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Abstract

Background: Polycyclic aromatic hydrocarbons (PAHS) are ubiquitous pollutants originating
from petrogenic and pyrogenic sources. PAH compounds can cross the placenta, and prenatal PAH
exposure is linked to adverse infant and childhood health outcomes.

Objective: In this first human transcriptomic assessment of PAHSs in the placenta, we examined
associations between prenatal PAH exposure and placental gene expression to gain insight into
mechanisms by which PAHs may disrupt placental function.

Methods: The ECHO PATHWAY'S Consortium quantified prenatal PAH exposure and the
placental transcriptome from 629 pregnant participants enrolled in the CANDLE study.
Concentrations of 12 monohydroxy-PAH (OH-PAH) metabolites were measured in mid-pregnancy
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urine using high performance liquid chromatography tandem mass spectrometry. Placental
transcriptomic data were obtained using paired-end RNA sequencing. Linear models were fitted

to estimate covariate-adjusted associations between maternal urinary OH-PAHSs and placental gene
expression. We performed sex-stratified analyses to evaluate whether associations varied by fetal
sex. Selected PAH/gene expression analyses were validated by treating HTR-8/SVneo cells with
phenanthrene, and quantifying expression via gPCR.

Results: Urinary concentrations of 6 OH-PAHSs were associated with placental expression of

8 genes. Three biological pathways were associated with 4 OH-PAHSs. Placental expression of
SGF29and TRIP13as well as the vitamin digestion and absorption pathway were positively
associated with multiple metabolites. HTR-8/SVneo cells treated with phenanthrene also exhibited
23% increased 7R/P13expression compared to vehicle controls (p = 0.04). Fetal sex may modify
the relationship between prenatal OH-PAHSs and placental gene expression, as more associations
were identified in females than males (45 vs 28 associations).

Discussion: Our study highlights novel genes whose placental expression may be disrupted by
OH-PAHSs. Increased expression of DNA damage repair gene 7TR/P13may represent a response
to double-stranded DNA breaks. Increased expression of genes involved in vitamin digestion and
metabolism may reflect dietary exposures or represent a compensatory mechanism to combat
damage related to OH-PAH toxicity. Further work is needed to study the role of these genes in
placental function and their links to perinatal outcomes and lifelong health.

Keywords

Polycyclic aromatic hydrocarbons; Placenta; Transcriptomics; Developmental origins of health
and disease; TRIP13

1. Introduction

Polycyclic aromatic hydrocarbons (PAHS) are ubiquitous organic pollutants that originate
from petrogenic sources (non-combusted natural gas, crude oil and petroleum products)

and pyrogenic sources (incomplete combustion of organic matter (Li et al., 2008a). The
developing fetus is particularly vulnerable to environmental toxicants, and prenatal exposure
to PAHSs quantified in placental tissue or maternal urine has been linked to a variety of
adverse perinatal and early childhood outcomes, including decreased birthweight (Agarwal
et al., 2020; Doroodzani et al., 2021) and increased risk of preterm birth (Agarwal et al.
2018; Freije et al. 2022; Padula et al. 2014). Prenatal exposure to airborne PAHs has also
been positively associated with increased odds of cognitive developmental delays at age

3 in a population of inner city children (Perera et al. 2006). Prenatal exposure to PAH
metabolites 1-hydroxypyrene (1-OH-PYR) and 2-naphthol was associated with decreased
mental development scores (Ha et al. 2011). In the CANDLE cohort, 1-OH-PYR was
associated with increased risk of neuro-developmental delay, and mixtures of OH-PAH
metabolites were associated with lower language scores at age 2 (Wallace et al. 2022).
Taken together, these observational studies suggest that maternal PAH exposure during
pregnancy may cause alterations to the placental in-utero environment that result in perinatal
complications and lasting effects on offspring into childhood.

Environ Int. Author manuscript; available in PMC 2023 May 25.
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Common dietary sources of PAH exposure include fruits and vegetables, grain, seafood,
roasted beans, and smoked meat (Zelinkova and Wenzl 2015). PAHs also represent an
important component of air pollution that is often bound to particulate matter (Yang

et al., 2021). Ingestion and inhalation are the major routes of PAH exposure, resulting

in widespread detection of PAHSs in the US population (Ramesh et al. 2004; Woodruff
Tracey, Zota Ami, and Schwartz Jackie 2011). After ingestion, PAHSs are first oxidized via
cytochrome p450 enzymes (phase 1) to form epoxide intermediate metabolites, which are
then reduced or hydrolyzed to their hydroxylated metabolites which are excreted in urine
and feces (Ramesh et al. 2004). The half-life of urinary OH-PAH metabolites are relatively
short (<12 h) so the urinary concentrations of these metabolites reflect recent exposures,
including both inhalation and dietary exposures(Li et al. 2012). Accordingly, spot urine
measures of maternal urinary OH-PAH metabolites at different timepoints in pregnancy
exhibit low to moderate intraclass correlation coefficients (A. L. Cathey et al. 2020; A.
Cathey et al. 2018; Gaylord et al. 2022).Despite their short half-lives, urinary concentrations
OH-PAH metabolites are higher in individuals with known industrial exposure to PAHs (Gao
et al. 2016; Wu et al. 2021) in smokers (Li et al. 2008b), and in individuals with known
dietary PAH exposure (Li et al. 2010; Dobraca et al. 2018), highlighting the reliability of
these metabolites quantified in urine as indicators of PAH exposure. OH-PAH metabolites
measured in urine are commonly used surrogates for PAH exposures in epidemiological
assessments (A.L. Cathey et al. 2020; Alghamdi et al. 2015; Gao et al. 2016; Dobraca et al.
2018; Wu et al. 2021; Li et al. 2010; Z. Yang et al. 2021).

The fetal placenta is an ideal organ to study the molecular mechanisms underlying
perturbations in fetal development caused by in-utero environmental exposures, including
PAHSs. The placenta is a transient but essential fetal organ that is the master-regulator

of the fetal environment (Myatt 2006). The placenta controls gas exchange, transports
nutrients and waste, provides immunological defense, and is involved in maternal-fetal
communication (Burton and Jauniaux 2015), and produces neuropeptides, growth factors,
and steroid hormones, which are released into the maternal and fetal circulation (Mesiano
2009). Both low and high molecular weight PAH metabolites have been detected in the
placenta (Drwal, Rak, and Gregoraszczuk 2019). One study identified detectable levels of
16 PAH metabolites in umbilical cord blood, with low molecular weight PAH metabolites
having higher concentrations in cord blood than in the placenta and maternal blood (Dong et
al. 2018). The authors posited that this indicates PAHs cross the placenta and accumulate in
the undeveloped fetus, potentially due to the high levels of lipoproteins in the fetus (Dong et
al. 2018).

PAHSs disrupt cellular processes that are important for placental function and fetal
development. The reactive metabolites of PAHs form covalent adducts with DNA, which
causes DNA damage and can lead to pro-carcinogenic pathways (Henkler, Stolpmann,

and Luch 2012) This may have indirect effects of slowing cell cycle progression and
triggering DNA repair mechanisms such as TP-53 (Henkler, Stolpmann, and Luch 2012).
PAHs can activate the aryl hydrocarbon receptor (AHR), and thus upregulate the expression
and activity of enzymes that metabolize xenobiotics (Machala et al. 2001), which may

alter the metabolism of other xenobiotics or endocrine disrupting chemicals. PAHs have
also been shown to impact immune functions, including the inhibition of B cell, 7-cell

Environ Int. Author manuscript; available in PMC 2023 May 25.
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and myeloid cell development, and alteration of cytokine production (Patel et al. 2020).

PAH metabolites have multifaceted effects on placental physiology, including decreasing
angiogenesis, inducing trophoblast differentiation, and modulating proliferation (Drwal,
Rak, and Gregoraszczuk 2019). /n-vitro studies have revealed that PAHs disrupt placental
growth and function. The PAH compound Benzo (a) pyrene (BAP) induced secretion of
human chorionic gonadotropin and differentiation of the trophoblastic BeWo cells in a

AHR and p53 dependent manner (Le Vee et al. 2014), and was associated with increased
CYPI1A1 expression and inhibition of cellular proliferation in JEG-3 choriocarcinoma cells
(L. Zhang and Shiverick 1997). Extravillous trophoblast HTR-8/SVneo cells treated with
benzo[Ajfluoranthene, BAP, and 4,4-(9-fluorenylidene) diphenol exhibited decreased cell
viability and increased necrosis (Y. S. Jo et al. 2022). Concentrations of naphthalene, pyrene,
and phenanthrene that were equivalent to levels measured in maternal blood and/or placental
tissue caused increased cytotoxicity and exhibited endocrine disrupting effects, based on
progesterone and estradiol secretion in JEG-3 cells (Drwal et al. 2017).

Taken together, these disruptions to placental formation and structure may alter placental
function, ultimately resulting in disruptions to fetal development. For example, placental
levels of three PAHs (BAP, benzo[ b]fluorene, and dibenz[a,/]anthracene) were inversely
associated with both gestational age at delivery and birthweight, as well as increased PAH-
DNA adducts and differences in placental metabolite concentrations in 104 subjects residing
near superfund sites in Harris county, Texas (Suter et al. 2019). Moreover, PAH exposure
is associated with increased concentrations of important hormones that are involved in
pregnancy and parturition, including corticotrophin releasing hormone, estriol, and T3, and
decreased concentrations of progesterol (A. L. Cathey et al. 2020). This body of evidence
highlights several key mechanisms by which PAHs compromise fetal development through
the placenta.

The generation and analysis of -omics data from the placenta can reveal the effects of
maternal environmental exposures on placental function and fetal development (Breton
Carrie et al. 2017a; Everson and Marsit 2018; Lapehn and Paquette 2022). The
transcriptome captures the quantity of all genes that transcribed from the genome at a

given time, thus providing insight into underlying molecular signals within the cell (Pertea
2012). Prior studies have identified associations between the placental epigenome and/or
transcriptome and other markers of air pollution, including PM, 5, (Deyssenroth et al. 2021;
Enquobahrie et al. 2022; S.-I. Yang et al. 2020; Y. Zhao et al. 2021) PM;y (Abraham et

al. 2018), and NO, (Abraham et al. 2018; Ladd-Acosta et al. 2019). This body of literature
suggests that air pollution may disrupt placental functions, but chemical exposures within
airborne particles are not as well studied in the context of placental -omics (Lapehn and
Paquette 2022). However, a limited number of studies have identified associations between
exposure to PAHs and differences in gene and long non-coding (Inc)RNA expression in
other tissues. In an experimental model, treatment with a mixture of PAHs induced changes
involving cell cycle regulation, inflammation, DNA damage, and cellular adhesion in human
bronchial epithelial cells (Chang, Rager, and Tilton 2021). In a candidate gene study
conducted in industrial workers highly exposed to PAHs, urinary concentrations of 1-OH-
PYR were significantly correlated with expression of INcRNAs MALATI and HOTAIR in
peripheral blood leukocytes (Gao et al. 2016).

Environ Int. Author manuscript; available in PMC 2023 May 25.
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Fetal sex is a substantial contributor to differences in placental physiology and function,
where male placentas are smaller in relation to body size than females, making them more
efficient but with less reserve capacity and potentially more susceptible to environmental
perturbations (Eriksson et al. 2010). Widespread sex differences in gene expression

have been noted at the transcriptomic level (Braun et al. 2021; Buckberry et al. 2014),
including genes involved in immune signaling, cell growth and proliferation, and placental
development. Increasing evidence suggests that fetal sex may also have an impact on
placental response to environmental exposures (Marsit 2015; Tarrade et al. 2015), and we
have identified sex-specific differences in the placental transcriptome in relation to maternal
phthalate exposure (Paquette. et al., 2021) as well as maternal PM, 5 exposure (Enquobahrie
et al. 2022). We have also observed sex-specific relationships between specific OH-PAH
metabolites and gestational duration (Freije et al. 2022), with 1-OH-PYR associated with
increased risk of preterm birth and 2-OH-NAP associated with earlier gestational length in
females, and 2/3/9 OH-FLOU associated with decreased risk of preterm birth in males. Sex
specific transcriptomic responses to phenanthrene have been observed in fathead minnows
(Loughery et al. 2021), but to our knowledge this has not been investigated in humans.

Based on this body of evidence, we hypothesized that OH-PAH metabolite concentrations
would be associated with differences in the placental transcriptome, including genes and
IncRNAs. Herein, we comprehensively characterize the relationship between concentrations
of individual OH-PAH metabolites quantified in urine collected in mid pregnancy and

the placental transcriptome at birth. Based on sexual dimorphisms in the placental
transcriptomic landscape (Buckberry et al. 2014) and other studies demonstrating sex-
specific differences in responses to other environmental chemicals, we further considered
fetal sex as a potential modifier of the relationship between PAH metabolites and the
placental transcriptome. These findings provide insight into how prenatal exposure to PAHs
may disrupt placental function at a molecular level.

2. Methods

2.1. Study participants

The CANDLE study (Conditions Affecting Neurocognitive Development and Learning in
Early Childhood) is a prospective pregnhancy cohort study set in Shelby County TN from
2006 to 2011, and has been described in detail previously (Sontag-Padilla et al., 2015).
Within the CANDLE Cohort, the ECHO-PATHWAY'S consortium generated placental RNA
sequencing data from 794 participants and measured maternal urinary PAH concentrations
from 904 participants. (LeWinn et al. 2022) Exclusion criteria for the CANDLE study
included confirmed clinical chorioamnionitis, oligohydramnios, infarction or previa, fetal
chromosomal abnormalities. In this analysis we also excluded individuals with placental
abruptio as well as individuals with tobacco exposure during pregnancy, based on maternal
self-report or a prenatal urinary cotinine>200 ng/dl, which is commonly used to define
smokers (Schick et al. 2017). Covariate data including maternal race, ethnicity, age, and
education were self-reported at the enrollment visit; fetal sex, labor type and delivery status
were ascertained from medical record abstraction by a registered nurse (Sontag-Padilla et
al., 2015). Analyses included participants with complete RNA sequencing data and PAH

Environ Int. Author manuscript; available in PMC 2023 May 25.
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measurements and no missing covariate data (N = 629). All research activities for the
CANDLE cohort were approved by the Institutional Review Board (IRB) of the University
of Tennessee Health Sciences Center. Analyses were conducted as part of the ECHO
PATHWAYSS study and were approved by the University of Washington IRB.

2.2. Collection of maternal urine and quantification of OH-PAH metabolite concentrations

Maternal urine was collected using polypropylene containers from participants during
clinical visits, typically during the second trimester of pregnancy (range: 15.3 weeks-28.7
weeks, mean 22.9 weeks) (Sontag-Padilla et al., 2015). Samples were processed and

stored at —80 °C in the study repository of the University of Tennessee Health Science
Center Department of Pathology. Detailed methods of OH-PAH measurements within

this cohort have been described previously (Freije et al. 2022; Wallace et al. 2022;

Loftus et al. 2022). Twelve OH-PAH metabolites were determined using a Waters

Acquity I-class ultra-performance liquid chromatography system (Waters; Milford, MA,
USA). Identification and quantification of OH-PAH metabolites was performed on an
ABSCIEX 5500 triple quadrupole mass spectrometer (Applied Biosystems; Foster City,
CA, USA). These 12 OH-PAH metabolites included two metabolites of naphthalene (1-
hydroxynaphthalene [1-OH-NAP], 2-hydroxynaphthalene [2-OH-NAP]), four metabolites
of phenanthrene (combined 2-hydroxyfluorene, 3-hydroxyfluorene, and 9-hydroxyfluorene
(2/3/9-OH-FLUOQ), combined 1-hydroxyphenanthrene and 9-hydroxyphenanthrene [1/9-OH-
PHEN]), 2-hydroxyphenanthrene [2-OH-PHEN], 3-hydroxyphenanthrene [3-OH-PHEN],
4-hydroxyphenanthrene [4-OH-PHEN], 1-hydroxypyrene (1-OH-PYR), 3-hydroxybenzo[c]
phenanthrene (3-OH-BCP), two metabolites of hydroxychrysene (1-hydroxychrysene [1-
OH-CHRYT], 6-hydroxychrysene [6-OH-CHRY1), and 1-hydroxybenz[g]anthracene (1-OH-
BAA). Procedural and instrument blanks were included for quality control. Specific gravity
was determined using a handheld refractometer. For samples with concentrations below

the limit of detection (LOD), the concentration was reported as the LOD/V2. Only those
OH-PAH metabolites that were detected in > 70% of samples were included in the analysis,
in alignment with prior studies by our group and others which have analyzed urinary
metabolites of PAHS (Freije et al. 2022; A. L. Cathey et al. 2020; Wallace et al. 2022;
Dobraca et al. 2018; Loftus et al. 2022). Cotinine was measured in maternal urine, as
previously described (Ni Yu et al., 2021; Paquette et al., 2021).

2.3. Placental sample processing and RNA sequencing

Placental tissue sampling, RNA isolation, RNA sequencing have previously been described
for CANDLE participants (Enquobahrie et al. 2022; Paquette et al., 2021.). Briefly,
immediately following delivery, placental villous tissue was dissected from the placental
parenchyma and cut into four approximately 0.5 cm cubes. The tissue cubes were stored in
RNAIlater and refrigerated at 4 °C overnight (at least 8 h but no >24 h), then transferred

to an individual 1.8 ml cryovial containing fresh RNAlater. The cryovials were stored at —
80 °C, and the fetal villous tissue was manually dissected, and cleared of maternal decidua.
Following dissection, the fetal samples were placed into RNAlater and stored at —80 °C.
Approximately 30 mg of fetal villous placental tissue was used for RNA isolation. Tissue
was homogenized in tubes containing 600 uL buffer RLT Plus with B-mercaptoethanol
using a TissueLyser LT instrument (Qiagen; Germantown, MD). RNA was isolated using

Environ Int. Author manuscript; available in PMC 2023 May 25.
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the AllPrep DNA/RNA/mMiRNA Universal Kit (Qiagen, Germantown, MD) according to the
manufacturer’s recommended protocol. RNA integrity was determined with a Bioanalyzer
2100 using RNA 6000 Nanochips (Agilent; Santa Clara, CA). Only RNA samples with an
RNA Integrity Number (RIN) > 7 were sequenced.

RNA sequencing was performed at the University of Washington Northwest Genomics
Center (NWGC). Total RNA was poly-A enriched and cDNA libraries were prepared using
the TruSeq Stranded mRNA kit (Illumina, San Diego, CA). Each library was sequenced

to an approximate depth of 30 million reads on an lllumina HiSeq 4000 instrument. De-
multiplexed BAM files were converted to FASTQ format using Samtools bam2fg. RNA
sequencing quality control was performed using both the FASTX-toolkit (v0.0.13) and
FastQC (v0.11.2) (Brown, Pirrung, and McCue 2017). Transcript abundances were estimated
by aligning to the GRCh38 transcriptome (Gencode v33) using Kallisto (Bray et al. 2016),
then collapsed to the gene level using the Bioconductor tximport package, scaling to the
average transcript length (Soneson, Love, and Robinson 2015). Only protein-coding genes
(N =12,839) and IncRNAs (N = 1,079) were included in this analysis. Data is available
upon reasonable request, in alignment with ECHO PATHWAY S collaboration guidelines
(LeWinn et al. 2022).

2.4. Identification of differentially expressed genes (DEGS)

Differentially expressed mRNASs associated with each OH-PAH metabolite were identified
using the limma-voom pipeline (Law et al. 2014). Gene counts were scaled to library

size (normalized using a trimmed mean of M—-values) (Robinson and Oshlack 2010) and
converted to log counts/million (log CPM). After filtering to remove unreliably expressed
genes (defined as average logCPM < 0), observation-level weights were computed based on
the relationship between the mean and variance of the log CPM values. Separate models
were run for each OH-PAH metabolite, which was analyzed as a continuous variable,

and our effect estimates represent log CPM/OH-PAH concentration in ng/ml. For each
separate model, we identified unmeasured confounding (such as from unmeasured covariates
or cellular heterogeneity) using surrogate variable analysis (SVA), and adjusted for these
surrogate variables (N = 35) in our model (Leek and Storey 2007). We performed adjustment
for multiple comparisons using the Benjamini-Hochberg approach (Benjamini and Hochberg
1995), and genes were considered statistically significant at a false discovery rate (FDR)
adjusted p < 0.05.

We selected potential confounders a priori by reviewing research literature to identify factors
associated with PAHs and the placental transcriptome. We also adjusted for experimental
variables. Our models included urine specific gravity, RNA sequencing batch, fetal sex,
labor status, delivery method, maternal smoke exposure reflected in maternal urinary
cotinine concentration (continuous), maternal age (continuous), maternal pre-pregnancy
BMI, and maternal education, maternal race (Black vs other) and maternal ethnicity (Non-
Latino/Hispanic vs Latino/Hispanic). Covariate adjustment and groupings for race was
performed in a manner consistent with prior transcriptome analyses in the CANDLE cohort
(Enquobahrie et al., 2022; Paquette et al, 2021.). To assess effect modification by child sex,
we performed a sex-stratified analysis, and adjusted for all variables described above. A

Environ Int. Author manuscript; available in PMC 2023 May 25.
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complete overview of the sample collection and a directed acyclic diagram are provided in
Supplemental Figure S1.

2.5. Pathway enrichment analysis

To identify pathways with significant associations between gene expression and each
individual OH-PAH metabolite, we applied a self-contained gene set test using the FRY
method (Giner and Smyth 2016). The FRY method tests that the average #statistic for

each gene set is larger than expected under the null hypothesis. We included all Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathways (Kanehisa et al. 2016) except
disease pathways (KEGG release 98.1). As this was an exploratory analysis, pathways were
considered statistically significant at FDR < 0.1.

2.6. Cell culture and PAH treatment conditions

HTR-8/SVneo cells were obtained from ATCC (#CRL-3271, Batch: 70016636) and were
cultured at 37 °C with 5% CO in 6-well tissue culture dishes using RPMI-1640 with L-
glutamate supplemented with 10% fetal bovine serum (FBS), 1% penicillin—streptomycin (P
—S), 1 mM sodium pyruvate, and 10 mM HEPES. Phenanthrene was acquired from Sigma
Aldrich (#P11409) and prepared fresh in 100% DMSO before dilution in cell culture media.
HTR-8/SVneo cells were treated with DMSO (0.05%), 5 ng/ml or 50 ng/ml phenanthrene
(containing a final concentration of 0.05% DMSO) with three replicates per condition for 24
hours.

2.7. RNA isolation, reverse transcription, and gPCR validation

RNA isolation was performed with the Pure Link RNA Mini Kit (Invitrogen) following
manufacturer’s instructions using 300 pL lysis buffer per sample well. RNA quality and
concentration was assessed using a nanodrop with average RNA concentration across
samples of 183.6 ng/uL and average 260/280 ratios of 2.07. cDNA was reverse transcribed
from 1 pg RNA using the iScript cDNA Synthesis Kit (Bio-Rad). No reverse transcriptase
(NRT) controls were included in the reverse transcription reaction with nuclease free H20
used in place of the reverse transcriptase enzyme. Real time quantitative PCR (qPCR)

was performed using TagMan Fast Advanced Mastermix (Thermo Fisher) with TagMan
Gene Expression Assays (FAM-MGB) following the manufacturer’s protocol. SDHA was
used as a housekeeping gene (TagMan Assay ID: Hs00188166_m1) and 7R/P13was the
gene of interest (TagMan Assay ID: Hs01020073_m1). Each sample was run in technical
triplicates with duplicates of NRT controls and two no template controls (NTC) per TagMan
gene expression assay. The qPCR was run on a CFX96A machine (Bio-Rad) following the
protocol outlined in the TagMan instruction manual for single-tube assays. Fold Changes
were calculated relative to DMSO with normalization performed based on the SDHA
housekeeping gene expression following the AACt calculation method. No amplification
was detected in NRT or NTC controls.

3. Results

Urine was collected from CANDLE participants (Ages 16-41, median age 28) at a clinic
visit conducted between 15.29 and 28.71 weeks into the pregnancy (median urine collection

Environ Int. Author manuscript; available in PMC 2023 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Paquette et al.

Page 9

timepoint 22 weeks 6 days, standard deviation 3 weeks), which was used for quantification
of OH-PAH metabolites. Placental samples were collected at the end of gestation (median
gestational age 39.14 weeks, standard deviation 1.5 weeks) with 578 (92.6%) participants
delivering after 37 weeks of gestation. Covariate data is described in Table 1. The majority
of individuals in this cohort identified as Black (56.8% of participants) or White (37.7% of
participants). The remaining participants (5.56%) identified as either multiple race, Asian,
or other. Most participants underwent labor (81.4%) and delivered vaginally (60.73%. The
distribution of sex across placental samples was similar. While confounding and precision
variables were selected a priori (See Figure S1), we also performed differential gene
expression analyses in relation to these variables and identified DEGs associated with every
confounding variable included, based on a cutoff of FDR-adjusted p < 0.05 (Table S1).
The covariates associated most strongly with the placental transcriptome included RNA
sequencing batch, maternal race, maternal education, and labor status.

Seven OH-PAH metabolites were detectable (above the LOD) in > 70% of samples

(Table S2). Complete OH-PAH metabolite data is shown in Fig. 1 and described in

Table 2. 2-hydroxynaphthalene (2-OH-NAP) and 1-hydroxynaphthalene (1-OH-NAP) had
the highest concentrations in maternal urine (mean concentration 7.66 ng/ml and 4.06
ng/ml respectively). 1-OH-NAP and 2-OH-NAP were strongly correlated with each other
(R =0.79), but not as strongly positively correlated with other OH-PAH metabolites (R
0.12-0.17, see Fig. 1B). 1-OH-PYR, 2/3/9-OH-FLUO, 3-OH-PHEN, and 1/9-OH-PHEN
were all strongly positively correlated with each other (R 0.75-0.9). 2-OH-PHEN was

not significantly correlated with 1-OH-NAP or 2-OH-NAP, but was correlated with other
OH-PAH metabolites (R 0.53-0.63).

In our fully adjusted models, placental expression of eight genes was significantly associated
with urinary concentrations of six OH-PAH metabolites (FDR adjusted p < 0.05; Table

3, Supplemental Fig. 2). These 11 significant relationships between OH-PAH metabolites
and genes (from Table 3) are visually depicted in Supplemental Fig. 3. Seven of the genes
were protein coding, and one (AL357033.4) was a INCRNA. Of these 7 genes, one gene
(NARSI, negatively associated with 1/9-OH-PHEN) was categorized as a trophoblast group
enriched gene (At least fourfold higher average mMRNA levels in a group of 2-10 cell types
compared to any other cell type) by the Human Protein Atlas (HPA)(Uhlen et al. 2010).
TRIP13was positively associated with the urinary concentrations of 3 OH-PAH metabolites
(2/3/9-OH-FLOU, 1/9-OH-PHEN, and 3-OH-PHEN), and SGF29was positively associated
with 1-OH-NAP and 2-OH-NAP. 2-OH-PHEN was associated with the highest number of
DEGs, including 2 genes (7SPYL 1, SECL 11C) with decreased expression, and 3 genes
(KIF15, REEP1, SYTL4) with increased expression (Figs. 2 and 3). 1-OH-PYR was the
only OH-PAH metabolite that was not significantly associated with any differences in gene
expression in our primary model.

We assessed the relationship between 7R/P13and phenanthrene in the HTR-8/SVneo cell
line, which has previously been used for in vitro studies of other PAHs (J.-Y. Jo et al.
2011) and expresses receptors and enzymes responsible for metabolism of phenanthrene
(data not shown). We selected 5 ng/ml and 50 ng/ml concentrations based on prior studies
investigating relative concentrations of PAH compounds in urine and placental samples
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(Drwal, Rak, and Gregoraszczuk 2019), and we observed borderline statistically significant
differences between groups (P = 0.068, ANOVA). We did not note any changes in cell
viability. The expression of 7R/P13was 23% higher in cells treated with 5 ng/ml of
phenanthrene compared to DMSO controls (p = 0.041), but we did not observe statistically
increased expression at 50 ng/ml compared to controls (Fig. 4).

In addition to assessing the association of PAH exposures with individual genes, we

also used the FRY gene set testing method as a complementary approach to explore
possible associations with biological pathways. Gene set testing does not rely on statistical
significance of individual genes but rather takes a comprehensive look at all the genes in a
given pathway. Using FRY gene set testing, we identified 3 pathways with genes associated
with four OH-PAH metabolites (Table 4). On the pathway level, the KEGG vitamin
digestion and absorption pathway was significantly positively associated with increased
concentrations of 2/3/9-OH-FLUO, 3-OH-PHEN, 1/9-OH-PHEN, and 1-OH-PYR. Pathway
mapping of logfold changes of genes in the pathway (irrespective of P value) highlighted
similarities as well as differences between the placental expression of genes within this
pathway and different PAH metabolites (Supplemental Fig. 4, with all results presented

in Supplemental Table 3). All PAH metabolites exhibited positive relationships between
placental expression of APOB, which is involved in the final stage of nutrient transport,

as well as 7HTR, which is involved in the transport of thamin, although these were not
statistically significant in our genome scale model described above. 1-OH-PYR, 1/9-OH-
PHEN, and 1-OH-PHEN were also had positive relationships with placental expression of
PCFTand RFC, which are involved in the transport of folic acid. Genes within the KEGG
insulin secretion pathway were positively associated with maternal urinary concentrations
of PAH metabolites 3-OH-PHEN and 1/9-OH-PHEN (Table 4, Supplemental Table 4).
Genes within the lysosome pathway were positively associated with maternal urinary
concentrations of 1-OH-PYR (Table 4, Supplemental Table 5).

We examined sex-specific associations between prenatal OH-PAH exposure and the
placental transcriptome through stratified analyses. Figs. 2 and 3 compares the differentially
expressed genes identified in our overall and sex-specific analyses. In our male specific
analysis (N = 295), we identified 28 associations between 4 OH-PAH metabolites and
placental expression of 27 different genes. (Supplemental Table S6). Three of these genes
(METTL221C, ARGZ2, ENDOU) were characterized as synctiotrophoblast enhanced genes
by the HPA (At least fourfold higher mRNA level in a certain cell type compared to

the average level in all other cell types), and METTLZ21C was also characterized as

a cytotrophoblast enhanced gene. Nine of these associations were negative, with the

effect estimates ranging from -0.73 (7TCEAL8 with 3-OH-PHEN) to —0.002. 18 of these
associations were positive, with effect estimates ranging from 0.002 to 0.43 (SY7L4 with
2-OH-PHEN). SEC11Cand REEPI were negatively associated with OH-PAH metabolites
and TSPYL1and SYTL4were positively associated with OH-PAH metabolites in our
overall and male stratified model, but with stronger effect estimates the stratified models
(Figs. 2 and 3, Supplemental Fig. 3), indicating that relationships between the expression of
these 4 genes and prenatal PAH exposure may be driven by stronger associations in male
participants. Placental expression of METTLZ21C was positively associated with maternal
urinary concentrations of 2-OH-NAP and 2-OH-PHEN. 2-OH-PHEN overall had the highest
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number of statistically significant associations, including 5 genes with decreased expression
and 14 genes with increased expression.

Using FRY gene set testing, we identified significant positive associations between genes
within 20 KEGG pathways and negative associations between genes in 1 pathway (cysteine
and methionine metabolism) and prenatal exposure to 2-OH-PHEN in males. (Supplemental
Table S7) The most significant of these positive associations were within the neurotrophin
and 7-cell signaling pathways. We observed a positive association between genes in the
lysosome pathway and 1-OH-PYR, which was also significant in our primary model.

In our subanalysis of only female placentas, we identified 45 associations across 7 PAH
metabolites and 25 unique genes (Supplemental Table S6). Ten of these associations were
negative, with the effect estimates ranging from —1.39 (H4C15 with 3-OH-PHEN) to
-0.006. 35 of these associations were positive, with effect estimates ranging from 0.002

to 0.72 (SLC4A8 with 1-OH-PYR). Of these 25 genes, only 2 (TR/P13and SGF29) were
also significantly positively associated in our overall analysis, and they had stronger effect
estimates in our female only model (Fig. 3). 11 of the DEGs significant in females were
associated with more than one PAH metabolite, with 7TR/P13, TMODZ, SLC4A8 associated
with 4 different OH-PAH metabolites in females. Of these 25 genes, OTL and RXYLT1
(both positively associated with 1-OH-NAP) were characterized as enhanced in extravillous
trophoblast cells, and RXYL71 was also enhanced in syncytiotrophoblast cells, based on
definitions from the HPA.. In the female stratified analysis, we identified 4 genes with
increased expression and 1 gene (SLC4A8) with decreased expression in relation to 1-OH-
PYR. All genes were autosomal.

Using FRY gene set testing, we observed positive associations between OH-PAH
metabolites and genes in the insulin secretion and vitamin digestion and absorption
pathways in females (Supplemental Table S7), which were also significant in our primary
model. The only pathway that was uniquely significant in our female stratified analysis was
hematopoetic cell lineage, which was positively associated with 2-OH-PHEN.

4. Discussion

The main findings of this study included (1) identification of placental expression
differences associated with 6 OH-PAH metabolites, including associations between placental
expression of TR/IP13and SGF29and multiple OH-PAH metabolites, (2) increased
expression of genes within pathways involving vitamin digestion and absorption, insulin
secretion, and the lysosome related to 4 OH-PAH metabolites and (3) evidence that sex may
modify the relationship between OH-PAH metabolites and gene expression, with females
exhibiting a higher number of unique DEGs in relation to multiple OH-PAH metabolites
than males. This study represents the first human analysis of relationships between prenatal
exposure to OH-PAH metabolites and the placental transcriptome. It was conducted in a
large socioeconomically and racially diverse cohort with well-phenotyped covariate data
allowing for rigorous adjustment for confounding variables, and incorporated techniques to
mitigate unmeasured sources of confounding such as cellular heterogeneity. Several of the
differentially expressed genes were uniquely expressed in different trophoblast cell types
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based on classifications from the HPA (Uhlen et al. 2010), suggesting that these genes may
have molecular functions specific to the placenta. These findings provide unique insight into
how prenatal OH-PAH exposure might influence placental function, potentially impacting
fetal development.

Different PAHs have different recorded levels of carcinogenicity, with naphthalene classified
as a known carcinogen, whereas fluorene, phenanthrene, and pyrene noted as not
carcinogenic in humans based on available evidence (Sun et al. 2021). However, limited
information is known about shared and distinct mechanisms of toxicity, and comparative
omics studies such as this can help provide this insight based on the number and type

of differentially expressed genes. We found statistically significant associations between
placental gene expression and six of the seven detected PAH metabolites in our combined
model (FDR adjusted P < 0.05). In our combined and male only models, we did not

observe any significant associations between placental gene expression and maternal urinary
concentrations of 1-OH-PYR, a metabolite of pyrene, but in our analysis of female samples
we identified 5 DEGs. Many of the significant genes and pathways overlapped between
individual OH-PAH metabolites, which suggests that different PAH metabolites have similar
effects on the placenta. Alternatively, this could be related to correlations between PAH
metabolites.

In our combined analysis (N = 629) we observed the highest number of associations
between the placental transcriptome with 2-OH PHEN (5 genes), a metabolite of
phenanthrene, and 1-OH-NAP (2 genes), a metabolite of naphthalene. Sources of
phenanthrene exposure include tobacco smoke and other combustion aerosols, as well as
contamination of combustion effluents in food or water (Gad 2014). Other studies in this
cohort have observed positive associations between other metabolites of phenanthrene (1/9-
OH-PHEN) and cognitive scores at age 3 (Wallace et al. 2022). Sources of naphthalene
exposures include vehicle exhaust, ambient air (from vehicular traffic), and residential

use of naphthalene products (mothballs), as well as occupational exposures, such as

from petroleum production and refining, asphalt industries, and creosote production and
use (Griego et al. 2008).While 1-OH-NAP is a metabolite of both naphthalene and the
insecticide carbaryl, 2-OH-NAP is only derived from naphthalene (Meeker et al. 2007).

We observed 1 DEG associated with 2-OH-NAP, which was also significantly associated
with 1-OH-NAP (SGF29). While the sources of these metabolites may differ, this may
suggest shared mechanisms of toxicity. Other studies in this cohort have observed positive
associations between other metabolites of phenanthrene (1/9-OH-PHEN) and cognitive
scores at age 3 (Wallace et al. 2022). We have also observed associations between other
metabolites of naphthalene (2-OH-NAP) and earlier gestational age at birth (Freije et al.
2022). This body of work suggests that metabolites of naphthalene and phenanthrene within
this cohort may be related to changes in placental function and fetal development.

We observed associations between SGF29and 7R/P13and multiple OH-PAH metabolites in
our models. Placental expression of 7//P13was positively associated with maternal urinary
concentrations of 2/3/9 OH-FLUO, 1/9-OH-PHEN, and 3-OH-PHEN in both the combined
and female stratified model, as well as 2-OH-PHEN in only the female stratified model. We
were able to validate these findings in placental cell lines, as HTR-8/SVneo cells treated
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with 5 ng/ml (but not 50 ng/ml) exhibited increased expression of 7R/P13. TRIP13encodes
the Thyroid Hormone receptor interactor 13, which is involved in DNA double strand break
repair as well as the mitotic checkpoint complex and homologous recombination during
meiosis. TR/P13negatively regulates the REV7 complex, which dissociates the complex to
promote homology directed repair instead of non-homologous end joining (Clairmont et al.
2020). Homology directed repair is a mechanism that cells use to repair double stranded
DNA breaks (Dudas and Chovanec 2004), which PAH metabolites are known to cause
(Henkler, Stolpmann, and Luch 2012). Other studies have identified increased of 7R/P13
expression (Y. Zhang et al. 2017), as well as decreased methylation in the 7R/P13 gene body
(Bjaanres et al. 2016) in lung adenocarcinomas, which authors suggest may be related to
PAH exposure in participants. In an /in vivo study, 1-OH-PYR was associated with repression
of TRIP13expression in the liver of European flounders (T. D. Williams et al. 2014).

The increased expression of this gene that we observed may suggest upregulation of repair
mechanisms in the placenta to mitigate risks due to double stranded DNA breaks. Our in-
vitro follow up analysis may suggest that this occurs during low but not high levels of PAH
exposure. However, these results should be interpreted with regards to inherent limitations in
extrapolating between these approaches. We used immortalized HTR-8/SVneo cells, which
represent extra trophoblast and stromal/mesenchymal cells (Abou-Kheir et al. 2017), and
not syncytiotrophoblast cells which are the major cell type present in term placental tissue
(Jaremek et al. 2021). We treated with only 2 concentrations of phenanthrene which was
selected to match placental concentrations in a different population (Drwal et al. 2017).
While these levels are within range of phenanthrene metabolites in this population (see table
2), it is not possible to directly compare the acute dosage of the parent (phenanthrene) used
in this experiment with the chronic exposures reflected in measurements of its metabolites
in urine, which also may relate to the timing of exposure. We were unable to obtain all
phenanthrene metabolites measured in our study so we elected to treat with phenanthrene
after confirming that the HTR-8/SVneo cell line produced enzymes that could metabolize
phenanthrene into these products, but it is also challenging to compare perturbations induced
by parent compounds compared to their metabolites, as in some cases metabolites can be
more biologically active. A more sophisticated toxicological follow up study is needed to
that incorporates multiple doses and the effects of acute vs chronic treatment, and differing
effects on different placental cell types, which is beyond the scope of this study.

Placental expression of SGF29was positively associated with maternal urinary
concentrations of 1-OH-NAP and 2-OH-NAP in the combined and female stratified models.
SGF29encodes SAGA Complex associated factor 29, which is a chromatin reader that
binds to H3k4me chromatin and mediates the recruitment of the SAGA complex (Schram
et al. 2013) The SAGA complex is induced in response to endoplasmic reticulum stress
(Nagy Zita et al. 2009) In vitro studies conducted in endothelial cells have shown that other
PAH compounds including benzo[ghA/perylene and 1-nitropyrene can induced endoplasmic
reticulum stress (Andersson et al. 2009; Zaragoza-Ojeda et al. 2022). The endoplasmic
reticulum is involved in the intra and extracellular transport of proteins and lipids.

Another cellular trafficking gene, SY7L4, was positively associated with maternal urinary
concentrations of 2-OH-PHEN. These changes in cellular trafficking and endocytosis may
alter the transfer of nutrients and disrupt maternal-fetal communication (Cooke et al. 2021),

Environ Int. Author manuscript; available in PMC 2023 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Paquette et al.

Page 14

which may have lasting impacts on fetal development. To our knowledge, this represents the
first work to link OH-PAH exposure to expression of genes involved in repair mechanisms to
stress including homology directed repair and endoplasmic reticulum stress response. More
work is needed to understand how the placenta may regulate these genes in the context of
PAH exposure, as well as their potential impacts on placental function.

Several of the genes associated with OH-PAH metabolites in our study have also been
associated with PAHs in experimental models or other related environmental exposures in
other cohort studies. In a zebrafish model of PAH toxicity, ARGZ expression (associated
with 2-OH-PHEN in our study in males) was significantly decreased after exposure to

a combination of 7 nitrated PAHs (Chlebowski et al. 2017). Other genes significant in

our study were associated with other chemical or metal exposures, such as K/F15and
bisphenol A (Bredhult, Sahlin, and Olovsson 2009). In male samples we also observed

a positive association between 2-OH-PHEN and expression of ARNTLZ2, which is a
homologue of ARNT (Okano et al. 2001), which encodes the aryl hydrocarbon receptor
(AHR) nuclear translocator. PAH metabolism is induced by their binding to the AHR,
which then forms a complex with ARNT, which acts as a nuclear transcriptional regulator
of xenobiotic metabolism enzymes (Goedtke et al. 2020). Taken together, this suggests
our transcriptomic signatures of OH-PAH exposure may be functionally related to other
environmental exposures, with evidence from in to vitro and mechanistic studies.

We observed positive associations between four OH-PAH metabolites and placental
expression of genes involved in the vitamin digestion and absorption pathway. Specifically,
PAH metabolites were associated with increased expression of genes involved in the
transport of folic acid, thiamin, riboflavin, and biotin, as well as APOB, which is involved
in the transport of nutrients via exocytosis. The transport of these nutrients across the
placental barrier is crucial for many aspects of fetal development, including central nervous
system development (thiamine) (B& 2011), and plays a role in the prevention of preterm
birth (folate) (Greenberg et al. 2011). The placenta plays a critical role in transporting these
nutrients to the developing fetus, so alterations in this pathway may influence fetal growth
and development. Dietary intake of vitamins A, C, E and folate modified the relationship
between exposure to BAP and spontaneous preterm birth in a nested case-control study from
Taiyuan China, with lower dietary intake of vitamins associated with stronger associations
between prenatal BAP exposure and preterm birth (N. Zhao et al. 2022). Another study
found that maternal fruit and vegetable intake modified the relationship between exposure
to 2-napthol and 1-hydroxypyrene and markers of oxidative stress quantified in urine, with
significant positive correlations between oxidative stress and OH-PAH metabolites that were
only significant for participants in the lowest tertile of fruit and vegetable intake, but not in
participants with higher fruit and vegetable intake (Kim et al. 2011). The increased transport
of these essential vitamins to the placenta in relation to OH-PAH exposure may represent

a compensatory mechanism to combat damage due to OH-PAH toxicity. More work is
needed in an experimental system to validate this hypothesis. Alternatively, PAHs enter and
are absorbed via oral, dermal or inhalation routes (Ramesh et al. 2004), and so changes

in these biological pathways could be a reflection of dietary exposures that are related to
both PAH metabolites and these vitamins. For example, processed grains are a high dietary
source of PAH exposure, (Phillips 1999) and they also are frequently enriched with folate
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and thiamine (Anderson, Vickery, and Nicol 1986). Further studies are needed to assess the
role of diet as a potential confounding variable, as well as to understand its effects on the
placental transcriptome.

We examined sex-specific differences in relation to OH-PAH metabolites because fetal

sex is a potential modifier of the relationship between exposure to environmental toxins

and developmental defects (DiPietro and Voegtline 2017). In our sex-stratified analyses,

we observed 24 DEGs and 20 KEGG pathways that were significantly associated with

PAH metabolites only in males, and 23 DEGs and one KEGG pathway (hematopoietic

cell lineage) that were only significantly associated with PAH metabolites in females, but
not in our combined analysis. Several of the pathways that were significant only in males
were related to known mechanisms of PAH toxicity, such as immune disruption ( 7-cell
receptor signaling, Thl and Th2 cell differentiation, Th17 differentiation) and oxidative
stress (FoxO signaling pathway). Notably, several of these pathways (neuroptropin, and
adherens junction) were also associated with prenatal phthalate exposure in the same cohort
(Paquette. et al., 2021). This work suggests that individual OH-PAH metabolites may disrupt
placental gene expression in male or female placentas differently, potentially leading to
sex-specific alterations of the biological functions of the placenta, but more work is needed
to understand the reason behind these sex-specific differential responses. In this study, we
observed 5 genes whose placental expression was uniquely associated with 1-OH-PYR
only in females, but not in our overall cohort. Within this same population of CANDLE
participants, 1-OH-PYR was associated with increased risk of PTB in female infants (Freije
et al. 2022). This work suggests that differential placental transcription in male and females
may in part contribute to sex-specific differences in infant health outcomes related to
prenatal PAH exposure.

Results of this investigation should be interpreted in the context of inherent limitations in
sample collection and RNA sequencing-based analyses. Gene expression was quantified
using bulk RNA sequencing data, and one established caveat of this approach is unmeasured
confounding due to the potential for differences in the distribution of cell types collected
within each sample, (including syncytiotrophoblast, trophoblasts, stromal cells, etcetera)
which is a well-established challenge of all bulk RNA sequencing analyses of the placenta
(Breton Carrie V. et al. 2017b; Konwar et al. 2019). While our sampling procedure ensures
uniform placental material collected within this cohort, there is still some potential for
minor discrepancies in cellular heterogeneity that we cannot quantify visually or through
computational means, which we addressed by applying surrogate variable analysis, which
allows researchers to incorporate unmeasured sources of heterogeneity that are independent
of their outcome of interest, including from cell type proportions (Leek and Storey 2007).
OH-PAHs are not strongly correlated across pregnancy (A. Cathey et al. 2018; Gaylord

et al. 2022; A. L. Cathey et al. 2020), and multiple urinary measurements of PAHs have
been shown to be more accurate markers of PAH exposure during pregnancy than a

single measure (A. L. Cathey et al. 2020), so future studies could consider capturing and
summarizing individual OH-PAH metabolites across multiple time points during pregnancy
as a more accurate measure of exposure. Additionally, we only measured monohydroxylated
PAH metabolites, which may not capture the complex mixture of PAH metabolites or other
conjugated PAH parent compound exposures, including those conjugated with hydroxy,
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0xo0, nitro and organic functional groups, which may represent different mechanisms of
toxicity (Luo, Stepanov, and Hecht 2019). Additionally, OH-PAH metabolite concentrations
are related to individual variations in enzymes involved in the metabolism of PAHs (Yang

et al., 2021). Furthermore, the use of urine for our exposure assessment limited our

analysis to smaller PAHs, and we could not evaluate transcriptomic associations with

larger PAHs primarily excreted fecally, so future studies may consider expanding on this
analysis by investigation of these other PAH metabolites. Another limitation of our approach
is uncertainty due to OH-PAH concentrations below the LOD for some metabolites. We
applied a standard approach to estimating these values (Freije et al. 2022; Loftus et al. 2022;
Wallace et al. 2022; 2023), though this may have contributed bias to the findings. More work
is needed to develop appropriate multiple imputation strategies that are compatible with high
dimensional transcriptomic data (Song et al. 2020). As we identified associations between
multiple OH-PAH metabolites and expression of some genes, future studies could consider
utilizing a summary OH-PAH metric or modeling of complex mixtures of PAH metabolites,
which was beyond the scope of our study. Finally, our sample is restricted to a population

in the US Urban south, thus associations may reflect regionally specific exposures. Further
work is needed to replicate this in an independent population.

Our study stands apart as the first transcriptome-wide assessment of OH-PAH metabolites
during pregnancy and has a number of unique strengths, including a large sample size

and rigorous adjustment for confounding variables. To avoid confounding by maternal
smoking, we excluded all smokers and quantified smoking based on cotinine measurements
rather than self-report, which can lead to under-estimation of smoking prevalence within a
population (J. Williams et al. 2020). We also applied novel RNA sequencing approaches

to adjust for unmeasured confounding (Leek and Storey 2007) which overall decreases our
chances of type 1 and type 2 error. Unadjusted levels of urinary OH-PAH metabolites in the
CANDLE population were generally comparable to those from the US National Health and
Nutrition Examination Survey, which is a nationwide survey that study evaluates exposure to
a wide range of chemicals including PAHSs in a statistically representative sample of the US
population (Li et al. 2008b).

In Summary, PAHSs are hazardous compounds known to be mutagenic, carcinogenic, and
teratogenic (Patel et al. 2020), and maternal PAH metabolite concentrations are associated
with infant and childhood health outcomes. Our study demonstrates relationships between
different OH-PAH metabolites and the placental transcriptome, which may suggest that
PAHSs disrupt placental function and ultimately fetal development. We also provide evidence
that fetal sex may be a significant modifier of OH-PAH exposure and the placental
transcriptome. More work is needed to confirm our findings in other cohorts with similar
data, and to explore how OH-PAHSs induce transcriptional regulation, with a focus on ER
stress and DNA damage repair. Future directions also include integration with other studies
investigating the placental transcriptome and birth outcomes to explore the role of the
placenta as a functional mediator to understand how the relationships we observed may
result in altered placental function and subsequent perinatal and child health outcomes.
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Fig. 1.

(A?) Boxplot depicting concentrations of PAH metabolites in CANDLE participants
detectable in urine. Red asterisk indicates the log LOD for each metabolite, and

samples that were below the LOD were reported as LOD / /2. (B) Correlogram depicting
correlations between OH-PAH metabolites within CANDLE participants, based on Pearson
correlation coefficients. right upper quadrant depicts correlation coefficient (R), and left
bottom quadrant visually depicts these correlations. Only correlations that are statistically
significant (P < 0.05) are shown.
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Fig. 2.
Summary of the number of DEGs associated with OH-PAH Metabolites in primary model

(N =629 participants, black) and male stratified model (N = 298 participants, blue) and
female stratified (N = 331, pink). Genes were considered statistically significant at FDR
adjusted P < 0.05.
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Fig. 3.

Efgfect estimates (log CPM/[ng/ml]) of fully adjusted model for all analyses (overall

and sex-specific) that were statistically significant, which are presented in Table 2 and
Supplemental Table 6. As noted in the figure legend, the top 2 bars of the heatmap depict
OH-PAH metabolite and the model type (primary = black, female stratified = pink, male
stratified = blue). Within the heatmap, the color of the box represents the magnitude of the
effect estimate, with positive associations between OH-PAH metabolite concentration and
placental gene expression depicted in red, and negative associations depicted in blue. Only
genes/OH-PAH relationships that are statistically significant (FDR adjusted P < 0.05) are
depicted. Relationships that were not statistically significant are depicted in grey.
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Fig. 4.
Relative TRIP13 expression after treatment with 5 ng/ml and 50 ng/ml of phenanthrene

vs DMSO vehicle control. Expression was calculated using the AACt method, and all
experiments were run in triplicate and qCPR reactions were also run with technical
triplicates.
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Continuous and categorical information about CANDLE cohort participants used in the present analyses (N =
629 Total), recruited from Shelby County TN from 2006 to 2011.

N (%) Range Median Std.
(Min-Max) Dev

Maternal Age (Years) 16-41 28 5.53
Maternal BMI (kg/m?) 14-62 26 7.59
Maternal Cotinine (ng/mL) 0-197.24 0.17 21.88
Gestational Age at Birth (Weeks) 26.86-41.86 39.14 1.50
Gestational Age at PAH Collection 133 (21.14%) 15.29-28.71 22.86 3.04
RNA Sequencing Batch
1 133 (21.14%)
2 21 (3.34%)
3 187 (29.73%)
4 288 (45.79%)
Fetal Sex
Female 331 (52.62%)
Male 298 (47.38%)

Labor Status

Labor

No Labor

Delivery Method

C Section

Vaginal

Preterm Birth (<37 Weeks) *
Yes

No

Preterm Premature Membrane Rupture*

Yes
No

Preeclampsia or Gestational Hypertension *

Yes

No

Maternal Education
Less Than High School
High School or GED

Graduated Technical School or College

Some Graduate work or Graduate Professional Degree

Maternal Race
Black
White
Multiple Race
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512 (81.40%)
117 (18.60%)

247 (39.27%)
382 (60.73%)

51 (8.1%)
578 (91.9%)

16 (2.5%)
613 (97.5%)

50 (8.6%)
578 (92%)

43 (6.84%)
272 (43.24%)
219 (34.82%)
95 (15.10%)

357 (56.76%)
237 (37.68%)
26 (4.13%)
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N (%) Range Median Std.
(Min-Max) Dev
Asian 6 (0.95%)
Other 3 (0.48%)
Maternal Ethnicity
Non-Hispanic/Latino 619 (98.41%)
Hispanic/Latino 10 (1.59%)

*
Data was generated from medical record abstraction and self-reported data (Paquette et al. 2022).
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KEGG Biological Pathways significantly associated with OH-PAH metabolites (FDR adjusted P < 0.1) based
on FRY rotational gene set testing.

KEGG OH-PAH Genesin Direction P FDR
Pathway Metabolite Pathway Value lz;dj usted
Vitamin digestion absorption  2/3/9-OH-FLOU 15 Up 2.37E-05 0.01
3-OH-PHEN 15 Up 2.00E-04 0.04
1/9-OH-PHEN 15 Up 3.23E-04 0.07
1-OH-PYR 15 Up 6.83E-04 0.09
Insulin secretion 3-OH-PHEN 48 Up 3.06E-04 0.04
1/9-OH-PHEN 48 Up 5.28E-04 0.07
Lysosome 1-OH-PYR 114 Up 5.99E-05 0.02
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