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Abstract

While heme is an important cofactor for numerous proteins, it is highly toxic in its unbound form
and can perpetuate the formation of reactive oxygen species. Heme oxygenase enzymes (HMOX1
and HMOX2) degrade heme into biliverdin and carbon monoxide, with biliverdin subsequently
being converted to bilirubin by biliverdin reductase (BVRa or BVRb). As a result of the teleost-
specific genome duplication event, zebrafish have paralogs of Amox1 (hmox1aand hmox1b) and
hmox2 (hmoxZ2a and hmoxZ2b). Expression of all four Amox paralogs and two bvrisoforms were
measured in adult tissues (gill, brain and liver) and sexually dimorphic differences were observed,
most notably in the basal expression of Amox1a, hmox2a, hmox2b and bvrb in liver samples.
hmoxla, hmoxZ2a and hmox2b were significantly induced in male liver tissues in response to 96
hour cadmium exposure (20 uM). Amox2a and hmox2b were significantly induced in male brain
samples, but only Amox2awas significantly reduced in male gill samples in response to the 96
hour cadmium exposure. Amox paralogs displayed significantly different levels of basal expression
in most adult tissues, as well as during zebrafish development (24 to 120 hpf). Furthermore,
hmoxla, hmox1band bvrb were significantly induced in zebrafish eleutheroembryos in response
to multiple pro-oxidants (cadmium, hemin and tert-butylhydroquinone). Knockdown of Nrf2a, a
transcriptional regulator of Amox1a, was demonstrated to inhibit the Cd-mediated induction of
hmox1band bvrb. These results demonstrate distinct mechanisms of Amoxand bvrtranscriptional
regulation in zebrafish, providing initial evidence of the partitioning of function of the /#mox
paralogs.
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1. Introduction

Heme molecules are essential for life, having roles in cellular differentiation, apoptosis and
serving as a cofactor for numerous proteins (Larsen et al., 2012). However, unbound cellular
heme is highly reactive and can generate damaging reactive oxygen species (ROS) via
Fenton chemistry. Two isoforms of the heme-degrading enzyme, heme oxygenase 1 and 2
(HMOX1 and HMOX?2), catalyze the breakdown of heme into carbon monoxide (CO), free
iron, and the bile pigment biliverdin (Tenhunen et a/., 1969; Abraham and Kappas, 2008).
Biliverdin reductase a (BVRa) and biliverdin reductase b (BVRb) further reduce biliverdin
to the proposed antioxidant bilirubin (Stocker et al., 1987; Yamaguchi et al,, 1994). It has
been suggested that BVRa functions to protect cellular lipophilic components from oxidative
stress through the production of bilirubin via an antioxidant recycling pathway similar to the
classic glutathione recycling pathway (Doré et a/, 1999; Barafiano et a/, 2002; Sedlak and
Snyder, 2004; Sedlak et al., 2009). The action of bilirubin as an effective antioxidant is
notable for its potential benefits to cellular health. However, an excess of bilirubin can be
problematic resulting in jaundice and toxic insult (Greenberg, 2002). Although heme and
bilirubin have important cellular roles, the potential toxicity associated with these two
molecules illustrates the necessity for tight regulation of this enzymatic pathway.

While the heme degradation pathway has been widely studied, much of the research has
focused primarily on HMOX1 and BVRa in mammalian systems with little focus on
developmental roles. To this end, HMOX1 has been shown to be highly inducible by a
variety of stressors in mammalian systems, and is detected at high levels in tissues involved
in heme metabolism including spleen and liver (Tenhunen et a/, 1969), bone marrow (Brown
et al., 1988; Abraham et al., 1989) and erythroid cells (Garcia-Santos et al., 2014). The other
heme degrading enzyme, HMOX2, is expressed at high levels in the testes (Trakshel et al.,
1986), brain (Maines et al., 1986; Trakshel et a/., 1988; Ewing and Maines, 1992), and
vascular tissues (Zakhary et al., 1996).

The BVR isoforms are distinct in their enzymatic actions and their evolutionary origins
(Yamaguchi et al.,, 1993). BVRa has been shown to be highly expressed in rat kidney, liver,
spleen and brain tissues (McCoubrey et al., 1995), as well as human liver (Maines and
Trakshel, 1993) and the plasma membrane of macrophages (Wegiel et a/.,, 2009). BVRDb has
been demonstrated to be abundant in adult bovine, rat, rainbow trout, and human erythroid
cells, as well as rat and bovine liver (Xu et al.,, 1992; Shalloe et al., 1996; Saleh and
McConkey, 2012). Although both BVRa and BVRb generate bilirubin, more recent
published research is highly skewed toward BVRa while the BVRb isoform is typically not
included in studies related to the antioxidant properties of this pathway. One explanation for
this omission may be the result of the unique properties of BVRa. Although both BVR
enzymes contain the reductase domain, BVRa’s domain has dual cofactor (NADH and
NADPH) dual pH specificity. BVRa also has several regulatory domains not found in BVRD,
such as a serine/threonine/tyrosine kinase (S/T/Y) domain (Kutty and Maines, 1981; Salim
et al,, 2001; Lerner-Marmarosh et a/., 2005), a leucine zipper DNA-binding domain (Ahmad
et al., 2002), as well as nuclear export and localization signals (Maines et al., 2001; Lerner-

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holowiecki et al.

Page 3

Marmarosh et al., 2008). Thus, BVRa may participate in cell signaling through a variety of
mechanisms.

Due to their rapid transparent development and sequenced genome, zebrafish (Danio rerio)
have become an excellent model for developmental and toxicological studies (Blechinger et
al., 2002; Hill et al., 2005; Blechinger et al., 2007; Howe et al., 2013). Furthermore,
zebrafish often have multiple homologues of human genes (Meyer and Van de Peer, 2005)
resulting from a teleost-specific whole genome duplication event (Amores et al., 1998).
Many of these homologues have undergone subfunction partitioning (Postlethwait ef a/.,
2004), which makes zebrafish an advantageous model organism for ascertaining the myriad
functions of a gene in which its human counterpart has multiple roles (Amores et al., 1998).
In this regard, purported duplicates of AmoxI and Amox2 have been identified within the
zebrafish genome (Nakajima et al., 2011). However, a full characterization of the expression
patterns and response to cellular stress of these various isoforms is lacking.

As an initial step towards understanding novel developmental and protective roles of
zebrafish heme degradation genes, we set out to quantitatively evaluate differences in their
expression during early development and in adult tissues under normal and stressful
conditions. We sought to determine how these genes responded to different inducers of
oxidative stress during development (Cd, hemin, and tBHQ) or as adults (Cd). Interesting
differences in developmental expression and adult tissue distribution, as well as responses to
oxidative stress were noted. The results of these experiments and their implications are
presented here.

Material and methods

Chemicals

Cadmium (Cd) chloride (CAS # 654054-66-7) and tert-butylhydoquinone (tBHQ) (CAS
#1948-33-0) were purchased from Sigma-Aldrich (St. Louis, MO). Hemin chloride (CAS #
16009-13-5) was purchased from EMD Millipore.

Fish husbandry

The TL (Tupfel/Long fin mutations) wild-type strain of zebrafish was used for all
experiments. Fertilized eggs were obtained from multiple group breedings from a Mass
Embryo Production System (MEPS; Aquatic Habitats, Apopka, FL) with ~200 fish at a ratio
of 2 female per 1 male fish. Procedures used in these experiments were approved by the
Animal Care and Use Committee of the University of Alabama, Tuscaloosa, Alabama, USA.

Cadmium exposures in adult zebrafish

Adult male and female zebrafish that were 12 months of age were subjected to 20 uM Cd for
96 hours. Adult fish were grouped in a 4L beaker (3 male and 3 female) with 3L of fish
water (360 mg Instant Ocean Sea Salt and 11 mg of NaHCO3 per liter of deionized water;
7.4 pH, 750 p-siemens conductivity, 28.5 °C) or fish water with 20 uM Cd. Water was
continuously aerated with a small air stone, and both control water and the water with Cd
were renewed after 48 hours. The fish were fed once daily with live artemia. No overt signs
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of toxicity, such as changes in feeding or swimming behavior, were observed during the
course of the Cd exposures. Adult zebrafish were anesthetized with 150 mM MS-222 in
buffered fish water and euthanized by cervical transection. Brain, liver, and gill tissues were
removed from male and female fish and flash frozen in liquid nitrogen. Tissues were stored
at —80 °C until RNA isolation. Three biological replicates were collected for each sex and
treatment group and consisted of equivalent amounts of total RNA pooled from three
individual male or female fish.

Developmental time series

A large batch (>3000) of embryos was generated by active breeding of the fish in the MEPS
system for 60 minutes. After 60 minutes embryos were collected and transferred to large
Petri dishes (150 mm diameter) at a density of 100 embryos per 100 ml of 0.3x Danieau’s
solution at 28.5 °C. Embryos were screened within 4 hours of fertilization for normal
development and subsequently separated into 100 mm Petri dishes at a density of 20
embryos per dish in 25 ml of 0.3x Danieau’s solution at 28.5 °C under a 14 hour light/10
hour dark cycle with water changes every 24 hours. Three biological replicates of 20 pooled
embryos were collected at several developmental timepoints (24, 48, 72, 96, and 120 hpf).
Embryos were flash frozen in liquid nitrogen and stored at =80 °C until RNA isolation.

Toxicant exposures during zebrafish development

Acute 4 hour challenges with Cd (50 and 150 pM), hemin (100 uM or 150 uM), or tBHQ (1
and 5 pM) were performed starting at 72 hpf (3 replicates of 20 pooled embryos per
treatment). An additional 8 hour Cd (50 uM) exposure was performed on 120 hpf larvae (3
replicates of 20 pooled embryos per treatment). Following all exposures, embryos were flash
frozen in liquid nitrogen and stored at —80°C until RNA isolation.

NRF2a transient knockdown via morpholino

The previously described Nrf2a MO (5'CATTTCAATCTCCATCATGTCTCAG-3') was
obtained from Gene Tools, LLC (Philomath, OR) (Kobayashi et a/., 2002; Timme-Laragy et
al., 2012). The standard control morpholino (5-CCTCTTACCTCAGTTACAATTTATA-3')
from Gene Tools was used to account for any nonspecific effects associated with
microinjection. The control and NRF2a MOs are fluorescein tagged for screening purposes
to guarantee that only successfully injected embryos were used for the subsequent
experiments. The MOs were diluted to 0.18 mM in nuclease-free water. A Narishige IM-300
microinjector was used to inject 2.1 nl of morpholino into embryos at the two- to four-cell
stage. Injection volumes were calibrated by injecting solutions into mineral oil and
measuring the diameter of the sphere with a stage micrometer (volume = 4/3mr3; 160 pm
diameter is equivalent to 2.1 nl). At 3 hpf, embryos were sorted to remove unfertilized eggs
or abnormally developed embryos. Embryos were further screened at this time using a
Nikon AZ100M fluorescent macroscope to confirm full distribution of the MOs.

Rapid amplification of cDNA ends for hmox1b transcript analysis

Total RNA was collected from embryos from several different developmental timepoints and
pooled together for cDNA synthesis. A Marathon® cDNA Amplification Kit (BD
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Biosciences, Palo Alto, CA, U.S.A.) was used to synthesize double stranded zebrafish cDNA
according to manufacturer’s protocols. Adaptor primers were used with a #mox1b gene
specific primer (Table 1) with the following PCR parameters: 95 °C for 3 min, 95 °C for
1:00 min/58 °C for 45 s/68 °C for 1:00 min (30 cycles). The secondary PCR product was gel
purified using a QIAGEN® QIlAex Il Gel Extraction Kit and cloned into the pPGEM®-T
Easy Vector (Promega, Madison, WI) for sequencing.

Phylogenetic analysis of zebrafish hmox isoforms

HMOX homologs were identified using mammalian HMOX protein sequences to search the
zebrafish genome using BLAST. Proteins were aligned using ClustalW and a phylogenetic
tree was constructed using the maximum likelihood method and the WAG model of amino
acid substitution followed by likelihood calculation using the GAMMA model. To assess
confidence in individual nodes, a bootstrap analysis with 1000 re-samplings was performed.
The consensus bootstrap tree was rooted to the Drosophila melanogaster HMOX protein.
The phylogenetic analysis was performed in MEGA7 (Kumar et al., 2013).

Promoter enhancer motif identification

The 4 kb promoter regions upstream of the transcription start site (exon 1) in the zebrafish
hmoxl1a, hmoxZ2a, hmox2b, bvra, and bvrb genes were searched for consensus metal-
response element (MRE) MTF-1 binding motifs (TGCRCNC) (Chen et a/., 1998),
antioxidant-response element (ARE) NRF2 binding motifs (RTGAYNNNGC) (Venugopal
and Jaiswal, 1998), and hypoxia-response element (HRE) (Semenza et al., 1996) HIF-1a
binding motifs (RCGTG) using ApE software (http://biologylabs.utah.edu/jorgensen/
wayned/ape/). The promoter region of zebrafish Amoxlb is not available in the current D,
rerfio GRCz10 genome assembly (GCF_000002035.5, RefSeq; GCA_000002035.3,
GenBank).

Gene expression assessment by real-time RT-PCR

Total RNA was prepared from embryos and adult tissues using the TRIzol® reagent (Life
Technologies, Invitrogen) protocol. The gScript™ cDNA Synthesis Kit (Quanta
Biosciences, Gaithersburg, MD) was used to generate cDNA from 1 ug total RNA per
manufacturer’s instructions. PerfeCTa® SYBR® Green Supermix for iQ™ (Quanta
Biosciences, Gaithersburg, MD) was used for real-time RT-PCR experiments in a MyiQ2
Two-Color Real-Time PCR Detection system (Bio-Rad, Hercules, CA) under the following
conditions: 95°C for 3 min, 95°C for 15s/60°C for 30 sec (40 cycles). To ensure that only a
single product was amplified, all real-time RT-PCR experiments were followed with a melt
curve analysis. For all experiments, 18S ribosomal RNA was used as the ‘housekeeping’
gene for normalization. 18S ribosomal RNA levels were not affected by Cd treatment. Gene
expression for the developmental time series, as well as the adult tissue analysis, was
quantified by generating a standard curve using serially diluted plasmids containing full
length copies of the transcripts. For the acute Cd, hemin and tBHQ exposures, as well as the
MO experiment, changes in transcript expression were determined using the comparative Ct
method (Schmittgen and Livak, 2008). All real-time RT-PCR primers are listed in Table 1.
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Statistical analysis of gene expression profiling

Results

Statistical analysis was performed using Prism 5 software (GraphPad Software Inc., San
Diego, CA). For the developmental time series, statistical significance in transcript
expression compared to 24 hpf embryos was determined using one-way analysis of variance
(ANOVA) followed by a Dunnett’s post hoc test. For the adult tissue experiments, statistical
significance in transcript expression between controls and treatment groups was determined
using a two-way ANOVA followed by a Bonferroni post hoc test (p-value < 0.05). For Cd,
tBHQ, and hemin exposures in 72 hpf larvae, statistical significance in comparison to
control embryos was determined using one-way ANOVA followed by a Dunnett’s post hoc
test. For Cd exposure in the 120 hpf larvae, statistical significance in comparison to control
embryos was determined using standard Students’s t-test (p-value < 0.05). For the real-time
RT-PCR analysis on Nrf2a morphants, statistical significance in transcript expression was
determined using two-way ANOVA followed by a Bonferroni’s multiple comparisons test
(*p-value < 0.05).

5' RACE PCR and phylogenetic analysis of heme oxygenase

Initial protein alignments of zebrafish Hmox1a and Hmox1b showed a high degree of
conservation at the C-terminal region of the protein. However, the Hmox1a isoform is 272
amino acid residues in length while the initial transcript (NCBI Ref Seq NM_205671.1) for
Hmox1b only encoded for 247 amino acids, a result from missing part of the heme
oxygenase domain found in the N-terminal region of the protein. Using 5' RACE PCR we
were able to clone a novel full length transcript and deduce another 29 amino acids for the
N-terminal region of the protein (NCBI Accn KX664458). Alignment with the Hmox1a
sequence suggests that the Hmox1b NCBI reference sequence was deduced from a transcript
that was missing the 5' untranslated region (UTR) and initial coding region that is found in
exons 1 and 2, respectively (Figure 1).

Using this new sequence for zebrafish Hmox1b, a phylogenetic analysis was performed to
better understand the relationship between zebrafish and other vertebrate HMOX proteins.
Phylogenetic analysis suggests conservation amongst HMOX1 proteins and HMOX2
proteins in humans, rats, and chickens (Figure 2). Hmox1a groups more closely to other fish
Hmox1 proteins in comparison to vertebrate homologues. Likewise, zebrafish Hmox2a and
Hmox2b show a closer relation in comparison to other vertebrate HMOX2 homologues.

Comparative expression of hmox and bvr in adult tissues

Real-time RT-PCR was used to characterize the differential expression of the Amoxand bvr
isoforms in liver, gill and brain tissues of adult male and female zebrafish. Amox1a transcript
abundance was significantly different from Amox16 abundance in all three tissues of male
zebrafish. In contrast, #mox1aand Amox1b transcript abundance was only significantly
different in the brain and gills of females (Figure 3A). Furthermore, Amox1atranscript levels
were an order of magnitude higher in male livers compared to females. Aimox2aand hmox2b
transcript levels were also significantly higher in male livers compared to females. There
was a statistically significant difference in Amox2aand Amox2b expression in the brains of
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both male and female zebrafish. Finally, imoxZaand hmox2b expression levels were
significantly different in the gill tissue of male zebrafish. Although a similar trend was
observed in females, it was not a statistically significant difference (Figure 3A).

There was no significant difference in either bvra or bvrb expression levels in gill tissues of
either male or female zebrafish (Figure 3B). However, bvra expression in brain tissue was
significantly higher in both males and females compared to bvrb expression. Although there
was no statistically significant difference between bvraand bvrb expression in female liver
tissue, bvrb was expressed at a significantly higher level compared to bvrain male liver
tissues. Finally, there was also a significant difference in bvrb liver expression between
males and females (Figure 3B).

Inducibility of hmox and bvr expression in adult tissues in response to Cd exposure

To compare induction levels of the Amox isoforms in adult tissues in response to pro-oxidant
exposure, adult male and female zebrafish were continuously exposed to 20 uM Cd for a
period of 96 hours. Amox1awas significantly induced in the liver and brain tissues of male
zebrafish (Figure 4A). Although there was a trend toward induction of AmoxZain male gill
tissue and female liver tissue, the differences were not statistically significant. Similar trends
in induction were observed for Amox1bin male liver and gill tissue, and female liver tissue,
although none of the changes were statistically significant (Figure 4A).

Similar trends in Cd-induced gene expression were also observable for the Amox2isoforms
in adult zebrafish tissues. Amox2a was significantly induced by Cd exposure in male liver
samples, while a reduction of A#moxZa expression was observed in the gill tissue of Cd-
exposed male fish (Figure 4B). Similar trends for AmoxZ2awere observed in the female liver
and brain tissues although the reduction was not statistically significant. ~imox2b was
statistically induced in the brain and liver tissue of male zebrafish in response to Cd
exposure (Figure 4B). Once again, there was a nonsignificant trend toward induction of
hmox2bin the gill tissues of male zebrafish. Although the expression levels of Amox2bwere
generally higher in all three tissues of female zebrafish in response to Cd, the expression was
neither statistically significant nor as prominent as the changes observed in male fish (Figure
4B).

bvraand bvrb expression was also assessed in adult tissues under control and Cd-exposed
conditions (Figure 5). Although there was a general trend toward bvraand bvrbinduction in
liver tissue from both male and female zebrafish in response to Cd exposure, the differences
were not statistically significant. Expression of bvraand bvrb in control and Cd-treated fish
was not significantly different in gill or brain tissue for either male or female zebrafish
(Figure 5).

Expression of hmox and bvr during zebrafish development

Quantitative expression profiling of #moxand bvrisoforms was performed in zebrafish
embryos starting at 24 hpf and continuing in 24 hour intervals until 120 hpf (Figure 6).
hmoxIawas the most highly expressed isoform at 24 hpf, while Amox2bwas the most
highly expressed Amox isoform between 48 and 120 hpf. /imox1b transcript abundance was
significantly lower at all time points, and did not have the same high level of exposure as
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seen for hmox1aat 24 hpf. hmoxZ2a levels steadily increased during this developmental time
period, with low levels being detected from 24 to 72 hpf followed by a statistically
significant increase in expression at 96 and 120 hpf compared to 24 hpf (Figure 6).
Conversely, himox2b transcript abundance was generally higher than AmoxZa and maintained
relatively constant levels between 24-120 hpf. Additionally, bvraand bvrb displayed similar
expression patterns between 24-120 hpf, with both isoforms having peaks in expression at
24 hpf which were statistically significant compared to the other timepoints. However,
although the expression patterns shared the same trends, bvrb transcript levels were an order
of magnitude higher in comparison to bvra at all of the assessed timepoints (Figure 6).

Effects of acute Cd exposure on heme degradation and iron homeostasis genes

To investigate the inducibility of the Amoxand bvrisoforms during zebrafish development,
we performed 4 hour Cd challenges (50 and 150 uM Cd) on zebrafish eleutheroembryos
starting at 72 hpf. hmoxZ1a, hmox1band bvrb were significantly upregulated by 150 uM Cd
exposure at this timepoint (Figure 7). In contrast, there were no statistically significant
changes in imox2a, hmoxZ2b or bvra expression in either Cd exposure at 72 hpf. To
determine if related genes involved in maintaining heme and iron homeostasis responded to
Cd exposure in the same manner as genes involved in heme degradation, we also assessed
the expression levels of hemopexin (hpx), hepcidin (hamp) and ferroportin 1 (fpnl). fonl, a
major iron efflux transporter, and Aamp, the peptide referred to as the master regulator of
iron homeostasis for its role in regulating FPN1, were both significantly induced in the 150
UM Cd treatment. Furthermore, Apx, a heme binding protein, was also significantly induced
in the 150 uM Cd treatment (Figure 7).

Induction of hmox1b and bvrb by Cd exposure is dependent on NRF2a

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a transcription factor most well known
for its primary role in the regulation of a large battery of antioxidant genes, including
hmox1. While the zebrafish Nrf2a paralog has been demonstrated to regulate the induction
of Amox1ain response to oxidative stress (Alam et al,, 1999; Nakajima et al.,, 2011; Timme-
Laragy et al., 2012), its regulatory role in the induction of Amox1b6and bvrb has not been
confirmed. To determine if the induction of Amox1band bvrbby Cd is Nrf2a dependent,
embryos were injected with a standard Ctrl MO or the validated Nrf2a MO and exposed to
150 uM Cd for 4 hours starting at 72 hpf. To confirm the effectiveness of the Nrf2a
knockdown, Amox1a expression was also assessed. Both the non-injected and Ctrl MO-
injected embryos displayed significant induction of Amox1a, hmoxiband bvrb (Figure 8). In
contrast, knockdown of Nrf2a resulted in the loss of Cd-mediated induction of all three
genes: Amox1a (~85% reduction), hmox1b (~90% reduction), and bvrb (31% reduction)
(Figure 8).

Transcriptional response to additional pro-oxidant exposures

To determine if temporal changes in sensitivity to Cd exposure or if exposure to other
compounds capable of generating oxidative stress through different mechanisms can affect
the expression profiles of the Amox or bvrtranscripts, additional chemical exposure
treatments were performed. Since zebrafish eleutheroembryos become more sensitive to Cd
exposure with age, 120 hpf larvae were acutely exposed to 50 uM Cd for 4 hours prior to
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characterization of HOand BVR expression. hmox1a, hmox1band bvrb were significantly
upregulated by 50 uM Cd exposure at this timepoint (Figure 9). However, there were still no
statistically significant changes in Aimox2a, hmoxZ2b or bvra expression.

To determine if the Amox or bvrgenes are induced in response to other pro-oxidants, 72 hpf
eleutheroembryos were acutely exposed to tBHQ (1 and 5 pM) or hemin (100 and 150 uM)
for four hours prior to characterization of Amoxand bvrexpression. Hemin is a porphyrin
which can participate in Fenton reactions by releasing redox-active iron, whereas tBHQ is a
quinone compound that is capable of producing oxidative stress via redox cycling. As seen
with the Cd exposures, Amox1a, hmox1band bvrb were only significantly upregulated by
the higher tBHQ exposure (5 pM), while there were no statistically significant changes in
hmoxZa, hmox2b or bvra expression in either tBHQ treatment (Figure 10A). Similarly,
hmox2a, hmox2b or bvrawas not induced by either of the hemin exposures. However, while
hmox1awas only significantly induced in the highest hemin treatment (150 pM), both
hmox1band bvrb were significantly induced by both hemin treatments (Figure 10B).

Stress-responsive enhancer motifs in the hmox and bvr gene promoters

To gain further insight into the transcriptional regulation of the #moxand bvrgenes in
response to stress, the 4 kb region upstream of exon 1 for each gene was searched for DNA-
binding motifs targeted by Nrf2 (ARE motif), Mtf-1 (MRE motif) and Hif-la (HRE motif)
(Figure 11). Although a previous study identified three AREs in the Amoxiapromoter
(Nakajima et al.,, 2011) using a slightly less conservative ARE consensus motif
(TGASNNNGC), the two ARE motifs we identified within the proximal promoter region
(within 250 base pairs of the transcription start site) are consistent with the previous study. A
single ARE was identified in the promoter regions of Amox2b, bvraand bvrb, while hmox2a
did not appear to contain the ARE motif. A single MRE was identified in the promoter
region of Amox2a, while bvrband Amox2b both had multiple MREs within the 4 kb
promoter regions. All five genes had multiple HRE motifs spread throughout the promoter
region, with bvraand hmoxZ2b containing multiple HRE motifs within their proximal
promoter regions (Figure 11).

Discussion

HMOX1 and HMOX2 catabolize unbound heme into biliverdin, CO and free iron, while
biliverdin can be further reduced into bilirubin by either BVRa or BVRb. In addition to their
basic role in heme metabolism, potential roles related to the amelioration of oxidative stress,
erythropoiesis (Garcia-Santos et al., 2014) and cell signaling (HMOX2, BVRa) (Verma et
al., 1993; Maines, 1997) have also been suggested for these enzymes. However, very little is
known regarding the ontogenetic expression of these heme degradation genes. Furthermore,
as a result of the teleost-specific genome duplication, zebrafish have multiple Amox1
(hmox1aand hmox1b) and hmox2 (hmoxZa and hAmox2b) genes. This study is the first to not
only evaluate the ontogenetic expression of all four zebrafish A#mox paralogs (A#mox1a,
hmox1b, hmoxZ2a and hmox2b) and both bvrisoforms, but also the first to evaluate
transcriptional responses of all the zebrafish Amox paralogs and bvrisoforms to pro-oxidant
exposures within the same treatment context.
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Given the established observations of high levels of gene expression for HMOX1 in liver
tissue (Tenhunen et al, 1969), and HMOX2 in brain (Trakshel et a/., 1988; Maines et al.,
1986; Ewing and Maine, 1992) and vascular tissues (Zakhary et al., 1996) of mammalian
models, we chose to focus our attention on characterizing expression of the heme
degradation enzymes in the liver, brain and gill tissues of adult zebrafish. It was also
important to characterize any significant differences in Amoxand bvrexpression during
zebrafish development. Significant differences in constitutive expression patterns of the
hmox1 and hmoxZ2 paralogs were observed in both brain and gill tissue (Figure 3A), whereas
only himoxlaand hmox1b displayed significant differences in basal expression in male liver
tissue samples. The most significant difference in basal A#mox expression in adult tissues was
the sexually dimorphic expression of Amox1a, hmox2aand hmox2b in liver (Figure 3A).
Interestingly, all four Amox paralogs differed significantly in their basal expression patterns
during early development (Figure 6). The duplication, degeneration, and complementation
model (DDC) suggests that duplicated genes can gain a new function, delegate their original
function (subfunction partitioning) or become pseudogenes which may be lost through
selection if the redundancy is unnecessary (Amores et al., 1998). Many duplicated genes in
zebrafish have undergone subfunctionalization, resulting in paralogs with complementary
functions or expression patterns (Postlethwait ef a/., 2004) compared to the single
mammalian homolog. Sexually dimorphic gene expression patterns, as seen for multiple
hmox genes in adult liver tissue samples (Figure 3), are not uncommon and usually
explained by differences in hormonally-mediated regulation. However, the contrasting basal
expression of the AimoxI and Amox2 paralogs in adult brain and gill tissues (Figure 3A), as
well as during zebrafish development (Figure 6), is indicative of differences in
transcriptional regulation that may represent the first step in the determination of any
partitioning of function between these duplicated genes.

The most significant difference in the expression of the Amox1 paralogs was the
significantly high levels of AmoxZIaexpression in 24 hpf embryos compared to Amox1b
(Figure 6). These results may suggest that Hmox1a, and not Hmox1b, is required for an
early developmental function that may or may not be related to a role in the oxidative stress
response. For example, a previous study has demonstrated that the cellular redox
environment is highly oxidized during early zebrafish development (~3-24 hpf) but
transitions to a more reduced environment starting around 36 to 48 hpf (Timme-Laragy et
al., 2013). During the earlier developmental period total glutathione levels are low and the
ratio of reduced glutathione (GSH) to oxidized gluthathione (GSSG) is significantly lowered
suggesting that GSH’s role as a major antioxidant may be limited during this early
developmental period. Interestingly, a previous study demonstrated that depletion of BVR’s
enzymatic product bilirubin was more detrimental than GSH depletion treatment with
buthionine sulfoxime, and resulted in a greater incidence of oxidative stress and apoptosis
(Barafano et al., 2002). Thus, the Hmox/Bvr enzymatic pathway may play a major
antioxidant role during early zebrafish development. However, multiple studies have linked
expression of HMOX enzymes and its production of the carbon monoxide by-product with
angiogenesis and enhanced vascularization during mammalian development and under times
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of cellular stress (Deramaudt et af., 1998; Lin et al., 2008; Grochot-Przeczek et al., 2009;
Zhao et al., 2011). Thus, the high expression of AmoxIaduring early zebrafish development
may play a more fundamental role in cellular signaling.

The hmox2 paralogs also had contrasting expression patterns. AmoxZa expression was quite
low at 24 hpf but started to significantly increase around 96 hpf, while Amox2b expression
was fairly consistent throughout development (Figure 6). HMOX2 is known to be highly
expressed in mammalian brain tissues where it is thought to participate in cell signaling
through the generation of CO (Verma et al., 1993; Maines, 1997). Neural tissue is one of the
most prominent tissues during early zebrafish development and the embryonic brain is well
established prior to the initiation of the rest of organogenesis. The constitutive expression of
hmox2Zb during development and its prominent expression in the brains of adult zebrafish
may be indicative of a more prominent signaling role of Hmox2b in neural tissues. In
contrast, the significant increase in AimoxZ2a expression during later larval development and
its higher expression in gill tissues of adults may be indicative of other tissue-specific roles.
While purely speculation at this time, such possibilities highlight the importance of
considering the different physiological roles of various tissues when investigating the
potential for novel or partitioned function of the Amox genes.

hmox and bvr expression in response to pro-oxidant exposure

Although the induction of Hmox1 by oxidative stress is well established (Alam et al., 1999;
Ryter et al., 2006; Alam and Cook, 2007), not as many studies have focused on the
transcriptional response of the BVR enzymes to pro-oxidant exposure. Furthermore, much
of the research focusing on the antioxidant cycling of bilirubin via biliverdin reductase has
primarily focused on BVRa (Stocker et al., 1987; Maines et al., 2001; Sedlak and Snyder,
2004; Maines, 2007; Lerner-Marmarosh et al., 2008; Sedlak et al., 2009). Although neither
bvranor bvrb displayed any significant induction in adult tissues in response to the Cd
exposure, bvrbwas significantly induced after exposure to all three pro-oxidants in zebrafish
eleutheroembryos at various developmental timepoints (Figures 7, 9 and 10). bvrb was also
shown to be expressed at nearly an order of magnitude higher than bvra throughout early
zebrafish development 24-120 hpf (Figure 6). These observations suggest that Bvrb may
also be playing a significant role in the oxidative stress response, as well as heme
metabolism.

While exposure to Cd resulted in a general increase in #moxZaand hmox1b liver expression
in both males and females (Figure 4), it is of interest that basal expression of AmoxIais
nearly 20 times greater in male liver tissue than females, and that Amox1b expression is
more than double that of females of the same tissue (Figure 3). A similar sexual dimorphic
expression pattern was noted for bvrb in liver tissue, and bvrb is generally expressed at a
higher level in liver tissues compared to bvra (Figure 3). Interestingly, females are known to
be more susceptible to Cd toxicity than males, an observation believed to be primarily
mediated through the estrogen receptor (Johnson et al., 2003). Since the liver serves as the
primary detoxification organ, the strong dimorphic expression pattern of the AmoxZ paralogs
and bvrb may serve as an additional mechanism that contributes to the gender-specific
sensitivity to Cd. Future studies would be required to confirm this hypothesis.
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Although HMOX2 is generally regarded as being constitutively expressed and non-inducible
(Maines, 1986; Ryter et al., 2006), this isoform has been shown to be activated by
corticosterone, opiates and menadione (Liu ef a/., 2000; Maines and Gibbs, 2005;
Vukomanovic et al., 2011). Consistent with known expression of HMOX2 in other
vertebrates (Ewing and Maines, 1992; Maines and Trakshel, 1993; Ewing and Maines,
1997), both Amox2 paralogs were more highly expressed compared to the AmoxZ paralogs in
brain tissue, with ~mox2b showing the greatest levels of expression (Figure 3). In addition,
hmox2bwas upregulated in response to Cd in brain and liver tissues of males (Figure 4).
Interestingly, bvrawas observed to be the predominant isoform in adult brain tissue
consistent with a previous vertebrate study (McCoubrey et a/., 1995). The differential
expression of bvraand bvrb under basal conditions and in response to pro-oxidant exposure
raises some interesting questions about the physiological requirements that necessitate the
need for two biliverdin reducing enzymes. Furthermore, the functional and structural
differences between the two BVR enzymes requires us to consider functions related to heme
metabolism, as well as other mechanisms related to cell signaling and the oxidative stress
response. For example, while both enzymes contain the reductase domain, BVRa’s domain
has dual cofactor (NADH and NADPH) dual pH specificity (Kutty and Maines, 1981). In
addition, BVRa also has several regulatory domains and motifs not found in BVRD, such as
a serine, threonine, tyrosine (S/T/Y) kinase domain, a basic leucine zipper DNA binding
domain (bZip), nuclear export and localization signals, and Src Homology 2 (SH2) domains,
which collectively allow BVRa to interact with other proteins and participate in insulin
signaling and mitogen-activated protein kinase (MAPK) pathways (Kapitulnik and Maines,
2008; Lerner-Marmarosh et al., 2005; Lerner-Marmarosh et al., 2008). Furthermore, while
there appears to be a high degree of sequence similarity between BVRa proteins throughout
nature (Maines, 2007), the extent to which these unique functional attributes of BVRa are
conserved across vertebrates has not been rigorously examined. These discrepancies
highlight the need for further studies in other model systems, such as zebrafish.

Potential regulators of HO and BVR expression in response to oxidative stress

NRF2, the master regulator of the oxidative stress response, is known to upregulate HMOX1
in response to oxidative stress (Alam, 1994; Alam et al.,, 1999; Alam and Cook, 2007), and
while it has been implicated in the regulation of BVRD this has not been confirmed (Wu et
al., 2011; Moon et al., 2012). Two paralogs of nrf2in zebrafish resulting from the teleost-
specific genome duplication event have undergone subfunction partitioning, with Nrf2a
thought to act primarily as a transcriptional activator and Nrf2b acting as a transcriptional
repressor (Timme-Laragy et al., 2012). While the induction of Amox1awas expected, we
also documented novel observations regarding #mox1band bvrb induction in response to
Cd, tBHQ or hemin at different zebrafish developmental timepoints (Figures 7, 9 and 10).
Furthermore, we also demonstrated the induction of several genes that produce proteins that
play important roles in heme and iron homeostasis (Figure 7). Of these, both FPN1 and
HAMP have been shown to be regulated by NRF2 in response to pro-oxidant exposure
(Marro et al., 2010) or as a mechanism related to iron homeostasis (Harada et al., 2011,
Tanaka et al., 2012; Bayele et al., 2015). However, the metal-responsive transcription factor
1 (MTF-1), the master regulator of metals homeostasis, is also activated in response to Cd
(Stuart et al., 1985; Glinther et al., 2012) and has been demonstrated to regulate HAMP,
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FPN1 and HPX (Troadec et al., 2010; Troadec et a/., 2010; Balesaria et al., 2010; O'Shields
et al., 2014). Future studies will address the co-regulation of these heme and iron
homeostasis genes in by NRF2 and MTF-1 in response to pro-oxidant exposure.

Since Nrf2a has been demonstrated to positively regulate the battery of antioxidant genes in
zebrafish, including Amoxla (Nakajima et al., 2011; Fuse et al., 2015), we sought to confirm
its role in regulating #moxIband bvrb in response to Cd exposure in zebrafish
eleutheroembryos. While no significant differences in the Cd-mediated induction of
hmoxla, hmox1b or bvrb were observed between non-injected and Ctrl MO-injected
embryos, expression of these transcripts were significantly reduced in the Nrf2a morphants
(Figure 8). Thus, while Nrf2a does not appear to play a role in regulating the constitutive
expression of bvrbin zebrafish at 72 hpf, it does appear to play a role in mediating the
response to Cd treatment. These results are consistent with our observation of ARE motifs in
the promoter regions of AmoxZ1aand bvrb (Figure 11). Unfortunately, the current zebrafish
genome assembly precludes the opportunity to identify enhancer motifs in the Amox1b
genes, but our data suggests that there is likely some conserved ARE motifs within its
proximal promoter.

Although bvrawas not induced during development or in adult tissues in response to pro-
oxidant exposures, previous studies suggest that it can be regulated by other well-known
stress response pathways. For example, both rat and human BVRa gene promoters contain
regulatory elements for NFxB and HIF-1a (Gibbs ef al., 2010) which is in agreement with
human BVRa being activated by hypoxia (Salim et a/, 2001) and inhibited by NFxB (Gibbs
et al., 2010). These results are consistent with the observation of four HRE motifs in the
proximal promoter region of the zebrafish bvra gene (Figure 11). Additionally, computer
analysis of the human BVRa promoter suggested numerous candidate regulatory elements
including the aryl hydrocarbon receptor (AHR) and heat shock factor 1 (HSF-1) (Gibbs et
al., 2010). Interestingly, both bilirubin and biliverdin have also been implicated in the
activation of the AHR pathway (Sinal and Bend, 1997; Phelan et a/., 1998). Thus, future
studies are required to fully characterize the transcriptional response and regulation of bvra
and bvrb under both basal and stressful cellular conditions.

Furthermore, these data confirm the role of Nrf2a in regulating Amox1bin response to Cd
treatment. However, it should be noted that a previous study demonstrated a transient
induction of AmoxIain the liver of 120 hpf zebrafish by diethyl maleate (DEM), while the
DEM-mediated induction of Amox1b persisted for a much longer period of time (Fuse ef al.,
2015). This transient, liver-specific expression of AmoxIawas attributed to regulation by the
Bachl transcriptional repressor. Interestingly, hemin treatment resulted in the prolonged
induced of Amox1ain 120 hpf zebrafish livers, presumably mediated through hemin-
dependent inhibition of Bachl. Thus, while Nrf2a does play a role in regulating AmoxIaand
hmox1b, other transcription factors may contribute to #moxI paralog-specific differences in
expression.
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Conclusion

These differences in AmoxI and hmox2 developmental expression, adult tissue distribution,
and responses to oxidative stress are consistent with potential subfunction partitioning of the
paralogous isoforms. Furthermore, with respect to BVRa and BVRD, it is interesting that
these two proteins of distinct evolutionary origin have evolved to have similar reductase
activity. However, the presence of a diversity of other functional domains within the BVRa
isoform offers future opportunities to evaluate the potential differences in function during
development or within adult tissues. Future studies employing the powerful reverse genetics
techniques, such as targeted mutagenesis using the CRISPR-Cas system, may be used to
characterize the functional differences between the Hmox paralogs and BVR isoforms.
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Highlights
. hmoxla, hmox2a, hmox2b and bvrb are sexually dimorphic in
expression
. hmox paralogs were induced in adult tissues by cadmium exposure
. hmoxla, hmox1band bvrbwere induced by multiple pro-oxidants
zebrafish embryos
. Differential expression of zebrafish A#mox paralogs suggest partitioning
of function
. Nrf2a mediates the induction of Amox1band bvrb by cadmium in

zebrafish embryos
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Figure 1. Zebrafish Hmox1a and Hmox1b contain conserved heme oxygenase domains and heme
signature motifs

A) Schematic of the zebrafish #moxZagene. Exons are denoted by boxes and introns are
denoted by lines. The numbers represent the nucleotide length for each exon or intron. The
heme oxygenase domain (HMOX Domain) spans exons 3-6 and is heighted by the dark grey
line. B) Multiple sequence alignment of HO-1 proteins from fish (goldfish and zebrafish)
and human. Sequence alignment was generated using Clustal W. Amino acids identical to
zebrafish Hmox1a protein sequence are designated by dots. The HO Domain (grey line) and
the HMOX Signature (light grey box) are denoted within their respective sequences. The
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new N-terminal region of the Hmox1b protein sequence is denoted by a box with a dashed
grey line. Zebrafish Hmox1a: NP_001120988.1; Zebrafish Hmox1b: KX664458; Human
HMOXZ1: NP_002124.1; Goldfish (Carassius auratus) Hmox1 GenBank: AHI115729.1
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Figure 2. Phylogenetic analysis of heme oxygenase proteins
Protein alignments and tree construction were performed in MEGAG. Evolutionary history

was inferred by using the Maximum Likelihood method. The Bootstrap method was used
(1000 replicates) for the Test of Phylogeny. D. melanogaster) HMOX (NP_524321.1) was
used as an out-group. HMOX1 proteins: D. rerio Hmox1a: NP_001120988.1; D. rerio
Hmox1b: KX664458; 7. ruprides Hmox1: UniProtKB - O73688; 7. nigroviridis Hmox1:
GenBank: CAF95107.1; H. sapiens HMOX1: NP_002124.1; R. norvegicus HMOX1.:
NP_036712.1; G. gallus HMOX1:NP_990675.1. Hmox2 proteins: D. rerio Hmox?2a:
NP_001096609.1; D. rerio Hmox2b: XP_002661145.1; 7. nigroviridis Hmox2: GenBank:
CAGO00172.1; 7. ruprides Hmox2: Ensemble: ENSTNIP00000012632.1m; H. sapiens
HMOX2: NP_002125; R. norvegicus HMOX2: NP_077363.1; G. gallus HMOX2:
XP_414960.1.
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Figure 3. HO and BVR expression in adult zebrafish tissues
Relative transcript abundance of Amox1 and hmox2 paralogs and bvrisoforms were

determined in male and female liver, gill, and brain tissues. Statistical significance in
transcript expression between males and females was determined using two-way ANOVA
followed by a Bonferroni post hoc test (p-value < 0.05). The asterisk designates statistical
significance between males and females. Different letters represent statistical significance
between paralogous genes. All values are normalized to 18S ribosomal RNA. Error bars
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represent one standard deviation; n = 3 biological replicates per treatment. A) Expression
levels of hmoxlia, hmox1b, hmoxZ2a and hmoxZ2bh. B) Expression levels of bvraand bvrb.
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Figure 4. Induction of hmox1 and hmox2 paralogs in adult zebrafish in response to Cd exposure
A) Relative fold induction of AmoxIaand hmox1bin response to Cd exposure was

determined in zebrafish liver, gill, and brain tissues (20 uM Cd for 96 hours). B) Relative
fold induction of Amox2aand hmox2b in response to Cd exposure was determined in
zebrafish liver, gill, and brain tissues (20 UM Cd for 96 hours). Statistical significance was
determined using a two-way ANOVA followed by a Bonferroni post hoc test (*p-value <
0.05). All values are normalized to 18S ribosomal RNA. Error bars represent one standard
deviation; n = 3 biological replicates per treatment.
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Figure 5. bvr expression in in adult zebrafish in response to Cd exposure
Relative fold induction of bvraand bvrb was determined in zebrafish liver, gill, and brain

tissues in control and Cd-exposed fish (20 uM Cd for 96 hours). Statistical significance was
determined using two-way ANOVA followed by a Bonferroni post hoc test (*p-value <
0.05). All values are normalized to 18S ribosomal RNA. Error bars represent one standard
deviation; n = 3 biological replicates per treatment.
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Figure 6. Changes in expression of hmox and bvr between 24-124 hpf
Relative transcript abundance of each transcript was determined via real-time RT-PCR.

Statistical significance in transcript expression in comparison to 24 hpf embryos was

determined using one-way ANOVA followed by a Bonferroni post hoc test (*p-value <
0.05). Different letters represent statistical significance between developmental timepoints.
All values are normalized to 18S ribosomal RNA. Error bars represent one standard
deviation; n = 3 biological replicates of 20 pooled embryos per treatment. hpf = hours past
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Figure 7. Effects of acute Cd exposure on gene expression in 76 hpf zebrafish
Real-time RT-PCR was used to quantify changes in expression of heme degradation genes

(hmox and bvr), as well as genes involved in heme and iron homeostasis, in whole zebrafish
larvae at 76 hpf after a 4 hour exposure to Cd. Statistical significance in comparison to
control embryos was determined using a one-way ANOVA followed by a Dunnett’s post hoc
test (*p-value < 0.05). All values are normalized to 18S ribosomal RNA. Error bars
represent one standard deviation; n = 3 biological replicates of 20 pooled embryos per
treatment.
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Figure 8. Effect of NRF2a knockdown on hmoxZ1a, hmox1b and bvrb expression in response to Cd
exposure
Nrf2a translation was blocked by an Nrf2a MO injected at the two- to four-cell stage in

zebrafish embryos. Real-time RT-PCR was used to quantify transcript abundance in whole
zebrafish larvae at 76 hpf after a 4 hour exposure to 150 uM Cd. Relative fold change was
determined by comparing all changes in gene expression to the non-injected controls (0 uM
Cd). Statistically significant induction in response to Cd exposure was determined using a
two-way ANOVA followed by a Bonferroni post hoc test (*p-value < 0.05). All values are
normalized to 18S ribosomal RNA. Error bars represent one standard deviation; n = 3
biological replicates of 20 pooled embryos per treatment.
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Figure 9. Effects of acute Cd exposure on gene expression in 124 hpf zebrafish
Real-time RT-PCR was used to quantify changes in expression of heme degradation genes

(hmox and bvr) following a 4 hour exposure to Cd starting at 120 hpf. Statistical significance
in comparison to control embryos was determined using a Student’s t-test (*p-value < 0.05).
All values are normalized to 18S ribosomal RNA. Error bars represent one standard
deviation; n = 3 biological replicates of 20 pooled embryos per treatment.
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Figure 10. Effects of multiple pro-oxidant exposure on gene expression in 76 hpf zebrafish
Real-time RT-PCR was used to quantify changes in expression of heme degradation genes

(hmox and bvr) in 76 hpf larvae following a 4 hour exposure to either A) tBHQ or B) hemin.
Statistical significance in comparison to control embryos was determined using a one-way
ANOVA followed by a Dunnett’s post hoc test (*p-value < 0.05). All values are normalized
to 18S ribosomal RNA. Error bars represent one standard deviation; n = 3 biological
replicates of 20 pooled embryos per treatment.
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Figure 11. Schematic of enhancer motifs in hmox and bvr gene promoters
Diversity and position of the antioxidant-responsive elements (ARE), hypoxia-responsive

elements (HRE) and metal-responsive elements (MRE) in the 4 kb upstream region of the
hmoxand bvrgenes. Arrowheads above the line represent motifs on the sense DNA strand,
while arrowheads below the line represent motifs on the antisense DNA strand.
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Table 1

gPCR and 5’ RACE PCR Primers

Gene gPCR Sequence

hmoxla | Forward 5 -GCTTCTGCTGTGCTCTCTATACG-3’
Reverse 5 -CAATCTCTCTCAGTCTCTGTGC -3’

hmox1b | Forward 5’-GCAGTGATCTGTCTGAACAG-3’
Reverse 5 -GCTTGTACTGTGTTTGTGTG-3’

hmox2a | Forward 5 -ATGGCGGTCAGTGGAAACACAACC-3’
Reverse 5 -GGCAACAGCAGCAACCAATGTGGC-3’

hmox2b | Forward 5’ TTTAGGAGGTTGAGTTGGAGTCAG-3’
Reverse 5 -TTCTGCCTTCTGGTGCACTTCT-3

bvra Forward 5 -CAGGCAGTTTCTGGAGGCAGG-3’
Reverse 5 -CCAGACCCTTCTGTTGAGC-3’

bvrb Forward 5’GCATGTCAGCATTCCTCTTGTGG-3’
Reverse 5’ -CACCAGCAATATGTGGAGG-3’

hpx Forward 5 -GATGGCCATTTCTACATGATCAAGGACA-3’
Reverse 5-GCCCTCAATTCCCAGCACATCC-3’

hamp Forward 5’CACAGCCGTTCCCTTCATACAGCA-3’
Reverse 5 -GGTCTGCTAGTCTGTGTTCAGCTTC-3’

fonl Forward 5'-GTCCTACATTCATTCCTACAACTGAACC-3’
Reverse 5 -GTCAAGTCGAAGGACCAAAGACCAACT-3’

Gene 5" RACE PCR | Sequence

hmox1b | Reverse 5 -CGCCTCGTAGATCTTGTAGAGC-3’
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