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ABSTRACT: Polyfluoroalkyl substances (PFAS) are widely used PFOS Ici‘
industrial compounds that have been identified as contaminants in almost CF,(CF,).CF,— S — OH
3 2le™"2
every component of the global ecosystem, and in human studies, higher
levels of PFAS have been correlated with increased incidence of multiple o

diseases. Based on the results of human and laboratory animal studies, we
hypothesize that the orphan nuclear receptor 4A1 (NR4A1l) may be a
critical target for some PFAS such as the legacy linear polyfluorooctanesul-
fonate (PFOS) and other sulfonates. We show that PFOS and related
compounds bound the ligand binding domain (LBD) of NR4Al and
induced the growth of several cancer cell lines and enhanced tumor growth
in an athymic nude mouse model. Using NR4Al-responsive rhabdomyo-
sarcoma Rh30 cells as a model, PFOS induced NR4A1-dependent cell proliferation and Rh30 cell migration and invasion. Moreover,
in Rh30 cells, PFOS also induces several NR4Al-regulated genes including the PAX3-FOXO1 oncogene and downstream gene
products, and in a chromatin immunoprecipitation assay, PFOS does not decrease NR4A1 binding to the promoter. These results
demonstrate that PFOS is an NR4ALl ligand and enhances tumorigenesis through the activation of this receptor.
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H INTRODUCTION high serum PFAS exhibit a higher incidence of multiple cancers
Polyfluoroalkyl substances (PFAS) have been manufactured 1nclud19ng pancreatic, renal, thyroid, breast, and liver

cancer.” ™ The mechanisms of PFAS-mediated responses
are complex and dependent on the structure of the individual
PFAS congener and the response. For example, in laboratory
animal studies, administration of PFOS (S or 10 mg/kg/day)
to wild-type and humanized (PPAR«x) mice for 28 days
resulted in changes in liver pathology and induction of ACOX1
and CYP4All enzymes that are consistent with a PPARa-
dependent response, and induction of these genes was not
observed in PPARa knockout mice. However, liver toxicities
such as hepatomegaly that are induced by PFOS were PPAR«a
-independent.”* There is also evidence that PFAS interacts
with many other nuclear and cell surface receptors; however,
direct linkages between these interactions and PFAS-associated
adverse health effects are limited.”* >’

Studies in this laboratory have identified a series of 1,1-
bis(3’-indolyl)-1-(substitutedphenyl)methane analogues
(CDIMs) that bind the pro-oncogenic orphan nuclear receptor

for over 80 years, and several thousand different individual
PFAS have been synthesized for industrial, consumer, food
packaging, and cosmetic applications."”” The widespread use of
PFAS is due to several factors which include their thermal and
chemical stability, water-repellent and flame-retardant activ-
ities, and amphipathic structures. The extensive production,
use, and disposal practices of PFAS have resulted in their
contamination of the global ecosystem including the marine
and aquatic environments, fish, wildlife, food products, and
humans.”* PFAS exposures are complex, and in humans, there
is PFAS uptake from consumer products, food, environmental,
cosmetic, and occupational exposures and contaminated water.
Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonate
(PFOS) were among the most widely produced PFAS, and
although uses of these compounds are restricted or have been
eliminated, these legacy PFAS are still detected with high
frequency in environmental and human samples.”™® Several
studies have investigated the association of PFAS levels in
human serum samples with human diseases, and analysis of
these studies showed that higher PFAS levels were associated
with increased incidence of metabolic disease, endocrine
disorders, cardiovascular disease, male and female reproductive
tract problems, cancer, immune effects, urinary tract problems,
and developmental toxicities.® For example, individuals with
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4A1 (NR4A1) and act as inverse NR4A1 agonists that inhibit
NR4Al-dependent cancer cell growth and survival and
enhance immune surveillance.”®*” For several NR4A1-depend-
ent responses such as decreased immunity, enhanced neuro-
toxicity, metabolic disease, endometriosis, stress/inflammation,
and cancer, the effects of CDIMs and other NR4Al
ligands**~*® on these responses are inversely related to those
observed for epidemiologic studies which show the association
between increased incidence of these disease with individuals
exposed to higher levels of PFAS.”** For example, CDIMs act
as inverse NR4Al agonists and inhibit NR4Al-dependent
cancer cell and tumor growth/viability,”**” whereas some
PFAS such as PFOS induce cancer cell and tumor growth/
viability.***” Moreover, CDIMs downregulated the expression
of the histone methyltransferase gene product G9a** in cancer
cell lines, whereas increased exposure to PFAS is associated
with enhanced DNA methylation.”™>° Therefore, we
hypothesize that NR4AL1 plays a role in the toxicities associated
with PFAS.

Previous laboratory studies show that some PFAS
compounds enhance nontransformed breast and prostate cell
growth and viability*******® but do not induce cell trans-
formation. In contrast, the effects of PFOS in vivo and in cell
culture are dependent on the animal model, concentration of
PFOS, and cancer cell context since inhibition or induction
and no effects on cancer cell growth have been observed in
studies using PFOS.*”*”~%* This work investigates the effects
of PFOS and structurally related compounds as NR4A1 ligands
and NR4A1 agonists in cancer cells.

B MATERIALS AND METHODS

Cell Lines, Reagents, and Antibodies and Transactivation.
Rh30 rhabdomyosarcoma, SW480, HCT116, RKO, and MC38
(mouse) colon cancer cells, MIA PaCa-2 pancreatic cancer cells,
and CT26, U87MG, Al72, and T98G glioblastoma cells were
obtained from ATCC (Manassas, VA, USA). Cells were maintained in
RPMI (St. Louis, MO, USA) medium supplemented with 10% FBS
(Gibco/Invitrogen) at 37 °C in the presence of 5% CO,. Cells were
treated with PFAS generously provided by Wellington Laboratories
(Guelph, Ontario, Canada), and these include PFOS (technical
grade), sodium perfluorooctanesulfonate (PFOS-XST), sodium
perfluorohexanesulfonate (PFHxS-XST), sodium perfluoroheptane-
sulfonate (PFHpS-XST), sodium perfluorononanesulfonate (PFNS-
XST), and sodium perfluorodecanesulfonate (PFDS-XST). The XST
designation indicates that these compounds are linear and have been
purified. Commercial PFOS contains some nonlinear impurities. The
PPARy inhibitor GW9662 was purchased from Tocris Biosciences
(Minneapolis), and N-(4'-aminopyridyl-2-chloro-S-nitrobenzamide)
(T007) was synthesized in the laboratory. The GAL4-NR4Al
chimera (LBD) and a UAS;-luc reporter construct were transfected
into cancer cells, and induction of luciferase activity was determined
as described.**¢

Direct Binding Assay. At 25 °C, the Varian Cary Eclipse
Fluorescence Spectrophotometer was used to examine the quenching
of fluorescence of a Trp residue in the NR4AL1 ligand binding domain
to determine direct ligand binding.®> Different concentrations of
PFAS ligands were incubated with the ligand-binding domain of
NR4A1 (1.0 gM) in phosphate-buffered saline (PBS; pH 7.4).
Wavelengths of excitation (at 285 nm with a slit width of S nm) and
emission (between 300 and 420 nm with a slit width of 5 nm) were
used to obtain fluorescence. Sigma Plot was used to perform data
analyses. At a 330 nm emission wavelength, the concentration-
dependent NR4A1 tryptophan fluorescence intensity was measured to
quantify R* and Kp, values.

Chromatin Immunoprecipitation (ChIP) Assay. The exper-
imental protocol provided by the manufacturer was carried out using
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the ChIP-IT Express Kit (Active Motif, 53008). Rh30 cells were
seeded on a plate for 24 h, then treated with DMSO, 10 uM PFOS,
and 12.5 yM DIM-3,5-Cl,. After 24 h, treated cells were fixed and
lysed, and nuclei were collected for shearing by sonication. Sheared
chromatin samples were then immunoprecipitated overnight with
antibodies using protein G-conjugated magnetic beads. NR4Al
antibodies and mouse IgG were used for the ChIP assay. Eluted
chromatin was then purified using the Chromatin IP DNA
Purification Kit (58002). Purified DNA was analyzed using amfiSure
qGreen Q-PCR master mix (genDEPOT) for real-time PCR. The
primers used for detection of the Human PAX3-FOXO1 promoter
region were FOXOl F 5-TGCCTGTGCTTCACATTAGC-3/,
FOXOl R 5-CAGATGGGGACAGAGACGC-3’, and G9a R §'-
CCCGGAGCATTGCACG-3'.

Boyden Chamber (Micropore Membrane) Assay. Rh30 cells
(2 X 10%) were seeded in RPMI medium supplemented with 2.5%
charcoal-stripped fetal bovine serum prior to the 24 h treatment
period. Subsequent treatment of cells was performed using different
concentrations of PFOS for 24 h. Trypsinized counted cells (1 X 10°)
were loaded in a BioCoat 8.0 um 24-well plate with a growth factor
reduced Matrigel invasion chamber from Corning (Bedford, MA).
Cells were allowed to migrate for 48 h, followed by formaldehyde
fixation and Crystal Violet staining. Migration of cells through the
pores was quantified using Image].

Migration (Scratch-Wound) Assay. Rh30 cells (4 X 10%) were
seeded and allowed to attach on 6-well plates for 24 h. RPMI medium
was removed from the plates, and scratches were made using a sterile
200 uL pipet tip. PBS was used to wash and remove the dead cells.
Attached cells were treated with either DMSO or different
concentrations of PFOS (2.5 and 10 gM) in RPMI medium
supplemented with 2.5% charcoal-stripped fetal bovine serum. The
medium was removed and replaced with PBS after 24—48 h. Migrated
cells were observed through the Evos digital inverted microscope, and
images were taken to analyze the percent migration of Rh30 cells by
using the Image]/Fiji wound healing size tool.

Resazurin Proliferation Assay. Human Rh30 rhabdomyosarco-
ma cells were grown in RPMI medium. Cells were seeded in 96-well
plates with a seeding density of 1.2 X 10* cells per well. Cells were
grown to ~70% confluency and then treated with various
concentrations of PFAS and other compounds as indicated. After
24 h, 0.02 mg/mL resazurin was added to each well and incubated for
4 h. End point fluorescent activity (excitation 540 nm and emission
590 nm) was measured as the reduction of resazurin to resorufin, an
indicator for metabolic activity. The final concentration of DMSO in
each well was 0.0032% to minimize DMSO-induced toxicity. Controls
included on this plate included a vehicle control (DMSO) and an
untreated control.

Western Blotting. Rh30 cells (3 x 10°) were seeded and allowed
to attach for 24 h on 6-well plates, followed by a 24 h treatment with
either DMSO or different concentrations of PFOS. RIPA buffer that
contained protease and phosphatase inhibitors was added to lyse cells,
and 4—20% Mini-PROTEAN TGX Gels (BioRad, 4561094) were
prepared to resolve whole-cell lysates. Polyvinylidene fluoride
membrane was used to transfer proteins through wet blotting,
blocked in 5% milk, followed by their incubation with primary and
secondary antibodies. Protein bands, in the presence of Immobilon
western Chemiluminescence HRP-substrates, were visualized using
the BioRad ChemiDoc imaging system, and the antibodies were used
as described: PAX3FOXO1 (C2944), G9a (C5688515), PARP
(CS9532), N-Myc (SC2236) (Cell Signaling Technologies, Danvers,
MA), c-Myc (SC-40) and fl-integrin (CS96995) (Santa Cruz, CA),
TXNDCS (GTX106914) (GeneTex, Irvine, CA) and NR4Al
(ab283264) (Abcam).*>35*

Small Interfering RNA Interference Assay. In six-well plates,
Rh30 cells (1.5 X 10°) were seeded and allowed to reach
approximately 60% confluency in 24 h. Lipofectamine RNAIMAX
was used for cell transfection. A transfection mixture prepared with
siRNA along with Lipofectamine RNAIMAX Reagent (Invitrogen;
56531) and Opti-MEM (Gibco; 31985—062) following the Lipofect-
amine RNAIMAX reagent protocol was used after 24 h. Replacement
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Figure 1. PFAS compounds bind to NR4A1. PFOS (A), PFOS-XST (B), PFHxS-XST (C), PFNS (D), and PFDS (E) were incubated with the
ligand binding domain of NR4Al, and the binding curves were generated as outlined in the Materials and Methods section. Results obtained for the
compounds alone (V), ligand plus receptor uncorrected (@), and (ligand + receptor)—(ligand alone) corrected (O). The Kp, values were
determined for all compounds that bound NR4A1 and not PFHxS-XST which exhibited minimal quenching of fluorescence; the K, values were
2.99 (PFOS), 0.92 (PFOS-XST), 0.24 (PENS-XST), and 9.12 (PFDS-XST) umol/L.

of the Opti-MEM with fresh medium was performed after 6 h of
transfection, and cells were incubated (at 37 °C, 5% CO,) for an
additional 72 h. Harvested cells were used to determine the
expression of proteins and RNA analysis. Western blots were
performed to determine the efficiency of NR4A1l knockdown by
siRNAs targeting NR4Al that were purchased from Sigma-Aldrich.
siRNAs used were siNR4Al (NR4Al C and NR4Al D and
Scrambled siRNA (CGU ACG CGG AAU ACU UCG A (Sigma-
Aldrich).

Animal Studies. The animal study protocols were approved by
the Institutional Animal Care and Use Committee (IACUC) at Texas
A&M University. Four-week-old male athymic nude mice were
obtained from The Jackson Laboratory (Bar Harbor, ME) and housed
at the Laboratory Animal Resources and Research facility, Texas
A&M University. Male mice were chosen for this study based on their
enhanced responsiveness to PFOS in a preliminary study; future
research will confirm male vs female responsiveness to PFAS using
xenograft and syngeneic mouse models. Mice were allowed to
acclimate for 1 week and were fed a standard chow diet. Each mouse
received an injection of 2 X 10° Rh30 cells suspended in 100 L of a
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1:1 Matrigel and PBS solution into each flank subcutaneously. Once
tumors reached a palpable size (approximately SO to 100 mm?®), the
mice were randomly assigned to control and treatment groups. Mice
in the control group were administered 100 pL of a DMSO:corn oil
(1:4) solution by oral gavage daily. Mice in the treatment groups were
administered 100 uL of a PFOS solution prepared in DMSO:corn oil
(1:4) by oral gavage daily at doses of 20, 10, 0.5, and 0.2 mg/kg/day.
The mice were weighed regularly, and where possible, their tumor
volumes were measured using a Vernier Caliper (V=L X W X H
mm®) every week. After 4 weeks of drug administration, the mice were
euthanized, and their tumors were excised and weighed. A portion of
each tumor was homogenized in lysis buffer, and the resulting extract
was used for Western blot analysis.

Statistical Analysis. Statistical analysis was conducted using the ¢
test to assess differences between the groups. To compare the median
survival rates of tumor-bearing animal cohorts, the log-rank (Mantel-
Cox) test was applied with the analysis performed using Prism 9
software. All in vitro experiments were repeated three times to ensure
the reliability and consistency of results. In vitro results are presented
as the & SD, and in vivo results are means + SE. To determine
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statistical significance, a one-way analysis of variance (ANOVA) with
Dunnett’s posthoc test was used, and a P value <0.0S was considered
statistically significant.

B RESULTS

PFOS and some analogues are legacy PFAS compounds
detected in most human samples and were chosen as models
for this study. Initial studies examined the binding of PFOS
and structurally related compounds to the ligand binding
domain (LBD) of NR4Al using a fluorescent assay which
measures quenching of the fluorescence of a Trp residue in the
LBD of NR4AL1 as previously described.®® Figure 1 summarizes
the binding curves generated from PFAS ligands and their
interactions with the LBD of NR4Al. Commercial PFOS
(Figure 1A), the linear PFOS-XST (Figure 1B), the linear
hexafluoro (PFHxS-XST; Figure 1C), linear nonafluoro
(PFNS-XST; Figure 1D), and decafluoro (PFDS-XST; Figure
1E) alkyl sulfonates differentially decreased fluorescence
associated with a Trp residue in the LBD. Only minimal
displacement was observed for PFHxS which was considered
to be inactive in the quenching assay. The KD values observed
for binding of PFOS, PFOS-XST, PENS-XST, and PFDA-XST
were 2.99, 0.92, 0.24, and 9.12 umol/L, respectively. The
commercially available PFOS contains some branched PFOS
isomers; however, the binding and Ky values were similar to
those of the purified linear PFOS-XST.

Previous studies have associated human exposures to higher
levels of PFOS with increased levels of cancer, whereas in
cancer cell lines, the growth-promoting activities of PFAS are
highly variable. For example, PEOS alone at low doses (107"
— 107° M) did not affect T47D breast cancer cell growth, but
higher concentrations (>10 ~> M) inhibited growth.”® In A549
lung cancer cells, there was a >10% increase in cell
proliferation by 50 and 100 yM PFOS, and cytotoxicity was
observed at higher concentrations (200—1000 uM).% In this
study, we compared the cytotoxicity of the inverse agonist 1,1-
bis(3’-indolyl)-1-(3,5-dichlorophenyl)methane (DIM-3,5-Cl,)
and PFOS in A549 cells (Figure 2A). DIM-3,5-Cl, (25 uM)
inhibited A549 cell viability, and this has previously been
observed for CDIM compounds in lung and other cancer cell
lines where the CDIMs inhibit NR4A1-dependent growth®”
(Figure 2B). In contrast, 100 nM—S5 uM PFOS did not
increase cell viability, whereas higher concentrations (10 and
25 uM) inhibited the growth of AS49 cells as previously
reported.”” This experiment was repeated in Rh30 rhabdo-
myosarcoma cells and DIM-3,5-Cl, (10 and 25 M) inhibited
cell growth as previously reported for CDIMs,"”*>** whereas
10 and 25 uM PFOS induced >2.5-fold increase in Rh30 cell
proliferation over a 24 h treatment period (Figure 2C). In
addition, PFOS induced and DIM-3,5-Cl, decreased the
luciferase activity in Rh30 cells transfected with GAL4-
NR4A1 and UAS-Luc constructs. These observations demon-
strate that PFOS induces Rh30 cell proliferation and NR4A1-
dependent transactivation. Induction of cell growth by PFOS
was cell context-dependent in AS49 and Rh30 cells. In
contrast, DIM-3,5-Cl, decreased the proliferation of both A549
and Rh30 cells, and the growth-promoting effects of PFOS
were inversely related to the growth-inhibiting effects of DIM-
3,5-ClL,.

We further examined the effects of several polyfluorinated
alkyl compounds on the growth of 8 different cancer cell lines
using a range of concentrations from 0.1 to 25 uM (Figure 3).
The results show that for a number of cancer cell lines, PFOS

708

Cl
A (0]
CH n
| CF; ¢ (CF,), S — OH
I
" a o}
H
DIM-3,5-Cl, PFOS
A549
B 200 & pIm-3,5-Cl,
_ M PFOS
&
Z
= 100 % . .
©
5
DMSO 25 0.1 0.5 1 2.5 5 10 25
concentration (uM)
Rh30 & DIM-3,5-Cl,
400 = PFOS

& 300
Z
= 200
-2
s
= 100

DMSO

10 25 10

concentration (uM)

25 50

GAL4-NR4A1/UAS-Luc

f 250 4 *
2
© 200 *
]
3
> 150 A
>
g 100
3 * *
S 50 -
£
[*]
3 o-
-
DMSO 25 5 10 10 125
PFOS (uM) DIM-3,5-Cl, (uM)

Figure 2. Comparative induction and growth-promoting effects of
DIM-3,5-Cl, and PFOS. (A) Structures of DIM-3,5-Cl, and PFOS.
Comparative effects of DIM-3,5-Cl, and PFOS on the growth of A549
lung cancer (B) and Rh30 rhabdomyosarcoma (C) cells after
treatment for 24 h. (D) Rh30 cells were transfected with GAL4-
NR4Al and UAS-Luc plasmids, and after treatment with PFOS or
DIM-3,5-Cl, luciferase activity was determined as outlined in the
Methods. Results are expressed as means + SD for at least 3 replicates
for each treatment groups, and significant (p < 0.0S) induction or
inhibition of growth or luciferase activity is indicated (*).

induced a >2-fold increase in RKO, CT26, MC38, and U87
cell growth, whereas a <2-fold increase was observed in
HCT116, A172, T98G, and MIA PaCa-2 cells. PFOS induced
some proliferation of most cancer cell lines; however, the
responsiveness of these cells was variable. One possible
explanation for the different responsiveness of cancer cell
lines to PFOS-induced cell proliferation may be due to the
expression of PPARy which also binds PFOS. Since PPARy
ligands primarily inhibit cancer cell growth, we cotreated Rh30
and AS549 cells treated with PFOS alone and in combination
with the PPARy inhibitors T007 and GW9662 expecting that
by blocking PPARy, PFOS-induced growth would be
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Figure 3. PFOS inducing cancer cell proliferation screening. HCT116 and RKO (A), CT26 and MC38 (B), U87MG, and A172 (C), and T98 and
MIA PaCa-2 (D) were treated with PFOS (0.1—25 pmol/L) for 24 h, and cell proliferation was determined using the resazurin assay as outlined in
the Methods. Results are expressed as means + SD for at least 3 replicates for each treatment groups, and significantly (p < 0.05) increased or

decreased growth is indicated (*).

enhanced. The results showed the PPARy inhibitors had
minimal effects on PFOS-induced growth of Rh30 and A549
cells, and therefore, PPARy expression was not related to the
cell context-dependent growth-promoting effects of PFOS.
Interestingly, the >3-fold induction of growth by PFOS in
HCT116, RKO, MC38, and U87G cells is unusually high and
exceeds the effects of most growth factors in cancer cells.
The effects of PFOS and structurally related sulfonates on
the growth of cancer cells were investigated over a broad range
of concentrations (Figure 4A). PFOS significantly induced the
proliferation of Rh30 cells at concentrations between 2.5 and
10 uM, whereas in SW480 cells, PFOS concentrations as low
as 100 nM and as high as 25 yM significantly induced SW480
cell proliferation, indicating that the SW480 cell line was also
highly responsive to the growth-promoting activity of PFOS.
We also examined the effects of a series of perfluoroalkyl
sulfonates containing 9 and 6 (Figure 4B) and 7 and 10
(Figure 4C) carbon atoms on the proliferation of Rh30 cells.
This cell line was chosen as a model since previous studies
show that it is NR4Al-responsive with respect to cell growth
and related pro-oncogenic pathways/genes.”~*"* Both the
nona- and hepta-compounds (PFNS and PFHpS) enhanced
cell proliferation, whereas this was not observed for the deca-
and hexa- (PFDS and PFHxS) sulfonates. The lack of activity
for PFDS was surprising based on the binding data for this
compound which exhibited a low Kp value and significant
fluorescence quenching in the receptor binding assay, whereas
PFHxS had minimal effects on cell growth and exhibited
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minimal binding in the fluorescence quenching assay (Figure
1). The maximal magnitude of growth enhancement by the
active polyfluoroalkyl sulfonates varied from 2- to 4-fold in
Rh30 cells, and the magnitude of this response was greater
than the effects previously observed in Rh30 cells for
transforming growth factor /3 in previous studies.””**** Results
in Figure 4D show that knockdown of NR4A1l (siNR4Al)
decreased the growth of Rh30 cells, and in the NR4Al-
deficient cells, induction of growth by 2.5 or 10 uM PFOS was
inhibited. The efficiency of NR4A1 knockdown is shown in
Western blot (Figure 4D). This confirms a role for NR4Al in
mediating the growth-promoting effects of PFOS, and results
in Figure 4E show that knockdown of NR4A1 also blocks the
growth-promoting effects of several structurally related
perfluoroalkyl sulfonates. These results suggest that the
perfluoroalkyl sulfonates act as NR4Al agonists to enhance
NR4A1-dependent proliferation responses.

The effects of PFOS on several NR4A1l-regulated responses
in Rh30 cells were investigated, and this includes their effects
on Rh30 cell migration using a scratch assay in which cells
were treated with DMSO (control) and 2.5 or 10 uM PFOS
for 24 and 48 h. The results showed that the relative migration
of Rh30 cells was increased after treatment for 24 or 48 h
(Figure SA); however, significant induction of cell migration
was only observed for the 2.5 yM dose. Results in Figure 5B
show that 2.5 M PFOS enhances the invasion of Rh30 cells in
a Boyden chamber assay, and this complements the enhanced
migration observed in the scratch assay. In previous studies,
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Figure 4. Induction of Rh30 cell growth by polyfluoroalkyl sulfonates. Rh30 and SW480 (A) cells were treated with PFOS-XST for 24 h, and cell
viability was determined as outlined in the Materials and Methods section. Rh30 cells were treated with PFENS-XST and PFHxS-XST (B) and
PFHpS-XST and PFDS-XST (C) for 24 h, and cell viability was determined as outlined in the Materials and Methods section. (D) Rh30 cells were
transfected with siCt1 or siNR4A1 and treated with 2.5 or 10 M PFOS, and cell proliferation and Western blot analyses on whole cell Iysates were
determined as outlined in the Methods. (E) Cells were also transfected with siNR4A1 alone and after treatment with 2.5 uM polyfluoroalkyl
sulfonates, and cell viability was determined as outlined in the Methods. Results are expressed as means + SD for at least 3 replicate determinations
for each treatment group, and significant (p < 0.05) induction or inhibition is indicated (*). The XST designation for these compounds indicates

that they are purified linear polyfluoroalkyl sulfonates.

the CDIM/NR4AL1 inverse agonists modulated the expression
of several NR4A1l-regulated gene products in Rh30 cells, and
these include the PAX3-FOXO1 fusion oncogene, c-Myc and
N-Myc.*”**%* Results illustrated in Figure 6A show that 10 or
25 uM PFOS induces levels of PAX3-FOXO1 and N-Myc
proteins in Rh30 cells and 25 yM PFOS also induces c-Myc
levels in this cell line. In addition, treatment of Rh30 cells with
10 or 25 uM or both concentrations of PFOS for 24 h also
increased levels of several other NR4Al-regulated gene
products including G9a (25 uM), fl-integrin (25 uM),
thioredoxin domain containing S (TXNDCS) (10 and 25 uM),
and PARP cleavage (10 and 25 uM). DIM-3,5-Cl, acts as an
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inverse NR4A1 agonist in cancer cells, and in Rh30 cells,
induction of proliferation by PFOS is inhibited by DIM-3,5-Cl,
(Figure 6C). Moreover, DIM-3,5-Cl, also inhibits PFOS-
induced NR4Al-regulated PAX3-FOXO1 (FOXO1) and G9a
gene products in Rh30 cells (Figure 6D). Previous studies in
this laboratory showed that CDIM compounds decreased
interactions of NR4A1 with the transcriptionally active region
of the G9a gene promoter in a ChIP assay.” Results in Figure
6E also show that after treatment with 10 uM PFOS, there is
no change in NR4Al interactions with the G9a promoter
compared to that observed in the untreated cells, whereas
DIM-3,5-Cl, (12.5 uM) significantly decreased NR4A1-G9a
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Figure 6. PFOS induces NR4Al-dependent gene products in the Rh30 cells. Rh30 cells were treated with 10 or 2.5 uM PFOS for 24 h, and whole
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gene promoter interactions. This is another example of the
inverse relationship between the effects of PFOS and CDIMs,
which is also observed for Rh30 cell proliferation, migration/
invasion, and gene product expression, indicating that PFOS is
acting as an NR4AI agonist.

In initial studies, it was observed that higher concentrations
of PFOS (10 and 20 mg/kg/day) significantly inhibited tumor
growth in an athymic nude mouse model using Rh30 cells as
xenografts (Figure 7A). The doses of PFOS were then lowered
to 0.2 and 0.5 mg/kg/day and tumor volumes were observed
over a period of 4 weeks after injection of the cells. A summary
of the results demonstrates that after 3 or 4 weeks of treatment
with 0.5 but not 0.2 mg/kg/day PFOS, there was a significant
induction of tumor volumes compared to the control (corn oil-
treated) mice (Figure 7A). Body weights were not significantly
different between the control and PFOS-treated mice (Figure
7B), and while relative tumor weights were increased in the 0.5
mg/kg/day treatment group, the effect was not significantly
different than the controls or mice treated with 0.2 mg/kg/day
PFOS (Figure 7C) due to interindividual animal variability.
Results in Figure 7D show that in tumor lysates from the 0.5
mg/kg/day treatment group levels of NR4Al-responsive genes
were significantly induced compared to controls, and this
further supports that PFOS is acting through NR4A1.

B DISCUSSION

PFOS is an important legacy PFAS compound that is routinely
identified as a major PFAS component in environmental
samples and human serum. Although PFOS induces multiple
responses in cell culture and laboratory animals, the collective
effects of PFOS and related PFAS in humans indicate that
higher levels of these compounds are associated with an
increased incidence of several diseases. As indicated in the
Introduction, diseases associated with exposures to high levels
of PFAS have a linkage to NR4A1 and these adverse responses
are ameliorated after treatment with an NR4A1 ligand such as
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celastrol, cytosporone B and related compounds, and
CDIMs.*™* For example, CDIM ligands act as inverse
receptor agonists that inhibit NR4Al-dependent pro-endo-
metriotic and pro-carcinogenic responses,“’43 whereas higher
PFAS levels in humans are associated with increased
endometriosis®®® and cancer,” ** respectively.

Previous reports show that PFOS induces the proliferation
of nontransformed breast and prostate cells but does not
induce their transformation into cancer cells, whereas the
growth-promoting effects of PFOS on cancer cells and tumors
are highly variable.’®™%> In contrast, CDIMs act as inverse
NR4A1 agonists in most solid tumor-derived cell lines and
inhibit NR4Al-regulated pro-oncogenic genes/pathways, and
in this study, Rh30 and other cancer cells have been used as a
“mechanistic model” to investigate whether PFOS is acting as
an NR4A1l agonist that enhances NR4Al-mediated pro-
oncogenic activities. This approach has its limitations in
terms of explaining the complete carcinogenic activity of PFAS
since the results show effects on cancer cells and tumors but
not on the role of PFOS in the transformation of normal cells.

Results illustrated in Figure 1 demonstrate that PFOS and
other polyfluoroalkyl sulfonates directly bind the LBD of
NR4A1 using a fluorescent quenching assay as described in
previous studies.”> Decreased fluorescence was observed for
the polyfluoro deca-, nona-, octa-, and heptaalkyl sulfonates
(Figure 1), and with the exception of the PFDS congener,
these compounds also induced cell proliferation (Figure 4).
The reason for this “outlier” effect for PFDS is not known and
is being investigated. PFHxS exhibits minimal receptor binding
and effects on growth, suggesting that for the linear
polyfluoroalkyl sulfonates, the NR4Al-active compounds
must have greater than 6 carbons. Previous studies in cancer
cell lines showed that low concentrations of PFOS (1—100
nM) induced the proliferation of T47D breast cancer cells;
however, the antiestrogen fasoldex inhibited this response,
suggesting that the proliferative activity was related to the
estrogenic activity of PFOS and PFOS alone did not affect cell

https://doi.org/10.1021/acs.chemrestox.4c00528
Chem. Res. Toxicol. 2025, 38, 705—716


https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00528?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00528?fig=fig7&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

growth.”® In contrast, 25—200 uM PFOS decreased the growth
of A3549 lung cancer cells,”” and this response would be
comparable to that observed for NR4A1 inverse agonists*’*>**
(Figure 2). In this study, PFOS induced proliferation of several
cancer cell lines by greater than 2-fold, and the fold induction
of others varied from <2-fold to minimal induction of cell
proliferation effects (Figure 3). The variable responsiveness of
these cell lines to the growth-promoting eftects of PFOS is not
uncommon for other growth-promoting substances; we
hypothesized that the variability may be due to PFOS-
mediated growth inhibition by activating PPARy since PFOS
binds PPARy. However, this is unlikely since PPARy inhibitors
do not enhance PFOS-induced cancer cell growth (Figure S1).
We are now further investigating the underlying mechanisms
causing these cell context-dependent differences observed for
inducing cancer cell growth by PFOS. The structure-depend-
ent binding of PFOS and related compounds to NR4A1 and
the structure-dependent induction of Rh30 cell proliferation by
the hepta-, octa-, and nonafluoroalkyl sulfonates is consistent
with a role for NR4ALl in the induction of cell proliferation by
these PFAS compounds.

We used the NR4A1-responsive Rh30 cell line as a model to
further investigate the role of this receptor in mediating PFOS-
induced cell proliferation. Knockdown of NR4Al by RNA
interference resulted in the loss of growth-promoting activity
for not only PFOS (Figure 4D) but also the related
perfluoroalkyl sulfonates in Rh30 cells after knockdown by
NR4A1 (Figure 4E). Thus, the effects of PFOS and related
compounds on Rh30 cell proliferation were inversely related to
those observed for CDIMs which are inverse NR4A1 agonists
that inhibit NR4A1-dependent cell growth.*”**** The effects
of PFOS on other pro-oncogenic and genomic responses that
are inhibited by CDIMs were also investigated, and there was
an inverse functional relationship between PFOS and CDIMs
as NR4A1 ligands. PFOS induced cell migration in a scratch
and Boyden chamber assay and induced the NR4Al-
responsive PAX3-FOXO1 oncogene and related gene products
in Rh30 cells, whereas the opposite effects were previously
observed for CDIMs in this cell line.*”**** Moreover, DIM-
3,5-Cly, an NR4ALl inverse agonist, inhibits PFOS-induced
growth of Rh30 cells (Figure 6C) and PFOS-induced
(NR4Al-dependent) gene products (Figure 6D) in the same
cell line. The inverse effects of PFOS vs DIM-3,5-Cl, is also
confirmed in a ChIP assay where PFOS had no effect on
NR4AL interactions with the G9a promoter, whereas DIM-3,5-
Cl, decreased the interaction of NR4Al with the transcrip-
tionally active GC-rich region of the G9a promoter.

Rh30 cells were also used as xenografts in athymic nude
mice to investigate the effects of PFOS on tumor growth.
Higher doses of 20 and 10 mg/kg/day of PFOS inhibited
tumor growth, and this was consistent with the results of
previous studies on PFOS. However, in mice treated with 0.5
mg/kg/day, there was a significant increase in tumor volume,
whereas in mice receiving 0.2 mg/kg/day, tumor growth was
not significantly different than the control group, indicating a
narrow range of PFOS-enhanced carcinogeneses. Previous
reports on the effect of PFOS on tumor growth in rodent
models are variable. For example, in genetic mouse models for
colon cancer, 10 and 250 mg/kg/day or 200 mg/k% total dose
of PFOS decreased intestinal tumor growth,sg’  whereas
PFOS (10 mg/kg/day) induced tumor growth in athymic nude
mice bearing tumorigenic RWPE-2 prostate cancer cells as
xenografts.*® Differences between studies on the carcinoge-
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nicity of PFOS are unknown; however, higher concentrations
of PFOS are known to be cytotoxic and this response may be
due, in part, to induction of reactive oxygen species (ROS).”
In this study using Rh30 cells as a model, there is now evidence
that low concentrations and/or doses of PFOS enhance
tumorigenesis, and this response is, in part, NR4Al-dependent.
The contributions of NR4A1 to other toxicities associated with
PFAS are not yet known and are currently being investigated.
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