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Antimicrobial peptide nisin induces spherical
distribution of macropinocytosis-like
cytokeratin 5 and cytokeratin 17 following
immediate derangement of the cell membrane
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Abstract: The anti-aging effects of Lactococcus lactis are extensively investigated. Nisin is an antimicrobial peptide produced
by L. lactis subsp. lactis. We previously reported that 24-hour nisin treatment disturbs the intermediate filament distribution
in human keratinocytes. Additionally, we showed that the ring-like distribution of the intermediate filament proteins,
cytokeratin (CK) 5 and CK17 is a marker of nisin action. However, two questions remained unanswered: 1) What do the
CK5 and CK17 ring-like distributions indicate? 2) Is nisin ineffective under the experimental conditions wherein CK5 and
CK17 do not exhibit a ring-like distribution? Super resolution microscopy revealed that nisin treatment altered CK5 and
CK17 distribution, making them spherical rather than ring-like, along with actin incorporation. This spherical distribution
was not induced by the suppression of endocytosis. The possibility of a macropinocytosis-like phenomenon was indicated,
because the spherical distribution was >1 pm in diameter and the spherical distribution was suppressed by macropinocytosis
inhibiting conditions, such as the inclusion of an actin polymerization inhibitor and cell migration. Even when the spherical
distribution of CK5 and CK17 was not induced, nisin induced derangement of the cell membrane. Nisin treatment for 30
minutes deranged the regular arrangement of the lipid layer (flip-flop); the transmembrane structure of the CK5-desmosome
or CK17-desmosome protein complex was disturbed. To the best of our knowledge, this is the first study to report that CK5
and CK17 in a spherical distribution could be involved in a macropinosome-like structure, under certain conditions of nisin

action in keratinocytes.
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Introduction with slowed aging, such as suppression of skin thinning, re-

duction of skin ulcers, suppression of muscle mass reduction,

Lactococcus lactis has an anti-aging effect. It enables ex-  and maintenance of bone density, in mice and humans [1-

tension of lifespan and development of features associated  4]. Various L. lactis subspecies produce several antimicrobial

peptides [5-7]. Nisin is one such peptide produced by L. lactis

. subsp. Lactis; it is used as a food preservative. In this study,
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Oral Medicine Research Center, Fukuoka Gakuen, Fukuoka 814-0193, from L. lactis. The very low threshold of bacterial cells com-
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E-TPnaﬂ:kitagawa‘n@kyudai.jp pared to that of mammalian cells is a reason for the frequent

use of nisin as an antimicrobial peptide [8, 9].
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Macropinosome-like CK distribution by nisin

Nisin induces pores in the bacterial cell membranes. The
lipid composition of the cell membrane differs between
bacterial and human cells. A study using liposomes showed
that nisin disturbs the lipid composition of the bacterial
model at a concentration lower than that required for a
similar effect in a human cell model [10]. However, at nisin
concentrations above the threshold, the effects on human
cells is unknown, although it is used as a food preservative
[8]; a detailed study has been initiated recently [8, 11].
At the beginning of digestion, the oral mucosal epithelia
encounter nisin. Fibroblasts and other cells of the lamina
propria are covered with oral mucosal epithelia. Therefore,
we investigated the action of nisin on oral mucosal epithelial
cells rather than on fibroblasts, although they are one of the
most frequently used cells to study antimicrobial peptide
action. Oral mucosal epithelia are majorly composed of
keratinocytes [12]. Therefore, in this study, we used HaCaT
[13] cells, a widely used immortal human keratinocyte cell
line that exhibits a uniform epithelial architecture when
transplanted into nude mice.

The characteristics of keratinocytes are profoundly influ-
enced by the calcium concentration in the medium [14, 15].
Therefore, to verify the effect of nisin on HaCaT cells, it is
important to consider the influence of calcium concentra-
tion in the medium.

Nisin exerts its effects on HaCaT cells at a concentration
used for food preservation. Nisin induces a ring-like dis-
tribution of cytokeratin (CK) 5 and CK17, which could be
related to some vesicles, such as endosomes. Therefore, CK5
and CK17 could be used as markers to evaluate the action of
nisin on keratinocytes [8].

Intermediate filaments are intermediate-diameter cyto-
skeletons present between the actin filaments and microtu-
bules. There are various types of intermediate filament pro-
teins; the type of protein in each keratinocyte is determined
by the organ in which the keratinocytes exist and by the
degree of differentiation. Intermediate filaments and desmo-
some proteins were used in this study.

CK is an intermediate filament protein. There are 54 sub-
types of human CK. Based on the isoelectric point, CK sub-
types are divided into type I'and II. Type I is acidic CK. Type
IT is basic or neutral CK. CK is a hetero-tetramer, composed
of type I and type II CK in a 1:1 ratio [12].

CK5 and CK14 are the characteristic CK type II and I
proteins in the basal layer of keratinocytes [16]. However,
the type I CK of active keratinocytes, such as that in fetal
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skin and cultured cells, is CK17 [17, 18]. Keratin assemblies
can exist even under the inhibition of actin polymerization.
However, actin is necessary to transport the precursors of
keratin intermediate filaments; therefore, the inhibition of
actin polymerization affects the distribution of keratin inter-
mediate filaments [19].

The desmosome is an intercellular junction between the
epithelial cells. Desmosomes anchor intermediate filaments
in the cytoplasm. The desmosome-intermediate filament
complex enables a group of epithelial cells to resist external
forces in a cooperative manner. The desmosome is com-
posed of desmoglein (DSG), a transmembrane glycoprotein,
belonging to the cadherin family. The DSG extracellular
domains of adjacent cells interact with each other. The as-
sembly of desmosomes requires calcium; this is similar to
the calcium requirement of an adherens junction, which is
composed of cadherin [12, 14, 20].

Endocytosis incorporates extracellular substances into
the intracellular environment. It is influenced by calcium
concentration and temperature [21-23], with an inhibition in
keratinocytes cultured at 7°C [22].

Intermediate filaments participate in endocytosis. How-
ever, the contribution of intermediate filaments to endocyto-
sis is not well known, compared to that of other well-known
cytoskeletons, such as actin filaments and microtubules [24].

Vimentin is an intermediate filament protein that partici-
pates in endocytosis. It contributes to vesicular motility, and
the control of vesicular location. Vimentin is not expressed
in the normal keratinocytes; but is expressed in cancer ke-
ratinocytes and mesenchymal-derived cells, such as fibro-
blasts. To the best of our knowledge, there are no reports
that CK5, CK14, or CK17 contribute to endocytosis or that
intermediate filament proteins, including vimentin and CK,
are distributed as encompassing vesicles.

Macropinocytosis is a type of endocytosis [25, 26]. The
protrusions that participate in macropinocytosis are called
lamellipodia, filopodia, or blebs. Lamellipodia and filopodia
have an actin lining; but it is absent in blebs. The instability
of the actin cortex results in bleb formation [25, 26]. There-
fore, macropinocytosis is dependent on actin expression [27].

Macropinosomes are larger than the endosomes of clath-
rin- and caveola-mediated endocytosis; the size is heteroge-
neous with diameters usually above 0.2 um, and can some-
times be >1 pum [26, 28]. Macropinocytosis is common only
in macrophages.

Macropinocytosis is conserved from amoebas to humans.
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In amoeba, it is negatively correlated with migration [29].
There is a negative correlation between pseudopodia forma-
tion and macropinocytosis. The same correlation could exist
in human cells.

Some antimicrobial peptides affect the cell membrane.
Magainin, a well-studied antimicrobial peptide, induces a
flip-flop in mammalian cell membranes [30].

When a flip-flop occurs, the lipids in the inner layer move
to the outer layer of the lipid bilayer. Therefore, phosphati-
dylserine, which is usually present in the inner layer, could
be observed in the outer layer of the lipid bilayer.

Cell-penetrating peptides and antimicrobial peptides are
similar in function [31]. Many cell-penetrating peptides [31]
and antimicrobial peptides, including nisin [32] are cationic.
Cell-penetrating peptides are incorporated via endocytosis
and direct permeation [33-35]. Cell-penetrating peptides are
incorporated through macropinocytosis and caveola- and
clathrin-mediated endocytosis; the cell-penetrating peptides
lead the macropinocytosis [36], resulting from interactions
with proteoglycans in the cell membrane [37]. Accumulation
of cell-penetrating peptides on the cell membrane proteogly-
can leads to Racl activation, which in turn induces macropi-
nocytosis [36]. The induction of endocytosis does not inhibit
other endocytosis or direct permeation. Several mechanisms
for cell-penetrating peptide incorporation can occur concur-
rently [35, 38].

Cell-penetrating peptides destroy cell membranes; how-
ever, cell-penetrating peptides also activate cell membrane
repair through lysosomes, led by calcium influx into the
cell [39]. Cell membrane repair makes it difficult to observe
cell membrane damage using cell-penetrating peptides. Fo-
cusing on changes in intermediate filaments would enable
better understanding of the cell membrane damage by cell-
penetrating peptides.

In this study, we assessed previous studies on the CK5 and
CK17 ring-like distributions. We also investigated whether
nisin alters other cellular components under non-observed
experimental conditions of CK5 and CK17 ring-like distri-
bution.

To the best of our knowledge, this is the first report
revealing a negative effect of nisin on epithelia, using mor-
phological investigation at the nano-level. This knowledge is
essential for the application of L. lactis, which is very promis-
ing for anti-aging.
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Materials and Methods

Materials

Food-grade nisin was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Cytochalasin D was obtained from Cay-
man Chemical (Ann Arbor, MI, USA). Fetal bovine serum
(FBS) was obtained from HyClone (Logan, UT, USA). Glass
slides printed with highly water-repellent marks (cat. no.
TF0215, TF1006) and cover slips were obtained from the
Matsunami Glass Industry (Osaka, Japan). For super-resolu-
tion microscopy, cover slips with high tolerance (0.170+0.005
mm, Matsunami Glass Industry) were used.

Cell culture and drug treatment

HaCaT cells [13] were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10 % FBS, 2 mM glu-
tamine, 100 pug/ml streptomycin, and 100 mg/ml penicillin.
This culture medium contained approximately 2.2 mM cal-
cium.

Cells were seeded on seeding chamber slides on glass
slides with water-repellent marks. The Applied Cell Extracel-
lular Matrix (Applied Biological Materials Inc., Richmond,
BC, Canada) was used for coating. For super-resolution mi-
croscopy investigation, cells were seeded at a low cell density
(4.0x10" cells/cm®). This is because super-resolution micros-
copy is not suitable for capturing images with a high cell
density.

Except for super-resolution microscopy observation, cells
were seeded at a subconfluent density (1.2x10° cells/cm’) as
in the previous experiment. After cell seeding, the cells were
cultured for 2 days. The medium was changed the day after
seeding and was cultured at 4°C or room temperature. The
following day, the culture was subjected to nisin treatment at
4°C or room temperature.

After culturing for 2 days, cells were treated with a drug
for 30 minutes or 24 hours. Either 93 pg/ml nisin or 93 ug/
ml nisin with 10 uM cytochalasin D was added to the cul-
ture medium, as previously reported [8, 40, 41]. Cells grown
in a medium containing 0.0015% acetic acid was used as the
control.

Ultralow calcium cell culture

To remove calcium from the serum, 500 ml of FBS was
mixed with 20 g of Chelex 100 chelating resin (BioRad,
Hercules, CA, USA) [42]. Calcium ultralow concentration
medium and calcium-free DMEM (Nacalai Tesque, Kyoto,
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Japan) containing 10% Chelex-treated FBS and 110 mg/L
sodium pyruvate (Nacalai Tesque) were used. Calcium con-
tamination can occur easily. For the calcium-free medium, a
calcium ultralow concentration medium containing 0.1 mM
ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic
acid (EGTA) (Nacalai Tesque) was used. We gradually re-
duced the calcium concentration of the medium from 2.2
mM to a calcium ultralow concentration at each cell passage.

Analysis of cell migration

Silicon culture-insert 2-well (cat. no. 81176) was ob-
tained from ibidi GmbH (Munchen, Germany) and used
as previously reported [43]. We seeded cells in the insert;
it was placed on a glass slide, similar to that used for other
cultures in this study. One day after seeding, the medium
was changed. During this change, the insert was removed to
make a 500 pm-diameter cell-free gap for cell migration.

Immunofluorescence microscopy

Cells were fixed with 1% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 minutes, rinsed with PBS, and
permeabilized using 0.2 % Triton-X 100 in PBS for 15 min-
utes. The cells were washed with PBS and incubated in PBS
containing 1% bovine serum albumin (BSA) for 15 minutes
to block nonspecific binding. The cells were incubated with
the primary antibodies at room temperature for 1 hour. After
washing four times with PBS, the cells were incubated with
appropriate secondary antibodies (1:400) in BSA-PBS for
30 minutes at room temperature in the dark. The cells were
then washed four times with PBS and mounted in VECTA-
SHIELD containing the nuclear counterstain 4',6-diamidino-
2-phenylindole (Vector Laboratories, Burlingame, CA, USA).

Rabbit polyclonal anti-CK5 (cat. no. SAB4501651; 1:100),
anti-CK17 (cat. no. SAB4501662; 1:100), and anti-actin (cat.
no. A2066; 1:100) antibodies were obtained from Sigma-Al-
drich. Rabbit polyclonal anti-LAMP2 antibody (cat. no. GTX
103214; 1:100), and mouse monoclonal anti-DSG3 antibody
(cat. no. GTX76040; 1:100) were purchased from GeneTex
(Irvine, CA, USA). Mouse monoclonal anti-E-cadherin anti-
body (cat. no. 14472; 1:100) was purchased from Cell Signal-
ing Technology Inc. (Beverly, MA, USA). Anti-mouse and
anti-rabbit immunoglobulin (Ig) G antibodies conjugated
with Alexa 488 (cat. nos. A11008 and A11034) and Alexa
Fluor 568 (cat. nos. A11031 and A11036) (Molecular Probes,
Eugene, OR, USA) were used as secondary antibodies. Alexa
Fluor 568 conjugated phalloidin (cat. no. A12380) was pur-
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chased from Molecular Probes and used for F-actin observa-
tion using super-resolution microscopy.

Images were obtained using an LSM710 confocal laser-
scanning microscope (Zeiss, Oberkochen, Germany) or an
N-SIM super-resolution structured illumination system
(Nikon, Tokyo, Japan). We used a 100x objective for each mi-
croscope, and the numerical aperture of the lens was 1.4, and
1.49, respectively. Images and montages were generated using
the in-built software from the microscope manufacturer and
Adobe Photoshop elements (Adobe Systems Incorporated,
San Jose, CA, USA). The same pseudo-color was used for
each protein in all figures.

Lamp?2 distribution analysis

The Lamp2 distribution area was recorded and evaluated
using Image] software (ver. 1.52p; https://imagej.nih.gov/ij/).
The Lamp2-positive areas in the DAPI-positive area were
segregated, and the segmentation was conducted using the
algorithm “Max Entropy”. Lamp2-positive areas were count-
ed using the function “analyze particle”.

Proximity analysis

Proximity ligation assay (PLA) probes (Sigma-Aldrich)
in antibody diluents were added to the slides, ligated, ampli-
fied, and washed according to the manufacturer’s instruc-
tions. Negative controls were incubated without ligases or
polymerase. The maximum intensity projection of the Z-
stack images using an LSM710 confocal laser-scanning
microscope was used for the analysis. Proximity spots and
nuclei of the images were extracted and counted using
Image] software. After filtering the PLA image using the
“median” method, image segmentation was conducted us-
ing the algorithm of “intermodes” or “minimum.” Under
the restriction of size and circularity, proximity spots were
counted using the function “analyze particle.” Non-specific
red fluorescence, which increased in nisin-treated cells, was
excluded by restricting for the size and circularity. It was dif-
ficult to discriminate between the proximity spots and cell
debris for evaluating the actin-Ecad proximity spots and 24-
hour nisin-treated CK-DSG3 proximity spots. Therefore, un-
der these conditions, we applied a machine learning system
called the Trainable Weka Segmentation (https://imagej.net/
Trainable_Segmentation) before image segmentation using
the algorithm of “intermodes” or “minimum”. We trained
the vector judgment ability of this plugin by providing exam-
ples of positive and negative areas, which were determined
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based on the size and circularity.

Lipid flip-flop in HaCaT cells

Fluorescein isothiocyanate-labeled annexin V was ob-
tained from R&D Systems Inc. (Minneapolis, MN, USA)
and PromoKine (Heidelberg, Germany). Annexin V binds to
phosphatidylserine; therefore, we used annexin V to detect
the lipid flip-flop induced by 30 minutes nisin treatment.

The cells were incubated with annexin V for 15minutes in
the dark according to a previous study and the manufactur-
er’s instructions [30, 44]. Cells were washed several times to
remove unbound annexin V. Images of paraformaldehyde-
fixed cells and non-fixed cells were acquired and automati-
cally tiled with a BZ-X700 fluorescence microscope (Keyence,
Osaka, Japan) using a 20x or 40x objective with numerical
apertures of 0.45, and 0.95, respectively. The ratio of annexin
V-positive cells was analyzed using the fixed-cell images.
Images were analyzed using the hybrid cell count function of
the BZ-X analyzer (Keyence).

Cell viability assay

Cell viability was determined based on the quantification
of adenosine triphosphate levels using the Cell Titer-Glo 2.0
Assay kit (Promega, Madison, W1, USA) according to a pre-
viously described method and the manufacturer’s instruc-
tions [8]. Cells were treated with 93 pg/ml nisin or vehicle
for 30 minutes. To induce apoptosis, cells were treated with
1 uM staurosporine (Cayman Chemical) for 24 hours. Lu-
minescence was measured using a multi-label reader (Perki-
nElmer, Santa Clara, CA, USA). Viability was expressed as a
percentage of the control.

3D culture

A total of 3.6x10" cells were seeded in 96-well U-shaped
bottom plates specialized for 3D culture (cat. no. 174925,
Nunclon Sphera; Thermo Fisher Scientific, NY, USA). This
plate is designed for minimal cell attachment to the well
plate surfaces; and therefore, it consequently, supports the
formation of 3D cell clusters. Treatment with 93 pg/ml nisin
or a dilution series of nisin or vehicle was performed for the
indicated period in the Fig. 10. All the cells were cultured
for 24 hours from the time of seeding. For phase-contrast
microscopy, a BZ-X700 with a 4x (numerical aperture 0.13)
objective was used.
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Statistical analysis

Values are expressed as the meantstandard deviation (SD).
Differences between groups were evaluated using the Mann—
Whitney U test. The U test was performed using IBM SPSS
Statistics 25 (IBM Corp., Armonk, NY, USA). Statistical sig-
nificance was set at P<0.05.

Results

The 24-hour nisin treatment induces spherical
distribution of CK5 and CK17

In 24-hour nisin-treated cells, CK5 and CK17 exhibited
a spherical distribution similar to that of a fishbowl (Fig.
1A; no. 4, 8). This spherical distribution was very large. The
diameter was greater than 1 pm. This spherical distribu-
tion appeared to encompass vesicles during endocytosis or
exocytosis. In the X-Y plane, the cut surface of the spherical
distribution had a circle-band-shaped distribution of CK5
and CK17 filaments (Fig. 1B). This circular band appears as
a ring-like distribution, as observed in previous confocal mi-
croscopy studies.

In contrast, treatment with nisin for 30 minutes did not
induce this spherical distribution, similar to that in the con-
trol at 30-minute or 24-hour (Fig. 1A; no. 1-3, 5-7). At the
periphery of the cell membrane, interspaces between inter-
mediate filaments were observed in all treatments, including
the control (Fig. 1A). However, the interspace between inter-
mediate filaments at the periphery of the cell membrane was
apparently different from the spherical distribution in cells
treated with nisin for 24 hours. These interspaces between
intermediate filaments were small and ringed, not spherical
(Fig. 1A).

Actin participates in spherical distribution in some high
Z-axis positions (Fig. 1B; no. 4, 8’). Actin participation was
easily observed in the X-Y plane (Fig. 1B; no. 47, 8”). In the
spherical distribution region where actin participates, CK5
and CK17 distribution is weaker than that in the other re-
gions of the spherical distribution (Fig. 1B; no. 47, 8”). The
X-Z plane indicated that actin participated in the spherical
distribution at the periphery of the cell membranes (Fig. 1B;
no. 47, 8”). Actin at the periphery of the cell membrane is
the usual structure of the control cells. In the X-Z and Y-Z
planes, these actin distributions at the cell periphery were
observable even in nisin-treated cells, similar to that in the
control cells (Fig. 1B). The nisin-induced spherical distribu-
tion was located inside the actin layer at the periphery of the
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Fig. 1. The 24-hour nisin treatment induces a spherical distribution composed of cytokeratin (CK) 5, CK17, and actin. (A) The 24-hour
nisin-treated cells exhibit a spherical distribution similar to that of a fishbowl (asterisk or double asterisk at no. 4 or 8) and slightly sparse CK5

and CK17 intermediate filament distribution, except in the area of the spherical distribution. 3D images consist of stacked super resolution

microscopy images (green) and fluorescence microscopy (blue) along the z-axis. (B) Cut surface of no. 4 and 8 in Fig. 1A. Difference between

no. 4’ and no. 4” or no. 8 and no. 8” are the height of the Z-axis direction in the X-Y plane, which is shown in the upper left window. Upper

left window is the white line height section of the lower window. Upper left window can also be explained as the red line height section of

the right window. Two arrows at the right lower corner of each window indicate the axis of each plane; (B) rotated approximately 45 degrees

counterclockwise compared to (A). The meaning of each indicator is illustrated. Scale bars represent 10 pm. *Same spherical distribution as
shown in no. 4 of Fig. 1A and no. 4’, 4” of Fig. 1B. **Same spherical distribution as shown in no. 8 of Fig. 1A and no. 8’, 8” of Fig. 1B.

cell membrane (Fig. 1B). Therefore, the spherical structure is

an intracellular component.

Nisin disturbs dense, uniform distribution of CK5 and
CK17

In the 24-hour control, many dense cells had intermedi-
ate filaments composed of CK5 and CK17 (Fig. 1A; no. 3,
7). These intermediate filaments are distributed as over-
grown thickets. In many of the 24-hour nisin-treated cells,
the thicket was apparently thinned out in the distributions
compared to the overgrown thicket-like distribution in the
control (Fig. 1A; no. 4, 8). Upon close examination, the 24-
hour nisin treatment indicated slightly sparse CK5 and
CK17 intermediate filament distribution, except in the area
of spherical distribution (Fig. 1A; no. 4, 8). There were no

significant differences in the cells treated with nisin for 30
minutes, compared to that in the control cells (Fig. 1A; no. 1,
2,5,6).

Nisin did not induce spherical distribution under 4°C
culture

HaCaT cells were treated with nisin at 4°C to determine
whether the spherical distribution was dependent on en-
docytosis. As described in the introduction, endocytosis is
usually inhibited at temperatures of 7°C or below. Nisin did
not induce the spherical distribution of CK5 and CK17 at 4°C

(Fig. 2).
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The nisin effects against CK5 and CK17 require
calcium in culture medium

Abrupt changes in the calcium concentration in the
culture medium drastically changes the keratinocyte char-
acteristics. Therefore, we gradually decreased the calcium
concentration in the culture medium at every passage. The

4°C

Control Nisin 24 hr

CK5/DAPI

CK17/DAPI

Fig. 2. Under 4°C culture, nisin did not induce a spherical distribution
that is composed of cytokeratin (CK) 5 and CK17. Slightly sparse
CK5 and CK17 intermediate filament distribution were also not
induced. 3D images consisting of stacked super resolution microscopy
images (green) and fluorescence microscopy (blue) along the z-axis.
Scale bar represent 10 pum.

Ultralow calcium

Norio Kitagawa

distribution of CK5 and CK17 was similar to that in culture
with the usual calcium concentration and in that with low
calcium acclimated cells under control conditions (Figs. 1, 3).

However, there was an increase in the intercellular gaps
(data not shown). This is common in low calcium concentra-
tion medium; it could be attributed to the loss of cell junc-
tions that require calcium. The CK5 and CK17 intermediate
filaments were thicker than those in cells cultured in normal
medium (Figs. 1, 3).

HaCaT cells reacted differently to nisin in the calcium ul-
tralow concentration medium compared to that in the usual
culture. Nisin treatment did not induce a spherical distribu-
tion of CK5 and CK17 in the ultralow calcium concentration
medium (Fig. 3) or in calcium-free medium supplemented
with EGTA (0.1 mM) (data not shown). There were no sig-
nificant differences in the density of CK5 and CK17 interme-
diate filaments in ultralow calcium medium (Fig. 3). There
was no significant difference in the distribution of CK5 and
CK17 intermediate filaments between the control and nisin
treated cells, which were also not significantly different from
those of the control at 30 minutes and 24 hours.

Nisin-induced spherical distribution was not observed
in culture medium with cytochalasin-D

Cytochalasin, an actin polymerization inhibitor, sup-
presses macropinocytosis. When cytochalasin-D was added
to the culture medium, actin filaments were not observed
(data not shown); nisin did not induce the spherical distribu-
tion of CK5 and CK17 (Fig. 4).

The interspaces of CK5 and CK17 were observed under all
conditions (Fig. 4); however, these interspaces were apparent-

Control (30 min) Nisin (30 min)

Control (24 hr)

Nisin (24 hr)

CK5/DAPI

Fig. 3. In ultralow calcium concent-
ration medium, nisin did not cause a

spherical distribution that is composed

CK17/DAPI

of cytokeratin (CK) 5 and CK17.
Slightly sparse CK5 and CK17 inter-
mediate filament distribution were
also not induced. 3D images consist of
stacked super resolution microscopy
images (green) and fluorescence micro-

scopy (blue) along the z-axis. Scale bar

represent 10 pm.

https://doi.org/10.5115/acb.21.168



Macropinosome-like CK distribution by nisin

Anat Cell Biol 2022;55:190-204 197

Control Cyto-D Cyto-D, 24-hr nisin
o
<
a
e}
X
(@)
o
<
o
~
=
X
(@)
Cyto-D, 24 hr nisin
[IH] A below * in the Z-axis direction.
=
X
(@)
X 7
1z
X

Fig. 4. Actin polymerization inhibitor cytochalasin (cyto)-D suppresses nisin-induced spherical distribution composed of cytokeratin (CK) 5

and CK17. Interspacing between CK17 intermediate filaments (asterisk) are presented as a 2D structure and it is different from the 3D spherical

distribution in Fig. 1. This interspacing could only be observed in the X-Y plane. In the X-Z plane or Y-Z plane, the interspacing observed in

the X-Y plane did not exist. (A-F) 3D images consist of stacked super resolution microscopy images (green) and fluorescence microscopy (blue)

along the z-axis. Control conditions shown in panels (A) and (D) are with the same data as that in Fig 1A no. 3 and 7. (G) Cut surface of (F).

Upper left window is the white line height section of the lower window. Upper left window can also be explained as the red line height section of

the right window. Two arrows at right lower corner of each window indicate the axis of each plane. Panel (G) have been rotated approximately 45

degrees counterclockwise compared to (F). The meaning of each indicator is illustrated. Scale bars represent 10 um. *Interspaces between CK17

intermediate filaments.

ly different from that in the nisin-induced spherical distribu-
tion of CK5 and CK17 (Fig. 1); they were 2D structures (Fig.
4G). Interspacing could only be observed in the X-Y plane. In
the X-Z plane or Y-Z plane, interspacing similar to that in the
X-Y plane did not exist (Fig. 4G).

E-cadherin exhibits a wavy distribution in nisin-
treated cells

E-cadherin was distributed almost homogeneously at the
control cell boundary (Fig. 5). It was distributed in a gently

curved line with almost the same thickness and density.

Treatment with nisin for 24 hours disrupted this gentle
curving line distribution and induced a ruffled distribution
(Fig. 5). The ruftled distributions were composed of the E-
cadherin with nonequivalent thickness and nonequivalent
density near the cell boundary. In nisin-treated cells, some
E-cadherin line-like distributions appeared at right angles to
other line-like E-cadherin distributions.
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The 24-hour nisin-treatment increased cytoplasmic
expression of Lamp I1

In the 24-hour nisin-treated cells, numerous lysosome-
markers, such as Lamp II, were distributed in the cytoplasm,
compared to that in the control cells (Fig. 6). Additionally, at
24-hour of nisin treatment, the distribution of Lamp II in the
nucleus or in the periphery of the nucleus was weaker than
that in the cytoplasm. In contrast, in control cells or 30-min-
ute nisin-treated cells, Lamp II was distributed in the nucleus
or in the periphery of the nucleus (Fig. 6). In the ultralow
calcium medium, the cytoplasmic distribution of Lamp II
was not increased by nisin (Supplementary Fig. 1).

Nisin decreased proximity of DSG3 with CK5 or CK17
A decrease in the proximity of DSG3 with CK5 or CK17
and E-cadherin with actin after 30 minutes or 24 hours of

Control 24 hr nisin

Norio Kitagawa

nisin treatment was observed in the PLA assay (Fig. 7A). The
decrease in the number of proximity spots was statistically
significant (Fig. 7B), in both the 30-minute and 24-hour ni-
sin treatments.

The 30-minute nisin treatment induced flip-flop of
phosphatidylserine

Treatment with nisin for 30 minutes significantly increased
the number of Annexin-V-positive cells, indicating a flip-flop
of phosphatidylserine (Fig. 8). This flip-flop induction was
9-fold higher in nisin-treated cells than that in control cells
(Fig. 8B). To confirm that this flip-flop is not a part of the
apoptosis reaction, we checked cell viability. Cell viability was
not affected by the 30-minute nisin treatment (Fig. 8C).

E-cadherin

Homogeneous thickness and density

Nonequivalent thickness and density

Distribution appears in right angle
directions to other parts of the
distribution.

Fig. 5. Disruption of regular E-cadherin distribution in cell boundary following 24-hour nisin treatment. Thickness and density of E-cadherin
distribution changed from homogenous to nonequivalent following nisin treatment. Some E-cadherin line-like distributions appeared at right
angles to the other line-like E-cadherin distributions in nisin-treated cells. Confocal microscopy images. Difference in thickness, density, and
direction of E-cadherin line-like distribution illustrated by indicator. The meaning of each indicator is illustrated. Scale bar represents 20 um.
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Fig. 6. The 24-hour nisin treatment increases cytoplasmic distribution of the lysosome marker, Lamp II. Except in the 24-hour nisin treatment,
the distribution of Lamp II in the cytoplasm was lesser than that in the nucleus or periphery of the nucleus. (A) 3D images consist of stacked
super resolution microscopy images (green) and fluorescence microscopy (blue) along the z-axis. (B) Bar graph comparing Lamp II distribution
in the cytoplasm and nucleus. Scale bar represent 10 um.

https://doi.org/10.5115/acb.21.168



Macropinosome-like CK distribution by nisin

30 min

>

Anat Cell Biol 2022;55:190-204 199

24 hr

Control Nisin Control

Nisin

CK5-DSG3
DAPI

CK17-DSG3
DAPI

Actin-Ecad
DAPI

Fig. 7. The 30-minute and 24-
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Nisin does not induce a spherical distribution in
migrating cells

In migrating cells, the spherical distribution of CK5 and
CK17 was not distinctly induced by nisin (Fig. 9). Other
types of distribution changes in CK5 and CK17, excluding
spherical distribution, were also not induced by nisin in
migrating cells (Fig. 9). Differences, such as “thinned out
thicket-like distribution” vs. “overgrown thicket-like distri-

red circular spots are observed. Arrows
] Control mean proximity point of indicated
1 Nisin cell junction protein and indicated
cytoskeleton protein. ”Non—spccific
fluorescence from cell debris. Scale
bar=20 pum. (B) Quantitative analyses
of the proximity ligation assay images.
The line within the box plot represents
the median value. When proximity
index of the image is 100, it means
that the number of red circular spots
is the same as the average spots in the
control images. Values expressed as
the mean+SD (n>15). *P<0.05 versus
control.

bution” in cells surrounded by other cells, were not observed
in migrating cells.

Nisin disturbed the formation of 3D-cell clusters
Keratinocytes are stratified in vivo. Therefore, we inves-
tigated the effect of nisin on stratified cells by observing
globose cell cluster formation. Nisin treatment performed
simultaneously with cell seeding (0-24 hours) or 3 hours af-

https://doi.org/10.5115/acb.21.168



200 Anat Cell Biol 2022;55:190-204 Norio Kitagawa

A 30 min B Cc
Annexin V/BF Annexin V BF
1,500 120 - .
« *
s § 100 % ‘::f'
£ B g
S 21,000 ; 80 -
8 s 60
> s
S 500 1 T 40 1
3 S
C
£ < 201
L *
z 0 . 0 T T T = 1
Control Nisin Control Nisin Control Sta
30 min 30 min 24 hr

Fig. 8. Increase in flip-flops following 30-minute nisin treatment. (A) Green fluorescence of annexin V induced by nisin indicates flip-flop.
Fluorescence and bright field (BF) microscopy images in unfixed cells. Scale bar=20 um. (B) Quantitative analysis of flip-flops. When index of
the image is 100, it means that the ratio of the annexin V positive cell is the same as the average ratio in the control images. (C) Viability after
30-minute nisin treatment or 24-hour after treatment with the apoptosis inducer, staurosporine. The line within the box plot represents the

median value. Values are expressed as the mean+SD (n>15). *P<0.05 versus control.

Migration

Control 24 hr nisin

CK5/DAPI

CK17/DAPI

Fig. 9. In migrating cells, nisin does not induce spherical distribution
of cytokeratin (CK) 5 and CK17. This reaction is different from
that in cells surrounded by other cells in Fig. 1. Nisin treatment did
not cause a slightly sparse CK5 and CK17 intermediate filament
distribution. 3D images consist of stacked super resolution microscopy
images (green) and fluorescence microscopy (blue) along the z-axis.
Scale bar represent 10 um.

ter cell seeding (3-24 hours) disturbed the globose-type cell
cluster formation. In this case, cell clusters exhibited a sea
urchin-shape and there was an increase in cell debris (Fig.

https://doi.org/10.5115/acb.21.168

Treatment period
3-24 hr

0-24 hr 6-24 hr

Control

Nisin

Fig. 10. Nisin blocked globose shape type 3D cell cluster formation.
At 0 to 24 hours or 3 to 24 hours nisin treated cell clusters showed a
sea urchin-shape, compared to that in the 6 to 24 hours treated cell
cluster and control. HaCaT cells in minimal cell attachment plates
were treated with nisin or the vehicle for indicated periods from
seeding. Images of phase-contrast microscopy. Scale bar represent 500
pm.

10); cell cluster formation was inhibited (data not shown).

This effect was dependent on nisin concentration. In the
dilution series of nisin, the high nisin concentration dis-
turbed the globose shape more than the low nisin concentra-
tion (data not shown).

However, at 6 hours after cell seeding, the globose-type
cell cluster shape was not disturbed by nisin treatment (6-24
hours) (Fig. 10). Additionally, the 3D cluster diameter of
nisin-treated HaCaT cells in the 6-24 hours group did not
decrease compared to that in the control.
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In the calcium ultralow concentration medium, which is
the condition in which the adhesion junction has difficulty
forming, a globose-type cell cluster was not formed regard-
less of whether nisin treatment was performed (data not
shown). Therefore, the action of nisin on stratified cells in
ultralow calcium medium was difficult to determine.

Discussion

Super resolution microscopy revealed that the nisin-
induced ring-like distribution of CK5 and CK17 in a previ-
ous study had a spherical distribution, resembling a vesicle-
shaped structure. This distribution is composed of CKS5,
CK17, and actin. Under the conditions that suppress endocy-
tosis or macropinocytosis, such as low temperature, ultralow
calcium concentration, actin polymerization inhibitor, and
migrating cell cultures, CK5, CK17, and actin did not induce
this spherical distribution. Furthermore, as expected from a
previous antimicrobial peptide study, cell membrane altera-
tions were observed. Nisin increased Lamp II cytoplasmic
distribution and disturbed the E-cadherin gentle curving
line distribution. In contrast to the 24-hour treatment, the
30-minute nisin treatment did not induce a spherical dis-
tribution of CK5 and CK17. However, nisin induced other
responses. Treatment with nisin for 30 minutes decreased
the proximity of CK5 and CK17 to DSG3. The flip-flop of
the cell membrane was also induced by 30 minutes of nisin
treatment.

Spherical distribution was not observed in four endocyto-
sis-suppressing conditions or macropinocytosis-suppressing
conditions (Figs. 2-4, 9) [21-23, 27, 29]; therefore, we propose
the possibility that nisin induces endocytosis. Additionally,
the results of this study indicate the possibility that this large
endosome is an endosome-like macropinosome.

Actin appears to be essential for this macropinocytosis-
like reaction, similar to that in macropinocytosis. Spherical
distribution was not induced by nisin in cultures treated
with an inhibitor of actin polymerization. Actin filaments
are essential for the transport of CK precursors, including
CK5 and CK17 [19]. In addition to the absence of actin fila-
ments, the lack of CK precursor movement may also contrib-
ute to the suppression of the spherical distribution of CK5
and CK17.

To reinforce our hypothesis of nisin-induced endosomes,
such as in macropinocytosis, vesicle membrane staining and
investigation of regulatory factor activation will be needed
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in future studies. Rho GTPases, such as Racl and Cdc42 that
are regulators of macropinocytosis, are ideal candidates for
such investigation [25].

It is not clear, why CK5 and CK17 are distributed in the
spherical distribution, if it is a macropinosome. The involve-
ment of CK5 and CK17 in macropinocytosis has not been
previously reported. This could possibly be explained based
on the involvement of intermediate filament proteins in
macropinocytosis. Vimentin participates in endocytosis [24].
Specifically, vimentin is involved in integrin trafficking and
late endocytic trafficking. However, vimentin is a mesenchy-
mal protein; while, HaCaT cells are epithelial cells. In HaCaT
cells, vimentin was not observed under our experimental
conditions (data not shown). In epithelial cells, CK may par-
ticipate in macropinocytosis instead of vimentin. In general,
CK17 distribution has many unsolved questions compared
to CK17 protein expression [45]. Therefore, together with the
nisin study, CK17 distribution requires further research.

We speculated that the purpose of this nisin-induced
macropinocytosis-like reaction was a cell membrane shape
adjustment. In neurons, massive internalization of the cell
membrane by macropinocytosis occurs. This internalization
of the cell membrane is related to the collapse of the growth
cone [46]. In neurons, macropinocytosis is related to the ad-
justment of cell membrane shape. Therefore, in HaCaT cells
damaged by nisin, macropinocytosis could be related to cell
shape adjustment.

In addition to the macropinocytosis-like reaction, nisin
induced a change that could contribute to cell membrane
repair. Nisin changed the distribution of Lamp II from the
nucleus or the periphery of the nucleus to the cytoplasm (Fig.
6). Vesicles, such as lysosomes, contribute to cell membrane
repair [39]. Lysosome distribution is controlled by the mes-
enchymal intermediate filament protein vimentin [24, 47];
and therefore, the epithelial intermediate filament proteins
CK5 and CK17 could also be related to the Lamp II distribu-
tion. Additionally, the macropinocytosis-like reaction and
the changes in Lamp II distribution occur under similar
induction conditions. Both vesicle-related reactions require
calcium (Fig. 3, Supplementary Fig. 1) [39] and a 24-hour
treatment time (Figs. 1, 6). Therefore, we hypothesized that
macropinosome-like reactions and lysosomes could jointly
counteract the cell membrane damage caused by nisin.

However, Lamp II was distributed throughout the cyto-
plasm, but it did not show a spherical distribution. Therefore,
Lamp II distribution and macropinosome-like structure ap-
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pear to have different effects.

Disturbances in the regular intercellular E-cadherin dis-
tribution indicate cell membrane changes (Fig. 5), such as
macropinocytosis-like endocytosis, small vesicle distribution,
or derangement of the lipid bilayer regular arrangement.
In addition to these three changes, other cell membrane
changes could have occurred simultaneously. For example,
considering its shape, E-cadherin distribution occurs at right
angle to the other parts of E-cadherin distribution (Fig. 5),
and could indicate a ruffling cell membrane in macropino-
cytosis [25, 26]. During macropinocytosis, E-cadherin could
be internalized into the cytoplasm from the cell membrane
following ruffling [48]. Additionally, considering its shape,
the cell periphery in the E-cadherin distribution exhibits
non-equivalent thickness and the density was speculated to
indicate the presence of small vesicles or derangement of the
lipid bilayer regular arrangement. This includes E-cadherin
recycling [49] or the diffusion of intracellular E-cadherin
from the cell membrane to the cytoplasm.

Notably, in this study, the nisin effects occurred at a much
shorter time and at a much lower nisin concentration than
that in previous studies (24-hour and 47 ug/ml, respectively)
on thresholds of “ring like distribution,” [8]. Disarrangement
of the cell membrane began immediately after nisin treat-
ment (Figs. 7, 8). The flip-flop of phosphatidylserine was
observed after 30 minutes of nisin treatment (Fig. 8). Cell
membrane disarrangements, such as flip-flops, disturbed the
structure around the cell membrane. A decrease in the CK5-
DSG3 and CK17-DSG3 complexes, which are structures
around the cell membrane, was induced after 30 minutes of
nisin treatment (Fig. 7). Therefore, we concluded that even
if there is no spherical distribution, nisin exerts effects on
HaCaT cells.

Nisin induced the flip-flop of phosphatidylserine (Fig.
8). Annexin V, which was used to investigate the flip-flop in
this study, was also used as an apoptosis marker. The flip-
flop induced by apoptosis takes several hours [30, 50]. In this
study, the flip-flop was induced by 30 minutes of nisin treat-
ment; and therefore, the possibility of apoptosis was ruled
out. In addition, there was no drastic decrease in the viability
of cells treated with nisin for 30 minutes, compared to that in
apoptosis inducer-treated cells (Fig. 8C). In a previous study,
the TUNEL assay revealed that nisin did not induce apopto-
sis [8].

The following effects of nisin on HaCaT cells indicate
possible negative reactions in humans: a decrease in the
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CK5-DSG3 and CK17-DSG3 complexes, inhibition of cell-
cluster formation, and an increase in flip-flops (Figs. 7, 8, 10).

Nisin exhibits a positive reaction to the epithelia and
it promotes wound healing [11]. However, the underlying
mechanism is not well understood. There are two pos-
sible reasons: nisin promotes cell migration [11]; this nisin-
induced promotion of cell migration contributes to wound
healing. Nisin switches the mainstream of endocytosis into
another type. Cell penetrating peptides, which are very simi-
lar to nisin, induce this switchover. This switch leads to burn
wound healing in fibroblasts [51]. For example, the switcho-
ver from clathrin-dependent endocytosis to macropinocy-
tosis changes the remaining compartment of the engulfed
growth factor. This change in the staying compartment may
increase the effect of growth factors in nisin-treated HaCaT
cells.

To apply our 2D culture cell study to human oral epi-
thelia, we used the cell cluster model shown in Fig. 10. The
non-keratinizing property, which is the same as that in most
human oral epithelia, is a merit of the cell cluster model,
compared to rodent models, in which oral epithelia are ke-
ratinized. We confirmed that nisin action on HaCaT cells
occurred not only in the 2D cell culture, but also in the 3D
cell cluster (Fig. 10). A decrease in the CK5-DSG3 and CK17-
DSG3 complexes and an increase in flip-flops could be re-
lated to the suppression of cell cluster formation. This model
has recently clarified that the maturity of keratinocytes is an
important factor for nisin action in 3D experiments, because
nisin does not destroy or alter the shape of the 6 hour-passed
3D-cell clusters (Fig. 10).

In conclusion, to the best of our knowledge, this is the
first study at nano-level to report that actin, CK5, and CK17
could contribute in macropinocytosis-like reactions. Nisin
damaged cells, at a nisin concentration and duration in
which this macropinocytosis-like reaction was not induced.
For defense, HaCaT cells might have reacted against nisin
treatment, as described in this report. Nisin is difficult to
label using fluorescence; therefore, clarifying its effect on
mammalian cells is difficult. The results from this study
provide insights into the possible utilization of nisin. In ad-
dition, it could contribute to the utilization of L. lactis, as an

anti-aging agent.
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