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Environmental Significance Statement

Widely detected in ecosystems and human tissues, the persistent per- and polyfluoroalkyl
substances (PFAS) have been raising concerns about their carcinogenic potential. Efforts
have been made to detect and mitigate the PFAS from the environment, however, the
assessment of carcinogenic effects of the substances was limited. Using a zebrafish
xenograft model with human HepG2 cells, we demonstrated that perfluorooctanoic acid
(PFOA), one of the most common PFAS compounds, enhanced tumor cell proliferation,
migration, and metastatic marker expression. Mechanistic investigation indicated
activation of the aryl hydrocarbon receptor (AhR) pathway, likely via crosstalk with
peroxisome proliferator-activated receptor (PPAR) signaling. This work provides direct
insight into PFAS-driven hepatocellular carcinoma progression and introduces a rapid,
high-throughput platform for assessing environmental carcinogens.
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Metastatic Impact of Perfluorooctanoic Acid on Liver Cancer:
Insights from HepG2 Cells and Zebrafish Xenograft Models
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Widely used in consumer products for their water- and grease-resistant properties, perfluorooctanoic acid (PFOA), a legacy
DOI: 10.1039/x0xx00000 per- and polyfluoroalkyl substance (PFAS), has been increasingly implicated in liver carcinogenesis. Long-term or high-level
PFAS exposures have been found to be associated with an increased incidence of several types of cancers, including liver,
kidney, and breast. Despite mounting evidence linking PFAS exposure to hepatotoxicity and cancer, experimental models
that enable real-time visualization of PFOA-induced carcinogenicity remain limited. To address this gap, we aimed to develop
a liver tumor xenograft model using zebrafish (Danio rerio) embryos for the investigation of the carcinogenic effects of PFOA
on human liver cells. To create the xenograft model with zebrafish embryos, human hepatic HepG2 cells were labeled with
living cell imaging dyes and engrafted into fish embryos at one day post-fertilization. The embryos were then exposed to
PFOA at concentrations of 0.1, 1.0, and 10 ppm for 24-96 hours. The in vivo cell proliferation was confirmed by quantifying
the expression levels of a HepG2 housekeeping gene, hypoxanthine-guanine phosphoribosyltransferase 1 (hprtl). The
expression profiles of two metastasis markers, cdh1 and mmp9, suggested the induction of HepG2 cell metastasis by PFOA.
The PFOA-triggered metastatic changes in HepG2 cells were also confirmed by the observation of cell migration inside the
zebrafish embryos. Two polycyclic aromatic hydrocarbon (PAH) chemicals, anthracene and naphthalene (0.1-1.0 ppm), were
used as both of them were reported to damage the hepatic cells through activating the aryl hydrocarbon receptor (AhR)
pathway. Although both PAH compounds altered the expression patterns of cdh1 and mmp9in HepG2 cells, their capabilities
to enhance the HepG2 proliferation in vivo were less significant compared to PFOA. The results demonstrated that
prolonged chemical exposure to PFOA can promote HepG2 cell survival, proliferation, and metastasis in vivo. This zebrafish
xenograft model provides a dependable and robust platform for mechanistic toxicology studies, a mid-to high-throughput
screening tool for environmental carcinogens, and anti-cancer drug selection.

greater need for understanding the function and mechanism in
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Introduction

Per-and polyfluoroalkyl substances (PFAS) are prominent
synthetic materials used in everyday items such as fire
retardants, water-resistant materials, non-stick cooking
products, and food packaging. One PFAS, per-fluorooctanoic
acid (PFOA), is listed as one of the most abundant priority
pollutants by the United States Environmental Protection
Agency (EPA) and it is estimated that 700 tons are emitted
world-wide annually®. PFOAs have a half-life of 2.3-8.5y after
being absorbed in humans through inhalation, dermal contact
and water consumption leading to bioaccumulation in the liver,
kidneys, and serum?. Once absorbed, these exogenous
compounds interfere with endocrine functions thus inciting
hormone dysregulation, altering metabolic pathways (such as
CYP) and increasing oxidative stress3. The potential
carcinogenicity of these endogenous chemicals creates a
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humans.

Liver cancer remains a significant global health challenge, with
hepatocellular carcinoma (HCC) representing the most
prevalent form of primary liver cancer, accounting for
approximately 90% of cases?. It is the fifth most common cancer
worldwide and ranks as the second leading cause of cancer
related deaths® ¢, HCC arises from malignant transformation of
hepatocytes and is marked by the development of abnormal
arterial-like vessels that become more prominent, increasing
vascular permeability as the disease progresses, and lead to
blood oxygenation instability and aggressive tumor progression
when coupled with a loss of pericytes’”. While curative
treatments are highly effective in early stages, advanced stage
tumors are unresectable and reduce survivability to about five
months due to cancer’s resistance to chemotherapy and
radiation® °. The prognosis of HCC is a five-year survival rate
ranging between 10% and 30%, with a mortality rate expected
to increase by 55% by 20400 11 Western countries have
experienced a threefold increase in HCC over the past four
decades, likely driven by the Hepatitis C virus, obesity, and
prolonged exposure to environmental toxins, such as
perfluorooctanoic acid (PFOA) and polycyclic aromatic
hydrocarbons (PAHs)'2 13, These trends highlight the urgent
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need for improved molecular models and innovative therapies
to enhance patient outcomes.

Zebrafish (Danio rerio) are increasingly recognized as a versatile
in vivo model species for studying human-derived xenografts
using human tumor cells for assessing tumorigenesis. Unlike
traditional murine models, which often require months for
complete growth,
toxicological responses, require immunosuppression,
zebrafish rapidly develop and reproduce for streamlined high-
throughput models optimal for experimental workflows.
Approximately 70% of human genes have zebrafish orthologs,
including cytochrome P450 (CYP) genes, suggesting conserved

organogenesis, observable tumor

and

signaling pathways exist for translational relevance for drug
response and carcinogenesis studies'*16, Further enhancing
their utility, zebrafish lack innate immunity until ~7 days post
fertilization (dpf) and adaptive immunity until ~27 dpf,
permitting successful engraftment of human cancer cells in
patient derived xenograft (PDX) model'?. This lack of hindrance
by immune cells has been modeled by the successful cancer cell
engraftment into zebrafish embryos at 2 dpf!® 19, Monitoring
real time progression of cancer cells is also attainable using
fluorescent microscopy due to zebrafish melanophores not
being developed until 14 dpf, thus resulting in transparent
embryonic and larval bodies?®. Lastly, the liver is essential for
oxidation, reduction, and hydrolysis mediated by CYP, which is
responsible for phase | and phase Il metabolism of endogenous
compounds. As such, the development of the liver in zebrafish
and the specification by transcription factors function shared
with humans are expressed within the first week of
development, making them ideal species for modeling liver
diseases?>.

In this study, we developed the human hepatocellular cancer
cell zebrafish xenograft model to better characterize the
carcinogenic effects of PFOA on hepatocellular carcinoma,
examining the proliferation and metastasis of HepG2 cells in
vivo and testing the capability of PFOA to induce the AhR
pathway, influencing potential. the
chemicals with aromatic rings were typically considered

carcinogenic Since
potential ligands for AhR, we also applied the two polycyclic
aromatic  hydrocarbon  compounds, anthracene
naphthalene, as the positive control for this study.

and

Experimental

HepG2 Cell Line and Zebrafish

All experimentation on zebrafish was performed in compliance
with the Texas A&M University institutional guidelines and
approved by the Institutional Animal Care and Use Committee
(TAMU-CC-IACUC-2023-0015) and the Institutional Biosafety
Committee (TAMU-CC-IBC-2023-0003). Zebrafish were bred
and raised within aquarium systems at Texas A&M University —
Corpus Christi. Human cell line HepG2-Lucia™ AhR cells
(InvivoGen, San Diego, CA), contained an AhR luciferase
reporting system and were a generous gift from Dr. Ramon
Lavado at Baylor University. Cells were cultured in Dulbecco’s
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modified essential medium (DMEM, Corning Inc., Garning. New
York) supplemented with 10% fetal bovife Setaia/PFBESOOFNIR
International LLC., Radnor, PA), 100 pug/ml of penicillin and 100
pg/ml of streptomycin (Invitrogen Co., Waltham, MA) at 37°C
and 5% CO; input.

HepG2 Cell Engraftment into Zebrafish Embryo

HepG2-Lucia™ AhR cells were harvested, thoroughly washed
and resuspended with PBS, and quantified using a
hemacytometer. The cell density was adjusted to 108 cells/mL
with PBS. One hundred microliters of cell suspension was
aliquoted to a new tube and labelled with Qtracker™ 625 Cell
Labelling Kit (Invitrogen Co.) following the manufacturer's
instructions. The prestained cells were then collected, washed,
and resuspended with PBS to a density of 5 x 10° cells/uL. The
cell suspension in PBS was backfilled into the microinjector
needle with Eppendorf Femtotips™ Microloader Tips
(Eppendorf North America, Enfield, CT). Zebrafish embryos at
24 hours post fertilization (hpf) were anesthetized with
NaHCOs-buffered tricaine methanesulfonate (MS-222, 150
mg/L, pH 7.0, Sigma-Aldrich Co., St. Louis, MO). The
engraftment of the cells into zebrafish embryos was performed
with a WPI pneumatic microinjection system (World Precision
Instruments, Sarasota, FL). One nanoliter of cell suspension was
injected into the yolk of each zebrafish embryo to engraft 500
cells/embryo. The embryos containing HepG2-Lucia™ AhR cells
were immediately moved to freshly filtered zebrafish aquarium
water after microinjection and incubated at 30°C. The
temperature was gradually increased to 36°C (+1°C/day) to
optimize human cell growth. Neither temperature increase nor
injection method altered zebrafish survivability based on our
previous studies!® 19,

Assessment of HepG2 Cell Metastasis in vivo

The levels of HepG2 cell metastasis were estimated by cell
migration, proliferation, and metastatic marker gene
expression in vivo. Fluorescently labelled HepG2-Lucia™ cells
engrafted into zebrafish embryos were visualized daily using an
Olympus CKX53 inverted microscope equipped with a U-
HGLGPS fluorescence light source (Olympus, Japan). The
number of HepG2 cells in zebrafish embryos (before hatching)
and larvae (after hatching) was estimated with the quantitative
PCR (qPCR) method previously developed in our lab!® 1°, Briefly,
zebrafish embryos/larvae without engraft were collected daily
from 2 to 8 dpf. HepG2-Lucia™ cells were harvested and
resuspended in PBS. Each zebrafish embryo or larva was mixed
with a known number of HepG2-Lucia™ cells to make a sample
(i.e., 1 embryo at 1 dpf mixed with 500 cells, 1 embryo at 1 dpf
mixed with 5,000 cells, 1 embryo at 2 dpf mixed with 500 cells,
etc). The number of HepG2-Lucia™ cells in each sample was 50,
500, 5,000, or 50,000. Each sample, containing an embryo/larva
and a certain number of cells, was mixed with 1 mL TRIzol
reagent (Molecular Research Center, OH, USA) and 100 pL glass
beads (2 mm diameter), followed by a homogenization with
Precellys® 24 Touch tissue homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France).

This journal is © The Royal Society of Chemistry 20xx
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The total RNA of each sample was isolated following the
standard procedure of the TRIzol method, and the DNA in each
RNA sample was removed using the TURBO DNA-free™ Kit
(Invitrogen Co.). The amount of RNA in each sample was
measured by Eppendorf BioPhotometer D30 Model 6133
(Eppendorf North America). Approximately 200 ng RNA from
each sample was used for cDNA synthesis using the SuperScript
IV Reverse Transcriptase single-stranded cDNA synthesis kit
(Invitrogen Co.) combined with the random hexamer primer
(synthesized by the Integrated DNA Technologies, Coralville,
IA). The gPCR was performed with the cDNAs using the SYBR
Green method on a QuantStudio™ 5 Real-Time PCR
thermocycler (Applied Biosystems, Waltham, MA). The
corresponding qPCR cycle threshold (Ct) values of the human
housekeeping genes, encoding TATA-binding protein (TBP) and
hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1),
were plotted against the logl0 of cell counts, establishing a
standard curve to reference for each life stage, according to
prior modeling 182, The primers used for these two genes were
previously proven to be human-specific with no non-specific
amplifications from zebrafish cDNAs (Supplementary Data
Table S1). An equation of linear regression was generated from
the standard curve.

Zebrafish embryos and larvae with the HepG2-Lucia™ cell
engraft were also collected and humanized for total RNA
extraction following the same procedure as used in the
preparation of the standard curve. Two hundred nanograms of
RNA from each sample were used for cDNA synthesis and gPCR
to generate the corresponding Ct values following the same
methods for standard curve generation. The Ct value of each
sample was used to calculate the number of HepG2-Lucia™ cells
in vivo with the regression equation of the standard curve.

In addition, the metastatic status of the HepG2-Lucia™ cells in
vivo in response to the chemical treatments was evaluated by
measuring the transcript levels of two metastatic marker genes,
encoding E-cadherin-1 (CDH1) and matrix metalloproteinase-9
(MMP9). Similarly, RNAs isolated from the embryos and larvae
carrying the HepG2-Lucia™ AhR cells. The RNA isolation, cDNA
synthesis, and gPCR were performed following the procedures
described above.

Activation of AhR HepG2 Cells by Environmental Pollutants

HepG2-Lucia cells with activated AhR were cultured in 96-well
plates and exposed to various chemicals, including anthracene,
naphthalene, and PFOA, at concentrations of 0.1, 1, or 10 ppm.
The anthracene and naphthalene were known as AhR ligands,
while the PFOA was reported to be an AhR activator previously
(Larson et al., 2018). Due to the low solubilities in water, all
chemicals were first dissolved in DMSO and diluted with cell
culture media for the treatment. Therefore, DMSO diluted with
cell culture media was used as a control. Treated cells were
incubated for two hours. Twenty microliters of media from each
well were collected and applied to the detection of luciferase
activities using the Quanti-Luc 4 Lucia/Guassia glow detection
kit (InvivoGen). The luminescence of each well was then read

This journal is © The Royal Society of Chemistry 20xx

using a Cytation™ 5 microplate reader (BioTek) within;305min
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In vivo Activation of HepG2 cells by Environmental Pollutants

The fish embryos transplanted with HepG2-Lucia™ AhR cells
were incubated at 28°C for 24 hours in a 96-well plate with a
density of one embryo per well. Chemicals were then diluted in
molecular-grade water immediately prior to zebrafish trials.
Based on the in vitro luciferase activation results, zebrafish were
treated with naphthalene or PFOA at concentrations of 0.1 ppm
and 1.0 ppm and PFOA at 0.1 ppm, 1.0 ppm and 10 ppm.
Molecular-grade water was used as a control for luciferase
activity measurements. Six trials with 42 embryos each were
used for the assessment of AhR activation in vivo. Each HepG2-
Lucia™ AhR cell-engrafted embryo was incubated for 3 days
post injection (dpi) before chemical treatments were
administered. On the day of chemical treatment, filtered
zebrafish water was drained from each well and replaced with
150 pL prepared treatments (seven embryos with molecular
water as control and five embryos with each anthracene
(0.1ppm and 1.0 ppm), naphthalene (0.1 and 1.0 ppm), and
PFOA (0.1, 1.0, and 10 ppm). During the treatment, 20 uL of
supernatant was collected from each well at 24 and 48 hours
post treatment (hpt) for detection of luciferase activities
according to the Quanti-Luc 4 Lucia/Guassia kit.

Statistical Analyses

First, the Shapiro-Wilk test?® was applied to all the data determine if
the data generated from the qPCR or Luciferase assay followed the
normal distribution. The dataset with the normal distribution was
analyzed using one-way Analysis of Variance (ANOVA) followed by
post hoc testing (TukeyHSD). The non-normally distributed dataset
was analyzed using the Kruskal-Wallis test?! followed by Dunn's Test
for multiple comparisons??. Adjusted p-values generated from the
statistical analyses were used to detect significant differences
between groups. All the results of data normality analysis were
included in the Supplementary Data (Figure S1-S3).

Results and Discussion

Establishing HepG2 xenograft model

As a protocol developed from our previous studies!® 1°, we
injected the HepG2-Lucia™ AhR cells into the zebrafish embryo
at 24 hpf and performed the daily observation until 6 dpf (Figure
1a). The location of microinjection was close to the cardiac
chamber of the fish embryo (Figure 1b) and remained
consistent in all injected embryos. The migration of HepG2-
Lucia™ AhR cells was observed as early as 24 hours post
injection (1 dpi, Figure 1c), although the majority of the injected
cells were found around the yolk. A small number of cells were
absorbed near the middle section of the body and no cells were
found near the caudal fin or the posterior section of the trunk
(Figure 1c). In comparison, more HepG2-Lucia™ AhR cells were
found in the middle to rear sections of the fish embryo at 3 dpi.
HepG2-Lucia™ AhR cells were also observed in the cardiac
chamber of the larva at 3 dpi (Figure 1d). At 5 dpi, HepG2-
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Lucia™ AhR cells were identified near the eyes and dorsal area
of the larva, as well as the different trunk sections (Figure 1e).
Although the fluorescent imaging showed direct evidence of cell
migration in vivo, it was difficult to estimate the number of cells
inside the fish embryos/larvae. Therefore, we applied a qPCR
assay for the quantification of HepG2-Lucia™ AhR cells in fish
embryos/larvae!® 19, The idea was to specifically measure the
transcript levels of human cell housekeeping genes. In this
study, we used the primers that were previously designed and
have been proven to be specific to human cells?®. No zebrafish
transcripts were amplified when the qPCRs with these primers
were applied to the mixture of human and zebrafish cDNAs?°,
We generated two standard curves with two pairs of human
housekeeping gene-specific primers. The cDNA template for
each gPCR reaction was generated with a pool of RNAs from a
zebrafish embryo/larva at a certain developmental stage (2, 3,
a odpi J a

5dpi
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4,6, 7, or 8 dpf) and a known number of HepG2-Lucia™ AhR
cells (50, 500, 5000, or 50000). The Ct value (X-axis) generated
from each reaction was used to construct the standard curve
against the Log10 of the cell number (Y-axis). For the tbp gene,
we generated a standard curve with a regression y=-
2.2158x+84.927, where y is the log10 of the HepG2-Lucia™ AhR
Figure 1. Establishment of HepG2 zebrafish xenograft model.
The procedures for injection, monitoring, and sample
collections were shown (a). Distributions of pre-labeled HepG2-
Lucia™ AhR cells were observed at 0 (b), 1 (c), 3 (d), and 5 (e)
dpi (n=10). Scale bar: 200 um, blue arrows: locations of HepG2
cells. Standard curve was generated by mixing various
concentrations of HepG2-Lucia™ AhR cells with zebrafish
embryos/larvae at different dpf. LoglO- transformed cell
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numbers and gqPCR Ct values of housekeeping gene hprtd for
linear regression were determined using at&ragél/Mney e atl
samples with the same number of HepG2-Lucia™ AhR cells (f,
n=3). The equation generated from the linear regression was
used to estimate the actual numbers of in vivo HepG2-Lucia™
AhR cells in the embryos/larvae (g).

cell number in vivo and x is the Ct value from the gPCR. The
coefficient of determination (R?) of the regression analysis is
0.6436 (Supplementary Data Figure S4). In contrast, the results
from the hprt1 gene quantification generated a standard curve,
y =-0.7797+31.583x. The R? of this equation was 0.8776, which
represented an improved regression compared to the equation
from the tbp gene (Figure 1f). Therefore, we used y = -
0.7797+31.583x to estimate the actual numbers of HepG2-
Lucia™ AhR cells in vivo.

With the assistance of this standard curve, we first estimated
the number of in vivo HepG2-Lucia™ AhR cells at different
developmental stages. The number of cells rapidly increased
from approximately 500/embryo (0 dpi) to 3768 + 821 (mean +
sem) at 1 dpi, 6566 *+ 1453 at 3 dpi, and 14083 + 5803 at 5 dpi
(Figure 1g). Although the increase in cell numbers from day 1 to
day 5 post injection was not statistically significant, the
increasing trend of the cell numbers suggested the active
proliferation of HepG2-Lucia™ AhR cells inside the embryos or
larvae.

It was noteworthy that the increase in in vivo HepG2-Lucia™
AhR cells was most significant at 1 dpi, from 500 to over 3500
cells within 24 hours. This abrupt increase in human cells
engrafted in zebrafish embryos was also observed in our
previous studies. The number of prostate tumor cells was
rapidly elevated from 5~6 (0 dpi) to over 30 (2 dpi) per larva on
average®®. Similarly, the breast cancer cells in zebrafish embryos
expanded from ~200 cells/embryo (0 dpi) to over 1000
cells/larvae at 1 dpi 8. One of the possible explanations was
that most of the zebrafish embryos started hatching after 2 dpf.
The nutrients and proteinous substances in the perivitelline
fluid in the chorion might provide support to the growth of the
cancer cells in vivo?3 24,

PFOA promotes HepG2 metastasis

PFOA was deemed a human carcinogen by the International
Agency for Research on Cancer?® and the Environmental
Protection Agency?® classified PFOA as likely to be a human
carcinogen. Using the xenograft model in zebrafish with human
cells and prolonged exposure to PFOA allowed real-time
observation and estimation of carcinogenic effects from this
compound. Following the characterization steps developed
from the xenograft model establishment, we treated the
zebrafish embryos 48 hours post injection of HepG2-Lucia™
AhR cell injection (72 hpf) after they were hatched. The larval
zebrafish were used for daily imaging as well as harvested for
HepG2-Lucia™ AhR cell quantification (Figure 2a). 24 hours of
treatment with PFOA generally enhanced the migration of
HepG2-Lucia™ AhR cells in vivo at all doses compared to the
non-treated group (Figure 2b). In particular, more HepG2-
Lucia™ AhR cells were found surrounding the cardiac chamber
and the eyes of the larvae in the 0.1 ppm treated group (Figure

This journal is © The Royal Society of Chemistry 20xx
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2c). The migration of HepG2-Lucia™ AhR cells appeared to be
independent of the doses of the PFOA, since 1 ppm (Figure 2d)
and 10 ppm (Figure 2e) PFOA treatment showed no significant
difference in cell migration. In contrast, the proliferation of
HepG2-Lucia™ AhR cells in larvae in response to the PFOA was
found dose dependent. Although 0.1 and 1 ppm PFOA
treatment increased the numbers of HepG2-Lucia™ AhR cells to
9561 + 1284 and 8059 + 2044, respectively, compared to the
non-treated group (2732 + 1011), there were no statistical
differences (p = 0.878 for 0.1 ppm vs. non-treated; p = 0.937 for
1 ppm vs. non-treated). Only the 10 ppm treated group
demonstrated a significant increase in HepG2-Lucia™ AhR cell
number (30716 + 12705) compared to the non-treated group
(*p = 0.030). The dose-independent pattern of the HepG2-
Lucia™ AhR cell in vitro migration in response to PFOA might be
attributed to the involvement of the immune cells?’, such as the
macrophages and neutrophils, which were developed in
zebrafish embryos as early as 30 hpf?8.

In addition, we also measured the transcription levels of two

a 0 dpi
PFOA or PAH
Harvest for Harvest for
qPCR +Imaging qPCR + Imaging
) : i f
"= I S—
& o

HepG2 implantation Chemical treatment 1dpt 3dpt
I 1 M H Iy
I 1 t t >
Fertilization 24 hpf 72 hpf 96 hpf 144 hpf

b
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Figure 2. in vivo development of HepG2-Lucia™ AhR cells in
zebrafish larvae treated with PFOA. The procedures of the
experiment including the timing of treatment were shown (a).
Cell migration in zebrafish larvae was identified after 24 hours

This journal is © The Royal Society of Chemistry 20xx

of treatment with 0 (b, control), 0.1 (c), 1 (d), and.1Q.(g) ®pM
PFOA (Scale bar: 200 um, blue arrows: lodatioH3 BERIESG0EERS)
Proliferation of HepG2-Lucia™ AhR cells in zebrafish larvae at
24 hpt of PFOA was analyzed using qPCR on hprtl gene as
described earlier (f, n=6; 0.01<*p<0.05). Expressions of two
metastatic markers in HepG2 cells, cdhl and mmp9, were
estimated by qPCR at 1 and 3 dpt of PFOA (g, n=4-8; **p<0.01).
metastatic markers, cdhl and mmp9. Although current cellular
mechanisms leading to hepatocellular carcinoma progression
remain uncertain, recent studies have highlighted the utility of
E-cadherin and matrix metalloproteinase 9 as metastatic
biomarkers during epithelial-mesenchymal transition (EMT).
Acting as a tumor suppressor, the E-cadherin’s downregulation
was found strongly linked to aggressive tumors including
metastatic HCC?> 3°, The downregulation of cdhl was also
observed after 24 hours post treatment (hpt), although no
significant differences were found between control and any
doses (Figure 2g). Interestingly, the expression patterns of cdhl
were reversed at 3 days post treatment (dpt). Although there
was still no significant difference between treatment groups
and control (non-treated group), significant differences were
found between 1 and 3 dpt in each dose (Figure 2g). This type
of expression pattern change in cdhl was commonly observed
in the metastatic processes of many types of tumor cells, since
the downregulation of cdhl expression promotes the cell
migration during EMT, while the upregulation of this cell
junction protein contributes to the metastatic tumor formation
in new locations 31-33,

The second cell metastatic marker, mmp9, demonstrated
consistently upregulated expression patterns under the stress
of PFOA after 1 and 3 days of treatment (Figure 2g). Specifically,
the 1 ppm PFOA treatment resulted in an 11.19 + 1.86 fold of
the control expression level (*p = 0.021) while 10 ppm PFOA
treatment led to a 10.64 + 2.38 fold mmp9 expression over the
control (*p = 0.030). The matrix metalloproteinase 9 enzyme
was known to break down the extracellular matrix, enabling the
migration of tumor cells34, including hepatocytes3> 36. The
consistent upregulation of mmp9 was associated with the
continuous migration of HepG2-Lucia™ AhR cells in vivo as
observed by imaging.

Anthracene and Naphthalene showed similar metastatic
effects on HepG2 cells

As two common polycyclic aromatic hydrocarbon (PAH)
compounds, anthracene and naphthalene, were known to be
the ligands for the aryl hydrocarbon receptor (AHR), of which
the activation was strongly associated with the induction of
several types of cancers, such as breast cancer?’, lung cancer3%
39, liver cancer®® 41, prostate cancer®? 43, ovary cancer®* 45,
glioma*s, and skin cancer’-4°. We also tested the metastatic
effects of anthracene and naphthalene on the HepG2 cell
zebrafish xenograft model, expecting to find if PFOA’s
carcinogenic effects were also via the AhR pathway. With the
treatment protocols similar to that for the PFOA, we examined
the migration of HepG2-Lucia™ AhR cells in vivo under the
stress of anthracene and naphthalene.
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Compared to the non-treated control larvae at 3 dpi (Figure 3a),
one day of anthracene treatment at both 0.1 (Figure 3b) and 1
(Figure 3c) ppm visibly promoted the HepG2-Lucia™ AhR cell
proliferation in vivo, however, the overall migration patterns
were different. As the majority of the HepG2-Lucia™ AhR cells
migrated towards the posterior section in control larvae (Figure
3a), more cells were found in the anterior side of the individuals
treated with 0.1 ppm anthracene (Figure 3b). One ppm
anthracene treatment appeared to result in more HepG2-
Lucia™ AhR cells in vivo, however, most of the cells were
distributed in the yolk sac area (Figure 3c). Indeed, the qPCR
quantification confirmed the enhanced HepG2-Lucia™ AhR
cells in vivo by anthracene treatment as they were averaged
12133 + 3086 (*p =0.015 compared to control) and 8338 + 1500
(p = 0.168 compared to control) cells in the 0.1 and 1 ppm
anthracene treated larvae respectively, in comparison to 2732
+ 1011 cells in non-treated control larvae (Figure 3d). We also
found the similar expression patterns of cdhl and mmp9 in
HepG2-Lucia™ AhR cells responding to anthracene treatment,
downregulation at 1 dpt and upregulation at 3 dpt for cdh1 and
consistently upregulation of mmp9 with the treatment of both
0.1 and 1 ppm anthracene (Figure 3e).

d HepG2 cells in vivo e edht
2l p=0.168 +4p=0.0002
28 **p<0.0001 == Contiol
1.5%10; 43 0.1 ppm
= 1ppm

Cell Number
E]

Relative cdh1 Expression Level

Contral 04 ppm 1 ppm

1dpt 3dpt 1dpt 3apt
Duration of Anthracene Treatment  Duration of Anthracens Traatmant

Figure 3. Characterization of HepG2-Lucia™ AhR cells in
zebrafish larvae treated with anthracene. HepG2-Lucia™ AhR
cells were annotated in zebrafish larvae using fluorescent
microscopy combined with image analysis after 24 hpt with 0O
(a, control), 0.1 (b), and 1 (c) ppm anthracene (Scale bar: 200
um, blue arrows: locations of HepG2 cells). The number of
HepG2-Lucia™ AhR cells in zebrafish larvae at 24 hpt of
anthracene was measured using qPCR on hprtl gene and the
standard curve as described earlier (d, n=6; 0.01<*p<0.05).
Expressions of metastatic markers, cdhl and mmp9, were
quantified by qPCR at 1 and 3 dpt of anthracene (e, n=4-8;
**p<0.01).

The treatment of anthracene showed a greater enhancement in
promoting the HepG2-Lucia™ AhR cell migration in vivo. In
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comparison to the non-treated control larvae (Figure 4a)olhe
larvae treated by 0.1 ppm naphthalene shWwéd 1838/Ramieers ot
HepG2-Lucia™ AhR cells near the original injection site but
much greater numbers in the middle and rear sections of the
trunk (Figure 4b). 1 ppm naphthalene appeared to drive the
HepG2-Lucia™ AhR cells further down toward the caudal fins of
larvae, as very few cells were found in the anterior and middle
portion of the larvae (Figure 4c). The cell numbers quantified
with the gPCR showed an increase in in vivo HepG2-Lucia™ AhR
cell number when the embryos were treated with 0.1 ppm
naphthalene (7721 + 2661) compared to the non-treated
control group (2732 + 1011), although no statistically significant
difference was found between these two groups (p = 0.120,
Figure 4d). The downregulation of cdhl expression in both 0.1
and 1 ppm naphthalene-treated cells was found at 1 dpt,
showing 0.57 £ 0.07 (**p = 0.001) and 0.67 £ 0.09 (**p = 0.006)
fold of the control cells (Figure 4e), respectively. The regaining
of the cdhl expression level was only observed in 0.1 ppm
naphthalene-treated cells at 3 dpt, with a 6.50 + 1.44 fold of the
control cells (*p = 0.011, Figure 4e). The upregulation of mmp9
in naphthalene-treated cells was found as early as 1 dpt. The
fold changes in 0.1 and 1 ppm naphthalene treated groups were
13.27 + 2.33 and 11.04 + 3.10, respectively and both showed
significant differences in comparisons to the control group
(Figure 4e).

= RS SR N FIU ST ey

=
e :'-.C A e g —

d HepG2 cells invivo € cdht *p=0.006

*p=0.036
*p=0.014
LM pp1

= Control
O3 0.1 ppm
= 1ppm

8

Cell Number
(MRNA}

Relative cahT Expression Level

&
Ay
2
0

Control 0.1 ppm 1 ppm

[
1dpt 3dpt 1dpt 3dpt
Duration of Duration of

Concentrations of naphthelene

Figure 4. Progression of HepG2-Lucia™ AhR cells in zebrafish
larvae treated with naphthalene. The distributions of HepG2-
Lucia™ AhR cells in zebrafish larvae after 24 hpt with O (a,
control), 0.1 (b), and 1 (c) ppm naphthalene were observed
using fluorescent microscopy and image analysis (Scale bar: 200
um, blue arrows: locations of HepG2 cells). The in vivo HepG2-
Lucia™ AhR cells in zebrafish larvae at 24 hpt of naphthalene
were quantified using qPCR with the method described earlier
(d, n=6). Transcript levels of metastatic markers, cdhl and

This journal is © The Royal Society of Chemistry 20xx
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mmp9, were quantified by qPCR at 1 and 3 dpt of naphthalene
(e, n=4-8; 0.01<*p<0.05; **p<0.01).

PFOA activated the AhR in vitro and in vivo

The aromatic hydrocarbons were a group of compounds that
have long been identified as ligands of AhR®°. As the two
common PAH chemicals, anthracene and naphthalene, were
known to have different binding capabilities to AhR. The
anthracene was considered an agonist of AhR, enhancing the
AhR downstream pathways®!. In contrast, the naphthalene was
believed to be an inactive ligand for AhR, however, metabolites
of naphthalene in hepatocytes, such as 1,2-naphthoquinone
and 1,4-naphthoquinone®?, were found to be strong AhR
ligands®3. Therefore, the results of AhR activation in HepG2-
LuciaTM AhR cells by the treatments of anthracene and
naphthalene are similar in our study. Unlike the PAH family, the
PFAS were arguably considered AhR ligands due to the lack of
aromatic rings in their chemical structures. The perfluorooctane
sulfonamide (PFOSA)>* >> and 8:2 fluorotelomer alcohol (8:2
FTOH)>® were reported to be bona fide AhR ligands. In addition,
the PFDoA and PFDA also demonstrated activating effects on
AhR as reported by Long et al*’. Although Long’s study showed
no agonistic effects of PFOA on AhR®’, a recent study suggested
that PFOA induced heart maldevelopment in zebrafish embryos
through AhR-mediated oxidative stress®®. The results of our in
vitro study confirmed the activation of AhR by the treatment of
anthracene and naphthalene (Figure 5a). All three
concentrations of anthracene activate the production of
luciferase via AhR, as shown by the relative light unit (RLU) from
173.5+10.2t0817.9+65.9 (0.1 ppm, **p =0.002), 707.6 + 42.5
(1 ppm, *p =0.032), and 1004.0 + 86.8 (10 ppm, **p < 0.0001).
Similarly, 0.1, 1, and 10 ppm of naphthalene treatment induced
the luciferase to 851.6 + 73.0 (**p = 0.0004), 880.6 + 34.9 (**p
=0.0007), and 709.1 + 41.9 (p = 0.062) RLUs, respectively. The
activation of AhR in cells treated with anthracene and
naphthalene was likely from both the original chemicals and
metabolized products, including quinones (Figure 5a). AhR
activation in the HepG2-Lucia™ AhR cells was also achieved by
the application of PFOA at concentrations of 0.1, 1, and 10 ppm,
as they elevated the RLUs to 738.5 £ 51.4 (**p = 0.0006), 696.4
+ 50.5 (**p = 0.0099), and 767.9 + 41.3 (**p = 0.0006),
respectively. Although 10 ppm resulted in an RLU level to 644.0
+ 46.2, there was no significant difference compared to the
control group (p = 0.086). We came up with a possible
explanation for the activation of AhR by PFOA without an
aromatic ring structure. Most of the PFAS chemicals, including
PFOA, were proven to be activators/ligands for peroxisome
proliferator-activated receptors (PPARs), another family of
nuclear receptors acting as transcription factors for gene
expression>®. Crosstalk between AhR and PPAR pathways has
been identified in many organs, particularly in livers®9-62, This
crosstalk, which happened downstream of AhR, could
potentially activate the expression of luciferase, resulting in a
similar result as the activation of AhR.

The in vitro results were confirmed with the in vivo assay, which
included a more complicated microenvironment for the cells.
Because the luciferase produced by the HepG2-Lucia™ AhR

This journal is © The Royal Society of Chemistry 20xx

cells was expected to be secreted, we expected tq detectthe
luciferase activities in the water of eadPWEIL(Figure Gh)21A
similar study detecting the luciferase activities in the water
holding a luciferase-based transgenic reporter zebrafish was
previously documented®. The in vivo results of our study
confirmed those from the in vitro assay. All concentrations of
anthracene, naphthalene, and PFOA treatments resulted in
increased luciferase production (Figure 5c). This suggested that
the PFOA activated the AhR pathway of the HepG2 cells in vivo,
like the PAH compounds. Anthracene and naphthalene
efficiently activated the AhR pathway as early as 24 hpt. In
contrast, the AhR activation by PFOA appeared to be slower.
Although a significant increase of luciferase in water was
detected in the groups treated by the three concentrations of
PFOA (0.1, 1, and 10 ppm) at 24 hpt, the levels of increase were
marginal (292.5 + 6.0, 284.6 + 8.8, and 381.4 + 7.8 RLUs, at 0.1,
1, and 10 ppm, respectively, Figure 5c). At 48 hpt, the levels of
secreted luciferase were further elevated by the treatment of
all three concentrations of PFOA, resultingin 425.8 + 15.2,413.1
+30.6,and 444.7 + 8.55 RLUs at 0.1, 1, and 10 ppm, respectively
(Figure 5c).

Unlike anthracene and naphthalene, PFOA is believed to remain
stable in humans and can hardly be metabolized by any type of
human cells®4. The half-lives of PFOA in serum elimination were
reported to be 3.5-3.8 years®. In comparison, the half-lives of
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the PAHSs range from hours to days®¢-%8, Therefore, a prolonged
effects of PFOA on the AhR pathway in human cells are
expected, although it is not clear whether the effect is caused
by direct binding to the AhR or interactions with the PPAR
pathway, which is believed to be the primary target of most
PFAS chemicals.

Figure 5. Activation of AhR pathway by PFOA in vitro and in vivo.
The activities of secreted luciferase by HepG2-Lucia™ AhR cell
cultures treated with various concentrations of anthracene,
naphthalene, and PFOA were measured from the cell culture
media (a, n=8; 0.01<*p<0.05; **p<0.01). The procedures for the
luciferase in vivo assay were illustrated (b). The luciferase
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activities in the water of zebrafish larva holding wells were
measured (¢, n=10; 0.01<*p<0.05; **p<0.01).

Conclusions

The present study developed and optimized a zebrafish
xenograft model using the human HepG2-Lucia™ AhR cell line
to evaluate carcinogenic effects of PFOA. This model was
proven to be reliable in assessing the in vivo behaviors of HepG2
cells, such as migration, proliferation, and progression. PFOA
was found to significantly induce the metastasis of HepG2 cells,
including enhanced cell migration, significantly promoted cell
migration, and elevation of metastatic cell markers. With the
assistance of the model, we also investigated the possible
mechanisms of PFOA-triggered hepatocyte carcinogenesis.
Using the AhR luciferase reporting system in the HepG2-Lucia™
AhR cells, we identified the activation of the AhR pathway by
PFOA, which was similar to the effects caused by the two PAH
compounds, anthracene and naphthalene. Although the AhR
activation by PFOA was difficult to explain based on the
structure of PFOA and the previous studies, the indirect
activation initiated by the crosstalk between AhR and PPARs,
which are the primary targets of PFOA, was likely to be the
carcinogenic mechanism of PFOA on hepatocytes. Further
studies focusing on the interactions between AhR and PFOA-
activated PPAR pathways are desired.
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