL APO CS2 63X 1.2 NA water objective
with HyD detectors, provided by the imaging facility of the RVZ.

2.18. Electron microscopy

Electron micrographs were obtained from high-pressure frozen, freeze-substituted,
gravid adults, as described previously'®. Tilt series were collected on a 200 kV JEM-2100
transmission electron microscope (JEOL) equipped with a TemCam F416 4kx4k camera (Tietz
Video and Imaging Processing Systems) running Serial EM software?, provided by the EM
facility at the Biocenter in Wiirzburg. Tomograms were computed using eTomo and IMOD

software?3.
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3. Degron-tagging reveals inhibitors of microvesicle release

3.1. Introduction: Visualizing microvesicle release using degron-mediated degradation

Identifying the mechanisms that regulate MV release is important to analyze their in
vivo functions. Therefore, we wanted to screen for proteins that inhibit microvesicle (MV)
release like TAT-5'. Because the EV inhibitory function of TAT-5 is conserved in human cell
culture?, we predict that such a screen will also identify proteins that regulate ectocytosis in
humans during normal physiology and disease.

Due to their small size (90 - 500 nm), it can be challenging to study the release and fate
of MVs in vivo with normal light microscopy techniques®. The most specific fluorescent
extracellular vesicle (EV) labelling methods are fusion proteins between fluorophores and
proteins enriched in EVs*3. However, due to the heterogeneity in EV content, these techniques
only stain a subpopulation of EVs. For example, EVs are typically detected in vivo by the
tetraspanin proteins on their surface, but tetraspanin content is heterogeneous among EV
subpopulations®, making it hard to exclusively screen for MVs. Alternatively, membrane-
binding fluorescent dyes have been developed to label all subpopulations of EVs”®, which
would allow screening for regulators of both exosome and MV release. However, as there was
no observed effect on exosome release in fat-5 mutants', we wanted to focus specifically on
MVs. Therefore, we searched for general reporters of the plasma membrane to label MVs.

Fluorescent reporters binding specific phosphatidylinositol (PI) species are popular for
studying membrane dynamics, because different PI species localize to different organelles’. For
example, PI4,5P, is predominantly localized to the plasma membrane!’. The Plekstrin
homology (PH) domain of the cytosolic phospholipase C (PLC) binds PI4,5P;-containing
membranes and is therefore found primarily at the plasma membrane!"!2. As MVs are derived
from the plasma membrane, fluorescent PI4,5P,-binding domains can label MVs'. However,
these reporters bind to PI4,5P; both on the plasma membrane and the membrane of MVs!!3,
making it difficult to specifically visualize MVs. Electron microscopy and super-resolution
light microscopy can visualize the few tens of nm that separate the plasma membrane from

neighbouring MV membranes'-'4

, but these techniques rely on fixation, which makes it
challenging to study dynamics. Furthermore, they are time- and cost-intensive and not
appropriate for a genetic screen.

To tackle these problems, we developed a system where we label the plasma membrane
and MVs and then specifically remove the plasma membrane labeling by selective degradation.
This approach specifically maintains the fluorescence of the reporters in MVs. Selective
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3. Degron-tagging reveals inhibitors of microvesicle release

degradation of degron-tagged proteins is a widely used tool to study molecular processes in
developing animals'>. Degrons are degradation motifs that target proteins for ubiquitination and
degradation, which has led to degron-tagging being used as an alternative loss-of-function
approach to RNA interference or genetic knockouts'®. Degrons recruit ubiquitin ligases to
polyubiquitinate target proteins, resulting in the proteasomal degradation of cytosolic targets or
the lysosomal degradation of transmembrane targets'®. Rather than using degron tags for a loss-
of-function technique, we used the temporally-controlled degradation of degron-tagged
PI4,5P>-binding reporters to specifically label MVs.

Spatiotemporal control of degron-mediated degradation has been achieved by external
stimuli like temperature, drugs or light '7-2!. However, most animals are temperature- and light-
sensitive and some tissues can be inaccessible to drugs. Therefore, we looked for an in vivo
degron system that did not require temperature shifts, permeabilization, or complicated imaging
protocols. The first zinc finger (ZF1) domain of PIE-1 is an endogenous degron in C. elegans
that targets PIE-1 for proteasomal degradation at specific stages?’. The ZF1 degron is a 36
amino acid motif recognized by the SOCS-box protein ZIF-1, which binds to the elongin C
subunit of an ECS ubiquitin ligase complex?’. ZIF-1 is expressed in sequential sets of
differentiating somatic cells®*, resulting in a stereotyped pattern of degradation in developing
embryos (Fig. 1). Fusing the ZF1 degron to a target protein results in degradation within 30 to
45 min of ZIF-1 expression in both embryonic and adult tissues?®. Thus, ZF1 degron tagging
would enable us to screen for MV release in early C. elegans embryos, where TAT-5 was found

to inhibit MV biogenesis'.

ZF1 of PIE-1 B Degron W Ligase M Degron + Ligase
1-cell 2-cell +ZIF-1 4-cell 7-cell

O DEe

Fig. 1: ZF1 degradation pattern. Proteins with a ZF1 degron (red) are stable before expression of the

ubiquitin ligase adaptor ZIF-1 (blue) in C. elegans embryos. ZIF-1 starts to be expressed in a stereotyped
pattern of somatic cells after the 2-cell stage, starting with the anterior cells (red + blue = purple).
Proteins with a ZF1 degron are degraded in somatic cells, starting with the anterior cells (purple to blue).
Cells that do not express ZIF-1, such as the posterior germ cell, do not degrade proteins with a ZF1 tag

(red). Image modified from Beer et al., Nat. Commun. 2019%.
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3. Degron-tagging reveals inhibitors of microvesicle release

Previously, a ZF1-tagged syntaxin-4 (SYX-4) was successfully used to visualize MV
in C. elegans embryos!. SYX-4 is a single-pass transmembrane protein that localizes to the
plasma membrane and endocytic vesicles?®. After ZIF-1 expression begins, ZF1-tagged SYX-
4 was endocytosed from the plasma membrane and degraded (Fig. 2), but persisted on MVs
that had been released before ZIF-1 expression began'. Thus, degron-tagged reporters separated
from the ubiquitin ligase complex by intervening membranes are no longer accessible to
ubiquitination and degradation.

Degradation of endosomal ZF1-tagged SYX-4 is likely to occur in lysosomes after
sequestration inside intraluminal vesicles (Fig. 2), which is the typical pathway of ubiquitin-
mediated degradation for transmembrane proteins'®. However, the endolysosomal pathway of
ubiquitin-mediated degradation leads to the labelling of endosomes in addition to MVs,
including MVBs (Fig. 2). As the C. elegans embryo develops, the cells become smaller and
stack in three-dimensions, making it difficult to distinguish whether labelling is at the plasma
membrane in MVs or cytosolic in endosomes. Furthermore, as MVBs can fuse with the plasma
membrane to release the ILVs as exosomes?’, labelling a transmembrane protein could result
in labelling a mixture of MVs and exosomes. Thus, to specifically label MVs, we needed to
apply the ZF1 degron approach to a plasma membrane reporter that did not include an integral

membrane protein.

Extracellular

MZF1::SYX-4 ’ ZF1 degron M ZIF-1 O Ubiquitin

Fig. 2: Degron tags drive endocytosis and lysosomal degradation of a transmembrane reporter. A
transmembrane protein tagged with the ZF1 degron is recognized by the ubiquitin ligase adaptor ZIF-1
at the plasma membrane and ubiquitinated. Polyubiquitination leads to endocytosis and degradation of
degron-tagged transmembrane reporters on intraluminal vesicles within lysosomes (dotted lines). Image

modified from Beer et al., Nat. Commun. 2019%.
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Here, we ZFl-tagged the PI4,5P»-binding PH domain of PLCI01 to achieve
proteasomal degradation of the reporter in MV-releasing cells (Fig. 3A-B). Since intervening
membranes hinder the degradation of the ZF1::SYX-4 reporter, we predicted that ZF1::PH
fluorescence will be maintained in MV released before ZIF-1 expression begins (Fig. 3B). We
found that using a degron-tagged reporter improved the signal-to-noise ratio between MVs and
neighboring cells, enabling the visualization of MVs. This technical advance helped us to
identify new ectocytosis regulators in C. elegans embryos, as well as to determine the cargo of
MVs in vivo. Since degron-mediated degradation is a widely used tool in many animal model
systems'>, this technique may help to visualize and track MVs in a broad range of in vivo

studies.

A No MV budding B MV budding

Extracellular

Extracellular

u PHeLo1s1 VPH::ZH X ZF1 degron M ZIF-1 O Ubiquitin

Fig. 3: Model for ZF1 degradation of a plasma membrane reporter during MV release. A) The
lipid-binding cytosolic PH domain tagged with the ZF1 degron is recognized by the ubiquitin ligase
adaptor ZIF-1 and ubiquitinated. Polyubiquitination leads to proteasomal degradation of degron-tagged
fluorescent reporters (dotted lines). B) PH domain reporters released in MVs that bud from the plasma
membrane maintain fluorescence, because ZF1-tagged reporters in vesicles released before ZIF-1

expression are not ubiquitinated or degraded. Image from Beer et al., Nat. Commun. 2019%.
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3.2. Results: Developing degron reporters to specifically label released microvesicles

At first, we tested whether a degron-tagged PI4,5P>-binding reporter could specifically
label MVs. Therefore, we tagged the PH domain of rat PLC101 with a fluorescent protein and
the ZF1 degron and expressed this transgene in worm embryos. Similar to an mCherry-tagged
PH reporter (Fig. 4A), the mCh::PH::ZF1 reporter localized to the plasma membrane in 4-cell
embryos (Fig. 4D). Thus, the degron tag did not disrupt the normal localization of the reporter.

ZF1-mediated degradation begins in somatic cells during the 4-cell stage, due to the
onset of expression of the ubiquitin ligase adapter protein ZIF-128, While the fluorescence of
mCh::PH persists in developing embryos (Fig. 4B-C), mCh::PH::ZF1 is progressively degraded
(Fig. 4E-F), starting with the anterior and dorsal AB cells (Fig. 4E, Fig. 1). ZIF-1 is not
expressed in the germ lineage, resulting in persistent fluorescence in a couple of posterior cells
(Fig. 4E-F). During meiosis, the two polar bodies are born and released outside the embryo to
expel extra copies of the genome?®°. The released polar bodies also maintain mCh::PH::ZF1
fluorescence (Fig. 4D-F arrow and arrowhead), confirming that ZF1 degradation does not occur
in structures released before ZIF-1 expression begins®'. Thus, ZF1 tagging is able to rapidly

degrade a bright, exogenous reporter in cells where the reporter could be ubiquitinated.
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-
W
N
T
x
<
O

S

Fig. 4: The ZF1 degron enables labelling of specific cells and vesicles in C. elegans embryos. A-C)
The lipid-binding mCh::PHprcia1 reporter localizes to the plasma membrane and endocytic vesicles
(arrow) in 4-, 7-, and 28-cell embryos (n=19). D-F) ZIF-1-driven proteasomal degradation of the degron-
tagged mCh::PHprci61::ZF1 reporter starts in anterior blastomere (AB) cells during the 4-cell stage (D),
leading to the absence of the mCh::PH::ZF1 fluorescence in anterior AB cells at the 7-cell stage (E) and
most somatic cells at the 28-cell stage (F, n=10). The ubiquitin ligase adaptor ZIF-1 is not expressed in

the posterior germ line or in anterior polar bodies (arrowhead), resulting in the persistence of
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mCh::PH::ZF1 on the plasma membrane in these cells. Arrows indicate labelled intracellular vesicles,
which are protected from proteasomal degradation by intervening membranes. Anterior is left, dorsal is
up. Images were taken by Ann Wehman and Gholamreza Fazeli. Scale bar: 10 um. Image from Beer et

al., Nat. Commun. 2019%.

We next tested whether we could use the mCh::PH::ZF1 approach to specifically label
MVs in vivo. In wild type embryos, MVs are difficult to detect due to their low abundance and
proximity to the plasma membrane. MV budding is normally inhibited by the TAT-5 lipid
flippase, resulting in increased MV release when fat-5 is knocked down!. Therefore, we
compared the localization of mCh::PH and mCh::PH::ZF1 after fa-5 RNAI1 treatment. In
mCh::PH embryos, MV release is visible as thickened membrane areas between cell contacts
(Fig. 5A-C) in comparison to control embryos (Fig. 4A-C). However, small patches of MVs
are difficult to detect over the background of the plasma membrane fluorescence. Therefore,
we tested whether the visibility of MVs was enhanced using the degron-tagged PH-reporter.
Indeed, released MVs are clearly visible after fat-5 knockdown using the mCh::PH::ZF1
reporter (Fig. 5E-F)*2, due to proteasomal degradation of the plasma membrane label and
protection in MVs (Fig. 3B). Thus, by using a general plasma membrane reporter with a degron

tag, it is possible to easily observe MV release in vivo.
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Fig. 5: Degron tags enhance the visibility of extracellular vesicles in vivo. A-C) Embryos treated
with tat-5 RNAi show increased mCh::PH membrane labelling due to accumulated microvesicles (MVs)
at the 4-, 7-, and 28-cell stage (n=11). D) Increased mCh::PH::ZF1 is also visible at the 4-cell stage in
embryos treated with fat-5 RNAI. E-F) Gradual degradation of mCh::PH::ZF1 in somatic cells facilitates
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3. Degron-tagging reveals inhibitors of microvesicle release

visualization of released MVs in a 7- and 28-cell embryo (n=22). Due to degradation of cytosolic
mCh::PH::ZF1 reporter at the plasma membrane, even small amounts of released M Vs are easily visible.
Arrowhead marks the anterior polar body. Images were taken by Ann Wehman and Gholamreza Fazeli.

Scale bar: 10 pm. Image from Beer et al., Nat. Commun. 2019%.

3.2.1. Degron protection assay reveals topology of membrane-associated proteins

Given that a cytosolic factor was able to label MVs, we wondered whether any cytosolic
protein recruited to the cell surface could be used to label MVs. Previously, we had observed
that clathrin is enriched at the cell surface after tat-5 knockdown!, but it was unclear whether
this was due to increased clathrin inside the plasma membrane or due to the release of clathrin
in MVs that accumulated outside the plasma membrane (Fig. 6F). Both possibilities were
plausible, as clathrin-binding proteins are also increased at the plasma membrane after tas-5
knockdown, including ESCRT proteins!. Alternatively, clathrin was previously found in
purified Drosophila and mammalian EVs3*34. Therefore, we asked whether a degron-tagged
clathrin heavy chain (CHC-1) reporter would be protected from degradation inside MVs or be
accessible to degradation at the cell cortex (Fig. 6F).

Consistent with previous results', we initially saw increased ZF1::mCh::CHC-1 and
GFP::ZF1::PH labelling clathrin and membrane at cell contacts in embryos treated with tat-5
RNAI (Fig. 6B) compared to control embryos (Fig. 6A). This increase persisted in posterior
tat-5 knockdown cells (Fig. 6E), but after ZIF-1 expression began in anterior cells,
ZF1::mCh::CHC-1 disappeared from the cell surface in both control and tat-5 RNAi-treated
embryos (Fig. 6C-E), while GFP::ZF1::PH persisted in M Vs after tat-5 knockdown (Fig. 6D).
This demonstrates that the increased clathrin signal is due to association with the plasma
membrane and not due to clathrin trapped within MVs (Fig. 6F). Thus, degron-tagging can
reveal whether a protein is sorted inside MVs.

In summary, these results demonstrate that not every protein at the cell surface is
released in M Vs, even in faf-5 mutants that overproduce MVs. They also demonstrate that only
certain plasma membrane reporters are suited to visualize MVs and screen for new regulators

of MV release.
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Fig. 6: Degron protection assay reveals protein topology. A) A degron-tagged clathrin reporter
ZF1::mCh::CHC-1 initially localizes to the plasma membrane (arrowhead) and intracellular puncta
(n=9). B) After tat-5 knockdown, ZF1::mCh::CHC-1 is enriched at the plasma membrane (arrowhead,
n=14). C) After expression of ZIF-1 begins in anterior cells, ZF1::mCh::CHC-1 is degraded throughout
the anterior cells in control embryos (n=19). D) Although ZF1::mCh::CHC-1 is still enriched at the
plasma membrane in posterior cells (arrowhead) in tat-5 RNAi-treated embryos, ZF1::mCh::CHC-1 is
lost from the plasma membrane in anterior cells (arrow, n=18), indicating that clathrin is accessible to
ubiquitin ligases. GFP::PH::ZF1 labels the plasma membrane and extracellular vesicles. Scale bar:10
um. E) Quantification of clathrin enrichment on a posterior cell contact (EMS:P2) or anterior cell contact
(ABa:ABp) compared to the neighbouring cytoplasm at the 4- and 6-cell stage from two independent
experiments. ZF1::mCh::CHC-1 fluorescence was significantly increased at the posterior EMS:P2 cell
contact after tat-5 knockdown (**p<0.001 using one-tailed Student’s t-test with Bonferroni correction,
ctrl n=19, tat-5 RNAi n=18). No change was observed at anterior cell contacts (p>0.05). Bars represent
mean + SEM. F) If clathrin were in extracellular vesicles, ZF1::mCh::CHC-1 would be protected from
ZIF-1-mediated degradation, but that did not match our observations (X). As clathrin is inside the plasma
membrane (check mark), ZF1::mCh::CHC-1 is accessible to ZIF-1-mediated degradation. Image from

Beer et al., Nat. Commun. 2019%.
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3.2.2 Identification of microvesicle release inhibitors and potential TAT-5 regulators

To identify how MV release is regulated, we first sought to identify potential TAT-5
regulators that also inhibit MV release. Therefore, an RNAi screen with 137 candidate
interactors, many of which are involved in membrane trafficking and lipid biogenesis, was
conducted together with Birgit Karmann?®2. We scored for proteins that caused increased MV
release using the PHprcia1 plasma membrane reporter with a degron tag to label plasma-
membrane-derived EVs (Fig. 3). In control embryos, no MV release is visible because of low
MV abundance in wild type C. elegans embryos (Fig. 7A)'. We discovered two highly
conserved proteins whose disruption appeared to cause increased MV release(Fig. 7B-C, G),
based on increased labeling similar to faz-5 mutants (Fig. 5F), namely the Dopey domain protein
PAD-1 and the DnaJ domain-containing protein RME-8. This suggests that PAD-1 and RME-
8 inhibit MV release.

Two additional potential MV regulators were identified by Gholamreza Fazeli while
carrying out unrelated studies using the non ZF1-tagged mCh::PH strain. Maternal-zygotic
mutants for the Beclin homolog BEC-1 and the class 1II PI3Kinase VPS-34 showed small
patches of extra membrane labeling (7E-F, G) compared to control embryos (Fig. 7D). These
data suggest that VPS-34 and BEC-1 inhibit MV release.

Notably, BEC-1 and VPS-34 only showed a membrane phenotype in maternal-zygotic
mutants. When we treated the GFP::ZF1::PH strain with bec-1 or vps-34 RNAI, there was no
sign of increased MV release (Fig. 7G). This suggests that we cannot rule out a role for other

genes in our screen based on the lack of an RNAi phenotype.
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Fig. 7: Identification of potential EV release inhibitors. A) In a 26-cell control embryo,
GFP::ZF1::PHprc1a1 is degraded in most somatic cells, only persisting on the plasma membrane in a few
posterior cells. B-C) MVs labeled with GFP::ZF1::PHprci41 (arrow) accumulate between cells in pad-1
and rme-8 RNAi-treated embryos. D) PHprcia1::mCh localizes primarily to the plasma membrane in
control embryos at the 8-cell stage. E-F) PH reporters localize to thickened membranes (arrow) in bec-
1(0k691) (PHprcioi::mCh) and vps-34(h510) (PHprciai::GFP) maternal zygotic mutants (data from
Gholamreza Fazeli). Scale bar: 10 um. G) Summary of EV release phenotypes observed in this screen.
Control (+) and mutant worms expressing fluorescent PH-reporters were treated with RNAI or untreated
(-). The percentage of embryos showing the indicated phenotype is given. Embryos (n) from the late 4-
cell to 102-cell stage were scored for thickened membrane labeling between cells, which is indicative
of EV release. The rme-8 RNAI data was collected by Kenneth Kuhn, bec-1 and vps-34 RNAI data was
collected by Birgit Karmann. Images A-F modified from Beer et al., PNAS 2018,

To verify that the increased plasma membrane labeling was caused by increased EV
release, we used transmission electron microscopy and tomography in bec-1(0k691) mutants or

wild type strains after pad-1 or rme-8 RNAI treatment. We saw areas with increased EV release
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between cell contacts from various embryonic stages in bec-/ mutants, pad-1 RNA1 and rme-8
RNAI (Fig. 8A-D). Thus, BEC-1, PAD-1 and RME-8 inhibit EV release, similar to TAT-5.

TAT-5 flippase activity only inhibited EVs formed by ectocytosis, called microvesicles
(MVs)!. To analyze whether the identified proteins specifically regulate MV release or could
also regulate exosome release from the fusion of multivesicular bodies with the plasma
membrane, we measured the diameter of EVs and compared it to the size of intraluminal
vesicles (ILVs) in multivesicular bodies. 98% of EVs found in bec-1(0k691) mutants and 97%
of EVs in pad-1 RNAi were larger than ILVs (Fig. 8E-F), consistent with the larger size of
MVs (>100nm) that derive from ectocytosis after zat-5 knockdown'. Thus, PAD-1 and BEC-1
inhibit microvesicle release, like TAT-5.

In contrast, rme-8 RNAi embryos have EVs with a diameter similar to both ILVs (13%
<100 nm) and MVs (87% >100 nm) (Fig. 8G). This is a statistically significant increase in small
EVs in rme-8§ RNAI in comparison to bec-1(0k691) or pad-1 RNA1 (p<0.01 using 2-tailed
Fisher’s exact test). We conclude that rme-8 knockdown primarily causes increased MV
release, but RME-8 may also contribute to the size of MVs or additionally inhibit exosome
release.

Given that BEC-1 and VPS-34 are both subunits of the class III PI3Kinase complex and
show similar EV release phenotypes by light microscopy (Fig. 8E-F)*°, we predict that VPS-34
inhibits microvesicle release similar to BEC-1. Taken together, our screening approach
identified four proteins that inhibit ectocytosis like TAT-5, namely BEC-1, VPS-34, RME-8,
and PAD-1. This demonstrates that degron-tagged reporters can reveal MV release, enabling

screens for new proteins that regulate MV budding.
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Fig. 8: Electron Microscopy of EV releasing mutants. A) EVs are infrequently observed between
wild-type N2 cells in an electron tomogram from a 2-cell embryo. B-D) Released EVs accumulate
between cells in a tomogram from a three-cell bec-I maternal-zygotic mutant, a three-cell embryo
treated with pad-1 RNAI, and a 24-cell rme-8 RNAi embryo. Scale bar: 200 nm. Arrowheads point to
MV-sized EVs, arrows point to exosome-sized EVs. E-G) Histograms of extracellular vesicle (EV) and
intraluminal vesicle (ILV) diameters measured from TEM images of bec-I maternal-zygotic mutant
embryos and pad-I RNAi embryos demonstrate that the majority of EVs are MVs, because they are
larger than ILVs (measurements were done together with Kenneth Kuhn and Teresa Kee). In rme-8
RNAIi, EVs could be a mix of exosomes and M Vs, because they are the same size (13%) or larger than

ILVs (87%). Image from Beer et al., PNAS 2018,

3.2.3. Only large increases in microvesicle release interrupt gastrulation

It was previously reported that loss of the MV release inhibitors TAT-5 and PAD-1
caused embryonic lethality due to gastrulation defects'*®, which could result from decreased
cell adhesion caused by increased numbers of MVs between cells. As rme-8 RNAI also causes
embryonic lethality?’, we wondered whether the increase in EV release in rme-8 RNAI also

disrupts gastrulation. In control embryos, germ cells and endodermal precursor cells migrated
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to the center of the developing embryo (Fig. 9A). In contrast, germ cells and endoderm
precursor cells remain at the surface of the embryo after pad-1 depletion (Fig. 9B), confirming
that PAD-1 is required for gastrulation like TAT-5. On the other hand, depletion of RME-8 did
not cause gastrulation defects, as germ cells and endoderm cells were able to migrate properly
(Fig. 9C). However, EV release was much less in rme-8 RNAI than in tat-5 or pad-1 RNAi
(Fig. 5D-F, Fig. 7B-C). Therefore, the amount of EVs released from rme-8 RNA1 appears not
to be enough to disrupt cell adhesion to an extent that alters cell migration, unlike the massive
increase seen after pad-1 or tat-5 RNAIi. Thus, small accumulations of MVs seem not to disrupt
gastrulation. Furthermore, the embryonic lethality caused by rme-8 depletion is not due to

disrupted gastrulation.

Fig. 9: RME-8 is not required for gastrulation. A) Germ cells (green) and endodermal precursor cells

(red) migrate from the center of a ~200 cell C. elegans control embryo (n=9). Arrowheads point to the
germ cells. B) Depletion of PAD-1 prevents gastrulation, probably due to increased EV release (arrow),
resulting in localization of the germ cells and intestinal cells to the posterior surface (n=11). C)
Gastrulation is not disrupted in rme-8 RNAi-treated embryo(n=15), consistent with less substantial MV

release than pad-1 RNAI. Scale bar: 10 pum.

3.3. Discussion

3.3.1. Degron tagging of a P14,5P2 reporter enables visualization of microvesicles in vivo
We created a general probe for plasma membrane-derived MVs by degron-tagging the
PH domain of PLC, which binds to PI4,5P, '%!3, We found that PH::ZF1 efficiently labels both
MVs and the cell membrane. By removing the reporter from the cytosol, we gain the visibility
of released reporters in the MV lumen. Previously, electron microscopy and super-resolution
light microscopy where used to tell nanometre-sized MVs apart from cells'-'#. Using our degron
technique, we have achieved enhanced visibility of released MVs, which enabled us to screen

for MVs in vivo on a standard epifluorescence microscope.
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In this study, we focused on using membrane reporters to label MVs released from the
plasma membrane, but this approach also works to enhance the visibility of any structure
separated from the ubiquitin ligase by a membrane bilayer. We recently showed that degron
protection assays can also be applied to nuclear, phagosomal endosomal, or endoplasmic
reticulum proteins®>. Thus, using degrons to label specific organelles is an important cell
biology technique beyond understanding MVs.

As degron tags are widely used in cell extracts, cell culture and in vivo, this approach
can be used to visualize EVs in many systems. We used an endogenous ZF1 degron in C.
elegans embryos, because it only required expression of a degron-tagged reporter. Ectopic
expression of ZIF-1 in worms or zebrafish can also degrade ZF1-tagged proteins, showing that
this degradation system can be adapted to visualize EVs in more systems®**¥. Fusing an anti-
GFP nanobody to ubiquitin ligase adaptors like ZIF-1 enables degradation of GFP-tagged

proteins in C. elegans, Drosophila, plants, and zebrafish’%!

, which allows existing GFP-
tagged reporters to be used for degron protection assays. This could help to identify whether
proteins are released in MVs using GFP-tagged proteins already available in a lab. Expression
of the auxin-inducible degron (AID) and TIRI ligase adaptor is also used in various animal

194243~ Furthermore, as

models and could also help to visualize MVs in many systems
degradation is induced when the specimen is incubated with the plant hormone auxin, this
approach enables spatial and temporal control of degradation'>#4. Thus, degron-tagging can
help to clarify EV functions and release mechanisms from many model systems.

Although our PH::ZF1 reporter is likely to favor plasma membrane-derived MV, it is
possible to target endosome-derived EVs (exosomes) by degron-tagging proteins associated
with the endosome surface. Alternatively, exosomes may also be labelled by degron-tagging
transmembrane proteins, given that ubiquitination drives endocytosis of transmembrane
proteins and their budding into intraluminal vesicles, the precursors of exosomes®>*. Degron-
tagging reporters found at both the plasma membrane and endosome surface, such as actin-
binding domains or abundant proteins like GAPDH, should label both MVs and exosomes®*.
As other reporters are found in both the source cell and released EVs, degron-tagged reporters
are uniquely able to specifically label EVs, enabling in vivo tracking and functional studies.

One potential caveat of using the PH domain to probe MVs is that we may miss
important genes that regulate PI4,5P, biosynthesis. The role of PI kinases and phosphatases
might not be possible to analyze with the PH reporter, as altering P14,5P> levels may disrupt the
localization of the PH reporter. If P14,5P, synthesis is blocked, for example, we expect to see

the reporter accumulate in the cytosol instead of on the plasma membrane. However, cytosolic
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proteins can also be released in EVs #7. Thus, it is possible that the reporter could still end up
in MVs. We did not observe mislocalization of the PH reporter in vps-34 and bec-1 PI3K
mutants, which phosphorylate PI to produce PI3P (also discussed in 3.3.3.), suggesting that at
least disruption of PI3P levels did not affect the PI4,5P, production. Since multiple pathways
generate P14,5P; from other PI species like PI4P, PISP or PI3,4,5P5!°, loss of one pathway may
not completely block PI4,5P; production. Depleting the PI4K that produces PI4P could be
especially interesting, as the flippase activity of Drs2 depends on binding to PI4P through the
C-term*®%°, Thus, it would be interesting to test whether PI4P is also required for the flippase
activity of TAT-5 and its role in inhibiting MV release. Thus, we predict that it should still be
possible to screen for regulators of MV release when individual PI biosynthetic pathways are

disrupted.

3.3.2. Degron tagging identifies microvesicle cargo

Because of the broad potential of EVs during development and disease, the content of
EVs purified from body fluids and cell culture media is extensively studied and collected in
large databases like Vesiclepedia and ExoCarta*’>%°!, In contrast, little is known about the
content of EVs released in tissues, because they are challenging to extract for proteomic
analysis. EVs released from C. elegans embryos are especially difficult to analyze, as the EVs
are trapped between cells, inside the eggshell, and inside the mother worm. To overcome this
challenge, we have shown that degron-tagged reporters can help to clarify which proteins are
found in EVs in situ. We degron-tagged the potential MV cargo clathrin heavy chain (CHC-1)
and could show that CHC-1 was not a MV cargo in taf-5 mutant embryos. Thus, in addition to
helping identify which proteins are required for EV release, degron-tagged reporters can also
demonstrate which proteins are EV cargo in vivo.

We found that clathrin accumulates at the cell surface, but not in MVs after tar-5 RNA1
treatment. The reason for clathrin accumulation at the plasma membrane remains puzzling.
Clathrin has been shown to be required for EV internalization by clathrin-dependent
endocytosis®2. Thus, clathrin may accumulate on the plasma membrane after tat-5 RNAI
because more MVs accumulate and present signals for endocytosis. Consistently, preliminary
data from TEM images of wild type (n=1), fat-5 (n=2) and pad-1 (n=5) embryos show one large
ILV (>100 nm) inside an endosome, which is likely to be an endocytosed MV. However, we
saw persistent accumulation of MVs between cell contacts using the PH::ZF1 reporter,

suggesting that more MVs are released in fat-5 and pad- 1 mutants than are endocytosed. In this
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case, clathrin recruitment to the plasma membrane could be secondary to the increased MV
release.

On the other hand, clathrin could be recruited to the plasma membrane for the ESCRT-
mediated release of MVs. ESCRT-0 (Hrs) recruits clathrin to endosomes®-*, where it is
required for the disassembly of ESCRT-0 (Hrs) and ESCRT-I (TSG101) from ILV bud sites,
effective ILV formation and correct ILV size>®. This suggests that clathrin is required for the
membrane budding function of the ESCRT complex. In addition, the clathrin adaptor complex
AP1 interacts with TSG101 and is needed for HIV budding and HIV Gag shuttling to bud
sites*®, Since ESCRT-0 and ESCRT-I are enriched at the plasma membrane and required for
MYV release in tat-5 mutants, it is possible that they also recruit clathrin to bud sites on the
plasma membrane. However, neither AP1 nor the plasma membrane-associated clathrin adaptor
complex AP2 were required for MV release in fat-5 mutants', suggesting that clathrin is not
essential for MV budding. Thus, it remains open whether the increased clathrin accumulation
in fat-5 mutants is because of endocytic signaling or its interaction with mislocalized proteins,

such as ESCRT-0/-1.

3.3.3. The class III PI3K VPS-34 and BEC-1 produce PI3P and inhibit microvesicle
release

We found that two core subunits of the class III PI3K, VPS-34 and BEC-1, inhibit MV
release. The class III PI3K mediates PI3P levels on membranes, thereby controlling the
recruitment and function of a large variety of trafficking proteins®’. The catalytic subunit VPS-
34 phosphorylates PI on position 3 to produce PI3P on membranes. Beclin 1 (BEC-1) forms a
complex with VPS-34 and serves as a regulatory arm together with either Atgl4 (complex 1
involved in autophagy) or UVRAG (complex 2 involved in endosomal trafficking) (see also
chapter 4.1.)*-8, Thus, we predict that VPS-34 and BEC-1 act together as part of the PI3K to
inhibit MV release. Jaime Lisack and Gholamreza Fazeli from our lab found that deletion
mutants in the Atgl4 ortholog epg-8 do not show increased EV release using the PH::ZF1
reporter (n=19), suggesting that the autophagy-related PI3K complex is unlikely to play a role
in MV budding. Therefore, the UVRAG-containing PI3K complex II on endosomes is more
likely to be important for MV release. To confirm which class III PI3K complex is specifically
regulating EV release, it will be necessary to generate mutants for the C. elegans UVRAG
ortholog, Y34B4A.2, and then examine EV release. However, based on the identification of
other genes involved in endosomal trafficking in our screen for MV release inhibitors, we

predict that the endosomal functions of PI3K will be most relevant.
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The function of PI3K complex II is required to determine endosome identity and is a
prerequisite for the recruitment of many PI3P-binding endosomal proteins. For example,
recruitment of the ESCRT-0 protein Hrs depends on PI3P, which is required for protein sorting
into intraluminal vesicles (ILV), as well as the formation of ILVs (also discussed in 1.X.) 32,
Thus, PI3K is required for the lysosomal degradation of transmembrane proteins. Proper PI3P
levels are also required for the endosomal localization of some sorting nexins (SNX) like SNX1,
SNX3, SNX17 and SNX275763 which control cargo sorting and recycling from endosomes®*.
Thus, PI3K is also required for the recycling of transmembrane proteins away from the
degradative pathway.

Most interestingly, PI3K has been shown to regulate endosomal trafficking of the TAT-
5 ortholog Neolp in yeast®. In yeast, Neolp normally traffics between endosomes and the
Golgi®. Dalton et al. found that Neol accumulated at endosomes in vps30 (beclin 1) mutants,
suggesting that Neol could no longer undergo retrograde trafficking from endosomes to the
Golgi. They also found that PI3K acts in conjunction with the conserved sorting nexin Snx3p®,
which is also important for endosome to Golgi trafficking. Neol accumulated in the vacuole in
snx3 mutants, suggesting that Snx3p is required to recycle Neol away from the degradative
pathway. These findings lead us to hypothesize that the class III PI3K is required for TAT-5
trafficking and suggest a role for SNX-3 in TAT-S5 trafficking and MV release. However, we
did not find a role for SNX-3 in our PH::ZF1 screen for increased MV release (see also chapter
4), suggesting that the class II1 PI3K regulates TAT-5 differently from SNX-3. In the following
chapter 4, we characterize whether and how the class 111 PI3K and SNX-3 have a role in TAT-
5 trafficking.

Because of the general function of class III PI3K to create PI3P, which is required for
endosome organelle identity and protein trafficking”%7, it is possible that PI3K also regulates
MYV release independent of TAT-5 trafficking. MV release caused by loss of VPS-34 and BEC-
1 was less prominent in comparison to taf-3, pad-1 or rme-8 mutants. This could be caused by
the combined mislocalization of MV inhibitors and MV activators. Thus, PI3K mutants may
disrupt both the activation of MV release through an unknown factor and the inhibition of MV
release through TAT-5 trafficking. While flippases like TAT-5 can translocate phospholipids
(PLs) from the extracellular face of the lipid bilayer to the cytoplasmic layer, floppases can
translocate PLs in the opposite direction and scramblases can randomly translocate
phospholipids in both directions®®. Thus, floppases or scramblases are likely transmembrane

proteins to induce PE externalization and activate MV budding. Thus, endosomal trafficking
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regulation of floppases and scramblases by PI3K may cause reduction of the MV budding
phenotype and it will be interesting to test whether PE is externalized in PI3K mutants.
Furthermore, it was previously shown that the ESCRT complex is required for MV
release in zat-5 mutants'. As PI3P-containing vesicles are needed to carry the ESCRT complex
to the intercellular bridge during abscission® and PI3P recruits ESCRT to endosomes>?%, it
would be interesting to check whether the ESCRT complex also needs the class III PI3K to
localize to MV bud sites on the plasma membrane. To check this hypothesis, the plasma
membrane localization of ESCRT subunits like ESCRT-0, whose membrane localization

requires PI3P levels!~?

, should be analyzed in vps-34 or bec-1 mutants. It will also be interesting
to test whether PI3P is increased at the plasma membrane in fa¢-5 mutants, which could be the
cause of the increased ESCRT recruitment. These experiments would determine whether PI3P
also has a dual role during MV release and is able to promote MV budding.

Despite the important trafficking functions of PI3K, we only detected a mild increase
in MV release in vps-34 and bec- 1 mutants in comparison to a massive increase of MV released
from tat-5 and pad-1 knockdown. We used maternal-zygotic mutant bec-/ embryos, where no
new mRNA was transcribed for a generation before we analyzed the embryos. However,
mRNA and proteins can persist for days’’. Furthermore, VPS-34 is the catalytic subunit of the
PI3K complex and should be similarly important as its regulatory subunit BEC-1. In contrast,
we see less MV release in vps-34 mutants than in bec-1 mutants. This may be due to the fact
that vps-34 mutants used in this study are not null mutants because the maternal-zygotic null
mutants arrest as larvae’!. To prevent larval arrest and allow the production of maternal-zygotic
embryos, wildtype vps-34 was expressed from an extrachromosomal array to maintain the
strain. These arrays are typically silenced in the germ line and early embryo, but weak
expression from the transgene could still occur, which may account for the weaker phenotypes
in comparison to bec-1 mutants. As RNA1 depletion of either bec-1 or vps-34 failed to show
increased MV release, it appears that even a low level of BEC-1 or VPS-34 is sufficient to

inhibit MV release.

3.3.4. RME-8 regulates recycling from endosomes and inhibits microvesicle release

We also found that the DnaJ domain-containing protein RME-8 inhibits MV release.
RME-8 has been linked to recycling transmembrane proteins to the plasma membrane in
addition to retrograde recycling from endosomes to the Trans Golgi Network (TGN)’2. RME-
8 binds to PI3P-containing endosomes, which depends on PI3K’*-7°, Thus RME-8 needs the

79



3. Degron-tagging reveals inhibitors of microvesicle release

activity of PI3K to be recruited to the endosomal membrane and is likely to act downstream of
BEC-1 and VPS-34 in recycling a transmembrane protein important for inhibiting MV release.

RME-8 acts together with the sorting nexin SNX-1 to define recycling microdomains
and restrict cargos from lysosomal degradation’>’®. This shows that RME-8 has general
functions in generating the endosomal domains that decide between cargo recycling and
degradation. The recycling of the Notch receptor, Cation-Independent Mannose-6-Phosphate
Receptor (CI-MPR), epidermal growth factor receptor (EGFR) and Wntless were disrupted in
rme-8 mutants, showing that RME-8 has important functions in the endosomal trafficking of
transmembrane proteins 73737780 Therefore, we propose that RME-8 could be involved in
recycling TAT-5 to the plasma membrane. Since RME-8 acts together with SNX-1 to separate
the recycling microdomain from the degradative microdomains of the sorting endosome’®,
SNX-1 could regulate TAT-5 trafficking together with RME-8. However, we did not find an
MYV inhibitory function of SNX-1 in our screen (also discussed in chapter 4), suggesting that
RME-8 must have a different function than SNX-1 in inhibiting MV release. In the following
chapter 4, we characterize whether and how RME-8 and SNX-1 regulate TAT-5 localization
and PE flipping activity in order to inhibit MV release.

We saw less MV release from rme-8 RNAI in comparison to tat-5 or pad-1 depleted
embryos. Since we observed that rme-8 RNAi causes embryonic lethality, as reported
previously?’, we assume that the reduced MV release is not due to an insufficient depletion of
RME-8. Due to the general function of RME-8 on recycling domain formation and endosomal
tubulation, it is therefore possible that RME-8 regulates the recruitment of unidentified proteins
that promote MV release, like lipid floppases and scramblases, in addition to trafficking
proteins that inhibit MV release like TAT-S.

We also noticed that ILV-sized EVs were released from rme-8 depleted cells. Thus,
RME-8 could also inhibit exosome release. For example, RME-8 could regulate the localization
of transmembrane proteins involved in exosome release, such as SNARE proteins or the V-
ATPase required for the fusion of MVBs to the plasma membrane®. Thus, it would be
interesting to check whether the localization of these exosome release regulators is altered in
rme-8 mutants. Alternatively, RME-8 could be important for limiting ILV formation. When
RME-8 is absent, endosomes have larger ESCRT domains’®, which could alter ILV formation
and subsequently exosome release. Thus, it will be interesting to test whether RME-8 inhibits
exosome release in addition to MV release.

Alternatively, loss of RME-8 could affect the size of MVs. Reduced clathrin recruitment

and increased ESCRT-0 accumulation have been shown to decrease the number and size of
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ILVs>. Loss of RME-8 causes increased accumulation of clathrin on endosomes’ 743! as well
as an enlarged HGRS-1 (ESCRT-0) subdomain and increased HGRS-1 recruitment to
endosomes’®, showing that RME-8 is required for clathrin and ESCRT-0 dynamics. Thus, it is
tempting to speculate that RME-8 controls ESCRT-0 and clathrin dynamics on endosomal or
plasma membrane bud sites, mediating the proper size of vesicles. Indeed, ILVs were smaller
after rme-8 RNAI than from bec- 1 mutants and pad-1 RNA1, suggesting that RME-8 is required
for the proper size of ILVs. Since ESCRT-0 was required for MV budding', we predict that
RME-8 could regulate ESCRT-0 and clathrin dynamics on the plasma membrane, which
ultimately influences the size of MVs. Taken together, it remains to be determined whether

RME-8 affects the size of MVs or inhibits the release of exosomes.

3.3.5. PAD-1 is likely to inhibit microvesicle release through TAT-5

We discovered that the understudied, but conserved Dopey domain-containing protein
PAD-1 also inhibits MV budding through an unknown mechanism. Interestingly, the yeast and
mammalian orthologs of PAD-1, Dopl and Dopey2, form a complex with TAT-5 orthologs
Neol and ATP9A, as well as a large GEF-like protein Mon282#3, This conservation suggests
that PAD-1 and MON-2 could directly interact with TAT-5 to inhibit MV release.

Previously, it was reported that the yeast TAT-5 ortholog Neol is important for the
proper protein levels of the PAD-1 ortholog Dopl, since Neol mutants have significantly
decreased levels of Dop1#2. Dopl mutants also had reduced levels of Neol, showing a mutual
dependency on their protein levels. Thus, it will be interesting to test whether TAT-5 levels are
altered in pad-1 mutants. However, it is unclear whether Dopl and Neol control each other’s
expression levels or protein stability. Furthermore, it is unclear whether Neol and Dopl can
regulate each other’s localization or activity beyond regulating their steady state levels. Thus,
there are multiple ways that PAD-1 could regulate TAT-5.

One possibility is that PAD-1 could be the B-subunit for TAT-5. B-subunits of the
CDC50 family are cofactors required for the activity and ER exit of most P4-ATPases, but not
TAT-5 and its orthologs®*#*85. CDC50 proteins consist mostly of two transmembrane (TM)
domains joined by a large exoplasmic domain®*. However, it is still under debate whether PAD-
1 has a TM domain. The first structure prediction of DopA, the PAD-1 ortholog in Aspergillus
nidulans, suggested that short hydrophobic residues in the C-term form a putative TM domain®,
but this region was only conserved in S. cerevisiae Dopl, not in animals or even in Candida
albicans. Another study predicted that human DOPEY?2 has 9 TM domains and PAD-1 has 13
TM domains by using Tmpred (TM region prediction)*®. We detected two putative TM domains
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at the C-terminus of PAD-1 using Phobius (also discussed in 5.3.X)%’, but the majority of the
PAD-1 protein is predicted to be cytosolic, including the highly conserved N-terminal DOPEY
domain®®#, which is not present in CDC50 family proteins®*. Thus, it is unclear whether PAD-
1 could act as a B-subunit to regulate TAT-5 flippase activity or ER exit.

Apart from being a potential TAT-5 activity regulator, PAD-1 is also involved in protein
trafficking. For example, the yeast ortholog Dop1 was required for trafficking of the vacuolar
hydrolase carboxypeptidase Y (CPY) from the Golgi to the vacuole and mediates the endosome
to Golgi recycling of the v-SNARE Snc1828%, Mon2 also regulates the trafficking of CPY in
yeast’®??. Thus, it is also possible that PAD-1 and MON-2 control TAT-5 localization at
endosomes or the plasma membrane. However, both TAT-5 and PAD-1 inhibit MV release,
but we did not find MON-2 in our MV inhibitor screen (see also chapter 5.2.X). Similarly,
PAD-1 and TAT-5 and their yeast orthologs are essential genes*®36¢-2192 while MON-2 and its
yeast ortholog are not essential®>**. This suggests that TAT-5 and PAD-1 have more similar
functions in inhibiting MV release than MON-2. In chapter 5, we characterize how PAD-1 and
MON-2 regulate TAT-5 localization and flippase activity to regulate MV release.

3.3.6. Outlook

In this chapter, we have enhanced the visibility of MV release in vivo by re-purposing
degron-mediated degradation of abundant plasma membrane reporters to degrade cellular
background and reveal MVs. Additionally, we show that degron-tagging cortical proteins can
help to identify proteins released inside MV's without the need for super-resolution microscopy
or extraction and purification. Since degradation-based techniques are already used in cell
extracts and model organisms like drosophila and zebrafish?®*%, we believe that this assay
can be readily adapted to increase the visibility of EVs in other tissues and animals. Thus,
degron-tagging can help to clarify EV functions and release mechanisms from many model
systems in vivo.

Ultimately, we identified novel inhibitors of MV release, including the class III
PI3Kinase complex, RME-8 and PAD-1, shedding new light into the mechanisms of
ectocytosis. With these MV inhibitors in hand, we can test whether they regulate each other or
the MV inhibitor TAT-5 and build a molecular pathway of MV biogenesis. This will greatly
enhance our understanding of the specific mechanisms of EV release by plasma membrane

36,37,71,96

budding (ectocytosis). Since all four proteins are conserved in mammals , 1t is possible

that their MV inhibitory function is conserved in mammals. As MVs are released from animals
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to control development, the immune response and disease, we believe our studies will be of

great impact to understand and control the mechanisms of MV release in many fields.
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4.1. Introduction: Endocytic trafficking recycles transmembrane proteins

In the previous chapter, we identified four proteins that inhibit microvesicle (MV)
release: two subunits of the PI3Kinase VPS-34 and BEC-1, as well as RME-8 and PAD-1. All
four of these proteins are involved in endocytic trafficking!™, suggesting that their role in
microvesicle release could involve protein trafficking.

Endocytic trafficking is one of several trafficking routes that transmembrane (TM)
proteins pass through during their lifetime>. TM proteins are first synthesized in the
endoplasmic reticulum (ER). They get transported to the Golgi network where they traffic from
the cis-Golgi to the trans-Golgi network (TGN), before they are finally trafficked to their target
membrane via trafficking vesicles®. If targeted to the plasma membrane, TM proteins can also
be endocytosed and sorted into endosomes, organelles that organizes the further trafficking of
TM proteins’. Endosomes form different domains, which are responsible to decide the fate of
the TM protein®. First, TM proteins can get recycled via the recycling pathway, which means
that the proteins are routed back to the plasma membrane’. This involves tubulation of the
recycling domain of the endosome and recycling vesicle formation®. Proteins can also be
trafficked back to the Golgi via the retrograde trafficking pathway®. This can also lead to
recycling to the plasma membrane after passing through the Golgi. Lastly, proteins routed to
the degradative pathway are sorted inside intraluminal vesicles (ILVs) of late endosomes, also
called multivesicular bodies (MVB), which involves the inward budding of the endosome
membrane into the endosome lumen. MVBs then fuse with lysosomes, where the TM proteins
on ILVs can be degraded by lysosomal hydrolases’. Thus, endosomal trafficking can lead to
the recycling or degradation of transmembrane proteins.

Because the newly identified MV inhibitors regulate endosomal trafficking, we
wondered whether they could also regulate the endosomal trafficking of the TM protein TAT-
5. In this chapter, we examine the role of VPS-34, BEC-1, and RME-8 in TAT-5 trafficking
and MV budding. PAD-1 will be discussed in chapter 5.

4.1.1. Class III PI3K determines endosome identity

Trafficking endosomes and membrane organelles can be distinguished from one-
another by their phosphatidylinositide (PI) lipid composition!®. The inositol headgroup can be
phosphorylated at three defined positions (3, 4 and 5) to create eight distinct species of PI lipids,
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which can be recognized by different binding partners!!. For example, PI phosphorylated at
position 3 is called PI3P, which is one of the major determinants for endosome identity and
essential for many endosome functions like endosome fusion, signaling and motility!'®. PI3P
levels are required for the recruitment of PI3P-binding proteins like FYVE- or PX-domain-
containing proteins to endosomes’. PI3P levels regulate the function and localization of
endosomal proteins like the FY VE domain-containing early endosomal antigen EEA-1!2, which
is a tethering molecule required for the fusion of early endosomes!3, and the ESCRT-0 protein
HRS required for protein sorting into intraluminal vesicles (ILV), as well as the formation of
ILVs!4, PI3P levels similarly regulate the function and localization of the PX-domain-
containing sorting nexins (SNX), which are required for tubular sorting and recycling vesicle
formation on endosomes!>!®. Thus, PI species have important roles recruiting proteins for
endosome fusion, endosomal recycling and degradation.

To establish and mature endosomes, a series of PI kinases and phosphatases modify the
inositol headgroup on specific PI species. For example, the class III PI3Kinase (PI3K)
phosphorylates position 3 of the inositol headgroup on PI on early endosomes and is one of the
main sources of cellular PI3P. The class III PI3K is a conserved tetrameric complex in the
eukaryote lineage that consists of the core catalytic kinase VPS34, a core regulatory subunit
Beclinl (BEC-1, also called Atg6 in yeast) and the protein kinase-like VPS15 (also known as
PIK3R4). These core components form a tetrameric complex with either ATG14 (complex 1
involved in autophagy) or UVRAG (complex 2 involved in endosomal trafficking)"!”. PI3K
core subunits VPS-34 and BEC-1 are known for their diverse functions on endosomal
trafficking, autophagy, phagocytosis and cell division %, Class III PI3K also controls the
maturation of early endosomes to late endosomes by recruitment of effectors that initiate the
Rab switch between early endosomal RAB5 and late endosomal RAB7!. Thus, the class III
PI3K controls intracellular trafficking due to regulation of endosome maturation or fusion'!”.

As we discovered in chapter 3, VPS-34 and BEC-1 also regulate MV budding, which
could include regulating the localization of both inhibitors and activators of MV release, such
as the PI3P-binding ESCRT-0 complex. Dalton ef al. found that the TAT-5 ortholog Neol
accumulated at endosomes in yeast mutant for the BEC-1 ortholog vps30'°, suggesting that the
class III PI3K is likely to be required for the endosomal trafficking of TAT-5. Thus, it will be

interesting to examine TAT-5 localization in PI3K mutants.

&9



4. TAT-5 is trafficked by redundant sorting nexin pathways

4.1.2. RME-8 is important for endocytosis, recycling and endosomal tubulation

The DnalJ domain-containing protein receptor-mediated endocytosis 8 (RME-8) is a
PI3P effector downstream of the class III PI3K (see also 3.3.4.), as it localizes to PI3P-
containing endosomes?’22, RME-8 was initially identified as an essential gene required for
endocytosis in C. elegans that is conserved from plants to humans®>’. RME-8 mutants in
Drosophila also have disrupted endocytosis and altered clathrin localization?*. RME-8 binds to
Hsp70 via its J-domain?*, which is required for both clathrin uncoating and clathrin-coated

vesicle formation?3-2¢

, suggesting that Hsp70 and RME-8 are required for clathrin-mediated
endocytosis.

RME-8 also orchestrates endosomal recycling. RME-8 recruits the Wiskott-Aldrich
Syndrome protein and SCAR homolog (WASH) complex to endosomes, which nucleates actin
to control formation and fission of endosomal tubules®>. RME-8 also binds the sorting nexin
SNX-1 and together they restrict recycling microdomains on endosomes to prevent cargo from
undergoing lysosomal degradation®®?’. RME-8 was shown to be required for the retrograde
trafficking of Cation-Independent Mannose 6-Phosphate Receptor (CI-MPR), Notch receptor
trafficking, reduced lysosomal degradation of epidermal growth factor receptor (EGFR) and
Whtless recycling from endosomes to Golgi***2%28-3% Taken together, RME-8 has important
functions during the formation of endosome domains and tubulation of the endosome
membrane.

As discussed in chapter 3, we discovered that RME-8 was required to inhibit MV
release, which could be due to its function in endocytosis or in regulating the trafficking of MV
release inhibitors. Since previous results showed that TAT-5 is endocytosed and cycles through
RME-8-positive vesicles®!, it will be interesting to test whether RME-8 regulates the plasma

membrane recycling of TAT-5 to prevent its lysosomal degradation.

4.1.3. Sorting nexins and Retromer are important for recycling and endosomal
tubulation

Both PI3K and RME-8 are associated with sorting nexins (SNX)?, which bind cargos
and are required for the tubulation of sorting endosomes to form recycling vesicles'>. SNX
proteins have an evolutionarily-conserved phagocyte oxidase (phox) homology (PX) domain
that can bind PI3P!>!®, in addition to membrane-sculpting BAR domains or protein-binding
FERM domains (discussed below). Thus, different SNX proteins are thought to interact with

different cargos and have different functions.
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The SNX-PX protein SNX-3 lacks other domains common to SNX proteins and was
already linked to trafficking P4-ATPases. The TAT-5 ortholog Neolp in yeast was trafficked
by Snx3, in conjunction with PI3K activity!®. Dalton et al. also reported that Neol accumulated
at Snx3-positive vesicles in vps30 (beclinl) mutants and that Neol accumulated in the vacuole
in snx3 mutants. They proposed that Snx3 is required for the endosome to Golgi trafficking of
Neol. They could also show that Snx3 binds Neol at an N-terminal FEM motif, which is
partially required for Neol trafficking, suggesting that Snx3 specifically recognizes Neol as
cargo. Thus, SNX-3 is a likely candidate to regulate TAT-5 trafficking.

SNX3 binds to two core subunits of the retromer complex, VPS26 and VPS35, and is
required for the recruitment of the retromer to PI3P-positive endosomes®*33. The retromer
complex consists of a conserved trimer of core subunits (VPS26, VPS29, and VPS35), which
are required to correctly sort transmembrane cargo proteins on endosomes®*. This complex was
found to interact with trafficking cargo proteins and was therefore called the core cargo-binding
complex?®, although SNX3 has also been shown to be important for retromer to bind its cargo?>.
The SNX-PX protein SNX-3 and the retromer are essential for the retrograde trafficking of the
Whntless homolog MIG-14 from endosomes to the TGN together with PI3K and RME-8%2-36,
Furthermore, Vps35 mutants in yeast have increased Neol accumulation in the vacuole®’,
suggesting that the retromer is required for the retrograde recycling of Neol, similar to Snx3.
Thus, SNX-3 could be required for TAT-5 trafficking in combination with the retromer
complex.

SNX-BAR proteins have also been shown to regulate trafficking with RME-8 and
retromer. SNX-1 and SNX-6 belong to this subgroup of SNXs that have a curved
Bin/Amphiphysin/Rvs (BAR) domain in addition to the PX domain®®3°. These BAR domains
are involved in inducing or stabilizing membrane curvature, resulting in endosomal membrane
tubulation and recycling vesicle formation*’. The SNX-BAR SNX-1 acts together with RME-
8 to control recycling by the formation of an endosomal subdomain that sorts cargo away from
the degradative pathway?’. The SNX-BAR Vps5 from yeast interacts with the retromer Vps26
at a similar motif to SNX3334!

1 also forms a heterodimer with the SNX-BAR SNX-6*-%4, which together were shown to be

, which is also thought to be important for cargo binding. SNX-

required for the endosomal trafficking of CI-MPR and Insulin-like Growth Factor 1 receptor

(IGF1R)*+6_ Thus, SNX-1 and SNX-6 could also be required for the trafficking of TAT-5.
Sorting nexins of the SNX9 family are also involved in endosomal trafficking and

contain a BAR domain as well as a Src-homology-3 (SH3) domain. The SH3 domain interacts

with class I polyproline sequences, for example in the dynamin GTPase, the actin regulators
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WASP and N-WASP, and clathrin!>*’. SNX9 is required for clathrin-mediated endocytosis and
SNX18 was found on endosomal membranes!>3°, Recently, SNX9 and SNX18 were shown to
redundantly traffic a disintegrin and metalloprotease (ADAM9)*. Additionally, SNX18 was
shown to traffic autophagy-related ATG9A from recycling endosomes to autophagosomes®’,
showing that the SNX9 family members are involved in endosomal trafficking. The sole SNX9
family protein in C. elegans, LST-4, is most closely related to SNX18 and SNX33 and is
required for phagosome maturation and tubulation*-°, Thus, it will be interesting to test
whether LST-4 is required for the trafficking of TAT-5.

Conserved SNX-FERM proteins like SNX-17 and SNX-27 are also linked to the
retromer and involved in endosomal recycling. SNX-FERMs interact with cargo on endosomes
through their protein 4.1/ezrin/radixin/moesin (FERM) domain®>>!, FERM-cargo binding is
followed by retromer recruitment and membrane tubulation to traffic cargo to the plasma
membrane, thereby retrieving cargo from the degradative pathway®'=53. A ®xNxxY motif was
reported to be required for cargo binding by the FERM domains of SNX-17 and SNX-2734,
Intriguingly, TAT-5 contains a VCNQKY motif in its N-terminal domain, which could be
recognized by the FERM domains of SNX-17 and SNX-27 (Fig. 17). Thus, it is possible that
SNX-17 and SNX-27 could recognize TAT-5 as cargo through their FERM domains.

SNX-27 also traffics cargo through its unique N-terminal PDZ domain, while SNX17
may bind cargo through a unique C-terminal sequence’!, suggesting that these SNX-FERM
proteins can traffic different cargos. However, SNX-17 and SNX-27 can have redundant
functions, because the recycling of amyloid precursor protein (APP) can be conducted by
SNX27 or SNX17°4 Thus, it is likely that SNX-FERMs have similar and distinct roles in
recycling cargo proteins, and it will be important to test whether they regulate TAT-5 trafficking
individually or redundantly.

Taken together, given their key roles regulating cargo localization and endosome
tubulation, retromer and the various sorting nexins could orchestrate endosomal trafficking of
TAT-5. However, none of the sorting nexins or the retromer complex were found to inhibit MV
release using degron-mediated degradation of a plasma membrane reporter to screen for MV
inhibitors in chapter 3. This could mean that sorting nexins and retromer are not involved in
TAT-5 trafficking, or it could indicate that redundant pathways control TAT-5 trafficking and
MV release. Either way, studying the role of PI3K, RME-8, sorting nexins, and the retromer
complex in TAT-5 trafficking will provide new insights into endosomal recycling as well as

the regulation of MV release.
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4.2. Results: Endosomal recycling regulators control TAT-5 localization

In this chapter, we show that the recycling of TAT-5 to the plasma membrane depends
on the class III PI3K and RME-8 that also inhibit MV release. We also identify multiple
trafficking pathways downstream of PI3K and RME-8 that are required for TAT-5 plasma
membrane recycling. We test the role of candidate binding sites in TAT-5 to determine how
TAT-5 is recognized as cargo. We also find that TAT-5 mislocalization disrupts PE asymmetry,
which is normally maintained by TAT-5. Thus, we show that MV budding and TAT-5 flippase
activity can be regulated by TAT-5 localization.

4.2.1. TAT-5 antibodies to analyze endogenous TAT-5 localization

To visualize TAT-5 localization, we needed to obtain antibodies that specifically
recognize TAT-5. We ordered rabbits immunized against N-terminal (RSL, RRR) and C-
terminal TAT-5 peptides (KAL) (see Table 7 in the methods for the full peptide sequence). We
also needed to identify a suitable secondary antibody without too much background staining.
We tested four secondary antibodies against rabbit antibodies (Table 1). All four secondary
antibodies showed staining of the cytoplasm. The Cy3-conjugated antibody from Jackson
ImmunoResearch and both secondary antibodies from Molecular Probes additionally stained
P-granules or unspecified particles, which appeared similar to cortical granules. The only
antibody that exclusively showed cytoplasmic staining was the A488-conjugated antibody from
Jackson, which was therefore used to test whether the new rabbit antibodies could bind TAT-

5.

2" Antibody Source Catalog number | Lot number | Stained organelle
Cy3 Donkey anti | Jackson 711-165-152 109623 Cytoplasm

Rabbit ImmunoReserach P-granules

A488 Donkey Jackson 711-545-152 109117 Cytoplasm

anti Rabbit ImmunoReserach

A488 chicken Molecular Probes | A-21441 470144 Cytoplasm

anti Rabbit Unspecified particles
A568 Donkey Molecular Probes | A10042 685254 Cytoplasm

anti Rabbit Unspecified particles

Table 1: Many secondary antibodies show non-specific binding to C. elegans embryos. Fixed
embryos were stained with secondary antibodies to test for non-specific binding. All secondary
antibodies were incubated overnight at a concentration of 1:200. A488 Donkey anti Rabbit showed only
minor cytoplasmic staining, while other antibodies also stained P-granules or unspecified particles,

perhaps cortical granules.
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The unpurified test serum from peptide-immunized rabbits was screened for TAT-5
binding by immunostaining fixed embryos. Most peptide antibodies bound to cell
compartments like the egg shell, nuclear membrane, centrosomes and P-granules (Table 2),
which are typical patterns for antibodies derived from nematode contamination in the food of
immunized rabbits. Only the TAT-5 C-terminal peptide serum KAL from animal 1 (KAL)
showed plasma membrane staining (Fig. 1A), which was the expected localization of TAT-5
based on previous observations with the functional GFP-tagged TAT-5 transgene®. This
suggested that the KAL1 antibody was recognizing a protein in the plasma membrane, possibly

TAT-S.

Peptide Serum Localization
Egg shell Cell Nuclear Centrosomes | P-granules
membrane | membrane
RSL1 Test X - X X -
Purified - - - - -
RSL2 Test X - - X X
Purified - - - - -
RRR1 Test - - X X -
Purified - - - - -
RRR2 Test X - X X X
Purified - - - - -
KALI1 Test X X X X -
Purified - - - - -
KAL2 Test X - - - -
Purified - - - - -

Table 2: Localization of TAT-5 peptide antibodies after IHC. The name of the peptide and the
localization of the antibodies derived from the unpurified test serum or the affinity-purified serum is
indicated. The antibodies were found at different subcellular localizations, although all unpurified test
sera besides KAL2 localized to centrosomes. Only KALI bound to the plasma membrane, where
GFP::TAT-5 predominantly localizes and was suspected to bind to TAT-5. After affinity purification,
no specific antibody localization was observed. Observed (X) and not observed (-) localizations are

indicated.

To test whether KAL1 specifically recognized TAT-5, we depleted faz-5 by RNAI.
Unfortunately, KAL1 showed strong plasma membrane staining after tat-5 knockdown (Error! R
eference source not found.B), similar to the empty vector control (Fig. 1A), demonstrating
that the KAL1 serum does not bind TAT-5. This suggests that the KAL1 serum binds another

worm protein localized to the plasma membrane.
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KAL1 test serum

Fig. 1: The KAL1 peptide serum localizes to the plasma membrane, but is not TAT-5-specific.
Immunostaining of fixed C. elegans embryos with serum from rabbits immunized with the KALI
peptide. A) In a control 4-cell embryo, unpurified KALT1 test serum stains the plasma membrane. B)
After fat-5 depletion, unpurified KAL1 test serum still stains the plasma membrane of a 4-cell embryo,
suggesting that the KAL1 serum does not bind to TAT-5. C) No specific staining was found with the
purified KAL1 serum in a 4-cell embryo. Orange line marks the egg shell. Scale bar: 10 pm.

To separate any potential TAT-5 antibodies from other antibodies in the serum, the sera
was affinity purified. After receiving the purified serum, we tested all peptide antibodies again
using immunostaining. All purified antibodies showed cytoplasmic staining only (see Fig. 1C
for KAL1, Table 2), which is the typical background staining of the secondary antibody (Table
1). These data suggest that none of the peptide antibodies recognize endogenous TAT-5 and
that the tissue staining seen with the unpurified serums derived from non-specific anti-
nematode antibodies.

We also considered whether the peptide antibodies would only work in reducing
conditions, because the secondary structure of TAT-5 could hamper antibody binding to the
peptides. Therefore, we used the peptide antibodies to western blot GFP::TAT-5 protein®°.
Worm protein extracts were treated with f-mercaptoethanol to reduce disulfide bonds and
disrupt secondary structure. A GFP antibody was used as a positive control, which showed one
band slightly above 130 kDa (Fig. 2), consistent with the 32 kDa of GFP and the estimated 120
kDa of TAT-5. In contrast, multiple bands at different sizes were detected with the affinity-
purified peptide antibodies, confirming that none of the TAT-5 peptide antibodies specifically
binds to TAT-5.
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Fig. 2: Western blot with TAT-5 peptide antibodies. A) Western blot of protein extracts from worms
expressing GFP::TAT-5 from the pwis834 transgene. Blots were stained for GFP and each of the six
affinity-purified TAT-5 peptide antibodies. Only the GFP antibody showed a band of the predicted size
(~150 kDa). None of the peptide antibodies showed specific GFP::TAT-5 binding. B) Ponceau staining

of the same blot showing that equal amounts of protein were loaded and transferred.

4.2.2. TAT-5 plasma membrane localization is altered in PI3K and RME-8 mutants

Because we were unable to visualize endogenous TAT-5 with antibodies, we used a
worm strain with GFP-tagged TAT-5 driven under the germ line pie-/ promotor from the
transgene pwis§34 to observe GFP::TAT-5 localization on the plasma membrane of live
embryos>’. We analyzed GFP::TAT-5 localization in vps-34(h510) and bec-1(0k591) maternal
zygotic mutants and after rme-8 RNAI to check if these proteins are needed to recycle TAT-5.
GFP::TAT-5 localized to prominent structures in the cytoplasm instead of the plasma
membrane in bec-I or vps-34 mutants, or after rme-8 RNAIi treatment (Fig. 3A-D).
Accordingly, the TAT-5 plasma membrane localization was significantly reduced (Fig. 3E).
Thus, the increased EV release might result from TAT-5 loss from the plasma membrane,
suggesting that TAT-5 activity on the plasma membrane is needed to inhibit EV release. The
overall levels of GFP::TAT-5 were also reduced after rme-8 knockdown (Fig. 3F), suggesting
that mislocalization could alter protein stability, likely causing degradation of GFP::TAT-5

after endocytosis.
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Fig. 3: TAT-5 localization in EV-releasing PI3K and rme-8 mutants. A-D) GFP::TAT-5(pwis834)
localization in 4-cell embryos. A) GFP::TAT-5 localizes to the plasma membrane in a control 4-cell
embryo. B-C) GFP::TAT-5 is mislocalized to large cytoplasmic structures in bec-1 and vps-34 maternal
zygotic mutants. D) GFP::TAT-5 shows a more dispersed localization to cytoplasmic vesicles in rme-8
RNAI. Scale bar: 10 pum. Numbers of embryos with the indicated phenotype are listed in Table 3. E)
Ratio of GFP::TAT-5 fluorescence intensity in the plasma membrane to the intensity of the cytoplasm.
Disrupting PI3K subunits and RME-8 had highly significant effects on GFP::TAT-5 plasma membrane
localization. More variability is likely seen in vps-34 mutants due to the presence of a rescuing transgene
on an extrachromosomal array (see Methods) (ctrl: n=32, bec-1: n=12, vps-34: n=28, rme-§: n=25).
One-tailed Student's t-test with Bonferroni correction was used for statistical analysis (*p<0.05,
**p<0.001 compared to control empty vector RNAi). Data was measured with Kenneth Kuhn and
Jennifer Rivas-Castillo. F) Total GFP::TAT-5 fluorescence levels in 2- to 4-cell embryos are
significantly decreased after rme-8 RNAI treatment. Student's t-test was used for statistical analysis

(*p<0.05). Image modified from Beer et al, PNAS 2018°".

GFP::TAT-5 not on
Genotype RNAi plasma membrane
% n

+ - 0% 96
rme-8 39% 89
rme-8(b1023) - 28% 101
bec-1(0k691) - 69% 26
vps-34(h510) - 27% 83

Table 3: Loss of PI3K and RME-8 causes reduced GFP::TAT-5 on the plasma membrane: Number
of embryos (n) with GFP::TAT-5 localization defects in control (+) worms expressing GFP::TAT-5
from the pwis834 transgene treated with rme-8 RNAI or in untreated (-) #me-8 and PI3K mutants. The

percentage of embryos showing the indicated phenotype is given.
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4.2.3. RME-8 prevents the missorting of TAT-5 into late endosomes
RME-8 limits the degradative microdomains on endosomes to maintain the domain for protein
recycling?’. Accordingly, loss of RME-8 increases degradation of the plasma membrane
recycling cargo EGFR?. As we saw reduced TAT-5 levels after rme-8 RNAI (Fig. 3F), we
wondered whether TAT-5 is sent to the degradative pathway when RME-8 is lost. Thus, we
checked whether TAT-5 was missorted into late endosomes or lysosomes after 7me-8 RNAI.
GFP::TAT-5 rarely colocalized with LMP-1 staining in control embryos (Fig. 4A,C) and the
Pearson’s coefficient showed a negative correlation (Fig. 4D). In contrast, GFP::TAT-5 showed
a significant 2- to 3-fold increase in colocalization with LMP-1 in rme-8 RNAi-treated embryos
(Fig. 4B-C). Indeed, the Pearson’s coefficient showed a positive correlation in rme-§ RNAi
(Fig. 4D), indicating that more TAT-5 localized to late endosomes or lysosomes when RME-8
was depleted. Thus, RME-8 prevents the localization of TAT-5 to degradative endolysosomes.
To confirm that TAT-5 is mislocalized to late endosomes, we tested whether TAT-5
colocalizes with the Rab2 homolog UNC-108, which is found on the Golgi and is recruited to
endosomes after early endosome markers, such as RAB-5 and PI3P, but acts before late
endosome markers, such as RAB-7°%7. GFP::TAT-5 colocalized with a subset of mCherry-
tagged UNC-108 in control embryos, showing a positive Pearson’s coefficient (Fig. 4E, G-H).
TAT-5 colocalization with UNC-108 increased a significant 2- to 3-fold after rme-8 knockdown
(Fig. 4F-H). These data confirm that GFP::TAT-5 is mislocalized to late endosomes in rme-8

mutants that cause increased EV release.
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Fig. 4: Loss of RME-8 increases TAT-5 localization to late endosomes or lysosomes. A) GFP::TAT-
5 (green) staining localizes primarily to the plasma membrane in control 4-cell embryos. TAT-5 is also
found in cytoplasmic vesicles, but they do not often colocalize with LMP-1 staining (red) in late
endosomes or lysosomes, as shown in insets. B) Mislocalization of GFP::TAT-5 in rme-8 RNAI causes
increased colocalization with LMP-1. a’-b’) Line scans of GFP::TAT-5 and LMP-1 intensity next to the
dotted lines. C) The percentage of TAT-5 colocalized with LMP-1 is significantly increased in 2- to 12-
cell embryos after rme-8 RNAi compared to control embryos. Number of embryos scored is indicated
for each genotype. D) The Pearson's coefficient of GFP::TAT-5 colocalization with LMP-1 increases
significantly from a negative correlation in control embryos to a positive correlation in rme-8 RNAi. E)
Cytoplasmic GFP::TAT-5 vesicles (green) rarely colocalize with mCherry::UNC-108 staining in Golgi
and endosomes (red) in 2-cell embryos, as shown in insets. F) TAT-5 colocalization with the Rab2
homolog UNC-108 increases after 7me-§ RNAi. e’-f’) Line scans of GFP::TAT-5 and UNC-108
intensity next to the dotted lines. G) The percentage of TAT-5 colocalized with UNC-108 is significantly
increased in 2- to 12-cell embryos after rme-8 RNAi compared to control embryos. Number of embryos
scored is indicated for each genotype. H) The Pearson's coefficient of GFP::TAT-5 colocalization with
LMP-1 increased significantly in 7me-8§ RNAI. Student's t-test with Bonferroni correction was used for
statistical analysis (*p<0.05, **p<0.001). Scale bar in A-B & E-F: 10 pm. Inset Scale bar A-B, E-F: 5
um. Image modified from Beer et al. PNAS 2018*'.

4.2.4. TAT-5 PE flipping activity depends on RME-8

As the TAT-5 ortholog Neolp is able to maintain plasma membrane asymmetry from
endosomes’®, we tested whether PE asymmetry is maintained when TAT-5 is not properly
localized to the plasma membrane by RME-8. We stained live gonads with the PE-binding
lantibiotic duramycin®® and saw increased duramycin staining in rme-8 knockdown animals
(Fig. 5A), indicating that PE is externalized on the surface of cells and PE asymmetry is lost.
Together with our previous result that more TAT-5 localizes to late endosomes and lysosomes
in rme-8 mutants (Fig. 4), we conclude that TAT-5 is not able to maintain PE asymmetry in the
plasma membrane when mislocalized to late endosomes or lysosomes.

We next wanted to test whether RME-8 was generally required for trafficking lipid
flippases or whether it specifically regulated TAT-5 localization. TAT-1 is a related flippase
that maintains the asymmetry of phosphatidylserine (PS) in the C. elegans plasma membrane.
Therefore, we stained live gonads with Annexin V, a protein with high affinity to PS®. As
expected®!, loss of TAT-1 caused increased PS externalization (Fig. 5B). In contrast, knocking
down RME-8 did not result in an increase in Annexin V staining (Fig. 5B), indicating that PS
remains cytofacial and is not externalized in rme-8 mutants. This suggests that RME-8 is not

required to localize the related P4-ATPase TAT-1 that maintains PS asymmetry in the plasma
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membrane®. Thus, RME-8 is not likely to regulate the trafficking of all P4-ATPases, but is

specifically required for TAT-5 to localize to the plasma membrane.
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Fig. 5: RME-8 is required to maintain PE asymmetry. A) Duramycin staining is significantly
increased on dissected gonads after rme-8§ or tat-5 RNAI treatment, indicating that RME-§ is required
for TAT-5 to maintain PE asymmetry (ctr! n=54, tat-5 n=50, rme-8 n=15). B) Annexin V staining is not
increased on dissected gonads after rme-8 RNAIi treatment (p>0.05), indicating that PS is not
externalized. Annexin V staining is strongly increased in fat-1(kr15) mutants, indicating that RME-8§ is
not required for TAT-1 PS flippase activity (ctr/ n=21, rme-8 n=16, tat-1 n=12). A one-tailed Student's
t-test with Bonferroni correction was used for statistical analysis (asterisks indicate significantly

increased values: *p<0.05, **p<0.001). Graphs are modified from Beer et al. PNAS 2018,

4.2.5. PI3Kinase, RME-8, and sorting nexins control TAT-5 localization independent of
the core retromer

As PI3K and RME-8 regulate multiple recycling pathways and act at early steps of
endosome maturation®®, we next wanted to determine which specific endosomal recycling
pathways are required for TAT-5 localization. Since the retrograde trafficking of Neol depends
on Snx3 and Retromer in yeast!”3’, we started by examining GFP::TAT-5 localization in
mutants for the core retromer subunits VPS-26, VPS-29, and VPS-35, as well as different
sorting nexins (SNX) that bind PI3P, including the SNX-PX protein SNX-3, several SNX-
BARs and SNX-FERM proteins?33-:63,

We first checked whether the retromer complex was required for the recycling of TAT-

5. GFP::TAT-5 still localized to the plasma membrane in vps-26 deletion mutants or after vps-
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26, vps-29, or vps-35 RNAI treatment (Fig. 6A-C, see also Table 4). However, there was a
slight, but significant drop in plasma membrane levels measured in vps-26 mutants, vps-29
RNAI, and vps-35 RNAIi (Fig. 6J). Thus, the core retromer only mildly controls TAT-5
localization, in contrast to PI3K and rme-8 knockdown.

As the SNX-BAR heterodimer proteins SNX-1 and SNX-6 interact with RME-8 in
addition to the retromer complex>%4, we tested whether loss of SNX-BARs would disrupt TAT-
5 trafficking similar to loss of rme-8 or retromer subunits. GFP::TAT-5 localization appeared
diffuse on the plasma membrane and TAT-5 plasma membrane levels were strongly reduced in
snx-1 or snx-6 RNAi-treated embryos (Fig. 6D-E, J). This suggests that SNX-1 and SNX-6 are
also important to traffic TAT-5 independent of the core retromer.

As the SNX-PX protein SNX-3 carries out endosomal membrane trafficking together
with the core retromer complex®!, we expected only mild TAT-5 mislocalization after depleting
SNX-3, similar to what we saw after depleting retromer subunits (Fig. 6A-C). In contrast,
GFP::TAT-5 appeared significantly more diffuse around the plasma membrane in snx-3
deletion mutants (Fig. 6F). Indeed, plasma membrane localization decreased similar to PI3K
and rme-8 knockdown (Fig. 6J). This suggests that SNX-3 is required to traffic TAT-5
independent of the core retromer.

We next tested whether this was a common feature of SNX-BAR proteins and tested
the SNX9 family member LST-4, which is involved in endocytosis and membrane
tubulation®*®°, In contrast to snx-/ and snx-6 RNAI, knocking down Ist-4 did not disrupt
GFP:: TAT-5 localization (Fig. 6G, Table 4). These data suggest that the SNX-BARs SNX-1
and SNX-6 are specifically required to traffic TAT-5 to the plasma membrane.

The SNX-FERM proteins SNX-17 and SNX-27 are known to be required for endosome
to plasma membrane recycling®, and TAT-5 has a canonical FERM-binding motif. Therefore,
we wondered whether SNX-17 and SNX-27 could be candidates to traffic TAT-5. In contrast
to snx-1/-6 and snx-3 mutants, knocking down snx-17 or snx-27 did not disrupt GFP::TAT-5
localization (Fig. 6H, I, Table 4). Therefore, SNX-FERM proteins are not major regulators of
TAT-5 trafficking.

In summary, these results indicate that SNX-1/-6 and SNX-3 play a more important role
than the core retromer complex and other sorting nexins in TAT-5 localization. Surprisingly,
our results further suggest that retromer-associated sorting nexins can traffic cargoes
independently of the retromer. Therefore, we hypothesize that TAT-5 is primarily trafficked by
one or more retromer-independent pathways that include SNX-3 as well as the SNX-BAR
proteins SNX-1 and SNX-6.
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Fig. 6: TAT-5S is recycled by retromer-associated proteins. A-I) 4-cell embryos expressing
GFP::TAT-5(pwis834). A-C) GFP::TAT-5 still localizes to the plasma membrane in core retromer vps-
26 deletion mutants and after vps-29 and vps-35 RNAI, suggesting that the retromer is not required for
TATS-5 trafficking. D-F) In contrast, GFP:: TAT-5 plasma membrane localization is weak after snx-/ and
snx-6 RNAI or in snx-3 deletion mutants. G-I) GFP::TAT-5 localization is not altered after /st-4 RNAI,
in snx-17 deletion mutants or after snx-27 RNAI. Scale bar: 10 um. Numbers of embryos with the
indicated GFP::TAT-5 localization phenotype are listed in Table 4. J) Ratio of GFP::TAT-5
fluorescence intensity in the plasma membrane to the intensity of the cytoplasm. Knocking down or
deleting core retromer proteins resulted in mild, but statistically significant decreases. Disrupting SNX-
1/6 and SNX-3 had highly significant effects on GFP::TAT-5 plasma membrane localization, similar to
PI3K subunits and RME-8 (ctrl n=32, vps-26 n=32, vps-29 n=33, vps-35 n=24, snx-1 n=29, snx-6 n=29,

snx-3 n=28, bec-1 n=12, vps-34 n=28, rme-8 n=25). Student's t-test with Bonferroni correction was used
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for statistical analysis (*p<0.05, **p<0.001 compared to control empty vector RNAi or comparison
between SNXs and retromer). Data was measured with Kenneth Kuhn and Jennifer Rivas-Castillo. All

images except G-I are modified from Beer et al. PNAS 2018°".

GFP::TAT-5 not on
Genotype RNAi plasma membrane
% n

- 0% 96
tat-5 79% 29
vps-26 0% 41
vps-29 0% 49
vps-35 0% 42
+ snx-1 31% 36
snx-3 5% 73
snx-6 28% 72
Ist-4 0% 72
snx-17" 0% 26
snx-27" 0% 21
vps-26(tm1523) - 0% 52
snx-3(tm1595) - 26% 53

Table 4: Summary of GFP::TAT-5 localization defects. Control (+) and mutant worms expressing
GFP::TAT-5 were treated with RNA1 or untreated (-). The percentage of embryos showing the indicated
phenotype is given. Embryos (n) from the zygote to 15-cell stage were scored for whether GFP:: TAT-

5 was visible at the plasma membrane. 'marks experiments that were only performed ones.

4.2.6. SNX-3 regulates TAT-5 localization independent of binding to retromer

Structural studies have shown how SNX-3 associates with the core-retromer VPS-26
and VPS-35 and recruits the core retromer upon cargo binding, making the SNX-3-retromer
interface an important interface for cargo binding?®*3663-67, However, as only SNX-3 and not the
core-retromer was required for TAT-5 plasma membrane localization, we hypothesized that
SNX-3 could regulate TAT-5 localization and EV release independent of binding to the core
retromer. A single tyrosine in SNX-3(Y22) is required for VPS-35 binding and cargo
trafficking*. Accordingly, a SNX-3(Y22A) mutant causes loss of VPS-35 binding and altered
Wnatless trafficking in C. elegans. We expressed GFP::TAT-5 in snx-3(hu256[Y22A]) mutants
and saw that TAT-5 still localized to the plasma membrane (Fig. 7B), in contrast to the
significant loss of plasma membrane-localized TAT-5 in snx-3 deletion mutants (Fig. 6F). This

confirms that SNX-3 binding to the core retromer is dispensable for TAT-5 trafficking.
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control snx-3(hu256[Y22A]))

Fig. 7: SNX-3 traffics TAT-5 independent of the retromer complex. A-B) 4-cell embryos expressing
GFP::TAT-5(pwis834). GFP::TAT-5 localizes to the plasma membrane in control embryos and in snx-
3(hu256/Y224]) mutants deficient for VPS-35 binding (n=36), suggesting that SNX-3 regulates TAT-

5 localization independent of the retromer complex. Scale bar: 10 pm.

4.2.7. SNX-6 is not required for TAT-5 activity

Given that PE was externalized after rme-8 RNAI that altered TAT-5 plasma membrane
localization (Fig. 5A), we wondered whether PE asymmetry was lost after knocking down
sorting nexins that regulate TAT-5 plasma membrane localization (Fig. 6E, J). We stained live
gonads with the PE-binding lantibiotic duramycin® and saw that PE externalization was not
increased after snx-6 RNAIi (Fig. 8). In fact, snx-6 knockdown animals displayed significantly
less PE externalization than control embryos. Thus, TAT-5 is able to maintain PE asymmetry
in the plasma membrane when mislocalized in snx-6 mutants. Thus, although GFP::TAT-5 is
largely lost from the plasma membrane in both rme-8 and snx-6 mutants, SNX-6-mediated

trafficking is not required for TAT-5 activity.
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4. TAT-5 is trafficked by redundant sorting nexin pathways

Fig. 8: SNX-6 is not required to maintain PE asymmetry. Duramycin staining is decreased on
dissected gonads after snmx-6 RNAI treatment, indicating that SNX-6 is not required for TAT-5 to
maintain PE asymmetry (ctrl n=54, tat-5 n=50, snx-6 n=27). A one-tailed Student's t-test with
Bonferroni correction was used for statistical analysis (asterisks indicate significantly increased values:
*#p<0.001, carets indicate significantly decreased values: *p<0.05). Graph is modified from Beer et al.

PNAS 2018,

4.2.8. SNX-1/-6 and SNX-3 redundantly inhibit extracellular vesicle release

Given the significant role of sorting nexins on TAT-5 localization (Fig. 6D-F), but lack
of PE externalization in snx-6 mutants (Fig. 8), we wondered whether sorting nexins also inhibit
EV release like class III PI3K and RME-8. Using the PH-degron reporter to label released EVs
(see chapter 3), we found that EV release was not increased after individual RNAis targeting
snx-1, snx-6, or snx-3 (Fig. 9D). We also crossed snx mutants to the PH-degron reporter strain
and found no increase in EV release in snx-/ or snx-3 deletion mutants (Fig. 9A, D), suggesting
that TAT-5 was still able to maintain plasma membrane asymmetry despite its reduced levels
at the plasma membrane. This is consistent with the lack of externalized PE after snx-6 RNAi
(Fig. 8), suggesting that TAT-5 is still active in snx mutants.

As SNX-1 and SNX-6 are thought to act in a different pathway than SNX-327, but we
found that all three SNX proteins are required for TAT-5 trafficking, we tested whether they
act together in the same trafficking pathway, or whether TAT-5 is trafficked by multiple
redundant pathways. As the SNX-BAR proteins SNX-1 and SNX-6 form a heterodimer?, we
hypothesized that they would act in the same pathway, while SNX-3 would act in a separate
TAT-5 trafficking pathway. We therefore predicted that TAT-5 localization and/or activity
would be more disrupted when both the SNX-1/-6 and SNX-3 trafficking pathways are altered.

Given that loss of TAT-5 activity causes sterility and embryonic lethality®®, we checked
whether snx deletion mutants treated with snx RNAi1 show synthetic phenotypes. No embryonic
lethality was observed in single snx mutants, but depleting snx-/ or snx-6 in snx-3 deletion
mutants caused embryonic lethality and sterility (Table 5), consistent with SNX-3 acting in a
different pathway than SNX-1 or SNX-6. However, we did not detect synthetic phenotypes in
the reverse experiment, probably because snx-3 RNAI is only partially effective (discussed
further below and in Fig. 10D). We also did not observe synthetic phenotypes when depleting
snx-1 in snx-6 mutants or vice versa, consistent with SNX-1 and SNX-6 acting together in the
same pathway. Taken together, our results suggest a redundant role for trafficking by SNX-3
and trafficking by SNX-1/6 during embryonic development.
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Mutant RNA1
strain control snx-1 snx-3 snx-6 Ist-4
+ _ _ _ _ _
snx-1 ) ) ) )
(tm847)
Egl Egl Egl Egl
snx-3 Let Emb
(tm1595) Ste
Emb
Egl
snx-6 ) ) )
(tm3790)
Ist-4 ) ) )
(tm2423)

Table 5: Genetic interactions of double snx mutants. Egg-laying-defective (Egl), lethal (Let), sterile
(Ste), and embryonic lethal (Emb) phenotypes were screened after knockdown with sorting nexin RNAi
in wild type (+) or snx mutants (A). (-) indicates that none of these phenotypes were detected. Untreated
snx-3 mutants showed an egg-laying defect, while snx-1/6 snx-3 double mutants showed embryonic
lethality, sterility and lethality. All data derive from three independent experiments with each indicated
phenotype seen at least once per experiment. Experiments were performed together with Jennifer Rivas-

Castillo. Table modified from Beer et al. PNAS 20183,

To test whether the lethal and sterile phenotypes in snx double mutants could be due to
increased EV release, we treated snx deletion mutants expressing the PH-degron reporter with
snx RNAI. Increased EV release was observed in snx-/ mutants treated with snx-3 RNAI or in
snx-3 mutants treated with snx-1 or snx-6 RNAI (Fig. 9B-D). This indicates that the SNX-BARs
SNX-1/-6 and the SNX-PX protein SNX-3 control two different TAT-5 trafficking pathways
to inhibit EV release. Thus, we think that SNX-1/-6 and SNX-3 act in separate pathways to
redundantly traffic TAT-5 to inhibit MV budding.
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snx-3(tm1595) snx-1 snx-3(tm1595) snx-6

D Increased EV release
Genotype RNAI (thick membranes)

% n

snx-1 0% 60

+ snx-6 0% 40

snx-3 0% 60

- 0% 24

snx-1(tm847) > 55%" 20

snx-3(tm1595) | - 1% 69

snx-1 86% 36

snx-6 100% 28

Fig. 9: SNX-1/-6 and SNX-3 redundantly inhibit EV release. A-C) 26-cell snx-3(tmi1595) embryos
expressing the mCherry::ZF1::PHpicio1 plasma membrane reporter. A) EV release was not increased in
a snx-3 mutant embryo. B) EVs labeled with mCherry::ZF1::PHprc141 (arrow) accumulate between cell
contacts in a snx-3 mutant treated with snx-/ RNAI. C) Increased EV release is also detectable in snx-3
mutants treated with snx-6 RNAI. Scale bar: 10 pm. D) Increased EV release was scored by looking for
membrane thickenings. Numbers of observed phenotypes from wild type (+) and snx-/ and snx-3
mutants that were either untreated (-) or treated with RNAI targeting the indicated genes. *GFP::TAT-
5 was used to score EV release in snx-1(tm847) snx-3 RNAi embryos, which is likely to underestimate
EV release as GFP::TAT-5 localization to the plasma membrane was reduced. Images are modified from

Beer et al. PNAS 2018,

4.2.9. SNX-1/-6 and SNX-3 redundantly regulate intracellular TAT-5 trafficking

In order to understand why EV release was only increased when both SNX-1/6 and
SNX-3 pathways were targeted, we next analyzed GFP::TAT-5 localization in snx double
mutants. In addition to the reduced plasma membrane localization seen for the single snx
mutants, depleting snx-3 in snx-/ mutants caused TAT-5 to accumulate in cytosolic
compartments (Fig. 10B). Similar cytosolic puncta were also observed after snx-6 depletion in
snx-3 mutants (Fig. 10C), but were rarely observed in snx-3 mutants or after single snx RNAi
(Fig. 10A, Fig. 6D-F). This suggests that TAT-5 is mislocalized to a different intracellular
compartment when both SNX-1/6 and SNX-3 are disrupted.

To test whether the plasma membrane levels were lower when both SNX-1/6 and SNX-
3 were disrupted, we measured TAT-5 localization as the ratio of GFP::TAT-5 levels in the
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plasma membrane to GFP::TAT-5 levels in the cytosol. This confirmed that all snx double
mutants had a significantly reduced TAT-5 plasma membrane ratio compared to control
embryos (Fig. 10D). However, the reductions in the TAT-5 plasma membrane ratio were not
significantly decreased in double mutants when compared to single mutants (p>0.05, one-tailed
Student’s t-test). Only snx-3 RNAI had a significantly higher TAT-5 plasma membrane ratio
than other mutants, suggesting that snx-3 RNAIi is only partially effective. Taken together,
TAT-5 loss from the plasma membrane was not measurably increased by depleting both SNX-

1/-6 and SNX-3-dependent trafficking pathways, suggesting that the change in the intracellular

accumulation of TAT-5 altered its function.

snx-3(tm1595) snx-1(tm847) snx-3 snx-3(tm1595) snx-6
D
v GFP::TAT-5
o= 1.154 not on plasma
ILQ s 2 Genotype RNAI membrane
< g §1.1o-. % n
a €3 - 0% 96
5 o 3105 + + * * * . snx-1|  31% | 36
G > * snx-3| 5% | 73
5 1004 snx-6 | 28% | 72
- 37% 41
0.95 cfrl | ctrl 'snx-6'snx-3] ctrl 'snx-6|snx-1snx-6 snx-3 snx-1(tm847) | snx-3 26% 37
snx-1 snx-3 + - 26% 53
(tm847) (tm1593) snx-3(tm1595) |"spx6 | 36% | 53

Fig. 10: TAT-S trafficking is further altered in snx-1/-6 and snx-3 double mutants. A-C) 4-cell
embryos of snx mutants expressing GFP::TAT-5. A) GFP::TAT-5 plasma membrane localization is
dispersed in untreated snx-3(tmi1595) mutants. B-C) GFP::TAT-5 accumulates in cytoplasmic
compartments in snx-/ deletion mutants after snx-3 RNAI, as well as in snx-3 mutants treated with sznx-
6 RNAi. Scale bar: 10 pm. D) GFP::TAT-5 ratio between the plasma membrane and the cytosol
measured from 2-4-cell embryos. Student’s t-test with Bonferroni correction was used for statistical
analysis (***p<0.001). All snx RNAis (sux-1 n=29, snux-6 n=30, snx-3 n=38) and snx mutants (snx-
1(tm847) ctrl n=30, snx-6 n=33, snx-3 n=28; snx-3(tm1595) ctrl n=28, snx-6 n=41) had significantly
lower GFP::TAT-5 levels on the plasma membrane compared to the vector control (n=32)(***p<0.001,
compared to empty vector control). TAT-5 mislocalization was not increased in the double mutants

compared to individual RNAis (p>0.05, one-tailed Student’s t-test), although snx-3 RNAi was
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significantly weaker than snx-3(tm1593) mutants (“p<0.05, one-tailed Student’s t-test with Bonferroni
correction). E) Numbers and percentage of observed embryos with plasma membrane localization
defects are indicated. Wild type (+) or mutant worms expressing GFP::TAT-5 were treated with RNAi
or untreated (-). Embryos (n) from the zygote to the 15-cell stage were scored for whether GFP::TAT-5

was visible at the plasma membrane. Images B-D are modified from Beer et al. PNAS 2018°'.

4.2.10. Retromer proteins do not redundantly control TAT-5 plasma membrane
localization or extracellular release

Given that SNX-1/6 and SNX-3 act redundantly during TAT-5 trafficking and EV
release, we decided to revisit the role of the retromer complex in TAT-5 trafficking. The
decrease in TAT-5 plasma membrane localization in retromer mutants could be mild because
of redundant functions of the core retromer trimer. Therefore, we tested whether they could act
redundantly like SNX-1/-6 and SNX-3. Untreated vps-26 and vps-35 deletion mutants are egg
laying defective (Egl)®®7°, while vps-35 deletion mutants are also partially sterile (Table 6)7!,
giving a first hint that different retromer subunits can have distinct functions. In contrast to the
single mutants, we obtained synthetic sterility when we depleted vps-29 in a vps-26 or vps-35
deletion strain. We also observed embryonic lethality when we targeted vps-35 in a vps-26
deletion strain, but could only verify synthetic sterility in the opposite experiment. Thus,
retromer proteins can act redundantly.

We also tested whether retromer could act redundantly with sorting nexins. Sterility was
observed when we depleted snx-1 in vps-26 and vps-35 mutants, while vps-26 mutants treated
with snx-1 RNAi were also lethal. Lethality was also observed after snx-3 RNAIi in vps-26
mutants. Depleting the SNX9 ortholog Ist-4 in vps-26 and vps-35 mutants (or vice versa) also
caused sterility. Thus, retromer proteins can have redundant functions with sorting nexins,
which supports our hypothesis that sorting nexins sort cargo dependent and independent of the

retromer.
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Mutant RNAI
strain control | vps-26 vps-29 vps-35 snx-1 snx-3 snx-6 Ist-4
+ - - - - - - - -
wps-26 Ste Egl Emb
(tmi523) - - - -
+
Egl Egl Let Let Let Egl
vps-26 Egl Egl Egl Ste
(tm1523) Ste Ste Ste Emb
Emb
Egl Egl Let Let Ste Egl Egl
vps-35 Ste Ste Egl Egl Ste Ste
(hu68) Ste Ste
Egl Let
snx-1 ) ) Ste
(tm847)
Egl Let Let Let
snx-3 Egl Egl Egl
(tm1595) Ste Ste Ste
Let
snx-6 ) ) } Ste
(tm3790)
Ste Ste
Ist-4 ) )
(tm2423)

Table 6: Genetic interactions of double retromer mutants. Lethal (Let), egg-laying-defective (Egl),
sterile (Ste), and embryonic lethal (Emb) phenotypes were detected after knockdown with retromer or
sorting nexin RNAis in retromer or sorting nexin deletion mutants (A). Synthetic phenotypes were also
obtained using a heterozygous vps-26 deletion strain (A/+). Wildtype worms were used as a positive
control and are depicted as +. (-) indicates that none of these phenotypes were detected. Untreated vps-
26, vps-35, and snx-3 mutants showed an egg-laying defect and untreated vps-35 mutants were also
partially sterile. All data derive from three independent experiments with each indicated phenotype seen
at least once per experiment. Experiments were performed together with Jennifer Rivas-Castillo. Table

modified from Beer ef al. PNAS 20183,

Given these redundant roles of retromer subunits, we directly tested TAT-5 localization
and EV release in retromer double mutants. As presented previously (Fig. 6A, J), vps-26
mutants have slightly less GFP::TAT-5 on the plasma membrane than control embryos (Fig.
11A, D). In contrast, vps-26 mutants treated with vps-29 or vps-35 RNAi did not show

significant changes in plasma membrane localization when compared to control embryos or to
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vps-26 single mutants (Fig. 11D-E), demonstrating that the core retromer proteins are not acting
redundantly during TAT-5 trafficking. Similarly, RNAi against other retromer subunits in vps-
26 mutants did not increase EV release (Fig. 11E). Therefore, it is unlikely that retromer
proteins significantly control TAT-5 localization or are involved in regulating EV release,
strengthening the model that SNX-1/-6 and SNX-3 control TAT-5 localization independent of

the core retromer.

Vps-26(tm1523)

D | ns

é B 1.20; Increased EV GFP::TAT-5

T = ] . release (thick not on plasma
|Lr_') S o 1.15 * Genotype RAAS membranes) membrane
= £ £ 1.107 % n % n
e 1.05. == + - 0% 119 0% | 96
& p c_g. : - 0% 41 0% 52
O £ £ 1.001 vps-26(tm1523) | vps-29 0% 45 0% 46

& o 0.95 vps-35 0% 43 0% 35

= ) ctrl I - vps-29  vps-35 I

vps-26(tm1523)

Fig. 11: GFP::TAT-5 localizes to the plasma membrane in double retromer mutants. A-C:
GFP::TAT-5 localizes to the plasma membrane in vps-26 mutant 2-cell embryos regardless of vps-29 or
vps-35 depletion. Scale bar: 10 um. D) Ratio of GFP::TAT-5 fluorescence intensity between plasma
membrane and the cytosol measured from 2-4-cell embryos. Student's t-test with Bonferroni correction
was used for statistical analysis (*p<0.05, compared to control empty vector RNAi1). No significant
difference was observed when comparing vps-29 (n=13) or vps-35 (n=8) RNAi-treated vps-26 mutants
to untreated vps-26 mutants (n=32) or to control GFP::TAT-5 embryos (n=32). E) Summary of EV
release and GFP::TAT-5 localization defects in vps-26 mutants treated with the indicated RNAI.
Embryos (n) from the late 4-cell to 102-cell stage were scored for thickened membrane labeling between
cells, which is indicative of EV release. Embryos from the zygote to 15-cell stage were scored for

whether GFP::TAT-5 was visible at the plasma membrane.

4.2.11. FERM-domain containing sorting nexins are not required for TAT-5 trafficking.
Although GFP::TAT-5 did not need SNX-17 or SNX-27 for its plasma membrane

localization (Fig. 6H-I, Fig. 12D), TAT-5 contains a VCNQKY motif in its N-terminal domain

(Fig. 17), which could be a ®xNxxY motif recognized by the FERM domains of SNX-17 and
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SNX-273. Therefore, we tested whether SNX-FERM proteins could traffic TAT-5
redundantly. Depleting snx-27 in the snx-/7 mutant background also did not alter TAT-5
trafficking to the plasma membrane (Fig. 12A, D), suggesting that these SNX-FERM proteins
do not redundantly traffic TAT-5 to the plasma membrane. As SNX27 has been shown to act
together with SNX33, we next took a preliminary look at whether the SNX-FERM proteins
traffic TAT-5 redundantly with the SNX-BAR proteins or SNX-3. Depleting snx-6 in snx-17
mutants altered TAT-5 recycling to the plasma membrane (Fig. 12B), similar to single snx-6
RNAI (Fig. 6E). Treating snx-3 mutants with snx-27 RNAI also caused reduced GFP::TAT-5
levels at the plasma membrane (Fig. 12C), similar to snx-3 single mutants (Fig. 6F). So far, we

have no evidence suggesting that the SNX-FERM proteins play a role in TAT-5 trafficking.

*

m—  SnX-17(tm3779) snx-27 snx-17(tm3779) snx-6 snx-3(tm1595) snx-27

GFP:: TAT-5 not on

Genotype RNAI plasma membrane
% n
snx-1 31% 36
snx-6 28% 72
snx-3 5% 73
* snx-17 0% 26
snx-27 0% 21
snx-17 + snx-27 0% 12
- 0% 8
snx-1 0% 6
snx-17(tm3779) vy 50% 12
snx-27 0% 19
- 26% 53
snx-3(tm1595) snx-6 36% 53
snx-27 0% 10

Fig. 12: SNX-17 and SNX-27 are unlikely to control redundant TAT-5 trafficking pathways. A-C)
GFP::TAT-5 localization in 4-cell embryos. A) GFP::TAT-5 localizes to the plasma membrane in a snx-
17 mutant treated with snx-27 RNAi. B) Depleting snx-6 in a snx-17 mutant background reduces TAT-
5 plasma membrane localization, similar to snx-6 RNAi in a wildtype strain (compare to Fig. 6E). C)
Depleting snx-27 in a snx-3 mutant background causes decreased TAT-5 plasma membrane localization

as in untreated snx-3 mutants (compare to Fig. 7F). Scale bar: 10 um. D) Numbers and percentage of
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observed embryos with plasma membrane localization defects. Wild type (+) or mutant worms

expressing GFP::TAT-5 were treated with RNAI or untreated (-).

To check whether SNX-17 and SNX-27 could redundantly regulate EV release, we
checked for increased EV budding in snx-17 and snx-27 mutants. No EV release was observed
in individual snx-17 mutants or in snx-/7 mutants treated with snx-27 RNAi (Fig. 13A, D),
consistent with the observation of normal TAT-5 localization in SNX-FERM double mutants
(Fig. 12A, D). This suggests that SNX-17 and SNX-27 do not regulate EV release singly or
redundantly with each other.

We next tested whether either SNX-FERM protein could have a redundant role with the
SNX-BARs. We saw thick patches of increased mCh::PH::ZF1-labeling in snx-/7 mutants
treated with snx-1 or snx-6 RNAI1 (Fig. 13B, E), consistent with increased EV release. Although
similar experiments still need to be carried out with SNX-27, this suggests that at least SNX-
17 can control EV release redundantly with SNX-1 and SNX-6.

Finally, we tested whether the SNX-FERMSs could have a redundant role with SNX-3.
We saw persisting fluorescence of the mCh::PH::ZF1 reporter in snx-3 mutants treated with
either snx-17 or snx-27 RNAI (Fig. 13C-D). However, mCh::PH::ZF1 appeared punctate in the
cytoplasm of most snx-/7 and some snx-27 RNAi embryos. There was no increase in PH
labeling after snx-3 knockdown in the snx-/7 mutant (Fig. 13E), with the caveat that the snx-3
RNAI only causes a partial loss-of-function (Fig. 10D-E, Table 4). Thus, SNX-FERMs could
have a redundant role with SNX-3, but the EV release phenotype will need to be confirmed by
TEM.

In summary, our preliminary results suggest that SNX-17 could inhibit EV release
redundantly with SNX-1/-6 and probably SNX-3. SNX-27 could also control EV release
redundantly with at least SNX-3, while redundancy with SNX-1/-6 still needs to be tested.
However, it is unclear whether redundant MV release inhibition is through a redundant TAT-5

trafficking pathway or another EV regulator.
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snx-17(tm3779) snx-6

/\.

snx-3(tm1595) snx-17 snx-3(tm1595) snx-27

Increased EV
Genotype RNAI ﬁ::;:, a(:;'g')(
% n
snx-1 0% 60
snx-6 0% 40
snx-3 0% 60
* snx-17 0% 26
snx-27 0% 21
snx-17 + snx-27 0% 7
- 0% 75
snx-1 19% 52
snx-6 56% 147
snx-17(tm3379) X3 0% 5
snx-27 0% 22
vps-35 0% 10
- 1% 69
snx-3(tm1595) snx-17 21% 14
snx-27 37% 19

Fig. 13: SNX-17 and SNX-27 have redundant roles in EV release. A-C) 26-28-cell embryos
expressing the mCherry::ZF1::PHprc151 plasma membrane reporter. A) EV release is not increased in a
snx-17 deletion mutant. B) mCherry::ZF1::PHprc101 accumulates between cell contacts (arrow) in over
half of snx-17 mutants treated with snx-6 RNAI, suggesting there is increased EV release. C-D)
mCherry::ZF1::PHpLcia1 remains fluorescent in snx-3 deletion mutant embryos treated with snx-17 (one-
fifth) or snx-27 (one-third) RNAI in a 12-cell embryo, which requires confirmation by TEM to determine
whether these are EVs. Scale bar: 10 um. E) Numbers of thickened membrane phenotypes observed

from wild type (+), snx-17 or snx-3 deletion mutants that were either untreated (-) or RNAI treated.
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4.2.12. Testing SNX-binding motifs in TAT-5
As both the SNX-BAR proteins SNX-1/-6 and the SNX-PX protein SNX-3 control
TAT-5 localization, we wondered whether TAT-5 was a direct cargo of these SNXs. Specific
consensus sequences in cargo proteins have been defined that are recognized by SNXs and are
important for SNX-mediated trafficking. Furthermore, SNX-1/6 and SNX-3 redundantly inhibit
EV release, but it remains unclear whether the SNXs recognize TAT-5 through one shared
binding site or through different sequences. Therefore, we wanted to identify the SNX-binding
sites in TAT-5 to selectively block TAT-5 trafficking and test whether SNX-binding mutants
disrupt TAT-5 localization and alter EV release. Potential binding sites for SNX-1/6 and SNX-
3 in TAT-5 were identified by sequence homology to reported SNX-binding motifs (Fig. 14A).
The functional GFP::TAT-5 plasmid was mutated to change these motifs and re-expressed in
the worm germ line to determine its localization (see all generated TAT-5 mutant strains in
(Table 7 and Table 8).
A tat-5 (F36H2.1)

YO
# ILYVFPF

>

Fig. 14: Potential SNX-binding sites in TAT-5. A) Phyre2 cartoon model of TAT-5A (aal02 to
aal065) based on the structure of a related sodium-potassium P-type ATPase’. Potential binding sites
for SNX-1/-6 (orange) and SNX-3 (cyan) are displayed. B) The WLD motif (orange) is similar to a
SNX5/6-binding WLM motif. C) The hydrophobic ILYVF motif (orange) near the WLD is also similar
to a recently discovered SNX5/6 binding site. ILYVF overlaps with an FPF motif (cyan), which is
similar to a SNX3-binding motif. D) The FSF motif next to the first transmembrane domain or the YSW
motif in the fourth transmembrane domain are also similar to SNX3-binding motifs, as well as the FDF

motif (aa68-70), which is in a predicted disordered region that was not modeled.
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4.2.12.1. Potential SNX-1/-6 binding sites

We first looked for potential binding sites for SNX-1/6 in TAT-5 based on sequence
homology to reported SNX-binding motifs. The hydrophobic WLM motif in the cytosolic tail
of CI-MPR serves as a binding site for heterodimers of SNX1/2 and SNX5/6 in mammals*>#°,
TAT-5 contains a similar WLD motif in a large cytosolic domain (Fig. 14A-B), which appears
conserved in TAT-5 orthologs (Fig. 15).

A Eukaryotes

CE/TAT-5A KQFQILYVFPFTSETKRMGIIVKDET-------- TDEVTLLMKGADTVMSGMVQYNDWLDE 612
LD/APLT1 HTCTIVKTFPFSSERKCMGITLRERTGSCSGGSSQETVKFYMKGADVKMASVVRQSEWLEE 670
EH/CL6EHI_049640 KKYEILNMFPESSSTKRMGVIVSSD---------~ EGIVLYMKGADSVMSKLIDNVEWLGE 563
DM/CG31729 LHYQILQLFPFTSESKRMGIIVRESK-------- TGQITFYLKGADVVMSSIVQYNDWLSE 616
DR/ATP9a LNFTILQIFPFTYESKRMGIIVRDES--~-----~ TGEITFYMKGADVVMAGIVQYNDWLEE 590
MM/ATP9A LNLTILQVFPFTYESKRMGIIVRDES-------- TGEITFYMKGADVVMAGIVQYNDWLEE 586
HS/ATP9A LNFTILQIFPFTYESKRMGIIVRDES-------- TGEITFYMKGADVVMAGIVQYNDWLEE 586
SC/Neol LNYEILQVFPENSDSKRMGIIVRDEQ-------~ LDEYWFMQKGADTVMSKIVESNDWLEE 682
SP/SPAC6C3.06¢C NVYKILNIFPFKSETKRMGIIVQSPD-------- EK-ITFYLKGADSIMQNFVKPSFWLEE 569

* . % %k Xk L T P . % 3k Xk %k * . *k Kk

B Nematodes

CE/TAT-5A KQFQILYVFPFTSETKRMGIIVKDETTDEVTLLMKGADTVMSGMVQYN------- DWLDE 612

CE/TAT-6 IQFQILHVFPETSERKRMGIIVKEETSGEVTLYIKGADTVMSDMVQYN-~~-~~~ DWLDE 602

CBN/TAT-5 KQFQILHVFPETSETKRMGIIVKDETTDEVTLLMKGADTVMSGMVQYN-~~-~~~ DWLDE 611

CBR/TAT-5 KNFQILHVFPETSETKRMGIIVKDETTDEVTLLMKGADTVMSGMVQYN------- DWLDE 610

CRE/TAT-5 KQFQILHVFPETSETKRMGIIVKDETTDEVTLLMKGADTVMSGMVQYN-~-~-~-~ DWLDE 614

CE/TAT-1a ETIEILDVIDFTSDRKRMSVIVRDGAGGDIKLYTKGADTVIFERLEHGKEQEEAVEYCTE 558
. *

e o kN K. KK KKK . oK. DR EE 2 2 1 2 ..

Fig. 15: The ILYVF, FPF, and WLD motifs are highly conserved in eukaryotic TAT-5 orthologs.
A) Clustal Omega multiple sequence alignment of TAT-5 orthologs in eukaryotes. LD Leishmania
donovai, EH Entamoeba histolytica, CE Caenorhabditis elegans, DM Drosophila melanogaster, DR
Danio rerio, MM Mus musculus, HS Homo sapiens, SC Saccharomyces cerevisiae, SP
Schizosaccharomyces pombe. Orange: potential SNX-6 binding motifs ILYVF and WLD, Cyan:
potential SNX-3 binding motif FPF. B) Clustal Omega multiple sequence alignment of TAT-5 orthologs
in closely related nematodes, plus the C. elegans TAT-5 duplicate TAT-6 and more divergent P4-
ATPase TAT-1. CE Caenorhabditis elegans, CBN Caenorhabditis brenneri, CBR Caenorhabditis
briggsae, CRE Caenorhabditis remanei. Orange: position of the potential SNX-6-binding motifs
ILYVF and WLD. Cyan: the potential SNX-3 binding motif FPF.
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Motif M;::g:d Z:ﬁi Strain Transgene name

WLD ALD WEH397 wurls142 [GFP::tat-5(W6094)]
@ ILYVF | DLYVF WEH476 wurEx31 [GFP::tat-5(1564D)]
o WEH488 wurEx32 [GFP::tat-5(1564D)]
5: WEH489 wurEx33 [GFP::tat-5(1564D)]
é ILYVF | ILDVF - WEH428 wurls154 [GFP::tat-5(Y566D)]
% - WEH435 wurls156 [GFP::tat-5(Y566D)]
E ILQVF WEH477 wurls167 [GFP::tat-5(Y5660]
& WEH478 wurls174 [GFP::tat-5(Y5660]

ILYVF |ILYVD WEH419 wurEx20 [GFP::tat-5(F568D)]

Table 7: TAT-5 mutants generated for potential SNX-6 binding sites. Strains expressing GFP::TAT-
5 mutated at potential SNX-6 binding sites. Mutated amino acids are bold. Lines with genome inserted
transgenes are called wurls#, extrachromosomal lines are named wurEx#. Some transgenes could rescue
sterility (+) in a tat-5 deletion mutant background, others could not (-). Grey boxes indicate transgenes

that where not yet tested to rescue fat-5(A) sterility.

We mutated the bulky, hydrophobic Tryptophan (W) to the non-bulky and weakly
hydrophobic Alanine (A) in the functional GFP::TAT-5 plasmid and expressed GFP::TAT-
5(W609A) in the germ line and embryos. One integrated strain WEH397 with the ALD
mutation was isolated (Table 7). Similar to wild type GFP::TAT-5 (Fig. 3A), GFP::TAT-
5(W609A) localized robustly to the plasma membrane (Fig. 16A), suggesting that the WLD
motif is not necessary for SNX-1/6-binding.

To confirm whether the WLD motif is necessary for SNX-1/6-binding, we tested
whether the localization of GFP::TAT-5(W609A) still changed in snx mutants. If the WLD
motif is required for SNX-6-dependent TAT-5 trafficking, snx-6 RNAi should not change the
localization of GFP::TAT-5(W609A). In contrast, depleting snx-3 should cause TAT-
5(W609A) mislocalization as mutating this domain should not perturb SNX-3 binding. In both
snx-3 and snx-6-depleted GFP::TAT-5(W609A) mutants, TAT-5 was mislocalized similar to
snx-3 or snx-6 RNAi-treated GFP::TAT-5(WT) (Fig. 16B). This suggests that the WLD motif
is not required for SNX-1/6- or SNX-3-mediated trafficking of TAT-5.

Structural studies from Brett Collins’ and Peter Cullen’s labs have discovered a
hydrophobic consensus sequence 15 aa upstream of the WLM motif that appears more directly
involved in SNX-1/-6 cargo binding to CI-M6PR”3. We found that TAT-5 contains a similar
hydrophobic region ILY VF 40 aa upstream of the WLD motif (Fig. 14A, C). We predicted that
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mutating the hydrophobic amino acids Isoleucine (I), Tyrosine (Y) and Phenylalanine (F) to a
hydrophilic, polar amino acid like Aspartic acid (D) could block SNX-1/-6 binding.

In contrast to wild type GFP:: TAT-5, all three aspartate mutants failed to localize to the
plasma membrane and only accumulated at the ER and one spot between cells (Fig. 16C-E).
Based on the position of the spot between cells (Fig. 16C-E), the ILYVF mutants may be
enriched in remnants of the intercellular bridge between dividing cells’®. This result was
verified in three extrachromosomal 1564D lines, in two integrated and six extrachromosomal
Y566D lines, and in five extrachromosomal F568D lines (Table 7). GFP::TAT-5(Y566D) was
also observed on cytoplasmic vesicles (Fig. 16E). Thus, the ILY VF motif is required for proper

TAT-5 localization to the plasma membrane.
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4. TAT-5 is trafficked by redundant sorting nexin pathways

Fig. 16: The ILYVF motif is required for TAT-5 plasma membrane localization, not the WLD
motif. GFP::TAT-5 mutated for several potential SNX-1/-6 binding sites in 4-cell embryos. A)
GFP::TAT-5(W609A) still localizes to the plasma membrane, suggesting that the WLD motif is not
essential for SNX-BAR-mediated TAT-5 trafficking. B) Quantification of the GFP: TAT-5(W609)
plasma membrane localization ratio from empty vector, snx-3 and snx-6 RNAi-treated embryos. Data in
A-B was collected with Alida Melse. C-E) GFP::TAT-5 with an 1564, F568 or Y566 to D mutation in
the ILYVF motif cannot localize to the plasma membrane, although localization to the presumptive
midbody remnant (arrow) at the plasma membrane is maintained. F) Mutating Y566 to Q does not

disrupt TAT-5 localization to the plasma membrane. Scale Bar: 10 pm.

As TAT-5 can maintain PE asymmetry in the plasma membrane and inhibit EV release
when SNX-6 is depleted (Fig. 8, Fig. 9D), we predicted that TAT-5 should remain active when
its SNX-6-binding motif is mutated. To check whether the ILY VF mutants are functional, we
crossed the GFP::TAT-5(Y566D) transgene that localized to cytoplasmic vesicles into the tat-
5(tml1741) deletion background. The tat-5(tmi1741) worms that expressed GFP::TAT-
5(Y566D) were sterile (n=3 for wurlsi54, n=23 for wurls156 done by Ann Wehman), similar
to the sterility of fat-5(tm1741) worms™. This suggests that TAT-5(Y566D) is not functional,
in contrast to our prediction for a SNX-6 binding motif.

Interestingly, when we compared the sequence of the ILY VF motif to other orthologs
of TAT-5 in eukaryotes, we found that the hydrophobic amino acids in this region are highly
conserved, except for Y566 (Table 7A-B). In vertebrates, flies and yeast, the hydrophobic and
aromatic Y566 is replaced by a hydrophilic, polar Glutamine (Q), or a similarly polar
Asparagine (N) in Entamoeba histolytica and Saccharomyces pombe. As yeast Neol and
mammalian ATP9A localize to endosomes and the TGN, but not to the plasma membrane’>~"7,
we asked whether Y566 is required for trafficking to the plasma membrane while Q or N are
used to signal that the cargo needs to be trafficked to the TGN. However, mutating the
hydrophobic Y566 to a hydrophilic Q did not change the plasma membrane localization of
GFP::TAT-5(Y566Q) (Fig. 16F). This suggests that many changes to the amino acid code can
be tolerated at this position, suggesting that this amino acid is not as essential as the rest of the
ILY VF motif.

Taken together, the WLD motif is not required for TAT-5 plasma membrane
localization, while the ILYVF motif is required for both TAT-5 localization and function,
although it remains to be determined whether this is due to SNX-6 binding.
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4.2.12.2 Potential SNX-3 binding sites

We next looked for potential binding sites for SNX-3 in TAT-5 based on homology to
reported SNX3-binding motifs. Human SNX3 recognizes cargo with retromer through an Q@Y
sequence, where Q is an aromatic amino acid, ® is hydrophobic, and ¥ is aliphatic**. These
findings are in line with a study in yeast that identified Y/F-x-® as a consensus sequence for
SNX3 and retromer-based sorting’®. In yeast, the TAT-5 ortholog Neol is recognized by SNX-
3 via an FEM motif in the N-terminus!®, but this sequence is not conserved in TAT-5. Four
potential SNX-3 binding sites (cyan) were identified by sequence similarities: the FSF motif
next to the first transmembrane domain, the YSW motif at the end of the fourth transmembrane
helix (Fig. 14D), the FPF motif in a cytosolic domain, which includes the last amino acid of the
ILYVF motif (Fig. 14C), and the FDF motif in the N-terminus of TAT-5 isoform A, but not
isoform C due to alternative splicing. While FDF is not conserved in other species (Fig. 17), it
is found in the N-terminus, like the FEM motif that binds Snx3 in yeast'®. The sequences of the
other three potential SNX-3 bindings sites, FSF, YSW and FPF, are conserved among

eukaryotes (Fig. 17), suggesting they could have important conserved functions.

121



CE/TAT-5A
LD/APLT1
EH/CLG6EHI_049640
DMCG31729
DR/ATP9a
MM/ATPOA
HS/ATP9A

SC/Neol
SP/SPAC6(C3.06C

CE/TAT-5a
LD/APLT1
EH/CLG6EHI_049640
DM/CG31729
DR/ATP9a
MM/ATPOA
HS/ATP9A

SC/Neol
SP/SPAC6(C3.06C

CE/TAT-5a
LD/APLT1
EH/CLG6EHI_049640
DM/CG31729
DR/ATP9a
MM/ATPOA
HS/ATP9A

SC/Neol
SP/SPAC6(C3.06C

4. TAT-5 is trafficked by redundant sorting nexin pathways

ASLKSNATHFSAASAAKGGMEDFR-CCRSLFSRRRV-LHS ----RTVRVGYGPVGHDANV
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Fig. 17: The FSF, YSW, and VCNQKY motifs are conserved in eukaryotic TAT-5 orthologs.

Clustal Omega multiple sequence alignment of an N-terminal region of TAT-5 orthologs in eukaryotes.

Motifs matching the SNX-3 consensus Y/F-x-® are highlighted in cyan. A motif matching the SNX-

FERM consensus ®xNxxY is labeled in grey. Abbreviations: LD Leishmania donovai, EH Entamoeba

histolytica, CE Caenorhabditis elegans, DM Drosophila melanogaster, DR Danio rerio, MM Mus

musculus, HS Homo sapiens, SC Saccharomyces cerevisiae, SP Schizosaccharomyces pombe.
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Mutated tat-5A

- WEH469 | wurls168 [GFP::tat-5(F5704)]
- WEH470 | wurls169 [GFP::tat-5(F5704)]
_ WEH471 | wurls170 [GFP::tat-5(F5704)]
FPD WEH473 | wurls171 [GFP::tat-5(F570D)]
WEH474 | wurls172 [GFP::tat-5(F570D)]
WEH475 | wurls173 [GFP::tat-5(F570D)]

Motif . Strain Transgene name
motif rescue
FDFR L - WEHG62 wurls45 [GFP::tat-5¢c cDNA]
- WEHG63 wurls46 [GFP::tat-5¢ cDNA]

FSF FSA WEH427 wurEx23 [GFP::tat-5(F1184)]
@ WEH449 wurls162 [GFP::tat-5(F1184)]
E WEH450 | wurls163 [GFP::tat-5(F1184)]
E WEH453 wurls165 [GFP::tat-5(F1184)]
él YSW YSA + WEH401 wurls146 [GFP::tat-5(W4114)]
% FPF FPA WEH421 wurEx21 [GFP::tat-5(F5704)]
<
|5
15
[a )

Table 8: TAT-5 mutants generated for potential SNX-3 binding sites. Strains expressing GFP::TAT-
5 mutated at potential SNX-3 binding sites. Mutated amino acids are bold. Lines with genome inserted
transgenes are called wurls#, extrachromosomal lines are named wurEx#. The TAT-5 isoform C
contains Leucine (L) instead of the FDFR sequence, due to alternative splicing. Some transgenes could
rescue sterility (+) in a fat-5 deletion mutant background, others could not (-). Grey boxes indicate

transgenes that where not yet tested to rescue fat-5(A) sterility.

The FDF sequence is found at aa68-70 in the N-terminus of TAT-5, lying between
alternative splice sites such that it is found in TAT-5 isoform a, but not in TAT-5 isoform c. To
test the role of the FDF motif, we cloned TAT-5¢ from cDNA into the GFP expression vector.
Like the wild type genomic GFP::TAT-5 construct, which could express TAT-5a and/or TAT-
5¢, GFP::TAT-5c localized to the plasma membrane in two integrated strains (Fig. 18A, Table
8). This result is not consistent with TAT-5 mislocalization in snx-3 mutants (Fig. 6F).
Furthermore, GFP::TAT-5c lost plasma membrane localization after snx-3 RNAI treatment
(Fig. 18B), similar to wild type GFP::TAT-5 (Fig. 6F), suggesting that SNX-3 is still required
for TAT-5c trafficking.

We next tested whether GFP::TAT-5¢ was able to rescue the embryonic lethality and
sterility phenotypes of tat-5 deletion mutants®>. Although embryonic lethality phenotypes were
partially rescued in tat-5 mutants expressing GFP::TAT-5c, the sterility phenotype of fat-5
mutants was not rescued (experiment conducted by Ann Wehman). As introns can enhance
gene expression levels”®, especially in the germ line, intron-less GFP::TAT-5¢ may not be

expressed well enough to rescue the role of TAT-5 in fertility. Thus, further experiments are
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required to clarify the functionality of TAT-5c and the FDF motif. However, we can conclude

that the FDF sequence is not required for TAT-5 trafficking by SNX-3.
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Fig. 18: Potential SNX-3 binding sites are not required for TAT-5 plasma membrane localization.
A) GFP::TAT-5¢ (wurls45) missing the FDF motif localizes to the plasma membrane like wild type
GFP::TAT-5. B) Quantification of the GFP::TAT-5¢c (wurls45) plasma membrane ratio after empty
vector, snx-3 or snx-6 RNAi. GFP::TAT-5¢c (wurls45) plasma membrane levels are reduced after both
snx-1 and snx-6 RNA. Data in A-B was collected with Alida Melse. C) wurls162, mutant for the FSF
motif, D) wurls146, mutant for the YSW motif and E) wurEx21, mutant for the FPF motif localize to
the plasma membrane. GFP::TAT-5(F570A) additionally localizes to vesicular structures near the three-
cell junction (arrow). F) Plasma membrane localization is lost when F570 is mutated to D in wurlsi71,
but localization to the presumptive midbody remnant (arrow) at the plasma membrane is maintained.

Scale Bar: 10 um.
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To test the other potential SNX-3 binding sites, we mutated the last hydrophobic amino
acid of each motif to Alanine (A). The FSF sequence is found next to the first transmembrane
domain of TAT-5, placing it close to the lipid bilayer. We mutated the functional genomic
GFP::TAT-5 construct, such that the last F in the FSF motif became A (Fig. 14D). Plasma
membrane localization was also not disrupted when we expressed this GFP::TAT-5(F118A)
mutant (Fig. 18C), which we verified in three independent insertions and six extrachromosomal
lines. This suggests that the F118A mutation is not sufficient to disrupt TAT-5 localization or
SNX-3-mediated trafficking.

Similarly, mutating the W to A in the YSW motif in the fourth transmembrane helix of
TAT-5 (Fig. 14D) did not change the plasma membrane localization of GFP::TAT-5(W411A)
in one integrated line and eight extrachromosomal lines (Fig. 18D, Table 8). Furthermore,
embryonic lethality and sterility were rescued when we expressed GFP::TAT-5(W411A) in tat-
5 deletion mutants, suggesting that GFP::TAT-5(W411A) is functional (experiment performed
by Ann Wehman). Taken together, the YSW motif also does not appear required for SNX-3-
mediated TAT-5 trafficking.

The first F in the FPF motif is part of the previously discussed ILY VF motif, which we
found to be required for TAT-5 localization (Fig. 16C-E). Thus, mutating F568 to D may not
only disrupt SNX-6 binding, but also SNX-3-dependent trafficking of TAT-5. To test if the last
F in the FPF motif is also required for TAT-5 localization, we mutated F570 to A. In contrast
to the mutated ILY VF transgenes, plasma membrane localization was not grossly disrupted in
GFP::TAT-5(F570A) mutants (Fig. 18E), which was verified in one extrachromosomal and
three integrated lines (Table 8). However, we saw punctate GFP::TAT-5(F570A) localization
around the tricellular junction (Fig. 18E), which will require further characterization.

As the ILYVF mutants were non-functional (Table 7), we tested whether the FPF
mutant was also non-functional. Although GFP::TAT-5(F570A) localized to the plasma
membrane, Jona Causemann found that GFP::TAT-5(F570A) was not able to rescue the sterility
phenotype of rat-5 deletion mutants (Table 8)%. These data suggest that F570 is important for
TAT-5 function, but are not consistent with a role in SNX-3- and/or SNX-6-mediated
trafficking.

GFP::TAT-5(F570A) was not lost from the plasma membrane like the aspartate mutants
in the neighboring ILYVF motif (Fig. 16D). We speculated that mutating the bulky
hydrophobic F to the small, hydrophobic A may not be a big enough difference to block SNX-
3 and/or SNX-6 binding. We then checked whether mutating F570 to a hydrophilic D caused
TAT-5 mislocalization, similar to mutants in the ILYVF motif. GFP::TAT-5(F570D) did not
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localize to the plasma membrane (Fig. 18F), as seen in three integrated lines and one
extrachromosomal lines (Table 8). It also accumulated at the putative midbody remnant (Fig.
18F). This mislocalization of GFP::TAT-5(F570D) appeared similar to the ILYVF mutants
(Fig. 16C-D), demonstrating that F570 can be required for TAT-5 localization. Thus, mutating
F570 to A was sufficient to block TAT-5 function, but was not a strong enough change to alter
TAT-5 localization.

Taken together, we found no evidence that the FDF, FSF and YSW motifs are required
for TAT-S5 trafficking by SNX-3. In contrast, the FPF motif is required for TAT-5 localization
and function and may define a “hot spot” for TAT-5 trafficking together with the ILY VF motif.

4.3. Discussion: Redundant trafficking pathways control TAT-5 localization and
extracellular vesicle release

In this chapter, we defined the trafficking pathways that recycle TAT-5 to the plasma
membrane (Fig. 19). We showed that the MV release inhibitors identified in chapter 3, namely
the class III PI3K and RME-8, regulate endosomal trafficking of TAT-5. Thus, it is likely that
PI3K and RME-8 regulate TAT-5 trafficking to inhibit MV budding. Since PI3K generates
PI3P to mediate endosome identity and the recruitment of RME-8 and the SNXs, we propose
that VPS-34 and BEC-1 act upstream of the other endosomal trafficking machineries that
recycle TAT-5. We found that RME-8 is required to prevent TAT-5 mistrafficking to the
degradative pathway and that RME-8 function is required to maintain PE asymmetry,
suggesting that TAT-5 cannot maintain the PE asymmetry of the plasma membrane when
mislocalized to endolysosomes. Additionally, we found that the redundant SNX-1/-6 and SNX-
3 trafficking pathways recycle the majority of TAT-5 to the plasma membrane. Surprisingly,
the TAT-5 trafficking function of sorting nexins was independent of the retromer complex,
which may be able to traffic a low amount of TAT-5. Thus, multiple trafficking pathways exist

from PI3P-positive endosomes to maintain the MV inhibitory function of TAT-5.
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Retromer

TAT-5 PI3BK RME-8 SNX-1/6 SNX-3 ESCRT PE

Fig. 19: Model of TAT-5 endosomal trafficking mediated by sorting nexins to inhibit extracellular
vesicle release. TAT-5 maintains PE asymmetry in the plasma membrane to inhibit recruitment of the
ESCRT machinery, which would release EVs by plasma membrane budding. TAT-5 is endocytosed and
needs to be recycled from sorting endosomes. PI3K is required for the identity of endosomes and is thus

required for TAT-5 recycling through multiple pathways. RME-8 blocks TAT-5 from being sorted into
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endolysosomes (multivesicular body on the bottom right) and therefore mediates TAT-5 recycling away
from the degradative pathway. SNX-1/SNX-6- and SNX-3-mediated tubulation and vesicle formation
are required to traffic TAT-5 in two independent pathways. The core retromer complex may define a

minor pathway involved in recycling TAT-5 to the plasma membrane.

4.3.1. The class III PI3K is required for TAT-5 trafficking

The class III PI3K is needed to create PI3P lipids and we propose that PI3K thereby
recruits the sorting and tubulation machineries that are needed to recycle TAT-5 to the plasma
membrane. We believe this is likely to occur on endosomes, because our lab did not find a role
in EV release for the autophagy-specific subunit of PI3K complex I, Atgl4 (chapter 3.3.3.).
Thus, it would be interesting to generate mutants for the C. elegans UVRAG ortholog,
Y34B4A.2, and then examine TAT-5 localization. This experiment would help confirm the
endosomal role for PI3K complex II during TAT-5 recycling.

GFP::TAT-5 is mislocalized to large patches in class III PI3K mutants (Fig. 3B-C), but
these structures do not appear vesicular and may not be endosomes. In addition to its many
functions on endosomes, VPS34 is also required for the formation of COPII vesicles that
transport proteins from the ER to the TGN®!. Therefore, TAT-5 exit from the ER or trafficking
through the Golgi could be disrupted in PI3K mutants. Co-staining with ER reporters like the
ER-resident signal peptidase SP12 and the TGN-reporter SQV-8would test whether
GFP:::TAT-5 is trapped in an enlarged ER or TGN in vps-34 and bec-1 mutants®>33, To check
whether the large patches are enlarged endosomes, endosome reporters that do not require PI3P
for their endosomal localization should be used, for example the early endosome reporter RAB-
5 GTPase that is required for the localization and activity of VPS-34 on endosomes®**°. These
experiments would clarify which TAT-5 trafficking step is disrupted in bec-I and vps-34
mutants.

Furthermore, it is unclear whether TAT-5 can maintain PE asymmetry from the large
intracellular structures in class III PI3K mutants. If TAT-5 is still partially active from these
endosomes, this may explain why bec-1 and vps-34 mutants have milder MV release than fat-
5 mutants (chapter 3, Fig. 7E-F). Thus, duramycin staining should be conducted to analyze the
PE flipping activity of TAT-5 in class III PI3K mutants. Together, these experiments would
define which intracellular structures are capable of maintaining plasma membrane asymmetry.

The production of PI3P on endosomal membranes is required for the localization of
many endosomal effector proteins that bind PI3P, for example through PX domains! '8, These
proteins include the SNXs that contain a PX domain and therefore bind PI3P on endosomes!®.

Furthermore, the N-terminus of RME-8 has PI3P-binding activity that is required for RME-8
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localization to endosomes®!. We propose that the activity of PI3K is required on early
endosomes for the recruitment of RME-8 and SNXs (Fig. 19). Thus, VPS-34 and BEC-1 are
likely to act upstream of RME-8 and SNXs, which then orchestrate TAT-5 trafficking to the
plasma membrane, where it inhibits MV release. Therefore, we hypothesize that BEC-1 and
VPS-34 inhibit MV release because PI3P is required for RME-8, SNX-1/-6 and SNX-3

recruitment to endosomes, where they traffic TAT-5.

4.3.2. RME-8 sorts TAT-5 away from the degradative pathway

RME-8 has multiple functions on endosomes, making it unclear which role is important
for MV release. RME-8 recruits the WASH complex to endosomes, which nucleates actin to
control formation and fission of endosomal recycling tubules®. Thus, it is possible that RME-8
is required for endosome tubulation to create recycling vesicles carrying TAT-5 back to the
plasma membrane. However, loss of mammalian RME-8 caused increased tubulation of
endosomes positive for endosomal trafficking regulators like SNX-1 and retromer?®#¢, Thus,
RME-8 could also be important to limit the formation of endosomal recycling tubules.

Another important function of RME-8 is to establish endosomal recycling
microdomains to prevent cargo from being degraded. When RME-8 is lost, the degradative
microdomains are elongated, resulting in an expansion of the part of the endosome decorated
with the ESCRT-complex?’. WASH-mediated actin polymerization is also thought to promote
separation of the recycling microdomain from the degradative microdomain on sorting
endosomes’. Thus, RME-8 is needed to maintain recycling microdomains on endosomes that
oppose the regions of ILV budding, thereby preventing cargo from degradation in late
endosomes. Our data is consistent with the role of RME-8 in separating the recycling and
degradative domains on endosomes. Loss of RME-8 caused GFP::TAT-5 to colocalize more to
LMP-1 positive structures, which could be ILV-containing late endosomes or lysosomes. Since
we also observed a general reduction of GFP::TAT-5 levels (Fig. 3F), this suggests that TAT-
5 in the degradative microdomain is ultimately degraded. Thus, RME-8 could inhibit MV
release by preventing TAT-5 from accumulating at the degradative microdomain on
endosomes. Analyzing rme-8 mutants also provided insights into which intracellular structures
TAT-5 can maintain lipid asymmetry. Loss of RME-8 caused increased PE externalization in
addition to TAT-5 accumulation in endolysosomes (Fig. 5, Fig. 4). Although the TAT-5
ortholog Neol could control plasma membrane PE asymmetry from endosomes, our RME-8

data implies that TAT-5 is not able to maintain PE asymmetry from late endosomes and/or
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lysosomes. This suggests that endosomal TAT-5 can only maintain plasma membrane
asymmetry from early, sorting or recycling endosomes.

Surprisingly, RME-8-dependent trafficking may be specific to the TAT-5 subclass of
P4-ATPases, because PS asymmetry was not disrupted when RME-8 was depleted (Fig. 5). The

PS flippase TAT-1 also localizes to the plasma membrane and endosomes®!-62

, suggesting that
it would also need to be recycled. To confirm that RME-8 controls the localization of TAT-5,
but not of TAT-1, we need to check whether TAT-1 plasma membrane localization is altered
in rme-8 mutants. If TAT-1 localization is unaltered, then TAT-1 likely uses other pathways to
be recycled to the plasma membrane.

Loss of RME-8 increases MV release (chapter 3, Fig. 7C), while multiple SNX
pathways must be disrupted to increase MV release (Fig. 9), suggesting that RME-8 might
affect multiple trafficking pathways. RME-8 is known to bind SNX1 in mammals and C.

2086 "as well as regulate endosomal microdomain formation together with SNX-1 and

elegans
SNX-6%7, suggesting that RME-8 acts in the SNX-1/-6 pathways. However, RME-8 can also
interact with Snx3%7. Thus, RME-8 may control TAT-5 trafficking by affecting both SNX-1/-
6- and SNX-3-dependent TAT-5 trafficking (Fig. 19), possibly by defining the recycling

microdomain on endosomes.

4.3.3. SNX-1, SNX-6 and SNX-3 redundantly traffic TAT-5 to the plasma membrane

TAT-5 localization to the plasma membrane depends on the BAR domain-containing
sorting nexins SNX-1 and SNX-6, as well as the PX-only sorting nexin SNX-3 (Fig. 6D-F). It
was unexpected that we discovered similar effects on TAT-5 localization after disrupting either
the SNX-BARs or SNX-3, since the SNX-BAR heterodimer SNX1-SNX6 is thought to traffic
distinct cargos from the SNX-PX protein SNX3%. By studying TAT-5 trafficking, we were
able to show that SNX-3 and the SNX-BAR heterodimer made up of SNX-1 and SNX-6 can
traffic the same cargo via two distinct pathways (Fig. 19).

Analyzing PE externalization in snx-6 mutants also provided insight into where TAT-5
can maintain lipid asymmetry in the plasma membrane. As SNXs are required for cargo
recycling from sorting endosomes!®, we predict that TAT-5 accumulates in sorting endosomes
in snx-6 mutants, which requires confirmation with further colocalization studies. As PE was
not externalized after snx-6 RNAI1 (Fig. 8), TAT-5 is still able to maintain PE asymmetry when
mislocalized to certain endosomes. This is similar to studies in yeast showing that the TAT-5
ortholog Neolp maintains lipid asymmetry in the plasma membrane indirectly by regulating

lipid asymmetry in endosomes’8. Taken together with the rme-8 results, we predict that TAT-5
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can maintain PE asymmetry from sorting endosomes, but not from endolysosomes. Thus, as
long as TAT-5 is not mislocalized to the degradative pathway, TAT-5 could inhibit MV release.

As each SNX pathway can traffic multiple cargoes®!, it remains unclear whether MV
release is only caused by TAT-5 mislocalization when both the SNX-3 and SNX-1/6 pathways
are disrupted. TAT-5 could be mistrafficked to a different compartment in snx double mutants
than in the individual RNAis, such as endolysosomes. To test this, GFP::TAT-5 should be co-
stained with the endolysosome marker LMP-1 in snx single and double mutants®. It will also be
informative to check for externalized PE in sorting nexin double mutants in order to clarify
under which conditions TAT-5 can maintain PE asymmetry and inhibit MV release.

On the other hand, other unknown inhibitors of EV release could also be mislocalized
in sorting nexin double mutants. To identify new EV inhibitors, one could test whether any of
the conserved proteins found in the interactome of both SNX-BARs and SNX3 inhibits MV
release in C. elegans using our degradation-based assay (chapter 3)**. This may result in the
identification of another MV release inhibitor that could act independent of TAT-5, which

increases the toolkit to experimentally control MV release.

4.3.4. SNX-1/-6 and SNX-3 act independent of Retromer to traffic TAT-5

Surprisingly, we found that TAT-5 trafficking involves retromer-associated sorting
nexin pathways independent of the core retromer. Even depletion of two retromer subunits did
not result in strong TAT-5 mislocalization in C. elegans. This is in contrast to yeast, where
Neolp reporters were mislocalized to the vacuole in both Snx3 and core retromer mutants!®>7.
In yeast, retromer is in a complex with SNX-1 and SNX-6 or with SNX-3 and SNX-27%,
However, recent findings from higher eukaryotes confirm that SNX-1 and SNX-6 heterodimers
only transiently associate with retromer in eukaryotes and can traffic cargo independent of
retromer*>*-6, This suggests that retromer binding to SNXs is not strictly required in higher
eukaryotes. However, SNX3 has only been reported to bind cargo in collaboration with the
retromer>*’8, How SNX-3 can recognize and traffic TAT-5 without binding to the retromer
remains to be determined (Fig. 7), but it is likely that SNX3 is able to traffic other cargoes
independent of the retromer complex.

Although it is clear that the SNXs traffic TAT-5 independent of the retromer, it is
unclear whether retromer promotes TAT-5 trafficking independent of SNXs. Retromer proteins
do not traffic the major pool of TAT-5, as seen by a consistent GFP::TAT-5 plasma membrane

localization in retromer mutants. However, we measured a mild, but significant decrease in the

plasma membrane to cytoplasm ratio, suggesting that retromer is required for the trafficking of
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a small proportion of TAT-5 (Fig. 19). Therefore, it should be tested whether the fluorescence
intensity ratio of GFP::TAT-5 on the plasma membrane is slightly reduced in the SNX-3(Y22A)
mutant, similar to retromer mutants. This would clarify whether retromer depends on binding
to SNX-3 in order to contribute to TAT-5 trafficking.

Retromer can also link sorting nexins and their cargo to the actin-nucleating WASH
complex to promote cargo sorting and endosome tubulation®. Thus, it is possible that TAT-5
recycling by SNX pathways is slowed in retromer mutants because of reduced WASH complex
recruitment to endosomes. To test the dynamics of TAT-5 trafficking, one could synchronize
cargo trafficking with approaches like the RUSH (Retention Using Selective Hooks) system?$,
and compare the speed of TAT-5 recycling to the plasma membrane in retromer mutants versus
wild type. It would also be interesting to test whether disrupting both retromer and SNX-1/-6
or SNX-3 would lead to increased MV release. These experiments would help determine
whether retromer supports SNX-mediated trafficking or has its own independent TAT-5
trafficking pathway.

4.3.5. SNX-17 and SNX-27 inhibit microvesicle release when SNX-1/-6 or SNX-3 are
absent

We found signs of increased EV release when we depleted both the SNX-FERM SNX-
17 or SNX-27 with SNX-1, SNX-6 or SNX-3 (Fig. 13), suggesting that SNX-17 and SNX-27
redundantly inhibit MV release with SNX-1/-6 or SNX-3. However, the plasma membrane
reporter appeared punctate in the cytoplasm of most snx-/7 and some snx-27 RNAi embryos,
making it hard to distinguish between cytosolic vesicles and MVs. Therefore, TEM analysis
will be necessary to determine whether the reporter is labeling EVs or endocytosed vesicles
with delayed lysosomal degradation.

SNX27 helps recycle cargo together with the retromer complex and SNX33.
Mammalian SNX27 was also found in the interactome of SNX1 and was reported to traffic
cargo like the glucose transporter GLUT1 together with retromer®®, suggesting that SNX-27
could traffic TAT-5 with SNX-1/-6, SNX-3 or retromer. However, depletion of snx-27 did not
cause any obvious change in TAT-5 localization to the plasma membrane (Fig. 12), while snx-
1, snx-6 or snx-3 RNAI did (Fig. 6D-F), suggesting that SNX-27 acts in a separate pathway
than SNX-1/-6 and SNX-3. However, it remains to be determined whether there are changes to
the intracellular localization of TAT-5, which could shed more light on a role for SNX-27 in
SNX-BAR or SNX-3 pathways. To determine whether SNX-27 acts in the same pathway as

retromer, we need to test whether we measure a mild reduction of GFP::TAT-5 levels at the
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plasma membrane in snx-27 mutants similar to retromer mutants. It could also be informative
to examine snx-27 retromer double mutants to see if they gain any additional phenotypes. These
experiments will help to determine how SNX-27 could influence MV budding.

To sum up, our preliminary results on SNX-17 and SNX-27 suggest that they may
redundantly inhibit MV release, but their contribution to TAT-5 trafficking still needs to be

determined.

4.3.6. The search for SNX binding sites in TAT-5

We identified a number of potential sorting nexin bindings sites based on SNX-retromer
consensus sequences, but TAT-5 is trafficked by sorting nexins independent of the retromer.
To date, no retromer-independent binding sequences for SNX-3 or SNX-1/6 are known. Thus,
elucidating how TAT-5 is recognized by sorting nexins will not only help us to understand
TAT-5 trafficking by sorting nexins, but will also give insights into how sorting nexins bind
their diverse cargoes.

The hydrophobic WLM-motif in the C-terminus of CI-MPR serves as a binding site for
the SNX1/2 and SNX5/6 heterodimer in mammals*>-#*, but mutating a similar WLD motif to
ALD in a cytosolic domain did not change TAT-5 plasma membrane localization. To verify
that the WLD motif is dispensable for SNX-1/-6 binding, we could mutate WLD to AAA, as
this was previously used to block binding of the SNX1 and SNX6 heterodimer*>*. However,
as SNX-BARs assemble close to the plasma membrane®®, while the WLD motif is found in a
globular cytoplasmic domain (Fig. 14), it remains unclear whether SNX-6 would bind a cargo
sequence this far from the plasma membrane. Thus, we find it unlikely that the WLD motif is
a SNX-6 binding site.

We identified potential SNX-3-binding sites based on the Y/F-x-® consensus
sequence’®, but there are other potential sites based on the Q®Y sequence®’. The Y/F-x-®
sequences we examined in TAT-5, namely FDF, FSF and YSW, were not required for TAT-5
trafficking to the plasma membrane, suggesting that they are not necessary for SNX-3 binding.
This is in contrast to yeast, where the TAT-5 ortholog Neol is recognized by Snx3 via an FEM
motif in its N-terminus'®. Mutating the FEM sequence was sufficient to disrupt the localization
of the N-term of Neol. However, the FEM sequence is not conserved in animals®!, and the FEM
motif is not the only Snx3 binding site in Neol!. As SNX-3 may recognize TAT-5 by more
than one sequence, mutating more than one potential binding sequence may be necessary to
disrupt SNX-3 binding. Additionally, quantifying TAT-5 plasma membrane localization in
these mutants could help to determine additive effects of different SNX-3-binding sites.
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4.3.7. TAT-5 localization and activity depend on the conserved ILY VFPF motif

The hydrophobic ILYVFPF sequence is required for TAT-5 plasma membrane
localization and contains potential binding sequences for SNX-6 and SNX-3. Although it is
tempting to speculate that ILYVFPF binds to both SNX-3 and SNX-1/6, it remains to be
determined whether the ILYVFPF motif interacts with any SNX. SNX-BAR heterodimers
assemble close to the plasma membrane in a typical banana-like shape®®. Furthermore,
retromer-dependent cargo binding by SNX-3 also appears close to the plasma membrane®,
making it unlikely that SNX-BAR or SNX-3 would bind a globular domain located far from
the plasma membrane (Fig. 14A). Thus, it is currently unclear why the ILY VFPF sequence is
important for TAT-5 localization.

Mutating 1564, Y566, F568 or F570 to D caused loss of TAT-5 from the plasma
membrane, however, GFP::TAT-5 was visibly brighter at one spot at the tricellular junction.
As this localization is similar to the location of the PO and AB midbodies’, we hypothesize that
the aspartate mutants still localize to the midbody. This suggests that some trafficking to the
plasma membrane still occurs, implying that trafficking pathways exist that do not require the
ILY VFPF motif for TAT-5 localization.

Surprisingly, mutating F570 to the weakly hydrophobic alanine did not disrupt the
plasma membrane localization of TAT-5, although a slight decrease in TAT-5 plasma
membrane levels was measurable®®. This demonstrates that the phenol ring on F570 was not
required to localize TAT-5 to the plasma membrane. GFP::TAT-5(F570A) also localized to an
unknown vesicular structure at the tricellular junction. Given their location and transient nature,
these vesicles could be extracellular, endocytic or exocytic vesicles. In the future, we need to
identify these vesicles by co-labeling with organelle reporters, which may give further insight
into TAT-5 trafficking or function.

Recently, the first structures of lipid flippases have been solved, including yeast Drs2
and mammalian ATP8A®!2. These structures show that the ILYVFPF motif is buried in a
globular region and does not face the cytoplasm in these PS flippases, in contrast to the
prediction of the Phyre model based on a more distantly related P-type ATPase (Fig. 14).
Introducing aspartates inside a hydrophobic, globular region could disrupt proper protein
folding. Thus, the dispersed appearance of GFP::TAT-5 in I564D, Y566D, F568D and F570D
mutants could be due to degradation of the protein as a result of the unfolded protein response.
As unfolded proteins in the ER are ubiquitinated and degraded by the proteasome®?, it would
be interesting to test whether proteasomal inhibition increases the levels of the ILYVFPF

mutant proteins.
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Intriguingly, the last F of the ILYVFPF sequence, which is F570 in TAT-S5, is also
conserved in the PS flippases Drs2 (LLNICEF) and ATP8 (ILNVLEF). This F localizes at an
interface of the N (nucleotide binding) and P (phosphorylation) domains and interacts with the
adenine ring of ATP when the flippase is in the E1 state’!"2. In the E1 state, the flippase binds
ATP and transfers a phosphate to the conserved Aspartate in the DKTGT motif to transition the
flippase into the E1P state, which initiates the lipid translocation cycle®®. Blocking the
interaction of the flippase and ATP would maintain the flippase in the E1 state and thereby
disrupt lipid translocation. This suggests that F570 could be required for TAT-5 flippase
activity. Indeed, although GFP::TAT-5(F570A) localizes to the plasma membrane, it does not
rescue the sterility phenotype of fas-5 mutants®’, suggesting that TAT-5(F570A) is not
functional. However, we believe TAT-5(F570A) could represent a partial loss-of-function
allele, as the E1P/E2P states are thought to be important for trafficking out of the ER%>. Mutating
the key Aspartate in the DKTGT motif in TAT-5(D439E) creates a flippase that cannot be
phosphorylated, is stuck in the E1 state, and remains in the ER°. Consistently, phosphorylation
of the key Aspartate is essential for the ER exit of mammalian ATP9A and ATP9B®®. That
GFP::TAT-5(F570A) is still able to localize to the plasma membrane suggests that TAT-
5(F570A) can still be phosphorylated to enter the catalytic cycle. This needs to be confirmed
using biochemical assays to test whether the F570A mutant weakens ATP binding and thereby
impairs the E1 to E1P transition. Thus, our studies looking for SNX-binding sites may have
discovered key residues important for the flippase activity of TAT-5, providing more insight
into this conserved family of essential proteins. Furthermore, having a partial loss-of-function
allele could be useful for genetic techniques such as suppressor/enhancer screens, which will
allow us to identify novel TAT-5 interactors and MV release regulators.

In summary, determining the interactors and regulators of TAT-5 function will help to
understand the conserved mechanisms of MV budding. With the set of proteins in hand that
control MV release, it will ultimately be possible to determine the physiological roles of MVs

during health and disease.
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5. PAD-1 and MON-2 control TAT-S localization and activity

5.1. Introduction: TAT-5 orthologs form a complex with PAD-1 and MON-2 orthologs
In yeast and mammals, TAT-5 orthologs form a complex with orthologs of the
conserved Dopey-domain protein PAD-1 and the GEF-like protein Mon2!=, In chapter 3, we
discovered that PAD-1 inhibits MV release, similar to TAT-5, leading us to hypothesize that
PAD-1 could be a regulator of TAT-5. Therefore, we characterize PAD-1 localization and
function in this chapter in order to determine how TAT-5 localization and flippase activity are
regulated. Furthermore, we speculated that MON-2 could also regulate TAT-5 and/or PAD-1,
and we characterize MON-2 localization and function in this chapter as well in order to better

understand the role of this complex in endocytic trafficking and microvesicle (MV) budding.

5.1.1. The Dopey domain-containing protein PAD-1

PAD-1 is a large scaffolding protein that belongs to the Dopey leucine zipper-like
family. PAD-1 orthologs DopA, Dopl and DOPEY 1/2 are named after their N-terminal Dopey
domain*?®, while PAD-1 is named for its loss of function phenotype, PAtterning Defective. Loss
of PAD-1 causes morphogenesis defects, which ultimately lead to embryonic lethality>. A
temperature sensitive DopA mutant in Aspergillus nidulans has similarly important functions
during morphogenesis*. Like the TAT-5 ortholog Neol, Dopl is also an essential gene in yeast,
where it is required for normal ER morphology®. These findings demonstrate that TAT-5
orthologs and PAD-1 orthologs share essential roles in many species, suggesting that they have
common functional roles.

In contrast to the multipass transmembrane protein TAT-5, PAD-1 and orthologs are
thought to be cytosolic proteins with conserved N- and C-terminal domains'*>7. Although
highly conserved, the function of the N-terminal Dopey domain is unknown. The C-terminal
part of PAD-1 and orthologs consists of a flexible region and a series of leucine zippers that
cannot be modelled into a 3D structure®®. Leucine zippers are known to be involved in protein-
protein interaction’, suggesting that PAD-1 has a scaffolding function, interacting with multiple
proteins. In yeast, Dopl forms dimers in addition to binding to Neol and Mon22. Dopl and
Mon?2 also bind to the Arf-like small GTPase Arl1%!°, Thus, PAD-1 is likely to interact with
TAT-5, MON-2, and ARL-1 in C. elegans.

If PAD-1 interacts with TAT-5, we would expect PAD-1 to be expressed ubiquitously,

since TAT-5 expression is ubiquitous in worms!!. Indeed, a GFP-tagged 5° regulatory element

140



5. PAD-1 and MON-2 control TAT-5 localization activity

of PAD-1 is expressed ubiquitously in adult worms'2. Thus, the expression patterns of PAD-1
and TAT-5 overlap, consistent with a conserved interaction. PAD-1 orthologs in yeast and

mammals reside in endosomes and Golgi®!3

, similar to TAT-5 orthologs in other species. As
GFP::TAT-5 is predominantly found on the plasma membrane in C. elegans'*, it will be
interesting to test whether PAD-1 localizes to the plasma membrane or to endosomes and Golgi.
Plasma membrane localization would support the hypothesis that PAD-1 interacts with TAT-
5.

The PAD-1 ortholog Dopl has been shown to have roles in vacuolar and retrograde
trafficking. Vacuolar trafficking transports proteins to the vacuole, while retrograde trafficking
transports proteins from endosomes back to the Golgi, from which proteins can also be recycled
back to the plasma membrane!>!6, For example, Dopl is required for the trafficking of a
vacuolar hydrolase carboxypeptidase Y (CPY) from Golgi to vacuoles?, as well as the
endosome to Golgi recycling of the v-SNARE Snc16. PAD-1 has also been linked to retrograde
trafficking in C. elegans. B-catenin cortical localization is controlled by an intracellular
phospholipase A1 (PLA1), which is required for asymmetric division. In ip/a-I mutants, the
seam cell division plane is disrupted due to altered B-catenin localization!”. Knock down of
pad-1 suppressed the seam cell phenotype of ipla-1 mutants, similar to knock down of other
retrograde trafficking regulators, including retromer (vps-26, vps-29, vps-35) and sorting nexins
snx-1 and snx-3'718, This suggests that PAD-1 has functions in endocytic trafficking similar to
retromer and sorting nexins. Thus, PAD-1 could be a major regulator of TAT-5 trafficking like
SNX-1 and SNX-3 or it could be a minor regulator of TAT-5 trafficking like retromer
(discussed in chapter 4). However, it is unclear whether PAD-1 acts in these endocytic
trafficking pathways, or forms an independent pathway alongside retromer and sorting nexins.

PAD-1 orthologs are also important to maintain proper organelle size and shape. Both
Dopl and Neol mutants have fragmented vacuoles and accumulate tubular structures®!?-29,
suggesting that vacuole fusion is disrupted. In contrast, knock down of Dop1 in Tetrahymena
thermophila caused enlarged vacuoles?!. A rat strain with a truncated DOPEY 1 has abnormal,
enlarged vacuoles in several neural tissues and was therefore named the Vacuole Formation
(VF) rat 22. In C. elegans, tat-5 mutants also have enlarged endolysosomes'#, suggesting that
PAD-1 and TAT-5 could have a conserved function regulating the size of endolysosomes
together.

The two mammalian PAD-1 orthologs, DOPEY1 and DOPEY2, have important
functions in the nervous system. DOPEY1 is highly expressed in rat neurons and

oligodendrocytes in the spinal cord, and a premature stop codon in DOPEY1 in the VF rat
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results in abnormal, enlarged vacuoles in some, but not all neural tissues*?. This suggests that
the function of DOPEY1 may be restricted to specific cells, although it is unknown whether
DOPEY?2 can compensate for DOPEY1 function in some cells. The VF mutants also have
decreased myelination?}, which is proposed to be caused by defective trafficking of myelin
components for myelinogenesis'?, based on analogy to the trafficking function of Dop1 in yeast.
The VF rat strain has a nonsense mutation at the C-term of DOPEY1 that would truncate the
last 142 aa of the 2456 aa sequence, but results in greatly reduced expression of DOPEY 113,
probably due to nonsense-mediated mRNA decay?*. However, it is unclear whether this
premature stop codon completely disrupts DOPEY1 function.

In addition to loss-of-function phenotypes, Dopey family proteins have also been
associated with overexpression phenotypes. In humans, DOPEY?2 is found on chromosome 21
and its expression was increased in Down syndrome patients with chromosome 21 trisomy?>.
DOPEY?2 is expressed early in the developing nervous system in mice embryos?®, but mice

overexpressing DOPEY2 have mild cognition defects”?’.

Thus, it is proposed that
overexpression of DOPEY?2 may contribute to some of the mental retardation phenotypes of
Down syndrome patients. Dopey proteins are also expressed in non-nervous tissues, including
DOPEY?2 in the heart, liver and intestine’, suggesting that they may have non-neuronal roles in
mammals. In any case, these loss-of-function and overexpression studies demonstrate that
PAD-1 orthologs have important functions in the brain.

Thus, Dopey domain-containing proteins have essential roles in many organisms,

emphasizing the importance of determining the function of this conserved protein.

5.1.2. The GEF-like protein MON-2

MON-2 is a large, non-essential scaffolding protein that belongs to the BIG family of
Arf guanine-nucleotide exchange factors (GEFs), but is not thought to function as a GEF. Mon2
contains the regulatory DCB (dimerization and Cyp5 binding) and HUS (homology upstream
of Sec7) domains common in the BIG-family of Arf GEFs'¢, but lacks the catalytic Sec7
domain®, which is required for guanine-nucleotide exchange activity?’. Although Mon2
interacts with the Arf-like GTPase Arll, it has no GEF activity towards Arl1%22°, leading to
the suggestion that it is a GEF-like protein. Mon2 also possesses three additional conserved
domains of unknown function!, which are proposed to be involved in protein binding. Thus,
MON-2 is thought to function as a scaffold for bringing proteins together.

Mon?2 was originally named Ysl2 in yeast, which stands for ypt57 synthetic lethal, and

was identified in a screen for proteins that have synthetic effects with the endosomal Rab
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GTPase ypt51/vps21 mutants, which display impaired membrane trafficking®*3!. Later, Mon2
was named after its Monensin sensitivity phenotype, a drug that affects intracellular transport?2.
Like PAD-1 orthologs, MON-2 orthologs in yeast, flies and mammals reside in endosomes and
Golgi'®*, where they are involved in many protein trafficking steps. For example, Mon2 was
found to be required for the trafficking of the hydrolases CPY and aminopeptidase I (Apel)

from Golgi to the yeast vacuole!=2%3334

, similar to Dopl. In addition, the localization of the
transmembrane protein Mrh1 shifted from the plasma membrane to internal structures in a yeast
Mon2 mutant, suggesting that Mon2 is required for the recycling of membrane proteins. Thus,
it will be important to test whether MON-2 is required for TAT-5 trafficking.

Mon?2 could also regulate organelle size, as vacuoles appear fragmented in a yeast Mon2
mutant 2833, similar to Dopl and Neol vacuoles®!. Since faz-5 mutants also display enlarged
endolysosomes, it will be interesting to test whether MON-2 also controls endolysosome size
in C. elegans. This result would support the hypothesis that MON-2 and TAT-5 function
together in a complex.

Several studies showed that MON-2 orthologs are required for the retrograde trafficking
of proteins. The endosome to Golgi recycling of the v-SNARE Sncl is disrupted after loss of
Mon2, similar to Dop1'S. In C. elegans, a mon-2(xh22) nonsense mutant was identified in a
screen for ipla-1 suppressors; mon-2 mutants suppressed the seam cell division defects caused
by ipla-1 mutants, similar to pad-1, retromer and sorting nexins'’. The mon-2(xh22) mutant
bears a premature stop codon in the middle of the protein at W87 that would result in loss of

L7 Knock down of mon-2 also

the C-terminus'’, which is essential for yeast Mon2 function
altered the localization of MIG-14/Wntless*®, which is recycled via the retrograde pathway by
the activities of retromer and sorting nexins*®8, This suggests that MON-2 has retrograde
trafficking functions like retromer and sorting nexins. However, it remains unclear whether
MON-2 would act in conjunction with retromer and sorting nexins or whether it acts
independent in a separate trafficking pathway.

Mon2 is thought to be involved in regulating vesicle formation during endocytic
trafficking by interacting with the actin cytoskeleton and coat proteins. In Drosophila, Mon2
interacts with the actin nucleators Cappuccino (Capu) and Spire (Spir) and is required for the
formation of F-actin projections, suggesting that Mon2 is required for actin dynamics. Actin
dynamics are important to cluster cargo on endosomal membranes and to induce endosomal
membrane tubulation, tubule fission and transport of trafficking vesicles*®. Furthermore, in

yeast and human cell culture, Mon2 was required for the recruitment of the clathrin adaptors

Ggal and Gga2, which localize to endosomal tubules and the TGN*’. However, it is not clear
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whether MON-2 is required for recycling endosome tubulation or whether it controls endocytic
trafficking through different mechanisms.

Interestingly, human Mon2 was previously reported to be required for HIV budding®!.
HIV can bud from the plasma membrane by recruiting the ESCRT complex via interaction of
the viral Gag protein with Tsg101 (ESCRT-I)*?. As ESCRT-dependent budding is also used to
release MVs from fat-5 mutants', this raises the possibility that MON-2 could be required for
MYV budding. However, Gag-induced HIV release was decreased in Mon2 mutants due to
reduced plasma membrane recruitment of Gag*!, which could suggest that Mon2 promotes the
intracellular trafficking of Gag rather than MV release. Thus, it needs to be tested whether
MON-2 could have the same or opposite function on MV release than TAT-5 and PAD-1.

As MON-2 proteins have trafficking functions in different organisms, it is likely that its
functions are conserved in worms and other organisms. Identifying how MON-2 regulates
TAT-5 localization or activity will provide further insight into the mechanisms of endocytic

trafficking. Furthermore, it may reveal new insights into the release of MVs.

5.2. Results: PAD-1 and MON-2 have separable roles in regulating TAT-5

Here, we demonstrate that PAD-1 and MON-2 localize to the plasma membrane, where
they could interact with TAT-5. We find that they do not normally traffic TAT-5. Instead, PAD-
1 and MON-2 only impact TAT-5 recycling in the absence of the major TAT-5 trafficking
pathways discussed in chapter 4, namely SNX-1/-6 and SNX-3. We also discovered that PAD-
1 is required to maintain PE asymmetry, while MON-2 is not, suggesting that PAD-1
specifically activates TAT-5 flippase activity.

5.2.1. PAD-1 inhibits microvesicle release, but MON-2 and ARL-1 do not

As PAD-1 is required to inhibit microvesicle release (chapter 3, Fig.7), we tested
whether MV release was altered in mon-2 mutants. We did not find increased EV release after
mon-2 RNAI in our screen looking for EV inhibitors using ZF1-degron tagged PH plasma
membrane reporters in chapter 3, but wanted to confirm this was not due to partial knockdown.
After crossing the untagged PH plasma membrane reporter into the mon-2 mutant background,
we found that mon-2 nonsense mutants do not show bright membrane patches indicative of
increased MV release (Fig. 15A, Table 1), even when additionally treated with mon-2 RNAi
(Table 1). This demonstrates that MON-2 is not required to inhibit MV release. Consistently,
mon2/mon-2 mutants are viable in yeast and worms®!7, in contrast to lethal dopl/pad-1 and

neol/tat-5 mutants>%!14, showing that MON-2 has distinct roles from PAD-1 and TAT-5.
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As human Mon2 is required for HIV budding from the plasma membrane*!, we also
considered whether MON-2 could act in opposition to TAT-5 and PAD-1 and be an inducer of
MYV budding. However, pad-1 RNAIi still caused MV release in mon-2 mutants (Table 1),
showing that MON-2 is not required for MV release. Together, these data suggest that MON-2
does not directly promote or inhibit MV release. However, this could also indicate that PAD-1
acts downstream of MON-2. Thus, it would be necessary to test whether MON-2 can promote
MV release using a PAD-1-independent assay to completely rule out a role for MON-2 in
regulating MV release.

The Arll GTPase has also been shown to be part of the Neolp/Doplp/Mon2p complex
in yeast>!°, In one initial experiment, we depleted ARL-1 in C. elegans embryos expressing the
GFP::ZF1::PH reporter, but saw no membrane thickenings indicative of increased EV release

after arl-1 RNAIi (Table 1). Thus, ARL-1 is also unlikely to regulate MV release.

Increased MV release

Genotype RNAi (thick membranes)

% n

- 0% 119
tat-5 90% 31
+ pad-1 89% 55
mon-2 0% 72
arl-1' 0% 20
pad-1(wur(2) - 100% 11
- 0% 105
mon-2(xh22) mon-2 0% 270
pad-1 76% 78

Table 1: MON-2 and ARL-1 do not inhibit MV release. Control (+) and mutant worms expressing
fluorescent PH reporters were treated with RNAi or untreated (-). The percentage of embryos showing
the indicated phenotype is given. Embryos (n) from the late 4-cell to 102-cell stage were scored for
thickened membrane labeling between cells, which is indicative of MV release. ' indicates experiments

that were only performed once.

5.2.2. Loss of PAD-1 causes sterility

In addition to embryonic lethality, faz-5 deletion mutants are sterile'¥, while mon-2
nonsense mutants are fertile!’. As MV release in pad-1 and fat-5 RNAi-treated embryos
disrupts morphogenesis, we wondered whether MV release in gonads could cause sterility.
Therefore, we first tested whether pad-1 mutants are sterile. We generated two pad-1 deletion
alleles removing 99.5% of the pad-1 coding sequence by using CRISPR/Cas9 to create double-
strand breaks near the start and stop codons of pad-1 (Fig. 1A-B). For pad-1(wur02), a 23.6 kb
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deletion and 21 bp insertion was achieved. Thus, only 4 aa of the N-term, 7 aa of new sequence,
and 9 aa of the C-term are predicted to remain of the 2417 aa PAD-1 protein. The pad-1(wur03)
allele has a 23.3 kb deletion verified by sequencing, including 238 bp of the last intron and the
complete last exon of pad-1 remaining. The shorter deletion in wur03 is probably due to partial
repair**. The wur03 deletion keeps the first 5 aa of the N-term, but translation of the intronic
sequence would be predicted to terminate after 30 aa. Thus, even if a truncated protein were
expressed in either allele, it would be unlikely to bear any PAD-1 functions. Therefore, we
predict that both wur02 and wur03 would be null alleles. Both the pad-1(wur(2) and pad-
1(wur03) mutant worms were largely sterile (Table 2), with rare fertile pad-1 deletion worms
laying round eggs that were embryonic lethal, similar to faz-5 deletion mutants'.

As these large deletions could possibly alter neighboring genes, we also generated more
subtle mutations in pad-1. Using CRISPR/Cas9 to target sequence near the start codon, we
created several indels in the first exon prior to the conserved Dopey domain (Fig. 1C). Seven
out of eight strains with in-frame indels were viable (Table 2), suggesting that changes to the
protein sequence can be tolerated at the extreme N-terminus of PAD-1. All five out-of-frame
indels caused premature stop codons and resulted in sterility similar to the two large pad-1
deletion mutants (Table 2). The sterile in-frame insertion in wur(07 changed the fifth amino acid
from a serine to a stop codon, creating a nonsense mutant. Thus, pad-1 nonsense and deletion

mutants are sterile, which suggests a function for PAD-1 in gonads.
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A PAM pad-1 genomic sequence PAM
b (24 kb) v
[ e {0 e s I o Y i e i O s i O i B | o iy
B pad-1 deletion allele
WUr02f= = = = = = = = = = = e e e e e e e e e e e s m e e e e - === C
WUO3| = = = = = = = e e e e e e e e e e e e e m e e m - - - R —— )
C
- exon 1

+ atggcatcagcatcaggtggagatgtaccagcgggtcg...
wur01 atggcatcagcatggcatcaggtggagatgtaccagcgggteg. ..
wur02 atggcatcagcgtggattaggcatcagecgtgg-[23.6 kb Del]-cgtggatttt...
wur03 atggcatcagc-[23.3 kb Del]-ttcgagacccat...
wur04 atggcatcagcatcaggtggatcaggtggagatgtaccagegggteg. ..
wur05 atggcatc—————-— aggtggagatgtaccagcgggteg. ..
wur06 atggcatcag-—————————————— taccagcgggteg. ..
wur07 atggcatcagcatgatccatgctggcaggtggagatgtaccagecgggteg...
wur08 atggcatcagcatca-[ 71 bp Ins]-ggtggag...
wur09 atggcatcagcatca-[179 bp Ins]-ggtggag...
wur10+wur11 atggcatcagca——————————— tgtaccagcgggtcg. ..
wur12 atggcatcagcatcaggatcaggtggagatgtaccagecgggteg. ..
wur13 atggcatcagcatcgtcaggatcagcaggtggagatgtaccagegggteg...
wur14 atggcatcagcatcaggtg-[38 bp Ins]-gagatgtaccagcgggtcg...
wur1b atggcatcagcatcagcatcagcatcaggtggagatgtaccagcgggtecg...
wur16 atggcatcagcatcatgctgatggtggagatgtaccagecgggtecg...

Fig. 1: Sequences of pad-1 indel mutants: A) Genomic sequence of pad-I according to WormBase®.
Pink: exons, Cyan: PAM sites recognized by the Cas9 enzyme using start and stop guide RNAs, grey:
untranslated regions, lines represent introns. B) We achieved a 23.6 kb deletion of pad-1 in wur02 and
a 23.3 kb deletion in wur03 (dotted lines) using CRISPR/Cas9. C) Genomic sequence of the first exon
of pad-1 from wild type N2 worms (+), pad-1 deletion mutants and all N-terminal pad-1 mutant alleles.
wur(1-03 were generated by injecting sgRNAs for both start and stop PAM sites. wur04-wurl6 were
only injected with sgRNA targeting the double PAM near the start site (cyan). Inserted base pairs are

marked in red, numbers of inserted base pairs are given for long insertions.
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Allele Mutation Amino acid code Phenotype
+ - MASASGGDVPA... WT
wur01 6 bp ins MASAMASGGDVPA... WT
wur(2 23.6 kb del | MASAWIRHQRGVDFSEHLQF* Ste
21 bp ins
wur03 23.3 kb del | MASASRPIRVIPCAFRKKIKEKVFFVEKLVKKPEN* Ste
wur04 9 bp ins MASASGGSGGDVPA... WT
wur05 6 bp del MAS--GGDVPA... WT
wur06 15 bp del MAS-----VPA WT
wur07 12 bp ins MASA*SMLAGGDVPA... Ste
(*at AAS)
wur08 71 bp ins of | MASAS|[24AA of mKate2| KVKVEMY ... Ste
mKate2 (* at AA 54)
wur09 179 bp ins | MASAS[S9AA of mKate2|RVEMY ... Ste
of mKate2 | (* at AA 90)
wurl0/11 | 11 bp del MASACTSGSRKR*... Ste
(* at AA 13)
wurl?2 6 bp ins MASASGSGGDVPA... WT
wurl3 12 bp ins MASASSGSAGGDVPA... WT
wurl4 38 bp ins MASASGVRCHQVSGVRHQVEMY... Ste
(* at AA 43)
wurl5 12 bp ins MASASASASGGDVPA... WT
wurl6 7 bp ins MASASC*WWRC... Ste
(*at AA7)

Table 2: Resulting PAD-1 alleles created using CRISPR/Cas9. The resulting amino acid sequence

from pad-1 mutations in the first exon are listed. The length of insertions (ins) and deletions (del) are

indicated in base pairs (bp) or kilobases (kb). Single letter amino acid code of wild type (+) and each

mutant (wur#) is given. Changed and inserted amino acids are written in bold. (—) stands for one deleted

amino acid. * indicates premature stop codons. Italicized letters represent out of frame pad-1 sequences

that are not part of the inserted sequence. Adult wild type worms and mutants with in-frame base pair

mutations were viable and fertile (WT). Mutant worms with out-of-frame mutations and premature stop

codons had no progeny (Ste).
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We next observed how gonad morphology was disrupted in sterile tat-5 and pad-1
mutants. In C. elegans hermaphrodites, the gonad forms an ovotestis which produces both
oocytes and sperm*®. The wild type gonad is U-shaped, beginning at the distal tip cell (DTC)
and extending as a syncytium for almost half the length of the worm (Fig. 2A). After the gonad
turns in adult worms, oocytes increase in size and cellularize to become completely surrounded
by individual cell membranes in the proximal gonad. We discovered that both tat-5 and pad-1
deletion mutants have malformed and shortened gonads (Fig. 2B-C). The distal and proximal
gonad, as well as the gonadal turn, are present, suggesting that gonad formation is not generally
blocked. Most prominently, we noticed that oocytes were rarely observed in the proximal gonad

of pad-1 and tat-5 mutants, suggesting that defects in oogenesis were responsible for sterility.

pad-1(wur02) tat-5(tm1741)

Fig. 2: Altered gonad morphology in MV-releasing fat-5 and pad-1 mutants. A) The dissected
germline of wild type worms consists of a distal part starting with the Distal Tip Cell (DTC), the gonad
turn and the proximal part of the gonad that contains a line of growing oocytes (n=54). B) The dissected
germline of pad-1 mutants contains a shortened distal and proximal part. No oocytes can be recognized
(n=13). C) Similar to pad-1 mutants, ta¢-5 mutant gonads are short and no oocytes can be recognized in

an adult worm (n=8). Scale Bar: 50 um.

Given the lack of oocytes, we wondered whether pad-I mutants would also have a
defect in spermatogenesis. Using electron microscopy on whole worm sections from pad-1
deletion mutants, we could identify primary spermatocytes by the presence of the sperm-
specific membranous organelles (MO) consisting of a fibrous body (FB) surrounded by a
phagophore-like membrane #’. The membranous organelles appeared normal in pad-1 mutant
micrographs (Fig. 3B), although the extracellular milieu appeared full of organelles, which
could be EVs or could be caused by cells losing plasma membrane integrity. Thus, PAD-1
appears not to be required for early steps of spermatogenesis.

As plasma membrane remodeling plays a crucial role in both oogenesis and

spermatogenesis *®, we wondered whether the small gonad phenotype correlates with increased
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MYV release in the germline. Using electron microscopy, we discovered EV accumulation
between distal germ cells (Fig. 3A,A’), suggesting increased EV release from immature germ
cells in the gonad. This suggests that TAT-5 and PAD-1 may also be required for gonad
morphology by inhibiting membrane budding.
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Fig. 3: Loss of PAD-1 causes increased EV release from gonads: A) Electron micrograph of the distal
germ line from a pad-1 mutant. Numerous EVs (arrow) accumulate between germ cells. Scale Bar:
1 pm. A’) Magnification of boxed region with EVs in A, 90° rotated. Scale bar: 200 nm. B)
Spermatocyte in a pad-I mutant with Membranous Organelles (MO), identifiable as Fibrous Bodies
(FB) surrounded by phagophore-like membranes. The spermatocytes are surrounded by numerous
vesicular structures, which could be EVs or organelles from cells that lost membrane integrity. Scale

bar: 1 pm.

5.2.3. Generating peptide antibodies to analyze endogenous PAD-1 localization

To understand the function of PAD-1 in C. elegans, we first wanted to see in which
cellular compartments PAD-1 localizes. In yeast and mammals, PAD-1 and TAT-5 orthologs
localize to the same subcellular compartments, the TGN and the endosomal network?>104,
However, TAT-5 predominantly localizes to the plasma membrane in C. elegans embryos!'#>°,
To check whether PAD-1 could interact with TAT-5, we developed tools to test whether PAD-
1 also localizes to the plasma membrane.

To visualize endogenous PAD-1 localization in C. elegans, we designed and ordered
two peptides in the N-terminus (starting with GRE or AKF) and three peptides in the C-
terminus (LAE, DKT, RDA) for immunization in two rabbits each by Davids Biotechnology.
Full sequences of the peptides are available in Methods (chapter 2 Table 7). The test serum was
screened using immunostaining of fixed embryos. We found various staining patterns in
addition to the cytoplasmic background staining of the secondary antibody (Table 3, Chapter 4
Table 2). In particular, three antibodies targeting the C-terminus localized to the plasma
membrane (LAE2, DKT2, RDA2) (Table 3), giving us hope that they could recognize PAD-1.

After affinity purification, immunostaining was performed again to check for plasma
membrane localization. The LAE2 and RDA2 antibodies lost the previous cell membrane
staining (Table 3), while DKT2 maintained plasma membrane staining and also localized to
cytosolic vesicles (Fig. 4A), appearing similar to GFP::TAT-5 (Chapter 4 Fig. 3A).
Surprisingly, the purified AKF1 antibodies also started weakly staining the plasma membrane
(Fig. 4C), which was not observed with the test serum (Table 3). In contrast, AKF2 continued
to stain the nuclear membrane (Fig. 4E), which was also sometimes observed with AKF1 (Table
3). Thus, in contrast to TAT-5 peptide antibodies, which lost all protein binding after
purification (chapter 4 Fig. 1C), the PAD-1 antibodies retained specific membrane staining after

affinity purification.

151



5. PAD-1 and MON-2 control TAT-5 localization activity

To test whether the affinity-purified DKT2, AKF1 or AKF2 membrane staining was
specific to PAD-1, we depleted PAD-1 using RNAI treatment. Neither the plasma membrane
staining nor the nuclear membrane staining were lost after pad-I RNAi (Fig. 4B, D, F).
Consistent with loss of pad-1 causing increased MV release, we observed increased membrane
labeling with the DKT2 antibody (Fig. 4B). We also confirmed successful pad-1 depletion by
scoring for embryo lethality. Thus, it is unlikely that these peptide antibodies recognize PAD-
1, suggesting efficient binding to other proteins than PAD-1.

DKT2

AKF1

AKF2

Fig. 4: Purified PAD-1 peptide antibodies do not specifically stain PAD-1. Immunostaining of fixed
C. elegans embryos with PAD-1 peptide antibodies derived from affinity-purified serum. A) In a control
4-cell embryo, the DKT2 antibody stains the plasma membrane and intracellular vesicles (arrow). B)
After pad-1 depletion, the DKT2 antibody still stains the plasma membrane of a 4-cell embryo,
suggesting that the DKT2 antibody does not specifically recognize PAD-1. Arrowhead points to
thickened membranes indicative of increased MV release as a result of successful pad-1 depletion. C)

In a control 4-cell embryo, the AKF1 antibody stains puncta along the plasma membrane. D) The plasma
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membrane staining of AKF1 is maintained in a 6-cell embryo after pad-1 depletion, suggesting that
AKF1 does not specifically recognize PAD-1. E) The AKF2 antibody stains the nuclear membrane in a
2-cell control embryo. F) After pad-1 RNAI, the AKF2 antibody still stains the nuclear membrane,
suggesting that the AKF2 antibody does not specifically recognize PAD-1. Scale bar: 10 um.

Peptide Serum Localization
Egg shell Plasma Nuclear Centrosomes | P-granules
membrane | membrane
GRE1 Test X - - X -
Purified X - - - -
GRE2 Test X - - X -
Purified X - - - -
AKF1 Test X - X X -
Purified X X X - -
AKF2 Test X - X X -
Purified - - X - -
LAE1 Test X - X X X
Purified - - - - -
LAE2 Test X X X X -
Purified X - - - -
DKTI1 Test X - X X -
Purified - - - X -
DKT2 Test X X - X -
Purified - X - - -
RDA1 Test X - - X -
Purified X - - - -
RDA2 Test X X X X -
Purified X - - - -

Table 3: PAD-1 peptide antibody localization in embryos after IHC. The name of the peptide and
the localization of the antibodies derived from the unpurified test serum or the affinity-purified serum
are indicated. All antibodies bound to centrosomes in the test serum, as well as other locations. After
affinity purification, almost all staining was gone, except for the cell membrane staining of DKT2 and
AKF1 antibodies, the centrosome staining of DKT1 antibody and the nuclear membrane localization of

AKF?2 antibody. Indicated are observed (X) and not observed (-) localizations.

We wondered whether these PAD-1 peptide antibodies would work better in reducing-
conditions, because secondary structure could hamper antibody binding to the peptides.
Therefore, we performed a western blot using worm protein extracts. To do so, we first needed
a positive control to compare to the band sizes of the peptide antibodies. Therefore, we inserted
EGFP into the N-terminus of PAD-1 using CRISPR/Cas9. In this worm strain, the ATG of pad-
1 was replaced by the sequence of GFP, allowing us to determine whether the tagged protein

was still functional. In contrast to sterile pad-1 deletion and nonsense mutants (Fig. 1, Table 2),
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GFP::PAD-1 worms are viable and fertile, showing that GFP insertion at the N-term did not
disrupt the essential functions of PAD-1. Therefore, we could use an anti-GFP antibody in
combination with GFP::PAD-1 worm extracts to test the peptide antibodies.

To disrupt disulfide bonds that could lead to secondary structure, extracts from
GFP::PAD-1 worms were boiled and treated with B-mercaptoethanol. The GFP antibody
showed one band above the 250 kD protein ladder, consistent with 32 kD of GFP bound to the
estimated 267 kD band of PAD-1 (Fig. SA-B). In contrast, multiple bands at different sizes
were detected with the affinity-purified peptide antibodies, suggesting that none of the peptide
antibodies specifically bind to PAD-1. However, RDA1 and RDA2 showed a slightly higher
band (Fig. 5A-B), while GRE2 showed a slightly lower band than GFP::PAD-1 (Fig. 5B).
Therefore, we tested whether these antibodies could bind PAD-1 by depleting pad-1 using
RNAIi. The embryonic lethality phenotype was again used to verify successful pad-1 depletion.
Although GFP::PAD-1 levels were strongly reduced based on anti-GFP staining (Fig. 5D), none
of the bands of the PAD-1 peptide antibodies were decreased (Fig. 5C). In fact, only the bands
from control worms had slightly less RDA1 antibody staining. After repeating the RDA1
western blot, there was no difference between pad-1 RNAI and control (Fig. 5D). Thus, none
of the peptide antibodies recognized GFP::PAD-1 and they cannot be used to stain endogenous
PAD-1 protein.
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Fig. 5: Purified PAD-1 peptide antibodies do not recognize PAD-1. A) Western blot from protein
extracts of GFP::PAD-1 worms stained for GFP and six affinity-purified PAD-1 peptide antibodies.
Only RDA?2 showed a band near the size of GFP::PAD-1. A’) Ponceau staining of the blot used for
antibody staining in A. B) Western blot from protein extracts of GFP::PAD-1 worms stained for GFP
and five additional PAD-1 peptide antibodies. RDA1 and GRE2 show a band at a similar height as
GFP::PAD-1. B’) Ponceau staining of the blot used for antibody staining in B. C) Extracts from
GFP::PAD-1 worms treated with either control (ctr/) or pad-1 RNAIi and stained with PAD-1 peptide
antibodies. None of the bands from the peptide antibodies were reduced after pad-1 RNAI, suggesting
no specific recognition of PAD-1. Below is the blot from the same samples strained with actin antibody.
D) Western blot with GFP::PAD-1 worm extracts after pad-1 or control RNAi. GFP::PAD-1 levels are
reduced after pad-1 RNAI, as detected with the GFP antibody. Repeating RDA1 staining showed
identical staining in both pad-1 and control RNAi, indicating no specificity for PAD-1. D’) Ponceau
staining of the blot used for antibody staining in D.
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5.2.4. PAD-1 and MON-2 localize to domains of the plasma membrane

As there are no PAD-1 antibodies available, we used the GFP-tagged PAD-1 reporter
strain to check whether PAD-1 localizes to the plasma membrane like TAT-5. We first observed
GFP::PAD-1 localization in adult worms. GFP::PAD-1 expression in vivo was only dimly
visible in the excretory system, which is required for osmotic regulation and waste

secretion’!32

, similar to the renal system in vertebrates. Thus, PAD-1 could have important
functions in the excretory system.

To better visualize the localization of GFP::PAD-1, we stained adult worms with an
antibody for GFP. GFP::PAD-1 was brightly stained along the plasma membrane in the H-
shaped excretory canal cell (EC), which spans the whole length of the worm, and in the fused
pair of excretory gland cells (EG) (Fig. 6A, C). Similar to Dopeyl and Dopey2 expression in
mammalian nerve cells'3?°, GFP::PAD-1 was also found on the nerve ring, a large collection
of nerve cells surrounding the pharynx (Fig. 6B), as well as on vesicular structures in the
intestine (Fig. 6C) and in the gonad (Fig. 6D). Thus, PAD-1 is expressed in many tissues,
suggesting that PAD-1 has a general function in cells.

We next examined the subcellular localization of PAD-1. In oocytes, GFP::PAD-1
localized to cortical granules(Fig. 6D), which secrete the egg shell after fertilization™.
Additionally, we found GFP::PAD-1 on the plasma membrane (Fig. 6D) of oocytes.
Interestingly, GFP::TAT-5 expressed from a germ line promotor also localized to cortical
granules and oocyte plasma membranes (Fig. 6E), showing that PAD-1 and TAT-5 localize to

the same structures in oocytes. These data are consistent with PAD-1 and TAT-5 interacting in

C. elegans.
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GFP::PAD-1
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Fig. 6: GFP::PAD-1 localizes to various tissues in adult C. elegans worms: A-E) Adult C. elegans
worm with GFP knocked into the pad-1 locus was stained for GFP. A) GFP::PAD-1 is expressed in the
excretory gland (EG) and the H-shaped excretory canal cell (EC). B) GFP::PAD-1 is found on cells of
the nerve ring (NR). C) GFP::PAD-1 is expressed in the intestine (INT). Scale bar A-C: 20 um. D)
GFP::PAD-1 localizes to cortical granules (CG) (arrowhead) in oocytes in the proximal part of the
gonad. GFP::PAD-1 also accumulates on the plasma membrane (PM) of oocytes (PM, arrow). E)
GFP::TAT-5 expressed from integrated array pwils834 is also found on cortical granules and the plasma

membrane of oocytes. Scale bar in D-E: 10 um. Anterior is to the left.

We next analyzed PAD-1 localization in early embryos and compared it to MON-2
localization, as MON-2 is also predicted to form a complex with TAT-5 and PAD-1%3. As no
MON-2 antibodies were available, we expressed a fosmid clone of mon-2 where GFP and Flag
tags were inserted at the C-terminus®*. Due to the low expression levels of GFP::PAD-1 and
MON-2::GFP::3xFlag in live embryos (Fig. 12A), we stained fixed embryos with anti-GFP
antibodies to visualize their subcellular localization. GFP::PAD-1 and MON-2::GFP::3xFlag
mostly localized to cytoplasmic puncta, but were also found at the plasma membrane (Fig. 7A,
D). Thus, TAT-5 localization appears distinct, but overlapping with the soluble proteins PAD-
1 and MON-2.

Given that MON-2 and PAD-1 associate with membranes without a transmembrane
domain'?, a signal is required to recruit them to membranes. As TAT-5 is an integral membrane
protein, we wondered whether TAT-5 can recruit PAD-1 and MON-2 to the plasma membrane.
Therefore, we tested whether depletion of TAT-5 disrupts PAD-1 or MON-2 localization to the
cell cortex in C. elegans. In 1- or 2-cell stage embryos, there was no loss of MON-
2::GFP::3xFlag or GFP::PAD-1 from the plasma membrane after tat-5 knockdown (Fig. 7B,E).
Thus, TAT-5 is not required to recruit MON-2 or PAD-1 to the plasma membrane.

Yeast and mammalian MON2 recruit PAD-1 orthologs to the TGN®!%-35, Therefore, we
tested whether MON-2 and PAD-1 are required for each other’s localization to the plasma
membrane. GFP::PAD-1 localized to the plasma membrane after mon-2 RNAi (Fig. 7C), and
MON-2::GFP::3xFlag localized to the plasma membrane after pad-1 RNAIi (Fig. 7F). Thus, in
contrast to yeast and mammalian MON-2, C. elegans MON-2 does not appear to be required

for PAD-1 localization, although the intracellular localization needs to be examined.
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GFP::PAD-1

MON-2::GFP

Fig. 7: PAD-1 and MON-2 localize to the cell cortex and cytoplasm. A) GFP::PAD-1 staining is
found on cytoplasmic puncta as well as at the plasma membrane in a 4-cell embryo. B) GFP::PAD-1
localization is not significantly altered after zaz-5 RNAI treatment in a 2-cell embryo. C) GFP::PAD-1
still localizes to the plasma membrane after mon-2 RNAI treatment in a 4-cell embryo. D) MON-
2::GFP::3xFlag staining also localizes to cytoplasmic puncta as well as at the plasma membrane in a 4-
cell embryo. E) MON-2::GFP::3xFlag localization is not significantly altered after zas-5 RNAi treatment
in a 2-cell embryo. F) MON-2::GFP::3xFlag still localizes to the plasma membrane after pad-1 RNAi
treatment in a 4-cell embryo. Scale bar: 10 pm. All images from Beer et al., PNAS 2018

To confirm that the GFP tags do not disrupt PAD-1 and MON-2 function, we checked
whether endolysosomes were enlarged. Loss of Mon2 causes increased late endosome size in
yeast, similar to the enlarged multivesicular bodies after loss of Neol or enlarged LMP-1-
positive endolysosomes in zat-5'141%. To check whether the MON-2::GFP::3xFlag transgene is
functional, we first crossed the fluorescent reporter into a mon-2 nonsense mutant
background!’, and then stained the resulting strain and the GFP::PAD-1 knock-in for the late
endosome and lysosome marker LMP-1. In wild type embryos, small endolysosomes are
dispersed throughout the cytoplasm (Fig. 8A). In contrast, LMP-1 positive organelles are
enlarged and localize more to the cell cortex in pad-1 RNAi-treated, mon-2 RNAi-treated and
mon-2(xh22) mutant embryos (Fig. 8B, D-E). LMP-1-positive endolysosomes appear similar
in size to wild type embryos in GFP::PAD-1 worms (Fig. 8C) or when we expressed MON-
2::GFP::3xFlag in mon-2 mutants (Fig. 8F), demonstrating functional rescue. These data
confirm that GFP-tagged PAD-1 maintains endosomal functions and suggest that the MON-
2::GFP::3xFlag transgene is functional.
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control

mon-2(xh22) § = = .= iy mon-2(xh22)- mon-2-gfp

Fig. 8: GFP-tagged PAD-1 and MON-2 prevent enlargement of LMP-1-positive organelles: A-F)
LMP-1 antibody staining of embryos. A) Antibody staining shows small LMP-1-positive late
endosomes or lysosomes in 4-cell control embryos. B) LMP-1-positive vesicles are enlarged in pad-1
knockdown embryos. C) LMP-1 positive vesicles are not enlarged in worms expressing GFP::PAD-1.
D-E) LMP-1-positive vesicles are enlarged in mon-2(xh22) nonsense mutants and after mon-2
knockdown. F) The enlarged LMP-1-positive vesicles are rescued when MON-2::GFP::3xFlag is
introduced into mon-2(xh22) mutants, showing that the MON-2::GFP::3xFlag reporter is functional.
Scale bar: 10 um. All images besides C) are from Beer et al., PNAS 2018%°.

5.2.5. PAD-1 and MON-2 appear enriched in the midbody remnant

We noticed that GFP::PAD-1 and MON-2::GFP are enriched at one distinct spot at the
plasma membrane between cells, which based on its location could be the midbody remnant™.
The midbody remnant forms at the end of cytokinesis, after abscission of the two daughter cells
at the intercellular bridge. Abscission requires the ESCRT complex to thin and cut the
intercellular bridge®’, leaving ESCRT-III filaments trapped inside the midbody remnant.
Therefore, we wondered whether PAD-1 and MON-2 would colocalize with the ESCRT-III
subunit VPS-32 at the midbody remnant. In untreated control embryos, VPS-32 is visible at a
single spot between daughter cells, representing the midbody remnant (Fig. 9A-B). GFP::PAD-
1 and MON-2::GFP::3xFlag colocalize with the single VPS-32 spot at the intercellular bridge,
indicating that PAD-1 and MON-2 may also be trapped inside the midbody remnant (Fig. 9B-
C). This localization suggests that PAD-1 and MON-2 could have a role during abscission.

As the ESCRT-complex is also required to bud MVs away from the cytoplasm'4, we
speculated that ESCRT localization on the plasma membrane would not overlap with the MV
budding inhibitor PAD-1. Given that we found no role for MON-2 in promoting or inhibiting
MYV budding, testing whether MON-2 colocalizes with bud sites would also be informative.
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Interactions of ESCRT-III with MV budding membranes are transient, because of the ATPase
VPS-4, which catalyzes the release of ESCRT-III filaments®®>°. Therefore, to be able to observe
ESCRT recruitment to the plasma membrane, we performed vps-4 RNAi, which traps VPS-32
at bud sites®. In 2-cell vps-4 RNAi-treated embryos, we saw accumulation of GFP::PAD-1,
MON-2::GFP::3xFlag and VPS-32 at several patches along the cell-cell contact (Fig. 9C-D).
In the magnified insets, we noticed that PAD-1 and MON-2 localization appears
complementary to VPS-32, with only occasional overlap (yellow arrow in the insets of Fig. 9C-
D). However, due to the limited resolution, it is hard to predict whether the apparently
colocalizing proteins are only close neighbors. Thus, both MON-2 and PAD-1 appear to have
complementary localization to the MV budding mediator ESCRT-III, which suggests that PAD-

1 and MON-2 are rarely found at sites of outward plasma membrane budding (ectocytic sites).

GFP::PAD-1, MON-2::GFP,

{

VP§-32

161



5. PAD-1 and MON-2 control TAT-5 localization activity

Fig. 9: PAD-1 and MON-2 localize to the midbody remnant. A) GFP::PAD-1 and VPS-32
accumulate at the same spot between daughter cells (arrow), suggesting that PAD-1 is inside the
midbody remnant (n=2). Boxed region is magnified in A’-A’*’. B) Similar colocalization (arrow) on the
midbody remnant was observed with MON-2::GFP::3xFlag and VPS-32 in a 2-cell embryo(n=9). Boxed
region is magnified in B’-B’”’. C) 2-cell GFP::PAD-1 embryo treated with vps-4 RNAi and stained for
VPS-32 and GFP. Boxed region is magnified in C’-C’”’. PAD-1 and VPS-32 accumulate at
complementary positions at the cell-cell contact, only rarely colocalizing (arrow). D) Similar
observations were made after treating a 2-cell MON-2::GFP::3xFlag embryo with vps-4 RNAi. Boxed

region is magnified in D’-D’”’. Scale Bar: 10 um.

5.2.6. PAD-1 and MON-2 do not regulate TAT-5 localization

PAD-1 orthologs regulate protein trafficking?!3-36!1

and loss of Dopl causes reduced
Neol levels in yeast>. Thus, we asked whether PAD-1 could regulate MV release by
maintaining proper TAT-5 levels or by localizing TAT-5 to the plasma membrane to maintain
PE asymmetry. We treated GFP::TAT-5 worms with pad-I RNAi and saw that GFP::TAT-5
still localized to the plasma membrane (Fig. 10A). In fact, loss of PAD-1 caused increased
GFP:: TAT-5 labeling at the cell surface (Fig. 10A-B, Fig. 11A), similar to the increased plasma
membrane labeling of membrane reporters in MV-releasing mutants. Therefore, we speculated
that TAT-5 at the plasma membrane is released in MVs in pad-I mutants. Additionally, the
overall GFP::TAT-5 levels were not decreased after pad-1 knockdown (Fig. 10E). Instead, we
observed a slight, but significant increase in GFP::TAT-5 levels, which may be due to TAT-5
release in MVs (Fig. 10A, E). To confirm that this phenotype was not due to incomplete pad- 1
depletion, we expressed GFP::TAT-5 in a pad-1(wur(2) deletion mutant. Rare embryos
collected from this strain showed GFP::TAT-5 localized to the plasma membrane (Fig. 10B),
suggesting that PAD-1 is not required for TAT-5 plasma membrane localization or post-
translational levels. This demonstrates that PAD-1 inhibits MV release through a different
function than regulating TAT-5 localization to the plasma membrane.

MON-2 orthologs are also required for protein trafficking and Mon2 is required for
proper Neol levels in yeast!26-295562 therefore we tested whether TAT-5 plasma membrane
localization depends on MON-2. GFP::TAT-5 localized robustly to the plasma membrane after
mon-2 RNAI (Fig. 10C), as well as in mon-2 mutant embryos (Fig. 17A, Table 8). Additionally,
the overall GFP:: TAT-5 levels were not decreased after mon-2 knockdown (Fig. 10E),
demonstrating that MON-2 is not required for TAT-5 to localize to the plasma membrane or

for protein stability.
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We next examined whether MON-2 and PAD-1 could redundantly regulate TAT-5
localization. GFP::TAT-5 still localized to the plasma membrane after pad-/ was knocked
down in a mon-2 mutant background (Fig. 10D, Table 8). In summary, these data demonstrate
that MON-2 and PAD-1 are not required to maintain TAT-5 levels or to regulate TAT-5
localization to the plasma membrane.

We also checked whether the Arf-like small GTPase ARL-1, which interacts with
Mon2, Dopl and Neol in yeast, affects TAT-5 localization®28. We observed no change in TAT-
5 localization after arl/-1 RNAI or after arl-1 RNAI in a mon-2 mutant background (Table 8),

demonstrating that ARL-1 is also not required for TAT-5 to localize to the plasma membrane.
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Fig. 10: TAT-5S localization is not altered in PAD-1 and MON-2 mutants. A-D) GFP::TAT-5
localization in 4-cell embryos. A) GFP::TAT-5 localization is not altered after pad-I RNA..
Additionally, GFP::TAT-5 appears in thick patches on the plasma membrane (arrow), suggesting that
TAT-5 is released in MVs. B) GFP::TAT-5 still localizes to the plasma membrane and is released in
MVs (arrow) in a pad-1(wur(2) maternal-zygotic deletion mutant embryo. C) mon-2 RNAi does not
change the plasma membrane localization of GFP::TAT-5. D) GFP::TAT-5 is in the plasma membrane
and released on MVs (arrow) in a mon-2(xh22) mutant treated with pad-1 RNAI, indicating that MON-
2 and PAD-1 do not redundantly regulate TAT-5 localization. Scale bar: 10 um. E) Relative total
GFP::TAT-5 fluorescence measured from 2- to 8-cell control (n=18) and RNAi-treated embryos. TAT-
5 levels are significantly increased after pad-1 (n=14) or mon-2 RNAi (n=26) (*p<0.01). Bars represent
mean + S.E.M. One-tailed Student's t-test with Bonferroni correction was used for statistical analysis

(*p<0.01). All images modified from Beer et al., PNAS 2018
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5.2.7. TAT-5, PAD-1 and MON-2 are trafficked into microvesicles

As MON-2 and PAD-1 localize to the cell cortex independent of TAT-5 (Fig. 7B, E),
but appear to localize in complementary domains to MV bud sites (Fig. 9C-D), we wondered
whether PAD-1 and MON-2 would be released in MVs like GFP::TAT-5 (Fig. 11A). In stained
tat-5 RNAi-treated embryos, we noticed increased GFP::PAD-1 and MON-2::GFP::3xFlag
localization at the cell surface (Fig. 11B-C, Table 4), suggesting that MON-2 and PAD-1 can
also be released in MVs. These results confirm that TAT-5 is not needed for MON-2 or PAD-
1 to localize to the plasma membrane, but may indicate a role for TAT-5 in preventing MON-

2 and PAD-1 from localizing to MV bud sites.

X

GFP:: TAT-5
GFP::PAD-1

o
Lo
Q©
2
Zz
o
SE

pad-1 RNAi

Fig. 11: TAT-5, PAD-1, and MON-2 are released in MVs. A) GFP::TAT-5 accumulates between
cells (arrow) after pad-I RNAI in an 8-cell embryo, showing that TAT-5 is released in MVs. B-C)
Staining for GFP::PAD-1 and MON-2::GFP::3xFlag is increased at the cell surface (arrow) after tat-5
RNAI treatment in 4-cell embryos, suggesting that cortical PAD-1 and cortical MON-2 are released
outside cells in MVs. Scale bars: 10 um. Images from Beer et al., PNAS 2018,

Reporter RNAi | Released in MVs
% n
GFP::TAT-5 pad-1 89% 27
GFP::PAD-1 tat-5 89% 47
MON-2::GFP::3xFlag | tat-5 88% 49
pad-1 2% 65

Table 4: Predicted TAT-5 interactors localize to microvesicles. The percentage [%] of embryos with
thick patches of the indicated reporter at cell contacts after induction of MV release by pad-1 or tat-5
RNAI. The total number [n] of embryos observed is indicated.
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We next tested whether PAD-1 is required for MON-2 release in MVs. The normally
dim cytosolic fluorescence of MON-2::GFP in live embryos accumulates in MVs after tat-5
RNAI treatment (Fig. 12A-B, Table 5). In contrast, MON-2 did not accumulate in MVs after
pad-1 knockdown (Fig. 12C, Table 5), despite pad-1 RNAi having no effect on MON-2
localization to the plasma membrane (Fig. 7F). Therefore, TAT-5, MON-2 and PAD-1 are not
required for each other’s localization to the plasma membrane, but PAD-1 is needed for MON-

2 sorting into MVs.

MON-2::GFP

Fig. 12: MON-2 release in MVs depends on PAD-1. A) In live 26-cell embryos, MON-2::GFP::3xFlag
puncta are barely visible above cellular autofluorescence. B) MON-2::GFP::3xFlag is increased at the
cell surface after faz-5 RNAI treatment, showing that cortical MON-2 is released outside cells in MVs.
C) MON-2::GFP::3xFlag is not increased at the cell surface after pad-I RNAi treatment, suggesting that
PAD-1 is required for MON-2 localization in MVs. Scale bar: 10 um. Image from Beer et al., PNAS
2018,

5.2.8. A subset of cortical proteins are released in microvesicles

Extracellular vesicles can have many cargo molecules, differing between organisms and
tissues®. As MVs bud from the plasma membrane, we checked which proteins localized to the
cell surface or cell cortex would become MV cargos in C. elegans. As PAD-1, but not TAT-5
is needed to release MON-2 inside MVs, we also asked whether the release of potential MV
cargo depended on TAT-5 and/or PAD-1 by examining the localization of proteins after
performing tat-5 or pad-1 RNA..

Actin is an abundant cytoskeletal protein known to be a MV cargo in other species 3.
Thus, we first examined actin-binding reporters seen at the cortex, including the ezrin-radixin-
moesin ortholog ERM-1, which links membrane proteins to F-actin®, as well as the actin-
binding domain of Drosophila Moesin®®. ERM-1 and GFP::Moesin accumulated between cells
after pad-1 or tat-5 RNAI (Table 5), indicating that actin-binding proteins are released in MVs.
This suggests that actin is also likely to be released in C. elegans MVs.
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The non-muscle myosin motor protein NMY-2 is part of the actomyosin cytoskeleton,
labels the cytokinetic ring, and is released inside midbody remnants>%%, NMY-2::GFP localizes
to the cell cortex and brightly labels midbody remnants in control embryos (Fig. 13A). After
tat-5 RNAi, NMY-2::GFP was still released in midbody remnants and we noticed a slight
increase in overall NMY-2::GFP cortical levels (Fig. 13B). However, we saw no large
accumulations of NMY-2::GFP between cells indicative of localization in MVs (compare to
Fig. 13E-F), suggesting that NMY-2 is not released in MVs (Table 5). After pad-1 RNA,
NMY-2::GFP still localized inside midbody remnants and did not accumulate between cells
(Fig. 13C, Table 5). Thus, NMY-2 appears not to be a significant cargo of MVs, indicating that

not all actin-binding proteins are released in C. elegans MVs.

FP Reporter or Antibody | RNAi | Released in MVs
% n
GFP::Moesin tat-5' 100% 20
pad-1' 71% 14
ERM-1 Ab pad-1' 95% 19
NMY-2::GFP tat-5 0% 61
pad-1 0% 45
DYN-1::GFP or DYN-1 Ab | tat-5' 100% 21
pad-1 72% 60
RME-1 Ab tat-5" 100% 8
pad-1' 100% 19
CAV-1 Ab tat-5" 0% 18
pad-1' 4% 28
CHC-1::mCh::ZF1 tat-5 0% 55
pad-1 0% 42
GFP::SNX-1 ctrl 0% 34
tat-5 0% 29
pad-1 0% 17

Table 5: Localization of proteins to MVs. Increased release in MVs was scored when thick patches of
the reporter accumulated at cell contacts. The percentage [%] of embryos with thick patches of the
reporter and the total number [n] of all observed embryos is indicated. 'indicates experiments that were

only performed once. RME-1 data from fat-5 RNAi was quantified from images taken by Ann Wehman.
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The GTPase dynamin is also present at the cell cortex®”-%%, where it bundles actin and is
required for vesicle scission during endocytosis®®. We used GFP-tagged DYN-1 or antibody
staining against endogenous DYN-1 to visualize its localization after tat-5 or pad-1 RNA1 (Fig.
13D). In both cases, DYN-1 and DYN-1::GFP accumulated between cells (Fig. 13E-F, Table
5), suggesting that it is released from the cell cortex in MVs. Thus, DYN-1 is a MV cargo and
neither TAT-5 nor PAD-1 are required for DYN-1 release in MVs.

NMY-2

GFP::DYN-1

Fig. 13: DYN-1 is released in MVs, but NMY-2 is only released in midbody remnants. A) NMY-
2::mCh localizes weakly to the cell cortex (arrow), is found in midbody rings (arrowhead), and is
released inside midbody remnants (asterisk on ABx midbody) in a 7-cell embryo. B) NMY-2::GFP is
recruited to midbody rings, released inside midbody remnants and accumulates at the cell surface, but
does not show the thickened patches typical of MV release after taz-5 RNAI in an 8-cell embryo. C) In
a pad-1 RNAI treated 7-cell embryo, NMY-2::GFP is found on cytokinetic rings and released inside
midbody remnants, but localizes weakly to the cell cortex. D) GFP::DYN-1 localizes weakly to the cell
cortex in control embryos. E-F) DYN-1 is increased at the cell surface after fat-5 and pad-1 RNAI,
suggesting that DYN-1 is released in MVs.

We had previously observed that clathrin accumulates on the plasma membrane after
tat-5 RNAI, but is not released in MVs (see chapter 3 Fig 6), despite its release in EVs in other
systems’%’!, Therefore, we checked whether clathrin heavy chain CHC-1 was released in MV's
in pad-1 mutants. The degron-tagged CHC-1::mCh::ZF1 reporter was not protected from
proteasomal degradation in pad-1 RNAi embryos (Table 5), suggesting that clathrin was not

released in MVs. Thus, clathrin appears to either not be an MV cargo in C. elegans embryos or
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to depend on both PAD-1 and TAT-5 for its sorting into MVs. However, CHC-1::mCh::ZF1
was increased at the plasma membrane after pad-1 RNAIi (data not shown), similar to tat-5
RNAi embryos (chapter 3 Fig 6), demonstrating that more clathrin localizes to the plasma
membrane in both mutants. Thus, PAD-1 and TAT-5 have similar roles limiting clathrin
accumulation at the plasma membrane.

We next asked whether other cortical proteins involved in membrane trafficking are
released in MVs, including the recycling endosome reporter RME-172, the caveolae marker
caveolin CAV-1%8, and the sorting nexin SNX-1. RME-1 accumulated between cells after taz-5
or pad-1 RNAI (Table 5), indicating that it was released in MVs. In contrast, CAV-1 was still
found on the cell cortex, but did not accumulate between cells after tat-5 or pad-1 RNAi (Table
5), indicating it was not released in MVs. GFP::SNX-1 localizes to peripheral endosomes near
the cell cortex (Fig. 14A) and did not accumulate between cells in tat-5 or pad-1 RNAi-treated
embryos (Fig. 14B-C), suggesting that SNX-1 was not released in MVs. Additionally,
GFP::SNX-1 still localized to cortical endosomes after tat-5, pad-1 or mon-2 RNA1 (Fig. 14B-
D), suggesting that TAT-5, PAD-1 and MON-2 are not required for SNX-1 localization. In
summary, only a subset of cortical trafficking proteins are released in MVs. Furthermore, while
PAD-1 is required for MON-2 release in MVs, it seems not to be a general MV cargo sorting

protein, as several cargos are found in MVs in both taz-5 and pad- 1 mutants.

Fig. 14: SNX-1 localization does not depend on TAT-5, PAD-1 or MON-2: A-D) 4-cell embryos
expressing GFP::SNX-1. Scale bar: 10 um. A) GFP::SNX-1 is found near the cell cortex in a 4-cell

control embryo. B-D) GFP::SNX-1 localization to cortical endosomes is not disrupted after taz-5, pad-
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1 or mon-2 RNAI and there is no sign of thickened membranes, indicating that SNX-1 is not released in

MVs.

5.2.9. MON-2 and PAD-1 regulate endosomal trafficking

MON-2 and PAD-1 orthologs in yeast and mammals have been implicated in retrograde
trafficking between endosomes and Golgi 2’3, MON2 was found in the interactome of SNX3
in mammals and regulated Wntless secretion together with SNX33. Given the redundant
retrograde trafficking pathways of sorting nexins (chapter 4), we wondered whether MON-2 or
PAD-1 could traffic TAT-5 redundantly with other retrograde regulators. Therefore, we first
asked whether MON-2 can interact genetically with the core retromer subunits (VPS-26, VPS-
29, and VPS-35) or sorting nexins (SNX-1, SNX-3, SNX-6, LST-4). We performed retromer
or snx RNAi1 in the mon-2 mutant background and obtained synthetic developmental
phenotypes, including sterility and embryonic lethality with both core retromers and snx- 1, snx-
6 and snx-3, but not with Ist-4 (Table 6). In addition, vps-26 and snx-3 mutants showed
phenotypes like lethality and embryonic lethality when they were treated with mon-2 RNAI.
This implies that MON-2 can act redundantly with retromer and the sorting nexins SNX-1,

SNX-6 and SNX-3 in some essential processes.

Mutant RNAI

strain control | mon-2 | vps-26 | vps-29 | vps-35 | snx-1 | sux-3 | snx-6 | Ist-4
+ - - - - - - - -

Egl Egl Egl Egl Ste

mon> i i Ste | St | St | Emb | Emb | Emb | -

(xh22) Let

vps-26 Eel ]Efeg‘i

(tm1523) Ste

snx-3 Egl ]5 H%L

(tm1595)

Table 6: Genetic interactions of mon-2 mutants. Lethal (Let), egg-laying-defective (Egl), sterile (Ste),
and embryonic lethal (Emb) phenotypes were detected after knockdown with retromer or sorting nexin
RNAIs in a mon-2 nonsense allele (-) or after mon-2 knockdown in retromer or sorting nexin deletion
mutants (A). Wildtype worms were used as a control and are depicted as +. (-) indicates that none of
these phenotypes were detected. Untreated vps-26 and snx-3 mutants showed an egg-laying defect. All
data derive from three independent experiments with each indicated phenotype seen at least once per

experiment. Experiments were performed together with Jennifer Rivas-Castillo.

169



5. PAD-1 and MON-2 control TAT-5 localization activity

As increased EV release is associated with embryonic lethality and sterility (see chapter
3, Fig. 9)!4, we checked whether the synthetic phenotypes in mon-2 mutants after retromer or
sorting nexin depletion were caused by increased EV release. PH::mCh labeling was increased
between cells when we knocked down the SNX-BAR proteins SNX-1 or SNX-6 or the SNX-
PX protein SNX-3 in mon-2 mutants (Fig. 15B-D,Table 7), consistent with increased EV
release that could explain the synthetic lethality and sterility phenotypes. No sign of increased
EV release was seen when we depleted MON-2 together with any of the core retromer proteins
(Table 7), leaving the enhanced lethality of mon-2 retromer double mutants unexplained. We
also found no increase in EV release when we depleted the SNX-FERM proteins SNX-17 or
SNX-27 in a mon-2 mutant background (Table 7). Together, these data reveal that MON-2 is
likely to regulate the trafficking of multiple cargos, some of which are also trafficked by SNX-
1/-6 and SNX-3 to inhibit EV release.

mon-2(xh22) mon-2(xh22) snx-3

mon-2(xh22) snx-1 mon-2(xh22) snx-6

Fig. 15: MON-2 redundantly regulates EV release with SNX-1/6 and SNX-3. A) The plasma
membrane marker PHprcisi::mCh appears normal in a 15-cell mon-2(xh22) mutant embryo. B-D)
Thickened patches of PHprci01::mCh (arrow) are observed between cells in mon-2(xh22) mutants treated
with snx-3, snx-1 or snx-6 RNAI, indicating increased EV release, thus demonstrating that SNX-1/-6,
SNX-3 and MON-2 redundantly inhibit EV release. Scale bar: 10 um. All images except panel C are
from Beer et al., PNAS 2018
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Genotype RNAi Increased EV release
(thick membranes)
% n

- 0% 119

mon-2 0% 72

pad-1 89% 55

vps-26 0% 73

+ vps-29 0% 40

vps-35 0% 40

snx-1 0% 60

snx-6 0% 40

snx-3 0% 60

- 1% 69

snx-3(tm1595) mon-2 86% 31
pad-1 100% 28

- 0% 75

snx-17(tm3379) mon-2 0% 46
pad-1"* 100% 7

- 0% 105

mon-2 0% 270

pad-1 76% 78

vps-26 0% 102

vps-29 0% 97

mon-2(xh22) vps-35 0% 79
snx-1 77% 87

snx-6 96% 95

snx-3 51% 84

snx-17" 0% 24

snx-27 0% 42

Table 7: Summary of EV release in mon-2 mutants: Control (+) and mutant worms expressing
fluorescent PH-reporters were treated with RNA1 or untreated (-). Embryos (n) from the late 4-cell to
102-cell stage were scored for thickened membrane labeling between cells, which is indicative of EV
release and presented as a percentage. As a positive control for EV release, pad-1 RNAi was also
performed. 'indicates experiments that were only performed once. *GFP::TAT-5 was used to score EV

release in snx-17(tm3379) pad-1 RNAi embryos.

As SNX-1/6 and SNX-3 both traffic TAT-5, we tested whether the increased EV release
was due to changes in TAT-5 trafficking in mon-2 snx double mutants. Although GFP::TAT-5
was still weakly visible on the plasma membrane of most mon-2 mutants treated with snx-6
RNAI (Table 8), GFP::TAT-5 also localized to prominent 0.5 - 2 pm cytoplasmic vesicles (Fig.
16B). Similar vesicles were observed when snx-1 or snx-3 were depleted in mon-2 mutants.

These large GFP::TAT-5 vesicles were not seen when sorting nexins were knocked down in a
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wild type background (chapter 4 Fig 6D-F), but were seen after pad-1 knockdown in a snx-1/
mutant background (Fig. 16C), suggesting that MON-2 and PAD-1 are required to prevent
TAT-5 from trafficking to these large vesicles.

To check whether TAT-5 localization to the plasma membrane was further decreased
in mon-2 mutants treated with sorting nexin RNAis, we measured GFP::TAT-5 fluorescence
intensity in double mutants and compared it to individual mon-2 or sorting nexin RNAis. No
decrease in TAT-5 plasma membrane localization was observed in mon-2 mutants, or in mon-
2 mutants treated with pad-1 RNAIi (Fig. 16A, D), supporting our previous result that MON-2
does not regulate TAT-5 localization redundantly with PAD-1 (Fig. 10D). However,
GFP::TAT-5 plasma membrane levels were significantly decreased in mon-2 mutants treated
with RNAis against the SNX-BARs SNX-1/-6 or SNX-3 in comparison to untreated mon-2
mutants (Fig. 17B, D). Similarly, snx-/ mutants treated with pad-1 RNAI also had decreased
GFP::TAT-5 levels in comparison to pad-1 RNAi1 or mon-2 mutants treated with pad-1 RNAi
(Fig. 16C, D). However, in comparison to individual snx-1, snx-6 and snx-3 RNAi, mon-2
mutants treated with sorting nexin RNAi had no further decrease in TAT-5 plasma membrane
localization (Fig. 16D). Similarly, quantifying the number of embryos with no visible
GFP::TAT-5 at the plasma membrane showed similar percentages between snx single mutants
and mon-2 snx double mutants (Table 8). This suggests that SNX-1/-6 and SNX-3 control the
major trafficking pathway of TAT-5 to the plasma membrane, while MON-2 and PAD-1 could
regulate another step of endolysosomal trafficking, which only impacts TAT-5 trafficking when

sorting nexins are absent.

172



5. PAD-1 and MON-2 control TAT-5 localization activity

snx-1(tm847) pad-1

D 125- | e
©
& 120 ° 2
-g —_
2 2 1.15- ns
© ~—
€ E
3 & 110- —.
oo}
© 2
= & 1.05-
g N + +
& 100{ i
O
0.95

ctil pad-1| ctl  pad-1 snx-1 snx-3 snx-6| ctl pad-1|snx-1 snx-3 snx-6 '
+ mon-2(xh22) shx-1(tm847) +

Fig. 16: GFP::TAT-5 localizes to large intracellular vesicles in mon-2 snx or pad-1 snx double
mutants. A) GFP::TAT-5 localizes to the plasma membrane in a 2-cell mon-2(xh22) mutant embryo.
B) GFP::TAT-5 localizes to prominent cytosolic vesicles after snx-6 RNAI treatment in mon-2(xh22)
mutants. Similar phenotypes were also seen after snx-/ or snx-3 RNAI treatment in mon-2(xh22)
mutants, suggesting that MON-2 acts redundantly with sorting nexins to control TAT-5 localization. C)
GFP::TAT-5 localizes to large cytosolic vesicles after pad-I RNAi in snx-1(tm847) mutants,
demonstrating that PAD-1 also acts redundantly with sorting nexins during TAT-5 trafficking. Scale
bar: 10 um. D) The ratio of GFP::TAT-5 fluorescence between the plasma membrane and the cytoplasm
was quantified from control(+) (n=32), mon-2(xh22) and snx-1(tm847) mutants treated with the
indicated RNAis. mon-2(xh22) (n=20) missense mutants or pad-1 RNAI (ctrl pad-1 RNAi: n=22, mon-
2(xh22) pad-1 RNAi: n=27) only show significantly decreased TAT-5 plasma membrane levels when
sorting nexins are depleted (mon-2(xh22) snx-1: n=28, mon-2(xh22) snx-3: n=14, mon-2(xh22) snx-6:
n=21), but the decrease is not significantly different from snx mutants (snx-1(tm847): n=30, snx-
1(tm847) pad-1: n=29) or snx RNAI alone (snx-1: n=29, snx-3: n=32, snx-6: 1=29) (p>0.05). One-tailed
Student's t-test with Bonferroni correction was used for statistical analysis (***p<0.001). Images A-C

and D modified from Beer ef al., PNAS 2018°°.
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Genotype RNAi | GFP::TAT-5 not on
plasma membrane
% n
- 0% 96
pad-1 0% 60
mon-2 0% 47
+ arl-1' 0% 10
snx-1 31% 36
snx-3 5% 73
snx-6 28% 72
pad-1(wur(2) - 0% 3
snx-1(tm847) - 37% 41
pad-1 13% 40
snx-3 26% 37
snx-17(tm3779) | - 0% 8
pad-1' 0% 8
mon-2' 0% 20
mon-2(xh22) - 0% 28
mon-2 0% 33
pad-1 0% 44
arl-1' 0% 8
vps-26 0% 44
vps-29 0% 39
vps-35 0% 34
snx-1 16% 45
snx-3 25% 28
snx-6 37% 30

Table 8: Summary of GFP::TAT-5 localization defects. Control (+) and mutant worms expressing
GFP::TAT-5 were treated with RNAi or untreated (-). Embryos (n) from the zygote to 15-cell stage were
scored for whether GFP::TAT-5 was visible at the plasma membrane, which is presented as a

percentage. 'marks experiments that were only performed one.

As SNX-3 associates with the core-retromer and recruits VPS-35 upon cargo binding’*,
we wondered whether we could expose a redundant role for SNX-3 binding to VPS-35 in mon-
2 mutants. A single tyrosine in SNX-3(Y22) is required for VPS-35 binding and cargo
trafficking®. Accordingly, a SNX-3(Y22A) mutant causes loss of VPS-35 binding and altered
trafficking of SNX-3-retromer cargos. We expressed GFP::TAT-5 in snx-3(hu256[/Y22A])
mutants and saw that TAT-5 still localized to the plasma membrane, even after mon-2 depletion
(Fig. 17A-B). This confirms that the redundant TAT-5 trafficking activity of SNX-3 is

retromer-independent.
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snx-3(Y22A) snx-3(Y22A) mon-2

Fig. 17: Trafficking of TAT-5 by SNX-3 and MON-2 is independent of the core retromer. A)
GFP::TAT-5 localizes to the plasma membrane in snx-3(hu256/Y22A]) mutants deficient for VPS-35
binding (n=36). B) GFP::TAT-5 localization is not changed when snx-3(hu256/Y224]) mutants are
additionally treated with mon-2 RNAi (n=29). Scale bar: 10 pum.

5.2.10. MON-2, PAD-1, and TAT-5 regulate multivesicular endosome size

The large vesicles in mon-2 snx-1/-3/-6 and pad-1 snx-1 double mutants appeared
similar to the enlarged LMP-1-positive endolysosomes we had previously observed in pad-1,
mon-2 and fat-5 mutants (Fig. 8)!%. As LMP-1 localizes to both late endosomes and
lysosomes”, we wondered whether PAD-1, MON-2 and TAT-5 regulate the size of these
organelles. We measured the diameter of multivesicular endosomes and electron-dense
lysosomes from electron micrographs and found that multivesicular endosomes were
significantly larger in pad-1 and tat-5 RNAi-treated embryos in comparison to wild type
embryos (Fig. 18G-1, 320+140 nm in control, 470+290 nm in pad-1, 410170 nm in tat-5). In
contrast, electron-dense lysosomes had a similar diameter (Fig. 18], control: 490150 nm, pad-
1: 500+200 nm, tat-5: 470+120 nm). Intriguingly, despite the increased size of multivesicular
endosomes, the number of intraluminal vesicles per multivesicular endosome was not
significantly changed (control: 849, pad-1: 8+10, tat-5: 10£7), suggesting that PAD-1 and
TAT-5 are not required for the formation of intraluminal vesicles. Given that intraluminal
vesicles have the same budding topology as microvesicles and that there is no increase in
intraluminal vesicle number, PAD-1 and TAT-5 are likely to have different functions at the
plasma membrane and on endosomal membranes. Therefore, we predict that MON-2, PAD-1,

and TAT-5 regulate an intracellular trafficking pathway that impacts late endosome size.
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Fig. 18: Late endosomes are enlarged in tar-5 and pad-1 mutants. A-C) Multivesicular bodies (MVB)
are significantly enlarged after pad-1 or tat-5 knockdown, as shown by electron micrographs and a
histogram of MVB diameter (n=40 MVBs from 5 N2 and pad-1 RNAi-treated embryos, p<0.01, n=26
MVBs from fat-5 RNAi-treated embryos, p<0.05). D) Electron-dense lysosomes are not significantly
enlarged after pad-1 or tat-5 knockdown, as shown by a histogram of lysosome diameter (n>70
lysosomes from 5 N2, pad-1 RNAi, and fat-5 RNAi embryos, p>0.05). One tailed Student's t-test with

Bonferroni correction was used for statistical analysis. Image from Beer et al., PNAS 2018%.

5.2.11. MON-2 and SNX prevent the missorting of TAT-5 into late endosomes

Given the mislocalization of TAT-5 to enlarged vesicles (Fig. 16) and the observation
of enlarged LMP-1-positive multivesicular endosomes (Fig. 18), we wondered whether TAT-5
was mislocalized to the enlarged multivesicular endosomes in mon-2 sorting nexin double
mutants. Therefore, we characterized the enlarged GFP::TAT-5 vesicles in mon-2 mutants
treated with snx-6 RNA1 with a panel of endosomal markers. We first tested whether TAT-5
was mislocalized to early endosomes using a tandem PI3P-binding domain of EEA-1
(2xFYVE)’S. GFP::TAT-5 showed minor colocalization with mCherry-tagged 2xFYVE in
control embryos (Fig. 19A, C), which was not increased in mon-2 mutants treated with snx-6
RNAi (Fig. 19B-C), confirming that TAT-5 is not mislocalized to early endosomes.
Furthermore, the large TAT-5 vesicles in mon-2 snx-6 mutants were not often PI3P-positive

(Fig. 19B, Fig. 20G), suggesting that these are not early endosomes.
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Fig. 19: GFP::TAT-5 does not accumulate in early endosomes in mon-2 snx-6 mutants. A) Confocal
images of GFP::TAT-5 localizing primarily to the plasma membrane in a live 2-cell control embryo.
GFP::TAT-5 is also found on cytoplasmic vesicles, but they do not often colocalize with
mCherry::2xFYVE, as shown in the insets. B) Mislocalization of TAT-5 to large vesicles in mon-2
mutants treated with snx-6 RNAi does not increase colocalization with 2xFYVE. A’-B’) Line scans of
GFP::TAT-5 and 2xFYVE intensity next to the dotted lines or circle in insets. C) The percentage of
TAT-5 colocalized with 2xFYVE is not increased in 2- to 12-cell mon-2 mutant embryos after snx-6
RNAIi compared to control embryos. Number of embryos scored is indicated for each genotype. D) The
Pearson's coefficient of GFP::TAT-5 colocalization with 2xFYVE does not change in mon-2(xh22)
mutants treated with snx-6 RNAi. Image from Beer ef al., PNAS 2018,

We next asked whether TAT-5 localized to late endosomes or lysosomes using the
LMP-1 antibody in mon-2 mutants treated with snx-6 RNAi. GFP::TAT-5 rarely colocalized
with LMP-1 staining in control embryos (Fig. 20B) and the Pearson’s coefficient showed a
negative correlation (Fig. 20C). In contrast, GFP::TAT-5 showed a significant 2- to 3-fold
increase in colocalization with LMP-1 in mon-2 mutants treated with snx-6 RNAi (Fig. 20A-
B). Indeed, the Pearson’s coefficient showed a positive correlation (Fig. 20C), indicating that
more TAT-5 localized to late endosomes or lysosomes. The large GFP::TAT-5-containing

vesicles found in mon-2 mutants treated with snx RNAi frequently have LMP-1-positive
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subdomains (Fig. 20a’,G), which in combination with the TEM analysis of late endosomes and
lysosomes (Fig. 18G-J) suggests that TAT-5 is mislocalized to late endosomes in mon-2
mutants treated with snx-6 RNAI.

To confirm that TAT-5 is mislocalized to late endosomes, we tested whether TAT-5
colocalizes with the Rab2 homolog UNC-108, which is found on the Golgi and is recruited to
endosomes after early endosome markers, such as RAB-5 and PI3P, but acts before late
endosome markers, such as RAB-77"-78, GFP::TAT-5 colocalized with a subset of mCherry-
tagged UNC-108 in control embryos, showing a positive Pearson’s coefficient (Fig. 20E-F).
TAT-5 colocalization with UNC-108 increased in mon-2 mutants treated with snx-6 RNAI1 (Fig.
20D-E), although the Pearson's coefficient was not significantly increased (Fig. 20E). In
contrast to LMP-1, the large TAT-5 vesicles were not often positive for UNC-108 (Fig. 20d’,
G), suggesting that the enlarged endosomes have already progressed past the Rab2-positive
stage. Together, these data demonstrate that TAT-5 is mislocalized to degradative

compartments in trafficking mutants that cause increased MV release.
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Fig. 20: TAT-5 localization to late endosomes increases in EV-releasing mutants. A) Large
GFP::TAT-5-positive (green) cytoplasmic vesicles colocalize with LMP-1 in a mon-2(xh22) mutant
embryo treated with snx-6 RNAI. a’) Line scan of GFP::TAT-5 and LMP-1 intensity next to the dotted
lines or circle in insets. B) The percentage of TAT-5 colocalized with LMP-1 is significantly increased
in 2- to 12-cell embryos in mon-2(xh22) mutants treated with snx-6 RNAi compared to control embryos.
Number of embryos scored is indicated for each genotype. C) The Pearson's coefficient of GFP::TAT-
5 colocalization with LMP-1 increases significantly from a negative correlation in control embryos to a
positive correlation. D) TAT-5 colocalization with UNC-108 increased slightly in mon-2 mutants treated
with snx-6 RNAI. d”) Line scan of GFP::TAT-5 and UNC-108 intensity next to the dotted lines or circle
in insets. E) The percentage of TAT-5 colocalized with UNC-108 is significantly increased in 2- to 12-
cell embryos in mon-2(xh22) mutants treated with snx-6 RNAi compared to control embryos. Number
of embryos scored is indicated for each genotype. F) The Pearson's coefficient of GFP::TAT-5 is not
increased in mon-2(xh22) mutants treated with snx-6 RNAi. G) Enlarged GFP::TAT-5 vesicles
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colocalize significantly more often with LMP-1 (n=54 vesicles) than the PI3P reporter 2xFY VE (n=85)
or UNC-108 (n=89). Percentages are expressed in relation to the total number of large vesicles. Number
of embryos scored is indicated for each genotype. One-tailed Student's t-test with Bonferroni correction
was used for statistical analysis (*p<0.05, **p<0.001). All images modified from Beer ef al., PNAS
2018

To confirm that the size of TAT-5-positive late endosomes is controlled by MON-2 and
PAD-1, we checked whether snx-6 RNAI also causes enlarged LMP-1-positive structures. In
contrast to mon-2 or pad-1 mutants (Fig. 8B,D,E), LMP-1-positive vesicles are not enlarged
after snx-6 knockdown in a wild type background (Fig. 21B), suggesting that the enlarged
vesicles in double mutants are due to loss of MON-2 or PAD-1. This shows that MON-2, PAD-
1, and TAT-5 act in a trafficking pathway that controls late endosome size independent of the

SNX-1/6 pathway.

control

Fig. 21: SNX-6 is not required for late endosome size. A) Antibody staining shows small LMP-1-
positive late endosomes or lysosomes in a 4-cell control embryo. B) LMP-1-positive vesicles are not
enlarged in a 4-cell embryo after snx-6 knockdown. Scale bar: 10 um. Panel A from Beer et al., PNAS
2018

5.2.12. TAT-5 cannot maintain PE asymmetry on the plasma membrane when
mislocalized to enlarged late endosomes

Although the TAT-5 ortholog Neolp maintains plasma membrane asymmetry from
some endosomes’’, we found that TAT-5 cannot maintain PE asymmetry from LMP-1-positive
endolysosomes in rme-8 mutants (Chapter 4 Fig 5A). Therefore, we tested whether PE is
externalized when TAT-5 is mislocalized to enlarged LMP-1-positive late endosomes in mon-
2 mutants treated with snx-6 RNAi. Knocking down snx-6 in a mon-2 mutant background
significantly increased duramycin staining in comparison to untreated mon-2 mutants (Fig. 22),

demonstrating that PE is externalized when TAT-5 is mislocalized to late endosomes and EVs
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are released. We also observed that PE externalization was significantly decreased from control
animals in untreated mon-2 mutants, similar to snx-6 RNAI, suggesting that MON-2 does
influence PE asymmetry independent of SNX-6. However, it is worth noting that mon-2
mutants treated with snx-6 RNAi did not have significantly more PE externalization in
comparison to wild type control embryos, suggesting that relative PE levels may be more
relevant than absolute levels. Taken together, we propose that MON-2 and sorting nexins
prevent TAT-5 trafficking to the degradative pathway, where TAT-5 would no longer be able

to maintain plasma membrane PE asymmetry.
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Fig. 22: MON-2 is required together with SNX-6 for TAT-5 flippase activity: A) PE-specific
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duramycin staining is significantly decreased after snx-6 RNAi (n=27) and in untreated mon-2(xh22)
mutants (n=20) (ctrl: n=54, tat-5: n=50). Duramycin staining is increased on dissected gonads after snx-
6 RNAI treatment in mon-2(xh22) nonsense mutants (n=34), in comparison to untreated mon-2(xh22)
mutants, suggesting that TAT-5 is not able to maintain PE asymmetry from enlarged late endosomes.
One-tailed Student's t-test with Bonferroni correction was used for statistical analysis (asterisks indicate
significantly increased values: **p<0.001, carets indicate significantly decreased values: "p<0.05).

Image modified from Beer et al., PNAS 2018%.

5.2.13. PAD-1 is specifically necessary to maintain PE asymmetry

TAT-5 was released in MVs in pad-1 mutants (Fig. 10A-B), similar to an ATPase-dead
tat-5 mutant'*, Therefore, we tested whether PAD-1 is required for TAT-5 flippase activity to
maintain PE asymmetry. In pad-1 RNAi-treated worms, duramycin staining was increased on
the surface of cells (Fig. 23A), indicating that PE is externalized and suggesting that PAD-1 is

required for TAT-5 flippase activity. Moreover, duramycin staining was significantly increased
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after pad-1 RNAIi in comparison to tat-5 RNAi (p<0.001), implying that PAD-1 could also
regulate PE asymmetry through another protein in addition to TAT-5.

To determine whether PAD-1 is a specific cofactor for TAT-5, we tested whether PAD-
1 was needed for the flippase activity of another P4-ATPase, TAT-1, which maintains PS on
the plasma membrane®®. Annexin V staining was not increased when PAD-1 was depleted,
indicating that PS is not externalized (Fig. 23B). This shows that PAD-1 does not regulate the
activity of the PS flippase TAT-1, suggesting that PAD-1 specifically controls TAT-5 flippase
activity to maintain PE asymmetry in the plasma membrane.

Given that mon-2 mutants had an opposite effect on PE externalization than pad-1
mutants (Fig. 23A), we also tested whether MON-2 would influence the flipping activity of
TAT-1 to maintain PS asymmetry. We saw neither a decrease nor an increase in Annexin V
staining in mon-2 mutants (Fig. 23B), suggesting that the lipid phosphatidylserine (PS) was not
externalized more or less than in wild type. This suggests that MON-2 does not control PS
asymmetry and specifically influences PE asymmetry, although opposite to PAD-1 and TAT-
5.
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Fig. 23: PAD-1 is required to maintain PE asymmetry. A) PE-specific duramycin staining is
significantly increased on dissected gonads after pad-I (n=36) or tat-5 RNAi treatment (n=50),
indicating that PAD-1 is required for TAT-5 to maintain PE asymmetry. The increase after pad-1 RNAi

is also significantly more than tat-5 knockdown, suggesting that PAD-1 may influence PE asymmetry
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through more than TAT-5 activity. Duramycin staining is significantly decreased in untreated mon-
2(xh22) mutants (n=20). B) PS-specific Annexin V staining is not increased on dissected gonads after
pad-1 (n=33) or mon-2 RNAI treatment (n=16) (p>0.05), indicating that PS is not externalized. Annexin
V staining is strongly increased in fat-1(kr15) mutants (n=12), together indicating that PAD-1 and
MON-2 are not required for TAT-1 PS flippase activity. One-tailed Student's t-test with Bonferroni
correction was used for statistical analysis (asterisks indicate significantly increased values: **p<0.001,
carets indicate significantly decreased values: “p<0.05). Images modified from Beer et al., PNAS

2018

5.2.14. PAD-1 inhibits microvesicle release through the same pathway as TAT-5

As PAD-1 is required for TAT-5 PE flipping activity, we predicted that PAD-1 would
regulate the same MV release pathway as TAT-5. The conserved Endosomal Sorting Complex
Required for Transport (ESCRT)-complex proteins MVB-12 (ESCRT-I) and VPS-32 (ESCRT-
IIT) are known to be recruited to the plasma membrane to bud MVs in tat-5 mutants'®,
Therefore, we asked whether MVB-12 is recruited to the plasma membrane in pad-/ mutants.
In wild type cells, ESCRT proteins only transiently interact with bud sites®!. To increase the
visibility of ESCRT recruitment to the plasma membrane, we inhibited the final step of ESCRT-
mediated scission by knocking down VPS-4. After vps-4 RNAI treatment, a few GFP::MVB-
12 puncta localized to the plasma membrane in control embryos, as reported previously'#8!,
After we treated worms with both pad-1 and vps-4 RNAi, we saw increased GFP::MVB-12
localization to the plasma membrane (Fig. 24B), similar to tat-5 vps-4 RNAi'4, Thus, PAD-1

regulates TAT-5 PE flipping activity to inhibit MV release by ESCRT-mediated ectocytosis.

vps-4 pad-1

Fig. 24: PAD-1 inhibits ESCRT recruitment to the plasma membrane: A) The ESCRT-I reporter
GFP::MVB-12 localizes to a few presumptive MV bud sites at the plasma membrane in a 4-cell embryo

treated with vps-4 RNAI in order to visualize the transient plasma membrane interactions of MVB-12.
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B) Increased GFP::MVB-12 accumulates along the plasma membrane in an embryo depleted of both
pad-1 and vps-4 (n=12), similar to tat-5 and vps-4 double depletion. Scale bar: 10 um.

5.3. Discussion

In this chapter, we showed that PAD-1 and MON-2 have separable roles in protein
trafficking and MV release. PAD-1 and MON-2 together regulate endosomal trafficking
redundantly with the SNX-1/SNX-6 and SNX-3 trafficking pathways (Fig. 25A). They thereby
prevent TAT-5 routing to the degradative pathway, allowing TAT-5 flippase activity to
maintain PE asymmetry in the plasma membrane. Additionally, PAD-1 and MON-2 localize to
the plasma membrane, where they could interact with TAT-5, but PAD-1 is required to maintain
PE asymmetry and inhibit ESCRT-mediated microvesicle (MV) budding independent of MON-
2 (Fig. 25B). Thus, our study reveals novel insights into the endosomal trafficking function of
PAD-1 and MON-2 and proposes a new role for the understudied protein PAD-1 in regulating
TAT-5 PE flipping activity, as well as providing further support for the hypothesis that PE

asymmetry regulates ectocytosis.
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Fig. 25: Model of PAD-1 and MON-2 function. A) MON-2 and PAD-1 regulate an unknown step of
endosomal trafficking, here drawn as a third recycling pathway preventing membrane cargos from being
delivered to multivesicular endosomes for degradation. When both SNX-mediated recycling and MON-
2/PAD-1-mediated trafficking are lost, TAT-5 is mislocalized to late endosomes where it can no longer
maintain plasma membrane asymmetry. B) PAD-1 also localizes to the plasma membrane and is
required for TAT-5 flippase activity, which inhibits the externalization of PE and ESCRT-mediated MV

release.

5.3.1. The ubiquitous localization of PAD-1 suggests important functions in many cells

Although our study primarily focused on the role of PAD-1 in embryos, we found that
endogenously tagged PAD-1 localized to many cells throughout development. In adults, we
observed PAD-1 in numerous tissues including the excretory cell, intestine, germ line, and
neurons. Several of these cell types have also been shown to release EVs outside C. elegans
worms, including the excretory system and ciliated neurons®>3, We observed EV release in the
distal germ line in pad-1 mutants, suggesting that PAD-1 has a conserved role in embryos and
germ cells. However, whether PAD-1 contributes to EV secretion from excretory cells,
intestinal cells, or neurons remains open. As EV release occurs in all types of cells, we predict
that PAD-1 will have a conserved role inhibiting MV release in many tissues. Furthermore,
establishing an adult tissue in which to investigate the mechanisms of MV release could provide
complementary advantages to our studies in the relatively inaccessible embryo.

PAD-1 was mostly found on cytosolic vesicles in adults and embryos, including cortical
granules in oocytes. Cortical granules are secretory vesicles, whose fusion is regulated by
fertilization to modify the extracellular space and prevent polyspermy8*. The localization of
PAD-1 and TAT-5 to these granules could mean that they have functions in the production or
release of cortical granules. However, cortical granule dynamics do not appear to be disrupted
after tat-5 RNAi'4, suggesting that TAT-5 is not involved in their production, secretion, or
compensatory endocytosis. However, whether PAD-1 is required needs to be determined, for
example by examining CAV-1 dynamics. Alternatively, PAD-1 and TAT-5 could be put on
cortical granules for their delivery to the plasma membrane at fertilization. Loss of lipid

asymmetry is associated with cell-cell fusion®>:86

, making it tempting to speculate that PAD-1
and TAT-5 levels are kept low at the oocyte plasma membrane to allow sperm-oocyte fusion.
However, we observed plasma membrane-localized PAD-1 and TAT-5 prior to cortical granule
secretion, suggesting that cortical granules are not the only source of TAT-5 and PAD-1 at the

plasma membrane. Thus, the functions of PAD-1 and TAT-5 in cortical granules remain open.
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Most of the cytosolic vesicles to which PAD-1 and MON-2 localize are not yet
identified. Since PAD-1 and MON-2 orthologs were found on Golgi and endosomes in yeast
and mammals'-*5-13, these are likely structures for PAD-1 and MON-2 to localize to. To analyze
the intracellular localization of PAD-1 and MON-2, we plan a set of co-localization
experiments to known reporters of the endolysosomal system, such as early endosome reporters
RAB-5, EEA-1, UNC-108/Rab2, late endosome and lysosome reporter LMP-1 and the Golgi
reporter oo Mannosidase I (AMAN-2). Identifying the types of endosomes on which PAD-1
and MON-2 localize could provide new insights into their trafficking function.

PAD-1 and MON-2 also localize to subdomains of the plasma membrane in embryos
and oocytes, although this localization was not reported for their orthologs in yeast and
mammalian cells. However, TAT-5 orthologs were also not seen to localize to the plasma

membrane 20-87

, but surface biotinylation and fractionation experiments could prove that
ATPYA is at least transiently on the plasma membrane®®3?. Thus, it is possible that MON-2 and
PAD-1 orthologs also localize to the plasma membrane transiently to interact with TAT-5
orthologs in other species.

Of note, although GFP::PAD-1 worms are viable and have normally-sized late
endosomes, recent unpublished data from Dr. Gholamreza Fazeli shows that GFP::PAD-1
worms have defects in midbody remnant phagocytosis. Thus, although GFP::PAD-1 rescues
the essential functions of PAD-1, this knock-in strain has defects that do not disrupt worm
development. This suggests that the placement of GFP directly at the N-terminus of PAD-1
disrupts a subset of protein interactions. For example, the N-terminus of Dopey1 was recently
shown to bind Kinesin1°?®, and it will be interesting to test whether Kinesin1 binding is disrupted
in the GFP::PAD-1 strain. Although these findings show the need to develop a fully functional
fluorescently-tagged PAD-1 reporter or specific PAD-1 antibodies for further studies, they also
define the GFP::PAD-1 allele as a partial loss-of-function allele, whose characterization will

provide further insights into the distinct functions and functional interactions of the large

scaffolding protein PAD-1.

5.3.2. Potential conserved neural functions of PAD-1 and TAT-5 orthologs

The high levels of PAD-1 in neurons is provocative, because expression of its orthologs
DOPEY1 and DOPEY? is also highly enriched in nerve cells from rats or mice’-!*. Neurons
from many animals release EVs®’, suggesting that a function for PAD-1 in EV release could be

conserved in neurons. Furthermore, since the TAT-5 ortholog ATP9A was found to inhibit EV
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release from mammalian cells®, it is likely that the MV inhibitory function of PAD-1 is also
conserved in mammalian orthologs.

As oligodendrocytes release EVs to inhibit myelination and oligodendrocyte
differentiation”, it will be interesting to test whether the VF rat shows increased MV release.

1322 which could be an

VF rats have a nonsense mutation in DOPEY 1 and reduced myelination
effect of increased release of EVs. Reexamination of electron micrographs from VF rat brain
tissue!3 could answer whether EV release is increased in DOPEY 1 mutant brains. Furthermore,
EVs can be extracted from spinal fluid and quantified®?, which would demonstrate whether
DOPEY1 also inhibits MV release. C. elegans neurons are not myelinated®>**, but given the

tremor and enlarged vacuole phenotypes of VF rats!'*?2

, it would be interesting to test the sterile
pad-1 mutant strains for behavioral phenotypes. Thus, using C. elegans as a model system could
help to better understand the role of EVs in the mammalian nervous system.

It will also be interesting to test whether DOPEY2-overexpressing mice have reduced
MYV release. In humans, DOPEY2 expression was increased in Down syndrome patients with
chromosome 21 trisomy?’, but EV release from Down syndrome brain tissue was elevated®>.
Mice overexpressing DOPEY?2 have mild cognition defects”-?, suggesting that DOPEY2 may
contribute to some of the mental retardation phenotypes of Down syndrome patients, but the
levels of EV release have not yet been examined. Interestingly, EV release is thought to reduce
the enlarged endosomal pathologies of Down syndrome fibroblasts in vitro®®, suggesting that
reduced EV release could worsen some pathologies of Down syndrome patients. Thus, studying
the function of PAD-1 and its orthologs in brain development could tell us more about the role

and release mechanisms of MVs in neural cells. In the long run, they could also offer new

understanding and treatment opportunities for people with Down syndrome.

5.3.3.TAT-5,PAD-1, and MON-2 are likely to form a complex in C. elegans

We believe that PAD-1 and MON-2 are likely to form a complex with TAT-5, given
their similar localization, functions, and data from other orthologs. GFP::PAD-1 and MON-
2::GFP were found on the plasma membrane of embryos, similar to GFP::TAT-5'4. In HeLa
cells, MON2, DOPEY2 and ATP9A were found on the same cellular vesicles using
fluorescence microscopy and all three proteins were able to co-immunoprecipitate one another?.
Biochemical studies from yeast showed that Dopl and Mon2 physically interact and co-purify
Neo12, showing that the three proteins can form a complex. As we saw joint functions of MON-
2 and PAD-1 in TAT-5 trafficking, we propose that the three proteins may also form a complex

in C. elegans.
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Interestingly, GFP::PAD-1 and MON-2::GFP localize to subdomains of the plasma
membrane, while GFP::TAT-5 appears more uniform on the plasma membrane!*. The
GFP:: TAT-5 construct is expressed from a pie-/ promotor which drives strong expression from
multi-copy insertions in the adult germ line®®®’. Thus, gfp.:tat-5 expression is likely to be
higher than wild type fat-5 mRNA. To clarify whether TAT-5 localizes more broadly on the
plasma membrane than MON-2 and PAD-1, it will be necessary to determine TAT-5
subcellular localization using a knock-in allele or a specific antibody.

Besides forming a heterotrimeric complex, more diverse interactions of MON-2, PAD-
I, and TAT-5 proteins are also possible. As mammalian ATP9A could not co-
immunoprecipitate MON2 without DOPEY 13, and yeast Mon2 is not required for Dopl to co-
purify Neol?, it is also possible that TAT-5 and PAD-1 can form a complex without MON-2.
In yeast, approximately 50% of Dopl colocalized with Mon2, suggesting that Dopl is not
always in a complex with Mon2!. Since we observed MON-2-independent functions of PAD-
1 on inhibiting MV release and TAT-5 PE flipping activity, we postulate that a subpopulation
of PAD-1 forms a complex with TAT-5 independent of MON-2. To determine how often and
where PAD-1 and TAT-5 colocalize without MON-2, quantitative multi-color high-resolution
imaging of endogenously tagged proteins is required.

Recently, Mahajan et al. reported that MON2 is required for DOPEY1 dimerization,
which is one redundant signal necessary for DOPEY1 association to Golgi membranes®>.
Similarly, Mon2 was required to recruit Dop1 to the Golgi in yeast®!?. This suggests that the
interaction of PAD-1 and MON-2 could promote PAD-1 dimerization and be important for
PAD-1 recruitment to specific membranes. These data also raise the possibility that MON2 and
DOPEY1 form a complex and carry out functions without ATP9A.

The small GTPase Arll is also linked to the Neol/Dopl/Mon2 complex in yeast and
mammals?. Mon2 and Dopl interact with Arll, and Arll was required for the interaction of
Dopl to Neol?!%2 However, arl-1 knockdown did not show increased MV release, unlike
pad-1 or tat-5 knockdown. In yeast, Arll is required for Neol localization to the Golgi'®.
However, we did not find an effect of ARL-1 on GFP::TAT-5 plasma membrane localization.
Nevertheless, ARL-1 could be like MON-2 in that its trafficking role is only revealed when
sorting nexins are disrupted. Thus, it will be interesting to analyze TAT-5 localization in arl-1
snx double mutants to check whether ARL-1 has a similar trafficking function as PAD-1 and
MON-2. Checking for enlarged LMP-1-positive endolysosomes in ar/-/ mutants would also
provide evidence that ARL-1 acts similar to MON-2. These experiments could demonstrate

whether ARL-1 is part of the MON-2/PAD-1 trafficking pathway.
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5.3.4. PAD-1 likely maintains PE asymmetry and microvesicle release through TAT-5

We showed that the essential proteins TAT-5 and PAD-1 control MV release and
maintain PE asymmetry, unlike the non-essential protein MON-2. Thus, we propose that the
PE flipping activity of TAT-5 is the essential biochemical function of the complex. As PAD-1
has no ATP-binding cassette (ABC) or P4-ATPase domains associated with lipid transport (Fig.
26)*%8, it is unlikely that PAD-1 can promote PE translocation autonomously. Since PAD-1
localizes to the same structures as TAT-5, we propose that PAD-1 is required for the PE flipping
activity of TAT-5. To test this possibility, it is necessary to know how PAD-1 interacts with
TAT-5 (potential regions are discussed in 5.3.5.). These binding sites should then be mutated.
If PAD-1 interaction with TAT-5 was required for TAT-5 PE flipping activity, we would expect
increased PE externalization from such a PAD-1 mutant.

PAD-1 is also likely to interact with proteins beyond TAT-5 to regulate lipid asymmetry
and inhibit EV release. The duramycin staining for PE after pad-1 RNAi was significantly
higher than after faz-5 RNAI, suggesting that PAD-1 may be required for the activity of another
PE flippase. TAT-5 is 89% similar with TAT-6, which was thought to have developed by a
recent TAT-5 gene duplication'!. For example, only C. brenneri has both a TAT-5 and a TAT-
6 ortholog, while other closely related Caenorhabditis species C. briggsae, C. remanei or C.
Jjaponica only have TAT-5 (Wormbase*®, accessed Oct 2019). Thus, PAD-1 could also regulate
TAT-6 activity. However, it first needs to be proven that TAT-6 is expressed in the gonads of
adult worms, where we measured PE externalization. TAT-6 expression is low, peaking at early
larval stages and in dauer larvae (WormBase*’, accessed Sept 2019), when the germ line is only
a few cells, suggesting it is likely to act in a subset of somatic cells. However, it would be
interesting to test whether TAT-6 is upregulated in taf-5 mutants as a form of genetic
compensation®. Thus, pad-I mutants may have more PE externalized because they may be
equivalent to tat-5; tat-6 double mutants.

PAD-1 could also interact with the PS flippase TAT-1. Drs2, the yeast ortholog of TAT-
1, has been shown to mostly flip PS, but can also flip PE in vitro. TAT-1 is unlikely to flip large
amounts of PE, since PE externalization was not increased in ta#-/ mutants'. However, it is
possible that TAT-1 can flip PE and might counteract PE externalization in taf-5 mutants.
Therefore, as TAT-1 and TAT-5 are 51% similar in sequence, TAT-1 could be regulated by
PAD-1. However, we did not observe an increase in PS externalization after pad- 1 knock down,
making it unlikely that PAD-1 normally activates TAT-1. Thus, PAD-1 could only be expected
to activate TAT-1 in the absence of TAT-5.
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PAD-1 could also interact with other P4-ATPases, including TAT-2, TAT-3, and TAT-
4. The substrate of TAT-2 is unclear, but TAT-2 is homologous to the mammalian PS flippase
ATP8B!!, which can flip PS, PC and PE to a lesser extent!®%!%!, TAT-3 and TAT-4 are the
orthologs of mammalian ATP10'!, which was reported to translocate PC!°2, However, since no
one has tested whether PAD-1 or even TAT-5 regulate PC translocation, it remains possible
that PAD-1 is required for TAT-3 and TAT-4 activity. Thus, PAD-1 could activate other P4-
ATPases that can flip PE and TAT-5 could flip other lipids in addition to PE.

On the other hand, PAD-1 may inhibit an unidentified PE scramblase that causes PE
externalization. So far, it is unclear which protein would be the scramblase opposing the PE
internalization activity of TAT-5. Any]1 (also called Cfslp) is a PQ-loop membrane protein in
yeast, which is thought to be either the opposing scramblase of Neol or a Neol activity

inhibitor!®-19, Anyl was also shown to physically interact with Dop1'%

, and loss of Anyl
suppresses the growth defects of Neol, Mon2 and Dopl mutants'%*!%°, Based on sequence
homology, there is one putative homolog of Anyl in worms, T19A6.1. Thus, it should be tested
whether T19A6.1 depletion can inhibit PE externalization and MV budding in fat-5 or pad-1
mutants. Thus, as lipid externalization is normally caused by both inhibition of the flippase and
activation of the scramblase!?”-1% we propose that PAD-1 could inhibit MV release by both

activating the PE flippase and inhibiting the counteracting scramblase.

5.3.5. MON-2 could disrupt PE asymmetry to induce microvesicle release

Finding the proteins that oppose TAT-5 flippase activity and promote MV release will
be key to understand the mechanisms that regulate ectocytosis. Human Mon2 is required for
HIV budding*!, which bud from the plasma membrane using the ESCRT complex like MVs
199 Thus, MON-2 would be expected to be an activator of ectocytosis, possibly by promoting
PE externalization. The decrease in PE externalization after mon-2 depletion could suggest that
MON-2 is required to inactivate TAT-5 or that MON-2 may enhance the activity of an opposing
scramblase. Nevertheless, we show that loss of mon-2 could not disrupt EV release after pad-1
RNAI (Table 1), suggesting that either redundant budding activators exist or that MON-2 is not
an activator of MV release. On the other hand, MON-2 could regulate TAT-5 through PAD-1.
For example, MON-2 could induce PE externalization by disrupting PAD-1’s ability to activate
the flippase activity of TAT-5. This could be accomplished by redirecting PAD-1 to another
membrane compartment, consistent with MON2’s role in regulating Dopeyl Golgi

recruitment®>, Thus, the role of MON-2 on disrupting PE asymmetry and regulating MV
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release is still unclear, but we predict that it would be through regulating PAD-1 and its
interaction with TAT-5.

5.3.6. Molecular interactions of PAD-1

If PAD-1 maintains PE asymmetry by activating TAT-5 flippase activity, then it needs
to have specific interactions with TAT-5. PAD-1 appears mostly unstructured, consisting of
several Armadillo-type folds, which form protein-binding platforms'!®, and conserved N- and
C-terminal domains of unknown function. Based on the Armadillo folds, PAD-1 is likely to be
a scaffold involved in protein-protein binding. A large internal fragment of Dop1 can bind Neol
in yeast?, suggesting that the TAT-5 binding site is not in the conserved N- or C-term of PAD-
1, but in an internal region between aa 551-1759 (Fig. 26). Interestingly, a similar region of
Dopeyl also binds Mon2 in mammalian cells*, corresponding to aa 804-1130 in PAD-1. Thus,
it will be important to narrow down this region to see whether MON-2 and TAT-5 bind PAD-
1 at neighboring or overlapping sites, which could bring further insight into their cooperative
or antagonistic roles.

The proper localization and flippase activity of the non-essential P4-ATPases is
regulated by CDCS50 family proteins, which are transmembrane proteins with a large
extracellular domain that forms a tight complex with the P4-ATPase!!!:!!2, However, CDC50
proteins are not required for the localization or activity of the essential P4-ATPases, i.e. TAT-
5 and its orthologs in yeast and mammals®®!%%-113 Furthermore, PAD-1 does not share any
sequence homology with CDC50 proteins, suggesting that PAD-1 would regulate TAT-5 PE
flipping activity through a different mechanism.

Although the name-giving Dopey domain at the N-terminus of PAD-1 orthologs Dopl
and Dopeyl/2 is not within the predicted TAT-5 interaction region (Fig. 26)>%, its high
conservation suggests a conserved function, which may still impact TAT-5 activity. Recent
studies showed that the extreme N-terminus is required for Dopey]1 to interact with the kinesin1
subunit KLC, corresponding to aa 1-153 in PAD-1 (Fig. 26). From our CRISPR/Cas9 results,
we can conclude that at least the first 8 aa are not likely to be required for TAT-5 activity, as
in-frame indels did not alter viability or fertility. The KLC-binding region contains a conserved
EWAD sequence found at aa 38-41 of PAD-1 (Fig. 26), which is required for KLC binding to
Dopey1%. Mutating this motif in PAD-1 would provide insight into whether KLC-binding is
required for PAD-1’s inhibition of PE externalization, MV budding, and lysosome enlargement,

as well as PAD-1’s role in phagocytosis.
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Modeling PAD-1 in a structure prediction program (Phyre2) suggested that most of the
protein is unstructured, but aa 84-256 of the Dopey domain appear similar to a microtubule-
binding Tog domain (Fig. 26). Although this remains to be confirmed experimentally, it
suggests that the conserved Dopey domain may consist of multiple protein-binding regions that
coordinate PAD-1 interactors, such as the microtubule motor protein kinesin and tubulin.
Therefore, it will be interesting to test whether the Dopey domain of PAD-1 is required for
TAT-5 activity and/or PAD-1 localization by deleting the Dopey domain or creating Dopey-
only pad-1 mutant. Alternatively, the Dopey domain may only be important for the endosomal
roles of PAD-1, for example by using microtubule motors to promote endosome tubulation. In
summary, there are many open questions when it comes to the molecular mechanism by which

PAD-1 could activate TAT-5.
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Fig. 26 : Model of PAD-1 protein domains: PAD-1 contains a highly conserved Dopey domain
labelled in green at the N-term(16-301 aa), based on InterPro®. The Dopey domain also includes a region
that looks like a Tog domain (84-256 aa), based on Phyre2 models of PAD-1"". The first 15 aa do not
belong to the conserved Dopey domain and in-frame mutations at aa 4-8 (small triangle) are viable and
fertile, suggesting that this region is not required for essential PAD-1 functions. The internal and C-
terminal segment appear largely unstructured (light grey). Phobius predicts two putative transmembrane
domains (dark grey, 1870-1891 aa and 2087-2104 aa) and a coiled-coil structure (yellow, 2245-2265
aa)'"”. The function of ortholog sequences are labeled as the corresponding fragments in PAD-1 (red
DopA: Pascon and Miller 2000, orange Dop1: Barbosa et al. 2010, blue Dopeyl: Mahajan et al. 2019).
Amino acid numbers of the corresponding PAD-1 sequence were determined using the Needleman-
Waunsch algorithm in Needle (EMBOSS). The conserved EWAD sequence is required for KLC binding.
The conserved LKRL motif is required for binding PI4P-containing membranes. The temperature-

sensitive DopA mutant from A. nidulans (I11695R) hits a conserved region of eight putative leucine-

192



5. PAD-1 and MON-2 control TAT-5 localization activity

zippers. The corresponding M*** is indicated. The VF rat mutant has a stop codon in the predicted

membrane-binding region. The corresponding position of PAD-1 at aa 2305 is indicated (*).

5.3.7. Potential mechanisms of PAD-1 localization to membranes

PAD-1 localizes to the plasma membrane and intracellular vesicles, but its mechanisms
of membrane association are unclear. It is debated whether PAD-1 and its orthologs have a
transmembrane (TM) domain. The first report about the structure of DopA, the PAD-1 ortholog
in Aspergillus nidulans, suggested that short hydrophobic residues in the C-term form a putative
TM domain*. They showed that this region was conserved in Saccharomyces yeast Dopl, but
not in Candida yeast or animal orthologs. It was also reported that human DOPEY2 has 9 TM
domains and PAD-1 has 13 TM domains using Tmpred®. However, when we searched for TM
domains in PAD-1, Phobius only proposed two putative transmembrane domains (Fig. 26)!°.
In contrast, Efe et al. reported that yeast Dopl was found in the P100 high-speed pellet after
subcellular fractionation, suggesting that Dop1l has no putative TM domain, but peripherally
associates with membranes'. In addition, Dopeyl could be extracted in low detergent
conditions, consistent with no TM domains®®. We efficiently extracted GFP::PAD-1 after
boiling, a method that caused aggregation of TAT-5 and other transmembrane proteins. Thus,
the experimental evidence suggests that PAD-1 is a peripheral membrane protein, not a
transmembrane protein.

PAD-1 could associate with membranes by binding lipids. Human Dopeyl can bind
liposomes through its C-term>®, and Mahajan et al. discovered a conserved LKRL motif that
mediates binding to PI4P-containing membranes (Fig. 26). Since PI4P is found on both the

Golgi and the plasma membrane!!®

, it is possible that this motif is required for PAD-1 plasma
membrane localization. Thus, it is important to test the localization and function of a LKRL
mutant to determine whether this motif regulates PAD-1 localization or its ability to activate
TAT-5.

As lipid-protein interactions tend to be weak, many membrane interactions require

multiple lipid-binding domains or dimerization'!”

. Dopey1 dimerization enhances localization
to membranes, which was increased by Mon2 binding®>. Dimerization of yeast Dop1 was also
detected and depended on the C-terminus?, which contains a conserved leucine-zipper-like
coiled coil structure proposed to be required for dimerization (Fig. 26)*. In yeast, Mon-2 and
Arll were required for the intracellular localization of Dopl®, probably because Arll can
stabilize the interaction of Dopl and Mon2!?. Similarly, Mon2 was required for the Golgi

localization of Dopey1 in human cells, but not of Dopey2%. We found that MON-2 was not
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required for PAD-1 plasma membrane localization, but have not tested whether it plays a role
in its recruitment to other organelles. Thus, we predict that PAD-1 dimerization could be
induced by MON-2 and ARL-1 to enhance its membrane association.

Interestingly, Pascon ef al. studied a temperature sensitive DopA mutant in Aspergillus
nidulans with a mutation in one amino acid of the conserved leucine-zippers. This Isoleucine
(1'%%%) is conserved in yeast and shifted to Methionine (M) in animals (M??#, Fig. 26). As this
motif is in the region required for Golgi localization and dimerization, it would be interesting
to see if mutating M?*** affects the plasma membrane localization of PAD-1 and determine
whether it alters the essential or non-essential roles of PAD-1.

The VF rat strain contains a nonsense mutation at the C-term that would remove the last
142 aa of the 2456 aa sequence of DOPEY 1'%, The mutated amino acid in rats is R?**°, which
corresponds to H?% in PAD-1. This would create a stop codon after the leucine zipper-like
region, which is within the region identified as required for membrane binding in human
DOPEY1 (Fig. 26)*>°. However, the expression and protein levels of DOPEY1 are strongly
reduced in the VF rat'3, suggesting that the premature stop codon can affect DOPEY1
expression and/or protein stability, likely by nonsense-mediated decay?*. Thus, it would be
interesting to test whether a similar mutant in C. elegans has effects on PAD-1 localization
and/or expression levels to get a better understanding about how the C-terminus regulates
membrane localization and function.

It is worth noting that the C-terminus of PAD-1 is unlikely to be the only region
important for membrane association. An internal fragment of Dop1 also localized to the TGN
and endosomes (labeled “Neol interacting” in Fig. 26)%, suggesting that the C-terminal coiled
coil and PI4P-binding motif are not the only regions important for membrane association.
Although we did not see any change to PAD-1 plasma membrane recruitment in ta¢-5 or mon-
2 mutants, it remains possible that binding TAT-5 or MON-2 is one of several redundant
localization mechanisms. Thus, there are likely to be multiple regions required for the

membrane localization of PAD-1.

5.3.8. PAD-1 and MON-2 as endosomal trafficking regulators

We have shown that PAD-1 and MON-2 control an endosomal trafficking pathway,
consistent with their proposed function in the retrograde trafficking pathway from sorting
endosomes to the TGN (introduced in 5.1.)"%!7. We know that TAT-5 is not normally a cargo
of MON-2 and PAD-1 trafficking, as MON-2 and PAD-1 are not required for TAT-5 plasma

membrane localization. However, MON-2 and PAD-1 can rescue TAT-5 from being sorted into
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the degradative pathway in sorting nexin mutants, as TAT-5 accumulated in late endosomes in
mon-2 snx or pad-1 snx double mutants. Thus, we propose that the early steps of intracellular
trafficking like endocytosis and recycling endosome formation are not disrupted in PAD-1 and
MON-2 mutants. This suggests that MON-2 and PAD-1 are likely to act on sorting endosomes.

Our primary model is that PAD-1 and MON-2 provide a redundant endosomal recycling
pathway alongside SNX-1/SNX-6 and SNX-3 (Fig. 25A). In this case, the MON-2/PAD-1
recycling pathway could have specific cargos (potential cargos are discussed in 5.3.10.), it could
be a bulk recycling pathway with no cargo specificity, or it could promote recycling by all
pathways. Determining the molecular functions of MON-2 and PAD-1 will be key to
understanding their cellular role.

MON-2 and PAD-1 were recently proposed to be part of the SNX-3 retrograde pathway.
It was shown that C. elegans and human MON-2/Mon2 and PAD-1/Dopey?2 interact with SNX3
and control the retrograde trafficking of Wntless®. Loss of MON-2 and PAD-1 caused
disruptions in Q-cell migration, a model used to study Wntless secretion in C. elegans.
However, defects were only seen in a sensitized background where retromer trafficking is
disrupted. These data are equally consistent with MON-2 and PAD-1 providing a redundant
endosomal recycling pathway alongside the retromer. We find that PAD-1 and MON-2 are
unlikely to be part of the SNX-3 trafficking pathway, as MON-2 redundantly regulates MV
budding with SNX-3. MON-2 also redundantly regulates MV budding with SNX-1/6,
suggesting that MON-2 and PAD-1 are also not part of the SNX-1/6 pathway. Thus, we propose
that PAD-1 and MON-2 regulate a trafficking pathway independent of SNX-1/-6, SNX-3, and
retromer.

For example, MON-2 and PAD-1 could act in the SNX-FERM trafficking pathway. Our
preliminary results showed that SNX-17 and SNX-27 can redundantly inhibit MV release with
SNX-1/-6 and SNX-3, but not redundantly with MON-2. Thus, it is possible that MON-2 and
PAD-1 act in the SNX-17 and SNX-27-mediated trafficking pathways, but this preliminary
hypothesis requires further investigation.

Alternatively, PAD-1 and MON-2 may regulate bulk recycling or general steps of all
endosomal trafficking pathways. Consistent with this idea, late endosomes are enlarged after
loss of PAD-1 and MON-2, suggesting that there is a significant increase in flux to degradative
pathways, which could be due to a large decrease in recycling. To test this idea, it will be
necessary to perform flux assays by extracellular labeling of receptors or by synchronizing
cargo with approaches like the RUSH (Retention Using Selective Hooks) system!!®, Thus,
MON-2 and PAD-1 may have specific or general roles in trafficking.
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There are a number of molecular observations that could suggest that MON-2 and PAD-
1 could promote general recycling or support multiple trafficking pathways. For example,
Mon?2 regulates F-actin projections in Drosophila by serving as a scaffold for actin regulators®2.
Actin is required at endosomal membranes for endosome biogenesis, tubulation and protein
sorting®. Actin is rapidly turned over within 20 sec on endosomal membranes showing that
actin is dynamically assembled!!”. When actin dynamics are disrupted, it causes enlarged
dysfunctional endosomes *°. To test whether altered endosomal actin dynamics cause the
enlarged late endosomes in mon-2 mutants, we should observe the localization of actin
regulators and actin-binding proteins like Moesin and the F-actin to membrane protein linker
ERM-1 on mon-2 mutant endosomes. In the future, it would also be interesting to analyze the
localization of components of the conserved Wiskott-Aldrich Syndrome protein and SCAR
Homolog (WASH) complex, which is the major activator of Arp2/3-dependent actin
polymerization on endosomes. WASH and Arp2/3 were shown to be required to reduce the size
of endosomes by inducing the tubulation and fission of endosomes!?%!2!, Thus, MON-2 may be
required for actin dynamics to promote the formation of recycling vesicles.

Furthermore, a recent study in mammalian cells showed that Dopeyl and Mon2 act as
a link between membranes and the minus-end-directed motor protein kinesin 1, which is
required for the centrifugal movement of organelles along microtubules 3. Microtubules are
also thought to help to extend endosomal tubules to create recycling vesicles 227124, Thus, PAD-
1 and MON-2 may induce endosome tubulation by docking endosome membranes to both actin
and microtubules.

In addition to acting as a scaffold, PAD-1 and MON-2 may also be able to promote
membrane deformation to tubulate membranes. Multimers commonly have a role in membrane
deformation, like BAR domain-containing proteins or clathrin!?’>. Dop1 and Mon2 form dimers
in yeast and P4-ATPases also form oligomers, including Neol!-*3, Thus, oligomerization of
the large MON-2 and PAD-1 proteins could help to tubulate membranes during endosomal
trafficking. Tubulation may also be enhanced by further oligomerization with TAT-5 and/or by
recruitment and concentration of proteins required for membrane tubulation like actin and
microtubule regulators. In summary, MON-2 and PAD-1 could contribute to many trafficking

pathways.

5.3.9.PAD-1, MON-2 and TAT-5 in regulating late endosome size
The enlarged late endosomes in tat-5, pad-1, and mon-2 mutants could be caused by

decreased endosomal tubulation, as discussed in the previous section, but it could also be caused
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by increased endosome-endosome fusion, decreased intraluminal vesicle (ILV) budding, or
changes to endolysosomal enzymes. Given the topological similarity of ILV budding to MV

budding, as well as the similar molecular players, including ESCRT-dependence!26:127,

we may
have expected changes in ILV budding. However, pad-1 and fat-5 mutants did not show
increased or decreased ILV formation, and there was also no change in ILV size (this study and
14), Thus, TAT-5 and PAD-1 are unlikely to regulate ILV budding.

61933 "which could

In yeast, Mon2, Dopl and Neol mutants have fragmented vacuoles
be caused by defects in fusion. Greatly simplified, the yeast vacuole is like a large lysosome
that grows to 10-20% of the yeast size due to SNARE-dependent fusion with pre-vacuoles or
late endosomes!?®. Since Neol, Mon2 and Dopl traffic SNARE proteins®!?°(see also 5.1 and
5.3.9), which are required for membrane fusion, it was proposed that fragmented vacuoles
appear because of disrupted membrane fusion. Intriguingly, PE in the cytosolic leaflet of the
vacuole membrane is also required for SNARE-mediated vacuole fusion!3, suggesting that
Neol PE flipping activity could promote vacuole fusion. To test whether the late endosomes
are more fragmented in pad-1, mon-2 and tat-5 mutants, the numbers of late endosomes or
LMP-1 puncta should be counted and compared to wild type samples.

However, we observed enlarged late endosomes in pad- 1, mon-2 and tat-5 mutants (Fig.
8,Fig. 18), which would be more consistent with an increase in endosome fusion. To test this
possibility, SNARE proteins should be depleted in the mutant background to block fusion. If
endosome fusion is increased in pad-1, mon-2 and tat-5 mutants, additional loss of SNARE
proteins should restore the size of late endosomes. Alternatively, live imaging of LMP-1::GFP
could be performed to observe and quantify fusion events. These experiments would test
whether there are changes to endosome fusion.

In addition to affecting the membrane of late endosomes, MON-2, PAD-1 and TAT-5
could be required for the trafficking and/or function of vacuolar proteins. Neol mutants have
hyperacidified vacuoles'®!3!, thus, it was proposed that Neol is required for the function of a
protein that controls vacuolar pH. These could be the Vacuolar ATPase that mediates
acidification of lysosomes or molecules that control the activity of the V-ATPase!32. The pH of
the enlarged endolysosomes in mon-2, pad-1, and tat-5 mutants has not been determined, but it
could also be interesting to see whether more V-ATPase localizes to mutant endolysosomes.
Yeast Mon2, Dopl and Neol are required for the trafficking of CPY and the hydrolase Apel
to the vacuole 119334 Therefore, we speculate that MON-2, PAD-1 and TAT-5 could also
regulate the recruitment of hydrolases to lysosomes and therefore disrupt macromolecule

digestion. Loss of the amino acid transporting function of SLC-36.1 causes enlarged, vacuole-
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like lysosomes in C. elegans embryos or adults '3

, showing that amino acid transport out of the
lysosomes is required for lysosome shrinkage. Thus, it would be interesting to analyze whether
SLC-36.1 and other amino acid transporters localize to the enlarged late endosomes in tat-5,
pad-1 and mon-2 mutants. These experiments would help determine the cause of the enlarged

late endosomes and shed light on the trafficking cargos of MON-2, PAD-1, and TAT-5.

5.3.10. Potential cargoes of MON-2/PAD-1/TAT-5-dependent endosomal trafficking

It is unknown which cargo besides TAT-5 is trafficked by PAD-1 and MON-2. It is also
unclear whether TAT-5 acts in the same trafficking pathway as PAD-1 and MON-2. However,
studies using yeast and human cells showed that MON-2, PAD-1 or TAT-5 orthologs are
capable of trafficking several cargoes that could be conserved in C. elegans (Table 9).

SNARE proteins are the most likely to be primary cargos of MON-2, PAD-1, and TAT-
5. The conserved v-SNARE VAMP/Synaptobrevin Sncl and the t-SNARE syntaxin Ssol cycle
between the plasma membrane, endosomes and Golgi in yeast!*4. In Dop1 and Mon2 mutants,
Sncl was absent from the plasma membrane and accumulated inside the cellé, suggesting that
Mon2 and Dopl are required for v-SNARE localization. A similar mislocalization was
observed with a modified Ssol, which contains an additional NPF endocytosis signal. A Neol
missense mutant depleted for Cdc50, the noncatalytic subunit of the PS flippase Drs2, also
shows accumulation of Sncl and the t-SNARE Tlgl in enlarged intracellular structures'?’.
However, it was not reported whether Neol can control Sncl and Tlg1 trafficking independent
of Cdc50, which would be expected from the studies on Dopl and Mon2°. Thus, Mon2, Dopl,
and Neol appear to play a major role in SNARE trafficking.

It was also shown that ATP9A and ATPS8B are required for the secretion of insulin from
pancreatic cells®®. Although they are many steps involved in insulin secretion, this could mean
that ATP9 proteins are required for the fusion of insulin secretory granules with the plasma
membrane or for the transport of proteins required for insulin secretion. Given the links between
Neol and SNARE proteins that mediate membrane fusion'?’, we predict that SNARE proteins
will be the relevant ATP9A/B cargos involved in insulin secretion.

Interestingly, Dopl, Neol and Mon2 all physically interact with the t-SNARE Tlg2
based on yeast two-hybrid studies'®. This could suggest that Tlg2 is a cargo of
Mon2/Dop1/Neol trafficking. Alternatively, Tlg2 could be an important part of the Mon2-
Dopl-Neol complex and play a role in this trafficking pathway. Thus, it will be interesting to
investigate whether the C. elegans ortholog SYX-16 is required for TAT-5 trafficking or
whether TAT-5, MON-2, and PAD-1 are required for SYX-16 trafficking. In the screen for EV
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inhibitors Birgit Karmann found no increased EV release after syx-16 RNAi (n=40), thus we
would expect a redundant trafficking function similar to MON-2. These studies would identify
an important cargo or cofactor of MON-2/PAD-1/TAT-5-dependent endosomal trafficking.

In C. elegans adults, another cargo of MON-2, PAD-1, and TAT-5 has recently been
identified. Loss of MON-2 and PAD-1 causes decreased levels of the Wntless ortholog MIG-
14 and a resulting reduction in Wnt secretion and Wnt-dependent posterior migration of the QL
neuroblast descendants®. However, MIG-14 was only mistrafficked to the degradative pathway
when PAD-1, MON-2 or TAT-5 were depleted in a vps-29 mutant background. Consistently,
our lab did not observe any changes to MIG-14 levels in embryos after tat-5 knockdown in a
wild type background (data from Ann Wehman), suggesting that MIG-14 is not a major cargo.
Together these data suggest that MON-2, PAD-1, and TAT-5 act redundantly with retromer-
dependent pathways to control the trafficking of MIG-14. Thus, RNAi depletions need to be
conducted in a retromer-sensitized background in order to observe whether MIG-14 is a cargo
trafficked by MON-2, PAD-1 and TAT-5 in embryos.

Alternatively, MON-2, PAD-1, and TAT-5 could only regulate a subset of MIG-14
localization. MON-2 was shown to be required for the localization of MIG-14 to lateral domains
of the plasma membrane in adult intestinal cells, but not its other localization in these cells®,
suggesting that MON-2 is only required for certain trafficking pathways. Thus, it would be
interesting to test whether PAD-1 and TAT-5 are required for the localization of MIG-14 to
lateral domains in polarized intestinal cells, which would demonstrate that MIG-14 is a primary
cargo of MON-2/PAD-1/TAT-5 trafficking.

Taken together, the most likely cargo of PAD-1, MON-2 or TAT-5 in C. elegans are
SNARE proteins, although MIG-14 could be a secondary cargo when its primary trafficking
pathways are disrupted. Other candidate cargos are listed in Table 9, whose localization should
be tested in pad-1, mon-2 and tat-5 mutants to identify the trafficking potentials of this pathway.
More potential cargoes could also be identified by analyzing the surfaceome of pad-1, mon-2
and tat-5 mutants. Elucidating which proteins are trafficked by MON-2, PAD-1, and TAT-5
will help to understand the physiological relevance of this trafficking pathway and may identify

additional proteins involved in MV release.
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Cargo Protein Type Organism Transporter C. elegans | Reference
ortholog
Mrhl Hsp30p-like TM protein | Yeast Mon?2 - 135
Sncl v-SNARE Yeast Neol' SNB-1 6
Mon2 SNB-2 12
Dopl
Ssol t-SNARE Yeast Mon2 SYX-4 6
Dopl UNC-64
SYX-3
SYX-2
Tigl t-SNARE Yeast Neol - 129
Wis Whatless Human cells | ATP9A MIG-14 ’
MON2
MIG-14 C. elegans TAT-5'
PAD-1'
MON2'
Tt Transferrin Human cells | ATP9A - 87
GLUT1 | Glucose transporter Human cells | ATP9A FGT-1 87
Insulin Insulin Human cells | ATP9A ILPs 8
secretion (Insulin-
Like
Proteins)

Table 9: Cargoes of MON-2, PAD-1 and TAT-5 orthologs. List of proteins whose trafficking was
dependent on MON-2, PAD-1 or TAT-5 orthologs. The organism where trafficking was found and

which orthologs were involved in trafficking are indicated. The references where cargo trafficking was

observed is given. The potential orthologs in C. elegans are noted or marked with “-“, when no ortholog

is reported in C. elegans. ') indicates trafficking observed in sensitized backgrounds. MIG-14 trafficking
of TAT-5, MON-2 and PAD-1 was examined in a vps-29(tm132() mutant. Neol-mediated trafficking

of Sncl and Tlgl was examined in a Cdc50 mutant background.
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5.3.11. PAD-1 as scaffold for MON-2 release in microvesicles

We found that PAD-1 is required for the release of MON-2 in MVs, but TAT-5 is not.
This further demonstrates that TAT-5 is not required for MON-2 localization. As other cortical
proteins were still released in MVs after pad-1 RNAi, we do not think that PAD-1 is a general
scaffold for sorting cortical proteins into MVs. Rather, we predict that MON-2 is brought to
MYV budding sites by binding PAD-1. Notably, PAD-1 is not required for MON-2 localization
to the plasma membrane. PAD-1 orthologs in mammals are not required for the Golgi
localization of mammalian MON2%%, suggesting that MON-2 and orthologs can localize to
membranes independent of PAD-1. Together, these data suggest that PAD-1 may regulate to
which microdomains MON-2 localizes on the plasma membrane. On the other hand, PAD-1
may function as a scaffold for an unknown regulator that traffics MON-2 into MVs. As MON2

is also released in EV's from human cancer cells(Vesiclepedia'*¢

, accessed in September 2019),
understanding how MON-2 is packaged into MVs may help to understand the conserved
mechanisms of how cargos are sorted into MVs.

Another potential regulator of MON-2 release in MVs may be the small GTPase ARL-
1. Arll stabilizes Mon2p-Doplp binding in yeast and thereby promotes Doplp membrane
association!®10, Thus, it will be interesting to test whether ARL-1 is required for MON-2
binding to PAD-1. Furthermore, it will be interesting to check if ARL-1 is released in MVs in
tat-5 or pad-1 mutants and whether this release further depends on MON-2. ARLI1 is released

in EVs from several cancer cell types(Vesiclepedia!3®

, accessed in September 2019), suggesting
that ARL1 and MON?2 localize to sites of MV release on the plasma membrane or sites of ILV
budding on endosomes. ARL-1 depletion in an increased MV release background can clarify
the requirement of ARL-1 for MON-2 release in MVs. This may show the regulatory networks

required for the release of MON-2 in MVs.

5.3.12. PAD-1 and TAT-5 may regulate PE externalization and microvesicle release
during abscission

One major question unanswered by our study is under which physiological conditions
PAD-1 and TAT-5 reestablish PE asymmetry and regulate MV release. Provocatively, PE
asymmetry is lost during cytokinesis and needs to be re-established for abscission'*’. MV
release is also seen at the intercellular bridge in both C. elegans embryos and mammalian

Cellsl38,l39

, which could help to sculpt membranes to thin the bridge during abscission.
Intriguingly, fat-5 mutant embryos occasionally have multinuclear cells due to retraction of the

cleavage furrow!#, which suggests that restricting MV budding to the intercellular bridge

201



5. PAD-1 and MON-2 control TAT-5 localization activity

promotes successful abscission. Thus, we propose that TAT-5 and PAD-1 need to be inactivated
at the intercellular bridge in order to enable membrane sculpting by release of MVs. However,
we observed that PAD-1 and MON-2 accumulate in midbody remnants, suggesting that the
complex is present in the bridge during abscission. Thus, determining how PAD-1 and TAT-5
activity are regulated in the bridge is an important question that will help determine the
conserved role of PE externalization and MV release from the intercellular bridge during
abscission.

When we inhibited ESCRT disassembly, we found that PAD-1 and MON-2 are enriched
on the plasma membrane neighboring the intercellular bridge in opposing domains with the
ESCRT complex, which promote both MV release and abscission '?7. This suggests that the
location of MV release and the location of PE internalization are separable domains of the
membrane. To restrict MV budding to the intercellular bridge, PAD-1 may induce TAT-5 PE
flipping activity next to the intercellular bridge. Thus, the precise subcellular localization needs
examination using super-resolution techniques to define the role of PAD-1 during abscission.
It will also be important to analyze abscission in pad-I mutants to confirm that PAD-1 is
activating TAT-5 during this process. Analyzing the location and function of PAD-1 during
abscission will provide further insights into the physiological role of this pathway.

Taken together, we propose that thinning membrane bridges may be a crucial
physiological function of MV budding regulated by PE asymmetry. However, MV release also
needs to be restricted, as excessive MV budding can disrupt cytokinesis and cell adhesion!®.
These observations show the need to tightly regulate PE flipping activity during development
and homeostasis, emphasizing the importance of understanding the regulation of the PE flippase

TAT-5 and its activator PAD-1.
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6.1. Summary of major findings

In this thesis, we developed a degradation-based technique to specifically label
microvesicles (MV), which enabled us to identify conserved TAT-5 regulators that inhibit MV
release. We identified four MV release inhibitors associated with retrograde recycling: the class
IIT PI3Kinase VPS-34, the Beclinl homolog BEC-1, the Dnal protein RME-8, and the
uncharacterized Dopey homolog PAD-1. We showed that VPS-34, BEC-1, RME-8, as well as
redundant sorting nexin SNX-1/-6 and SNX-3-dependent trafficking pathways are required for
the plasma membrane recycling of TAT-5, in addition to several minor pathways. We also
discovered that PAD-1 and the GEF-like protein MON-2 do not traffic TAT-5, unless sorting
nexin-mediated recycling is disrupted. We found that mistrafficking TAT-5 to endolysosomes
disrupts TAT-5 PE flipping activity, suggesting that TAT-5 needs to be sorted away from the
degradative pathway to maintain PE asymmetry and inhibit MV release. In addition, we
demonstrated that PAD-1 is specifically required for the lipid flipping activity of TAT-5.

Taken together, we accomplished two major things. First: We have identified regulatory
mechanisms that control the activity of the conserved and essential flippases TAT-5. We
uncovered redundant intracellular trafficking pathways of TAT-5, which shows how the
localization of this conserved P4-ATPase can be controlled without B-subunits. Furthermore,
we were able to reveal regulators of TAT-5 flippase activity, which increases the understanding
of how cells can adjust TAT-5 PE flipping activity to release the right amount of MVs at the
right time. Our studies also confirm the previous hypothesis that loss of PE asymmetry is
involved in membrane budding to release MVs. Second: The ectocytosis inhibitors identified
here provide the first toolkit to experimentally control MV formation, which will be helpful to
understand the mechanisms that regulate disease-mediated EV release, membrane sculpting and
viral budding. Ultimately, this will help to test the in vivo roles of MVs to understand their

contribution to EV-related functions and pathologies.

6.2. Multiple trafficking pathways regulate TAT-S localization
Our results illustrate that a multitude of trafficking pathways are required for TAT-5
localization. Two redundant trafficking pathways that depend on SNX-1/-6 and SNX-3-
mediated trafficking are required for the majority of TAT-5 localization (discussed in chapter
4.3.). We also found a role for retromer in trafficking a minor, but measurable amount of TAT-
5 (discussed in chapter 4.3.). A fourth trafficking pathway depends on MON-2 and PAD-1,
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which could function as a back-up trafficking pathway (discussed in chapter 5.3.). Further
research is required to determine whether SNX-17 and SNX-27 also contribute to TAT-5
trafficking, which could define either a fifth and sixth pathway or act together with the MON-
2/PAD-1 trafficking pathway (discussed in chapter 4.3. and 5.3.). Thus, two major and at least
two minor trafficking pathways redundantly localize TAT-5, suggesting that multiple
redundant pathways contribute to the proper localization of TAT-5.

Why so many redundant pathways exist to traffic one protein remains enigmatic. As
TAT-5 is an essential protein, one possibility is that TAT-5 trafficking by multiple pathways
evolved to ensure proper TAT-5 trafficking. Multiple trafficking routes have been described
for other cargos, too. For example, SNX-3 regulates Wntless trafficking!—, but retromer vps-
29 mutants only partially altered Wntless trafficking, suggesting that redundant Wntless
trafficking mechanisms exist?>. Depleting snx-1 in a vps-29 retromer mutant caused altered
Wnatless trafficking similar to snx-3 RNAi, showing that SNX-1 and retromer do form
redundant Wntless trafficking pathways. Very recently, it was also reported that two different
CI-MPR subpopulations are trafficked by SNX3 or SNX1-dependent trafficking routes*. Thus,
trafficking by multiple SNX pathways can be a feature of several transmembrane cargoes.

On the other hand, the GFP::TAT-5 transgene used for our studies is a multi-copy
insertion and is expressed from a promotor from another gene. The pie-1 promotor drives strong
expression from multi-copy insertions in the adult germ line>°, while far-5 is ubiquitously
expressed at a lower level. Thus, the expression levels of GFP::TAT-5 are likely to be higher
in comparison to endogenous TAT-5, which could lead GFP::TAT-5 to accumulate differently
than endogenous TAT-5. As we were unable to find a TAT-5 antibody using peptide antigens,
it would be necessary to generate new TAT-5 antibodies to study the endogenous localization
of TAT-5. Using purified domains as antigens, such as the N-terminal cytoplasmic domain of
TAT-5, could work better in generating a specific antibody. Another possibility is to generate
a TAT-5 fluorescent line with endogenous expression levels. This could be achieved for
example by using CRISPR/Cas9 to knock in a fluorescent protein between the endogenous fat-
5 promotor and the tat-5 sequence. Another possibility is to use MosSci to insert a single copy
of fluorescent protein-tagged tat-5 into a defined locus in the genome’. Development of a way
to visualize TAT-5 under endogenous expression levels will be necessary to confirm whether

endogenous TAT-5 is trafficked by as many pathways.
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6.3. TAT-5 PE flipping activity and endosomal trafficking

Domains of the conical-shaped lipid PE are thought to induce negative membrane
curvature®, where microdomains of externalized PE on the plasma membrane would lead to
outward budding (ectocytosis) and internalized PE would lead to inward budding (endocytosis).
As PE is an abundant lipid that is found on all organelle membranes’, PE-mediated curvature
formation could regulate budding on many membranes in addition to the plasma membrane.
Therefore, we predict that TAT-5 could regulate ectocytosis, endocytosis, and endosomal
budding.

The correlation of increased MV release and PE externalization observed across several
C. elegans mutants in our studies supports the hypothesis that PE localization regulates plasma
membrane budding. To directly test whether PE externalization can induce ectocytosis, we need
to induce PE externalization independent of TAT-5 or its regulators. The lantibiotics
cinnamycin and duramycin induce PE transbilayer lipid movements and trap PE on the external
leaflet of the plasma membrane!®!3, which has been shown to promote membrane tubulation
in in vitro assays''. Tubulation of the plasma membrane could result in MV release. Thus, it
would be interesting to test whether cells incubated with cinnamycin or duramycin would
release more MVs. These experiments would demonstrate whether PE externalization induces
MV release, providing new insight into the biology of PE. Furthermore, they could define a
treatment to induce MV release, which could be useful for biomarker studies.

Apart from inhibiting MV budding, TAT-5 and its orthologs are also required for
endosomal trafficking®!*!5 which may indicate that PE asymmetry is also regulated on
endosomes. McGough et al. 2018 reported that TAT-5 is required for SNX-3-dependent
Wnhtless trafficking redundantly with VPS-29 and hypothesized that the flipping activity of
TAT-5 mediates endosomal tubulation in the SNX-3 trafficking pathway. Dalton ef al. 2017
showed that Neol is required to prevent vacuolar accumulation of the Snx3 cargo A-ALP,
which is a fusion protein of the cytoplasmic domain of DPAP A and the luminal domains of
alkaline phosphatase that localizes to the TGN in yeast!®. This suggests that TAT-5 PE flipping
activity is required on sorting endosomes to mediate retrograde cargo trafficking.

Insight into how lipid flipping could regulate SNX-dependent endosomal trafficking
comes from studies in Hye-Won Shin’s lab. They showed that the flipping activity of the
mammalian phosphatidylcholine (PC) flippase ATP10A initiates membrane curvature and
recruits BAR domains that generate membrane tubulation by oligomerization'’. While the N-
BAR domains of SNX-BARs can induce membrane curvature autonomously using their N-

terminal alpha-helix that stabilizes or induces membrane bending!”-'%, N-BAR domains lacking
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the N-terminal alpha-helix, as well as F-BAR domains, cannot induce tubulation autonomously
and require the PC flipping activity of ATP10 for their membrane recruitment and membrane
tubulation. This suggests that lipid flipping promotes membrane bending. Localization of the
yeast PS flippase Drs2 to Golgi and endosomes was also shown to be required for vesicle

formation from these organelles!®!

. Therefore, it was proposed that P4-ATPases induce
membrane curvature by lipid flipping, perhaps by creating an imbalance in the number of lipids
in the membrane bilayers!’. Thus, TAT-5-mediated PE flipping could increase the abundance
of PE in the cytosolic leaflet of sorting endosomes, which induces membrane curvature towards
the cytosol, a prerequisite for endosomal tubulation. Thus, the PE flipping activity of TAT-5
could promote endosomal trafficking.

If TAT-5 promotes membrane curvature for sorting nexins lacking a BAR domain, then
it would be predicted that TAT-5 would not be required for cargo of SNX-BARs like SNX-1
and SNX-6, but would be required for trafficking by SNX-PX or SNX-FERM proteins that lack
BAR domains, like SNX-3 and SNX-27. Consistently, the TAT-5 ortholog ATP9A does not
control endosomal trafficking of the SNX1 cargo Shiga toxin B in HeLa cells'>??, but is
required for the trafficking of the glucose transporter 1 (GLUT1)', which is a cargo of
SNX2723, which has no BAR domain®*?°, In contrast, TAT-5 only regulates Wntless
trafficking, which is predominantly trafficked by SNX-3!-26, when retromer trafficking is also
disrupted®. As SNX-3 has no BAR domain '8, this suggests that SNX-3 can still promote
Wnatless recycling independent of TAT-5. Thus, TAT-5 could promote membrane curvature for
multiple endosomal trafficking pathways lacking BAR domain proteins, but is not likely to be
an essential component of these pathways.

MON-2, PAD-1 and their mammalian orthologs are also required for the trafficking of
Whntless redundantly with retromer like TAT-53. These results suggest that TAT-5 could also
be mediator of the MON-2 and PAD-1 trafficking pathway. Intriguingly, we saw enlarged late
endosomes after loss of PAD-1, MON-2 and TAT-5 strongly suggesting a similar function
during endosomal trafficking. To test whether TAT-5 could function in the same trafficking
pathway as MON-2 and PAD-1, we first need to identify the cargo trafficked by the TAT-5,
PAD-1 and MON-2 complex (see list of potential cargoes in 5.3.). This suggests that the
endosomal tubulation function of TAT-5 could promote many endosomal trafficking pathways.

If TAT-5 flipping activity promotes the tubulation of endosomes, then TAT-5 could be
required for its own trafficking. This ultimately means that the regulation of TAT-5 trafficking
may be required to control protein trafficking from endosomes and that TAT-5 could regulate

the trafficking of another unidentified MV release inhibitor. Thus, by examining how TAT-5
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activity is regulated to control MV release, we also gained knowledge about the regulatory

mechanisms of endocytic recycling.

6.4. Identifying more regulators of TAT-5 activity and microvesicle release

Our study identified a multitude of TAT-5 trafficking regulators and one potential TAT-
5 activator, identifying the first set of proteins that regulate this essential flippase. However, it
is likely that more TAT-5 regulators exist that have not yet been identified. Using our degron-
based screening technique to identify genes that inhibit MV release, Birgit Karmann screened
133 candidate genes involved in membrane trafficking, lipid biogenesis and lipid transporters®’.
Expanding the screen could result in the identification of more TAT-5 regulators and MV
release inhibitors. We would prioritize the lethal/sterile set (~1,200 genes), since all proteins
we have found to inhibit MV release are lethal or sterile (discussed in chapter 3). Thus,
continued screening for MV release inhibitors is likely to uncover more proteins required for
TAT-5 PE flipping activity. This will ultimately help us to understand the mechanisms that
control PE asymmetry and shed light on the inhibitory pathways of MV budding.

Furthermore, screening for regulators of TAT-5 trafficking could also reveal proteins
involved in MV budding. For example, we readily observed TAT-5 mistrafficking phenotypes
after snx-1, snx-3, or snx-6 RNAI, but there was no increase in MV release until we made double
mutants. Thus, screening GFP::TAT-5 localization in our original candidate set or the
lethal/sterile set could reveal regulators of TAT-5 trafficking and MV release that were
overlooked in the original screen. Alternatively, we could screen for increased MV release in a
sensitized snx-1, snx-3 or mon-2 mutant background. This would allow the identification of
redundant regulators of MV release.

In addition to identifying how TAT-5 is activated, identifying how TAT-5 is inactivated
may open the possibility to spatiotemporally control TAT-5 activity. Furthermore, identifying
new proteins that promote MV release is of great interest. However, screening for proteins that
activate MV budding is technically challenging. Not many EVs were seen outside the cells of
C. elegans embryos using EM?8, probably because of rapid uptake after their release®*-°. One
strategy to identify MV release activators would be to use double RNA1 knockdown, where one
RNAI depletes pad-1 to increase MV release and the second would target a potential ectocytosis
activator. If a protein activates MV release, its knockdown would lead to reduced MV budding
in a pad-1 RNA1 background, as we previously observed for ESCRT subunits and RAB-11 in
a tat-5 RNAi background?®. Thus, identifying proteins that induce MV release may reveal
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proteins that inhibit TAT-5 flippase activity and will help us to understand the mechanisms of
MV release.

Ultimately, once we have identified the set of proteins that control TAT-5 PE flipping
activity, we gain understanding of the activity regulation of this essential flippase and also
identify mechanisms that inhibit or induce MV release in vivo. Since TAT-5 and the regulators
we identified are conserved in animals®!, the knowledge that we gain about its regulation in C.
elegans is likely to be transferable to humans. Our studies provide us with tools to visualize and
experimentally control the formation of MVs not just in the worm, but also in mammals, which
may allow us in the future to observe the release, fate and signaling potential of different

populations of MVs in a certain tissue at a particular time.

6.5. Outlook

The increased EV release observed from the several C. elegans mutants is similar to the
increased EV release reported from mammalian cells during several diseases®’-?®32. For
example, cancer cells have increased EV production and these EVs are enriched with cargo that
function in cancer spreading and metastasis formation®***. During neuroinflammation,
increased amounts of EVs in the blood and cerebrospinal fluid were found in multiple sclerosis
(MS) patients and these EVs are thought to be involved in spreading pro-inflammatory signals
and disrupting the blood brain barrier’?3°. However, the mechanisms that inhibit EV release
from healthy cells and promote disease-related EV release are largely unclear.

Our identification of conserved disease-related genes in the inhibition of EV release can
uncover the mechanisms and functions of disease-related EV budding. For example, a single
mutation at a highly conserved region in the human RME-8 (Asn855Ser) was identified in
familial Parkinson’s disease®, suggesting that RME-8 disruption is involved in Parkinson’s
pathogenesis. a.-synuclein is released in EVs from neuron cell culture that causes cytotoxicity,
which is proposed to be involved in pathologies of Parkinson’s disease®’, but whether increased
production of a-synuclein-loaded EVs have a role in Parkinson’s disease pathology is still
unclear. In combination with our data from C. elegans, we propose that the EV inhibitory
function of RME-8 could have a role in pathologies of familial Parkinson. Thus, it should be
tested whether more EVs are found in the spinal fluid of familial Parkinson’s patients. Thus,
we believe that the identified EV inhibitors in C. elegans will help to identify and study the
function of disease-related EVs in mammals.

EVs are of broad interest to produce cell-specific vesicles to carry drugs to recipient

cells*®4°. However, robust EV production with sufficient quantities from patient cells is still a
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challenge®. We show that the knockdown of conserved EV release inhibitors like PAD-1

dramatically increases EV formation. Thus, it should be tested whether EV release is increased

when PAD-1 orthologs DOPEY 1 and/or DOPEY?2 are depleted. If EV release is increased after

DOPEY 1/2 knockdown, then this strategy could be used to enhance EV release from cultured

patient cells, allowing their use for biomarker studies or to create patient-matched EV-based

drug delivery vehicles. Thus, our set of EV inhibitors may also help to boost EV extraction in

the clinic, further emphasizing the value of basic cell biology research.
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