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SUMMARY
Endocytosis and endosome dynamics are controlled by proteins of the small GTPase Rab family. Besides
possible recycling routes to the plasma membrane and various organelles, previously described endocytic
pathways (e.g., clathrin-mediated endocytosis, macropinocytosis, CLIC/GEEC pathway) all appear to funnel
the endocytosed material to Rab5-positive early endosomes that then mature into Rab7-positive late endo-
somes/lysosomes. By studying the uptake of a series of cell-penetrating peptides (CPPs), we identify an
endocytic pathway that moves material to nonacidic Lamp1-positive late endosomes. Trafficking via this en-
docytic route is fully independent of Rab5 and Rab7 but requires the Rab14 protein. The pathway taken by
CPPs differs from the conventional Rab5-dependent endocytosis at the stage of vesicle formation already,
as it is not affected by a series of compounds that inhibit macropinocytosis or clathrin-mediated endocytosis.
The Rab14-dependent pathway is also used by physiological cationicmolecules such as polyamines and ho-
meodomains found in homeoproteins.
INTRODUCTION

Endocytosis is a major entry route used by cells to take up a va-

riety of extracellular substances ranging from nutrients, fluid

phase material, growth factors, hormones, receptors, cellular

penetrating peptides (CPPs), viruses or bacteria. Various forms

of endocytosis have been described, the main routes being cla-

thrin-mediated endocytosis, macropinocytosis, and the clathrin-

independent carrier/glycosylphosphatidylinositol-anchored pro-

tein enriched endocytic compartment (CLIC/GEEC) pathway

(reviewed in Johannes et al. [2015], Kaksonen and Roux

[2018], Mercer et al. [2010], Schmid et al. [2014], and Thotta-

cherry et al. [2019]). Which form of endocytosis is used and the

ultimate fate of the endocytosed material depend on the nature

of the substances being taken up by cells.

Endocytic vesicles (endosomes) are formed by membrane in-

vaginations, actin-driven membrane protrusions (in the case of

macropinocytosis for example), or ruffling. For clathrin-mediated

endocytosis, vesicle formation can be triggered through the

detection of the endosomal cargo by AP2 adaptor domains

and subsequent recruitment of clathrin triskelions (Cocucci

et al., 2012; Takei and Haucke, 2001). Several AP2 adaptors

bound to the plasma membrane through PI(4,5)P2 are necessary

for efficient clathrin binding (Cocucci et al., 2012). Accumulation

of AP2/clathrin complexes (within seconds) at the membrane

leads to membrane bending and endocytic vesicle formation

(Chen and Schmid, 2020; Cocucci et al., 2012; Takei and

Haucke, 2001).
C
This is an open access article under the CC BY-N
Endosomes are dynamic structures that undergo fusion and

fission events (Gautreau et al., 2014). Early endosomes mature

into multivesicular bodies (MVBs), late endosomes, and finally

lysosomes, where degradation of the endocytosed material

occurs (Huotari and Helenius, 2011; Scott et al., 2014). The en-

docytosed material can also be recycled back to the plasma

membrane or trafficked toward other cellular compartments

(Huotari and Helenius, 2011; Naslavsky and Caplan, 2018; Scott

et al., 2014).

Each stage of endosomal maturation is finely controlled by the

sequential recruitment of various endosomal proteins and lipids.

For example, on early endosomes, Rab5, activated by its gua-

nine exchange factor (GEF) Rabex-5, controls local generation

of PI(3)P by recruiting the Vps34 PI3 kinase. This in turn, leads

to recruitment of EEA1 via its capacity to bind PI(3)P through

its FYVE domain. EEA1 can also directly interact with the active

GTP-bound form of Rab5. The ability of EEA1 to bind simulta-

neously Rab5 and PI(3)P on separate vesicles makes it a teth-

ering protein that contributes to endosomal fusion (Murray

et al., 2016). Vps34 knockout in mammalian cells leads to

enlarged early endosomes and interruption of the progression

of endocytosed cargo to lysosomes (Jaber et al., 2016). Vesicle

maturation proceeds through the recruitment of the Mon1-Ccz1

complex that interacts with Rab5 and PI(3)P. The Mon1-Ccz1

complex has a GEF activity toward Rab7 that leads to the activa-

tion of this small GTPase on endosomes [reviewed in Huotari and

Helenius (2011), and Langemeyer et al. (2018)]. Concomitantly,

Rab5 GTPase-activating protein (GAP) turns off Rab5 and
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Figure 1. Rab5 and Rab7 are mostly absent from CPP-containing endosomes

(A–D) HeLa KCNN4 knockout cells ectopically expressing early (Rab5A, Rab5B and EEA1) or late (Rab7 and Lamp1) endosomal markers were incubated with

20 mg/ml AlexaFluor568-transferrin, 0.2 mg/ml TMR-10 kDa dextran, 2 mg/ml AlexaFluor647-EGF or with 40 mM of TMR- (TAT, R9, Penetratin, TAT-RasGAP317-

326) or FITC-labeled (MAP, Transportan) CPPs for 5 min, then washed and imaged at the indicated time points by confocal microscopy (see Figure S1D for

experimental setup). All experiments were performed on live cells at 37�C unless indicated otherwise.

(A) Representative confocal images of HeLa KCNN4 knockout cells, expressing GFP-tagged endosomal markers, incubated with AlexaFluor568-transferrin or

TMR-TAT. Images were acquired at 5 or 30 min after the addition of the cargos. Scale bar: 10 mm.

(B and C) Quantitation of colocalization between the indicated fluorescent material and fluorescently tagged early and late endosomal markers. Colocalization

analysis was performed as described in theMethods and Figure S1B–C. The data correspond to themean ±SD of three independent experiments. In (B), the data

(legend continued on next page)

2 Cell Reports 37, 109945, November 2, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
promotes the release of the latter from early endosomes. Hence,

Rab5 and Rab7 regulate essential steps in the endocytic

pathway that moves endocytosed material to lysosome. The

Rab5/Rab7-controlled endocytic pathway is currently the only

molecularly characterized route taken by endocytosed material

that ends up in lysosomes (Langemeyer et al., 2018; Mercer

et al., 2010; Thottacherry et al., 2019).

In this study we show that endocytosed CPPs, homeodo-

mains, and polyamines, follow an endosomal pathway that re-

quires Rab14 but not Rab5 or Rab7 for EEA1 recruitment on early

endosomes and maturation of the vesicles toward nonacidic

Lamp1-positive late endosomes. Endocytosis of CPPs is also

unaffected by phosphoinositide 3-kinase (PI3K) inhibitors or

various pharmacological agents known to inhibit the uptake of

classical cargos such as transferrin and dextran. This work

therefore defines a second independent endocytic maturation

pathway that moves endocytosed material to Lamp1-positive

vesicles.

RESULTS

CPPs are not taken up by cells by classical endocytosis
CPPs can be used for transport of bioactive cargo into cells (Be-

chara and Sagan, 2013; Futaki et al., 2013; Guidotti et al., 2017;

Illien et al., 2016; Jones and Sayers, 2012; Koren and Torchilin,

2012; Kristensen et al., 2016; Madani et al., 2011; Mueller

et al., 2008; Ruseska and Zimmer, 2020; Trabulo et al., 2010;

Vasconcelos et al., 2013; Xie et al., 2020). Various non-exclusive

mechanisms of CPP endocytosis have been proposed (Bechara

and Sagan, 2013; Cleal et al., 2013; Futaki et al., 2013; Futaki and

Nakase, 2017; Guidotti et al., 2017; Jones and Sayers, 2012; Ko-

ren and Torchilin, 2012; Madani et al., 2011; Räägel et al., 2010;

Ruseska and Zimmer, 2020; Trabulo et al., 2010; Vasconcelos

et al., 2013). However, there is no consensus and clarity

regarding the precise nature of the endosomal pathway used

byCPPs and its underlyingmechanisms. CPPs additionally enter

cells through direct translocation (Bechara and Sagan, 2013; Fu-

taki et al., 2013; Guidotti et al., 2017; Jones and Sayers, 2012;

Koren and Torchilin, 2012; Madani et al., 2011; Ruseska and

Zimmer, 2020; Trabulo et al., 2010; Vasconcelos et al., 2013).

We have recently demonstrated that direct translocation of

cationic CPPs can occur via water pores that are formed as a

consequence of membrane megapolarization induced by the

CPPs themselves and the activity of potassium channels (Trofi-

menko et al., 2021). Direct translocation can be inhibited through

plasmamembrane depolarization (Chaloin et al., 1998; Rothbard

et al., 2004; Trofimenko et al., 2021; Wallbrecher et al., 2017;

Zhang et al., 2009) or inactivation of specific potassium channels

(e.g., KCNN4 in HeLa cells) (Trofimenko et al., 2021), without

affecting endocytosis of CPPs (Trofimenko et al., 2021), trans-

ferrin (Torriani et al., 2019) or vesicular stomatitis virus (VSV) (Tor-

riani et al., 2019). Here, we took advantage of KCNN4 knockout
obtained with R9 are shown, for comparison, both on the top graphs and the bott

(155–180 cells were analyzed per condition).

(D) Representative confocal, Airyscan acquired, high-resolution images of cells

Scale bar: 2 mm.

See also Figures S1–S3.
HeLa cells to study endocytosis in cells in which CPP direct

translocation in the cytosol is strongly reduced, therefore allow-

ing for facilitated visualization of CPP endocytic vesicles. Unless

otherwise mentioned, these are the cells that were used in the

presented experiments. To investigate the endocytic pathway

employed by CPPs, we phenotypically characterized CPP-con-

taining vesicles (Figure S1) for the presence of early (Rab5 and

EEA1) and late (Rab7 and Lamp1) endosomal markers. We

selected fivemost commonly usedCPPs in research and in clinic

(TAT, R9, Penetratin, MAP and Transportan) as well as TAT-Ras-

GAP317-326, a prototypical TAT-cargo complex (Annibaldi et al.,

2011; Barras et al., 2014a; Barras et al., 2014b; Chevalier

et al., 2015; Heulot et al., 2016; Heulot et al., 2017; Michod

et al., 2009; Michod et al., 2004; Pittet et al., 2007; Serulla

et al., 2020; Trofimenko et al., 2021; Tsoutsou et al., 2017; Fig-

ure S1A). Pulse-chase experiments (Figures 1A, 1B, and S1D)

demonstrated colocalization of transferrin, EGF and dextran

with EEA1, Rab5A and Rab5B at early time points, and Rab7

and Lamp1 at later time points. These results are consistent

with previous knowledge that these molecules enter cells

through clathrin-mediated endocytosis (transferrin and EGF)

and macropinocytosis (dextran). Ectopic expression of endoso-

mal markers did not interfere with normal endocytosis, as the

pattern of EEA1-positive and Lamp1-positive vesicles was found

to be qualitatively similar in control cells and in cells expressing

GFP-tagged versions of these markers (Figure S2A). Moreover,

ectopic expression of the tagged EEA1 and Lamp1 constructs

did not alter the kinetics of transferrin colocalization with

EEA1- or Lamp1-positive vesicles (Figure S2B). These results

indicate that ectopic expression of fluorescent endosomal

markers—in live cells in particular—does not appear to affect en-

docytic processes. CPPs were found in EEA1- and Lamp1-pos-

itive vesicles at early and late time points, respectively (Figures

1A and 1B), but surprisingly, only a minority of CPP-containing

vesicles were positive for Rab5 and Rab7 (Figures 1A, 1B,

S1B, and S1C). These data were confirmed in wild-type HeLa

cells (Figures S2C–S2F), demonstrating that KCNN4 depletion

did not interfere with endocytosis. Furthermore, TAT internaliza-

tion occurred similarly at 1 or 40 mM or whether the peptide was

synthesized with L or D amino acids (Figures 1B, S2E, and S2F).

The CPPs investigated in the present work all carry positive

charges (Figure S1A) and, despite having otherwise different

physicochemical properties, colocalized within the same endo-

cytic vesicles (Figure S2G).

The association of Rab5 with CPP-containing vesicles could

be very transient, making it hard to visualize. We therefore per-

formed experiments at 20�C to slow down endosomal matura-

tion as can be observed for transferrin-containing vesicles (Fig-

ure 1C, left). In this setting, CPP-positive endosomes remained

mostly Rab5-negative (Figure 1C). Additionally, Rab5- and

Rab7-positive CPP-containing vesicles were only marginally de-

tected in the continuous presence of the CPPs despite extensive
om graphs. In (C), cells were incubated at 20�C to delay endosomal maturation

ectopically expressing GFP-EEA1 incubated with 40 mM TMR-TAT for 5 min.

Cell Reports 37, 109945, November 2, 2021 3



Figure 2. CPP endocytosis does not require PI(3)P-kinase-like enzymes

(A) Colocalization quantitation between the indicated endosomal material and endosomal markers in the presence or in the absence of LY294002, a pan-PI3-

kinase inhibitor. HeLa KCNN4 knockout cells, ectopically expressing GFP-tagged EEA1 or Lamp1, were incubated or not for 30minwith 25 mMLY294002 in RPMI

without serum. The cells were then incubated for a 5-minute pulse in RPMI, 10% FBS with either 20 mg/ml AlexaFluor568-transferrin, 0.2 mg/ml TMR-10 kDa

dextran or 40 mM TMR-R9, washed, and then visualized by confocal microscopy over time (time 0 corresponds to the addition of the cargos). When used,

LY294002wasmaintained in the media throughout the full duration of the experiment. The data correspond to themean ± SD of 160 cells (per condition) sampled

from three independent experiments. The p values were calculated on area under the curve (AUC) values using parametric unpaired two-tailed t tests.

(B) Quantitation of the number of endosomal vesicles per cell in the presence or in the absence of wortmannin, a pan-PI3-kinase inhibitor. HeLa KCNN4 knockout

cells were incubated with 20 mg/ml AlexaFluor568-transferrin, 0.2mg/ml TMR-10 kDa dextran or 40 mMTMR-CPP for a pulse of 5min. Cells were preincubated or

not for 30 min with 10 mM wortmannin, which was still present during the full duration of the experiment. The number of vesicles positive for the indicated en-

dosomal material were visually counted from confocal images, acquired in the middle of the cell. The results are derived from the analysis of 160 cells (per

condition) taken from three independent experiments. The p values were calculated using parametric paired two-tailed t test.

See also Figure S4.
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colocalization with EEA1 (Figure S2H). High resolution confocal

images showed that TAT was found inside EEA1-positive vesi-

cles already a fewminutes after being added to cells (Figure 1D),

confirming that CPPs are indeed located in EEA1-positive endo-

somes. TAT-RasGAP317-326 did not interfere with the progres-

sion of transferrin through early and late endosomes (Figure S2I)

and did not lead to the generation of aberrant endosomes

bearing EEA1 and Lamp1 at the same time (Figure S2J). This in-

dicates that CPPs do not reprogram the manner by which cells

take up material through classical endocytosis. Lack of colocal-

ization with Rab5A and Rab7 was observed previously for the

tryptophane/arigine-rich WRAP peptide linked to siRNA (De-

shayes et al., 2020). Additionally, based on visual inspection of

representative images in the literature, R8 and TAT also colocal-

ize only partially with Rab5A (Appelbaum et al., 2012).

Pharmacological agents such as EIPA (Koivusalo et al., 2010),

IPA3 (Dharmawardhane et al., 2000; Viaud and Peterson, 2009),

ML7 (Araki et al., 2003; Bain et al., 2003), Jasplakinolide (Bubb

et al., 1994), and Cytochalasin D (Fujimoto et al., 2000; Sampath

and Pollard, 1991) block various events linked to macropino-

some formation and maturation. EIPA is a sodium-proton ex-

change inhibitor. IPA3 is a PAK1 inhibitor. Jasplakinolide and cy-

tochalasine D interfere positively and negatively, respectively,

with actin filament polymerization andML7 prevents macropino-

some formation and closure. We observed no effect of these in-

hibitors on the internalization of TAT-RasGAP317-326 in contrast

to what was seen for dextran uptake (Figures S3A and S3B).

Additionally, as opposed to transferrin internalization, the early
4 Cell Reports 37, 109945, November 2, 2021
stages of CPP endocytosis were dynamin-independent (Figures

S3C and S3D).

Lipids such as phosphoinositides (PIs) that can be phosphor-

ylated at positions 3, 4, or 5 of the inositol ring, represent another

type of endocytosis markers. For example, PI(4,5)P2 is enriched

in the plasma membrane, whereas PI(3)P and PI(3,5)P2 are en-

riched in early and late endosomes, respectively, and participate

in their formation [reviewed in Bissig et al. (2012), Campa et al.

(2015), Miaczynska and Zerial (2002), Ramadani et al. (2010),

and Wenk and De Camilli (2004)]. In conventional endocytosis,

EEA1 is recruited to early endosomes through interactions with

Rab5 and PI(3)P (McBride et al., 1999; Simonsen et al., 1998;

Zeigerer et al., 2012). The latter is produced by Vps34, a PI3-ki-

nase that is also recruited by Rab5. We therefore used pan-PI3K

inhibitors (wortmannin and LY294002) (Figure S4A) and as-

sessed the colocalization between selected endosomal material

and EEA1 or Lamp1. LY294002 halted transferrin and dextran

endosomal maturation and progression, consistent with obser-

vations reported in the literature (Fili et al., 2006; Jaber et al.,

2016; Figure 2A). However, colocalization between CPPs and

EEA1 or Lamp1 was not affected (Figure 2A). This suggests

that EEA1 recruitment to CPP-positive vesicles differs from clas-

sical endocytosis and can occur at least in part, in a PI3K-inde-

pendent manner.

Depletion of PI(3,4)P2 blocks the fission of clathrin-coated ves-

icles from the plasma membrane (Posor et al., 2013) and pre-

ventsmacropinosome closure (Hasegawa et al., 2011;Maekawa

et al., 2014). Wortmanin, at high micromolar concentrations,



Figure 3. CPP endosomal maturation is

Rab14-dependent

(A) Colocalization quantitation between TMR-TAT

and GFP-EEA1 (15 min) or Lamp1-GFP (30 min) in

a pulse-chase experiment performed in MDCK-II

wild-type cells and the indicated Rab knockouts. A

total of 50–65 cells were quantitated per condition.

Statistical analysis was performed with ANOVA

multiple comparison to the wild-type cell condition

with Dunett’s correction. Only significant p values

are shown. Rab5-degron cells were treated with

1 mg/ml doxycycline and 500 mM IAA for 48 h to

induce degradation of degron-taggedRab5A in the

Rab5B/C knockout cell line (see Figure S5A).

(B) Rab14 rescue experiment. Rab14 knockout

cells were transiently transfected (KO + Rab14) or

not (KO) with a GFP-Rab14 wild-type construct.

These cells, along wild-type MDCK cells (WT),

were then analyzed as in (A) (55–58 cells per con-

dition were quantitated).

See also Figures S5 and S6.
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besides inducing PI(3)P depletion, inhibits PI4-kinases (Balla and

Balla, 2006; Santos et al., 2013) and leads to depletion of PI(3,4)

P2 and PI(3,4,5)P3 (Gozzelino et al., 2020; Naguib, 2016; Zhang

et al., 2017). As expected, wortmannin almost fully inhibited

the endocytosis of transferrin and dextran (Figure 2B). In

contrast, wortmannin had no or only minimal effect on the forma-

tion of TAT- or R9-containing endosomes (Figure 2B). Accord-

ingly, formation and intracellular distribution of TMR-TAT-

containing vesicles were not affected by wortmannin and

LY294002 (Figure S4B).

As EEA1 binds PI(3)P, one could expect that wortmannin and

LY294002 stimulate EEA1 translocation from endosomes to

cytosol. This was however not observed for LY294002, andwort-

mannin only slightly induced this effect (Figures S4C and S4D).

EEA1 can bind to endosomes via othermeans than PI(3)P though

(e.g., by interacting with Rab proteins) and this can explain why

phosphoinositide depletion does not lead to substantial EEA1

cytosolic translocation.

Even though previous studies have shown some contradictory

results of CPP internalization in the presence of the endocytic in-

hibitors used in this study [decreased uptake (Appelbaum et al.,

2012; Kaplan et al., 2005; Nakase et al., 2004;Wadia et al., 2004),

no effect (Deshayes et al., 2020; Kawaguchi et al., 2016; Nakase

et al., 2004; Polyakov et al., 2000), increased uptake (Duchardt

et al., 2007)], our data clearly indicate that CPPs enter cells

through an endocytic pathway, which differs from classical

endocytosis already at the stage of endocytic vesicle formation.

Rab14 is required for the maturation of CPP-containing
endosomes
The results presented above suggest that Rab5 is not involved in

the endocytic pathway taken by CPPs. To exhaustively assess

the role of Rab family members in CPP endocytosis, we took

advantage of a knockout Rab library in MDCK cells consisting
of single and multiple knockouts (> 50 cell lines) targeting either

different protein isoforms or multiple Rab proteins simulta-

neously (Homma et al., 2019). This library includes a Rab5 con-

ditional knockout cell line, where Rab5A, B, and C isoforms have

been knocked out and replaced by a Rab5A version that can be

degraded through auxin-induced ubiquitination upon addition of

indole-3-acetic acid (IAA) (Nishimura et al., 2009; Y.H., M.F., Y.

Hatoyama, and S. Hiragi, unpublished data; Figure S5A). In

MDCK cells, similarly to HeLa cells, there is a time-dependent

colocalization of CPP-containing vesicles with EEA1 and

Lamp1 but minimal colocalization with Rab5 and Rab7 (Fig-

ure S5B). As expected, transferrin-containing vesicle maturation

was perturbed by Rab5 and Rab7 gene disruption in MDCK cells

(Figure S5C). On the other hand, the recruitment of EEA1 (15 min

post incubation), as well as Lamp1 acquisition (30 min post incu-

bation) to TAT-containing vesicles was not affected by the

absence of Rab5 isoforms (Figure 3A) or any other Rab family

members except Rab14 (Figure 3A). Re-expressing Rab14 in

the Rab14 knockout, MDCK cells restored the colocalization of

CPPs with EEA1 and Lamp1 (Figure 3B). Absence of Rab14

had no effect on transferrin maturation to EEA1 and Lamp1-pos-

itive endosomes (Figure 5C). Colocalization of EEA1with a series

of CPPs was inhibited by Rab14 dominant-negative mutants

both in wild-type and KCNN4 knockout HeLa cells (Figures 4A

and S5D). However, Rab14 inhibition did not significantly affect

the colocalization of EEA1 with transferrin or dextran (Figure 4A).

EEA1 colocalization with mannose receptors (Weimershaus

et al., 2018) or with EGF (Proikas-Cezanne et al., 2006) was

also reported earlier not to be affected in Rab14-depleted cells.

Rab14 was not required for the initial formation of CPP-contain-

ing endosomes (Figures S5E and S5F). The absence of Rab14

did not affect the number of EEA1-positive vesicles per cell (Fig-

ure S5G, left panel). In cells lacking Rab14, the EEA1 content of

vesicles appeared to be slightly decreased although this did not
Cell Reports 37, 109945, November 2, 2021 5



Figure 4. EEA1 acquisition on CPP-containing endosomes is Rab14-dependent but Rab5-independent

(A) Colocalization quantitation between the indicated endocytosed material and EEA1 in cells transfected with Rab14 dominant-negative constructs in HeLa

KCNN4 knockout cells in a pulse chase experiment setting (see Figure S1D). The data correspond to the mean ± SD of 150–170 analyzed cells per condition

derived from three independent experiments. Statistical analysis was performed on AUC values using ANOVA test with Dunett’s correction. The p values

correspond to the comparison with non-transfected (NT) cells.

(B) Colocalization quantitation of transferrin, dextran, and the indicated CPPs with EEA1 in cells transfected with the indicated Rab5 dominant-negative con-

structs using the same experimental setting as in (A). The data correspond to the mean ± SD of 160–165 analyzed cells per condition derived from three in-

dependent experiments. Statistical analysis was performed using parametric two-tailed t test based on AUC values.

See also Figures S5 and S6.
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Figure 5. HDs are following a Rab5-independent, Rab14-dependent endocytic route

(A and B) Colocalization quantitation between endosomal markers and HD. Wild-type (A) and KCNN4 knockout (B) HeLa cells, ectopically expressing the

indicated endosomal markers, were subjected to a 5-minute pulse incubation with fluorescently labeled OTX2 HD (10 mM). Quantitation assessment was based

on confocal images. The results correspond to the mean ± SD of 150–170 analyzed cells per condition derived from three independent experiments.

(C) Representative confocal images of the indicated MDCK-II cell lines expressing BFP-EEA1 incubated with 10 mM FITC-OTX2 for a 5-min pulse. The images

correspond to the 15 min time point. Scale bar: 10 mm.

(D) Colocalization quantitation between fluorescent versions of OTX2 HD (10 mM) with EEA1 (top) or Lamp1 (bottom) in wild-type and the indicated Rab knockout

MDCK-II cells. Cells were incubated for 5 min, then washed and confocal images were acquired at 15 and 30 min post incubation for early and late endosomal

markers, respectively. A total of 54–60 cells per condition were analyzed. Statistical analysis was performed with ANOVA multiple comparison to wild-type

condition with Dunett’s correction.

(E) Quantitation of total OTX2 HD uptake in MDCK-II wild-type and Rab14 knockout cells. Statistical analysis was done with parametric unpaired t test. A total of

130 cells per condition were analyzed.
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reach statistical significance (Figure S5G, right panel). Taken

together, these data support the role of Rab14 in maturation of

CPP-containing endosomes but not in the initial formation of

these vesicles.

The noninvolvement of Rab5 in thematuration of CPP-contain-

ing endosomes was further validated using Rab5 dominant-

negative constructs (Rab5A S34N, Rab5B S34N or Rab5C

S35N). These mutants, as expected, reduced the percentage of

EEA1- or Lamp1-positive transferrin- and dextran-containing

vesicles but had no significant effect on the percentage of

EEA1- or Lamp1-positive CPP-containing vesicles (Figures 4B,

S6A, and S6B).

Rab5 can recruit EEA1 on endosomes and conversely Rab5

dominant-negative mutants favors the release of EEA1 from en-

dosomes (Dinneen and Ceresa, 2004; Johns et al., 2009; Mills

et al., 1998; Sieczkarski and Whittaker, 2003; Zeigerer et al.,

2012). Indeed, the number of EEA1-positive vesicles, as well as

the EEA1 vesicle load, was significantly diminished by the

Rab5C S35N mutant (Figures S6C and S6D, left and middle

graphs, ‘‘Without CPP’’ conditions). The total cell-associated

EEA1 signal was however not impacted by the Rab5mutant (Fig-

ureS6D, rightpanel). Interestingly,CPPscounteracted theRab5C

S35N mutant-mediated decrease in the EEA1-positive vesicles
number and intensity (Figures S6C and S6D, left and middle

graphs, ‘‘TAT’’ conditions), presumably because CPP-containing

endosomes, which do not require Rab5 to acquire EEA1, capture

some of the released EEA1 so that globally what is lost from clas-

sical endosomes is recovered on CPP-containing endosomes

through the possible action of Rab14.

Homeoproteins and polyamines use the same endocytic
pathway as CPPs
Homeoproteins (HPs) are a family of transcription factors

involved in multiple biological processes (Di Nardo et al., 2018;

Prochiantz and Di Nardo, 2015; Sagan et al., 2013; Spatazza

et al., 2013). Additionally, HPs, such as Engrailed 2 and OTX2,

exhibit therapeutic properties (Alvarez-Fischer et al., 2011; Blau-

din de Thé et al., 2018; Rekaik et al., 2015a; Rekaik et al., 2015b;

Sugiyama et al., 2008; Torero Ibad et al., 2011). The vast majority

of HPs contain a conserved 60 amino-acids domain called the

homeodomain (HD) that carries HP internalization and secretion

motifs. Interestingly, the HP internalization motifs bear CPP se-

quences (Di Nardo et al., 2018; Spatazza et al., 2013). We there-

fore hypothesized that HDs could be endocytosed similarly as

CPPs. Figures 5A and 5B show that there is substantial colocal-

ization between the HD of OTX2 and the EEA1 or Lamp1markers
Cell Reports 37, 109945, November 2, 2021 7



Figure 6. Polyamines are following a Rab5-independent, Rab14-dependent endocytic route

(A and B) Colocalization quantitation between endosomal markers and polyamine. Wild-type (A) and KCNN4 knockout (B) HeLa cells, ectopically expressing

RFP-Rab5A, BFP-EEA1, mCherry-Rab7, BFP-LAMP1, or RFP-Rab14, were subjected to a 5 min pulse with fluorescently labeled spermine (5 mM). Quantitation

assessment was based on confocal images. The results correspond to the mean ± SD of 150–170 analyzed cells per condition derived from three independent

experiments.

(C) Representative confocal images of the indicatedMDCK-II cell lines ectopically expressing BFP-EEA1, incubatedwith 5 mMCF488-spermine for a 5-min pulse.

The images correspond to the 15 min time point condition. Scale bar: 10 mm.

(D) Colocalization quantitation between fluorescent versions of spermine (5 mM) with BFP-EEA1 (top) or BFP-Lamp1 (bottom) in wild-type and the indicated Rab

knockout MDCK-II cells. Cells were incubated for 5 min, then washed and confocal images were acquired at 15 and 30 min post incubation for early and late

endosomal markers, respectively. A total of 54–60 cells per condition were analyzed. Statistical analysis was performed with ANOVAmultiple comparison to the

wild-type condition with Dunett’s correction.

(E) Wild-type and Rab14 knockout MDCK-II cells were incubated with 5 mMCF488-labeled spermine for a 5-min pulse and then analyzed 10 min later. Statistical

analysis was done with parametric unpaired t test. A total of 130 cells per condition were analyzed.

(legend continued on next page)
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but only marginal colocalization with Rab5A or Rab7A. EEA1 and

Lamp1 recruitment to OTX2 HD-positive endosomes was signif-

icantly reduced in cells lacking Rab14 (Figures 5C and 5D). The

initial OTX2 HD cellular uptake was however not affected (Fig-

ure 5E). This indicates that HDs follow a Rab5-independent,

Rab14-dependent endosomal maturation pathway.

Polyamines are small signaling molecules involved in several

cellular processes (gene regulation, cell proliferation, cell sur-

vival, and cell death) (Arruabarrena-Aristorena et al., 2018;

Handa et al., 2018; Miller-Fleming et al., 2015; Minois et al.,

2011; Ramani et al., 2014). In mammalian cells polyamines enter

cells through endocytosis (Soulet et al., 2002; Soulet et al.,

2004; Uemura et al., 2010; van Veen et al., 2020), and possibly

also through a polyamine specific transporter (Soulet et al.,

2004). Polyamine-containing vesicles mature to Lamp1-contain-

ing endosomes. At this stage, polyamines are exported to the

cytosol (van Veen et al., 2020). The mechanism of polyamines

endocytosis has not been described at the molecular level.

Similarly to CPPs and HDs, polyamine-containing vesicles colo-

calized only marginally with Rab5A and Rab7A markers and

their maturation down to Lamp1-containing endosomes was

Rab14-dependent (Figure 6).

Altogether, these data indicate that physiological molecules

such as polyamines, and by extension homeoproteins—if they

behave like their homeodomains—do not progress through the

classical Rab5-dependent endocytic route but via a Rab14-

dependent pathway.

Rab14 is not a specific marker for the CPP endosomal
pathway
Before the present work that reports the role of Rab14 in the

maturation of CPP-containing endosomes, Rab14 was known

to be involved in endosomal recycling (Linford et al., 2012), en-

dosome-endosome fusion, MHC class I cross presentation

(Weimershaus et al., 2018) and endosome to Golgi trafficking

(Junutula et al., 2004; Proikas-Cezanne et al., 2006). Rab14

has therefore multiple functions and consequently is not likely

to reside on a specific set of endosomes. Rab14 colocalizes

with the EEA1 and Rab5 early endosomal markers in wild-

type and KCNN4 knockout HeLa cells (Figures S7A, S7B, and

S7D) (Junutula et al., 2004; Proikas-Cezanne et al., 2006; Ull-

rich et al., 1996; Yamamoto et al., 2010), but not with late endo-

somes/lysosomes (Figures S7C–S7E) (Junutula et al., 2004;

Proikas-Cezanne et al., 2006; Weimershaus et al., 2018).

Rab14 is found as frequently on transferrin-positive vesicles

as on CPP-containing endosomes, and to a lesser extent on

dextran-positive structures (Figures S7F and S7G) (Junutula

et al., 2004). Therefore, while Rab14 is mandatory for the matu-

ration of CPP-containing endosomes, it is not a specific marker

for the CPP endocytic pathway.
(F) Colocalization between spermine with EEA1 (top) or Lamp1 (bottom) in the Ra

the indicated ectopic constructs (GFP-Rab5A S34N, BFP-EEA1, BFP-Lamp1) we

correspond to the mean ± SD of three independent experiments. Statistical analy

total of 150–160 cells per condition were analyzed.

(G) As in (F), except that GFP-Rab14 dominant-negative mutants were used in

condition were analyzed.
CPP endosomesmature to Lamp1-positive vesicles that
do not correspond to classical lysosomes
To determine if the endosomal pathway taken by CPPs end up in

lysosomes with possible degradative functions, we assessed

whether the Lamp1-positive, CPP-containing vesicles are acidic.

To this end, wild-type and KCNN4 knockout HeLa cells were

incubatedwith LysoSensorGreenDND-189, a compoundwhose

fluorescence increases in acidic environment (Figure 7). The ma-

jority (�80%) of Lamp1-positive vesicles were acidic but approx-

imately 20% of Lamp1-vesicles were not stained with the Lyso-

Sensor dye, regardless of whether the cells were incubated

with cargos or not (Figures 7A and 7B). This is in line with pub-

lished data showing that not all Lamp1-positive compartments

are degradative (Cheng et al., 2018; Yap et al., 2018). Unlike

dextran-positive endosomes, Lamp1-positive CPP-, OTX2 HD-,

or polyamine-containing vesicles were not labeled with the Lyso-

Sensor compound (Figures 7C and 7D). These data suggest that

CPP-containing vesicles that are positive for Lamp1 are not

degradative, further confirming that the CPP endocytic pathway

is distinct from Rab5-dependent pathways.

DISCUSSION

We have characterized a previously undescribed Rab5/Rab7-in-

dependent, Rab14-dependent endosomal maturation pathway.

In this pathway, EEA1 is recruited to early endosomes in the

absence of Rab5 (Figures 1, 3, and 4), and endosomal matura-

tion requires Rab14 (Figures 3 and 4). This pathway appears to

differ from previously described endocytosis already at the early

stages of vesicle formation (Figure 2). We showed that synthetic

molecules such as CPPs, as well as physiological molecules

such as polyamines take advantage of the Rab5-independent,

Rab14-dependent pathway to progress to Lamp1-positive com-

partments. The endocytosed molecules that we have found to

mature via the Rab14-dependent pathway are characterized

by their strong cationic nature. Whether this pathway is used

by other types of cargos can now be assessed functionally in

cells in which Rab14 is inactivated or depleted.

Besides Rab14, no other Rab proteins could be evidenced to

play a role in maturation of the endocytic pathway taken by

CPPs, HDs, or polyamines. In particular, we did not find a

Rab7 homolog that would be required for the acquisition of the

Lamp1 marker in this pathway. Rab7 is needed for the matura-

tion to Lamp1-positive acidic vesicles (Lee et al., 2011; Maday

et al., 2014; Yap et al., 2018). However, in the Rab14-dependent

endocytic maturation pathway, the cargos end up in non-acidic

Lamp1-positive vesicles (Figure 7). This indicates that Rab7 con-

trols the acidification of Lamp1-positive endosomes but is not or

not always mandatory for endosomal acquisition of Lamp1 as

demonstrated by the experiments showing that CPPs do end
b5A dominant-negative background. HeLa KCNN4 knockout cells expressing

re incubated for a 5-min pulse with 5 mMCF647-labeled spermine. The results

sis was performed using parametric two-tailed t test based on AUC values. A

stead of the Rab5 dominant-negative construct. A total of 150–165 cells per
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Figure 7. Acidic nature of the CPP- and Lamp1-positive endosomes

(A) Representative confocal images of wild-type HeLa cells expressing Lamp1-BFP incubated for one hour with 1 mM LysoSensor Green DND-189. Scale bar:

10 mm.

(B) Colocalization quantitation of acidic Lamp1 vesicles based on confocal images in wild-type and KCNN4 KOHeLa cells incubated with the indicated cargos for

one hour (58 cells per condition were analyzed). Statistical analysis was performed using ANOVA test with Dunett’s correction. The p values correspond to the

comparison with dextran. In this graph, all Lamp1-positive vesicles are considered, not only those that colocalize with the indicated markers.

(C) Representative confocal images of KCNN4 knockout HeLa cells expressing Lamp1-BFP incubated for one hour with 40 mM TMR-TAT and 1 mM LysoSensor

Green DND-189. Scale bar: 10 mm.

(D) Colocalization quantitation of the indicated endocyticmaterial with lysosensor in wild-type HeLa cells based on visual quantitation (left) orMander’s coefficient

(70 cells per condition were analyzed). The cargos (40 mM TMR-TAT, 10 mM OTX2 HD, 5 mM CF647-labeled spermine, or 0.2 mg/ml TMR-10 kDa dextran) and

lysosensor (1 mM) were incubated with the cells for one hour. Statistical analysis was performed using ANOVA test with Dunett’s correction. The p values

correspond to the comparison with cells incubated with dextran.

See also Figure S7.
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up in Lamp1-containing compartments in the absence of Rab7

(Figure 3). The Rab14-dependent endosomal pathway may

consequently not require an additional Rab isoform to target its

cargos to Lamp1-positive compartments that are not acidic.

Nonacidic Lamp1-positive cellular compartments have been

previously described in the neuronal context (Cheng et al.,

2018; Yap et al., 2018). These vesicles represent the majority

of the Lamp1-positive endosomes in neurons (Cheng et al.,
10 Cell Reports 37, 109945, November 2, 2021
2018; Yap et al., 2018). They are Lamp1-positive but negative

for Rab7, lysotracker and Cathepsins B and D. The function of

such compartments is so far unknown and requires further

research. One proposed possibility though is that they corre-

spond to transitory lysosomes (Cheng et al., 2018; Yap et al.,

2018). Such vesicles would originate from maturing endosomes

or maturing autophagosomes, which would eventually mature

into Lamp1 acidic degradative compartment through retrograde
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transport (Cheng et al., 2018; Cheng et al., 2015; Maday et al.,

2014; Maday et al., 2012; Yap et al., 2018). Rab7 is thought to

be required for the maturation of these nondegradative Lamp1

endosomes into degradative vesicles and subsequent cargo

degradation (Lee et al., 2011; Maday et al., 2014; Yap et al.,

2018). However, the nonacidic Lamp1-positive vesicles that

contain cationic cargos that we have identified in the present

work are formed in a Rab7-independent manner and are not

acidic. They therefore presumably fulfill nondegradative func-

tions that remain to be investigated.

There was a minimal colocalization between CPP-, HP-, or

polyamine-containing endosomes and the Rab5 and Rab7 en-

dosomal markers. This could have resulted from nonselective

bulk liquid uptake, as it occurs during macropinocytosis (Palm,

2019). Alternatively, a small fraction of these cargos may specif-

ically enter the Rab5-dependent endosomal pathway as previ-

ously reported for some CPPs (Bechara and Sagan, 2013; Futaki

et al., 2013; Guidotti et al., 2017; Jones and Sayers, 2012; Koren

and Torchilin, 2012; Madani et al., 2011; Trabulo et al., 2010).

There have been earlier circumstantial indications of the exis-

tence of a Rab5-independent pathway specifically in the context

of viral infections, as well as trafficking to yeast vacuole (Shima-

mura et al., 2019; Toshima et al., 2014). It has been shown that

some viruses use unconventional endocytosis, such as Herpes

Simplex Virus 1 (Tebaldi et al., 2020), SARS-CoV (Castaño-Ro-

driguez et al., 2018), Lassa virus, the Amr53b and We54 strains

of LCMV (lymphocytic choriomeningitis virus) (Kunz, 2009; Pasq-

ual et al., 2011; Quirin et al., 2008; Rojek et al., 2008), Lujo virus

(Kunz and de la Torre, 2017; Raaben et al., 2017) and some influ-

enza A strains (Wu et al., 2018) that appear to skip the early

Rab5-positive endosomes. Rab14 also appears to be involved

in viral trafficking, more specifically in the endocytosis of Ebola

virus matrix protein VP40 (Fan et al., 2020). Additionally, Rab14

depletion delayed Candida albicans-containing phagosome

maturation to Lamp1, even though Rab5 and Rab7 markers

were still present during the maturation process (Okai et al.,

2015). Possibly, the Rab5-independent, Rab14-dependent en-

dosomal pathway is used by some pathogens to infect cells.

Therefore, our findings may not only concern the physiological

delivery of cationic cargo into cells, but could also be relevant

for the search of antiviral or antimicrobial drugs.

Limitations of the study
In the present work we provide evidence for the existence of an

endocytic pathway in which both EEA1 recruitment to early en-

dosomes and endosomal maturation to Lamp1-positive endo-

somes occur in a Rab14-dependent, Rab5/Rab7-independent

manner. The mechanism allowing Rab14 to recruit EEA1 on

CPP-containing endosomes remains however to be character-

ized as well as how Rab14, without the apparent need of other

Rab proteins, permits the CPP-containing endosomes to mature

down to the Lamp1-positive nonacidic compartment. Whether

CPPs can escape the endosomes of the Rab14-dependent

pathway is not known at the present time. Recent evidence indi-

cate however that the endosomal escape capacity of CPPs is

very limited, and it is therefore likely that once cells take up

CPPs via the Rab14-dependent pathway, the CPPs do not

readily find a way to reach the cytosol (Teo et al., 2021; Trofi-
menko et al., 2021). What also needs to be determined is the

physiological relevance of the Rab14 endosomal pathway in

the context of polyamine handling by cells or for the signaling

properties of homeoproteins.
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Dog: MDCK-II Rab5 knockout and

degron-Rab5A-expressing cell line

Mitsunori Fukuda laboratory

(Homma et al., manuscript in preparation)

N/A

Human: HeLa ATCC CCL-2
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Primer: introducing dominant negative
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Plasmid: GFP-Rab5C.dn3 Genescript Cat# OHu09753C

Plasmid: CFP-hRab5C(S35N).dn3 Addgene Cat# 11504

Plasmid: GFP-hEEA1 Addgene Cat# 42307

Plasmid: hLamp1-GFP.dn3 Addgene Cat# 34831

Plasmid: BFP-hRab7A-Myc Addgene Cat# 79803
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ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/
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GraphPad Prism8 GraphPad https://www.graphpad.com/

scientific-software/prism/

Clone Manager9 Sci-Ed Software https://www.scied.com/dl_cm10.htm

Li-Cor Odyssey LI-COR Biosciences N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Christian

Widmann (christian.widmann@unil.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
All cell lines were cultured in 5% CO2 at 37

�C. HeLa (ATCC: CCL-2) cells were cultured in RPMI media (61870044; Thermo Fisher,)

supplemented with 10% heat-inactivated fetal bovine serum (FBS; 10270-106; Thermo Fisher). MDCK-II parental and knock-out cell

lines99 (available from RIKEN BioResource Research Center Cell Bank (RCB5099–RCB5148; https://cell.brc.riken.jp/en) were

cultured in DMEM (10566016; Thermo Fisher), 10% FBS. MDCK-II Rab5 knock-out and degron-Rab5A-expressing cell line will be

described elsewhere (Homma et al., manuscript in preparation).

METHOD DETAILS

Reagents
Live Hoechst 33342 (CDS023389, Sigma) was aliquoted and stored at�20�C. AlexaFluor488-, AlexaFluor568-, AlexaFluor647-labeled
human transferrinwasdissolved inPBSat5mg/ml andstoredat4�C (T13342,T23365andT23366; ThermoFisher). TMR-labeled10,000

neutral dextranwas dissolved in PBS at 10mg/ml and stored at�20�C (D1816; Thermo Fisher). AlexaFluor647-labeled and biotinylated

epidermal growth factor (EGF) was dissolved in water at 1 mg/ml, aliquoted and stored at�20�C (E35351; Thermo Fisher). EIPA (stock

concentration 10 mM), IPA3 (stock concentration 5 mM), ML7 (stock concentration 10 mM), CytoD (stock concentration 1 mM), Jas

(stock concentration 1 mM) a kind gift from Stefan Kunz laboratory, were dissolved in DMSO, aliquoted and stored at �20�C.
LY294002 was dissolved in DMSO at 20 mg/ml, aliquoted and stored at �20�C (440202; Sigma Aldrich). Wortmannin was aliquoted

in DMSO at a 50 mg/ml concentration and stored at �20�C (W1628; Sigma Aldrich). Indole-3-acetic acid (IAA) (I2886; Sigma-Aldrich)

was dissolved in ethanol at a 500mMconcentration, aliquoted and stored at�20�C.Doxycycline (D3447; Sigma-Aldrich)was dissolved

inDMSOat a 1mg/ml concentration, aliquoted and stored at�20�C. LysoTracker RedDND-99 (L7528; ThermoFisher) and LysoSensor

Green DND-189 (L7535; Thermo Fisher) were stored at a 1 mM concentration at �20�C.

Antibodies
Themousemonoclonal anti-EEA1, stored at�20�C (610457; BD Transduction Laboratories) and anti-Lamp1, stored at 4�C (555798;

BD PharMingen) antibodies were used in immunofluorescence experiments. Donkey polyclonal anti-mouse Cy3 secondary antibody

was aliquoted and stored at �20�C in glycerol (715-165-150; Jackson ImmunoResearch). Phospho-AKT (Ser473) rabbit polyclonal

antibody was stored at�20�C (92715; Cell signaling) and was used for western blotting. Anti-Rab5C antiserum, which can recognize

all three Rab5 isoforms (Mrozowska and Fukuda, 2016), was stored at �20�C.

Western blotting
Cellswere lysed in theNP-40 lysis buffer. Protein concentrations in the cell lysateswerequantitatedbyBradfordassay and20mgprotein

per samplewere loadedonto10%polyacrylamidegel. After the transfer, the nitrocellulosemembraneswere stainedwith0.1%Ponceau

S solution. Themembranewas incubatedwith the indicated primary antibodies for 16 hours at 4�C,washed three time for 20minutes in

PBS-tween 0.1%, incubated with a secondary antibody for 1 hour at room temperature and washed three times for 20 minutes in

PBS-Tween 0.1%. Detection was done with Odyssey infrared imaging system (LICOR Biosciences, Bad Homburg, Germany).
e3 Cell Reports 37, 109945, November 2, 2021
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Confocal microscopy
Confocal microscopy experiments were done on live cells. Cells were seeded onto glass bottom culture dishes (P35G-1.5-14-C;

MatTek, corporation) and treated as described in the figures. For pulse-chase experiments, cells were incubated with the indicated

cargos for 5 minutes at 37�C in 5% CO2. Cells were then washed twice with media on ice and imaged immediately after. These im-

ages correspond to the 5-minute time point in the figures. Additional images were acquired at 15-, 30- and 60-minute post cargo

addition. Approximately 10 different random regions within the sample dish were sampled per time point. In between these acqui-

sition times, the cells were placed in 37�C, 5%CO2 incubator. For nuclear staining, 10 mg/ml live Hoechst 33342 (H21492; Molecular

probes) was added in the culture medium 5 minutes before washing cells twice with media. Image acquisition was performed with a

plan Apochromat 63x oil immersion objective mounted on a Zeiss LSM 780 laser scanning fluorescence confocal microscope equip-

ped with gallium arsenide phosphide detectors and three lasers (a 405 nm diode laser, a 458-476-488-514 nm argon laser, and a

561 nm diode-pumped solid-state laser). Acquisition was done in ‘‘smart setup’’ mode that allows the acquisition with simultaneous

excitation and detection of several fluorophores. This allows the selected probes to be recorded with minimum delay. Image reso-

lution was 0.10 mm x 0.10 mm per pixel and pinhole size was set to maximum 1 AU or below (0.5 AU in the case of Figure 1D). We

checked that there was no leakage of a given fluorophore signal into the other fluorophore emission channels whenmulti-fluorophore

recordings were done. Cell images were acquired at a focal plane near the middle of the cell making sure that nuclei were visible.

Experiments at 20�Cwere done using an incubation chamber set at 20�C, 5%CO2 and visualized with a Zeiss LSM710 Quasar laser

scanning fluorescence confocal microscope equipped with Neofluar 63x, 1.2 numerical aperture (NA) and using the same lasers and

settings as above. Image resolution with Zeiss LSM710 microscope was 0.13 mm x 0.13 mm per pixel. In colocalization experiments,

when the cargos are labeled with fluorophores emitting in the red spectrum, the endosomal markers are either labeled with GFP or

BFP. When the cargos are labeled with fluorophores emitting in the green spectrum, the endosomal markers are either labeled with

RFP, mCherry, or BFP.

Colocalization
Colocalization assessment between endocytosed material and a given endosomal marker was performed on confocal images by

visual assessment, switching back and forth between the color channels (Figure S1B). Only fully overlapping signals were considered

belonging to the same endosomes while partially colocalized signals were not considered being derived from the same vesicles but

rather assumed to originate from closely positioned particles that are artifactually overlaping due to insufficient resolution and excess

fluorophore intensities. The samples were randomized to blind the experimentators from the nature of the samples they were

analyzing. The randomization script is available at Zenodo: https://doi.org/10.5281/zenodo.5553413. The visual quantitation was

validated by Mander’s and Pearson’s coefficient calculation performed on the same samples using the JaCoP plugin in ImageJ. Ex-

amples of colocalization quantitation analysis is shown in Figures S1B and S1C.

Immunofluorescence
Immunofluorescence experiments for the localization of endogenous and ectopically expressed EEA1 and Lamp1 endosomal

markers (Figure S2A-B) was performed as described (Bissig et al., 2012). Briefly, cells were plated on poly L-lysine-coated coverslips

and fixed with 4% paraformaldehyde for 20 minutes at room temperature at the indicated time points after treatment. Following a

5-minute permeabilization at room temperature in PBS, 0.25% Triton X-100, the samples were blocked for 20 minutes at room tem-

perature in PBS, 3%BSA. Incubation with primary antibodies was done for two hours at room temperature in PBS, 1%BSA. The cells

were then incubated for 45 minutes at room temperature with Cy3-labeled secondary antibodies in the same buffers as above. Cov-

erslips were finally incubated 5 minutes with PBS, 10 mg/ml Hoechst 33342. Three PBS washes were done between each incubation

steps. Coverslips weremounted in Fluoromount-G (00-4958-02; cBiosience). Sampleswere visualizedwith a Zeiss LSM780 confocal

microscope.

Transient transfection
Calcium-phosphate-based transfection of HeLa cells was performed as previously described (Jordan et al., 1996). Briefly, cells were

plated overnight in DMEM (61965; Invitrogen) medium supplemented with 10% heat-inactivated FBS (10270-106; Invitrogen), 2.5 mg

of total plasmid DNA of interest was diluted in water, CaCl2 was added to the DNA and the mixture was incubated with an equal vol-

ume of HEPES 2x for 60 s before adding the mixture drop by drop to the cells. Media was changed 10 hours later.

Transient transfection in MDCK cells was done with Lipofectamin 2000 reagent according to supplier’s instructions with 2.5 mg of

total plasmid DNA (11668030; Thermo Fisher).

Macropinocytosis inhibition
Cells ectopically expressing GFP-EEA1 were starved overnight to stimulate macropinocytosis. Media was then changed to RMPI

containing 10% FBS and cells were preincubated for 30 minutes with the indicated macropinocytosis inhibitors (kind gift from Dr.

Stephan Kunz lab). Cells were pulsed for 5 minutes with TMR-dextran or TMR-TAT-RasGAP317-326, washed and visualized under

confocal microscope in RPMI, 10% FBS in the presence of macropinocytosis inhibitors.
Cell Reports 37, 109945, November 2, 2021 e4
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Plasmid constructs
The RFP-hRab5A.dn3 (#921) plasmid encoding RFP-labeled human Rab5A protein was from Addgene (Cat# 14437). The mCh-

hRab7A (#922) plasmid encoding mCherry-labeled human Rab7A protein was from Addgene (Cat# 61804). GFP-hRab5A.dn3

(#966), GFP-hRab7A.dn3 (#968), GFP-DynI.dn3 (#963) plasmids encoding GFP-labeled versions of the indicated human proteins,

as well as their dominant-negative isoforms [plasmids GFP-hRab5A(S34N).dn3 (#961), GFP-Rab7A(T22N).dn3 (#969), GFP-DynI(-

K44A).dn3 (#964)] were a kind gift from Stefan Kunz laboratory. The mCh-hRab5(S34N) (#933) plasmid encoding a mCherry-labeled

dominant-negative mutant version of human Rab5Awas from Addgene (Cat# 35139). The GFP-hRab5B.dn3 (#1008) plasmid encod-

ing GFP-labeled wild-type version of human Rab5B isoform was from Addgene (Cat# 61802). The GFP-hRab5B(S34N) (#1067)

plasmid encoding GFP-labeled dominant negative mutant version of human Rab5B isoform was introduced to plasmid GFP-

hRab5B.dn3 (#1008) using Q5 Site-Directed Mutagenisis kit (NEB, Cat# E0554S) according to manufacturer’s instructions using for-

ward primer #1554 (AGTGGGAAAGaacAGCCTGGTATTAC; the lower-case letters are those that introduce the mutation creating the

dominant-negative version of the protein) and reverse primer #1555 (GCAGATTCTCCCAGCAGG). The GFP-Rab5C.dn3 (#1074)

plasmid encoding GFP-labeled version of human Rab5C isoform was from Genescript (Cat# OHu09753C). CFP-hRab5C(S35N).dn3

(#1006) encoding cerulean-labeled dominant-negative mutant version of human Rab5C isoform was from Addgene (Cat# 11504).

GFP-hEEA1 (#970) and hLamp1-GFP.dn3 (#971) encoding GFP-labeled versions of human EEA1 and Lamp1, respectively were

from Addgene (Cat# 42307 and 34831). The BFP-EEA1 (#1009) plasmid was generated by subcloning the EEA1 portion of GFP-

hEEA1 (#970) into BFP-hRab7A-Myc (#1005, Addgene Cat# 79803) from which the hRab7-Myc fragment was removed. This was

achieved by digestion of both plasmids with BamHI (NEB, Cat# R313614) and BspEI (NEB, Cat# R0540S) and ligation of the

EEA1 insert into the vector fragment lacking hRab7-Myc. The hLamp1-BFP (#1016) plasmid encoding BFP-labeled version of human

Lamp1 protein was from Addgene (Cat# 98828). The GFP-hRab14.dn3 (#1017) plasmid encoding GFP-labeled human Rab14 was

from Addgene (Cat# 49549). The GFP-hRab14(S25N).dn3 (#1037) and GFP-hRab14(N124I).dn3 (#1038) plasmids encoding GFP-

labeled versions of dominant-negative Rab14 mutant were from Addgene (Cat# 49594 and 49593).

Peptides
TAT-RasGAP317-326 is a retro-inverso peptide (i.e., synthesized with D-amino-acids in the opposite direction compared to the natural

sequence) labeled or notwith FITC or TMR. The TATmoiety corresponds to amino acids 48–57 of theHIV TATprotein (RRRQRRKKRG)

and theRasGAP317–326moiety corresponds to aminoacids from317 to 326of thehumanRasGAPprotein (DTRLNTVWMW). These two

moieties are separated by two glycine linker residues in the TAT-Ras-GAP317–326 peptide. The followingCPPs, TAT,MAP (KLALKLALK

ALKAALKLA), Penetratin (RQIKWFQNRRMKWKK), Transportan (GWTLNSAGYLLGKINLKALAALAKKIL), R9 (RRRRRRRRR), were

synthesized in the retro-inverso conformation (and also in the natural L-amino acid conformation in the case of TAT). Theywere labeled

with either FITC or TMR at the N terminus. The sequence of the OTX2 HD (QRRERTTFTR AQLDVLEALF AKTRYPDIFM REEVALKINL

PESRVQVWFKNRRAKCRQQQ)was synthesizedwith L-amino acids andwas labeledwith FITCor TMRat theN terminus. All peptides

were synthesized by SBS Genetech, China and resuspended to 1 mM in water.

Polyamine labeling
Spermine fluorescent labeling with CF405M, CF488A, CF647, and CF594 dyes was performed using a Mix-n-Stain Small Ligand La-

beling Kit (92362, 92350, 92359, and 92352, respectively; Biotium) according to manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed on non-normalized data, using GraphPad Prism 7. All measurements were from biological

replicates. Unless otherwise stated, the vertical bars in the graph represent the standard deviation of mean from at least three inde-

pendent experiments. The details of statistical tests applied for the analysis, the exact number of cells analyzed per condition, can be

found in the figure legends.
e5 Cell Reports 37, 109945, November 2, 2021
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Peptide Sequence Net charge at pH 7 .0 
TAT.,._,, GRKKRRQRRR 8 

R9 RRRRRRRRR 9 
MAP KLALKLALKALKAALKLA 5 

Penetratin RQIKIWFQNRRMKWKK 7 

Transportan GWTLNSAGYLLGKINLKALAALAKKIL 4 
TAT-RasGAPm -m GRKKRRQRRRGGWMWVTNLRTD 8 

OTX2-HD QRRERTTFTRAQLDVLEALFAKTRYP DI FM R 6 
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Figure S1. Colocalization quantitation and experimental setup. Related to Figure 1. 
(A) CPP sequences and the net charge they carry. Positively charged amino acids (arginine and lysine) are color-coded. 
(B) Visual assessment of the colocalization between fluorescently labeled endosomal material and endocytic markers. Samples were rando
mized to blind the experimenters from the nature of the samples they were analyzing. Colocalization assessment was performed visually by 
switching back and forth between the color channels. The image at the top shows a representative confocal image of one KCNN4 knock-out 
HeLa cell expressing GFP-Rab5A incubated with 20 µg/ml AlexaFluor568-transferrin for 5 minutes. The bottom images are enlarged regions 
of the cell shown above. They depict how we determined whether colocalization between Rab5 and transferrin occurred or not. For example, 
the red and green signals in circle 4 do not have overlapping centers and are therefore not considered to belong to the same vesicle. In contrast, 
the red and green signals in circles 2 and 3 have overlapping centers and are consequently considered to belong to the same vesicles. Scale bar: 
10 µm. 
(C) KCNN4 knock-out HeLa cells expressing GFP-Rab5A were incubated with 20 µg/ml AlexaFluor568-Transferrin or 40 µM TMR-TAT for 
5 minutes. Co localization between Rab5A and either transferrin or TAT was quantitated visually as described in panel B (mean ± SD of 156-165 
cells per condition derived from three independent experiments). Alternatively, colocalization was assessed by Mander's or Pearson's quantita
tion using the JaCoP plugin in ImageJ (shown as box plots) on the same cells used for the visual quantitation. 
(D) Unless otherwise mentioned, the time-course experiments performed in the present work follow the setting presented in this panel. Cells 
expressing fluorescent versions of endocytic markers are incubated five minutes with various fluorescent material, washed, and the endosomal 
maturation followed overtime. 
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Figure S2. Experimental setup controls. Related to Figure I. 
(A) Ectopic expression does not alter the subcellular location of endosomal markers. KCNN4 knock-out HeLa cells were transfected (top row) 
or not (bottom row) with GFP-tagged versions ofEEAl and Lampl. EEAl and Lampl were visualized in fixed cells by immunofluorescence 
(Cy3 signal) or via GFP fluorescence. Scale bar: 10 µm. 
(B) Quantitation of the colocalization between ectopic GFP-tagged or endogenous EEAl or Lampl withAlexa568-transferrin in live or fixed 
KCNN4 knock-out HeLa cells. Cells were treated as depicted in Figure SID and then either fixed and immunostained with anti-EEAl or 
anti-Lamp 1 antibodies or visualized live by confocal microscopy. The data correspond to the mean± SD of 160-171 cells per condition derived 
from three independent experiments. The p-values were calculated using ANOVA analysis with Dunett's correction based on area under the 
curve (AUC) values. Green p values: live cells expressing ectopic markers vs fixed control cells. Orange p values: live cells expressing ectopic 
markers vs fixed cells expressing ectopic markers . 
(C) Quantitation of colocalization between transferrin (20 µg/ml) and fluorescently-tagged early and late endosomal markers in wild-type HeLa 
cells. The data correspond to the mean± SD of 160-171 cells per condition derived from three independent experiments. 
(D) Quantitation of colocalization between TAT-RasGAP

3 17
_
326 

or TAT (both used at a 40 µM concentration) and fluorescently-tagged early and 
late endosomal markers in HeLa wild-type cells. The data correspond to the mean± SD of 150-160 cells per condition derived from three 
independent experiments. 
(E) Quantitation of colocalization between TAT (1 µM) and fluorescently-tagged early and late endosomal markers in wild-type HeLa cells. 
The data correspond to the mean± SD of 150-160 cells per condition derived from three independent experiments. 
(F) Quantitation of co localization between TAT ( 40 µM) with natural L-amino acid conformation and fluorescently-tagged early and late endo
somal markers in wild-type HeLa cells. The data correspond to the mean± SD of 150-160 cells per condition derived from three independent 
experiments. 
(G) Colocalization quantitation of the indicated FITC-labelled CPPs with TMR-R9 in KCNN4 knock-out HeLa cells. The data correspond to 
the mean± SD of 170-181 cells per condition derived from three independent experiments. 
(H) Colocalization between TAT-RasGAP

3 17
_
326 

(40 µM) and GFP-tagged Rab5, EEAl or Rab7 in KCNN4 knock-out HeLa cells. Cells were 
incubated in the continuous presence ofTAT-RasGAP

3 17
_
326 

as indicated on the left-hand side of the panel. The data correspond to the mean± 
SD of 150-165 cells per condition derived from three independent experiments. 
(I) Colocalization in KCNN4 knock-out HeLa cells between transferrin and Rab5 (top) or Rab7 (bottom) in the presence (TAT-cargo) or in the 
absence (not treated) of 40 µM TAT-RasGAP

3 17
_
326

• The data correspond to the mean± SD of 165-170 cells per condition derived from three 
independent experiments. The p-values were calculated onAUC values using parametric two-tailed unpaired t-tests. 
(J) Colocalization quantitation in KCNN4 knock-out HeLa cells between ectopically expressed BFP-EEAl and Lampl-GFP in the presence 
(TAT-cargo) or in the absence (not treated) of 40 µM TAT-RasGAP

3 17
_
326

• The data correspond to the mean± SD of 165-178 cells per condition 
derived from three independent experiments. 
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Figure S3. Macropinosome formation inhibitors and dynamin dominant-negative mutants do not affect CPP uptake. Related to 
Figure 1. 
(A) Representative confocal images ofKCNN4 knock-out HeLa cells preincubated or not with the indicated inhibitors for 30 minutes prior 
to the addition of0.2 mg/ml TMR 10 k.Da Dextran or 40 µM TMR-TAT-RasGAP
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for a 5-minute pulse. Confocal images were acquired 
at 5, 30 and 60 minutes after the addition of the cargos. The inhibitors were present throughout the full duration of the experiment. Scale bar: 
J0µm. 
(B) Total cell fluorescence quantitation based on images acquired in panel A. Results correspond to the mean ± SD of 150-168 cells per 
condition derived from three independent experiments. 
(C) Representative confocal images of KCNN4 knock-out HeLa cells ectopically expressing wild-type (Dynl WT) or dominant-negative 
(Dynl K44A) version of dynamin I. Cells were incubated with 20 µg/ml AlexaFluor568-transferrin or 40 µM TMR-TAT-RasGAP

317
_
326

• Cell 
nuclei were labeled with live Hoechst. White arrows point to cells transfected with GFP-dynamin constructs and yellow arrows indicate 
non-transfected cells . Images were acquired at 15 minutes post incubation with the cargos. Scale bar: 10 µm . 
(D) Cytosolic/total fluorescence ratio based on confocal images acquired in panel C. Cytosolic/total fluorescence ratio corresponds to the 
proportion of transferrin or TMR-TAT-RasGAP 
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_
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fluorescence signal found within the cell 's cytosol normalized to total cell fluorescence 
(minus the signal found in the nucleus that was excluded based on Hoechst staining). A low cytosolic ratio indicates that the signal mostly 
originates from the cell membrane. Calculations were done using ImageJ. A total of 150 cells per condition were analyzed derived from three 
independent experiments. 
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Figure S4. The effect of pan--PBK inhibitors on cytosolic distribution of endocytosed material and endosomal markers. Related to 
Figure 2. 
(A) KCNN4 knock-out HeLa cells were incubated in serum-free medium for one hour and then incubated 20 minutes in RPMI, 10% serum in 
the presence or in the absence of25 µM LY294002 . Cells were then lysed and levels ofphosphorylated Akt were assessed by Western blotting 
using a rabbit anti--phospho--AKT antibody (Cell signaling, #92715). Evenness of loading was evaluated by Ponceau S staining. 
(B) Representative images of cells incubated with TMR--TAT in the presence or in the absence of pan--PI3K inhibitors. KCNN4 knock-out 
HeLa cells were preincubated or not for 30 minutes with 25 µM LY294002 or 10 µM wortmannin. TMR--TAT was added for a 5--minute pulse, 
then washed out and images of live cells were acquired 10 minutes later by confocal microscopy. When used, the pan--PI3K inhibitors were 
maintained in the media throughout the full duration of the experiment. Images such as shown in this panel were used for the quantitation 
presented in Figure 2. Scale bar: 10 µm. 
(C) Effect ofpan--PI3K inhibitors on EEAl subcellular location. Cells were treated as in panel B but in the absence ofTMR--TAT. This corres
ponds to the 15 --minute time point in Figure 2A. Scale bar: 10 µm. 
(D) The quantitation of the effect ofpan--PI3K inhibitors on EEAl subcellular location was performed on images acquired in panel C. Cytoso-
lic EEA 1 signal was measured using ImageJ by selecting regions of identical surface devoid of endosomes. The results are derived from the 
analysis of 155--158 cells per condition derived from three independent experiments. Statistical analysis was done with ANOVA multiple 
comparison with Dunnet's correction. 
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Figure S5. CPP endocytosis in MDCK-11 cells. Related to Figure 3. 
(A) Western blot-mediated Rab5 detection in lysates of wild-type or Rab5-degron MDCK-11 cell incubated with 1 µg/ml doxycycline and 500 
µM IAA for the indicated periods of time. 
(B) Colocalization of TAT-containing vesicles with the indicated endosomal markers. Wild-type MDCK-11 cells were incubated with 40 µM 
TMR-TAT for 5 minutes and then visualized by live confocal microscopy. A total of 160-178 cells per condition, derived from three 
independent experiments, were analyzed . 
(C) Colocalization quantitation between AlexaFluor64 7-transferrin and GFP-EEA 1 (15 minutes) or Lamp 1-GFP (30 minutes) in a pulse chase 
experiment performed in wild-type MDCK-11 cells and the corresponding Rab knock-outs. Per condition, 55-59 cells were analyzed. Statistical 
analysis was performed with ANOVA multiple comparison to the wild-type cell condition with Dunett's correction. 
(D) Colocalization quantitation between TAT and EEAl or Lampl in cells transfected with Rabl4 dominant-negative constructs in wild-type 
HeLa cells in a pulse chase experiment setting (see Fig. S lD). The data correspond to the mean ± SD of 150-162 cells per condition derived 
from three independent experiments. Statistical analysis was performed on AUC values using ANOVA test with Dunett's correction. The 
p-values correspond to the comparison with non-transfected (NT) cells. 
(E) Left: representative confocal images of the indicated MDCK-11 cell lines incubated with 40 µM TMR-TAT for 5 minutes, washed and then 
imaged 10 minutes later. Scale bar: 10 µm . Right: quantitation of total TMR-TAT uptake based on confocal images in the left panel (130-138 
cells were analyzed per condition derived from three independent experiments). Statistical analysis was done with ANOVA multiple compari
son with Dunnet's correction. 
(F) Left: representative confocal images of KCNN4 knock-out HeLa cells transfected with the dominant-negative GFP-Rabl4 (Nl24I) 
construct and incubated with 40 µM TMR-TAT for 5 minutes, washed and then imaged 10 minutes later. Scale bar: 10 µm . Right: quantitation 
of total TMR-TAT uptake based on confocal images in the left panel ( 145-150 cells were analyzed per condition derived from three independent 
experiments). Statistical analysis was done with ANOVA multiple comparison with Dunnet's correction. 
(G) Quantitation of the number ofEEAl-positive vesicles and their fluorescence based on confocal images in wild-type and Rabl4 knockout 
MDCK-11 cells. The results are derived from the analysis of 155-163 cells (per condition) taken from three independent experiments. Statistical 
analysis was done using parametric two-tailed unpaired t-test. 
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Figure S6. Rab5 is not involved in the maturation of CPP-containing endosomes. Related to Figures 3 and 4. 
(A) Representative confocal images of the cells analyzed in Figure 4B. Scale bar: 10 µm. 
(B) Colocalization quantitation oftransferrin, dextran, and the indicated CPPs with Lampl in cells transfected with aRab5C dominant-negative 
construct in KCNN4 knockout HeLa cells using a pulse-chase experiment setting (see Fig. S 1D). The data correspond to the mean± SD of 
166-172 cells analyzed per condition, derived from three independent experiments. Statistical analysis was performed using parametric 
two-tailed t-test based on AUC values. 
(C) Representative confocal images of GFP-EEAl-transfected KCNN4 knockout HeLa cells co-transfected or not with a CFP-Rab5C S35N 
dominant-negative construct. Cells were incubated or not with 40 µM TMR-TAT for 5 minutes and then imaged 10 minutes later. Scale bar: 10 
µm. 
(D) Quantitation of the number ofEEAl-positive vesicles and their fluorescence, as well as total EEAl cell fluorescence ( cytosolic and vesicu
lar) on images such as shown in panel C. A total of 150-155 cells per condition, derived from three independent experiments, were analyzed. 
Statistical analysis was done using ANOVA multiple comparison with Tuckey correction. 
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Figure S7. Rabl4 is not a specific marker for the CPP endocytic pathway. Related to Figure 7. 
(A) Representative confocal images ofKCNN4 knockout HeLa cells ectopically expressing GFP-Rab14 and BFP-EEAl that were incubated 
for 5 minutes with 40 µM TMR-TAT. Images were acquired at 30 minutes post-incubation with TMR-TAT. Scale bar: 10 µm . 
(B) Representative confocal images ofKCNN4 knockout HeLa cells ectopically expressing GFP-Rab14 and RFP-Rab5A that were incubated 
for 5 minutes with 40 µM unlabeled TAT. Images were acquired at 30 minutes post-incubation with TAT. Scale bar: 10 µm. 
(C) Representative confocal images ofKCNN4 knockout HeLa cells ectopically expressing GFP-Rab14 and Lampl-BFP that were incubated 
for 5 minutes with 40 µM TMR-TAT. Images were acquired 30 minutes post-CPP addition. Scale bar: 10 µm. 
(D) Colocalization quantitation ofRabl4 with the indicated endosomal markers in wild-type and KCNN4 knockout HeLa cells incubated for 5 
minutes with 20 µg/ml AlexaFluor647-transferrin or 40 µM TMR-TAT. A total of 54-60 cells per condition were analyzed. 
(E) Representative confocal images ofKCNN4 knockout HeLa cells expressing GFP-Rab14 and Lampl-BFP. The images were acquired after 
one hour of incubation with LysoTracker Red DND-99 (50 nM). Scale bar: 10 µm . 
(F) Representative confocal images ofKCNN4 knockout HeLa cells expressing GFP-Rab14, incubated with the indicated cargos for 5 minutes, 
and imaged 10 minutes later. Scale bar: 10 µm. 
(G) Colocalization quantitation between the indicated endocytosed material and GFP-Rab14 ectopically expressed in wild-type and KCNN4 
knockout HeLa cells. The results correspond to the mean ± SD of three independent experiments. Left: the co localization quantitation corres
ponds to the percentage of endosomes positive for both GFP-Rab14 and the indicated endocytosed material over the total number of vesicles 
positive for the endocytosed material. Right: the colocalization quantitation corresponds to the percentage of endosomes positive for both 
GFP-Rab14 and the indicated endocytosed material over the total number of Rab14-positive vesicles. A total of 140-150 cells per condition 
were analyzed. 
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