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Background: Tumor development and progression is a long and complex process influenced by a combination of intrinsic (eg, gene
mutation) and extrinsic (eg, environmental pollution) factors. As a detoxification organ, the liver plays an important role in human
exposure and response to various environmental pollutants including nanomaterials (NMs). Hepatocellular carcinoma (HCC) is one of
the most common malignant tumors and remains a serious threat to human health. Whether NMs promote liver cancer progression
remains elusive and assessing long-term exposure to subtoxic doses of nanoparticles (NPs) remains a challenge. In this study, we
focused on the promotional effects of nano zinc oxide (nZnO) on the malignant progression of human HCC cells HepG2, especially
aged nZnO that has undergone physicochemical transformation.

Methods: In in vitro experiments, we performed colony forming efficiency, soft agar colony formation, and cell migration/invasion
assays on HepG2 cells that had been exposed to a low dose of nZnO (1.5 pg/mL) for 3 or 4 months. In in vivo experiments, we
subcutaneously inoculated HepG2 cells that had undergone long-term exposure to nZnO for 4 months into BALB/c athymic nude mice
and observed tumor formation. ZnCl, was administered to determine the role of zinc ions.

Results: Chronic low-dose exposure to nZnO significantly intensified the malignant progression of HCC cells, whereas aged nZnO may
exacerbate the severity of malignant progression. Furthermore, through transcriptome sequencing analysis and in vitro cellular rescue
experiments, we demonstrated that the mechanism of nZnO-induced malignant progression of HCC could be linked to the activation of
Claudin-2 (CLDN?2), one of the components of cellular tight junctions, and the dysregulation of its downstream signaling pathways.
Conclusion: Long-term exposure of fresh and aged nZnO promotes hepatocellular carcinoma malignancy by up-regulating CLDN2.
The implications of this work can be profound for cancer patients, as the use of various nanoproducts and unintentional exposure to
environmentally transformed NMs may unknowingly hasten the progression of their cancers.
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Introduction

The incidence and mortality of tumors have always been high worldwide, and the infiltration and metastasis of tumor cells
accounts for over 90% of cancer-related deaths.' Of all cancers, liver cancer exacts the fourth highest economic cost
because of its high morbidity and mortality.* The two kinds of major factors that promote malignant progression of tumors
are genetic and environmental factors.” Although many researches focus on the genetic factors of cancer, adverse
environmental exposures and pollutants play an equally crucial role in cancer initiation and development.’”’
Omnipresent Nanomaterials (NMs), as a new kind of environmental pollutants, have aroused a widespread concern of its
safety issue-biologically and ecologically,® but their carcinogenic and cancer-promoting related effects have not been well

elucidated so far.
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Nano zinc oxide (nZnO) is one of the earliest commercially produced and most widely used NMs,
added to many products, such as food, pigments, skin care products, and medical materials.'*'* This economic success is
accompanied by its presence in the environment and the risk of potentially adverse effects on human health.'*'> In recent
years, a large number of studies have confirmed that nZnO can damage the cell membrane system, leading to oxygen
stress, endoplasmic reticulum stress, DNA damage, autophagy, apoptosis, and altered expression of related proteins,'¢"”
impairing individual animal systems such as the lungs, liver, heart, brain, and reproduction.'®'® Although respiration,
ingestion, and dermal exposure are all ways in which animals and humans are exposed to nZnO, with a gradual
understanding of the tissue distribution of nZnO, the liver has been determined as the main target organ for ZnO
deposition.”*2® In an earlier study, 5-week-old Sprague-Dawley rats were orally exposed to different doses (500, 250,
and 125 mg/kg) of nZnO for 90 consecutive days, and a dose-dependent increase in Zn concentration in the liver was
demonstrated.”” Another pharmacokinetic study confirmed that the liver of Wistar rats was the site of initial accumulation
of nZnO, with the highest level reaching 30 min after treatment, whereas peak accumulation was reached on day 7 in rats
exposed to continuous dosing.”® In addition to its accumulation in the liver, nZnO has been demonstrated to significantly
induce hepatic impairment, including genotoxicity, in in vitro cells, and human 3D liver microtissue models.>*** Later, in
in vivo experiments, Kong et al’' demonstrated that oral exposure to nZnO for three months caused anemia and liver
damage, affected the antioxidant system, and impacted liver function in mice. To date, there have been many studies on
liver injury caused by nZnO, but whether nZnO promotes the progression of hepatocellular carcinoma (HCC) remains
unknown. It is worth exploring whether NMs are a class of environmental risk factors that promote invasion and

metastasis of HCC, a long-standing problem that threatens human life.
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Given that much emphasis has been placed on pristine/fresh NMs that do not enter the environment after synthesis,
and the toxicity assessment of transformed/aged NMs has been neglected, we have been very concerned about the
environmental and health effects of NMs in the transformed state in order to get closer to the actual situation. nZnO is not
as stable as nTiO, and carbon nanotubes, which have been classified as class 2B carcinogens7’32 and have been shown to
promote cancer progression as well.**3 nZnO is prone to undergo aging processes such as chemical transformation,
aggregation, and dissolution owing to the influence of various environmental factors after being intentionally or
unintentionally released into the natural environment, such as air and water.>* 7 As a result, what people are actually
exposed to are possibly to be the transformed NMs with properties, states, and toxic effects that are different from those
of their pristine counterparts.*®>° Previously, we observed that nZnO underwent drastic chemical changes during aging,
and that aged nZnO showed lower cytotoxicity but higher mutagenicity.*® Later, we demonstrated that aged nZnO (as
compared to fresh counterparts) induced higher carcinogenicity in wild-type mouse embryonic fibroblast (MEF SHP2"")
cells and isogenic cytoplasmic protein tyrosine phosphatase (SHP2) point mutation (MEF SHP2P®'9™") cells, as
evidenced by the formation of tumors in BALB/c athymic nude mice.*' In light of the stronger carcinogenic potential
of aged nZnO, we investigated whether aged nZnO at nontoxic concentrations would exhibit stronger pro-cancer
progression effects, that is, promote the malignant progression of cancer cells. The dose and duration of exposure to
a pollutant that is considered safe for an average healthy person is uncertain as to whether it is still safe for patients with
cancer. Given the important role of the liver as a detoxification organ in human exposure to and response to various

environmental pollutants, including nanoparticles (NPs),*'**

we chose the relatively low-metastatic (poor tumorigenicity
in nude mice) human hepatocellular carcinoma cell line HepG?2 as the experimental subject for chronic exposure to nZnO
in vitro. HepG2 cells were exposed to a subtoxic dose (1.5 pg/mL) of fresh or aged nZnO for 16 and 24 weeks,
respectively. We examined anchorage-dependent cell growth, migration, and invasion abilities of the cells after exposure
for different time periods. We discovered that long-term exposure to low dose of both fresh and aged nZnO promoted the
malignant progression of HepG2 cells, including invasive metastatic and pro-tumorigenic abilities in nude mice.
Consistent with our hypothesis, aged nZnO showed a stronger ability than fresh NPs to promote cancer cell progression.
Delving deeper into the mechanistic study showed that nZnO enhanced HepG2 cell progression, partly by up-regulating
Claudin-2 (CLDN2), a well-defined component of cellular tight junctions.*> Overall, our findings provide new insights
into the potential risk that exposure to nZnO may promote cancer progression, highlight the role of low-dose, but long-
term exposure, and emphasize the influence of the environment on the transformation of NMs and their biological
toxicity.

Materials and Methods

Nanoparticles and Characterization of nZnO

Nano ZnO, with an advertised particle size of either 20 nm (99.5% purity, nearly spherical), was obtained from
Nanostructured & Amorphous Materials (Houston, TX). Detailed information on the preparation and characterization
of nZnO was previously reported by Wang et al.*> A stock solution (1 mg/mL) of nZnO was prepared in Milli-Q water
and dispersed via ultrasonic vibration for 20 min to prevent aggregation. The desired concentrations of nZnO for acute
and chronic cellular exposure were freshly prepared by diluting the stock solution with cell culture medium immediately
before the experiment. The freshly prepared fresh NPs suspension (referred as fresh) was stored at room temperature
(25°C) for naturally aging process to 60 days (referred as aged). After dilution, both fresh and aged nZnO at 100 pg/mL
in Milli-Q water was subjected to transmission electron microscopy TEM (JEOL, JEM-2010) and scanning electron
microscopy SEM (GeminiSEM 300, ZEISS, Germany) at the Center for Scientific Research of Anhui Medical University
to confirm the particle size and determine the differences in the morphologies of the fresh and aged NPs. The
hydrodynamic size and zeta potential parameters of NPs dispersions (100 pg/mL in distilled water or Dulbecco’s
modified Eagle’s medium) were analyzed in triplicate by dynamic light scattering (DLS) using a Zetasizer Nano ZSE
(Malvern Instruments, UK) by dynamic light scattering (DLS). The soluble fractions (Zn ions) of the NP suspensions
were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, EXPEC-6500D, Focused
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Photonics Inc., Hangzhou, China). X-ray diffraction (XRD, PANalytical B. V., Shanghai, China) was performed to
identify the crystalline phase changes between fresh and aged NPs.

Short-Term Exposure and Cell Viability

HepG2 cells were obtained from the China Center for Type Culture Collection (Shanghai, China) and were cultured in
the Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco, Grand
Island, NY, USA) and 1% penicillin-streptomycin at 37 °C in a humidified 5% CO,/95% air incubator and passaged. To
ensure proper dispersion of NPs, the stock suspensions were vortexed and sonicated (100 W) for 30 min before taking
aliquots to prepare working solutions (in the medium DMEM/10% FBS). The working solutions were sonicated for 15s
before being dispersed in cell culture plates for further cellular assays. HepG2 cells (4 x 10* cells/well) were plated in 12-
well plates in triplicate and incubated for 24 h. The cells were then treated with different concentrations of nZnO ranging
from 1 to 50 pg/mL in complete medium for 72 h. Cell viability was determined using the Beckman Coulter (Brea, CA,
USA) method with a Count star. The plastic culture microplates and flasks used in the experiment were purchased from
Corning Incorporated (Corning, NY, USA).

Quantitative Measurement of Cellular Uptake of Nanoparticles After Acute Exposure
by ICP-OES

Cellular uptake of nZnO was quantified using inductively coupled plasma optical emission spectrometry (ICP-OES) after
long-term exposure to fresh and aged nZnO. HepG2 cells exposed to 15 pg/mL fresh or aged nZnO for 72 h were
washed, harvested, and counted. Then, the cell suspension with 1x107 cells were added to a test tube with 1.5 mL of
HNOj3; (GR), followed by heating at 60 to 70 °C about 2 h until white crystals appeared. The crystals were dissolved in
1.5 mL ultrapure water and quantitatively measured using ICP-OES (EXPEC-6500D, Focused Photonics Inc., Hangzhou,
China). The same number of cells without NMs treatment was used as an internal standard. The concentration of Zn in
the cells was calculated in picograms per cell.

Long-Term Exposure

A brief experimental plan including the selected concentrations and times of the whole study was designed, keeping in
mind the approach for the NPs toxicity study, as suggested in our previous report,”’ (Figure S1). The final selected
exposure concentration was 1.5 pg/mL corresponding to the non-cytotoxic concentration. HepG2 cells were continuously
exposed to fresh or aged NPs for 12 weeks (Passage 30th, P30) and 16 weeks (Passage 40th, P40). Approximately 1x105
cells were seeded in 60 mm dishes and incubated overnight. Every three days, the cells were washed twice with PBS, and
fresh medium containing nZnO was added. Unexposed cells were maintained throughout the complete duration of
exposure period and were used as controls. Working solutions of nZnO were sonicated for 30 min at 100 W and room
temperature. In all cases, nZnO-exposed cells were compared to unexposed passage-matched controls. Subsequently, the
malignant biological behavior was verified in in vivo and in vitro experiments.

Colony Forming Efficiency Assay

Briefly, after 12 and 16 weeks of exposure, normal HepG2 cells or CLDN2-knockdown HepG2 cells were harvested by
trypsinization and reseeded at a density of 500 cells/well in 6-well plates. The medium was changed every 4 days. After
culturing for two weeks, the colonies were fixed in 4% paraformaldehyde, washed with PBS, and then stained with
crystal violet dye (Beyotime, Shanghai, China). The plates were then washed several times with PBS, dried, and
photographed. The colonies (> 50 cells) were counted manually.

Soft-Agar Colony Formation Assay

Anchorage-independent cell growth was assessed using soft agar colony formation assay. After 12 and 16 weeks of
exposure, P30 and P40 cells were harvested, resuspended in cell medium, and counted. A layer of 1.2% agarose-
containing medium was spread on the bottom of a 6-well plate, and the cell suspension diluted with complete medium
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(20% FBS) and 0.6% agarose was mixed in equal proportions and added to the top layer (1000 cells per well). The plates
were incubated at 37°C and 5% CO, for two weeks. The cell colonies were counted and photographed using
a microscope (Carl Zeiss). All experiments were performed at least three times in triplicate.

Cell Migration and Invasion Assays

Boyden chambers containing 12-well transwell plates (Corning, USA) with polycarbonate filters of 8 um pore size were
used to evaluate the migration and invasion ability. The chambers used for the invasion assay were coated with matrigel
(Corning Biocoat, NY, USA). 5x10* cells under NPs treatment with or without CLDN2 knockdown in 200 uL serum-free
DMEM medium were seeded into the upper transwell chamber, and the lower chamber was filled with 700 uL DMEM with
10% FBS to induce chemotaxis. After incubation for 48 h, the cells in the lower chambers were fixed with methylalcohol
and stained with 0.1% crystal violet. Finally, the migrated and invaded cells were counted and the images were
photographed under a microscope (Nikon ECLIPSE TS100) at 100 x magnification. Five random microscopic fields
were counted manually in each well. Data were obtained from triplicate wells.

In vivo Tumorigenicity Assay

To evaluate whether long-term exposure to low-dose fresh and aged nZnO enhanced tumor growth in vivo, P40 or
control cells (4 x 10° cells diluted in 100 pL of PBS) were subcutaneously inoculated into the right underarm of 5-week-
old BALB/c athymic nude mice (n = 5). Tumor size was measured using a Vernier caliper. Tumor volume was
determined using the formula 0.24 x ab?, where a is the diameter of the base of the tumor and b is the corresponding
perpendicular value. Tumor growth was monitored and recorded daily. The mice were euthanized on day 10 to strip
xenograft tumors. The weights of the xenograft tumors were measured. All mice were purchased from Nanjing
University Model Animal Research Center (Nanjing, China). All mice were housed in the SPF animal laboratory on
a 12 h light/dark cycle with free access to water and a normal diet (temperature 2024 °C and humidity 40-70%). All
animal procedures were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of
Anhui Medical University. The animal experimental design was approved by the Animal Ethics Committee of Anhui
Medical University (LLSC 20210812).

RNA-Sequencing and Data Analysis

Total RNA from HepG2 cells was extracted using TRIzol Reagent (Invitrogen). RNA sequence libraries were
generated using standard mRNA strand protocols from Illumina and sequenced on a NovaSeq 6000 platform.
Samples were sequenced on the platform to obtain image files, which were transformed using the software of the
sequencing platform, and the original data in FASTQ format (Raw Data) were generated. The filtered reads were
mapped to the reference genome using the HISA T2 v2.0.5. We used HTSeq (0.9.1) statistics to compare the Read
Count values for each gene with the original expression of the gene and then used FPKM to standardize the expression.
The difference in gene expression was analyzed using DESeq (1.39.0) with the following screening conditions:
expression difference multiple |log2FoldChange[>1, significant P-value < 0.05. Simultaneously, we used the
R language P heatmap (1.0.8) software package to perform bidirectional clustering analysis of all different genes in
the samples. A heatmap was drawn according to the expression levels of the same gene in different samples and the
expression patterns of different genes in the same sample, using the Euclidean method to calculate the distance and
Complete Linkage method for clustering.

RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from cells using TRIzol reagent (Invitrogen) and reverse-transcribed with transcriptase
(MonScript™, China), according to the manufacturer’s instructions. The cDNAs obtained were mixed with SYBR
Green Master Mix (MonAmp™ qPCR Mix, China) and target gene-specific primers (Table S1) for qRT-PCR using
a StepOnePlus instrument (Applied Biosystems, USA). GAPDH served as an internal control. The reactions were
performed in triplicate and normalized to GAPDH mRNA levels using the AACt method.
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Extraction of Proteins and Western Blotting Analysis

The cells were washed with PBS and resuspended in RIPA lysis buffer containing PMSF (100: 1) at 4 °C for 15 min. The
supernatants were collected as the total cellular proteins by centrifugation at 4 °C and 12,000 rpm for 20 min and
analyzed using the BCA Protein Assay Kit (Beyotime, Shanghai, China). Finally, 20 pg of protein per sample was
separated by 10% SDS-PAGE, transferred to PVDF membranes, then blocked with 5% non-fat milk (w/v) for 2 h with
gentle shaking, and then incubated with primary antibodies against CLDN2 (1:500 dilution, Santa Cruz Biotechnology,
USA) or GAPDH (1:3000 dilution, Servicebio, China) at 4 °C overnight. Subsequently, the membrane was incubated
with a secondary antibody (anti-rabbit/mouse IgG, HRP conjugate, 1:7000 dilution; Elabscience, China) and washed
several times with TBST. Protein signal intensity was detected using an imaging system (Fisher Varioskan, Thermo,
USA). Finally, Protein densitometric analysis was performed using the Image] software. Data are depicted as fold
differences compared with untreated controls. GAPDH was used as an internal control.

Cell Transfection

CLDN2 knockdown using short hairpin RNA (shRNA) was performed by Genechem (China). Double-stranded oligonucleo-
tides corresponding to RNA sequences were cloned into the pGV493-RNAi plasmid. The target sequences for human CLDN2
mRNA were as follows: shRNA#1, CAAAGTCAAGAGTGAGTTCAA, and shRNA#2 GCTCTTTACTTGGGCATTATT.
The plasmids were transfected into HepG2 (P40) cells (seeded into 6-well plates at a density of 7x10° cells per well) using
Lipo8000™ Transfection Reagent (Beyotime, China) according to the manufacturer’s recommended protocols. Forty-eight
hours after transfection, protein expression levels of CLDN2 protein were detected by quantitative RT-PCR.

Statistical Analysis

All experiments were conducted with a minimum of three replications. Values are presented as mean + standard deviation
(SD). The Student’s t-test (unpaired or paired) was used to determine the significance of the differences between the two
groups. Analysis of variance (ANOVA) was used to determine the significance of the differences between multiple
groups. Statistical significance was set at p value < 0.05. All analyses were performed using Microsoft Excel 2021 or
GraphPad Prism, version 8.0.2.

Results and Discussion

Characterization of Fresh and Aged nZnO

Thorough particle characterization of both fresh and aged NPs in ddH2O or cell medium was previously performed, and the
results showed that nZnO underwent sophisticated physicochemical transformations with aging, such as the microstructural
changes (from relatively regular crystals to partly irregular, amorphous state), the formation of hydrozincite (Zn5(CO3)2(OH)
6), and the release of free zinc ions.*® The changes in the morphology and crystallinity were confirmed by TEM and XRD,
respectively (Figure 1). In addition, the hydrodynamic size (nm) /PdI values and soluble Zn fractions of fresh and aged nZnO
were determined in both Milli-Q water and DMEM (Table 1). After the solution was diluted in DMEM, the hydrodynamic size
of the agglomerates in the suspension decreased significantly (from 3594 nm decreased to 541 nm for fresh NPs and 5565 nm
decreased to 378 nm for aged nZnO). This may be attributable to FBS and other components of the cell culture medium, which
stabilize the NPs and contribute to their dispersion.** Also, we confirmed that the concentrations of dissolved Zn significantly
increased for both fresh (with 7.04 pg/mL increased to 18.14 pg/mL) and aged NPs (with 8.66 pg/mL increased to 20.69 pg/
mL). Accordingly, the reported biological effects of nZnO may be partly attributed to the release of Zn ions into the culture
medium. Our results showed that, accompanied by the transformation of the crystalline phase, the dissolution of both fresh and
nZnO was enhanced significantly when diluted in the cell culture medium. Similar to the widely applied nanoAg, nZnO
belongs to a class of NM:s that are susceptible to physicochemical transformations.*>**® Sivry et al*’ and Reed et al*® reported
the transformation of nZnO into Zns(CO3),(OH)g and ZnCO;, which is in line with the results of our present and previous
studies.'”*” Engineered NPs in natural systems are subject to a dynamic physical and chemical environment that will drive the
particles away from their pristine or “as manufactured” state, toward largely unknown end points and products.*’ Aging, as
physical or chemical transformations over time, is essential for understanding the fate of NPs in the environment.***° Here,
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Figure | Characterization of fresh and aged nZnO. (A) SEM and TEM images of fresh and aged nZnO. (B) XRD patterns of fresh (black) and aged (red) nZnO.

ZnO nanopowder was suspended in Milli-Q water (Millipore, 18 M cm) to 1 mg/mL concentration and sterilized by heating to
120 °C for 30 min. The suspension was stored at room temperature for simulating the natural aging process, during which we
periodically opened the stock suspension bottles in an ultra-clean bench to give the NMs chances to come into contact with the
air (CO,), a process that we believe is the simplest system for simulating the aging of NMs. Except for our Milli-Q water
system, there are studies have shown that nZnO were rapidly transformed to ZnS and Zn3(PO,), during anaerobic digestion of

International Journal of Nanomedicine 2024:19 hetps: 9995
Dove:


https://www.dovepress.com
https://www.dovepress.com

Yu et al Dove

Table | Particle Size and Zinc Concentration of Fresh and Aged NP Suspensions. Nanoparticle Size is Expressed as Intensity-Based
Average Hydrodynamic Diameter. Bars: +S.D. Pdl = Polydispersity Index. The Dissolved Zn Concentration Was Measured: 50 Mg/mL
NPs Were Suspended in Milli-Q Water at Room Temperature or in DMEM/10% FBS at 37 °C for 72 h. The Suspensions Were
Centrifuged at20000Rpm (28 000g) for | h, and Then the Zn Concentrations in the Supernatant Were Determined by ICP-OES

nZnO Milli-Q water DMEM
Hydrodynamic Zeta Pdl Zn Hydrodynamic Zeta Pdl Zn
size (nm) Potential Concentration size (nm) Potential Concentration
(mV) (ng/mL) (mv) (ng/mL)
Fresh | 3594.17 £ 207.18 | —3.08 £ 0.64 | 0.76 7.04 £ 0.07 541.62 + 4.03 —7.63 +0.69 | 0.65 18.14 £ 0.17
Aged | 5565.00 + 551.54 | —4.08 +2.34 | 0.54 8.66 + 0.15 378.25 + 37.97 —8.45 + 0.83 | 0.60 20.69 + 0.18

wastewater and posttreatment processing of sewage sludge.”'*>* In a carbonate-rich water, hydrozincite (Zns(CO3)»(OH)s) and
smithsonite (ZnCOs;) were formed by precipitation of zinc ions released by the partial dissolution of nZnO.*’ Different kinds
of transformation could readily occur in the environment and in vivo, which greatly affects their properties, behavior, and
effects. However, most toxicity, fate, and transport studies to date have used relatively pristine materials, which will behave
differently than the transformed ones. While the effects measured for relatively pristine materials may be representative of
human exposures occurring at manufacturing or processing sites where direct exposure to relatively pristine NMs is possible,
environmental exposures to aquatic organisms and to humans (eg, via inhalation, dermal penetration, drinking water or food
ingestion) will be to transformed NMs so data regarding fate and effects of pristine NMs may not be particularly informative.
The research community instead needs to focus on understanding the reactivity, fate, mobility, persistence, and effects of the

“aged” or transformed NMs where the “aging” process best represents the history of the NM prior to the exposure.*** >

Decreased Cancer Cell Viability After Acute Exposure to High Concentrations of
Fresh and Aged nZnO

The environmental transformation of NMs indicates that the highly engineered and diverse pristine manufactured NMs
are frequently not the type to which organisms are exposed.*® In our previous studies, we have pointed out that such
a transformation may pose the NMs with different or even more serious health risks.'”***! Previously, we unexpectedly
found that after natural aging for > 60 days, aged (transformed) nZnO induced lower cytotoxicity but higher mutagenicity
in human-hamster hybrid (A;) cells*® and showed stronger tumorigenicity in MEF cells and nude mice.*' Considering
that recent nanotoxicity studies have focused on the health risks to healthy populations and have neglected the effects of
nanotoxicity on susceptible populations (eg, those suffering from diseases such as cancer), some researchers have
suggested that it is urgent to understand the effects of nanoparticle exposure on these populations. Due to the alterations
in physiological structures and functions in susceptible populations, they often suffer more damage from the same
exposure.”® Thus here we used ZnCl, as the zinc ion (Zn*") control in experiments to investigate the effects of fresh and
aged nZnO, as well as Zn>" on cancer cell viability. Cell viability is an important index of cytotoxicity, and is defined as
the potential of a compound to induce cell death. To understand the effect of nZnO on HepG2 cell proliferation in vitro,
we performed colony formation assays. As shown in Figure 2, the viability of HepG2 cells treated with 1, 5, 10, 15, 20,
30, and 50 pg/mL nZnO for 72 h decreased in a dose-dependent manner. The exposure dosage and period were selected
based on our preliminary studies (data not presented) and similar studies reported in the literature.'”>”->® Our experi-
mental results showed that acute exposure of HepG2 cells to nZnO resulted in a significant concentration-dependent
decrease in cell viability, and therefore, an increase in cytotoxicity compared to the control. The IC50 values of fresh and
aged nZnO in HepG2 cells were 15.04 and 21.33 pg/mL, respectively. In comparison, fresh nZnO at 10 pg/mL began to
exhibit pronounced cytotoxicity and 30 pg/mL treatment dose gave rise in less than 5% cell viability. Aged nZnO showed
lower cytotoxicity than its fresh counterparts, as shown by the higher viability of HepG2 cells at equivalent concentra-
tions and about 12.5% remaining viability of HepG2 cells at 30 pg/mL treatment dose. Our current acute cytotoxicity

17,40 1 59
>

results agreed with those of our previous studies and Zhang et al,” who studied the contribution of physicochemical
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Figure 2 Acute exposure to nZnO induced cytotoxicity in HepG2 cells. Cells were treated with concentrations ranging from 0 to 50 pg/mL of fresh or aged nZnO for
72 h. Data are represented as mean + SD (n = 3). *p < 0.05 versus Fresh group, **p < 0.01 versus Fresh group.

transformations to the toxicity of aged nZnO to Chlorella vulgaris and reported the highest toxicity of 30 day-aged nZnO
compared to fresh nZnO. Consistent with the cellular viability assay, our ICP-OES data revealed a significant increase in
the amount of zinc in nZnO-treated cells compared to the control groups, especially in the aged nZnO group (1.57x10™"?
g per cell for fresh NPs vs 2.03x10™" g per cell for aged NPs) (Table S2). The role of dissolution in the toxicity of nZnO
has been studied in vitro and in vivo.®® %> However, partly because the dissolution of nZnO is a complex process, even in
deionized water, no consensus has been reached on whether Zn>" is a major contributor to the toxicity of nZnO. Some
studies have reported that dissolved Zn®" ions induce more pronounced toxicity in cells than the NP fractions.®*®° In
contrast, the whole suspension of nZnO instead of the suspension supernatant inhibited the growth of microorganisms,
indicating that the toxic effects were mainly attributed to nZnO rather than to the dissolved Zn**.°*®” Qur present and
previous studies regarding the cytotoxicity nZnO in vitro suggested that the higher cytotoxicity of fresh nZnO could be
mainly due to the intrinsic toxicity of nZnO, while the higher mutagenic potential of aged nZnO might be attributed to
the main contribution of Zn>" and the lesser contribution from the major transformed products, ie Zns(CO3),(OH)s.*

Enhanced Cancer Cell Proliferation After Chronic Exposure to Low Dose of nZnO

Most studies on NP-induced health risks are short-term focused; however, the wide variety of uses of NPs and their
growing release into the environment translate into many ways of human exposure, making it necessary to analyze the
long-term effects associated with these materials. In this direction, we examined the long-term promotional effects of
nZnO on several oncogenic markers, including proliferation, anchorage-independent cell growth, migration, and invasion
potential. First, cancer cell proliferation was assessed by treating HepG2 cells with 1.5 pug/mL fresh nZnO, aged nZnO, or
ZnCl, for months. In the colony formation assay, we observed a significantly increased number of colonies in fresh
nZnO- and ZnCl,- treated cells, whereas aged nZnO treatments led to a greater increase in colony-forming ability (1.24
folds and 1.7 folds for 30 and 40 passages, respectively, when compared to control groups) (Figure 3). Increasing
evidence indicates the transforming ability of different NPs, strengthening the idea that further studies are necessary to
unravel the potential long-term effects of NPs and their possible mechanisms of action. For instance, TiO, has been
shown to induce anchorage-independent growth of HEK293 and NIH/3T3 cells after 3 weeks;*’ low doses of multi-
walled carbon nanotubes show transforming potential of lung epithelial BEAS-2B cells after 4 weeks of exposure;*® and
a 6-week exposure to subtoxic doses of silver NP is sufficient to generate a transformed phenotype in the colon model
Caco-2 cells.%’ In the particular case of nZnO, our previous study showed that both fresh and aged nZnO induced the
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Figure 3 Long-term exposure to low dose of nZnO increased the proliferation of HepG2 cells. Representative images (A) and the statistical analysis result (B) of colony
forming efficiency assay on HepG2 cells treated with NPs or ZnCl,. Data are represented as mean % SD (n = 3). *p < 0.05, ¥p < 0.01 vs Control group, *p < 0.05 vs Fresh
group.

malignant proliferation of MEF cells after chronic exposure at sub-toxic doses.*' In addition, we demonstrated the

importance of oxidative DNA damage produced by nZnO and its relationship with the cell transformation process,'’

which is in line with the studies conducted by Annangi et al’® and Barguilla et al'?

Enhanced Soft Agar Colony Formation Abilities of HepG2 Cells After Chronic Exposure
to Low Dose of nZnO

In light of the higher carcinogenicity of aged nZnO that we discovered earlier,*'

and the above results regarding the
enhancement effects of nZnO on HepG2 proliferation, we further investigated whether aged nZnO would also show
a stronger ability to promote cancer cell progression. Anchorage-independent growth is an important hallmark of cell
transformation. Therefore, we examined the ability of long-term exposure to HepG2 cells to form colonies on soft agar. As
shown in Figure 4, 12 weeks (30 passages) of exposure to aged nZnO at 1.5 pg/mL were enough to cause a significant increase
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Figure 4 Long-term exposure to low dose of nZnO increased the soft agar colony formation ability of HepG2 cells. Representative images (A) and the statistical analysis
result (B) of the soft agar colony formation assay on HepG2 cells treated with NPs or ZnCl,. Data are represented as mean * SD (n = 3). *p < 0.05, **p < 0.01 vs Control
group, #p < 0.05, ™p < 0.01 vs Fresh group.

in the number of colonies (2.26 folds and 1.72 folds when compared to control and fresh groups, respectively), let alone an
extension of the exposure time to 16 weeks (40 passages), when the ability to form clones was even greater (2.71 folds and 2.0
folds when compared to Control and Fresh groups, respectively). The results indicated that compared with the fresh nZnO and
ZnCl, exposure groups, aged nZnO-exposed cancer cells showed severe signs of malignant progression. This observation is in
line with a previous study on MEFs*! and other studies that reported that nZnO, independent of their size, was able to promote
anchorage-independent growth in soft agar in both HEK293 and NIH/3T3 cells.®> However, Annangi et al”® reported negative
results on soft agar colony formation ability in both wild-type MEF and their isogenic 8-oxo-guanine DNA glycosylase 1
(Oggl) knockout cells after 12 weeks of treatment with 1 pg/mL nZnO. This conflict might be attributed to the use of different
cell lines, particularly different exposure doses and time ranges, or different characteristics of the NPs themselves.

Enhanced Migration and Invasion Abilities of HepG2 Cells After Chronic Exposure to
Low Dose of nZnO

Tumor cell migration and invasion are prerequisites for tumor metastasis, enabling cells to break through the vascular
endothelial cells into the blood circulation.”" Therefore, in this study, the effect of nZnO on HepG2 cell migration and
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invasion was evaluated using a transwell assay to further confirm our aforementioned data obtained in the soft agar
colony formation assay. As shown in Figure 5, HepG2 cells treated with 1.5 pg/mL fresh nZnO, aged nZnO, or ZnCl, for
12 weeks showed increased migration ability. Aged nZnO showed the most striking effect (2.46-fold), followed by ZnCl,
(1.78-fold) and fresh nZnO (1.45-fold). Prolonged exposure (16 weeks) resulted in a more pronounced elevation in the
migration ability, and the increasing trend was comparable to that observed in the 12 week-treatment groups. In parallel,
increased invasion abilities of HepG2 cells were found in all treatment groups, which were 152% (aged nZnO,
12 weeks), 64.0% (ZnCl,, 12 weeks), and 33.2% (fresh nZnO, 12 weeks) higher than control group, respectively.
Similar to that observed in the migration assay, 16 weeks-treatment appears to have a stronger effect on cell invasion
(Figure 6). There is a growing body of evidence showing that fresh nZnO can promote cell proliferation and migration as
well as independent anchoring growth and angiogenesis, all of which are hallmarks of tumorigenesis.”®* However,
studies on whether aged nZnO can promote the malignant progression of cancer cells have not been reported. The
novelty of our current study is that we focused on aged nZnO and its promotional effects on cancer cell progression.
Another issue that must be addressed is the role of Zn>". It has been reported that nZnO can liberate free Zn>" in acidic
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Figure 5 Long-term exposure to low dose of nZnO increased the migration abilities of HepG2 cells. Representative images (A) and the numbers (B) of HepG2 cells that
passed through the transwell chamber stained by crystal violet dye (10x). Data are represented as mean % SD (n 2 3). *p < 0.05, ¥p < 0.01 vs Control group, *p < 0.05,
# < 0.01 vs Fresh group.
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Figure 6 Long-term exposure to low dose of nZnO increased the invasion abilities of HepG2 cells. Representative images (A) and the numbers (B) of HepG2 cells that passed through
the Matrigel-Transwell chamber stained by crystal violet dye (10x). Data are represented as mean % SD (n Z 3). *p < 0.05, *p < 0.01 vs Control group, **p < 0.01 vs Fresh group.

liquids, causing oxidative stress, inflammation, and genotoxicity, and a variety of other molecular processes in cells and
organisms.' "**>** Our previous studies also proposed that the higher cytotoxicity of fresh nZnO in the human-hamster
hybrid (Ap) cells could be mainly due to the intrinsic toxicity of NPs, whereas the higher mutation potential of aged
nZnO might be attributed to the main contribution of Zn®" and the lesser contribution from the major transformed
products, that is, Zn5(CO3)2(0H)6.40 Therefore, in the present study, we used ZnCl, as a Zn*" control to elucidate the role
of dissolution in the malignant progression of cancer cells promoted by nZnO. The results of the migration and invasion
assays confirmed that Zn*>* release is involved in the malignant progression of HepG2 cells promoted by aged NPs,
although it is still not the only contributor.

Enhanced Tumorigenicity of HepG2 Cells in vivo After Chronic Exposure to Low Dose of
Aged nZnO

To further verify the promotional effect of nZnO on the tumorigenic ability of HepG2 cells in vivo, we exposed HepG?2 cells
to nZnO or ZnCl, for 40 passages to perform tumorigenic experiments using BALB/c nude mice. According to our
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observations, tumor growth was observed in the aged and ZnCl, groups from day 5, whereas tumor production was
observed in the fresh and control groups on day 6. By day 10, the average tumor size in the aged NP-treated and ZnCl,
groups was significantly larger than that in the control group (Figure 7A—C). In addition, the weight of the tumors in the
aged NP-treated- and ZnCl,-treated groups was larger than that in the other two groups (Figure 7D). There was no
significant difference in the body weights of the mice in each group throughout the process of tumor formation (Figure 7E).
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Figure 7 Chronic exposure to nZnO promoted the tumor growth of HepG2 cells (Passage 40th) in mouse xenograft model in vivo. Representative images of animals (A)
and isolated tumors (B) taken on day 10. (C) The subcutaneous tumor growth curves of 40 passages. (D) Quantification of the tumor weight. (E) The body weight of nude
mice was checked everyday. Data are represented as mean * SD (n=5). *p < 0.05, **p < 0.0] vs Control group; #p < 0.05 vs Fresh group.
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Taken together, our data suggest that chronic exposure to low dose of nZnO (especially aged NPs) could promote the growth
and metastasis of HepG2 cells in vivo, and that zinc ions could play a major role in the pro-carcinogenic effects induced by
aged nZnO. In a previous in vitro study, we discovered that both fresh and aged nZnO promoted malignant transformation in
cultured MEF cells.*' Therefore, potential health risks associated with nZnO should not be overlooked. In the current study,
we discovered that low dose and long-term exposure to nZnO could promote malignant progression of hepatocellular
carcinoma cells. Subcutaneous and orthotopic xenograft animal models are frequently used in medical research.
Subcutaneous models are reproducible and tumors become visible and are palpable. Orthotopic models replicate aspects
of the cancer microenvironment and are more clinically relevant. Generally, in situ orthotopic models are more suitable for
studying the cancer-promoting metastatic effects of pollutants than subcutaneous tumor models in nude mice.”> However,
considering that the in situ model is relatively time-consuming and the metastatic process of cancer cells is complicated, we
chose the subcutaneous tumor model in the present study to initially evaluate and explore the promotional effect and
mechanism of nZnO in liver cancer progression. Actually, we also investigated the potential carcinogenicity of nZnO in
a wild type normal mouse model (data not shown).

RNA-Sequencing Reveals That nZnO Exposure Upregulated CLDN2 Expression in
HepG2 Cells

To gain insight into the mechanism by which aged nZnO promoted the progression of hepatocellular carcinoma cells,
RNA sequencing (RNA-seq) was performed to compare the genome-wide transcriptional profiles of cells long-term
treated with fresh and aged NPs, as well as ZnCl, (Figure 8A). Gene ontology (GO) enrichment analysis was performed
using topGO, and the P-value was calculated using the hypergeometric distribution method (the criterion for significant
enrichment was p < 0.05) to determine the GO terms that were significantly enriched for the differentially expressed
genes, and thus to identify the main biological functions exercised by the differential genes. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis was performed using the clusterProfiler (3.16.1) software.
Based on GO enrichment analysis, we identified biological processes associated with the malignant behavior of cells in
the aged nZnO-treated group (Figure 8B), including epithelial cell proliferation, cell adhesion, regulation of cell
migration, and hepatocyte proliferation. The corresponding KEGG-enriched pathways are shown in Figure 8C.
Subsequently, a heat map based on the 31 upregulated genes enriched by the selected GO terms was constructed
(Figure 8D). As the aforementioned assays indicated profound effects of aged nZnO on cell growth/proliferation and cell
migration/metastasis (Figures 3—7), comparative intersection analysis was conducted to examine the upregulated genes in
aged nZnO-treated samples, followed by validation of the expression levels of candidate genes using RT-qPCR
(Figure 8E). Among all upregulated genes, we focused on claudin-2 (CLDN2), which was significantly upregulated in
all three treatment groups and was further verified by Western blotting (Figure S2). CLDN2 is an integral membrane
protein and a member of the tight junction protein family of proteins.**’*”* In 2009, CLDN2 was found to increase the
permeability of A549 cells, and a leaky barrier may contribute to metastasis-enhancing tumor remodeling by increasing
the uptake of nutrients and growth factors.”” Later, a multitude of pro-proliferative and cancer-related signaling pathways
was shown to affect CLDN2 abundance.”® Recently, a study by Wei et al’’ showed that CLDN2 inhibits the expression of
N-myc downstream regulated gene 1 (NDRG1) and promotes the progression of colorectal cancer by stabilizing the
CLDN2/Z01/ZONAB complex. Therefore, we speculated that CLDN2 might also play a role in the malignant progres-
sion of hepatocellular carcinoma enhanced by nZnO exposure. Compelling evidence indicates that altered CLDN2
expression affects vital biological processes, such as proliferation, migration, and cell fate decisions. These effects cannot
be explained by the permeability function of CLDN2, and appear to be mediated by specific signaling pathways and
transcription factors.

Knockdown of CLDN2 Mitigated the Malignant Proliferation and Migration/Invasion of
nZnO-Treated HepG2 Cells

CLDN?2 has been proved to be required for the progression of various cancers through its expression aberrance.”>’**° To

elucidate the underlying molecular mechanism by which CLDN2 facilitates the malignant proliferation and progression
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of HepG2 cells induced by long-term nZnO treatment, we constructed CLDN2 knockdown (shCLDN2#1 and
shCLDN2#2) cell lines. First, we found that the number of cell colonies in nZnO-treated CLDN2-knockdown cells
was markedly decreased, which was in contrast to that observed in nZnO-treated CLDN2-normal cells (Figure S3). These
results suggested that high CLDN2 expression could mediate aged nZnO-promoted cell proliferation, whereas silencing
of CLDN2 expression inhibited aged nZnO-promoted cell proliferation in HepG2 cells. The causal link between elevated
CLDN2 and cancer properties has been proven by research through the overexpression of exogenous CLDNZ2 in
colorectal cancer cell lines. Studies have shown that an increase in CLDN2 expression promotes colonocyte proliferation
and anchorage-independent colony formation and stimulates tumor formation in colorectal cancer xenografts and human
lung adenocarcinoma cells.® ™ Similarly, as shown in Figures S4 and S5, shCLDN2#1 and shCLDN2#2 attenuated
nZnO- and ZnCl,- induced migration and invasion of CLDN2-normal HepG2 cells. Collectively, these results indicate
that CLDN2 may play an oncogenic role in promoting the malignant progression of human hepatoma cells triggered by
nZnO, especially aged NPs. In addition, a recent study by Wei et al”’ showed that CLDN2 could inhibit the expression of
NDRGI1 (N-myc downstream regulated gene 1) and promote the progression of colorectal cancer by stabilizing the
CLDN2/Z01/ZONAB complex. To further explore the mechanism of CLDN2’s role in the promotion of hepatocellular
carcinoma cell metastasis by aged nZnO, we examined NDRGI protein expression levels in CLDN2-normal and
CLDN2-knockdown HepG2 cells chronically exposed to nZnO. As shown in Figure S6, NDRGI expression was
significantly decreased in HepG2 cells chronically exposed to nZnO for up to four months. In contrast, its expression
was restored in CLDN2-knockdown HepG2 cells, implying that CLDN2 suppresses NDRG1 expression in HepG2 cells
(Figure S7). Collectively, these results suggest that nZnO (especially aged nZnO) could possibly exert its pro-metastatic
effects on HepG?2 cells by inducing the upregulation of CLDN2 expression and thus inhibiting the expression of NDRGI.
Of course, this requires further experimental research and exploration. Taken together, although we did not resolve the
specific mechanisms by which fresh and aged nZnO promotes tumor cell progression, our findings provide new evidence
and clues for studying and comprehensively assessing the health effects of NMs on the onset and progression of cancer.

Conclusion

Hepatocellular carcinoma is one of the most pernicious tumors that seriously harm human health. HCC metastasis is one
of the primary causes of cancer treatment failure; thus, the risk factors for HCC metastasis require further investigation.
As our previous findings have revealed the chemical transformations of nZnO with aging and the resulting alterations in
its carcinogenicity, the present study was undertaken to evaluate the promotional effects of both fresh and aged nZnO on
HCC cells. Acute exposure to a high dose of 20 nm fresh nZnO exhibited significant cytotoxicity to HepG2 cells. In
comparison, we observed that aged NPs with relatively lower acute cytotoxicity could exacerbate more pronounced
tumor growth and progression at the same low dose with the same long-term HepG2 cell exposure scenario as fresh NPs.
The promotion of malignant progression of HepG2 cells exhibited by nZnO is associated with the activation of the cell
adhesion and tight junction pathways. CLDN2 may play a vital role in this process. Our findings suggest that the
environmental transformation of NPs with aging exerts a promotion role in their oncogenic potential, providing new
insights into the health risk assessment of NPs. However, further studies are needed to analyze the real state, behavior,
and toxicity of NPs in the environment, as well as the cancer-promoting effects of pristine and transformed NPs in vivo,
and to elucidate the cancer-promoting mechanisms of NPs.
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