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Continuous ZnO nanoparticle exposure el

induces melanoma-like skin lesions

in epidermal barrier dysfunction model mice
through anti-apoptotic effects mediated

by the oxidative stress—activated NF-kB pathway

Ping Wang'", Guodong Hu?", Wen Zhao?, Juan Du*, Menghan You', Mengying Xv°, Hong Yang?, Min Zhang',
Fang Yan', Mianbo Huang', Xueer Wang', Lin Zhang'” and Yinghua Chen'"

Abstract

Background: Increasing interest in the hazardous properties of zinc oxide nanoparticles (ZnO NPs), commonly used
as ultraviolet filters in sunscreen, has driven efforts to study the percutaneous application of ZnO NPs to diseased skin;
however, in-depth studies of toxic effects on melanocytes under conditions of epidermal barrier dysfunction remain
lacking.

Methods: Epidermal barrier dysfunction model mice were continuously exposed to a ZnO NP-containing suspen-
sion for 14 and 49 consecutive days in vivo. Melanoma-like change and molecular mechanisms were also verified in
human epidermal melanocytes treated with 5.0 ug/ml ZnO NPs for 72 h in vitro.

Results: ZnO NP application for 14 and 49 consecutive days induced melanoma-like skin lesions, supported by
pigmented appearance, markedly increased number of melanocytes in the epidermis and dermis, increased cells with
irregular nuclei in the epidermis, recruited dendritic cells in the dermis and dysregulated expression of melanoma-
associated gene Fkbp51, Trim63 and Tsp 1. ZnO NPs increased oxidative injury, inhibited apoptosis, and increased
nuclear factor kappa B (NF-kB) p65 and Bcl-2 expression in melanocytes of skin with epidermal barrier dysfunc-

tion after continuously treated for 14 and 49 days. Exposure to 5.0 ug/ml ZnO NPs for 72 h increased cell viability,
decreased apoptosis, and increased Fkbp51 expression in melanocytes, consistent with histological observations

in vivo. The oxidative stress—mediated mechanism underlying the induction of anti-apoptotic effects was verified
using the reactive oxygen species scavenger N-acetylcysteine.
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Conclusions: The entry of ZnO NPs into the stratum basale of skin with epidermal barrier dysfunction resulted in
melanoma-like skin lesions and an anti-apoptotic effect induced by oxidative stress, activating the NF-kB pathway in

melanocytes.

Keywords: Zinc oxide nanoparticles, Epidermal barrier dysfunction skin, Melanocyte, Oxidative stress, Anti-apoptosis,

NF-kB p65
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Conclusion: Our results demonstrate that repeated and continuous topical exposure to ZnO NPs in skin with barrier dysfunction allows these particles to penetrate into the stratum basale of the epidermis, resulting in the development of melanoma-like lesions on the
skin in a mouse model of epidermal barrier dysfunction. Continuous exposure to ZnO NPs induces an anti-apoptotic effect in melanocytes through the oxidative stress-mediated activation of NF-B pathways, both in vivo and in vitro. This study provided new information
regarding the melanoma risk associated with repeated and continuous exposure to ZnO NPs under conditions of epidermal barrier dysfunction.

Introduction

Zinc oxide nanoparticles (ZnO NPs) are well known
and widely used in many dermatological preparations
and dermo-cosmetic products, such as sunscreens,
due to their opacifying, antimicrobial, and ultraviolet
(UV)-protective properties [1]. The utilization of ZnO
NPs has increased due to their good dispersion qual-
ity, transparency, and non-comedogenic properties.
ZnO NPs with a diameter between 20 and 100 nm are
incorporated into sunscreen formulations [2]. However,
NPs exhibit unique physicochemical properties and are
often more toxic than their non-nanoscale counterparts
[3, 4]. Therefore, great attention has been paid to the
hazardous properties of ZnO NPs applied to the skin.
Investigations of skin penetration have demonstrated
that ZnO NPs typically do not infiltrate the epidermis
[5-7] due to the strong barrier function of healthy skin,
which prevents the infiltration of external materials
into the epidermis; however, certain pathological skin
conditions accompanied by epidermal barrier injury,
such as eczema and UV damage, are at increased risk
of penetration by topically applied metal oxide NPs [8,
9]. Ilves et al. suggested that atopic dermatitis (AD)-like
skin enabled partial penetration of ZnO NPs through
the damaged epidermis into the viable layers of the
skin [1]. The physical skin barrier is mainly localized
in the stratum corneum, which plays a critical role in

preventing damage due to environmental stress [10].
Zhang et al. found that Cdc42 played crucial roles in
regulating the balance between keratinocyte prolifera-
tion and differentiation and in the integrity of cell-cell
junctions in epidermal development. Cdc42 is essential
for epidermal barrier formation, and Cdc42 deficiency
might be associated with skin barrier damage or dys-
function [11].

Reports have suggested that ZnO NPs in sunscreens
can penetrate injured or diseased skin, such as skin
with sunburn, acne, or eczema, and skin with psoriasis-
like features [1, 12]. Some studies have shown that NPs
deposited in target organs can generate excessive oxida-
tive stress, triggering injurious responses, such as apop-
tosis and DNA damage [13, 14]. Kocbek et al. showed
that ZnO particles stimulated the reactive oxygen species
(ROS) production inside keratinocytes [15]. Accordingly,
keratinocyte viability was reduced by ZnO NPs with the
concentration beyond 15 pg/ml. After 3 months, NPs
were found to be present in an aggregated state within
the cell cytoplasm, causing altered cell morphology. Can-
cer is commonly characterized by the deregulation of
apoptotic cell death machinery, and changes in apoptosis
can promote tumor development [16]. The upregulation
of oxidative stress induced by the penetration of ZnO
NPs may affect apoptotic pathways, resulting in increased
carcinogenesis and malignant transformation.
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Melanocytes are located in the basal layer of the epi-
dermis and are characterized by their capacity to produce
melanin, which protects the skin from damaging UV irra-
diation. Melanocytes are particularly sensitive to cellular
damage because they are constantly exposed to multiple
environmental factors, including solar radiation, which
can result in the development of a continuous, low-grade
oxidative state. Melanin can serve as both an antioxidant
and an oxidant, depending on its redox state [17]. Oxi-
dative stress has been shown to be involved in all stages
of carcinogenesis and malignant melanocyte transforma-
tion [18-20]. However, the effects of these stress reac-
tion reduced by ZnO NPs on melanocytes have not been
studied until now. The abnormal proliferation of melano-
cytes in the epidermis or dermis leads to skin hyperpig-
mentation, accompanied by random and discontinuous
cytological atypia, which is characteristic of the malig-
nant transformation of melanocytes [21]. Melanomas
are among the most immunogenic tumors, and result in
the recruitment of innate immune cells, and changes of
immune cells could improve the progression of malig-
nant melanoma [22].

The balance between pro-apoptotic and anti-apoptotic
protein regulators is a critical determinant for whether a
cell undergoes apoptosis, and the dysregulation of apop-
totic pathways is considered an underlying mechanism
associated with cancer development [23, 24]. Bcl-2 serves
as an “apoptotic switch,” and Bcl-2 family members can
be classified as either anti-apoptotic, such as Bcl-2 and
Bcl-xL, or pro-apoptotic, such as Bax and Bak, depend-
ing on their functions [25]. Melanocyte transformation
is accompanied by high levels of ROS, particularly super-
oxide, which can activate nuclear factor kappa B (NF-«kB)
[26]. During melanocyte transformation, the disorganiza-
tion of the melanosomal structure has been proposed to
disrupt the response to ROS within the matrix, allowing
the leakage of free radicals into the cytoplasm and lead-
ing to intracellular oxidative stress. Increased oxidative
stress levels trigger the activation of NF-xB and other
transcription factors to initiate a downstream stress
response, including the induction of anti-apoptotic path-
ways [27].

In this study, a keratinocyte-specific Cdc42 knockout
(KO) mouse model of epidermal barrier dysfunction was
used to examine the effects of continuous ZnO NP expo-
sure on epidermal melanocytes in skin with damaged
barrier integrity. The aim of this study was to investigate
the influence of ZnO NPs on melanocytes under condi-
tions associated with a high degree of epidermal barrier
dysfunction, such as those caused by injury or disease, to
determine whether ZnO NPs can induce malignant mel-
anocyte transformation following penetration through
damaged skin.
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Materials and methods

Preparation and characterization of ZnO NP suspensions
ZnO NPs were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The morphology and size of the particles
were characterized by transmission electron microscopy
(TEM) (2100F, JEOL, Tokyo, Japan). The X-ray diffraction
(XRD) pattern was recorded using a Rigaku Miniflex-II
x-ray diffractometer (Tokyo, Japan).

To prepare a suspension for use in animal experiments,
ZnO NPs were dispersed in normal saline (NS) contain-
ing 1% hydroxypropyl methylcellulose (HPMC) [12] at
a concentration of 40 mg/ml. HPMC was used as a sus-
pending agent to ensure that the NPs were uniformly dis-
persed and to increase operability. The suspension was
ultrasonically dispersed in an ice bath for 30 min before
each use.

To prepare a stock solution for the cell experiments,
ZnO NPs were dispersed in phosphate-buffered saline
(PBS) at a concentration of 2 mg/ml and autoclaved. The
working solution was the stock solution diluted with mel-
anocyte medium and was ultrasonically dispersed in an
ice bath for 15 min before each use [12].

Animals and treatments
C57BL/6 ] mice expressing Cre recombinase under the
control of the K5 proximal promoter used in the study
were obtained from Dr Xiao Yang’s laboratory at Acad-
emy of Military Medical Sciences (Beijing, China). The
Cdc42"*fo* homozygous transgenic C57BL/6] mice used
in this study were gifts from Yi Zheng at the University of
Cincinnati (Cincinnati, OH, USA). Animals were housed
under specific pathogen-free conditions in the animal
facility at Southern Medical University Laboratory Ani-
mal Center Research Foundation. All animal studies were
approved by the Bioethics Committee of Southern Medi-
cal University (No. L2018133).

12-week-old female Cdc42 KO mice weight 21.3+0.7 g
were used as a model of epidermal barrier dysfunction.
After the successful establishment of the model was
histologically confirmed, mice were randomly distrib-
uted into four groups containing three mice per group:
wild-type (WT) and Cdc42 KO mice were divided into
negative control and ZnO NP treatment groups. The pro-
tocol used for the percutaneous application of ZnO NPs
to mice is shown in Fig. 1b. A 10-cm? area of the dorsal
skin was shaved, and a ZnO NP suspension was applied
at a dose of 2 mg/cm? [28]. A 500-uL aliquot of NS (con-
taining 1% HPMC) or a ZnO NP suspension (consisting
of NS, r1% HPMC, and ZnO NPs) was topically applied
twice daily for 7 days and once daily from days 8-49 for
both WT and Cdc42 KO mice [29]. Three mice were
anaesthetized with 1% pentobarbital (0.1 ml per 20 g
i.p.) at each time point before obtaining skin tissue. The
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Fig. 1 The morphology of ZnO NPs and their translocation into the skin after topical application. a Epidermal barrier dysfunction caused by
Cdc42 KO. i) immunohistochemistry image of Cdc42 expression in skin of WT and Cdc42 KO mice. Scale bar =50 um. ii) TEWL measurement. Data
represents Mean = SD (n=3). *p < 0.05. iii) Skin permeability assay using X-gal staining in WT and Cdc42 KO mice. iv) SEM of dorsal skin of WT and
Cdc42 KO mice. Scale bars= 100 or 20 um. v) Immunofluorescence image of filaggrin, loricrin, and Involucrin expression in the skin of WT and
Cdc42 KO mice. Scale bar= 100 um. b Experimental design for the ZnO NP treatment of WT and Cdc42 KO mice. n= 3. ¢ Characterization of ZnO
NPs. i) The XRD spectrum of NPs compared against the reference material, zincite (red lines). i) The primary size and morphology of ZnO NPs. Scale
bar=>50 nm. iii) Size distribution of ZnO NPs. Particle measurements (n=207) were performed on individual ZnO NPs. d i) TEM of skin tissue from
WT mice after 14 days of continuous treatment with ZnO NPs. Scale bar= 2 um. TEM of skin tissue from Cdc42 KO mice after 14 days of continuous
treatment with ZnO NPs. The presence of ZnO NPs is denoted by red arrows. ZnO NPs were detected in the stratum corneum (ii), the stratum
spinosum (jii), and the stratum basale (iv). Scale bar=2 pm. Region of Interest (ROI) at x 4 magnification
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skin tissue were cut into 1-cm? full-thickness pieces and
washed three times with PBS. The freshly collected skin
were fixed or frozen.

Cell culture and treatments
Human epidermal melanocytes (HEMs) were purchased
from Sciencecell (Carlsbad, CA, USA) and maintained
in melanocyte medium containing 1% melanocyte
growth supplement (Carlsbad, CA, USA), 0.5% fetal
bovine serum (Carlsbad, CA, USA), and 1% penicillin/
streptomycin (Carlsbad, CA, USA) at 37 °C in a humidi-
fied atmosphere of 5% CO,. The culture medium was
replaced every other day, and cells were passaged upon
reaching approximately 90% confluence. HEMs were cul-
tured in diluted ZnO NP working solution containing
2.5, 5.0, 7.5, or 10 ug/ml ZnO NPs for 24, 48 and 72 h.
N-acetylcysteine (NAC) (Sigma-Aldrich; 20 mM), the
N-acetyl derivative of cysteine, inhibits ROS in HEMs
were treated with 5.0 ug/ml ZnO NPs for 24, 48 and 72 h.

TEM and scanning electron microscopy (SEM) observation
of skin tissue

Skin tissue samples (1 x 2 mm? in area) were cut from the
central area of freshly excised dorsal skin using a sharp
surgical blade. Samples were immersed in 2.5% glutar-
aldehyde and incubated overnight at 4 °C. The samples
were then embedded, and ultrathin slices were prepared.
The nanoparticle localization was evaluated using TEM
(H-7500, Hitachi, Japan). Skin tissue was evaluated using
SEM (S-3000-N, Hitachi, Ltd., Japan).

Histopathological examination of skin tissue and HEMs

Freshly excised dorsal skin pieces were immersed in 4%
paraformaldehyde for 24 h and embedded in paraffin
after dehydration through graded ethanol and xylene
solutions. Sections were prepared at a thickness of 4 pm.
Hematoxylin and eosin staining was performed for his-
tological analysis. Immunohistochemical analysis was
used to detect the numbers of cells labeled with deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
staining (Beyotime Biotechnology, China), and antibodies
against CD4 (1:300, Immunoway, China), IL2RA (CD25,
1:100, ABclonal, US), CD68 (1:1000, Proteintech, US),
CD80 (1:300, Proteintech, US), CD86 (1:100, ABclonal,
US), CD163 (1:2000, Proteintech, US), Ki67 (1:200,
Abcam, UK), 8-hydroxydeoxyguanosine (8-OHdG)
(1:1000, JaICA, Japan) and Tyrosinase (Tyr) (1:250, Santa
Cruz Biotechnology, Santa Cruz, CA, US) were used to
detect the expression of these proteins. Images were cap-
tured using a biological microscope (DM40008, Leica,
Germany). The number of positive cells per sample in
epidermis was assessed by Image ] software. Ten repre-
sentative randomly chosen, nonadjacent, nonoverlapping
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fields at x 400 magnification were used for positive cell
counting. The positive cell counts were recorded as cells /
0.01 mm? per unit area.

Measurements of oxidative stress biomarkers in vivo

Skin tissues that had been frozen in liquid nitrogen and
stored at—80 °C were homogenized in precooled NS
using a tissue homogenizer. The homogenates (1:10
w/v) were centrifuged at 1006 x g for 10 min at 4 °C to
obtain supernatants. Cells were lysed and collected. The
protein concentrations of the samples were determined
using a BSA kit (GBCBIO, China). The levels of catalase
(CAT), glutathione (GSH), total superoxide dismutase
(T-SOD) and malondialdehyde (MDA) were determined
using commercial kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China), according to the manufac-
turer’s instructions.

RNA sequencing (RNA-seq)

RNA from the skin of Cdc42 KO and WT mice after
ZnO NP or control treatment for 14 days were prepared
for RNA-seq (three biological replicates for each group).
RNA-seq experiments were performed by Novogene
(Beijing, China). Briefly, total RNA was isolated from
fresh skin tissue using TRIzol. mRNA was then puri-
fied from total RNA using poly-T oligo-attached mag-
netic beads. Sequencing libraries were generated using
NEBNext® UltraTM RNA Library Prep Kit for Illu-
mina® (NEB, USA) following manufacturer’s recom-
mendations, and index codes were added to attribute
sequences to each sample. The clustering of the index-
coded samples was performed on a cBot Cluster Gen-
eration System using TruSeq PE Cluster Kit v3-cBotHS
(Ilumina) according to the manufacturer’s instruc-
tions. After cluster generation, the library preparations
were sequenced on an Illumina HiSeq platform and
125/150 bp paired-end reads were generated. For the
data analysis, raw data (raw reads) in fastq format were
first processed through in-house Perl scripts. Clean data
(clean reads) were obtained by removing reads contain-
ing adapters, reads containing poly-N, and low-quality
reads from raw data. Reference genome and gene model
annotation files were downloaded from genome web-
site directly. An index of the reference genome was built
using STAR, and paired-end clean reads were aligned to
the reference genome using STAR (v2.5.1b). STAR uses
the method of Maximal Mappable Prefix (MMP). HT Seq
v0.6.0 was used to count the read numbers mapped to
each gene. And then FPKM of each gene was calculated
based on the length of the gene and reads count mapped
to this gene. Differential expression analysis of three bio-
logical replicates per condition was performed using the
DESeq2 R package (1.10.1). DESeq2 provides statistical
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routines for determining differential expression in digital
gene expression data using a model based on the nega-
tive binomial distribution. The resulting P-values were
adjusted using the Benjamini and Hochberg approach
for controlling the false discovery rate. Genes with an
adjusted P-value <0.05 found by DESeq2 were assigned
as differentially expressed. Analysis of differential expres-
sion was performed using the edgeR R package (3.12.1).
The P values were adjusted using the Benjamini and
Hochberg method. The hierarchical clustering heat map
was generated with the ggplot library. The sequencing
data are available through the GEO database with acces-
sion number GSE183662.

Quantitative real-time reverse transcriptase PCR (QRT-PCR)
analysis in vivo and in vitro

Skin tissue that had been frozen in liquid nitrogen and
stored at — 80 °C was homogenized in liquid nitrogen and
extracted with TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s
instructions. The concentration and purity of total RNA
were determined by measuring the absorbance at 260 and
280 nm using a spectrophotometer (Molecular Devices,
San Jose, CA, USA). Complementary DNA (cDNA) was
reverse transcribed from mRNA samples using a Prime-
Script"' RT Reagent Kit (TaKaRa Bio, Shiga, Japan). qRT-
PCR was performed with a LightCycler 480 Sequence
Detector System (Roche, Switzerland) using a commercial
kit (SYBR Premix Ex Taq II, TaKaRa Bio). The cells were
lysed with TRIzol reagent, and mRNA extraction, cDNA
synthesis, and qRT-PCR were performed as described for
skin tissue. The mouse and human primer sequences used
for qRT-PCR are shown in Tables 1 and 2, respectively.

Cell survival assay

The cells were seeded in 96-well plates at a density of
3 x 10* cells per well and allowed to attach overnight. The
cells were treated with 2.5, 5.0 and 7.5 pg/ml ZnO NPs
for 24, 48 and 72 h. Cell viability was determined using a
cell-counting 8 (CCK-8) assay kit according to the manu-
facturer’s instructions (Dojindo Molecular Technologies,

Table 1 Mouse-specific primer sequences used in the gRT-PCR

analysis

Gene Forward primer Reverse primer

Fkbp51 CAAACCCAAACGAAGGAG TTCCCCAACAACGAACACCAC
CAACG ATC

Trim63  GTCATCCTGCCCTGCCAACA  GCAACGGAAACGACCTCCAGAC

Tspl GGCCGAGGTGTCGAACATG GGTCACTGTAGTGACCCAGGT

AGT

Gapdh  AGAAGGTGGTGAAGCAGG CGAAGGTGGAAGAGTGGG

CATC AGTTG
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Table 2 Human-specific primer sequences used in the gRT-PCR

analysis

Gene  Forward primer Reverse primer

FKBP51  ATGGGAAGATAGTGTCCTGGT — CCTTGGCTGACTCAAACTCGT
TAGA

GAPDH  AGGTCGGTGTGAACGGATTTG  TGTAGACCATGTAGTTGAGGTCA

Kumamoto, Japan), and the absorbance was measured at
a wavelength of 450 nm using a microplate reader.

Annexin V/PI analysis

The cells were seeded in 24-well plates at a density of
1.5 x 10° cells per well and allowed to attach overnight.
The cells were treated with 5.0 pg/ml ZnO NPs or culture
medium for 24, 48 and 72 h. Cells were washed, digested
with EDTA-free trypsin and stained with FITC-conju-
gated Annexin V and PI (Beyotime, China) according to
the manufacturer’s instructions. The final cell suspen-
sions in PBS were analyzed using flow cytometry (FAC-
SAria III, BD, US).

Cellular ROS assay

The cells were seeded in 24-well plates at a density
of 1.5 x 10° cells per well and allowed to attach over-
night. The cells were treated with 5.0 pg/ml ZnO NPs
or culture medium for 24, 48 and 72 h. Cellular ROS
production was determined by using 2',7’ -dichloro-
fluorescein diacetate (DCFH-DA) probes (Nanjing
Jiancheng Bioengineering Institute). The treated cells
were washed, collected with EDTA-free trypsin, and
incubated with the probes (10 uM) for 30 min at 37 °C,
washed twice with PBS, and resuspended in 500 pL
PBS. The fluorescence intensity of the cells was ana-
lyzed using a flow cytometer (FACSAria III, BD, San
Jose, CA, USA) at excitation/emission wavelengths of
485/535 for DCFH-DA.

Immunofluorescence examination in vivo and vitro

Sections treated for immunofluorescence staining,
Antibodies against Tyr (1:300, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, US), Tyrosinase-related protein-2/
dopachrome tautomerase (Trp-2/Dct) (1:200, LifeSpan
BioSciences, Seattle, WA, USA), Fkbp51 (1:200, Santa
Cruz Biotechnology), NF-kB p65 (1:500, Cell Signaling
Technology, US) and Bcl-2 (1:200, Cell Signaling Tech-
nology, US) were used to detect the expression of these
proteins in vivo study. Images were captured using a
biological microscope (DM40008, Leica, Germany). The
proportion of positive staining cells in epidermis per
sample was assessed by Image ] software. Ten repre-
sentative randomly chosen, nonadjacent, nonoverlapping
fields at x 400 magnification per area of epidermis were
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used for positive cell counting. The positive cell counts
were recorded as % Area.

The 1.5 x 10° cells were seeded on coverslips, treated
with ZnO NPs as previously describe, fixed with 4% para-
formaldehyde overnight, and permeabilized with 0.5%
Triton X-100 for 30 min. After blocking in bovine serum
albumin with 10% goat serum for 1 h, the cells were incu-
bated with Fkbp51 and Bcl-2 (1:200 and 1:200, Santa
Cruz Biotechnology, US), NF-kB p65 (1:500, Cell Sign-
aling Technology, US) at 4 °C overnight and incubated
with Alexa 488/568-conjugated secondary antibodies
(Proteintech, Rosemont, IL, USA) at room temperature
for 1 h. Fluorescence images were captured using a fluo-
rescence microscope (Leica, Japan). Ten representative
randomly chosen, nonadjacent, nonoverlapping fields
at x 400 magnification per core were used for cell count-
ing. The proportion of positive staining cells per sample
was assessed by Image ] software.

Western blot analysis

Cells were collected and lysed using reagents from a
nuclear protein and cytoplasmic protein extraction kit
(Beyotime Biotechnology, China) containing 1 mM pro-
tease and phosphatase inhibitor (Beyotime Biotechnol-
ogy). The cell lysates were heated in sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (Genstar, China) at 99 °C for 5 min. The
proteins were separated by SDS-PAGE and transferred
to polyvinylidene difluoride membranes (Merck Milli-
pore, Darmstadt, Germany) that were then blocked with
5% skim milk for 1 h. The membranes were incubated
overnight at 4 °C with primary antibodies, including anti-
NF-kB p65, anti-phospho-NF-xB (p-NF-«kB) p65, and
anti-Bax (1:1000, 1:1000 and 1:1000, all Cell Signaling
Technology, US), anti-Bcl-2(1:500, Santa Cruz Biotech-
nology, US) and anti-Gapdh (1: 50,000, Proteintech, US).
The membranes were then washed with Tris-buffered
saline containing Tween 20 (TBST) and incubated at
room temperature with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling Technol-
ogy) for 1 h. Proteins were detected using an enhanced
chemiluminescence (ECL) kit (WBLKS0500, Merck
Millipore) and an automatic chemiluminescence image
analysis system (Tanon, China). Quantitative analysis was
performed using Image] software.

Statistical analysis

All the data are presented as the mean + standard devia-
tion (SD) and were analyzed with SPSS 22.0 software.
Comparisons among each group were assessed using
one-way ANOVA with the Bonferroni post hoc test when
the variance in the data was homogenous. Using a non-
parametric test when the variance in the data was not
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homogenous. Differences at P <0.05 were considered to
be statistically significant.

Results

ZnO NPs penetrate into deeper skin layers in a mouse
model of epidermal barrier dysfunction

A murine model of epidermal barrier dysfunction was
used to study particle penetration in this study. In this
model, epidermal barrier dysfunction is caused by Cdc42
KO (Fig. 1a), which was confirmed by PCR (Additional
file 1: Figure S1a). Cdc42 protein was entirely absent from
Cdc42 KO mice compared WT controls (Fig. 1a-i). Tran-
sepidermal water loss (TEWL), which reflects inside-
out barrier function [30], was considerably increased in
Cdc42 KO mice compared with WT mice (Fig. la-ii). In
the X-gal staining assay [30], which reflects outside-in
barrier function, the dye penetrated the skin of the Cdc42
KO mice but not the skin of WT mice (Fig. la-iii). SEM
revealed larger gaps between epidermal corneocytes
in Cdc42 KO mice than in WT mice (Fig. 1a-iv). Filag-
grin, loricrin, and Involucrin are pathogenic implications
in AD [31]. It was showed that decreased expression
of filaggrin, loricrin, and Involucrin in the epidrmis of
Cdc42 KO mice than in WT mice (Fig. la-v). Together,
our results suggested that Cdc42 deletion resulted in
both outside-in and inside-out barrier impairments.

The protocol used for the percutaneous application
of ZnO NPs to mice is shown in Fig. 1b. In our study, a
short 7-day period of ZnO NP application is equivalent
to a week at the beach or on holiday. We examined the
effects of continuous epidermal exposure to ZnO NPs for
up to 14 and even 49 days, which is representative of the
large numbers of people who use sunscreens on a daily
basis [29].

XRD was used to determine the composition of the
ZnO NPs used in this study (Fig. 1c-i), and the mor-
phology and size distributions of ZnO NPs are shown
in Fig. 1c-ii. The evaluation of individual particle diam-
eters yielded a primary particle size distribution of
43.25+17.96 nm (Fig. 1c-iii).

Although NPs are hypothesized to be unable to pass
through healthy, intact skin, their ability to penetrate
skin with epidermal barrier dysfunction skin remains
unknown. Skin samples were collected to investigate
whether ZnO NPs could be detected in the different skin
layers of WT and epidermal barrier dysfunction model
mice. As shown in Fig. 1d-i, a minimal number of ZnO
NPs were detected in the epidermis of WT mice continu-
ously treated with ZnO NPs after 14 days of treatment. By
contrast, ZnO NPs were detected on the skin surface, and
particle penetration was observed throughout the epi-
dermis, including the stratum corneum, stratum spino-
sum, and stratum basale, in Cdc42 KO mice continuously
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treated with ZnO NPs for 14 days (Fig. 1d-ii, iii, iv). This
analysis suggested that the epidermal barrier dysfunc-
tion induced by Cdc42 KO allowed for the penetration of
ZnO NPs through the damaged epidermis into the viable
layers of the epidermis.

ZnO NPs induce the dysregulated expression of genes
associated with melanoma in epidermal barrier
dysfunction model mice

The evaluation of changes in genomic expression repre-
sents a powerful approach for determining the response
of an organism to NP exposure. RNA-seq can be used
to quantify the expression of most genes in an organ-
ism by measuring the levels of RNA transcripts following
NP exposure relative to the expression levels observed
under normal physiological conditions (Additional file 1:
Figure S2) [32]. Figure 2a shows a hierarchical cluster-
ing heatmap for three differentially expressed (DE) genes
identified on day 14 when comparing expression levels
between the skin of WT and Cdc42 KO mice in the nega-
tive control group (no ZnO NP exposure) and between
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the skin of WT and Cdc42 KO mice continuously treated
with ZnO NPs. The transcriptome produced in response
to continuous ZnO NP treatment for 14 days in the skin
of Cdc42 KO mice showed elevated levels of FK506-bind-
ing protein 51 (Fkbp51) and tripartite motif-containing
63 (Trim63) transcripts and reduced levels of Thrombos-
pondin-1 (Tspl) transcripts than in the skin of Cdc42 KO
mice in the negative control group and WT mice contin-
uously treated with ZnO NPs.

The levels of DE genes were analyzed by qRT-PCR
analysis of skin samples obtained on day 14 from WT and
Cdc42 KO mice in the negative control group and from
WT and Cdc42 KO mice continuously treated with ZnO
NPs (Fig. 2b). After 14 days of treatment, higher levels
of Fkbp51 and Trim63 mRNA were observed in the skin
of Cdc42 KO mice continuously treated with ZnO NPs
than in the skin of Cdc42 KO mice in the negative control
group and the skin of WT mice continuously treated with
ZnO NPs. Tspl mRNA levels were lower in the skin of
Cdc42 KO mice continuously treated with ZnO NPs for

a
-
w
S
y
™
©
£
=
2
2
10
WT WT+ZnO NPs KO KO+ZnO NPs
b Fkbp51 Trim63 Tsp1
l;l r+| 1.5 -
5 - * 3 1 *
L —
o 4 ) [} *
2 2. 2 1.0, —
T 3] © ©
= = K=
o o o
o] hej ke}
£ 2 11 2 081
14
0 0- 0.0 T T
= = = =] =3 =
K & & K K K
o) e) e) o) ) )
A AN LA T | LY LY |
WT KO WT KO WT KO
Fig.2 Gene expression associated with melanoma in the skin of epidermal barrier dysfunction model mice. a Heatmap (p <0.05 or p,g;<0.05)
showing DE genes associated with melanoma after 14 days of ZnO NP treatment. b mRNA levels of DE genes were measured by gRT-PCR and
normalized to Gapdh expression levels. Data represents Mean = SD. *p <0.05
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14 days than in the skin of WT mice continuously treated
with ZnO NPs.

Epidermal barrier dysfunction model mice treated
continuously with ZnO NPs develop melanoma-like lesions
Patients with melanoma present with a characteristic
increase in skin pigmentation, accompanied by melano-
cyte proliferation and infiltration into the dermis, and
changes in the skin local immune microenvironment [22,
33].

After 14 and 49 days of continuous ZnO NP treatment,
an increase in skin pigmentation was observed in Cdc42
KO mice, but no obvious change was observed in WT
mice (Fig. 3a). No significant changes in gross morphol-
ogy were observed in the skin of WT or Cdc42 KO mice
in the negative control group on day 14 or 49 (Additional
file 1: Figure S3a).

We conducted histopathological evaluations of mouse
skin samples (Fig. 3b). On days 14 and 49, the skin of
WT mice treated continuously with ZnO NPs showed
no obvious change. However, on days 14 and 49, the
skin of Cdc42 KO mice treated continuously with ZnO
NPs was characterized by a hyperplastic epidermis,
accompanied by large or irregular nuclei. The quantita-
tive analysis (Fig. 3e) revealed that continuous ZnO NP
treatment for 49 days increased the number of irregular
nuclei in the epidermis of Cdc42 KO mice compared with
0 and 14 days. Obvious melanin granules were found in
a deeper layer of the dermis in skin samples from Cdc42
KO mice treated continuously with ZnO NPs for 49 days.
No significant histological changes were observed in the
skin of either WT or Cdc42 KO mice in the negative con-
trol group when examined on either day 14 or 49 (Addi-
tional file 1: Figure S3b).

Tyr is an enzyme that hydroxylates tyrosine, which rep-
resents the first step in the synthesis of melanin. In mela-
noma, Tyr can be observed as fine, granular, cytoplasmic
staining, and positive staining tends to be strong and dif-
fuse [34]. Negligible amounts of positive Tyr staining were
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observed in the skin of WT and Cdc42 KO mice in the
negative control group on days 14 and 49 (Additional
file 1: Figure S3c). As shown in Fig. 3c, no significant
Tyr-positive cells were observed in the epidermis or der-
mis of WT mice continuously treated with ZnO NPs for
14 or 49 days. However, distinctly positive Tyr cells were
detected in the epidermis of Cdc42 KO mice continuously
treated with ZnO NPs for 14 and 49 days, and slightly
positive Tyr cells were found in the dermis of Cdc42 KO
mice continuously treated with ZnO NPs for 49 days.

Helper CD4" T cells involve the activation and expan-
sion of adaptive immune cells in melanomas. Few
CD4+staining cells were observed in the dermis of
Cdc42 KO mice after continuous ZnO NP treatment for
0 and 14 days. Slightly CD4" staining cells were observed
in the dermis of Cdc42 KO mice after continuous ZnO
NP treatment for 49 days (Fig. 3d). Melanoma growth
and progression have been correlated with the presence
of CD4TCD25" regulatory T cells (Treg) [35]. Slightly
CD25" staining cells were observed in the dermis of
Cdc42 KO mice after continuous ZnO NP treatment for
0, 14 and 49 days (Fig. 3d).

Melanoma cells recruit and modify the function of mac-
rophages (M) within the TME. Tumor-associated mac-
rophages (TAM) are frequently polarized toward a M2
phenotype, which express CD68 and CD163 [36]. Few
CD68' and CD163" staining cells were observed in the
dermis of Cdc42 KO mice after continuous ZnO NP treat-
ment for 0 and 14 days. Slightly CD68" and CD163™" stain-
ing cells were observed in the dermis of Cdc42 KO mice
after continuous ZnO NP treatment for 49 days (Fig. 3d).

Dendritic cells (DC) are among the most efficient in
eliciting cytotoxic T cell responses against infection and
malignancy. Mature DCs express a plethora of co-stim-
ulatory markers, including CD80 and CD86 (cluster of
differentiation 80 and 86, respectively), which are essen-
tial for activation of melanoma-specific T cells [37, 38].
Few positive staining cells were observed in the dermis of
Cdc42 KO mice on day 0. However, increased numbers of

(See figure on next page.)

Fig. 3 Melanoma-like skin changes observed in epidermal barrier dysfunction model mice.a Gross morphology of skin from Cdc42 KO and WT
mice continuously treated with ZnO NPs, observed on days 0, 14 and 49. Scale bar=5 mm. b Pathologic changes in the skin tissue from WT and
Cdc42 KO mice continuously treated with ZnO NPs, observed on day 0, 14 and 49. The presence of melanin granules is denoted by yellow arrows.
Scale bar=100 um. The presence of irregular nuclei is denoted by red arrows. ¢ Immunohistochemical analysis of Tyr in skin tissue from Cdc42

KO and WT mice continuously treated with ZnO NPs for 0, 14 and 49 days. Scale bar =50 um. d Immunohistochemistry image of CD4, CD25,
CD68, CD163, CD80 and CD86 staining in the skin of Cdc42 KO mice continuously treated with ZnO NPs for 0, 14 and 49 days. Scale bar=50 um. e
Quantitative analysis of the number of irregular nuclei in the epidermis of Cdc42 KO mice continuously treated with ZnO NPs for 0, 14 and 49 days.
f Quantitative analysis of the number of CD4*, CD25%, CD68F, CD163™, CD80™ and CD86™ cells detected in dermis of Cdc42 KO mice continuously
treated with ZnO NPs for 0, 14 and 49 days. g Venn diagram (left panel; p,q;<0.05) comparing the identified normalized DE genes among various
between-group comparisons, revealing Fkbp51 as associated with melanoma-like changes after 14 days of continuous ZnO NP treatment. h
Immunofluorescence image of Dct™Fkbp517 staining in the epidermis of Cdc42 KO mice continuously treated with ZnO NPs for 0, 14 and 49 days.
Scale bar=50 pm. i Quantitative analysis of the proportion of Dct*Fkbp517 cells detected in the epidermis of Cdc42 KO mice continuously treated
with ZnO NPs for 0, 14 and 49 days. Data rep