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ABSTRACT

Cytosolic delivery of functional macromolecules is beneficial for intracellular targeting.
Although numerous intracellular delivery methods have been developed, the biological factors
that govern their efficacy remain poorly understood, thereby limiting the further advancement
of existing approaches. L17E is an attenuated cationic amphiphilic lytic (ACAL) peptide
developed by our research group that facilitates the cytosolic delivery of macromolecules,
including antibodies and functional proteins. The L17E peptide exhibits varying levels of
cytosolic delivery even within a single cell line, suggesting heterogeneity in cellular sensitivity
to the delivery process. Based on the hypothesis that the specific proteins contribute to this
variability, HeLa cells were sorted into L17E-sensitive and L17E-insensitive populations.
Comparative proteome analysis of the membrane fractions of these two groups revealed that
annexin A2, a membrane repair-related protein, was more abundant in L17E-insensitive cells.
Time-lapse imaging and knockdown experiments indicated that annexin A2 negatively
regulates L17E-mediated cytosolic delivery by sealing the plasma membrane regions
permeabilized by the L17E peptide. To assess whether membrane repair factors also influence
cytosolic delivery via conventional cell penetrating peptides (CPPs), we examined the roles of
repair-related proteins. We found that the endosomal sorting complex required for transport
(ESCRT) complex suppressed the cytosolic translocation of the CPPs, whereas annexin A2 did
not. These findings suggest that the L17E peptide and the CPPs utilize distinct membrane
repair-associated pathways during delivery, and the expression levels of these repair factors
affect delivery efficiency. Modulating such factors may therefore provide a strategy for
enhancing peptide-based cytosolic delivery systems.
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INTRODUCTION

Antibodies, owing to their high molecular recognition ability and strong target, have
already emerged as highly prominent pharmaceutical modalities.!-> However, due to their large
molecular weight and hydrophilicity, antibodies have difficulty permeating the plasma
membrane. As a result, most approved antibody therapeutics currently target extracellular
molecules.> * On the other hand, numerous potential drug targets exist within cells.> ©
Consequently, extensive research has been conducted on intracellular delivery methods for
bioactive macromolecules, including proteins such as antibodies, peptides, and therapeutic
nucleic acids such as siRNA, miRNA, antisense oligonucleotides, aptamers, and DNA/mRNA
vaccines, as well as nanoparticles encapsulating these molecules.””!! However, although
numerous reports exist on the development of intracellular delivery methods, detailed studies
on their delivery mechanisms remain limited.!>!> Elucidating these mechanisms is expected to
contribute to improving existing delivery techniques and creating novel delivery concepts.

Cell-penetrating peptides (CPPs) have emerged as a promising tool for intracellular
delivery. These peptides have been shown to internalize into cells via multiple mechanisms,
including direct translocation across the plasma membrane and endocytosis.!® 7 The efficiency
of CPP-mediated cytosolic delivery 1is influenced by various factors, including
physicochemical properties and interactions with cell surface molecules such as membrane-
associated proteoglycans.!®2! The plasma membrane has intrinsic repair mechanisms activated
upon membrane damage, involving calcium-dependent recruitment of repair proteins such as
annexins, ESCRT (endosomal sorting complex required for transport) complex, and
dysferlin.?? These repair machineries may restore membrane integrity, preventing the cytosolic
translocation of CPPs.?32

We previously developed an attenuated cationic amphiphilic lytic (ACAL) peptide
designated L17E, which enables the delivery of antibodies (IgG) and other functional proteins
into the cytosol.?® The L17E peptide transiently increases membrane permeability upon
addition to cells, allowing bioactive macromolecules, including antibodies, to enter the cytosol
within 5 minutes.?’” The L17E peptide is conceptually different from conventional CPPs.
Conventional CPPs, such as octa-arginine (R8)?* 2° and penetratin (Pen),*® are typically
conjugated to payloads and used for intracellular delivery.?®:3! In contrast, the L17E and other
ACAL peptides more strongly interact with and permeabilize the plasma membrane. This
enables efficient intracellular delivery of proteins, including antibodies, simply by mixing them
with the L17E peptide without the need for conjugation.? 32-3% By examining the differences
in L17E-mediated cytosolic delivery efficiency across 11 different cell lines, we identified
KCa3.1, a calcium-activated potassium channel encoded by KCNN4 gene, as a positive
regulator of L17E activity.’> L17E treatment was shown to activate KCa3.1 by inducing
extracellular Ca** influx. The expression level of KCa3.1 was found to determine the cell line
selectivity of L17E-mediated delivery.’> However, even in the cell lines with high KCa3.1
expression, delivery efficiency did not reach 100%, suggesting that L17E sensitivity varies
among individual cells within a single cell line. This prompted us to explore additional
determinants of L17E-mediated delivery efficiency within a single cell line.

To this end, we utilized a cell sorter to isolate cells exhibiting cytosolic signals of cargo
delivered by the L17E peptide (L17E-sensitive cells; positive HeLa cells) from those lacking
cytosolic cargo signals (L17E-insensitive cells; negative HeLa cells). We then compared these
two populations to identify the determinants of L17E susceptibility within a single cell line. In
positive cells, L17E-mediated delivery efficiency was found to be 5-10% higher than in
negative cells. Proteomic analysis revealed that the abundance of annexin A2 — a membrane
repair-associated protein®®3® — in the membrane fraction was approximately 1.4 times higher
in negative HeLa cells than in positive HeLa cells. Live-cell imaging and knockdown
experiments further indicated that annexin A2 negatively regulates L17E-mediated



intracellular delivery via a membrane repair mechanism. Membrane repair proteins, including
annexin A2, respond to extracellular Ca?* influx. We investigated the effects of Ca?" influx and
other membrane repair proteins on the membrane translocation of cell-penetrating peptides
(CPPs), which are representative intracellular delivery peptides. The cytosolic translocation of
CPPs was enhanced by treatment of a Ca®* chelator, suggesting that Ca**-dependent membrane
repair responses exert an inhibitory effect on CPP internalization. Consequently, the ESCRT
complex, another membrane repair-related factor,’®> 4° was implicated as a suppressive
regulator of cytosolic CPP translocation.



RESULTS And DISCUSSION

The L17E Peptide Exhibits Selectivity within Cell Lines on Its Cytosolic Delivery Activity.

In this study, HeLa cells — one of the most widely used human cell lines with a
previously reported delivery efficiency of approximately 40% (i.e. percentage of the cells with
cytosol-translocated cargos)?’- 3* — were employed as a model to evaluate the efficiency of
L17E-mediated cytosolic delivery. To investigate whether there are differences in L17E
sensitivity within a single cell line (or intra-line variability in L17E sensitivity), HeLa cells
were treated with Alexa Fluor 488 (AF488)-labeled dextran (10 kDa; hereafter AF488-dex10)
in the presence of the L17E peptide. Cells were subsequently sorted based on AF488
fluorescence into populations with high (AF488-dex10-positive) and low (AF488-dex10-
negative) cytosolic signals (Figure 1A, B left). Confocal microscopy observation performed
immediately after sorting revealed that the high-signal fraction displayed diffuse cytosolic
AF488-dex 10 signals, whereas the low-signal fraction lacked the discernible cytosolic AF488-
dex10 signals (Figure 1B, right).

The high-sensitivity population was designated positive HeLa cells (pHeLa), and the
low-sensitivity population as negative HeLa cells (nHeLa) (Figure 1A). After culturing both
fractions for approximately four days, L17E-mediated delivery efficiency — defined as the
percentage of cytosolic AF488-positive cells — was assessed in pHeLa, nHeLa, and unsorted
HeLa cells using newly added AF488-dex10 in the presence of the L17E peptide (Figure 1C).
While no significant difference in L17E-mediated delivery efficiency was observed between
nHeL A and unsorted HeLa cells, pHeLa cells consistently showed 5-10% higher delivery
efficiency than both comparison groups. To confirm these trend using a different marker, the
efficiency in propidium iodide (PI) delivery by the L17E peptide (percentage of the cells with
cytosolic PI signal) was evaluated using a flow cytometry-based system previously established
by our group®® (Figure 1D). Consisted with the above results, pHeLa cells showed
approximately 5% higher delivery efficiency of PI compared to the other two cell types. PI is
membrane-impermeable and fluoresces only upon binding intracellular nucleic acids, including
RNA.*! PI can thus be used as a model payload to specifically evaluate the extent of cytosolic
translocation while eliminating the fraction of payload trapped in endosomes.*> These results
indicate that by isolating and culturing HeLa cells that have undergone L17E-mediated
cytosolic delivery, a population of cells with high sensitivity to the L17E peptide can be
obtained. These findings suggest that even within a single cell line, the sensitivity to the L17E
peptide varies between individual cells, and higher sensitivity to the L17E peptide observed in
pHeLa cells is maintained for at least 1-2 weeks.

It is also noteworthy that nHeLa cells — those initially exhibiting low L17E sensitivity
— demonstrated comparable delivery efficiency after an additional four days of culture (Figure
1B). This observation suggests that not all cells within the sorted low-efficiency fraction remain
consistently insensitive to L17E. One possibility is that variability in L17E-mediated delivery
efficiency may be influenced by stochastic gene expression, such as random fluctuations in
transcription, translation, and degradation rates — even within a genetically identical cell line*?
— which could affect sensitivity to L17E-mediated delivery. Therefore, additional genes are
likely to contribute to L17E activity. Notably, pHeLa cells consistently exhibit higher
sensitivity to L17E, and in this study, we identified annexin A2 as one of the key factors
underlying this differential response.
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Figure 1. (A) Experimental overview. HeLa cells treated with AF488-labeled dextran 10 kDa (AF488-
dex10) in the presence of the L17E peptide were separated into cytosolic AF488-dex10-positive and -
negative populations using cell sorter. The collected cells were cultured and named pHeLa (cells derived
from cytosolic dex10-positive HeLa cells) and nHeLa (cells derived from cytosolic dex10-negative HeLa
cells), respectively. (B) Selection of cells based on AF488-dex10 fluorescence by cell sorter (left). Confocal
microscopy observation of cells immediately after sorting (right). (C) Delivery of AF488-dex10 by the L17E
peptide in HeLa, pHeLa, and nHeLa cells. Cells were treated with AF488-dex10 and the L17E peptide (40
uM) for 10 min.?” Representative confocal images (top), and proportion of the cells with cytosolic diffuse



AF488-dex10 signals (bottom). Nuclei were stained with Hoechst 33342 (blue). Scale bars, 20 pm. (D) PI
delivery by L17E in HeLa, pHeLa, and nHeLa cells. Cells were treated with PI and the L17E peptide (40
uM) for 5 min. Flow cytometry analysis (bottom) of PI internalized cells. Data represent the mean + standard
error (SE) of three independent biological replicates (C, D). *, p < 0.05; *** p <0.001; n.s., not significant.
One-way ANOVA followed by Tukey—Kramer’s post hoc test (C, D).
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Figure 2. (A) Experimental overview. (B) Proteome comparison between pHela and nHeLa in the
membrane fraction (left) and cytosolic fraction (right). The abundance of each protein is plotted as the log,
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Proteome Analysis Identifies Annexin A2 as a Potential Regulator of L17E-Mediated
Delivery.

We hypothesized that the difference in delivery efficiency by the L17E peptide between
pHeLa and nHeLa cells was due to differences in protein expression. First, we examined the
expression level of KCa3.1, which we previously identified as a determinant of the variation
in L17E activity among various cell lines.*® The mRNA levels of KCNN4, which encodes
KCa3.1, in pHeLa and nHeLa cells were evaluated by quantitative PCR (qPCR). However, no
marked differences in KCNN4 mRNA levels were observed between the original HelLa
(unsorted), pHeLa, and nHeLa cells (Figure S1A), implying that other cellular factors are also
involved in regulating L17E activity in the single cell line. To comprehensively investigate
potential cellular factors determining L17E activity, we conducted comparison of protein levels
between pHeLa and nHeLa by proteomic analysis (Figure 2A). Proteins from the membrane
and cytosolic fractions were extracted from both pHeLa and nHeLa. We confirmed that
Na*/K*-ATPase and Ca?*-ATPase4 (PMCA4), both membrane marker proteins, were excluded
from the cytosolic fractions, whereas glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and B-actin, both cytosol marker proteins, were relatively enriched in cytosolic fractions
(Figure S2). Comparison of the protein levels in the membrane and cytosolic fractions revealed
differences in the abundance of several proteins between pHeLa and nHeLa (Figure 2B).
KCa3.1 was not identified in this analysis; therefore, differences in KCa3.1 expression at
protein level between pHeLa and nHeLa could not be evaluated. Among the identified proteins,
we focused on annexin A2, a membrane repair-associated protein,**-3® because cytosolic
delivery by L17E depends on transient permeabilization of plasma membrane.?’-*> annexin A2
was approximately 1.4-fold more abundant in the membrane fraction of nHeLa cells compared
to pHeLa cells, whereas its abundance in the cytosolic fraction was slightly decreased in nHeLa
(Figure 2B, C). qPCR analysis revealed no significant differences in annexin A2 mRNA levels
among original HeLa, pHeLa, and nHeLa cells, suggesting that annexin A2 membrane
localization differs in pHeLa and nHeLa cells (Figure S1B). These results led us to hypothesize
that differences in the abundance of annexin A2 in membrane fraction may affect membrane
repair activity between nHeLa and pHeLa cells, potentially leading to variations in intracellular
delivery efficiency via the transient membrane damage induced by L17E.

Annexin A2 is Involved in Membrane Repair Response to Membrane Permeabilization
by L17E Treatment.

Among the annexin A family members identified through our proteomic analysis,
annexin A1,°>“* and annexin 5,** % which are also known to be associated with membrane
repair, showed no significant differences in protein levels between pHeLa and nHeLa in the
membrane fraction. To investigate whether the localization of annexin A1, A2, and A5 changes
in response to transient plasma membrane permeabilization induced by L17E treatment, their
respective EGFP (enhanced green fluorescent protein) fusion proteins [annexin A1 (ANXAT1)-
EGFP, annexin A2 (ANXA2)-EGFP, and annexin A5 (ANXAS5)-EGFP] were transiently
expressed in HeLa cells. The intracellular localization of these fusion proteins upon L17E
treatment was monitored by time-lapse imaging using confocal microscopy in conjugation with
PI fluorescence. As a control, cells expressing EGFP alone showed no change in intracellular
EGFP localization following L17E treatment (Figure 3A, EGFP). In contrast, cells expressing
ANXA2-EGFP exhibited significant accumulation of ANXA2-EGFP at the plasma membrane
at sites where PI influx into the cytosol occurred following L17E treatment. Notably, PI influx
upon L17E treatment was observed in only a limited area at the cell periphery rather than across
the entire plasma membrane, as previously observed for the influx of arginine-rich CPPs.*6- 47
Strong accumulation of ANXA2-EGFP was observed at the PI influx points (Figure 3A,
ANXA2-EGFP). In contrast, only marginal accumulation of fluorescence signals was observed



at Pl influx points for both ANXA1-EGFP and ANXAS-EGFP after the L17E treatment (Figure
3A, ANXA1-EGFP and ANXAS-EGFP), suggesting a minimal contribution of annexin A1 and
A5 to the L17E-mediated delivery. The proportion of cells showing EGFP signal accumulation
at the plasma membrane among those with observable PI influx during L17E treatment was
then analyzed. For ANXA2-EGFP, more than 90% of cells (31 of 33 cells) showed signal
accumulation (Figure 3B, ANXA2-EGFP). In contrast, 30% of cells (9/30 cells) expressing
ANXAT1-EGFP and approximately 24% of cells (7/29) expressing ANXAS-EGFPexhibited
membrane accumulation (Figure 3B, ANXA1-EGFP and ANXAS5-EGFP). As a control, EGFP
alone showed no accumulation (0 of 21 cells) (Figure 3B, EGFP). These results suggest that
among the tested EGFP-tagged annexins, ANXA2-EGFP exhibited the most pronounced
L17E-dependent membrane accumulation. In contrast, when ionomycin — a Ca?* ionophore
that induces a stronger Ca?* influx than L17E (Figure S3) — was applied to elevate cytosolic
Ca®" levels, all three ANXA-EGFP proteins (ANXA1-EGFP, ANXA2-EGFP, and ANXAS5-
EGFP) were recruited to the plasma membrane in HeLa cells (Figure 3C). These findings
indicate that the transiently expressed EGFP-tagged annexins were functional, and that
differences in Ca®' sensitivity among these annexins may account for their differential
responses to L17E-mediated Ca*' influx. Thus, among the annexin family members
identified in the proteomic analysis, annexin A2 appears to play the most significant role in
repairing membrane damage induced by L17E  (Figure 2C). This may explain why only
annexin A2, among annexin Al, A2, and AS, showed differences in protein levels in the
membrane fraction between pHeLa and nHeLa (Figure 2C). Notably, although annexin A6 has
been reported to play an important role in membrane repair ** and was relatively abundant in
cytosolic fraction, its presence in the membrane fraction was not prominent (Figure 2C). Given
that membrane-localized repair proteins are likely more relevant for repairing the membrane
perturbation caused by L17E, we did not further evaluate the contribution of annexin A6.

Annexins are cytosolic proteins that commonly bind to negatively charged
phospholipids — particularly phosphatidylserine (PS), phosphatidic acid (PA) and
phosphatidylinositol 4,5-bisphosphate [P1(4,5)P2] — at elevated Ca®* levels.*® 4% Annexin A1,
A2, and A5 share the well-conserved annexin core domains that possess common Ca®'-
dependent binding properties to these negatively charged phospholipids. However, these
proteins have distinct N-terminal domains with different Ca**sensitivities. These N-terminal
domains are also involved in binding to partner proteins, stabilizing their membrane binding
and facilitating membrane repair, including S100 proteins.’! Therefore, the more pronounced
accumulation of annexin A2 at the plasma membrane over annexin Al and AS following L17E
treatment may be explained by the differences in their Ca®* binding ability. As support for this,
Ca?" responsiveness has been reported to vary among the annexin A family,>? and annexin A2
has a 4-fold higher interaction with SI00A11 protein in the presence of Ca?" compared to
annexin A1.3

10
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Figure 3. (A) Confocal time-lapse imaging of HeLa cells transiently expressing EGFP, ANXA1-EGFP,
ANXA2-EGFP, or ANXAS5-EGFP. Cells were treated with PI (50 pg/mL) and the L17E peptide (40 uM).
Yellow arrowheads indicate PI influx points. The time after the initiation of PI influx is shown above the
images. (B) Proportion of cells showing EGFP signal accumulation among those with observed PI influx.
Green: cells with EGFP signal accumulation; light green: cells without accumulation of the signal. Cells
from three independent biological replicates were analyzed. (C) Confocal time-lapse imaging of HeLa cells
transiently expressing EGFP, ANXA1-EGFP, ANXA2-EGFP, or ANXAS5-EGFP. Cells were treated with
ionomycin (5 pM). Images show the cells before and after treatment with ionomycin. Note that the lack of
significant nuclear staining of ANXA2-EGFP may be due to the presence of a nuclear export sequence

(NES).* Scale bars, 10 pm.

11



Annexin A2 Negatively Regulates L17E-Mediated Cytosolic Delivery in HeLa and T24
cells.

To investigate whether annexin A2 modulates L17E activity, we performed si-RNA
mediated knockdown of annexin A2. The knockdown efficiency in HeLa cells was confirmed
by western blotting (Figure 4A). Annexin A2 knockdown did not significantly affect the L17E-
induced cytotoxicity (Figure S4). However, annexin A2 knockdown slightly but significantly
increased the efficiency of L17E-mediated delivery of PI (Figure 4B). Furthermore, in T24
cells — which exhibits low KCNN4 expression and minimal intracellular delivery efficiency?>
— annexin A2 knockdown significantly increased delivery efficiency (Figure 4C, D). These
results suggest a possibility that suppressing annexin A2 may enhance L17E-mediated delivery
even in cell lines with low KCNN4 expression and correspondingly low L17E sensitivity. The
results also indicate that annexin A2 functions as a negative regulator of L17E activity in both
HeLa and T24 cells. The amount of annexin A2 recruited to the plasma membrane varies
among individual cells within a single cell line and appears to determine cellular sensitivity to
L17E, resulting in heterogeneity of delivery efficiency (Figure 4E).

Interestingly, overexpression of ANXA family members in HeLa cells and HT1080
cells — which were previously shown to exhibit high-efficiency intracellular delivery by L17E3?
— did not markedly enhance L17E-mediated delivery. We examined the effects of annexin A1,
A2, and AS by transiently overexpressing ANXA1-EGFP, ANXA2-EGFP, and ANXAS5-EGFP,
respectively. Overexpression of ANXA1-EGFP, ANXA2-EGFP, or ANXAS5-EGFP did not
alter the L17E-mediated delivery efficiency compared to overexpression of EGFP alone as
control (Figure S5). These findings indicate that while reducing annexin A2 expression
enhances L17E activity, increasing the expression of annexin A2 or other annexin A family
members (annexin Al or AS) does not suppress it. This suggest that endogenous annexin A2
may be functionally sufficient, and that its overexpression does not significantly enhance the
membrane repair activity. It should also be noted that overexpression may not substantially
affect the amount of functional annexin A2 localized on the plasma membrane.

12
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Figure 4. (A) Western blot analysis for annexin A2 in HeLa cells transfected either with control siRNA
(siCont) or annexin A2 siRNA (siANXA2). (B) PI delivery by L17E in annexin A2 knockdown HeLa cells.
Cells were transfected either with siCont or siANXA?2 and treated with PI and L17E (40 uM) for 5 min. PI
delivery efficiency was analyzed by flow cytometry. (C) Western blot analysis for annexin A2 in T24 treated
as (A). (D) P delivery by L17E in annexin A2 knockdown T24 cells treated as (B). (E) Proposed involvement
of annexin A2 in L17E activity. Cells with low membrane-localized annexin A2 level are more sensitive to
L17E-mediated cytosolic delivery (left). Cells with high membrane-localized annexin A2 level are less
sensitive to L17E due to its strong membrane repair activity. Data represent the mean + SE of three

independent biological replicates; *, p < 0.05. One-way ANOVA followed by Tukey—Kramer’s post hoc test
(B, D).
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Similarities and Differences in the Contribution of KCa3.1 and Annexin A2 to L17E- and
CPP-mediated Intracellular Delivery.

We have previously shown that KCa3.1 channel is a positive regulator,>> and now
demonstrate that annexin A2 a negative regulator of the L17E activity. It has been reported that
the expression of potassium channels, including KCa3.1, and the maintenance of membrane
potential are critical for the cytosolic translocation of conventional CPPs.?% 5> Additionally,
prior to our findings, Widmann and colleagues proposed that potassium channels, including
the KCa3.1 channel, contribute to cellular uptake of the Tat-RasGAP317-326 conjugate
peptide.?’ However, the contributions of membrane repair mechanisms and Ca* to CPP-
mediated cytosolic delivery remain poorly understood.?*2* As described in Introduction, L17E
possesses distinct features compare to conventional CPPs. This prompted us to evaluate what
extent L17E- and CPP-mediated delivery share similar mechanisms of action.

As previously reported, L17E-mediated cytosolic PI delivery was markedly inhibited
by the knockout of KCNN4 (encoding KCa3.1 channel) or by depolarization in K buffer
(HEPES-based buffer containing 140 mM KCI instead of NaCl)*> (Figure 5A). Note that a
model cargo, PI, was added to the cell culture in the presence of the L17E peptide as a mixture,
rather than as a conjugate — our previous study showed that simply mixing the L17E peptide
with cargoes without covalent conjugation provides more efficient delivery than using
covalently conjugated forms.>® In contrast, intracellular delivery using representative CPPs,
such as R8 and Pen, is generally performed with covalently bound CPP-cargo conjugates. A
similar tendency was observed in the confocal microscopy analysis of the cytosolic distribution
of fluorescein isothiocyanate (FITC)-labeled CPPs, including the R8 and Pen peptides (FITC-
R8 and FITC-Pen), in KCNN4 knockout cells or cells treated with K buffer (Figure 5SB(i),(i1)),
where FITC is used as a model cargo. We have also recently shown that L17E peptide tagged
with tetra-arginine (L17ER4) functions as a more efficient CPP than R8 peptide or unmodified
L17E peptide for protein delivery.’® Cytosolic translocation of L17ER4 or L17E peptides
bearing FITC at the C-termini [L17ER4(FITC) and L17E(FITC), respectively] was similarly
diminished under KCNN4 knockout or K buffer conditions (Figure 5(iii), (iv)). However, the
results under the Ca®* depletion condition were markedly different between L17E peptide and
the others (Figure 5, BAPTA-AM). Treatment with intracellular Ca** chelator BAPTA-AM
suppressed cytosolic PI delivery by the L17E peptide (Figure 5A), a result that was consistent
with the diminished cytosolic translocation of the L17E(FITC) peptide (Figure 5B(iv)). On the
other hand, translocation of FITC-R8, FITC-Pen and L17ER4(FITC) peptides was increased
when the cells were treated with BAPTA-AM (Figure 5B(i)-(iii)). Notably, none of these CPPs
induced cytotoxicity upon BAPTA-AM (Figure S6).

These differential responses to BAPTA-AM suggest distinct role for KCa3.1 and
membrane repair mechanisms in L17E- versus conventional CPP-mediated intracellular
delivery. We previously demonstrated that KCa3.1 activation via extracellular Ca*" influx
triggered by the interaction with the L17E peptide is essential for L17E-mediated cargo
delivery into cells.?> 3738 In this study, we also showed that annexin A2 negatively regulates
L17E activity. Membrane repair is known to be triggered by Ca** influx following plasma
membrane damage, and membrane repair proteins such as annexins act in a Ca?*-dependent
manner.> Thus, BAPTA-AM treatment may have two opposing effects on L17E-mediated
delivery: inhibition of KCa3.1 activation (a negative effect) and inhibition of annexin A2-
mediated membrane repair (a positive effect). The fact that PI delivery was greatly diminished
by BAPTA-AM treatment suggests that the inhibition of KCa3.1 plays a more dominant role
than annexin A2 suppression in L17E delivery. Conversely, while KCNN4 knockout and K
buffer treatment suppressed CPP-mediated FITC delivery, BAPTA-AM treatment enhanced
CPP-mediated FITC uptake compared to untreated wild-type (WT) cells. A possible
explanation is that, unlike in L17E-mediated delivery, Ca?*-triggered KCa3.1 activation may

5
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not be essential for R8 uptake; rather, the resting membrane potential maintained by KCa3.1
and other potassium channels (e.g., KCNQ5 and KCNK52%) may play a more significant role.
Therefore, under BAPTA-AM treatment, a fraction of R8 can still translocate into cells, and
membrane repair more critically regulates CPP-mediated delivery. Adjobo-Hermans et al.
reported that treatment of HeLa cells with 10 uM BAPTA-AM decreased cytosolic entry of
nona-arginine (R9).%° This result contrasts with our observation in Figure 5B. These
discrepancies may be attributed to differences in the cell lines used (U20S versus HeLa) or to
the insufficient concentration (10 uM) of BAPTA-AM to fully inhibit the mediated repair.
Further investigation is required to resolve this discrepancy.

15
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Figure 5. Effects on KCa3.1 channel, membrane potential, and Ca®* in (A) cytosolic PI
translocation in the presence of L17E and (B) cytosolic FITC delivery using the conjugates
with CPPs (R8, Pen, and L17ER4) and the L17E peptide. In A, cells were treated with PI and
the L17E peptide (40 pM) for 5 min, and the cytosolic PI translocation was analyzed by
confocal microscopy observation (left) and flow cytometry (right). Data represent the mean +
SE of three independent biological replicates. In B, cells were treated with FITC-labeled
peptides of given concentration for 5 min [L17E(FITC)] or 30 min [FITC-R8, FITC-Pen, and
L17ER4(FITC)], and the cytosolic translocation of these peptides was analyzed by confocal
microscopy observation and the fluorescence intensity of FITC was analyzed (right). Data from
three independent biological replicates are given in box plots. Shown are median (horizontal
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bars), first and third quartiles (boxes), range (vertical bars). WT: wild-type U20S cells; KCNN4
KO: KCNN4 knockout U20S cells; K buffer: U20S cells (wild type) incubated in K buffer;
BAPTA-AM: U20S cells (wild type) treated with 40 uM BAPTA-AM. Scale bars, 20 um.
*rkk p<0.0001. Kruskal-Wallis test followed by Steel-Dwass test. The derivatives labeled with
FITC at the N-terminus of R8 and Pen peptides,®! and at the C-terminus of L17ER4 and L17E
peptides,® as used in our previous studies, were employed. The concentration of each FITC-
labeled peptide was adjusted to enable evaluation of the effect of each inhibitor while avoiding
significant cytotoxicity to cells (see also Figure S6).
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Cytosolic Translocation of CPPs Is Regulated Not by Annexin A2 but by ESCRT.

We then tested whether annexin A2 is involved in the cytosolic translocation of these
CPPs. Although the possible effect of repair proteins on the membrane translocation of CPPs
has been suggested,?? few studies have explored this in detail. The ESCRT complex is known
to participate in the repair of relatively small membrane damages and are recruited to damaged
sites in a Ca?*-dependent manner.> 4’ ESCRT proteins assemble into complexes that facilitate
the removal of damaged membrane regions. Although the protective effect of the ESCRT
complex against the membrane damage caused by the Tat-RasGAP317-326 conjugate peptide
has been reported,? its contribution to facilitating membrane translocation of CPPs remains
largely uncharacterized.

Interestingly, L17E-mediated cytosolic delivery into HeLa cells was enhanced by
annexin A2 knockdown (Figure 4B). However, only a subtle decrease in the cytosolic
translocation of conventional CPPs (R8 and Pen), and a subtle increase in that of the L17E-
based CPP (L17ER4), were observed — though these changes were statistically significant
(Figure 6A). Further study is necessary to explain the slight decrease in cytosolic translocation
observed for conventional CPPs after annexin A2 knockdown. One possible explanation is that
annexin A2 is only marginally involved in the membrane repair response following
conventional CPP treatment, at least in HeLa cells.

To evaluate the involvement of the ESCRT complex in the cytosolic translocation of
these CPPs, a dominant-negative VPS4af?2%Q mutant protein, which inhibits ESCRT
disassembly, was overexpressed — VPS4a is a protein that facilitates the disassembly of the
ESCRT complex.®* %3 Because prolonged inhibition of ESCRT function leads to cell death,*
%5 HeLa cells in which expression of VPS4a (WT or E228Q) can be controlled by doxycycline
(Dox)-inducible system (HeLa VPS4a%T and HeLa VPS4a*?%Q) were established (Figure S7A),
and time-dependent expression of VPS4a after Dox treatment was confirmed (Figure S7B).
The intracellular localization of VPS4af?28Q differed from that of VPS4a%!, indicating that
VPS4at228Q impairs disassembly of the ESCRT complex and accumulates at the endosomal
membrane (Figure S7C). Additionally, FITC-labeled CPPs did not induce cytotoxicity even
after overexpression of VPS4at?28Q (Figure S7D).

We then evaluated the cytosolic translocation of FITC-labeled CPPs under ESCRT-
inhibited conditions. In HeLa VPS4a%“T cells, the cytosolic translocation of FITC-labeled RS,
Pen, and L17ER4 was unchanged regardless of Dox treatment. In contrast, in HeLa VPS4at228Q
cells, a significant increase in cytosolic translocation was observed for all three FITC-labeled
CPPs after Dox treatment (Figure 6B). The cytosolic translocation of FITC-labeled L17E
(L17E(FITC)) did not significantly increase in HeLa VPS4aF?28Q cells after Dox treatment,
suggesting that ESCRT is not involved in L17E-mediated cytosolic delivery (Figure S7E).

These results suggest that ESCRT complex negatively regulates the cytosolic
translocation of these CPPs and that inhibition of ESCRT can enhance their cytosolic
translocation. Thus, the potential role of the ESCRT complex in the promoting the cytosolic
translocation of CPPs such as RS, Pen and L17ER4, and the lack of contribution of ANXA2,
were thus demonstrated.

While further investigation is needed to clarify why annexin A2 does not strongly
influence CPP-mediated delivery, one possible explanation lies in the different modes of
membrane interaction and permeabilization between the L17E peptide and CPPs. Unlike CPPs
such as R8 and Pen peptides, the L17E peptide facilitates membrane translocation of large
macromolecules like IgG antibodies, which is generally challenging for conventional CPPs —
the L17E peptide may cause more extensive membrane disruption, thereby making membrane
repair a more critical determinant of delivery efficiency.
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Figure 6. (A) Internalization of FITC-RS, FITC-Pen, and L17ER4(FITC) peptides in ANXA2
KD HelLa cells. HeLa cells were transfected either with control siRNA (siCont) or annexin A2
siRNA (siANXA?2) and then treated with FITC-R8 (20 pM), FITC-Pen (20 uM), and
L17ER4(FITC) (6 uM) for 30 min, respectively. Confocal microscopy observation of FITC-
labeled CPP internalization (top) and quantification of cytosolic fluorescence intensity of
FITC-labeled CPPs (bottom). (B) Internalization of FITC-RS8, FITC-Pen, and L17ER4(FITC)
peptides in HeLa VPS4a%! and HeLa VPS4a5228Q cells. Cells were treated with Dox (1 pg/mL)
for 8 h and then incubated with FITC-R8 (20 uM), FITC-Pen (20 uM), and L17ER4(FITC) (6
puM) for 30 min, respectively. Confocal microscopy observation of FITC-labeled CPP
internalization (top) and quantification of cytosolic fluorescence intensity of FITC-labeled CPP
(bottom). Scale bars, 20 pm. Data from three independent biological replicates, except for
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FITC-RS8 in (A), which was analyzed using two independent replicates, are presented as box
and dot plots. *, p < 0.05; **** p <0.0001; n.s., not significant. Wilcoxon rank-sum test (A)
or Kruskal-Wallis test followed by Steel-Dwass test (B).
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CONCLUSION

In this study, we demonstrated the heterogeneity of delivery efficiency within a single
cell line, arising from differences in the activity of membrane repair-related factors. The L17E
peptide enables efficient delivery of antibodies into cells when mixed with IgGs, although a
relatively high concentration (40 pM) was required. Further improvement and refinement of
the delivery systems are necessary for future in vivo applications. Therefore, the aim of this
study was to understand the mechanisms of intracellular delivery by L17E, with the ultimate
goal of improving peptide-based delivery systems based on this knowledge. Since the
mechanisms by which CPPs enter cells are largely unknown, the findings from this study may
also have broader implications for other delivery methods. Novel strategies to modulate
membrane-repair-related factors could lead to more efficient peptide-based intracellular
delivery systems, and deepen our understanding of how cells maintain membrane integrity in
response to external membrane-disrupting agents, including peptides, bionanomaterials, and
viruses.

To understand the heterogeneity in the cell population that permits high-efficiency
cytosolic delivery by the L17E peptide — even within the same cell line — we hypothesized that
differences in expression levels of key regulatory proteins might underlie this phenomenon.
Proteomic analysis after cell sorting and comparison of protein expression levels between
L17E-responsive and non-responsive cells identified annexin A2 as a candidate. Subsequent
studies revealed that membrane repair by annexin A2 plays a crucial role in regulating L17E-
mediated cytosolic delivery, by preventing membrane permeabilization and thereby
suppressing the cytosolic translocation of biomolecules through the plasma membrane.
Interestingly, ESCRT was found to play a crucial role in CPP-mediated delivery instead of
annexin A2 presumably because of differences in the membrane-interaction modes of these
peptides. Collectively, these findings contribute to a deeper mechanistic understanding of
peptide-based intracellular delivery and highlight the importance of membrane repair pathways
as key modulators of delivery efficiency.
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MATERIALS AND METHODS

Materials. o-MEM, D-MEM, doxycycline, and penicillin-streptomycin were purchased from
FUJIFILM Wako Pure Chemical Corporation. Fetal bovine serum, bovine serum, and Opti-
MEM were purchased from Gibco. Lipofectamine LTX, Lipofectamine RNAIMAX, and
Hoechst 33342 were purchased from Invitrogen. Puromycin was purchased from Sigma-
Aldrich. Alexa Fluor 488 labeled-dextran 10 kDa and Tet-System Approved FBS were
purchased from Thermo Fisher Scientific. Reagents were dissolved in the manufacturer's
recommended solvent, if necessary, aliquoted and stored at —30°C.

Peptide synthesis. Peptides were synthesized by Fmoc (9-fluorenylmethyloxycarbonyl)-solid-
phase synthesis and the 3-[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide
hexafluorophosphate ~ (HBTU)/1-hydroxybenzotriazole = (HOBt)/diisopropylcarbodiimide
(DIEA) coupling system. LI7E (IWLTALKFLGKHAAKHEAKQQLSKL-amide) was
synthesized using Syro I (Biotage) on Rink amide resin (TGS-RAM; Shimadzu). For the
synthesis of FITC-R8 (FITC-GABA-RRRRRRRR-amide, GABA: y -aminobutyric acid), R8

sequence with GABA was synthesized using Syro I (Biotage) on Rink amide resin (TGS-RAM)
and then fluorescently labeled using fluorescein isothiocyanate isomer I (FITC-I, Sigma-
Aldrich) and DIEA in dimethylformamide (DMF). FITC-penetratin (FITC-Pen, FITC-
GABA-RQIKIWFQNRRMKWKK-amide) was similarly prepared using PSSM-8 (Shimadzu).
L17E(FITC) (IWLTALKFLGKHAAKHEAKQQLSKLGGK(FITC)-amide) and
L17ER4(FITC) (IWLTALKFLGKHAAKHEAKQQLSKLGRRRRGK(FITC)-amide) were
prepared as reported previously®S. Deprotection of protecting groups and cleavage from the
resin were conducted using trifluoroacetic acid (TFA)/ethanedithiol (95:5) at room temperature
(~25°C) for 3 h. Peptides were purified by reversed-phase high-performance liquid
chromatography (RP-HPLC). The masses were confirmed by matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry (MALDI-TOF-MS). Observed mass (m/z) and
calculated mass for [M+H]" were as followed: L17E (observed: 2859.0, calculated: 2858.7);
LI17E(FITC) (observed: 3489.9, calculated: 3490.19). L17ER4(FITC) (observed: 4114.1,
calculated: 4114.6). FITC-RS8 (observed: 1740.8, calculated: 1741.3). FITC-Pen (observed:
2718.7, calculated: 2719.8). All the peptides were dissolved in DMSO, aliquoted, and stored
at —30°C. The final concentration of DMSO in the medium was set to no greater than 1% for
all cellular treatments with peptides.

Cell culture. HeLa cells were maintained in a-MEM with L-Glutamine and Phenol Red
supplemented with 10% (v/v) heat-inactivated bovine serum (BS) [a-MEM(+)]. HeLa
VPS4aVT and HeLa VPS4aP?28Q cells were maintained in o-MEM with L-Glutamine and
Phenol Red supplemented with 10% (v/v) heat-inactivated Tet-System Approved FBS and 1
pg/mL puromycin. Other cell lines were maintained in D-MEM with L-glutamine and Phenol
Red supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) [D-MEM(+)].All
cells were cultured in humidified atmosphere containing 5% CO> at 37°C. Cells were passaged
every 2-4 days and used between passages 1 and 20. Following cell lines were used: HeLa
(human cervical cancer, ECACC, 93021013), HT1080 (human fibrosarcoma, JCRB,
JCRB9113), T24 (human bladder cancer, JCRB, JCRB0711), and U20S (human osteosarcoma,
ECACC, 92022711). KCNN4 KO U20S cells were employed that established previously.*

Plasmids construction. XLone-Puro eGFP was a gift from Xiaoping Bao (Addgene plasmid
#140027; http://n2t.net/addgene:140027; RRID: Addgene 140027). To construct ANXAI-
EGFP, human ANXA1 was amplified with cDNA derived from HeLa cells using the following
primer pair: 5-GGACTCGAGATGGCAATGGTATCAGAATTC-3" (forward) and 5'-
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GGAGGATCCTTGTTTCCTCCACAAAGAGCC-3’ (reverse). The amplified product was
introduced into the Xhol/BamHI sites of pEGFP-N1 vector (Clontech). To construct ANXA2-
EGFP, human ANXA?2 was amplified with cDNA derived from HeLa cells using the following
primer pair: 5-CAAGCTTCGAATTCATGGGCCGCCAGCTAG-3" (forward) and 5'-
ACCGGTGGATCCGAGTCATCTCCACCACAC-3" (reverse). The amplified product was
introduced into pEGFP-N1 vector using NEBuilder HiFi DNA Assembly (NEB). To construct
ANXAS5-EGFP human ANXAS was amplified with cDNA derived from HeLa cells using the
following primer pair: 5S-CAAGCTTCGAATTCATGGCACAGGTTCTCA-3" (forward) and
5-ACCGGTGGATCCGAGTCATCTTCTCCACAG-3" (reverse). The amplified product was
introduced into pEGFP-N1 vector using NEBuilder HiFi DNA Assembly (NEB). To construct
pTRE3G-HA-VPS4a%!, human VPS4a was amplified with cDNA derived from HeLa cells
using the following primer pair: 5'-ATGACAACGTCAACCCTCCAG-3’ (forward) and 5’-
CTACTAGTTTAACTCTCTTGCCCAAAGTCC-3" (reverse). The amplified product was
introduced into XLone-Puro eGFP vector with HA-tag (Eurofins Scientific SE) using
NEBuilder HiFi DNA Assembly. To construct pTRE3G-HA-VPS4at?28Q, the region around
E228 of human VPS4a was amplified using the following two pairs of primer: 5'-

ATGACAACGTCAACCCTCCAG-3’ (forward) and 5'-
GGAATCCACCTGATCGATGAAGATG-3’ (reverse), 5'-
CATCTTCATCGATCAGGTGGATTCC-3’ (forward) and 5'-

CTACTAGTTTAACTCTCTTGCCCAAAGTCC-3" (reverse). The amplified products were
used to replace the VPS4a™T region in pTRE3G-HA-VPS4a%T using NEBuilder HiFi DNA
Assembly.

Transfection. Transfection of plasmids was performed using Lipofectamine LTX (Invitrogen)
according to the manufacturer’s protocol. The transfection medium was changed 4 h after the
transfection and subsequent experiments were performed 24 h after the transfection.
Transfection of siRNA (20 nM) was performed using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s protocol. The transfection medium was changed 6 h after the
transfection, and subsequent experiments were performed 72 h after the transfection. The
following siRNAs were used: ON-TARGETplus Non-targeting Pool (Dharmacon, D-001810-
10-05), ON-TARGETplus Human ANXA?2 siRNA SMARTPool (Dharmacon, L-010741-00-
0005).

Isolation of HeLa Cells by Cell Sorting. HeLa cells were seeded on 100-mm dishes (1x10°
cells/dish), incubated for 2 days. The cells were washed twice with PBS, followed by
incubation with a-MEM(—) [a-MEM with L-Glutamine and Phenol Red supplemented without
containing bovine serum (BS)] containing L17E (40 uM) and AF488-dex10 (100 pg/mL) at
37°C for 5 min. After washing twice with PBS, the cells were detached from the plate with
0.05% trypsin in PBS for 5 min at 37°C, added a-MEM(+) to prevent further digestion, and
collected into centrifuge tubes. The cells were centrifuged (800 x g, 25°C, 5 min), and the
resulting cell pellets were resuspended in a-MEM(-). The cells were sorted using a
FACSAriall (BD Biosciences). For each experiment, cells collected from five or six 100-mm
dishes were used for sorting. The sorted cells were centrifuged (800 x g, 25°C, 5 min), and the
resulting cell pellets were seeded on 100-mm dishes and cultured in a-MEM(+) containing
penicillin-streptomycin for at least 3 days. For proteomics sample preparation, cells cultured
for 3 or 4 days after sorting were used. For other experiments, cells within 14 days after sorting
were used.

Enrichment of Membrane and Cytosolic Protein Fractions. Membrane and cytosolic
protein fractions were prepared using the Mem-PER Plus Membrane Protein Extraction Kit
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(Thermo Fisher Scientific) according to the recommended protocol. Cells grown to confluence
in 100-mm dishes were washed twice with ice-cold PBS, and 1 mL of ice-cold PBS was added
to detach the cells using a cell scraper. The detached cells were collected into tubes and
centrifuged (800 x g, 4°C, 5 min). The resulting cell pellets were washed with Cell Wash
Solution, followed by centrifugation (800 x g, 4°C, 5 min) and another wash with Cell Wash
Solution. After a final centrifugation (800 X g, 4°C, 5 min), the pellets were resuspended in
Permeabilization Buffer and mixed by inversion at 4°C for 10 min. The samples were then
centrifuged (16,000 x g, 4°C, 15 min), and the supernatant was collected as the cytosolic
fraction. The remaining pellets were resuspended in Solubilization Buffer and mixed by
inversion at 4°C for 30 min. The samples were centrifuged again (16,000 x g, 4°C, 15 min),
and the supernatant was collected as the membrane fraction. Protein concentration was
measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

Proteome Analysis. Twenty micrograms of protein were precipitated using cold acetone, air-
dried, and dissolved in 30 mM ammonium bicarbonate solution containing 8 M urea. The
proteins were reduced and alkylated with dithiothreitol and iodoacetamide, respectively,
followed by digestion with trypsin. The resulting peptides were purified using the Pierce™ C-
18 Spin Column (Thermo Fisher Scientific). An equivalent of 1 pg of purified peptides
dissolved in 0.1% formic acid solution was introduced into a nano-flow liquid chromatography
system (Nano-LC-Ultra 2D-Plus, Eksigent). After desalting with a trap column, the peptides
were separated using an analytical column. The trap column was a 200 um % 0.5 mm ChromXP
C18-CL 3 um 120 A (Eksigent), and the analytical column was a 75 um x 15 cm ChromXP
C18-CL 3 um 120 A (Eksigent). Separation on the analytical column was performed using a
binary gradient of two mobile phases (0.1% formic acid solution and 0.1% formic acid in
acetonitrile) at a column temperature of 40°C and a flow rate of 300 nL/min. Peptides eluted
from the analytical column were directly introduced into a quadrupole time-of-flight mass
spectrometer (TripleTOF 5600+ System, SCIEX) via a flow path connected to the Nanospray
III ion source (SCIEX). Peptides were positively charged by the ion source and introduced into
the mass spectrometer. Data acquisition was performed using the information-dependent
acquisition (IDA) method (SCIEX), comprehensively obtaining MS and MS/MS spectra.
Peptides were identified using the ProteinPilot software (version 5.01, SCIEX) with the
UniProtKB/Swiss-Prot human protein library (retrieved in July 2024). For comparing
proteome compositions across samples, the Progenesis QI for Proteomics software (version 4.2,
Nonlinear Dynamics) was employed. The dataset obtained from the measurements was
imported into the Progenesis QI for Proteomics platform. After alignment and normalization,
peptide peaks were assigned identification results (with confidence above 95%) obtained from
ProteinPilot. Relative quantification of individual proteins was calculated using the Hi-N
method (N=3, Nonlinear Dynamics).

Real-time qPCR. Total RNA was extracted from cells using NucleoSpin RNA Plus (Takara
Bio) according to the manufacturer’s protocol, and then 2 pg of total RNA was reverse
transcribed to cDNA using PrimeScript RT Master Mix (Takara Bio). Real-time qPCR was
performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) and
QuantStudio 3 Real-Time PCR System (Applied Biosystems). The cycling conditions were
95°C for 3 min, then 40 cycles of denaturation at 95°C for 5 s followed by annealing and
extension at 60°C for 30 s. mRNA expression was quantified by the standard curve method.
GAPDH was used as a reference gene. The following primer pairs were used: 5'-

CCTGTTCGACAGTCAGCCG-3’ (GAPDH forward) and 5'-
CGACCAAATCCGTTGACTCC-3’ (GAPDH reverse), 5'-
CATTCCTGACCATCGGCTATGG-3" (KCNN4 forward) and 5'-
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GCCTTGTTAAACTCCAGCTTCCG-3’ (KCNN4 reverse), 5'-
TCGGACACATCTGGTGACTTCC-3" (ANXA2 forward) and 5'-
CCTCTTCACTCCAGCGTCATAG-3" (ANXA2 reverse).

Western blot. Cells were seeded on a 12-well plate (1x10° cells/well), cultured for 1 day. For
western blot for other than VPS4a, cells were washed twice with ice-cold PBS and lysed with
100 pL of RIPA buffer (150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1%
sodium deoxycholate and 50 mM Tris-HCI at pH 7.6) containing protease inhibitor cocktails
(Roche), and phosphatase inhibitor cocktails (Roche). Lysates were cleared by centrifugation
at 16000 x g for 20 min at 4°C. For western blot for VPS4a, cells were washed twice with PBS
and lysed with 100 pL of SDS hot lysis buffer (1% SDS, 1 mM Na-orthovanadate, and 10 mM
Tris-HCI at pH 8.0) preheated to 95°C and then heated at 95°C for 10 min. The protein
concentrations were measured by BCA protein assay using Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific) and then unified to 0.5 pg/pL. Lysates containing 5 (for other than
VPS4a) or 10 (for VPS4a) pg of protein were applied into a polyacrylamide gel (SuperSep Ace,
5-20%, 13 well; FUJIFILM Wako Pure Chemical Corporation) and fractionated by SDS-
PAGE. The blots were transferred to a polyvinylidene difluoride membrane using Trans-Blot
Turbo Transfer System (Bio-Rad), blocked with 5% BSA (for other than VPS4a) or 5% skim
milk (for VPS4a) in Tris-buffered saline (TBS) containing Tween-20 (TBST) for 1 h at 25°C.
The bolts were then incubated overnight at 4°C with appropriate primary antibodies in blocking
buffer. After washing the membrane with TBST for 10 min three times, the blots were further
incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies in
blocking buffer for 1 h at 25°C. After washing the membrane with TBST for 10 min three times,
chemiluminescence was detected using ECL prime (GE Healthcare) and Amersham
ImageQuant 800 (Cytiva). Images were analyzed using ImagelJ software (NIH). The following
antibodies were used: anti-ANXA?2 (rabbit monoclonal, 1:1,000, Cell Signaling Technology,
8235), anti-PMCA4 (mouse monoclonal, 1:1,000, Sigma-Aldrich, P1494), anti-Na,K ATPase
(rabbit polyclonal, 1:1,000, CST, #3010), anti-GAPDH (rabbit polyclonal, 1:10,000, Sigma,
(G9545), anti-HA (mouse monoclonal, 1:10,000, Sigma-Aldrich, H9658), anti-B-actin (mouse
monoclonal, 1:10,000, Sigma-Aldrich, A2228), anti-rabbit IgG (HRP) (goat polyclonal,
1:2,000, Cell Signaling Technology, 7074), and anti-mouse IgG (HRP) (goat polyclonal,
1:5,000, GeneTex, GTX213111-01).

Dextran (10 kDa) delivery assay. The L17E-mediated cytosolic delivery of Alexa Fluor 488-
labeled dextran 10 kDa (AF488-dex10) was evaluated by confocal microscopy observation.
Cells were seeded on 35 mm glass-bottomed dishes (2x10° cells/dish) and incubated for 1 day.
Cells were washed twice with PBS and incubated with AF488-dex10 (200 pg/mL) and L17E
(40 uM) in a-MEM( —) for 10 min at 37°C. Cells were then washed twice with PBS and stained
nuclei with Hoechst 33342 (5 pg/mL) for 5 min at 37°C. Observation was performed with an
FV3000 CLSM system equipped with a 60x objective lens (UPlanSApo, oil immersion, NA
1.35). Images were analyzed with ImageJ software.

PI delivery assay. The cytosolic delivery of propidium iodide (PI) mediated by L17E was
evaluated by flow cytometry analysis. Cells were seeded on 24-well plate (5x10* cells/dish)
and incubated for 1 day. Cells were washed twice with PBS and incubated with PI (50 pg/mL)
in the presence of L17E (40 uM) in a-MEM( —) (for HeLa cells) or D-MEM(-) (for other cell
lines) for 5 min at 37°C. After washing twice with PBS, the cells were detached from the plate
with 0.05% trypsin in PBS for 5 min at 37°C, added a-MEM(+) (for HeLa cells) or D-MEM(+)
(for other cell lines) to prevent further digestion, and collected into centrifuge tubes. The cells
were then centrifuged (800 % g, 5 min) and the resulting pellets were washed with PBS. Flow
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cytometry analysis was performed with 10,000 gated events using an Attune NxT Flow
Cytometer (Thermo Fisher Scientific). For siRNA transfection, cells seeded on 6-well plate
were transfected with each siRNA and re-seeded on 24-well plate 48 h after the transfection.
Following experiments were conducted 24 h after re-seeding (72 h after the transfection). For
plasmid transfection, cells seeded on 24-well plate were transfected with each plasmid and
following experiments were conducted 24 h after the transfection. For BAPTA-AM treatment,
cells were pretreated with BAPTA-AM (40 uM) in D-MEM(-) for 30 min at 37°C and then
treated with peptides in the absence of BAPTA-AM. For K buffer treatment, cells were treated
with peptides in HEPES buffer [140 mM KCl, 5.4 mM NaCl, 1 mM MgCl,, 1.8 mM CaCl,, 10
mM D-glucose, 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) at pH
7.4] containing 10% (v/v) heat-inactivated FBS.

Time-lapse Observation of EGFP-Labeled ANXA Localization. HeLa cells were seeded on
35-mm glass-bottomed dishes (1.5%10 cells/dish), cultured for 1 day and transfected with 200
ng of pEGFP-N1, pANXA1-EGFP, pANXA2-EGFP, or pANXAS-EGFP. After 1 day
incubation, the cells were washed twice with PBS and the culture medium was replaced with
a-MEM(-). The cells were placed at 37°C in a microchamber (STXG-IX3WX-SET; Tokai Hit)
attached on the FV3000 microscope stage. Time-lapse imaging was started immediately after
removal of a-MEM(-) from the glass-bottomed dish. DIC and fluorescence images were
acquired every 5 sec for a total of 5 min. L17E (40 uM) and PI (50 ug/mL) in a-MEM(-) (200
uL) were added to the glass part of the dish 30 sec after the start of imaging. Imaging was
performed using an FV3000 confocal laser scanning microscope (CLSM) system (Olympus)
equipped with a 60x objective lens (UPlanSApo, oil immersion, NA 1.35; Olympus). Analysis
was performed with ImagelJ software (version 2.14.0, NIH).

Ca?" imaging using Fluo-8. HeLa cells were seeded on 35-mm glass-bottomed dishes (2x10°
cells/dish) and cultured for 1 day. Cells were washed twice with PBS and pre-incubated with
Fluo-8 AM (5 uM, AAT Bioquest) in a-MEM(-) for 40 min. Cells were then washed twice
with PBS and the culture medium was replaced with Hanks’ balanced salt solution (HBSS; 400
mg/L KCI, 60 mg/L KH>PO4, 8,000 mg/L NaCl, 350 mg/L NaHCO3, 60 mg/L. Na,HPOj4 *

H>0, 1,000 mg/L. D-glucose, 1.8 mM CaCl,, 1| mM MgCl,, and 20 mM HEPES, pH 7.4). The
cells were placed at 37°C in a microchamber (STXG-IX3WX-SET; Tokai Hit) attached on the
FV3000 microscope stage. Time-lapse imaging was started immediately after removal of
HBSS from the glass-bottomed dish. DIC and fluorescence images were acquired every 10 sec
for a total of 5 min 30 sec. DMSO, L17E (40 uM), or ionomycin (5 uM) in HBSS (200 pL)
were added to on the glass part of the dish 30 sec after the start of imaging. Imaging was
performed using an FV3000 CLSM system equipped with a 60x objective lens (UPlanSApo,
oil immersion, NA 1.35). Quantification of Fluo-8 fluorescence intensity of each cell was
performed using ImagelJ software (NIH).

Cytosolic Translocation of FITC-Labeled Peptides. Cells were seeded on 35-mm glass-
bottomed dishes (2x10° cells/dish) and cultured for 1 day. The cells were incubated in o-
MEM(+) (for HeLa cells) or D-MEM(+) (for U20S cells) containing FITC-labeled peptides at
the concentrations indicated in the corresponding figure legends for 30 min at 37°C. After
washing the cells with PBS twice, the cells were stained nuclei with Hoechst 33342 (5 pg/mL)
in ao-MEM(-) (for HeLa cells) or D-MEM(-) (for U20S cells) for 5 min at 37°C. Observation
was performed with an FV3000 confocal laser scanning microscope (CLSM) system
(Olympus) equipped with a 60x objective lens (UPlanSApo, oil immersion, NA 1.35;
Olympus). Images were analyzed using ImagelJ software (NIH). Quantification of the cytosolic
translocation of FITC-labeled peptides was performed using ImagelJ software (version 2.14.0,
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NIH) by measuring the fluorescence intensity within Hoechst 33342-stained region of each cell.
Cells from more than five images were analyzed for each sample. siRNA transfection, BAPTA-
AM treatment, and K buffer treatment were done described as in PI delivery assay section.

Establishment of Tet-Inducible VPS4a Stable HeL.a Cell Lines. HeLa cell lines expressing
VPS4a (WT or the E228Q mutant) in a Dox-dependent manner (HeLa VPS4a%T and HeLa
VPS4ab?28Q cells) were established using the Tet-On system with the piggyBac vector system.
HeLa cells were seeded on a 6-well plate (1x10° cells/dish) and cultured for 1 day. pTRE3G-
HA-VPS4a%!T or pTRE3G-HA-VPS4ab?28Q was co-transfected with the Transposase
Expression Vector (System Biosciences, PB210PA-1) at a ratio of 600 ng:200 ng per well.
After transfection, the cells were cultured for 1 day, incubation in the presence of puromycin
(1 pg/mL) for 9 days. After selection, the cells were maintained in o-MEM medium containing
10% (v/v) Tet-System Approved FBS (heat-inactivated) and puromycin (1 pug/mL). Single-cell
cloning was not performed, and the polyclonal population was used for experiments.

Induction of VPS4a Expression by Dox. HeLa VPS4a%T and HeLa VPS4at22%Q cells were
seeded for experiments and cultured for 1 day. Before the experiment, the cells were cultured
for 8 h in a-MEM medium containing 10% (v/v) heat-inactivated Tet-System Approved FBS,
puromycin (1 pg/mL), and Dox (1 pg/mL) to induce the expression of VPS4a (WT or E228Q).
Subsequent experiments were conducted in medium without puromycin and Dox.

Immunostaining. HeLa VPS4a%T and HeLa VPS4aP?28Q cells were seeded on 35-mm glass-
bottomed dishes (1x10° cells/dish), cultured for 1 day and incubated with Dox (1 pg/mL) for
16 h. The cells were washed twice with PBS, fixed with 4% p-formaldehyde (PFA) (Nacalai
Tesque) for 15 min at 25°C, permeabilized with 0.1% Triton X-100 in PBS for 15 min at 25°C,
and blocked with 5% BSA in PBS containing Tween-20 (PBST) for 30 min at 25°C. The cells
were then incubated with anti-HA antibody (mouse monoclonal IgG, 1:1,000, Sigma, H9658)
in PBST containing 5% BSA for 1 h at 25°C. After washing the cells with PBST for 10 min
three times, the cells were incubated with anti-mouse IgG (Alexa Fluor 488) (1:2000,
Invitrogen, A11001) in in PBST containing 5% BSA for 1 h at 25°C. After washing the cells
with PBST for 10 min three times, the cells were stained nuclei with Hoechst 33342 (5 pg/mL)
in PBS for 5 min at 25°C. Observation was performed with an FV3000 confocal laser scanning
microscope (CLSM) system (Olympus) equipped with a 60x objective lens (UPlanSApo, oil
immersion, NA 1.35; Olympus). Images were analyzed using ImageJ software (NIH).

Cytotoxicity Assay (WST-8 Assay). The WST-8 assay was performed using the Cell Counting
Kit-8 (Dojindo) according to the manufacturer's protocol. Cells were seeded on a 96-well plate
(1.5%10* cells/well) and cultured for 1 day. For BAPTA-AM treatment, cells were washed
twice with PBS and incubated with BAPTA-AM (40 uM) in D-MEM(-) for 30 min. The cells
were treated with o-MEM(+) or D-MEM(+) containing FITC-labeled peptides at the
concentrations indicated in the corresponding figure legends for 30 min at 37°C. After
treatment, the cells were washed twice with PBS, and 100 uL. of a-MEM(—) and 10 pL of
CCK-8 solution were added to each well. The cells were incubated at 37°C for 2 h, and the
absorbance (A4sonm — As00nm) Was measured. The results were shown as the mean + standard
deviation (SD) from triplicate in one of two experiments.

Statistical Analysis. All data are presented as the mean + standard error (SE) from three
independent biological replicates (n = 3), unless otherwise specified. Statistical analyses were
performed using JMP Pro 17 (SAS Institute). For comparison of two groups, an unpaired
Student’s t-test was used. For multiple comparison analyses, one-way analysis of variance
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(ANOVA) followed by Tukey-Kramer’s post hoc test or Dunnett’s post hoc test was used. For
non-parametric comparisons between two groups, the Wilcoxon rank-sum test was used. For
non-parametric multiple comparisons, the Kruskal-Wallis test followed by the Steel-Dwass test
was used. The calculated P-values were considered significant at p < 0.05.
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