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Abstract

Development is a complex and well-defined process characterized by rapid cell proliferation and 

apoptosis. At this stage in life, a developmentally young organism is more sensitive to toxicants as 

compared to an adult. In response to pro-oxidant exposure, members of the Cap’n’Collar (CNC) 

basic leucine zipper (b-ZIP) transcription factor family (including Nfe2 and Nfe2-related factors, 

Nrfs) activate the expression of genes whose protein products contribute to reduced toxicity. Here, 

we studied the role of the CNC protein, Nfe2, in the developmental response to pro-oxidant 

exposure in the zebrafish (Danio rerio). Following acute waterborne exposures to diquat or tert-
buytlhydroperoxide (tBOOH) at one of three developmental stages, wildtype (WT) and nfe2 
knockout (KO) embryos and larvae were morphologically scored and their transcriptomes 

sequenced. Early in development, KO animals suffered from hypochromia that was made more 

severe through exposure to pro-oxidants; this phenotype in the KO may be linked to decreased 
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expression of alas2, a gene involved in heme synthesis. WT and KO eleutheroembryos and larvae 

were phenotypically equally affected by exposure to pro-oxidants, where tBOOH caused more 

pronounced phenotypes as compared to diquat. Comparing diquat and tBOOH exposed embryos 

relative to the WT untreated control, a greater number of genes were up-regulated in the tBOOH 

condition as compared to diquat (tBOOH: 304 vs diquat: 148), including those commonly found to 

be differentially regulated in the vertebrate oxidative stress response (OSR) (e.g. hsp70.2, txn1, 

and gsr). When comparing WT and KO across all treatments and times, there were 1170 genes that 

were differentially expressed, of which 33 are known targets of the Nrf proteins Nrf1 and Nrf2. 

More specifically, in animals exposed to pro-oxidants a total of 968 genes were differentially 

expressed between WT and KO across developmental time, representing pathways involved in 

coagulation, embryonic organ development, body fluid level regulation, erythrocyte 

differentiation, and oxidation-reduction, amongst others. The greatest number of genes that 

changed in expression between WT and KO occurred in animals exposed to diquat at 2 h post 

fertilization (hpf). Across time and treatment, there were six genes (dhx40, cfap70, dnajb9b, 

slc35f4, spi-c, and gpr19) that were significantly up-regulated in KO compared to WT and four 

genes (fhad1, cyp4v7, nlrp12, and slc16a6a) that were significantly down-regulated. None of these 

genes have been previously identified as targets of Nfe2 or the Nrf family. These results 

demonstrate that the zebrafish Nfe2 may be a regulator of both primitive erythropoiesis and the 

OSR during development.
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1. Introduction

Development is a multifaceted process that depends on the delicate balance and timing of 

cellular proliferation, differentiation, and apoptosis. Reactive Oxygen Species (ROS), 

produced endogenously via respiration and oxygenating enzymes, play an important role in 

normal development by functioning as messengers in cell signal transduction and 

differentiation (Hitchler and Domann, 2007). In excess, ROS create a disruption of redox 

signaling and control (Jones, 2006), and consequently may damage lipids as well as proteins 

(Livingstone, 2001; Valavanidis et al., 2006), leading to premature cell cycle arrest or 

differentiation (Li et al., 2007; Smith et al., 2000).

To combat oxidative stress, organisms have both basal antioxidant molecules (Mandal et al., 

2009) and inducible antioxidant proteins (Hu et al., 2006; Mathers et al., 2004; McMahon et 

al., 2001; Nair et al., 2007; Rangasamy et al., 2004; Timme-Laragy et al., 2013). Despite the 

fact that embryos create and need ROS for cellular signaling, they have a reduced although 

ontogenetically dynamic antioxidant capacity as compared to adults (Juchau, 2003; Timme-

Laragy et al., 2013; Wells and Winn, 1996). This leaves embryos susceptible to toxicity 

associated with increases in oxidative stress, whether that arises from endogenous or 

exogenous sources. The essential mediators of the basal and inducible antioxidant response 

are known as the oxidative stress response (OSR). The OSR has been identified in adult 

vertebrates and cells in culture, including the NRF (Nfe2-related factor) signaling pathway 
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(Kensler et al., 2007; Lee et al., 2005; Motohashi and Yamamoto, 2004; Osburn et al., 

2006b), but only recently has embryonic sensitivity to chemically-induced oxidative stress 

and the role of NRF signaling become known.

The inducible response to ROS, electrophiles and pro-oxidant chemicals proceeds through a 

family of Cap’n’collar (CNC) basic leucine zipper (bZIP) transcription factors (Andrews et 

al., 1993). In mammals, there are four NFE2-related CNC-bZIP proteins: Nuclear Factor 

Erythroid, 2 (NFE2), Nuclear Factor Erythroid, 2 like 1 (NRF1), Nuclear Factor Erythroid, 2 

like 2 (NRF2), and Nuclear Factor Erythroid, 2 like 3 (NRF3) (Motohashi et al., 2002) and 

two distantly related proteins BACH1 and BACH2 (Oyake et al., 1996). All vertebrate CNC 

members regulate transcription by binding to MAF recognition elements, also known as 

Antioxidant Response Elements (ARE), upon heterodimerizing with one of three small 

MAF proteins. (Motohashi et al., 2002, 1997). NRF2 is the most well-characterized of the 

family, especially as it relates to the OSR (Kensler et al., 2007; Nguyen et al., 2003). The 

OSR is not solely regulated by NRF2; distinct and non-overlapping functions of the various 

NRFs during the response have been identified (Motohashi et al., 2010; Ohtsuji et al., 2008), 

despite sharing binding affinity to the same cis-acting ARE motifs.

Antioxidant defenses of fish (Di Giulio et al., 1989; Hahn et al., 2014; Kelly et al., 1998; 

Timme-Laragy et al., 2013, 2012; Valavanidis et al., 2006; Williams et al., 2013; Winston 

and Di Giulio, 1991) include enzyme systems and low molecular weight antioxidants are 

similar to those found in mammals (George, 1994; Richard and Joel, 2008; Stegeman et al., 

1992; Timme-Laragy et al., 2013). However, as a result of fish-specific whole genome 

duplication (Amores et al., 1998; Postlethwait et al., 2004; Taylor et al., 2001), there are 

several OSR genes in zebrafish that are co-orthologous to mammalian genes that exist as 

paralogs in fish. Thus, there are six nrf family genes: nfe2, nrf1a, nrf1b, nrf2a, nrf2b, and 

nrf3, all of which all share strong relationships with NRF orthologs in vertebrates (Timme-

Laragy et al., 2012). Unlike nrf1 and nrf2 which are found as paralogs in zebrafish, nfe2 is 

found as a single ortholog, with little known about its function, although its expression has 

been documented (Pratt et al., 2002). nfe2 is expressed throughout development, with the 

highest concentration of transcript found in the unfertilized egg (Williams et al., 2013). 

Spatially, it is concentrated in erythroid cells from 10 somites (~12hpf) to 36 hpf and in the 

developing ear at 48 hpf (Pratt et al., 2002). Given its sequence similarity to human NFE2, 

spatial expression, and lack of expression in cloche mutants, it has been hypothesized that 

Nfe2 function is similar to its mammalian ortholog and is involved in hematopoiesis (Pratt et 

al., 2002). Phenotypic outcomes of transient Nfe2 knockdown in zebrafish and knockout in 

mice have provided some insight into the potential molecular targets of Nfe2.

In the mouse model, Nfe2 null mice lack circulating platelets due to a late block in 

megakaryocyte maturation, and most die of hemorrhage in the neonatal period (Shivdasani 

et al., 1995). Further examination of megakaryocytes from null embryonic mice indicate the 

novelty of NFE2 in regulating ROS signaling, a crucial step in the maturation of these cells. 

NFE2 competes with NRF2 to regulate cytoprotective genes such as heme oxygenase 

1(Ho-1) and NADP(H):quinine oxidoreductase (Nqo1) (Motohashi et al., 2010). However, 

since the Nfe2 knockout is neonatally lethal in most mice, the role of NFE2 could be 

examined only in the few surviving adults from these litters. In mice that survive the 
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knockout, it has been found that NFE2 is involved in the production of proplatelets (Lecine 

et al., 1998). Using the zebrafish model and transient morpholino knockdown of Nfe2, 

additional biological roles of Nfe2 have been elucidated including roles in swimbladder 

inflation and otic vesicle formation (Williams et al., 2013). However, the role of Nfe2 in 

responding to and regulating the OSR during development has not been explored in 

zebrafish.

In this study, we used a zebrafish nfe2 knockout model, which is not developmentally lethal, 

to examine the role of Nfe2 in regulating the response to oxidative stress. Zebrafish at three 

distinct developmental periods (blastula/gastrula, hatching, and larval) were acutely exposed 

to two model pro-oxidants: diquat (Sandy et al., 1987; Stancliffe and Pirie, 1971) and tert-
butylhydroperoxide (Ahmed-Choudhury et al., 1998). Following the waterborne exposure, 

phenotypic outcomes were compared between wildtype and nfe2 knockout fish. In addition, 

transcriptome analyses were completed to identify differential expression between treatment 

groups and strains to ascertain the transcriptional regulatory role of Nfe2.

2. Methods

2.1. Chemicals

Diquat dibromide monohydrate was purchased from Sigma-Alrich (St. Louis, MO, USA), 

and freshly dissolved in 0.3X Danieau’s. Luperox® TBH70X tert-butylhydroperoxide 

(tBOOH) solution was purchased from Sigma-Aldrich (St. Louis, MO, USA) and freshly 

added to 0.3X Danieau’s. o-dianisidine was purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and freshly dissolved in nuclease-free water.

2.2. Fish husbandry and strains

Adults were maintained and embryos were collected as previously described (Jonsson et al., 

2007). Wildtype animals were on the AB background (Zebrafish International Resource 

Center, Eugene, OR). To create a germline nfe2 knockout, a pair of vectors containing TAL 

effector nucleases (TALENs) targeting exon 3 of nfe2 were generated using the REAL 

(Restriction Enzyme And Ligation) assembly method. Component plasmids were obtained 

from Addgene (www.addgene.org/talengineering/talenkit/). Briefly, target sites were 

selected and TALENs designed using Zifit (http://zifit.partners.org/ZiFiT/), followed by 

assembly. mRNA was synthesized from the vectors and injected into single cell zebrafish 

embryos on an AB/TL hybrid background (Rost et al., in preparation). The TALEN target 

sequences are: 5′-TCACCCACCTCTTATGAG-3′ and 5′-CATGACTACACGTGGTCA-3′. 

A subsequent founder deletion of eight base pairs (GCACATGA) was found via sequencing 

in exon 3 starting at nucleotide position 468 from the translational start site; this deletion 

resulted in a frame shift, causing a change in protein sequence starting at amino acid 111 (M 

→ D) and the introduction of a premature stop codon 13 amino acids later (Rost et al., in 

preparation). The frameshift was introduced 161 amino acids prior to the Cap’n’collar 

(CNC) family basic leucine zipper domain that is responsible for DNA binding (Pratt et al., 

2002).
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This study was carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol 

was approved by the Bates College Institutional Animal Care and Use Committee (Animal 

Welfare AssuranceNumber A3320-01) and the University of Michigan Institutional Animal 

Care and Use Committee (Animal Welfare AssuranceNumber A3114-01).

2.3. Chemical exposure of embryos to diquat and tBOOH for phenotypic and RNA-Seq 
analyses

Waterborne exposures were carried out at three different developmental stages: 2 h post 

fertilization (hpf) (experiment 1), 48hpf (experiment 2), and 96hpf (experiment 3) in 3 pools 

of 30 embryos per condition (Fig. 1). Animals were exposed to no treatment, 20 μM diquat 

or 1 mM tBOOH for a 4-h dosing period in glass scintillation vials in a 20 mL volume of 0.3 

× Danieau’s. Chemicals were chosen for their aqueous solubility and ability to induce 

oxidative stress (Higuchi et al., 2011; Osburn et al., 2006a; Timme-Laragy et al., 2009). For 

phenotypic analysis, animals were moved to 0.3 × Danieau’s for 48 h post-exposure (hpe) 

and imaged with a Leica M165 FC stereoscope and DFC310FX camera. For RNA-Seq 

experiments, animals were moved to 0.3 × Danieau’s for 4 hpe before being flash frozen 

using liquid nitrogen and stored at −80 °C.

2.4. Phenotypic assessment

Forty-five developing animals in each of the three treatment pools (water, tBOOH, diquat) 

were randomly selected and blindly scored in WT and KO at 48 hpe using a stage-specific 6 

point scale (0.5 = extreme morphological deformities to 5 = normal morphology) as 

previously described (Brannen et al., 2010; Panzica-Kelly et al., 2010) at 100 hpf (dosed at 

48hpf) and 148 hpf (dosed at 96hpf). For 54hpf larvae (dosed at 2 hpf), the same scale and 

morphological endpoints were used as described above, but normal developmental 

morphology was modified for the pec fin stage (Kimmel et al., 1995). Statistical differences 

between treatment groups and strains were assessed using a two-way ANOVA and Tukey’s 

multiple comparisons test in Prism v.6.

2.5. Hemoglobin staining

To detect hemoglobin in hatched zebrafish, an o-dianisidine staining method was used (Iuchi 

and Yamamoto, 1983; Paffett-Lugassy and Zon, 2005), in which 20 animals per treatment 

and strain were incubated in 0.6 mg/mL of o-dianisidine, 0.1 M sodium acetate (pH 4.5), 

and 0.65% hydrogen peroxide for 15–30 min. Following washes with phosphate-buffered 

saline (PBS), embryos were fixed at room temperature for 1 h in freshly prepared 4% 

paraformaldehyde, and bleached in a solution containing 0.8% KOH, 0.9% hydrogen 

peroxide, and 0.1% Tween-20. Images then were obtained with a Leica M165 FC 

stereoscope and DFC310FX camera. Animals were blindly scored, with a 3 given to an 

animal with normally stained erythrocytes, a 2 given to an animal with mild hypochromia, 

and a 1 given to an animal with severe hypochromia. Statistical differences between 

treatment groups and strains were assessed using a two-way ANOVA and Tukey’s multiple 

comparisons test in Prism v.6.
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2.6. RNA extraction & sequencing

Total RNA was isolated from pooled animals using the Aurum Total RNA Mini Kit 

(BioRad, Hercules, California, USA) following the manufacturer’s protocol. At 

HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA), the quality of the RNA 

was checked using Caliper Instrumentation (PerkinElmer, Waltham, MA, USA) and 

RiboGreen reagents (Invitrogen, Carlsbad, CA, USA). Directional mRNA libraries with 

poly(A) selection were made using New England Biolabs (Ipswich, MA, USA) reagents: 

NEBNext Poly (A) mRNA Isolation Magnetic Module, NEBNext First Strand Synthesis 

Module, NEBNext Second Strand Synthesis Module (with dUTP), NEBNext End Repair 

Module, NEBNext dA Tailing Module, and the NEBNext Quick Ligation Module. Quality 

analysis of the libraries was carried out using PicoGreen (Thermo Fisher, Waltham, MA, 

USA) and Caliper instrumentation (PerkinElmer, Waltham, MA, USA). 50 base pair (bp), 

paired end, libraries were sequenced using the Illumina HiSeq 200 platform with v4 

chemistry platform at HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA).

2.7. RNA-Seq data processing

Raw RNA-Sequencing (RNA-Seq) reads were obtained from HudsonAlpha as 50 bp paired-

end reads in FASTQ format with approximately 25 million reads per sample. The data for 

each sample was concatenated into a single FASTQ file and uploaded to the McMaster 

instance of the online Galaxy analysis platform (galaxylab.mcmaster.ca) (Afgan et al., 

2016). Reads were analyzed for various quality control parameters including: per base 

sequence quality, per sequence GC content, sequence length distribution and sequence 

duplication levels and Kmer content using the FastQC tool (Version 0.11.4) (Andrews, 

2015). All files passed the quality control thresholds such that no adjustments were made on 

the data. Reads were then aligned to the Ensembl GRCz10 zebrafish reference genome using 

Tophat2 (Version 2.0.14), which functions based on Bowtie2 alignment software (Version 

2.2.5) (Kim et al., 2013) using a mean inner distance of 300 bp, a maximum intron length of 

380,000 bp and all other parameters set to default values. Read counts for each gene were 

then obtained for the aligned reads using the Htseq-counts tool (Version 0.6.1) (Anders et 

al., 2015). The Tophat accepted hits BAM file was analyzed against the Ensembl GTF 

zebrafish gene annotation reference, with pre-sorting by name through Samtools Sort 

(Samtools version 0.1.19) within the Htseq-count software.

2.8. Statistical analysis of RNA-Seq counts data

Raw counts data obtained from Htseq-counts were normalized using DESeq2 (Version 

1.10.1) (Love et al., 2014) in R (version 3.2.3, 64bit platform) using size factors obtained 

from the total dataset and virtual reference sample based on the data, then filtered to keep 

only those genes for which at least one sample had normalized counts greater than 10. 

Remaining zero-counts post-filtering were assigned a value of 1 to facilitate downstream 

log2 transformation of the data. The filtered and normalized dataset was imported into MeV 

(version 4.9.0) (Saeed et al., 2003) where the data was log2 transformed and median-

centered for statistical analysis. A two-factor ANOVA was performed for time, overall 

treatment (including both strain and compound), and their interaction with p value based on 

1000 permutations of the data and α=0.01. The genes found to be significantly affected in 
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the two-factor ANOVA were subsequently analyzed using Rank Product testing (Breitling et 

al., 2004) to identify the genes that were up- and down-regulated in response to compound 

treatment and nfe2 knockout. Rank Product tests were performed as a two-class unpaired 

analysis using 5000 permutations of the data and a false discovery rate of ≤10%. The unique 

genes found significant among all Rank Product tests were annotated using the Ensembl 

BioMart data-mining tool (Yates et al., 2016), then input into Gene Cluster 3.0 (C Clustering 

library version 1.52) and Java TreeView (version 1.1.6r4) (Saldanha, 2004) for heat map 

generation. Heat maps were generated from fold change data in average normalized signal 

for each treatment relative to average normalized signal for untreated wildtype zebrafish at 2 

hpf, and the data was log2 transformed with genes and/or treatments clustered using 

Pearson’s correlation (i.e. centered) and average linkage clustering. Gene clusters identified 

visually within the heat map were analyzed using the DAVID Bioinformatics Database 

Functional Annotation Tool (Version 6.7) (Huang da et al., 2009a,b) for gene ontology and 

pathway enrichment, using an EASE value of 0.05. KEGG Pathways and Gene Ontology 

(GO) terms (cellular component, molecular function, biological process) were used for the 

DAVID analysis. If no enriched terms were detected, the top terms, regardless of 

significance, were identified through the Functional Annotation Clustering results. GO terms 

identified through the Functional Annotation analysis at an EASE value cutoff of <0.1 were 

visualized using Revigo (Supek et al., 2011) to obtain a scatter-plot of the enriched ontology 

terms. The significant genes from the Rank Product testing were additionally analyzed using 

the R version of the software UpSet (Lex et al., 2014) to visualize overlapping gene sets 

among treatments.

2.9. ARE motif search

To determine if Nfe2 is capable of directly regulating genes that were differentially 

expressed in the KO, a search for cis-AREs in the 10,000 base pairs upstream of the start site 

plus the entire length of zebrafish genes was completed as previously described (Williams et 

al., 2013).

2.10. Quantitative real-time PCR validation of gene expression

To validate the ten genes that were up-regulated or down-regulated in the wildtype versus 

nfe2 knockout model across all treatments and times, quantitative real-time PCR was 

conducted. Total RNA (1 μg) isolated for the RNA-Seq experiment was used to synthesize 

cDNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Using the Agilent 

Mx3000 qPCR system (Agilent, Santa Clara, CA), qPCR was conducted with the Brillant II 

SYBR Master-mix on ten candidate genes and one housekeeping gene. For each sample, 

triplicate technical reactions in separate wells were run containing 5 ng of cDNA. The PCR 

conditions were 95 °C for 10 min followed by 35 cycles of 95 °C for 30 s, 55 °C for 60 s, 

and 72 °C for 60 s. Following each run, a melt curve was generated to ensure the 

amplification of single product. Gene-specific primers are listed in Table 1. All primers were 

tested for amplification efficiency using a calibration dilution curve and slope calculation 

approach (Rutledge and Cote, 2003). β2-Microglobulin (b2m) was chosen as a 

housekeeping gene due to its limited variation in expression with embryonic development 

and chemical exposure (McCurley and Callard, 2008). Its stability was confirmed with a 
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One-Way ANOVA with the samples used in this study. Expression of genes was analyzed 

using the comparative ΔΔCT method (Livak and Schmittgen, 2001).

3. Results

3.1. Phenotypic assessments

During early development, nfe2 knockout (KO) embryos had slight hypochromia as 

compared to WT (Fig. 2A; Fig. 3A; Suppl Fig. 1A, B; Suppl Fig. 2A, A′, B, B′). Upon an 

acute pro-oxidant exposure at 2hpf and subsequent scoring at 48hpe, WT animals had slight 

hypochromia, but KO had an almost total loss of hemoglobin (Suppl Fig. 2C, C′ D, D′, E, E

′, F, F′). Additionally, treated KOs also had slower heart rates (85–87% of untreated WT) 

and minor yolk sac and pericardial edema (Suppl Fig. 1D). KOs scored at 100hpf were 

significantly different from WT (Fig. 2B), in that they displayed delayed inflation of the 

swimbladder, minor delays in otolith migration, and had hypochromia (Suppl Fig. 1 E, F; 

Suppl Fig. 3 A, A′, B, B′). Upon acute exposure to either pro-oxidant, both WT and KO 

larvae were affected as compared to their respective untreated control (Fig. 2B). Exposure to 

either pro-oxidant caused pericardial edema and elevated heart rate (105–112% of untreated 

WT), hypochromia, and lack of swimbladder inflation (Suppl Fig. 1 G, H; SSuppl Fig. 2C, C

′, D, D′, E, E′, F, F′). Additionally, KO fish had minor otolith migration delays (Suppl Fig. 

1H) and significantly more severe hypochromia as compared to WT exposed to the pro-

oxidants (Fig. 3B; Suppl Fig. 2 D, D′, F, F′). WT and KO animals dosed with tBOOH 

displayed similar, but more pronounced phenotypes (e.g. more severe pericardial edema) 

compared to animals exposed to diquat. Under control conditions, there were no differences 

between WT and KO at 148hpf (Fig. 2C) except for slight, but significant, hypochromia 

(Fig. 3C; Suppl Fig. 1 I, J; Suppl Fig. 4 Fig. 4A, A′, B, B′). When acutely exposed to either 

pro-oxidant at 96hpf, WT and KO were affected as compared to their respective untreated 

controls, but there were no significant differences between the two strains (Fig. 2C, Suppl 

Fig. 1K,L) except for a greater amount of hypochromia in the KO (Fig. 3C; Suppl Fig. 4C, C

′, D, D′, E, E′, F, F′). Like treatment at 48hpf, tBOOH was more toxic at 96hpf as 

compared to diquat due to more pronounced phenotypes (Fig. 2C). Shared phenotypic 

outcomes upon pro-oxidant exposure between WT and KO at 96hpf included a slower heart 

rate (53–62% of untreated WT control) and lack of swimbladder inflation in most (88%) 

animals (Suppl Fig. 1K,L). In pro-oxidant exposed WT, blood pooled near the caudal fin in 

32 out of 45 animals and there was slight curvature of the dorsal/ventral body axis in all 

animals (Suppl Fig. 1K). KO treated with pro-oxidants had a slightly more exaggerated 

curvature of the dorsal/ventral body axis, almost total loss of circulation, a reduced number 

of red blood cells which were hypochromic (Suppl Fig. 4 D, D′, F, F′), and 65% of larvae 

had pericardial edema (Suppl Fig. 1L).

3.2. Transcriptomics

HiSeq read alignment to the Ensembl GRCz10 zebrafish reference genome averaged 91.6% 

overall read mapping with 84.0% concordant pair alignment. A total of 27,919 out of 31,953 

genes in the zebrafish genome had reads subsequently assigned through Tophat alignment 

and a total of 14,969 genes were retained for statistical analysis based on read count 

filtering, with 6223 genes found significant by the two-factor ANOVA. The DESeq2 
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normalized Htseq-counts for all genes with RNA-Seq data, significant or otherwise, have 

been deposited into the Gene Expression Omnibus (GEO) database with NCBI GEO 

accession number GSE83466.

After ANOVA, there were 1534 unique genes found significant among all Rank Product 

tests that were subsequently hierarchically clustered based on fold change in average 

normalized signal for each treatment relative to average normalized signal for wild-type 

zebrafish in 0.3 × Danieau’s at 2 hpf (Fig. 4). In general, there were clusters of genes that 

were up-regulated (represented in red) or down-regulated (represented in green) as compared 

to the 2hpf WT untreated control (Fig. 4). Of particular note was the transcriptomic 

signature of tBOOH at later stages (48 and 96hpf), with 224 genes up-regulated and 167 

genes down-regulated (Fig. 5A). In comparison to diquat exposure, tBOOH caused more 

genes to be up-regulated than diquat (tBOOH: 304 vs diquat: 148) and approximately the 

same number (tBOOH: 167 vs diquat: 175) of down-regulated genes. The greatest induction 

of genes by tBOOH occurred at 96hpf where 88 genes were up-regulated in WT as 

compared to 32 at 48hpf and 27 at 2hpf, respectively (Fig. 5A). Like WT, the largest 

numbers of genes were up-regulated in the KO upon exposure to tBOOH at 96hpf (135), 

compared to 20 at 48hpf and 2 at 2hpf, respectively. As shown in red, the thioredoxin 1 

(txn1) gene was up-regulated in both strains at 48hpf and 96hpf when comparing water and 

tBOOH treated animals (Fig. 5A). Across developmental time within WT, three genes 

(mmp9 and hsp70.3, and sla) were up-regulated.

A strain effect was present within the heatmap, with a large number of genes being up-

regulated across the various treatments upon loss of Nfe2 (Fig. 5B). In total, there were 1170 

genes that were differentially regulated (up or down) across all experimental conditions 

when comparing WT and KO, a subset of which are shown in Fig. 5B. The largest shared 

gene set comprising 83 down-regulated genes is between WT and KO dosed at 2hpf with 

diquat (Fig. 5C). The next largest shared gene set is for 75 up-regulated genes in WT versus 

KO dosed at 2hpf with diquat (Fig. 5C). There is also a conserved set of 33 up-regulated 

genes within 2hpf samples across treatment (Fig. 5C). Across treatment and time, there were 

six genes commonly up-regulated (dhx40, cfap70, dnajb9b, slc35f4, spi-c, and gpr19) and 

four down-regulated (fhad1, cyp4v7, nlrp12, and slc16a6a) upon nfe2 knockout (Fig. 5C). 

These gene expression patterns were validated with qRT-PCR (Table 1, Fig. 6). Of these 

commonly regulated genes, all had multiple putative Nfe2 binding sites (Suppl Table 1). 

Given that Nrfs share a cis-ARE binding motif (Motohashi et al., 2002, 1997), all genes that 

were differentially regulated by the loss of Nfe2 were compared against known Nrf1 and 

Nrf2 targets from the literature. In total, 33 of the 1170 genes were shared targets of the Nrf 

family of proteins (Suppl Table 2 Table 2).

To determine the overall role of Nfe2 in regulating the cellular processes of the developing 

animal, enriched biological themes were identified with DAVID and plotted in Revigo from 

a gene set containing those that were differentially regulated in wild-type versus knockout 

across all treatments and times. The most significantly enriched terms were related to 

coagulation, regulation of body fluid levels, and embryonic development (Fig. 7). Less 

significantly enriched terms included the development of glial cells, differentiation of 

erythrocytes, homeostasis, response to wounding, transport of ions and oxygen, oxidation-
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reduction, and adhesion of cells (Fig. 7). The genes encompassed in these GO terms are 

listed in Supplementary Table 3.

4. Discussion

The focus of research on NFE2 has centered on its regulatory role in hematopoietic cell 

development in mammals and mammalian cell culture (Chan et al., 2001; Chen et al., 2007; 

Fujita et al., 2013; Gasiorek et al., 2012; Kacena et al., 2005; Lecine et al., 1998; Levin et 

al., 1999; Motohashi et al., 2010; Shivdasani and Orkin, 1995; Shivdasani et al., 1995). The 

mechanisms by which NFE2 regulates these processes have become clearer, including its 

role in regulating the response to ROS (Chan et al., 2001; Motohashi et al., 2010). Like other 

NRF proteins, NFE2 can bind antioxidant response elements (Motohashi et al., 2000), 

through which it can regulate cytoprotective genes, amongst others. Due to viviparity, the 

ease at which the role of NFE2 can be studied in the context of mammalian development is 

limited. In zebrafish, the presence of a single nfe2 ortholog (Pratt et al., 2002; Timme-

Laragy et al., 2012; Williams et al., 2013) and oviparous reproduction allows for a greater 

observation of the role of Nfe2 throughout development and in the context of oxidative 

stress. Combining phenotypic assessment and transcriptomics, our study is the first to 

describe the role of Nfe2 throughout zebrafish development. We accomplished this by using 

a loss of function model, determined early developmental sensitivity to pro-oxidants, and 

ascertained the role of Nfe2 in regulating that response.

Phenotypic assessments in the zebrafish model point to the importance of Nfe2 in regulating 

primitive erythropoiesis. Hematopoiesis is well conserved across vertebrates (Galloway and 

Zon, 2003), and Nfe2 has been implicated as a critical regulator of globin gene expression 

(Blank et al., 1997; Kotkow and Orkin, 1995; Lu et al., 1994; Woon Kim et al., 2011). Both 

the mouse model (Shivdasani and Orkin, 1995) and our KO early larval zebrafish have 

hypochromia (Suppl Fig. 2 B, B′). Treated with pro-oxidants, KO and WT also have 

hypochromia, although it was more severe in the KO (Fig. 3, Suppl Figs. 2–4). In the KO 

fish under control and pro-oxidant conditions at 2 and 48hpf an erythroid-specific gene, 

alas2, was down-regulated upon loss of nfe2. ALAS2, or erythroid-specific δ-

aminolevulinate synthase, is the first enzyme in the heme biosynthetic pathway (Riddle et 

al., 1989). Like our zebrafish, Alas2-null mice have erythroblast cell pellets that were 

deficient of heme (Harigae et al., 2003). Interestingly, mammalian NFE2 has not been 

directly implicated in the regulation of Alas2, but rather genes downstream of the protein 

such as Pgbd, Uros, Urod, Cpox, Ppox, and Fech (Rheinemann et al., 2014). In our model, 

Nfe2 could be playing a role in the direct regulation of alas2 and our motif analysis supports 

that hypothesis (Suppl Table 1). One of these motifs was within 250 bp of the transcriptional 

start site (TSS) on the plus strand (Suppl Table 1); given that mammalian NFE2 has been 

shown to bind relatively near the transcriptional start site (TSS) of genes that it directly 

regulates (Fujita et al., 2013), this is a likely target worthy of further investigation with 

chromatin immunoprecipitation (ChIP). Rescue experiments using capped mRNA would 

also contribute to our understanding of the role of alas2 in this phenotype. Our data also 

suggest that Nfe2 plays a part in regulating the development of the swimbladder and the 

otolith (Suppl Fig. 1).
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Nfe2 morphants have similar, but not identical, morphological deformities (Williams et al., 

2013), such as defects in swimbladder inflation and otolith formation, to those shown in our 

knockout model. To explain the morphant phenotypes it was suggested that embryos have 

deficient hedgehog signaling that is directly regulated by Nfe2 through cis-ARE motifs 

(Williams et al., 2013). In support of this suggestion, KO fish had decreased indian 

hedgehog a (ihha) expression compared to the untreated WT at 2hpf and 96hpf, as well as in 

tBOOH exposed animals at 96hpf. Zebrafish that are mutant in ihha (Korzh et al., 2011) 

have a similar swimbladder phenotype to our KO, likely due to aberrant swimbladder bud 

formation. Otolith formation and migration has also been linked to hedgehog signaling 

(Sapede and Pujades, 2010). In our KO, there are slight delays in otolith migration up to 

100hpf; however, they are overcome by 148hpf. This phenotype is not as pronounced as was 

observed in the Nfe2 morphant (Williams et al., 2013), perhaps due to genetic compensation 

(Kok et al., 2015; Rossi et al., 2015). Our data also reveal up-regulation of cfap70, a cilia 

and flagella associated protein of unknown function (McClintock et al., 2008), also known 

as ttc18, across all time points and treatment conditions in the KO versus WT fish (Fig. 4C). 

This finding reveals a novel target for Nfe2 and a potential role in regulating the 

development of cilia, which are important to the development of the inner ear (Stooke-

Vaughan et al., 2012). Further functional studies and in situ analysis may reveal the 

importance of cfap70 in early zebrafish development and a regulatory role for Nfe2 in that 

process.

While Nfe2 is likely regulating some early developmental basal functions, the intensification 

of the KO phenotypes upon pro-oxidant exposure during development is consistent with a 

role of Nfe2 in regulating the inducible OSR. It has been suggested that during early 

developmental zebrafish cannot mount a defense against oxidative stress (Kobayashi et al., 

2002, 2009), although Hahn et al. (Hahn et al., 2014) found induction of genes known to 

respond to oxidative stress (gstp1, gclc, and nrf2a) in 24hpf zebrafish treated with a model 

pro-oxidant tert-butylhydroquinone (tBHQ). However, the response to pro-oxidant exposure 

has not been shown in younger embryos before this study. While prototypic OSR genes were 

not up-regulated at 2hpf, there are several genes that were up-regulated upon exposure to 

tBOOH and diquat. The mechanisms of tBOOH and diquat differ slightly, with tBOOH 

creating peroxyl (tBOO.) and alkoxyl (tBO.) radicals (Ahmed-Choudhury et al., 1998), and 

diquat creating superoxide anion radicals (Sandy et al., 1987). Several genes (strbp, trit1, 

cyp2p10, and asf1bb) were up-regulated in WT at 2hpf by both chemicals, and one gene 

(ulk2) was down-regulated by both chemicals at 2hpf compared to their untreated controls. 

Of these genes, trit1, or RNA-isopentenyltransferase (tRNA-IPT) is responsible for the 

formation of isopentenyladenosine (i6A), a modification that is found at position 37 of 

several tRNAs, including Selenocysteine (tRNASec) (Gu et al., 2014). The resulting tRNA 

(i6A-tRNA) has been linked to changes in expression levels of genes involved in the NRF2-

mediated oxidative stress response (Dassano et al., 2014). However, the other genes listed 

above have not been ascribed roles in the OSR. Later in development (>48 h) an OSR 

response, like that mounted in other vertebrate models, was shown (Fig. 5A). Six (hsp70.3, 

hsp70l, hsp90a, dnajb1b, txn1, and sqstm1) of 20 candidate mammalian OSR genes (Hahn et 

al., 2014) were up-regulated in at least one pro-oxidant condition in our 48 and/or 96hpf 

animals compared to their respective untreated controls. Additionally, six others (atf3, 
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dnajb1, gstpo2, igfbp1, junb, and mafb) were also up-regulated in either 48hpf or 96hpf pro-

oxidant treated fish and found to be effective in developing zebrafish treated with tBHQ 

(Hahn et al., 2014; Timme-Laragy et al., 2012). Thus, pro-oxidants with differing modes of 

action can induce a similar molecular level OSR later in development. At the phenotypic 

level, exposure to pro-oxidants elicited changes to heart rate that were stage specific. Early-

developmental (2hpf) and late-developmental (96hpf) exposure to tBOOH and diquat caused 

a lower heart rate compared to the untreated control whereas exposure during the hatching 

stage (48hpf) caused higher heart rates. This complex phenotype, combined with anemia, 

may be a result of compensation and decompensation processes. Early developmental 

exposure to excess ROS may disrupt cardiac neural crest cell migration (Tsatmali et al., 

2006), leading to slower heart rates. During mid-development, increases in ROS due to 

chemical exposure has been shown to increase heart rate (Johnson et al., 2007), potentially 

as a compensatory mechanism. Later in development, decompensation as measured via a 

slower heart rate has been linked to chemically-induced disruptions of hematopoiesis (Li et 

al., 2016). Given limited studies on the topic of oxidative stress and heart development in 

zebrafish, future studies should focus on the cell signaling pathways that lead to these 

phenotypes and the role of Nfe2 and other Nrf proteins in modulating that response.

When comparing the genes that were up- and down-regulated in previous studies (Chan et 

al., 2001; Motohashi et al., 2010) with our own, none were found to overlap. This lack of 

overlap could be due to differences in species (mouse vs. zebrafish) or the biological 

material used (current study: whole embryo/larvae; Chan: red blood cells; Motohashi: 

cultured fetal liver cells). With respect to differences due to species, there is variation of 

tissue expression of Nfe2 (mouse: hematopoietic tissues and trophoblast cells (Gasiorek and 

Blank, 2015); zebrafish: intermediate cell mass, circulating blood, and inner ear (Pratt et al., 

2002)), and in nfe2 nucleotide conservation outside of the DNA binding domain (Pratt et al., 

2002; Timme-Laragy et al., 2012). However, a battery of other genes were dysregulated in 

the KO including 158 under diquat conditions, 80 under tBOOH conditions, and an 

additional 21 shared between the two conditions (Fig. 4C). For example, the gene for 

Erythrocyte membrane protein 4.1b (epb4.1b) is down-regulated with exposure to both 

tBOOH and diquat at 48hpf. This protein anchors the spectrin-actin based cytoskeleton to 

the plasma membrane of the cell (Conboy, 1993; Yawata et al., 1997) and is a known Nrf2 

target (Chorley et al., 2012). In the absence of Epb4.1b, red blood cells are abnormal in their 

morphology and have fragile membranes (Conboy et al., 1990; Tchernia et al., 1981). The 

severe hypochromia in KO animals as compared to WT treated with pro-oxidants may be 

due to a combination of decreased levels of alas2 and epb4.1b. In WT treated with pro-

oxidants, however, it is not surprising to see hypochromia as ROS accumulation and 

erythrocyte sensitivity has been previously linked (Ghaffari, 2008). The increased severity of 

the hypochromia phenotype may be due to additional changes in gene expression upon loss 

of Nfe2 such as the reduction of glutathione s-transferase pi-2 (gstp2) that is down-regulated 

in KO as compared to WT at 96hpf treated with diquat. gstp2 is a cytosolic glutathione S-

transferase that is a known target of Nrf1 and Nrf2 (Chanas et al., 2002; Miyazaki et al., 

2014; Suzuki et al., 2005; Xu et al., 2005), and up-regulated due to exposure to pro-oxidants 

like tBOOH and polycyclic aromatic hydrocarbons in developing zebrafish (Timme-Laragy 

et al., 2009). Other genes that were down-regulated in the KO fish were identified as genes 
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involved in oxidation-reduction processes, oxidoreductase activity, protein tyrosine kinase 

activity, phosphatidylinositol signaling, and ATP binding (Fig. 5). While many genes in the 

OSR are up-regulated due to pro-oxidant exposure, there are likely some that are down-

regulated and also regulated via Nfe2.

Half of the genes dysregulated upon pro-oxidant exposure in nfe2 knockouts, as compared to 

the untreated WT control, were up-regulated suggesting that Nfe2 may have a role as a 

repressor under certain contexts. Of note is rad17, a component of a PCNA-like complex 

that is involved in double-strand break repair (Nunes et al., 2008) and has several cis-AREs 

(Suppl Table 1). Interestingly, Nfe2 seems to be down-regulating genes involved in DNA 

damage repair, a response that was induced in tBHQ treated zebrafish (Hahn et al., 2014). 

Another gene that is up-regulated in the KO is the CCAAT/enhancer binding protein-β, 

cebp-b, a basic leucine zipper transcription factor that has been linked to endoplasmic 

reticulum mediated cell death (Meir et al., 2010) and is up-regulated in response to tBHQ 

(Hahn et al., 2014). A known Nfe2 target, human immunodeficiency virus type I enhancer 

binding protein 3b (Hivep3b) (Fujita et al., 2013), which is also a known regulator of 

endoplasmic stress (Imamura et al., 2014), was up-regulated in the KO at 2hpf upon pro-

oxidant exposure. Thus, Nfe2 may be playing a role in suppressing factors that induce ER 

stress, perhaps in conjunction with Nrf2 (Cullinan et al., 2003).

In our study we were able to identify 10 novel targets for zebrafish Nfe2. Genes up-regulated 

across all times and treatments in the KO include dhx40, cfap70, dnajb9b, slc35f4, spi-c, and 

gpr19. dhx40 is a RNA helicase involved in RNA metabolism (Xu et al., 2002), cfap70 as 

previously mentioned is a cilia and flagella associated protein (McClintock et al., 2008), 

dnajb9 is an inhibitor of the pro-apoptotic function of p53 (Lee et al., 2015), and slc35f4 is a 

nucleotide sugar transporter (Nishimura and Naito, 2008). s-pic controls the development of 

red pulp macrophages (Kohyama et al., 2009) and gpr19 is an orphan G protein-coupled 

receptor that binds adropin (Stein et al., 2015). Genes down-regulated across all times and 

treatment in the KO include fhad1, nlrp12, slc16a6a, and cyp4v7. fhad1is a Forkhead-

Associated (FHA) Phosphopeptide Binding Domain 1, nlrp12 is a gene that encodes a 

member of the CATERPILLER family of cytoplasmic proteins (Pinheiro et al., 2011), 

slc16a6a is a monocarboxylate transporter (Hugo et al., 2012), and cyp4v7 is a common 

hepatotoxicity marker (Driessen et al., 2014). While no obvious features exist between them 

except for their cis-ARE binding motifs (Suppl Table 1), the regulation of these genes by 

Nfe2 in the zebrafish model shows that its cellular and molecular role may reach beyond 

platelets and cytoprotection.

Nfe2 is one of the least studied of the Nrf proteins and has been hypothesized to have 

limited regulatory functions (Gasiorek and Blank, 2015; Hahn et al., 2015). Through the use 

of a knockout model in the developing zebrafish, this study highlighted the importance of 

Nfe2 in primitive erythropoiesis and in the potential direct regulation of genes of various 

functions. The exposure of early developing embryos to two different pro-oxidants allowed 

us to show that an OSR was mounted in blastula/gastrula embryos which was distinct from 

the OSR response mounted in hatched larvae. The response to pro-oxidants on the 

phenotypic and transcriptomic level in the KO model also identified the importance of Nfe2 

through several stages of development. Several genes up- and down-regulated in the KO 

Williams et al. Page 13

Aquat Toxicol. Author manuscript; available in PMC 2017 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were also shown to be Nrf1 and Nrf2 targets, implicating Nfe2 as a co-regulator of genes 

with cis-ARE motifs. This study has thus identified a greater role for Nfe2 during 

development and in response to pro-oxidants through the use of the tractable zebrafish 

model that is worthy of future investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ARE antioxidant response element

bp base pair

bZIP basic leucine zipper

ChIP chromatin immunoprecipitation

CNC Cap’n’Collar (CNC)

hpe hours post exposure

hpf hours post fertilization

KO knockout

NFE2 Nuclear Factor (Erythroid-Derived 2)

NRF1 Nuclear Factor (Erythroid-Derived 2)-like 1

NRF2 Nuclear Factor (Erythroid-Derived 2)-like 2
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NRF3 Nuclear Factor (Erythroid-Derived 2)-like 3

OSR oxidative stress response

PBS phosphate buffered saline

ROS reactive oxygen species

tBOOH tert-butylhydroperoxide

tBHQ tert-butylhydroquinone

tRNA-IPT RNA-isopentenyltransferase

TSS transcriptional start site

WT wildtype
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Fig. 1. 
Experimental overview for phenotypic and RNA-Seq experiments. Early developmental 

exposure to water, tBOOH and diquat is shown in experiment one, mid-developmental 

exposure is shown in experiment two, and late-developmental exposure is shown in 

experiment three. For each experiment, the exposure duration was 4 h. RNA was collected 

for RNA-Seq 4 h post-exposure (hpe) and phenotypic observations were made 48 hpe.
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Fig. 2. 
Phenotypic effects of pro-oxidant exposure. Animals treated at either 2hpf (Panel A), 48hpf 

(Panel B), or 96hpf (Panel C) were imaged and morphologically scored 48 hpe on a six-

point scale where morphological scores ranged from 0.5 (anatomical features missing) to 5 

(normal anatomical features). Boxes represent upper and lower quartiles of scores for the 

group, with median score marked by the internal line. Whiskers represent the range of scores 

outside of the middle 50% (excluding outliers). Shared letters indicate no statistical 

difference within a time point (two-way ANOVA, Tukey’s multiple comparisons test, p ≤ 

0.05). No outliers were present.
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Fig. 3. 
Staining and scoring of erythrocytes in developing zebrafish. Animals treated at either 2hpf 

(Panel A), 48hpf (Panel B), or 96hpf (Panel C) were stained with o-dianisidine, imaged and 

morphologically scored 48 hpe where morphological scores ranged from 1 (severe 

hypochromia), to 2 (mild hypochromia), to 3 (normal). Boxes represent upper and lower 

quartiles of scores for the group, with median score marked by the internal line. Whiskers 

represent the range of scores outside of the middle 50% (excluding outliers). Shared letters 

indicate no statistical difference within a time point (two-way ANOVA, Tukey’s multiple 

comparisons test, p ≤ 0.05). No outliers were present.
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Fig. 4. 
Differentially expressed genes due to treatment and strain effects. A total of 1534 genes 

were identified as differentially expressed in at least one Rank Product test. The heatmap of 

these genes shows fold change data relative to the untreated 2hpf wildtype (WT) strain, 

where red indicates up-regulation and green indicates down-regulation relative to this 

control(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.).
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Fig. 5. 
Gene regulation with tBOOH treatment, diquat treatment, and nfe2 knockout. All heatmaps 

show fold change data relative to the untreated 2hpf wildtype (WT), with red indicating up-

regulation and green indicating down-regulation. Black gene names indicate genes 

significant in at least one Rank Product test, red indicate up-regulation across all relevant 

conditions, green indicate down-regulation across all relevant conditions, and grey indicates 

non-significance for the conditions of interest. A) Effect of tBOOH treatment at 48 and 96 

hpf. Black genes represent those significant in at least one strain (WT or KO) or time point 

(48 or 96hpf) and grey represent those that were not significant for tBOOH up-regulation. 

txn1, in red, was found to be up-regulated across both time points and strains. B) Effect of 

nfe2 knockout. Up-regulation of this gene set was observed across all time points in the nfe2 
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knockout strain. The red-highlighted subset of genes were significantly up-regulated across 

all times and treatments as compared to the untreated WT strain. C) Up and down-regulated 

gene commonalities across wildtype versus knockout fish. The upper plot indicates gene 

overlaps between the Rank Product gene lists for WT versus KO tests. The dot matrix of the 

plot shows the intersections and the bars represent the size of the overlaps. A set of 6 genes 

were found to be common across all tests for up-regulation (red), and 4 were found to be 

common across all tests for down-regulation (green). All 6 up-regulated genes and 3 of the 4 

down-regulated genes were also found to be clustered closely within the fold change heat 

maps with the relevant overlapping genes for up and down-regulation highlighted red and 

green, respectively (for interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article).
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Fig. 6. 
Relative expression of commonly up- and down-regulated genes across treatment and time 

in nfe2 knockout as measured by qRT-PCR. Relative expression values are shown for each 

gene, where b2 m was used as a housekeeping gene and values normalized to 2hpf WT 

water control. Data are presented as the mean ± S.E.M. (error bars), and N = 3 pools of 30 

embryos. Within each gene, differences in expression were assessed using a two-way 

ANOVA and shared letters indicate no statistical difference.
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Fig. 7. 
Enriched GO terms for genes differentially regulated in wildtype versus nfe2 knockout 

animals. GO terms meeting an EASE cutoff value of 0.1 from the DAVID Functional 

Annotation analysis are plotted based on enrichment p-value and ontology semantic space 

for genes that were differentially regulated in WT versus KO across developmental time and 

pro-oxidant treatment. Colors closer to the blue end of the spectrum indicate higher levels of 

significance, with a log10 p-value of −1.3 corresponding to a p-value of 0.05. Gene names 

within each term are reported in supplemental Table 3(for interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article).
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Table 1

qRT-PCR Primers used for gene amplification of commonly up- and down-regulated genes across treatment 

and time in nfe2 knockout. Primer sequences are written 5′–3′ and amplicon size is shown.

Gene Primer Sequence (5′ – 3′) Amplicon Size

b2m F: CTGAAGAACGGACAGGTTATGT 125

R: ACGCTGCAGGTATATTCATCTC

cfap70 F:CACGGAGACCTTACTGACATAGAG 187

R: GTACCGTCTGAGTGACTTTCATG

cyp4v7 F: AGCAATTCCAGACACCTTGAC 135

R: TGGAGAAATGGAAGGTTGGAG

dhx40 F: CACGCAGCTACCTCAGTACTTG 85

R: GACACTCTCTGGGCTACAGTG

dnajb9b F: CTTTCACAAACTAGCCATGCG 138

R: GCTTCTCGTCTGATCGTATTCC

fhad1 F: CTACCTCTGTTTCACCCCATC 129

R: CATCCTCTGTTAGCACTCCAG

gpr19 F: TCTACGTGCTGCTGTCCATC 243

R: AGGAACCCAAACAGCAAATG

nlrp12 F: CTTCAGGCCTGTTTCTCCAG 197

R: AGGAACAGTGTGGGGAGATG

slc16a6a F: TCAACTGCATTCACCAGCTC 184

R: GGAGCGAAAGCAAATGTAGC

slc35f4 F: TTTATGGGTGTGGCCTTAGC 214

R: CCCAGGGTAAAGAGGAGAGG

spi-c F: TGGCTCTGTGGACACTTCTG 202

R: TACTGCTGGGCAGTGACTTG
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