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Abstract

Polychlorinated biphenyls (PCBs) accumulate in adipose tissue and are linked to obesity and
diabetes. The congener, PCB52 (2,2°,5,5’-tetrachorobiphenyl), is found at high levels in school air.
Hydroxylation of PCB52 to 4-OH-PCB52 (4-hydroxy-2,2°,5,5’-tetrachorobiphenyl) may increase
its toxicity. To understand PCB52’s role in causing adipose dysfunction, we exposed human
preadipocytes to PCB52 or 4-OH-PCB52 across a time course and assessed transcript changes
using RNAseq. 4-OH-PCB52 caused considerably more changes in the number of differentially
expressed genes as compared to PCB52. Both PCB52 and 4-OH-PCB52 upregulated transcript
levels of the sulfotransferase SULT1E1 at early time points, but cytochrome P450 genes were
generally not affected. A set of genes known to be transcriptionally regulated by PPARa were
consistently downregulated by PCB52 at all time points. In contrast, 4-OH-PCB52 affected a
variety of pathways, including those involving cytokine responses, hormone responses, focal
adhesion, Hippo, and Wnt signaling. Sets of genes known to be transcriptionally regulated by
IL17A or parathyroid hormone (PTH) were found to be consistently downregulated by 4-OH-
PCB52. Most of the genes affected by PCB52 and 4-OH-PCB52 were different and, of those that
were the same, many were changed in an opposite direction. These studies provide insight into
how PCB52 or its metabolites may cause adipose dysfunction to cause disease.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) were used extensively in building materials such as
caulking, electrical light ballast fluid, and paints. While their production was banned several
decades ago, high levels of PCBs are persistent in food and air and are inadvertently
produced in in the making of silicone for kitchen cabinetry and colorants in paint (Jahnke
and Hornbuckle, 2019; Jahnke et al., 2022; Saktrakulkla et al., 2020; Schettgen et al., 2022).
PCBs are persistent organic pollutants and there is increasing evidence that exposure is
associated with neurotoxicity, cancer, and cardiometabolic disease, including diabetes (Clair
et al., 2018; Dirinck et al., 2011; Everett et al., 2011). There are 209 different congeners

of PCBs with varying numbers of chlorines attached to a biphenyl structure (Grimm

et al., 2015). The congeners can exhibit vastly different biological properties. Individual
PCB congeners are present at different levels as contaminants depending mainly on their
original source. Mixtures of PCB congeners, referred to as Aroclors, were used for different
industrial purposes. Studies from the lowa Superfund Research Program have demonstrated
that the signature of Aroclor 1254 is present at very high levels in school air (Bannavti et
al., 2021; Marek et al., 2017; Wang et al., 2020). The highest inhalation exposure in children
was experienced by the most active children in schools with the highest air concentrations
(Ampleman et al., 2015; Koh et al., 2016). Thus, PCB exposure, particularly in children, is a
major concern.

One of the most prominent congeners found in school air is PCB52 (2,2’,5,5’-
tetrachorobiphenyl)(Bannavti et al., 2021). The different Aroclors that were commonly used
for building materials and for other industrial purposes contain different percentages of
PCB52. For example, as assessed by gas chromatography-mass spectrometry, Aroclor 1260
was found to contain 0.24% PCB52 of the total PCB, whereas Aroclor 1254 contained
0.78%, Aroclor 3.2%, and Aroclor 1016 4.1% (Frame, 1997). Interestingly, school air has
high levels of PCB52 of approximately 10.5% of the total PCB mass detected (Wang et

al., 2022). This over-representation in school air is likely due to higher levels of emission
compared to other congeners present in the Aroclors used in the building materials. Despite
these high levels, very little is known about the toxicity of PCB52, particularly regarding its
effects on disease. PCB52 is known to cause hepatoxicity in rodents and in liver cell lines
(Xie etal., 2019). Toxic effects on mitochondria in liver have been noted (Mildaziene et

al., 2002a). PCB52 can be converted by the liver into hydroxylated and sulfated forms
(Espandiari et al., 2003; Robertson et al., 2000; Shimada et al., 2016). Accumulating
evidence indicates that PCB52, among other PCB congeners, can also be hydroxylated
through environmental mechanisms, likely microbial activity in sediments, raising the
concern that humans are exposed to more soluble and toxic breakdown products of this
prevalent PCB congener (Marek et al., 2013; Saktrakulkla et al., 2022).
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It has been demonstrated that people who are exposed to PCBs accumulate them to high
levels in fat and PCB52 is no exception (Beyer and Biziuk, 2009; Jackson et al., 2017).
PCB52 was found to accumulate to exceedingly high levels in adipose tissue in studies

in which school air mixtures were administered to rodents and naturally in animals that

are exposed to it in the wild (Wang et al., 2020; Wang et al., 2022). PCB52’s high

presence in adipose tissue makes it a candidate for altering adipose tissue function and
potential development of metabolic disease, including diabetes. One study found that PCB52
exposure was associated with the development of gestational diabetes, specifically (Zhang

et al., 2018). Another report from Germany demonstrated a significant association between
higher levels of HbAlc and PCB52 (Esser et al., 2016). These studies suggest a link between
PCB52 exposure and disruption of metabolism, but more research is needed.

Adipose tissue is critical for regulation of metabolism. The main cells found in adipose
tissue, adipocytes, not only accumulate and store lipid, they also secrete important
adipokines that can regulate other cells and tissues (Cohen and Spiegelman, 2016; Rosen
and Spiegelman, 2014). Adipocytes are also capable of thermogenesis through upregulation
of the uncoupling protein, UCP1 (Cohen and Spiegelman, 2015; Gourronc et al., 2020).
Adipocytes are generated through differentiation of preadipocytes. Disruption of the process
of adipogenesis is known to lead to aberrant adipocyte function, causing insulin resistance,
reduction in secretion of “good” adipokines, increase in proinflammatory factors, and fatty
acids that can then accumulate in other tissues such as muscle and liver (Kohlgruber and
Lynch, 2015). In previous studies, we found that preadipocytes, the precursors to adipocytes,
are particularly sensitive to toxicants such as PCB126 (Gadupudi et al., 2015; Gourronc et
al., 2022; Gourronc et al., 2018). These cells are derived from the stromal vascular fraction
of adipose tissue and largely resemble mesenchymal stem cells (MSCs). We propose that
preadipocytes, more so than adipocytes themselves, are major targets for toxicants that are
associated with obesity and diabetes.

While there are reports that indicate that PCB52 causes cytotoxicity in the liver (Espandiari
etal., 2003; Xie et al., 2019; Zhou et al., 2020), nothing is known about how PCB52

affects adipose tissue, specifically, preadipocytes. In this study, we use RNAseq to assess
how PCB52 causes changes in transcript levels over a time course in human preadipocytes
that may be associated with the development of cardiometabolic disease. Because PCB52 is
metabolized to hydroxylated forms by the liver and in the environment, we also assessed

the effects of the main hydroxylated form of PCB, 4-OH-PCB52 (4-hydroxy-2,2’,5,5’-
tetrachorobiphenyl), on human preadipocytes. Our results indicate that oxidation of PCB52
to an hydroxylated form significantly changes how it affects gene expression in this cell type
with 4-OH-PCB52 causing both more changes and changes that are more consistent over a
time course of exposure as compared to PCB52. Many of the genes and pathways altered

by PCB52 and 4-OH-PCB52 would be expected to have significant biological consequences
for adipose function, providing insight into how exposure to these compounds could lead to
metabolic disease.
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MATERIALS AND METHODS

Cell culture and treatments

The human preadipocyte cell line, NPAD (Normal PreADipocyte), has been described
previously (Gadupudi et al., 2015; Vu et al., 2013). It was derived from subcutaneous
adipose of a non-diabetic female donor. The cell line is immortal and can differentiate into
mature adipocytes that can be induced to beige.(Gourronc et al., 2020; Vu et al., 2013).
Early passage cells were cultured in PGM2 medium (Lonza). PGM2 medium contains 10%
FBS.

PCB52 was synthesized by reduction of 2,2’,5,5’-tetrachlorobenzidine with
hypophosphorous acid (Espandiari et al., 2003) and authenticated as described previously
(Li etal., 2018; Sethi et al., 2019). 4-OH-PCB52 was synthesized by Suzuki-coupling
reaction of 2,5-dichloro-4-iodoanisole and 2,5-dichlorobenzene boronic acid followed by
deprotection of the methoxy group with boron tribromide (Rodriguez et al., 2016). Both
study compounds were provided in the Synthesis core of the lowa Superfund Research
Program.

PCB52 or 4-OH-PCB52 were dissolved in DMSO and used at a concentration of 10 pM in
PGM2 medium for treatments. Cells that were approximately 90% confluent were treated

with PCB or vehicle (same concentration of DMSO as treatments) with complete medium
change. To determine how changes in gene expression occur over a time, treatments were

allowed to proceed for 9 hours, 1 day, or 3 days, a range of time points post-exposure that

we have previously shown to result in progressive changes in gene expression by PCB126
treatment (Gourronc et al., 2022), before the collection of RNA. Four biological replicates
were prepared for each timepoint and treatment.

RNA isolation and processing for RNAseq

RNA was isolated and prepared as previously described (Gourronc et al., 2022). Briefly,
cells were homogenized in 1 ml of TRIzol Reagent (Invitrogen). Total RNA from

the aqueous phase was further purified using RNeasy Columns (Qiagen). Transcription
profiling using RNAseq was performed by the University of lowa Genomics Division using
manufacturer recommended protocols. Briefly, 500 ng of Dnase I-treated total RNA was
used to enrich for polyA-containing transcripts using beads coated with oligo(dT) primers.
The enriched RNA pool was then fragmented, converted to cDNA and ligated to sequencing
adaptors containing indexes using the lllumina TruSeq stranded mMRNA sample preparation
kit (Cat. #RS-122-2101, lllumina, Inc., San Diego, CA). The molar concentrations

of the indexed libraries were measured using the 2100 Agilent Bioanalyzer (Agilent
Technologies, Santa Clara, CA) and combined equally into pools for sequencing. The

RNA concentration of the pools was measured using the Illumina Library Quantification
Kit (KAPA Biosystems, Wilmington, MA) and sequenced on the Illumina NovaSeq 6000
genome sequencer using 50 bp paired-end SBS chemistry.

Toxicol In Vitro. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gourronc et al.

Page 5

RNAseq bioinformatic analysis

Bioinformatic analysis was performed as previously described (Gourronc et al., 2022).
Briefly, four biological replicates were prepared per treatment and timepoint. Barcoded
samples were pooled and sequenced on an Illumina NovaSeq6000 located in the lowa
Institute of Human Genetics (IIHG) Genomics Division. A minimum of 25 million paired-
end 50 bp reads were obtained per sample. Reads were converted to fastq format with
bcl2fastq. The bebio-nextgen pipeline (v 1.2.2; https://github.com/chapmanb/bcbio-nextgen)
was run in “RNA-seq” mode to align reads against the hg19 reference genome using the
splice-aware hisat aligner. Alignments were stored as indexed BAM files (Kim et al., 2015;
Kim et al., 2019). Quantification of reads against the human transcriptome (GENCODE
19) was also performed using the sa/mon aligner.(Patro et al., 2017) Analysis of BAM

files showed that for all samples, ~95% of RNA-seq reads were uniquely mapped to the
reference, with ~90% of mapped reads originating in exonic regions. Additional QC was
performed with MultiQC (Ewels et al., 2016). All samples passed the QC thresholds. Each
treatment and time point had a minimum of 3 replicates.

Salmon transcript expression values were summarized to the gene level using tximport
(Soneson et al., 2015). Estimated, non-normalized gene-level counts from this procedure
were used for differential gene expression analysis with DESeqZ2 (Love et al., 2014). The
sets of differentially expressed genes (DEGSs) between PCB52- or 4-OH-PCB52-treated
and DMSO-treated cells at the same time points were converted to Excel files and are
provided in the GEO deposit. Code used to obtain the DE results in this analysis is
available online (https://github.com/mchimenti/klingelhutz_rnaseq_july2020_pch126/blob/
main/rnaseq_analysis DEseq2.Rmd). Raw and processed RNAseq data were deposited in
NCBI Gene Expression Omnibus (GEO) and are available for review (GSE205813).

Genes were considered differentially expressed (DE) if they exhibited an average log2fold

change of an absolute value of 0.3 compared to vehicle alone at the same time point

and a threshold of p=0.05 (FDR adjusted p-value of 0.05) for statistical significance. Meta-
Analysis in the iPathwayGuide software was used to determine what DE genes overlapped
between treatments and timepoints.

Sets of the DEGs were imported into iPathwayGuide commercial pathway enrichment
software (https://advaitabio.com/ipathwayguide) to perform proprietary “impact analysis” to
generate reports describing enriched pathways. Both the direction and type of all signals on
a pathway along with the position, role and type of each gene are considered (Draghici et
al., 2007; Khatri and Draghici, 2005; Nguyen et al., 2019). Briefly, these analyses include
two types of evidence to determine pathways: 1) the over-representation of DE genes in

a given pathway and 2) the perturbation of that pathway computed by propagating the
measured expression changes across the pathway topology. These aspects are captured

by two independent probability values, pPORA (perturbation over-representation) and pAcc
(perturbation accumulation), that are then combined in a unique pathway-specific p-value.
Only pathways with a p-value of less than or equal to 0.05 were included in the pathway
lists. Meta-Analysis in the iPathwayGuide software was used to determine what pathways
overlapped between treatments and time points.
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For prediction of upstream regulator genes in the iPathwayGuide software, the prediction is
based on information of two types which include the enrichment of differentially expressed
genes with consideration of direction of change and the network of regulatory interactions
from a proprietary knowledge base. For each upstream regulator, the number of consistent
DE genes downstream of the regulator is compared to the number of measured target genes
expected to be both consistent and DE just by chance. The iPathwayGuide software uses
an over-representation approach to compute the statistical significance of observing at least
the given number of consistent DE genes. The p-value of the prediction of an activated

or inhibited upstream regulator is calculated using the iPathwayGuide software. Upstream
regulators with a p-value of 0.05 or less were considered significant. Meta-Analysis in the
iPathwayGuide software was used to determine upstream regulators that overlapped between
treatments and timepoints.

Cytotoxicity Assay

To assess cytotoxicity of PCB52 and 4-OH-PCB52, NPAD cells were plated using PGM2 in
a manner to result in subconfluent cultures 1 day after plating (8,000 cells/well in 96-well
format). The following day, the media was replaced with vehicle or varying concentrations
of PCB52 or 4-OH-PCB52, all with the same concentration of DMSO in PGM2 media
containing 10% FBS. Cells were allowed to grow for the indicated times before assessment
of ATP production using Cell Titer-Glo (Promega). Luminescence units were converted to
percent of control for graphing purposes.

Quantitative RT-PCR

RNA was extracted by using TRIzol followed by Qiagen RNA columns and real-time
quantitative-PCR (RT-gPCR) was performed as described previously using at least three
replicates (Gourronc et al., 2018). The following primers were used for RT-qPCR:

GAPDH Forward 5’- AAGGTCATCCATGACAACTTTG, Reverse 5°-
GTAGAGGCAGGGATGATGTTCT

STMN2 Forward 5’-GGTGGCTTATTTGTGGATGCC, Reverse 5’-
AGCTTGAGTGAAAGTCCGCA

Statistical Analyses

Statistics on results of cytotoxicity assays were performed using GraphPrism. One-way
ANOVA using the Dunnett’s multi-comparisons test comparing results from at least

3 biological replicates was performed to compare percent viability at the different
concentrations with vehicle control at the same time point. Similar statistical analyses
were performed for the RT-gPCR assays. Statistical analyses of the RNAseq data that were
used to determine DE genes, affected biological pathways, and upstream regulators were
performed as described above.
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RESULTS

To determine how PCB52 or 4-OH-PCB52 affected gene expression in human preadipocytes
over a time course, we first wanted to determine a sublethal concentration that didn’t elicit
significant cytotoxic effects at the time points being assessed. We reasoned that significant
cytotoxicity would cause changes in gene expression related to cell death pathways and
obscure transcriptional changes caused by these compounds that might be important in
modulating biological function. Standard culture conditions (10% FBS, PGM2 media) and

a range of concentrations were used over a time course of 9 hours (9h), 1 day (1d), 2 days
(2d), and 3 days (3d). Viability was assessed by measuring ATP production (Cell Titer Glo,
Promega). PCB52 did not elicit a cytotoxic response at any of the concentrations used, (1,

5, 10, or 20 pM), or any of the time points, whereas 4-OH-PCB52 exhibited cytotoxicity
that was statistically significant only at the 20 uM concentration at the 1 day, 2 day and 3
day treatment time points (Supplemental figure 1). Since the 10 UM concentration did not
elicit significant cytotoxicity (i.e., was a sublethal concentration), we used this concentration
for our RNAseq studies. Since our previous studies using another PCB congener, PCB126,
demonstrated a progressive change in gene expression over a time-course of what can be
considered early (9h), middle (1d), and late (3d) post-exposure (Gourronc et al., 2022), we
decided to also use these three time points for PCB52 or 4-OH-PCB52 exposure.

Preadipocytes were exposed to vehicle, PCB52 or 4-OH-PCB52 for the indicated time
points, RNA was collected, and RNAseq analysis was performed (Figure 1). Transcripts
that exhibited statistically significant (adjusted p-value<0.05) differences in expression of
PCB-treated cells compared to vehicle control-treated cells at the same time point were
determined. Excel files containing all the genes that met the p<0.05 criteria have been
deposited with GEO, along with raw data files (GSE205813). The software program
iPathwayGuide (Advaita) was used to further process and analyze the data. Using an average
absolute value of log2 fold change of at least 0.3 and an adjusted p<0.05, we found that
exposure to PCB52 caused changes in a relatively small number of genes at all time points
with only 70 gene transcript changes at the 9h timepoint, 59 at the 1d timepoint, and 133

at the 3d timepoint (Table 1). As compared to PCB52, the hydroxylated form of PCB52,
4-OH-PCB52 caused many more genes to be differentially expressed compared to control
with 445 gene transcripts at the 9h time point, 418 at the 1d time point, and 335 at the 3d
time point (Table 1). In addition to more genes being changed, the magnitude of change
was greater in 4-OH-PCB52-treated cells compared to PCB52-treated cells (Figure 2). After
sorting by log2 fold change, the top 50 up- or down-regulated genes (or less if that number
was not reached) are presented in Supplemental Tables 1-6.

PCBs have been shown to induce the expression of Phase | (e.g., cytochrome P450s) and
Phase Il (e.g., sulfotransferases) enzymes, usually in the liver, that catalyze the metabolism
of PCBs leading to the formation of metabolites that could be more biologically active
(Routti et al., 2008). We did not observe upregulation of any of cytochrome P450 (CYP)
enzyme genes by PCB52 or 4-OH-PCB52 following exposure of preadipocytes. For other
genes that code for enzymes involved in the metabolism of organic compounds, the RNAseq
data demonstrated upregulation of the sulfotransferase, SULT1EL, at the early 9-hour and
1-day time points for both PCB52 and 4-OH-PCB52 (Supplemental Tables 1-4, Figure
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3A and B). 4-OH-PCB52, but not PCB52, upregulated another sulfotransferase, SULT1A1,
at all three time points (Supplemental Tables 2, 4, 6, Figure 3B). Hydroxylated PCB52
also upregulated the arylacetamide deacetylase, AADAC, an enzyme that catalyzes one of
the initial biotransformation pathways for arylamine and heterocyclic amine carcinogens
(Figure 3B) (Zhang et al., 2012). Interestingly, the parent PCB52 inhibited transcript levels
of this gene (Figure 3A). PCB52 also downregulated CYP26B1, a P450 gene that encodes
an enzyme involved in the specific inactivation of all-trans-retinoic acid to hydroxylated
forms, such as 4-oxo-, 4-OH-, and 18-OH-all-trans-retinoic acid (Figure 3A) (Isoherranen
and Zhong, 2019).

In addition to 4-OH-PCB52 altering expression of more genes than PCB52, changes
associated with exposure were also more consistent across time points for 4-OH-PCB52

as compared to PCB52. Using the same stringency as above (log2 fold change cutoff of

at least 0.3 and p<0.05), there were only 8 genes that were shared across all time points

for PCB52 treatment, all in the same direction of change (Figure 4A, Supplemental Table
7). In contrast, 91 genes were shared across all time points for 4-OH-PCB52 treatment,
with all in the same direction of change (Figure 4B, Supplemental Table 8). One gene

that stands out is STMN2 (stathmin 2). This gene had the highest fold-change and the
lowest p-value across all three time-points (Supplemental Tables 2A, 4A, 6A). For direct
comparison across PCB52 and 4-OH-PCB52 treatments and time points, RT-qgPCR was
performed. This verified a 7- to 10-fold upregulation of STMN2 as compared to vehicle at
all time points but little, if any, upregulation caused by PCB52 (Figure 3C). This gene codes
for a phosphoprotein that has been shown to be involved in microtubule dynamics (Chiellini
et al., 2008).

Very few gene changes were shared between PCB52 and 4-OH-PCB52 (Table 1). While
there was some overlap in genes that were affected by both PCB52 and 4-OH-PCB52 at
single time points, the direction of change in the gene transcripts was more often opposite in
the two groups than in the same direction. An example heatmap for genes that were shared
at the day 3 time point is shown (Figure 5A). Looking at all the time points, very few genes
(only 4) were commonly changed when comparing PCB52 and 4-OH-PCB52 treatments and
only one, FGF7 was changed in the same direction (Figure 5B).

Pathway analysis was used to place the gene transcript alterations into a biological

context. At the early time point of 9 hours, three pathways were found to be significantly
altered by PCB52 (Supplemental Table 9). These were the PPAR signaling pathway, the
insulin resistance pathway, and the cytokine-cytokine receptor interaction pathway. For
4-OH-PCB52, many more pathways were altered including cytokine-cytokine receptor
interaction, complement and coagulation cascade, TNF signaling, Hippo, NF-kappa B and
IL-17 signaling pathways, among others (Supplemental Table 10). Similar but not identical
pathways were altered by PCB52 or 4-OH-PCB52 at the 1d-time point (Supplementary
Tables 11 and 12).

With the idea that a longer exposure time would provide a better representation of stable
changes induced by the compounds, we focused on the longest exposure time point
of 3 days. Twenty-two biological pathways that were altered by PCB52 were mainly
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associated with inflammation and included chemokine signaling, cytokine-cytokine receptor
interaction, IL-17A signaling, PPAR signaling, and AGE-RAGE signaling (Supplemental
Table 13, Figure 6A). For 4-OH-PCB52, 51 pathways were predicted to be affected on

day 3, with some similar inflammatory pathways shared between PCB52 and 4-OH-PCB52
(Supplemental Table 14, Figure 6B). These include changes in pathways associated with
rheumatoid arthritis, cytokine-cytokine receptor interactions, AGE-RAGE signaling, NF-
kappaB signaling, IL17A signaling and PI3K-Akt signaling. Other pathways predicted

to be significantly changed by 3-day exposure to 4-OH-PCB52 included ECM-receptor
interaction, focal adhesion, and Wnt signaling. Interestingly, when comparing genes in
pathways that were similar between PCB52 and 4-OH-PCB52 treatments, many of the
changes were in opposing directions. For example, for the IL17A pathway, which was
considered altered for both PCB52 and 4-OH-PCB52, most of the genes in the pathway
were upregulated with PCB52 treatment but were downregulated for 4-OH-PCB52 treatment
(Figure 7).

Looking at pathways that were consistently altered across time points, the PPAR signaling
pathway was the only pathway considered to be commonly affected at all 3 time points
for PCB52 treatment (Table 2). In contrast, pathways in common across all time points for
4-OH-PCB52 treatment included complement and coagulation, cytokine-cytokine receptor
interaction, ECM-receptor, Hippo, stem cell pluripotency and Wnt signaling pathways
(Table 2).

A useful tool in iPathwayGuide is the upstream gene analysis that allows for a prediction of
upstream regulator genes based on the downstream genes that are altered and the direction
they are altered. The function gives a prediction as to whether the specific upstream
regulator is inhibited or activated. A pathway diagram is provided that shows the measured
and predicted relationships between the genes and the predicted upstream regulator. We
used this analysis to predict upstream regulators affected by PCB52 or 4-OH-PCB52. We
used the criteria that at least 2 of the 3 time points had to have the same predicted and
significant (FDR-adjusted p-value<0.05) upstream regulator. For PCB52, PPARa although
itself not downregulated at the transcript level, was predicted to be inhibited at all three
time points (Supplemental table 15, Figure 8A). This prediction is based on the lower
transcript levels of genes that PPARa is known to upregulate and the higher transcript levels
of genes that PPARa is known to suppress (Figure 8B). The genes in this group include
CPT1A, PLIN2, SLC25A20, and ANGPTL4, all of which have been implicated in the
development of obesity and diabetes, mainly through their effects on fatty acid metabolism
(Calderon-Dominguez et al., 2016; DiDonna et al., 2022; MacPherson and Peters, 2015).
Two other upstream regulators, CREBBP and EP300, were predicted by this analysis to be
inhibited by PCB52 at two of the three time points (Supplemental table 15, Supplemental
Figure 2). For 4-OH-PCB52 treatment, IL17A, a cytokine, and PTH, a gene that encodes
for parathyroid hormone, were predicted by upstream regulator analysis to be inhibited at
the later time points (Supplemental Table 15, Figure 9A and 9B). IL17A has also been
recently implicated in adipogenesis and the development of obesity and diabetes (Teijeiro et
al., 2021). PTH has been shown to be intricately involved in adipocyte browning (Breining
etal., 2021; Hedesan et al., 2019; Le et al., 2021).
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DISCUSSION

The effects of PCB52, one of the most prevalent PCB congeners found in school air, on

the biology of human cells have not been extensively studied. To begin to understand

how PCB52 and this hydroxylated metabolite might affect human health, particularly

the development of metabolic syndrome through effects on adipose tissue, we performed
RNAseq studies on PCB52- and 4-OH-PCB52-treated human preadipocytes. We found that
while both PCB52 and 4-OH-PCB52 affect genes involved adipocyte biology, they affect
gene transcription differently. Unexpectedly, there was little overlap in the pathways and
direction of transcript level changes. Oxidation of PCB52 to the hydroxylated metabolite
not only caused many more changes in human preadipocytes than the parent compound,
but the direction of the changes was often different, demonstrating the very different
biological activity of these two compounds. These findings demonstrate that hydroxylation
of PCB52 significantly alters its biological properties, which has important implications for
how PCB52 may cause disease.

Most metabolism of PCBs, including PCB52, would be expected to mainly take place in the
liver (Grimm et al., 2015). It is unknown if cells in adipose tissue, such as preadipocytes,
are capable of metabolizing PCB52 to 4-OH-PCB52 or any of its other metabolites. The
dramatic differences caused by 4-OH-PCB52 as compared to PCB52 would suggest that
preadipocytes do not readily convert PCB52 to 4-OH-PCB52 in cell culture. If there was
conversion, 4-OH-PCB52 would be generated in the PCB52-treated cultures, and it might
be expected that there would be more overlap in the genes and pathways and similar
changes in direction when comparing groups. Certain immortalized human cells such as
the liver cell line HepG2 are capable of metabolizing certain PCB congeners, particularly
those that are lower-chlorinated, such as PCB11, but not others (Rodriguez et al., 2018;
Zhang et al., 2020). P450 enzyme genes necessary for metabolism of these congeners

are often shut down in cultured cell lines (Takemura et al., 2021). In our studies using
immortal preadipocytes, we did not observe PCB52-associated upregulation of any P450
enzyme genes such as CYP2A6 that have been proposed to be needed for the formation
of 4-OH-PCB52 (Richardson and Schlenk, 2011; Shimada et al., 2016). PCB52 can also
be metabolized to 4-PCB52 Sulfate by sulfotransferases (SULTS). This sulfation depends
on initial oxidation of PCB52 to 4-OH-PCB52. Interestingly, we did detect upregulation
of the sulfotransferase gene SULT1E1 by both PCB52 and 4-OH-PCB52 and SULT1A1
by 4-OH-PCB52, suggesting that these enzymes might be active in preadipocytes. It is
therefore possible that 4-PCB52 Sulfate can be produced in preadipocytes, particularly in
the 4-OH-PCB52-treated cultures. Generation of sulfated metabolites could alter what genes
are affected, as it has been demonstrated that hydroxylated and sulfated metabolites cause
very different cytotoxic responses in cell culture (Rodriguez et al., 2018). Further studies
will be needed for addressing whether and how PCB52 is metabolized in cells, such as
preadipocytes and adipocytes, that are found in adipose tissue.

It is interesting that PCB52 metabolites can be found in sediments where high-level PCB
contamination has occurred (Marek et al., 2013; Saktrakulkla et al., 2022), indicating
biotransformation occurs in the environment. From both liver-specific and environmental
conversion of PCB52 to its metabolites, it is possible that humans are exposed to significant
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levels of the more biologically active PCB52 and other congener metabolites, and this
warrants further investigation.

The most consistent pathways found to be affected by PCB52 was the PPARa pathway.
PPARa is a ligand-activated transcription factor of a nuclear hormone receptor superfamily
comprising PPARa, PPARy, and PPARP/S (Issemann and Green, 1990). Activation of
PPARa reduces triglyceride levels, is involved in the regulation of fatty acid beta-oxidation,
and is a major regulator of energy homeostasis (Tsuchida et al., 2005). Indeed, genes in

the carnitine pathway were altered, mainly inhibited, by PCB52 at all time points that

were assessed. PPARa inhibition would be expected to affect mitochondrial function which
would likely lead to changes in the ability of adipocytes to regulate energy metabolism (Li
et al., 2005). PCB52 has been demonstrated to dysregulate mitochondrial function in rat
liver (Mildaziene et al., 2002a; Mildaziene et al., 2002b). While there have been no studies
directly linking PCBs in regulating PPARa levels, it has been demonstrated previously that
PPARa is inhibited in liver HepG2 cells by treatment with the PCB Aroclor 1260 mixture
(Wahlang et al., 2014). However, it is unclear if the PCB52 present in this complex Aroclor
mixture was responsible for the inhibition of PPARa. Our studies indicate that PPARa
was itself not downregulated by PCB52 at the transcript level. This would suggest that
PCB52 is somehow inhibiting the PPARa protein. PPARs are similar to steroid or thyroid
hormone receptor and are stimulated in response to small lipophilic ligands. PPARs bind

to co-activator complex to stimulate gene transcription. PCB52 could be inhibiting PPARa
directly or blocking the ability of another factor to stimulate PPARa. PCBs have been
previously implicated in binding to and inhibiting or activating steroid hormones (Wahlang
et al., 2016). The mechanism by which PCB52 inhibits PPARa is unclear and will be the
subject of future studies.

The various pathways that were consistently affected by 4-OH-PCB52 were quite diverse
and included complement and coagulation, cytokine-cytokine receptor interaction, ECM-
receptor, Hippo, stem cell pluripotency and Wnt signaling pathways. Individual time points
such as the day 3 exposure also included AGE-RAGE signaling in diabetic complications
as well as the NFxB pathway. These changes all point to potential mechanisms by which
4-OH-PCB52 could alter proinflammatory responses and differentiation in preadipocytes
and adipocytes. Upstream regulators predicted to be inhibited by 4-OH-PCB52 included
IL17A and PTH. Alterations in all these genes in preadipocytes could lead to potential
problems in adipocyte function and differentiation and play a role in the development of
cardiometabolic disease. For example, the IL17A axis has recently been shown to act in
adipocytes to suppress diet-induced obesity and metabolic disorders in mice (Teijeiro et al.,
2021). PTH has been shown to be important in adipocyte lipolysis and browning (Breining
et al., 2021; Hedesan et al., 2019). Transcript levels of IL17A or PTH were not changed by
4-OH-PCB52 exposure, indicating that the compound is affecting these pathways through a
mechanism that does not involve transcription regulation of IL17A or PTH.

One gene of interest that was found to be consistently upregulated by 4-OH-PCB52 at all
time points (highest fold-change and lowest p-value of any genes) was STMN2 (stathmin2).
This gene codes for a phosphoprotein that has been implicated in the microtubule
regulatory network as an important part of cytoskeletal regulation (Chiellini et al., 2008).
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Intriguingly, upregulation of this gene was found to be associated with age-related changes
in preadipocytes specifically (Cartwright et al., 2010), potentially implicating 4-OH-PCB52
in causing age-associated changes in preadipocytes. Further studies will be needed to
determine the relevance of STMN2 upregulation in these cells.

As noted above, both PCB52 and 4-OH-PCB52 upregulated transcript levels of the
sulfotransferase SULT1EL. SULT1EL has been previously implicated in sulfating estrogens
to inactivate them (Barbosa et al., 2019; Yi et al., 2021). Intriguingly, it has been shown in
previous studies that PCB52 inhibits activity of the SULT1E1 protein (Parker et al., 2018).

It is possible that transcription regulation is different. Several nuclear receptors, including
PPARa, CAR (constitutive androstane receptor), and ERa (estrogen receptor alpha) have
been implicated in SULT1EL transcriptional regulation (Yi et al., 2021) and the activity

of these may be affected by PCB52 and 4-OH-PCB52. How regulation of SULT1E1 by
PCB52 or its hydroxylated form affects adipocyte function and differentiation is currently
unknown. Another xenobiotic processing gene that was affected by both PCB52 and 4-OH-
PCB52 was AADAC (arylacetamide deacetylase), an enzyme that catalyzes one of the initial
biotransformation pathways for arylamine and heterocyclic amine carcinogens (Zhang et al.,
2012). The gene has been implicated in regulating triglyceride homeostasis (Konstandi et
al., 2019). Interestingly, PCB52 was found to downregulate AADAC whereas 4-OH-PCB52
had the opposite effect and downregulated it. What this means for preadipocyte or adipocyte
function is unknown.

Some caveats of the present study should be noted. One is that only one concentration of
PCB52 or 4-OH-PCB52 was used in the exposures of preadipocytes over the time course.
The 10 uM concentration was chosen because this was a sublethal concentration did not
cause significant cytotoxicity in the conditions of the experiment. It is a level that people
would not be exposed to. We used this high dose to ensure that the compounds would

cause robust changes in gene expression that could be detected. It is possible that lower
concentrations have differential effects and/or no effects at all, except for over a longer-term
exposure. The present findings provide motivation to perform further studies with a wider
range of concentrations over different lengths of time. We also should note that our studies
were performed in conditions of 10% FBS in the media. We used FBS to ensure good cell
growth. It is possible and likely that much of the PCB52 is bound up by the FBS, making it
unavailable to act on the cells. In fact, the concentration of 10 uM PCB52 would be expected
to be above the solubility limit in water. However, the PCBs are partitioned to albumin in
serum making their solubility in culture media appear much higher than that of pure water
(Zhang et al., 2020). Simulations based on octanol/water partitioning coefficients show that
with the use of 10% FBS media, ~99% of the PCBs partition to the albumin leaving only

a small fraction left soluble to interact with the cells in culture (unpublished). Thus, having
this amount of FBS requires higher levels of PCB52. Further, oxidation of PCB52 to an
hydroxylated form might not only change its biological activity but also make it more
available because the hydroxylated form may bind less to FBS. Future studies are needed to
precisely assess levels of PCB52 and metabolites in the cells and cell culture media (Zhang
et al., 2020). Further, experiments using less, or no, serum would be needed to address how
serum levels might change PCB availability, with the risk, though, of changing cell growth
or function. Finally, it should be noted that the various pathway analyses and upstream
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regulator results are based on predictions derived from available data in the literature and in
publicly available databases. Some of this information may not be completely accurate or
may not be applicable to preadipocytes. Thus, the predictions may be considered relatively
speculative. To draw causative associations and more definitive biological conclusions, it
will be necessary to perform additional in vitro and in vivo experiments.

Regardless of these caveats, our studies provide a framework for understanding how PCB52
exposure leads to cell dysfunction to cause disease. The rich dataset that we have generated
will be useful to other researchers who are studying how environmental toxins cause
cardiometabolic disease through effects on adipose tissue.
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HIGHLIGHTS
. RNAseq was performed on human preadipocytes exposed to PCB52 or 4-OH-
PCB52
. 4-OH-PCB52 caused considerably more changes in gene expression than
PCB52

. PCB52 or 4-OH-PCB52 often caused gene expression changes in opposite

. PCB52 inhibited expression of genes involved in the PPARa pathway
. 4-OH-PCB52 altered genes in cytokine, hormone, focal adhesion, and Wnt

direction

pathways
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Scheme of PCB52 and 4-OH-PCB52 treatments of preadipocytes over a time course.
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Figure 3:

Expression levels of individual genes across time points of PCB52 or 4-OH-PCB52
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CYP26B1

SULT1A1

treatments A. PCB52, B. 4-OH-PCB52, C. Stathmin-2(STMNZ2) transcript levels measured
by RT-gPCR. *p<-.05, ****p<0.001
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Figure 4:
Common genes altered by PCB52 or 4-OH-PCB52 compared to vehicle alone across all

time points A. PCB52 common gene changes at all time points. p<0.05, log2FC<0.3. B.
4-OH-PCB52 Common Changes at all Time Points. p<0.05, log2FC<0.3
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Figure 5:
Overlap between PCB52 and 4-OH-PCB52 treatments. A. Genes considered to be altered in

common between PCB52 and 4-OH-PCB52 treatments at day 3 post-treatment. Those genes
altered by PCB52 were sorted according to log2fold change, largest to smallest. B. Genes
altered in common between PCB52 and 4-OH-PCB52 across at least 2 of 3 time points.
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Figure 6:
Pathways considered to be altered by PCB52 (A) or 4-OH-PCB52 (B) at the day 3 time

point. The affected pathways were determined by iPathwayGuide analysis and a bubble plot
was generated using SRPLOT (bioinformatics.com.cn/en). The size of the bubble represents
how many genes in the pathway were affected and the color indicates significance (as
calculated by iPathwayGuide).
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Differentially expressed genes in the IL17A pathway at day 3 for PCB52 and 4-OH-PCB52

treated preadipocytes. Values represent log2fold change over vehicle control.
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Inhibition of PPARa pathway genes by PCB52 at different time points. A. Upstream
regulator analysis showing actual and predicted relationships between genes in the

PPARa pathway. Red Oval: Upregulated (actual); Blue Oval: Downregulated (actual);

Gray or White oval: Unchanged or undetected (actual); “A”: Activated (predicted);

“E”: Expression Inhibited (predicted); “I”": Inhibited (predicted); —Activation (predicted);
—| Inhibition (predicted). All time points were considered significant (p<0.05, FDR<0.05). B.
Differentially expressed genes in the PPARa pathway at all time points for PCB52-treated
preadipocytes. Values represent log2fold change over vehicle control.
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Figure 9:
Predicted upstream regulators affected by 4-OH-PCB52. A. Inhibition of IL17A by 4-OH-

PCB52 at different time points, B. Inhibition of PTH at different time points by 4-OH-

PCB52. Red Oval: Upregulated (actual); Blue Oval: Downregulated (actual); Gray or

1d

TNFRSF11B
-
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\

White oval: Unchanged or undetected (actual); “A”: Activated (predicted); “E”: Expression
Inhibited (predicted); “I”": Inhibited (predicted); —Activation (predicted);—| Inhibition
(predicted). ). Except where indicated, all pathways are significant (p<0.05, FDR<0.05).

ns=nonsignificant

Toxicol In Vitro. Author manuscript; available in PMC 2024 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gourronc et al.

Table 1:

Number of genes altered by PCB52 or 4-OH-PCB52 at different time points

Page 29

9 hrs
Number of genes
changed

1d
Number of genes
changed

3d
Number of genes
changed

Common genes at 2
of 3 time points®

Common genes at
all time points?

PCB52 70 59 133 32 8
4-OH-PCB52 445 418 335 228 90
Common genes 21 12 30 3 1

between PCB52 and 4-
OH-PCB52?2

Toxicol In Vitro. Author manuscript; available in PMC 2024 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gourronc et al.

Biological pathways altered by PCB52 or 4-OH-PCB52 across all time points

Table 2:

PCB52

Biological Pathway pv 9h pvid pv3d
PPAR signaling pathway 0.000277 | 0.029122 | 0.003131
4-OH-PCB52

Biological Pathway pv 9h pv1id pv 3d
Complement and coagulation cascades 1.41E-05 | 0.001733 | 0.004425
Cytokine-cytokine receptor interaction 1.05E-06 | 0.004758 | 3.86E-06
ECM-receptor interaction 0.000477 | 0.000703 | 7.08E-05
Focal adhesion 0.017636 | 0.019932 | 0.002017
Hippo signaling pathway 0.000854 | 0.027494 | 0.037106
Human papillomavirus infection 0.021398 | 0.029324 | 0.000811
Neuroactive ligand-receptor interaction 0.000013 | 0.000763 | 0.003003
Protein digestion and absorption 0.001687 | 0.023737 | 0.038139
Rheumatoid arthritis 0.001185 | 0.003154 | 3.47E-06
Signaling pathways regulating pluripotency of stem cells | 0.000609 | 0.013898 | 0.003633
Transcriptional misregulation in cancer 0.000827 | 0.012527 | 0.000219
Wht signaling pathway 0.021619 | 0.015331 | 0.002704
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