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Abstract

The transcription factor Nrf2a induces a cellular antioxidant response and provides protection 

against chemical-induced oxidative stress, as well as playing a critical role in development and 

disease. Zebrafish are a powerful model to study the role of Nrf2a in these processes but have been 

limited by reliance on transient gene knockdown techniques or mutants with only partial 

functional alteration. We developed several lines of zebrafish carrying different null (loss of 

function, LOF) or hyperactive (gain of function, GOF) mutations to facilitate our understanding of 

the Nrf2a pathway in protecting against oxidative stress. The mutants confirmed Nrf2a 

dependence for induction of the antioxidant genes gclc, gstp, prdx1, and gpx1a and identified a 
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role for Nrf2a in the baseline expression of these genes, as well as for sod1. Specifically, the 4-fold 

induction of gstp by tert-butyl hydroperoxide (tBHP) in wild type fish was abolished in LOF 

mutants. In addition, baseline gstp expression in GOF mutants increased by 12.6-fold and in LOF 

mutants was 0.8-fold relative to wild type. Nrf2a LOF mutants showed increased sensitivity to the 

acute toxicity of cumene hydroperoxide (CHP) and tBHP throughout the first 4 days of 

development. Conversely, GOF mutants were less sensitive to CHP toxicity during the first 4 days 

of development and were protected against the toxicity of both hydroperoxides after 4 dpf. Neither 

gain nor loss of Nrf2a modulated the toxicity of R-(−)-carvone (CAR), despite the ability of this 

compound to potently induce Nrf2a-dependent antioxidant genes. Similar to other species, GOF 

zebrafish mutants exhibited significant growth and survival defects. In summary, these new genetic 

tools can be used to facilitate the identification of downstream gene targets of Nrf2a, better define 

the role of Nrf2a in the toxicity of environmental chemicals, and further the study of diseases 

involving altered Nrf2a function.

Graphical Abstract

INTRODUCTION

Perturbations in reductive/oxidative balance are essential for redox signaling and thus for 

life, but excessive oxidant challenge is a major mechanism of cellular damage resulting from 

an imbalance of reactive oxygen species and antioxidant defenses.1 This resulting cellular 

oxidative stress (OS) is implicated in the etiology of a wide range of human diseases from 

cancer2,3 to heart disease4–6 to neurodegenerative disorders.7 It is also a significant 

mechanism of toxicity due to chemical exposure.8–11 Antioxidants directly play a major role 

in reducing OS toxicity, and a primary cellular antioxidant pathway is regulated by the 

transcription factor NRF2 (NF-E2 p45-related Factor 2, encoded by the gene NFE2l2 in 

humans; reviewed in refs 12 and 13). Under homeostatic conditions, the NRF2 protein is 

constantly translated but bound by the regulatory protein KEAP1 in the cytoplasm14,15 

where it is polyubiquitinated by associated proteins and targeted for degradation.16–18 Under 

conditions of oxidative stress, this process is inhibited.19,20 As a result, newly synthesized 

NRF2 may escape degradation and translocate to the nucleus and heterodimerize with sMAF 

proteins to bind antioxidant response elements (AREs) within promoter sequences to drive 

transcription of target genes.21–23
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The NRF2/ARE response pathway is well-conserved in living organisms from humans to 

Drosophila fruit flies24 and C. elegans worms25 (and reviewed in ref 26). The model fish 

Danio rerio (zebrafish) serves as a relevant model to study the structure and function of the 

NRF2 pathway, particularly in response to chemical exposure, due to high fecundity and 

rapid development. Furthermore, ease of genetic manipulation makes zebrafish a powerful 

system to test the genetics of responses to chemicals. Zebrafish have an intact NRF2 

pathway, including the NRF2 paralog Nrf2a (encoded by the gene nfe2l2a),27 Keap1a and b,
28,29 as well as a conserved set of antioxidant response genes. Two manipulations have been 

used to study the Nrf2a pathway in zebrafish, including the nfe2l2afh318 hypomorphic allele 

caused by a single amino acid change in the DNA binding domain of Nrf2a,30 and 

knockdown of endogenous nfe2l2a transcript by morpholino.9,31 However, both of these 

tools provide incomplete elimination of Nrf2a activity. The nfe2l2afh318-derived protein 

retains some DNA-binding activity,30,32 and morpholino effectiveness is limited to the first 

4–5 days of development.33 Furthermore, both of these tools allow study on the reduction of 

Nrf2a activity, but not the increase of that activity, a question of great significance to a 

number of human cancers (reviewed in ref 34). This increase in activity results from 

elimination of KEAP1 regulation, either by mutation in KEAP1 itself or by deletion or 

mutation of the regulatory domains in NRF2 by which KEAP1 binds.

In the present study, we took advantage of the targeting power of CRISPR gene editing tools 

to create both fully null (loss of function, LOF) and hyperactive (gain of function, GOF) 

Nrf2a lines in zebrafish. Once developed, we utilized these tools to better understand 

downstream targets of Nrf2a in zebrafish, as well as to characterize the induction response 

by model oxidative stressors. We further tested the hypothesis that the potency of Nrf2a 

induction response by three model oxidative stressors would predict acute toxicity of 

exposure to these compounds.

EXPERIMENTAL PROCEDURES

Fish Care.

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of the University of Washington. Adult zebrafish of the outbred Ekkwill (EKW) strain were 

housed in a recirculating system at 27 ± 1 °C, on a 14h:10h light:dark cycle. Adult fish were 

fed 2% of their body weight in flake food (84% AquaTox flake (Zeigler Brothers), 7% 

Calafin (Argent Aquaculture), 9% 300–500 μm Golden Pearls (Brine Shrimp Direct) per 

day, and received live newly hatched Artemia nauplii as a supplement at least once daily. 

Fish were allowed to spawn naturally at the beginning of the daily light cycle. Embryos were 

collected within several hours of fertilization, sorted for proper development and for 

developmental stage, and housed in E3 embryo medium (0.1 mM NaCl, 3.4 μM KCl, 6.6 

μM CaCl2, 6.6 μM MgSO4, pH 7.2).

Genomic Mutagenesis.

The cas9 nuclease derived from Streptococcus pyogenes was used for RNA-guided genome 

editing of nfe2l2a. Two sites within Exon 2 were targeted simultaneously (site 1: 

GGATCTGGGCGCGGGCCGTGagg; site 2: ccgCGCAGCACACCGCTCACAC; PAM 
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lower case). Targets were selected using the CRISPRscan algorithm.35 The corresponding 

single-guide RNA (sgRNA) templates were created by cloning annealed oligonucleotides 

into pT7-gRNA (gift from Wenbiao Chen, Addgene plasmid # 4 6 7 5 9) as described36 (site 

1 pair: tag-gATCTGGGCGCGGGCCGTG and aaacCACGGCCCGCGCCCAGAT; site 2 

pair: taggGGTGTGAGCGGTGTGCTGCG and aaacCGCAGCACACCGCTCACACC). 

After sequence confirmation, sgRNAs were transcribed in vitro using MEGAshortscript kit 

(ThermoFisher) and purified by phenol extraction and ethanol precipitation, then refolded by 

heating to 98 °C and slow cooling to room temperature.37

Fertilized EKW embryos were collected from spawning tanks within 1 h postfertilization 

and injected at the one-cell stage using an MPPI-2 pressure injector (ASI). Embryos were 

injected with sgRNAs in one of two combinations: as a ribonucleoprotein complex with cas9 

protein (PNA Bio) (300 mM KCl, 500 ng/μL cas9 protein, 125 ng/μL sgRNA#1, 125 ng/μL 

sgRNA#2);38 or with cas9 mRNA in vitro transcribed from pCS2-nCas9n (Addgene plasmid 

#47929)36 with mMESSAGE mMACHINE kit (ThermoFisher; 100 ng/μL sgRNA#1, 100 

ng/μL sgRNA#2, 600 ng/μL cas9 mRNA, 500 mM KCl).

Genotyping and Stock Maintenance.

Genomic DNA was obtained by sodium hydroxide extraction from tail biopsies of juvenile 

fish.39 This was screened by PCR using primers flanking the target exon (FP1: 

GTGCAGCCCTAGTGTGTGATG; RP1: GGCATTTGTGTCAAATCTCACAGG). 

Amplicons were then sequenced directly to determine genomic edits that would lead to loss 

of function alleles or large in-frame deletion alleles. Germline transmission approached 

100% in F0 fish screened.

Once the mutant lines were identified, they were maintained as heterozygous stocks by 

outcrossing to wild type EKW. Carriers of mutant alleles were identified by PCR 

amplification and melt curve analysis on a CFX Connect (Bio-Rad) real-time PCR machine; 

melt curves were analyzed using the Precision Melt Analysis Program (Bio-Rad). Carriers of 

nfe2l2aw210 were identified using FP1 and RP2 (AGCTGAAGTCGAACACCTCA). 

Carriers of nfe2l2aw211 were identified using FP2 (AGGAGCAGGAGAAGACACTG) and 

RP1). Carriers of nfe2l2aw212, nfe2l2adw213, and nfe2l2adw214 were identified using FP1 and 

RP1. For out-of-frame deletion alleles (nfe2l2aw210, nfe2l2aw211, and nfe2l2aw212), paired 

homozygous mutant and wild type stocks were generated by incrossing heterozygous stocks 

and were genotyped as described above. The paired homozygous stocks were then incrossed 

to produce embryos for subsequent experiments. For nfe2l2adw213, paired homozygous 

stocks were generated in the same way but the few homozygous mutant fish that reached 

sexual maturity were all crossed to homozygous wild type siblings for experiments.

RNA Isolation and cDNA Synthesis.

RNA was obtained from whole 1 dpf homozygous embryos using the RNeasy kit (Qiagen). 

Gene-specific cDNA was generated by reverse transcribing with SuperScript III (Invitrogen) 

using a primer for the 3′ end of the nfe2l2a transcript 

(GCTAGATATTCTTCACAAGAGTC). cDNA was used as a template for PCR amplification 

(FP: GAGACATGATGGAGATTGAAATGTC; RP: GCTAGATATTCTTCACAAGAGTC) 
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and then these amplicons were direct sequenced to confirm effects of genomic mutations on 

RNA transcripts.

Chemical Exposures.

These experiments build on our previous study that examined the comparative effects of a 

number of compounds from the EPA ToxCast database on oxidative damage in zebrafish and 

fathead minnow.40 As part of that work, we characterized a subset of seven industrial 

compounds for their effects on zebrafish antioxidant gene expression (Figure S1). Of the 

seven compounds analyzed in that study, three compounds elicited particularly strong Nrf2a 

activation responses, including R-(−)-carvone (CAR, Sigma-Aldrich), cumene 

hydroperoxide (CHP, Thermo-Fisher), and tert-butyl hydroperoxide (tBHP, VWR 

International). Accordingly, these compounds were selected to conduct a more detailed 

analysis on the role of the Nrf2a mutations in chemical-induced changes in antioxidant gene 

expression and survivorship. Chemical exposures followed the Fish Embryo Test from the 

Organization for Economic Cooperation and Development (FET OECD no. 236)41 with 

minor modifications to accommodate the large number of embryos for the study. Exposures 

were carried out in 20 mL glass scintillation vials (Kimball-Chase). Groups of embryos were 

added to 10 mL of chemical solution in each vial starting at 30–50% epiboly (roughly 5 

hpf)42 and were maintained in these vials with a daily 90% water change at 28 °C until 96 

hpf. LC50 concentrations for wild type fish exposed to CAR, CHP, and tBHP were reported 

in our previous paper.40

LC50 concentration comparisons for nfe2l2aw211, heterozygous nfe2l2adw213, and wild type 

controls were determined using the same 5 hpf-96 hpf exposure regime, exposing three 

replicates of 10 embryos each to five concentrations, each diluted 2-fold from the one 

before, plus a negative or solvent control. Measurements of CAR toxicity were repeated for 

confirmation, and these two separate experiments were combined for analysis. The U.S. 

Environmental Protection Agency’s Toxicity Relationship Analysis Program (TRAP), 

version 1.30a43 was used to calculate LC50 values.

To assess toxicity after 4 dpf, three replicates of 10 larvae each were exposed to intended 

concentrations of CHP and tBHP in 100 mm Petri dishes, 25 mL of chemical solution per 

dish. Survival was measured after 24 h (for tBHP) or 48 h (for CHP) since no acute toxicity 

was observed at 24 h for CHP. CAR exposure was not lethal to larvae of any genotype after 

4 dpf up to the limit of solubility in embryo medium, so the effect of Nrf2a function on CAR 

toxicity after 4 dpf could not be assessed.

Gene Expression Analysis.

All gene expression was analyzed using QuantiGene Plex (ThermoFisher), a multiplexed 

branched DNA quantification assay that can be carried out on homogenized fish tissue 

without the need for RNA isolation or cDNA synthesis, as previously described.44 Gene 

expression analysis was carried out using either the full panel of antioxidant response gene 

probes described in ref 44 (Design ID M17013009) or a screening panel containing probes 

for gstp and actb1. Expression of the targeted genes of interest was normalized to the 
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reference gene(s) present in the panel used: the geometric mean of three reference genes for 

the full panel or actb1 for the screening panel.

For analysis of nfe2l2a out-of-frame mutant and wild type gene expression (n = 5 biological 

replicates, 5 larvae per replicate), zebrafish were exposed from 5 hpf to 96 hpf to an 

intended concentration of 20% LC50 of each chemical and negative or solvent control. 

Larvae from each replicate were euthanized and then homogenized in 100 μL of 

homogenization buffer plus 1 μL of Proteinase K and then diluted 1:9 with homogenization 

buffer before use in the assay. For in-frame deletion alleles (nfe2l2adw213 and nfe2l2adw214), 

incrossed heterozygous clutches were used in gene expression experiments (n = 5 biological 

replicates, 12 larvae per replicate). Control fish were photographed for measurement of 

standard length,45 and then all euthanized larvae were divided into anterior and posterior 

portions with a vertical cut at the anus using a razor blade. Anterior (head/body) portions 

were stored in RNAlater (ThermoFisher), while posterior (tail) portions were individually 

genotyped as described in Genotyping and Stock Maintenance. Anterior portions of 1–3 

larvae per replicate were pooled by genotype and homogenized in 100 μL of 

homogenization buffer plus 1 μL of Proteinase K per larva in the sample. Wild type samples 

were diluted to a concentration of 1 fish per 200 μL (the same final concentration used 

above). Heterozygous and homozygous in-frame deletion mutant samples were diluted to a 

concentration of 1 fish per 1000 μL with homogenization buffer before analysis; reference 

gene measurements in each sample allowed direct comparison with less-diluted wild type 

samples.

Statistical Analysis.

All statistical analysis was completed using GraphPad Prism version 6. Data are expressed 

as mean ± SEM with sample sizes noted for each experiment. Relative–fold change in gene 

expression was calculated by dividing the average normalized values of the treated samples 

by the average normalized value of the control samples. The effects of chemical exposure on 

gene expression were assessed using two-way ANOVA followed by Sidak’s correction for 

multiple comparisons. The effects of genotype on gene expression were assessed using two-

way ANOVA followed by Dunnett’s correction for multiple comparisons. Treatment-related 

effects were considered significant at p < 0.05.

RESULTS

Generation and Characterization of Novel Nrf2a Mutant Zebrafish Lines.

We used CRISPR to generate Nrf2a-null and Nrf2a-hyperactive zebrafish by simultaneously 

targeting two different locations in exon 2 of the nfe2l2a gene (Figure S2a). This approach 

resulted in small mutations at either guide site as well as large deletions that spanned the two 

sites. Screens of outcrossed F1 offspring from CRISPR-injected fish identified five mutant 

alleles from separate carriers, which we name nfe2l2aw210, nfe2l2aw211, nfe2l2aw212, 

nfe2l2adw213, and nfe2l2adw214. The cDNA sequences from the first three lines revealed 

mutations that result in frame shifts and premature stop codons. Sequences from the last two 

lines revealed large in-frame deletions that remove negative regulatory domains while 

leaving the remainder intact (Figures 1a and S2b).
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We tested the functional effect of these five mutations, measuring expression of the known 

Nrf2a-dependent gene gstp46 at both baseline (unexposed) and activated Nrf2a (tBHP-

exposed) levels in 4 dpf fish of each genotype (Figure 1b). Wild type fish showed induction 

of gstp expression following tBHP exposure as expected. In contrast, fish homozygous for 

all three out-of-frame mutations were refractory to gstp induction by tBHP, consistent with a 

lack of the transcription factor Nrf2a, and significantly lower baseline gstp expression than 

wild type fish. Conversely, fish homozygous for both in-frame mutations had significantly 

higher baseline gstp expression consistent with high Nrf2a activity in the absence of 

exogenous oxidative stress, and gstp was not further induced by tBHP exposure consistent 

with Nrf2a freed from negative regulation by Keap1 (Figure 1b). Based on these results we 

concluded that the three out-of-frame mutations were all null alleles, and that the two in-

frame mutations were both hyperactive alleles. Moreover, these consistent observations in 

independently isolated lines established that the phenotypes observed were due to the 

identified mutations in nfe2l2a. We refer to the mutants as loss-of-function (LOF) and gain-

of-function (GOF) for simplicity.

Phenotypic effects of nfe2l2a mutation differed dramatically between LOF and GOF alleles. 

None of the null nfe2l2a alleles had a negative effect on adult growth, survival, or fecundity 

under normal laboratory conditions, as reported for both NRF2-downregulated or -null mice,
23,47 fruit flies,48 and zebrafish.30,49 All LOF alleles showed Mendelian ratios in adults, and 

homozygous LOF fish reached maturity at the same rate and attained the same size as their 

wild type siblings (Table 1). In contrast, the GOF alleles resulted in growth and survival 

deficits in the fish that carried them. Both GOF alleles displayed genotype frequencies 

consistent with Mendelian inheritance at embryonic and early larval stages, as well as 

embryonic growth and development indistinguishable from that of wild type fish (Table 1), 

but these similarities did not persist beyond larval stages. Fish homozygous for nfe2l2adw213 

rarely reached 2 months of age, and only a few homozygous females ever grew large enough 

to spawn. Fish homozygous for nfe2l2adw214 died by 14 dpf, while even heterozygous 

carriers frequently reached no more than 10 mm standard length and only occasionally grew 

large enough to spawn. Those homozygous nfe2l2adw213 and heterozygous nfe2l2adw214 fish 

that did reach sexual maturity tended to die much sooner than wild type fish (data not 

shown). Furthermore, expression of gstp was significantly higher than wild type in both 

heterozygous nfe2l2adw213 (6.3-fold ±0.4, p < 0.0001) and nfe2l2adw214 (10-fold ±1, p < 

0.0001) larvae, levels that were at least half of homozygous mutant expression from both 

lines (11.2-fold ±0.3, p < 0.0001; and 14-fold ±1, p < 0.0001, respectively; Figure 1b). 

These phenotypes are consistent with the dysregulation of Nrf2a even in heterozygous fish.

nfe2l2a Mutant Zebrafish Confirm Role of Nrf2a in Transcription of Several Oxidative 
Response Genes.

We selected the nfe2l2aw211 LOF line and the nfe2l2adw213 GOF line for subsequent 

experiments based on the size of the breeding populations available. For both mutant lines, 

we measured expression of a panel of antioxidant response genes44 to assess the necessity of 

Nrf2a activity in baseline transcription of each gene. Elimination of Nrf2a correlated 

significantly with lower baseline expression of gstp (0.77-fold, p < 0.05), as well as gclc 
(0.80-fold, p < 0.001), prdx1 (0.64-fold, p < 0.05), nqo1 (0.9-fold, p < 0.05), and sod1 (0.88-
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fold, p < 0.01) relative to wild type larvae (Figure 2a, Table S1). Conversely, GOF alleles 

correlated with higher baseline expression of gstp (12.6-fold, p < 0.001), as well as prdx1 
(20-fold, p < 0.001), gclc (2.6-fold, p < 0.01), gpx1a (6.8-fold, p < 0.001), and nqo1 (1.9-

fold, p <0.05) relative to wild type larvae (Figure 2a, Table S1).

As observed in Figure 2b and Table S1, altered Nrf2a function largely eliminated the 

modulation in gene expression that all three compounds induced in wild type fish. 

Expression of gclc, gstp, and prdx1 in particular showed clear dependence on Nrf2a activity. 

Specifically, lack of Nrf2a eliminated the upregulation induced by all three chemicals, and 

constitutive Nrf2a activity eliminated nearly all further induction by chemical exposure. 

Induction of hmox1a, gpx1a, and nqo1 by the test compounds showed extensive variation in 

response to altered Nrf2a, suggesting joint transcriptional control of these genes by Nrf2a 

and other pathways. For example, induction of hmox1a by CAR exposure was reduced but 

not eliminated in either LOF fish (1.5-fold, p < 0.01) or GOF fish (2.3-fold, p <0.01), 

indicating that Nrf2a activation was responsible for some but not all of the CAR-induced 

hmox1a response. In contrast, the influence of chemical exposure on sod1 and sod2 genes 

was independent of nfe2l2a genotype. If an exposure resulted in decreased expression in 

wild type larvae, a similar result was observed in LOF and GOF larvae. Similarly, if 

expression in wild type larvae was unaffected by chemical exposure, the same was true of 

LOF and GOF larvae.

Effect of Nrf2a Mutation on Acute Toxicity of CHP, tBHP, and CAR.

Having established that Nrf2a plays a role in the antioxidant response of larval zebrafish to 

exposure by three model compounds, we tested the effect of Nrf2a activity and antioxidant 

gene expression on acute toxicity by both the hydroperoxides and the structurally dissimilar 

emerging contaminant CAR. We found that before 4 dpf, LOF larvae were more sensitive 

than wild type larvae to CHP (LC50 = 7.6 and 19 mg/L respectively; both survival curves 

were too steep to calculate SEM) and to tBHP (LC50 = 74 ± 3 and 155 ± 5 mg/L 

respectively). By contrast, there was no difference in CAR toxicity before 4 dpf in LOF 

larvae (LC50 = 35 ± 2 mg/L) relative to wild type larvae (37 mg/L; survival curve was too 

steep to calculate SEM; Figure 3a).

To determine if the constitutive activity in GOF mutants provided protection from oxidative 

stress-mediated toxicity, we used heterozygous GOF (GOF/WT) larvae (offspring of 

homozygous mutant females crossed to wild type males), since only a few homozygous 

GOF fish reached sexual maturity. These GOF/WT larvae have higher gstp expression at 4 

dpf than tBHP-exposed wild type fish at the same age (GOF/WT:6.3-fold, ± 0.4; tBHP-

exposed wild type: 3.7-fold ±0.1). We found that GOF/WT larvae were less sensitive than 

wild type to CHP (32 mg/L; again, survival curve was too steep to calculate SEM), whereas 

there was no significant difference in toxicity between GOF/WT and wild type larvae for 

either tBHP or CAR in 5 hpf-96 hpf exposures (Figure 3b). However, because nfe2l2a 
transcription is quite low at 5 hpf,27 the constitutive activity associated with relatively low 

cellular Nrf2a protein levels may have been insufficient to provide protection against 

toxicity. We therefore compared toxicity to both hydroperoxides in wild type and Nrf2a 

mutant fish starting at 4 dpf, a time when nfe2l2a transcription is relatively high and Nrf2a 
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activation provides protection from peroxide toxicity in wild type fish.30,49 At this 

developmental stage, our GOF/WT fish were less sensitive to both CHP and tBHP, and LOF 

larvae were more sensitive relative to wild type fish (Figure 3b).

DISCUSSION

Several studies targeting Nrf2a function utilizing morpholino knockdown, including from 

our laboratory, have advanced our understanding of this pathway in the context of chemical 

toxicity in zebrafish9,31,50 (and reviewed in ref 51). However, morpholino effectiveness is 

limited to roughly the first 5 days of development and may not totally abolish Nrf2a 

function, and accordingly, our LOF lines provide valuable tools to study the role of Nrf2a 

throughout zebrafish development. The new mutant lines also represent an improvement 

over the previously available hypomorphic nfe2l2afh318 allele30 which reduces but does not 

eliminate DNA binding by the transcription factor. Accordingly, fish carrying the 

aforementioned mutation show some but not all of the effects on Nrf2a-dependent gene 

expression that we measured in our LOF mutants, suggesting that even residual Nrf2a 

activity is sufficient to drive expression and induction of some Nrf2a-responsive genes.

For example, prdx1 baseline expression was unaffected in nfe2l2afh318 hypomorphic 

mutants and induction of prdx1 in H2O2-treated nfe2l2afh318 mutants was reduced but not 

eliminated compared to wild type fish.30 In contrast, we found that the prdx1 induction 

resulting from exposure to CAR, CHP, and tBHP was entirely eliminated in our LOF fish 

and that baseline expression was significantly reduced relative to controls. These data are 

consistent with results from a H2O2-treated null mutant reported by Yamashita and 

colleagues while this manuscript was in preparation.49 We were able to use our genetic lines 

in combination with Nrf2a-activating compounds identified in our previous study40 to 

provide a more robust approach to evaluate our assay panel containing purported Nrf2a-

dependent, partially Nrf2a-dependent, and entirely Nrf2a-independent genes.44 Further, the 

lines allowed us to investigate the role of Nrf2a in the toxicity of two prototypical chemical 

oxidative stressors (tBHP and CHP) and a relatively understudied electrophilic emerging 

contaminant (CAR). Previous studies have shown that reduced Nrf2a activity increased the 

sensitivity of both zebrafish and mouse fibroblasts to peroxides27,30,31,52 but not to the 

superoxide-generating redox cycling pesticides paraquat and menadione.30,52 In contrast, 

loss of activity from the NRF2 orthologs CncC and SKN-1 increased the sensitivity of fruit 

flies and C. elegans respectively to paraquat,53,54 suggesting that care should be exercised in 

extrapolating species differences in Nrf2 status with respect to susceptibility to pro-oxidant 

chemicals that generate reactive oxygen species by different mechanisms. Relatedly, we 

found that complete loss of Nrf2a function increased sensitivity to the peroxides tBHP and 

CHP but not to CAR, despite similar potency of all three compounds to induce Nrf2a-

dependent gene expression in wild type fish.

As opposed to the hydroperoxides tested in the present study, CAR is an electrophile due to 

of its enone functionality as a Michael acceptor.40 It is a terpenoid found in essential oils 

such as in seeds of caraway (Carum carvi), spearmint (Mentha spicata), and dill (Anethum 
graveolens). Carvone forms two enantiomers: R-(−)-carvone (or L-carvone, CAR) exhibits a 

minty odor similar to spearmint, whereas S-(+)-carvone (or D-carvone) exhibits an aroma 
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similar to caraway seeds.55 Relatively large amounts of carvone enantiomers are consumed 

as food additives, although little information exists with regards to tissue or blood 

concentrations in humans. These compounds exhibit CNS-depressant effects in laboratory 

animals.56 The S-(+)-carvone enantiomer and similar essential oils also exhibit 

anticonvulsant activity in laboratory animals that has been associated with modulation of 

GABAergic neurotransmission and ion channels,57,58 but the R-(−)-carvone enantiomer does 

not have this anticonvulsant activity.56 CAR has also been used as a pesticide, feed additive, 

flavoring substance, component in certain cosmetics and personal care products, as well as 

to facilitate bioremediation of PCB-contaminated soils.59 Accordingly, this compound is of 

potential interest as an emerging environmental contaminant because little is known 

regarding its human health or environmental risk. The potent effects of CAR observed in the 

present study on both Nrf2a-related gene induction, as well as acute toxicity in zebrafish, 

indicate that CAR deserves further attention with respect to evaluation of environmental and 

human health risk.

In human cancers, dysregulation of NRF2 is correlated with increased drug resistance and 

poorer patient prognosis60–62 (and reviewed in ref 34). This dysregulation can result from 

removal or mutation of the domains by which KEAP1 binds NRF2 to keep it sequestered in 

the cytoplasm and targeted for degradation:15,63 the DLG and ETGE binding sites in the 

NRF2-ECH homology domain 2 (Neh2) of the NRF2 protein64,65 and the lysine residues 

between those sites that are ubiquitinated when NRF2 is targeted for degradation.16 Human 

and mouse NRF2 proteins have been shown to be regulated through other Neh domains as 

well. For example, mouse NRF2 function is inhibited by β-TrCP-mediated ubiquitination in 

Neh666,67 and/or by RXRa binding to Neh768 and transactivated by CBP binding to Neh4 

and Neh5.69 As a result, our approach was to use CRISPR to simultaneously target two 

points in the Neh2 domain of zebrafish Nrf2a flanking the keap1a binding sites and screen 

targeted fish for large in-frame deletions of this region. We predicted that in-frame removal 

of much of the Neh2 domain would result in an Nrf2a protein maintaining other accessory 

protein interactions but with Keap1a-mediated regulation eliminated. These GOF fish 

exhibited baseline transcription of Nrf2a-responsive genes that far exceeded the level of 

those observed in wild type fish under conditions of significant toxicant-generated oxidative 

stress.

Interestingly, our heterozygous GOF/WT fish were more resistant to tBHP than their wild 

type siblings in exposures beginning at 4 dpf, but not at the earlier stage of development. 

This is consistent with previous reports that increased Nrf2a activity by sulforaphane 

exposure prior to peroxide challenge protects fish from toxicity after 4 dpf,30,49 as well as 

with protection provided by overexpression of the fruit fly ortholog CncC.53 The GOF/WT 

larvae further revealed a difference in the effects of the two hydroperoxides tested in that the 

additional Nrf2a activity provided protection from CHP exposure but not tBHP exposure 

prior to 4 dpf. These observations demonstrate the utility of our heterozygous GOF/WT 

mutant line as a valuable addition to study variation in the timing or strength of Nrf2a-

dependent toxicity. While the mechanism underlying this developmental difference in Nrf2a 

overexpression between the two hydroperoxides tested needs further investigation, it is 

possible that a Keap1a-independent regulatory mechanism of nrf2a may be involved. 

Alternatively, differences in uptake of the two hydroperoxides and the efficiency of their 
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reduction by proteins present at different points in embryonic and early larval development 

may be responsible.70

As discussed, increased Nrf2a activity in our zebrafish was correlated with reduced growth 

and survival of adult zebrafish. This observation contrasts with the increased lifespan of fruit 

flies with loss of Keap148,53 and also in C. elegans with increased expression of the NRF2 

ortholog SKN-1,71 but is similar to the phenotype observed in homozygous KEAP1-null 

mice. The NRF2-hyperactive mice develop normally in utero, but die by 3 weeks of age 

from starvation, likely as a result of the hyperactive NRF2 effect on metabolic genes leading 

to hyperkeratosis in the esophagus.72,73 While the specific mechanism of the growth effects 

in our zebrafish are not known, the transcription factor Nrf2a plays an important role in cell 

signaling and development74,75 (and reviewed in ref 51), in addition to oxidative stress 

response, and substantial long-term changes in Nrf2a expression are likely to have effects on 

the expression and function of other important signaling pathways. For example, Nrf2a has 

been shown to influence the expression of other Nrf proteins like Nrf2a and Nfe276 and to 

upregulate Keap1,24,49,77 and it may therefore also increase the turnover of Nrf2b, which 

regulates a set of genes that only partially overlaps with the set controlled by Nrf2a and 

often functions as a transcriptional repressor.27,78 Nrf2a also competes with NF-κB for 

transcriptional cofactors79 so Nrf2a hyperactivity may result in reduced inflammatory 

response and immune function. Thus, caution should be used when relying on Nrf2a 

overexpressing mutants to assess inductive and protective responses to environmental 

compounds later in zebrafish development, and thus our comparative approach used both 

GOF and LOF models before GOF fish exhibit any negative effects of their genotype. 

Ultimately, the substantial variability in juvenile and adult growth rates within each GOF 

line observed herein suggest that the genetic diversity in the EKW background of these fish 

may allow identification of target genes and tissues that make hyperactive Nrf2a deleterious. 

Potential applications include using these mutants to examine the role of NRF2 in 

development and possibly cancer progression.

Of interest was the difference in phenotypic growth and survival effects, as well as 

differences in basal transcriptional activation activities exhibited by zebrafish carrying the 

two GOF alleles. For example, the nfe2l2adw214 mutation caused a much more potent 

induction of Nrf2a-responsive genes than did the nfe2l2adw213 mutation, and paradoxically 

this stronger transcriptional effect correlates with more dramatic lethality and reduced size in 

adult carriers. While it is possible that this difference is due to some residual Keap1a 

regulation of the Nrf2adw213 protein through its retained ETGE binding site, the chemical 

exposures failed to result in increased transcription of downstream genes. Thus, it is also 

possible that the difference in effect of the two GOF mutations is due to decreased stability 

of the Nrf2adw213 protein or to negative regulation by some Keap1a-independent 

mechanism.

In conclusion, the new zebrafish lines developed in the present study have enabled us to 

clarify downstream targets of nrf2a in zebrafish, and to clarify the role of Nrf2a in protecting 

against the toxicity of environmental chemicals. Our studies confirm dependence on Nrf2a 

for the inducibility of zebrafish genes gstp, prdx1, and gpx1a and suggest that other 

oxidative protective genes such as sod1 and sod2 may be less, or only partially, regulated by 
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Nrf2a. Furthermore, studies with our GOF mutants confirmed how Nrf2a hyperactivity 

greatly modifies the expression of downstream antioxidant gene targets. Undoubtedly, this 

disruption of Nrf2a plays an important role in disease susceptibility as well as toxicological 

injury, as evidenced by the presence of drug-resistant cancers that show dysregulated NRF2. 

Finally, these tools may facilitate de novo sustainable molecular design, and the 

identification of industrial chemicals with reduced hazard to public and environmental 

health.40,80
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ABBREVIATIONS

actb1 beta actin 1

CAR R-(−)-carvone

CHP cumene hydroperoxide

dpf days postfertilization

EKW Ekkwill wild type zebrafish strain

gapdh glyceraldehyde-3-phosphate dehydrogenase

gclc glutamate-cysteine ligase, catalytic subunit

gpx1a glutathione peroxidase 1a

gstp glutathione S-transferase pi

hmox1a heme oxygenase 1a

hpf hours postfertilization

hprt1 hypoxanthine phosphoribosyltransferase 1

nqo1 NAD(P)H quinone dehydrogenase 1

prdx1 peroxiredoxin 1

sod1 superoxide dismutase [Cu–Zn] or superoxide dismutase 1
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sod2 superoxide dismutase [Mn] or superoxide dismutase 2

tBHP tert-butyl hydroperoxide
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Figure 1. 
Independently isolated nfe2l2a mutant alleles encode null (LOF) or hyperactive (GOF) 

proteins. (a) Schematic of the wild type (WT) Nrf2a protein showing all canonical Neh 

domains (light gray, numbers 1–7) and keap1 contact sites in Neh 2 (black arrowheads 

above); schematics of the proteins encoded by each mutant allele showing deletion sites 

(white arrowheads below) and remaining portions of the WT protein (see Figure S2 for 

complete sequences). (b) Expression of the known Nrf2a-dependent gene gstp confirms 

effect of nfe2l2a mutation state on Nrf2a protein function: gstp is induced in WT larvae 

exposed to tBHP from 5 hpf to 96 hpf with daily renewal; baseline expression of gstp is 

altered in nfe2l2a mutants (lower in putative LOF mutants and higher in putative GOF 

mutants) and exposure to tBHP has no effect on these altered levels of expression. 

Unexposed WT expression is set to 1.0 (red dashed line). All expression data represent the 

mean ± SEM (n = 5 biological replicates, 5 larvae per replicate for WT and LOF alleles, 1–3 

larvae per replicate for GOF alleles). Asterisks indicate significantly different expression (p 
< 0.001) relative to WT control.

Mills et al. Page 18

Chem Res Toxicol. Author manuscript; available in PMC 2021 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Altered Nrf2a function correlates with significant differences in expression of some, but not 

all, oxidative stress response genes. (a) Baseline expression of homozygous LOF 

(nfe2l2aw211) and homozygous GOF (nfe2l2adw213) relative to wild type (WT) larvae. (b) 

Expression of LOF, GOF, and WT following exposure to the same relative concentration 

(20% LC50) of three gstp-inducing compounds from 5 hpf to 96 hpf with daily renewal, 

relative to untreated larvae of the same genotype. Control expression in all cases is set to 1.0. 

All data represent the mean ± SEM (n = 5 biological replicates). Asterisks indicate 

conditions that result in significantly different expression (p < 0.05) from WT (a) or 

untreated (b) controls. See Table S1 for detailed–fold change and statistical significance 

values.

Mills et al. Page 19

Chem Res Toxicol. Author manuscript; available in PMC 2021 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Mutation state of nfe2l2a correlates with chemical toxicity in larvae exposed to CHP and 

tBHP, but not those exposed to CAR. (a) LC50 exposures between 5 hpf and 96 hpf with 

daily renewal. Symbols show survival of larvae after exposure to varying concentrations of 

each chemical; lines show calculated toxicity curves; arrows and numbers indicate 

calculated LC50 values ± SEM (mg/L). (b) Survival of larvae in exposures starting at 4 dpf 

to CHP (for 48 h) and tBHP (for 24 h). In all experiments, genotypes are WT (gray), LOF 

(nfe2l2aw211, light gray), and GOF/WT (heterozygous nfe2l2adw213, black). For CAR, n = 6 

biological replicates, 10 fish per replicate; for CHP and tBHP, n = 3 biological replicates, 10 

fish per replicate.
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