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Summary

Endocytosis mediates the cellular uptake of nutrients, modulates signaling by regulating levels of cell
surface receptors and is usurped by pathogens during infection. Endocytosis activity is known to vary
during the cell cycle, in particular during mitosis. Importantly, different experimental conditions can
lead to opposite results and conclusions, thereby emphasizing the need for a careful design of
protocols. For example, experiments using serum-starvation, ice-cold steps or using mitotic arrest
produced by chemicals widely used to synchronize cells (nocodazole, RO-3306 or S-Trityl-L-cysteine)
induce a blockage of clathrin-mediated endocytosis during mitosis not observed in unperturbed,
dividing cells. In addition, perturbations produced by mRNA interference or dominant-negative mutant
overexpression affect endocytosis long before cells are being assayed. Here, we describe simple
experimental procedures to assay endocytosis along the cell cycle with minimal perturbations.
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1. Introduction

Endocytosis is essential to all eukaryotic cells for nutrient uptake and for controlling the levels
of receptors, channels and transporters at their surface. There are several pathways of endocytosis
defined by the receptors that use them, by their distinct morphological features or by their requirement
of key cytosolic components (Doherty and McMahon 2009). Clathrin-mediated endocytosis (hereafter,
CME) is the best characterized portal of entry into cells (McMahon and Boucrot 2011, Kirchhausen,
Owen et al. 2014). By contrast, clathrin-independent endocytosis has been less well understood so far
(Doherty and McMahon 2009, Maldonado-Baez, Williamson et al. 2013, Johannes, Parton et al. 2015).

Clathrin-coated pits are formed constitutively at the surface of cells upon polymerization of
clathrin triskelia into lattices wrapping around the invaginating membrane. Receptors destined to be
internalized (also called ‘cargo’ molecules) are sorted into clathrin-coated pits by various adaptor
proteins as clathrin itself cannot bind to receptors or to membrane (McMahon and Boucrot 2011,
Robinson 2015). The tetrameric adaptor complex AP2 is central to CME, forming an interaction hub
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between receptors, clathrin, lipids and associated adaptors proteins (McMahon and Boucrot 2011,
Robinson 2015). Some cargoes, in particular transferrin and low-density lipoprotein (LDL) receptors,
rely almost exclusively (>70-80%) on CME to enter cells and their rates of uptake are widely used as
readout of the activity of the pathway (McMahon and Boucrot 2011). Another assay commonly used to
measure CME is recording clathrin-coated pit and vesicle formation using live-cell imaging fluorescent
microscopy (Kirchhausen 2009, Mettlen and Danuser 2014).

Inhibition of CME is best achieved in mammalian cells by gene silencing (RNA interference
(RNAI) or knockout) of clathrin heavy chain or AP2 subunits using (Motley, Bright et al. 2003, Huang,
Khvorova et al. 2004) or by sequestering them into the cytoplasm upon overexpression of high affinity
binding protein domains, such as AP180 C-terminus (aa530-915) or Epsl5 A95/295 mutants
(Benmerah, Bayrou et al. 1999, Ford, Pearse et al. 2001). CME is also inhibited upon overexpression of
Dynamin function-defective mutants such as K44A (Damke, Baba et al. 1994) or T65A (Marks,
Stowell et al. 2001), although dynamin functions in other clathrin-independent endocytic pathways.

However, it is important to be mindful of the timeframe of the perturbations
considering the biological process being studied. Endocytosis happens within minutes but gene
silencing or mutant overexpression required several days to be efficient, thus CME will be measured
well after the perturbation has began to occur. Thus, any phenotypes observed during the cell cycle
stage studied might result from the compounded effect of the perturbations of endocytosis for many
hours - or days - prior to the assay instead of a direct effect on CME.

Typically, RNAi requires at least 3 days for the levels of the protein of interest to decrease by
80-90% of control. RNA interference blocks translation of targeted proteins by degrading their mRNA,
thereby blocking production of new protein. But the existing, original, pool of the protein of interest is
still present in the cells. Its levels are gradually decreased by proteasome or lysosomal degradation
(normal recycling of proteins) and by dilution upon cell division. Thus, assuming an optimal inhibition
of mRNA translation of a very long-lived protein (such as clathrin heavy chain, which turnover rate is
as long as the cell cycle), it takes theorically 3 cell divisions to dilute protein levels down to ~12.5% of
control levels (that is, ~87.5% depletion) (Figure 1). But, by the time one assays the samples on day 3,
cells will have divided twice (during day 1 and 2) with ~50% and ~25% of initial protein levels,
respectively. This decrease will induce defects that cumulated and that will contribute greatly to any
phenotype observed during the assay.

Therefore it is desirable to minimize indirect adverse effects of the experimental protocols.
Favourable options are to time the overexpression of dominant-negative mutants that its onset
coincides with the cell cyle stage studied (as described below) or to use rapid (minutes) inactivation
methods using small compound inhibitors such as Dynasore, Pitstop 2 (Macia, Ehrlich et al. 2006, von
Kleist, Stahlschmidt et al. 2011), or acute protein sequestration, or ‘knock-sideways’ (Robinson,
Sahlender et al. 2010).

Although widely used in many studies, some experimental conditions such as cold pre-
incubation or serum starvation prior to ligand uptake affect their endocytosis (Boucrot, Saffarian et al.
2010). Historically used to artificially enhance endocytosis by upregulating receptor levels on the cell
surface (serum starvation) or to synchronize entry (pre-incubation of cells with ligands on ice), these
steps introduce bias into the experiments by affecting cell physiology and membrane biophysical
properties. Serum starvation, usually performed for 16 h (overnight) prior to endocytic assays, activates
autophagy within a few hours (Settembre, Di Malta et al. 2011), thereby changing the endo-lysosomal
system of the cells to be assayed. Pre-incubation of cells with ligands on ice affects plasma membrane
fluidity (likely inducing phase transition), and favors ligand cross-linking, which will impact
endocytosis following warming up back to 37 °C. These experimental conditions were also reported to
up-regulate clathrin-independent pathways, and thus affecting cell physiology. In addition, chemical
synchronization used to stall cells at various stages of the cell cycle (serum starvation, double
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thymidine block, nocodazole, RO-3306 or S-Trityl-L-cysteine) also affect endocytosis (Boucrot and
Kirchhausen 2007, Tacheva-Grigorova, Santos et al. 2013, Aguet, Upadhyayula et al. 2016). This
chapter outlines methods that we used to measure endocytosis along the cell cycle with minimal
experimental perturbations.

2. Materials

Primary, normal cells or cell lines cultured in their appropriate complete growth medium (see
Note 1).

2 Treatments being investigated (inhibitor drugs, siRNA, plasmids etc.). Here, we provide
guidance for the use of chemical CME inhibitors (Pitstop2 (25 mM stock in DMSO),
Dynasore (80 mM stock in DMSO) or Dyngo-4a (10 mM stock in DMSO)) and overexpressed
inhibitory proteins (AP180 C-terminus (aa530-915) and Epsl5 A95/295, and function-
defective mutants such as Dynamin K44A or T65A)

3 Phosphate-buffered saline (PBS) buffer: 138 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,,

1.76 mM KH,PO, equilibrated at pH 7 4.

4 EDTA-based cell detachment solution: 0.4 mM EDTA in PBS without Ca** and Mg**.

5 Transfection reagent as appropriate for the cell type used (e.g. Lipofectamine 2000, Thermo
Scientific).

6 Fluorescently-labelled ligands to monitor endocytosis (e.g. Alexa488-Transferrin, Thermo
Scientific).

7 Stripping buffer 1 (pH 5.5): 150 mM NacCl, 20 mM HEPES, 5mM KCI, ImM CaCl,, ImM
MgCl,, adjusted to pH 5.5.

8 Stripping buffer 2 (pH 2.5): 150 mM NaCl, 0.2M acetic acid, 5SmM KCl, ImM CaCl,, ImM
MgCl,, adjusted to pH 2.5.

9 Paraformaldehyde (PFA), diluted to 3.7% in PBS.

10 50 mM NH,Cl in PBS

11 Ligand/antibody uptake assay medium: a-MEM without phenol red supplemented with 20mM
Hepes, pH 7.2.

12 Imaging medium: o-MEM without phenol red supplemented with 20 mM Hepes, pH 7.2 and
5% FBS)

3. Methods

3.1. Optimisation of cell cycle without drug synchronisation

Upon confluency, cells terminate their current cell cycle and naturally pause in early G1 (Coupin,
Muller et al. 1999). After several hours following contact, normal (i.e. untransformed) cells exit the cell
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cycle to become quiescent (known as the GO stage of the cell cycle) (Coller, Sang et al. 2006).
Transformed cells having lost contact inhibition stall first in their cell cycle in early G1 upon reaching
confluency (Figure 2a-b), but after several hours, can extravasate to continue into another cell cycle.
Thus, one can take advantage of the initial, contact-induced, stalling of both normal and transformed
cells in early G1 to time cell cultures. When cells are passaged few hours after reaching confluency, a
greater proportion will resume their cell cycle at the same stage (early G1) and an increased proportion
(up to 50% increase) of cells will concomitantly reach S, G2 and M phases (Figure 2¢) than in cultures
growing exponentially (and thus asynchronously) (Coupin, Muller et al. 1999, Boucrot and
Kirchhausen 2007, Boucrot, Howes et al. 2011).

This simple procedure takes advantage of the natural pause following cell-cell contact (Figure 2c), and
provides an opportunity to naturally enrich cell cultures at each stage of the cell cycle. This requires
that the experimenter knows the cell cycle length of cell type used for the assays. This is determined
using classic cell doubling time measurements and flow cytometry cell cycle analysis (Figure 2a). In
our experience, it varies between 14 to 28h between cell types.

1. Grow cells to become fully confluent for ~24h (see Note 2).
2. Detach cells using EDTA-based cell detachment solution (see Note 3).
3. Seed cells at ~70% confluence in their appropriate complete culture medium (see Note 4).

G1 phase: After ~30% of the cell cycle length (~8h for a 24h cell cycle, Figure 2b-c), over 90% of
cells should be in G1, as compared to 50-70% in asynchronized populations (see Note 5).

S phase: After ~70% of the cell cycle length (~17h for a 24h cell cycle, Figure 2b-c), the majority of
cells should be in S, as compared to 15-20% in asynchronized populations (see Note 6).

G2 phase: After ~90% of the cell cycle length (~21h for a 24h cell cycle, Figure 2b-c), the majority of
cells should be in G2, as compared to 15-20% in asynchronized populations (see Note 7).

M phase: after ~100% of the cell cycle length (~24h for a 24h cell cycle, Figure 2b-c), there is a wave
of cells naturally undergoing mitosis lasting 2 to 3h. During this time window, the mitotic index (% of
cell undoing mitosis) can be up to 30%, as compared to 1-5% in asynchronized populations (see Note
8).

3.2. Inhibiting CME at specific cell cycle stages using mutant protein overexpression

Clathrin-mediated endocytosis is inhibited by overexpressing protein fragments that sequester clathrin
or AP2 in the cytoplasm (AP180 C-terminus (aa530-915) and Eps15 A95/295, respectively (Benmerah,
Bayrou et al. 1999, Ford, Pearse et al. 2001) or function-defective mutants such as Dynamin K44A
(Damke, Baba et al. 1994) or T65A (Marks, Stowell et al. 2001). (see Note 8)

1. On test samples, determine the minimal time after transfection after which the construct is expressed.
Fast-folding proteins are expressed as soon as ~8h after transfection, whereas slow maturing ones
require over 24h (see Note 9).

2. Passage and transfect cells for the appropriate number of hours prior to the assay (see Figure 3a).
For example, using a protein expressing 10h after transfection and a cell line having a 24h cell cycle,
time the passaging and transfection as follow:
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G1 phase: Transfect cells just after plating (also called ‘reverse transfection’, when the cells are still
suspended). After ~10h, most transfected cells will be in G1 (Figure 3a).

S phase: Plate the cells as in 3.1. Transfect cells ~7h after plating. After ~10h (thus ~17h after cell
plating) most transfected cells will be in S (Figure 3a ).

G2 phase: Plate the cells as in 3.1. Transfect cells ~11h after plating. After ~10h (thus ~21h after cell
plating) most transfected cells will be in G2 (Figure 3a ).

M phase: Plate the cells as in 3.1. Transfect cells ~14h after plating. After ~10h (thus ~24h after cell
plating) most transfected cells will be in mitosis (Figure 3a). For a transfection efficiency of ~30%,
and a mitotic index of ~30%, one can expect ~10% of all cells to be transfected and undergoing mitosis
at the time of the assay (see Note 10).

3.3. Inhibiting CME at specific cell cycle stages using small molecule inhibitors

Using the cell seeding procedure detailed in 3.1, treat cell cultures in G1, S, G2 or M phase with the
appropriate small inhibitors for the appropriate time before the assays (Figure 3b).

Dynamin inhibitors: dilute the inhibitor to the appropriate concentration into culture medium
(Dynasore: 80 uM, Dyngo-4a: 10 uM (Macia, Ehrlich et al. 2006, McCluskey, Daniel et al. 2013).
Replace culture medium with medium containing the inhibitor and incubate at 37 °C for the
appropriated time (a minimum of 10 min and maximum of 60 min is recommended) (see Note 11).

Clathrin inhibitors: dilute the inhibitor to the appropriate concentration into culture medium (Pitstop 2:
50 uM (von Kleist, Stahlschmidt et al. 2011)). Replace the culture medium with the medium
containing the inhibitor and incubate at 37 °C for the appropriate time (a minimum of 10 min and
maximum of 60 min is recommended) (see Note 12).

3.4. Fluorescently-tagged ligand uptake endocytic assays in unperturbed cells

Although widely used in the literature, cold pre-incubation or serum starvation prior to ligand uptake
both affect their endocytosis (Boucrot, Saffarian et al. 2010). To minimize experimental perturbations,
the following assays use direct incubation of ligands or antibodies.

Cells seeded on glass coverslips or glass-bottom microplates should be prepared according to 3.1 and
3.2, as required, prior to the assay.

1 Pre-warm (37 °C for 1h) ligand uptake assay medium (see Note 13).

2 Dilute fluorescently-tagged ligand to the desired concentration (for example, 50 ug/ml Tf-Alexa-488)
in warmed ligand uptake assay medium

3 Take cells out of the incubator, swiftly aspirate culture medium and replace it with pre-warmed assay
medium containing ligand, return the cells to the 37 °C incubator and start a timer (see Note 14).

4 After desired time has elapsed, remove the cells from the incubator, aspirate assay medium, add ice-
cold PBS and place the cells on a water-ice tray (see Note 15).
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5 Wash the cells another time with ice-cold PBS, and incubate them on ice with stripping buffer 1 for 5
min (see Note 16).

6 Remove stripping buffer 1 and replace with fresh ice-cold stripping buffer 1 and incubate for another
5 min on ice.

7 Wash the cells three times with ice-cold PBS (see Note 17).
8 Add fixative solution (3.7% PFA in PBS) and incubate on ice for 20min.
9 Wash the fixed cells three times with PBS containing 50 mM NH,CI (see Note 18).

10 Immunostain cells as required (see Note 19).

3.5 Antibody uptake feeding assays

Cells seeded on glass coverslips or glass-bottom microplates should be prepared according to 3.1 and
3.2, as required, prior to the assay.

1 Pre-warm (37 °C for 1h) antibody uptake assay medium (see Note 13).

2 Dilute antibody to the desired concentration (for example, 5 ug/ml for an antibody against the
ectodomain of EGFR).

3 Take cells out of the incubator, swiftly aspirate culture medium and replace it with pre-warmed assay
medium containing antibodies, return the cells to the 37 °C incubator and start a timer. (see Note 14).

4 After the desired time has elapsed, remove the cells from the incubator, aspirate assay medium, add
ice-cold PBS and place the cells on a water-ice tray (see Note 15).

5 Wash the cells another time with ice-cold PBS, and incubate them on ice with stripping buffer 2 for 5
min (see Note 20).

6 Remove stripping buffer 2 and replace it with fresh ice-cold stripping buffer 2 and incubate for
another 5 min.

7 Wash the cells three times with ice-cold PBS (see Note 17).
8 Add fixative solution (3.7% PFA in PBS) and incubate on ice for 20min.
9 Wash the fixed cells three times with PBS containing 50mM NH,CI (see Note 18).

10 Immunostain cells as required (see Note 21).

3.6 spatio-temporal measurements of clathrin-coated pits and vesicles formation

Gene-edited cells or cells stably expressing EGFP-tagged AP2 (02-EGFP (Ehrlich, Boll et al. 2004) or
EGFP-02 (Rappoport and Simon 2008)) or clathrin (EGFP-CLCa (Gaidarov, Santini et al. 1999))
should be seeded on glass-bottom dishes or microplates and prepared according to 3.1 and 3.2, as
required, prior to the assay.
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1 Pre-warm (37 °C for 1h) imaging medium (see Note 22).
2 Replace culture medium with imaging medium.

3 Image clathrin-coated pit and vesicle formation using a spinning-disc confocal (Ehrlich, Boll et al.
2004), a total-internal reflection (TIRF) (Merrifield, Feldman et al. 2002) or a light-sheet (Aguet,
Upadhyayula et al. 2016) microscope equipped with a 37 °C a 5% CO, incubation chamber (see Note
23).

4 Quantify clathrin-coated pit and vesicle formation using automated tracking softwares (eg. (Jagaman,
Loerke et al. 2008)).

4. Notes

1. A wide variety of cells may be used. The methods described here use human normal, diploid
hTERT-RPEI cells, but are easily adapted for other cell types.

2. About 24h after cell confluency is required to induce contact inhibition of growth (Coupin, Muller et
al. 1999, Coller, Sang et al. 2006).

3. The timings presented in 3.1 were set up using cells detached upon calcium chelation (EDTA-based
cell detachment). Detaching cells with trypsin-based solutions will likely require longer times as it
shaves cells from a significant proportion of their cell surface integrins and thus slows reattachment
onto the substratum.

4. We found that seeding cells at this confluency was required for a re-entry into the cell cycle
following the timeframes presented. Seeding cells at lower density decreases the proportion of cells at
each stage of the cell cycle after the respective timeframes presented in 3.1

5. The proportion of cells actually in G1 should be confirmed using flow cytometry (proportion of ‘2n’
cells).

6. The proportion of cells actually in S should be confirmed using flow cytometry.
7. The proportion of cells actually in G2 should be confirmed using flow cytometry.

8. Mitotic sub-stages (prophase, metaphase, anaphase, telophase and cytokinesis) can be easily
distinguished using bright-field or phase contrast microscopy.

9. Choosing the minimum time following transfection after which the mutant protein is expressed is
crucial to minimize indirect effects of blocking endocytosis for long periods of time before the cell
cycle of interest.

10. This procedure generates a low number of transfected cells undergoing mitosis (~10%) but single-
cell approaches (microscopy or flow cytometry) can easily identify them.

11. Other Dynamin inhibitors such as Dynole 34-2, OctMAB, MitMAB, Rhodadyn C10 or Iminodyn-
22 (Quan, McGeachie et al. 2007, Hill, Gordon et al. 2009, Robertson, Hadzic et al. 2012) can be used
as well.

12. Other chemical inhibitions of CME such as hypertonic shock (0.45 M sucrose), potassium
depletion, monodansylcadaverine, chlorpromazine or phenylarsine oxide (Schlegel, Dickson et al.
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1982, Larkin, Brown et al. 1983, Gibson, Noel et al. 1989, Heuser and Anderson 1989, Wang,
Rothberg et al. 1993), even though widely used in the literature are not recommended as they affect
clathrin-independent endocytosis as well (Boucrot, Ferreira et al. 2015).

13. Pre-warming ligand/antibody uptake medium is required to maintain the temperature of the cells as
close to 37 °C as possible throughout the assay.

14. Incubations times can vary from 1 min to 60 min, as required. To measure endocytic rates, several
lengths of incubations must be measured.

15. The use of cold temperatures at the end of the assay is appropriate as the cells will be soon fixed.
Adding ice-cold PBS stops any trafficking within seconds. Using ice + water mix to cool the
plates/dishes during the subsequent steps insure a better temperature exchange and cooling than using
ice only.

16. Washes with a mildly acidic stripping buffer (‘Stripping buffer 1°, pH 5.5) remove cell surface
ligands that were not internalized after incubation.

17. Washes with PBS are required for raising back the pH to ~7.4 after washes with stripping buffers.
18. Washes with 50 mM NH,Cl in PBS are required to inactivate any residual reactive PFA.

19. Counterstaining of protein(s) of interest, DNA (using DAPI or DRAQS5) and/or actin cytoskeleton
(phalloidin) using other fluorophores than those coupled on the internalised ligand can be considered.

20. Washes with an acidic stripping buffer (‘Striping buffer 2°, pH 2.5) remove cell surface antibodies
that were not internalized after incubation. Note that cell surface stripping of antibodies requires lower
pH than for endocytic ligands.

21. Fluorescently-labeled secondary antibodies towards the specie of internalized antibodies must be
included in the immunostaining procedure (e.g. Alexa-488 coupled Goat anti-Rabbit secondary
antibodies to label Rabbit anti-EGFR antibodies internalized during the feeding assay)

22. Pre-warming imaging medium is required to maintain the temperature of the cells as close to 37C
as possible throughout the assay and to maintain clathrin-coated pits and vesicles dynamics.

23. Clathrin-coated pit and vesicle formation in mitotic cells can be imaged on the bottom surface
(contacting the glass coverslip) using TIRF microscopy, both on the top or bottom surfaces using
spinning-disk confocal microcopy or throughout entire cells using light-sheet super-resolution
microscopy (Merrifield, Feldman et al. 2002, Ehrlich, Boll et al. 2004, Aguet, Upadhyayula et al.
2016).
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Figure legends

Figure 1: Protein dilution by cell division during RNA interference. Assuming an optimal
inhibition of mRNA translation of a very long-lived protein, it takes theorically 3 cell divisions to
dilute the existing protein levels down to ~12.5% of control levels (that is, ~87.5% depletion).

Figure 2: Optimisation of cell cycle without drug synchronization. (a) DNA profile of an
asynchronous RPEI1 cell population. DNA was labelled using Hoescht 33342. ‘2n° DNA peak
correspond to cells in G1, ‘4n” DNA peak corresponds to cells in G2 or M and cells having between
‘2n’ and ‘4n” DNA are ongoing S phase. (b) Percentage of cells at each cell of the cell cycle calculated
from a DNA profile as in a for a cell type having a 24 h cell cycle (measured population doubling
time). Natural contact inhibition period (early G1) in confluent cells is indicated in red. (¢) Cell plating
protocol to increase the percentage of cells in G1, S, G2 or M, respectively.

Figure 3: Inhibiting CME at specific cell cycle stages using mutant protein
overexpression or small inhibitors. (a) Cell plating and transfection protocol to inhibit CME in
cells in G1, S, G2 or M, respectively. (b) Cell plating and small inhibitor addition protocol to inhibit
CME in cells in G1, S, G2 or M, respectively.
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