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Abstract

Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), chemicals present in a 

multitude of consumer products, are persistent organic pollutants. Both compounds induce 

hepatotoxic effects in rodents, including steatosis, hepatomegaly and liver cancer. The mechanisms 

of PFOA- and PFOS-induced hepatic dysfunction are not completely understood. We present 

evidence that PFOA and PFOS induce their hepatic effects via targeting hepatocyte nuclear factor 

4-alpha (HNF4α). Human hepatocytes treated with PFOA and PFOS at a concentration relevant to 

occupational exposure caused a decrease in HNF4α protein without affecting HNF4α mRNA or 

causing cell death. RNA sequencing analysis combined with Ingenuity Pathway Analysis of global 

gene expression changes in human hepatocytes treated with PFOA or PFOS indicated alterations 

in the expression of genes involved in lipid metabolism and tumorigenesis, several of which are 

regulated by HNF4α. Further investigation of specific HNF4α target gene expression revealed that 

PFOA and PFOS could promote cellular dedifferentiation and increase cell proliferation by down 

regulating positive targets (differentiation genes such as CYP7A1) and inducing negative targets of 

HNF4α (pro-mitogenic genes such as CCND1). Furthermore, in silico docking simulations 

indicated that PFOA and PFOS could directly interact with HNF4α in a similar manner to 

endogenous fatty acids. Collectively, these results highlight HNF4α degradation as novel 

mechanism of PFOA and PFOS-mediated steatosis and tumorigenesis in human livers.
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Introduction

Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are structurally 

similar anthropogenic compounds that are used in various consumer products to provide 

soil, oil and water resistance to materials used in clothing, upholstery, and food packaging 

(Lindstrom et al., 2011, Suja et al., 2009). They are two of the most commonly used 

compounds in a larger class of chemicals known as perfluoroalkyl acids. The multitude of 

carbon-fluorine bonds present in both PFOA and PFOS make these compounds chemically 

stable, promoting resistance to environmental degradation and biotransformation (Giesy et 

al., 2010, Kudo and Kawashima, 2003). Both PFOA and PFOS are persistent organic 

pollutants and are present in detectable levels in humans and wildlife worldwide (Kudo and 

Kawashima, 2003, Suja et al., 2009). Excretion of these compounds is exceptionally slow, 

with an average half-life in humans on the order of 3–5 years (Kudo and Kawashima, 2003, 

Olsen et al., 2007). The stable chemical structures, as well as the slow rate of elimination, 

make PFOA and PFOS persistent organic pollutants with the potential to bioaccumulate and 

induce long-term health effects.

The primary sources of human exposure to PFOA and PFOS are consumption of food and 

water contaminated with either compound (D’Hollander et al., 2010, Domingo, 2012, 

Vestergren and Cousins, 2009). A recent study revealed that more than 98% of human serum 

samples examined in the United States contain detectable levels of PFOA/PFOS, which were 

dose dependently associated with positive liver function tests (Gleason et al., 2015). The 

general population of the United States has both PFOA and PFOS present in their blood at 

concentrations ranging from approximately 10–100 nM (Chang et al., 2014, Gleason et al., 

2015, Lau, 2012) (Figure 1). As expected, residents of the areas surrounding cities including 

Decatur, Alabama and Cottage Grove, Minnesota, where the 3M company manufactured 

PFOA and PFOS, had higher concentrations in their blood, as a consequence of watershed 

contamination. Similar results were found for residents surrounding Parkersburg, West 

Virginia where DuPont manufactured the fluorinated compounds (Chang et al., 2014, 

Emmett et al., 2006, Landsteiner et al., 2014, Lau, 2012). Occupational workers that came in 

direct contact with PFOA or PFOS had the highest concentrations present in their blood, 

approaching 10 μM or higher (Chang et al., 2014, Lau, 2012, Olsen et al., 2007). Although 

concerns of significant public health issues induced by PFOA and PFOS have caused 3M 

and DuPont to cease production of these compounds in the United States (Kudo and 

Kawashima, 2003), they continue to be manufactured and utilized worldwide (Suja et al., 

2009).

In rodents, both compounds distribute primarily to the liver and plasma (Kennedy et al., 

2004, Kudo and Kawashima, 2003). The phenotypic results of exposure to PFOA or PFOS 

include immunotoxicity, developmental toxicity and tumorigenesis (Lau et al., 2003, Lau et 
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al., 2004, Lau et al., 2006, Qazi et al., 2010). A multitude of effects are observed in the liver, 

including hepatomegaly, steatosis and hepatocellular carcinoma (Butenhoff et al., 2012, 

Kennedy et al., 2004, Qazi et al., 2010). Initial studies identified nuclear receptor 

peroxisome proliferator-activated receptor alpha (PPARα) as a potential target for PFOA- 

and PFOS-induced liver dysfunction (Bjork et al., 2008, Elcombe et al., 2012). However, the 

hepatomegaly induced by both fluorocarbons was still observed in studies using PPARα null 

mice (Abbott et al., 2007, DeWitt et al., 2009, Qazi et al., 2009). These PPARα-independent 

effects are attributed to other nuclear receptors, including the constitutive androstane 

receptor (CAR) and PPARγ (Rosen et al., 2008). Furthermore, the expression of PPARα in 

rodents is much greater than it is in humans (Cohen et al., 2003, DeWitt et al., 2009, Klaunig 

et al., 2003). These findings suggest other factors are involved in the hepatic effects that 

occur in response to PFOA and PFOS.

Hepatocyte nuclear factor 4-alpha (HNF4α) is considered the master regulator of hepatic 

differentiation (Bonzo et al., 2012, Hwang-Verslues and Sladek, 2010, Parviz et al., 2003). It 

regulates various hepatocyte specific processes including liver development, transcriptional 

regulation of liver specific genes, regulation of lipid metabolism and maintaining 

hepatocellular quiescence and differentiation (Watt et al., 2003). In mice, conditional 

hepatocyte specific deletion of HNF4α results in hepatomegaly and hepatic steatosis, a liver 

phenotype similar to that observed in rodents administered PFOA or PFOS (Bonzo et al., 

2012, Walesky et al., 2013b). A recent study indicated that PFOA exposure might reduce 

HNF4α expression in hepatocytes (Scharmach et al., 2012). These results suggest that 

HNF4α could be a relevant target of PFOA and PFOS in the liver. The goal of this study was 

to investigate the effects of occupationally relevant concentrations of PFOA and PFOS on 

HNF4α and its signaling network and to determine whether HNF4α down regulation could 

be a mechanism of PFOA- and PFOS-induced hepatic steatosis.

Materials and Methods

Materials

Unless otherwise noted, all materials were purchased from Sigma Aldrich (St. Louis, MO). 

Phenol red-free Williams’ Medium E and glutamine were purchased from Life Technologies 

(Grand Island, NY). For western blotting analysis, HNF4α antibody was purchased from 

R&D Systems (Minneapolis, MN). All other antibodies were purchased from Cell Signaling 

Technologies (Beverly, MA). Primers were ordered from Integrated DNA Technologies 

(Coralville, IA).

Isolation and culture of human hepatocytes

Primary human hepatocytes were isolated from liver explants by the Cell Isolation Core of 

the department of Pharmacology, Toxicology and Therapeutics at the University of Kansas 

Medical Center. All human tissues were obtained with informed consent from patients in 

accordance with ethical and institutional guidelines. The Institutional Review Board at the 

University of Kansas Medical Center approved this study. Hepatocytes were isolated using a 

standard multi-step collagenase procedure as described previously (Xie et al., 2014). At the 

time of isolation, cellular viability was 85% or greater. Cells were seeded to confluency in 
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collagen-coated 6-well plates at a density of 1 × 106 cells per well, and were cultured with 

phenol red-free Williams’ Medium E supplemented with 2 mM L-glutamine, 10 mM 

HEPES buffer, 100 nM insulin, 100 nM dexamethasone, 100 U/mL penicillin, 100 μg/mL 

streptomycin and 0.25 μg/mL amphotericin B. Cells were maintained in an incubator set to 

37°C and a humidified atmosphere of 95% air and 5% CO2. Cells were treated following a 

brief period of cell attachment.

Hepatocellular PFOA and PFOS exposure protocol

PFOA (free acid) and PFOS (potassium salt) were dissolved in dimethyl sulfoxide (DMSO) 

at a stock concentration of 100 mM. Hepatocytes were exposed to concentrations ranging 

from 10 nM to 10 μM of either PFOA or PFOS, or their vehicle control (0.01% DMSO, 

referred to as Veh throughout). These concentrations were chosen based on the observed 

serum concentrations measured in humans (Figure 1). Culture medium was changed every 

48 hours.

Assessment of PFOA- or PFOS-induced cytotoxicity

After exposure, cell death was assayed as described previously (Beggs et al., 2014). Briefly, 

culture supernatant was collected before 1% Triton in PBS was added for 30 minutes to lyse 

the cells. Both solutions were centrifuged at 600g for 5 minutes before ALT activity was 

measured as recommended by the manufacturer (Thermo Scientific, Marietta, OH). As a 

positive control for cell death, various concentrations of Triton dissolved in PBS were added 

to cells for 30 minutes before cytotoxicity was measured.

Protein isolation and Western blotting analysis

After treatment, protein was isolated using radio-immunoprecipitation assay (RIPA) buffer 

containing HALT protease and phosphatase inhibitors (Thermo Scientific) as described 

previously (Beggs et al., 2014, Walesky et al., 2013a). Briefly, protein concentration of cell 

extracts was determined using the bicinchoninic acid assay (Thermo Scientific). Protein 

expression of HNF4α and GAPDH was determined by loading 5–10 μg of protein onto 

NuPAGE 4–12% Bis-Tris gels (Life Technologies). Antibodies were diluted in 5% nonfat 

milk in Blotto to 1:2000 for HNF4α and NANOG, and 1:5000 for GAPDH. Secondary 

antibodies were diluted to 1:2000 in 5% nonfat milk in Blotto. Horseradish peroxidase 

(HRP) was visualized using SuperSignal® West Pico Chemiluminescent Substrate (Thermo 

Scientific).

RNA sequencing and Ingenuity Pathway Analysis

RNA was isolated from hepatocytes using TRI Reagent (Life Technologies). RNA Integrity 

was determined using an Agilent Bioanalyzer 2100 (Agilent Technologies; Santa Clara, CA) 

at the Genomics Core Facility of the University of Kansas Medical Center (Kansas City, 

KS). RNA sequencing and post sequencing bioinformatics analysis was conducted as 

described previously (Walesky et al., 2013a). Briefly, extracted RNA from cells treated for 

48 hours with 10 μM of PFOA or PFOS, or Veh was sequenced using an Illumina HiSeq 

2000 sequencer (Illumina, San Diego, CA). These genes were uploaded to Ingenuity 

Pathways Analysis (IPA, Ingenuity Systems) for gene set enrichment analysis.
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Real-time PCR

A NanoDrop 1000 spectrophotometer (Thermo Scientific) was used to determine the 

quantity and quality of the RNA collected. Complementary DNA (cDNA) was prepared 

from 1 mg of RNA using deoxynucleotide triphosphate mix, random primers, RNase 

Inhibitor, reaction buffer and reverse transcriptase as recommended by the manufacturer 

(Promega, Madison, WI). RNA expression was determined using an Applied Biosystems 

StepOnePlus™ Real-Time PCR System with SYBR Green PCR Master Mix (Applied 

Biosystems, Foster City, CA). Fold change in gene expression was determined using the 

ddCt method (Livak and Schmittgen, 2001). The expression of genes of interest was 

normalized to the expression of GAPDH in humans and 18S ribosomal RNA in mice. 

Human primers for PCR experiments were designed as follows: ADH1B, 5′ -
aagaagttttcactggatgcg- 3′ (forward) and 5′ -attgcctcaaaacgtcagga-3′ (reverse), AKR1B10, 

5′ -gtaatgccatcggtggaaaa-3′ (forward) and 5′ -gcttctcgatctggaagtgg- 3′ (reverse), CCND1, 

5′ -agaccttcgttgccctctgt- 3′ (forward) and 5′ -agttgttggggctcctcag- 3′ (reverse), CLDN1, 

5′ -tttgactccttgctgaatctga- 3′ (forward) and 5′ -catacacttcatgccaacgg- 3′ (reverse), 

CYP7A1, 5′ -gagaaggcaaacgggtgaac- 3′ (forward) and 5′ -ggattggcaccaaattgcaga- 3′ 
(reverse), GAPDH, 5′ -tgatgacatcaagaaggtggtgaag-3′ (forward) and 5′ -
tccttggaggccatgtgggccat- 3′ (reverse), HNF4α, 5′ -aagccgtccagaatgagc- 3′ (forward) and 

5′ -aatgtcgccgttgatccc- 3′ (reverse), PLIN2, 5′ -gtgagatggcagagaacggt- 3′ (forward) and 

5′ -agccccttacaggcataggt- 3′ (reverse), TAT, 5′ -caatgaaagatgccctggac- 3′ (forward) and 5′ 
-ccttagcttctaggggtgcc- 3′ (reverse). Murine primers for PCR experiments were designed as 

follows: 18S, 5′ -ttgacggaagggcaccaccag- 3′ (forward) and 5′ -gcaccaccacccacggaatcg- 3′ 
(reverse), AKR1B7, 5′ -ttctgattcggttccatgtcc- 3′ (forward) and 5′ -tccagttcctgttgaagctg- 3′ 
(reverse), CCND1, 5′ -gccctccgtatcttacttcaag- 3′ (forward) and 5′ -gcggtccaggtagttcatg- 3′ 
(reverse), and Egr1, 5′ -agcgccttcaatcctcaag- 3′ (forward) and 5′ -tttggctgggataactcgtc-3′ 
(reverse).

In silico docking

In order to identify the potential binding modes of PFOA and PFOS to HNF4α, an in silico 
molecular docking strategy was employed using the UCSF DOCK 6.0 software package 

(Allen et al., 2015). The crystal structure of HNF4α with myristic acid bound (1PZL) (Duda 

et al., 2004) was used as a receptor template. Myristic acid was removed and the HNF4α 
receptor structure was prepared using the DOCK PREP function in the UCSF CHIMERA 

software suite (Pettersen et al., 2004). All water molecules were removed from the solution 

structure as part of the docking preparations. Incomplete side chains with missing atoms in 

the original HNF4α structure were replaced using the Dunbrack rotamer library (Dunbrack, 

2002). Hydrogens were added to the receptor, and hydrogen bonds were identified where 

present. Partial charges were calculated for the receptor with the AMBER module 

ANTECHAMBER, using the Gasteiger method. Once preparation of the receptor had been 

completed, it was saved in MOL2 format. This is the input file format for the grid-based 

scoring function from DOCK 6.0. The accessory module GRID uses this structure to 

generate the scoring grids for electrostatic and van der Waals interactions with the docked 

ligands. As an initial control, the myristic acid ligand was redocked to the empty HNF4α 
receptor template (data not shown). The PFOA and PFOS ligands were docked into a 

structural pocket characterized by the accessory program SPHGEN_CPP (Allen et al., 
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2015). Before docking, each ligand was energy minimized using the Driedling criterion 

(Pettersen et al., 2004). The docking parameters tested more than 1000 orientations of each 

ligand molecule (both PFOA and PFOS), using a rigid receptor/flexible ligand docking 

model. Upon completion, PFOA and PFOS were then ranked based on total energy score, 

consisting of the non-bonded terms of the AMBER force field. The Kd(app), or apparent 

dissociation constant, was calculated using the overall GRID energy score as a proxy for 

ligand binding free energy (ΔG°bind) and the equation Kd = eΔG°/RT. The Kd(app) is only 

provided for simplicity sake and should not be considered to represent an empirically 

determined dissociation constant.

Animal studies

Animal studies were conducted by Dr. Christopher Lau at the USEPS/NHEERL according 

to protocols approved by the U.S. EPA ORD/NHEERL Institutional Animal Care and Use 

Committee as previously described (Rosen et al., 2010). Ten week-old male CD-1 mice were 

obtained from Charles River Laboratories (Raleigh, NC). Animals were allowed one week to 

acclimate and provided pellet chow (LabDiet 5001, PMI Nutrition International) and tap 

water ad libitum. Animal facilities were controlled for temperature (20–24°C) and relative 

humidity (40–60%), and operated under a 12-h light-dark cycle. Mice were administered 3 

mg/kg PFOA (ammonium salt) or 10 mg/kg PFOS (potassium salt) or their vehicle control 

(0.5% Tween-20) by oral gavage at a volume of 10 ml/kg, once daily for seven days. After 

treatment, mice were weighed and then sacrificed by exsanguination. The liver was removed 

and weighed. A section of the liver was fixed in 10% neutral buffered formalin for 48 hours, 

and further processed in paraffin. The blocks were sliced into 5-μM-thick sections and 

stained for proliferating cell nuclear antigen (PCNA). The rest of the liver was frozen in 

liquid nitrogen and stored at −80°C until it was used to prepare mRNA and RIPA extracts.

Statistics

All results are expressed as the mean ± the standard error of the mean. For all experiments 

not associated with RNA sequencing, two-tailed student’s t-test and when appropriate one-

way ANOVA were applied with p < 0.05 being considered significant. The criterion for 

significance for RNA sequencing results was an absolute fold change of at least ± 1.5 

relative to Veh control, and a q-value (the P-value adjusted for multiple hypothesis 

correction using the Benjamini-Hochberg procedure to control for false discovery rate) of ≤ 

0.05.

Results

Neither PFOA nor PFOS cause cell death of hepatocytes

Cytotoxicity of hepatocytes was determined by measuring ALT activity in culture 

supernatant, and normalized to total ALT activity measured in lysed cells. Compared to Veh 

controls, cytotoxicity measured was not different in hepatocytes after 48 or 96 hours of 

exposure to either PFOA or PFOS at any of the concentrations tested, including the highest 

concentration of 10 μM (Figure 2).
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PFOA and PFOS decrease Hepatocellular HNF4α protein expression

No change in HNF4α protein expression was observed after 48 hours of exposure to PFOA 

(Figure 3A and B). After 96 hours of exposure to 10 μM PFOA, hepatocellular expression of 

HNF4α protein was significantly decreased (Figure 3D and E). However, lower 

concentrations of PFOA did not affect HNF4α expression. Exposure of cells to 10 μM PFOS 

for 48 hours caused a 30% decrease in HNF4α protein expression that was reduced by 40% 

at 96 hours (Figure 3A, C, D and F). Interestingly, neither PFOA nor PFOS at any 

concentration caused a change in HNF4α mRNA at 48 and 96 hours (Figure 4).

PFOA alters the expression of genes involved in lipid metabolism

To identify the global gene expression changes induced by both chemicals, we performed 

RNA sequencing analysis of human hepatocytes treated with PFOA and PFOS (10μM 

concentration) for 48 hr. After 48 hours of exposure to PFOA, only 40 genes changed as 

compared to Veh control (20 upregulated and 20 downregulated). Table 1 depicts the top 10 

genes that were either upregulated or downregulated in response to PFOA. These results 

were subjected to Ingenuity Pathway Analysis (IPA) to identify patterns associated with the 

changes in gene expression. PFOA-induced changes in gene expression were largely 

associated with lipid metabolism and hepatic steatosis (Table 2). Other notable functions 

associated with the gene changes include cholestasis and liver hyperplasia.

PFOS alters the expression of genes involved in liver necrosis and carcinogenesis

Exposure to PFOS for 48 hours resulted in a greater number of gene changes compared to 

PFOA. PFOS exposure caused an upregulation of 89 genes and a down regulation in 592 

genes. Table 3 depicts the top 10 genes that were either upregulated or downregulated in 

response to PFOS. IPA identified these gene changes associated most notably with two main 

functions, liver necrosis and carcinogenesis (Table 4).

Predicted activation of upstream regulators in response to PFOA or PFOS

Further investigation into the gene changes caused by PFOA and PFOS revealed the 

potential for upstream regulators to be activated. In response to PFOA exposure, IPA 

suggests that the cells appear as though they have been exposed to PPAR agonists including 

rosiglitazone, WY-14,643 (pirinixic acid) and fenofibrate (Table 5). The software predicts 

that PPARα and PPARγ, the pharmacological targets of the aforementioned xenobiotics, 

might be activated by PFOA. In response to PFOS exposure, IPA suggests that the 

transcription factors NANOG and SOX11 are activated (Table 5).

HNF4α regulated genes altered in response to PFOA and PFOS

We further determined the number of genes that are putative targets of HNF4α in the overall 

gene changes induced by PFOA and PFOS. The identification of these HNF4α target genes 

has been published previously. We conducted an exhaustive microarray and a separate RNA 

sequencing analysis in wild type and HNF4α -KO mice. The genes that were significantly 

different (both up and down) were then compared to published ChIP sequencing analysis to 

identify the genes with HNF4α binding sites upstream of the promoter region in mice 

(Gunewardena et al., 2015, Walesky et al., 2013a, Walesky et al., 2013b, Walesky and Apte, 
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2015). Specific filters were used to identify human orthologs, and we confirmed these genes 

are also targets in humans. These analyses led us to identify several new negative targets of 

HNF4α, most of which are involved in stimulation of cell proliferation. In the present study, 

the bona fide targets of HNF4α were compared to genes changed by PFOA and PFOS 

treatment. Of the 40 total genes that were altered in response to PFOA, 11 of them are 

regulated by HNF4α (Table 6). PFOS exposure changed the expression of 681 total genes in 

hepatocytes, and HNF4α is an upstream regulator of 90 of these genes (Table 6).

RT-PCR analysis of common PFOA- and PFOS-altered genes and putative HNF4α targets

The relative expression of some putative HNF4α target genes, as well as genes commonly 

altered by both PFOA and PFOS in the RNA sequencing analysis, was determined after 96-

hour exposure. Both compounds significantly decreased the expression of positive targets of 

HNF4α (genes up regulated by HNF4α) including, CLDN1, CYP7A1, TAT and ADH1B at 

96 hours (Figure 5A–D). Similarly, exposure to either compound resulted in a significant 

increase in the expression of negative targets of HNF4α (genes suppressed by HNF4α) 

including CCND1, AKR1B10 and PLIN2 (Figure 6A–C). NANOG mRNA increased 

following exposure to either PFOA or PFOS, but this was not statistically significant (Figure 

6D). However, Western blot analysis confirmed a statistically significant increase in the 

protein expression of NANOG (Figure 6E and F).

In silico docking studies of PFOA and PFOS to HNF4α

To further elucidate the mechanism of HNF4α protein destabilization, we performed in 
silico docking studies with PFOA and PFOS using the previously determined HNF4α 
crystal structure (Duda et al., 2004) as a receptor template. This particular structure (1PZL) 

was chosen due to the fact that HNF4α had been crystalized with an endogenous ligand 

bound. All docking simulations were performed using UCSF DOCK in flexible ligand mode 

(Allen et al., 2015). In the highest scoring docking pose for the PFOA simulation, PFOA 

bound at a similar location and adopted an almost identical conformation as the endogenous 

ligand, myristic acid (Figure 7A). PFOA was shown to interact with HNF4α hydrophobic 

residues A222, L234, L236, V242, L249, V255, I259, I346, and I349. This pattern of 

interaction was nearly identical to that observed with the fatty acid ligand myristic acid in 

the previously determined crystal structure (Duda et al., 2004). In contrast, PFOS bound in a 

different location and with a significantly altered conformation compared with that of either 

the myristic acid or PFOA ligands, with the ligand bound on the periphery of the active site 

(Figure 7B). While multiple protein-ligand interactions were observed in both docked 

structures, a substantially different pattern of interaction was observed with PFOS, with the 

ligand primarily contacting the polar residues S132, M252, Q345, E248, E251, and M354 of 

HNF4α (Figure 7B). In this case, the negatively charged sulfate moiety, which is not present 

in the PFOA structure, forms intermolecular contacts with the amino group of residue Q345 

of HNF4α. While PFOA has a more favorable binding energy and Kd(app) compared to 

PFOS, the terms are comparable to that previously calculated for the myristic acid ligand 

(Table 7).
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PFOA and PFOS decrease HNF4α protein expression in murine livers

Lastly, to determine if PFOA and PFOS cause a decrease in HNF4a protein expression in 

animals, mice were administered Veh and either PFOA or PFOS for seven days. Both 

compounds caused an increased liver weight to body weight ratio compared to Control (Veh-

treated) mice (Figure 8A). Similar to results observed in human hepatocytes, both PFOA and 

PFOS caused a decrease in HNF4α protein expression in murine livers without affecting 

mRNA (Figure 8B). There was an increase in PCNA-positive cells observed in PFOA- and 

PFOS-treated mice compared to Control (Figure 8C), as well as an increase in the mRNA 

expression of a number of negatively-regulated HNF4α target genes (Figure 8D).

Discussion

Whereas PFOA and PFOS have been known to induce steatosis and proliferation in the liver 

(Butenhoff et al., 2012, Klaunig et al., 2012, Qazi et al., 2010), the mechanisms have not 

been completely understood. Recent studies have implicated HNF4α as potentially 

accountable for PFOA-mediated effects in human hepatocytes and cell lines (Buhrke et al., 

2015, Scharmach et al., 2012). Notably, conditional deletion of HNF4α in murine 

hepatocytes resulted in hepatomegaly and steatosis that mimic the hepatic phenotype 

observed after PFOA and PFOS administration (Walesky et al., 2013b). Our results 

corroborate that PFOA and PFOS induce hepatomegaly (Figure 8A) and suggest this might 

be the result of increased hepatocyte proliferation (Figure 8C). Based on these findings, we 

hypothesized that both PFOA and PFOS would cause HNF4α protein loss, and promote 

changes in the expression of genes associated with lipid metabolism and hepatocellular 

quiescence. Whereas HNF4α changes in PFOA and PFOS treated cells have been noted, this 

is a the first detailed analysis of HNF4α changes in human hepatocyte and mice after PFOA 

and PFOS treatment.

Previous studies have implicated PPARα in the hepatic effects of PFOA and PFOS. 

Interestingly, PPARα is transcriptionally regulated by HNF4α in mice (Martinez-Jimenez et 

al., 2010). This might explain the persisting phenotype observed PPARα null mice treated 

with PFOA and PFOS. Animal models focusing on PPARα signaling have received criticism 

for lacking translational relevance to humans that express less PPARα than rodents (Corton 

et al., 2014, Klaunig et al., 2003). We circumvented these issues by investigate the effect of 

PFOA and PFOS exposure on human hepatocytes.

Another important novelty of our study is the concentrations of PFOA and PFOS used in cell 

culture experiments. Our detailed literature survey demonstrated that 10μM concentration is 

most likely seen in occupational setting, which was used as the highest concentration in our 

studies. Majority of published studies have used significantly higher concentrations, which 

complicates data interpretation. Our studies conducted using human hepatocytes and 

occupationally relevant concentrations are is the closest to human situation. This was clear 

in the data as neither PFOA nor PFOS induced cytotoxicity (Figure 2), suggesting the 

observed results are not a consequence of cellular death, which is not observed in human 

exposure and validates our model.
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RNA sequencing analysis is a powerful tool to determine global changes in gene expression. 

Our analysis revealed that PFOA predominantly changed genes involved in lipid metabolism 

and hepatic steatosis (Table 2). One of the novel findings is that the upstream regulator 

analysis suggested that PFOA treatment may activate PPARγ in addition to PPARα. This is 

interesting because PPARγ activation is known to promote adipogenesis and steatosis in the 

liver (Gavrilova et al., 2003, Moran-Salvador et al., 2011, Tailleux et al., 2012). PPARγ 
regulates the expression of PLIN2 (Okumura, 2011, Schadinger et al., 2005) that can 

promote fatty liver disease (Imai et al., 2007, Okumura, 2011) and is induced by both PFOA 

and PFOS (Figure 6C). However, there is also evidence that indicates PPARγ can protect 

against steatosis in certain contexts (Kawaguchi et al., 2004). Further studies are required to 

determine. If any other antagonistic mechanism is also activated after PFOA treatment, 

which may decrease the anti-steatotic effect of PFOA.

Another important finding is that both compounds promoted changes associated with 

cholestasis signaling (Table 2 and 4). Potentially, this occurs as a result of decreased 

CYP7A1 mRNA (Figure 5B). HNF4α is a transcriptional regulator of CYP7A1 (Kir et al., 

2012, Sanyal et al., 2007), the rate-limiting enzyme involved in cholesterol catabolism and 

bile acid synthesis (Gilardi et al., 2007). In humans, CYP7A1 deficiency promotes 

hypercholesterolemia (Beigneux et al., 2002, Pullinger et al., 2002). Epidemiological 

evidence of individuals exposed to PFOA or PFOS suggest a positive correlation between 

exposure and increased serum cholesterol (Fu et al., 2014, Geiger et al., 2014, Kerger et al., 

2011). Thus, the observed increase in cholesterol in humans exposed to PFOA or PFOS 

potentially results from a loss of HNF4α function and decreased CYP7A1 transcription.

PFOS predominantly induced changes in the expression of genes involved in carcinogenesis 

and cell death signaling (Table 4). HNF4α is critical for maintaining hepatocellular 

differentiation (DeLaForest et al., 2011), and loss of HNF4α functionality can promote the 

development of hepatocellular carcinoma (Lazarevich et al., 2004, Ning et al., 2010). The 

PFOS-induced increase in NANOG and down regulation of TAT and ADH1B genes, 

markers of hepatocellular differentiation (Hamazaki et al., 2001, Parent and Beretta, 2008) 

are significant findings, which suggest a novel de-differentiation-based mechanism of 

hepatic effects induced by PFOS.

PFOA and PFOS caused a decrease in CLDN1 mRNA (Figure 5A). The claudin-1 protein is 

involved in maintaining cellular adhesion and the formation of cell junctions (Gunzel and 

Yu, 2013, Morita et al., 1999), and loss of claudin-1 in the liver can promote metastasis 

(Georges et al., 2012, Holczbauer et al., 2013). PFOA and PFOS also caused an induction of 

the AKR1B10 gene (Figure 6B) that is associated with the progression of hepatocellular 

carcinoma (Matkowskyj et al., 2014). Lastly, hepatocellular deletion of HNF4α in mice 

resulted in hepatomegaly and increased cell division, as well as an increase in the mRNA of 

promitogenic CCND1 and Egr1, and the AKR1B10 murine homolog, AKR1B7. These 

genes are all negatively regulated by HNF4α (Walesky et al., 2013b). Both PFOA and PFOS 

caused an increase in CCND1 mRNA in hepatocytes (Figure 6A) and murine livers (Figure 

8D). Collectively, these results suggest that PFOA and PFOS could promote hepatocellular 

dedifferentiation to a hepatoblast-type bipotential progenitor cell and might promote 

carcinogenesis of the human liver via HNF4α protein degradation.
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HNF4α is considered an orphan receptor, and various fatty acids have been implicated as the 

endogenous ligands (Duda et al., 2004, Wisely et al., 2002, Yuan et al., 2009). However, 

these fatty acids do not act as classical agonists for HNF4α-mediated transcription. Rather, 

the fatty acids are purported to maintain the structural integrity of the HNF4α homodimer 

(Wisely et al., 2002). The chemical structures of PFOA and PFOS are analogous to these 

fatty acids, which suggests that either compound might competitively interact with the 

ligand-binding domain of HNF4α and displace the endogenous fatty acids, potentially 

signaling for protein degradation. Our in silico docking results support this hypothesis. 

PFOA binds with similar affinity and conformation to the putative endogenous ligand 

myristic acid (Figure 7A). PFOS binds in a significantly different location, and with an 

altered conformation, on the HNF4α receptor (Figure 7B). Interestingly, the binding 

between PFOA and HNF4α tends to be governed by hydrophobic interactions, whereas 

there is a strong electrostatic component to the interactions between PFOS and HNF4α. 

Although the computationally determined apparent binding affinity (Kd(app)) for PFOS is 

lower than PFOA, the alternative binding location at the entrance to the endogenous ligand 

binding site might block endogenous fatty acid ligand binding and “lock” HNF4α into an 

inactive conformation, one that would not be capable of DNA binding or receptor 

dimerization. Given that the gene modulation effects seen in cell culture were noticeably 

stronger with PFOS over PFOA, this suggests that the altered binding arrangement of PFOS 

could promote a conformation of HNF4α that might be targeted for degradation.

Collectively, these results indicate that at occupationally relevant serum concentrations 

PFOA and PFOS cause a decrease in HNF4α protein expression in human hepatocytes, and 

promote changes in the expression of genes involved in lipid metabolism and 

carcinogenesis. The steatosis, hepatomegaly and hepatocellular carcinoma that occur in 

rodents might be a consequence of a loss of HNF4α protein function promoted by these 

fluorinated compounds, perhaps by interacting with the ligand binding domain of HNF4α 
and interfering with protein stability. This study has revealed a novel potential mechanism 

for PFOA- and PFOS-induced hepatic effects in humans, including fatty liver disease and 

liver cancer. These data also suggest that exposure to PFOA or PFOS might sensitize the 

liver to injury from a secondary insult such as obesity or chronic liver injury.
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Acknowledgments

This work was funded by The National Institutes of Health, grant numbers 1R01DK098414, P20 RR021940 and 
T32ES007079-34, and partially funded by the U.S. Environmental Protection Agency. The National Institutes of 
Health had no involvement in the design of this study or the interpretation of its results. The information in this 
document has been subjected to review by the National Health and Environmental Effects Research Laboratory of 
US EPA and approved for publication. Approval does not signify that the contents reflect the views of the Agency, 
nor does mention of trade names or commercial products constitute endorsement or recommendation for use. Ken 
Dorko and Hongmin Ni of the Cell Isolation Core at the University of Kansas Medical Center isolated human 
hepatocytes for experimental use.

Beggs et al. Page 11

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations

ADH1B alcohol dehydrogenase 1B

AKR1B10 aldo-keto reductase 1B10

ALT alanine aminotransferase

CCND1 cyclin D1

CLDN1 claudin 1

CYP7A1 cytochrome P450 7A1

DMSO dimethyl sulfoxide

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HNF4α hepatocyte nuclear factor 4-alpha

IPA Ingenuity Pathway Analysis

PFOA perfluorooctanoic acid

PFOS perfluorooctanesulfonic acid

PLIN2 perilipin 2

PPAR peroxisome proliferator-activated receptor

TAT tyrosine aminotransferase
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Highlights

• PFOA and PFOS cause decreased HNF4α protein expression in human 

hepatocytes

• PFOA and PFOS promote changes associated with lipid metabolism and 

carcinogenesis

• PFOA and PFOS induced changes in gene expression associated with cellular 

dedifferentiation

• PFOA and PFOS induce expression of Nanog, a transcription factor involved 

in stem cell development
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Figure 1. Human serum concentrations of PFOA and PFOS within different subpopulations of 
exposure in the United States
A literature review was conducted to determine concentrations of PFOA and PFOS in 

human serum of United States residents (Chang et al., 2014, Emmett et al., 2006, Gleason et 

al., 2015, Landsteiner et al., 2014, Lau, 2012, Olsen et al., 2007). Populations were 

categorized into three different groups based on the potential for exposure to either 

compound. General population data was collected from human blood banks across the 

United States and National Health and Nutrition Examination Survey (NHANES) data. 

Concentrations reported in the polluted city residents category included data collected from 

residents in the surrounding areas of the 3M facilities (Cottage Grove, MN and Decatur, AL) 

and the DuPont facility (Parkersburg, WV) responsible for the production of PFOA and 

PFOS. Concentrations reported in the occupational exposure group were observed in the 

serum samples collected from workers of the 3M and DuPont facilities.
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Figure 2. PFOA- and PFOS-induced cytotoxicity
Hepatocytes were treated with Veh control (0.01% DMSO) or 10 μM of either PFOA or 

PFOS. Cell culture supernatant was collected after 48 (A) and 96 (B) hours of exposure. As 

a positive control of cytotoxicity, one set of hepatocytes was treated with various 

concentrations of Triton X-100 for 30 minutes (white bars). After treatment, cytotoxicity 

was measured as described in Materials and Methods. Data for Veh, PFOA and PFOS 

represent the mean ± SEM of 4 separate experiments performed in duplicate.
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Figure 3. Concentration-response of HNF4α protein expression in hepatocytes exposed to PFOA 
or PFOS
Hepatocytes were exposed to Veh control or various concentrations of either PFOA or PFOS 

(10–10,000 nM) for 48 or 96 hours. After treatment, the expression of HNF4α and GAPDH 

was determined by western blot analysis. Densitometry quantification was performed on 

HNF4α and GAPDH bands. The expression of HNF4α in each treatment is represented as a 

fold change compared to Veh control. Representative blots of HNF4α and GAPDH 

expression after 48 hours (A). Densitometry of HNF4α in PFOA-treated cells (B). 

Densitometry of HNF4α in PFOS-treated cells (C). Representative blots of HNF4α and 

GAPDH expression after 96 hours (D). Densitometry of HNF4α in PFOA-treated cells (E). 
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Densitometry of HNF4α in PFOS-treated cells (F). * p < 0.05 compared to Veh-treated cells. 

Data represent the mean ± SEM of 3–5 separate samples.
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Figure 4. HNF4α mRNA expression
Hepatocytes were exposed to Veh control or 10 μM of either PFOA or PFOS. After 

exposure, mRNA was isolated. HNF4α expression was determined after 48 (A) and 96 (B) 

hours of exposure and normalized to GAPDH. Results are depicted as fold change relative to 

Veh treatment. Data represent the mean ± SEM of 6 separate samples.
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Figure 5. Genes downregulated by PFOA or PFOS
Hepatocytes were exposed to Veh control or 10 μM of either PFOA or PFOS for 96 hours. 

After exposure, mRNA was isolated. The expression of CLDN1 (A), CYP7A1 (B), TAT (C) 

and ADH1B (D) were determined, and normalized to GAPDH. Results are depicted as fold 

change relative to Veh treatment. * p < 0.05 compared to Veh-treated cells. Data represent 

the mean ± SEM of 6 separate samples performed in duplicate.
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Figure 6. Genes upregulated by PFOA or PFOS and NANOG expression
Hepatocytes were exposed to Veh control or 10 μM of either PFOA or PFOS for 96 hours. 

After exposure, mRNA was isolated. The expression of CCND1 (A), AKR1B10 (B), PLIN2 

(C) and NANOG (D) were determined, and normalized to GAPDH. Results are depicted as 

fold change relative to Veh treatment. NANOG protein expression was also determined after 

96 hours. (E) Representative blots of NANOG and GAPDH protein. (F) Densitometry of 

NANOG and GAPDH bands. * p < 0.05 compared to Veh-treated cells. Data represent the 

mean ± SEM of 3–6 separate samples performed in duplicate.
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Figure 7. PFOA and PFOS ligands docked to HNF4α
Ligands were docked into a vacant HNF4α receptor template (1PZL) using the program 

UCSF DOCK (Allen et al., 2015). PFOA (A) and PFOS (B) are represented as stick models, 

shown in tan, with individual functional groups color coded as per standard convention. The 

endogenous ligand (myristic acid) is overlaid in magenta in each structure, and depicted as a 

ball and stick model. Residues within 5 angstroms of each ligand binding site are labeled. 

Residues A173 through S369 in the HNF4α receptor have been cut away in each figure to 

make the ligand binding site more visible.
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Figure 8. HNF4α down regulation in livers of mice treated with PFOA and PFOS
(A) Liver to bodyweight ratios of mice treated with PFOA and PFOS. (B) Hepatic HNF4α 
Western blot (upper panel) and HNF4α mRNA expression (lower panel) in PFOA and PFOS 

treated mice. (C) Representative photomicrographs of PCNA stained liver sections of (i) 

control, (ii) PFOA and (iii) PFOS treated mice. Arrowheads point to PCNA positive cells. 

(D) Bar graphs showing unregulated expression of some of the negative target genes of 

HNF4α associated with cell proliferation after PFOA and PFOS treatment. * p < 0.05 

compared to Veh-treated mice. Data represent the mean ± SEM of 3–5 separate samples 

performed in duplicate.
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Table 1

PFOA-induced changes in gene expression

UPREGULATED DOWNREGULATED

Gene Name Fold Change Gene Name Fold Change

C2orf81 21.00 RP5-890E16.2 −7.11

MUC4 3.91 AC068580.5 −6.82

CIDEC 3.26 TRIM29 −5.27

CYP4A22 3.20 CYP7A1 −3.73

PLIN2 3.11 AP006285.1 −3.41

APOA4 2.99 CXCL10 −3.24

RP11-701P16.4 2.92 GFRA2 −3.23

ANGPTL4 2.79 UNC13D −2.62

CYP4A11 2.73 ADH1C −2.60

PCK1 2.64 ELN −2.55

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Beggs et al. Page 28

Table 2

Major biological and toxicological signaling pathways perturbed by PFOA

Biological Function Diseases or Function Annotation p-value Genes

Lipid Metabolism, Molecular 
Transport, Small Molecule 
Biochemistry

Concentration of Lipid 2.20E-8 ABCB11, ADH1C, ANGPTL4, APOA4, 
CIDEC, CPT1A, CREB3L3, PLIN2, TNFSF10

Gastrointestinal Disease, Hepatic 
System Disease

Cholestasis 4.06E-07 ABCB11, ADH1C, CYP7A1, TNFSF10, 
UGT2B10

Tissue Morphology Abnormal morphology of white 
adipose tissue

2.78E-06 CIDEC, PCK1, PLIN2

Toxicological Function Diseases or Function Annotation p-value Genes

Liver steatosis Hepatic steatosis 4.51E-6 ABCB11, CIDEC, CPT1A, CYP4A11, PCK1, 
PLIN2

Liver cholestasis cholestasis 4.06E-07 ABCB11, ADH1C, CYP7A1, TNFSF10, 
UGT2B10

Liver hyperplasia cholangiocarcinoma 8.59E-5 CPT1A, CYP4A11, PLIN2
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Table 3

PFOS-induced changes in gene expression

UPREGULATED DOWNREGULATED

Gene Name Fold Change Gene Name Fold Change

RP11-367J11.3 6.60 ALS2CR12 −20.44

NPAS1 6.31 SLC26A7 −17.42

NPPB 5.43 LINC00939 −8.38

C1orf106 5.03 ZNF540 −8.27

CTNND2 4.90 RP11-1023L17.1 −7.75

EGR1 3.82 CYP7A1 −7.13

KIF17 3.80 ZNF84 −6.88

RP11-277L2.4 3.43 CXCL10 −6.53

KRT8P32 3.37 PEG3 −6.24

EPHA4 3.36 HMGN5 −6.14
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Table 4

Major biological and toxicological signaling pathways perturbed by PFOS

Biological Function Diseases or Function Annotation p-value Genes

Cancer Adenocarcinoma 1.56E-34 351 different genes

Cell Death and Survival, 
Gastrointestinal Disease, Hepatic 
System Disease

Death of liver cells 4.50E-06 ATF2, CXCL10, CYP7A1, DICER1, FAH, FGL2, 
FOS, HMOX1, IER3, IL33, IL6ST, IQGAP2, 
ITGAV, PIK3R1, RB1CC1, REL, SEPP1, TBK1, 
TNFSF10, YES1

Lipid Metabolism, Small Molecule 
Biochemistry

Hydroxylation of lipid 1.12E-05 CYP2B6, CYP2C8, CYP3A4, CYP3A5, CYP4A11, 
CYP4A22, CYP7A1

Toxicological Function Diseases or Function Annotation p-value Genes

Liver necrosis/cell death Necrosis of liver 4.50E-6 ATF2, CXCL10, CYP7A1, DICER1, FAH, FGL2, 
FOS, HMOX1, IER3, IL33, IL6ST, IQGAP2, 
ITGAV, PIK3R1, RB1CC1, REL, SEPP1, TBK1, 
TNFSF10, YES1

Liver cholestasis Secretion of taurocholic acid 2.45E-03 ABCB11, HMOX1

Liver failure Failure of liver 1.21E-02 ABCB11, ADRA1A, DUSP1, FAH, HMOX1
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Table 5

Predicted activation of upstream regulators induced by PFOA and PFOS

Upstream Regulator Altered Target Molecules in Data Set Z-score

PFOA

rosiglitazone ANGPTL4, CIDEC, CPT1A, CXCL10, CYP2B6, PCK1, PLIN2 2.596

WY-14,643 ADH1C, ANGPTL4, APOA4, CIDEC, CPT1A, CREB3L3, CYP2B6, CYP4A11, CYP7A1, HMGCS2, 
PLIN2

2.579

fenofibrate ANGPTL4, CPT1A, CREB3L3, CYP4A11, CYP7A1 2.199

PFOS

SOX11 ADAM9, CD58, EGR1, IER2, IFIH1, IGIP, IL6ST 2.646

NANOG EGR1, FOS, HNRNPH1, MEIS1, NRIP1 2.000
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Table 6

HNF4α-regulates a multitude of PFOA- and PFOS-altered genes

    HNF4α -regulated Genes

PFOA ABCB11, ADH1B, APOA4, CIDEC, CPT1A, CYP2B6, CYP7A1, HPS5, MUC4, PCK1, TAT

PFOS AASS, ABCA6, ABCB10, ABCB11, ABCG5, ADH1B, ATF2, BLVRB, BLZF1, C6orf211, C8orf4, CAPZA2, CCDC82, CCP110, 
CD46, CEP83, CHST9, CIR1, CPED1, CPT1A, CRYZ, CYP2B6, CYP2C8, CYP3A4, CYP3A5, CYP7A1, DYNC2LI1, EDEM3, 
EGR1, EMC2, EPM2AIP1, EPPK1, EXO1, F11, F13B, GDF15, GOLGA4, GOLIM4, GRB14, IL6ST, JRKL, KRT7, LARP4, 
LIN7C, LRRC40, MIS18BP1, MLXIPL, NAMPT, NDUFA5, NEK7, NUAK2, PDCD10, PKM, PMS1, PRPF38B, RAD50, RBM41, 
RECQL, RMI1, ROCK1, RUVBL2, SCFD1, SCP2, SF3B1, SLC35A3, SLC38A4, SMC2, SRSF11, SSFA2, TAT, TDO2, TMEM123, 
TMF1, TPX2, TRAIP, TRAPPC8, TRIP11, TTC37, UFM1, UPF3B, USP15, ZBTB11, ZC3H15, ZNF146, ZNF224, ZNF277, 
ZNF300, ZNF345, ZNF644, ZRANB2
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