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Abstract

Despite their significance in receptor-mediated internalization and continued signal transduction in
cells, early/sorting endosomes (EE/SE) remain incompletely characterized, with many outstanding
questions that surround the dynamics of their size and number. While several studies have reported
increases in EE/SE size and number resulting from endocytic events, few studies have addressed
such dynamics in a methodological and quantitative manner. Herein we apply quantitative
fluorescence microscopy to measure the size and number of EE/SE upon internalization of

two different ligands: transferrin and epidermal growth factor. Additionally, we used siRNA
knock-down to determine the involvement of 5 different endosomal RAB proteins (RAB4, RAB5,
RABSA, RAB10 and RAB11A) in EE/SE dynamics. Our study provides new information on

the dynamics of endosomes during endocytosis, an important reference for researchers studying
receptor-mediated internalization and endocytic events.
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1. Introduction

The process of receptor-mediated endocytosis, also known as receptor uptake or receptor
internalization, is essential for all eukaryatic cells (Conner and Schmid, 2003). Once
internalized, either by clathrin-dependent or independent endocytosis, the newly-internalized
vesicles fuse and deliver their receptor cargo to a membrane-bound internal compartment
known as the early or sorting endosome (EE/SE) (Jovic et al., 2010). EE/SE are defined

as having a limiting bilayer membrane enriched in the phosphoinositide phosphatidy!l
3-phosphate (PI13P) that binds to select FYVE domain-containing proteins such as EEA1
(Corvera et al., 1999; Kobayashi et al., 1998), and an acidic lumenal pH of ~6.2 that

is sufficient to separate most ligands from their receptors (Murphy et al., 1984). Crucial
receptor sorting events occur in EE/SE, dictating whether they are recycled to the plasma
membrane or transported to the lysosomal pathway for degradation, thus controlling the
cell’s response to external stimulation (Naslavsky and Caplan, 2018). Moreover, recent
studies suggest that receptors continue to signal from endosomes (Miaczynska and Bar-Sagi,
2010).

Despite their significance, many basic questions remain unanswered regarding the
generation of endosomes, the process of their maturation and/or relationship to one another,
and their function as organelles that sort cargo for transport and facilitate continued signal
transduction once receptors have been transported to endosomes (Naslavsky and Caplan,
2018). In particular, EE/SE remain incompletely characterized. For example, several studies
have indicated that inducing receptor mediated internalization in cells leads to increased
numbers of EE/SE and an increase in their size (Benveniste et al., 1989; Nossal et al., 1983;
Parton et al., 1992; Robert et al., 1985). In addition, endosome size is regulated by RAB4
and RABS (Duclos et al., 2003; Haas et al., 2005; Tubbesing et al., 2020; Zeigerer et al.,
2012) as well as other factors (Dilsizoglu Senol et al., 2019; Ramanathan and Ye, 2012).

As noted above, endosome size and number are crucially important parameters because
signaling is thought to continue in endosomes following receptor internalization from the
plasma membrane (Villasenor et al., 2015). In addition, effective drug targeting requires
endosomal escape of internalized drugs to the cytoplasm and studies have demonstrated that
endosome size influences likelihood of endosome escape (Vermeulen et al., 2018). Although
a multitude of studies has addressed exosome size (Raposo and Stoorvogel, 2013), and
additional studies have focused on lysosome size (de Araujo et al., 2020), over the past four
decades relatively few studies have addressed how endosome size and number are impacted
by internalization events and by key Rab proteins.

Herein, we use quantitative microscopy to measure key EE/SE parameters in non-small
cell lung cancer cells and HeLa cells, including EE/SE number and area under steady-state
conditions as well as conditions where receptor mediated internalization was induced by
incubating cells with two different ligands: either transferrin (Tf) or epidermal growth
factor (EGF). In addition, we undertook an siRNA knockdown strategy for 5 different RAB
proteins, including RAB4, RAB5, RAB8A, RAB10 and RAB11A, to assess the impact

on EE/SE number and size for both steady state and subsequent to receptor-mediated
endocytosis. Overall, this study provides a concise but much-needed atlas for EE/SE that

Eur J Cell Biol. Author manuscript; available in PMC 2023 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naslavsky and Caplan Page 3

will serve as an important reference for researchers who study internalization and endocytic
events.

2. Results

2.1. Receptor-mediated endocytosis leads to increased size and number of EE/SE

To address how the size and number of EE/SE is affected by internalization, we incubated
non-small cell lung cancer (NSCLC) cells for 15 min in the presence or absence of
transferrin (Tf) to induce clathrin-mediated internalization of the transferrin receptor (TfR)
(Pearse, 1982), and then quantified the mean area and number of EEA1-marked EE/SE,

as EEAL is one of the best-characterized endosomal markers (Mu et al., 1995). We have
previously used these NSCLC cells as a model for studying trafficking, because they

are large, homogeneous, and easy to visualize microscopically (Cai et al., 2014). As
demonstrated, the mean area of EE/SE increased from a baseline of 1.83 pm? in cells

that were not subjected to Tf uptake to 3.17 um? upon Tf uptake, reflecting a statistically
significant 58% increase (Fig. 1A; see C and D for representative images illustrating “no
uptake” and “Tf uptake,” respectively). Moreover, the mean number of EEA1-marked
EE/SE per field of cells with no Tf uptake was 2223, whereas uptake with Tf increased

the number of EE/SE to 4148, representing a statistically significant 54% increase, similar to
the increase observed in EE/SE mean area (Fig. 1B; see C and D for representative images).
Indeed, in NSCLC cells, we found that whereas about 56% of EEA1-containing endosomes
overlapped with RAB5-containing endosomes, only ~45% of RAB5-containing endosomes
overlapped with EEA1-containing endosomes, highlighting that RAB5 marks a larger
population of endosomes than EEA1 (Supplemental Fig. 1). In HeLa cells, this difference
was even more dramatic, with about 75% of EEA1-containing endosomes overlapping with
RAB5-containing endosomes, and only ~56% of RAB5-containing endosomes overlapping
with EEA1-containing endosomes (Supplemental Fig. 1). Overall, these data clearly indicate
that receptor mediated internalization of TfR leads to a rapid 50-60% increase in the size
and number of EE/SE in NSCLC cells.

TfR is unusual in that it binds to its ligand, iron-laden holo-transferrin, and does not
dissociate in endosomes but is instead recycled with the receptor back to the plasma
membrane after the iron bound to the Tf is released (Apo-transferrin) in the acidic
environment of the endosome (Ciechanover et al., 1983). Accordingly, we asked whether
internalization of another clathrin-mediated receptor (Sorkin et al., 1996), epidermal growth
factor receptor (EGFR), similarly impacts EE/SE size and number, and incubated non-small
cell lung cancer cells for 15 min with epidermal growth factor (EGF). In these experiments
using a different ligand/receptor pair, we also elected to vary our endosomal marker and
used RABS5, which has been studied as an endosomal protein and regulator for over 30 years
(Bucci et al., 1992; Gorvel et al., 1991). As demonstrated, the mean area of RAB5-marked
EE/SE in the absence of EGF was 1.68 um? (Fig. 2A; see C and D for representative
images), in a similar range to the mean area for EE/SE of the untreated cells immunostained
with EEAL in Fig. 1A. Upon incubation with EGF, the mean area of the RAB5-marked
EE/SE increased by 56% to 3.02 um? (Fig. 2A; see C and D for representative images),
consistent with the data obtained for EEA1-marked EE/SE size upon Tf uptake in Fig.
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1A. The number of “baseline” RAB5-marked EE/SE in untreated cells at steady-state was
5480 (Fig. 2B). Upon EGF uptake, RAB5-marked EE/SE increased by 58% to 9483, again
consistent with the percent increase in EEA1-marked EE/SE observed upon incubation with
Tf (Fig. 1B). Overall, these data indicate that clathrin-mediated endocytosis of different
receptors stimulates a similar increase in size and number of either EEA1- or RAB5-marked
EE/SE, potentially allowing the cell to handle enhanced amounts of incoming internalized
lipids and receptors from the plasma membrane.

RAB proteins are key regulators of endocytic trafficking, and both RAB4 and RAB5 localize
to EE/SE and have been implicated in endosome biogenesis (Barbieri et al., 1996; Bucci et
al., 1992; Gorvel et al., 1991; van der Sluijs et al., 1992; Van Der Sluijs et al., 1991). While
RAB8, RAB10 and RAB11 are also considered endosomal RAB proteins (Babbey et al.,
2006; Chen et al., 1993; Green et al., 1997; Huber et al., 1993; Linder et al., 2007; Ullrich
et al., 1996), evidence suggests that they act at later recycling endosomal compartments

and their potential impact on EE/SE is not as well characterized. Accordingly, we aimed to
determine how these well-characterized endosomal RAB proteins influence endosome size
and number, both in steady-state and in cells subjected to receptor-mediated internalization.
To address this question, we first used siRNA knock-down in HeLa cells to deplete RAB4,
RAB5, RABS8A (which is the major RAB8 expressed in HeLa cells), RAB10 and RAB11A
(the major RAB11 expressed in HeLa cells). In these experiments, the HelL a cells were used
because they serve as a well-characterized model for membrane trafficking and the cells

are readily amenable to siRNA knock-down (Naslavsky et al., 2006; Rahajeng et al., 2012;
Zhang et al., 2012). As demonstrated, whereas vinculin levels remained relatively constant
in mock-treated and siRNA-knock-down cells, each of the 5 RAB proteins could be readily
depleted upon siRNA treatment (Fig. 3A). Mock-treated and RAB knock-down cells were
then incubated for 15 min in the presence or absence of Tf, fixed, imaged and subjected

to quantification to determine the mean number of EEA1-marked EE/SE per field of cells
(Fig. 3H; representative images of fields of cells without Tf uptake are depicted in Fig.
3B-G), and the mean area of EEA1-marked sorting endosomes (Fig. 31). As demonstrated
earlier, mock-treated cells subjected to transferrin uptake displayed a statistically significant
increase in EEAl-marked EE/SE number and area compared to naive cells, albeit less
pronounced than that observed in the non-small cell lung cancer cells (Fig. 3H and I).

Both RAB4-depletion and RAB5-depletion led to significantly decreased numbers and area
of EE/SE at steady-state compared to mock-treated cells, highlighting the requirement of
these two RAB proteins in EE/SE biogenesis and/or maintenance. However, the addition

of Tf to cells depleted of either RAB4 or RAB5 did lead to robust increases in EE/SE
numbers and area, although they did not reach the baseline levels observed in mock-treated
cells. These data suggest that while the ability to generate new EE/SE is maintained in
RAB4 and RAB5 knock-down cells, the primary deficit observed is the decreased number
and area of EE/SE observed at steady-state. Despite their role in endocytic membrane
trafficking, steady-state numbers and area of EE/SE in RAB8A, RAB10 and RAB11A
knock-down cells remained similar to those observed in the mock-treated cells. However,
unlike the mock-treated cells, RAB4 knock-down and RABS5 knock-down cells, Tf uptake in
RABBSA- and RAB10-depleted cells did not induce increased numbers and area of EE/SE,
and in RAB11A depleted cells, the number and area of EE/SE even decreased significantly
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compared to naive cells not incubated with Tf. Interestingly, while the area of EEAl
endosomes displayed a significant decrease in RAB10 knock-down cells incubated with
transferrin, only a slight a non-significant decrease in endosome number was noted. Overall
these findings demonstrate the selective roles of RAB proteins at EE/SE, emphasizing
essential roles for RAB4 and RABS5 in control of EE/SE number, suggesting other important
functions for RAB8A, RAB10 and RAB11 “downstream” at more specialized endosomes,
such as recycling endosomes.

3. Discussion

Endocytic membrane trafficking is essential for crucial cellular functions, and specifically
for control of receptor-mediated signal transduction ultimately leading to cell migration,
differentiation and proliferation. As such, a comprehensive understanding of the endosome,
including characterization of size and number under steady-state conditions and upon
receptor-mediated internalization, is well-warranted. Despite the urgency for such
information, and although technology for imaging quantification has improved dramatically
within the last decade, only a handful of studies directly address these points (Benveniste et
al., 1989; Nossal et al., 1983; Parton et al., 1992; Robert et al., 1985), and it remains difficult
to obtain basic information about the size and number of endosomes in the cell, and how
they are influenced by internalization events. However, despite the use of advanced imaging
and quantification software that allows for powerful analysis, we are aware of potential
shortcomings in our methodologies. These include heavy reliance on the specificity of
siRNA oligonucleotides used in the study and the antibodies used for marking endosomes.
Fortunately, these antibodies and siRNAs are well characterized and have well-documented
selectivity, and the ability to study endogenous proteins in this study increases its relevance.

In the current study, we demonstrate significant 50-60% increases in the number and size
of endocytic structures designated as early/sorting endosomes in non-small cell lung cancer
cells, upon receptor-mediated internalization of either TfR or EGFR. This increase in total
EE/SE volume within the cell highlights the capacity for cellular adaptivity upon conditions
of marked internalization. However, it also demonstrates the need for efficient recycling of
lipids back to the plasma membrane after internalization, allowing the cell to maintain the
surface area of its limiting membrane and preventing shrinkage.

While the size of the EEALl-marked endosomes (with or without Tf uptake) was

consistent with that of RAB5-marked endosomes (with or without EGF uptake), it is
notable that overall numbers of RAB5-marked endosomes, both at baseline and following
internalization, ranged about 2-fold higher than EEA1-marked endosomes. The most likely
explanation for this difference is that EEA1-marked endosomes represent only a subset of
RAB5-marked endosomes, although we cannot rule out the possibility of differences in the
affinities and/or selectivity of the antibodies to these two proteins. As we demonstrate in
Supplemental Fig. 1, significantly more EEA1 overlaps with RAB5 than RAB5 overlaps
with EEAL, supporting the idea that RAB5 endosomes represent a broader proportion of
EE/SE. Nonetheless, the similar proportion of increase in size and number of endosomes
observed upon uptake of either Tf or EGF suggests that the EEA1 and RAB5 endosomal

Eur J Cell Biol. Author manuscript; available in PMC 2023 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naslavsky and Caplan

Page 6

populations are at least partially overlapping, consistent with their interaction (Christoforidis
et al., 1999a; Simonsen et al., 1998).

While serving as a useful marker for EE/SE, RABS5 is also an essential protein involved

in EE/SE biogenesis, maturation, and fusion (Christoforidis et al., 1999a; Christoforidis et
al., 1999b; Schnatwinkel et al., 2004; Simonsen et al., 1998; Vitale et al., 1998). RAB4 has
also been identified as a key EE/SE protein (Daro et al., 1996; de Wit et al., 2001; van

der Sluijs et al., 1992; Van Der Sluijs et al., 1991). However, dozens of additional RAB
proteins play a wide variety of roles in the control of endocytic transport (Pfeffer, 2017).
Accordingly, we chose to study 3 additional RAB proteins that have been implicated in
trafficking at recycling endosomes, typically considered downstream from EE/SE: RAB8A,
RAB10 and RAB11A. RABSA binds to the EHD1 binding partner MICAL-L1 (Rahajeng
etal., 2012; Sharma et al., 2010; Sharma et al., 2009), and has been implicated in a variety
of endocytic membrane trafficking events, including the regulation of primary ciliogenesis
(Ang et al., 2003; Feng et al., 2012; Huber et al., 1993; Knodler et al., 2010; Linder et al.,
2006; Sato et al., 2007). Rab10 has also been implicated in the regulation of ciliogenesis
and trafficking in multiple pathways, and in the generation of tubular recycling endosomes
(Babbey et al., 2006; Babbey et al., 2010; Chen and Lippincott-Schwartz, 2013; Chen et
al., 1993; English and Voeltz, 2013; Etoh and Fukuda, 2019; Farmer et al., 2020; Schuck et
al., 2007). RAB11A is also involved in primary ciliogenesis and has been well-documented
as a key RAB on recycling endosomes (Green et al., 1997; Kobayashi and Fukuda, 2013;
Ullrich et al., 1996). Our data are consistent with the notion that RAB4 and RAB5 are
central EE/SE regulators, and we have demonstrated that depletion of either protein leads
to a major decrease in the number and size of EEAl-marked EE/SE at steady-state (Fig.
3H and I; representative data shown in 3B-G). Indeed, RABS5 depletion at steady-state
showed a ~4-fold decrease in the number of EE/SE and a similar decrease in EE/SE

size compared to mock-treated cells, consistent with its essential role in the fusion of
incoming uncoated vesicles with EE/SE (Gorvel et al., 1991). RAB4 depletion led to a
~2-fold decrease in the number of EE/SE per field of cells and a ~3-fold decrease in EE/SE
size, also consistent with its role in EE/SE regulation (van der Sluijs et al., 1992; Van

Der Sluijs et al., 1991). In contrast to RAB4 and RABS, little difference was observed in
steady-state numbers of EE/SE or endosome size in cells depleted of RAB8A, RAB10 or
RABL11A, strongly suggesting that these RAB proteins are indeed downstream of RAB4
and RAB5. Somewhat intriguingly, despite RAB5 depletion having such a dramatic effect
on the steady-state levels of EE/SE and their size, the induction on Tf internalization in
these cells stimulated a dramatic increase in EE/SE generation and a parallel increase in
endosome size. Given that RAB4 depleted cells also show an increase in EE/SE upon Tf
uptake (albeit less dramatic), we speculate that RAB4 and RAB5 may partially compensate
for one another (potentially along with additional RAB proteins), thus facilitating increased
endosome volume upon internalization. While it would be optimal to test this notion by
double knock-down of RAB4 and RABS, our inability to achieve simultaneous efficient
reduction of both RABs renders it difficult to make valid interpretations. Future studies
may benefit from CRISPR knockouts of both RABs, which ultimately may be required

to address the potential role of compensation between RAB4 and RAB5. Rab11A siRNA
knock-down efficiency was relatively modest compared to knock-downs of the other RAB
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proteins in this study. However, of the RAB proteins depleted, we observed that RAB11A
depletion had a surprising cellular phenotype; there was little effect on EE/SE numbers

at steady-state compared to mock-treated cells, but upon internalization, EE/SE numbers
decreased significantly. While it is difficult to explain this phenomenon, one possibility is
that RAB11 prevents exit from EE/SE, leading to a buildup in endosomes. However, this
notion is not supported by the concomitant decrease in EE/SE size (as well as number) upon
RAB11 knock-down. It is possible to speculate that as a major RAB protein required for
recycling pathways, increased retention of receptors within the cell might lead to decreased
internalization at the plasma membrane, and thus indirectly lead to reduced numbers of
EE/SE. Indeed, a number of studies support the notion of increased levels of cell surface
receptors upon knock-down of RAB4 (Binda et al., 2019), RAB5 (Kageyama-Yahara et al.,
2011; Yang et al., 2015) and RAB11 (Keil and Hatzfeld, 2014).

We are cognizant that in selecting RAB4, RAB5, RAB8A, RAB10 and RAB11A for

this study, the roles of many other key small GTP-binding proteins within the endocytic
pathways are not addressed. Particularly relevant are RAB21 (Simpson et al., 2004),
RAB22A (Magadan et al., 2006), RAB35 (Kouranti et al., 2006; Rahajeng et al., 2012),
RAB13 (Terai et al., 2006), RAB14 (Jagath et al., 2004), RAB15 (Zuk and Elferink, 1999),
RAB36 (Kobayashi et al., 2014) and ARF6 (Brown et al., 2001; Naslavsky et al., 2003),
although other RABs are likely also involved at the endosomes.

Overall, this study provides key basic information regarding the number and size of
endosomes in steady-state and upon internalization of different receptors. Coupled with new
information comparing key endosomal RAB proteins in the regulation of EE/SE number and
size in cells, we anticipate that our observations will be beneficial to the many researchers
interested in endosomes, with implications for those studying drug targeting into cells and
endosomal escape.

4. Materials and methods

4.1. Antibodies and reagents

Primary and secondary antibodies used in this study were rabbit anti-EEA1 (Cell

Signaling cat. no. C45810), mouse anti-RAB5 (BD Transduction Labs cat. no. 610724),
mouse anti-RAB4 (BD Transduction Labs cat. no. 610889), rabbit anti-RAB8 (Abcam

cat no. 237702), rabbit anti-RAB10 (Abcam cat. no. 237703), mouse anti-RAB11 (BD
Transduction Labs cat. no. 610657), HRP-conjugated anti-vinculin (Cell Signaling cat

no. EIE9V XP), goat anti-mouse horseradish peroxidase (HRP), (cat. no. 115-035-003;
Jackson ImmunoResearch Laboratories, West Grove, PA), donkey anti-rabbit HRP (cat. no.
NA934V; GE Healthcare, Pittsburgh, PA), Alexa 568—conjugated goat anti-mouse (cat. no.
A11031), and Alexa 488—conjugated goat anti-rabbit (cat. no. A11034; Life Technologies,
Carlsbad, CA). Transferrin labeled with Alexa-568 (Tf-568; Molecular Probes cat. no.
T23365) and epidermal growth factor labeled with Alexa-555 (EGF-555; Molecular Probes
cat. no. E35350) were obtained from ThermoFisher Scientific.
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SIRNA Company Cat. no. Seguence Concentration (nmol)

Rab4 Dharmacon  custom AACCUACAAUCGGCUUACUAA 280

Rab5 Sigma 97508 GUCCUAUGCAGAUGACAAU 400
Rab8A Sigma 339466 GAGACCAGCGCGAAGGCCA 600
Rab10 Dharmacon  L-010823  On-Target 400
Rab11A  Sigma 126206 CAGAACAUCUAAGGCAUUU 600

I[ture and treatments

Hela cells from ATCC (ATCC cat. no. CCL-2) were grown at 37 °C in 5% CO, in DMEM
(Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS; Sigma-Aldrich), 2 mM
L-glutamine, 100 U/ml penicillin/streptomycin (ThermoFisher Scientific). Non-small cell
lung cancer cells from ATCC (NCI-H1650; ATCC cat. no. CRL-5883) were grown at 37 °C
in 5% CO, in RPMI (Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS;
Sigma-Aldrich), 2 mM L-glutamine, 100 U/ml penicillin/streptomycin and 1X non-essential
amino acids (ThermoFisher Scientific). All cell lines in the laboratory are also grown in 100
mg/ml Normocin (ThermoFisher Scientific) to prevent mycoplasma and other contamination
and routinely tested for mycoplasma contamination. SIRNA knockdown of RAB protein
expression in HeLa cells was carried out at ~50% confluency and cells were transfected with
the indicated concentration of RAB oligonucleotides (see oligonucleotide chart and Figure
Legends) using Lipofectamine RNAI/MAX (Invitrogen) for 48 h. All siRNA knock-down
experiments were validated by immunoblotting.

oblotting

Cells in culture were washed three times with pre-chilled PBS and harvested with a rubber
cell scraper. Cell pellets were resuspended in lysis buffer containing 50 mM Tris-HCI pH
7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate and freshly added protease
inhibitor cocktail (Roche) for 1 h on ice. The cell lysates were then centrifuged at 1889 g
at 4 °C for 10 min. The concentration of protein from each sample was measured with Bio-
Rad protein assay (Bio-Rad, Hercules, CA), equalized, and boiled with 4X loading buffer.
Proteins from either cell lysates or immunoprecipitations were separated by SDS-PAGE on
10% gels, and transferred onto nitrocellulose membranes (GE Healthcare, Chicago, IL).
Membranes were blocked for 30 min at room temperature in PBS containing 0.3% (v/v)
Tween-20 (PBST) and 5% dried milk, and then incubated overnight at 4 °C with diluted
primary antibodies. Protein—antibody complexes were detected with HRP-conjugated goat
anti-mouse-1gG (Jackson Research Laboratories, Bar Harbor, ME) or donkey anti-rabbit-
IgG (GE Healthcare) secondary antibodies for 30 min at room temperature, followed by
enhanced chemiluminescence substrate (ThermoFisher Scientific). Immunoblot images were
acquired by iBright Imaging Systems (Invitrogen).

4.4. Immunofluorescence and microscopy imaging

Cells plated on coverslips were incubated with either 7 pg/ml Tf-568 or 1 ug/ml EGF-555
diluted in complete media for 15 min at 37 °C and then fixed in 4% paraformaldehyde
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at room temperature for 10 min. After 3 rinses in PBS cells were incubated with primary
antibodies to EEA1(Fig. 1) or RAB5 (Fig. 2) and appropriate fluorochrome—conjugated
secondary antibodies diluted in staining buffer (PBS containing 0.5% bovine serum albumin
and 0.2% saponin) for 30 min at room temperature. Cells were washed 3 times in PBS and
mounted in Fluoromount G (SouthernBiotech). Z-stack confocal imaging was performed
using a Zeiss LSM 800 confocal microscope (Carl Zeiss) with a Plan-Apochromat 63X/1.4
NA oil objective and appropriate filters and the images were assessed using Imaris software.
Briefly, Z-sections of images (5 slices) were 3D-rendered with Imaris x64 9.1.2 software
(Bitplane AG, Zurich, Switzerland). To obtain 3D-rendered surfaces, the smooth surface
detail was set at 0.200 um and the background subtraction at 0.543 pm. The area of

the surfaces generated and the number of structures were quantified by Imaris (Oxford
Instruments) and the values were exported into Excel for graphical and statistical analysis
using GraphPad Prism 9 (GraphPad, San Diego, CA). For Supplemental Fig. 1, the Image J
plug-in was used to obtain Manders’ Overlap Coefficients from z-sections.

4.5. Statistical analysis

Data obtained from Imaris (Oxford Instruments) were exported to GraphPad Prism 9
(GraphPad, San Diego, CA). Bar graphs were created representing the mean and standard
deviation from data obtained from three independent experiments. Normal distribution

was assessed with the D’ Agostino and Pearson normality test. Statistical significance was
calculated with an unpaired two-tailed t-test for data that met a normal distribution, and with
the Mann-Whitney non-parametric two-tailed test for non-normal distributions. No blinding
was done in the experimentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Elg/SE size and number increase upon transferrin internalization. Non-small cell lung cancer
cells were grown on cover-slips and either mock-treated or incubated with 1.4 ug/ml
transferrin-568 (Tf-568) for 15 min. Cell were then fixed in 4% paraformaldehyde and
subjected to immunostaining with antibodies to the EE/SE marker protein, EEAL. 4-5
images derived from 5 serial z-sections were obtained from 3 independent experiments and
mean endosomal area of EEAL structures (A) or number of EEA1-containing endosomes
(B) were measured for cells incubated with or without Tf-568 using Imaris software. (C)
Representative image and inset for cells with no Tf-568 uptake. (D) Representative image
and inset for cells upon 15 min. Tf-568 uptake. The p-value for EE/SE size was calculated
with an unpaired two-tailed t-test, because the data met the assumption for normality using
the D’ Agostino Pearson test. The p-value for EE/SE number was calculated with a Mann-
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Whitney test, because the data did not meet the assumption of normality by the D’ Agostino
Pearson test.
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EE/SE size and number increase upon epidermal growth factor internalization. Non-small

cell lung cancer cells were grown on cover-slips and either mock-treated or incubated

with 2 ug/ml epidermal growth factor-555 (EGF-555) for 15 min. Cells were then fixed

in 4% paraformaldehyde and subjected to immunostaining with antibodies to the EE/SE
marker protein, RAB5. 4-5 images derived from 5 serial z-sections were obtained from 3
independent experiments and mean endosomal area of RABS structures (A) or number of
RAB5-containing endosomes (B) were measured for cells incubated with or without EGF
using Imaris software. (C) Representative image and inset for cells with no EGF uptake.
(D) Representative image and inset for cells with EGF uptake. The p-value for EE/SE size
was calculated with a Mann-Whitney test, because the data did not meet the assumption of
normality by the D’ Agostino Pearson test. The p-value for EE/SE number was calculated
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with an unpaired two-tailed t-test, because the data met the assumption for normality using
the D’ Agostino Pearson test.
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Fig. 3.
The number of EE/SE per cell is regulated by select endosomal RAB proteins. (A) HeLa

cells were grown on cover-slips and 6-well plates and either mocktreated (transfection
reagent only) or incubated with the following amounts of siRNA oligonucleotides specific
for RAB4, RAB5, RAB8A, RAB10 or RAB11A per 2 ml well for 48 h: RAB4, 280 nmol;
RABS, 400 nmol; RABS8A, 600 nmol, RAB10, 400 nmol; RAB11A, 600 nmol. Cells from
the 6-well plates were collected, lysed and subjected to immunoblot analysis with antibodies
to RAB4, RAB5, RAB8A, RAB10 and RAB11 (to validate knock-down efficacy), and to
vinculin (loading control). The solid line separating mock and RAB11A from the other RAB
proteins indicates that this pair of lanes was run on a separate gel due to space constraints.
Gels and images are representative of 3 independent experiments. (B-G) Representative
images of cells immunostained for EEA1 upon mock-treatment (B), RAB4 siRNA-treatment
(C), RABS5 siRNA-treatment (D), RAB8A siRNA-treatment (E), RAB10 siRNA-treatment
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(F), RAB11A siRNA-treatment (G). (H) Graph illustrating the number of EE/SE observed
per field of mock-treated and siRNA knock-down cells, with or without 15 min transferrin
uptake. Data provided is a mean and standard deviation from 3 independent experiments.
3-5 images were obtained from each treatment, and Imaris software was used to measure
EE/SE numbers. The p-values for EE/SE numbers were calculated with a Mann-Whitney
test, because the data did not meet the assumption of normality by the D’ Agostino Pearson
or Kolmogorov-Smirnov tests. (I) Graph depicting the area of EEA1 endosomes observed
per field of mock-treated and siRNA knock-down cells, with or without 15 min transferrin
uptake. Data provided are mean and standard deviations from 3 independent experiments.
3-5 images were obtained from each treatment, and Imaris software was used to measure
endosome area. The p-values for EEA1 endosome areas were calculated by t-test, as the data
met the assumption of normality by the Kolmogorov-Smirnov test.
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