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Abstract

A significant proportion of cells in the adult human body, including naïve lymphocytes,

hepatocytes, stem cells and cancer stem cells, reside in an actively maintained state

of proliferative quiescence (G0). Quiescent cells exit the cell cycle under certain condi-

tions and resume proliferation upon appropriate stimuli, which distinguishes them from

senescent or terminally differentiated cells. Little is known about how molecular pro-

cesses, such as endocytosis, are regulated upon cell cycle exit. The aim of this study

was to measure endocytic pathways during quiescence and study how their regulation

contributes to quiescence maintenance. A quiescence induction protocol was optimised

for hTERT-immortalised RPE1 (retina pigmented epithelial) cells to compare endocyto-

sis between quiescent and proliferating RPE1 cells. A SILAC mass spectrometry screen

comparing proteome and phosphoproteome between G0 and G1 RPE1 cells revealed

changes in total protein levels and phosphorylation of endocytic proteins during G0.

Confocal microscopy, Western blotting, flow cytometry and high throughput imaging

techniques were used to measure clathrin-mediated (CME) and -independent endocy-

tosis in quiescent and continuously proliferating RPE1 cells. Total levels of core proteins

of the clathrin machinery were increased during G0, but uptake of the classical CME

cargoes transferrin, EGF and LDL were decreased. CME activity during quiescence

is cargo-specific, as could be shown for elevated Lamp1 endocytosis. Endocytosis of

clathrin-independent cargoes such as oxidised LDL and Cholera toxin was highly active

in quiescent cells, as was uptake of the macropinocytosis cargoes dextran and BSA. El-

evated BSA uptake, however, did not promote mTORC1-mediated survival in a nutrient-

(amino acid-) deprived environment. Moreover, BSA endocytosis was mediated by AP2.

Finally, quiescence survival signalling via integrins was found to be dependent on en-

docytosis and recycling. Together, this study identified differentially regulated endocytic

pathways and suggestd a role for integrin trafficking to maintain proliferative quiescence.
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Impact

Endocytosis is a process ubiquitously present in cells and required for vital cellular func-

tions such as nutrient uptake, cell signalling regulation and migration (Barbieri et al.,

2016). Genetic mutations resulting in impaired endocytosis cause diseases ranging

from cancer to neurodegeneration, atherosclerosis or lysosomal storage diseases (Do-

herty & McMahon, 2009). It is also hijacked by pathogens such as bacteria and viruses

(Gruenberg & Van Der Goot, 2006). Thus, understanding the molecular mechanism and

activity of endocytic pathways is important for prevention and treatment of heredetary

diseases or infections. The majority of research on endocytosis has been performed in

in vitro cell line models, often cancer cells, which are continuously dividing. The majority

of cells in the adult human body, however, have reversibly or irreversibly exited the cell

cycle and reside in a quiescent, terminally differentiated or senescent state.

In this study, endocytosis in quiescent cells, which can re-enter the cell cycle upon stim-

uli such as wounds or mitogen stimulation, was investigated. Among quiescent cells

in the adult human body are hepatocytes, endothelial cells, naive lymphocytes, dor-

mant stem cells and dormant cancer stem cells. An in vitro cell line model was estab-

lished to induce quiescence in non-transformed human telomerase reverse transcrip-

tase (hTERT)-immortalised retina pigmented epithelial cells (RPE1). To date, studies of

quiescent cells have been limited to primary cells such as fibroblasts, naive lymphocytes

or dormant cancer stem cells (Cheng et al., 2000a; Orford & Scadden, 2008; Malum-

bres & Barbacid, 2001). A quiescence cell line model is advantageous in that passage

numbers do not affect gene expression or survival, allowing for high reproducibility of

experiments and for complex studies requiring large numbers of cells.

It was discovered that endocytic pathways are differentially regulated in quiescent RPE1

cells compared to continuously dividing RPE1 cells. Endocytosis of the classical car-

goes of clathrin-mediated endocytosis, transferrin, low-density lipoprotein and epithelial
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growth factor, was decreased while uptake of the lysosomal protein Lamp1 or albumin

was elevated in quiescent cells. Studying differences of endocytosis in quiescent and

proliferating cells of the same cell type is not only suited to discover molecular mecha-

nisms regulating endocytic activity. This allows for a better understanding of endocytosis

during quiescence, in which many cells of the adult human body reside. Differentially

regulated endocytosis supports the hypothesis that quiescence is not a passive state,

but actively maintained (Coller et al., 2006). It furthermore allows for optimisation of

targeted drug delivery, as drugs might be internalised with different efficiency in divid-

ing cells, such as hyperproliferative cancer cells, and quiescent tissue cells or dormant

cancer stem cells.

Finally, a high-throughput screening approach based on high-content fluorescence mi-

croscopy or confocal microscopy in conjunction with automated image analysis adapted

to specific analyses, such as protein expression level quantification, measurement of

endocytosed cargo or colocalisation studies was employed in this study. This allowed

for analysis of high numbers of cells, resulting in robust population statistics and was

superior to flow cytometry by increasing signal-to-noise ratios. Using this approach,

inhibitor- and knockdown screens identified endocytosis and recycling as processes

critical for quiescence entry, proposing a role for endocytosis and endosomal trafficking

in reversible cell cycle exit.
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1 Introduction

In this project, endocytic pathways were studied in quiescent cells and the requirement

of integrin endocytosis and recycling was tested for quiescence entry and maintenance.

This introduction will therefore review mechanisms of endocytosis and proliferative qui-

escence and briefly describe integrin trafficking pathways.

1.1 Endocytosis

Endocytosis is a ubiquitous mechanism enabling cells to interact with their environment.

It describes the mechanism mediating the internalisation of nutrients and signals from

the extracellular space and regulation of plasma membrane receptors levels or plasma

membrane turnover. Cargo is internalised by formation of membrane invaginations,

which are eventually budding from the plasma membrane as vesicles. Endocytic cargo

is defined as extracellular molecules, transmembrane proteins or ligand-receptor com-

plexes: transmembrane proteins, like receptors which, upon ligand binding, traffic to

the lysosome (such as epithelial growth factor receptor) or ligands binding to receptors

which are recycled (such as transferrin receptor). Internalised cargo is then either sent

to the lysosomal compartment for degradation or back to the plasma membrane for recy-

cling of their cargo (reviewed in Robinson, 2004; Naslavsky & Caplan, 2018). Different

forms of endocytosis, namely receptor-mediated and -independent endocytosis, exist.

Receptor-mediated endocytosis is an efficient and highly controlled endocytic pathway

relying on membrane-embedded proteins cycling from one intracellular organelle to an-

other, allowing for distinct trafficking pathways of internalised cargoes (Goldstein et al.,

1979).
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1.1 Endocytosis

1.1.1 Clathrin-mediated endocytosis (CME)

Clathrin-mediated endocytos Clathrin was first observed in electron microscopy

images in 1964, and later described as required for intracellular transport, forming

a coat around budding membrane vesicles (Roth & Porter 1964; Pearse 1976, see

Fig.1.1.1). To date, Clathrin-mediated endocytosis (CME) is the best characterised

endocytic has been described in many excellent reviews (Robinson, 2015; Kaksonen &

Roux, 2018; Mettlen et al., 2018): Upon formation of a nucleation module at PI(4,5)P2

lipid-containing plasma membrane regions by BAR domain-containing proteins, AP2 is

recruited and recruits itself Clathrin heavy and light chain, which assemble in a coat of

pentagons and hexagons around the nascent vesicle. CME occurs over a timecourse

of minutes, is constitutive and, constituting the major endocytic pathway in eukaryotic

cells, is involved in maintenance of many house-keeping functions (Schmid, 1997;

Bitsikas et al., 2014; Loerke et al., 2009). It contributes to at least 50% of total endocytic

activity; and can turn over membrane areas equivalent to the entire surface of the cell

within one hour (Boucrot & Kirchhausen, 2007; Bitsikas et al., 2014). Characteristic

cargoes of CME are transferrin receptor (TfR), LDL receptor (LDLR) and EGF receptor

(EGFR) and their cognate ligands (Anderson et al., 1977; Pearse, 1982; Hanover et al.,

1984; Jing et al., 1990). This busy endocytic pathway regulates a whole range of

different functions important for cellular survival and interaction with the environment:

nutrient uptake, cell signalling and growth promotion, which will be described in more

detail in this section.

1.1.1.1 Molecular mechanism of CME

CME has been extensively studied over decades and its mechanism has been de-

scribed in both mammalian cells (reviewed in Doherty & McMahon, 2009; Taylor et al.,

2011) and yeast (reviewed in Payne, 1990; Boettner et al., 2012; Kaksonen & Roux,

2018). Rather than being a sequential process, it is facilitated by of a network of inter-

acting proteins. The mechanism of CME was defined by McMahon & Boucrot, 2011 in

a five step process:
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1.1 Endocytosis

Figure 1.1.1: Electron microscopy images of Clathrin-coated membranes and pits
Clathrin polymerisation occurs at multiple stages of membrane bending, ranging from polymerisation on
almost flat plasma membrane (a) and ending with Clathrin-coated pits (f). Adapted and modified from
Heuser (1980).

Formation of a nucleation module In a first step, a putative nucleation module is

formed by membrane-binding proteins, among others Fer/Cip4 homology domain only 1

and 2 (FCHo1 and FCHo2) in mammals, Syp1 and Ede1 in yeast (Stimpson et al., 2009;

Henne et al., 2010). The F-BAR (FCH-Bin/Amphiphysin/Rvs) domain of FCHo2 has a

high affinity for low membrane curvatures, EGFR pathway substrate 15 (EPS15) and

intersectins as scaffolding and clustering components (Reider et al., 2009). FCHo1/2,

EPS15 and intersectins assemble at the plasma membrane and mark the site to which

further proteins of the Clathrin machinery will be recruited to form Clathrin-coated pits

(CCPs) (Stimpson et al., 2009; Reider et al., 2009; Henne et al., 2010). It is proposed

that this occurs by pre-complex formation of FCHo2 and EPS15, which recruits the

adaptor protein complex 2 (AP2) (Ma et al., 2016).

Cargo selection by adaptor proteins and CCP stabilisation Many cargo adaptors

exist to mediate trafficking of Clathrin coated pits, of which the adaptor protein complex 2

(AP2) mediates endocytosis (Robinson, 2004). The affinity of AP2 for the plasma mem-

brane lipid PI(4,5)P2 ensures that the endocytic process takes place at the cell surface

(Beck & Keen, 1991; West et al., 1997; Jost et al., 1998). Plasma membrane binding
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1.1 Endocytosis

Figure 1.1.2: Multiple stages of CME
EAPs - Early arriving proteins. From Mettlen et al. (2018).

of AP2 is stabilised by its interaction with FCHo1/2 or the vertebrate ortholog SH3-

containing GRB2-like protein 3-interacting protein (SGIP), which activate it by phospho-

rylation at the µ2 subunit, triggering an extended conformation (Hollopeter et al., 2014;

Umasankar et al., 2014). It is an essential component in CME for CME of transferrin

and partakes in EGF and LDL uptake (Motley et al., 2003; Boucrot et al., 2010). Serv-

ing as major hub at the heart of the Clathrin coated pit it links the plasma membrane

to accessory proteins, cargo-binding proteins and Clathrin (Boucrot et al., 2010; Kelly

et al., 2014).

AP2 is a heterotetrameric complex. It consists of a trunk region containing one µ2 and

one σ2 subunit and two flexible “hinge” regions connecting one large α-adaptin trunk

and one large β2 trunk (“appendage ears”) with the small µ2 and σ2 subunits (Zaremba

& Keen, 1985; Kirchhausen et al., 1989). Plasma membrane-binding is mediated by

the α and µ2 domain (Gaidarov et al., 1996; Rohde et al., 2002) and the functions of

α and µ2 subunit appear to be partially redundant (Motley et al., 2006). In addition to

membrane-binding, the µ2 subunit interacts with a hydrophobic tyrosine-based translo-

cation motif of integral membrane proteins (Ohno et al., 1995; Owen & Evans, 1998),

such as EGFR and TfR (Nesterov et al., 1999). In early endocytic stages, the µ2 subunit

can interact with FCHo1/2 proteins, which allosterically trigger an open AP2 conforma-

tion (Hollopeter et al., 2014). Clathrin assembly then triggers phosphorylation of the

µ2 by (adaptor- associated kinase 1 (AAK1), which stabilises its open conformation to
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1.1 Endocytosis

support further cargo recruitment (Ricotta et al., 2002; Conner et al., 2003). An open

AP2 conformation is proposed to stabilise it at the plasma membrane and facilitate it s

phosphorylation by AAK1 (Hollopeter et al., 2014). The σ2 and α domain of AP2 can

bind acidic dileucine motifs, marking transmembrane cargo for endocytosis (Kelly et al.,

2008). The α- and β2-adaptin appendages have two ligand binding sites. These are,

based on their structure, referred to as platform subdomain and beta-sandwich sub-

domain (Owen et al., 1999; Brett et al., 2002). The two subdomains allow for binding

of multiple proteins at the same time. These proteins often exhibit multiple copies of

a binding motif, located in regions that do not have a predicted secondary structure

(Kalthoff et al., 2002; Mills et al., 2003; Praefcke et al., 2004).

The α-adaptin subunit ensures positioning of AP2 at the plasma membrane by bind-

ing to PI(4,5)P2 with its N-terminal domain (Gaidarov et al., 1996; Collins et al., 2002).

α-adaptin binds to AP180 (in neurons) and Epsin1 (Traub et al., 1999), which them-

selves can also interact with membrane phosphatidylinositol head groups (Itoh, 2001;

Mao et al., 2001; Ford et al., 2001). Further binding partners comprise Eps15, Dis-

abled 2 (Dab2), synaptojanin, arrestins, Cyclin G-associated protein kinase (GAK) and

its neuronal equivalent Auxilin, and Amphiphysin (Traub et al., 1999; Umeda et al., 2000;

Haffner et al., 2000; Praefcke et al., 2004). The latter is involved in dynamin recruitment

for vesicle scission in late stages of CME (Shupliakov et al., 1997; Wigge et al., 1997b;

Owen et al., 1999). The β2 appendage binds to a subset of ligands that also interact

with the α-adaptin ear: Eps15, Epsin, Dab2 and AP180 (Schmid et al., 2006). In ad-

dition, it binds to Sorting-nexin (SNX) 9, Heat shock cognate 70 (Hsc70), Intersectin 1

and a number of other proteins (Lundmark & Carlsson, 2003; Schmid et al., 2006).

Further Clathrin-associated sorting proteins serve as cargo-specific adaptors for CME:

Dab2 recruits megalin and LDLR (Nagai et al., 2005; Maurer & Cooper, 2006) and asso-

ciates with β1-integrin (Prunier & Howe, 2005; Teckchandani et al., 2012), linking cargo

to AP2 (Mishra et al., 2004). Numb is an endocytic adaptor for β1-integrin and links it to

AP2 (Santolini et al., 2000). Epsin is an adaptor for monoubiquitylated receptors (Shih

et al., 2002; Sorkina et al., 2006) and Arrestins for β2-adrenergic receptor (Goodman

et al., 1996). Other proteins in the Clathrin coat assembly comprise lipid phosphatases

and kinases, promoting adaptor activation and vesicle maturation (reviewed in Mettlen

et al., 2018).

24



1.1 Endocytosis

Clathrin coat assembly Whereas α-adaptin binds Clathrin only weakly, the β2 sub-

unit, together with the hinge region, has high affinity for the N-terminal domain of

Clathrin (Murphy & Keen, 1992; Owen et al., 2000). Dephosphorylation of the beta hinge

and high concentrations of Clathrin at the plasma membrane enable binding of Clathrin

triskelia (Morris et al., 1990; Smith et al., 1998). Clathrin has two separate binding sites

for β2-adaptin (Murphy & Keen, 1992; Owen et al., 2000; Miele et al., 2004), allow-

ing for proper orientation of Clathrin monomers and the formation of a Clathrin lattice.

By self-polymerisation, Clathrin displaces accessory proteins bound to AP2. AP180 and

EPS15 are removed to Clathrin-free locations in the Clathrin-coated pit (CCP) by directly

interacting with Clathrin (Tebar et al., 1996; Cupers et al., 1998; Hao et al., 1999) and

Epsin is restricted to the edges of the CCP (Drake et al., 2000; Sochacki et al., 2017).

Complex formation of AP2, Clathrin and accessory proteins ameliorates Clathrin as-

sembly and contributes to the regulation of lattice formation (Hao et al., 1999). Clathrin

triskelia recruited from the cytosol polymerise in pentagons and hexagons at sites of the

adaptor proteins (Kanaseki & Kadota, 1969; Crowther et al., 1976; reviewed in Kirch-

hausen, 2009). Clathrin heavy chains (CHC) form the structural backbone of the coat

surrounding nascent vesicles. They can be bound by Clathrin light chains (CLC), which

provide further stability to the lattice and can regulate CHC polymerisation by inhibit-

ing their spontaneous assembly (Ungewickell & Ungewickell, 1991; Liu et al., 1995).

However, the presence of CLC does not appear to be crucial for CHC assembly in

mammalian cells, as heavy chains can polymerise independently of CLC in the pres-

ence of AP180, AP2 and auxilin (Lindner & Ungewickell, 1991) and CME ligands are still

internalised when CLC is knocked down (Acton et al., 1993; Huang et al., 2004). CLC

appear to have a more important role in endocytic cargo selection (Wu et al., 2016) and

Clathrin-dependent trafficking between trans-Golgi network and endosomes (Poupon

et al., 2008; Dannhauser et al., 2015).

Many hypotheses exist for the role of the Clathrin coat in CME. It was proposed to

stabilise nascent vesicle (Ehrlich et al., 2004), because does not contribute to mem-

brane bending and vesicle shaping (Avinoam et al., 2015). CHCs bind to the flexible

regions of most of the adaptor proteins (Murphy & Keen, 1992; Owen et al., 2000) and

the generated force of polymerisation would not be strong enough to bend the mem-

brane (Dannhauser et al., 2015). Instead, membrane deformation is proposed to be
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induced by proteins containing membrane-bending domains like FCHo proteins (Henne

et al., 2010) and Epsin (Ford et al., 2002). Without an already existing membrane cur-

vature, Clathrin would most likely polymerise in a flat lattice, with its triskelia arranged

in hexagons (Heuser, 1980; Saffarian et al., 2009; Grove et al., 2014). A recent model

combines all hypotheses and describes that Clathrin intially assembles in flat lattices

and starts to deform when 70 % of the final Clathrin content required for vesicle coating

is required. The inition of curvature depends on a change of the AP2 to Clathrin ratio

and on membrane tension (Bucher et al., 2018).

Scission of the nascent vesicle Following Clathrin coating, membrane-sculpting

BAR domain proteins (Peter et al., 2004; Ferguson et al., 2009) like endophilin

(Sundborger et al., 2011), amphiphysin (Wigge et al., 1997a; Peter et al., 2004) and

SNX9 (Lundmark & Carlsson, 2003) assemble at the neck of the Clathrin coated pits.

BAR domain proteins often form dimers and, in this formation, have a high affinity for

curved membrane, like the one present at the neck of CCPs (Habermann, 2004). They

furthermore exhibit membrane tubulating properties, being able to stretch the neck

even further and prepare it for scission by dynamin (Wigge et al., 1997a; Ferguson

et al., 2009; Sundborger et al., 2011). Amphiphysin, SNX9 and/or intersectins then

recruit dynamin, whose proline-rich domain interacts with the recruiting proteins’ Src

homology 3 (SH3) domains (Wigge et al., 1997a; Shupliakov et al., 1997; Lundmark &

Carlsson, 2004; Ferguson et al., 2009; Knezevic et al., 2011). SH3 domain proteins

furthermore generate the high membrane curvature required for binding of dynamin

(Neumann & Schmid, 2013). Dynamin is present at the nascent vesicle in low levels

where it is believed to be involved in the formation of a regulatory endocytic checkpoint

(Taylor et al., 2012; Aguet et al., 2013; Reis et al., 2015). During scission initiation,

it is recruited in a burst to the vesicle neck to form a scission apparatus (reviewed in

Ferguson & De Camilli, 2012; Mettlen et al., 2018). The large GTPase dynamin is a

mechanoenzyme which drives GTP-dependent fission of the CCP from the plasma

membrane (Sweitzer & Hinshaw, 1998). Dynamin polymerises in rings around the neck

of CCPs in a manner that seems to constrict the budding vesicle (Hinshaw & Schmid,

1995; Shnyrova et al., 2013). GTP hydrolysis triggers a concerted conformational

change that closes the dynamin rings and separates the vesicle from the plasma

membrane (Sweitzer & Hinshaw, 1998; Stowell et al., 1999; Roux et al., 2006; Liu
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et al., 2013). Chappie et al. identified molecular interactions of dynamin domains which

cause, what they referred to as, a hydrolysis-dependent powerstroke (Chappie et al.,

2011). In the absence of dynamin or with its activity blocked, vesicle formation would

halt and the membrane-sculpting activity of BAR domain proteins results in the tubular

elongation of the necks of vesicles connected to the plasma membrane (van der Bliek

et al., 1993; Macia et al., 2006; Ferguson et al., 2009). This marks dynamin as a crucial

component in CME, which is required for vesicle fission and endocytosis progression.

Uncoating and recycling of Clathrin components Before pinched-off vesicles can

fuse with their target endosomes, they must be relieved of the Clathrin coat. The un-

coating process is mediated by the chaperone protein Hsc70 and its cofactor GAK (or

auxilin in neuronal tissue). Hsc70 is an ATPase which, in concertation with its cofactor,

assists in Clathrin-coated vesicle (CCV, Schlossman et al., 1984; Ungewickell et al.,

1995) uncoating. While dynamin constricts the neck of the vesicle, GAK/auxilin is re-

cruited in a sudden burst and binds with high affinity to the Clathrin lattice (Massol

et al., 2006; Taylor et al., 2011). The burst of GAK/auxilin marks the onset of vesicle

uncoating and GAK/auxilin presence seems to be essential for Clathrin lattice disas-

sembly (Greener et al., 2000; Taylor et al., 2011). A role for auxilin was also found

in non-neuronal cells, whereby it prevents nonproductive CCV-assembly (Hirst et al.,

2008). GTP-bound dynamin interacts with auxilin/GAK and may thereby contribute to

its recruitment (Newmyer et al., 2003). It is, however, more plausible that GAK/auxilin

recruitment depends on its phospholipid-binding catalytically inactive PTEN domain,

which is homolog to the PI(3,4,5,)P3- and PI(3,4)P2-specific 3-phosphatase domain

of phosphatase and tensin homolog (PTEN, Lee et al., 2006). The PTEN domain

can interact with PI(3)P and PI(3,4)P2, which are late stage endocytic intermediates.

5-phosphatases such as synaptojanin and OCRL (Lowe oculocerebrorenal syndrome

protein) and class II phosphatidylinositol-3-kinase C2α (PI(3)KC2α) contribute to the

maturation of coated vesicles by hydrolysing PI(4,5)P2. Newly formed vesicles with

PI(3)P and PI(3,4)P2, are recognised by the PTEN domain of GAK/auxilin and may

contribute to the burst of the co-chaperone (reviewed in Posor et al., 2015). The pre-

cise mechanism of PI(4)P to PI(3)P and PI(3,4)P2 modification, however, still needs to

be defined and mapped, as it was recently observed that PI(4)P and PI(3)P production

might only occur after vesicle scission (He et al., 2017). Polymerised dynamin at the
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vesicle neck serves as a diffusion barrier for the modified phosphatidylinositols, which

accumulate at the vesicle membrane until they reach the necessary concentration re-

quired for GAK/auxilin recruitment. GAK/auxilin then recruits Hsc70 and the GAK/auxilin

J-domain stimulates the Hsc70 ATPase, thereby mediating the dissociation of Clathrin

in an ATP-dependent manner and uncoating the vesicle (Umeda et al., 2000). The

nascent vesicle, matured to an early endosome by phospholipid modification executed

by the lipid phosphatases synaptojanin and OCRL (Haffner et al., 2000), fuses with

other early endosomes and/or is processed by further phosphatases, determining the

destination of its trafficking pathway (reviewed in Posor et al., 2015).

Clathrin-mediated endocytosis is a hub-centrically organised process, characterised by

dynamic instability. Rapid exchange of Clathrin triskelia during coat assembly is ac-

companied by a constantly changing network of proteins with low-affinity interactions

(Aguet et al., 2013; Avinoam et al., 2015). It is these characteristics, however, that lead

to stability of the network while providing fidelity and flexibility (reviewed in Schmid &

McMahon, 2007).

While the molecular mechanism of CME is partly well resolved, a general regulation of

CME activity has not yet been discovered. It was suggested that casein kinase 1 (CK1)

yeast homologue, Hrr25, is involved in initiation of CME in yeast. Hrr25 phosphorylates

and activates Ede1, the yeast homologue of Eps15 which binds to FCHo2, during the

formation of the putative nucleation module in early phases of CME (Peng et al., 2014).

CME appears to be regulated at multiple stages, as was summarised by Mettlen et al.

(2018).

1.1.1.2 Role of actin in CME

Actin polymerisation is required in multiple endocytic processes, where it is involved

in varying steps (Hinze & Boucrot, 2018). It is crucial for CME in yeast to overcome

outward-directed turgor pressure and bend the stiff, ergosterol-rich membrane (Kübler

& Riezman, 1993; Kaksonen et al., 2005; Goode et al., 2014). In mammalian cells, how-

ever, CME at dorsal and ventral cell surfaces does not depend on actin (Boulant et al.,

2011), whereas at areas of high membrane tensions, such as at apical or adherent sur-

faces or in mitotic cells, forces generated by actin polymerisation are required (Boulant

et al., 2011; Tacheva-Grigorova et al., 2013; Kaur et al., 2014)
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Actin involvement in CCP formation in mammals Little is known about actin in-

volvement in initial stages of CME in mammalian cells. When early arriving proteins

Fcho1/2 are excluded from forming CCPs, levels of N-WASP, Arp2/3, actin and Syn-

dapin 2 are increasing (Taylor et al., 2011; Henne et al., 2010). Intersectins 1 and 2

are guanine-nucleotide exchange factors (GEFs) for the Rho family GTPase Cdc42

(Hussain et al., 2001; Novokhatska et al., 2011) but can also inhibit Cdc42 GTPase-

activating proteins (GAPs) (Primeau et al., 2011) (Fig.1.1.3a). Active Cdc42 intere-

acts with the BAR domain proteins FBP17, CIP4 and TOCA, which have an activating

function towards the nucleation-promoting factor Wiskott–Aldrich syndrome protein (N-

WASP) (Giuliani et al., 2009; Watson et al., 2016). Activated N-WASP is required for

ARP2/3-dependent formation of branched actin networks (Takenawa & Suetsugu, 2007;

Rotty et al., 2013). Since FBP17, CIP4 and TOCA are mainly detected after vesicle scis-

sion, it is likely that they activate actin-polymerisation propulsing budded CCVs (Taylor

et al., 2011). While Hip1/R arrive during early steps of CCP formation and can bind

actin, they do not promote actin polymerisation during that stage (Sochacki et al., 2017;

Engqvist-Goldstein et al., 2004). Instead, they mediate assotiation of the cytoskeleton

to the neck of budding CCPs (Kaksonen et al., 2003; Henry, 2002; Engqvist-Goldstein

et al., 2004). Upon Clathrin binding, Hip1/R undergoes a conformational change which

prevents its actin binding (Chen & Brodsky, 2005; Wilbur et al., 2008). Additionally,

Hip1R inhibits local actin assembly by association with Cortactin and blocking elonga-

tion of barbed actin filament ends (Engqvist-Goldstein et al., 2004; Brady et al., 2010;

Le Clainche et al., 2007). During CCP formation in mammalian cells, actin polymerisa-

tion is thus restricted to the Clathrin-free area at the rim and neck of nascent vesicles

by Hip1/R association with the Clathrin-coat (Fig.1.1.3b) (Wilbur et al., 2008; Boettner

et al., 2011).

Actin support in late stage CCP formation and vesicle scission During late stages

of CME, the vesicle neck is constricted by the BAR domains of Amphiphysin, Endophilin

and SNX9 and assisted by their ENTH-domain-mediated recruitment of N-WASP, induc-

ing local actin polymerisation (Fig.1.1.3c) (Ferguson et al., 2009; Messa et al., 2014;

Gallop et al., 2013; Schöneberg et al., 2017). Amphiphysin, Endophilin and SNX9 fur-

thermore recruit and concentrate Dynamin at the vesicle neck (Merrifield et al., 2005;

Collins et al., 2011). There, Dynamin assembles into ring-like structures, which catal-
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Figure 1.1.3: Local actin polymerisation during CME
From Hinze & Boucrot (2018).

yse GTP-hydrolysis-mediated vesicle scission (Fig.1.1.3c) (Taylor et al., 2012; Antonny

et al., 2016). Short, gelsolin-capped actin filaments facilitate Dynamin polymerisation

which results in a feedback loop by enhancing Dynamin’s GTPase activity, which in

turn removes gelsolin from barbed actin ends to allow F-actin filament elongation (Gu

et al., 2010, 2014; Grassart et al., 2014). F-actin polymerisation in turn stimulates actin-

related protein 2/3 (Arp2/3)-dependent Dynamin binding to Cortactin, allowing for local

remodeling of the actin cytoskeleton by Dynamin (Merrifield et al., 2005; Mooren et al.,

2009). Unconventional type I Myosin motors, such as Myosin 1E and VI in mammals,

pull the nascent vesicle away from the plasma membrane to form CCPs (Fig.1.1.3d)

(Spudich et al., 2007; Taylor et al., 2011).

1.1.1.3 FCHo proteins as nucleators of CME

Structure Extended Fer/Cip4 homology domain only (FCHo) 1/2 proteins belong to

the family of EFC (extended FCH) or F-BAR domain proteins (Henne et al., 2007). The

first characterisation of FCHo2, which has homologues among mammalian species,

Drosophila and Caenorhabditis, was performed in situ (Katoh & Katoh, 2004). SGIP1α,

a membrane binding and sculpting molecule in neuronal tissue, exhibits some degree

of homology with FCHo2 (Fig.1.1.4A; Uezu et al., 2007). FCHo2 is ubiquitously ex-

pressed, whereas FCHo1 is mainly found in brain and spleen tissue, having a lower ex-

pression level than its homolog FCHo2 (Uezu et al., 2011). FCHo1 can bind to SNARE
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protein adaptors, a feature not exhibited by FCHo2, indicating tissue-specific differences

in the function of the two proteins (Pryor et al., 2008).

Figure 1.1.4: Structure of FCHo1/2 proteins
A: Domain organization of the FCHO family members. Percentages shown indicate identical amino
acids. From Uezu et al. (2011). B: Banana-shaped FCHo2 dimer structure with highlighted α-helices
and FCH domain in grey. From Henne et al. (2007).

FCHo2 binds to phosphatidylserines and phosphatidylinositols at the plasma membrane

via its N-terminal F-BAR domain, as has been shown for other F-BAR proteins (Itoh

et al., 2005; Tsujita et al., 2006; Henne et al., 2007; Uezu et al., 2011). Membrane

binding occurs via antiparallel dimerisation of two FCHo2 monomers, forming an ac-

tive F-BAR module (Henne et al., 2007; Yu & Schulten, 2013). As a dimer, FCHo2

has a banana-shaped structure with an arc depth that is smaller than that of related

BAR domain proteins (Fig.1.1.4B) (Itoh et al., 2005; Henne et al., 2007). Dimerisation

hides hydrophobic regions and reveals a positively charged inner surface, which medi-

ates binding of FCHo2 to negatively charged, curved membranes (Henne et al., 2007;

Uezu et al., 2011). Sensing membrane curvature upon dimerisation and formation of

a membrane-binding region with intrinsic curvature is a common feature among F-BAR

and other BAR domain proteins (Peter et al., 2004; Itoh et al., 2005; Henne et al., 2007).

BAR domain proteins, like amphiphysin, can sense high membrane curvatures (Peter

et al., 2004). The more shallow concave surface of F-BAR proteins, like FCHo2, allows

for sensing of and binding to membranes of lower curvature (Henne et al., 2007).

F-BAR domain proteins have been shown to have a membrane tubulating activity upon

membrane binding (Itoh et al., 2005; Tsujita et al., 2006). Membrane sculpting activity

induces a higher degree of membrane deformation and stabilises membrane curvature.
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FCHo1/2 might therefore play a role in the formation of a nucleation module in endo-

cytosis (Henne et al., 2010). Dimerisation allows for the presentation of the flanking

domains to the cytosol, and their interaction with other proteins (Henne et al., 2007).

The middle region and C-terminal AP2-µ homology domain (µHD) of FCHo1/2 are not

conserved, but exhibit a small degree of homology with SGIP1α (Uezu et al., 2011).

Their function remains to be discovered, but it is suggested that the central region inter-

acts with AP2 (Umasankar et al., 2012; Hollopeter et al., 2014; Umasankar et al., 2014)

and that the µHD binds adaptor proteins of the Clathrin machinery (Henne et al., 2010;

Uezu et al., 2011).

Function of FCHo1/2 in CME The initiation of CME requires nucleation sites, which

are marked by induced, and maintained, membrane curvature (Motley et al., 2003;

Nunez et al., 2011). FCHo1/2 has high affinity for PI(4,5)P2 and is recruited to the

plasma membrane before the arrival of AP2 (Henne et al., 2010; Uezu et al., 2011;

Taylor et al., 2011). FCHo1/2 also serves as an allosteric activator of AP2 via its cen-

tral linker region, as it has been shown that an open structure of AP2 could bypass

the requirement for FCHo proteins (Umasankar et al., 2012; Hollopeter et al., 2014;

Umasankar et al., 2014). A closed conformation of AP2 prevents its binding to the mem-

brane and adaptor proteins (Collins et al., 2002). FCHo1/2 stabilises AP2 and assures

the formation of CCPs with long life spans (Henne et al., 2010; Cocucci et al., 2012).

Down regulation of FCHo1/2 drastically decreases the number of endocytic events and

detectable AP2 at the plasma membrane, whereas its overexpression increases CCP

nucleation events and CME activity (Henne et al., 2010; Cocucci et al., 2012). FCHo1/2

thus serves as an initial stabilising factor for the development of minimal AP2-Clathrin

complexes into pits at the membrane (Henne et al., 2010). The µHD domain of FCHo2

can furthermore interact with the LDLR adaptor Dab2 (Mulkearns & Cooper, 2012). By

this interaction, Dab2 may even serve as an AP2 substitute in events of low AP2 con-

centrations (Mulkearns & Cooper, 2012). Similar to the C-terminal domain of the neural

homolog SGIP1α, the µHD domain can interact with Eps15 and intersectins, which are

also involved in the formation of a nucleation module of CME (Uezu et al., 2007; Henne

et al., 2010; Uezu et al., 2011).
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The early binding of FCHo1/2 to nucleation sites and its recruitment of accessory pro-

teins, like Eps15, Dab2 and AP2 make it a suitable candidate for the initiation of CME.

These interactions trigger clustering of FCHo1/2 into patches, which can introduce pos-

itive plasma membrane curvature (Henne et al., 2010; Uezu et al., 2011).

1.1.1.4 Cargoes and cellular functions of CME

CME controls a variety of cellular functions, ranging from nutrient uptake to signalling,

thereby regulating cell growth, proliferation, development, chemotaxis and differenti-

ation, to the regulation of transporters and synaptic signal transduction (reviewed in

Sorkin & von Zastrow, 2009; Scita & Di Fiore, 2010; Haucke et al., 2011; McMahon &

Boucrot, 2011).

Ligand internalisation assays of transferrin, epithelial growth factor (EGF) and low den-

sity lipoprotein (LDL) have been widely applied to study the mechanism of CME (Ander-

son et al., 1977; Pearse, 1982; Hanover et al., 1984; Jing et al., 1990). It was initially

believed that endocytosis would mainly serve the supply of nutrients. This holds true

for the uptake of iron and cholesterol, which are carried by transferrin and LDL, respec-

tively. TfR and LDLR are constitutively trafficking through CME (Anderson et al., 1977;

Goldstein et al., 1985). The receptors are internalised and recycled back to the cell

surface independently of binding to a substrate. Whereas transferrin interacts directly

with the Clathrin machinery, LDLR recruitment requires cargo-specific adaptor proteins,

such as Dab2 and ARH59 (Keyel, 2006). Binding of EGF receptor to its cognate ligand

triggers its dimerisation (Yarden & Schlessinger, 1987a) and activation of its tyrosine

kinase domain with subsequent autophosphorylation (Yarden & Schlessinger, 1987b;

Honegger et al., 1989, 1990). The multimerised and phosphorylated receptor tail is

recognised by the adaptor proteins Grb2 (Lowenstein et al., 1992; Kozer et al., 2014)

and CALM (Huang et al., 2004), which mediate its recruitment to the Clathrin machin-

ery (Huang et al., 2004). The dimerised receptor furthermore recruits many signalling

pathway components to the phosphorylation sites and activates conserved pathways

like MAP kinase pathway as well as Ras and calcium signalling (reviewed in Disanza

et al., 2009; Sigismund et al., 2012). Another example of CME involved in signalling are

G-protein coupled receptors (GPCRs). Binding to its cognate ligand causes a conforma-

tional change of the receptor, whereupon it is recruited to CCPs by adaptors. The GPCR
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β2-adrenergic receptor requires β-arrestin, upon binding its cognate ligand adrenaline,

for recruitment to the Clathrin machinery (Ferguson et al., 1996). Once receptor and

cargo are internalised, they dissociate from their ligands and are either recycled back to

the cell surface or traffic to the lysosome for degradation (reviewed in Luzio et al., 2009).

The main role of CME in signal transduction is the termination of the signal by removing

the activated receptor from the cell surface (Sorkin & von Zastrow, 2009; Vanneste &

Friml, 2009). Signalling termination is important in the canonical Wnt signalling pathway,

where Frizzled is internalised via CME upon binding Wnt ligands, and degraded in the

lysosomal compartment (Yu et al., 2007). CME, however, also mediates signalling am-

plification, and under the condition of low ligand concentration, sustains the signalling

by initiating recycling of receptors back to the cell surface (Sorkin & von Zastrow, 2009;

Vanneste & Friml, 2009). These examples demonstrate that CME is highly involved in

cellular signalling processes in non-synaptic cells, where it regulates vital functions like

development, cell fate and immune response (reviewed in Sorkin & von Zastrow, 2009;

McMahon & Boucrot, 2011). Therefore, impaired CME results in severe diseases, such

as cancer, neurodegenerative and lysosomal storage diseases (reviewed in McMahon

& Boucrot, 2011).

CME plays an important role for signal transmission in synapses (reviewed in Maritzen &

Haucke, 2017; Watanabe et al., 2018a). Highly active pre-synapses contain thousands

of vesicles. After exocytosis, these need to be efficiently recycled for further turns of

signal transmissions (Heuser & Reese, 1973; Nonet et al., 1999). The regulation of

size (Nonet et al., 1999) and composition of synaptic vesicles is also highly dependent

on CME and allows for synaptic plasma membrane homeostasis (Bazinet et al., 1993;

Dittman & Kaplan, 2006).

1.1.2 Clathrin-independent endocytic pathways

1.1.2.1 Macropinocytosis

First described by Lewis (1931), macropinocytosis, also called fluid-phase uptake, is a

receptor-independent endocytic pathway allowing for internalisation of large quantities

of extracellular fluid and rapid plasma membrane remodelling (Buckley & King, 2017).

Macropinocytosis relies on intensive actin polymerisation-dependent membrane ruffling
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initiated by Ras- or receptor tyrosine kinase signalling (West et al., 1989; Bryant et al.,

2007; Amyere et al., 2000). Membrane protrusion extend from the cell and fold back

upon themselves, forming large (> 0.5 µm) endocytic carriers (Kerr et al., 2006; Buckley

& King, 2017). The size of macropinocytic vesicles is the best characteristic to describe

macropinocytosis, because to date no specific marker has been found for this path-

way. Macropinocytosis initiation differs greatly from early stages of receptor-mediated

endocytosis, where receptor molecules are recruited to pits at the plasma membrane.

Macropinosomes form in response to receptor tyrosine kinase activation (such as EGFR

and platelet-derived growth factor receptor (PDGFR)). Tyrosine kinase activation leads

to an increased polymerisation and rearrangement of actin at the plasma membrane

and a subsequent increase of membrane ruffling (reviewed in Kirkham & Parton, 2005;

Buckley & King, 2017). Macropinosomes migrate towards the centre of the cell, whereby

they acquire markers of late endosomes, such as Rab7 (Racoosin & Swanson, 1993)

and eventually fuse with lysosomes (Lim et al., 2008). In Ras-transformed cancer

cells, macropinocytosis is constitutively active and supplies cells with nutrients, acivating

mammalian target of rapamycin (mTORC) 1 by amino acid signalling from lysosomes,

and stimulating growth (reviewed in Yoshida et al., 2018).

Macropinosomes exhibit a unique feature which distinguishes them from trafficking vesi-

cles formed by other endocytic pathways. The fate of the macropinosome vacuoles dif-

fers dependent on cell type, presumably serving the specific roles of macropinocytosis

in each tissue. Macropinosomes in kidney cells, for example, are targeted towards late

endosomes and lysosomes, whereas A-431 (human epidermoid carcinoma cells) and

NIH-3T3 (mouse embryonic fibroblasts) cells keep them isolated from the endolyso-

somal system, so that they eventually return to and fuse with the plasma membrane

(Hewlett et al., 1994; Schnatwinkel et al., 2004). In lymphocytes, macropinocytosis

serves antigen presentation (reviewed in Liu & Roche, 2015). High levels of constitutive

macropinocytosis can be furthermore observed in dendritic cells and macrophages. In

these cells, macropinocytosis does not depend on Ras- or growth factor receptor sig-

nalling, but is triggered by calcium-sensing receptors (Canton et al., 2016; Bretou et al.,

2017). This way, cells continually screen the external space for foreign, and possi-

bly harmful, material (Norbury, 2006). However, a broad range of pathogens exploits

macropinocytosis to invade cells and avoid detection by the immune system. A num-
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ber of pathogens target the host cell’s lipid metabolism and trigger actin reorganisation

by secreting virulence factors. The ruffles formed in this way fold back on themselves

and enclose the pathogen into a vacuole. Once bound to the surface of epithelial cells,

pathogens employ specifically developed apparatuses, the type III/IV secretion systems,

to translocate virulence proteins across the plasma membrane into the host cell’s cyto-

plasm. Examples for this mechanism are Salmonella (Haraga et al., 2008), Legionella

(Shin & Roy, 2008) and Shigella (Schroeder & Hilbi, 2008). Other pathogens, like My-

cobacterium, are able to induce macropinosome formation, but do not rely on a bacterial

secretion system (García-Pérez et al., 2008).

Even though macropinocytosis can be a potential risk for infection with pathogens, it is

crucial for the survival of the cell, particularly for cancer cells which rely on vast supply

of nutrients to sustain their high metabolic activity (Commisso et al., 2013). Studies

have shown that disruption or hyperstimulation of macropinocytosis by pharmacological

or genetic manipulations leads to formation of enlarged cytoplasmic vacuoles, which

can cause a form of non-apoptotic cell death (“methuosis”, from Greek methuo: to drink

to intoxication, Overmeyer et al. 2008). Methuosis was triggered either by overexpres-

sion of constitutively active Ras (Overmeyer et al., 2008; Bhanot et al., 2010) or deliv-

ery of small molecules, which induce vacuolisation, originating in the macropinosome

(Overmeyer et al., 2011; Robinson et al., 2012). Disruption of macropinocytosis could

been shown only in vitro and it remains unclear whether methuosis would occur in vivo.

Nonetheless, the examples above show that macropinocytosis is a complex process

that requires strict regulations in order to allow for cell survival and functionality.

1.1.2.2 Caveolin-mediated endocytosis

Caveolae (which stands for “little caves”) are described as flask or crater shaped plasma

membrane pits and comprise, with a diameter of 60-80 nm (reviewed in Stan, 2005;

Schlörmann et al., 2010), a smaller volume than CCVs. They have been observed in a

variety of mammalian cell types and highly enriched in endothelial cells, myocytes and

adipocytes, and are involved in endocytosis, transcytosis, exocytosis, mechanosensing

and signalling (reviewed in Parton & Simons, 2007; Parton & del Pozo, 2013). Caveolae

were also reported to mediate pathogen infection (Branza-Nichita et al., 2012). Caveo-

lae are formed by Caveolins 1-3 (caveolin 3 in muscle cells; Scherer, 1996) (Rothberg
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et al., 1992). Caveolins are integral membrane proteins inserted into cholesterol-rich

membrane patches by a hydrophobic hairpin domain (Murata et al., 1995; Ariotti et al.,

2015). Therefore, the caveolin-dependent pathway appeared to be related to pathways

involving lipid raft domains. These are characterized by membrane lipid reorganisa-

tion, i. e. clustering special kinds of lipids and cholesterol which can lead to membrane

bending (Bacia et al., 2005). Other lipid raft-dependent pathways show, however, no

evidence for the abundance of caveolin or caveolae and a complex structural and sig-

nalling machinery as required for caveolin-mediated endocytosis (reviewed in Cheng

et al., 2006). Over the past years it has become evident that caveolins act together

with cavins to form the caveolar pits and regulate their shape (reviewed in Parton & del

Pozo, 2013). Cavin complexes additionally stabilise oligomerised caveolin in pits at the

plasma membrane and stay associated with the budding caveolae (Pelkmans & Zerial,

2005; Hill et al., 2008; Boucrot et al., 2011). Caveolin 1 is synthesized as monomers in

the rough endoplasmic reticulum and matures to oligomers when travelling through the

Golgi apparatus. It subsequently forms high order oligomers in sequestering cholesterol

and travels as an exocytic caveolar carrier to the plasma membrane. Internalisation of

caveolae and their linear organisation at the plasma membrane are stabilised by micro-

tubules and actin fibres of the cytoskeleton (reviewed in Parton & del Pozo, 2013). How

in detail cavin is recruited and how the stabilisation occurs, as well as the function of a

set of further endocytosis regulating factors, is highly discussed and remains to be elu-

cidated. No specific cargo has been discovered for caveolin-mediated endocytosis, and

there is no evidence for caveolae formation at endomembranes of intracellular vesicles

(Parton & del Pozo, 2013). Emerging evidence suggests that caveolin-pits facilitate cell

surface stretching and act as mechanosensors (reviewed in Nassoy & Lamaze, 2012;

Echarri & Del Pozo, 2015). Earlier studies had already hinted at the involvement of

caveolae in membrane stress sensing and mechanotransduction: the number of cave-

olae at the plasma membrane of endothelial cells increases upon applied shear stress,

and caveolae formation has an impact on ERK and Akt signalling and actin remod-

elling (Boyd et al., 2003; Radel & Rizzo, 2005; Yu et al., 2006). In addition, caveolar

invaginations serve as a membrane reserve, allowing for osmotically induced swelling

of cells, and thereby regulate the activation of mechanosensitive ion channels (Parton &

del Pozo, 2013). Mechanosensing and membrane reservoir are important functions for

muscle and adipose tissue, whose cells undergo frequent shape or size changes upon
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contractions, hypertrophy or lipid storage Kozera et al. (2009); Huang et al. (2013);

Lo et al. (2015); Briand et al. (2014). This is reflected by the fact that the absence

of caveolin-mediated endocytosis is responsible for disease phenotypes like muscular

dystrophy and cardiac arrhythmia (Hayashi et al., 2009; Rajab et al., 2010).

1.1.2.3 Clathrin- and caveolin-independent endocytic pathways

With the improvement in sample fixation strategies and the usage of electron mi-

croscopy, many more endocytic pathways have been discovered during the last years.

They can be characterised by specific proteins involved, dynamin-dependence, size,

morphology and kinetics and regulate specific physiological processes such as quick

cell surface receptor removal, response to receptor hyper stimulation or stress hor-

mones (’fight or flight” response), chemotaxis, and membrane retrieval upon exocytosis

at synaptic hormone-containing vesicles (Ferreira & Boucrot, 2018; Watanabe &

Boucrot, 2017; Johannes et al., 2015).

The Clathrin-independent tubovesicular carrier (CLIC)/ glycosylphosphatidylinositol

(GPI-)anchored proteins enriched carriers (GEEC) pathway, glycolipid-lectin (GL-Lect)

endocytosis and internalisation of shiga and cholera toxin rely on extracellular cargo

clustering for membrane deformation (Ferreira & Boucrot, 2018; Johannes et al., 2015).

CLIC/GEEC endocytosis of GPI-anchored proteins relies on GRAF1, Rho-GTPases

and actin polymerisation, but the mechanistical details are not well understood (Lund-

mark et al., 2008). The GL-Lect hypothesis proposes Galectin-3-mediated clustering

of the extracellular domains of glycolipids and glycosylated membrane proteins, driving

inward-directed membrane curvature (Lakshminarayan et al., 2014). In a similar

manner, Shiga and Cholera toxin bind and cluster Gb3 and GM1 glycosphingolipids,

respectively, in the exoplasmic membrane leaflet (Lajoie et al., 2009; Kabbani & Kelly,

2017; Johannes, 2017). In all pathways, actin polymerisation supports carrier formation

(reviewed in Hinze & Boucrot, 2018).

Fast endophilin-mediated endocytosis (FEME) forms tubular carriers and occurs within

seconds upon receptor activation at plasma membrane sites primed with the BAR-

domain protein endophilin, which remains associated with the endocytic cariers upon

budding (Boucrot et al., 2015). Priming is prevalent at the leading edge and is a dynamic

process mediated by FBP17 and CIP4, which recruit SHIP2 and lamellipoding to locally

38



1.2 Proliferative quiescence

generate PI(3,4)P2, resulting in recruitment of Endophilin (Chan Wah Hak et al., 2018).

Endophilin tubulates the cargo-containing membrane region in an actin-dependent man-

ner (Boucrot et al., 2015). Similar to CME, dynamin is required to sever FEME carriers

from the plasma membrane (Boucrot et al., 2015). A subset of FEME-specific cargoes

include Interleukin-2 receptor and a subset of G-protein-coupled receptors and receptor

tyrosine kinases (Boucrot et al., 2015).

The detailed mechanisms for these pathways remain yet to be elucidated, including the

assignment of their specific cargoes and function. There might still be a large num-

ber of unexplored endocytic portals to enter cells, indicated by the variety of receptors

that need to be regulated at the plasma membrane. Discovering these pathways and

defining their mechanisms will be a challenging task for researchers in the future.

1.2 Proliferative quiescence

Continuous exponential proliferation is a state which cannot be maintained endlessly in

nature. Cell proliferation is limited by the abundance of nutrients and space. Therefore,

many cells in the human body as well as in other metazoan organisms and even single

cellular organisms reside in a resting, non-proliferative state (Yao, 2014). However,

the majority of cellular research has been performed on continuously proliferating cells.

Quiescent cells, like stem cells, hepatocytes, dermal fibroblasts, endothelial cells and

lymphocytes, are found in the major tissues of the human adult body, serving tissue

homoeostasis and regeneration (Pol et al., 1998; Brand, 1985; Iyer et al., 1999; Augustin

et al., 2009; Arai et al., 2004; Mira et al., 2010; Pedersen et al., 2014).

Cellular quiescence has already been observed decades ago and has been described

as a proliferative inactive state that cells enter before passing the cell fate determining

restriction point in the G1 phase of the cell cycle (Pardee, 1974, 1989). In contrast to

senescent or terminally differentiated cells, quiescent cells resting in the G0 phase can

reversibly exit the cell cycle upon natural stimuli in their environment, such as growth

factors and intercellular contacts, maintaining the ability to resume proliferation (Coller

et al., 2006). Like the aforementioned proliferative cell states, quiescent cells exhibit

a diploid (2n) genome, down regulated expression of cell cycle-promoting genes like

those coding for cyclins and growth factors (Coller et al., 2006) and are resistant to
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senescence, differentiation and apoptosis (Sang et al., 2008; Mohrin et al., 2010). They

are characterised by low transcriptional activity, which can be shown by low levels of

RNA stained with Pyronin Y (Darzynkiewicz et al., 1980; Shapiro, 1981; Rhee & Bao,

2009), decreased levels of Cyclin D1, which is excluded from the nucleus, (Baldin et al.,

1993; Ruiz-Miró et al., 2011) and absence of Ki67 (Gerdes et al., 1983, 1991). Ki67 is

a proliferation marker present in all stages of the cell cycle except G0 (Gerdes et al.,

1991). Levels of the DNA clamp PCNA (proliferating nuclear antigen) are down regu-

lated during cell quiescence, as DNA replication is arrested (Takasaki et al., 1981; Coller

et al., 2006). More recent observations suggest that the activity of cyclin-dependent ki-

nase 2 (CDK2) is a reliable monitor of cell cycle exit and re-entry, and could serve as

a sensor for the commitment of cells to enter quiescence (Spencer et al., 2013). Upon

passing the restriction point, cells become either committed to complete the cell cycle

independent of growth factors, or enter into the non-proliferative G0 phase (Zetterberg &

Larsson, 1985; Spencer et al., 2013). CDK2, in complex with cyclin E1, phosphorylates

Retinoblastoma protein (Rb; Lundberg & Weinberg, 1998; Ren & Rollins, 2004). Rb is

phosphorylated in multiple steps, first by the CDK4-cyclin D1 complex, which generates

hypophosphorylated Rb, a substrate for phosphorylation by the CDK2-cyclin E1 com-

plex (Kitagawa et al., 1996; Connell-Crowley et al., 1997). Inactive, fully phosphorylated

Rb dissociates from its binding partners, transcription factors of the E2F family, and al-

lows for transcription of genes involved in cell cycle progression and DNA replication

(reviewed in Sears & Nevins, 2002; Stevaux & Dyson, 2002). In quiescence, cells thus

exhibit low levels of cyclin D1 and hypophosphorylated Rb (Baldin et al., 1993; reviewed

in Zhang, 2013). While quiescent cells are often characterised and identified by their

down-regulation of the expression of cell-cycle promoting genes, there is little evidence

for a ubiquitous positive molecular marker. P27(Kip1), a CDK inhibitor, has been re-

ported to block proliferation, prevent apoptosis upon growth factor withdrawal, and the

onset of cellular senescence (Nourse et al., 1994; Ladha et al., 1998; Hiromura et al.,

1999; Coller et al., 2006). Emerging evidence links p27 to maintenance of the stem cell

pool, preventing stem cell proliferation and differentiation (Cheng et al., 2000b; Oesterle

et al., 2011; Stein et al., 2013; Chakkalakal et al., 2014). Along with the cardinal feature

of quiescent cells to resume proliferation after cell cycle arrest, p27 might be a potential

molecular marker discriminating the G0 from terminally differentiated or senescent G1

cell populations.
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First observations of the G0 cell population described this state as inactive in both pro-

liferating activity and metabolism. Later work, however, revealed that the quiescent

state is actively maintained and that quiescent fibroblasts exhibit high metabolic rates

in terms of glucose turnover (Lemons et al., 2010). It was observed that lysosomal and

autophagic activity is increased during quiescence, which might serve maintenance of

energy levels, ensure protein and organelle functionality during stress exposure and

enable re-entry into the cell cycle (Onodera & Ohsumi, 2005; Valentin & Yang, 2008;

Tang & Rando, 2014; Zhang et al., 2017). Inhibition of autophagy has been shown to

trigger apoptosis (Boya et al., 2005; Dangi et al., 2016). Elevated levels of autophagy

are therefore cytoprotective adaptation ensuring the survival of quiescent cells in un-

favourable conditions (Song et al., 2013; Xu et al., 2014; Dangi et al., 2016).

Mammalian cells can enter the G0 phase of the cell cycle via different pathways: con-

tact inhibition, mitogen starvation and loss of adhesion to substrate (only adherent cells,

while remaining attached to each other; Coller et al. 2006; Ruiz-Miró et al. 2011; Neu-

rauter et al. 2012). Each of these pathways into quiescence gives the cells a differ-

ent expression signature. However, the longer cells are maintained in quiescence, the

clearer a subset of common up or down regulated genes is observed (Coller et al.,

2006). This indicates a basic “quiescence programme”, which the cells switch on upon

their reversible exit from the cell cycle. Combination of signals leads to a more effec-

tive and faster entrance into quiescence, which is then represented by a more distantly

related gene expression profile compared to the profile of cycling cells (Coller et al.,

2006). Non-transformed proliferating cells can spontaneously exit the cell cycle and en-

ter quiescence. The longer they reside in a quiescent state, the more pronounced the

quiescence signature becomes by increased or decreased expression of quiescence-

related genes (Gookin et al., 2017).

Many features characterising the quiescent state have been described, but three ma-

jor questions remain to be answered: Is cell quiescence a passive state or actively

maintained and is it dynamic or rather static, and is there a universal positive marker

identifying quiescent cells?
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1.2.1 Quiescence in yeast

The quiescence programme in yeast can easily be switched on upon limitation of essen-

tial nutrients (reviewed in Gray et al., 2004). Yeast cells sense each other and respond

upon this sensing (reviewed in Hogan, 2006; Wuster & Babu, 2010). However, they do

not exhibit contact inhibition because they do not form a complex organ with a regulated

cellular organisation, which is the case in tissue of higher eukaryotes. Carbon, nitrogen,

phosphate or sulfur starvation are unfavourable conditions for proliferation and results in

entry into G0 during G1 phase. Thus, the induction of cell quiescence in yeast is distinct

from cells in higher organisms which continuously obtain plenty of nutrients provided by

the vascular system. However, there are a number of similarities between these pop-

ulations: yeast cells enter G0 in a short time frame during G1 which is called START

A and seems to be a (controversially discussed) equivalent to the restriction point in

mammalian cells (reviewed in Sherlock & Rosamond, 1993). Yeast quiescence also ex-

hibits the same reversibility because cells resume proliferative activity upon re-feeding

(Lillie & Pringle, 1980). Saccharomyces cerevisiae and Schizosaccharomyces pombe

were shown decades ago to be excellent eukaryotic models for genetic cell cycle stud-

ies (Hartwell et al., 1973; Nurse, 1975). Usage of the two yeast strains is in particular

of advantage as they are evolutionary very distant. Thus common features discovered

in the two yeasts are likely to be also found in mammalian cells. Yeast cells are easy

to cultivate and have a short duplication period of only 90 to 120 minutes (Bergman,

2001). Gene knock outs and knock ins can be easily performed and conditionally in-

duced, which is represented by the many temperature-sensitive yeast strains that exist

(reviewed in Littlewood, 1975; Aspuria et al., 2007; Osborn & Miller, 2007). Studying

quiescence in yeast gains in importance as its regulation involves many of the human

homologous kinases, one of the most prominent of them being the target of rapamycin

complex (TORC, reviewed in De Virgilio, 2012). By the creation of deletion and tem-

perature sensitive mutant yeast strains, a whole set of genes required for quiescence

could be elucidated, pointing out gene candidates for quiescence regulation in humans

(reviewed in Yanagida, 2009). The question whether yeast is a model as good as higher

differentiated cells in multicellular eukaryotes to study cellular quiescence, remains yet

to be answered. It is worth noting that a key regulator for the control of quiescence

and growth other than TOR protein kinase, which is the central controller of growth and
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metabolism, has not yet been found (reviewed in Wullschleger et al., 2006; Yanagida,

2009). Yeast studies should thus be interpreted with caution when it comes to their

translation to human cells. Indeed, due to the existence of many yeast and human ho-

mologous genes, yeast cells are a great platform to study quiescence mechanisms. Yet

to fully translate discoveries from yeast to humans, it remains to confirm these findings

in cultures of respective human tissues, especially regarding the fact that even in dis-

tinct mammalian tissues cellular mechanisms are regulated differently. However, yeast

studies along with studies in mammalian cells and in vivo systems can provide great

contributions in identifying key players in universal regulation of quiescence in eukary-

otes.

1.2.2 Quiescence in vitro

Regenerative tissues exhibit a pool of quiescent cells, which remain in a non-proliferate

state until tissue damage requires cell renewal. Quiescence in endothelial cells has

been studied to elaborate mechanisms triggering reversible cell cycle exit and re-entry.

Mammalian cells exit the cell cycle upon different stimuli than yeast cells. Quiescence

entry occurs via the exposure to different extracellular signals: i) mitogen withdrawal,

ii) contact inhibition and iii) loss of adhesion to substrate (Benecke et al., 1978; Coller

et al., 2006; Ruiz-Miró et al., 2011).

The advantage of in vitro studies is their reproducibility at defined conditions. The es-

tablishment of non-tumorous cell lines is a great advantage in investigations of cellular

quiescence, as these cells stably exhibit a diploid genome and respond to contact inhibi-

tion and stop proliferation. Inducing quiescence in primary cells is possible (Coller et al.,

2006), and in vitro experiments have been performed on quiescent cells as described

below, but the variance between different donors needs to be considered (Zhu et al.,

2014). With the establishment of immortalised non-tumorous cell lines, like RPE1 cells

(retina pigmented epithelial cells immortalised by human telomerase reverse transcrip-

tase hTERT) or other cell lines immortalised by hTERT, like hepatocytes (Totsugawa

et al., 2007) or endothelial cells (Parent et al., 2014) defined reproducible conditions for

cell quiescence experiments are ensured (reviewed in Lipps et al., 2013).
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Quiescent endothelial cells in vitro Angiogenesis describes the process of forma-

tion of capillaries from pre-existing blood vessels. It has to be tightly controlled by a bal-

ance of positive and negative environmental signals, which either induce angiogenesis

or inhibit proliferation of endothelial cells (ECs). Mature vascular endothelial cells rest

in a quiescent state, lining the luminal surface of blood vessels (reviewed in D’Amore,

1992; Herbert & Stainier, 2011). This non-dividing state is maintained by confluent ECs

in a cobblestone-like cellular monolayer, tight cell-cell junctions, predominance of an-

giogenic inhibitors (reviewed in Potente et al., 2011). An extracellular matrix layer rich

in laminin and collagen fibres, called the basement membrane, forms a barrier to sur-

rounding tissues, contributing to quiescence maintenance and controlling the exchange

of fluids, solutes and immune cell transmigration (Ingber, 1991; Mazzone et al., 2009;re-

viewed in Adams & Alitalo, 2007; Carmeliet & Jain, 2011).

In association with wound healing or upon pro-angiogenic signals, quiescent ECs

loosen their junctional contacts, the basement membrane is degraded by active

proteases and angiogenesis inducers activate a subpopulation of endothelial cells

(Gerhardt et al., 2003). These endothelial “tip cells” then extend dynamic filopodial

protrusions, thereby sensing and responding to attracting or repulsing signals in

their microenvironment, which guide their motility. The acquired invasive and motile

behaviour of endothelial “tip cells”, together with their increased proliferative activity,

marks the initiation of new blood vessel sprouting (Gerhardt et al., 2003; Mazzone et al.,

2009). Vessel wall-stabilising factors, deposition of extracellular matrix forming the

basement membrane and strengthening of cell-cell junctions slow down and suppress

the sprouting of ECs and re-establish the mature quiescent phenotype (reviewed in

Jain, 2003; Gaengel et al., 2009).

To study the molecular mechanism of EC quiescence, in vitro vascular systems were

shown to be a useful method. Zhang et al. could mimic EC quiescence by growing ECs

to confluence on collagen, thereby identifying the regulation of both angiogenesis and

quiescence by Angiopoietin-1 and receptor tyrosine kinase Tie2. They also observed

that EC quiescence was controlled by basal Notch signalling and further downstream

signalling processes (Zhang et al., 2011).

In a hemodynamic flow model, Uzarski et al. investigated the influence of flow rates on

EC quiescence properties. A physiological flow rate enhances anti-inflammatory and
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anti-thrombotic characteristics of ECs, in comparison to steady flow models at a fixed

pulse frequency, and represents the variability in metabolic demand of ECs, indicating

that variable shear stress has a key impact on EC function (Uzarski et al., 2013). These

results are more consistent with the previously observed inflammation-protective quies-

cence phenotype (reviewed in Fiedler & Augustin, 2006) and is proof of better adaption

of in vitro models to mimic physiological conditions in nature.

The investigations of Zhang et al. and Uzarski et al. both evaluated the regulation of

signalling pathways and down-regulated cell cycle markers in vitro. They report, how-

ever, no cardinal feature of quiescent cells, which is the ability to resume proliferation.

Pedersen et al. generated a quiescent phenotype of primary ECs by adding mesenchy-

mal stem cells (MSCs) to an in vitro culture system (Pedersen et al., 2014). Monitor-

ing angiogenic stimulation and vascular assembly revealed decreased proliferation and

maturation of ECs, and induction of EC quiescence by co-seeding MSCs (Pedersen

et al., 2014). They could furthermore show that the regenerative capacity of ECs was

maintained, by transplanting the tissue constructs in mice where they grew into a dense

network of blood vessels (Pedersen et al., 2014).

Quiescent hepatocytes in vitro The liver is an organ consisting of multiple spe-

cialised cell types. It has high regenerative capacity, which is mainly generated by

hepatocytes residing in proliferating quiescence. Hepatocytes, the liver parenchymal

cells, form the major cell type in the liver. Upon stimulation, quiescent hepatocytes can

rapidly enter the cell cycle to proliferate and maintain tissue homoeostasis (reviewed

in Zimmermann, 2004). Isolated hepatocytes in primary cell culture remain in a quies-

cent state until proliferation is triggered by mitogenic factors, which up-regulate cyclin

D1, cyclin E1 and mTOR (mammalian target of rapamycin) targets to allow for transition

from G0 via the G1/S checkpoint to S phase of the cell cycle (McGowan et al., 1981;

Nakamura et al., 1984, 1989; Oka et al., 2013).

In vitro cultures of confluent hepatocytes have proven a suitable model to represent

lipoprotein metabolism in the liver (Bouma et al., 1988; Ling et al., 2013). Primary hep-

atocytes in cell culture tend to quickly lose their hepatocyte integrity, represented by loss

of mature hepatocyte markers like albumin, anti-trypsin and lipoproteins, in cell culture

(Ferrini et al., 1997). Improved culturing conditions have been developed to maintain
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hepatocyte integrity and enable long-term culture of primary hepatocytes (Ferrini et al.,

1997). Immortalisation of hepatocytes allows for stable cultures of cells with differenti-

ated hepatic functions (Cascio, 2001). Advanced studies use co-cultures of quiescent

primary hepatocytes and fibroblasts to maintain pH, microfluidic chambers and 3D scaf-

folds or micro patterning to mimic liver geometry (Shulman & Nahmias, 2013; Hegde

et al., 2014; Berger et al., 2015). These approaches support the maintenance of a con-

nected cell network and allow for proper hepatocyte functions, such as albumin and bile

production.

1.2.3 Quiescence in vivo

In vivo testing is particularly attractive, as in this system, the cells of interest are not

isolated from their natural environment. Intercellular interactions and complex signalling

between heterogeneous cell populations remain intact. Studying quiescence in living

organisms provides insights in the natural behaviour of the cell and eliminates artefacts

due to growth and physiological conditions deviating from nature. In vivo investigations

of transgenic mice have revealed new insights into the maintenance of the quiescence

of primordial follicles in mouse ovaries.

Quiescence in adult tissue cells Using oocyte-specific knockouts, PTEN-PI3K and

the mTOR signalling cascades in the ovary were identified as key regulators of the

follicle dormancy. These findings may elucidate a cause of premature ovarian failure,

a condition causing infertility in women before menopause due to hyper activation of

follicles and early extinction of the primordial follicle pool (Reddy et al., 2008; Adhikari

et al., 2010).

Another striking example implies studies on lymphocytes in knockout or transgenic mice.

Gene expression arrays have been shown to be a powerful tool for complex genetic

analysis of B- and T-cell response upon certain stimuli or deletions in a single experi-

ment (Glynne et al., 2000; Marrack et al., 2000). Tools to generate knockout and trans-

genic mice are well understood and with microarrays as a method to analyse a variety

of genes, studies are straightforward and will contribute to our understanding of the

immune system and the underlying mechanisms of its malfunctions in certain circum-

stances.
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Dormant adult stem cells Adult stem cells (ASCs) are undifferentiated cells found

in the major organs of the adult organism, and reside in a quiescent state in unin-

jured tissue (Schultz et al., 1978). The pool of quiescent ASCs ensures tissue ho-

moeostasis in adult multicellular organisms and replenishes depleted cells upon tissue

injury, while maintaining a subpopulation of undifferentiated ASCs (reviewed in Rum-

man et al., 2015). The quiescent state of ASCs protects them from oxidative stress

by up-regulating ROS- and hypoxia-protective genes, and minimises mutations in their

genetic material by stalling DNA replication (Pallafacchina et al., 2010; Takubo et al.,

2010). ASCs can re-enter the cell cycle upon injury and concomitant environmental

signals, and produce proliferating progenitor cells, which differentiate into functional tis-

sue cells to restore tissue homoeostasis (Schultz et al., 1978). Defects in quiescence

regulation and maintenance has severe effects and can lead to exhaustion of the stem

cell pool and degenerative diseases (Cheng et al., 2000a; Chakkalakal et al., 2012).

Hematopoietic stem cells (HSCs) are a pool of quiescent ASCs in the bone marrow,

which are responsible for the production of mature blood cells (reviewed in Li, 2011).

HSC quiescence is of great importance, as they need to constantly supply fresh circu-

lating blood cells throughout the whole lifetime of a multicellular organism, thereby min-

imising the risk of accumulating mutations in their DNA. Only a small subpopulation of

HSCs enters the cell cycle under normal conditions, ensuring the protection of the stem

cell pool for long periods (reviewed in Li, 2011). The dormant state of HSCs was first

observed in 1984, when their resistance towards 5-fluorouracil(5-FU)-induced apopto-

sis could be demonstrated in studies in mice (Van Zant, 1984). 5-FU is a pyrimidine

analogue irreversibly inhibiting thymidylate synthase, an enzyme involved in thymidine

monophosphate synthesis and thus an essential component of DNA synthesis. 5-FU

induces apoptosis in cycling cells, while quiescent cells are not affected. It is therefore

widely applied as a chemotherapeutical reagent in cancer treatment (Rich et al., 2004).

The quiescent nature of HSCs could furthermore be directly demonstrated by long-term

in vivo bromodeoxyuridine (BrdU) administration, which required 12 weeks to label the

DNA of HSCs in mice (Bradford et al., 1997). BrdU label retention is a method often

employed to detect cells in a non-proliferative state, such as dormant HSCs. In vivo

BrdU labelling of the DNA was followed by a “chase” period, in which proliferating cells

lose the label during cell division and chromosome segregation, and non-proliferative
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cells retain the label (Potten et al., 1978). While it was believed that stem cells divide

asymmetrically, keeping a set of “immortal” DNA strands while segregating newly syn-

thesised DNA to their daughter cells, this theory is now challenged (reviewed in Mull &

Asakura, 2012; Tomasetti & Bozic, 2015). However, dormant cells do not synchronise

new DNA which they pass on to their daughter cells and so BrdU label retention or his-

tone label retention are still suitable methods to identify dormant stem cell populations

and discriminate them from more frequently dividing progenitor cell populations (Zhang

et al., 2003; Arai et al., 2004; Foudi et al., 2009).

In vivo studies of HSCs gained great insights into the regulation of HSC quiescence

via the niche in which they reside. Osteoblastic cells are in close contact with HSCs

and were shown to regulate the hematopoietic stem cell niche, which controls HSC

function by Notch signalling (Calvi et al., 2003). HSC quiescence is maintained by Wnt

signalling in the niche and its inhibition impedes both HSC quiescence and the HSC

ability of self-renewal (Fleming et al., 2008). It could also be shown that chromatin

remodelling plays a major role in the regulation of HSC quiescence. Deletion of Satb1,

a chromatin-remodelling protein, leads to overproliferation and enhanced commitment

of HSCs, gradually depleting the stem cell pool as HSC divide in a less symmetrical

manner, resulting in less self-renewal divisions and more divisions of differentiated cells

(Will et al., 2013).

Another in vivo study made use of Lrig1 (leucine-rich repeats and immunoglobulin-like

domains protein 1) as an interfollicular epidermal stem cell marker of the hair follicle

and regulator of stem cell quiescence in the epidermis. These stem cells keep their

self-renewal potential in culture, but their natural quiescence can only be observed in

vivo. In such a condition, investigations in living systems was the method of choice to

define the cell populations regulated by Lrig1 (Jensen et al., 2009).

The quiescent nature of stem cells could also be shown for other types of ASCs, among

others satellite cells (muscle stem cells; Shea et al., 2010), mesenchymal (reviewed in

Rumman et al., 2015), intestinal (reviewed in Sangiorgi & Capecchi, 2008), neuronal

(Quiñones-Hinojosa et al., 2006; Mira et al., 2010), epidermal (reviewed in Blanpain &

Fuchs, 2006) and spermatogonial stem cells (Liao et al., 2014). The number of distinct

adult stem cell pools for homoeostasis and regeneration of the specific tissues they

reside in is vast, as is the regulation of ASC quiescence by their respective niches.

48



1.2 Proliferative quiescence

In vivo experiments are the method of choice to investigate dormant ASCs, as quies-

cence of these cells is regulated by a stem cell niche consisting of multiple factors, which

comprise interacting cells and cells forming a complex extracellular matrix maintaining

stem cell quiescence.

Dormant cancer stem cells Cancer is a heterogeneous disease and tumours are

complex constructs, consisting of tissue tumour cells and various infiltrating cells, influ-

encing tumour cells and creating different metabolic environments (reviewed in Kreso

& Dick, 2014). Upon certain conditions, individual cancer cells can manage to exit the

cell cycle and enter a dormant state. These quiescent cancer cells are also referred to

as dormant cancer stem cells (CSCs), as they are able to metastasise and form new

tumours upon resuming proliferation. CSCs have been observed in multiple cancers,

ranging from hematopoietic, breast, brain, prostate, to pancreas and liver tumours (re-

viewed in D’Andrea et al., 2014). Cancer cells can enter the dormant state upon a lack

of nutrients or oxygen within the tumour mass, due to restricted blood supply, or upon

detachment from their substratum. Dormant CSCs have attracted particular interest, as

they evade traditional cancer treatments. These therapies, such as 5FU-chemotherapy,

which was interestingly one of the first methods to discriminate dormant stem cells from

cycling cells, are aimed at hyperproliferative cells and leave dormant CSCs to circu-

late in the blood stream and form new metastatic tumours (Van Zant, 1984; Touil et al.,

2014).

CSCs exhibit similar properties as ASCs, including their dependence on a stem cell

niche (reviewed in Aponte & Caicedo, 2017), even though there is no proof yet whether

a direct relationship between the two cell populations exists (reviewed in White & Lowry,

2015). Cell cycle exit, however does not only allow CSCs to escape anti-cancer drugs,

it also enhances their survival in a similar way as quiescence protects dormant ASCs.

Increased autophagy, for example, allows for survival of CSCs in environments of hy-

poxia and low nutrient abundance, as they can be found within tumours (Song et al.,

2013).

It is of great importance to identify the mechanisms by which CSC enter a dormant

state and the respective quiescence markers expressed to develop new treatments that

eliminate so-called “minimal residual disease”, dormant CSCs resistant to primary can-
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cer treatment, which can metastasise and give rise to new tumours. First progress has

been made in identifying survival mechanisms or dormant CSCs of several cancers,

such as ovarian, prostate and breast cancer (Abravanel et al., 2015; Alvarez-Cubero

et al., 2016; Peart et al., 2015). In response, development of new drug compounds and

therapies, which target dormant cancer cells and inhibit their proliferative reactivation,

is underway (Hurst et al., 2015; Jain et al., 2015; Ottewell et al., 2015).

1.2.4 Endocytosis in quiescent cells

Endocytic pathways have been studied in all stages of the cell cycle, but no study has

yet linked the G0 phase and endocytosis (Illinger et al., 1993; Avrov et al., 1999; Boucrot

et al., 2011). Quiescence has attracted great attention only recently. Our understanding

of the regulations and mechanisms of this reversible exit from the cell cycle are still

not sufficient to explain how entry, maintenance and exit from quiescence are exactly

regulated. Mechanisms like the down-regulation of cell cycle-promoting genes and the

up-regulation of genes keeping the cells in an undifferentiated state and resistant to

apoptosis have been analysed in gene expression studies (Van Zant, 1984; Coller et al.,

2006). However, the regulation of protein abundance and activity does not only occur

at a transcriptional level but also at the protein level by post-translational modification,

ubiquitination or temporary inhibition or activation of function.

1.2.4.1 Endocytosis serving cell type-specific functions

Although the mechanisms of endocytic pathways during quiescence are poorly under-

stood, it is evident that endocytosis serves cell type-specific functions. Parenchymal

hepatocytes are quiescent and the liver constitutes the major site of LDL clearance

in the human body (Zimmermann, 2004; Zanoni et al., 2018). Additionally, quiescent

cells uptake nutrients like iron and cholesterol for storage or transport them via trans-

endocytosis (also called transcytosis) across epithelia or endothelia to other tissues.

A hallmark of many quiescent cells is the development of a primary cilium to sense extra-

cellular nutrients and growth factors (Goto et al., 2017). The primary ciliium is rooted in

a ciliary pocket, which is a site of high endocytic activity featuring many Clathrin-coated

pits and vesicles (Molla-Herman et al., 2010; Ghossoub et al., 2016). Endocytosis at the
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ciliary pocket regulates ciliary Sonic Hedgehog (Shh) signalling from the plasma mem-

brane and increases TGFβsignalling in endosomes, potentially controlling cell cycle exit

of quiescent cells (Pedersen et al., 2016).

Quiescent tissue cells, such as epithelial or endothelial cells, form junctional cell-cell

contacts on their basolateral membranes. The establishment of cell polarity with baso-

lateral intercellular junctions regulates contact-dependent growth arrest (Matter et al.,

2005; Tsukita et al., 2008). These are categorised as Adherens Junctions (AJs) formed

by Cadherins, Tight junctions (TJs) consisting of Claudins, Occludins and ZO proteins,

and Gap Junctions (GJs) composed of Connexins (Radeva & Waschke, 2018). AJs in

quiescent epithelial and endothelial cells are formed and maintained by endocytosis of

E- and VE-Cadherin (de Beco et al., 2009; Nanes et al., 2012). Junctional E-Cadherin

uptake relies on CIP4 and Dynamin and local actin-polymerisation mediated by Cdc42,

Arf6, N-WASP and Arp2/3 (Druso et al., 2016; Georgiou et al., 2008; Leibfried et al.,

2008; Palacios et al., 2002). The precise molecular mechanism of this pathway is un-

clear, but the involved proteins act both in Clathrin-dependent and -independent routes.

It is also unclear whether endocytosis of free Cadherins occurs via a similar mechanism

as that of Cadherins clustered in AJs. Cadherins exhibit a conserved cytoplasmic AP2-

binding motif, which is masked by β-catenin and p120 Catenin binding in AJs (Miyashita

& Ozawa, 2007; Nanes et al., 2012). When E-Cadherin is clustered by the bacterial

Listeria surface protei InlA, the Clathrin adaptor Dab2, but not AP2, are recruited and

followed by arrival of Clathrin as well as actin polymerisation (Bonazzi et al., 2011; Veiga

& Cossart, 2005; Veiga et al., 2007).

TJs are present in barrier-forming epithelial and endothelial quiescent cells and restrict

paracellular diffusion, which is particularly important for the impermeability of the blood-

brain barrier (Stamatovic et al., 2017). Stimulation by growth factors, poly-L-argingine

or triggers the reomoval of Claudins, Occludin and ZO-1 from TJs by CME, resulting in

decreased barrier function (Cong et al., 2015; Ikari et al., 2011; Yamaki et al., 2014).

The mechanism for a constitutive TJ remodeling without disruption of barrier function is

still unclear (Dukes et al., 2011; Stamatovic et al., 2017). It might, however, occur by

’cross-over’ endocytosis of whole TJs from one cell in a double-membrane vesicle into

its neighbouring cell (Gehne et al., 2017). The molecular details for this process are

missing, but it appears to be constitutive.
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GJs connect adjacent cells and allow for exchange of small molecules, ions and electri-

cal impulses between them (Radeva & Waschke, 2018). Acute growth factor signalling

induces PKC- and MAPK-dependent phosphorylation of Connexin 43, which licenses it

for internalisation through CME and disassembly of GJs (Fong et al., 2014; Nimlamool

et al., 2015). GJ disruption in turn disassembles quiescent cell layers and primes cells

for cell cycle re-entry.

1.2.4.2 Endocytosis regulating quiescence

Endocytosis serves maintenance of the quiescent state through down-regulation of

mitogen-signalling or up-regulation of cell cycle arrest pathways. In quiescent cells,

endocytosis is either decreased, increased or maintained to regulate growth factor and

cytokine receptor cell surface availability. While Vascular Endothelial Growth Factor

(VEGF) endocytosis mediates its signaling and stimulation of angiogenesis, its uptake

is reduced in mature blood vessels (Nakayama et al., 2013). Decreased VEGF uptake

in quiescent endothelial cells is mediated by atypical PKC phosphorylation of the endo-

cytic adaptor Dab2, which prevents Dab2 binding to VEGF Receptor (Nakayama et al.,

2013). Another mechanism to decrease growth factor signalling and prevent cell cycle

re-entry is the removal of specific receptors from the plasma membrane by endocytosis.

This is reported for the tyrosine-kinase receptor Kit, whose internalisation by CME and

subsequent degradation in lysosomes of mast cells ensures their non-proliferative state

(Cruse et al., 2015). Intestinal Lgr5-positive stem cells escape Wnt-mediated catenin

signalling by actively removing the Wnt receptor Frizzled from the cell surface (Koo

et al., 2012). There, Frizzled is ubiquitinated by the stem cell-specific E3 ligase RNF43,

which induces its endocytosis followed by degradation in lysosomes (Koo et al., 2012).

CME of Lgr5 is required for stem cell fitness and Dynamin or CME inhibition induces

hyper-proliferation of intestinal cells, leading to severe defects in epithelial homeostasis

(Nagy et al., 2016; Snyder et al., 2017). Wing disc cells in developing Drosophila pupae

stay quiescent in a similar way and sequester Notch by Crumbs at apical cell surfaces

(Nemetschke & Knust, 2016). Thereby, Crumb inhibits ligand-independent endocytosis

of Notch and prevents Deltex-dependent Notch signalling while its ligands Delta and

Serrate are absent. Crumbs levels at the apical surface are controlled by CME and

maintain epithelial polarity (Lin et al., 2015). This is achieved by Stardust-mediated sta-
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bilisation of Crumbs at the plasma membrane by binding to a motif in Crumbs which

overlaps with its AP2 binding site.

1.2.4.3 Endocytosis mediating survival of quiescent cells

Endocytosis furthermore ensures survival during quiescence. In the absence of growth

factors, mTORC1 signalling is decreased in quiescent cells (Gan & DePinho, 2009).

Elevated expression of β4-integrin at the cell surface of quiescent cells mediates en-

docytosis of Laminins, which are its extracellular matrix (ECM) ligands (Muranen et al.,

2017). Degradation of internalised laminins in lysosomes generates free amino acids,

which are sensed by mTORC1 and restore its basal activity, thereby promoting survival

(Muranen et al., 2017). The endocytic pathway for β4-integrin uptake is unclear, but

β4-integrin dimerises with α6-integrin, which contains a cytoplasmic YXXΦ motive that

can interact with AP2 (De Franceschi et al., 2016). This suggests that Laminin uptake

by β4-integrin occurs by CME.

1.3 Endosomal trafficking of integrins

1.3.1 Integrins

Integrins are cell adhesion receptors and, constituting the most abundant receptor on

cellular surfaces, are expressed in all cell types with the excpetion of erythrocytes

(Streuli, 2016). Integrins are non-covalently linked heterodimers consisting of one β-

and α-subunit from a pool of 8 β- and 18 α-subunits, allowing for the formatioin of

24 distinct integrins (reviewed in Hynes, 2002). Their β- and α-subunit composition

determines their specificity to ECM ligans, such as collagen, fibronectin or laminins

(Humphries, 2006; Hughes et al., 1995). Upon ECM binding, integrins change their

conformation from an inactive, collapsed state via an extended intermediate to an ex-

tended, open and active conformation (Askari et al., 2010; Su et al., 2016). They were

originally characterised as links between the ECM and the actin cytoskeleton, forming a

direct connection between cells and the extracellular matrix (ECM). At focal adhesions,

ECM-bound integrins are connected to the cytoskeleton by a complex of focal contact

proteins, such as vinculin, talin and paxillin, and a variety of scaffolding molecules (re-
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viewed in Geiger et al., 2001; Horton et al., 2015). Kinases, including Focal adhesion

kinase (FAK) and Src, are recruited to focal adhesion sites and activated to initiate

downstream signalling cascades including the Ras-mediated Mitogen-activated protein

kinase (MAPK) pathway for proliferation and AKT-mediated survival signalling (Wozniak

et al., 2004). The functions of integrins are more complex and encompass ’outside-in’

signallig from the plasma membrane, ’inside-out’ signalling from the cell by integrin-

binding to the ECM as well as intracellular signalling, and serve adhesion, migration,

mechanosensing, cell cycle regulation and are often involved in cancer (reviewed in

Wang, 2012; Streuli, 2016; Seetharaman & Etienne-Manneville, 2018; Moreno-Layseca

& Streuli, 2014; Multhaupt et al., 2016; Alanko & Ivaska, 2016). Integrins also mediate

proliferative quiescence and survival in the absence of growth factors when bound to

specific ECM molecules (Naci & Aoudjit, 2014; Moreno-Layseca & Streuli, 2014).

Since integrin trafficking will be investigated in this project, the next sections will focus

on integrin endocytosis and recycling.

1.3.2 Endocytic pathways for integrin internalisation

Endocytosis of integrins is important during cell migration and serves disassembly of

focal adhesions and relocation of integrins. The endocytic pathway is thereby largely

determined by the integrin subunits and ranges from CME to CLIC and Macropinocy-

tosis (Bridgewater et al., 2012). The most common endocytic pathway for integrin in-

ternalisation is CME. Many α-integrin subunits contain a YXXΦ AP2 binding motif (De

Franceschi et al., 2016). In addition, the β1 subunit can interact with a range of adap-

tor proteins involved in CME: Dab2 associates and Numb can directly interact with the

membrane-proximal NPXY motif of β1-integrin (Calderwood et al., 2003; Mishra et al.,

2004; Prunier & Howe, 2005; Teckchandani et al., 2012). Dab2 additionally mediated

CME of clustered β3-integrin (Yu et al., 2015) and Numb was also shown to be involved

in CME of β3-integrin from focal adhesions (Nishimura & Kaibuchi, 2007). The endo-

cytic adaptor GAIP interacting protein C terminus, member 1 (GIPC1) associates with

α5β1-integrin to mediated its endocytosis dependent on myosin VI (Myo6), which has

been shown to act in CME (Spudich et al., 2007), to stabilise endothelial cell adhesion

on fibronectin (Valdembri et al., 2009). Finally, HS1-associated protein X-1 (HAX-1)

mediates CME of αvβ6-integrin (Ramsay et al., 2007).
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Clathrin-independent pathways, such as macropinocytosis, were also shown to rapidly

remove integrins from dorsal surfaces of migrating cancer cells to allow for efficient

redistribution at focal adhesions (Gu et al., 2011). Additionally, Galectin-3 contributes to

β1-integrin endocytosis by initiating formation of endocytic pits according to the GL-Lect

hypothesis (Lakshminarayan et al., 2014).

Several endocytic pathways and multiple adaptor proteins are involved in integrin en-

docytosis and perturbed trafficking often leads to pathophysiological conditions, with a

particular focus on cancer invasion and metastasis (De Franceschi et al., 2015). Inte-

grin endocytosis also offers a complementary mechanism for focal adhesion turnover,

thereby regulating integrin signalling. Additionally, integrins can be endocytosed bound

to their ECM ligands, which serves ECM remodeling (Conti et al., 2003; DiPersio et al.,

1997) or growth and survival activation by ECM degradation in lysosomes resulting in

lysosmal amino acid signalling and concomitant mTORC1 activation (Rainero et al.,

2015; Muranen et al., 2017). Furthermore, internalised active integrins can directly

signal from EEA1-positive early endosomes and allow for adhesion-independent focal

adhesion kinase signalling activating a MAPK/(MEK)extracellular signal-regulated ki-

nases (ERK) signalling pathway (Alanko et al., 2015; Tesfay et al., 2016; Pazzagli et al.,

2017; Manohar et al., 2004). Interestingly, β1-integrin activation was shown in vivo to

reduce their endocytosis in non-transformed cells to stabilise integrin-matrix adhesion

(López-Ceballos et al., 2016).

1.3.3 Integrin recycling

Following internalisation, integrins associate with Rab5-positive early endosomes (Pelli-

nen et al., 2006). Rab proteins belong to the large family of small Rab GTPases, com-

prising of more than 60 members in humans. They confer identity to endosomes by

marking them for fusion with similar, later or recycling endosomes. Rab5 is an early

endosomal marker which mediates endocytic vesicle transfer to the endolysosomal traf-

ficking pathway (Bucci et al., 1992; Zerial & McBride, 2001). Fusion of endosomes is

mediated by endosomal tethering factors. The early endosomal tethering factors Early

endosomal antigen 1 (EEA1) and APPL1 associate with Rab5-positive endosomes and

mediate their interaction and fusion with other endosomal compartments (Simonsen

et al., 1998; Kalaidzidis et al., 2015). During their maturation, endosomes acquire or
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lose Rab proteins as they approach their destination and often, distinct Rabs are found

on the same endosome, marking domains targeted for different trafficking pathways (Ze-

rial & McBride, 2001). Rab4-positive endosomes enter a fast, direct recycling pathway

to the plasma membrane, Rab11 marks a slow recycling pathway via recycling endo-

somes, Rab7 targets endosomes for lysosomal fusion and cargo degradation and Rab9

mediates retrograde transport to the trans-Golgi network (TGN, Fig.1.3.1) (Huotari &

Helenius, 2011).

Figure 1.3.1: Overview of endosomal maturation
From Woodman & Futter (2008).

The majority of integrins is recycled back to the plasma mebrane to control locomotion

by relocating focal adhesion sites to the leading edge Bretscher (1992). Integrins in

Rab5-positive endosomes can directly interact with Rab21, which retains it in early en-

dosomes close to the plasma membrane (Pellinen, 2006). P120RasGAP then directly

interacts with integrins, replaces Rab21 and facilitate exit from Rab21-EEA1-positive

endosomes for recycling (Mai et al., 2011). Rab25 directly associates with β1-integrins

as well and mediates their recycling to the migrating front (Caswell et al., 2007). A

rapid Rab25-mediated recycling pathway includes the adaptor CLIC3 and appears to

be specific for tumor invasion and continued Src kinase signalling (Dozynkiewicz et al.,

2012). Ankyrin-B associates with PI(3)P-positive endosomes and promotes directional

integri recycling to the leading edge in migrating cells by inactivating Rab22A (Qu et al.,

2016). Upon growth factor stimulation, internalised αvβ3-integrin is rerouted via a short-

loop trafficking pathway to focal adhesions dependent on Rab11, but independent of
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Arf6 (Roberts et al., 2004; Woods et al., 2004). The Rab11-Arf6 integrin recycling

pathway is frequently reported in the literature and promotes recycling of β1-integrins

as well as α4β6-integrin and (Powelka et al., 2004; Hongu et al., 2015; Yoon et al.,

2005; Lau & Chou, 2008). Interestingly, endocytosed integrins can be maintained in

an active, but non-ligandbound conformation by FAK-mediated association of talin with

Rab11-positive endosomes. This way, integrins remember their activated state and con-

tribute to focal adhesion reassembly coinciding with their recycling to the plasma mem-

brane during cell migration (Nader et al., 2016). Many more integrin recycling routes

have been described for different Rabs and are provided in Paul et al. (2015) and De

Franceschi et al. (2015).

A VAMP3/Syntaxin 6-mediated recycling pathway was described for α3β1- and α6β1-

integrin, which is exploited for chemotactic cell migration by tumor cells overexpressing

Syntaxin 6 (Riggs et al., 2012). Furthermore, Lipoprotein receptor-related protein 1

(LRP1) was identified as a recycling adaptor for β1-integrins in cancer cells (Theret

et al., 2017). A role for the Clathrin machinery protein HIP1 was discovered in recycling

of inactive integrins to the plasma membrane to promote cell migration in cancer cells

(Majeed et al., 2014).

Multisubunit tethering complexes, such as Retromer and Retriever, contain several Rab

binding sites enabling them to connect endosomes with different identities. They were

also shown to play an important role in integrin recycling (Rabouille, 2017). Retromer

consists of the cargo recognition subunits VPS35, VPS29 and VPS26 (Mukadam &

Seaman, 2015), whereas Retriever consists of the Retromer subunit VPS29 in addi-

tion to DSCR3 and C16orf62 (McNally et al., 2017). Both heterotrimers interact with

cargo-specific adaptors, such as SNX17 with Retriever (Böttcher et al., 2012; McNally

et al., 2017) or SNX27 (Temkin et al., 2011; Clairfeuille et al., 2016), SNX3 (Strochlic

et al., 2007; Lucas et al., 2016) and SNX-BAR proteins, such as SNX1 and 2 (Lucas

et al., 2016), for Retromer. The discovery of Retriever, together with new recycling path-

ways for integrins including a Rab4/VPS8/VPS3-mediated fast integrin recycling path-

way (Jonker et al., 2018) add another level of complexity to integrin trafficking, but also

open new possibilites to investigate and understand integrin trafficking-related functions.
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1.3.4 Integrins in proliferative quiescence

To date, the role of integrins in quiescence signalling has mainly been described for

outside-in signalling of ECM-bound integrins from the cell surface. Quiescence is mostly

induced by Laminin-binding integrins, with Laminin111, 332, 421 or 521 being impli-

cated in quiescence induction (Fiore et al., 2017; Morgner et al., 2015; Nguyen et al.,

2000; Govaere et al., 2016; Ishii et al., 2018; Susek et al., 2018; Rohn et al., 2018).

Laminins are named with arabic numbers based on their composition, which is a het-

erotrimeric structure consisting of one α, one β and one γ chain. According to this

nomenclature, Laminin421 contains an α4, a β2 and a γ1 chain (Aumailley et al., 2005).

Laminin332 and 521 are ligands for α3β1-integrin, which will be investigated in this study

(Nishiuchi et al., 2006). Absence of α3β1-integrin activates quiescent keratinocytes

(Pazzagli et al., 2017). Interaction of α3β1-integrin with Laminin5 regulates GJ inter-

cellular communication required for synchronisation of neighbouring cells (Lampe et al.,

1998). Integrins are highly involved in the establishment of epithelial cell polarity, both by

inside-out signalling, polarising the assembly of the basement membrane, and outside-

in signalling, controlling microtubule orientatioin (Lee & Streuli, 2014). Furthermore,

α3β1-integrin enhances cell survival after growth factor deprivation (Manohar et al.,

2004) by upregulating autophagy (Edick et al., 2007; Tesfay et al., 2016). Enhanced

survival is additionally mediated by sequestering pro-apoptotic proteins at cytoplasmic

14-3-3 isoforms Oh et al. (2009).

Integrins can control cell cycle exit by several different mechanisms. Integrin interac-

tion with their activator Kindlin-1 reduces Wnt signalling and stimulates TGF-βrelease.

Another proposed mechanism is the down-regulation of nuclear actin by Laminin111,

which upregulates Exportin-6 activity by attenuating the PI3K pathway (Fiore et al.,

2017; Spencer et al., 2011). Which Laminin receptor attenuates PI3K signalling, is un-

known. Specific β1-integrin splice variants do not localise to focal adhesions, resulting

in cell cycle arrest (Meredith et al., 1995). We are only at the beginning at understand-

ing the complexity of integrin signalling and a range of ECM-integrin signalling pathways

may yet be discovered.
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1.4 Aims of this study

Endocytosis is a vital cellular process and present throughout all stages of the cell cycle.

Research on endocytic mechanisms, however, has mostly been performed on prolifer-

ating cells or cancer cell lines. Endocytic pathways however, differ among cell cycle

phases. During proliferative quiescence, endocytosis is modulated to down-regulate

growth factor signalling, while pathways serving cell-type specific funtions are highly ac-

tive. To date, no extensive characterisation of endocytosis in quiescent cells has been

performed with relation to growing cells, thereby highlighting changes upon reversible

cell cycle exit. In cancer cells, endocytic and recycling pathways are dysregulated to

support increased nutrient demands (Commisso et al., 2013), mediate migration and in-

vasion (De Franceschi et al., 2016) or permit adhesion-independent survival (Alanko &

Ivaska, 2016). Quiescent cells display enhanced survival (Van Zant, 1984; Coller et al.,

2006; Mohrin et al., 2010), which might be mediated by ECM-integrin signalling (Nguyen

et al., 2000; Manohar et al., 2004; Sharma et al., 2012; Sarper et al., 2016). Differen-

tially regulated endocytic and trafficking pathways during proliferative quiescence might

play a role in ECM-mediated integrin survival signalling.

This study aims to

• Develop and validate an in vitro quiescence cell line model for endocytic assays

• Quantify different endocytic pathways in quiescent cells relative to proliferating

cells

• Describe the mechanism and role of differentially regulated endocytic pathways

• Establish of the role of α3-integrin trafficking for maintenance of the quiescent

state
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2 Material and Methods

2.1 Gene cloning

2.1.1 Amplification of genes of interest by polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify DNA fragments for cloning

and flank them with attachment sites for introduction into the Gateway cloning system

(described in sec.2.1.3). PCR was performed using Q5 High Fidelity polymerase

(M0491S, New England Biolabs) and 5X Q5 Reaction Buffer with the reaction mix listed

in Tab.2.1.1.

DNA fragments were amplified in a G-STORM GS1 thermal cycler (Gene Technologies),

according to manufacturer’s instructions, for 30 cycles.

Table 2.1.1: PCR mix

Reagent Volume (µl)

5X Reaction Buffer 4

dNTP (10 mM) 0.4

Forward Primer (10 µM) 1

Reverse Primer (10 µM) 1

Polymerase 0.2

DNA 1 (10-50 ng)

MilliQ water 12.4

2.1.2 Primers

Primers were synthesised by Integrated DNA Technologies and resuspended in milliQ

water to a stock concentration of 50 µM. Primers used for polymerase chain reaction
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were diluted to stock concentration of 10 µM. Primers used for Gateway cloning con-

tained attB sites required for site-specific recombination of the DNA fragment into entry

vectors (sec.2.1.3). All primers used are listed in Tab.2.1.2.

Table 2.1.2: Primers used in this study

Name Designed for Sequence (5’-3’)

EB1566 hFCHo2 pENTR1A from EcoRI
for Gibson (Fwd)

CCAATTCAGTCGACTGGATCCGGTACCG
AATTCGCATGGTCATGGCGTATTTCGTCG

EB1567 hFCHo2 pENTR1A until EcoRI
for Gibson (Rev)

ATATCTCGAGTGCGGCCGCGAATTCGTA
CAATCCGCCAGGTATCGTC

EB1568 hFCHo2 internal (bp1140) for
Gibson (Rev1a)

CCTATAGATACTTTTAATTCATCC

EB1569 hFCHo2 internal (bp1160) for
Gibson (Rev1b)

GAGTGTTATATTCCCTATAGATAC

EB1570 hFCHo2 internal (bp1140) for
Gibson (Fwd2a)

CCTGCTGCACCATTAGCCCGG

EB1571 hFCHo2 internal (bp1160) for
Gibson (Fwd2b)

ACCAGCCCACCTCCTGCTGC

EB1668 FCHo2 gBlocks amplification
(Fwd)

GGCTTCTTTGGATGAATTAAAAG

EB1669 FCHo2 gBlocks amplification
(Rev)

CCGGGCTAATGGTGCAGCAGG

EB1761 hFCHo2 without tag (Fwd) GGGGACAAGTTTGTACAAAAAAGCAGGC
TTCACCATGGCCGTCATGGCGTATTTCG
TCG

EB1762 hFCHo2 without tag (Rev) GGGGACCACTTTGTACAAGAAAGCTGG
GTCCTAACAATCCGCCAGGTATC GTCC

2.1.3 Molecular cloning

DNA fragments were cloned into entry and expression vectors using the Gateway

cloning system. Genes amplified by PCR (sec.2.1.1) were cloned into entry vectors

(pENTR1A or pDONR201) using 75 ng of amplified PCR product containing attB

attachment sites, 75 ng of entry vector with attP attachment sites and 1 µl of BP clonase

mix (11789100, Thermo-Fisher Scientific) in a total volume of 5 µl. The reaction was

incubated over night at room temperature. The reaction was stopped by addition of

1 µl Proteinase K (11789100, Thermo-Fisher Scientific) and incubation at 37 °C for

10 min. Chemically competent Escherichia coli (E.coli) DH5α (18265-017, Thermo

Fisher Scientific or C2988J, New England Biolabs) were transformed with the reaction

mixture and selected for positive clones on 50 µg/ml kanamycin-containing LB agar
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plates. Plasmids were extracted using GeneJET Plasmid Miniprep Kit (27106, Qiagen)

and sent to Source BioScience (Cambridge) for sequencing.

DNA fragments in entry vectors, which contain attL sites, were cloned into expression

vectors, containing attR sites (pDEST), by LR reaction, using 75 ng of entry vector, 75 ng

of expression vector and 1 µl LR clonase (11789100, Thermo Fisher Scientific) in a total

reaction volume of 5 µl. The mixture was incubated for 2 hours at 25 °C or over night

at room temperature. Chemically competent E. coli DH5αwere transformed with the

reaction mixture and selected for positive clones on 50 µg/ml ampicillin-containing LB

agar plates. Plasmid extraction was performed as described for entry clones. Plasmids

were screened for inserts by restriction digest with XhoI (R0146S, New England Biolabs)

and subsequent agarose gel electrophoresis in a 0.9 % agarose gel.

2.1.4 Gibson Cloning to generate phosphomutants of FCHo2

Gibson cloning is a cloning technique that allows for quick and “seamless” in vitro as-

sembly of a variety of gene fragments of contiguous pieces of DNA (Gibson et al., 2009).

In one isothermal in vitro assembly step, a 5’ exonuclease removes nucleotides of the

5’ ends of adjacent double stranded DNA fragments which have a homolog terminal se-

quence. The remaining complementary terminal single strands anneal, gaps are filled

by a DNA polymerase and eventually ligation occurs via DNA ligase.

The phosphorylation sites of FCHo2 detected by mass spectrometry were located

in clusters in the central region of the protein, so Gibson assembly was a suit-

able method to mutate all phosphorylation sites observed to be altered to alanines

(non-phosphorylable mutant) or aspartic acids (phosphomimetic mutant). GeneArt

Seamless Cloning and Assembly Enzyme Mix (A14606, Thermo Fisher Scientific)

allows for simultaneous and directional assembly of up to four PCR fragments into a

linearised vector of choice. Gateway entry vector pENTR-1A (Thermo Fisher Scientific)

was amplified in chemically competent E. coli DB3.1, purified using GeneJET Plasmid

Miniprep Kit and linearised by restriction digest with EcoRI (R0101S, New England

Biolabs). The ends of the linearised vector were dephosphorylated with calf intestinal

phosphatase (M0290S, New England Biolabs). The digested and dephosphorylated

vector was purified on a 1 % Agarose gel using GeneJET Gel Extraction Kit (K0702,

Thermo-Fischer Scientific). The central region of FCHo2, containing the mutations of
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phosphorylable sites either to alanines or aspartic acid, was synthesised by IDT and will

further on be referred to as gBlock. Contiguous, overlapping DNA fragments forming

the flanking sites of FCHo2, were amplified by PCR. Gibson cloning was performed

with the GeneArt Seamless Cloning and Assembly Enzyme Mix (Life Technologies)

according to manufacturer’s instructions. DNA amounts used are listed in Tab.2.1.3.

Table 2.1.3: DNA fragments and amounts used for Gibson assembly of FCHo2 mutants.

DNA fragment DNA (ng)

pENTR1A (linear, dephosphorylated) 50

gBlock 200

Right flank of FCHo2 200

Left flank of FCHo2 200

Chemically competent E.coli DH5αwere transformed with the Gibson reaction mixture

and selected on 50 µg/ml kanamycin-containing agar plates for positive clones. Plas-

mids were extracted using GeneJET Plasmid Miniprep Kit (K0503, Thermoscientific)

and sent to Source BioScience (Cambridge) for sequencing. The genes were then

transferred into Myc-, EGFP-containing expression vectors via LR reaction (sec.2.1.3).

Untagged FCHo2 constructs were generated by adding a stop-codon at the end of the

gene via PCR reaction with primers EB1761 and EB1762 (Tab.2.1.2). The DNA frag-

ment was then cloned into Gateway entry vector pDONR201 (gift from J. Pines) upon

BP reaction (Gateway BP clonase II enzyme mix, Invitrogen) and subsequently into an

expression vector pCi DEST-native (Safa Lucken-Ardjomande Häsler, Harvey McMahon

lab) by LR reaction.

2.1.5 Plasmids and constructs

Generated DNA fragments were first cloned into entry (pDONR201 or pENTR1A) and

subsequently in expression vectors (pDEST or pcDNA5/TO/IRES2EGFP) for expres-

sion in mammalian cells. All constructs used in this study are listed in Tab.2.1.4 and

Tab.2.1.5.

63



2.1 Gene cloning

Table 2.1.4: Gateway vector backbones used in this study

Name Vector Tag Promoter Primers Origin

GV01 pDONR201 N/A N/A pDON201 F/R J.Pines lab

GV18 pENTR1A N/A N/A 0-EB133 Invitrogen

GV12
pcDNA5/TO/-
IRES2EGFP

EGFP CMV CMV / BGH
Jackman/J.
Pines lab)

GV34
pCi
DEST-native

N/A CMV CMV
H. McMahon
lab

GV36
pCi C-myc
DEST

Myc C-term CMV pCi
H. McMahon
lab

GV21
pCi C-EGFP
DEST

EGFP C-term CMV pCi
H. McMahon
lab
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2.1 Gene cloning

Table 2.1.5: Constructs used in this study
FL - full length; BP - BP reaction; LR - LR reaction

Construct Name Insert Vector Origin Species

EB0467 FCHo2 FL
(WT)

FCHo2 wildtype C-term
taggable

pDONR201 BP-EB4080 with
GV01

Human

EB0631 FCHo2 FL
(A mutant)

FCHo2 FL alanine
phosphomutant (C-term
taggable)

pENTR1A Gibson cloning
with EB4080

Human

EB0632 FCHo2 FL
(D mutant)

FCHo2 FL aspartic acid
phosphomutant (C-term
taggable)

pENTR1A Gibson cloning
with EB4080

Human

EB0727 FCHo2 WT
stop

FL FCHo2 wildtype with
stop codon

pDONR201 PCR 1761+1762
on 4080

Human

EB0728 FCHo2
D-mutant stop

FL FCHo2 aspartic acid
phosphomutantt with
stop codon

pDONR201 PCR 1761+1762
on 4080

Human

EB0729 FCHo2
A-mutant stop

FL FCHo2 alanine
phosphomutant with
stop codon

pDONR201 PCR 1761+1762
on 4080

Human

EB8006 FCHo2
wildtype
untagged

FL FCHo2 WT with stop
codon

GV34 LR - EB0727 with
GV34

Human

EB8007 FCHo2
D-mutant
untagged

FL FCHo2 aspartic acid
phosphomutant with
stop codon

GV34 LR - EB0728 with
GV34

Human

EB8008 FCHo2
A-mutant
untagged

FL FCHo2 alanine
phosphomutant with
stop codon

GV34 LR - EB0729 with
GV34

Human

EB4080 WT FCHo2-
Myc FL

FCHO2 FL WT C-term
Myc tag

GV36 from Safa (clone
50)

Human

EB4139 D-FCHo2-
Myc FL

FL FCHo2 aspartic acid
phosphomutant C-term
Myc tag

GV36 LR - EB0632 with
GV36

Human

EB4140 A-FCHo2-
Myc FL

FL FCHo2 alanine
phosphomutant C-term
tag

GV36 LR - Eb0631 with
GV36

Human

EB8003 FCHo2
wildtype

FL FCHo2 GV12 LR - EB0727 with
GV21

Human

EB8004 FCHo2
D-mutant

FL FCHo2 aspartic acid
phosphomutant

GV12 LR - EB0728 with
GV21

Human

EB8005 FCHo2
A-mutant

FL FCHo2 alanine
phosphomutant

GV12 LR - EB0729 with
GV21

Human
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2.2 Cell culture and transfection

2.2.1 Maintenance of cells

Human telomerase reverse transcriptase (hTERT)-immortalised retinal pigmented

epithelial cells (RPE1; ATCC CRL-4000) were cultured in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented 1:1 with F12 Ham’s supplement, antibiotic/antimycotic

and Glutamax. Medium for proliferating cells contained 10 % fetal bovine serum

(FBS, PAA or MyClone). Concentrations of supplements are shown in Tab.2.2.1.

Medium was exchanged three times a week. RPE1 cells were passaged three times a

week by 10 min incubation in EDTA-based cell dissociation buffer (S-014-B, Millipore)

at 37 °C, resuspension in full growth medium and re-seeding at a 1:5 to 1:10 ratio.

Cells were regularly tested for mycoplasma contamination by nuclei staining with

DNA-intercalating fluorescent dyes followed by high resolution confocal microscopy or

by PCR with mycoplasma DNA-specific primers.

Table 2.2.1: Cell culture media and supplements.

Manufacturer and
Reference

Final
concentration
RPE1

DMEM-F12 HAM
(1:1)

Sigma-Aldrich
D6421-500 ML

1 x

F-12K nut Mix Gibco 21127-022 -

Antibiotic/
Antimycotic 100 X

Sigma-Aldrich
A5955-100ML

1 X

Glutamax 100 X Gibco 35050-038 1 mM

Hygromycin B
100 mg/ml

Sigma-Aldrich H3274 5 µg/ml

Sodium
Bicarbonate 7.5 %

Sigma-Aldrich
S8761-100ML

0,26 % (w/v)

FBS (only for
proliferating cells)

PAA, MyClone
SV30160.3

10 %

2.2.2 Induction of cellular quiescence

To induce proliferative quiescence, RPE1 cells were counted with a CASY Cell

Counter and Analyzer Model TT (Roche Applied Science) and seeded at a density
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of 1.4 x 104 cells/cm2 and grown in full medium for seven days to reach confluence.

Medium was then exchanged for FBS-free medium, in which cells were maintained for

at least 10 days to induce long-term quiescence.

For detachment of the quiescent monolayer, cells were rinsed with phosphate-buffered

saline (PBS) and incubated in 0.12 % trypsin-ethylenediaminetetraacetic acid (EDTA)

(Sigma-Aldrich) or in Accutase solution (AT106-500, Innovative Cell Technologies), to

preserve cell surface receptors, for 5-10 min at 37 °C. FBS-free medium was added to

dilute the trypsin/Accutase solution and break cell clumps by aspirating. Cells were cen-

trifuged for 5 min at 1000 g and resuspended in FBS-free medium to obtain a single-cell

solution. Detachment of cycling cells was performed in the same manner, but medium

containing 10 % FBS was used.

2.2.3 Amino acid starvation and BSA supplementation

For amino acid starvation, 15.68 g DMEM-F12 1:1 mix without amino acids (D9811-01,

United States Biological) were resuspended in 1 l miliQ water, sterile filtered through

a 0.22 µm pore size filter membrane and supplemented with 1 X Antibiotic/Antimycotic

(A5955, Sigma-Aldrich), 1 mM Glutamax (35050-038, Gibco) and 5 µg/ml Hygromycin

and 0.26 % Sodium Bicarbonate (w/v, S8761, Sigma-Aldrich). Cells were washed three

times with amino acid-free medium and cultured in it for the indicated durations. For

long-term incubation in amino acid-free medium, medium exchange for fresh amino

acid-free medium occured every other day.

For medium supplemented with BSA, 3 % BSA (w/v) was dissolved in the respective

medium (DMEM-F12 including all supplements, with or without amino acids) and sterile

filtered through a 0.22 µm pore size filter membrane.

2.2.4 Gene Transfection

Cells were seeded 24 hours prior to transfection and grown to 70 % confluence.

XtremeGene HP: XtremeGene HP (06366236001, Roche Diagnostics) was used for

flow cytometry experiment because it allowed for gentle cell transfection, resulting in

little cell death. High DNA concentration was needed for efficient transfection. Trans-

fection was performed using X-tremeGENE HP DNA transfection reagent with a ratio of
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500 ng DNA to 1.5 µl transfection reagent. DNA and transfection reagent were mixed

in Opti-MEM (11058-021, Gibco) and incubated at room temperature for 15 min. The

transfection mixture was added in a drop-wise manner to cells in full growth medium

in a 1:10 volume ratio. Medium was exchanged after 3 hours and cells were used for

further analysis 24 hours post transfection.

Lipofectamine 2000: Lipofectamine 2000 (11668019, Thermo Fisher Scientific) was

used for microscopy analysis. It allowed for efficient transfection of cells while using a

lower DNA concentration, resulting in lower levels of transgene expression. Transfec-

tion was performed using Lipofectamine 2000 with a ratio of 350 ng DNA to 1 µl Lipofec-

tamine 2000 reagent. DNA and transfection reagent were diluted to 14ng/µl (DNA) or

1:25 volume ratio (Lipofectamine 2000), respectively, in Opti-MEM (Gibco). The diluted

solutions were mixed, incubated at room temperature for 20 min and added to cells in

full growth medium in a in a 1:10 volume ratio. Medium was exchanged after 3 hours

and cells expressed the constructs for 24 hours before further analysis..

2.2.5 Geneknock down by RNA interference

RNA oligonucleotides (Dharmacon) were reconstituted in miliQ water to a 20 µM stock

concentration. Small interfering RNAs (siRNA) used in this study are listed in Tab.2.2.2.

FCHo2 knockdown in growing cells

Cells were counted with a CASY Cell Counter and Analyzer Model TT (Roche Ap-

plied Science) and seeded at 6.25 x 103 cells/cm2in Greiner glass bottom 96 well mi-

croplates (655892, Greiner Bio-One) four hours prior to transfection. 1.35 pmol siRNA

and 0.168 µl Lipofectamine RNAiMAX Transfection Reagent (13778150, Thermo Fisher

Scientific) were each diluted in 5 µl OptiMEM (5 % of culture medium volume per well),

mixed and incubated for 30 min at room temperature. 10 µl transfection mix per well

was added to cells in 100 µl fresh culture medium. A second transfection was per-

formed 24 hours later. Medium was exchanged 24 hours after the second transfection

and cells were used for experiments 72 hours after the first transfection.
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Table 2.2.2: Small interfering RNAs used in this study

siRNA Sequence Reference Manufacturer

µ2-adaptin CCGCCAGAUGGAGA-
GUUUGAGCUUA
UAAGCUCAAACUCU-
CCAUCUGGCGG

HSS101955 Thermo Fisher

Dynamin 1 ACGACCUGCUGUG-
GAUGGAUUACCA
UGGUAAUCCAUCC-
ACAGCAGGUCGU

HSS176208 Thermo Fisher

Dynamin 2 GAGCGAAUCGUCA-
CCACUU
GAGAUCAGGUGGA-
CACUCU

J-004007-08 Dharmacon

Endophilin A1 GCUGAGUCAAGCAU-
GUUCAAUCUCU
AGAGAUUGAACAU-
GCUUGACUCAGC

HSS109709 Thermo Fisher

Endophilin A2 CCCAAGAUCGCAGC-
UUCAUCGUCUU
AAGACGAUGAAGC-
UGCGAUCUUGGG

HSS109707 Thermo Fisher

Endophilin A3 CAAUGGAGUUUCCA-
CCACCUCUGUA
UACAGAGGUGGUG-
GAAACUCCAUUG

HSS109712 Thermo Fisher
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Knockdown of genes involved in endocytosis and recycling in growing and

quiescent cells

Cells were counted with a CASY Cell Counter and Analyzer Model TT (Roche Applied

Science). Growing cells were seeded at 6.87 x 103 cells/cm2 for single knockdowns and

1.25 x 104 cells/cm2for double and triple knockdowns in 96 well plates (655892, Greiner

Bio-One) six hours prior to transfection. Medium was exchanged for 100 µl fresh culture

medium. SiRNA and Lipofectamine RNAiMAX Transfection Reagent (concentrations in

Tab.2.2.3) were each diluted in 5 µl OptiMEM (5 % of culture medium volume per well),

mixed and incubated for 20 min at room temperature. 10 µl transfection mix (10 % of

culture medium volume per well) to each well. The transfection step was repeated after

24 hours, culture medium exchanged after 48 hours and cells were used for experiments

72 hours after the first transfection. Quiescent cells were seeded at 1.4 x 104 cells/cm2

and transfected before medium exchange to serum-free medium. Mixing of siRNA and

Lipofectamine RNAiMAX Transfection Reagent occured as described for growing cells,

albeit at increased concentrations for both (Tab.2.2.3). The first transfection occured

5 days after seeding, medium was replaced 24 hours later. The second transfection oc-

cured 7 days after seeding and was followed by medium exchange 24 hours later. After

another two days of recovery, medium was exchanged to serum-free medium (10 days

after seeding) and cells were used for experiments 17 days after seeding.

Table 2.2.3: Concentration of reagents for RNA interference

Component Growing Quiescent

single KD double KD triple KD

siRNA/cm² 4.22 pmol 7.71 pmol 12.66 pmol 6.25 pmol

siRNA/96 well 1.35 pmol 2.7 pmol 4.05 pmol 2 pmol

RNAiMAX/pmol
siRNA

0.125 µl 0.125 µl 0,083 µl 0.425 µl

2.3 Quantitative proteomics and phosphoproteomics

These experiments were performed by E. Boucrot and quantified by S.Y. Peak-Chew

(MRC Laboratory of Molecular Biology) and K. McGourty (E. Boucrot lab).
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In brief, RPE1 cells were cultured in light or heavy Stable isotope labeling by amino

acids in culture (SILAC) medium (DMEM/F12 SILAC (-K/-R), 88215, Thermo Fisher

Scientific, supplemented with 50 mg/l K8, 84 mg/l R10, 200 mg/l L-Proline) with 10 %

dialysed FBS for five cell divisions to allow for complete labelling. Quiescent cells were

grown to confluence and medium was exchanged to serum-free light or heavy SILAC

medium. Growing cells were sorted by flow cytometry according to DNA profile into G1

fractions. G1 and quiescent (G0) cells were lysed in 8 M Urea. G0 and G1 lysates from

several biological repeats were amalgamated, lysates separated by SDS-PAGE, lanes

cut in 20 horizontal sections and digested by tryptic in-gel digest. Phosphopeptides

were enriched using TiO2 columns. Peptides were analysed by MS/MS using a Thermo

Fisher Orbitrap Velos.

2.4 SDS-polyacrylamide gel electrophoresis and

Immunoblotting

2.4.1 Cell lysis and protein quantification

Proliferating RPE1 cells grown in full cell culture medium were harvested with Accu-

tase, labelled with Hoechst 33342 and sorted for the G1 (2n DNA) population by flow

cytometry (MoFlo XDP cell sorter). Quiescent RPE1 cells were harvested with Accu-

tase and, in parallel with G1 cells, lysed in 8 M urea (U1250, Sigma-Aldrich), containing

phosphatase (5870S, Cell Signaling Technology) and protease inhibitors (5871S, Cell

Signaling Technology), to a final protein concentration of ~ 25 mg per 1 ml lysate. For

quantification of protein levels per cell, 106 cells were lysed in 100 µl 8 M urea with phos-

phatase and proteasse inhibitor. Following lysis, samples were sonicated to fragment

DNA. Sonication was performed using at maximal 7 µm amplitude for 15 seconds with

30 seconds pause intervals (5 cycles) on ice.

Protein quantification by Bradford assay The Coomassie Plus (Bradford) Protein

Assay kit (23236, Thermo Fisher Scientific) was used to asses total protein content

per cell in both proliferating and quiescent cell populations. A bovine serum albu-

min (BSA) standard was created according to manufacturer’s instructions diluting BSA
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ranging from 0 to 2000 µg/ml protein in 8 M urea containing phosphatase and protease

inhibitors. Protein lysates were diluted in 8 M urea containing phosphatase and pro-

tease inhibitors to obtain protein solutions with concentrations in the linear range of the

BSA standard curve. The assay was performed according to manufacturer’s instruc-

tions. Triplets of each sample were analysed in a 96-well microtiter plate measuring

absorbance at 594 nm using FLUOstar OPTIMA ABS absorbance microplate reader

(BMG LABTECH). A linear regression function was fitted on the BSA absorbance data

points in the linear range from 125-1000 µg/ml. Protein concentration of samples was

determined using the mean of technical triplicates which were within the linear range of

the BSA standard curve.

Protein quantification by SDS-PAGE and Coomassie staining Cell lysates were

supplemented in a 1:4 ratio with 5 x Laemmli buffer, incubated at 95 °C for 10 min and

separated by SDS-PAGE on a 10 well 12 % Bis-Tris Plus SDS gel (NW00120BOX,

Thermo Fisher Scientific). Gels were stained with Coomassie staining solution for

1 hour, destained for 1 hour with Coomassie destaining solution and further destained

in 1:1 (v/v) Coomassie destaining solution/dH2O over night (Tab.2.4.1). Gels were

scanned and protein levels were quantified by densitometry quantification of lanes in

8 bit images using ImageJ software and compared relative to each other.

2.4.2 SDS-PAGE and protein transfer

Cell lysates were supplemented in a 1:4 ratio with 5 x Laemmli buffer, incubated at 95 °C

for 10 min and used for Western blots immediately or stored at -20 °C. 40 µg protein

(~20 µl cell lysate with Laemmli buffer) were loaded per lane on a 10 well 12 % Bis-Tris

Plus SDS gel (NW00120BOX, Thermo Fisher Scientific). SDS-PAGE was performed in

MOPS running buffer (B0001, Thermo Fisher Scientific) a Bolt Mini Gel Tank (Thermo

Fisher Scientific) at 300 V and 75 mA for 30-45 min. Proteins were transferred onto a

nitrocellulose membrane (Lightning Blot Midi Kit, Thermo Fisher Scientific) via semi-dry

transfer in a Perkin Elmer Lightning Blotter (Thermo Fisher Scientific) with fixed voltage

at 24 V and variable current for 20-22 min (depending on protein size).
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2.4.3 Protein labelling and detection

Following transfer, membranes were washed twice in homemade Tris-buffered saline

supplemented with 0.05 % Tween20 (TBST) and blocked in 5 % skimmed milk (LP0031,

Thermo Fisher Scientific) in TBST for one hour. Primary antibodies were diluted in

TBST containing 5 % horse serum (see Tab.2.12.1 for antibodies and dilutions) and

membranes were incubated with diluted primary antibody for either 2 hours at room

temperature or over night at 4 °C. After primary antibody incubation, membranes were

washed three times for 5-10 min in TBST to remove unbound antibody. Membranes

were incubated for 25 min in horseradish peroxidase (HRP)-conjugated secondary anti-

body (see Tab.2.12.2 for antibodies and dilutions) in TBST containing 5 % horse serum.

After removal of the secondary antibody, membranes were washed three times in TBST

for at least 15 min, respectively, to remove excess antibody that might cause unwanted

background during detection. HRP oxidises a chemiluminiscent substrate, like ECL

(enhanced chemiluminescence substrate), in the presence of hydrogen peroxide. The

cleavage reaction emits chemiluminescence, which is used to detect the abundance of

specific proteins of interest on the membrane. Pierce ECL Plus working solution (32132,

Thermo-Scientific) was freshly made by mixing the provided reagents according to man-

ufacturer’s instruction at 40:1 ratio. The membranes were covered with working solution

and stimulated for 3 minutes. Following stimulation, membranes were exposed to Amer-

sham Hyperfilm ECL (289068367, GE Healthcare) in a dark room or/and in a light-proof

cassette (KODAK). The films were developed in a Compact X4 film developer (Xograph

Imaging Systems). Before membranes were re-probed with another primary antibody,

they were stripped twice for 15 min each in pre-warmed Western Blot stripping buffer

pH 2.5, washed twice in PBS for 10 min and twice in TBST for 5 min.
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Table 2.4.1: Buffer compositions for SDS PAGE and Immunolotting

Solution Compound Concentration

5X Loading Buffer Tris pH 6.8 50 mM
Glycerol 45 % (v/v)
Bromphenol Blue 0.03 % (w/v)
SDS 10 % (v/v)
DTT 500 mM

TBS-Tween Tris pH 7.4 50mM
NaCl 150 mM
Tween 20 0.05 %

Coomassie staining
solution

Acetic acid (glacial) 10 % (v/v)

Methanol 45 % (v/v)
Coomassie Brilliant
Blue G250

0.3 % (w/v)

Coomassie destaining
solution

Ethanol 40 % (v/v)

Acetic acid (glacial) 10 % (v/v)

Stripping buffer pH 2.5 Glycine 200 mM
SDS 0.01 %
Tween 20 1 %

2.5 Fixation and immunofluorescence labelling for

microscopy and flow cytometry

Growing and quiescent cells were seeded at 1.5 x 104 cells/cm2 and 1.4 x 104 cells/cm2

two and 17 days prior to the experiment, respectively.

2.5.1 Immunofluorescence labelling for confocal microscopy

Cells were grown on coverslips that were washed with acetone and 100 % ethanol and

placed in in 24-well plates. Cells were washed two times with PBS and fixed with 4 %

paraformaldehyde (PFA, 28908, Thermo Fisher Scientific) in PBS at room temperature

for 15-20 min. 50 mM ammonium chloride (NH4Cl) in PBS was added 1:1 (v/v) to the

PFA solution to bind and inactivate reactive aldehyde groups of PFA and stop the fixation

reaction. The solution was exchanged for fresh 50 mM NH4Cl in PBS and cells were

incubated for at least 30 min at room temperature to saturate residual reactive aldehyde

groups to prevent cross-reacting with antibodies and quench fluorescence originating
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from free PFA aldehyde groups. Cells were stored at 4 °C or used immediately for

immunofluorescence (IF) labelling.

Coverslips were washed for 5 seconds in PBS followed by 0.1% Saponin (47036-50G-

F, Sigma-Aldrich) in PBS (Saponin buffer) and were blocked for 30 min with Saponin

buffer containing 10 % horse serum or 5 % BSA. Antibodies were diluted in antibody

dilution buffer (0.1 % Saponin in PBS supplemented with 10 % horse serum or 5 %

BSA; see sec.2.12.1 for primary antibodies and dilutions). Saponin permeabilises mem-

branes reversibly and needs to be maintained throughout the whole labelling procedure.

Following 90 min primary antibody labelling, cells were washed three times for 5 sec-

onds in Saponin buffer and incubated for 25 min with antibody dilution buffer contain-

ing AlexaFluor-conjugated secondary antibody (see sec.2.12.2 for secondary antibod-

ies and dilutions) and 3.3 µM Draq5 (62251, Thermo Fisher Scientific) or 2 µg/ml 4’,6-

diamidino-2-phenylindole (DAPI) (D9542-1MG, Sigma-Aldrich). Following secondary

antibody incubation, coverslips were washed for 5 seconds in Saponin buffer followed by

5 seconds in PBS and rinsed with miliQ water. Coverslips were mounted on a droplet of

mounting solution containing antifading agent 1,4-diazabicyclo[2.2.2]octane (DABCO)

(GTX30930, GeneTex) on a glass slide. The slides were kept at room temperature in

the dark over night to solidify and then stored at 4 °C.

2.5.2 Immunofluorescence labelling in microplates

Cells were grown in 96-well microplates (655892, Greiner Bio-One). Cells were washed

three times with PBS and fixed with 4 % PFA in PBS for 15-20 min at room tempera-

ture. 50 mM NH4Cl in PBS was added 1:1 (v/v) to the PFA solution to stop the fixation

reaction. The solution was exchanged for fresh 50 mM NH4Cl in PBS and cells were

incubated for at least 30 min at room temperature. Cells were stored at 4 °C or used

immediately for IF labelling.

Cells were washed three times in PBS and blocked for 30 min with Saponin buffer con-

taining 10 % horse serum or 5 % BSA. Blocking buffer was exchanged for primary an-

tibody diluted in antibody dilution buffer (see sec.2.12.1 for primary antibodies and di-

lutions). Primary antibody incubation occured for 90 min at room temperature or over

night at 4 °C. Cells were washed three times for 5 min in Saponin buffer and incubated
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with antibody dilution buffer containing secondary antibody (see sec.2.12.2 for sec-

ondary antibodies and dilutions) and 2 µg/ml DAPI (D9542-1MG, Sigma-Aldrich). Fol-

lowing secondary antiody incubation, cells were washed three times for 5 min in Saponin

buffer, two times in PBS and two times in miliQ water. Water was exchanged for Mowiol

mounting solution with DABCO and plates were either imaged immediately or stored at

room temperature in the dark over night before long-term storage at 4 °C.

2.5.3 Immunofluorescence labelling for flow cytometry

Cells were grown in T175 culture flasks or 6-well plates. Cells were pelleted at 1,000 g

for 5 min and resuspended in PBS. The PBS washing step was repeated before cells

were resuspended in 4 % PFA in PBS and incubated at room temperature for 15-20 min.

50 mM NH4Cl in PBS was added 1:1 (v/v) to the PFA solution and cells were pelleted at

1,000 g for 5 min and resuspended in fresh 50 mM NH4Cl in PBS and incubated for at

least 30 min at room temperature. Cells were stored at 4 °C or used immediately for IF

labelling.

Cells were pelleted at 1,000 g for 5 min and resuspended in PBS. The PBS washing

step was repeated and cells were resuspended in antibody dilution buffer containing

primary antibody (see sec.2.12.1 for primary antibodies and dilutions) and incubated

for 90 min at room temperature with occational mixing to allow for even antibody la-

belling. The antibody solution was diluted with Saponin buffer and cells were pelleted

at 1,000 g for 5 min, resuspended in Saponin buffer and washed two more times with

Saponin buffer. Cells were resuspended in antibody dilution buffer containing sec-

ondary antibody (see sec.2.12.2 for secondary antibodies and dilutions) and 2.5 µg/ml

Hoechst 33342 (H3570, Thermo Fisher Scientific) or 2 µg/ml DAPI (D9542-1MG, Sigma-

Aldrich). Secondary antibody solution was diluted with Saponin buffer and cells were

pelleted at 1,000 g for 5 min, resuspended in Saponin buffer and washed two more times

with Saponin buffer. Pellets were resuspended in PBS, passed through a nylon mesh

filter to eliminate clumps and either used immediately or stored at 4 °C in the dark until

flow cytometry analysis.
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Table 2.5.1: Composition of PBS and Mowiol with DABCO

Solution Compound Concentration

PBS pH 7.4 NaCl 137 mM
KCl 2.7 mM
Na2HPO4 12.5 mM
KH2PO4 2 mM

Mowiol with DABCO Tris pH 8.5 100 mM
Glycerol 20 % (v/v)
Mowiol 4-88 10 % (w/v)
DABCO 2.5 % (v/v)

2.6 PyroninY - Hoechst staining and flow cytometry analysis

Cycling and quiescent RPE1 cells were grown in T-150 cell culture flasks (CC7682-

4415, CytoOne). Three flasks of proliferating cells were grown for each flask of quies-

cent cells. Cells were rinsed with PBS and detached with Accutase. Detached cells

were pelleted for 5 min at 900 g and 4 °C and washed twice in ice-cold PBS. The pellet

was resuspended in 300 µl ice-cold PBS and 700 µl ice-cold 100 % ethanol were drop-

wise added while the cell suspension was gently mixed. Cells in the 70 % ethanol-PBS

solution were kept on ice or at 4 °C for at least 3 hours before labelling.

A subset of ethanol-fixed cells were washed with PBS and labelled with anti-phospho

Rb Ser 807/811 clone D20B12 (8516, Cell Signaling Technology) at a 1:400 dilution in

PBS supplemented with 10 % horse serum.

4 µg/ml PyroninY and 2 µg/ml Hoechst 33342 for 25 min at room temperature in the dark.

Cells were washed with PBS and analysed at the LSRII with 488 nm excitation and a

575/26 BP filter for PyroninY signal, and 350 nm excitation and a 450/50 BP filter for

Hoechst signal. G0/G1 cells were discriminated in a dot plot showing Hoechst on the

X-axis and PyroninY on the Y-axis.

2.7 Ligand uptake and recycling assays

Growing and quiescent cells were seeded at 1.5 x 104 cells/cm2 and 1.4 x 104 cells/cm2

two and 17 days prior to the experiment, respectively.
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2.7.1 Ligand uptake assay for confocal microscopy imaging

Cells were grown on coverslips that were washed with acetone and 100 % ethanol and

placed in in 24-well plates. Culture medium was exchanged for serum-free (transferrin,

LDL and EGF uptake) or fresh culture medium (serum-free for quiescent cells) contain-

ing the respective fluorescent ligand. Ligand uptake occurred at 37 °C for the indicated

durations (see sec.2.12.3 for ligands and concentrations). Following ligand uptake, the

24-well plates were placed on ice, medium was removed and cells were washed twice

with ice-cold PBS. Surface-bound ligand was removed by two washes in ice-cold glycine

stripping buffer pH 4.5 for 2 min per stripping step. The low pH value causes the dis-

sociation of the ligands which are bound to receptors at the outer side of the plasma

membrane, so that only internalised and thus membrane-protected ligand is detected.

Cells were then washed twice with ice-cold PBS to re-establish physiological pH. PBS

was removed and cells were incubated in ice-cold 4 % PFA in PBS the dark for 5 min

on ice and for another 15 min at room temperature. After fixation, 50 mM NH4Cl in PBS

was added 1:1 (v/v) to the PFA solution. The solution was exchanged for fresh 50 mM

NH4Cl in PBS and left in the dark at room temperature for at least 30 min to quench

PFA autofluorescence. Coverslips were washed twice with PBS and once with Saponin

buffer. They remained in the dark in Saponin buffer for at least 30 min before putting

them upside down on a 40 µl droplet of Saponin buffer containing 3.3 µM Draq5 (Cell

Signaling Technology) or 2 µg/ml DAPI to stain nuclei, which was placed on Parafilm

laid out on milliQ water-soaked filter paper. After 25 min incubation at room temper-

ature, coverslips were removed and washed in 0.1 % Saponin in PBS, PBS and milliQ

water for ca. 5 seconds each. Excess liquid was soaked into a filter paper and coverslips

were mounted on a droplet of DABCO mounting solution on a glass slide. The slides

were kept at room temperature in the dark over night to solidify. Fixed and quenched

cells were permeabilised and labelled with DAPI as described in sec.2.5.

2.7.2 Ligand uptake assay and antibody feeding in microplates

Ligand uptake

Cells were grown in 96-well microplates (655892, Greiner Bio-One). Culture medium

was exchanged for serum-free (transferrin, LDL and EGF uptake) or fresh culture
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medium (serum-free for quiescent cells) containing the respective fluorescent ligand.

Ligand-containing medium for antibody feeding assays contained 1 % BSA. Ligand

uptake occurred at 37 °C for the indicated durations (see sec.2.12.3 for ligands or

antibodies and concentrations). Following ligand uptake, plates were placed on ice and

cells were washed three times with ice-cold PBS containing 0.9 mM CaCl2 and 0.5 mM

MgCl2 (PBS++; 14040117, Thermo Scientific), two times for two minutes each with

ice-cold glycine stripping buffer pH 4.5 (2 min with stripping buffer pH 2.5 and two times

2 min with stripping buffer pH 2.0 for antibody feeding) and three times with ice-cold

PBS++. Cells were fixed with ice-cold 4 % PFA in PBS for 5 min on ice and another

15 min at room temperature. After fixation, 50 mM NH4Cl in PBS was added in a 1:1

volume/volume ratio. The solution was exchanged for fresh 50 mM NH4Cl in PBS and

incubated in the dark at room temperature for at least 30 min. Cells were then washed

three times in PBS, blocked, permeabilised and labelled as described in sec.2.5.2.

Cell surface labelling

Cells were grown in 96-well microplates (655892, Greiner Bio-One). Plates were placed

on ice and washed three times with ice-cold PBS++. PBS++ was exchanged for ice-cold

imaging medium (Tab.2.7.2) containing 1 % BSA and primary antibody at the same con-

centration as used for feeding assays (see sec.2.12.3 for ligands or antibodies and con-

centrations). Primary antibody incubation occured for 90 min on ice in a cold room. Fol-

lowing primary antibody incubation, plates were kept on ice, washed four times with ice-

cold PBS++ and fixed with 4 % PFA in PBS for 5 min on ice followed by 15 min at room

temperature. After fixation, 50 mM NH4Cl in PBS was added in a 1:1 volume/volume ra-

tio. The solution was exchanged for fresh 50 mM NH4Cl in PBS and incubated at room

temperature for at least 30 min. Cells were then washed three times in PBS, blocked,

permeabilised and further labelling steps were performed as described in sec.2.5.2.
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Table 2.7.1: Ligand uptake stripping buffer composition

Solution Compound Concentration

Stripping buffer pH 4.5 NaCl 150 mM
Glycine 100 mM
KCl 5 mM
CaCl2 1 mM
MgCl2 1 mM

Stripping buffer pH 2.5 or 2.0 NaCl 150 mM
Acetic acid /glacial) 200 mM
KCl 5 mM
CaCl2 1 mM
MgCl2 1 mM

2.7.3 Macropinocytosis cargo uptake in microplates

Cells were grown in 96-well microplates (655892, Greiner Bio-One). Culture medium

was exchanged for medium containing the respective fluorescent substrate. Ligand up-

take occurred at 37 °C for the indicated durations (see sec.2.12.3 for substrates and

concentrations). 20 min before washing, Hoechst33342 was added at a final concentra-

tion of 2.5 µg to be actively taken up by the cells at 37 °C. Following uptake, plates were

placed on ice and cells were washed five times with ice-cold PBS containing 0.9 mM

CaCl2 and 0.5 mM MgCl2. PBS was exchanged for Imaging medium (Tab.2.7.2) con-

taining 2.5 µM Hoechst33342 and 10 % FBS for growing cells. Cells were imaged im-

mediately.

Table 2.7.2: Imaging medium for live cell imaging

Manufacturer and
reference

Final concentration

Minimal Essential Medium
(MEM)

Thermo Scientific
41061-029

-

Glutamax 100X Gibco 35050-038 1X

Antibiotic/ Antimycotic 100 X
Sigma-Aldrich
A5955-100ML

1 X

Sodium Bicarbonate 7.5 %
Sigma-Aldrich

S8761
0,26 % (w/v)

Non-essential amino acids
100 X

Thermo Scientific
11140050

1X

HEPES
Thermo Scientific

15630080
25 mM

80



2.7 Ligand uptake and recycling assays

2.7.4 Ligand uptake assay for flow cytometry analysis

Ligand uptake: Cycling and quiescent RPE1 cells were grown in 6-well plates

(130184, Thermo Fisher Scientific). Culture medium was exchanged for FBS-free

medium containing the respective fluorescent ligand and uptake occurred at 37 °C for

15 min (see sec.2.12.3 for ligand concentrations). Following uptake, cells were washed

three times with ice-cold PBS and detached with pre-warmed Accutase. Detached

cells were collected using P1000 pipettes to break cell clumps by gently pipetting up

and down. The cell suspension was filled in 1.5 ml reaction tubes, transferred on ice

and centrifuged at 4 °C at at least 1000 g for at least 6 minutes (will be further referred

to as “centrifuged”; speed and duration of centrifugation were increased for smaller cell

pellet sizes). Supernatant was removed and the cell pellets resuspended in ice-cold

PBS. Cells were centrifuged at 4 °C, resuspended in glycine stripping buffer pH 4.5 and

incubated on ice for 2 min. Cells were centrifuged at 4 °C and the stripping step was

repeated. Cells were centrifuged at 4 °C and the pellet was resuspended in ice-cold

PBS. After another centrifugation step, the pellet was resuspended in ice-cold 4 %

PFA in PBS and incubated in the dark for 5 min on ice and additional 15 min at room

temperature. Following fixation, 50 mM NH4Cl in PBS was added in a 1:1 (v/v) ratio,

cells were pelleted and resuspended in 50 mM NH4Cl in PBS in which they remained

for at least 30 min in the dark at room temperature. The NH4Cl solution was exchanged

for PBS and after centrifugation at room temperature the pellet was resuspended

in Saponin Buffer, containing 2.5 µg/ml Hoechst 33342 (Invitrogen). After 25 min

incubation at room temperature in the dark, cells were pelleted and resuspended in an

appropriate volume of PBS for flow cytometry analysis.

Cell surface labelling: To assess the relative amount of cell surface receptors, cells

were grown in 6-well plates, detached with Accutase to preserve cell surface recep-

tors, washed with ice-cold PBS and pelleted at 4 °C. Cells were resuspended in ice-cold

Alpha-MEM (41061-029, Gibco) containing fluorescence–conjugated transferrin, LDL or

EGF (same concentrations as for uptake, sec.2.12.3) or 10 % horse serum and antibod-

ies against TfR1 (CBL47, Merckmillipore,100 ng/ml), LDLR (MAB2148, R&D Systems,

5 µg/ml) or EGFR (13A9, Genentech, 1:1000 dilution). Cells were incubated with lig-

ands or antibodies for 90 min at 4 °C on ice in the dark. Since the antibody against
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EGFR only binds to the ectopic domain of the activated, dimerised receptor, 50 ng/mL

EGF (E9644, Sigma) was added to stimulate receptor dimerisation. After incubation,

cells were pelleted at 4 °C and washed twice with ice-cold PBS. Fixation, DNA staining

and flow cytometry analysis were performed as described for ligand uptake.

2.7.5 α3-integrin recycling assay

Growing and quiescent cells were seeded in 96-well microplates at 1.5 x 104 cells/cm2

and 1.4 x 104 cells/cm2 two and 17 days prior to the experiment, respectively. Cul-

ture medium was exchanged for medium containing 1 % BSA and 1.3 µg/ml mouse

anti-α3-integrin primary antibody clone P1B5 (sc-13545, Santa Cruz) and incubated

at 37 °C for 90 min to allow for saturation of uptake and recycling of α3-integrin. Next,

plates were placed on ice, washed four times with ice-cold PBS++ and incubated on

ice in a cold room for 90 min with ice-cold imaging medium (Tab.2.7.2) containing 1 %

BSA and 6.6 µg/ml unlabelled anti-mouse secondary antibody (A28174, Thermo Sci-

entific) to block cell surface-bound anti-α3-integrin antibody. Plates were kept on ice

and washed 4 times in ice-cold PBS++. PBS++ was exchanged for pre-warmed cul-

ture medium containing 1 % BSA and 6.6 µg/ml AlexaFluor647-conjugated anti-mouse

secondary antibody (A21463, Thermo Scientific) and plates were incubated at 37 °C for

the indicated durations. Due to the surface-blocking step on ice, the AlexaFluor647-

conjugated secondary antibody labels only labels recycled anti-α3-integrin primary an-

tibody and thus gives a measure of recycling efficiency. Following incubation at 37 °C,

cells were placed on ice, washed four times with PBS++ and fixed with 4 % PFA in PBS

for 5 min on ice followed by 15 min at room temperature. After fixation, 50 mM NH4Cl

in PBS was added in a 1:1 volume/volume ratio. The solution was exchanged for fresh

50 mM NH4Cl in PBS and incubated at room temperature for at least 30 min. Cells were

then washed three times in PBS, blocked, permeabilised with Saponin and labelled with

AlexaFluor488-conjugated anti-mouse secondary antibody for intracellular α3-integrin

and DAPI to stain nuclei as described in sec.2.5.2.
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2.7.6 Inhibitor treatments

A list of inhibitors and concentrations used in this study is provided in Tab.2.7.3. All

inhibitor doses were titrated and the lowest dose with maximum effect and highest cell

viability was used. Endocytosis and recycling inhibitors were added to culture medium

30 min before uptake and during assay duration unless otherwise indicated. Treatment

with Dyngo4A occured in serum-free medium, both for growing and quiescent cells.

Table 2.7.3: Inhibitor concentrations

Reagent Reference Manufacturer Concentration

Endocytosis
Dyngo4Aa ab120689 Abcam 4 µM
Ikarugamycin 15386 Cayman Chemical 50 nM
EIPA 14406 Cayman Chemical 15 µM
Rottlerin R5648 Sigma Aldrich 7.5 µM

Recycling
Monensin 16488 Cayman Chemical 100 µM
Primaquiine 160393 Sigma Aldrich 50 µM

mTORC1
Torin1 4247 Tocris 100 µM

aused with serum-free medium only

2.8 Image acquisition

2.8.1 Confocal microscopy

Confocal microscopy was performed on a LSM 700 confocal microscope (Zeiss) with

a 40 X Plan Apochromat oil objective (numerical aperture = 1.3) or a 63 X Plan Apoc-

hromat oil objective (numerical aperture = 1.4) equipped with a 405 nm (5 mW), 488

nm (10 mW), 555 nm (10 mW) and 639 nm (5 mW) laser laser. Using ZEN imaging

software, the emission lightpath was adjusted for 488 nm and 555 nm excitation to elimi-

nate autofluorescence in yellow wavelengths. Images were acquired at 1024x1024 pixel

size with zoom factor set to 1.0-1.5. To compare signals in proliferating and quiescent

cells, laser intensity and gain were kept constant when imaging the two conditions for a

protein of interest.
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2.8.2 High-throughput automated widefield microscopy

High throughput image acquisition was performed on an ImageXpress Micro XL Wide-

field High Content Screening System (Molecular Devices) equipped with a Nikon ELWD

20X S Plan Fluor air objective (numerical aperture = 0.45) and an environmental tem-

perature and CO2 control module, using MetaXpress 5.3 software. Fluorophors were

excited with a Lumencor Sola solid-state white-light engine with wavelengths ranging

from 380 nm to 680 nm. Emission was detected with band-pass filter cubes (Tab.2.8.1)

and captured by a 4.66 megapixel complementary metal-oxide semiconductor (CMOS)

camera. Images were acquired as 16 bit grayscale images at 2160x2160 pixels with

one image per acquired channel.

Table 2.8.1: ImageXpress Micro XLS filter cubes

Fluorophor Excitation (nm) Emission (nm)

DAPI, Hoechst33342 377/50 477/60

AlexaFluor488, DiO 482/35 536/40

AlexaFluor555, DiI, Rhodamine 543/22 593/40

AlexaFluor594 562/40 624/40

AlexaFluor633, AlexaFluor647 628/40 692/40

The workflow for setting up automated imaging of a 96 well-plate is depicted in Fig.2.8.1.

Prior to imaging, plates were calibrated to allow for plate and well bottom autofocus

setup (1). After selection of the 20X objective (2), the number and location of wells

and sites to be imaged were selected (3). Laser-based focussing on plate and well

bottom was enabled for each image to be acquired (4). The channels of wavelengths

for excitation and emission were selected and the channel serving as focus offset for

each other channel determined (4). Image-based focus and exposure times, ranging

from 1-2000 ms, were determined for each channel (4). To account for unevenness

in plate design or differences in focus planes, a focus journal was applied after each

image was acquired (5). The journal encoded a z-stack (for example 4 images with

2 µm spacing between each image, set manually) from which the image with the best

focus was saved as final acquisition.
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Figure 2.8.1: High throughput imaging workflow
Image acquisition setup with MetaXpress for ImageXpress micro XLS high content imaging system.
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2.9 Automated image analysis

Images acquired by confocal or high throughput microscopy were analysed with Cell-

Profiler 2.2.0 software (Carpenter et al., 2006; Lamprecht et al., 2007). Up to 3,000 im-

age sets (one image sets originating from high throughput microscopy consisted of up

to four separate images, one for each wavelength) were imported into CellProfiler and

metadata information about experiment name, well and site number and wavelength

channel extracted with regular expressions (Fig.2.9.1).

Figure 2.9.1: Regular expression to extract metadata information from images in CellProfiler

2.9.1 Cell segmentation and endosome identification

The workflow of a CellProfiler pipeline segmenting cells and endosomes is depicted in

Fig.2.9.2. The greyscale image for each wavelength channel was treated separately.

An illumination function was calculated for and background-subtracted from raw images

to account for uneven illumination (1). The illumination-corrected images were rescaled

on a scale of 0-1 so that faint signal is visible for object identificatioin (2). In rescaled

images, nuclei labelled with DAPI or Hoechst 33342 were identified as primary objects

(3) and cell bodies labelled with a cytoplasmic marker (such as GAPDH or phalloidin)

as secondary objects emanating from a primary object (4). A mask was created on

the identified cell bodies to eliminate areas not occupied by cells from further analysis

(5). Within the mask, speckles, which are small circular areas of increased intensity

compared to their immediate environment, were enhanced to distinguish them from

background haze or eliminate large areas of signal caused by antibody aggregation

or surface-bound antibody that was not efficiently stripped (6). The speckle-enhanced

image was used to identify endosomes as puncta of a defined pixel size (usually 4-15

pixels diameter) (7). Mean intensity and total area of identified puncta was measured in

illumination-corrected images (8). For quantification, mean fluorescence of puncta per

image was subtracted by mean fluorescence of cells per image in blank images (cells
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not subjected to ligand uptake but else treated the same) and multiplied by the total area

of puncta per cell.

Figure 2.9.2: Schematic of a CellProfiler cell segmentation and endosome identification pipeline
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2.9.2 Object-based colocalisation analysis

A schematic of a CellProfiler pipeline identifying colocalisation of endosomes is depicted

in Fig.2.9.3. Images were illumination-corrected and rescaled and speckles enhanced

and endosomes identified as puncta as described in sec.2.9.1. Identified puncta were

shrunk either to a central pixel or by a specified number of pixels, determining analysis

stringency (3). Colocalisation of shrunk puncta in different channels (images) was iden-

tified by relating overlapping objects in a child-parent relationship and filtering children

with a parent or vice versa (4). To later measure intensities of the original-size endo-

some, shrunken puncta with a parent (or child) were related back to the initially identified

puncta (5). Total intensity of colocalised and the total amount of identified puncta was

measured in illumination-corrected images to evaluate the percentage of colocalisation.
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Figure 2.9.3: Schematic of a CellProfiler pipeline for object-based colocalisation
Object identification and filtering occured after illumination correction, image rescaling and speckle en-
hancement. Intensity of filtered colocalised objects was measured in illumination-corrected images.
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2.10 Flow cytometry

Cell sorting for G1 or G0 RPE1 cells was performed on a MoFlo XDP Cell Sorter. DNA

was stained with 2.5 µg/ml Hoechst33342 for 45 min at 37°C, cells were harvested with

Accutase and cells with 2n DNA content sorted for further experiments (Immunoblotting

or labelling for flow cytometry analysis). Flow cytometry analysis was performed on a

BD Biosciences LSRII equipped with a 325 nm ultraviolet laser and 450/50 nm band-

pass filter for Hoechst or DAPI, a 488 nm laser and 530/30 nm bandpass filter for Alex-

aFluor488 or DiO, and a 633 nm laser and 660/20 nm bandpass filter for AlexaFluor633

or -647. For red fluorescent dyes (AlexaFluor555 or DiI), a BD Biosciences FACSAriaIII

with 561 nm excitation and 610/20 nm emission bandpass filter was employed. Data

were analysed using FlowJo 8.8.6 (FlowJo LLC). To compare signals in proliferating

and quiescent cells, laser intensity was kept constant when analysing the two cell cycle

states. In a height versus area dot plot of DNA stain fluorescence intensity (Hoechst

or DAPI), a gate was created on single cells to eliminate cell aggregates from further

analysis. A DNA profile histogram of DNA stain fluorescence intensity was then used

to gate on the cell populatioin with 2n DNA content. The 2n population of flow cytome-

try analysis will be referred to as “G1 cells” for proliferating samples and “G0 cells” for

quiescent samples in the results chapters. The average geometrical mean of the signal

area was used for quantification. Signal of labelled cells was divided by signal of con-

trol cells labelled with unspecific IgG or blank cells for activity assays and expressed as

x-fold signal intensity of background signal.

2.11 Statistical analysis

Where not otherwise indicated, results represent mean + standard error of the mean

(SEM). Gaussian distribution of samples was tested with D’Agostino & Pearson omnibus

normality test. Samples following a Gaussian distribution were tested for statistical sig-

nificance with Student’s unpaired two-tailed t-test (two sample groups), one-way ANOVA

and Dunett’s test for multiple comparisons (more than two sample groups) or two-way

ANOVA with Tukey’s test for multiple comparisons (more than two sample groups with

two parameters per group). If samples did not follow a Gaussian distribution, an unpaird

t-test with Welsh’s correction was used to compare two sample groups and Kruskal-
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Wallis test with Dunn’s multiple comparisons test for more than two sample groups.

Significance of mean comparison coefficients was annotatet as follows: ****P < 0.0001,

***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant.

2.12 Antibody and ligand concentrations

2.12.1 Primary antibodies

Table 2.12.1: Primary antibodies and concentrations
IF - immunofluorescence; FACS - Flow cytometry; IB - Immunoblot

Antibody Name
(clone)

Reference Host Company Final
concentration

(µg/ml) or dilution
IB IF/FACS

α3-integrin (P1B5) sc-13545 Mouse Sigma Aldrich - 0.66

α-adaptin (AP6) MA1-064 Mouse
Thermo

Scientific/Pierce
Antibodies

2 2

α-adaptin (clone
8/Adaptin α)

610501 Mouse BD Biosciences 0.125 2.5

β1-integrin (9EG7) 553715 Rat BD Pharmingen -

µ2-adaptin (clone
31/AP50)

611350 Mouse BD Biosciences 0.5 2.5

APPL1 (D83H4) 3858 Rabbit
Cell Signaling
Technology

- 1:50

APPL1 (E-17) sc-55063 Goat Santa Cruz - 2

CD151 (PETA-3) 350402 Mouse Biolegend - 1.6

Clathrin heavy
chain (X22)

MA1-065 Mouse
Thermo
Scientific

- 6

Cyclin D1 (92G2) 2978 Rabbit
Cell Signaling
Technology

1:1000 1:100

Dynamin 1
(41/Dynamin)

610245 Mouse BD Pharmigen - 1.25

Dynamin 2 (C-18) sc-6400 Goat Santa Cruz - 1.3

EEA1 2411 Rabbit
Cell Signaling
Technology

1:1000 1:100

EEA1 MAB8047 Mouse R&D Systems - 10

EGFP (clone 7.1
& 13.1)

11814460001 Mouse Roche - 0.8

EGFR (13A9) 13A9 Mouse Genentech - 1:1000
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Antibody Name
(clone)

Reference Host Company Final
concentration

(µg/ml) or dilution
IB IF/FACS

EGFR (D38B1) 4267 Rabbit
Cell Signaling
Technology

1:3500 1:100

Endophilin A2
(A-11)

sc-365704 Mouse Santa Cruz - 0.5

FCHo2 ab139731 Rabbit AbCam 8 10

FCHo2
Home made

(HMM)
Rabbit n/a - 1:500

GAPDH (0411) sc-47724 Mouse Santa Cruz 0.007 1

GAPDH (14C10) 2118 Rabbit
Cell Signaling
Technology

- 1:300

Ki67 ab15580 Rabbit Abcam 0.5 0.3

Lamp1 (H4A3-c) H4A3-c Mouse

Developmental
Studies

Hybridoma
Bank

- 0.56

Lamp1 (D2D11) 9091 Rabbit
Cell Signaling
Technology

1:1000 1:400

LDL receptor
(472413)

MAB2148 Mouse R&D systems 2.5 2.5

p27(KIP1) NCL-p27 Mouse
Novocastra

(Leica)
- 1:1000

PCNA (PC10) 2586 Mouse
Cell Signaling
Technology

1:2000 -

phospho-4E-BP1
(T37/46)

2855 Rabbit
Cell Signaling
Technology

- 1:400

phospho-Akt
(S473) (D9E)

4060 Rabbit
Cell Signaling
Technology

- 1:150

phospho-BAD
(S112) (40A9)

5284 Rabbit
Cell Signaling
Technology

- 1:200

phospho-Erk1/2
(T202/Y204)
(D13.14.4E)

4370 Rabbit
Cell Signaling
Technology

- 1:150

phospho-Erk1/2
(T202/Y204) (E10)

9106 Mouse
Cell Signaling
Technology

- 1:150

phospho-FAK
(Y397)

44-624G Rabbit
Thermo
Scientific

- 1:150

phospho Rb
(S807/811)
(D20B12)

8516 Rabbit
Cell Signaling
Technology

1:300

TFR1 (CBL47) CBL47 Rabbit merckmillipore 0,25 0.5
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Antibody Name
(clone)

Reference Host Company Final
concentration

(µg/ml) or dilution
IB IF/FACS

VPS35 ab97545 Rabbit Abcam - 3.1

2.12.2 Secondary antibodies

Table 2.12.2: Secondary antibodies and concentrations
IF - immunofluorescence; FACS - Flow cytometry; IB - Immunoblot

Secondary
Antibody

Conjugate Reference Manufacturer Dilution IF/FACS

Goat anti-mouse
IgG

AlexaFluor 488 A11001
Thermo
Scientific

1:500/1:1,000

Donkey
anti-mouse IgG

AlexaFluor 488 A21202
Thermo
Scientific

1:500/1:1,000

Chicken
anti-mouse IgG

AlexaFluor 488 A21200
Thermo
Scientific

1:500/1:1,000

Donkey
anti-mouse IgG

AlexaFluor 594 A21203
Thermo
Scientific

1:500/1:1,000

Goat anti-mouse
IgG

AlexaFluor 633 A21050
Thermo
Scientific

1:500/1:1,000

Chicken
anti-mouse IgG

AlexaFluor 647 A21463
Thermo
Scientific

1:500/1:1,000

Goat anti-rat IgG AlexaFluor 488 A11006
Thermo
Scientific

1:500/1:1,000

Chicken anti-rat
IgG

AlexaFluor 647 A21472
Thermo
Scientific

1:500/1:1,000

Goat anti-rabbit
IgG

AlexaFluor 488 A11008
Thermo
Scientific

1:500/1:1,000

Chicken
anti-rabbit IgG

AlexaFluor 488 A21441
Thermo
Scientific

1:500/1:1,000

Goat anti-rabbit
IgG

AlexaFluor 633 A21070
Thermo
Scientific

1:500/1:1,000

Chicken
anti-rabbit IgG

AlexaFluor 647 A21443
Thermo
Scientific

1:500/1:1,000

Donkey
anti-goat IgG

AlexaFluor 488 A11055
Thermo
Scientific

1:500/1:1,000

Donkey
anti-sheep IgG

AlexaFluor 488 A11015
Thermo
Scientific

1:500/1:1,000

Goat anti-Rabbit
IgG

HRP BioRad BioRad IB 1:10,000
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Secondary
Antibody

Conjugate Reference Manufacturer Dilution IF/FACS

Goat anti-Mouse
IgG

HRP BioRad BioRad IB 1:10,000

2.12.3 Ligands for uptake assays

Table 2.12.3: Ligand concentrations for uptake assays and cell surface labelling

Ligand Conjugate Manufacturer
Working

concentration

10 KDa dextran AlexaFluor 555
Thermo Fisher

D34679
500 µg/ml

10 KDa dextran AlexaFluor 647 LifeTech D22914 500 µg/ml

10 KDa dextran1 AlexaFluor 647 LifeTech D22914 10 mg/ml

70 KDa dextran TRITC LifeTech D1818 1 mg/ml

BSA AlexaFluor 647
ThermoFisher

A34785
100 µg/ml

Cholera toxin B AlexaFluor 555 LifeTech C34776 750 ng/ml

DQ Green BSA BODIPY
ThermoFisher

D12050
100 µg/ml

EGF AlexaFluor 488 LifeTech E13345 50 ng/ml

EGF AlexaFluor 647 LifeTech E35351 50 ng/ml

HDL DiO
Kalen Biomedical

770380-9
50 µg/ml

HDL2 AlexaFluor 488
Calbiochem

437641
50 µg/ml

LDL DiI LifeTech L3482 5 µg/ml

LDL DiO
Kalen Biomedical

770280-9
15 µg/ml

Lucifer Yellow CH - LifeTech L453 5 mg/ml

Oxidised LDL DiI Intracell RP-173 5 µg/ml

Oxidised LDL DiO
Kalen Biomedical

770282-9
30 µg/ml

Shiga toxin B His
Sigma Aldrich

SML0655
400 ng/ml

110 µg/ml concentration was used when cells were fixed post uptake
2labelled with Alexa Fluor 488 Antibody Labeling Kit (A20181, Thermo Fisher) according to manufacturer’s

instructions

94



2.12 Antibody and ligand concentrations

Ligand Conjugate Manufacturer
Working

concentration

Transferrin AlexaFluor 488 LifeTech T13342 200 µg/ml

Transferrin AlexaFluor 555 LifeTech T35352 200 µg/ml

Table 2.12.4: Antibody concentrations for feeding and cell surface labelling

Antibody Name
(clone)

Reference Host Company Final
concentration

(µg/ml)

α3-integrin (P1B5) sc-13545 Mouse Sigma Aldrich 1.3

β1-integrin (9EG7) 553715 Rat BD Pharmingen 2.8

β1-integrin
(Mab13)

552828 Rat BD Pharmigen 2

Lamp1 (H4A3-c) H4A3-c Mouse Developmental
Studies Hybridoma

Bank

1.2

CD151 (PETA-3) 350402 Mouse Biolegend 2

95



3 An in vitro model for proliferative

quiescence

3.1 Introduction

The majority of molecular cell biology research is carried out in continuously proliferat-

ing cell lines, which are often established by oncogenic transformations (such as HeLa

cells). A notable proportion of cells in the adult human body, however, reside in a

non-proliferative state, which might be characterised by modified molecular processes.

Terminally differentiated and senescent cells have irreversibly left the cell cycle, but

quiescent (also termed G0) cells can be triggered by specific stimuli to resume prolifer-

ation. Upon cell cycle exit, expression of cell-cycle progression markers such as Cyclin

D1, CDK2, PCNA and phosphorylation of Retinoblastoma protein are down-regulated

in quiescent cells (Baldin et al., 1993; Ruiz-Miró et al., 2011; Takasaki et al., 1981; Ste-

vaux & Dyson, 2002; Spencer et al., 2013). The absence of Ki67 is another marker

of cell cycle exit, as it is only present when cells are proliferating (Gerdes et al., 1983,

1991). In addition to molecular markers, quiescent cells can be identified by decreased

mTORC1 growth signalling (Gan & DePinho, 2009; Adhikari et al., 2010) and concom-

mitant reduced transcriptional activity, defined by low levels of mRNA (Darzynkiewicz

et al., 1980; Rhee & Bao, 2009). To date, research on quiescent cells has mostly been

limited to naïve lymphocytes, dormant stem cells or cancer stem cells (Cheng et al.,

2000a; Orford & Scadden, 2008; Malumbres & Barbacid, 2001), which are difficult to

maintain in culture and therefore poorly suited for complex functional assays or exper-

iments requiring high cell numbers. Recently, human fibroblasts were identified as a

qualified in vitro system to study molecular processes during proliferative quiescence

(Mitra et al., 2018). Primary cultures of human fibroblasts can enter the quiescent state

via multiple routes, contact inhibition, growth factor withdrawal and loss of adhesion.
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Combination of two or more of these pathways leads to a common ’deep’ quiescence

signature (Coller et al., 2006; Mitra et al., 2018). However, primary cell culture systems

pose the risk of high batch-to-batch variations and variations between cell passages.

In this chapter, the suitability of hTERT-immortalised RPE1 cells to serve as an in vitro

model for proliferative quiescence will be tested. Non-transformed, hTERT-immortalised

cell lines allow for the benefits of primary cells by maintaining cell type-speficic expres-

sion markers and sensitivity to contact inhibition-mediated cell cycle arrest (Vaziri &

Benchimol, 1998; Bodnar, 1998).

3.2 Results

3.2.1 Inducing proliferative quiescence in RPE1 cells

Based on experiments in quiescent human fibroblasts, a protocol combining contact

inhibition- and mitogen withdrawal-mediated quiescence entry was applied to hTERT-

immortalised RPE1 cells (further referred to as ’RPE1 cells’) (Coller et al., 2006). RPE1

cells were cultured in full growth medium for seven days until they reached confluence.

On day 7, medium was exchanged to growth medium without serum supplementa-

tion, in which cells were kept for 10 days to induce a deeper quiescent state (Gookin

et al., 2017). Subconfluent RPE1 cells did not survive medium exchange to serum-free

medium (data from K. McGourty, Boucrot lab; not shown). After 10 days in serum-free

medium, the DNA profile of quiescent cells was analysed by flow cytometry (Fig.3.2.1A).

DNA quantity was measured by Hoechst 33342-staining of DNA in ethanol-fixed cells.

Ethanol permeabilises cells by stripping them of lipids and allows for efficient dye in-

corporation into DNA. Hoechst 33342 stoichiometrically intercalates into A-T-rich mi-

nor grooves of doublestranded DNA, where it emits fluorescence when excited with

UV (325 nm) or near-UV (375 nm) light. Fluorescence intensity of DNA-intercalated

Hoechst 33342 is proportional to a cell’s DNA content and provides information on the

replicative state of its DNA (Arndt-Jovin & Jovin, 1977). Cellular DNA content can be

used to distinguish between residence in G0/G1 (cells with 2n DNA content), S (between

2n and 4n DNA content) and G2 or Mitosis (G2/M, 4n DNA content with fully replicated

genome) phase of the cell cycle. Proliferating (further referred to as ’growing’) RPE1

cells exhibited a 2n DNA peak comprising of two thirds of the total cell population, about
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Figure 3.2.1: Inducing quiescence in hTERT-immortalized RPE1 cells
A: Upper panel: Schematic illustrating the protocol to generate proliferating (’Growing’), 7 days contact-
inhibited and 10 days serum-starved RPE1 cells used throughout this study. RPE1 cells were grown
in full growth medium for 7 days until they reached confluence. After 7 days, cells were cultured in
medium without serum for another 10 days. Lower panel: Representative epifluorescence microscopy
images of subconfluent proliferating cells at day 2 and confluent long-term quiescent cells at day 17.
Nuclei are represented in blue and cell bodies (white) were labelled with a plasma membrane marker
(anti-CD44). Scale bar: 50 µm. B: Representative histogram showing the DNA profile of ethanol-fixed
growing (blue) and long-term quiescent (red) RPE1 cells stained for DNA content with Hoechst33342
analysed by flow cytometry. Gates represent the cut-off lines for cell cycle phases G0/G1, S and G2/M,
which are quantified in the upper right corner. Percentage of max (% of Max) indicates the number of
cells relative to the peak fraction of cells. A minimum of 50,000 cells per condition were analysed.
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one tenth of cells replicated DNA in S-phase and one fifth of the population was residing

in G2 or mitosis (G2/M) phase (Fig.3.2.1B). In contrast, more than 90 % of quiescent

RPE1 cells exhibited 2n DNA, suggesting cell cycle exit during G1 phase, and less than

1 % of quiescent cells were found to be replicating DNA or have duplicated genome

(Fig.3.2.1B).

The ability of quiescent RPE1 cells to re-enter the cell cycle was tested in wound-healing

assays (data from Dr Kieran McGourty, not shown). This feature and reduced expres-

sion of senescence-associated β-galactosidase (K. McGourty) affirmed the temporary

growth arrest and excluded the possibility of irreversible cell cycle exit (Dimri et al.,

1995).

Figure 3.2.2: SILAC mass spectrometry data of G0 and G1 RPE1 cells
Results of a SILAC mass spectrometry screen comparing the proteome (left) and phosphoproteome
(right) of G1 and G0 RPE1 cells. Displayed is the log2 ratio of protein levels in G0 relative to levels in
G1. G1 cells were sorted by flow cytometry from proliferating cells. Identified key proteins involved in
cell cycle progression are indicated. The ± one Log2 unit zone marked in red is considered to contain
proteins whose levels did not differ (Mann & Kelleher, 2008).

To obtain an overview of the properties of quiescent RPE1 cells, the G0/G1 population

of proliferating cells with 2n DNA content (further referred to as ’G1 cells’) was sorted

by flow cytometry and compared with quiescent, also termed G0, cells in a SILAC mass

spectrometry screen. G0 cells were compared to G1 cells (and not S or G2/M phase

cells) because with the protocol applied, RPE1 cells exit the cell cycle in G1 phase and

we were interested in the differences occuring following cell cycle exit. This experiment

was performed by E. Boucrot and MaxQuant analysis was conducted by K. McGourty

(for details see sec.2.3). Only hits with at least two peptides per protein were consid-

ered. G0 cells exhibited lower levels of cell cycle progression markers such as Cyclin D1
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and B1, PCNA and CDK2 (Fig.3.2.2). Levels of RNA polymerase II and Ki67 were also

reduced. Abundance of Retinoblastoma protein (Rb) did not differ, but six identified

phosphorylation sites were less phosphorylated in G0 than in G1 (Fig.3.2.2). Further-

more, the screen hinted at a down-regulation of mTORC1 activity with hypophospho-

rylated substrates PRAS40 (S183, 5-fold reduced) and 4E-BP1/2 (S2, S5 both 2-fold

reduced, T46 5-fold reduced) in G0. As a next step, these markers should be confirmed

by biochemical and cell biological approaches.

3.2.2 Quiescent are smaller and contain less protein than proliferating

cells

When counting growing and quiescent cells with a haemocytometer in preparation for

immunoblotting and immunofluorescence experiments, quiescent cells proved to be ro-

bustly 20 % smaller than growing cells (Fig.3.2.3A). Protein levels were determined us-

ing a Bradford-based assay. Harvested quiescent (G0) and FACS-sorted G1 cells from

growing cells were lysed in equal volumes of 8 M urea per number of cells. Measuring

protein concentration of equal lysate volumes, equivalent to equal cell numbers, gives

conclusion on protein total protein content per cells. With this approach, it was shown

that quiescent RPE1 cells contain 40 % less protein than G1 cells (Fig.3.2.3B). As a

second approach to determine differences of protein levels in G0 and G1 cells, equal

volumes of total cell lysates of G0 and FACS-sorted G1 cells were analysed by SDS-

PAGE. Gels were stained with Coomassie blue and band colour intensity was measured

by densitometry quantification. This approach confirmed a 40 % reduction of protein

content in quiescent cells (Fig.3.2.3C). These findings are important, as results in the

mass spectrometry screen were normalised to total protein levels, which has to be con-

sidered when quantitatively confirming mass spectrometry data by immunoblotting or

flow cytometry. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was tested as a

potential house-keeping gene correlating with the protein level fluctuations between the

two cell populations. Indeed, immunoblots of total lysates probed for GAPDH showed a

40 % reduction of GAPDH levels in quiescent cells when equal numbers of lysed cells

were loaded on an SDS gel, equivalent to the reduction of total protein levels per cell

(Fig.3.2.3D). When loaded volumes were adjusted to equal total protein levels, however,
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GAPDH levels were the same in G1 and G0 cells, making GAPDH a suitable loading

control for future immunoblots (Fig.3.2.3D).

Figure 3.2.3: Size and protein content of quiescent RPE1 cells
A: Mean diameter of growing and quiescent RPE1 cells in suspension was measured with a haemo-
cytometer. Bar graphs represent mean + SEM from n=15 (growing cells) and n=11 (quiescent cells)
biological replicates. B: Protein concentration measurement using Bradford assay. G0 and FACS-
sorted G1 cells were lysed in 8 M urea, with volumes adjusted to cell numbers. Bar graphs represent
mean + SEM from n=4 biological replicates. C: Representative lanes of Coomassie blue-stained SDS-
PAGE gel with lysates from G0 and FACS-sorted G1 cells lysed in equal volumes of 8 M urea per cell
number (left). Colour intensity per lane was quantified by densitometry measurement and normalised
to G1 cells (right). Bar graphs represent mean + SEM from n=5 biological replicates. D: Representative
immunoblots of total lysates from FACS sorted G1 and G0 RPE1 cells probed against GAPDH (left).
The upper blot shows loading normalised to cell number, the lower blot shows loading normalised to
total protein levels. GAPDH levels per band were quantified by densitometry measurement Bar graphs
represent mean + SEM from n=5 (per cell) or n=6 (per µg protein) biological replicates. Statistical sig-
nificances in A, B, C and D were tested with Student’s unpaired two-tailed t-test comparing G0 to G1
cells. ****P < 0.0001, **, P < 0.01, *P < 0.05, ns, not significant.

101



3.2 Results

3.2.3 Quiescent RPE1 cells exhibit low levels of cell cycle progression

markers

To confirm the observations from the mass spectrometry screen (Fig.3.2.2), cell bio-

logical and biochemical methods (immunofluorescence (IF) microscopy, flow cytome-

try and immunoblotting) were employed. IF microscopy of endogenous Cyclin D1 and

Ki67 levels illustrates high levels of each protein in nuclei of growing RPE1 cells, but

their absence in nuclei of quiescent cells (Fig.3.2.4A). Quantification of Cyclin D1 and

PCNA levels in immunoblots of total cell extracts of G1 and G0 cells revealed presence

of Cyclin D1 and PCNA in quiescent cells, but total levels were sigificantly reduced to

27.0 ± 5.6 % for Cyclin D1 and to 9.3 ± 1.2 % for PCNA compared to G1 cells (Fig.3.2.4B

and C). Ki67 was almost absent in quiescent cells with levels being 5.4 ± 2.0 % of Ki67

levels in G1 cells (Fig.3.2.4B and C).

The phosphorylation state of Rb was assessed by immunolabelling of PFA-fixed growing

or quiescent cells with an antibody recognising Rb phosphorylated at Serines 807 and

811 (pRb), followed by flow cytometry analysis of the cell population with 2n DNA

content. G1 cells exhibited two peaks of pRb fluorescence intensity, a ’low pRb’ with

cells featuring hypophosphorylated Rb not recognised by the antibody and a ’high pRb’

peak with cells featuring phosphorylated Rb (Fig.3.2.4D). Percentages of cells with hy-

pophosporylated and phosphorylated Rb were identified by drawing gates on the re-

spective peaks. 85.8 % of G1 cells exhibited high levels of phosphorylated Rb, com-

pared to only 2.4 % of G0 cells. 96.7 % of G0 cells contained hypophosphorylated Rb.

Interestingly, a small fraction (14.2 %) of G1 cells also exhibited hypophosphorylated

Rb, marking a putative quiescent subpopulation within the G1 population of proliferating

cells (Fig.3.2.4D).
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Figure 3.2.4: Cell cycle progression markers are down-regulated in quiescent RPE1 cells
A: Confocal microscopy sections of endogenous Ki67 and Cyclin D1 levels in nuclei of growing and
quiescent RPE1 cells. Scale bar: 20 µm. B: Representative immunoblots of total lysates from G0 and
FACS-sorted G1 cells probed against Cyclin D1, PCNA and Ki67. GAPDH served as loading control.
C: Densitometry quantification of immunoblots in B. Band density was normalised to GAPDH and G1
cells. Bar graphs represent mean + SEM from n=3 biological replicates, Student’s unpaired two-tailed
t-test comparing G0 to G1 cells. ***P < 0.001, *P < 0.05. D: Histogram of Rb phosphorylated at Ser
807/811 (pRb) in G1 and G0 RPE1 cells. After elimination of cell doublets and dead cells, the population
with 2n DNA content was used for further analysis. Gates used for pRb quantification are displayed.
Percentages of G1 (blue) and G0 (red) cell populations with low and high pRb are listed in the left and
right upper corner, respectively. Blank signal is shown in grey. A minimum of 50,000 cells per condition
were analysed by flow cytometry.
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3.2.4 DNA-RNA staining identifies an increased subpopulation with low

RNA content in quiescent cells

As was evident from pRb labelling of proliferating cells, a cell population with 2n DNA

content could be either reside G1 or G0 state of the cell cycle. The low mRNA content

in quiescent cells due to their reduced transcriptional activity can be used to additionally

discriminate between G1 and G0 subpopulations. According to the mass spectrometry

screen, RNA Polymerase II expression was reduced in G0, supporting the hypothesis

of decreased mRNA synthesis in quiescent RPE1 cells. Staining RNA with Pyronin Y

(PY) and DNA with Hoechst 33342 in live cells was employed by several groups to

distingruish G0 from G1 cells (Shapiro, 1981; Crissman et al., 1985). PY is the xan-

thene homologue of Acridine Orange, a cell-permeant dye emitting green fluorescence

(532 nm) when bound to double-stranded DNA and red fluorescence (637 nm) when

bound to single-stranded DNA or RNA (Löber, 1981). Unlike Acridine Orange, PY is

nonfluorescent both in solution and when bound to single-stranded nucleic acids (Ka-

puscinski & Darzynkiewicz, 1987). However, PY binds to double-stranded RNA, such

as ribosomal RNA, with a four-fold higher affinity than to double-stranded DNA and

emits red (565-574 nm) fluorescence when in complex with either nucleic acid (Kapus-

cinski & Darzynkiewicz, 1987). Thus, this method does not give a direct measurement

of transcriptive activity, but considers that both mRNA and rRNA levels increase dur-

ing progression through G1 phase and further when cells are dividing (Abelson et al.,

1974).

When staining growing and quiescent RPE1 cells for DNA and RNA content, the pro-

tocol of Shapiro (1981) was altered in that cells were fixed with 70 % ethanol before

staining with Hoechst 33342 and PY to allow for better resolution of the DNA profile

(Lemons et al., 2010). Cells were analysed by flow cytometry and G0/G1, S and G2/M

phase were identified in a DNA profile of Hoechst 33342 fluorescence as described

for Fig.3.2.1B. According to Crissman et al. (1985), G0 cells are the cell population

with low DNA content (2n) and lower RNA content than S and G2/M cells. Follow-

ing this definition, cells with 2n DNA and low or high RNA content will betermed ’low

G0lowRNA or G1hiRNA, respectively, in this subsection, to distinguish them from the terms

G0 and G1 employed for the general quiescent and Gap1 cell cycle phases. In a linear

Hoechst 33342 versus PY dotplot, gates were drawn around G0lowRNA, G1hiRNA, S and
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G2/M phase subpopulations for growing and quiescent RPE1 cells (Fig.3.2.5A). The

upper threshold for the G0lowRNA subpopulation was variable according to RNA content

of S phase cells (Lemons et al., 2010). Quantification cell cycle distribution showed that

in quiescent cells, the fraction of G0lowRNA cells was almost two-fold increased (53 ± 8 %

versus 28 ± 1% in growing cells, Fig.3.2.5B and C). S and G2/M phase populations in

quiescent cells were negligibly small with 1.3 ± 0.3 % and 1.8 ± 0.7 % of the total popu-

lation (Fig.3.2.5B and C). Interestingly, the G1hiRNA subpopulation in growing cells was

of equal size to the one in quiescent cells (Fig.3.2.5B and C). These results imply, that

not all quiescent cells contain low RNA levels to be classified G0lowRNA.

To further validate the G0lowRNA/G1hiRNA discrimination by DNA-RNA staining with a

molecular marker, Hoechst-PY-stained cells were counterlabelled with an anti-pRb an-

tibody recognising Rb phosphorylated at Serines 807 and 811. Cells were analysed

by flow cytometry and cell cycle distribution was determined as described above. The

colour code from Fig.3.2.5A for cell cycle subpopulations was maintained when plotting

the cells in a Hoechst 33342 versus pRb dotplot (Fig.3.2.5D upper panel). In this visuali-

sation, the majority of growing cells, including both G0lowRNA and G1hiRNA subpopulatios,

exhibited high pRb levels (88.8 % and 73.1 %, respectively). Only 11.2 % of G0lowRNA

subpoplation of growing cells had hypophosphorylated Rb. Interestingly, at least twice

as many growing G1hiRNA cells (26.9 %) contained hypophosphorylated Rb. In contrast,

the majority of quiescent G0lowRNA and G1hiRNA cells exhibited hypophosphorylated Rb

(99.2 % G0lowRNA and 97.1 % G1hiRNA cells). Plotting pRb signal versus PY signal inten-

sity confirmed the heterogenity of pRb phosphorylation in the G0lowRNA subpopulation of

growing cells. Only 12 % of G0lowRNA cells exhibited hypophosphorylated Rb and twice

as many G1hiRNA cells were also characterised by hypophosphorylated Rb (Fig.3.2.5D

lower panel). In quiescent cells, 99.2 % of the G0lowRNA subpopulation contained hy-

pophosphorylated Rb, but a similar proportion of the G1hiRNA subpopulation (97.2 %)

also contained hypophosphorylated Rb. This would suggest that the 99.2 % G0lowRNA

cells with hypophosphorylated Rb present a bona fide G0 population with low DNA and

RNA content and hypophosphorylated Rb. Next, pRb fluorescence intensity was plot-

ted as a histogram of the cell cycle subpopulations identified in Fig.3.2.5A with the pRb

fluorescence signal normalised to the intensity of the peak fraction of each cell cycle

subpopulation (Fig.3.2.5E). The histogram for growing cells highlights that the majority

of cells in each cell cycle phase contained pRb (precise quantifications for hypophos-
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Figure 3.2.5: Identification of a bona fide G0 population with DNA-RNA (Hoechst-Pyronin Y) staining and
pRb colabelling
A: Representative dot plot of DNA (Hoechst 33342) and RNA (Pyronin Y) levels in growing and quiescent
RPE1 cells with identified cell cycle phases G0lowRNA, G1hiRNA, S and G2/M. Cells were fixed in 70 %
ethanol and stained with 2 µg/ml Hoechst 33342 and 4 µg/ml Pyronin Y. A minimum of 50,000 cells
were analysed by flow cytometry. B: Quantification of cell cycle distribution from A. Column charts show
mean ± SEM from n=4 biological replicates with 2 technical repeats. C: Cell cycle populations from A are
represented relative to populations in growing cells as mean + SEM from n=4 biological replicates with 2
technical repeats, ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant, Student’s unpaired two-tailed t-
test comparing quiescent to growing cells. D: Flow cytometry analysis of levels of Rb phosphorylated at
Serines 807 and 811 (pRb) in cell cycle phases identified by Hoechst-Pyronin Y staining. Growing and
quiescent RPE1 cells were fixed with 70 % ethanol, immunolabelled for pRb and subsequently stained
for DNA and RNA content as described in A. Dot plots represent pRb versus DNA levels (upper panel)
and pRb levels versus RNA levels (lower panel). Low and high pRb levels (identified by quadrants)
were quantified in cells identified as G1hiRNA (blue) and G0lowRNA (red) by Hoechst-Pyronin Y staining
as percentage of the whole subpopulation. A minimum of 50,000 cells were analysed. E: Histograms
and quantification of high and low pRb levels in cell cycle phases discriminated by Hoechst-Pyronin Y
staining. Blank signal is shown in grey.
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phorylated ’low pRb’ and pRb ’high pRb’ are below the histogram). In quiescent cells,

however, the majority of each cell cycle subpopulation, including S and G2/M phase

cells, exhibited hypophosphorylated Rb, with the peak of G0lowRNA cells at a slightly

lower pRb intensity than all other subpopulations.

This experiment demonstrates that quiescence entry mediated by contact inhibition-

mitogen withdrawal increased the population of low RNA-containing RPE1 cells. How-

ever, this G0lowRNA population did not correlate with the molecular cell cycle marker pRb.

Rb was primarily hypophosphorylated both in the low and high RNA subpopulations in

quiescent cells, whereas the G0lowRNA subpopulation in growing cells featured primarily

phosphorylated Rb.

3.3 Discussion

3.3.1 RPE1 cells as an in vitro model for proliferative quiescence

Quiescent cells have been studied both in vitro and in vivo. However, the majority of

cells with innate quiescence features (naïve lymphocytes, dormant stem cells, dormant

cancer stem cells) are difficult to maintain ex vivo in cell culture systems for long term

studies (Cheng et al., 2000a; Orford & Scadden, 2008; Malumbres & Barbacid, 2001).

Quiescence can be induced in proliferating primary cells, such as fibroblasts, by con-

tact inhibition and mitogen withdrawal (Coller et al., 2006). A quiescent state induced

by these methods is more close to the physiological state of epithelial cells than per-

turbation by chemical compounds as shown in Crissman et al. (1985).To overcome the

difficulties of working with primary cells, such as batch variations and variations between

early and late passages, it was tested whether a non-transformed hTERT-immortalised

retina pigmented epithelial cell line (RPE1 cells) can substitute primary cells to serve as

a quiescence model to establish and optimise future experiments. RPE1 cells exhibit a

stable diploid karyotype and are sensitive to contact inhibition (ATCC documentation).

Being subjected to a combination of contact inhibition and mitogen withdrawal, RPE1

cells reversibly exited the cell cycle, halted DNA replication in G1 phase (evident by

their diploid genome, Fig.3.2.1) and were smaller and contained less protein (Fig.3.2.3).

Reduced size, and thus protein content, has been reported for multiple quiescent cell

types (Yusuf & Fruman, 2003; Marguerat et al., 2012) and might be a consequence of
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low mTORC1 activity during quiescence and thus lacking growth stimulation (Laplante

& Sabatini, 2012; Adhikari et al., 2010; Gan & DePinho, 2009). Reduced mTORC1 ac-

tivity in quiescent RPE1 cells was suggested in the SILAC mass spectrometry screen,

which identified reduced phosphorylation of Serine 183 in the proline-rich Akt substrate

of 40 kilodaltons (PRAS40) mTORC1 substrate. Hypophosphorylated PRAS40 binds

to the RAPTOR subunit of mTORC1 and prevents its signalling in response to growth

factors, potentially preventing fast responsiveness of quiescent cells to growth factor

stimuli (Oshiro et al., 2007; Hsu et al., 2011). In addition to reduced growth signalling,

the decreased expression of cell cycle progression markers in quiescent RPE1 cells

could be shown by multiple methods (Fig.3.2.1,Fig.3.2.2 and Fig.3.2.4) and is in agree-

ment with the literature, which reports reduced Cyclin D1 (Wang et al., 2011), PCNA

(Cheung & Rando, 2013), absence of Ki67 (Jensen & Watt, 2006) and hypophospho-

rylated Rb (Leibundgut et al., 2005) in naturally quiescent stem cells. Quiescent RPE1

cells also exhibited low CDK2 levels, confirming the theory of Spencer et al. (2013),

that CDK2 is involved in the proliferation-quiescence decision. PRb labelling identified

a subpopulation of growing cells with hypophosphorylated Rb (Fig.3.2.2C). Since fully

phosphorylated Rb is required for cell cycle progression, this population might reside

in a spontaneous, short term quiescence (Knudsen & Wang, 1996). Proliferating cells

can spontaneously enter a quiescent state under optimal growth conditions, pointing

towards intrinsic, albeit unknown, features regulating this process (Gookin et al., 2017).

Gookin et al. also showed that cells spontaneously exiting the cell cycle exhibited in-

creased levels of Cyclin D1 compared to cells residing in ’deep’ longterm quiescence,

which marks them as different from cells residing in a ’deep’ quiescent state like dormant

stem cells or cells entering quiescence by contact inhibition and mitogen withdrawal.

3.3.2 DNA-RNA staining as a tool to discriminate between G0/G1

populations of the cell cycle

DNA-RNA staining with Hoechst33342 and PY has been a long-standing method de-

veloped by Shapiro (1981) to discriminate between G1 and G0 cells in a heterogenic

cell population and was employed successfully by Srour & Jordan (2002) to sort viable

quiescent hematopoietic stem cells. It is also acknowledged in the recent volume of

Methods in Molecular Biology (Eddaoudi et al., 2018). DNA-RNA staining, like pRb
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labelling, identified a small low-RNA population within growing RPE1 cells (Fig.3.2.5).

Surprisingly, according to this method, only about half the quiescent cells were identi-

fied as G0lowRNA (Fig.3.2.5). The size of the G0lowRNA subpopulation was larger than

the one in growing cells and agrees with the data from Lemons et al. (2010), but con-

tradicted the 97 % quiescent cells with hypophosphorylated Rb (Fig.3.2.2). In contrast,

the majority of the G0lowRNA subpopulation in growing cells was still characterised by

high pRb levels and a proportion of growing G1hiRNA cells featured, unexpectedly, hy-

pophosphorylated Rb (Fig.3.2.5). These results are in conflict with hyposphorylated

Rb-mediated cell cycle exit (Ren & Rollins, 2004). Both the G0lowRNA and G1hiRNA cells

in the quiescent population featured hypophosphorylated Rb, which means that all cells

left the cell cycle because cell cycle progression cannot occur without Rb phosphory-

lation and activated cell cycle progression transcription factors (Ren & Rollins, 2004).

Furthermore conflicting with the role of pRb in cell cycle progression, the majority of the

G0lowRNA subpopulation of growing cells featured phosphorylated, and a proportion of

the G1hiRNA subpopulation hypophosphorylated Rb (Fig.3.2.5). The model of low RNA

content for cell cycle exit might thus not be enough to conclude on a bona fide quiescent

population, because the results presented here show that the identified G0lowRNA and

G1hiRNA did not feature the corresponding levels of at least one cell cycle progression

marker. This suggests that DNA-RNA staining might only be suited for cells residing in a

natural quiescent state like dormant stem cells and naive lymphocytes, for which it has

been successfully implemented (Fukada et al., 2007; Srour & Jordan, 2002). However,

it should be considered that fluorescent Pyronin Y does not represent single-stranded

mRNA, but double-stranded rRNA and thus gives an indirect measurement of transcrip-

tional activity (Kapuscinski & Darzynkiewicz, 1987). Therefore, if possible, the use of

multiple molecular markers might be preferred to characterise the quiescent state, as it

shed light on active or inactive cell cycle progression.

3.4 Conclusions

Proliferative quiescence is a naturally occuring state in which many cells in the adult

mammalien body reside. Although first mentioned four decades ago, mammalian quies-

cent cells have attracted attention only recently when characterised to actively maintain

the quiescent state (Coller et al., 2006; Quinlan & Hochstadt, 1977). The work in this
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chapter proposes RPE1 cells as an in vitro cell line model for proliferative quiescence.

A robust protocol was developed to induce quiescence in RPE1 cells, upon which ex-

pression or phosphorylation of cell cycle progression markers was reduced. DNA-RNA

staining to distinguish between G0 and G1 cells in a mixed population appears to be

a controversial method, as it does not correlate with molecular cell cycle progression

markers such as phosphorylation of Rb. Although DNA-RNA staining suggests that

only part of the quiescent cells reside in a G0lowRNA state with reduced RNA content, the

homogeneous down-regulation of cell cycle progression markers, including hypophos-

phorylation of Rb, whose full phosphorylation is essential for cell cycle progression,

implies that all cells have exited the cell cycle. Counterlabelling of subpopulations iden-

tified by DNA-RNA staining with further cell cycle progression markers might thus be

the method of choice when identifying a bona fide quiescence population, although this

method is not applicable for intracellular markers when sorting live cells. Growth arrest

in G1 phase, down-regulation of cell cycle progression markers and reduction of size

and protein content were, however, encouraging evidence for us to use RPE1 cells are

a suitable in vitro cell line model to study molecular processes in quiescent cells.
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4 Endocytosis during proliferative

quiescence

4.1 Introduction

4.1.1 Endocytic pathways

Endocytosis mediates vital cellular processes, such as nutrient uptake, receptor level

regulation, plasma membrane turnover, polarisation, migration and signalling (Barbieri

et al., 2016). It is therefore indispensible for cellular survival and ubiquitously present

in eukaryotic cells. During endocytosis, plasma membrane invaginations of varying

sizes and shapes, which contain the cargo to be internalised, are generated, pushed

away from the plasma membrane into the cytoplasm and finally severed to form endo-

cytic vesicles. Various mechanisms exist for endocytic carrier formation and are dis-

tinguished according to carrier size, proteins involved and actin dependence. Clathrin-

mediated endocytosis (CME) is characterised by Clathrin triskelia forming a coat around

the nascent vesicle (McMahon & Boucrot, 2011; Kaksonen & Roux, 2018). Consti-

tuting the major endocytic pathway in eukaryotic cells, it occurs constitutively and is

involved in many house-keeping functions (Schmid, 1997; Bitsikas et al., 2014; Lo-

erke et al., 2009). Multiple Clathrin-independent pathways exist in parallel to CME,

adapted to specific cargoes and cellular functions (Ferreira & Boucrot, 2018). FEME

was only recently discovered and describes fast internalisation of activated receptors

into Endophilin-positive carriers (Boucrot et al., 2015). Cholera and Shiga toxin de-

form the membrane by clustering their receptors GM1 and Gb3, respectively, in the

outer membrane leaflet in a process called the GL-Lect hypothesis of endocytic carrier

formation (Johannes et al., 2016). Macropinocytosis, also termed fluid-phase uptake,

describes receptor-independent internalisation of cargo by actin-dependent membrane
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ruffling, which generates membrane protrusions folding back upon themself and engulf-

ing large amounts of cargo in micrometre-sized carriers (Buckley & King, 2017).

4.1.2 Endocytosis in quiescent cells

Unlike proliferating cells, quiescent cells do not depend on endocytosis for growth factor

signalling to continue cell division, such as mitogen-dependent RTK signalling (Davies &

Ross, 1980). Several mechanisms have been reported in quiescent cells, which down-

regulate growth factor signalling-inducing endocytic events, such as inactivation of RTK

adaptors (Nakayama et al., 2013), stabilisation of receptors at the cell surface (Shimizu

et al., 2017) or decreasing cell surface receptor levels by endocytosis and subsequent

receptor degradation (Koo et al., 2012). However, quiescent cells still need to respond

to growth factor signalling upon stimulation for cell cycle entry. Some cell types de-

velop a primary cilium upon quiescence entry, with a ciliary pocket characterised by

high endocytic activity, which serves as sensor for the cell’s environment (Molla-Herman

et al., 2010). Cell-cell junctions of confluent, polarised cells, such as epithelial and en-

dothelial cells, can be disrupted by acute endocytosis-mediated growth factor-signalling

upon stimulation with high concentrations of mitogens (Nimlamool et al., 2015). Endo-

cytosis, however, is not only a means to exit the quiescent state but also serves cell

type-specific functions or enables quiescence maintenance. Examples for the former

are transport across the endothelial cell wall, involving CME and Clathrin-independent

pathways (Rodriguez-Boulan et al., 2005; Fung et al., 2017) or nutrient acquisition and

storage by Clathrin-dependent and -independent pathways (Steer & Klausner, 1983;

Kanai et al., 2014). Endocytosis is crucial for quiescence maintenance and survival,

as was shown for CME (Snyder et al., 2017; Muranen et al., 2017) and requirement

of dynamin in quiescent cells (Nagy et al., 2016). Although the presence of endocytic

pathways have been reported for quiescent cells, to date there have been no studies

conducted on how their activity compares to proliferating cells. In this chapter, quiescent

RPE1 cells are used to measure endocytosis in quiescent cells and establish its relation

to proliferating cells.
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4.2 Results

4.2.1 SILAC mass spectrometry analysis of proteins involved in CME

A SILAC mass spectrometry screen comparing the proteome of G0 and FACS-sorted

G1 RPE1 cells provided an overview of the levels of proteins involved in endocytosis.

Many proteins of the CME machinery, as well as CME cargo are known (Kaksonen &

Roux, 2018). The screen revealed that proteins of the core CME machinery, FCHo2,

AP2 subunits, Clathrin heavy chain and Dynamin 2 did not differ betewen the two cell

cycle states, defined by the applied threshold of ± one Log2 unit, which is equivalent to

2-fold up- or downregulation (often applied for biological significance in mass spectrom-

etry experiments; Mann & Kelleher, 2008) (Fig.4.2.1). However, total levels of receptors

known to be internalised by CME (TfR1, LDLR and EGFR) were decreased in G0. In-

terestingly, levels of the TfR1 ligand Transferrin were elevated during G0, as were those

of Lamp1, which is known to have an AP2 binding site (Fig.4.2.1; Janvier & Bonifacino,

2005). Because the mass spectrometry screen did not identify consistent up- or down-

regulation of proteins involved in CME, it was difficult to conclude on CME activity in G0.

Moreover, as protein abundance does not necessarily prove their activity, endocytosis

of CME cargo was assessed in functional assays.
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Figure 4.2.1: SILAC mass spectrometry analysis of proteins involved in CME
Results of a SILAC mass spectrometry screen comparing the proteome of G1 and G0 RPE1 cells.
Displayed is the log2 ratio of protein levels in G0 relative to levels in G1. G1 cells were sorted by flow
cytometry from proliferating cells. Identified key proteins involved in CME are indicated. The ± one Log2
unit zone marked in red is considered to contain proteins whose levels did not differ (Mann & Kelleher,
2008).

4.2.2 Measuring endocytosis

Endocytosis can be quantified by measuring how much cargo a cell has internalised

within a specified time period. Cargo internalised by cells can be assessed by mea-

suring cellular content of fed radioactive isotope-labelled cargoes by radioblot (Brown

& Goldstein, 1975) or quantifying fluorescence intensity in cells fed with fluorescence-

conjugated cargoes, an approach preferrably used nowadays (Sager et al., 1984). Flu-

orescence intensity can be quantified by flow cytometry, which allows for quantification

of large cell numbers, or by fluorescence microscopy, which gives additional spatial

information, but is limited to quantification of lower cell numbers. Whereas flow cytom-

etry analysis delivers a robust quantification of data across a large cell population, the

number of samples processed at the same time is limited by time-consuming sample

preparation (cell harvesting, washes are carried out by centrifugation with risk of cell

loss). Furthermore, flow cytometry measures fluorescence emission from the whole

cell excited by a short laser pulse, which might not be sensitive enough to measure

small differences in dyes with weak fluorescence intensities due to instrument error and

cell-intrinsic autofluorescence.
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Figure 4.2.2: Workflow of high-thoughput experiment analysis by microscopy and automated image anal-
ysis
96 well multiwell plates were used to test for multiple conditions in parallel. Experiments can be anal-
ysed by high-content imaging with a widefield fluorescence microscope, which allows for imaging of large
numbers of cells, or confocal microscopy, which allows for high intracellular resolution. Images from both
imaging methods can be quantified objectively by automated image analysis using CellProfiler, result-
ing in quantification of thousands of cells (high-content microscopy) or thousands of organelles in up to
100 cells (confocal microscopy).

The development of automated high-content microscopy in conjunction with automated

image analysis allows for quantification of fluorescence signal in specified regions within

a cell, thereby omitting non-specific areas containing autofluorescence. Using multiwell

plates, multiple conditions can be tested at the same time, such as cargoes, time points

or inhibitors (Fig.4.2.2). Experiments can then be imaged by automated widefield mi-

croscopy for high throughput of cell numbers or by confocal microscopy to analyse sub-

cellular details such as colocalisation (Fig.4.2.2). Using CellProfiler software, cells can

be segmented and fluorescent dye-containing organelles identified and quantified in

thousands of cells (widefild high content microscopy) or thousands of organelles (confo-

cal microscopy), allowing for objective quantification across large populations (Fig.4.2.2;

Carpenter et al., 2006).

When measuring receptor-mediated endocytosis, it is important to consider cell sur-

face receptor levels. A cell expressing low cell surface receptor levels has a reduced

ligand-binding capacity than a cell with high cell surface receptor levels. After a spe-

cific duration (for example 15 min), a cell with low ligand-binding capacity will internalise

less ligands than a cell with high ligand-binding capacity (Fig.4.2.3). Normalising inter-
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Figure 4.2.3: Schematic of ligand internalisation in cells with differing levels of cell surface receptors
For the same uptake duration, cells with low levels of cell surface receptors bind and internalise less
ligands than cells with high levels of cell surface receptors.

nalised ligand or receptor to cell surface levels produces more accurate information on

endocytic activity, as it measures both the available cargo at the cell surface and the

fraction which was internalised (Marsh, 1993).

4.2.3 Clathrin-mediated endocytosis

4.2.3.1 Endocytosis of transferrin, LDL and EGF is decreased during quiescence

To date, CME is the best characterised endocytic pathway, and a number of known

CME cargoes exist. Among these are Tf, LDL and EGF (Anderson et al., 1977; Pearse,

1982; Hanover et al., 1984; Jing et al., 1990). Growing and quiescent RPE1 cells were

incubated with fluorescent dye-conjugated Tf, LDL and EGF for 15 min at 37 °C to allow

for ligand internalisation. Cells were then placed on ice to prevent further uptake. Un-

bound ligand was removed by PBS washes, cell surface-bound ligand was stripped with

acidic buffer and cells were fixed and nuclei stained with DAPI to identify separate cells

in fluorescence microscopy images, or with Hoechst 33342 for flow cytometry to dis-

criminate between G0/G1, S and G2/M phase cells. The confocal microscopy images

in Fig.4.2.4A visualise that, after 15 min, quiescent cells internalised less fluorescence-

conjugated Tf, LDL and EGF than proliferating cells. Uptake of fluorescence-conjugated

Tf, LDL and EGF was quantified by flow cytometry. G0 cells internalised at least 85 %

less ligand than G1 cells (Fig.4.2.4B).

Fluorescence intensity of internalised ligand was then normalised to either cell surface-

bound ligand or cell surface receptor levels identified by labelling live cells at 4 °C with
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Figure 4.2.4: Uptake of transferrin, LDL and EGF in growing and quiescent RPE1 cells
A: Confocal microscopy sections of growing and quiescent RPE1 cells after 15 min uptake of
fluorescence-conjugated transferrin (200 µg/ml), LDL (5 µg/ml) and EGF (50 ng/ml). Surface-bound lig-
and was removed by acidic washes. Cells were fixed with 4 % PFA and nuclei stained with DAPI (blue
pseudocolour). Scale bar: 20 µm. B: Quantification of fluorescence-conjugated ligand uptake in G1
and G0 RPE1 cells by flow cytometry. Cells were treated as in A. Geometrical means of fluorescence
intensity were normalised to blank signal and G1 cells and plotted in bar graphs as mean + SEM from
n=4 biological replicates with a minimum of 5,000 RPE1 cells with 2n DNA content per sample. C: Cell
surfaces were immunolabelled on ice with anti-TfR1, LDLR or EGFR antibodies. Ligand uptake from B
was normalised to levels of respective cell surface receptors, transferrin to TfR1, LDL to LDLR and EGF
to EGFR. Bar graphs represent mean + SEM from n=4 (LDL) or n=3 (transferrin, EGF) biological repli-
cates with a minimum of 5,000 RPE1 cells with 2n DNA content per sample. D: Cells were incubated
on ice with fluorescence-conjugated transferrin (200 µg/ml), LDL (5 µg/m) or EGF (50 ng/ml) and fixed
with 4 % PFA. Nuclei were stained with DAPI. Ligand uptake from B was normalised to levels of respec-
tive cell surface-bound ligand. Bar graphs represent mean + SEM from n=4 biological replicates with
a minimum of 5,000 RPE1 cells with 2n DNA content per sample. Data in B, C and D were tested for
statistical significance with Student’s unpaired two-tailed t-test; ****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05.
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either fluorescence-conjugated ligand or anti-TfR1, anti-LDLR or anti-EGFR (EGFR

dimerised upon activation by EGF-binding), respectively. Cell surface receptor levels

in G1 cells were lower than in G0 cells, but endocytosis of Tf and LDL normalised to

surface levels was at least 80 % lower than in growing cells and endocytosis of EGF

was reduced by approximately 50 % (Fig.4.2.4C). Uptake normalised to levels of cell

surface-bound ligand confirmed reduced endocytosis during G0, with almost 90 % re-

duction for Tf and approximately 65 % reduction for LDL and EGF (Fig.4.2.4D).

Figure 4.2.5: Uptake rate of transferrin, LDL and EGF in growing and quiescent RPE1 cells
Left: Representative epifluorescence microscopy images of transferrin-AlexaFluor555 (200 µg/ml; A),
LDL-DiO (15 µg/ml; B) and EGF-AlexaFluor647 (50 µg/ml; C) uptake (represented in white) in growing
and quiescent RPE1 cells at multiple time points. Surface-bound ligand was removed by acidic washes.
Cells were fixed with 4 % PFA and nuclei stained with DAPI (blue pseudocolour). Scale bars: 50 µm.
Right: Internalised ligand per cell was quantified in epifluorescence microscopy images and data plotted
as mean ± SEM from n=3 biological replicates with a minimum of 8,000 growing and 16,000 quiescent
cells per sample; ***P < 0.001, ***P < 0.001, **P < 0.01, *P < 0.05, Student’s unpaired two-tailed t-
test comparing quiescent with growing cells. Uptake rate curves were fitted according to the highest
coefficient of determination (r2). Respective functions and r2 are shown for growing and quiescent cells.
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To test whether uptake of Tf, LDL and EGF was only reduced for the observed time-

point of 15 min, time-course experiments were performed measuring ligand internalisa-

tion from 5 to 60 min. During this time, other cell-biological processes such as recy-

cling and degradation will affect the observed amount of internalised ligand. Since we

were interested whether quiescent cells would accumulate the same amount of ligand

as proliferating cells over a longer period of time, additional trafficking of degradative

processes would not interfere with the interpretation of results. Ligand uptake assays

were performed as described above but analysed by high-throughput epifluorescence

image acquisiton and automated image analysis across the whole population of pro-

liferating (growing) or quiescent RPE1 cells. Only ’puncta’ of fluorescent ligand were

considered for quantification to omit cell-intrinsic autofluorescence from the analysis.

Autofluorescence in yellow wavelengths is higher in quiescent cells (visible as white

haze in quiescent cell images in Fig.4.2.5A and B, reported in Cho & Hwang, 2012)

and would lead to an overestimation of internalised ligand fluorescence. Uptake of Tf in

growing cells occured fast within the first 10 min, reaching 50 % of the maximum uptake

at 60 min after almost 5 min, whereupon the rate increased more slowly, which can be

described by a logarithmic function (Fig.4.2.5A). The logarithmic nature of Tf uptake

is due to a steady-state of Tf gain by endocytosis and Tf loss by recycling or degra-

dation. Tf uptake in quiescent cells followed an downward-opening quadratic parabola

with a steeper slope than Tf uptake in growing cells after 10 min, but due to a slowly

decreasing rate, even after 60 min uptake, Tf intensity per cell remained half that of

growing cells (Fig.4.2.5A). LDL uptake in growing cells continually increased following

a quadratic function with a significantly steeper slope in growing than in quiescent cells

(Fig.4.2.5B), indicating a continuous acquisition of ligand without loss due to degrada-

tion or recycling. After 60 min, however, at least some degradation of LDL would be

expected. LDL was labelled by the lipophilic carbocyanine derivative DiI, which might

have diffused into cellular membranes and remained there, continuing to emit fluores-

cence, after LDL was degraded in lysosomes (Reynolds & St. Clair, 1985). Thus,

DiI-LDL uptake represents accumulation of LDL over time, without effects of LDL degra-

dation or recycling. In quiescent cells, LDL uptake was strongly decreased for all as-

sessed timepoints (Fig.4.2.5B). EGF uptake was also strongly decreased in quiescent

cells during the 60 min time course (Fig.4.2.5C). EGF uptake rate in growing cells was

described by a downward-opening parabola, with maximum EGF content per cell at
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around 40 min. After 40 min, degradation might have outweighed acquisiton of EGF,

likely due to a loss of cell surface receptor levels due to increased stimulated EGFR en-

docytosis and degradation (surface-levels of EGFR were not assessed), as reported in

Vieira et al. (1996). Only little EGF accumulated in quiescent cells over the time course

of 60 min, with an uptake rate described by a downward-opening parabola with a very

small slope (Fig.4.2.5C). Summarised, over a time course from 5 to 60 min, quiescent

cells accumulated less Tf, LDL and EGF than proliferating cells at all time points.

4.2.3.2 Level of core proteins of the Clathrin-machinery are elevated during

quiescence

Down-regulated expression of core proteins of the CME machinery as cause for the re-

duced endocytosis of CME cargo could be excluded by the SILAC mass spectrometry

screen results, which suggested little difference of CME machinery levels between G1

and G0 RPE1 cells (Fig.4.2.1). The screen results were verified by cell biological and

biochemical methods (immunofluorescence and immunoblotting) to exclude the possi-

bility of the levels of CME machinery proteins presenting a bottleneck for CME activity in

quiescent cells. Confocal microscopy sections of growing and quiescent RPE1 cells im-

munolabelled for FCHo2 or α-adaptin suggests that both proteins were actually present

in significantly higher levels in quiescent cells (Fig.4.2.6A). Flow cytometry analysis of

G1 and G0 RPE1 cells confirmed that FCHo2 and α-adaptin levels were increased

in G0 (Fig.4.2.6B). Additionally, flow cytometry analysis showed that µ2-adaptin and

Clathrin heavy chain levels were also increased in G0 (Fig.4.2.6B). Immunoblots of to-

tal lysates of G0 and FACS-sorted G1 RPE1 confirmed elevated levels of FCHo2, α-

and µ2-adaptin in G0 cells (Fig.4.2.6C and D). In both flow cytometry analysis and im-

munoblots, FCHo2 levels were significantly increased by about 50 % and levels of AP2

subunits α and µ2 by at least 100 % in G0. Additionally, flow cytometry analysis revealed

a 72 ± 3 % increase in Clathrin heavy chain levels in G0 cells.

These results suggest that the decreased endocytosis of multiple CME cargoes might

not be caused by a shortage of CME machinery core proteins forming CCPs. Of course,

many more proteins such as intersectins, Hip1/R and Epsin1/2 are involved in CME and

were not tested. However, the fact that the levels of proteins most central to CME were
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Figure 4.2.6: Levels of core proteins of the CME machinery in growing and quiescent RPE1 cells
A: Confocal microscopy sections of immunolabelled FCHo2 and alpha adaptin in growing and quiescent
RPE1 cells. Nuclei are represented in blue pseudocolour. Scale bar: 20 µm. B: Flow cytometry analy-
sis of total levels of endogenous FCHo2, alpha adaptin, µ2 adaptin and Clathrin heavy chain (Clathrin
HC) in G1 and G0 RPE1 cells. Geometrical means were normalised to blank signal, GAPDH levels
and G1 cells and plotted in bar graphs as mean + SEM from n=3 biological replicates with a minium
of 10,000 cells with 2n DNA content per sample; ****P < 0.0001,**P < 0.01, *P < 0.05, Student’s un-
paired two-tailed t-test. Clathrin HC - Clathrin heavy chain C: Representative immunoblots (out of three
biological replicates) of total lysates from G0 and FACS-sorted G1 RPE1 cells probed against FCHo2,
alpha adaptin and µ2 adaptin. GAPDH served as loading control. D: Densitometry quantification of im-
munoblots in C. Background-subtracted band densities were normalised to GAPDH and G1 cells. Bar
graphs represent mean + SEM from n=3 biological replicates; *P < 0.05. Student’s unpaired two-tailed
t-test comparing G0 to G1 cells.

121



4.2 Results

present in higher levels in quiescent cells, made the assumption that CME might be

regulated by a mechanism other than protein abundence an attractive hypothesis.
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4.2.3.3 The role of FCHo2 phosphorylation in CME

The presence of proteins alone is often not enough to conclude on their activity. Protein

activity can be triggered or inhibited by posttranslational modifications, causing changes

in the conformation of a protein to reveal or block binding sites or by blocking binding

sites directly. Regulation of the activity of endocytic proteins has been reported for AP2

subunits (Olusanya et al., 2001; Hollopeter et al., 2014; Umasankar et al., 2014) or

BAR domain proteins (Zhao et al., 2013; Salzer et al., 2017). We considered proteins

arriving during early stages of CME, such as Epsin1/2 and FCHo2, to be most likely

responsible as regulators for Clathrin-coated pit formation. In a first MaxQuant analysis

of the SILAC mass spectrometry screen, using version 1.4.1.2, phosphorylation sites

in Epsin1/2, Eps15 and FCHo2 were identified to be differentially phosphorylated in G0

RPE1 cells (Fig.4.2.7A). Interestingly, the six phosphorylation sites in FCHo2, which

were hypophosphorylated in G0, were located in two clusters in the central regions

of the protein (Fig.4.2.7B). To date, these regions are not well characterised but they

are located proximal to the AP2-activating region identified by Umasankar et al. (2014)

and Hollopeter et al. (2014) and pose a putative module regulating the role of FCHo2 in

CME. It should be noted that a second MaxQuant analysis was performed on the G0/G1

dataset using MaxQuant version 1.5.3.8, which did not identify a significant difference

between phosphorylation at the identified FCHo2 phosphorylation sites in G0 and G1

cells. This, however, was not yet known at the time the experiments described below

were carried out.

Based on the six identified phosphorylation sites, nonphosphorylable mutants with all

sites mutated to Alanines or phosphomimetic mutants with all sites mutated to Aspartic

acid were generated by Gibson cloning (see sec.2.1.4). Since addition of a large flu-

orescent protein tag to FCHo2 impairs its function (Henne et al. (2010), conversation

with Prof Tom Kirchhausen), either a C-terminal Myc tag was attached to the constructs

or untagged wildtype FCHo2 (wildtype and phospho mutants) was used for transient

overexpression in subconfluent, growing RPE1 cells. Based on the rationale that qui-

escent cells exhibit hypophosphorylated FCHo2 and decreased CME, overexpression

of the hypophsphorylated FCHo2 mutant (A-FCHo2) in growing cells should decrease

and overexpression of the phosphomimetic FCHo2 mutant (D-FCHo2) should increase

Tf uptake. Endogenous FCHo2 was initially not knocked down based on the assump-
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Figure 4.2.7: Changes of phosphorylation of endocytic proteins in G0 and G1 RPE1 cells
A: Fold changes of Epsin1 and 2, Esp15, Eps1R, Dab2 and FCHo2 phosphorylation in G0 and G1
RPE1 cells as identified by a SILAC mass spectrometry screen. Six phosphorylation sites of FCHo2
were hypophosphorylated during G0. B: The identified FCHo2 phosphorylation sites are located in
clusters in the central regions of FCHo2. F-BAR - Fes/CIP4 homology Bin/amphiphysin/Rvs domain,
SHD - putative Src homology 2 domain, PRD - putative proline-rich domain, µHD - AP2 µ2-homology
domain.
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tion that overexpression of FCHo2 phosphomutants might have a dominant effect. This

would reduce further stress placed on cells by knock down followed by overexpres-

sion and might prevent aberrant phenotypes due to unfitness of cells. Overexpression

of wildtype FCHo2 (WT-FCHo2) and FCHo2 phospho mutants 24 hours post transfec-

tion was assessed by flow cytometry. Anti-FCHo2 immunolabelling in fixed and per-

meabilised cells was employed to identify overexpressed untagged FCHo2 constructs.

Mock-transfected cells immunolabelled with anti-FCHo2 antibody were used as control

for non-transfected cells and the excitation laser intensity adjusted so that they were lo-

cated at the same position as blank cells (Fig.4.2.8A left). Analysis of anti Myc-labelled

cells transiently overexpressing Myc-tagged FCHo2 suggested that the anti-Myc anti-

body labelled non-transfected as well as transfected cells, since the majority of cells

exhibited similar signal to FCHo2-labelled mock-transfected cells (Fig.4.2.8A middle,

further experiments were conducted with non-transfected anti Myc-labelled cells show-

ing similar results). Gates drawn on the two identified populations with low and high

Myc signal identified 9.4 % transfection efficiency, but did not correlate with gates drawn

on non-transfected cells because of the low resolution between transfected and non-

transfected populations (Fig.4.2.8A middle). Anti-FCHo2 labelling of cells transiently

overexpressing untagged WT-FCHo2 and FCHo2 phosphomutants proved a more ro-

bust way to identify transfected cells, as it allowed for increased resolution between

FCHo2 signals of non-transfected and transfected cells and discrimination between cells

with low and high levels of transgene overexpression (Fig.4.2.8A right). Fig.4.2.8B high-

lights transfected cells in anti FCHo2-labelled cells as a tail of high FCHo2 fluorescence,

whereas Myc-tagged cells only exhibited a small shoulder of cells with increased Myc

levels. Transfection efficiencies are listed in Fig.4.2.8C and range from 7.6 to 13 %

when labelled for FCHo2. Using the same conservative gate to identify transfected cells

labelled for Myc did not identify a recoverable transfected cell population (Fig.4.2.8C).

Because anti-FCHo2 staining seemed more appropriate to discriminate transfected

from non-transfected cells, untagged constructs of WT-FCHo2 and FCHo2 phospho-

mutants were used for further experiments analysing transferrin uptake. Within the

transfected cell population, subpopulations with low and high overexpression levels

were identified to assess whether higher levels of FCHo2 phospho mutant overexpres-

sion have a different effect on Tf uptake than lower overexpression levels (Fig.4.2.8A

right). Internalisation of AlexaFluor488-conjugated transferrin for 15 min was measured
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Figure 4.2.8: Flow cytometry analysis of transferrin uptake in RPE1 cells overexpressing FCHo2 phospho-
mutants
Subconfluent RPE1 cells were transiently transfected with FCHo2 wildtype or FCHo2 phosphomutants
for 24 hours and subjected to 15 min uptake of AlexaFluor488-conjugated transferrin (Tf), fixed with 4 %
PFA and immunolabelled against FCHo2 or Myc. A minimum of 100,000 cells were analysed by flow
cytometry. A: Representative FCHo2 expression versus transferrin uptake dot plots of blanks (unla-
belled, no transferrin uptake) and anti-FCHo2-labelled untransfected control cells (left), cells overex-
pressing myc-tagged wildtype FCHo2 labelled with anti-myc antiody (middle) and cells overexpressing
untagged wildtype (WT-FCHo2), phosphomimetic (D-FCHo2) or nonphosphorylable (A-FCHo2) labelled
with anti-FCHo2 antibody. Gates discriminating between transfected and non-transfected cells were
oriented on untagged, anti-FCHo2 labelled samples. Low and High gate discriminate between low and
high overexpression levels. B: Representative histogram of FCHo2 expression levels of samples in A.
C: Representative transfection efficiency of samples in A as percentage of population of viable single
cells. D: Transferrin uptake per cell was quantified as geometrical mean in all transfected cells (left) and
cells with low (middle) or high (right) transgene expression level (as identified in A). Bar graphs repre-
sent mean and single data points of n=2 biological replicates; ns, not significant, two-way ANOVA with
Tukey’s multiple comparisons test. E: Cells overexpressing untagged wildtype-FCHo2 were subjected
to uptake of 15 min AlexaFluor488-conjugated transferrin. A subset of samples was pre-treated with
4 µM Dyngo4A for 30 min and had Dyngo present throughout uptake. Bar graphs represent geometrical
mean of transferrin fluorescence intensity per cell for one experiment in all transfected cells and low or
high overexpressing populations (as identified in A).
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by flow cytometry in the whole population of transfected cells (Fig.4.2.8D left) as well

as for cells overexpressing lower (Fig.4.2.8D middle) or higher levels (Fig.4.2.8D right)

of WT-FCHo2 and FCHo2 phospho mutants. Internalised Tf in D- or A-FCHo2 was

compared to Tf uptake in WT-FCHo2. Tf uptake was increased by 15 % in the total

and low-expressing populations of D-FCHo2-transfected cells, and by 21 % in the high-

expressing population. The total population of A-FCHo2 mutants internalised equal

amounts of Tf as wildtype, with the low-expressing population internalising 4 % more

and the high-expressing population 6 % less Tf than wildtype. These minor differences

did not represent the severe down-regulation of Tf uptake in quiescent cells and might

have partially been caused by instrument error and not the effect of FCHo2 phospho-

rylation. Furthermore, quiescent cells still exhibited low levels of Tf uptake despite hy-

pophosphorylated FCHo2. The dynamin-inhibitor Dyngo4A was used as a control rep-

resenting a baseline level of inhibited Tf endocytosis (McCluskey et al., 2013). A first test

run of 15 min AlexaFluor488-conjugated Tf uptake in cells overexpressing WT-FCHo2

resulted in slightly increased Tf uptake in the total transfected cell population (11 %) and

40 % higher uptake in the low-expressing population compared to samples treated with

30 µM Dyngo4A (Fig.4.2.8E). However, Tf quantification in the high-expressing popu-

lation suggested that Tf uptake was 9 % less than in Dyngo4A-treated cells with high

WT-FCHo2 expression levels (Fig.4.2.8E). This result appears conflicting with research

showing that FCHo2 overexpression increases Tf uptake (Henne et al., 2010), but might

have been caused by the high levels of FCHo2 overexpression, which can result in a

dominant-negative effect, or by the increased autofluorescence in green and yellow

wavelengths in cells treated with Dyngo (data not shown). Dyngo-induced autofluores-

cence was not accounted for by including an additional blank treated with Dyngo but not

subjected to Tf uptake.

Taken together, flow cytometry analysis of Tf uptake in cells overexpressing phospho-

mimetic or non-phosphorylable FCHo2 revealed only small variations in Tf uptake com-

pared to WT-FCHo2-expressing cells. Importantly, fluorescence signal of internalised Tf

is quite faint, demonstrated by a large proportion of cells with internalised Tf overlapping

with blank cells (Fig.4.2.8A right). Detecting a faint signal, and even more challenging,

measuring differences in faint signal by flow cytometry, is difficult as signal precision

is limited by background noise such as autofluorescence (Snow, 2004). An LSRII flow

cytometer, as used in this study, only measures the total fluorescence intensity per cell,
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which causes a high background signal in green to yellow wavelength that interferes with

fluorescence from AlexaFluor488-conjugated Tf, thus decreasing the signal-to-noise ra-

tio and negatively impacting the robustness of the quantification.

Fluorescence microscopy and automated image analysis based on Tf-containing vesi-

cles in cells were considered as a solution to increase the signal-to-noise ratio. Cells

were transiently transfected with untagged WT-FCHo2 and FCHo2 phospho mutants in

a vector co-expressing EGFP from a separate promoter (pcDNA/TO/IRES2EGFP) and

allowed to overexpress transgenes for 24 hours. Instead of AlexaFluor488-conjugated

Tf, AlexaFluor555-conjucated Tf was used for 15 min uptake, because its fluorescence

was brighter in microscopy images (data not shown). PFA-fixed and permeabilised

cells were labelled with anti-FCHo2 antibody and AlexaFluor647-conjugated secondary

antibody. Transfected cells were identified with CellProfiler software based on brighter

AlexaFluor647 fluorescence (Fig.4.2.9A). Total fluorescence intensity per cell in

identified Tf-positive puncta (see sec.2.9.1 for puncta identification) was quantified

in cells overexpressing WT-, D- and A-FCHo2 and normalised to Tf uptake in cells

transfected with empty pcDNA/TO/IRES2EGFP (further referred to as ’control vector’),

which were identified based on EGFP fluorescence. Transfection of cells with empty

pcDNA/TO/IRES2EGFP as control vector accounted for the (unspecific) effect of

transgene expression on other cellular processes, such as endocytosis. Tf uptake in

cells transfected with WT-FCHo2 or FCHo2 phospho mutants was at least 12 % higher

than in cells transfected with control vector, but did not differ between WT- and D-

FCHo2 (Fig.4.2.9B left). Interestingly, cells overexpressing nonphosphorylable FCHo2

internalised 25 ± 3 % more Tf than cells overexpressing empty vector, and significantly

more Tf than WT- or D-FCHo2. To introduce the baseline of blocked CME, cells

were treated with Dyngo4A prior to and throughout Tf uptake. A control for increased

autofluorescence was carried through this experiment, to which Tf uptake in Dyngo4A-

treated cells was normalised. Tf uptake in vehicle (DMSO)-treated cells overexpressing

control vector or WT-, D- and A-FCHo2 was then normalised to Dyngo4A-treated cells.

Relative to cells overexpressing control vector, Tf uptake was increased by 11 ± 3 %

in cells overexpressing WT-FCHo2, by 65 ± 5 % in cells overexpressing D-FCHo2 and

by 117 ± 6 % in cells overexpressing A-FCHo2 (Fig.4.2.9B right). This suggests that

both phosphomimetic and nonphosphorylable FCHo2 increase CME of Tf, whereas

nonphosphorylable FCHo2 increased Tf uptake twice as much as phosphomimetic
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Figure 4.2.9: Effect of FCHo2 phosphorylation on transferrin uptake
A: Representative epifluorescence microscopy images of 15 min uptake of AlexaFluor555-conjugated
transferrin in subconfluent RPE1 cells transfected with wiltdype, phosphomimetic (D-mutant) and non-
phosphorylable (A-mutant) full length FCHo2 in pcDNA5/TO/IRES2EGFP. Transfected cells are outlined
in green in the lower panel. Following uptake, surface-bound transferrin was removed with acidic buffer,
cells were fixed with 4 % PFA, permeabilised and labelled with anti-FCHo2 antibody and AlexaFluor647-
conjugated secondary antibody. DNA was stained with DAPI. Scale bar: 50 µm. B: Transferrin inter-
nalisation per transfected cell was quantified in images from A and normalised to cells transfected with
control vector (left) or cells treated with 4 µM Dyngo4A and subsequently to cells containing control vec-
tor (right). Bar graphs represent mean + SEM from n=148 (wildtype), 115 (D-mutant), 210 (A-mutant) or
207 (control vector) fields of view, equivalent to a minimum of 10,000 transfected cells, pooled from three
biological replicates; ****P < 0.0001,**P < 0.01, *P < 0.05, ns, not significant, Kruskal-Wallis test with
Dunn’s multiple comparisons test. C: FCHo2 expression levels in transfected cells used for transferrin
uptake quantification in B normalised to WT-FCHo2; *P < 0.05, ns, not significant, Kruskal-Wallis test
with Dunn’s multiple comparisons test.
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FCHo2 (Fig.4.2.9B right). Although D- and A-FCHo2 expression levels were 30 ± 12 %

(D-FCHo2) and 44 ± 8 % (A-FCHo2) elevated compared to WT-FCHo2, they did not

correlate with the even higher increase of Tf uptake (Fig.4.2.9C). Moreover, levels of

overexpressed protein did not significantly differ between cells overexpressing D- and

A-FCHo2, contrary to levels of internalised Tf, which were significantly higher in cells

overexpressing A-FCHo2 (Fig.4.2.9C). This suggests that elevated Tf uptake in D-

and A-FCHo2-expressing cells compared to cells overexpressing WT-FCHo2 did not

correlate with levels of overexpressed D- or A-FCHo2, indicating that they were caused

by FCHo2 phosphomimesis or hypophosphorylation. Unexpectedly, nonphosphorylable

FCHo2 increased Tf uptake more than both wildtype and phosphomimetic FCHo2,

suggesting a more complex underlying mechanism regulating FCHo2 activity to

decrease CME of Tf in quiescent cells.

4.2.4 Clathrin-independent endocytosis

4.2.4.1 Uptake of HDL and posttranslationally modified LDL do not differ in

growing and quiescent cells

When the ApoB-100 subunit of LDL is chemically modified at a minimum number of

lysine residues, it is no longer recognised by the LDL receptor, but instead by scavenger

receptors (Parthasarathy et al., 1987; Holvoet, 2006). The mechanisms of scavenger

receptor endocytosis pathways are not fully understood, which might be due to their

ability to bind a variety of ligands (PrabhuDas et al., 2017; Kzhyshkowska et al., 2012).

Oxidised LDL (oxLDL) is recognised and endocytosed by a set of scavenger receptors,

such as LOX1 and CD36, which undergo Clathrin-independent endocytosis (Collins

et al., 2009; Zeng et al., 2003; Murphy et al., 2008). Similar to chemically modified LDL,

high density lipoprotein (HDL) is bound by scavenger receptors (CD36, SRBI and ecto-

F1-ATPase/ P2Ys) and internalised by Clathrin-dependent and -independent pathways

(Röhrl & Stangl, 2013).

Growing and quiescent RPE1 cells were incubated with fluorescent-conjugated HDL

and oxLDL for 15 min at 37 °C to allow for ligand uptake. Removal of surface-bound lig-

and and nuclei staining was carried out as described in Fig.4.2.4. Confocal microscopy

sections visualise that growing and quiescent RPE1 cells internalised only little HDL and

oxLDL within 15 min (Fig.4.2.10A), which might be a physiological property of RPE cells,

130



4.2 Results

Figure 4.2.10: HDL and oxidised LDL uptake in growing and quiescent RPE1 cells
A: Confocal microscopy sections of 15 min DiO-HDL (50 µg/ml) and DiO-oxidised LDL (oxLDL; 30 µg/ml)
uptake in growing and quiescent RPE1 cells. Surface-bound ligand was removed by acidic washes.
Cells were fixed with 4 % PFA and nuclei stained with Hoechst33342 (blue pseudocolour). Scale bar:
20 µm. B: Flow cytometry analysis of 15 min HDL-AlexaFluor488 (50 µg/ml) and DiI-oxLDL (5 µg/ml)
uptake in G1 and G0 RPE1 cells. Geometrical means were normalised to blank signal and G1 cells.
Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of 5,000 cells with 2n
DNA content per sample; ns, not significant, Student’s unpaired two-tailed t-test. C: To assess levels
of cell surface-bound ligand, cells were incubated on ice with fluorescence-conjugated HDL (50 µg/ml)
and oxLDL (5 µg/ml), fixed with 4 % PFA and nuclei stained with Hoechst33342. Cells were analysed
by flow cytometry and HDL and oxLDL uptake from B were normalised to levels of cell surface-bound
ligand. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of 5,000 cells
with 2n DNA content per sample; **P < 0.01, ns, not significant, Student’s unpaired two-tailed t-test.
D: Representative epifluorescence microscopy images of DiO-oxLDL (30 µg/ml) uptake (represented
in white) in growing and quiescent RPE1 cells at multiple time points. Scale bar: 50 µm. Surface-
bound ligand was stripped by acidic washes. Cells were fixed with 4 % PFA and nuclei stained with
DAPI (blue pseudocolour). E: OxLDL internalisation per cell for multiple time points was quantified
in epifluorescence microscopy images from D. Data are plotted as mean ± SEM from n=3 biological
replicates with a minimum of 8,000 growing and 16,000 quiescent RPE1 cells per sample; ns, not
significant, Student’s unpaired two-tailed t-test comparing quiescent with growing cells. Uptake rate
curves were fitted according to the highest coefficient of determination (r2). Respective functions and r2

are shown for growing and quiescent cells.
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since they are neither involved in clearance of modified cholesterol like macrophages

nor in reverse cholesterol transport like hepatocytes (Wüstner et al., 2004; Swirski et al.,

2014). Internalised HDL and oxLDL quantified by flow cytometry showed no difference

between G0 and G1 RPE1 cells for the uptake of either complex after 15 min uptake

(Fig.4.2.10B). Internalised HDL and oxLDL were then normalised to cell surface-bound

HDL and oxLDL, respectively. This approach was chosen instead of normalising uptake

to cell surface receptor levels, because multiple receptors contribute to endocytosis of

both HDL and oxLDL. HDL uptake normalised to cell surface levels did not differ be-

tween G0 and G1 cells, but oxLDL uptake was three-fold increased in G0 (Fig.4.2.10C).

OxLDL uptake was then analysed over the time course of 60 min by high-throughput

epifluorescence microscopy and automated image quantification (Fig.4.2.10D). For all

time points assessed, uptake of oxLDL did not differ between growing and quiescent

RPE1 cells (Fig.4.2.10E). These results highlight that endocytic pathways are differen-

tially regulated during proliferative quiescence and support the hypothesis that quies-

cent cells are not simply in a dormant state, but actively up- and downregulate cellular

processes (Coller et al., 2006).

4.2.4.2 Uptake of Shiga toxin is decreased and Cholera toxin uptake occurs

homogeneously across the quiescent cell population

A recently described form of endocytic carrier generation is the clustering of glycosy-

lated receptors or glycolipids located in the exoplasmic plasma membrane leaflet by

extracellular proteins (lectins), leading to membrane deformation and endocytic pit for-

mation (Johannes et al., 2016). Both Shiga and Cholera toxin subunit B (StxB and

CtxB) bind to the gangliosides Gb3 and GM1, respectively, as their cognate receptors,

in a similar way lectins bind to glycoproteins (Van Heyningen, 1974; Lindberg et al.,

1987; Johannes, 2017). Interestingly, Gb3 is primarily found in the plasma membrane

of cells residing in G2 phase of the cell cycle, whereas GM1 is primarily expressed in

G1 phase cells, limiting StxB uptake to G2 phase cells and CtxB uptake to cells in G1

phase (Majoul et al., 2002). Considering that quiescent RPE1 cells exit the cell cycle

in G1 phase, it is likely that they internalise CtxB, but not StxB. To test this hypothesis,

growing and quiescent cells were incubated with His-tagged StxB and AlexaFluor555-

conjugated CtxB for 60 min at 37 °C to allow for toxin accumulation in cells, facilitating
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toxin-positive cell recognition in fluorescece microscopy images by automated image

analysis. Cell surface-bound toxin was removed by washes with strongly acidic buffers

(1x pH 2.5, 2x pH 2.0 for 2 min each). Cells were fixed with PFA, permeabilised and

nuclei stained with DAPI. StxB was visualised by immunolabelling with an anti-His anti-

body. Experiments were analysed by high-throughput epifluorescence microscopy and

automated image analysis of toxin-positive cells. Images were rendered on cells positive

for toxin uptake and a smoothing algorithm applied, so that signal from toxin-containing

vesicles spread across a larger area and merged, facilitating cell body identification,

which is (among others) based on a wathershed algorithm. Toxin-positive cell outlines

were then identified in the toxin fluorescence channel and related to the DAPI-stained

nuclei they colocalised with. Fluorescence microscopy images demonstrate that StxB

uptake occured in a small proportion of growing cells, but was almost absent in qui-

escent cells (Fig.4.2.11A). Growing cells positive for StxB represented almost 2 % of

the cell population, whereas only 1 % of the quiescent cell population were identified as

StxB positive (Fig.4.2.11B). The 1 % StxB-positive quiescent cells might have left the

cell cycle in G2 phase (Otsuki & Brand, 2018; Laporte et al., 2011, small G2/M phase

population observed in Fig.3.2.1), because it is unlikely that cell cycle progression con-

tinues during prolonged lack of growth factor stimulation. The level of StxB internalised

by StxB-positive quiescent cells, however, was three times lower than in StxB-positive

growing cells (Fig.4.2.11D). Due to the low amount of StxB-positive growing cells, lev-

els of internalised StxB per cell did not differ when averaged across the whole cell

population (Fig.4.2.11D). CtxB was, similar to StxB, internalised by a small population

of growing cells, but contrary to StxB, CtxB uptake occured across the whole popula-

tion of quiescent cells (Fig.4.2.11A and B). Whereas only 8.2 ± 0.4 % of growing cells

internalised CtxB, 86 ± 2 % of quiescent cells were CtxB-positive (Fig.4.2.11C). Some

CtxB-positive cells might have evaded identification due to low CtxB fluorescence inten-

sity or only a few CtxB-positive vesicles present in a cell, which did not allow for a mask

big enough to be colocalised with a nucleus. This event is likely, because microscopy

images demonstrate that every quiescent cell nucleus is associated with at least some

CtxB-positive puncta, indicating that CtxB uptake occured in more than 86 %, if not all

quiescent cells (Fig.4.2.11B). This portrays a limit of automated image analysis, how-

ever, despite the conservative approach of CtxB-positive cell identification, nearly all

quiescent cells internalised CtxB, compared to a small percentage of growig cells. CtxB
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levels did not differ between CtxB-positive growing and quiescent cells, but when av-

eraged across the whole cell population, quiescent cells internalised at least 6.5 times

more CtxB than growing cells (Fig.4.2.11D). The fact that almost all quiescent cells in-

ternalise CtxB agrees with the hypothesis that they exited the cell cycle in G1 phase and

suggests that they did not change membrane composition with respect to GM1 ganglio-

sides. However, only less than 10 % of growing cells were positive for CtxB uptake.

Considering that usually 60-70 % of growing RPE1 cells reside in G1 phase (Fig.3.2.1),

only a subpopulation of G1 cells appears to express GM1 at sufficient levels to mediate

CtxB uptake at this concentration.

Summarised, StxB appears not to be internalised into quiescent cells and ChtxB uptake

occurs homogeneously across the quiescent cell population. These results are con-

sistent with quiescence entry from G1 phase cells which express GM1 as receptor for

CtxB and show that endocytosis via the glycolipid-lectin pathway occurs in quiescent

cells (Majoul et al., 2002).
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Figure 4.2.11: Uptake of Shiga and Cholera toxin B in growing and quiescent RPE1 cells
A: Epifluorescence microscopy images of 60 min Shiga (StxB; 400 ng/ml) and Cholera toxin subunit B
(CtxB; 750 ng/ml) uptake in growing and quiescent RPE1 cells. Surface-bound ligand was removed by
acidic washes. Cells were fixed with 4 % PFA and nuclei stained with DAPI (blue pseudocolour). Scale
bar: 50 µm. B: Larger field of view of 60 min CtxB uptake illustrating uniform uptake of CtxB across
the quiescent cell population, whereas only few growing cells internalise CtxB. Scale bar: 100 µm. C:
Cells containing internalised toxin (’toxin positive cells’) were quantified from images and plotted as
percent of the total cell population. Inlet shows StxB uptake for growing cells with shrunken y axis.
Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of 6,000 growing and
12,000 quiescent RPE1 cells per sample; ****P < 0.0001, **P < 0.01, Student’s unpaired two-tailed t-test
comparing quiescent to growing cells. D: Total fluorescence intensitiy of internalised StxB and CtxB per
cell was quantified in cells positive for toxin uptake (StxB+, CtxB+) or the whole cell population (Cells)
and normalised to growing cells. Bar graphs represent mean + SEM from n=3 biological replicates with
a minimum of 6,000 growing and 12,000 quiescent cells per sample; ****P < 0.0001, **P < 0.01, ns, not
significant. Student’s unpaired two-tailed t-test comparing growing to quiescent cells.

135



4.2 Results

4.2.4.3 Macropinocytosis is elevated during proliferative quiescence

Macropinocytosis is a receptor-independent endocytic pathway relying indirectly on

growth factor receptor signalling to activate a Ras signalling-dependet cascade which

initiates actin cytoskeleton remodelling and membrane ruffling (West et al., 1989;

Bryant et al., 2007). In transformed cells with constitutively activated Ras, growth

factor signalling can be bypassed and as a result, macropinocytosis is constitutively

active (Amyere et al., 2000). Macropinocytosis occurs on a baseline level in RPE1

cells cultured in full growth medium, making them a suitable model to investigate

differences between growing and quiescent cells (preprint from Schink et al. (2017)).

The water-soluble dye Lucifer Yellow as well as fluorescent-conjugated Dextrans or

albumin (BSA) were reported as macropinocytosis cargoes and were therefore used

for endocytic assays to measure macropinocytosis (Commisso et al., 2013; Swanson,

1989).

Growing and quiescent RPE1 cells were incubated for 120 min with Lucifer Yellow (LY)

and for 60 min with fluorescent-conjugated 70 kDa dextran, 10 kDa dextran and BSA at

37 °C to allow enough time for cargo uptake and accumulation in endosomes. Self-

quenched BSA (DQBSA), which becomes fluorescent only in lysosomes upon enzy-

matic digestion, served as control that BSA was internalised and not simply bound to

the plasma membrane. 20 min before uptake termination, Hoechst33342 was added to

the cells to label nuclei for image-based quantification. Because most of the reagents

used were not fixable, cells were washed and immediately imaged live on a high-

content widefield fluorescence microscope after uptake (Fig.4.2.14A). Fluorescence

microscopy images illustrate that while growing cells internalised moderate amounts

of LY, dextran and BSA, uptake in quiescence cells was highly increased (Fig.4.2.14A).

For image quantification, cells were identified based on nuclear Hoechst33342 signal

and the area surrounding the nucleus within a 26.5 µm radius. For all cargoes tested,

quiescent cells exhibited more macropinocytosis than growing cells (Fig.4.2.14B). How-

ever, the differences in cargo uptake appeared to be related to its size and constitution.

Uptake of Lucifer Yellow, a lithium salt dissociating in aqueous buffers, was 2.5-fold

increased in quiescent cells (Fig.4.2.14B). 70 kDa dextran uptake was almost 10-fold

increased in quiescent cells and 10 kDa dextran almost 13-fold (Fig.4.2.14B). BSA up-

take in quiescent cells was more than 70 times higher than BSA uptake in growing
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Figure 4.2.12: Macropinocytosis in growing and quiescent RPE1 cells
A: Representative epifluorescence microscopy images of Lucifer Yellow (5 mg/ml), 70 KDa TMR-dextran
(1 mg/ml), 10 KDa dextran-AlexaFluor647 (500 µg/ml), BSA-AlexaFluor647 (100 µg/ml) and DQBSA
(100 µg/ml) uptake in growing and quiescent RPE1 cells for the indicated durations. Nuclei were stained
with Hoechst 33342 in live cells at 37 °C (blue pseudocolour). Following uptake, live cells were washed
in PBS and imaged immediately in imaging medium (see Tab.2.7.2 in sec.2.7.3). Scale bar: 50 µm. B:
Quantification of epifluorescence microscopy images from A. Total fluorescence intensity of internalised
cargo per cell was normalised to growing cells. Bar graphs represent mean + SEM from n=3 biological
replicates with a minimum of 3,000 growing and 6,000 quiescent RPE1 cells per sample; ****P < 0.0001,
***P < 0.001, **P < 0.01, Student’s unpaired two-tailed t-test comparing quiescent to growing cells or
two-way ANOVA with Tukey’s multiple comparisons test comparing conditions between quiescent cells.
C: 10 KDa dextran-AlexaFluor647 (10 mg/ml) internalisation per cell for multiple time points was quan-
tified in epifluorescence microscopy images. Cells were washed in PBS, fixed with 4 % PFA, labelled
for cytoplasmic marker GAPDH and nuclei were stained with DAPI. Data are plotted as mean ± SEM
from n=3 biological replicates with a minimum of 8,000 growing and 16,000 quiescent cells per sample;
**P < 0.01, ***P < 0.001, ns, not significant, Student’s unpaired two-tailed t-test comparing quiescent to
growing cells. Uptake rate curves were fitted according to the highest coefficient of determination (r2).
Respective functions and r2 are shown for growing and quiescent cells.
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cells, which was a significantly higher difference than the uptake of 10 kDa dextran

(Fig.4.2.14B). Fluorescence of DQBSA in quiescent cells was 200 times higher than

in growing cells (Fig.4.2.14B). This observation confirms that BSA was internalised and

suggests that lysosomal degradation is elevated during quiescence, a phenomenon

which has been reported in the literature (Legesse-Miller et al., 2012; Zhang et al.,

2017). Uptake of 10 kDa dextran was also evaluated for durations shorter than 60 min

to ascertain the endocytic nature of the previous observations by eliminating recycling

and degradation events following endocytosis. Growing and quiescent RPE1 cells were

incubated with lysine-fixable 10 kDa dextran for varying time points, washed and fixed

with 4 % PFA to ensure uptake did not occur for longer time periods, which was par-

ticularly important for uptake durations of 5 or 10 min. No difference in dextran up-

take could be detected for 5 min uptake, which might be due to resolution limits, since

macropinosome formation is a process typically requiring 5-10 min (Fig.4.2.14C, Kerr

et al. (2006)). From 10 min onward, quiescent cells internalised significantly more dex-

tran than growing cells (Fig.4.2.14C). The rate of dextran uptake could be fitted with a

function exhibiting a steeper average rate change than the function for dextran uptake

rate in growing cells, moving towards an equilibrium of uptake and degradation after

50-60 min (Fig.4.2.14C).

To exclude the hypopthesis that quiescent cells exhibit increased macropinocytosis to

internalise nutrients, since the contact-inhibition/serum withdrawal protocol might starve

them of serum proteins such as albumin, uptake of 10 kDa dextran and BSA was studied

in cells that entered quiescence only by long-term contact inhibition (10 days contact-

inhibited in growth medium containing 10 % FBS, see also Lemons et al., 2010; further

referred to as ’CI quiescent’). 60 min uptake of 10 kDa dextran, BSA and DQBSA in

growing, quiescent and CI-quiescent cells occured as described above and was anal-

ysed by widefield epifluorescence microscopy and image-based analysis. Both quies-

cent and CI-quiescent cells exhibited elevated uptake of dextran and BSA and increased

DQBSA degradation when compared to growing cells (Fig.4.2.13). Relative dextran

uptake and DQBSA degradation did not differ between quiescent and CI-quiescent

cells, but BSA uptake was almost 2-fold reduced when quiescence was induced by

contact-inhibition only (Fig.4.2.13B). This might suggest that serum-withdrawal induces

increased protein uptake, however, BSA uptake was still increased in CI-quiescent cells
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compared to growing cells (Fig.4.2.13), so there might be further underlying mecha-

nisms increasing BSA uptake upon quiescence entry.

Figure 4.2.13: Macropinocytosis in contact-inhibited quiescent RPE1 cells
A: Representative epifluorescence microscopy images of 60 min uptake of 10 KDa dextran-
AlexaFluor647 (500 µg/ml), BSA-AlexaFluor647 (100 µg/ml) and DQBSA (100 µg/ml) in growing, quies-
cent and contact-inhibited (CI) quiescent RPE1 cells. CI-quiescent cells were maintained in full growth
medium for 10 days following confluence and were not subjected to mitogen withdrawal. Nuclei were
stained with Hoechst 33342 in live cells at 37 °C (blue pseudocolour). Following uptake, live cells were
washed in PBS and imaged immediately in imaging medium (see Tab.2.7.2 in sec.2.7.3). Scale bar:
50 µm. B: Quantification of epifluorescence microscopy images from A. Fluorescence intensity of inter-
nalised cargo per cell was normalised to growing cells. Bar graphs represent mean + SEM from n=3
biological replicates with a minimum of 3,000 growing and 6,000 quiescent cells per sample; *P < 0.05,
ns, not significant, one-way ANOVA with Tukey’s multiple comparisons test comparing uptake in quies-
cent and CI-quiescent cells.

4.2.5 Dedicated CME during proliferative quiescence

4.2.5.1 Uptake of a subset of macropinocytosis cargoes is reduced but not

completely blocked by amiloride

The next step was to determine whether the increased uptake of the cargoes studied

in sec.4.2.4.3 really occured because of elevated macropinocytosis. Macropinocytosis

can be blocked by amiloride or, more efficiently, its 5-(N-ethyl-N-isopropyl)-derivative

EIPA (West et al., 1989; Ivanov, 2008). EIPA blocks the NHE1 isoform of Na+/H+ ex-

changers. Its inhibitory effect on macropinocytosis, however, appears to be indirect and

is thought to occur due to uncompensated Na+/H+ antiporter activity resulting in acid-

ification of the submembranous environment, impairing actin polymerisation required
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for plasma membrane ruffling and macropinocytosis (Koivusalo et al., 2010). Although

cytosolic acidification also blocks other endocytic pathways, macropinocytosis seems to

be more sensitive to low submembraneous pH changes than pathways such as CME,

so that lower concentrations of EIPA inhibit macropinocytosis of dextran, but not CME of

transferrin (Koivusalo et al., 2010; Sandvig, 1987). Since no specific macropinocytosis

inhibitor is known to date, EIPA treatment is widely accepted to test for macropinocyto-

sis.

Growing and quiescent RPE1 cells were treated with 15 µM EIPA (which is below

the threshold of 100 µM for off-target effects and thus specific for macropinocytosis;

Koivusalo et al., 2010; Sandvig, 1987) 30 min prior to and throughout 120 min uptake

of LY and 60 min uptake of fluorescence-conjugated 70 kDa dextran or fluorescence-

conjugated BSA. EIPA concentrations were titrated for macropinocytosis inhibition

versus cytotoxicity of growing cells, which were more vulnerable to high drug con-

centrations than quiescent cells (data not shown). The same EIPA concentration was

used for treatment of growing and quiescent cells to avoid off-target effects which

might occur when using different concentrations. 20 min before uptake termination,

Hoechst33342 was added to the cells to label nuclei for image-based quantification.

Because the used reagents were not fixable, cells were washed immediately after

uptake and imaged on a high-content widefield fluorescence microscope (Fig.4.2.14A).

Internalised cargo per cell was quantified as described in sec.4.2.4.3. In growing cells,

EIPA treatment reduced LY and 70 kDa dextran uptake by about 90 % and BSA uptake

by approximately 75 % (Fig.4.2.14B). In quiescent cells, LY uptake was reduced by

77 ± 3 %, 70 KDa dextran uptake by 90 ± 3 % and BSA uptake by only 58 ± 1 % when

cells were treated with EIPA (Fig.4.2.14C). Levels of internalised cargo with and without

EIPA treatment were then compared between quiescent and growing cells. As shown

in sec.4.2.4.3, uptake in vehicle-(DMSO) treated quiescent cells was higher than in

vehicle-treated growing cells for all three cargoes (Fig.4.2.14D). When treated with

EIPA, quiescent cells still internalised more LY (6-fold) and BSA (7-fold) than growing

cells, but inhibition of 70 kDa dextran uptake did not significantly differ in both cell

populations (Fig.4.2.14D). EIPA treatment reduced LY and 70 kDa uptake to a level

similar to that of vehicle-treated growing cells. However, even with EIPA treatment,

uptake of BSA in quiescent cells was still almost 2-fold higher than BSA uptake in

vehicle-treated growing cells (Fig.4.2.14D).
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Figure 4.2.14: Inhibition of macropinocytosis by amiloride in growing and quiescent RPE1 cells
A: Representative epifluorescence microscopy images of Lucifer Yellow (5 mg/ml), 70 KDa TMR-dextran
(1 mg/ml), 10 KDa dextran-AlexaFluor647 (500 µg/ml), BSA-AlexaFluor647 (100 µg/ml) uptake in grow-
ing and quiescent RPE1 cells for the indicated durations. Prior to uptake, cells were treated with vehicle
(DMSO) or 15 µM EIPA for 30 min. DMSO and EIPA were present during uptake. Nuclei were stained
with Hoechst 33342 in live cells at 37 °C (blue pseudocolour). Following uptake, live cells were washed
in PBS and imaged immediately in imaging medium (see Tab.2.7.2 in sec.2.7.3). Scale bar: 50 µm.
B and C: Quantification of epifluorescence microscopy images from A. Total fluorescence intensity of
internalised ligand per cell was normaised to DMSO control. Bar graphs represent mean + SEM from
n=3 biological replicates with a minimum of 3,000 growing (B) and 6,000 quiescent (C) cells per sample;
****P < 0.0001, ***P < 0.001, **P < 0.01, Student’s two-tailed unpaired t-test comparing EIPA-treated
samples to respective control. D: Quantification of epifluorescence microscopy images from A. Total flu-
orescence intensity of internalised Lucifer Yellow (left), 70 KDa dextran (middle) and BSA (left) per cell
was normalised to DMSO control of growing cells. Bar graphs represent mean + SEM from n=3 biolog-
ical replicates with a minimum of 3,000 growing and 6,000 quiescent cells per sample; ****P < 0.0001,
***P < 0.001, **P < 0.01, two-way ANOVA with Tukey’s multiple comparisons test.
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The fact that BSA uptake, particularly in quiescent cells, cannot be efficiently inhib-

ited by EIPA treatment, suggests that it might be internalised by additional pathways.

BSA can bind to cell surface receptors, including megalin (LRP2), neonatel Fc receptor

(FcRN) and Secreted protein acidic and rich in cysteine (SPARC) (Bern et al., 2015).

Of these, only SPARC was identified by our SILAC mass spectrometry screen to be

expressed by RPE1 cells. Not much is known about SPARC-dependent endocytosis

of albumin, except that it might occur in a α5-integrin- and Clathrin-dependent manner

(Nakamura et al., 2014; Sage et al., 1984). Interestingly, LRP2 also internalises albumin

in a Clathrin-dependent manner, by recruitment of the adaptor Dab2, whose levels were

up-regulated in quiescent RPE1 cells (Fig.4.2.1; Buchäckert et al. 2012; Yumoto et al.

2012; Koral & Erkan 2012).

4.2.5.2 AP2 knock down decreases endocytosis of the CME cargo Lamp1 in

quiescent RPE1 cells

Endocytosis of the typical CME cargoes Tf, LDL and EGF is highly reduced in quies-

cent RPE1 cells (sec.4.2.3.1). A decrease in endocytosis of either of these cargoes by

AP2 knockdown might hence be difficult to observe. Lysosomal-associated membrane

protein 1 (Lamp1) is an endocytic protein with a conserved YXXΦ motif in its cytoplas-

mic tail, which interacts with AP2 to deliver newly synthesised Lamp1 to lysosomes via

endocytosis from the plasma membrane (Obermüller et al., 2002; Janvier & Bonifacino,

2005). Its levels are highly increased in quiescent cells, making it a potential candi-

date to observe CME during G0 and confirm CME activity upon inhibition of the CME

machinery (Fig.4.2.1; Zhang et al. 2017).

Since Clathrin is involved in many cellular trafficking events ranging from endocytosis to

recycling, it is not an optimal knockdown candidate to investigate endocytic processes

(Dacks & Robinson, 2017). AP2 action is limited to the plasma membrane, so that it

only acts at endocytic pits and is therefore more specific for endocytic events (Rohde

et al., 2002). Knockdown of the µ2-adaptin subunit results in the degradation of the

remaining AP2 subunits, such as α-adaptin, because disruption of the subunit level sto-

ichiometry destabilises the tetrameric complex AP2, resulting in the degradation of the

unbound subunits (Boucrot et al., 2010; Motley et al., 2003). Therefore, knockdown of

the AP2 µ2 subunit was employed to inhibit CME in growing and quiescent RPE1 cells.
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Growing cells were treated with scrambled or µ2-adaptin siRNA on the day of seeding,

24 hours later and were used for experiments 72 hours after seeding. Because quies-

cent cells were resistant to knockdowns once medium was exchanged to serum-free

(communication with K. McGourty, Boucrot lab), the knockdown protocol was modi-

fied. SiRNA treatment for quiescent cells occured 5 and 7 days after seeding, while

cells were still dividing and in serum-containing medium. Medium exchange to serum-

free occured 10 days after seeding and cells were used for experiments 17 days after

seeding. AP2 knockdown efficiency was tested by IF labelling with anti-α-adaptin an-

tibody, high-content widefield fluorescence microscopy and image-based quantification

(Fig.4.2.15A). Total levels of α-adaptin were significantly reduced by approximately 90 %

in both growing and quiescent RPE1 cells treated with µ2-adaptin siRNA (Fig.4.2.15B).

Endocytosis of Lamp1 was assessed by anti-Lamp1 antibody feeding. Cells were in-

cubated with anti-Lamp1 antibody for 30 min at 37 °C. Surface-bound antibody was re-

moved by washes in acidic buffer. After fixation, permeabilisation and labelling with

secondary antibody and DAPI, cells were imaged at a high-content widefield fluores-

cence microscope. Lamp1 uptake was quantified by image-based analysis identifying

Lamp1-positive endosomes as ’puncta’ (Fig.4.2.15C and D). Lamp1 uptake in scram-

bled siRNA-treated (further referred to as ’control’) quiescent cells was 77 ± 9 % higher

than in control growing cells. This difference was significant using Student’s unpaired

two-tailed t-test (P < 0.002), but the employed two-way ANOVA with Tukey’s post hoc

test did not determine significance due to 3-fold increase of Lamp1 uptake after AP2

knockdown (AP2 KD) in quiescent cells, which was 1.5-fold higher than Lamp1 uptake

in AP2 KD growing cells (Fig.4.2.15D left). The increased Lamp1 uptake after AP2

KD is in conflict with the findings of Janvier & Bonifacino (2005), who observed a de-

crease in Lamp1 uptake when AP2 was knocked down. In quiescent AP2 KD cells,

however, it was evident that a large proportion of Lamp1 uptake was blocked because it

accumulated at the plasma membrane and was still present despite washes with acidic

buffer which should compete with the antibody for receptor binding (Fig.4.2.15C). The

measured increase of Lamp1 uptake upon AP2 KD thus might have been caused by in-

creased cell surface levels of Lamp1. Indeed, although they did not differ between grow-

ing and quiescent control cells, Lamp1 cell surface levels increased 2.5-fold in growing

and 20-fold in quiescent AP2 KD cells (Fig.4.2.15D middle). Because elvated Lamp1

cell surface levels increase the pool of Lamp1 which can be endocytosed, Lamp1 uptake
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was normalised to cell surface levels to conclude on endocytic activity (see Fig.4.2.3).

Quiescent control cells exhibited 2-fold higher Lamp1 endocytosis than growing con-

trol cells but endocytosis in AP2 KD quiescent cells was significantly lower (six-fold)

than in control quiescent cells and AP2 KD growing cells (four-fold) (Fig.4.2.15D right).

However, Lamp1 endocytosis in growing AP2 KD cells was not reduced compared to

growing control cells, potentially because the increase of cell surface levels rescued

Lamp1 uptake to levels in control cells with the residual levels of AP2 left in the cells

(Fig.4.2.15D right).

The results show that CME can be decreased by knockdown of AP2 in quiescent cells

and identify Lamp1 as a CME cargo whose endocytosis is augmented in quiescent

RPE1 cells. The fact that Lamp1 cell surface levels were drastically increased upon

AP2 knockdown emphasises the pivotal function of lysosomal activity during quiescence

and highlights that CME plays an important role in quiescent cells. This suggests that

CME ist not generally decreased, but specifically regulated for different cargoes during

quiescence. These results are important, because they support a potential role of CME

in BSA uptake and show that CME can be reduced by AP2 KD.
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Figure 4.2.15: Anti-Lamp1 antibody feeding in growing and quiescent RPE1 cells in the context of AP2
knock down
A: Representative epifluorescence microscopy images of growing and quiescent RPE1 cells treated
with scrambled or µ2-adaptin siRNA (AP2 KD) and immunolabelled for anti-α-adaptin and nuclei (DAPI,
represented in blue). Growing cells were treated with siRNA on the day of seeding, 24 hours later and
were used for experiments 72 hours after seeding. Quiescent cells were treated with siRNA 5 and 7 days
after seeding. Medium exchange to serum-free occured 10 days after seeding. Quiescent cells were
used for experiments 17 days after seeding. Scale bar: 50 µm. B: Quantification of epifluorescence
microscopy images from A. Total α-adaptin fluorescence intensity per cell was normalised to respective
scrambled control. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of
500 growing and 2,000 quiescent cells per sample; ***P < 0.001, *P < 0.05, ns, not significant; two-way
ANOVA with Tukey’s multiple comparisons test. C: Representative epifluorescence microscopy images
of 30 min anti-Lamp1 monoclonal antibody feeding and anti-Lamp1 cell surface labelling in growing and
quiescent RPE1 cells treated with scrambled or µ2-adaptin siRNA. Following uptake, surface-bound
antibody was removed by acidic washes. Cells were fixed with 4 % PFA, permeabilised, incubated with
fluorescence-conjugated secondary antibody (represented in white) and nuclei were stained with DAPI
(blue pseudocolour). Scale bar: 50 µm. D: Quantification of epifluorescence microscopy images from C.
Total fluorescence intensity of internalised Lamp1 puncta or cell surface-Lamp1 per cell was normalised
to growing cells scrambled control. Lamp1 internalisation (left), internalised Lamp1 normalised to cell
surface Lamp1 levels (middle) and Lamp1 cell surface levels (right) are showm. Bar graphs represent
mean + SEM from n=3 biological replicates with a minimum of 500 growing and 2,000 quiescent cells
per sample; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant, two-way ANOVA with
Tukey’s multiple comparisons test.
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4.2.5.3 AP2 knock down decreases uptake of low molecular weight dextran and

BSA

Next, the role of CME in uptake of dextran and BSA was investigated. AP2 knockdown

was performed by µ2-adaptin siRNA treatment of growing and quiescent cells as de-

scribed in the previous section. To analyse whether macropinocytosis inhibitors would

have an additive effect on endocytosis reduction, scrambled siRNA control and AP2

KD cells were treated with vehicle (DMSO), EIPA or Rottlerin. Rottlerin was first de-

scribed as a Protein kinase C delta (PKCδ) inhibitor, but was found to inhibit a broad

spectrum of protein kinases (Bain et al., 2007). Despite its unspecific inhibitory activity

on protein kinases, it could be employed as a specific macropinocytosis inhibitor when

used at small micromolar doses, but the mechanism of macropinocytosis inhibition is

unclear (Sarkar et al., 2005; Fenyvesi et al., 2014). Rottlerin was employed as a second

macropinocytosis inhibitor to test the impact of CME versus macropinocytosis on uptake

of BSA.

Knockdown and quantification of µ2-adaptin occured as described in sec.4.2.5.2. Cel-

lular levels of α-adaptin were reduced by at least 90 % in growing cells, but AP2 KD was

not as efficient in quiescent cells as illustrated in Fig.4.2.15A, reducing α-adaptin levels

only by 55-70 % (Fig.4.2.16). EIPA and Rottlerin treatment for 60 min had no effect on

α-adaptin levels in AP2 KD cells (Fig.4.2.16).

Uptake of fluorescence-conjugated 10 kDa dextran, BSA and DQBSA was performed

and analysed as described in sec.4.2.4.3. Dextran uptake was performed to identify

effects of AP2 KD spefic to macropinocytosis cargoes. DQBSA was carried as a control

for internalised BSA, because it only fluoresces once enzymatically cleaved in lyso-

somes. AP2 knockdown did not decrease uptake of 10 kDa dextran and BSA in growing

cells, but significantly reduced uptake of both cargoes in quiescent cells by at least 85 %

when compared to siRNA-treated cells (Fig.4.2.17A and B). BSA degradation, analysed

as DQBSA fluorescence, decreased upon AP2 knockdown in both growing (42 ± 4 %)

and quiescent cells (71 ± 1 %), which might be because Clathrin-dependent endocyto-

sis of multiple proteins, such as Lamp1, Lamp2 and CD68, is dysregulated and thus

lysosomal function impaired (see sec.4.2.5.2, Janvier & Bonifacino 2005). Treatment

with EIPA and Rottlerin reduced uptake of 10 kDa dextran and BSA in growing cells,

both when compared to control and to AP2 KD (Fig.4.2.17A and B). However, whereas
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Figure 4.2.16: AP2 knock down efficiency in growing and quiescent RPE1 cells
A: Representative epifluorescence microscopy images of α-adaptin (represented in white) in growing
and quiescent RPE1 cells treated with scrambled or µ2-adaptin siRNA (AP2 KD). Growing cells were
treated with siRNA on the day of seeding, 24 hours later and were used for experiments 72 hours after
seeding. Quiescent cells were treated with siRNA 5 and 7 days after seeding. Medium exchange to
serum-free occured 10 days after seeding. Quiescent cells were used for experiments 17 days after
seeding. AP2 KD cells were treated with vehicle (DSMO), 15 µM EIPA or 7.5 µM Rottlerin (Rott) for
60 min. Cells were fixed with 4 % PFA, permeabilised and immunolabelled for α-adaptin. DNA was
stained with DAPI (blue pseudocolour). Scale bar: 50 µm. B: Quantification of epifluorescence mi-
croscopy images from A. Total fluorescence intensity of α-adaptin per cell was normalised to scrambled
control of growing or quiescent cells, respectively. Bar graphs represent mean +SEM from n=3 biolog-
ical replicates with a minimum of 500 growing and 3,000 quiescent cells per sample; ****P < 0.0001,
***P < 0.001, ns, not significant; one-way ANOVA with Tukey’s multiple comparisons test comparing
siRNA-treated cells to scrambled control and AP2 KD with vehicle to EIPA and Rottlerin treatment.
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EIPA and Rottlerin reduced dextran uptake by approximately 60 % and 80 %, respec-

tively (compared to scrambled control), BSA uptake was only decreased by about 45 %

and 55 %, respectively (Fig.4.2.17B). In quiescent cells, EIPA and Rottlerin had no ad-

ditive effect on AP2 KD-mediated endocytosis reduction for either cargo. Interestingly,

although AP2 KD decreased uptake of 10 kDa dextran and BSA by at least 85 % in

quiescent cells, they still internalised more cargo than growing cells (Fig.4.2.17C). Dex-

tran and BSA uptake in quiescent cells was signifcantly increased compared to growing

cells for control, AP2 KD and AP2 KD with EIPA or Rottlerin treatment, except for dex-

tran uptake in AP2 KD cells and AP2 KD cells treated with EIPA. With the apparent

AP2-dependence of dextran and BSA uptake, it might be possible that a more efficient

AP2 knockdown would have achieved a dextran and BSA uptake decrease to the levels

of EIPA and Rottlerin treatment in growing cells.

These results confirm, together with Fig.4.2.14, that in growing cells, dextran and BSA

uptake might occur primarily via macropinocytosis. In quiescent cells, however, AP2

and thus CME might be key players mediating uptake of cargo that is usually consid-

ered to be internalised by macropinocytosis. This is supported by electron microscopy

images of quiescent RPE1 cells incubated with HRP, which imply that few HRP-positive

macropinosomes exist and instead many Clathrin-coated pits and vesicles are present

(R. G. Parton, data not shown). It is, however, controversial that EIPA reduced uptake

of BSA and dextran in quiescent cells (Fig.4.2.14), but that neither EIPA nor Rottlerin

treatment had an effect on uptake after AP2 knockdown (Fig.4.2.17). Both inhibitors,

however, are not specific macropinocytosis inhibitors. EIPA has been shown to inhibit

other endocytic pathways such as Clathrin-dependent endocytosis and FEME (Sand-

vig, 1987; Boucrot et al., 2015). Rottlerin unspecifically inhibits a set of protein kinases

and the mechanism of its inhibitory effect on macropinocytosis is still unclear (Bain

et al., 2007; Fenyvesi et al., 2014). Additionally, there might be an interplay between

macropinocytosis and other endocytic pathways or organisation of the actin cytoskele-

ton which change upon AP2 KD. Quiescent cells exhibit an elongated, spindle-like

shape after AP2 KD and do not pack as tightly as quiescent cells treated with scram-

bled siRNA (Fig.4.2.16A). The effect of AP2 KD on macropinocytosis during quiescence

might thus not only be directly, but also indirectly mediated by an interplay of factors that

remain to be elucidated.
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Figure 4.2.17: Uptake of low molecular weight dextran and BSA in growing and quiescent RPE1 cells in
the context of AP2 knock down
Figure legend on next page
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Figure 4.2.17: Uptake of low molecular weight dextran and BSA in growing and quiescent RPE1 cells in
the context of AP2 knock down
AP2 knock down (KD) protocols differ between cell populations: Growing cells were treated with µ2-
adaptin siRNA on the day of seeding, 24 hours later and were used for experiments 72 hours after seed-
ing. Quiescent cells were treated with siRNA 5 and 7 days after seeding. Medium exchange to serum-
free occured 10 days after seeding. Quiescent cells were used for experiments 17 days after seeding. A:
Representative epifluorescence microscopy images of 60 min uptake of 10 KDa dextran-AlexaFluor555
(500 µg/ml), BSA-AlexaFluor647 (100 µg/ml) and DQBSA (100 µg/ml) in growing and quiescent RPE1
cells treated with scrambled or µ2-adaptin siRNA and with vehicle (DMSO; in scrambled and AP2 KD
samples), 15 µM EIPA or 7.5 µM Rottlerin (Rott). Cells were treated with drug or vehicle 30 min prior
to and throughout uptake. Nuclei were stained in live cells at 37 °C with Hoechst 33342 (blue pseudo-
colour). Following uptake, live cells were washed in PBS and imaged immediately in imaging medium
(see Tab.2.7.2 in sec.2.7.3). Scale bar: 50 µm. B: Quantification of epifluorescence microscopy images
from A. Total fluorescence intensity of internalised ligand per cell was normalised to scrambled control
of growing and quiescent cells, respectively. Bar graphs represent mean +SEM from n=16 sites pooled
from two biological replicates (dextran, BSA; equivalent to a minimum of 1,200 growing and 4,200 qui-
escent cells) or n=24 sites pooled from three biological replicates (DQBSA; minimum 1,700 growing
and 6,500 quiescent cells); ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant; two-
way ANOVA with Tukey’s multiple comparisons test. C: Quantification of epifluorescence microscopy
images from A. Total fluorescence intensity of internalised ligand per cell was normalised to scrambled
control of growing cells. Bar graphs represent mean +SEM from n=16 sites pooled from two biological
replicates (dextran, BSA; equivalent to a minimum of 1,200 growing and 4,200 quiescent cells) or n=24
sites pooled from three biological replicates (DQBSA; minimum 1,700 growing and 6,500 quiescent
cells); ****P < 0.0001, ***P < 0.001; **P < 0.05, ns, not significant, two-way ANOVA with Tukey’s multiple
comparisons test.

4.2.6 Uptake of extracellular protein by quiescent cells is not sufficient

for amino acid supply and survival

The highly increased dextran and BSA uptake in quiescent cells poses the question:

Why do quiescent cells exhibit upregulated endocytic pathways for these cargoes? Ras-

mutated cancer cells can rely on uptake of extracellular proteins to activate mTORC1

signalling pathways via lysosomal degradation, which are down-regulated under amino

acid starvation conditions (Palm et al., 2015). Serum-starved cells internalise protein

(laminin) from the extracellular matrix for the same purpose (Muranen et al., 2017). Qui-

escent cells are, however, characteristed by low mTORC1 activity, which distinguishes

them from senescent cells, who continue to grow in size after cell cycle exit (Cho &

Hwang, 2012).

In quiescent RPE1 cells, down-regulated mTORC1 activity could be shown by low phos-

phorylation levels of the mTORC1 substrates 4E-BP1 and p70S6 kinase (data from K.

McGourty, Boucrot lab, not shown), but mTORC1 activity could be further decreased

by mTORC1 inhibition with Torin1, an mTORC1-specific inhibitor (Thoreen et al., 2009)

(Fig.4.2.18).

To test, whether quiescent RPE1 cell survival is mediated by extracellular protein

uptake, medium was exchanged for amino acid-free medium or amino acid-free
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Figure 4.2.18: Activity of mTORC1 in growing and quiescent RPE1 cells assessed by phosphorylation of
4E-BP1
A: Representative epifluorescence microscopy images of growing and quiescent quiescent cells treated
for 4 hours with vehicle (DMSO) or 100 µM Torin 1. Cells were fixed, permeabilised and immunolabelled
for the mTORC1 substrate phospho 4E-BP1 (T37/46, white). Nuclei were labelled with DAPI. Scale bar:
50 µm. B: Quantification of epifluorescence microscopy images from A. Total fluorescence intensity
of p4E-BP1 per cell was normalised to growing control cells. Bar graphs represent mean +SEM from
n=3 biological replicates with a minimum of 8,000 growing and 24,000 quiescent cells per sample;
****P < 0.0001; two-way ANOVA with Tukey’s multiple comparisons test.

medium supplemented with 3 % BSA. 3 % BSA was chosen because it sustains viability

of non-transformed cells and allowed for proliferation of Ras-transformed cells (Palm

et al., 2015). Quiescent RPE1 cells cultured in amino acid-free medium showed no

decrease in viability for 24 hours of amino acid starvation, but after 48 hours nuclear

chromatin began to condense and nuclei to shrink, a sign of apoptosis (Fig.4.2.19A;

Toné et al., 2007). Furthermore, mTORC1 activity, measured by phosphorylation of

4E-BP1 (T37/46) immunolabeling in PFA-fixed and permeabilised cells was slightly

reduced after 5 and 24 hours of amino acid starvation, and almost absent after 48 hours

of amino acid starvation (Fig.4.2.19B). However, mTORC1 activity did not decrease

as much as reported by Palm et al., who observed almost complete abrogation of

mTORC1 signalling after 1 hour of amino acid starvation. BSA supplementation in

amino acid-deprived medium rescued the apoptotic phenotype observed after 48 hours

of amino acid starvation (Fig.4.2.19A). With BSA present, mTORC1 activity was not

decreased during the first 24 hours of amino acid starvation, indicating that inter-

nalised BSA might be degraded in lysosomes so that released amino acids activate

mTORC1 (Zoncu et al., 2011). Interestingly, after 48 hours of amino acid starvation

and BSA supplementation, 4E-BP1 phosphorylation was higher than in control cells
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(Fig.4.2.19B). To assess cell death induced by amino acid starvation, quiescent cells

were cultured in amino acid-free medium with or without 3 % BSA supplementation

for 24, 48 or 72 hours. Based on the rationale that apoptotic cells eventually detach,

medium was removed from culture wells by gently pipetting up and down three times

to detach losely adherent cells and the concentration of detached cells was measured

with a haemocytometer. After 48 hours, no difference in the number of detached

cells was observed between control, amino acid starvation or BSA supplementation

(Fig.4.2.19C), indicating that amino acid starvation-induced apoptosis begins after

around 48 hours when cells are still adherent (Fig.4.2.19A). However, after 72 hours of

amino acid starvation, the number of floating cells was 10 times increased compared

to control (Fig.4.2.19C). BSA supplementation in amino acid-free medium did not

prevent cell death. Although the number of dead cells was only half that of dead cells

upon 72 hours amino acid starvation, it was still 5 times higher than under control

conditions (Fig.4.2.19C). This suggests that the elevated mTORC1 activity observed for

48 hours amino acid starvation and BSA supplementation might have been an attempt

for increased survival, but was not enough to prevent cell death. It should be noted

that this is a preliminary experiment and further research needs to be undertaken to

establish the time frame of apoptosis induction and mTORC signalling after 48 hours,

when cells begin to detach. The number of dying cells was only measured once, so

more replicates are required for significant results. It would furthermore be interesting

to assess whether lysosomal degradation is required for mTORC1 activity rescue by

BSA supplementation, for example by treatment with Bafilomycin 1A for the shorter

starvation periods.

The preliminary conclusions from this experimental setup, however, are:

1. Although quiescent RPE1 cells produce large amounts of extracellular matrix

(data from K. McGourty, Boucrot lab), they do not internalise extracellular matrix

as nutrient supply for maintainance mTORC1 activity and survival. This could

be shown by apoptosis induction and starvation and highly reduced mTORC1

activity after prolonged amino acid starvation.

2. BSA supplementation in amino acid-free medium might delay the onset of amino

acid starvation effects, but upon prolonged feeding on BSA as sole amino acid
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Figure 4.2.19: Long-term amino acid starvation with or without BSA supplementation in quiescent RPE1
cells
A: Representative epifluorescence microscopy images of quiescent cells cultured in amino acid-
containing (control) or amino acid-free (-aa) growth medium supplemented with or without 3 % BSA.
After the indicated timepoints, cells were fixed, permeabilised and immunolabelled for the mTORC1
substrate phospho 4E-BP1 (T37/46). Nuclei were labelled with DAPI. Scale bar: 50 µm. B: Quantifi-
cation of epifluorescence microscopy images from A. Total fluorescence intensity of p4E-BP1 per cell
was normalised to control cells. Bar graphs represent mean +SEM from n=3 biological replicates with
a minimum of 500 growing and 3,000 quiescent cells per sample; ****P < 0.0001, ***P < 0.001, ns, not
significant; one-way ANOVA with Dunnett’s multiple comparisons test comparing amino acid-starved
cells to control. C: Assessment of dead cell numbers after culturing in amino acid-free medium sup-
plemented with or without 3 % BSA for the indicated timepoints. Medium was removed from wells after
gently pipetting up and down three times and detached cells were counted with a heamocytometer. Bar
graphs represent numbers of dead cells from one experiment normalised to growing control cells in
amino acid-containing medium.
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source (72 hours), mTORC1 signalling is disrupted and quiescent cells begin to

die.

4.3 Discussion

Endocytosis is a process inherent to all eukaryotic cells and mediating vital processes

such as nutrient uptake from the environment, signalling, plasma membrane turnover

and migration (Barbieri et al., 2016). As such, it occurs throughout all phases of the cell

cycle, including mitosis and quiescence (Tacheva-Grigorova et al., 2013; Majoul et al.,

2002; Illinger et al., 1993). Since the observation and first descriptions of macropinocy-

tosis in the beginning of the 20th century (described in Chapman-Andresen, 1984) and

Clathrin-mediated endocytosis in the 1960s (Roth & Porter, 1964), a range of Clathrin-

independent pathways have been identified. Although our understanding of the molec-

ular details characterising each pathway varies greatly from being able to define the

spatio-temporal process for CME to identifying key regulators and cargoes of FEME,

CLIC/GEEC or endocytosis via the GL-Lect hypothesis, the role these pathways play in

different stages of the cell cycle - and to what extend - remains to be uncovereed.

In this chapter, endocytosis in quiescent cells was compared to growing cells or, more

specifically, cells in the G1 phase of the cell cycle. Although it is evident that endocytosis

persists during quiescence, its relative activity in comparison to other phases of the cell

cycle has not been assessed (Hinze and Boucrot, review to be published). Here, inter-

nalisation of cargo of a variety of endocytic pathways was measured by fluorescence-

based techniques in an in vitro model of quiescent RPE1 cells to highlight differences or

commonalities of endocytosis in cycling cells and cells that reversibly left the cell cycle.

4.3.1 Regulation of Clathrin-mediated endocytosis during quiescence

4.3.1.1 CME activity in quiescent cells is adapted to cargo proteins

CME is by far the best characterised endocytic pathway with a number of classical car-

goes and proteins operating in the Clathrin machinery being identified (Kaksonen &

Roux, 2018; McMahon & Boucrot, 2011). Uptake of the CME cargoes Tf, LDL and EGF

by their cognate receptors was down-regulated in quiescent cells, but levels of core
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proteins of the Clathrin machinery such as AP2 subunits and Clathrin, were elevated

(Fig.4.2.4 and Fig.4.2.6). This suggested a general down-regulation of the activity of

proteins involved in CME. Results from a SILAC mass spectrometry screen identified

the F-BAR domain protein FCHo2, a protein arriving at early sites of forming CCPs, as

a putative regulator of CME (Henne et al., 2010). Its levels were increased in G0 cells

in comparison to G1 and six phosphorylation sites were identified to be hypophospho-

rylated during G0 (Fig.4.2.7). Furthermore, the identified phosphorylation sites were

located in the central region of FCHo2, which has been shown to play a role in AP2

activation (Hollopeter et al., 2014; Umasankar et al., 2014). Phosphorylation has been

demonstrated to regulate the activity of BAR domain proteins (Zhao et al., 2013; Salzer

et al., 2017). With CME being decreased in quiescent cells, which exhibit hypophospho-

rylated FCHo2, we hypotehesised that FCHo2 phosphorylation at one or more of the six

identified phosphorylation sites might be required for FCHo2 function in CME. Hence, a

nonphosphorylable FCHo2 mutant might decrease CME in growing cells. Interestingly,

not only did overexpression of a phosphomimetic FCHo2 phosphomutant (with all six

identified phosphorylation sites mutated to Aspartic acid) increase Tf uptake compared

to overexpression of wildtype FCHo2. Overexpression of a nonphosphorylable FCHo2

phosphomutant with all identified phosphorylation sites mutated to Alanines increased

Tf uptake even further (Fig.4.2.9). An explanation for this effect could be a more com-

plex mechanism of FCHo2 phosphorylation, requiring sequential phosphorylation of one

or more of the identified binding sites. Furthermore, FCHo2 is not the only early-arriving

protein at sites of CCP formation. Eps15 and intersectins form a nucleation module to-

gether with FCHo2 (McMahon & Boucrot, 2011; Ma et al., 2016). Activity of these pro-

teins might also be dependent on phosphorylation, as the mass spectrometry screen

identified two phosphorylation in Eps15 to be hyperphosphorylated in G0 relative to G1,

in addition to four hyperphosphorylated sites in Epsin1 (Fig.4.2.7). Although the iden-

tified Epsin1 phosphorylation sites were identified in mass spectrometry screens in the

literature and mapped on PhosphoSitePlus.org, they are not yet functionally linked to

endocytosis. Phosphorylation of Eps15 at Serine 796 was reported to occur by p38

(MAPK14) upon EGF or TNF-α stimulation (Zhou et al., 2014) and the same kinase is

responsible for ligand-independent EGFR endocytosis following stimulation with EGF

(Tanaka et al., 2018). EGF receptors following non-canonical, p38-mediated endocyto-

sis are recycled back to the plasma membrane, contrary to ligand-bound EGFR which
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trafficks to lysosomes (Tanaka et al., 2018). P38 activity in quiescent cells remains to

be investigated, but it might pose a candidate for EGFR endocytosis regulation in these

cells. It should, however, be mentioned that after FCHo2 mutant experiments were

performed, the SILAC mass spectrometry screen was re-analysed by K. McGourty (E.

Boucrot lab) using a newer version of MaxQant (1.5.3.8). A selection of results from

this run are displayed in (Fig.4.2.1), as they did not conflict with results from the pre-

vious MaxQuant analysis. One notable difference between the two analysis was that

the identified FCHo2 phosphorylation sites were slightly hyperphosphorylated in G0 in

the new MaxQuant analysis, but this difference was within the cut-off of ± one log2 unit.

Although parameters were kept similar between the two MaxQuant analyses, identifica-

tion of peaks might have followed different algorithms in each version. As described in

sec.2.3, several biological replicates were pooled together for mass spectrometry anal-

ysis and results of heavy G0/light G1 ratio and light G0/heavy G1 ratio were combined

in the MaxQuant quantification. With this approach, the statistical evaluation is less

powerful than when multiple samples are analysed separately and identified biological

differences become less robust, explaining the variations in data generated by analysis

with two different MaxQuant versions. Therefore, the mass spectrometry screen only

served as a guide and results were biochemically, cell biologically and functionally con-

firmed. Another consideration explaining the unexpected effect of hypophosphorylated

FCHo2 is that cell surface levels of TfR1 were not accounted for in this experiment and

that only endocytosis of a single CME cargo was studied. CME appears to be active

in quiescent cells, as could be shown for endocytosis of Lamp1, which is increased in

quiescent compared to growing cells (Fig.4.2.15). Lamp1 has a YXXΦ motif in its cyto-

plasmic tail which marks it for AP2-binding and CME (Obermüller et al., 2002; Janvier

& Bonifacino, 2005). In contrast to TfR, LDLR and EGFR, total and surface levels of

Lamp1 are higher in quiescent than in growing RPE1 cells ((Fig.4.2.1),(Fig.4.2.4) and

(Fig.4.2.15)). In accordance with the literature, which reports increased Lamp1 levels

during quiescence, it might be a suitable candidate for further CME studies in quiescent

cells (Zhang et al., 2017).

156



4.3 Discussion

4.3.1.2 The role of CME-mediated BSA and low molecular weight dextran uptake

in quiescent cells

Surprisingly, AP2, the central adaptor complex of CME, seems to be required for the up-

regulated uptake of BSA and low molecular weight (10 kDa) dextran in quiescent cells,

but is not required for endocytosis of these cargoes in growing cells (Fig.4.2.17). That

uptake of low molecular weight dextran (further referred to as LMW-dextran) might be

mediated via endocytic routes other than macropinocytosis has been shown by Cao

et al. (2007) and Li et al. (2015). Both groups concluded on a dynamin-dependent,

Clathrin-independent pathway, but none tested for AP2 dependence. Surprisingly, Cao

et al. (2007) found out that low serum levels seem to shift the LMW-dextran uptake

pathway from macropinocytosis to dynamin-dependence, which would fit with the fact

that quiescent RPE1 cells are cultured in serum-free medium. However, uptake of LMW-

dextran was also highly increased in contact-inhibited quiescent RPE1 cells, which were

kept in medium with 10 % serum. It will be interesting to find out whether LMW-dextran

and BSA uptake in contact-inhibited quiescent cells is also AP2-dependent. Further-

more, it should be considered that knockdown in quiescent cells occurs over a period

of 12 days, with serum withdrawal from the medium occuring 5 days after first siRNA

treatment. During this time, compensatory endocytic and trafficking mechanisms can

take over, which might be one of the explanations why LMW-dextran and BSA uptake

were still higher in AP2 KD cells than in growing cells (Fig.4.2.17). Moreover, if quies-

cent cells are so dependent on AP2 to mediate endocytosis of vital proteins such as

Lamp1 for the maintenance of lysosomal function, AP2 KD might not allow for entry into

a ’deep’ quiescent state, such as described in chapter 3. The transient overexpression

of a dominant-negative AP2 mutant might be more appropriate in abrogating AP2 func-

tion to prevent CCP formation, as transfections can be performed within 48 hours on

quiescent cells (data not shown) (Kadlecova et al., 2016). If AP2 can be confirmed as a

key mediator of LMW-dextran and BSA uptake, a thorough analysis of LMW-dextran and

BSA uptake will give a more detailed picture of the endocytic mechanism involved and

whether it occurs by classical CME. Dynamin-dependence should be confirmed in qui-

escent RPE1 cells by small compound inhibitors such as Dyngo4A, dominant-negative

Dynamin (K44 mutant) overexpression or Dynamin knockdown. To further assess the

receptor-mediated, and thus non-macropinocytic, nature of LMW-dextran and BSA up-
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take in quiescent cells, surface labelling will show whether dextran or BSA are able to

bind to cell surface receptors (Buckley & King, 2017). Receptors for dextran and BSA

binding have been reported, such as Mannose receptor for dextran (Kato et al., 2000)

and, among others, LRP2 in conjunction with the adaptor Dab2 for BSA (Koral & Erkan,

2012; Buchäckert et al., 2012; Yumoto et al., 2012; Larsen et al., 2016). These recep-

tors, however, were not identified in RPE1 cells by the SILAC mass spectrometry screen

nor by a cell surface mass spectrometry screen performed by K. McGourty. It is likely

they might bind to other cell surface molecules. Furthermore, the effect of AP2 KD on

fluid uptake (labelled by LY) or high molecular weight dextran uptake, which were not

studied in this chapter, needs to be established and might confirm receptor dependance.

Summarised, CME is active in quiescent RPE1 cells and mediates uptake of specific

cargoes such as Lamp1 and, potentially, LMW dextran and BSA. However, endocy-

tosis of classical CME cargoes such as Tf, LDL and EGF is highly decreased. The

selective endocytosis of CME cargoes might be due to phosphorylation regulating CME

machinery or adaptor protein activity and might thus be adapted to the needs during the

quiescent state and to maintain it. Further experiments should be carried out in different

cell types to confirm that the observations shown here are of general significance.

4.3.2 Clathrin-independent endocytic pathways in quiescent cells

4.3.2.1 Scavenger receptor-mediated endocytosis of oxLDL and HDL

Chemically modified LDL, such as oxidised LDL (oxLDL), is not recognised by LDLR

and internalised by CME, but instead binds to a set of scavenger receptors and is

internalised by poorly characterised pathways, generally termed ’scavenger receptor-

mediated endocytosis’ (Parthasarathy et al., 1987; Holvoet, 2006; PrabhuDas et al.,

2017; Kzhyshkowska et al., 2012). Scavenger receptor-mediated endocytosis is thought

to be mostly Clathrin-independent, as has been shown for the oxLDL receptors LOX1

and CD36 (Collins et al., 2009; Zeng et al., 2003; Murphy et al., 2008). Uptake of

chemically modified LDL is of particular importance for quiescent endothelial cells lining

blood vessel walls, as LDL residing in the blood for a long time has a high probability

of being modified and poses a risk for atherosclerosis development when accumulat-

ing in blood vessels (Young & McEneny, 2001). Endocytosis of oxLDL by quiescent

endothelial cells would facilitate macrophage-mediated clearance of modified LDL and
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prevent foam cell formation of oxLDL-overloaden of macrophages (Yu et al., 2013). Al-

though net oxLDL uptake did not differ between growing and quiescent RPE1 cells,

surface-normalised oxLDL endocytosis was increased in quiescent cells, indicating an

upregulation of one or more scavenger receptor-mediated pathways during quiescence

Fig.4.2.10. Since oxLDL is bound and internalised by multiple scavenger receptors,

including LOX1 and CD36, the precise pathway remains to be identified and its mecha-

nism elucidated (Collins et al., 2009; Zeng et al., 2003; Murphy et al., 2008).

HDL plays a major role in hepatic cholesterol clearance, which predominantly occurs by

selective cholesteryl ester transfer, a process which does not involve endocytosis of the

full HDL particle, but allows for cholesteyl ester uptake via SRBI (Nieland et al., 2005;

Rigotti et al., 2003). However, HDL can also be endocytosed by scavenger receptors

(CD36, SRBI and ecto-F1-ATPase/ P2Ys) in a variety of cells via Clathrin-dependent and

-independent pathways (Röhrl & Stangl, 2013). Since hepatocytes primarily reside in a

quiescent state, investigating HDL endocytosis in quiescent cells was an attractive idea

(Zimmermann, 2004). However, no difference in HDL endocytosis was observed be-

tween quiescent and growing RPE1 cells (Fig.4.2.10). The low levels of internalide HDL

might also confirm that HDL uptake is not the primary route of cholesterol delivery. It

might be interesting to compare HDL uptake in quiescent and proliferating hepatocytes,

as their cell surface receptor levels might be better adjusted for HDL interactions. An

attempt to do so was made in an hTERT-immortalised human hepatocytes cell line (IHH

cells) produced in the group of K. Srai, but the immortalisation occured by viral trans-

duction and might have transformed the cells so that they did not stop proliferation upon

contact inhibition, prevening them from entering a quiescent state. Non-transformed

hTERT-immortalised hepatocytes were not available and other cell lines like HEPG2 or

similar are transformed and do not enter the quiescent state.

Studies of oxLDL and HDL endocytosis confirm the differentially regulated endocytic ac-

tivity during proliferative quiescence. While endocytosis of HDL did not differ between

growing and quiescent RPE1 cells, oxLDL endocytosis was increased during quies-

cence. While it is difficult to conclude a molecular mechanism determining the increased

endocytosis of oxLDL because of the multitude of receptors affecting its uptake, the re-

sults show that quiescent cells are by no means in a dormant state down-regulating all

cellular processes.
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4.3.2.2 Endocytosis of bacterial toxins via the GL-Lect mechanism

Endocytic pits do not only form upon deformation of the plasma membrane by cytosolic

proteins, but can also be initiated by extracellular clustering according to the GL-Lect

hypothesis (Johannes et al., 2016). Shiga and Cholera toxin B subunits were identified

to act as lectins, clustering their cognant glycosphingolipid receptors, Gb3 and GM1, re-

spectively, in the exoplasmic plasma membrane leaflet, thereby inducing inward-bound

curvature of the plasma membrane (Van Heyningen, 1974; Lindberg et al., 1987; Jo-

hannes, 2017). Interestingly, Gb3 is mainly expressed in cells in G2 phase of the cell

cycle, whereas GM1 is expressed in G1 phase cells, limiting Shiga and Cholera toxin

uptake to distinct cell cycle phases and excluding uptake of both toxins in the same cell

(Majoul et al., 2002). A small population of growing cells was identified as StxB positive

(Fig.4.2.11). It was smaller than the G2/M population identified by cell cycle analysis

in Fig.3.2.1, which might be due to a conservative approach to automatically identify

StxB-positive cells with CellProfiler software due to high background because of StxB-

His tag labelling. It was established in chapter 3 that quiescent RPE1 cells exhibit a 2n

genome and are therefore likely to have left the cell cycle in G1 phase. Accordingly, only

a small fraction of quiescent RPE1 cells was found to internalise StxB (Fig.4.2.11). StxB

positive cells within the quiescent cell population might have either left the cell cycle in

G2 phase or undergone cell cycle arrest in G2 due to DNA damage, as a small G2/M

phase fraction within the quiescent cell population was observed by cell cycle analy-

sis in Fig.3.2.1. Cell cycle exit to quiescence during G2 has been reported, however

to date it has only been observed in yeast, D. melanogaster and zebrafish (Otsuki &

Brand, 2018; Laporte et al., 2011; Nguyen et al., 2017). Since continuous proliferation

can be excluded under conditions of contact inhibition and absence of growth factor

stimulation, cell cycle arrest in G2 could also have been caused by DNA damage, with

subsequent cell cycle arrest at the G2/M restriction point (Pedraza-Alva et al., 2006).

A fraction of G2/M cells was also present in quiescent fibroblasts generated by varying

protocols in Lemons et al. (2010), but their nature remains to be elucidated. However,

to assure that StxB-positive cells in the quiescent population really are in G2/M phase,

their cell cycle profile should be analysed by flow cytometry.

Unlike StxB, CtxB was internalised across the entire quiescent cell population

(Fig.4.2.11), supporting the assumption in chapter 3 that quiescent RPE1 cells have
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left the cell cycle during G1 phase and proposing that quiescent RPE1 cells might

maintain some plasma membrane constituents, such as GM1, from G1 phase (Majoul

et al., 2002). GM1 is also present in the plasma membrane of quiescent monocytes,

where it facilitated integrin-mediated cell adhesion and might serve a similar purpuse in

quiescent RPE1 cells (Cambi et al., 2006). Among growing cells, only a small fraction

internalised CtxB. Conflicting the hypothesis of CtxB-binding to G1 phase cells, the

CtxB positive fraction was smaller than the G1 fraction identified by cell cycle analysis

(Fig.3.2.1). This suggests that either GM1 expression is only high enough for CtxB

internalisation for a short time during G1 phase, most likely before the G1/G0 restriction

point. Another possibility might be that CtxB-positive cells in the growing poppulation

reside in a short-term quiescence (or pseudo-quiescence, in case of cancer cells

like HeLa, which also internalise CtxB as shown by Torgersen et al., 2001), like the

RPE1 cell subpopulation with both hypophosphorylated Rb or low RNA levels identified

in growing cells in sec.3.2.4 and Fig.3.2.5. Cyclin D1, Ki67 or pRb counterstaining

would identify whether CtxB-positive cells in the growing cell population are actively

dividing. If CtxB is only internalised by a quiescent subpopulation lacking any of the

aforementioned proliferation markers, CtxB uptake might be another marker identifying

quiescent cells. A likely alternative is that the CtxB concentration used in this study

was too low to induce membrane bending and be internalised in all G1 cells expressing

GM1. The CtxB doses were kept low because it was shown that CtxB enters cells via

multiple pathways when it is present at high concentrations of (20 nM; Massol et al.,

2004), which might be because of increased GM1 clustering at this concentration (Wolf

et al., 2008). The concentration of 750 ng/ml used in Fig.4.2.11 was slightly less than

the 1 µg/ml used by Ewers et al. (2010) and 10 times lower than in Howes et al. (2010),

where it might have contributed to observing highly active CIE, and at least 100 times

lower than in Day et al. (2015). Renard et al. (2015) used AlexaFluor555-conjugated

CtxB at 285 ng/ml, which is almost three times less than the concentration used here,

to study the intracellular machinary involved in CtxB uptake. Because internalised

CtxB was difficult to identify by widefield fluorescence microscopy, the dose was

set to 750 ng/ml, which translates to 13 nM, when a molecular weight of 57 kDa per

pentameric CtxB complex is considered, and maximum 11 nM, when the molecular

weight of up to 7 AlexaFluor555 molecules/mol CtxB pentamer is added. This is almost

half the dose used for uptake assays in the study of Massol et al. (2004). It is also
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worth noting that endocytic uptakes performed throughout this project occured without

prior ligand incubation on ice or at room temperature, which would lead to changes

in membrane fluidity and induce receptor clustering, potentially activating additional

endocytic pathways or preventing their occurence Boucrot et al. (2015).

4.3.2.3 Macropinocytosis and uptake of extracellular protein

The purposes of macropinocytosis range from environmental sampling (macrophages,

dendritic cells) to elevated nutrient uptake (cancer cells) and rapid plasma membrane

turnover (Buckley & King, 2017). It occurs constitutively only in specific cell types such

as dendritic cells, macrophages and Ras-transformed cells and else is stimulated indi-

rectly by growth factor receptor signalling (West et al., 1989; Bryant et al., 2007; Amyere

et al., 2000). In cells cultured in growth factor-containing medium, such as growing

RPE1 cells cultured in medium containg 10 % FBS, permanent base-line EGF sig-

nalling allows for a baseline level of macropinocytosis activity (preprint from Schink et al.

(2017)). Acute stimulation with high levels of EGF increases plasma membrane ruffling

and elevated macropinocytosis (West et al., 1989; Bryant et al., 2007; Nakase et al.,

2015). A baseline level of macropinocytosis activity could be observed in growing RPE1

cells, but surprisingly, quiescent RPE1 cells, which are not exposed to growth factor sig-

nalling, exhibited highly elevated levels of macropinocytosis for multiple cargoes, such

as fluorescent salt-labelled fluid (LY), high molecular weight dextran (70 kDa, HMW-

dextran), low molecular weight dextran (10 kDa, LMW-dextran) and BSA (Fig.4.2.12).

Amiloride (EIPA) treatment strongly reduced uptake of LY and HMW-dextran, indicat-

ing that it is macropinocytosis (Koivusalo et al., 2010; Ivanov, 2008), but BSA uptake,

although decreased after EIPA treatment, was still higher than the uptake in growing

control cells (Fig.4.2.14). Increased extracellular matrix protein uptake was shown to

supply serum-starved cells with amino acids, activate mTORC1 and promote survival

(Muranen et al., 2017). This is not the case for quiescent RPE1 cells, as they undergo

apoptosis when cultured in amino acid-free medium for longer than 24 hours and pro-

tein from the ECM would be the only source of amino acids (Fig.4.2.19). Furthermore,

quiescent RPE1 cells exhibited increased uptake of dextran and BSA even when main-

tained in serum-containing medium (Fig.4.2.19), implying that serum starvation is not

the key mediator of elevated BSA uptake. Moreover, mTORC1 activity in quiescent
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RPE1 cells was shown not to be as succeptible to short-term amino acid starvation as

it is in proliferating or cancer cells (Palm et al., 2015). Although the small decrease in

mTORC1 activity caused by amino acid starvation was rescued by BSA for a time period

of 24 hours, BSA uptake did not prevent cell death of quiescent RPE1 cells under long-

term amino acid starvation, in spite of increased mTORC1 activity (Fig.4.2.19). This is in

accordance with results of the work from K. McGourty, who identified an AKT/mTORC1-

independent quiescence survival signalling pathway.

Summarised, the absence or presence of growth factors did not significantly contribute

to the elevated uptake of macropinocytosis cargo in quiescent cells. This would imply

constitutively active macropinocytosis, similar to macrophages and dendritic cells. How-

ever, electron microscopy images of HRP uptake indicate that only few HRP-positive

macropinosomes exist in quiescent RPE1 cells, whereas a multitude of Clathrin-coated

pits and vesicles are present (R. G. Parton, not shown). Since each micropinocytic vesi-

cle not only internalises specific cargo, but also a certain volume of extracellular fluids,

it might be possible that the sum of upregulated receptor-mediated/micropinocytic path-

ways contributes to increased uptake of extracellular fluid, including dextran and BSA.

The important role of CME in quiescent cells was established in sec.4.3.1 and would

support this argument. Additionally, it should be tested how much BSA uptake can be

inhibited by a newly described macropinocytosis inhibitor, imipramine (Buyya & Pandey,

2018). Imipramine did not inhibit CME, which will be important to identify the proportion

of BSA that is internalised by CME.

4.4 Conclusions

The work in this chapter presents the first extensive study quantifying endocytic path-

ways in quiescent cells and comparing them to proliferating cells. It was shown that

a variety of pathways, such as CME, scavenger receptor-mediated endocytosis, endo-

cytic carrier formation according to the GL-Lect hypothesis and macropinocytosis occur

during proliferative quiescence. Interestingly, the activity of endocytic pathways during

quiescence was differentially regulated for specific cargoes. Endocytosis of the classi-

cal CME cargoes Tf, LDL and EGF was reduced, in agreement with reduced require-

ment for nutrients and signalling factors needed for cell growth and division. On the

other hand, endocytosis of proteins vital for quiescence, such as the lysosomal protein
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Lamp1, was increased. These observations support the theory that quiescence is not

a passive state in which cells wait for stimuli to divide, but is actively maintained. An

interesting adaptation observed for quiescent RPE1 cells is the highly elevated uptake

of extracellular protein (BSA) and cargo usually internalised by macropinocytosis, which

appears to occur by CME. Future work will have to establish whether this is a common

feature in quiescent cells by studying different cell types, such as quiescent endothelial

cells (HUVECS) or quiescent fibroblasts. It also remains to be established whether this

pathway is classical CME or dependent on specific adaptors by a combination approach

of knockdown, dominant-negative mutant overexpression and chemical inhibitors. The

next step will be to identify how uptake of the same cargo within the same cell type can

be regulated differently depending on its cell cycle phase and might lead to a better

understanding of the regulation of endocytic pathways.

The purpose of increased fluid and protein uptake in quiescence maintenance remains

to be elucidated. The work presented here suggests that increased protein uptake does

not serve mTORC1-mediated survival signalling upon starvation conditions. However,

it may prime cells for efficient plasma membrane receptor turnover upon environmental

changes or samplig of the environment itself. It might also be linked to quiescence-

specific signalling events, which can be identified by specific kinase inhibitors.

Concluding, using an in vitro cell line model of two cell cycle phases allows not only to

identify cell cycle-specific differences in endocytic activity, but might also reveal under-

lying or induced signallig processes which will enhance our understanding of molecular

mechanisms linking endocytosis and signalling.
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5 Integrin endocytosis and recycling

during quiescence

5.1 Introduction

5.1.1 Integrin signalling in proliferative quiescence

Integrins are heterodimeric cell adhesion receptors providing a direct connection be-

tween the cell and its environment, mediating a variety of cellular functions such as cell

adhesion, differentiation, proliferation and survival (Streuli, 2016). 24 distinct integrins

can be formed by a noncovalent bond between a β- and α-subunit pooled from 8 β-

and 18 α-subunits (Hynes, 2002). Integrins in the plasma membrane can interact with

their ligands, ECM molecules such as collagen, fibronectin and laminins, with a speci-

ficity determined by their β- and α-subunits (Humphries, 2006; Hughes et al., 1995).

This interaction can trigger an ’outside-in’ signalling mechanism, activating signalling

cascades regulating proliferation, growth arrest or survival (Moreno-Layseca & Streuli,

2014). In this chapter, the effect of α3-integrin endocytosis and recycling on quiescence

maintenance will be investigated. α3-integrin dimerises with β1, binds to laminins (Pat-

taramalai et al., 1996) and was shown to be required for keratinocyte adhesion to their

secreted ECM (Pazzagli et al., 2017), for quiescence signalling and epithelium forma-

tion upon Laminin332-binding (Nguyen et al., 2000) and for survival signalling (Manohar

et al., 2004; Oh et al., 2009).

5.1.2 Integrin endocytosis and recycling

Integrins are highly endocytic molecules which, upon internalisation, are either de-

graded in lysosomes or recycled back to the plasma membrane (De Franceschi et al.,
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2015). Both the α- and β-subunit are involved in integrin endocytosis. The cytoplasmic

tail of α3-integrin contains two YXXΦ motifs, which are binding motifs for AP2, and a

membrane-proximal GFFKR region (De Franceschi et al., 2016). Endocytosis of β1-

integrin can be mediated by both the adaptor proteins Numb and Dab2, which bind to

its membrane-proximal NPXY motif and recruit endocytic adaptor proteins, such as AP2

(Calderwood et al., 2003; Teckchandani et al., 2012; Mishra et al., 2004). Integrin recy-

cling can occur via different pathways and might again be determined by their subunits.

Retromer and Retriever complexes are highly involved in integrin recycling, and both

participate in α3β1 subunit recycling, with α3-integrin depending on SNX17 and SNX35

and β1-integrin dependent solely on SNX17 (McNally et al., 2017). However, a recently

discovered recycling pathway, consisting of Vps3, Vps8 and the CHEVI complex, is also

involved in β1-integrin recycling via Rab11-positive endosomes (Jonker et al., 2018).

The endocytic nature of integrins reflects their sensitivity to changes in the ECM, as

might happen during migration. It also serves ECM remodelling, as was shown for

α3β1-dependent regulation of Laminin511 in the interfollicular basal lamina (Conti et al.,

2003; DiPersio et al., 1997). Furthermore, integrins can mediate survival by endocytosis

of their ECM ligands, which, when degraded in lysosomes, activate mTORC1 (Rainero

et al., 2015; Muranen et al., 2017), or by directly signalling from endosomes, rendering

cell survival independent from the extracellular environment (Alanko et al., 2015; Tesfay

et al., 2016; Pazzagli et al., 2017; Manohar et al., 2004).

5.2 Results

5.2.1 Integrin endocytosis

When comparing the proteome of G1 and G0 RPE1 cells by SILAC mass spectrome-

try, levels of α3-integrin were four-fold higher in G0 than in G1 cells (data not shown).

Furthermore, a matrisome analysis of the ECM of growing and quiescent RPE1 cells (3

biological replicates, 3 technical repeats per biological sample, performed and analysed

by K. McGourty, E. Boucrot lab and A. Cryar, K. Thalassinos lab) identified a subset of

Laminins as key components of the quiescent ECM (personal communication with E.

Boucrot and K. McGourty). Laminins are ECM ligands for α3-integrin and might regu-

late proliferative quiescence by outside-in signalling via α3β1-integrin, which is known
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to regulate cell adhesion, proliferation and survival (Nakada et al., 2013; Manohar et al.,

2004; Pazzagli et al., 2017; Tesfay et al., 2016; Nguyen et al., 2000).

5.2.1.1 Colocalisation of internalised α3- with active or inactive β1-integrin

Integrins can endocytose bound to their ECM ligands (Muranen et al., 2017). It was

studied whether α3β1-integrin is internalised in a ligand-bound or unbound state. Mono-

clonal antibodies (mAb) specific for α3-integrin (mAbP1B5) and ligand-bound, extended

β1 (mAb9EG7) or non-ligand bound collapsed β1-integrin (mAb13) were used (Byron

et al., 2009). The monoclonal anti-α3-integrin antibody P1B5 specifically binds to its

extracellular beta propeller when it is dimerised with the β1 subunit and competes with

α3 binding of laminins (Nicolaou et al., 2012). It was also used in studies examining

trafficking of α3-integrin (Das et al., 2017).

MAb13 binds the βα-domain of β1 when it is not bound to ECM ligands and in a non-

extended, or collapsed, conformation (Paul Mould et al., 1996). MAb9EG7 binds the

EGF-like repeats in the β1 subunit and stabilises its extended conformation, thereby

enhancing ligand binding (Bazzoni et al., 1995; Su et al., 2016). It was confirmed that

binding of mAb13 or 9EG7 does not alter integrin signalling, which makes these anti-

bodies adequate tools to study integrin trafficking without inducing aberrant signalling

events (Arjonen et al., 2012).

To test whether α3-integrin internalisation occurs when it is bound to ligand-bound ac-

tive or non-ligand-bound inactive β1-integrin, its colocalisation with anti-β1 mAb13 or

mAb9EG7 was assessed in antibody feeding assays. Growing and quiescent RPE1

cells were incubated with primary antibody for 10 or 30 min at 37 °C to allow for antibody

internalisation. Following uptake, endocytosis was halted by placing plates on ice, un-

bound antibody was removed by washes with ice-cold PBS and surface-bound antibody

was removed by 2 min washes with ice-cold acidic buffer (1x pH 2.5, 2x pH 2.0). Af-

ter fixation and permeabilisation, internalised antibody was labelled with fluorescence-

conjugated secondary antibody and nuclei were stained with DAPI. Plates were imaged

on a confocal microscope and colocalisation of α3- and β1-positive puncta was quan-

tified by automated image analysis. The diameter of identified puncta was shrunk so

that only overlaps of puncta centres were considered for colocalisation to avoid false-

positives (see sec.2.9.2 for details).
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Microscopy images suggest that active β1-integrin labelled by mAb9EG7 was inter-

nalised to a lesser extend both after 10 and 30 min uptake than inactive β1-integrin

labelled by mAb13 (Fig.5.2.1A and C). This differs with the observation of Arjonen et al.

(2012), who report increased uptake of active β1-integrin in cancer cells, but might be

due to the non-tumourigenic nature of the cells used here. Arjonen et al. showed that

ligand-bound β1-integrin traffics to lysosomes, which might serve as an additional amino

acid supply to satisfy the increased demand of nutrients in cancer cells or to remodel the

ECM. In vivo studies reported that activation of β1-integrin reduces their mobility and

endocytosis (López-Ceballos et al., 2016), which would explain reduced endocytosis of

active β1-integrin particularly in quiescent RPE1 cells, which exhibit high cell surface

levels of active β1-integrin (data not shown). The fraction of α3-integrin colocalising

with ligand-bound β1-integrin did not differ between growing and quiescent cells after

both 10 (about 20 %) and 30 min uptake (about 50 %) and colocalisation of α3- with

non-ligand-bound β1-integrin in quiescent cells was marginally lower than in growing

cells for both timepoints (Fig.5.2.1B and D left). Interestingly, the percentage of colo-

calised α3- and ligand-bound β1-integrin increased by about 30 % after 30 min uptake

compared to 10 min. Colocalisation of α3 with non-ligand-bound β1-integrin was gen-

erally higher than with ligand-bound β1 and did not differ with respect to the duration

of antibody feeding (81.7 ± 0.4 % and 86.8 ± 0.1 % after 10 min, and 80.9 ± 1.2 % and

88.8 ± 0.4 % after 30 min in quiescent and growing cells, respectively) (Fig.5.2.1B and

D left). Thus, the majority of α3-integrin internalised when bound to non-ligand-bound

β1. The sum of the α3-integrin fraction colocalising with active and inactive β1 is about

100 % after 10 min uptake in both growing and quiescent cells, which implies that the

two complexes might enter cells via different endocytic pathways. After 30 min uptake,

the sum of colocalisation with active and inactive β1 is higher than 100 %, suggesting

that endosomes have fused during trafficking and contain both β1 conformers.

Analysis of internalised β1-integrin fractions showed a significantly smaller fraction colo-

calising with α3-integrin in quiescent cells than in growing cells for both ligand-bound

and non-ligand-bound β1 after 10 and 30 min uptake (Fig.5.2.1B and D right). Further-

more, colocalisation of non-ligand-bound β1 with α3 was significantly higher than that of

ligand-bound in both growing and quiescent cells. This suggests that a larger proportion

of both ligand-bound and non-ligand-bound conformer interacts with other α-subunits in
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quiescent cells and that a larger proportion of ligand-bound β1 is dimerised with other

α-subunits than α3 both in growing and quiescent cells.
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Figure 5.2.1: Colocalisation of internalised α3-integrin with ligand-bound and non-bound β1-integrin
A and C: Representative confocal microscopy sections of 10 min (A) amd 30 min (D) anti-β1- and α3-
integrin antibody feeding in growing and quiescent RPE1 cells. Inlets show 2.2 x magnified view of boxed
areas. Two distinct anti-β1-integrin antibodies were used, binding either to non-ligand-bound β1-integrin
competing with ligand-binding, and binding to β1-integrin when it is bound to its ligand. Surface-bound
antibody was stripped by acidic washes. Cells were fixed with 4 % PFA, permeabilised, incubated with
fluorescence-conjugated secondary antibody and nuclei were stained with DAPI. Scale bars: 10 µm.
B and D: Object-based quantification of α3- and β1-integrin colocalisation in images from A and C.
α3- and β1-integrin-positive vesicles were identified as puncta, their perimeter shrunk by 2 pixels to
account for true colocalisation and overlapping (colocalising) puncta were filtered and related back to the
original-size puncta. Total fluorescence intensity of colocalised puncta per cell was normalised to total
fluorescence intensity of all identified puncta. Bar graphs represent mean + SEM from n=3 biological
replicates with a minimum of 80 growing and 120 quiescent cells per sample. Statistical significances of
B and D were determined with , two-way ANOVA and Tukey’s multiple comparisons test, comparisons
as indicated by the brackets; ****P < 0.0001, ***P < 0.001, **P < 0.01, ns, not significant.

170



5.2 Results

5.2.1.2 Endocytosis of α3β1-integrin and CD151

To assess whether uptake of α3-integrin differs between growing and quiescent cells,

antibody feeding assays were performed using mAbP1B5 for α3- and mAb13 for β1-

integrin, because α3 was primarily internalised together with non-ligand-bound β1-

subunit (sec.5.2.1.1).

Growing and quiescent RPE1 cells were incubated with primary antibody for 10 or

30 min at 37 °C to allow for antibody internalisation. Following uptake, endocytosis

was halted by placing plates on ice, unbound antibody was removed by washes with

ice-cold PBS and surface-bound antibody was removed by 2 min washes with ice-cold

acidic buffer (1x pH 2.5, 2x pH 2.0). In parallel, cell surface integrin levels were labelled

by incubating cells on ice at 4 °C with respective primary antibody. After fixation and per-

meabilisation, internalised or surface primary antibody was labelled with fluorescence-

conjugated secondary antibody and nuclei were stained with DAPI. Plates were im-

aged on a high-content widefield fluorescence microscope and images quantified by

automated image analysis. Internalised antibody was identified as puncta to eliminate

non-specific background signal. Mean fluorescence intensity of puncta was normalised

to that of surface-labelled cells from which antibody was stripped by acidic washes to

account for incomplete removal of surface-bound antibody. Normalised puncta mean

fluorescence was then multiplied by puncta area per cell, which results in total fluores-

cence intensity in puncta per cell. Cell surface integrin levels of cells were normalised

to blank samples labelled with secondary antibody to account for autofluorescence and

total fluorescence intensity per cell calculated as described for puncta.

After 10 min, quiescent RPE1 cells internalised 91 ± 1 % less β1-integrin and 79 ± 2 %

less α3-integrin than growing cells (Fig.5.2.2A and B). Normalised to cell surface levels,

which were lower in quiescent cells for both β1 and α3 (Fig.5.2.2G and H), endocy-

tosis of the two subunits was reduced by 76.8 ± 0.5 % for β1 and by 59 ± 2 % for α3

(Fig.5.2.2C). The differences in endocytosis between the two subunits make sense,

because β1 associates with many other alpha subunits, which might be internalised

with different efficiency or are expressed at different levels at the cell surface (Hynes,

2002). The tetraspanin CD151 has been shown to interact strongly with α3β1-integrin

(Berditchevski et al., 2001; Sterk et al., 2002) and to promote endocytosis of its as-

sociated integrins, among which is the α3-integrin subunit (Liu et al., 2007). Because

171



5.2 Results

mAbP1B5 against α3 does not interfere with CD151 complex formation, the potential ef-

fect CD151 might have on α3 β1-integrin endocytosis should not be disrupted (Nicolaou

et al., 2012). Endocytosis of CD151 was studied by monoclonal antibody feeding as

described above to discover whether it might be responsible for the decreased endocy-

tosis of α3-integrin in quiescent cells. Surprisingly, uptake and surface level-normalised

endocytosis of CD151 did not differ after 10 min antibody feeding (Fig.5.2.2A-C), indi-

cating that it might not be the limiting factor. After 30 minutes uptake, quiescent cells

still contained about 75 % β1 and 60 % less α3 than growing cells (Fig.5.2.2D and E).

However, α3 endocytosis did not differ when normalised to cell surface receptors, al-

though that of β1 was still reduced by about 35 % (Fig.5.2.2F). Interestingly, endocyto-

sis of CD151 was about two-fold elevated in quiescent cells compared to growing cells

when normalised to cell surface levels. After 30 minutes of internalisation, recycling and

degradative pathways might affect the amount of internalised integrin observed. This

implies that α3-integrin might either be retained longer in quiescent cells or degraded

faster in growing cells.
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Figure 5.2.2: Uptake of β1- and α3-integrin and CD151 in growing and quiescent RPE1 cells
A and D: Representative epifluorescence microscopy images of 10 min (A) amd 30 min (D) anti-β1-
and α3-integrin and anti-CD151 antibody feeding in growing and quiescent RPE1 cells. Surface-bound
antibody was stripped by acidic washes. Cells were fixed with 4 % PFA, permeabilised, incubated with
fluorescence-conjugated secondary antibody and nuclei were stained with DAPI (blue pseudocolour).
Scale bars: 50 µm. B and E: Quantification of epifluorescence microscopy images from A and D: Total
fluorescence intensity of internalised antibody per cell was normalised to growing cells. Bar graphs
represent mean + SEM from n=3 biological replicates with a minimum of 5,000 growing and 10,000
quiescent cells per sample. C and F: Total fluorescence intensity of internalised antibody per cell was
normalised to cell surface levels and growing cells. Bar graphs represent mean + SEM from n=3 biolog-
ical replicates with a minimum of 5,000 growing and 10,000 quiescent cells per sample. G: Represen-
tative epifluorescence microscopy images of β-1 and α3-integrin and anti-CD151 cell surface immuno-
labelling. Cells were incubated on ice with primary antibody, washed, fixed with 4 % PFA, permeabilised
and incuated with secondary fluorescence-conjugated antibody and DAPI to stain nuclei (blue pseudo-
colour). Scale bar: 50 µm. H: Total fluorescence intensity of cell surface-bound antibody per cell was
normalised to growing cells. Bar graphs represent mean + SEM from n=3 biological replicates with a
minimum of 5,000 growing and 10,000 quiescent cells per sample. Statistical significances of B, C, E, F
and H were determined with Student’s unpaired two-tailed t-test comparing quiescent to growing cells;
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant.
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5.2.2 Quiescence signalling is not mediated by endosomal focal

adhesion kinase

An explanation for prolonged residence of α3-integrin in quiescent cells could be that

it might mediate endosomal FAK survival signalling, as discovered by (Alanko et al.,

2015; Alanko & Ivaska, 2016). Quiescent cells were shown to exhibit enhanced survival

properties (Cheung & Rando, 2013; Coller et al., 2006) and a quiescence survival sig-

nalling pathway was discovered by K. McGourty (Boucrot lab, data not shown). In brief,

while proliferating cells rely on AKT/mTORC1 and nuclear ERK signalling for growth,

proliferation and survival, quiescent cells downregulate AKT/mTORC1 signalling and

upregulate a survival signalling pathway mediated by cytosolic ERK (Fig.5.2.3).

Figure 5.2.3: Quiescence survival signalling
Simplified schematic of AKT/mTORC1/nuclear ERK-mediated growth, proliferation and survival sig-
nalling in growing cells and cytosolic ERK-mediated survival signalling in quiescent cells with down-
regulated AKT/mTORC1 signalling. Active signalling pathways are displayed in red and pathways with
decreased activity in grey. (K. McGourty, unpublished work)

To test whether FAK signalling from EEA-positive endosomes is elevated in quiescent

RPE1 cells, colocalisation of FAK phosphorylated at Tyr397 (pFAK) with EEA1 was

studied (Alanko et al., 2015). Growing and quiescent RPE1 cells were fixed with PFA,

permeabilised and immunolabelled for EEA1 and pFAK. Imaging occured by confocal

microscopy and object-based colocalisation was performed with automated image anal-

ysis as described for sec.5.2.1.1 and in sec.2.9.2. The focal plane section was chosen

based on EEA1 signal and was above the cell bottom where focal adhesion sites were.

Although pFAK in quiescent cells exhibited a distinct punctate pattern in the plane of
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EEA1-positive endosomes, the total intensity of pFAK colocalised with EEA1-positive

endosomes was about half of that in growing cells (Fig.5.2.4A and B left). To consider

differences in levels of all pFAK and EEA1 puncta between growing and quiescent cells,

colocalised puncta were normalised to all identified puncta. Consistently, a higher frac-

tion of EEA1-positive endosomes (44 ± 4 %) colocalised with pFAK in growing cells than

in quiescent cells (29 ± 2 %) and the fraction of pFAK colocalised with EEA1 puncta did

not differ (Fig.5.2.4B right). Hence, pFAK recruitment to EEA1-positive endosomes is

not increased in quiescent cells and might therefore not result in elevated endosomal

pFAK signalling. An interesting observation was furthermore that quiescent cells exhibit

smaller focal adhesions (Fig.5.2.4C). Perhaps focal adhesion signalling might not be

prevalent during quiescence.

Figure 5.2.4: Colocalisation of phosphorylated FAK (Tyr397) with EEA1-positive endosomes
A: Representative confocal microscopy sections of PFA-fixed permeabilised growing and quiescent
RPE1 cells immunolabelled for phosphorylated FAK (Tyr397; pFAK) and EEA1. Inlets show 3.5 x mag-
nified view of boxed areas. Scale bar: 10 µm. B: Left: Total intensity of pFAK puncta colocalised
with EEA1 puncta per cell. Left: Total intensity of EEA1 puncta containing pFAK or of pFAK puncta
colocalised with EEA1 as percentage of total EEA1 or pFAK puncta intensity, respectively. Bar graphs
represent mean + SEM from n=3 biological replicates with a minimum of 75 growing and 180 quiescent
cells per sample, *P < 0.05, ns, not significant, Student’s unpaired two-tailed t-test comparing quiescent
to growing cells.
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5.2.3 α3-integrin trafficking through endosomal compartments

The next step was to identify the subcellular localisation of internalised α3-integrin to

find out where it was retained within quiescent cells after 30 min trafficking, or whether

it was simply degraded faster in growing cells. Trafficking of α3-integrin was studied by

quantifying its colocalisation with markers of endosomal compartments. As early en-

dosomal markers, EEA1 and APPL1 were chosen. Both reside on Rab5-positive early

endosomes. They can be found there either together or separately, the latter defin-

ing independent endosomal sorting compartments (Kalaidzidis et al., 2015). VPS35

was chosen as marker for recycling endosomes, because it is a subunit of the Retromer

cargo recognition complex (Mukadam & Seaman, 2015), which is involved in α3-integrin

recycling (McNally et al., 2017). Finally, Lamp1 was selected as lysosomal marker to

evaluate lysososmal degradation (Williams & Fukuda, 1990).

Anti-α3-integrin antibody feeding was performed as described in sec.5.2.1.1. Fixed

and permeabilised cells were counterlabelled for endosomal markers and plates were

analysed by confocal microscopy. Based on the rationale that a higher occupancy of a

specific endosomal compartment is equivalent to an extended residence of internalised

α3-integrin within that compartment at a steady state (i.e. fixed cells), colocalisation

of α3-integrin-positive endosomes with marker-labelled endosomes was quantified as

described in sec.5.2.1.1. Total fluorescence intensity of α3-positive puncta colocalising

with a specific endosomal compartment was normalised to the total amount of inter-

nalised α3 to obtain fractions of α3 for each endosomal compartment analysed.

After 10 min uptake, α3-integrin was present in significantly more EEA1- and Lamp1-

positive endosomes in growing (68 ± 1 % EEA1, 28 ± 1 % Lamp1) than in quiescent

cells (32 ± 1 % EEA1, 7 ± 1 % Lamp1 Fig.5.2.5A and B). In quiescent cells, 10 % more

α3-integrin co-localised with the Retromer subunit VPS35 (70 ± 3 %) than in growing

cells (60 ± 1 %). Because VPS35 localises to EEA1-positive endosomes (Temkin et al.,

2011) and the resolution of the acquired microscopy images was not enough to differ-

entiate endosomal subdomains, α3-integrin colocalisation might have been quantified

redundantly for endosomes associated with both EEA1 and Retromer, resulting in a

sum larger than 100 % when adding up all endosomal α3 fractions. Therefore, the sum

of endosomal α3 fractions was normalised to 100 % and represented as stacked bar

graph for better comparison of subcellular α3 distribution in growing and quiescent cells
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(Fig.5.2.5C). This approach does not represent the absolute levels of α3-integrin per

endosomal compartment, but highlights that in quiescent cells, internalised α3 resided

primarily in endosomes associated with Retromer, whereas in growing cells α3 was

almost equally distributed between EEA1-positive and VPS35-positive endosomes.

It was now interesting to find out whether the majority of α3-integrin would remain in

VPS35-positive endosomes in quiescent cells after 30 min uptake, or whether its traffick-

ing would change upon prolonged internalisation of 30 min. For this time point, α3 colo-

calisation with the early endosomal marker APPL1 (Adaptor protein, phosphotyrosine

interacting with PH domain and leucine zipper 1) was quantified in addition to EEA1, in

case APPL1 would mark an early endosomal sorting compartment favoured to EEA1 in

quiescent cells. Interestingly, APPL1 was shown to regulate cell migration by modulating

Rab5-controlled endocytosis and recycling of β1-integrin, resulting in decreased adhe-

sion dynamics (Diggins et al., 2018). However, only little α3-integrin colocalised with

APPL1 in both growing and quiescent cells (Fig.5.2.6A and B). The distribution of α3-

integrin in early endosomes was similar to that after 10 minutes, with significantly more

α3 in APPL1-positive as well as EEA1-positive endosomes in growing cells (25 ± 1 %

APPL1, 66 ± 1 % EEA1) compared to quiescent cells (11 ± 1 % APPL1, 36 ± 2 % EEA1).

This might rule out a specific role for early endosomal markers in α3-integrin trafficking

and signalling in quiescent RPE1 cells. Lysosomal levels of α3-integrin were also higher

in growing (27 ± 1 %) than in quiescent cells (8 ± 1 %). However, 25 % more α3-integrin

resided in VPS35-positive vesicles in quiescent cells (55 ± 2 %) than in growing cells

(30 ± 3 %), which is 15 % more than after 10 min uptake. When the sum of all endoso-

mal α3-integrin fractions was normalised to 100 %, the differrence became even more

striking, highlighting that Retromer appears to play a major role in α3-integrin traffick-

ing in quiescent cells, whereas in growing cells, α3 seems to traffick mainly through

EEA1-positve endosomes (Fig.5.2.6C). This suggests a trafficking route of fast early

endosomal recycling in addition to a significant proportion of one fifth being degraded in

lysosomes in growing cells (Fig.5.2.6B and C). The data here propose a pivotal role of

Retromer-dependent recycling for α3-integrin function in quiescence. Of course, many

more endosomal recycling markers exist, such as Retriever, recycling pathways identi-

fied slow Rab11 and fast Rab4 recycling or Rab9-mediated retrograde transport to the

TGN, and are tempting markers to look at to determine the recycling mechanism of

α3-integrin in quiescent cells.
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Figure 5.2.5: Colocalisation of α3-integrin with endosomal compartments after 10 minutes uptake
A: Representative confocal microscopy sections of 10 min anti-α3-integrin antibody feeding in growing
and quiescent RPE1 cells colabelled for endosomal markers EEA1, VPS35 and Lamp1. Inlets show
4.3 x magnified view of boxed areas. Surface-bound α3-integrin antibody was stripped by acidic washes
after uptake. Cells were fixed with 4 % PFA, permeabilised, colabelled for endosomal markers, in-
cubated with fluorescence-conjugated secondary antibody and nuclei were stained with DAPI. Scale
bars: 25 µm. B: Object-based quantification of α3-integrin colocalisation with endosomal markers in
images from A. α3-positive endosomes and EEA1-, VPS35- or Lamp1-positive vesicles were identified
as puncta, their perimeter shrunk by 2 pixels to account for true colocalisation and overlapping (colo-
calising) shrunken puncta were filtered and related back to the original-size puncta. Total fluorescence
intensity of colocalised puncta per cell was normailsed to total fluorescence intensity of all identified
puncta. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of 100 grow-
ing and quiescent cells per sample, ****P < 0.0001, *P < 0.05; Student’s unpaired two-tailed t-test. C:
Quantifications from B represented as stacked bar graphs (mean + SEM from n=3 biological replicates)
with α3-integrin fractions in all endosomal compartemnts normalised to 100 % to visualise differences
in its subcellular distribution between growing and quiescent cells.
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Figure 5.2.6: Colocalisation of α3-integrin with endosomal compartments after 30 minutes uptake
A: Representative confocal microscopy sections of 30 min anti-α3-integrin antibody feeding in growing
and quiescent RPE1 cells colabelled for endosomal markers APPL1, EEA1, VPS35 and Lamp1. Inlets
show 4.3 x magnified view of boxed areas. Surface-bound α3-integrin antibody was stripped by acidic
washes after uptake. Cells were fixed with 4 % PFA, permeabilised, colabelled for endosomal markers,
incubated with fluorescence-conjugated secondary antibody and nuclei were stained with DAPI. Scale
bars: 25 µm. B: Object-based quantification of α3-integrin colocalisation with endosomal markers in
images from A. α3-positive endosomes and APPL1-, EEA1-, VPS35- or Lamp1-positive vesicles were
identified as puncta, their perimeter shrunk by 2 pixels to account for true colocalisation and overlap-
ping (colocalising) shrunken puncta were filtered and related back to the original-size puncta. Total
fluorescence intensity of colocalised puncta per cell was normailsed to total fluorescence intensity of
all identified puncta. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum
of 100 growing and quiescent cells per sample, ***P < 0.001, **P < 0.01; Student’s unpaired two-tailed
t-test. C: Quantifications from B represented as stacked bar graphs (mean + SEM from n=3 biological
replicates) with α3-integrin fractions in all endosomal compartemnts normalised to 100 % to visualise
differences in its subcellular distribution between growing and quiescent cells.
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5.2.4 α3-integrin recycling appears to be slower in quiescent cells

Since Retromer is involved in recycling of integrins (McNally et al., 2017), recycling of

α3-integrin was measured in a functional assay which allows quantification of both recy-

cled and non-recycled receptors for multiple time points (Manna et al., 2010). Growing

and quiescent RPE1 cells were incubated with anti-α3-integrin mAbP1B5 for 90 minutes

at 37 °C to saturate endocytic and recycling compartments. Since cell surface antibody

removal with highly acidic buffer (pH 2.5 and lower) diminishes cell fitness, particularly

when cells are transferred back to 37 °C, cell surface-bound mAbP1B5 was instead

blocked with an unlabelled secondary antibody on ice for 60 min (Fig.5.2.7A). Cells were

then transferred back to 37 °C and incubated with an AlexaFluor647-conjugated sec-

ondary antibody for the indicated time points. Only recycled mAbP1B5 will be labelled

by this secondary antibody. Following recycling, cells were placed on ice, unbound

AlexaFluor647-conjugated secondary antibody was removed by washes with ice-cold

PBS and cells were fixed with PFA, permeabilised and labelled with an AlexaFluor488-

conjugated secondary antibody to detect non-recycled mAbP1B5. Plates were imaged

at a high-content widefield fluorescence micoscope and images analysed by automated

image analysis quantifying total fluorescence intensity per cell for recycled and non-

recycled mAbP1B5. Microscopy images confirm that, using this assay, distinct popula-

tions of recycled and non-recycled α3-integrin, which do not colocalise, can be identified

(Fig.5.2.7B). The kinetics of recycled α3-integrin appeared faster in growing than in qui-

escent cells over the period of 60 min, the amount of recycled α3 being significantly

higher than in quiescent cells at each time point measured (Fig.5.2.7C). When, how-

ever, the efficiency of the surface-blocking step by incubation with unlabelled secondary

antibody was assessed, the surface blocking proved not to be complete, because resid-

ual α3-integrin was labelled by a fluorophor-conjugated secondary following the 60 min

incubation with unlabelled secondary antibody, while unlabelled secondary antibody

was still present (data not shown). To account for differing surface blocking efficiency,

recycled α3-integrin was normalised to 5 min recycling in both growing and quiescent

cells. If α3-integrin recycled indeed faster in growing cells, it would also do so after

15, 30 and 60 min. However, levels of recycled α3-integrin did not differ between grow-

ing and qiescent cells for 15 and 30 min of recycling. Only after 60 min of recycling,

approximately 16 % more recycled α3-integrin was measured in growing cells when
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compared to quiescent cells. While this experiment might need a better control to ac-

count for incomplete surface blocking by the unlabelled secondary antibody, it suggests

that no severe difference exists for α3-integrin, particularly when recycling is assessed

for 30 min.
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Figure 5.2.7: Recycling of α3-integrin in growing and quiescent RPE1 cells
A: Schematic overview of α3-integrin recycling assay. Cells were subjected to anti-α3-integrin antibody
feeding for 90 min at 37 °C, followed by blocking of surface-bound antibody with an unlabelled secondary
antibody on ice for 90 min. Cells were then transferred back to 37 °C and incubated with AlexaFluor647-
conjugated secondary antibody for multiple time points to label recycled α3-integrin primary antibody.
Following recycling, cells were fixed with 4 % PFA and α3-integrin which was not recycled was labelled
with AlexaFluor488-conjugated secondary antibody. Inlets show 5 x magnified view of boxed areas.
scale bar: 50 µm. B: Representative epifluorescence microscopy images 5, 15, 30 and 60 min α3-
integrin recycling in growing and quiescent RPE1 cells. Cells were treated as described in A; nuclei
are represented in blue pseudocolour. Inlets show 5.3X magnified boxed areas. Scale bar: 50 µm.
C: Quantification of epifluorescence microscopy images from B. Total fluorescence intensity of per cell
was normalised to growing cells after 60 min recycling. Data represent mean ± SEM of recycled α3-
integrin from n=3 biological replicates with a minimum of 6,000 growing and 12,000 quiescent cells per
sample. D: Quantification from C normalised to 5 min recycling α3-integrin in growing and quiescent
cells, respectively. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of
6,000 growing and 12,000 quiescent cells per sample. Statistical significances in C and D were derived
from two-way ANOVA with Sidak’s multiple comparisons test comparing growing and quiescent cells,
****P < 0.0001, **P < 0.01, ns, not significant.
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5.2.5 Monensin and Primaquine trap more recycling α3-integrin vesicles

in quiescent than in growing cells

Next, it was assessed whether recycling inhibition by chemical compounds would trap

more α3β1-integrin in quiescent cells. Primaquine (PQ) and Monensin were both shown

to inhibit integrin recycling (Woods et al., 2004; Marre et al., 2010). PQ is an amphiphilic

weak base which can cross membranes in a non-protonated form. Once in acidic en-

dosomal compartments, including lysosomes (Schwartz et al., 1985), it becomes proto-

nated due to the acidic endosomal pH, which traps it in endosomes, thereby neutralising

endosomal pH (Van Weert et al., 2000). Monensin is a sodium ionophore acting as a

sodium-potassium antiporter preventing endosomal acidification, but also has an effect

on lysosomal pH (Wileman et al., 1984).

Growing and quiescent cells were treated with vehicle (DMSO), 50 µM PQ or 100 µM

Monensin for 2 hours, fixed with PFA, permeabilised and immunolabelled for α3β1-

integrin and TfR1 as a positive control of recycling inhibition. Plates were analysed

by high-content widefield fluorescence microscopy and automated image analysis. Mi-

croscopy images show that upon PQ and Monensin treatment, α3- and β1-integrin are

located primarily at the plasma membrane, but distinct puncta become visible upon PQ

and Monensin treatment and are interpreted as trapped vesicles (Fig.5.2.8A and B).

These speckles, defined as distinct foci with increased intensity relative to its immediate

neighbourhood, were enhanced in CellProfiler software. This results in the suppression

of intensities which are not distinct foci of a specified diameter, leaving only vesicle-

like punctate structures of bright intensity for object identification. The total intensity

of identified puncta per cell was then measured, normalised to total levels per cell and

compared to vehicle-treated growing or quiescent cells, respectivey. PQ and Monensin

treatment lead to a significantly higher trapping of both α3- and β1-vesicles in quiescent

than in growing cells (Fig.5.2.8A and B). The fraction of trapped β1-vesicles in quiescent

cells was almost 8 times higher than control upon PQ treatment and almost 13 times

higher than control and upon Monensin treatment (Fig.5.2.8A). The relative β1-vesicle

accumulation in quiescent cells was also 5 times higher than in growing cells upon both

PQ and Monensin treatment. The fraction of trapped α3-integrin vesicles in quiescent

cells was 9 times higher than control upon PQ treatment and 7 times higher than con-

trol upon Monensin treatment (Fig.5.2.8B). This was 6.5 times higher than in growing
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cells upon PQ treatment and almost 5 times higher than in growing cells upon Monensin

treatment. These results suggest that α3β1-integrin recycles more actively in quiescent

than in growing cells and recycling inhibition by two chemical compounds with different

inhibitory mechanisms results in increased accumulation of both integrins in quiescent

cells.

Figure 5.2.8: Treatment with Monensin and Primaquine traps recycling α3β1-integrin
A and B Left: Representative epifluorescence microscopy images of growing and quiescent RPE1
cells treated with vehicle (DMSO), 50 µM Primaquine (PQ) or 100 µM Monensin for 2 hours, fixed with
4 % PFA and immunolabelled with anti-β1-integrin mAb13 or anti-α3-integrin mAbP1B5 (represented
in white). DNA was stained with DAPI (blue pseudocolour). Scale bars: 50 µM. A and B right: β1-
integrin or α3-integrin vesicles were identified as enhanced puncta in images, while background intensity
without distinct puncta of high intensity was suppressed (left). Total fluorescence intensity of puncta was
normalised to total fluorescence intensity per cell and respective DMSO control in growing and quiescent
cells. Bar graphs represent mean + SEM from n=3 (uptake) biological replicates with a minimum of 5,000
growing and 15,000 quiescent cells per sample; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns,
not significant, two-way ANOVA with Tukey’s multiple comparisons test.

5.2.6 Pharmacological recycling inhibition leads to accumulation of

internalised α3-integrin in quiescent cells

To confirm that the trapped vesicles observed in sec.5.2.5 originated from endocytosis,

accumulation of α3-positive vesicles upon PQ and Monensin treatment was measured
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for an anti-α3-integrin antibody feeding assay. 30 min uptake of anti-mAbP1B5 was per-

formed as described in sec.5.2.1.1 in cells treated with vehicle (DMSO), 50 µM PQ or

100 µM Monensin for 30 min prior to and throughout uptake and was imaged on a high-

content widefield epifluorescence microscope. Internalised α3-integrin was quantified

by automated image analysis as described in sec.2.9.1. In DMSO-treated control cells,

α3-integrin utpake in quiescent cells was lower than in growing cells, but after Mon-

ensin treatment, the amount of internalised α3-integrin did not differ between growing

and quiescent cells, which was partially due to a 35 ± 0.5 % decrease of internalised

α3-integrin in growing cells and partially because of a more than two-fold increase in

quiescent cells (Fig.5.2.9A and B). PQ treatment elevated levels of internalised α3 in

both growing (about 1.7 fold) and quiescent (about 1.85 fold) cells, resulting in lower

α3-integrin in quiescent than in growing cells. Interestingly, the cellular localisation of

α3-positive vesicles both in control and Monensin-treated cells appears rather perinu-

clear, whereas in PQ-treated cells it is more disperse (Fig.5.2.9A). This suggests that

the drugs inhibit α3 trafficking in different endosomal compartments, which might ex-

plain their differing effect on the levels of internalised α3-integrin in growing cells. In

quiescent cells, however, both Monensin and PQ treatment resulted in accumulation

of α3-integrin, with Monensin having a significantly higher effect (233 ± 4 %) than PQ

(183 ± 10 %) compared to levels in DMSO-treated cells (Fig.5.2.9C).

Because Monensin reduced α3-integrin uptake in growing and increased it in quies-

cent cells, it was assessed whether 90 min Monensin treatment, which is even longer

than the 30 min preincubation used for mAbP1B5 feeding assays, changed α3-integrin

cell surface levels. Elevated cell surface α3-integrin would affect the pool availabe for

internalisation. Following vehicle (DMSO) or Monensin treatment, live cells were in-

cubated on ice with mAbP1B5 for 90 min, fixed with PFA and labelled with secondary

antibody and DAPI, imaged on a high-content widefield epifluorescence microscope

and total levels of cellular surface α3-integrin quantified by automated image analy-

sis. Cell surface α3-integrin levels in quiescent cells were lower than in growing cells

as established in sec.5.2.1.2, but were not changed by Monensin treatment, potentially

because 90 min of treatment are too short to significantly decrease cell surface levels by

integrin endocytosis or because newly synthesised α3-integrin replenished the surface

pool (Fig.5.2.9D and E). When normalised to cell surface level, the amount of inter-

nalised α3-integrin was two-fold increased in quiescent cells compared to growing cells
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(Fig.5.2.9F). α3-integrin uptake in DMSO-treated cells was slightly lower in quiescent

than growing cells (16 ± 3 %), which conflicts with unchanged endocytosis observed in

sec.5.2.1.2 but could have been caused by an effect of DMSO. Importantly, Monensin

treatment decreased α3-integrin endocytosis in growing cells but lead to a more than

two-fold accumulation of endocytic α3-integrin levels in quiescent RPE1 cells, support-

ing a potential role of its recycling during quiescence (Fig.5.2.9G).
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Figure 5.2.9: Effect of recycling inhibitors on α3-integrin uptake in growing and quiescent RPE1 cells
A and D: Representative epifluorescence microscopy images of 30 min anti-α3-integrin (A) antibody
feeding and α3-integrin cell surface levels (D) in growing and quiescent RPE1 cells in the presence of
vehicle (DMSO control), 100 µM Monensin or 50 µM Primaquine (PQ). Scale bars: 50 µm. A: Cells were
pre-treated with drugs 30 min prior to uptake. Following uptake, surface-bound antibody was stripped by
acidic washes. Cells were fixed with 4 % PFA, permeabilised, incubated with fluorescence-conjugated
secondary antibody and nuclei were stained with DAPI (blue pseudocolour). D: After 90 minutes drug
treatment, live cells were incubated on ice with primary anti-α3-integrin antibody, fixed with 4 % PFA,
permeabilised, incubated with fluorescence-conjugated secondary antibody and nuclei were stained
with DAPI (blue pseudocolour). B and E: Quantification of epifluorescence microscopy images from A
and D: Total fluorescence intensity of internalised or surface-bound antibody per cell was normalised
to growing cells DMSO control. Bar graphs represent mean + SEM from n=3 (uptake) or n=6 (sur-
face) biological replicates with a minimum of 5,000 growing and 15,000 quiescent cells per sample.
C: Data from quiescent cells in B were normalised to quiescent cells DMSO control; ****P < 0.0001,
***P < 0.001, **P < 0.01, one-way ANOVA with Tukey’s multiple comparisons test comparing inhibitor-
treated samples to respective DMSO control and Monensin- and PQ-treated cells as indicated. FF:
Total fluorescence intensity of internalised antibody per cell was normalised to cell surface levels and
growing cells. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of 5,000
growing and 15,000 quiescent cells per sample. G: Total fluorescence intensity of internalised, surface
bound-normalised (SN-uptake) internalised or surface-bound α3-integrin in Monensin-treated quies-
cent cells was normalised to respective quiescent cells DMSO control. Bar graphs represent mean +
SEM from n=3 (uptake, surface bound-normalised uptake) or n=6 (surface) biological replicates with a
minimum of 5,000 growing and 15,000 quiescent cells per sample; ****P < 0.0001, ns, not significant,
one-way ANOVA with Dunett’s multiple comparisons test comparing inhibitor-treated samples to respec-
tive DMSO control. Statistical significances of B, E and F were determined with two-way ANOVA with
Tukey’s multiple comparisons test comparing quiescent and growing cells; ****P < 0.0001, ***P < 0.001,
**P < 0.01, *P < 0.05, ns, not significant.
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5.2.7 Recycling inhibition with monensin reduces quiescence survival

signalling

K. McGourty (Boucrot lab) established that quiescent RPE1 cells secrete an ECM with

laminins as key components, differing from the ECM secreted by growing cells (unpub-

lished work). Laminins are integrin ligands and mediate outside-in signalling which can

regulate the cell cycle to, for example, mediate quiescence entry. Associated with cell

cycle exit, he identified a quiescence survival signalling pathway, which effectuates re-

sistance to apoptosis and depends on reduced AKT/mTORC1 signalling concomitant

with elevated ERK activity (Fig.5.2.3). Laminins are ECM ligands for α3-integrin and

a role for α3-integrin in ERK signalling was described in glioma stem-like cells, which

reside in a laminin-rich niche (Nakada et al., 2013). However, how precisely quiescence

survival signalling is mediated by integrins is unknown. The results in the previous chap-

ter suggest that recycling of α3-integrin might be required for its signalling. It was there-

fore tested whether recycling inhibition by chemical compounds, such as Monensin or

PQ, would perturb quiescence signalling. The advantage of small chemical compounds

is the short exposure for their immediate effect, whereas knockdown or overexpression

might change homeostatic balances over a long period of time and the observed effect

might not be directly linked to the manipulation.

Growing and quiescent cells were incubated with vehicle (DMSO), 100 µM Monensin

or 50 µM PQ for 90 min, fixed with PFA, permeabilised and immunolabelled with mono-

clonal antibodies for activity of key players in quiescence survival signalling. AKT activity

was assessed by its phosphorylation at Serine 473 (pAKT) with a monoclonal antibody

(Persad et al., 2001) For mTORC1 activity, phosphorylation of its substrate 4E-BP1 at

Threonines 37 and 46 (p4E-BP1) was identified with a monoclonal antibody (Gingras

et al., 2001). ERK activity was assessed by its phosphorylation at Threonine 202 and Ty-

rosine 204 (pERK) recognised by a monoclonal antibody (Roskoski, 2012). Finally, ac-

tivated Bcl2-associated agonist of cell death (BAD), a downstream target of pERK, was

identified by a monoclonal antibody binding to its phosphorylated Serine 112, whose

phosphorylation is required for survival signalling (Scheid et al., 1999). Plates were

analysed by high-content widefield fluorescence microscopy and images quantified by

automated image analysis.
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Figure 5.2.10: Effect of recycling inhibitors on growth signalling in growing and quiescent RPE1 cells
A and C: Representative epifluorescence microscopy images of growing and quiescent RPE1 cells
treated with vehicle (DMSO control), 100 µM Monensin or 50 µM Primaquine (PQ, C only) for 90 minutes,
fixed with 4 % PFA and immunolabelled with anti-phospho-AKT (S473) (A) or anti-phospho-4E-BP1
(T37/46) (C) antibody. DNA was stained with DAPI (blue pseudocolour). Scale bars: 50 µm. B and D:
Quantification of epifluorescence microscopy images from A and C.Total fluorescence intensity per cell
was normalised to growing cells DMSO control. Bar graphs represent mean + SEM from n=3 (uptake)
biological replicates with a minimum of 5,000 growing and 15,000 quiescent cells per sample; two-way
ANOVA with Tukey’s multiple comparisons test comparing quiescent and growing cells and as indicated;
****P < 0.0001, ***P < 0.001.
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AKT phosphorylation in quiescent RPE1 cells was 65 ± 3 % reduced when compared to

growing cells (Fig.5.2.10A and B). Treatment with Monensin increased AKT phosphory-

lation in growing cells by 64 ± 8 % and in quiescent cells by 47 ± 0.3 %, but pAKT levels

in quiescent cells were still significantly lower than in growing control and Monensin-

treated cells. Similarly, 4E-BP1 phosphorylation was not changed much by Monenensin

or PQ treatment (Fig.5.2.10C and D). Levels of p4E-BP1 in quiescent cells were about

60 % lower than in growing cells for DMSO, Monensin or PQ treatment. Upon treatment

with either drug, p4E-BP1 levels remained significantly lower in quiescent than grow-

ing control cells. Phosphorylation of ERK at T202/Y204 did not differ between growing

and quiescent control cells and upon PQ treatment, but was significantly reduced in

quiescent cells treated with Monensin, both when compared to growing control cells

(by 34 ± 5 %) or to growing Monensin-treated cells (by about 40 %; Fig.5.2.11A and

B). Concomitant with reduced pERK, BAD phosphorylation at Serine 112 was also re-

duced in quiescent Monensin-treated cells: Under control conditions (DMSO), pBAD

levels were 30 ± 2 % higher in quiescent than in growing cells (Fig.5.2.11C and D).

Treatment with Monensin decreased pBAD by approximately 35 % in quiescent and

by 25 % in growing cells compared to respective control, so that Monensin-treated

quiescent cells still exhibited significantly more pBAD than Monensin-treated growing

cells. However, pBAD levels in Monensin-treated quiescent cells did not differ from

those in growing control cells. Finally, quiescence integrity was assessed by immunola-

belling Monensin-treated cells for p27, whose expression is elevated in quiescent cells

to keep CyclinD1-CDK4 cell cycle progression complexes inactive (Ladha et al., 1998;

Toyoshima & Hunter, 1994). P27 contains a nuclear localisation signal and translocates

to the nucleus to inhibit cell cycle progression (Zeng et al., 2000). Nuclear p27 levels

were at least 3.5 times higher in quiescent than in growing control cells (Fig.5.2.11E and

F), but interestingly, they were 5.7 times higher upon Monensin treatment than in nuclei

of Monensin-treated growing cells and 4.6 times higher than in those of control grow-

ing cells. Summarised, Monensin treatment perturbed quiescence survival signalling

by elevating pAKT (50 ± 1 %) and p4E-BP1 (27 ± 1 %) levels, which mediate growth sig-

nalling, and by decreasing pERK (39 ± 4 %) and pBAD (27 ± 2 %) levels, which mediate

survival, in quiescent cells compared to quiescent control cells (Fig.5.2.11G). Increased

levels of p27 (27 ± 7 %) are not in agreement with elevated growth signalling defined by

increased AKT and mTORC1 activity. It might, however, be possible that the perturbed
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quiescence signalling pathways lead to the onset of senescence. Although p27 is not

a marker of ageing senescent cells, its expression was shown to be increased when

senescence was artificially induced (Malavolta et al., 2018).
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Figure 5.2.11: Effect of recycling inhibitors on quiescence survival signalling in growing and quiescent
RPE1 cells
A, C and E: Representative epifluorescence microscopy images of growing and quiescent RPE1 cells
treated with vehicle (DMSO control), 100 µM Monensin or 50 µM Primaquine (PQ, A only) for 90 minutes,
fixed with 4 % PFA and immunolabelled with anti-phospho-ERK (T202/Y204) (A), anti-phospho-BAD
(S112) (C) or anti-p27 (E) antibody. DNA was stained with DAPI (blue pseudocolour). Scale bars: 50 µm.
B, D and F: Quantification of epifluorescence microscopy images from A, C and E. Total fluorescence
intensity per cell was normalised to growing cells DMSO control. Bar graphs represent mean + SEM
from n=3 or n=6 (phospho-ERK control and Monensin) biological replicates with a minimum of 5,000
growing and 15,000 quiescent cells per sample; two-way ANOVA with Tukey’s multiple comparisons
test comparing quiescent with growing cells and as indicated; ****P < 0.0001, ***P < 0.001, ns, not
significant. G: Quantification of epifluorescence microscopy images from A, C and E and A and C
in Fig.5.2.10 in vehicle (DMSO)- and Monensin-treated quiescent cells. Total fluorescence intensity
per cell was normalised to respective quiescent cells DMSO control. ****P < 0.0001, ***P < 0.001,
**P < 0.01, *P < 0.05, Student’s unpaired two-tailed t-test comparing treated samples to respective
control.
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5.2.8 Inhibition of Dynamin with Dyngo slightly reduces α3-integrin

uptake in quiescent cells

While recycling is an important cellular function to maintain cell surface receptor lev-

els, it is preceded by endocytosis. To find out by which endocytic route α3-integrin

is internalised and whether it differs between growing and quiescent cells, a range of

endocytosis inhibitors was screened for their ability to block endocytosis α3-integrin in

growing and quiescent RPE1 cells. Dyngo4A (Dyngo) is a dynamin inhibitor and often

used to block CME, but it also blocks other endocytic pathways relying on dynamin, such

as FEME (McCluskey et al., 2013; Boucrot et al., 2015). Ikarugamycin (Ika) was shown

to inhibit endocytosis of CME cargo by an unknown mechanism, but also reduced up-

take of oxLDL, which is internalised by multiple, often Clathrin-independent, pathways,

in macrophages (Elkin et al., 2016; Hasumi et al., 1992). EIPA and Rottlerin were used

as macropinocytosis inhibitors, as described in sec.5.2.1.1.

Growing and quiescent RPE1 cells were treated with 4 µM Dyngo, 50 nM Ika, 15 µM

EIPA or 15 µM Rottlerin 30 min prior to and throughout 30 min uptake of anti-α3-integrin

mAbP1B5, which was performed as described in sec.5.2.1.2. To assess whether drug

treatment would result in an increase of surface levels of α3-integrin because of blocked

endocytosis, growing and quiescent RPE1 cells were treated with the respective in-

hibitors at the same concentrations for 90 min. Following inhibitor treatment, live cells

were incubated on ice with anti-α3-integrin mAbP1B5 for 90 min, unbound antibody

was removed by washes with PBS, cells were fixed and permeabilised and labelled with

secondary antibody and DAPI. Plates were imaged on a high-content widefield fluores-

cence microscope and images quantified by automated image analysis as described in

sec.5.2.1.2.

30 min α3-integrin uptake in quiescent cells was not much affected by any of the endo-

cytosis inhibitors used and for any condition significantly lower than in growing cells, ex-

ept when treated with Dyngo (Fig.5.2.12A and B). Under control conditions, α3-integrin

uptake in quiescent cells was 72 ± 1 % lower than in growing cells, and consistently

78-79 % lower than the growing control when treated with endocytosis inhibitors. α3-

integrin uptake did not significantly differ between growing and quiescent cells upon

Dyngo treatment, but that was caused by a significant decrease of α3-integrin uptake

in growing cells (by 67 ± 3 %), indicating that dynamin plays a crucial role in α3-integrin
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uptake in growing cells. Similarly, only Dyngo and Ika increased cell surface levels

of α3-integrin in growing cells, whereas they remained unaffected in quiescent cells

(Fig.5.2.12C and D) and were significantly decreased compared to those in growing

cells. Although drug treatment for cell surface-α3 labelling was 30 min longer than the

60 min treatment used for the endocytic uptake, their negligible effect on cell surface-α3

levels in quiescent cells allowed for normalisation of α3-integrin uptake to cell surface

levels, which did not identify an inhibitor that would have reduced α3-integrin endocy-

tosis in quiescent cells relative to growing cells (Fig.5.2.12E). α3-integrin endocytosis

for 30 min did not differ in vehicle(DMSO)-, Ika-, EIPA- or Rottlerin-treated cells, but

Dyngo significantly decreased α3-integrin endocytosis in growing cells both compared

to DMSO-treated growing and Dyngo-treated quiescent cells. To compare the effect of

endocytosis inhibitors within quiescent cells, α3-integrin uptake, uptake was normalised

to cell surface levels and cell surface levels were normalised to DMSO-treated quiescent

cells (Fig.5.2.12F). Although all drugs reduced α3 uptake by about 18-21 % relative to

control, only Dyngo had a significant effect, decreasing α3-integrin uptake and surface-

normalised uptake by 23 % ± 4 % and 25 % ± 3 %, respectively. Cell surface α3-integrin

levels were increased by Ikarugamycin treatment, but the effect was not significant. This

suggests that neither CME, dynamin-dependent endocytic pathways or macropinocyto-

sis mediate α3-integrin endocytosis in quiescent cells. It should, however, be consid-

ered that quiescent cells were less succeptible to the inhibitory drugs used in this exper-

iment. Titration of each inhibitor was optimised according to the viability of subconfluent,

growing cells, because they died at concentrations which quiescent cells survived (data

not shown). This might have resulted in a working concentration lower than necessary

to inhibit an endocytic pathway in quiescent cells. Quiescent RPE1 cells are a confluent,

tightly packed monolayer, exposing less surface area which drugs can enter. This might

affect the drug concentration which actually reaches the cells and thus the inhibitory ef-

fect and might be reflected by the small effect of Dyngo on α3 uptake in quiescent cells.

Inhibition of α3-integrin uptake would be in agreement with the fact that it contains an

AP2-binding motif in its cytoplasmic tail, which would destine it for CME (De Franceschi

et al., 2015).
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Figure 5.2.12: Effect of endocytosis inhibitors on α3-integrin uptake in growing and quiescent RPE1 cells
A and C: Representative epifluorescence microscopy images of 30 min anti-α3-integrin antibody feeding
(A) and α3-integrin cell surface levels (C) in growing and quiescent RPE1 cells in the presence of ve-
hicle (DMSO control), 4 µM Dyngo4A, 50 nM Ikarugamycin (Ika), 15 µM EIPA or 7.5 µM Rottlerin (Rott).
cells Scale bars: 50 µm. A: Prior to uptake, cells were pre-treated with drugs for 30 minutes. Following
uptake, surface-bound antibody was removed by acidic washes. Cells were fixed with 4 % PFA, perme-
abilised, incubated with fluorescence-conjugated secondary antibody and nuclei were stained with DAPI
(blue pseudocolour). C: After 90 minutes drug treatment, live cells were incubated on ice with primary
anti-α3-integrin antibody, fixed with 4 % PFA, permeabilised, incubated with fluorescence-conjugated
secondary antibody and nuclei were stained with DAPI (blue pseudocolour). B and D: Quantification
of epifluorescence microscopy images from A and C: Total fluorescence intensity of internalised or
surface-bound antibody per cell was normalised to growing cells DMSO control. Bar graphs represent
mean + SEM from n=3 (uptake and Ikarugamycin-treated surface) or n=6 (surface) biological replicates
with a minimum of 5,000 growing and 15,000 quiescent cells per sample. E: Total fluorescence intensity
of internalised antibody per cell was normalised to cell surface levels and growing cells. Bar graphs
represent mean + SEM from n=3 biological replicates with a minimum of 5,000 growing and 15,000
quiescent cells per sample. F: Quantification of epifluorescence images from A and C: Total fluores-
cence intensity of internalised, surface bound-normalised (SN-uptake) internalised or surface-bound
α3-integrin in inhibitor-treated quiescent cells was normalised to respective DMSO control. Bar graphs
represent mean + SEM from n=3 (uptake, surface bound-normalised uptake and Ikarugamycin-treated
surface) or n=6 (surface) biological replicates with a minimum of 5,000 growing and 15,000 quiescent
cells per sample; *P < 0.05, ns, not significant, one-way ANOVA with Dunett’s multiple comparisons test
comparing inhibitor-treated samples to respective DMSO control. Statistical significances of B, D and E
were determined with two-way ANOVA with Tukey’s multiple comparisons test comparing quiescent with
growing cells and as indicated; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant.
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5.2.9 Pharmacological inhibition of macropinocytosis, but not CME,

affects quiescence survival signalling

Despite the discouraging effect of endocytic inhibitors on α3-integrin endocytosis, their

effect on quiescence survival signalling was studied. It is likely that α3-integrin is not the

only integrin required for quiescence survival signalling from a set of G0 ECM-specific

laminins. Consistently, α3 was shown to act in conjunction with other integrins, such as

α6β1 (Fujiwara et al., 2001).

Growing and quiescent RPE1 cells were treated with 4 µM Dyngo, 50 nM Ika, 15 µM

EIPA or 15 µM Rottlerin for 90 min, fixed with PFA, permeabilised and labelled with mon-

oclonal primary antibodies specific for activity-indicating phosphorylation sites of AKT,

the mTORC1 substrate 4E-BP1, ERK and BAD as described in sec.5.2.7. Plates were

analysed by high-content widefield fluorescence microscopy and images quantified by

automated image analysis.

Levels of pAKT and p4E-BP1 in quiescent cells remained significantly lower than those

in growing cells for all endocytosis inhibitors tested (Fig.5.2.13A-D). Levels of pERK,

which did not differ between growing and quiescent control cells, were 1.4 fold higher in

quiescent Dyngo-treated cells than in growing Dyngo-treated cells and 1.5 fold higher

in quiescent Rottlerin-treated cells than in growing Rottlerin-treated cells, while nei-

ther treatment significantly changed pERK levels in growing cells, although pERK was

slightly reduced upon Dyngo treatment (Fig.5.2.13E and F). Levels of pBAD were sig-

nificantly higher in quiescent cells than in growing cells both for control cells (30 %) and

for cells treated with endocytosis inhibitors (ranging from 20-40 %) (Fig.5.2.14A and B).

Finally, nuclear levels of p27 were quantified to test for cell cycle exit (see sec.5.2.7).

P27 was highly expressed in nuclei of quiescent cells and was significantly 3.6-4.4-

fold higher than in growing control cells when treated with endocytosis inhibitors

(Fig.5.2.14C and D). Dyngo, Ika and EIPA had a larger effect on increased p27 expres-

sion in nuclei of growing cells, indicating the importance of CME and macropinocytosis

in proliferation. Nonetheless, nuclear levels of p27 in quiescent cells were significantly

higher than in growing cells for all inhibitors tested. In summary, 90 min treatment with

endocytosis inhibitors did not revert quiescence signalling to signalling reminiscent of

growing cells, but EIPA treatment resulted in elevated phosphorylation of ERK.
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Figure 5.2.13: Effect of endocytosis inhibitors on growth signalling in growing and quiescent RPE1 cells
A, C and E: Representative epifluorescence microscopy images of growing and quiescent RPE1 cells
treated with vehicle (DMSO control), 4 µM Dyngo4A (Dyngo), 40 nM Ikarugamycin (Ika), 15 µM EIPA or
7.5 µM Rottlerin (Rott) for 90 minutes, fixed with 4 % PFA and immunolabelled with anti-phospho-AKT
(S473) (A), anti-phospho-4E-BP1 (T37/46) (C) or anti-phospho-ERK (T202/Y204) (E) antibody. DNA
was stained with DAPI (blue pseudocolour). Scale bars: 50 µm. B, D and F: Quantification of epiflu-
orescence microscopy images from A, C and E. Total fluorescence intensity per cell was normalised
to growing cells DMSO control. Bar graphs represent mean + SEM from n=3 or n=6 (phospho-ERK
except Ika treatment) biological replicates with a minimum of 5,000 growing and 15,000 quiescent cells
per sample; two-way ANOVA with Tukey’s multiple comparisons test comparing quiescent with growing
cells and as indicated; ****P < 0.0001, *P < 0.05, ns, not significant.
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The effect of endocytosis inhibitors on signalling in quiescent cells was then compared

to quiescent cells treated with vehicle (DMSO) (Fig.5.2.14E). The CME inhibitors Dyngo

and Ika did not change quiescence signalling significantly except for a 6 ± 1 % decrease

in nuclear p27 levels caused by Dyngo treatment. The macropinocytosis inhibitors

EIPA and Rottlerin both increased ERK phosphorylation (24 ± 3 % and 69 ± 4 % respec-

tively) and did not affect AKT phosphorylation. Additionally, EIPA treatment resulted

in increased p27 levels (21 ± 2 %), but conflictingly, BAD phosphorylation was reduced

(13 ± 1 %) and 4E-BP1 phosphorylation was increased (14 ± 4 %) upon EIPA treatment.

This suggests that macropinocytosis might play a role in quiescence survival signalling.

It should be considered that EIPA inhibits macropinocytosis indirectly via increasing

submembraneous pH, which affects Rac1 and Cdc42 signalling as well as actin poly-

merisation (Koivusalo et al., 2010). Furthermore, EIPA inhibits FEME, likely because of

impaired Cdc42 signalling (Boucrot et al., 2015). Finally, changes of cytoplasmic pH al-

ter membrane lipid mobility (Libera et al., 1997), which can change membrane curvature

or interaction of proteins with membranes constituting of different lipids.

5.2.10 AP2 knockdown decreases α3-integrin endocytosis in growing

and quiescent cells

The rapid effect of chemical inhibitors is advantageous, however, off-target effects can-

not be ruled out. In addition, quiescent cells were more resistant to inhibitor lethality than

growing cells and potentially to inhibitory effects as well, because they expose less cell

surface area for the drug to penetrate, resulting in lower effective intracellular inhibitor

concentrations. To account for these issues, a knockdown approach was employed to

specifically downregulate proteins mediating endocytosis. Knockdown efficiency can be

assessed by quantifying remaining protein levels and thus gives a measure of how much

an endocytic pathway is inhibited. α3-integrin contains two YXXΦ AP2 binding motifs in

its cytoplasmic tail and might thus be internalised by CME (De Franceschi et al., 2016).

This is supported by Dyngo having a strong and weak inhibitory effect on α3-integrin

endocytosis in growing and quiescent RPE1 cells, respectively (sec.5.2.8), because

Dyngo was shown to reduce endocytosis of CME cargoes, as CME vesicle scission is

Dynamin-dependent (McCluskey et al., 2013). However, Dyngo also reduces uptake of

10 kDa dextran (Park et al., 2013).
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Figure 5.2.14: Effect of endocytosis inhibitors on quiescence survival signalling in growing and quiescent
RPE1 cells
A and C: Representative epifluorescence microscopy images of growing and quiescent RPE1 cells
treated with vehicle (DMSO control), 4 µM Dyngo4A (Dyngo), 40 nM Ikarugamycin (Ika), 15 µM EIPA or
7.5 µM Rottlerin (Rott) for 90 minutes, fixed with 4 % PFA and immunolabelled with anti-phospho-BAD
(S112) (A) or anti-p27 (C) antibody. DNA was stained with DAPI (blue pseudocolour). Scale bars:
50 µm. B and D: Quantification of epifluorescence microscopy images from A and C. Total fluorescence
intensity per cell was normalised to growing cells DMSO control. Bar graphs represent mean + SEM
from n=3 biological replicates with a minimum of 5,000 growing and 15,000 quiescent cells per sam-
ple; two-way ANOVA with Tukey’s multiple comparisons test comparing quiescent and growing cells;
****P < 0.0001, E: Quantification of epifluorescence microscopy images from A and C, and A and C
in Fig.5.2.13 in quiescent cells. Total fluorescence intensity per cell was normalised to respective qui-
escent cells DMSO control. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, Student’s unpaired
two-tailed t-test (phospho-4E-BP1) or one-way ANOVA with Dunett’s multiple comparisons test compar-
ing treated samples to respective control.
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To test whether α3- and β1-integrin are internalised by CME, the central hub linking

Clathrin, adaptor proteins and cargo, AP2, was knocked down in growing and quiescent

RPE1 cells by transiently transfecting cells with µ2-adaptin siRNA (Motley et al., 2003;

Boucrot et al., 2010). Growing cells were treated with scrambled or µ2-adaptin siRNA

on the day of seeding, 24 hours later and were used for experiments 72 hours after

seeding. Because quiescent cells were resistant to knockdowns once medium was ex-

changed to serum-free (communication with K. McGourty, Boucrot lab), the knockdown

protocol was modified and siRNA treatments started before cells entered quiescence.

SiRNA treatment for quiescent cells occured 5 and 7 days after seeding, while cells

were still dividing and in serum-containing medium. Medium exchange to serum-free

occured 10 days after seeding and cells were used for experiments 17 days after seed-

ing. To account for α3β1-integrin internalised by macropinocytosis, µ2-siRNA-treated

samples were additionally treated with EIPA or Rottlerin for 60 min. AP2 knockdown

efficiency was tested by IF labelling with anti-α-adaptin antibody, high-content widefield

fluorescence microscopy and image-based quantification (see sec.4.2.5.3). Levels of α-

adaptin were reduced by at least 90 % in growing cells and by 55-70 % in quiescent cells

(Fig.5.2.6). EIPA or Rottlerin treatment did not significantly affect the down-regulation

of α-adaptin expression.

First, cell surface levels of α3- and β1-integrin were quantified. Growing and quiescent

RPE1 cells treated as described above were incubated on ice with anti-α3 mAbP1B5 or

anti-β1 mAb13 for 90 min, unbound antibody was removed by washes with ice-cold PBS

and cells were fixed with PFA, permeabilised and labelled with secondary antibody and

DAPI. Plates were imaged on a high-content widefield fluorescence microscope and

cell surface levels of α3- and β1-integrin were quantified in images by automated im-

age analysis. Cell surface levels of α3-integrin in quiescent cells treated with vehicle

(DMSO) and scrambled siRNA were 72 ± 0.5 % lower than in growing cells, but were

elevated and did not differ from growing cells when cells were treated with µ2-adaptin

siRNA (Fig.5.2.15A and B). Levels of β1-integrin looked similar in microscopy images

(Fig.5.2.15A). When comparing α3-integrin cell surface levels within growing cells, nei-

ther AP2 KD nor treatment of EIPA or Rottlerin in addition to AP2 KD had a significant

effect and cell surface levels of β1-integrin did not significantly differ from scrambled con-

trol either (Fig.5.2.15C left). Upon AP2 KD, quiescent cells were less densely packed

than under control conditions and thus were larger, exhibiting an increased cell surface
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area (Fig.5.2.15A). This is reflected by a significant increase of both α3- and β1-integrin

surface levels by 235 ± 25 % and 248 ± 35 %, respectively (Fig.5.2.15C right). Surface

levels of both integrin subunits were increased by a similar extent upon EIPA and Rot-

tlerin treatment in quiescent AP2 KD cells and did not significantly differ from AP2 KD.

Next, it was studied whether increased cell surface levels of α3- and β1-integrin were

related to decreased endocytosis of the integrins. AP2 KD, EIPA and Rottlerin treat-

ment in growing and quiescent RPE1 cells occured as described above. α3- and β1-

integrin uptake was assessed by 30 min mAbP1B5 and mAb13 feeding as described

in sec.5.2.1.1. Experiments were analysed by high-content widefield fluorescence mi-

croscopy and automated image analysis as described in sec.5.2.1.2.

In growing cells, a significant reduction of α3- (by 79 ± 1 %) and β1-integrin (by 55 ± 6 %)

uptake was observed when AP2 was knocked down (Fig.5.2.16A and B top). EIPA and

Rottlerin treatment did not decrease uptake further. In quiescent cells, α3 uptake was

significantly reduced by 48 ± 8 % upon AP2 knockdown and did not significantly differ

from EIPA- or Rottlerin-treated AP2 KD cells, although the 27 ± 4 % reduction of α3 up-

take in EIPA-treated cells was not identified as significant (Fig.5.2.16A and B bottom).

Uptake of β1-integrin did not differ from control for any of the conditions tested. This

is not surprising, because β1-integrin can dimerise with many more α-integrin subunits

than just α3 (Hynes, 2002). Normalisation to cell surface levels of α3- or β1-integrin did

not change the observations made for uptake alone in growing cells, because the sur-

face levels were not significantly altered by AP2 KD or inhibitor treatments (Fig.5.2.16C

left). Briefly, AP2 KD decreased α3-integrin endocytosis by 79 ± 2 % and β1-integrin en-

docytosis by 63 ± 4 %. EIPA or Rottlerin treatment did not significantly affect endocytosis

of either integrin. In quiescent cells, where cell surface levels of both α3- and β1-integrin

were significantly elevated after AP2 KD, normalisation of uptake to cell surface integrin

levels resulted in a significant decrease of α3- (by 83 ± 4 %) and β1-integrin (by 71 ± 6 %)

(Fig.5.2.16C right). Again, EIPA or Rottlerin treatment had no significant effect on en-

docytosis of either integrin. Finally, surface level-normalised uptake of α3-integrin was

compared between growing and quiescent cells and highlighted that for all conditions,

no significant difference existed between the two cell populations (Fig.5.2.16D).

These results show that uptake of α3-integrin in both growing and quiescent RPE1 cells

was strongly dependent on AP2 and is therefore likely to be mediated by CME. In both

cell populations, the majority of β1-integrin relied on AP2 for internalisation as well,
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Figure 5.2.15: α3β1-integrin cell surface levels increase in quiescent RPE1 cells when AP2 expression is
reduced
AP2 knock down (KD) procedure protocols differ between cell populations: Growing cells were treated
with µ2-adaptin siRNA on the day of seeding, 24 hours later and were used for experiments 72 hours
after seeding. Quiescent cells were treated with siRNA 5 and 7 days after seeding. Medium exchange
to serum-free occured 10 days after seeding. Quiescent cells were used for experiments 17 days after
seeding. A: Representative epifluorescence microscopy images of α3- and non-ligandbound β1-integrin
cell surface immunolabelling in growing and quiescent RPE1 cells treated with scrambled or µ2-adaptin
siRNA and with vehicle (DMSO; in scrambled and AP2 KD samples), 15 µM EIPA or 7.5 µM Rottlerin
(Rott). Cells were treated with drug or vehicle for 60 minutes, incubated with primary antibody on ice,
fixed with 4 % PFA, permeabilised and stained with secondary antibody and DAPI (blue pseudocolour).
Scale bars: 50 µm. B: Quantification of epifluorescence microscopy images from A: Total fluorescence
intensity of surface-bound α3-integrin per cell was normalised to growing cells scrambled control. Bar
graphs represent mean + SEM from n=3 biological replicates with a minimum of 500 growing and 2,500
quiescent cells per sample; ***P < 0.001, ns, not significant, two-way ANOVA with Tukey’s multiple
comparisons test. C: Quantification of epifluorescence microscopy images from A: Total fluorescence
intensity of surface-bound α3- and β1-integrin per growing or quiescent cell was normalised to respective
growing or quiescent cells scrambled control. Bar graphs represent mean + SEM from n=3 biological
replicates with a minimum of 500 growing and 2,500 quiescent cells per sample; **P < 0.01, ns, not
significant, one-way ANOVA with Dunnet’s multiple comparisons test comparing treated samples to
respective scrambled control; two-way ANOVA with Tukey’s multiple comparisons test comparing AP2
KD to AP2 KD treated with EIPA or Rottlerin as indicated.
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which can be explained by its partial dimerisation with α3-integrin and by the fact that

it can interact with endocytic adaptors such as Numb and Dab2, which themselves are

able to recruit AP2 (Calderwood et al., 2003; Teckchandani et al., 2012; Mishra et al.,

2004). The two macropinocytosis inhibitors EIPA and Rottlerin had no additive effect on

reduction of integrin endocytosis, implying that α3 and β1-integrins are not internalised

by macropinocytosis.
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Figure 5.2.16: Uptake of α3β1-integrin decreases when AP2 expression is reduced
AP2 knock down (KD) procedure protocols differ between cell populations: Growing cells were treated
with µ2-adaptin siRNA on the day of seeding, 24 hours later and were used for experiments 72 hours
after seeding. Quiescent cells were treated with siRNA 5 and 7 days after seeding. Medium exchange
to serum-free occured 10 days after seeding. Quiescent cells were used for experiments 17 days af-
ter seeding. A: Representative epifluorescence microscopy images of 30 min anti-α3- and anti-non-
ligandbound β1-integrin antibody feeding in growing and quiescent RPE1 cells treated with scrambled
or µ2-adaptin siRNA and with vehicle (DMSO; in scrambled and AP2 KD samples), 15 µM EIPA or 7.5 µM
Rottlerin (Rott). Cells were treated with drug or vehicle for 30 minutes prior to and throughout uptake,
washed with acidic buffer to remove surface-bound antibody, fixed with 4 % PFA, permeabilised and
stained with secondary antibody and DAPI (blue pseudocolour). Scale bars: 50 µm. B: Quantification
of epifluorescence microscopy images of growing (upper graph) or quiescent cells (lower graph) from
A: Total fluorescence intensity of internalised α3- and β1-integrin per cell was normalised to scrambled
control. Bar graphs represent mean + SEM from n=3 biological replicates with a minimum of 500 grow-
ing and 2,500 quiescent cells per sample. C: Data from B were normalised to α3- or β1-integrin cell
surface levels from Fig.5.2.15 and to scrambled control. Bar graphs represent mean + SEM from n=3
biological replicates of growing (left) or quiescent (right) cells with a minimum of 500 growing and 2,500
quiescent cells per sample. Statistical significances for B and C were derived from one-way ANOVA
with Dunnet’s multiple comparisons test comparing treated samples to scrambled control and two-way
ANOVA with Tukey’s multiple comparisons test comparing AP2 KD to AP2 KD treated with EIPA or
Rottlerin as indicated, ****P < 0.0001, ***P < 0.001, **P < 0.01, ns, not significant. C: Quantification
of α3-integrin uptake relative to cell surface levels from C normalised to growing cells scrambled con-
trol to compare uptake between growing and quiescent cells. Bar graphs represent mean + SEM from
n=3 biological replicates with a minimum of 500 growing and 2,500 quiescent cells per sample; ns, not
significant, two-way ANOVA with Tukey’s multiple comparisons test.
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5.2.11 Dynamin and Endophilin knockdown decrease endocytosis of

α3-integrin

In addition to AP2, CME relies on Dynamin for vesicle scission and the BAR-domain

protein Endophilin was shown to be involved in CCV-uncoating in neurons (Kaksonen &

Roux, 2018; Watanabe et al., 2018b; Milosevic et al., 2011). Dynamin and Endophilin

are also required in other endocytic pathways, such as FEME or for scission events in

Shiga and Cholera toxin endocytosis, and are therefore not as specific for CME as AP2

(Boucrot et al., 2015; Renard et al., 2015; Simunovic et al., 2017). On that account,

the effect of Dynamin and Endophilin knockdown on α3-integrin uptake was tested for

a more complete characterisation of its endocytosis in quiescent - and also growing -

RPE1 cells.

Dynamin knockdown was performed as double knockdown (Dyn DKD) using siRNAs

for Dynamin 1 and Dynamin 2. EndophilinA knockdown was a triple knockdown (EndoA

TKD) of EndophilinA 1, A 2 and A 3. In parallel, AP2 was knocked down using µ-adaptin

siRNA (for experiments in sec.5.2.12). Growing and quiescent cells were transiently

transfected with respective siRNAs as described in sec.5.2.10. Cells were then fixed

with PFA, permeabilised and immunolabelled for α-adaptin as marker for AP2 KD, for

Dynamin 1 and Dynamin 2 as markers for Dyn DKD and for Endophilin A2 as marker for

EndoA TKD. Cell nuclei were stained with DAPI. Plates were imaged on a high-content

widefield fluorescence microscope and images quantified by automated image analysis.

Knockdown efficiencies in growing cells ranged from 92 ± 4 % reduction of α-adaptin for

AP2 KD, 88 ± 1 % decrease of Dynamin 1 and 86 ± 3 % of Dynamin 2 for Dyn DKD,

and 99 ± 1 % reduction of Endophilin A2 for EndophA TKD (Fig.5.2.17). In quiescent

cells, α-adaptin was reduced by 89 ± 6 % for AP2 KD, Dynamin 1 and 2 were reduced

by 58 ± 2 % and 39 ± 2 %, respectively, for Dyn DKD, and Endophilin A2 was reduced

by 65 ± 2 % for EndoA TKD. Interestingly, the shape of quiescent RPE1 cells changed

depending on the proteins knocked down and was elongated and spindle-like for AP2

KD and EndoA TKD, but cuboid and disorganised for Dyn DKD (Fig.5.2.17A).

Cell surface levels and uptake of α3-integrin upon EndoA TKD and Dyn DKD were as-

sessed for growing and quiescent cells as described in sec.5.2.10. Cells treated with

scrambled siRNA were used as controls. Cell surface levels of α3-integrin were sig-

nificantly reduced by 75 ± 1 % in quiescent control cells compared to growing control
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Figure 5.2.17: AP2, dynamin and endophilin knockdown efficiency in growing and quiescent RPE1 cells
Knockdown (KD) protocols differ between cell populations: Growing cells were treated with siRNA on
the day of seeding, 24 hours later and were used for experiments 72 hours after seeding. Quiescent cells
were treated with siRNA 5 and 7 days after seeding. Medium exchange to serum-free occured 10 days
after seeding. Quiescent cells were used for experiments 17 days after seeding. A: Representative
epifluorescence microscopy images growing and quiescent cells treated with scrambled, µ2-adaptin
(AP2 KD), Dynamin1 and 2 (Dyn DKD) or Endophilin A1, 2 and 3 (EndoA TKD) siRNA counterstained for
α-adaptin, Dynamin1/Dynamin2 or Endophilin A2 to assess knock down efficiency. Scale bars: 50 µm.
B: Quantification of epifluorescence microscopy images from A in growing (upper graph) and quiescent
(lower graph) cells. Total fluorescence intensity per cell was normalised to scrambled control. Bar graphs
represent mean +SEM from n=6 (growing cells) or 3 (quiescent cells) biological replicates equivalent to a
minimum of 4,000 growing or 9,000 quiescent cells per sample; ****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05; Student’s unpaired two-tailed t-test comparing knockdown to respective scrambled control.
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cells, but did not differ between growing and quiescent cells upon EndoA TKD or Dyn

DKD (Fig.5.2.18A and B top). Similarly, α3-integrin uptake was reduced by 75 ± 2 %

in quiescent control cells but did not differ upon EndoA TKD or Dyn DKD (Fig.5.2.18A

and B bottom). In scrambled control cells and upon EndoA TKD, uptake of α3-integrin

normalised to cell surface levels did not differ between quiescent and growing cells

(Fig.5.2.18C). When Dynamin 1 and 2 were knocked down, however, α3-integrin endo-

cytosis was significantly reduced by 79 ± 8 % in growing cells compared to only 42 ± 3 %

in quiescent cells, and was therefore almost 2.7-fold increased in quiescent cells. This

effect however, could have been caused by the partial Dyn DKD in quiescent cells

(Fig.5.2.17). Increase or decrease of α3-integrin uptake, surface-normalised uptake

and surface levels in quiescent cells were then compared to scrambled siRNA-treated

quiescent cells. Although quiescent cells internalised 36 ± 8 % more α3-integrin than

control upon EndoA TKD, surface-normalised uptake was decreased by 34 ± 2 % be-

cause of the 2-fold increased α3-integrin cell surface levels (Fig.5.2.18D). Dyn DKD

resulted in a nonsignificant decrease of α3-integrin uptake by 29 ± 3 % and nonsignif-

icant increase of cell surface levels by 22 ± 9 %. When internalised α3-integrin was

normalised to cell surface levels, its endocytosis was significantly reduced by 41 ± 7 %.

This shows that both EndophilinA and Dynamin, are involved in α3-integrin endocyto-

sis in quiescent cells. The effect of Dynamin DKD on cell surface levels of α3-integrin

was only modest, but might have been more pronounced upon better knockdown effi-

ciency. EndoA TKD resulted in accumulation of cell surface-α3-integrin and reduction

of its endocytosis when normalised to cell surface levels. Endophilin is required for

CCV uncoating in neurons (Milosevic et al., 2011; Watanabe et al., 2018b), but has a

redundant function with SNX9 and Bin1 in non-neuronal cells, so that its knockdown

did not affect transferrin uptake or AP2 dynamics (Meinecke et al., 2013; Boucrot et al.,

2015). This suggests that α3-integrin might be internalised by either FEME or another

Clathrin-independent pathway in addition to CME. AP2 KD resulted in a residual α3-

integrin endocytosis of about 20 %, which could be explained by incomplete knockdown

or might imply that the residual uptake indeed occured by a Clathrin-independent and

Endophilin or/and Dynamin-dependent pathway.
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Figure 5.2.18: Cell surface levels and uptake of α3-integrin with reduced Dynamin or Endophilin expres-
sion
Endophilin and Dynamin expression knockdown was performed as described in Fig.5.2.17. A: Repre-
sentative epifluorescence microscopy images of α3-integrin cell surface immunolabelling (upper panel)
and 30 min α3-integrin antibody feeding (lower panel) in growing and quiescent RPE1 cells treated with
scrambled, Endophilin A1, 2 and 3 (EndoA TKD) or Dynamin 1 and 2 (Dyn DKD) siRNA. For surface la-
belling, cells were placed on ice and incubated with anti-α3-integrin antibody for 90 min before washing
and fixing with 4 % PFA. Following antibody feeding, surface-bound antibody was removed by washes
with acidic buffer. After fixation with 4 % PFA, cells were permeabilised and stained with secondary
antibody and DAPI (blue pseudocolour). Scale bars: 50 µm. B: Quantification of epifluorescence mi-
croscopy images from A: Total fluorescence intensity of surface-bound (upper graph) or internalised
(lower graph) α3-integrin per cell was normalised to growSiing cells scrambled control. Bar graphs rep-
resent mean + SEM from n=6 (growing cells) or n=3 (quiescent cells) biological replicates equivalent to a
minimum of 4,000 growing or 9,000 quiescent cells per sample; ***P < 0.001, ns, not significant, two-way
ANOVA with Tukey’s multiple comparisons test comparing quiescent to growing cells for each condition.
C: Internalised α3-integrin antibody was normalised to cell surface levels (data from B). Bar graphs
represent mean + SEM; *P < 0.05, ns, not significant, two-way ANOVA with Tukey’s multiple compar-
isons test comparing quiescent to growing cells for each condition. D: Internalised, surface-normalised
internalised (SN-uptake) and surface-bound α3-integrin in quiescent cells quantified in B and C was nor-
malised to scrambled control. Bar graphs represent mean + SEM; ****P < 0.0001, **P < 0.01, *P < 0.05,
ns, not significant, one-way ANOVA with Dunett’s multiple comparisons test comparing uptake, SN-
uptake or surface levels in siRNA-treated condition to scrambled control
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5.2.12 Quiescence survival signalling depends on Dynamin and

Endophilin

With a method at hand that has a significant effect on α3-integrin endocytosis, it was

then tested whether impaired α3-integrin would be reflected in reduced quiescence

survival signalling. Growing and quiescent RPE1 cells, in which µ-adaptin (AP2 KD),

Dynamin 1 and 2 (Dyn DKD) or EndophilinA1-3 (EndoA TKD) were knocked down

(see Fig.5.2.18 for knockdown efficiency), were fixed with PFA, permeabilised and im-

munolabelled for pAKT or p4E-BP1, which are down-regulated in quiescence, for quies-

cence survival-mediating pERK and pBAD (see sec.5.2.7 for more details). Nuclei were

stained with DAPI. Plates were imaged on a high-content widefield fluorescence micro-

scope and images analysed by automated image analysis. First, total protein levels per

cell were compared between growing and quiescent cells to find out whether AP2 KD,

Dyn DKD or EndoA TKD might reverse signalling in quiescent cells to that observed in

growing cells. Levels of pAKT were significantly lower (47 ± 4 %) in quiescent than in

growing control cells (Fig.5.2.19A and B top). After AP2 KD, Dyn DKD and EndoA TKD,

pAKT levels in quiescent cells were 1.7-fold, 2.9-fold and 1.75-fold higher, respectively,

than in respective growing cells, but only AP2 KD and EndoA TKD increased pAKT

levels to those in growing control cells. Levels of p4E-BP1 were 50 ± 0.3 % lower in qui-

escent than in growing control cells and remained significantly lower for all knockdowns

in quiescent cells when compared to growing contol cells (Fig.5.2.19A and B bottom).

Similarly, p4E-BP1 levels were significantly lower in quiescent than in growing cells after

AP2 KD and EndoA TKD. P4E-BP1 levels did not differ between growing and quiescent

cells after Dyn DKD, but that was because because of 2.4 fold reduced levels in growing

cells.

Levels of pERK did not significantly differ between growing and quiescent control cells,

but were significantly increased 2.2-fold and 1.7-fold in quiescent cells upon AP2 KD and

EndoA TKD, respectively, when compared to growing control (Fig.5.2.20A and B top).

Phospho-ERK levels did not differ between growing control cells and quiescent Dyn

KD cells, but all three knockdowns resulted in higher pERK levels in quiescent than in

growing cells for the respective condition. Levels of pBAD did not differ between growing

and quiescent cells in this experiment (Fig.5.2.20A and B bottom). This conflicts with

elevated pBAD in quiescent cells in Fig.5.2.14. The reduction of relative pBAD levels
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Figure 5.2.19: Effect of AP2, Dynamin and Endophilin knockdown on growth signalling in growing and
quiescent RPE1 cells
AP2, Endophilin and Dynamin expression knockdown was performed as described in Fig.5.2.17. A:
Representative epifluorescence microscopy images of growing and quiescent RPE1 cells treated with
scrambled, µ2-adaptin (AP2 KD), Dynamin 1 and 2 (Dyn DKD) or Endophilin A1, 2 and 3 (EndoA TKD)
siRNA. Cells were fixed with 4 % PFA, permeabilised and immunolabelled with anti-phospho-4E-BP1
(T37/46) or anti-phospho-AKT (S473) antibody. DNA was stained with DAPI (blue pseudocolour). Scale
bars: 50 µm. B: Quantification of epifluorescence microscopy images from A. Total fluorescence in-
tensity of phospho-4E-BP1 (upper graph) and phospho-AKT (lower graph) per cell was normalised to
growing cells scrambled control. Bar graphs represent mean + SEM from n=6 (growing cells scrambled
and AP2 KD) or n=3 (all others) biological replicates equivalent to a minimum of 4,000 growing or 9,000
quiescent cells per sample; two-way ANOVA with Tukey’s multiple comparisons test comparing quies-
cent and growing cells of each knockdown condition and pairs as indicated; ****P < 0.0001, **P < 0.01,
ns, not significant.
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in quiescent cells in this experiment is not severe (109 ± 1 % compared to 130 ± 2 % in

Fig.5.2.14 relative to growing control) and could have been caused by transfection with

scrambled siRNA and the high concentration of lipids required for transfecting quiescent

cells or as a result of scrambled siRNA transfection in growing cells. Interestingly, pBAD

levels were significantly higher than growing control cells after AP2 KD (by 61 ± 7 %),

Dyn DKD (by 41 ± 12 %) and EndoA TKD (by 69 ± 7 %), as well as higher than in growing

cells subjected to the respective knockdowns.

Figure 5.2.20: Effect of AP2, Dynamin and Endophilin knockdown on quiescence survival signalling in
growing and quiescent RPE1 cells
AP2, Endophilin and Dynamin expression knockdown was performed as described in Fig.5.2.17. A:
Representative epifluorescence microscopy images of growing and quiescent RPE1 cells treated with
scrambled, µ2-adaptin (AP2 KD), Dynamin 1 and 2 (Dyn DKD) or Endophilin A1, 2 and 3 (EndoA
TKD) siRNA. Cells were fixed with 4 % PFA, permeabilised and immunolabelled with anti-phospho-ERK
(T202/Y204) or anti-phospho-BAD (S112) antibody. DNA was stained with DAPI (blue pseudocolour).
Scale bars: 50 µm. B: Quantification of epifluorescence microscopy images from A. Total fluorescence
intensity of phospho-ERK (upper graph) and phospho-BAD (lower graph) per cell was normalised to
growing cells scrambled control. Bar graphs represent mean + SEM from n=6 (growing cells scrambled
and AP2 KD) or n=3 (all others) biological replicates equivalent to a minimum of 4,000 growing or
9,000 quiescent cells per sample; two-way ANOVA with Tukey’s multiple comparisons test comparing
quiescent and growing cells of each knockdown condition and pairs as indicated; ****P < 0.0001, ns, not
significant.

211



5.2 Results

When comparing the effect of AP2 KD to quiescent siRNA-transfected quiescent cells,

pAKT levels were 2.3-fold, pERK levels 1.7-fold and pBAD levels were 1.5-fold increased

(Fig.5.2.21). Dyn DKD, which was only partial, had a minor effect on pBAD levels, in-

creasing them 1.3-fold. EndoA TKD elevated pAKT levels 1.7-fold and pBAD levels 1.5-

fold. Levels of p4E-BP1, implying mTORC activity, were not changed by any knockdown.

This suggests that AP2 KD has the strongest effect on quiescence survival signalling

and points out an important role for CME in quiescence maintenance. Dynamin had

a marginal effect exclusively on pBAD signalling. Although the altered morphology of

quiescent cells implies an effect of Dyn DKD, the low knockdown efficiency might have

allowed for sufficient residual Dynamin levels to not alter the observed signalling events

significantly. EndoA TKD had similar results to AP2 KD with respect to pAKT and pBAD

upregulation, but failed to significantly increase ERK signalling.

Summarised, knockdown of AP2 and EndoA elevated activated AKT in quiescent cells

to levels similar in control growing cells, while mTORC1 activity, monitored by phos-

phorylation of 4E-BP1, was not changed. AP2 and EndoA knockdown further elevated

levels of pERK higher than they were in growing control cells, while only AP2 KD sig-

nificantly increased pERK levels with respect to quiescent control cells. This might be

explained by the differing endocytic pathways AP2 and Endophilin are involved in, or

by lower EndoA TKD efficiency. Finally, knockdown of AP2, Dynamin and EndophilinA

all resulted in increased BAD phosphorylation, both relative to growing and quiescent

control cells.
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Figure 5.2.21: Quiescence signalling upon AP2, Dynamin and Endophilin knockdown
Data from quiescent cells in the previous two figures were normalised to quiescent cells scrambled
control to demonstrate relative changes in the quiescent cell population. Bar graphs represent mean +
SEM from n=3 biological replicates equivalent to a minimum 9,000 cells per sample; one-way ANOVA
with Dunnett’s multiple comparisons test comparing each knockdown with respective scrambled control;
***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant.
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5.2.13 AP2 and Dynamin knockdown increase cell cycle progression

marker expression in quiescent cells

Lastly, it was tested whether AP2, Dynamin or Endophilin were required for quiescence

maintenance. This was approached by immunolabelling for the expression of the cell

cycle progression markers Cyclin D1, phosphorylated Rb (pRb) and Ki67. Nuclear Cy-

clin D1 promotes cell cycle progression from G1 to S phase (Baldin et al., 1993; Ruiz-

Miró et al., 2011). Rb is a substrate of Cyclin D1 and promotes cell cycle progression

when fully phosphorylated (Connell-Crowley et al., 1997). Ki67 is a proliferation marker,

which is present throughout all cell cycle phases but absent in quiescent cells (Takasaki

et al., 1981).

AP2, Dynamin 1 and 2 and EndophilinA1-3 were knocked down in growing and qui-

escent RPE1 cells as described sec.5.2.10 (see Fig.5.2.18 for knockdown efficiency).

Cells were fixed with PFA, permeabilised and immunolabelled for cell cycle progression

markers. Plates were imaged on a high-content widefield fluorescence microscope and

images quantified by automated image analysis. Because active Cyclin D1 as well as

pRb and and Ki67 are nuclear, nuclei positive for each markers were identified and ex-

pressed as percentage of all identified nuclei. Cyclin D1 labelling was very weak in this

experiment, so that the threshold for maximal pixel intensity had to be decreased, which

reduced the signal-to-noise-ratio and resulted in visible autofluorescence in quiescent

cells (secondary antibody was conjugated to AlexaFluor488 which emits in similar wave-

lengths as yellow cell-intrinsic autofluorescence, mentioned in Cho & Hwang, 2012)

(Fig.5.2.22A top). The signal detected in quiescent cells was, however, mostly cyto-

plasmic. Active Cyclin D1 resides in the nucleus, as shown for 59 ± 9 % growing control

cells with Cyclin D1-positive nuclei (Fig.5.2.22B top) and is just below the 68 % G0/G1

cells with 2n DNA content identified by flow cytometry in Fig.3.2.1. 9.6 ± 0.4 % quies-

cent cells with Cyclin D1-positive nuclei were identified under control conditions, which

might be an exaggerated number because of autofluorescence colocalising with nuclei,

as nuclei in microscopy images look devoid of Cyclin D1. Nonetheless, significantly

less quiescent control cells had Cyclin D1-positive nuclei than growing control cells for

scrambled control, AP2 KD and Dyn DKD. No significant difference was observed upon

EndoA TKD, but that was due to a reduction of the fraction of Cyclin D1-positive nuclei to

14 ± 6 %. Phospho-Rb was present in 86 ± 1 % of growing control cells, which confirms
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the 86 % pRb-positive cells identified by flow cytometry in sec.3.2.3 (Fig.5.2.22A and

B middle). The pRb-positive population in quiescent control cells was negligibly small

with 0.5 ± 0.1 %. Significantly less nuclei were pRb-positive in quiescent cells compared

to growing cells after AP2 KD and Dyn DKD, but similar to Cyclin D1, no difference

between growing and quiescent cells was observed for EndoA TKD, because the pop-

ulation of pRb-positive growing cells was reduced to 1.1 ± 0.3 %. Nuclear expression

of Ki67 was similar to pRb in growing and quiescent control cells with 85 ± 1 % and

0.8 ± 0.2 % Ki67-positive nuclei, respectively. Significantly less nuclei were Ki-positive

in quiescent cells compared to growing cells after AP2 KD and Dyn DKD, but similar to

Cyclin D1, no difference between growing and quiescent cells was observed for EndoA

TKD, because the population of Ki-positive growing cells was reduced to 6.3 ± 0.5 %.

Although percentages of pRb- and Ki67-positive quiescent cells were significantly

smaller than those in growing cells after AP2 KD and Dyn DKD, changes relative to

quiescent control cells were more pronounced. The number of pRb- and Ki67-positive

nuclei increased 20-fold relative to quiescent control cells (Fig.5.2.23), resulting in

9 ± 2 % pRb- and 17 ± 1 % Ki67-positive nuclei. AP2 KD increased the pRB-positive

fraction 4.5-fold and the Ki67-positive fraction 6.7-fold, although the increase of

pRb-positive nuclei was not considered significant using a one-way ANOVA (Student’s

unpaired two-sided t-test p-value=0.0019) because of the large difference upon Dyn

DKD. 2.0 ± 0.2 % and 5.4 ± 0.5 % nuclei were positive for pRb and Ki67, respectively,

upon AP2 KD. Interestingly, the number of Ki67-positive nuclei significantly increased

7.8-fold to 6.3 ± 0.5 % upon EndoA TKD, despite EndoA TKD resulting in significant

decrease of cell cycle progression marker expression in growing cells (Fig.5.2.22).

Numbers of Cyclin D1-positive nuclei did not change (AP2 KD) or were slightly

decreased (Dyn DKD and EndoA TKD), but with a low signal-to-noise ratio and high

background of autofluorescence, these results are not robust.

Concluding, AP2 and Dynamin knockdown increased levels of cell cycle progression

markers in a subpopulation of nuclei in quiescent cells. It is, however, not clear whether

these cells entered a deep quiescent state, because knockdowns were performed be-

fore cells were 100 % confluent and before mitogen withdrawal. It is thus most likely to

conclude that AP2 and Dynamin are required for quiescence entry. Loss of Endophilin,

conversely, appeared to mediate cell cycle exit of growing cells, but increased Ki67

expression in a number of quiescent cells.
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Figure 5.2.22: Effect of AP2, Dynamin and Endophilin knockdown on expression of cell cycle progression
markers in growing and quiescent RPE1 cells
AP2, Endophilin and Dynamin expression knockdown was performed as described in Fig.5.2.17. A:
Representative epifluorescence microscopy images of growing and quiescent RPE1 cells treated with
scrambled, µ2-adaptin (AP2 KD), Dynamin 1 and 2 (Dyn DKD) or Endophilin A1, 2 and 3 (EndoA TKD)
siRNA. Cells were fixed with 4 % PFA, permeabilised and immunolabelled with anti-Cyclin D1, anti-
phospho-Rb (S807/811) or anti-Ki67 antibody. DNA was stained with DAPI (blue pseudocolour). Scale
bars: 50 µm. B: Quantification of epifluorescence microscopy images from A. The number of nuclei
positive for Cyclin D1, (upper graph) phospho-Rb (middle) and Ki67 (lower graph) fluorescence was
quantified and expressed as percentage of the total number of nuclei. Bar graphs represent mean +
SEM from n=6 (growing cells scrambled and AP2 KD) or n=3 (all others) biological replicates equivalent
to a minimum of 4,000 growing or 9,000 quiescent cells per sample; two-way ANOVA with Tukey’s
multiple comparisons test comparing quiescent and growing cells of each knockdown condition and
pairs as indicated; ****P < 0.0001, ***P < 0.001, **P < 0.01, ns, not significant.
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Figure 5.2.23: Cell cycle progression markers in quiescent cells after AP2, Dynamin and Endophilin knock-
down
Data from quiescent cells in the previous two figures were normalised to quiescent cells scrambled
control to demonstrate relative changes in the quiescent cell population. Bar graphs represent mean +
SEM from n=3 biological replicates equivalent to a minimum 9,000 cells per sample; one-way ANOVA
with Dunnett’s multiple comparisons test comparing each knockdown with respective scrambled control;
****P < 0.0001, **P < 0.01, *P < 0.05, ns, not significant.
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5.3 Discussion

Integrins form a connection between the cell and its environment, mediating vital cel-

lular processes ranging from cell adhesion to differentiation, proliferation and survival

(Streuli, 2016). The specific function of integrins depends on ther β- and α-subunit

composition and interaction with cognate ECM ligands (Hynes, 2002; Humphries,

2006). Many integrin signalling events occur at the plasma membrane upon ECM

ligand binding, however alternative integrin signalling has been observed, such as

adhesion-independent endosomal signalling (Alanko et al., 2015). In this chapter, en-

docytosis and endocytic recycling of α3β1-integrin, a putative regulator of proliferative

quiescence, and the effect of endocytosis and recycling inhibition, was studied.

5.3.1 α3β1-integrin endocytosis and recycling in growing and quiescent

cells

Integrins are highly endocytic molecules and their endocytosis and trafficking was re-

ported in multiple studies (De Franceschi et al., 2015). Integrin endocytosis can serve

translocation of inactive integrins from dorsal plasma membrane areas via recycling to

leading edges in migration (Bretscher, 1992; Arjonen et al., 2012; Teckchandani et al.,

2012), to supply mitogen-starved cells with ECM proteins for amino acid supply and

mTORC1 signalling to mediate survival (Rainero et al., 2015; Muranen et al., 2017)

or to mediate adhesion-independent FAK-survival signalling from endosomes (Alanko

et al., 2015). While most studies on integrin trafficking were performed in cancer cells

and are related to migration (De Franceschi et al., 2015), the aim in this chapter was to

discover a role for integrin trafficking in quiescent cells.

The conformational state of an integrin can be assessed by its recognition by mono-

clonal antibodies. These antibodies bind to extracellular regions of integrins, which are

either blocked or exposed when the integrin is collapsed and non-ligandbound or in an

extended conformation when bound to ligands (Byron et al., 2009). When α3-integrin

dimerises with β1-integrin, it is recognised by the mAbP1B5 (Nicolaou et al., 2012),

which was used for α3-integrin detection throughout this study. A general reduction

in endocytosis of ligandbound (detected by mAb13) relative to non-ligandbound β1-

integrin (detected by mAb9EG7) distinguished both growing and quiescent RPE1 cells
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from cancer cells, in which endocytosis of ligand-bound β1-integrin dominates and might

serve amino acid supply or ECM remodelling (Arjonen et al., 2012). In colocalisation

studies, α3-integrin endocytosed mainly dimerised with non-ligandbound β1-integrin,

in both growing and quiescent RPE1 cells and endocytosis of α3-integrin with ligand-

bound β1-integrin was even less prevalent in quiescent than in growing cells (Fig.5.2.1),

suggesting a pivotal role for endocytosis of non-ligandbound α3β1-integrin during qui-

escence. However, mAb9EG7 was questioned as a suitable antibody for β1-integrin

detection, because it did not precipitate mature, glycosylated β1-integrin and did not la-

bel surface-β1-integrin on podocytes (Nicolaou et al., 2012). MAb9EG7 did bind to cell

surface-β1-integrin on RPE1 cells, particularly on quiescent cells (data not shown), but

it might be beneficial to verify results with another monoclonal antibody against active

β1-integrin, such as mAb12G10 (Humphries et al., 2005; Arjonen et al., 2012).

Uptake and cell surface levels of α3-integrin were lower in quiescent than in growing

cells, as was endocytosis for 10 min when the lower cell surface levels were consid-

ered, but internalised α3-integrin remained in quiescent cells longer than in growing

cells before being degraded or recycled (Fig.5.2.2). The subcellular localisation of

α3-integrin was then studied by colocalisation with endosomal markers and identified

VPS35-positive endosomal compartments as major site of α3-integrin residence within

quiescent cells, whereas it was mainly found in EEA1- and APPL1-positive compart-

ments in growing cells (Fig.5.2.6). This, together with reduced localisation of phos-

phorylated FAK, suggested that endosomal signalling mediated by α3-integrin does

not occur to an extended amount in quiescent cells (Fig.5.2.4). Instead, α3-integrin

is retained in a recycling compartment associated with Retromer, which was shown to

mediate α3-integrin recycling (McNally et al., 2017). Retromer is involved in multiple

endosomal sorting routes, ranging from fast SNX27-mediated early endosomal recy-

cling to SNX3- or SNX-BAR-domain-mediated retrograde transport to the trans-Golgi

network (TGN) and presumably direct transport from late endosomes to the TGN (Gal-

lon & Cullen, 2015). Riggs et al. proposed a novel Syntaxin 6- and VAMP3-dependent

recycling mechanism for α3β1-integrin via the TGN in cancer cells overexpressing Syn-

taxin 6 (Riggs et al., 2012). Slow recycling via the TGN would explain the retention of

internalised α3β1-integrin in quiescent cells and the observed potentially slower kinetics

of α3-integrin recycling in a functional recycling assay, although this experiment should

be repeated with controls accounting for incomplete surface-bound antibody blocking
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(Fig.5.2.7). It would be interesting to find out whether the STX6- recycling pathway is

related to the Retromer pathway or whether Retromer-mediated recycling via the TGN

is the preferred route in quiescent cells.

5.3.2 Pharmacological inhibition of α3β1-integrin recycling and effect on

quiescence survival signalling

Recycling of integrins is important to regulate their many functions, such as adhesion

turnover during migration and ECM remodelling (Caswell et al., 2009; Frittoli et al., 2014;

Riggs et al., 2012). While migration and concomitant relocation of focal adhesions play

an important role in cancer cells, migration of confluent quiescent cells is limited and in-

tegrin recycling might not be associated with it. Monensin and Primaquine were shown

to inhibiting integrin recycling (Woods et al., 2004; Marre et al., 2010) and were em-

ployed in this study to test the effects of recycling inhibition on α3-integrin recycling

and whether it would affect quiescence survival signalling. Inhibition of recycling with

Monensin or Primaquine resulted in higher relative accumulation of α3-integrin during

steady-state labelling of fixed cells and for functional endocytosis assays (Fig.5.2.8).

With lower endocytosis and potentially slower recycling in quiescent cells, this could be

explained by a higher pool cycling through quiescent cells becoming trapped and accu-

mulating in vesicles upon recycling inhibition. The amount of accumulated α3-integrin

in intracellular vesicles upon Monensin or Primaquine inhibition was not as high as ob-

served at steady state, but still higher than in growing cells (Fig.5.2.9). Interestingly,

cell surface levels of α3-integrin did not change in quiescent cells upon recycling inhi-

bition, which might indicate an increased α3-integrin synthesis rate during quiescence

to replenish the plasma membrane surface pool. This would support a hypothesis of

α3-integrin exocytosis via exosomes from quiescent cells. α3-integrin was discovered

together with its interaction partner CD151 in exosomes required for ECM remodeling

(Yue et al., 2015). The activity of α3-integrin in ECM remodeling and maintenance is

well known (Conti et al., 2003; DiPersio et al., 1997). α3-integrin-containing exosomes

from quiescent cells might thus contribute to Laminin processing. Another possibility is

information exchange via exosomes, as has been reported for the induction of vascu-

larisation in cancers (Nazarenko et al., 2010). How these signals would be processed

in quiescent cells, however, is not known.
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Pharmacological inhibition of recycling had a modest effect on, but did not revert down-

regulated AKT- and mTORC1-signalling to the activity they have in growing cells and ex-

pression of the cell cycle exit marker p27 was not affected (Fig.5.2.11 and Fig.5.2.10).

Quiescence survival signaling mediated by ERK and BAD, however, was slightly de-

creased. With pleiotropic inhibitors such as Monensin, which inhibits vesicle fusion and

trafficking by neutralising endosomal pH (Wileman et al., 1984), it is likely that induc-

tion of a standstill in endosomal trafficking results in a variety of nonspecific effects.

Knockdown or overexpression of dominant-negative mutants of specific recycling path-

way components such as SNX27 or SNX3 to assess Retromer-dependent recycling, or

of Retromer subunits might be better suited to study signalling events and will link them

at the same time to a mechanism. Furthermore, it will be interesting to address the role

of Retriever in recycling of α3-integrin. The SNX17 subunit of Retriever was suggested

to play a role in recycling of both α3-integrin and β1-integrin (McNally et al., 2017),

but it has not yet been functionally studied in α3-integrin recycling. It was also shown

that VPS3 and VPS8 play a role in recycling of integrins in Rab4-positive endosomes

(Jonker et al., 2018). Screening markers of integrin recycling pathways via knockdown

or, preferentially, overexpression of dominant-negative mutants will be the way forward

to dissect the recycling mechanism of α3-integrin and its role in quiescence signalling.

5.3.3 Inhibition of α3β1-integrin endocytosis

Clathrin-mediated endocytosis plays a pivotal role in integrin endocytosis. β1-integrin

can interact with the adaptor proteins Numb and Dab2 via its membrane-proximal

NPXY motif. Numb and Dab2, in turn, recruit endocytic adaptor proteins, such as

AP2 (Nishimura & Kaibuchi, 2007; Calderwood et al., 2003; Teckchandani et al.,

2012; Mishra et al., 2004). Some of the β1-integrin dimerisation partners, including

α3-integrin, are internalised in a Dab2-dependent manner from dorsal surfaces of

migrating cells (Teckchandani et al., 2012). In addition, α3-integrin itself contains

two YXXΦ AP2 binding motifs (De Franceschi et al., 2016). Indeed, knockdown of

AP2 decreased α3-integrin endocytosis in both growing and quiescent cells by about

80 % (Fig.5.2.16). The residual 20 % might have been due to partial knockdown and

residual active AP2, but they might also be the result of Clathrin-independent endocytic

pathways internalising α3-integrin. Galectin-3 was reported to cluster β1-integrin
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and regulate its endocytosis (Lakshminarayan et al., 2014; Yang et al., 2017). In

fact, Lakshminarayan et al. could show dependency of β1-integrin internalisation on

both Clathrin- and Galectin-3-dependent endocytosis. Galectin-3 induces endocytic

carrier formation by extracellular clustering of glycosylated lipids or proteins in the

exoplasmic membrane leaflet, whose scission is dynamin-independent, relies on actin

polymerisation and might involve BAR-domain protein-mediated membrane friction

(Lakshminarayan et al., 2014; Renard et al., 2015; Simunovic et al., 2017). One

of these BAR-domain proteins is EndophilinA2, which also mediates FEME, a fast

endocytic process dependent on dynamin for endocytic vesicle scission (Renard et al.,

2015; Boucrot et al., 2015). Both Dynamin and Endophilin knockdown decreased

α3-integrin endocytosis by about 40 % and 30 % in quiescent RPE1 cells (Fig.5.2.18).

With the dependency of CME on dynamin scission, a more profound decrease,

correlating with AP2 knockdown, would have been expected. However, Dynamin

knockdown efficiency was only about 50 % in quiescent cells, so that enough residual

Dynamin might have been present for vesicle scission (Fig.5.2.17). Although a role was

reported for Endophilin in CME, it appears to have a major function only in neuronal

and is redundant in non-neuronal cells (Meinecke et al., 2013; Boucrot et al., 2015).

Hence, the partial dependency of α3-integrin on Endophilin suggests a potential

reliance on FEME or Clathrin-independent pathways relying on Endophilin for vesicle

scission. It will be interesting to investigate whether combined knockdown of AP2 and

Endophilin completely abrogates α3-integrin endocytosis and whether β1-integrin is

internalised together with α3-integrin by Galectin-3-mediated CLIC/GEEC. This will not

only describe the endocytic mechanism of α3-integrin uptake, but might also highlight

differences in endocytic pathways for integrin internalisation in growing and quiescent

cells. However, knockdown experiments in quiescent cells should be interpreted with

caution, because siRNA treatments are performed before cells enter quiescence. It can

therefore not be confirmed whether the results here are caused as a consequence of

knockdown during quiescence or whether they are observed because cells could not

enter a deep quiescent state because the (partially) inhibited endocytic pathways were

required for quiescence entry. Confirmation by overexpression of dominant-negative

mutants, which can be performed on quiescent cells in serum-free medium allow for

quiescence entry under normal condition and inhibit endocytic pathways for a shorter

time period (24-48 hours, as opposed to 10 days for knockdown). With this method,
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dominant-negative mutants of integrin adaptor proteins, such as Numb and Dab2, can

be tested (Santolini et al., 2000). Inhibitor treatments might not always be suitable,

because of differing cell densities and exposed cell surface area, which might result

in a different concentration of inhibitor acting on its target. Specific inhibitors such

as Dyngo, which were highly potent in growing cells, showed only small effects in

quiescent cells (Fig.5.2.12). To observe an effect in quiescent cells, doses might have

to be adjusted, but this would compromise the comparability of experiments because of

potential off-target effects.

5.3.4 Changes in quiescence survival signalling and cell cycle

progression marker expression upon inhibition of endocytocytic

pathways

Integrin endocytosis is linked to uptake of extracellular matrix for nutrient supply and sur-

vival, endosomal signalling or ECM remodelling and removal of inactive integrins from

the dorsal cell surface to relocate it via recycling to focal adhesion sites during migration

(Muranen et al., 2017; Gopalakrishna et al., 2018; Alanko et al., 2015; Caswell et al.,

2009). A potential role for endocytosis in the regulation of quiescence survival signalling

was investigated in this chapter. While inhibitors of dynamin (Dyngo; McCluskey et al.,

2013) and CME (Ikarugamycin; Elkin et al., 2016) did not alter quiescence survival sig-

nalling (concomitant with no or minimal effect on α3-integrin endocytosis, Fig.5.2.12),

macropinocytosis inhibitors Monensin and Rottlerin elevated active pERK, but had no

or the opposite effect on survival signalling mediated by BAD phosphorylation at Ser-

ine 112 (Fig.5.2.13 and Fig.5.2.14; Scheid et al., 1999). It is difficult to draw conclusions

on the mechanism by which both macropinocytosis inhibitors elevated pERK levels. Im-

portantly, they do not act on a specific molecule, but rather increase submembraneous

pH (EIPA; Koivusalo et al., 2010) or act by an unknown mechanism (Rottlerin). There-

fore, pleiotropic effects cannot be ruled out, as it was reported that EIPA inhibits other

Clathrin-independent pathways, such as FEME (Boucrot et al., 2015). A recently dis-

covered macropinocytosis inhibitor, imipramine, specifically inhibits macropinocytosis

by preventing membrane ruffling and does not affect Ras/MEK/ERK signalling nor PI3K

activity (Buyya & Pandey, 2018). It might be a promising drug to test macropinocytosis

effects on signalling while no specific macropinocytosis-specific marker is known.
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Knockdown of AP2, Dynamin and Endophilin all significantly affected α3-integrin endo-

cytosis, thereby proving more efficient than treatmemt with pharmacological inhibitors.

However, as discussed above, it is not sure whether the change in endocytosis was

because of impaired quiescence entry because knockdown occured before that. AKT

was activated in quiescent cells in all three knockdowns, reverting pAKT levels to those

in growing cells (Fig.5.2.19). This is a sign for proliferation (Segrelles et al., 2014; Gude

et al., 2006), but mTORC1 activity, which is a substrate of AKT and regulates cell growth

(Laplante & Sabatini, 2012), was not elevated upon either knockdown (Fig.5.2.21). The

quiescence survival model proposed by K. McGourty (E. Boucrot lab) suggests acti-

vation of ERK, which is retained in the cytosol, followed by survival-mediating phos-

phorylation of Serine 112 on BAD (Fig.5.2.3). ERK activation was only significantly

increased upon AP2 KD, but BAD phosphorylation at Serine 112, which is mediated by

ERK (Scheid et al., 1999), was elevated for all knockdowns (Fig.5.2.20 and Fig.5.2.21).

However, total levels of proteins were not assessed, so increased BAD phosphorylation

might have been a result of elevated BAD expression and thus more substrate for phos-

phorylation by ERK. Furthermore, multiple cargoes are endocytosed by each pathway

and the sum of decreased endcytosis and signalling, or increased cell surface signalling,

might result in a phenotype which is not easy to explain. The data imply, however, that

reduction of CME via AP2 KD as well as reduction of Clathrin-independent pathways by

Endophilin KD disrupts the signalling signature in quiescent RPE1 cells. The effect of

Dynamin KD was not as pronounced. Considering its requirement for CME as well as

Clathrin-independent pathways, which might affect signalling homeostasis even more

severely, this might have been a result of inefficient knockdown.

A more robust assessment of the quiescent state upon endocytosis disruption is to

assess cell cycle progression markers. Cell cycle exit is characterised by Cyclin D1 ab-

sence from the nucleus (Baldin et al., 1993; Ruiz-Miró et al., 2011), hypophosphorylated

pRb (Connell-Crowley et al., 1997) and absence of Ki67 (Takasaki et al., 1981). The in-

creased proportion of nuclei expressing pRb and Ki67 among quiescent cells upon AP2

(only Ki67), Dynamin and Endophilin knock down suggests that multiple endocytic path-

ways cooperate to induce or maintain quiescence. Problems with Cyclin D1 labelling in

Fig.5.2.22 did not encourage conclusions, but as it is required for Rb phosphorylation

(Connell-Crowley et al., 1997), it is likely that its nuclear expression might be increased.

Although these findings imply that multiple endocytic pathways are required for quies-
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cence, it is not clear whether they are required for quiescence induction, maintenance

or both. As mentioned in sec.5.3.3, knockdowns were performed before cells entered

quiescence. Because integrin signalling is required for quiescence entry, it is likely that

quiescence signalling homeostasis could never be established by down-regulation of

endocytosis (Lampe et al., 1998; Da Silva et al., 2010; Spencer et al., 2011).

5.4 Conclusions

In this chapter, an attempt was made to link integrin trafficking to survival signalling

in quiescence. Using an in vitro model of quiescent RPE1 cells, it could be shown

that α3β1-integrin, which is a receptor for laminins prevalent in the matrisome of qui-

escent cells (K. McGourty), is endocytosed in quiescent cells primarily in a Clathrin-

dependent manner, but Clathrin-independent pathways relying on Dynamin and/or En-

dophilin might be involved in its internalisation as well. Clathrin-dependent and inde-

pendent pathways are required for quiescence survival signalling and complete down-

regulation of cell cycle expression markers. α3-integrin recycling might differ between

fast recycling in growing cells and slow, Retromer-mediated recycling in quiescent cells.

Further studies are required to define the precise recycling pathway of α3β1-integrin

during quiescence and the purpose of changes in recycling kinetics. While the impor-

tance of continuous endocytosis and recycling was mostly emphasised for relocating

integrins to new focal adhesion sites in migrating cells or to separate integrins from their

ECM ligands in late endosomal compartments, quiescent RPE1 cells used in this study

form a tightly packed monolayer, in which migration is hardly possible. Additionally, ad-

hesion sites were not as pronounced as in proliferating cells. Furthermore, endocytosis

of ECM-ligands does not maintain survival in quiescent cells, as they rely on extracel-

lular amino acids. A direct connection between α3β1-integrin endocytosis or recycling

could not be shown in this chapter. However α3β1-integrin is actively turned over dur-

ing quiescence, which suggests a signalling mechanism relying on trafficking instead of

plasma-membrane based signalling.
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6 General discussion and future work

6.1 Summary and conclusions

6.1.1 Induction of quiescence in an in vitro cell line model

Mammalian cells can enter proliferative quiescence in culture upon contact inhibition,

mitogen starvation or loss of adhesion to substrate (only adherent cells, while remain-

ing attached to each other; Coller et al. 2006; Ruiz-Miró et al. 2011; Neurauter et al.

2012). To date, studies in quiescent cells have been limited to cells residing in a natural

quiescent state (Cheng et al., 2000a; Orford & Scadden, 2008; Malumbres & Barbacid,

2001) or to primary cell cultures, such as fibroblasts (Lemons et al., 2010).

In Chapter 3, a combinational approach of contact inhibition and mitogen starvation

was employed to induce quiescence in hTERT-immortalised RPE1 cells. Quiescent

RPE1 cells did not replicate DNA and featured down-regulated cell cycle progression

markers, in agreement with the literature (Baldin et al., 1993; Ruiz-Miró et al., 2011;

Takasaki et al., 1981; Stevaux & Dyson, 2002; Lemons et al., 2010). Quiescent cells

are furthermore characterised by low transcriptional activity (Shapiro, 1981). DNA/RNA

staining identified a larger cell population with 2n DNA content and low RNA content

in quiescent than in proliferating RPE1 cells. A similar observation was demonstrated

for contact-inhibited and serum-starved quiescent fibroblasts (Lemons et al., 2010), but

for both experiments, the low-RNA population was smaller than observed in cells re-

siding in a natural quiescent state, such as naive lymphocytes, dormant hematopoietic

stem cells or musle satellite cells (Shapiro, 1981; Hüttmann et al., 2001; Sharma et al.,

2012). Furthermore, the phosphorylation status of Rb did not correlate with low or high

RNA level-containing quiescent RPE1 cells. Hypophosphorylated Rb blocks cell cycle

progression and mediates cell cycle exit (Lundberg & Weinberg, 1998; Ren & Rollins,

2004; Stein et al., 2013). Thus, DNA/RNA staining might not be a bona fide quiescence
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marker and should be validated by other cell cycle progression markers such as de-

creased Cyclin D1 or Ki67 and elevated p27 (Chapter 5). In fact, it is often used in com-

bination with counterstaining of proliferation markers (Hüttmann et al., 2001; Sharma

et al., 2012). However, the lack of a specific positive marker for quiescent cells poses a

problem when evaluating proliferative quiescence.

A caveat of hTERT-immortalised cell lines as quiescence model is the potential tran-

scriptional activity of TERT, which might influence the expression of independent genes,

among which are growth-controlling (Smith et al., 2003) and apoptosis-regulating genes

(Smith et al., 2003; Rahman et al., 2005; Lee et al., 2008). The non-telomeric activities

of TERT are diverse, ranging from survival enhancement to supporting cancer cell pro-

liferation (Majerska et al., 2011). Interestingly, mTERT is naturally expressed in slowly-

cycling mouse intestinal stem cells, conveying resistance to senescence, which might

display a quiescence-intrinsic feature (Montgomery et al., 2011). As long as the direct

effect of hTERT overexpression on a cell line is not defined, caution should be taken

when interpreting results solely based on this cell line. On the other hand, many ad-

vantages support the use of hTERT-immortalised RPE1 cells, such as a stable diploid

genome and sensitivity to contact inhibition. Additionally, experiments are highly re-

producible and large quantities of cells can be used. Quiescent RPE1 cells survive

for weeks in serum-free medium without losing the capacity to resume proliferation.

Their likeness to primary cells makes them an adequate model to study physiological

conditions such as proliferative quiescence, as opposed to cancer cell lines, which con-

tinuously divide. Naturally, key results should be verified in primary cells to exclude

independent effects of hTERT.

6.1.2 Changes in endocytosis during proliferative quiescence

Establishment of an in vitro cell line model of proliferative quiescence paved the way

to assess functional regulations during quiescence and directly compare them to pro-

liferating cells of the same cell type. In Chapter 4, it was studied whether endocytic

pathways were still active during quiescence and if so, how their activity related to pro-

liferating cells. CME activity for the classical cargoes Tf, EGF and LDL, as well as

their total and cell survace receptor levels, were strongly decreased during quiescence.

Endocytosis of Tf, EGF and LDL serves nutrient acquisition and growth-stimulatory sig-
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nalling for proliferation. A decrease of these pathways in quiescent RPE1 cells con-

firms in vivo observations of down-regulated VEGF uptake in mature blood vessels

(Nakayama et al., 2013) and reduction of RTK or Wnt-signalling cell surface receptor

levels (Cruse et al., 2015; Koo et al., 2012). Differing activity of CME in two different cell

cycle states of the same cell type provided a practical system to investigate CME reg-

ulation. A SILAC mass spectrometry screen identified that phosphorylation sites of the

early-arriving CME protein FCHo2 in G1, which were hypophosphorylated during G0.

However, a non-phosphorylable as well as a phosphomimetic FCHo2 mutant increased

Tf uptake, which implies that sustained phosphorylation or dephosphorylation do not

regulate FCHo2 function in CME. Moreover, phosphomimetics are not exact surrogates

of phosphorylation, which should be considered when interpreting the results for phos-

phomimetic FCHo2. It is possible that hierarchical phosphorylation of FCHo2 may play

a role in conjunction with Eps15, with whom FCHo2 was shown to interact, or with other

CME-specific adaptor proteins (Ma et al., 2016). The latter would explain that CME in

quiescent RPE1 cells is active for dedicated cargoes, such as Lamp1.

CLIC endocytosis might occur in quiescent RPE1 cells, which was shown by β1-integrin

(Chapter 5) and Cholera toxin uptake (which enters cells in a dynamin-dependent man-

ner as opposed to classical CLIC) (Lakshminarayan et al., 2014). However, uptake of

some of the main CLIC cargoes, such as CD44, could not be functionally assessed

in antibody feeding assays because antibodies clustered at the cell surface. Finally,

macropinocytosis was highly elevated in quiescent RPE1 cells. Interestingly, uptake

of low molecular weight macropinocytosis cargoes such as 10 kDa dextran and BSA

strongly depended on AP2. Clathrin-dependence of low molecular weight dextran is

consistent with observations by Li et al. (2015) and Cao et al. (2007) and the fact that

it can bind to cell surface receptors (Kato et al., 2000). BSA binding to several cell

surface reptors and uptake by CME in addition to macropinocytosis has also been re-

ported (Buchäckert et al., 2012; Yumoto et al., 2012; Koral & Erkan, 2012; Larsen et al.,

2016). It remains to be established which receptors mediate CME of small Dextran and

BSA in quiescent cells, as well as why these pathways are upregulated. BSA did not

promote survival upon amino acid starvation, indicating that extracellular protein did not

replace the need for extracellular free amino acids and that ECM components are not

internalised to initiate mTORC1-mediated survival signalling in quiescent RPE1 cells

(Commisso et al., 2013; Muranen et al., 2017).
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While a number of endocytic pathways, including CME, CLIC and Macropinocytosis,

were investigated in this study, Clathrin-indepedent pathways such as FEME and Cave-

olar endocytosis were not assessed. Identification of FEME carriers in fixed quiescent

cells did not lead to conclusive results, because Endophilin-positive vesicles were dis-

tributed across the whole cell area and stimulation of receptors did not induce their colo-

calisation with FEME carriers (Boucrot et al., 2015). In collaboration with R. G. Parton,

quiescent cells will be visualised by electron microcopy, which may provide information

on the abundance of Cavelolae, as well as macropinosomes and CCPs.

6.1.3 Endocytosis and recycling during quiescence

A complementary project by K. McGourty identified a subset of Laminins in the ECM

of quiescent RPE1 cells as inducers of quiescence in multiple cell types, concomitant

with a quiescence survival signalling pathway. Among the integrin receptors for these

Laminins was α3-integrin. α3-integrin mediates cell adhesion as well as quiescence

and survival signalling (Pazzagli et al., 2017; Nguyen et al., 2000; Manohar et al., 2004;

Tesfay et al., 2016). α3β1-integrin trafficking is known to be required in cancer migration,

but little is known about its trafficking in quiescent cells.

In Chapter 5, α3β1-integrin was shown to be internalised into quiescent cells in an AP2-,

Dynamin- and Endophilin-dependent manner, suggesting that it is internalised by CME

as well as clathrin-independent pathways. α3β1-integrin was primarily internalised in

the non-ligandbound, inactive form, in both growing and quiescent RPE1 cells. This is

different from cancer cells, where primarily ligand-bound β1-integrins are endocytosed

to remodel the ECM or acquire nutrients (Arjonen et al., 2012). α3-integrin endocy-

tosis was lower in quiescent than in growing RPE1 cells, but internalised α3-integrin

was retained in VPS35-positive endosomal compartments. An important role for α3-

integrin recycling pathways during quiescence was confirmed by pharmacologically in-

hibiting recycling, which accumulated more internalised α3-integrin in quiescent than

in growing cells. Retention of α3-integrin in endosomal vesicles could serve a similar

purpose as reported by Pellinen (2006), who showed that Rab21 keeps integrins in an

early-endosomal pool close to the plasma membrane. Pharmacological recycling inhibi-

tion perturbed quiescence survival signalling, but did not trigger cell cycle progression.

This could be due to the time frame of inhibitor treatment being too short to observe
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changes such as upregulation of cell cycle-promoting genes. Pharmalogical inhibition

of endocytosis neither had a strong effect on α3-integrin endocytosis in quiescent cells

nor on quiescence signalling. However, quiescence signalling was strongly perturbed

when endocytic pathways were knocked down, but resulted in up-regulation of both

AKT-activity, which regulates growth, as well as quiescence-specific survival signalling.

Knockdown of an endocytic pathway inhibits endocytosis of a variety of other cargoes

that might contribute to quiescence signalling homeostasis. α3β1-integrin was shown

to have overlapping ligand specificities with α6β1-integrin (Delwel et al., 1994; Mar-

gadant et al., 2009) and both can act in a co-stimulatory manner (Chang et al., 1995).

In addition, knockdowns in quiescent cells were performed over a long time period, and

initiated while the cells were not yet quiescent. This proposes two caveats: First, cells

might be devoid of proteins they need for quiescence entry. Second, the signalling path-

way balance might shift during the period following knockdown while cells are cultured

in serum-free medium. Pharmacological inhibitors, in turn, have rapid effects, but can

have off target effects and are often less effective in quiescent than in growing cells.

Hydrophobic inhibitors, such as Dynamine or Dyngo, adhere to culture vessel walls or

plasma membrane before reaching their target. This results in a lower effective concen-

tration and becomes apparent in quiescent RPE1 cells, which are a confluent monolayer

providing a large membrane reservoir inhibitors can unspecifically bind to. Additionally,

the available cell surface area for inhibitors to penetrate is smaller than in subconfluent,

stretched out cells. It might therefore be worth considering not to use the same dose

for both cell states, as was done in this study, but to adjust inhibitor concentrations for

quiescent cells. Lastly, integrin uptake was measured by antibody feeding, which bears

the risk of inducing endocytosis, particularly CME, by antibody-mediated receptor clus-

tering at the plasma membrane (Liu et al., 2010). Monoclonal antibodies have been

widely employed to study integrin endocytosis and trafficking, but using ecto-tagged

integrins, allowing for a variety of modifications to assess endocytosis and recycling,

would eliminates the risk of endocytosis artefacts (Huet-Calderwood et al., 2017).

6.2 Conclusions

Chapter 3 describes hTERT-immortalised RPE1 cells as an in vitro model for prolifera-

tive quiescence. Although non-specific side effects of hTERT immortalisation cannot be
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excluded, RPE1 cells proved a suitable quiescence model for the development and op-

timisation of cell biological assays. They are advantageous to cancer cell lines, which

are continuously proliferating. HTERT-immortalised cell lines, which contain a stable

diploid genome and are not transformed, are a suitable quiescence model system to

set up and optimise experimental procedures before testing hypotheses in primary cells,

which are limited by phenotypic differences between donors as well as changes upon

long culturing periods. However, because of the uncertainty whether quiescence in

hTERT-immortalised cells truly mimicks that in vivo, key findings should be confirmed in

primary cells.

In Chapter 4, a comparison of endocytic pathways in growing and quiescent RPE1

cells identified a cargo-dedicated function for CME during quiescence, adapted to the

requirements of the quiescent state. While an approach to identify a mechanism reg-

ulating CME based on FCHo2 phosphorylation did not lead to conclusive results, this

does not mean that such a regulation might not exist. Further proteins arriving at early

sites of CME showed differences in phosphorylation, and regulation of CME might be

achieved by hierarchical phosphorylation. The cargo-specific activity of CME during

quiescence furthermore implies underlying regulation of adaptor proteins, the CME ma-

chinery or both. Additionally, CME plays an important role in quiescent RPE1 cells in

the uptake of non-typical clathrin cargoes, such as BSA or small molecular weight dex-

tran. The purpose for these upregulated pathways, however, does not appear to serve

nutrient supply and remains to be elucidated.

Clathrin-independent pathways such as the CLIC pathway, Cholera Toxin uptake or

macropinocytosis were all active during quiescence. Pathways such as FEME or Cave-

olae endocytosis as well as uptake of further CLIC cargoes were not assessed and

remain to be investigated. In summary, multiple endocytic pathways are active in quies-

cent RPE1 cells, and might be actively regulated to maintain the quiescent state. This is

the first time that endocytosis in quiescent cells was directly compared to that in prolif-

erating cells and sheds light on the existing differences and the so far limited knowledge

in this field.

Chapter 5 proposes that endocytic pathways including CME, Dynamin- and Endophilin-

dependent pathways are required in proliferative quiescence. Due to the limitations of

a long-term knockdown protocol and reduced efficiency of pharmacological inhibitors in
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quiescent RPE1 cells, it cannot be determined whether these pathways are required for

quiescence entry, quiescence maintenance or both. Chapter 5 furthermore suggests

a role for integrin recycling in quiescent cells. Integrin recycling and endocytosis in

confluent quiescent, and thus not migrating cells are peculiar and might be involved in

quiescence signalling, as they were mainly reported to serve (cancer) cell migration or

nutrient supply. Manipulations of trafficking pathways during quiescence are still in their

early stages, and further investigations and optimisations will be required to directly link

integrin trafficking to quiescence signalling.

6.3 Future work

This study presented hTERT-immortalised RPE1 cells as a suitable quiescence model.

Quiescent cells in the adult human body, however, perform tissue-specific functions in

addition to residing in a quiescent state. Testing the relevance of changes in endocy-

tosis and recycling in quiescent RPE1 cells in primary cells will not only validate them

in a physiological context, but might eventually lead to a common quiescence signa-

ture of endocytic trafficking. The list of endocytic pathways measured in this study was

not exhaustive. Further routes, such as FEME, Caveolae or GPI-anchored protein en-

docytosis remain to be assessed for a complete understanding of endocytosis during

quiescence. Furthermore, studying differential regulation of endocytic pathways in two

different cell cycle states will contribute to our understanding of their mechanisms. In

this study, the effect of FCHo2 phosphorylation on CME activity was tested. The dedi-

cated CME of quiescent cells suggests even more possible regulations of this pathway,

ranging from interactions and hierarchical phosphorylation of proteins of the clathrin

machinery to the regulation of endocytic adaptor proteins.

Precise and efficient manipulation of endocytic pathways during quiescence poses a

challenge when quiescence is induced by contact inhibition and mitogen withdrawal.

Higher cell numbers can result in lower efficiency of pharmacological treatments and

knockdown efficiency is reduced because proteins are not diluted during cell division.

A knockdown protocol targeting cells before they enter quiescence does not allow for

conclusions on whether cells were actually able to enter a deep quiescent state. Ad-

ditionally, cells are deprived of a potentially vital protein for the long period of mitogen

withdrawal. Alternative methods for the specific manipulation of trafficking pathways
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should be considered in the future. These include transient overexpression of dominant-

negative mutants, allowing for shorter manipulation periods of 24 to 48 hours, establish-

ment of cell lines with inducible overexpression of dominant-negative mutants, or an

inducible ’knock sideways’ approach, which does not rely on protein turnover or cell

division to decrease levels of functioning protein (Robinson et al., 2010). Since the lat-

ter two approaches are time-consuminig, knockdown screens combined with transient

overexpression of dominant-negative mutants and pharmacological inhibition tailored to

inhibitory concentrations in quiescent cells might identify target candidates. Establish-

ment of these methods will pave the way for identification of a function of endocytic and

recycling pathways in quiescent cells and establish a relationship between ECM com-

position, integrin signalling and integrin trafficking regulating proliferative quiescence.

Our understanding of how quiescence is maintained is still limited and this study has

scratched merely the surface of the complex regulations underlying this cellular state.

The work in this study proposes an cell line model to study proliferative quiescence and

sheds light on the role of trafficking during this state, which has not yet received enough

attention.
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