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Cell-penetrating peptides (CPPs) are short (<30 amino acids), generally cationic, peptides that deliver diverse
cargos into cells. CPPs access the cytosol either by direct translocation through the plasma membrane or via
endocytosis followed by endosomal escape. Both direct translocation and endosomal escape can occur simul-
taneously, making it non-trivial to specifically study endosomal escape alone. Here we depolarize the plasma
membrane and showed that it inhibits the direct translocation of several CPPs but does not affect their uptake
into endosomes. Despite good endocytic uptake many CPPs previously considered to access the cytosol via

endosomal escape, failed to access the cytosol once direct translocation was abrogated. Even CPPs designed for
enhanced endosomal escape actually showed negligible endosomal escape into the cytosol. Our data reveal that
cytosolic localization of CPPs occurs mainly by direct translocation across the plasma membrane. Cell depo-
larization represents a simple manipulation to stringently test the endosomal escape capacity of CPPs.

1. Introduction

Cell-penetrating peptides (also called cell-permeable peptides) are
short (<30 amino acids), generally cationic, peptides that can enter
cells. CPPs facilitate the cellular entry of diverse payloads that are
hooked onto them for diagnostic and therapeutic purposes [1,2]. CPPs
enter cells both by endocytosis and by direct translocation across the
plasma membrane. We and others have shown that very low membrane
potentials trigger the formation of transient water pores of ~ 2 nm in
diameter that CPPs exploit to move into the cytosol via a process called
direct translocation [3-7]. Depolarizing the plasma membrane, geneti-
cally or pharmacologically, prevents such direct translocation [3].

CPPs can also enter cells via endocytic uptake, which is unaffected by
the plasma membrane potential [3,8]. To access the cytosol post-
endocytosis, CPPs must be able to exit the compartment by a process
called endosomal escape [9-12]. Endosomal escape is poorly under-
stood at the molecular level since direct translocation and endosomal
escape of CPPs occur simultaneously. Therefore, it is extremely chal-
lenging to specifically evaluate the fraction of cytosolic CPPs that arises
exclusively from endosomal escape. Consequently, the endosomal

escape of CPPs as a route to cytosolic access remains vigorously debated.
Several studies have suggested endosomal escape as the sole pathway by
which CPPs access the cytosol. However the contribution of direct
translocation for CPP cytosolic access was largely unaddressed in these
studies [13-18]. Importantly, recent work indicates that endocytosed
CPPs remain trapped in endosomes, raising the possibility that endo-
somal escape may not be the dominant route by which CPPs access the
cell’s cytosol [3,19-23].

Here, we show that depolarizing the plasma membrane effectively
inhibits CPP direct translocation without affecting CPP endosomal up-
take. By depolarizing cells, we could therefore precisely evaluate the
endosomal escape capacities of R9 and TAT, two of the most widely used
CPPs in biology and medicine, as well as a series of CPPs that have been
designed to enhance their endosomal escape properties. We also tested
the endosomal escape capacity of a TAT-bound peptidic cargo and of the
homeodomain (HD) of OTX2 that naturally contains CPP-like sequences.
Our results indicate that CPP cytosolic acquisition occurs predomi-
nantly, if not exclusively, through direct translocation.
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2. Results

We recently showed that plasma membrane hyperpolarization is
required for cationic CPPs to directly translocate into the cytosol [3]. We
therefore tested whether by depolarizing cells we could block direct
translocation of CPPs, without affecting their endocytic uptake. We first
tested whether plasma membrane depolarization had any effect on
endocytosis or on endosomal membrane potential [24]. After loading
the cells with CPPs, we then removed as much extracellular CPPs as
possible by rigorous washing including cell trypsinization and reseeding
(Figure S1). We then monitored the ability of endocytosed CPPs to ac-
cess the cytosol over time.

2.1. Plasma membrane depolarization does not affect CPP endocytosis
nor endosomal membrane potential

We depolarized cells by incubating them in media containg high
potassium concentrations. This medium was made by using an experi-
mental medium lacking sodium and potassium salts that was then sup-
plemented with 100 mM KCl. We named this high potassium
concentration medium "depolarization medium". Similarly, we created a
control medium containing 5.3 mM KCI (Table S1). A thirty-minute
incubation in depolarization medium led to a cell membrane depolari-
zation from —30 mV to —10 mV in HelLa cells (Fig. S2A) without
affecting their viability (Fig. S2B). Plasma membrane depolarization did
not alter the endocytic uptake of R9, a prototypic cationic CPP
(Figure S3) nor did it alter the colocalization of R9-containing puncta
with early (EEA1) or late (LAMP1) endosomes as revealed by confocal
live cell imaging (Fig. 1 A). We tested whether depolarization impacted
the pH of endosomes using either a dextran ratiometric pH sensor
(Fig. S4A-B) or a lysosomal pH sensitive dye (LysoSensor Green DND-
189) (Fig. S4C). We found that depolarization did not affect endo-
somal acidification, while bafilomycin Al, a V-ATPase inhibitor, did, as
expected (Fig. S4B-C).

We next determined whether the depolarization medium affected the
membrane potential of endosomes. To do this, we used an organelle-
targetable, DNA-based ratiometric fluorescent-based voltmeter called
VoltairIM that labels specific endosomal compartments via hMSR1
human macrophage scavenger receptor-mediated endocytosis [24,25].
A voltage-insensitive version of VoltairIM (ds-Atto647) colocalized with
Rab5-positive early endosomes and Rab7-positive late endosomes 30
and 90 min after its addition to HeLa cells, respectively (Figure S5). We
therefore used these time points to measure the membrane potential of
early and late endosomes using VoltairIM. When cells were depolarized
and incubated in depolarization medium, early endosomes were depo-
larized but late endosomes were not (condition 3 in Fig. 1B). However,
when cells were depolarized and then incubated in control medium,
both early and late endosomes showed membrane potentials (condition
2 in Fig. 1B) comparable to untreated controls (condition 1 in Fig. 1B).
These data indicate that endosome membrane potential is preserved
when CPP-loaded endosomes are assayed for endosomal escape.

2.2. The R9 CPP remains in endosomes

To investigate whether plasma membrane depolarization was suffi-
cient to block R9 cytosolic entry, we loaded HeLa cells with increasing
concentrations of R9 in depolarization medium (100 mM KCl) and
control medium (5.33 mM KCl). Depolarization strongly inhibited R9-
TAMRA cytosolic localization but not the formation of CPP-loaded
endosomes (Fig. 2A). Image quantitation revealed that cytosolic signal
was not detected in cells treated with 1 uM R9 (Fig. 2A, Table 52). Above
1 uM R9, plasma membrane depolarization substantially inhibited
cytosolic localization of R9-TAMRA (Fig. 2A and Table S2). This in-
dicates that cell depolarization efficiently inhibits the cytosolic access of
CPPs via direct translocation. Depolarization can therefore permit one to
precisely address the extent of CPP endosomal escape.
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Next, we proceeded to see if endosomes release their CPP content in
the cytosol over time (scheme in Fig. 2B). Our assay allows detection of
endosomal escape if ~ 5 % of the endosomal CPP content is released in
the cytosol when 2 pM of R9 are used to load cells (see the methods).
Time course experiments using depolarized cells incubated with 2 uM of
R9-TAMRA and then incubated in regular culture medium revealed no
increase in R9 cytosolic fluorescence (Fig. 2B and Figure S6). However,
when L-leucyl-L-leucine methyl ester hydrobromide (LLOME), a lyso-
somal leakage-inducing compound [26,27], was added to these cells,
endosomal escape was readily observed (Fig. 2B and Figure S7A).
Similar results were obtained when R9 was labelled with TF2WS, a
fluorophore distinct from TAMRA (Figure S7B). At the concentration
used here, LLOME was not toxic to cells (Figure S7C). We also analysed
the variation of the cytosolic fluorescence of cells loaded with 2 pM R9-
TAMRA as a function of time at the single cell level and found no evi-
dence for endosomal escape (Figure S8). If low enough R9-TAMRA
concentrations (<1 uM) are used, no cytosolic entry from the extracel-
lular milieu is detected and hence plasma membrane depolarization is
dispensable in this case (see Fig. 2). In cells loaded with 1 uM R9-
TAMRA, we did not detect endosomal escape whether the cells were
depolarized or not. In both control and depolarizing conditions, similar
cytosolic CPP concentrations were obtained following LLOME addition,
indicating that the initial endosomal loading was equivalent (Figure S9).

To evaluate if endosomal escape can be detected at higher CPP
concentrations, we exposed depolarized HeLa cells to 5 uM R9-TAMRA.
However, we saw no change in CPP fluorescence over the background
signal (Figure S10). Only when LLOME was added could we detect an
increase in cytosolic levels of R9-TAMRA (Figure S10). Similar results
were observed in DLD-1 cells (Figure S11). Endosomal escape may occur
rapidly after formation of endosomes but not at later time points. In such
a case, as our procedure requires a reseeding step of 60 min, we may
have missed the time window of endosomal escape. We therefore
assessed whether an increase in cytosolic signal could be detected
immediately after the CPP loading and washing steps. Here, we used
heparin to strip the cell surface of adhered R9-TAMRA (see Fig. S1A).
Even then, no increase in cytosolic signal could be detected (Figure S12).
This indicates that endosomal escape of R9-TAMRA does not occur
rapidly after its uptake into endosomes. In sum, these results show that
R9 endosomal escape does not occur unless it is induced by agents like
LLOME that perforate endosomal compartments.

2.3. TAT, another widely used CPP, does not escape endosomes

To test the generality of our findings, we similarly investigated
another classical CPP, namely TAT (Fig. 3 and Table S3). The cytosolic
entry of TAT-TAMRA was also inhibited by cell depolarization. The in-
hibition was complete when cells were incubated with < 2 uM of TAT-
TAMRA (Fig. 3A and Table S3). No endosomal escape could be detec-
ted following the incubation of depolarized HeLa cells with 2 uM of TAT-
TAMRA (Fig. 3B). This indicates that, like R9-TAMRA, TAT-TAMRA
does not appear to escape endosomes.

2.4. The cytosolic entry pathway of CPPs designed for endosomal escape

Next, we tested a series of CPPs with reported enhanced endosomal
escape abilities. TAT dimerization via a disulfide bond generates the
dfTAT peptide. The dimerization is considered to enhance endosomal
escape [19]. Mechanistically, dfTAT is posited to induce endosomal
leakage after interacting with bis(monoacylglycero)phosphate in late
endosomes [28]. Here, we used a dfTAT enantiomer (p-dfTAT) that
preserves the internalization characteristics of dfTAT but is protease-
resistant [29]. Plasma membrane depolarization strongly reduced b-
dfTAT levels in the cytosol indicating that direct translocation is the
dominant mechanism of CPP entry (Figure S13 and Table S4). However,
unlike R9 and TAT, cytosolic p-dfTAT entry could not be fully inhibited
by depolarization (Figure S13). Time-course experiments reveal no
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increase in cytosolic fluorescence upon loading endosomes with p-dfTAT cells loaded with a low concentration (1 uM) of p-dfTAT (Figure S16).
(Fig. 4 and S14). We ruled out a fast-occurring endosomal escape, by Overall, this data indicates that the main mode of p-dfTAT cytosolic
probing for cytosolic signal in non-trypsinized cells (Figure S15). entry is direct translocation and not endosomal escape. Next, we
Additionally, we did not observe endosomal escape in non-depolarized considered cyclic arginine-rich peptides that have been reported to

(caption on next page)
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Fig. 1. Plasma membrane depolarization does not affect CPP endocytosis nor the membrane potential of endosomes. The experimental conditions are
depicted schematically above the data. A. One hundred thousand HeLa cells were seeded per condition. Cells were transfected with plasmids expressing EEA1-GFP
(early endosomes) or LAMP1-GFP (late endosomes) endocytic markers. Forty-eight hours later, cells were switched to experimental RPMI 1640 containing 5.3 or 100
mM KCl for 30 min and incubated with 2 uM of R9-TAMRA for 10 min. Cells were PBS-washed three times. Fresh regular RPMI 1640 culture media was then added.
Cells expressing EEA1 were immediately imaged by confocal microscopy while cells expressing LAMP1 were imaged after a 30 min incubation period at 37 °C.
TAMRA and GFP colocalization was quantitated as previously described [8]. Each dot in the graphs represents the percentage, for a given cell, of the R9-TAMRA-
containing endosomes positive for the indicated markers. Statistical analysis: unpaired t-tests. Representative images (scale bar: 5 m) of each condition are shown.
Arrows point to colocalization between R9-TAMRA and the indicated GFP-labelled endocytic markers. B Representative pseudo-colored G/R ratio images of the
Voltair-labelled endosomes (the G/R ratio is explained in the methods). Scale bar = 10 pm. The quantitation of the membrane potentials of early and late endosomes
in cells subjected to the indicated experimental conditions is shown as violin plots on the right-hand side of the figure. The grey bars represent the median. Al least

100 vesicles were analyzed per condition.

<

improve cytosolic access compared to arginine-rich linear CPPs like TAT
and R9 [17,18]. In this class, CPP12 is one of the most efficient CPPs
[17]. As observed with p-dfTAT, we were unable to detect endosomal
escape of CPP12 when it was loaded in endosomes (Fig.s 4, S17,518,S19
and Table S5). Finally, certain small proteins containing a discrete array
of five arginines on a folded a-helix, such as ZF5.3, have been considered
to show enhanced endosomal escape [15,16]. Contrary to the peptides
so far studied, ZF5.3 did not show much cytosolic localization at < 5 uM
(Figure S20 and Table S6). Above 5 uM, cytosolic signal was observed
that was partially lost when cells were depolarized. This indicates that at
least a fraction of cytosolic entry occurs via direct translocation
(Figure S20 and Table S6). Once ZF5.3 was loaded in endosomes fol-
lowed by washing, no further cytosolic signal increase was seen, unless
induced by LLOME (Fig. 4). The heparin wash was not as effective to
remove surface bound ZF5.3 unlike the other CPPs (Figure S21). The
mode of plasma membrane interaction of ZF5.3 versus CPPs such as R9
and TAT appears therefore to differ.

2.5. CPPs hooked to cargos and homeodomains remain trapped in
endosomes.

We next determined if the addition of a cargo to a CPP affects its
endosomal escape capacity. For this purpose, we used the TAT-Ras-
GAP317.326 anticancer and antimicrobial peptide [3,4,30-38]. This
compound is made of the TAT CPP and the 317-326 sequence of p120
RasGAP. As was the case for the unhooked TAT, depolarization drasti-
cally reduced TAT-RasGAP3;7.326 cytosolic uptake. Time course exper-
iment did not reveal TAT-RasGAPg3;7.326 endosomal escape unless the
endosmolytic agent LLOME was added (Figure S22 and Table S7).

We also tested the endosomal escape capacity of the OTX2 HD [39].
HDs are present in homeoproteins, a family of transcription factors
involved in tissue patterning, axon guidance, cell migration during
development, and neuroplasticity [40-43]. Homeoproteins can cross
biological membranes thanks to the CPP-like sequences in their HD
[40,42,44-48]. Plasma membrane depolarization reduced OTX2 HD
cytosolic staining and in this condition no cytosolic acquisition could be
evidenced over time (Figure S23 and Table S8).

2.6. Energy depletion blocks CPP direct translocation and endocytosis

Contrary to endocytosis, direct translocation of CPPs is sometimes
considered an energy-independent process [1,2,10]. Hence, some earlier
studies used energy depletion to block endocytosis with the assumption
that direct translocation remained active and therefore amenable to
investigation [49-52]. We and others have shown that adequate plasma
membrane hyperpolarization is required for direct translocation of CPPs
[3-7]. Membrane potential maintenance requires the activity of the
ATP-dependent sodium potassium pump [53]. Nevertheless, we sought
to test whether direct translocation was energy independent. We used
metabolic inhibitors (NaN3 and 2-deoxy-p-glucose) in culture media
without glucose, [54] to decrease ATP levels and depolarize the plasma
membrane in HeLa cells (Figure S24A-B). Under these conditions, we
incubated HelLa cells with a concentration of R9-TAMRA (2 uM) that
favors endocytic uptake or with a concentration of the peptide (10 pM)
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that permits direct translocation as well as endocytic uptake.
Figure S24C shows that the metabolic inhibitors completely abolished
R9-TAMRA uptake into both cytosol and into endosomes. This demon-
strates that both CPP endocytosis and direct translocation are energy-
dependent and thus that energy depletion cannot discriminate be-
tween either mechanism.

3. Discussion

CPPs can enter cells by direct translocation through the plasma
membrane as well as via endocytosis [3]. Endocytosed CPPs may then
escape into the cytosol. Conceptually, both direct translocation and
endosomal escape can contribute to the cytosolic entry of CPPs. To study
endosomal escape, it is essential to rule out entry via direct trans-
location. Here, we present a simple method to distinguish endosomal
escape from direct translocation that only requires the use of labelled
CPPs, potassium-rich media, and confocal imaging.

Potassium-rich media depolarize cells, efficiently inhibiting direct
translocation yet permitting endocytosis of CPPs. Our assay is reason-
ably sensitive as we can detect endosomal escape at low micromolar CPP
concentrations (~0.5 pM) and when only < 5 % of the endosomal
content is released in the cytosol (see methods). We found that the
dominant mode of cytosolic entry of R9, TAT, o-dfTAT, CPP12, ZF5.3
was via direct translocation and that endosomal escape was negligible.

Previously, endocytic inhibitors [16,55-57] and ATP depletion
[49-52,57-59] were used to distinguish direct translocation from
endosomal escape. We have recently demonstrated that CPPs are
endocytosed via a pathway that is different from clathrin-mediated
endocytosis or macropinocytosis [8]. Indeed, maturation of CPP-
containing endosomes to LAMP1-positive vesicles requires Rab14 but
not Rab5 or Rab7. Formation of CPP-containing vesicles is insensitive to
inhibitors (e.g. PI3K inhibitors, dynamin dominant negative mutants,
and macropinosome formation inhibitors) that prevent classical endo-
cytosis [8]. Thus, these inhibitors cannot be used to investigate how
CPPs enter cells.

A recent sophisticated technique using split luciferase escape quan-
titation (SLEEQ) has been used by Teo and collaborators to investigate
CPP endosomal escape [23]. This approach is based on two Nano-
luciferase fragments: the 11 amino acid HiBit peptide and a larger LgBit
fragment. HiBit and LgBit can bind each other with high affinity and
recreate a functional luciferase enzyme. CPPs were hooked to Hibit and
LgBit was expressed in the cell’s cytosol. If CPPs escape endosomes, the
nanoluciferase enzyme is reconstituted in the cytosol and this allows
light production upon fumarizine addition. Such assays are extremely
sensitive and while they can detect minimal endosomal escape, they lack
spatial resolution and require genetic modification of the cellular system
[15,60-62]. Even by these methods, CPPs were shown to have a limited
endosomal escape capacity, i.e., <7% in HeLa cells and < 2 % in
HeK293T cells.

Here we demonstrate a simple approach to study endosomal escape
of CPPs without the confounding effect of direct translocation. However,
our strategy has a few limitations. Although it provides good spatial
resolution, it is not as sensitive as the signal amplifying methods
described above. We rely on time to monitor endosomal escape. This
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Fig. 2. No evidence for R9 endosomal escape. A. Hela cells were subjected to the experimental conditions depicted schematically at the top of the panel (see the
methods for details). Representative images (scale bar: 20 ym) from two independent experiments are shown. Image analysis was performed with automated analysis
except for the 5, 10, and 20 uM of R9-TAMRA conditions in 5.3 mM KCl culture medium that were quantitated manually. Grey bars represent the median. Data were
transformed to log10(x) prior to two-way ANOVAs with Sidak’s post-hoc test to generate the p values for the indicated comparisons. Statistical assessment of the
difference between a given condition and the “0 pM R9-TAMRA” condition is presented in Table S1. B. Top left: Representation of the possible scenarios after
endosomes are loaded with a TAMRA labelled CPP. Top right: The experimental conditions are depicted schematically in the inset. Below part: Representative images
(scale bar: 20 ym) from two independent experiments are shown. Quantitation was performed with the automated procedure described in the methods except for the
conditions with 0.25 mM of LLOME that were manually quantitated. Each dot represents an individual cell and black bars correspond to medians. For statistical
analysis, data were transformed to log10(x) prior to performing one-way ANOVA tests with Dunnett’s post-hoc test against the “time 60 condition.
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Fig. 3. TAT does not escape endosomes. A. The experimental conditions are depicted schematically above the data. Representative images (scale bar: 20 pm) from
two independent experiments are shown. Quantitation was performed with the automated procedure described in the methods except for the 10 and 20 uM TAT-
TAMRA conditions in the presence of 5.3 mM of KCl that were quantitated manually. Grey bar represents the median. For statistical analyses of the indicated
conditions, data were transformed to log10(x) prior to two-way ANOVAs followed with Sidak’s post-hoc test. The comparison with the “0 uM TAT-TAMRA” condition
is presented in Table S3. B. The experimental conditions are depicted schematically above the data. Representative images (scale bar: 20 um) from two independent
experiments are shown. Quantitation was performed with the automated procedure described in the methods except for the conditions with 0.25 mM of LLOME that
were manually quantitated. Each dot represents an individual cell and black bars correspond to the median. For statistical analyses, data were transformed to log10
(x) prior to applying one-way ANOVAs with Dunnett’s post-hoc tests against the “60 min” condition.
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Fig. 4. Evaluation of the endosomal escape capacity of o-dfTAT, CPP12, and ZF5.3. The experimental conditions are depicted schematically above the data.
Representative images (scale bar: 20 pm) from two independent experiments are shown. Quantitation was performed with the automated procedure described in the
methods except for the conditions with 0.25 mM of LLOME that were quantitated manually. Each dot represents an individual cell and black bars correspond to the
median. For statistical comparison to the “60 min” condition, data were transformed to log10(x) prior to two-way ANOVAs followed with Dunnett’s post-hoc test.

might be problematic for CPPs made of r-amino-acids that can poten-
tially be degraded in cells over time. It is therefore advisable to use CPPs
made of p-amino acids when studying CPP uptake, which is what was
done for most of the CPPs tested in the present work (Table S9). Our
approach requires laser illumination to track CPPs and thus care should
be taken to minimize phototoxicity, such as using low intensity lasers
[3]. It also has to be taken into consideration that fluorescent dyes linked
to CPPs might affect their behavior, including their ability to bind lipids
[63,64] and that this might impact negatively on their potential endo-
somal escape capacity [65]. Finally, we have shown that plasma mem-
brane depolarization does not affect the membrane potential of
endosomes containing the hMSR1 human macrophage scavenger
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receptor that brings the Voltair sensor into cells (see the methods and
Fig. 1) [8,24]. We have assumed, but not demonstrated, that this is also
the case for CPP-containing endosomes.

In the present work, we have tested in 2D cultures two of the most
common CPPs, R9 and TAT, as well as three CPPs designed for endo-
somal escape. For these, we found very limited, if any, endosomal escape
capacities. There are many other CPPs however, and further work is
required to determine if they too poorly escape endosomes. Addition-
ally, the role of complex cargos carried by CPPs was not tested here.
Complex cargo, such as metal-organic frameworks, could significantly
alter the CPP properties [66] and this might impact their endosomal
escape property. We also have not evaluated if our depolarization
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approach can function in 3D cultures or in tissues.

In conclusion, our study highlights the importance of deconvoluting
the contribution of direct translocation and endosomal escape when
investigating CPP cytosolic acquisition. Our methodological approach
based on cell depolarization allows easy testing of the endosomal escape
capacity of CPPs without the need to rely on complex techniques or
genetically engineered cell lines.
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