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ARTICLE INFO ABSTRACT

Keywords: Nonylphenol (NP) arises from the environmental degradation of nonylphenol ethoxylates. It is a ubiquitous
Zebrafish environmental contaminant and has been detected at levels up to 167 nM in rivers in the United States. NP is an
Nonylphenol endocrine disruptor (ED) that can act as an agonist for estrogen receptors. The Adverse Outcome Pathway (AOP)
I%fj:trrrz‘;k’l framework defines an adverse outcome as the causal result of a series of molecular initiating events (MIEs) and

key events (KEs) that lead to altered phenotypes. This study examined the liver transcriptome after a 21 day
exposure to NP and 17-estradiol (E2) by exploiting the zebrafish (Danio rerio) as a systems toxicology model.
The goal of this study was to tease out non-estrogenic genomic signatures associated with NP exposure using
DNA microarray and RNA sequencing. Our experimental design included E2 as a positive and potent estrogenic
control in order to effectively compare and contrast the 2 compounds. This approach allowed us to identify
hepatic transcriptomic perturbations that could serve as MIEs for adverse health outcomes in response to NP.
Our results revealed that exposure to NP was associated with differential expression (DE) of genes associated
with the development of steatosis, disruption of metabolism, altered immune response, and metabolism of re-
active oxygen species, further highlighting NP as a chemical of emerging concern (CEC).

RNA sequencing

1. Introduction

Since the middle of the 20th Century, more than 140,000 new
chemicals have been synthesized, of which approximately 5000 are
now ubiquitous in the environment (Gruber, 2018) and able to act as
endocrine disruptors (EDs). These include detergents, plasticizers,
pharmaceuticals, pesticides, and other consumer products. These un-
tested and unregulated chemicals have had unforeseen impacts on the
ecosystem (Wang and Zhou, 2013) and human health (Franken et al.,
2017). As they possess chemical structures similar to natural hormones
(Diamanti-Kandarakis et al., 2009), EDs are able to bind and activate
many receptors, including nuclear hormone receptors (Li et al., 2015;
Zhang et al., 2017a), and disrupt the endocrine system (Baker and
Hardiman, 2014). Since US laws do not obligate the chemical-manu-
facturing corporations to test new chemicals prior to releasing them in

consumer products, the burden is on the scientific community to assess
the environmental and health impacts of these chemicals (Murnyak
et al., 2011).

A specific subset of EDCs, the xenoestrogens (XEs), are able to
mimic 17p-estradiol (E2), the natural female estrogen (Paterni et al.,
2016). Nonylphenol ethoxylates (NPE) are surfactants used globally in
household products, including detergents, cosmetics, and PVC pipes.
They are transformed in the environment by microorganisms to form
more potent compounds, such as nonylphenol (NP) a well- known ED.
NP is ubiquitous in the environment and detected at levels up to 167 nM
in US rivers (Fernandez et al., 2007; Sharma et al., 2009). NP is per-
sistent in marine habitats, moderately bioaccumulative, and extremely
toxic to aquatic organisms (Baker et al., 2009; Lussier et al., 2000;
Staples et al., 2004; Vazquez-Duhalt et al., 2005). As NP is lipophilic, it
can accumulate within the adipose tissue of animals and linger in the
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Fig. 1. Experimental workflow schematic.

food chain (Noorimotlagh et al., 2016).

NP’s chemical structure is the basis for both its toxicity and ability to
disrupt normal functioning of the endocrine system. Its molecular
structure resembles estradiol (E2), allowing it to act as an agonist for
estrogen receptors and disruption of the endocrine system in higher
organisms (Jobling et al., 1996; Petit et al., 1999; Tollefsen et al., 2002;
White et al., 1994). Studies with model organisms have shown that NP
exposure cause the synthesis of vitellogenin (VTG) in the livers of the
male and immature female rainbow trout (Jobling et al., 1996; Lech
et al., 1996). Additionally, environmentally relevant levels of NP have
been shown to decrease semen quantity (0.6 nM) and the percentage of
eggs surviving to the eyed stage and to the yolk sac larvae (1.3nM) in
rainbow trout (Lahnsteiner et al., 2005). Prolonged exposure to NP is
associated with chronic kidney disease (Yen et al., 2012) and with
various liver related complications, including a build-up of lipid dro-
plets (Bernabo et al., 2014; Chen et al., 2016; Yu et al., 2016; Zhang
et al.,, 2017b). Several studies have examined the effects of NP on
certain cell types (including prostate, fibroblast, and neural cells) and
have highlighted that NP reduced cell viability, induced apoptosis, af-
fected neurogenesis and stimulated cell proliferation and adipocyte
formation (Gan et al., 2015; Kudo et al., 2004; Masuno et al., 2003)

In the past decade, major advances in our understanding of geno-
mics have occurred with concurrent advances in the development of

newer and refined technologies. Improvements in the sensitivity and
precision of DNA microarrays coupled with the emergence of massively
parallel sequencing techniques have redefined how genomic analyses
are performed (Baker and Hardiman, 2014). Transitioning from current
risk assessment practices to approaches more adequate for big data
collection and integration requires a paradigm shift in implementation.
The Adverse Outcome Pathway (AOP) is a relatively new concept that
has been rapidly gaining acceptance worldwide because it provides a
framework that organizes mechanistic and/or predictive relationships
between initial chemical-biological interactions, pathways and net-
works, and adverse phenotypic outcomes (Garcia-Reyero, 2015;
Villeneuve et al., 2012, 2014). The AOP is a linear pathway composed
of a Molecular Initiating Event (MIE), Key Events (KE), and an Adverse
Outcome (AO) causally linked together (Supplemental Fig. S1).

We and others have previously shown that the variation of the gene
expression patterns observed in the liver of NP and E2 exposed fish are
quite similar, confirming that NP recapitulates the effects of E2
(Cakmak et al., 2006; Ruggeri et al., 2008). These studies also implied
that NP is able to act via alternative mechanisms to that of E2, mod-
ulating the expression of the same genes but in a different manner. The
goal of this study was firstly to provide an updated analyses of the effect
of NP on the hepatic transcriptome. Secondly, we wanted to contrast NP
and E2, and to characterize NP’s non-estrogenic signature on the
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hepatic transcriptome. In order to achieve these goals, adult male
zebrafish were exposed to 100 nM of NP and E2 for 21 days and their
liver transcriptomes were analyzed using two complementary technol-
ogies: RNA sequencing (RNAseq) and a commercial microarray plat-
form. We noted previously that these exposure levels result in male
zebrafish having much higher vitellogenin protein levels, in response to
4-nonylphenol (0.46 = 0.11 mg/ml) and 17b-estradiol
(2.56 = 0.51 mg/ml) respectively as compared to undetectable levels
in control fish. Comparison of the 4-nonylphenol and 17 B-estradiol
groups revealed this to be highly significant (P value < 0.0001) (Baker
et al., 2014). In this experimental design, exposure to 100 nM E2 re-
presents the positive estrogenic control used to compare and contrast
NP with in order to determine NP’s non-estrogenic signature. Finally,
we wanted to interpret our data in the context of the AOP framework to
gain insight on NP’s mode of action.

2. Methods
2.1. Experimental design

The experimental design followed an approach we described pre-
viously (Ruggeri et al., 2008) (Fig. 1). Male zebrafish (Danio rerio) were
maintained in aquaria at 26-29 °C, and a light-dark cycle of 14:10h.
The pH ranged from 7.0 to 7.6 throughout the duration of the experi-
ments. Aeration and filtration were accomplished using sponge filters.
Zebrafish were fed twice a day with commercial, flaked fish food (Tetra,
Germany). The fish were acclimated for one week before beginning the
experiments. Three tanks (80 L/tanks) with 40 animals each were
prepared for the different experimental groups: two tanks containing
water with 100nM of NP (Fig. 1: Experimental group), two tanks
containing water with 100 nM of E2 as a positive estrogenic control
(Positive control), and two tanks containing water without NP or E2
(Negative control). Concentrated stock solutions of E2 and 4-NP were
prepared in ethanol and then diluted in water to make up working
solutions from which the chemicals were added to the tank water at a
final concentration of 100 nM. To minimize any effects from ETOH the
negative control group received an equivalent amount of the carrier
solvent which was present at percentage levels of < 10~ %%. Exposure
lasted 21 days. The selected NP concentration (100 nM) is in the high
end of the range of NP levels detected in US rivers and a 21-day ex-
posure to 100 nM NP is intended to mimic a chronic exposure to this
chemical (Fernandez et al., 2007; Sharma et al., 2009). The goal of this
study was to tease out non-estrogenic genomic signatures associated
with NP. For this reason we selected 100 nM E2 as a positive and potent
estrogenic control in order to effectively compare and contrast the 2
compounds. E2 exhibits 10 times more potent estrogenic activity than
NP (Cakmak et al., 2006; Jobling et al., 1996).

The nominal exposures utilized a continuous flow-through system.
Following a 21 day exposure, the zebrafish were sacrificed and the li-
vers were dissected out. Liver tissues were immediately frozen in liquid
nitrogen and stored at —70 °C. All procedures were performed in ac-
cordance with The University of California San Diego, IACUC guide-
lines. All the animals were treated humanely and with regard for alle-
viation of suffering.

2.2. RNA Extraction and microarray and sequencing design

Isolation of total liver RNA from zebrafish liver samples was per-
formed using TRIzol reagent (Invitrogen), and the extracted RNA were
further purified using the RNeasy Mini kit (Qiagen, Valencia,
California). All RNA were treated with DNase and nucleic acid con-
centrations were determined by absorbance readings (OD) at 260 nm
using an ND-100 (Nanodrop, Wilmington, DE). RNA integrity was as-
sessed using 6000 Nano LabChip assay from Agilent (Palo Alto, CA),
with a RNA integrity number (RIN) of > 8 being required for down-
stream genomic analyses.
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2.3. Microarray analysis

For the array experiments, liver RNA from 12 fish were pooled into
2 pools (6 fish per pool) for the E2, NP and control groups respectively
(Fig. 1). Of the total RNA, 100 ng were converted into fluorescently
labeled Cy3 cRNA using the Low RNA Input Fluorescent Linear Am-
plification Kit (Agilent). Unincorporated nucleotides of fluorescent
targets were removed using RNeasy (Qiagen). Absorbance (OD) at
260 nm was used to quantify cRNA concentrations, and absorbance at
550 nm was used to measure Cy3 dye incorporation. Microarray hy-
bridization was only carried out with cRNA that had an incorporation
efficiency of 9 pmol/ug or greater.

We utilized the Agilent Danio rerio Oligo Microarray 4x44K G2519F
(015064), array design A-MEXP-1396 (Santa Clara, CA). Hybridization
was carried out in accordance with single color Agilent hybridization
protocols, as described previously (Baker et al., 2009). From each
pooled sample, 1 pg of fragmented cRNA were hybridized to the array.
Array data were collected using an Agilent Microarray Scanner and
Feature Extraction Software (v10.5), and deposited in the ArrayExpress
Database, accession number E-TABM-547 (European Bioinformatics
Institute, 2013).

Though Agilent’s Feature Extraction Software (v10.5) provided high
quality expression reports, the data was normalized to remove back-
ground noise and other subtle biases caused by array manufacturing
and hybridization conditions. Statistical analysis of the microarray ex-
periment involved two steps: normalization and sorting of genes ac-
cording to interest. All samples were normalized simultaneously using
the multiple-loess technique (Sasik et al., 2004).

The data was sorted using the interest statistic, which reflects the
understanding that the gene with a greater absolute fold change is
potentially more interesting, described in greater detail in (Baker et al.,
2009, 2013; Ogawa et al., 2004). The design of the interest statistic was
based on ideas borrowed from the software package Focus (Cole et al.,
2003).

Specifically we carried out feature level analysis of the top ranked
differentially regulated probes on the array. The fold changes were
determined from log2 ratios between the probe signal of each of the
conditions (control, E2 and NP). Biological replicate samples were run
as outlined in Fig. 1. Additionally the probes were replicated twice on
the array. The log2 ratio value was calculated for each probe as the
median of the 4 replicate log2 intensity ratios. The unique probes
(collapsed to gene level) were subsequently sorted by their importance
in descending order of the sum-squared statistic (i.e., sum of squares of
log2 ratios across all fish) as described previously (Baker et al., 2009,
2013; Huff et al., 2018; Ogawa et al., 2004). The rationale behind this
approach was that it provided a measure of change in expression values
for any one or all exposed fish pools. In this manner the sum-squared
statistic measured the amount of variance across any and all exposure
conditions, i.e. a transcript with altered expression in one fish pool,
from exposure A would be selected along with another transcript with
altered expression in a separate fish pool, from exposure B. The top
ranked 3000 genes were selected and used for systems level analyses.
We used Ensembl BioMart to update the array annotation to GRCz10
and Ensembl homology to append a human gene ID (where available)
to a given zebrafish gene ID, in order to permit systems analysis using
the richer content available for human compared to zebrafish (Baker
and Hardiman, 2014).

2.4. RNA sequencing (RNAseq)

For the RNAseq experiments, liver RNA from 12 fish were pooled
into 2 pools (6 fish per pool) for the E2, NP and control groups re-
spectively (Fig. 1). To prepare RNAseq libraries using the TruSeq RNA
Sample Prep Kit (Illumina, San Diego, CA), 100-200 ng of total RNA
(from pooled samples in Section 2.2, (Fig. 1)) was used following the
protocol described by the manufacturer. High throughput sequencing
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(HTS) was performed using an Illumina GAIIX with each sample se-
quenced to a minimum depth of ~ 5 million reads. A single end 50 cycle
sequencing strategy was employed. Data were subjected to Illumina
quality control (QC) procedures (> 80% of the data yielded a Phred
score of 30). RNAseq data has been submitted to the NCBI Gene Ex-
pression Omnibus, accession number GSE100369.

Secondary analysis was carried out on an OnRamp Bioinformatics
Genomics Research Platform (OnRamp Bioinformatics, San Diego, CA)
(Davis-Turak et al., 2017). OnRamp’s advanced Genomics Analysis
Engine utilized an automated RNAseq workflow to process the data
including (1) data validation and quality control, (2) read alignment to
the zebrafish genome (GRCz10) using TopHat2 (Kim et al., 2013),
which revealed on average > 80% mapping to unique genomic loca-
tions, (3) generation of gene-level count data with HTSeq (Anders et al.,
2015), and (4) differential expression analysis with DEseq2 (Love et al.,
2014a), which enabled the inference of differential signals with robust
statistical power. Transcript count data from DESeq2 analysis of the
samples were sorted according to their g-value, which is the smallest
false discovery rate (FDR) at which a transcript is called significant.
FDR is the expected fraction of false positive tests among significant
tests and was calculated using the Benjamini-Hochberg multiple testing
adjustment procedure (Davis-Turak et al., 2017; Hardiman et al., 2016;
Love et al., 2014b; Trapnell et al., 2012).

2.5. Systems level analysis

For the microarray data, systems analysis was accomplished using
the Top 3000 genes ranked using the interest statistic described above
(Baker et al., 2009; Baker et al., 2013; Huff et al., 2018). For RNAseq
data, we chose DE genes with an adjusted p-value of less than 0.4 as
described (Hardiman et al., 2016; Huff et al., 2018; Irish et al., 2016).
We approached our analyses from two different perspectives; firstly
analysis of the datasets as zebrafish genes, and secondly analysis of
their projected human homologs. We utilized the Gene Ontology En-
richment Analysis and Visualization Tool (GOrilla) to detect GO terms
enriched by NP and E2 exposures (Eden et al., 2007, 2009). For zeb-
rafish centric analyses. GOrilla offers two modes of analysis. This simple
approach allows the user to identify terms that are most significantly
enriched. The more informative approach presents the enrichment re-
sults in the context of a directed acyclic graph (DAG). We examined the
DE genes using both approaches, and focused on terms enriched in the
GO Biological Process category as this proved most informative. Further
analyses were performed with REViGO, a summarization tool which
combines redundant GO terms into a single, representative term (Supek
et al., 2011).

Due to the richer annotation of the human genome relative to
zebrafish and the greater depth of GO terms available for human, we
carried out enrichment analysis, on the projected human homologs of
the DE zebrafish genes, using ToppFun (Chen et al., 2007, 2009a,b). To
ensure that only the most relevant terms of interest were considered, we
filtered all results using the Bonferroni adjusted g-value with the cor-
rection.

3. Results

3.1. Microarray analysis of molecular changes in NP exposed livers
revealed altered fatty acid metabolism and insulin pathway regulation

To examine the effect of NP on the adult liver transcriptome, we
carried out a microarray experiment where we assessed the effects of a
21 day exposure to 100 nM of either NP or E2 relative to untreated fish.
Of the top 3000 significantly ranked differentially expressed (DE)
transcripts from both exposures, 1,425 were shared amongst the NP and
E2 exposures (Fig. 2A). Additionally, E2 and NP exposures altered the
expression of 1022 and 1079 unique mRNAs, respectively. Both treat-
ments resulted in an estrogenic response, and induction of the following
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transcripts; E2, vtgs + 2.48; vtg2 + 1.42, vtgl + 1.39, vtg3 + 1.35,
esr] +3.94 and esr2b+ 3.9 and NP, vigl + 1.2, vtg3 + 2.13,
vtg2 + 1.79, vtgs + 1.57, vtgl + 1.10, esr2b + 5.24 and esrl + 1.2.
Next we analyzed the top 3000 DE genes using the Gene Ontology (GO)
enrichment analysis and visualization tool (GOrilla) (Eden et al., 2009).
Exposure to E2 (Table 1, E2 Total) was associated with enrichment in
metabolic processes; the organic acid metabolic process is the most
significantly enriched term (g-value = 5.77E —02), along with enrich-
ments in the carboxylic acid metabolic (q = 5.84E —02), carbohydrate
metabolic (@ = 1.89E—01), and alpha-amino acid metabolic processes
(q = 3.73E—01) (Fig. 2C). Exposure to NP was associated with en-
richments in metabolic fatty acid-related pathways, including sig-
nificant enrichment of terms relating to the long-chain fatty acid me-
tabolic (q = 4.42E—01) and biosynthetic (q = 1.99E—01) processes
(Table 1 and Fig. 2B). In addition, we found enrichment in terms related
to the regulation of cell proliferation (q = 1.95E—01), the insulin re-
ceptor signaling pathway (q = 2.49E—01), and antigen processing and
presentation (q = 3.76E —01). We then performed enrichment analysis
using gene signatures unique to each particular exposure and observed
that the gene signatures unique to exposure to E2 (Table 1, E2 Unique)
were associated with enrichment of the terms ruffle organization
(q = 3.80E—1) and synapse assembly (q = 5.69E—01), while NP’s
unique signatures were associated with enrichment in endosome or-
ganization (q = 2.57E—01) (Table 1, NP Unique).

3.2. Functional enrichment analysis of array data using human gene
identifiers

We mapped zebrafish genes of interest to their human orthologs
using Ensembl to take advantage of the improved annotation for the
human genome, as illustrated in Fig. 3 (Baker and Hardiman, 2014).
Using the predicted human orthologs, we performed ToppFun enrich-
ment analysis. Data is summarized in Table 2. Expanded lists are found
in Supplemental Tables 1-4. The results of the enrichment analyses
indicate a focus on metabolism with both exposures, including organic
acid metabolism in NP (q = 6.26E—25) and carboxylic acid metabo-
lism in E2 (q = 3.23E—31) (Supplemental Tables 1 and 2). Ad-
ditionally, a significant connection between lipid metabolism
(q = 2.21E—10) and exposure to NP was observed. E2 exposure was
associated with changes in the cell’s response to hormones
(q = 1.87E—13). Furthermore, we noticed a trend relating to enrich-
ment of terms relevant to the cell cycle. With both the NP and E2 ex-
posures, cell cycle pathways were significantly enriched in the analyses
based on the human orthologs of the DE genes, as opposed to the
analyses based on the zebrafish DE genes (E2, mitotic cell cycle,
q = 2.29E—10, NP, cell cycle, q = 4.63E—18). Analysis of the DE
genes unique to NP exposure enriched terms related to fatty acid me-
tabolism (NP Unique, q = 1.10E —2), in addition to response to abiotic
stimulus (NP Unique, q = 9.49E—07) and DNA damage (NP Unique,
q = 7.89E—03) stimuli (Supplemental Table 3). The unique genes as-
sociated with exposure to E2 enriched terms related to the processing of
RNA (E2 Unique, q = 3.26E—07) and non-coding RNA (E2 Unique,
q = 3.85E—03), as well as translation (E2 Unique, q = 1.95E—03)
(Supplemental Table 4).

In terms of co-expression, the DE genes of interest overlapped with
gene signatures up-regulated in hepatoblastoma (NP Total,
q = 3.62E—25) and down-regulated in response to hypoxia and the
overexpression of hypoxia inducing factor 1 alpha (HIF1A) (NP Total,
q = 1.81E—23) (Supplemental Table 5). DE genes in response to E2
shared overlapped with gene signatures down-regulated in fetal liver
with knock-out of Krueppel-like factor 1 KLF1 (E2 Total,
q = 6.97E—37) and up-regulated via activation of the mammalian
target of rapamycin complex 1 (mTORC1) (E2 Total, q = 1.40E —28)
(Supplemental Table 6). Analysis of DE genes unique to NP exposure
identified an overlap with genes up-regulated in human liver at an
advanced developmental stage (NP Unique, q = 3.60E —12) and genes
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Fig. 2. Functional Analyses of microarray data. (A) Overlap of the top 3000 ranked DE expressed liver transcripts from 100 nM NP and 100 nM EE2 exposed adult
male zebrafish relative to control fish as determined by microarray analysis. (B-C) Gene Ontology Biological Process analyses: Scatterplots shows the cluster
representatives (i.e. terms remaining after the redundancy reduction) in a two dimensional space derived by applying multidimensional scaling to a matrix of the GO
terms’ semantic similarities. Bubble color indicates the p-value (legend in upper right-hand corner); size indicates the frequency of the GO term in the underlying
GOA database (bubbles of more general terms are larger). GO BP analysis of DE genes in (B) NP and (C) E2 exposed livers.

Table 1

Microarray data analysis. Gene enrichment analysis was performed utilizing
Gorilla and zebrafish gene IDs. Enriched GO: Biological Process terms are
provided for NP (total), E2 (total), NP (unique to NP and not DE expressed in
E2) and E2 (unique to E2 and not DE expressed in NP).

GO Term FDR g-value
NP - Total

ion transport 1.72E-01
positive regulation of blood circulation 1.81E-01
regulation of cell proliferation 1.95E-01
long-chain fatty acid biosynthetic process 1.99E-01
ventricular cardiac muscle cell development 1.99E-01
positive regulation of ERK1 and ERK2 cascade 2.10E-01
ventricular cardiac myofibril assembly 2.22E-01
unsaturated fatty acid metabolic process 2.25E-01
regulation of insulin receptor signaling pathway 2.49E-01
atrial cardiac myofibril assembly 2.49E-01
epoxygenase P450 pathway 2.66E—01
positive regulation of heart contraction 2.85E-01
regulation of cellular response to insulin stimulus 3.32E-01
antigen processing and presentation 3.76E—01
long-chain fatty acid metabolic process 4.42E-01
E2 - Total

organic acid metabolic process 5.77E—02
carboxylic acid metabolic process 5.84E—02
L-serine biosynthetic process 7.77E—-02
small molecule metabolic process 8.26E—-02
oxoacid metabolic process 1.15E-01
carbohydrate metabolic process 1.89E-01
single-organism metabolic process 2.30E—-01
Oxidation-reduction process 2.44E—-01
L-serine metabolic process 2.48E—-01
alpha-amino acid metabolic process 3.73E-01
NP - Unique

endosome organization 2.57E-01
E2 - Unique

ruffle organization 3.80E—-01
synapse assembly 5.69E—01

with promoters bound by the MYC proto-oncogene (NP Unique,
q = 1.05E—06) (Supplemental Table 7). DE genes unique to E2 were
also identified as being up-regulated by knock-out of Myb-related
protein B (BMYB) in zebrafish (E2 Unique, q = 5.09E—11), and genes
up-regulated in response to the Ras inhibitor Salirasib in cancer cells
with constant HRAS activity (E2 Unique, q = 1.19E—-08)
(Supplemental Table 8).

3.3. Functional enrichment analysis of RNAseq data using zebrafish gene
identifiers

We carried out a high-throughput RNA sequencing analysis to fur-
ther investigate the effects of these compounds on the zebrafish hepatic
transcriptome. This was an independent experimental exposure of adult
zebrafish to either E2 or NP. For this analysis, we selected genes with a
g-value of less than or equal to 0.4. This cutoff was based on our pre-
vious work with RNAseq data sets where we noted that a more liberal
FDR cutoff using biological replicates generated a larger gene list for
systems analyses (Hardiman et al., 2016; Huff et al., 2018; Irish et al.,
2016). In total, exposure to E2 and NP led to the differential expression
of 883 and 454 genes respectively. Of these, 154 were shared between
the NP and E2 exposures, as seen in Fig. 4. Exposure to E2 and NP
altered the expression of 729 and 300 unique genes, respectively.

Using these DE genes lists, we performed GOrilla analysis. The in-
itial analysis examined terms that are most significantly enriched in
both the E2 and NP exposed fish. E2 exposure enriched the following
GO biological process terms; response to estradiol (1.15E—12); re-
sponse to estrogen (6.72E—12) and cellular response to estrogen sti-
mulus (6.72E—12) indicating an estrogenic response (Supplemental
Table 9). NP exposure enriched the following GO biological process
terms; response to estradiol (7.91E—07), response to estrogen
(7.91E—-07) and cellular response to estrogen stimulus (7.91E—07)
also indicating an estrogenic response (Supplemental Table 10). Addi-
tional analyses explored enrichment results in the context of a directed
acyclic graph (DAG). Data is summarized in Table 3. Expanded lists are
found in Supplemental Table 11. Of the enrichments we found in the
exposure to E2 and NP, the most notable pathways observed in both
exposures included lipid transport (E2 = 2.92E—03, NP = 2.74E—02)
and the carboxylic acid metabolic process (E2 = 6.65E—10,
NP = 2.83E—01) (Table 3 and Fig. 4B and C). Exposure to E2 was
associated with over 100 enriched terms, including enriched metabolic
processes and the cell’s response to external stimuli, including estrogen
(1.23E—-07) (Table 3 and Fig. 4C). Exposure to NP enriched terms re-
lated to the immune response, including regulation of the immune
system (2.96E—01) and responses to bacterium (3.07E—01) and de-
fense response to other organisms (3.01E—01) (Table 3 and Fig. 4B).
Using only the genes associated with exposure to NP, we found sig-
nificant enrichments related to the cell’s response to oxygen levels
(1.23E—-02), particularly response to decreased oxygen levels
(1.64E—02), in addition to terms associated with metabolic processes
and response to stimuli (Table 3 and Fig. 4D). For the DE genes unique
to E2, we noted enrichment in metabolic processes — with an emphasis
in small molecule metabolic processes (1.69E —15) and carboxylic acid
(9.59E—11) metabolic processes in addition to lipid metabolism
(1.32E—03) (Table 3 and Fig. 4E).

3.4. Functional enrichment analysis of RNAseq data using human gene
identifiers

Using the predicted human homologs of the DE genes, we performed
functional enrichment analysis using ToppFun. Table 4 contains sig-
nificant GO enrichment terms and co-expression signatures for the NP
and E2 exposures, as well as for genes unique to NP or E2 exposure. The
results of our analysis show that exposure to both E2 and NP enriches
metabolic pathways (Table 4 and Supplemental Tables 12-14). E2, in
particular, enriches organic acid metabolism terms, including car-
boxylic acid (E2 Total, q = 4.05E — 32), with some terms related to lipid
metabolism (E2, q = 9.87E—17) (Table 4 and Supplemental Table
S13). With NP, the enriched terms include immune response (NP,
q = 1.60E —08), inflammatory response (NP, q = 7.94E — 04), response
to oxygen containing compound (NP, q = 7.61E—06) and fatty acid
metabolic process (NP, q = 7.2.61E—03) (Table 4 and Supplemental
Table S12). Focusing on DE genes unique to the NP exposure, we un-
covered terms related to metabolism of reactive oxygen species (NP
Unique, q = 1.67E—05) and cholesterol biosynthetic process (NP Un-
ique, q = 8.32E—03), as well as localization of proteins to the en-
doplasmic reticulum (NP Unique, q = 4.43E—03) (Table 4 and
Supplemental Table 14). For genes unique to exposure to E2, the focus
remained on metabolic processes, including cellular lipid metabolism
(E2 Unique, q = 5.85E—14), as well as lipid oxidation (E2 Unique,
q = 3.52E—06) and fatty acid oxidation (E2 Unique, q = 2.50E —06)
(Table 4 and Supplemental Table S15).
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In terms of co-expression signatures, we observed an overlap with
genes in perturbed liver cells, including changes in fatty acid metabo-
lism and changes in the immune response (Table 4 and Supplemental
Tables 16-18). Some interesting co-expression signatures we found in
the E2 exposed liver included genes up-regulated in relation to the
zebrafish crb (“crash and burn”) loss-of-function mutation in bmyb (NP,
q = 7.99E—07) (Table 4 and Supplemental Table S16). Genes down-
regulated in hepatoblastoma samples compared to healthy liver cells
were enriched in the E2 exposed liver (E2, ¢ = 1.56E —22) (Table 4 and
Supplemental Table S17). As with the GO analysis, exposure to NP
shared gene signatures with a number of inflammatory pathways, in-
cluding genes regulated by NF-kB in response to TNF (NP Total,
q = 1.04E—06), and genes with differential expression in hypoxic
conditions (NP, q = 4.08E—06) (Table 4, Supplemental Table S16).
When considering only the DE genes associated with NP exposure, we
observed enrichment in terms associated with liver regeneration in
mice (NP Unique, q = 1.38E—12) and gene signatures that are up-
regulated in the livers of mice with reduced cytochrome p450 oxidor-
eductase (POR) expression (NP Unique, q = 2.49E—06) (Table 4,
Supplemental Table S18). The DE genes unique to E2 exposure had
similarity to co-expression signatures with genes up-regulated in he-
patocellular carcinoma (HCC) cells compared with normal liver cells
(E2 Unique, q = 8.69E—19) (Table 4, Supplemental Table S19).

4. Discussion

The goal of this study was to assess the effect of NP exposure on the
liver transcriptome using a systems level approach. We determined
from the microarray analysis that 1) exposure to NP and E2 enriched
biological processes terms with a focus on metabolism, 2) NP exposure
induced changes in fatty-acid metabolic processes, antigen processing,
cell cycle and apoptosis related terms, 3) the DE genes shared co-ex-
pression patterns with those of liver cells with perturbed functions,
particularly those associated with adverse hepatic outcomes. From the
RNAseq analysis, we identified 4) enrichment in GO terms related to
proteolysis, cellular response, and organic acid metabolism for both the
NP and E2 exposures, 5) NP exposure induced changes in antigen
processing and presentation, response to hypoxia, immune response
and metabolism.
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Fig. 3. Comparison of zebrafish and human func-
tional annotations. The x-axis presents the three
categories, gene products, functional annotations
and non-inferred electronic annotations (NIEA). The
y-axis presents the data available for zebrafish re-
lative to human. Zebrafish has larger number of
annotated gene products relative to human, 22,504
versus 19,473 (as of September 2017). In human,
however non-inferred electronic (NIEA) and func-
tional annotations are > 5 times and > 2 times
better defined respectively than they are in zebra-
fish, based on a query of the GO database in July
2017 (blue), April 2017 (orange) and September
2017 (grey).

NIEA vs Human

4.1. The advantages of exploiting human annotations in a zebrafish study

At this point, the zebrafish genome is not as well characterized and
annotated as the human genome is. However 70% of protein-coding
human genes are related to genes found in zebrafish and 84% of genes
known to be associated with human disease have a zebrafish counter-
part (Howe et al., 2013). For these reasons, it is valuable to consider the
human orthologs of zebrafish genes for GO analyses. As shown in Fig. 2
(Baker and Hardiman, 2014), in terms of the ratio of human to zebra-
fish annotations, there are > 5 times more non-inferred electronic
and > 2 times more functional annotations for human relative to the
zebrafish, based on the GO database over the past two years. Therefore
by projecting zebrafish genes onto their human orthologs, a richer
analysis can be achieved (Fig. 2). This strategy was not utilized in our
previous analysis of 100 nM of NP (Ruggeri et al., 2008). It must be
noted that there are limitations to this analytical approach. Specific fish
genes, such as the vitellogenins (VTGs) for example, do not have or-
thologs in humans. Exposure to NP is associated with higher expression
of VTGs in male zebrafish, and can be used to highlight its estrogenic
properties (Ruggeri et al., 2008). As VTGs lack human orthologs, ana-
lysis with human annotations will lose this information and be unable
to detect any changes associated with VTG expression. However, for a
comparative analysis between a model organism and humans, these
limitations are outweighed by the benefits of improved annotations and
a more comprehensive systems analysis.

4.2. Exposure to NP and E2 perturbed expression of genes involved in
metabolic pathways and cellular response

Our data suggest that both NP and E2 dysregulated expression of
genes involved in metabolic pathways and cellular response. Since the
liver is the primary site of metabolism within the body that constantly
filters out environmental chemicals such as NP, we were not surprised
by the enrichment of metabolic pathways (Noorimotlagh et al., 2016).
Among shared NP and E2 enrichments were changes to organic acid
metabolism, in particular carboxylic acid metabolism, which is con-
sistent with the expression patterns of human liver cells in response to
ethanol stress (Schmidt-Heck et al., 2017).

Co-expression data from ToppFun analysis indicated that the list of
DE genes overlapped with perturbation of liver cell function. A notable
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Table 2

Microarray data analysis using projected human gene IDs: Human Entrez gene
IDs were mapped to zebrafish via Ensembl protein homology. GO: Biological
Process and co-expression analysis was performed utilizing the ToppGene
suite’s functional enrichment tool, ToppFun for DE genes. Enriched GO:
Biological Process terms and c-expression signatures are provided for NP (total),
E2 (total), NP (unique to NP and not DE expressed in E2) and E2 (unique to E2
and not DE expressed in NP). The most significant terms are presented.
Expanded lists of enriched GO terms and co-expression signatures are found in
Supplemental Tables S1-8.

GO Term Bonferroni g-
value
GO: Biological process
NP - Total
organic acid metabolic process 6.26E—25
cell cycle 4.63E—18
Oxidation-reduction process 1.22E—-16
lipid metabolic process 2.21E-10
E2 - Total
carboxylic acid metabolic process 3.23E-31
Oxidation-reduction process 4.53E—15
response to hormone 1.87E-13
mitotic cell cycle 2.29E-10
NP - Unique
response to abiotic stimulus 9.49E-07
negative regulation of cell death 5.31E-03
cellular response to DNA damage stimulus 7.89E—-03
fatty acid metabolic process 1.10E—02
E2 - Unique
RNA processing 3.26E—-07
response to endogenous stimulus 2.59E—-05
translation 1.95E-03
ncRNA processing 3.85E—-03
Co-Expression
NP - Total
Genes up-regulated in robust Cluster 2 (rC2) of hepatoblastoma 3.62E—-25
samples compared to those in the robust Cluster 1 (rC1)
Genes down-regulated in response to both hypoxia and 1.81E—23
overexpression of an active form of HIF1A
[GenelD = 3091]
E2 - Total
Genes down-regulated in erythroid progenitor cells from fetal 6.97E—37
livers of E13.5 embryos with KLF1 [GenelD = 10661]
knockout compared to those from the wild type embryos
Genes up-regulated through activation of mTORC1 complex 1.40E—-28
NP - Unique
Human Liver_Tzur09_1908genes 3.60E—12
Genes whose promoters are bound by MYC [GeneID = 4609], 1.05E—-06
according to MYC Target Gene Database
E2 - Unique
Human orthologs of genes up-regulated in the crb (‘crash and 5.09E—11
burn’) zebrafish mutant that represents a loss-of-function
mutation in BMYB [GeneID = 4605]
Selected genes up-regulated in response to the Ras inhibitor 1.19E-08

salirasib [PubChem = 5469318] in a panel of cancer cell
lines with constantly active HRAS [GenelD = 3265]

example of this were genes upregulated in the zebrafish crb (“crash and
burn”) mutant, representing a loss-of-function for the transcriptional
regulator bmyb (Shepard et al., 2005). The gene-expression signatures
associated with this bmyb mutation are related to gene signatures found
in human tumors, and increased cancer susceptibility in adult zebrafish
heterozygotes.

Our analyses also indicated an overlap between our genes of interest
and genes with promoters bound by ¢-MYC, the transcription factor and
proto-oncogene whose over-expression is associated with the develop-
ment of cancer (Zeller et al., 2003).

MYC signaling is induced by estrogen signaling, and is mediated by
interactions with the estrogen receptor (ER) and activating protein 1
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(AP-1) (Wang et al., 2011). In the context of the liver, expression of c-
MYC is associated with the proliferation of hepatocytes during liver
regeneration (Thompson et al., 1986). Furthermore, its role in the de-
velopment of liver cancers has been well-defined; deregulation of c-
MYC expression, even at moderate levels, has been found in hepato-
cellular carcinoma (HCC) cells (Xin et al., 2017). In ovarian cancer
cells, exposure to NP was associated with a significant increase in the
levels of c-Myc mRNA, suggesting increased expression of the c-MYC
protein (Bo Lii and Zhan, 2010; Park et al., 2011). The presence of DE
genes associated with c-MYC is expected in response to E2, and their
presence in response to NP confirms the estrogenic effects of the sur-
factant. Enrichment analysis of exposure to E2 and NP identified an
overlap with genes mediated by bmyb and c-MYC, two proteins whose
dysregulation is associated with cancer development.

4.3. Unique effects of NP exposure relate to immune response and fatty acid
metabolism in the liver

Enrichment analysis of the microarray data for zebrafish exposed to
NP indicated enrichment in pathways relating to fatty acid metabolism
and antigen processing and presentation, found in both GOrilla and
ToppFun analyses. Analysis of the RNAseq data confirmed these find-
ings; we found significant enrichment across a variety of immune and
inflammatory pathways, as well as changes in fatty acid metabolism.
We identified overlap with genes regulated by NF-kB in response to the
TNF cytokine family suggesting inflammatory processes. NP’s ability to
induce inflammation within the liver has been previously described in
mice, and was attributed to an increased presence of the cytokines TNF-
a and IL-1a (Yu et al., 2016).

Our data also suggest that exposure to NP induced changes in the
metabolism of fatty acids. Exposure to NP has previously been asso-
ciated with the development of lipid droplets within the liver tissue and
steatosis, the abnormal retention of lipids within cells (Bernabo et al.,
2014; Maradonna et al., 2015). Additionally, NP exposure has been
shown to increase expression of hepatic peroxisome proliferator-acti-
vated receptors (PPAR) a and B, in turn suppressing the expression of
cytochrome P450 isoforms (CYP1A1 and CYP3A4) necessary for de-
toxification pathways (Cocci et al., 2013). The dysregulation of these
processes after exposure to NP could indicate a MIE with linkage to
NAFLD as the AOP. Described as chronic steatosis within the liver,
NAFLD has been linked to obesity and other metabolic disorders
(Neuschwander-Tetri, 2017), and is currently the most common cause
of chronic liver disease in developed countries (Dyson and Day, 2014).
NAFLD can ultimately progress to cirrhosis, a permanent scarring of the
liver. In summary, our data indicate that exposure to NP alters fatty
acid processing and the immune response, molecular perturbations that
could be associated with the development of NAFLD.

4.4. Non-estrogenic effects of NP suggest changes in cell death and response
to reactive oxygen species

As we analyzed NP’s effects on the liver transcriptome, we assessed
the effects of E2 in parallel. This allowed us to identify the estrogenic
effects of NP, as well as to determine its non-estrogenic effects by
considering genes with differential expression upon NP exposure, but
not E2. GO analysis of projected human orthologs of DE expressed liver
transcripts revealed that exposure to NP was associated with the cell’s
response to DNA damage and the negative regulation of cell death,
signatures not observed in the exposure to E2. The signatures associated
with metabolic processes and the cell cycle that were associated with
exposure to NP (all DE genes) were retained in the analysis of DE genes
associated with exposure to NP and not E2.

Closely linked to these results is an enrichment in the metabolism of
reactive oxidative species (ROS). ROS are normally generated during
the metabolism of oxygen, but during stress are produced at higher
rates, which can overwhelm the cell’s antioxidant defense system (Ray
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Fig. 4. Functional Analyses of RNAseq data. (A) Overlap of the significant DE expressed liver transcripts (FDR < 0.4) from 100 nM DEHP and 100 nM E2 exposed
adult male zebrafish relative to control fish as determined by DESeq2. (B-D) Gene Ontology Biological Process analyses: Scatterplots shows the cluster representatives
(i.e. terms remaining after the redundancy reduction) in a two dimensional space derived by applying multidimensional scaling to a matrix of the GO terms’ semantic
similarities. Bubble color indicates the p-value (legend in upper right-hand corner); size indicates the frequency of the GO term in the underlying GOA database
(bubbles of more general terms are larger). GO BP analysis of DE genes in (B) NP and (C) E2 exposed livers. GO BP analysis of DE genes unique to NP (not DE in E2
exposed) (D). GO BP analysis of DE genes unique to E2 (not DE in NP exposed) (E).
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Table 3

RNAseq data analysis. Gene enrichment analysis was performed utilizing
Gorilla and zebrafish gene IDs. Enriched GO: Biological Process terms are
provided for NP (total), E2 (total), NP (unique to NP and not DE expressed in
E2) and E2 (unique to E2 and not DE expressed in NP).

GO Term FDR g-value
NP - Total

response to biotic stimulus 1.24E-03
response to external biotic stimulus 1.54E-03
response to other organism 1.62E-03
multi-organism process 2.99E-03
proteolysis 4.12E-03
response to stimulus 2.06E—02
antigen processing and presentation 2.70E-02
lipid transport 2.74E-02
monocarboxylic acid metabolic process 3.06E—02
single-organism metabolic process 3.73E—02
response to external stimulus 3.88E—02
response to oxygen levels 4.04E-02
response to hypoxia 4.13E—-02
response to decreased oxygen levels 4.35E—-02
small molecule metabolic process 9.76E—02
regulation of reactive oxygen species metabolic process 1.38E-01
microglia development 1.90E—-01
oxoacid metabolic process 2.45E-01
organic acid metabolic process 2.55E-01
carboxylic acid metabolic process 2.83E-01
regulation of immune system process 2.96E—-01
defense response to other organism 3.01E-01
immune system process 3.05E-01
response to bacterium 3.07E—-01
E2 - Total

single-organism metabolic process 2.62E—14
small molecule metabolic process 8.98E—14
coenzyme metabolic process 4.15E-11
carboxylic acid metabolic process 6.65E—10
organic acid metabolic process 2.17E-09
cellular response to estrogen stimulus 2.54E-09
oxoacid metabolic process 4.04E—-09
oxidation-reduction process 4.09E—-09
cofactor metabolic process 4.13E-09
response to estrogen 1.23E-07
cellular response to chemical stimulus 6.10E—07
nicotinamide nucleotide metabolic process 4.41E-06
pyridine nucleotide metabolic process 4.78E—06
monocarboxylic acid metabolic process 6.37E—06
pyridine-containing compound metabolic process 8.60E—06
nucleobase-containing small molecule metabolic process 2.92E-05
oxidoreduction coenzyme metabolic process 4.11E-05
response to stimulus 4.20E-05
single-organism catabolic process 4.87E—-05
alpha-amino acid metabolic process 5.17E-05
single-organism biosynthetic process 8.74E—-05
organic substance catabolic process 1.10E—04
organonitrogen compound metabolic process 1.32E—04
NADP metabolic process 1.39E—-04
response to chemical 1.54E—-04
catabolic process 1.85E—04
cellular aldehyde metabolic process 1.90E—04
small molecule catabolic process 1.92E—04
organophosphate metabolic process 2.60E—-04
pyruvate metabolic process 2.85E—-04
metabolic process 2.91E-04
coenzyme biosynthetic process 6.52E — 04
organonitrogen compound catabolic process 8.04E-04
blood coagulation, fibrin clot formation 8.40E—04
nucleotide metabolic process 9.89E - 04
proteolysis 9.92E - 04
nucleoside phosphate metabolic process 1.02E—-03
glucose 6-phosphate metabolic process 1.08E—-03
cellular amino acid metabolic process 1.20E—-03
tetrahydrofolate metabolic process 1.54E-03
pentose-phosphate shunt 1.58E—-03
carboxylic acid catabolic process 1.58E—03
organic acid catabolic process 1.61E-03
glucose metabolic process 2.57E—-03
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Table 3 (continued)

GO Term FDR g-value
folic acid-containing compound metabolic process 2.74E—-03
lipid transport 2.92E-03
NP - Unique

response to oxygen levels 1.23E-02
response to decreased oxygen levels 1.64E—02
response to hypoxia 2.14E-02
single-organism metabolic process 2.91E-02
small molecule metabolic process 3.77E—-02
response to external biotic stimulus 4.70E—-02
response to biotic stimulus 5.51E—02
monocarboxylic acid metabolic process 9.14E-02
organic acid metabolic process 1.20E—-01
oxoacid metabolic process 1.22E-01
microglia development 1.25E-01
carboxylic acid metabolic process 1.31E-01
lipid biosynthetic process 1.33E-01
response to other organism 1.38E—-01
myeloid cell development 1.75E-01
multi-organism process 1.93E-01
organic anion transport 2.25E-01
hemoglobin biosynthetic process 3.05E-01
isoprenoid biosynthetic process 3.46E—01
hemoglobin metabolic process 3.64E—-01
E2 - Unique

single-organism metabolic process 2.35E—-16
small molecule metabolic process 1.69E—15
carboxylic acid metabolic process 9.59E-11
organic acid metabolic process 2.53E—-10
coenzyme metabolic process 3.75E—10
oxoacid metabolic process 4.93E—-10
oxidation-reduction process 1.00E—09
cellular response to estrogen stimulus 8.19E—-08
cofactor metabolic process 1.26E—07
response to estrogen 3.13E-06
single-organism biosynthetic process 3.32E-06
single-organism catabolic process 6.52E—-06
alpha-amino acid metabolic process 7.27E—-06
nucleobase-containing small molecule metabolic process 1.09E—05
monocarboxylic acid metabolic process 1.70E—05
nicotinamide nucleotide metabolic process 2.12E-05
pyridine nucleotide metabolic process 2.25E—-05
small molecule catabolic process 3.22E—-05
pyridine-containing compound metabolic process 3.71E-05
organic substance catabolic process 3.72E-05
catabolic process 4.91E—-05
organophosphate metabolic process 5.55E—05
cellular response to chemical stimulus 8.39E-05
metabolic process 1.35E—-04
oxidoreduction coenzyme metabolic process 1.39E—04
cellular amino acid metabolic process 1.48E—04
carboxylic acid catabolic process 4.33E—-04
cellular aldehyde metabolic process 4.36E—04
pyruvate metabolic process 4.46E—04
organic acid catabolic process 4.49E-04
blood coagulation, fibrin clot formation 4.74E—04
organonitrogen compound metabolic process 4.79E - 04
NADP metabolic process 4.97E—-04
small molecule biosynthetic process 6.18E—04
single-organism process 6.72E—04
nucleotide metabolic process 6.82E—04
nucleoside phosphate metabolic process 7.23E—04
tetrahydrofolate metabolic process 7.67E—04
organonitrogen compound catabolic process 8.78E—04
cellular catabolic process 1.18E-03
folic acid-containing compound metabolic process 1.22E-03
lipid metabolic process 1.32E-03
organic hydroxy compound transport 5.22E—-02
single-organism carbohydrate catabolic process 5.52E—02
cofactor biosynthetic process 5.67E—02
steroid metabolic process 5.70E—02
cellular nitrogen compound catabolic process 5.92E—-02
carbohydrate catabolic process 5.97E—02
cellular modified amino acid metabolic process 5.99E—-02
dicarboxylic acid metabolic process 6.00E—02

(continued on next page)
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Table 3 (continued)

GO Term FDR g-value
ribonucleotide metabolic process 6.02E—02
cellular amino acid biosynthetic process 6.62E—02
lipid biosynthetic process 6.66E—02

Table 4

RNAseq data analysis using projected human gene IDs: Human Entrez gene IDs
were mapped to zebrafish via Ensembl protein homology. GO: Biological
Process and co-expression analysis was performed utilizing the ToppGene
suite’s functional enrichment tool, ToppFun for DE genes. Enriched GO:
Biological Process terms and c-expression signatures are provided for NP (total),
E2 (total), NP (unique to NP and not DE expressed in E2) and E2 (unique to E2
and not DE expressed in NP). The most significant terms are presented.
Expanded lists of enriched GO terms and co-expression signatures are found in
Supplemental Tables S10-16.

GO Term Bonferroni g-
value

GO: Biological Process

NP - Total

immune response 1.60E - 08

response to oxygen-containing compound 7.61E—06

inflammatory response 7.94E—04

regulation of protein activation cascade 5.57E—04

E2 - Total

carboxylic acid metabolic process 4.05E—-32

oxidation-reduction process 3.09E—24

lipid metabolic process 9.87E—-17

fatty acid metabolic process 1.97E—-10

NP - Unique

reactive oxygen species metabolic process 1.67E—05

protein localization to endoplasmic reticulum 4.43E—-03

cholesterol metabolic process 8.32E—03

response to topologically incorrect protein 2.08E—02

E2 - Unique

organic acid metabolic process 2.58E—28

cellular lipid metabolic process 5.85E—14

cellular catabolic process 1.35E—-07

lipid oxidation 3.52E—-06

Co-Expression

NP - Total

Human orthologs of genes up-regulated in the crb (‘crash and 7.99E—-07
burn’) zebrafish mutant that represents a loss-of-function
mutation in BMYB [GeneID = 4605]

Genes regulated by NF-kB in response to TNF 1.04E—-06
[GenelD = 7124]

E2 - Total

Liver selective genes 7.64E—37

Genes down-regulated in hepatoblastoma samples compared to 1.56E—22
normal liver tissue

NP - Unique

Mouse Liver_White05_638genes 1.38E—12

Genes up-regulated in liver from transgenic mice with reduced 2.49E-06
expression of POR [GenelD = 5447] in all tissues

E2 - Unique

Genes down-regulated in hepatocellular carcinoma (HCC) 8.69E—19
compared to normal liver samples

Mouse Liver_Jeong06_492genes 2.07E-13

et al., 2012). This oxidative stress results in damage to nucleic acids and
lipids, and has been implicated in the development of cancer (Reuter
et al., 2010), inflammation (Reuter et al., 2010), and cell death (Arakha
et al.,, 2017). Exposing zebrafish embryos to NP has previously been
associated with the induction of oxidative stress, resulting in increased
expression of immune response genes (Xu et al., 2013). Furthermore, it
has been shown that exposure to NP in mouse TM4 Sertoli cells induced
apoptosis by generating ROS and activating the ERK signaling pathway
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(Choi et al., 2014). Linking the association with NAFLD described
above, increased generation of ROS can induce inflammation in liver
cells through lipid peroxidation (Day, 2002), and induces fat accumu-
lation by inhibiting hepatocytes from secreting very low density lipo-
protein (VLDL) (Polimeni et al., 2015). Analysis of the DE gene sig-
natures unique to exposure to NP identified changes relating to the
metabolism of ROS that in combination with changes in inflammation
and fatty acid metabolism support previous studies suggesting NP has a
role in the development of NAFLD (Kourouma et al., 2015).

4.5. Comparison of DNA microarray analyses vs. RNA sequencing

Both the microarray and RNAseq analyses of the transcriptome
identified perturbations in hepatic gene expression, and allowed us to
determine if these changes in gene expression are connected to changes
in health outcomes. While RNAseq is quickly becoming more cost ef-
fective, with less technical noise, a greater dynamic range to quantify
gene expression, and highly reproducible results, microarrays are still
used due to their ease of use and lower cost (Davis-Turak et al., 2017).
In general, we found that the RNAseq and microarray experiments were
consistent. The RNAseq analyses provided greater sensitivity by un-
covering transcriptional perturbations that were not detected with the
array platform. The GOrilla (zebrafish) enrichment analysis of RNAseq
data associated with exposure to E2, for instance, identified many of the
same enrichment terms we observed in the microarray analysis, in-
cluding organic acid and oxoacid metabolic processes, while identifying
enrichments in lipid transport and proteolysis that we did not observe
in our array analysis. We saw similar results in our comparison of the
ToppFun (human-ortholog projected) analyses of E2 exposure. RNAseq
analysis confirmed the enrichments in organic acid and lipid metabolic
process terms observed with the microarray analysis, while also iden-
tifying enrichments in triglyceride metabolic process and lipid oxida-
tion not observed with the array analysis.

The most notable difference between the array and RNAseq analyses
were observed in the NP exposures: analysis of the RNAseq indicated
highly significant changes in the immune response (Table 4 and
Supplemental Table S10 and S14); while we did observe enrichment in
some immune pathways in our analysis of the array data (Table 2 and
Supplemental Tables S1 and S5), we did not observe as deep an en-
richment of these terms compared to the RNAseq analysis. Furthermore,
we observed enrichment of terms relating to the cell cycle and lipid
metabolism in our analysis of the array data, terms we did not observe
in our analysis of the RNAseq data.

4.6. Comparison to the earlier study by Ruggeri et al. (2008)

This study is a follow-up to a previous experiment our group con-
ducted, in which zebrafish were exposed to 100 nM of NP and liver
tissue analyzed via a microarray analysis (Ruggeri et al., 2008). The
previous experiment was completed over a decade ago, with a spotted
oligonucleotiode microarray based on an early draft of the zebrafish
genome and well before high-throughput sequencing became com-
monplace. In this manuscript, we revisited the effects of NP exposure
using an updated zebrafish genome build, a robust commercial micro-
array platform and high throughput RNAseq. These newer and more
sophisticated analyses permitted a deeper systems level analyses.

In our initial study, we determined that exposure to NP and E2
could significantly induce the expression of vitellogenin (VTG), a sex-
related precursor of yolk proteins, in both female and male zebrafish.
Both xenoestrogens changed the regulation of genes associated with
energy metabolism, oxidative stress defense mechanisms, xenobiotic
metabolism, and lipid metabolism. In the case of oxidative stress, the
two treatments demonstrated different patterns of expression; exposure
to E2 induced detoxification, while exposure to NP inhibited this me-
chanism. This earlier study identified non-estrogenic mechanisms of
NP, while also showing the efficacy of the microarray approach on
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Fig. 5. Summary of findings with regard to
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determining the expression patterns in a toxicology study. However, by
today’s standards, there are technological and bioinformatics limita-
tions to this earlier work that we have addressed in this newer study.

Firstly, the technology employed was a printed oligonucleotide
microarray based on an early draft of the zebrafish genome. This newer
study utilizes a commercial Agilent microarray in addition to RNAseq.
Secondly, the improved zebrafish genome annotation and coupled with
Ensembl homology to map zebrafish genes to their human counterparts
affords more sophisticated bioinformatics analyses. Our study provides
a considerable update to the findings of this earlier paper; supporting its
conclusions while also identifying new signatures of interest associated
with both exposures. RNAseq analysis of zebrafish exposed to NP re-
vealed enrichment of many of the same GO terms, including protein
metabolism, lipid metabolism, and oxidative stress defense mechan-
isms. Unique to our new study were enrichments relating to the cell’s
response to hypoxic conditions, antigen processing and presentation,
and the immune system process. Furthermore, by ‘humanizing’ the DE
genes of interest, we discovered that NP has a significant effect on the
regulation of the immune system, including response to inflammation.
Co-expression analysis of our exposures identified an overlap with
genes related to knock-out of BMYB in zebrafish, genes regulated by NF-
kB in response to TNF, and genes up-regulated in mice with reduced
expression of cytochrome P450 oxidoreductase (POR). In terms of ex-
posure to E2, our study identified many of the same GO enrichments,
mainly focusing on primary metabolism, including lipid metabolism,
protein metabolism, and organic metabolism. Unique to our findings
were changes in response to external stimuli, including estrogen; these
were enriched in the previous study’s NP exposure group, though their
presence in the E2 exposure group was not as significant as it was in our
experiment. This may be due to updates and improvement in the Gene
Ontology database over the past decade.

Co-expression analysis identified an overlap between our perturbed
genes and those up-regulated by mTORC1, up-regulated by knockout of
BMYB, and down-regulated in liver tumor cells. In summary, this newer
analysis supports the earlier findings, as well as identifying new pro-
cesses with differential expression in response to exposure to both NP
and E2. These include the immune response, response to hypoxic con-
ditions, and the presence of genes shared with perturbed liver cells.

5. Conclusion

The focus of this study was to examine the effects of NP on the liver
using modern bioinformatics approaches to analyze microarray and
sequencing data obtained from in vivo exposures of adult zebrafish. Our
findings with regard to DE genes that represent non-estrogenic
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signatures are summarized in Fig. 5 in the context of the AOP frame-
work. Our results indicate that exposure to NP leads to the enrichment
of genes related to fatty acid metabolism, immune response, and other
processes. Compared to previous studies with NP exposure, we have
identified novel changes in the immune response, response to hypoxia,
and a potential association with liver disorders as a result of exposure to
NP, highlighting the advantages of recent advances in deep tran-
scriptomic profiling.
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