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ABSTRACT 15 

The hypoxia inducible factor (HIF) family of transcription factors plays central roles in 16 

the development, physiology, pathology, and environmental adaptation of animals. Because 17 

many aquatic habitats are characterized by episodes of low dissolved oxygen, fish represent ideal 18 

models to study the roles of HIF in the response to aquatic hypoxia. The estuarine fish Fundulus 19 

heteroclitus occurs in habitats prone to hypoxia, it responds to low oxygen via behavioral, 20 

physiological, and molecular changes, and one member of the HIF family, HIF2α, has been 21 

previously described. Herein, cDNA sequencing, phylogenetic analyses, and genomic 22 

approaches were used to determine other members of the HIFα family from F. heteroclitus and 23 

their relationships to HIFα subunits from other vertebrates. In vitro and cellular approaches 24 

demonstrated that full-length forms of HIF1α, 2α, and 3α independently formed complexes with 25 

the β subunit (ARNT) to bind to hypoxia response elements and activate reporter gene 26 

expression. Quantitative PCR showed that HIFα mRNA abundance varied among organs of 27 

normoxic fish in an isoform-specific fashion. Analysis of the F. heteroclitus genome revealed a 28 

locus encoding a second HIF2α, HIF2αb, a predicted protein lacking oxygen sensing and 29 

transactivation domains. Finally, sequence analyses demonstrated polymorphism in the coding 30 

sequence of each F. heteroclitus HIFα subunit, suggesting that genetic variation in these 31 

transcription factors may play a role in the variation in hypoxia responses among individuals or 32 

populations.  33 
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INTRODUCTION 37 

 The hypoxia inducible transcription factors (HIFs) play key roles in the regulation of 38 

gene expression in animals during normal development and physiology, as well as in several 39 

human pathologies associated with low tissue oxygen (20, 23, 46). These heterodimeric 40 

transcription factors are composed of α and β subunits, both of which are basic-helix-loop-helix 41 

PER-ARNT-SIM (bHLH-PAS) transcription factors. During normal oxygen levels (normoxia), 42 

the cellular abundance of the α subunit is kept low, primarily due to oxygen-dependent 43 

proteolysis signaled for by the modification of specific proline residues by prolyl hydroxylase 44 

domain proteins [PHDs; (20)]. The ability of HIF to activate gene expression is also suppressed 45 

during normoxia by hydroxylation of an asparagine residue of the α subunit (31). Both proline 46 

and asparagine hydroxylation are inhibited by low oxygen, resulting in an increase in the cellular 47 

abundance of the α subunit. The  subunit, previously identified as the aryl hydrocarbon receptor 48 

nuclear translocator (ARNT), is present during both reduced and normal oxygen levels and 49 

serves as a dimerization partner for other transcription factors, namely the aryl hydrocarbon 50 

receptor (37). Thus, at low oxygen tensions, HIFα accumulates, dimerizes with ARNT, binds to 51 

specific DNA sequences in target genes (hypoxia-response elements, HRE), and together with 52 

other accessory proteins, activates gene expression (20, 46).  53 

The regulation, tissue expression, and gene targets of HIF are most thoroughly described 54 

in mammals, which have three genes encoding different forms of HIFα. Semenza and Wang  55 

(62) originally described HIF1α as a regulator of erythropoietin (EPO) gene expression during 56 

hypoxia in mammalian cell culture. Subsequently, HIF1α was found to be widely expressed in 57 

different mammalian cell types and tissues and to affect the expression of dozens, if not 58 

hundreds, of genes (20, 46). HIF2α, also known as endothelial PAS-domain protein-1 (EPAS-1), 59 
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has a more restricted distribution, but also plays a central role in the molecular response to low 60 

oxygen (23). HIF3α was originally described by Gu et al. (16) as an oxygen-dependent 61 

transcriptional activator, although truncated forms resulting from differential splicing repress the 62 

activity of HIF1α and HIF2α during hypoxia (7, 32, 33, 36). There are target genes regulated 63 

specifically by HIF1α, 2α, or 3α, as well as some genes whose expression is altered by multiple 64 

forms of HIF (41, 60, 75). Together, HIFs regulate the expression of genes involved in multiple 65 

cellular processes including erythropoiesis, angiogenesis, carbohydrate transport and 66 

metabolism, iron metabolism, and mitochondrial metabolism and autophagy (7, 20, 23, 46). 67 

Fish encounter marked reductions in ambient oxygen in a variety of habitats (48), and 68 

various species respond to low oxygen through a suite of morphological, behavioral, and 69 

physiological adjustments. Because changes in gene expression may underlie some of these 70 

responses (9, 12, 35, 53, 67), it is of interest to understand the distribution of HIFs in fish and 71 

their potential roles in regulating gene expression in response to aquatic hypoxia. As in other 72 

vertebrates, there are multiple forms of HIFα in fish. Although fish HIF1α and HIF2α appear to 73 

be orthologous to their mammalian counterparts, the origins of HIF3α are less clear, leading 74 

some studies to refer to the third fish α subunit as HIF4α or HIF1α-like (29, 53). Moreover, carps 75 

and related species have duplicate copies of all three HIFα genes, a result, potentially, of an 76 

ancient teleost-specific genome duplication (57). Considerable variability exists among fish in 77 

the oxygen-dependence, tissue-specificity, and regulatory mechanism (transcriptional or post-78 

translational) of HIFα accumulation, likely reflecting the ecological and phylogenetic diversity 79 

of the species studied, as well as differences in experimental design (e.g., life history stage, 80 

conditions of hypoxic exposure). 81 
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In the current study, we use the mummichog or Atlantic killifish, Fundulus heteroclitus, 82 

to further explore HIFα in fish. This species is widely distributed throughout estuaries along the 83 

Atlantic coast of North America and an ideal system for the study of teleost responses to physio-84 

chemical stressors, including low oxygen (3, 61). Habitats occupied by F. heteroclitus may 85 

become hypoxic on daily, tidal, or seasonal time scales (64) and this species tolerates lower 86 

levels of oxygen than many other common marsh fishes (70). Exposure to low oxygen leads to 87 

increased blood oxygen transport (14, 65), altered tissue enzyme activities (13), restricted growth 88 

(51, 65), and changes in aerobic and anaerobic metabolism (2, 5, 6). A full-length form of HIF2α 89 

(hereafter referred to as HIF2αa; see below) has been sequenced from F. heteroclitus (44), and 90 

the promoter of the lactate dehydrogenase-B (Ldh-B) gene of F. heteroclitus contains a novel, 91 

non-canonical HRE (50). In addition, there is a draft genome sequence for this species, allowing 92 

genomic analyses that are not possible with many other species (52). Finally, F. heteroclitus 93 

belongs to the euteleostei, a group that comprises about two-thirds of the approximately 24,000 94 

teleost fishes that diversified after the split leading to the Otocephala [herrings, carps, tetras, 95 

catfish, and related species (43)]. Hence, study of F. heteroclitus may provide insights into the 96 

biology of fishes that might differ from conclusions based upon fish models that have duplicated 97 

HIFα genes (zebrafish, catfish, and carp).  98 

The specific objectives of this study were (1) to sequence HIF1α and HIF3α from F. 99 

heteroclitus; (2) to query the F. heteroclitus genome for other HIFα genes; (3) to assess DNA 100 

binding and transactivation of gene expression by HIF1α, HIF3α, and the previously described 101 

HIF2αa proteins; and (4) to measure the transcript abundance for these HIFα subunits in tissues 102 

of normoxic fish. In addressing these objectives, we also documented sequence variation in the 103 
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HIFα subunits of F. heteroclitus and identified a short-form of HIF2α, HIF2αb, in the F. 104 

heteroclitus genome. 105 

 106 

MATERIALS AND METHODS 107 

Animals. Fundulus heteroclitus were collected with minnow traps from the salt marshes 108 

surrounding Scorton Creek, MA (41° 45' N, 70° 26' W) and transported to Woods Hole 109 

Oceanographic Institution, Woods Hole, MA. Fish were kept in aerated, filtered sea water at 110 

ambient temperature (ca. 21°C) and fed once a day. Fish were euthanized with an overdose of 111 

MS-222 (1 g/l) buffered with sodium bicarbonate (4 g/l). Tissues were rapidly dissected, snap 112 

frozen in liquid nitrogen, and stored at – 80°C. Animal care and handling were approved by the 113 

IACUCs at the University of New Orleans and Woods Hole Oceanographic Institution.  114 

Cloning and sequencing of HIF1α and HIF3α. The liver from a single F. heteroclitus was 115 

homogenized in RNA STAT-60 (Tel-Test, Inc) and total RNA was prepared according to the 116 

manufacturer’s directions. Messenger RNA was purified from 400 μg total RNA with 117 

MicroPoly(A) Purist (Ambion) and 1 μg mRNA was used as template for cDNA synthesis and 118 

rapid amplification of cDNA ends (RACE) using a Clontech Marathon cDNA-Amplification kit 119 

(BD Biosciences). All PCR primers are given in Table 1. For HIF1α, gene-specific primers for 120 

RACE were based upon an internal HIF1α fragment of approximately 920 bp amplified using 121 

primers (HIF1-Forward and HIF1-Reverse) derived from rainbow trout HIF1α (AF304864). For 122 

HIF3α, gene-specific RACE primers were designed based upon a partial HIF-like sequence 123 

(AF433668). 124 

Both 5’ and 3’ RACE used two rounds of “nested” PCR. Briefly, the first round PCR 125 

used a gene-specific (gs) primer (5’ gs outer, 5’ gs alt, 3’ gs outer, or 3’ gs alt) and adaptor 126 
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primer 1 (AP 1) in a “touchdown” PCR protocol [30 s at 94°C; 5 cycles of 5 s at 94°C and 4 min 127 

at 72°C; 5 cycles of 5 s at 94°C and 4 min at 70°C; 25 cycles of 5 s at 94°C and 4 min at 68°C; 7 128 

min at 72°C (HIF1α) or 7 min at 68°C (HIF3α)]. Second round PCR used a gene-specific primer 129 

(5’ gs inner, 5’ gs alt, 3’ gs inner, or 3’ gs alt) with adaptor primer 2 (AP 2) in a PCR program of 130 

30 s at 94°C; 20 cycles of 5 s at 94°C and 2 min at 68°C; 7 min at 68°C. For 3’RACE of HIF1α, 131 

the second round PCR program was 30 s at 94°C; 20 cycles of 5 s at 94°C, 30 sec at 65°C, 2 min 132 

at 68°C; 7 min at 68°C. RACE products were gel purified, ligated into pGemT-Easy (Promega), 133 

and transformed into E. coli JM109 high-efficiency competent cells. Multiple positive clones of 134 

each product were sequenced by the University of Maine Sequencing Center using primers 135 

against vector sequences. The resulting sequences were aligned and used to design primers 136 

specific to the 5’- and 3’ untranslated regions of HIF1α and HIF3α (Table 1). 137 

The full-length F. heteroclitus HIF1α cDNA was amplified from the original cDNA 138 

using HIF1 5’ UTR and HIF1 3’UTR primers and a PCR program of 30 s at 94°C; 35 cycles of 139 

10 s at 94°C, 30 sec at 62°C, 3 min at 68°C; 7 min at 68°C. Full-length HIF3α cDNA was 140 

amplified using HIF3 5’ UTR and HIF3 3’UTR primers and a PCR program of 30 s at 94°C; 35 141 

cycles of 10 s at 94°C, 30 sec at 65°C, 3 min at 68°C; 7 min at 68°C. Advantage 2 DNA 142 

polymerase (BD Biosciences) was used for all RACE and full length PCR. PCR products were 143 

gel-purified, cloned and sequenced as stated above for RACE products. Additional sequencing 144 

primers were synthesized as needed to sequence the entire insert. A minimum of eight clones, 145 

representing multiple PCR runs, were sequenced in both directions for each HIFα. 146 

Sequence alignment and phylogenetic analysis. F. heteroclitus HIF1α and HIF3α 147 

sequences were assembled and inspected for sequence quality and potential PCR errors. When a 148 

single clone differed from all other sequences at a single nucleotide position, this was considered 149 
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to be PCR error, and that position was manually edited to represent the consensus nucleotide at 150 

that position. This process resulted in “correcting” 71 nucleotides in a total of more than 68,000 151 

positions. When two or more clones had the same nucleotide at a given position and differed 152 

from the rest of the sequences, this was considered to be a polymorphism, and these sequences 153 

were retained as putative HIF1α and HIF3α variants. 154 

For phylogenetic analyses, HIF1α, HIF2α, and HIF3α sequences were downloaded from 155 

NCBI (www.ncbi.nlm.nih.gov/Genbank) and Ensemble (www.ensembl.org). Multiple alignment 156 

of deduced amino acid sequences was performed with ClustalX 157 

(www.ebi.ac.uk/Tools/clustalw2), and phylogenetic analyses were conducted in MEGA6 (66). 158 

The relationship among HIF sequences was inferred by using the Maximum Likelihood method 159 

based on the JTT matrix-based model (19). Initial trees for the heuristic search were obtained by 160 

applying the Neighbor-Joining method to a matrix of pairwise distances estimated using a JTT 161 

model. The analysis involved 33 amino acid sequences. The region corresponding to residues 1-162 

360 of human HIF1α from each HIF sequence was used for the alignment and all positions 163 

containing gaps and missing data were eliminated, resulting in a total of 227 positions in the final 164 

dataset. 165 

Antibody production. Regions of HIFα cDNAs corresponding to peptides of 166 

approximately 10 kDa in the C-terminal half of F. heteroclitus HIF1α (amino acids 407-510), 167 

HIF2αa (501-636), and HIF3α (530-647) were either cut from the pcDNA construct with PstI 168 

and SalI or amplified by PCR (see Table 1 for primer sequences). Products were ligated into 169 

pET-Duet vector (Novagen), and constructs were sequenced to confirm in-frame fusion. E. coli 170 

BL21 (DE3) cells (Novagen) were transformed, induced with 1 mM IPTG for 1.5 h at 37°C, 171 

collected by centrifugation, and lysed by three passages through a French press at 138 MPa in 20 172 

http://www.ncbi.nlm.nih.gov/Genbank
http://www.ensembl.org/
http://www.ebi.ac.uk/Tools/clustalw2
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mM Tris, pH 8.0; 50 mM NaCl; 50 mM KCl plus 1% Triton X-100. Lysates were centrifuged at 173 

10,000 x g for 15 min at 4C and the HIFα peptides were purified by chromatography on Ni-174 

NTA agarose (Qiagen). Antibodies were generated in chickens using 1 mg of each purified 175 

fusion protein as immunogens (Aves Labs). The resulting IgYs were purified from eggs. 176 

Electrophoretic mobility shift assays (EMSA). To generate full-length proteins for EMSA, 177 

inserts encoding F. heteroclitus HIF1α and HIF3α were released from pGEM-T Easy by 178 

digestion with PstI and ApaI or NsiI and ApaI, respectively, and independently ligated into 179 

pcDNA 3.1/Zeo (+) (Life Technologies) digested with PstI and ApaI. The resulting plasmids 180 

were used along with plasmids encoding F. heteroclitus HIF2αa and ARNT2 (45) to make in 181 

vitro transcribed and translated (IVTT) proteins using a rabbit reticulocyte lysate system 182 

(Promega). The EMSA protocol was modified from (62). Each reaction (20 µl final volume) 183 

consisted of 10 mM Tris (pH 7.5), 50mM KCl, 50 mM NaCl, 5% glycerol, 5 mM DTT, 1 mM 184 

MgCl2, 1 mM EDTA, and 100 ng calf thymus DNA. Binding reactions usually included 1 µl 185 

IVTT F. heteroclitus ARNT2 and 1 µl IVTT F. heteroclitus HIF1α, HIF2αa, or HIF3α. Some 186 

reactions contained 1 µl IVTT ARNT2 and 3 µl IVTT HIF2αa because of low yields of HIF2αa 187 

in IVTT. Reactions to assess non-specific binding included 2 - 4 µl of IVTT ARNT2, IVTT 188 

luciferase (Promega), or IVTT reactions primed with empty pcDNA 3.1/Zeo (+). Competitor and 189 

probe DNA sequences were based upon the human EPO 3’ enhancer (62) or a hypoxia response 190 

element in the promoter of the F. heteroclitus Ldh-B gene (50). Probe DNA was made by end-191 

labeling single-stranded oligonucleotides using T4 Polynucleotide kinase (Promega) and [γ-192 

32
P]ATP (PerkinElmer), annealing with equimolar amounts of complementary strand, and 193 

desalting on ProbeQuant G-50 microcolumns (GE Healthcare). Incorporation of [
32

P] was 194 

assessed by liquid scintillation counting (BeckmanCoulter). Labeled probe was included at 40 195 
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fmol and approximately 10
5
 cpm in each reaction. When used, double stranded competitor DNA 196 

at 100 to 800-fold molar excess or antibodies against HIFα subunits (see above) or ARNT (MA-197 

515; ThermoFisher) were pre-incubated in the reaction mixture for 15 min at room temperature 198 

prior to the addition of probe. After probe addition, reactions were incubated a further 15 min, 199 

transferred to 4°C, and electrophoresed on 5% polyacrylamide gels (37.5:1, acrylamide:bis-200 

acrylamide) in 0.3 x Tris-borate-EDTA buffer (TBE) at 15 mA for 1.5 h at 4°C. Gels were dried 201 

and imaged by phosphor imaging (Bio-Rad). Band density was quantified using Quantity One 202 

(Bio-Rad).  203 

HIFα over-expression and reporter gene expression. The ability of HIF proteins to 204 

activate transcription was determined by transient transfection into COS-7 monkey kidney cells, 205 

an established cell line that has been used previously to assess HIF function (21). COS-7 cells 206 

(American Type Culture Collection) were grown in high-glucose Dulbecco’s modified Eagle 207 

medium (DMEM; GIBCO) containing 10% fetal bovine serum (FBS; HyClone) in 5% CO2 at 208 

37°C as described earlier (22). Transient transfection of cells was used to assess the effect of 209 

increasing doses of plasmids encoding each F. heteroclitus HIFα on the expression of firefly 210 

luciferase reporter plasmids, N443pGL3 (50), which has the promoter of F. heteroclitus Ldh-B 211 

including a characterized HRE upstream of the luciferase gene, and p3XHifREluc (11), which 212 

has three copies of the HRE from the mouse heme oxygenase gene upstream of the luciferase 213 

gene. All experiments included a plasmid encoding Renilla luciferase under the control of the 214 

thymidylate kinase promoter (pRL-TK; Promega) to control for transfection efficiency. 215 

One day prior to transfection, cells were plated at 10
5
 cells per well in 12-well plates. 216 

Replicate wells were transfected in 1 ml serum-free DMEM containing Lipofectamine 2000 217 

(3.3:1 ratio of µl reagent to µg plasmid; Invitrogen), 500 ng reporter (N443pGL3 or 218 
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p3XHifREluc), 10 ng TK-pRL, 400 ng F. heteroclitus ARNT2 plasmid, and 0 to 160 ng of F. 219 

heteroclitus HIF1α, HIF2αa, or HIF3α plasmid (pcDNA constructs from above). Empty pcDNA 220 

(up to 160 ng) was included to balance the total plasmid DNA concentration in each transfection. 221 

Transfection mixes were removed after 4 h and replaced by DMEM containing 10% FBS. Cells 222 

were grown for an additional 24 h at which point they were harvested in Passive Lysis Buffer 223 

(Promega). Firefly and Renilla luciferase activities were measured in cell lysates using the Dual-224 

Luciferase Reporter Assay (Promega). The relative luciferase for each well was calculated as 225 

firefly luciferase divided by Renilla luciferase. Fold-induction was then calculated as the ratio of 226 

relative luciferase of wells transfected with HIFα plasmids to wells transfected with empty 227 

pcDNA. Replicate wells were averaged and treated as a single determination for statistical 228 

purposes, and the entire experiment was repeated three times (n = 3). Other experiments were 229 

done in which cells were transfected with lower amounts of HIFα plasmids (0 – 8 ng) or with 80 230 

ng each of two HIFα plasmids (1α + 2αa; 1α + 3α; 2αa + 3α). 231 

In one experiment, COS-7 cells transfected with 0-160 ng of each F. heteroclitus HIFα 232 

plasmid were lysed in 100 µl SDS-PAGE sample buffer (28) and used in western blots for 233 

HIF1α, HIF2αa, HIF3α, or ARNT2. Samples (40 l) were electrophoresed on 10% 234 

polyacrylamide gels (28) and transferred to PVDF membranes (68). Positive controls (IVTT 235 

proteins from F. heteroclitus) were included in each gel. Chicken polyclonal antibodies against 236 

F. heteroclitus HIF 1α, 2α, and 3α and mouse monoclonal antibody against human ARNT (MA-237 

515, ThermoScientific) were used at a dilution of 1:1000. Horseradish peroxidase-conjugated 238 

secondary antibodies (Thermo Scientific) were used at 1:5000. Blots were developed by 239 

chemiluminescence and imaged in a ChemiDoc XRS (Bio-Rad). 240 
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Quantitative PCR. Total RNA was isolated from frozen tissues (liver, white skeletal 241 

muscle, intestine, gill, kidney, brain, heart, spleen, ovary, and testes) of six normoxic F. 242 

heteroclitus (three females, three males) as described above. Gill and intestine were first allowed 243 

to thaw in RNA later-ICE (Ambion) to allow dissection of gill lamella away from the gill arch or 244 

to flush the contents of the intestine. After isolation, RNA quality was assessed by Experion 245 

capillary electrophoresis (Bio-Rad) and RNA quantity was determined by spectrophotometry. 246 

Two RNA samples from gill and one from kidney were removed from this analysis due to 247 

extensive RNA degradation. 248 

 For all samples, 1 µg of RNA was reverse transcribed into cDNA using iScript reverse 249 

transcriptase (Bio-Rad) in a final volume of 20 µl. One microliter of the product (equivalent to 250 

50 ng of total RNA) was used for quantitative PCR using iQ SYBR Green Supermix (Bio-Rad) 251 

and primers specific for HIF1α, HIF2αa, or HIF3α (Table 1) in a reaction volume of 20 µl. One 252 

primer of each primer pair was designed to span a putative exon-exon boundary (determined by 253 

comparison of F. heteroclitus HIFα cDNAs with their homologs in the Fugu genome), and each 254 

primer pair was designed to amplify a product of 100 to 150 bp. PCR was conducted in a 96-well 255 

format in a MyiQ or iQ5 thermocylcer (Bio-Rad) using the following program: 3 min 95°C; 40 256 

cycles of 15 s at 95°C and 1 min at 68°C; 10 min at 72°C. Melt curves were done for each 257 

sample (81 30-s steps of 0.5°C from 55 to 95°C) to ensure the presence of a single amplification 258 

product in each reaction. Selected reactions were sequenced and shown to be the anticipated 259 

HIFα amplimers. No amplification was observed in PCR of samples that were not reverse 260 

transcribed or in reactions lacking template.  261 

All samples were analyzed in duplicate. Each plate also contained duplicate wells of four 262 

serial dilutions of plasmid encoding the appropriate HIFα from F. heteroclitus in order to assess 263 
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the efficiency of PCR, which ranged from 90-105%. Furthermore, a reference cDNA sample was 264 

made by pooling an equal volume of all cDNA samples and included in duplicate wells in every 265 

plate in order to correct for run-to-run variation in PCR amplification. For every reaction, the 266 

threshold cycle (Ct) was determined as fluorescence increased above a user-determined 267 

background (set to 160). Transcript copy number was determined from standard curves of known 268 

concentrations of plasmids encoding each HIFα. 269 

Survey of HIFα sequence variation. An RNA-seq data set was searched to identify single 270 

nucleotide polymorphisms (SNPs). The data set, which will be described in detail in a separate 271 

publication, was obtained from 200 F. heteroclitus F2 embryos from multiple F1 parents 272 

originating (F0) from Scorton Creek, MA. The RNA was sequenced using the Illumina HiSeq 273 

2500 platform (100 bp paired-end reads), and sequence data (representing 692 x 10
6
 reads) were 274 

aligned to the draft F. heteroclitus genome (version 2b) using Tophat version 2.0.9 (69). 275 

Alignments were visualized using IGV (55) and HIFα loci were analyzed for variants; only 276 

variants with a frequency ≥ 2% of reads were included.  277 

Statistical analyses. Analysis of variance (ANOVA) was used to determine effects of 278 

oligonucleotide sequence on protein binding in EMSA, the effects of HIFα plasmid type and 279 

concentration on reporter gene expression, and the effects of organ and HIFα gene on mRNA 280 

expression. mRNA copy number was log10 transformed prior to analysis to meet assumptions of 281 

ANOVA. Significant ANOVA results were followed by Bonferroni’s post-hoc comparisons. P 282 

values of 0.05 or less were considered to be statistically significant. Statistical analyses were 283 

done in Prism version 5.0a (Graphpad Software Inc) or SYSTAT13 (SYSTAT Software, Inc). 284 

  285 
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RESULTS AND DISCUSSION 286 

Sequence and domain analysis of F. heteroclitus HIF1α and HIF3α. cDNA sequencing 287 

revealed two F. heteroclitus HIF1α variants, which were 2442 or 2448 bp in length and included 288 

129 bp of 5’-untranslated region, open reading frames of 2259 or 2265 bp, and 54 bp of 3’-289 

untranslated region. The predicted proteins are 753 or 755 amino acids in length (calculated 290 

molecular masses of 84.0 and 84.2 kDa) and contain specific functional and structural domains 291 

that are conserved among vertebrate HIF1α proteins (Fig. 1A). The predicted proteins have an N-292 

terminal basic helix-loop-helix (bHLH) domain, PAS A and PAS B domains, a PAS-associated 293 

C-terminal (PAC) motif, and an oxygen-dependent degradation domain (ODD). Two putative 294 

transactivation domains (TADs) were found, one overlapping with the last 50 amino acids of the 295 

ODD (TAD-N) and one at the extreme C-terminus of the deduced protein (TAD-C). Over the 296 

entire length, the deduced amino acid sequence of F. heteroclitus HIF1α shows high identity 297 

with HIF1α from other fishes (e.g., 72% amino acid identity with tilapia HIF1α) and tetrapod 298 

vertebrates (e.g., 47% identical to human HIF1α). 299 

Two F. heteroclitus HIF3α variants, differing by a single synonymous nucleotide 300 

substitution, were also sequenced. These were 2178 bp in length and included 35 bp of 5’-301 

untranslated region, an open reading frame of 1986 bp, and 157 bp of 3’-untranslated region. The 302 

predicted protein is 662 amino acids (calculated molecular mass of 73.7 kDa) and has a bHLH 303 

domain, PAS A and PAS B domains, a PAC domain, an ODD, and one TAD overlapping with 304 

the ODD (Fig. 1C). The deduced amino acid sequence of F. heteroclitus HIF3α ranges from 71% 305 

identical to tilapia HIF3α to 36% identical to human HIF3α. Four DNA sequences (two variants 306 

each of F. heteroclitus HIF1α and HIF3α) have been submitted to GenBank (accession numbers 307 

KR703588, KR703589, KR703597, and KR703598). A previously-described HIFα-like partial 308 
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cDNA (AF433668) is now identified as being the 3’ end of F. heteroclitus HIF3α. The remaining 309 

characterization focused on one variant of each subunit, HIF1α*1 (Accession KR703588) and 310 

HIF3α*1 (Accession KR703597), hereafter referred to FhHIF1α and FhHIF3α, respectively.  311 

The consensus prolyl hydroxylation motif is the hexameric sequence LXXLAP (8), and 312 

within the putative ODDs of each predicted FhHIFα subunit there are multiple potential sites for 313 

prolyl hydroxylation (Figs. 1B and 1D). In FhHIF1α, P429 occurs in an LXXLAP motif that is 314 

highly conserved among vertebrates; P561 aligns with putative prolyl hydroxylation sites in 315 

other vertebrates, but occurs in the motif LXXFAP; and P576 occurs in the canonical LXXLAP 316 

sequence in FhHIF1α but aligns with a region of HIF1α that is poorly conserved among 317 

vertebrates (Fig 1B). In FhHIF3α, there are two potential prolyl hydroxylation sites, P414 and 318 

P522 (Fig. 1D). The more N-terminal of these two sites is only found in fishes: in zebrafish, 319 

grass carp, and pufferfish, this proline occurs in the motif LXXLAP, but in FhHIF3α, P414 320 

occurs in LXXLEP. The second proline, P522, is conserved across vertebrate species where it 321 

occurs in the LXXLAP motif, except in FhHIF3α, where it is found in an LXXYAP motif. 322 

In vitro studies of the substrate specificity of human PHD enzymes have shown that 323 

peptides having a range of amino acid substitutions in and around the LXXLAP motif are 324 

hydroxylated, albeit at variable rates (18, 30). Specifically, peptides with the L to F substitution 325 

predicted in FhHIF1α and the L to Y substitution predicted in FhHIF3α were hydroxylated as 326 

efficiently as the consensus sequence, while a peptide with the A to E substitution predicted in 327 

the first putative hydroxylation site in FhHIF3α was a poor substrate (30). In a recent study of 328 

zebrafish HIF3α, Zhang et al. (75) showed that the second of these sites, rather than the first, was 329 

critical in determining the stability of zebrafish HIF3α. In addition, the predicted amino acid 330 

sequence immediately following this second putative hydroxylation site (YISMDDDFQL) is 331 
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identical in F. heteroclitus and zebrafish, including a leucine (L532 in FhHIF3α and L503 in 332 

zebrafish HIF3α) that also contributes to HIF3α stability in zebrafish (75). While these results 333 

strongly suggest that FhHIF1α and FhHIF3α are targets of hydroxylation, which proline 334 

residue(s) are hydroxylated, and the conditions under which they are modified, have yet to be 335 

experimentally determined in any fish HIFα subunit. 336 

There is also a putative target of asparaginyl hydroxylation, N730, in FhHIF1α (Fig 1A), 337 

which occurs in the CEVN motif conserved in the N-terminus of vertebrate HIF1α. In contrast, 338 

FhHIF3α lacks a second TAD and an asparaginyl hydroxylation site near the C-terminus (Fig 339 

1C), in accordance with other vertebrate HIF3α subunits (7). 340 

Phylogenetic analysis of F. heteroclitus HIFα proteins. Phylogenetic analyses of the 341 

deduced amino acid sequences of FhHIF1α and FhHIF3α, along with the previously described 342 

FhHIF2αa (44), grouped the F. heteroclitus HIFα proteins with their orthologs from other 343 

vertebrates (Fig. 2). Bootstrap analyses strongly support three clades, as well as the branching 344 

patterns within each clade (e.g., HIF1α) that are concordant with vertebrate phylogeny (e.g., 345 

tetrapod vertebrates forming a separate group from fishes). Rytkönen et al (57) described two 346 

forms of each HIFα gene in cyprinid fishes, which include zebrafish, grass carp, and asp, among 347 

others. They speculated that the three HIFα genes were duplicated as part of the ancestral teleost-348 

specific whole genome duplication (39), followed by loss of one of each duplicate in most, but 349 

not all, non-cyprinid lineages. The phylogenetic tree shown in Fig. 2 clearly places the F. 350 

heteroclitus HIFα proteins with those common to all euteleosts rather than with the cyprinid-351 

specific forms. 352 

In addition to HIF1α, 2α, and 3α, searching the F. heteroclitus genome revealed a second 353 

HIF2α locus with a shorter coding region. The deduced amino acid sequence of this HIF2α 354 
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aligns with the “relic” duplicated HIF2α found in several non-cyprinid fishes (57), although 355 

bootstrap support for the phylogenetic placement of these short forms is low due to their 356 

divergent sequences. This predicted protein, previously deposited to GenBank with the 357 

description endothelial PAS domain containing protein-1 (XP_012709515.1), is 367 amino acids 358 

in length, contains two PAS domains, but has a poorly conserved bHLH domain and lacks other 359 

domains associated with HIFα subunits (i.e., ODD and TAD). This deduced protein is hereafter 360 

referred to as FhHIF2αb, with the original HIF2α (44) corresponding to FhHIF2αa. 361 

Genomic organization of F. heteroclitus HIFα loci. All four HIFα loci were characterized 362 

in the F. heteroclitus genome. The identity and order of genes flanking the killifish HIFα genes 363 

(Fig. 3A) are similar to those found adjacent to the orthologous HIFα genes in the other fish 364 

genomes (10, 57, 59, 74), supporting the groupings based upon amino acid sequence analysis. 365 

The genes immediately flanking FhHIF1α are perfectly conserved in three euteleost genomes 366 

searched (green pufferfish, stickleback, tilapia), whereas gene order is less well conserved for 367 

FhHIF2αa, FhHIF2αb, and FhHIF3α. As predicted by their phylogeny, the gene order is more 368 

similar among euteleost genomes than between any of these and the zebrafish genome. 369 

The FhHIF1α gene has 15 exons distributed across approximately 15 kb (Fig. 3B). The 370 

FhHIF2αa gene has 16 exons over 72 kb, while the FhHIF2αb gene has 10 exons over 13kb. 371 

The FhHIF3α gene has 15 exons, but the length of the FhHIF3α gene could not be deduced due 372 

to the presence of three introns of unknown length. The number of exons and exon junctions of 373 

the killifish HIF genes are conserved when compared to those of HIFα genes in humans and 374 

other fishes (10, 74). No other HIFα genes or pseudogenes were found in the F. heteroclitus 375 

genome. 376 
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DNA binding by F. heteroclitus HIF. FhHIF1α and FhHIF3α proteins made by IVTT, 377 

along with IVTT HIF2αa from F. heteroclitus (44), were used in EMSA in the presence of F. 378 

heteroclitus ARNT2 to assess their ability to bind specific HREs (Figs. 4 and 5). The first 379 

oligonucleotide probe used was the HRE present in the human EPO 3’ enhancer, EPO-w18 (62) 380 

(Fig. 4A). A band (arrows in Fig. 4B-D) was observed in EMSA using this probe when each of 381 

the three F. heteroclitus HIFα proteins was included in the reactions [see (-) and (+) lanes in Fig. 382 

4B-D]. The intensity of this band was reduced in a dose-dependent fashion when 100 to 800 383 

molar excess of unlabeled wild-type oligonucleotide (EPO-w18) was used as a competitor. An 384 

oligonucleotide mutated at three positions in the HRE (EPO-m18) was not as effective a 385 

competitor at the same molar ratios. Fig. 4E shows the proportion of labeled probe bound by 386 

FhHIFs in the presence of 400-fold molar excess of unlabeled competitor oligonucleotide, 387 

relative to the band intensity in the absence of competitor DNA (n = 4-7). For all three F. 388 

heteroclitus HIFα proteins, DNA binding was reduced by a statistically greater extent by EPO-389 

w18 compared to EPO-m18 (black and cross-hatched bars, Fig. 4E) indicating that each forms a 390 

sequence-specific complex with the canonical, mammalian HRE. 391 

The F. heteroclitus Ldh-B promoter has a putative HRE that is characterized by two 392 

potential HIF-binding sites (HBSs) arranged as an inverted repeat spaced by eight nucleotides 393 

(50). In addition, both sites have the sequence ATGTG rather than the consensus sequence of 394 

ACGTG, differing at one position thought to be critical for HIF binding (71). Unlabeled 395 

oligonucleotides corresponding to the wild-type sequence of each HBS (HBS1-wt and HBS2-wt; 396 

Fig. 4A) were assessed for their ability to compete with EPO-w18 for binding to F. heteroclitus 397 

HIF. Both oligonucleotides reduced the intensity of the specific HIF-DNA band, but not as 398 

effectively as unlabeled EPO-w18 at the same molar ratios (Fig. 4B-D). When competitor DNA 399 
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was used in 400-fold molar excess of labeled probe, DNA binding by FhHIF1α was reduced by 400 

HBS1-wt and HBS2-wt to a level intermediate to that observed by EPO-w18 and EPO-m18, 401 

while HBS1-wt and HBS2-wt were similar to EPO-m18 in their effect on FhHIF2αa and 402 

FhHIF3α DNA-binding (Fig. 4E). These results suggest that F. heteroclitus HIFs bind better to 403 

the consensus HRE found in the human EPO 3’ enhancer than they do to either HBS from the F. 404 

heteroclitus Ldh-B promoter. 405 

The interaction between F. heteroclitus HIFs and the putative HRE from the F. 406 

heteroclitus Ldh-B promoter was further explored using an oligonucleotide probe containing 407 

both HBS1 and HBS2 (Fig. 5A). The three F. heteroclitus HIFα proteins independently formed a 408 

complex with F. heteroclitus ARNT2 to bind to this oligonucleotide (arrows in Fig. 5B-D). 409 

EMSA reactions with FhHIF3α showed two bands suggesting different oligomeric states. These 410 

protein-DNA complexes required the α subunit [compare (-) and (+) lanes], and they were 411 

competed by 100- to 800-fold molar excess of unlabeled oligonucleotide having the wild-type 412 

sequence at both HBS1 and HBS2 (wt/wt). When both HBSs were mutated, the resulting double 413 

mutant (mut/mut) was not as effective a competitor. When HBS1 and HBS2 were individually 414 

mutated, the resulting oligonucleotides (wt/mut and mut/wt) competed as effectively as the wild-415 

type oligonucleotide for FhHIF1α (Fig. 5B) and FhHIF3α (Fig. 5D). For FhHIF2αa, the mut/wt 416 

oligonucleotide was intermediate between the wt/wt and mut/mut oligonucleotides in reducing 417 

the band intensity, whereas wt/mut appeared to be as effective as wt/wt probe (Fig. 5C). Results 418 

of replicate experiments at 400-fold molar excess (Fig. 5E; n = 3-4) support the conclusion that 419 

the two binding sites are equally effective in binding to F. heteroclitus HIF complexes, with the 420 

possible exception of FhHIF2αa, which may bind to HBS1 better than HBS2. 421 
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To ensure that the bands observed in EMSA were the result of heterodimers of HIFα and 422 

ARNT2, super-shift reactions were carried out with antibodies generated against each FhHIFα 423 

subunit or ARNT (Fig. 6). For EMSA reactions with IVTT FhHIF1α, FhHIF2αa, and FhHIF3α, 424 

the specific band was either slowed or abolished by pre-incubation with chicken polyclonal 425 

antibodies against the respective α subunit or by a mouse monoclonal antibody against human 426 

ARNT that recognizes F. heteroclitus ARNT2 (44). Pre-immune IgY from the same hens used 427 

for HIFα antibody production had no effect on the protein-DNA complexes. Similar results were 428 

generated when either the human EPO HRE or the F. heteroclitus Ldh-B HRE were used as 429 

probes. The super-shift experiments confirm that the protein-DNA complexes include the 430 

respective FhHIFα subunit and ARNT. 431 

The above results demonstrate that, in association with F. heteroclitus ARNT2, the three 432 

FhHIFα proteins bind to a consensus HRE, extending earlier observations with F. heteroclitus 433 

HIF2α (44). In addition, all three are also capable of binding to a non-canonical HRE, previously 434 

described in the promoter of F. heteroclitus Ldh-B (50). HIF complexes appeared to bind to the 435 

non-canonical HRE, having the core sequence ATGTG, with lower affinity than they did to a 436 

consensus HRE (ACGTG), as evidenced by these oligonucleotides being less effective 437 

competitors than EPO-w18 oligonucleotide (Fig. 4), but they nevertheless bound specifically 438 

(Fig. 5). While the physiological role of this non-canonical sequence remains to be elucidated, a 439 

recent analysis of DNA sequences immunoprecipitated with a HIF1α antibody indicated that a 440 

considerable fraction of HREs in zebrafish have the sequence ATGTG (15). That observation, 441 

combined with the present results and those of Rees et al. (50), support the idea that, at least in 442 

fish, HIF may regulate the expression of genes that contain HREs that differ from the 443 

mammalian consensus HRE. Importantly, this non-canonical HRE is characterized by two 444 
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elements that exist in a perfect inverted repeat, spaced by 8 nucleotides, nearly identical to the 445 

arrangement of enhancers described for several mammalian genes that are bound by HIF (24). In 446 

these mammalian genes, one binding site binds to HIF and the other site binds to another nuclear 447 

factor, but both are required for hypoxic gene expression. The present results argue that F. 448 

heteroclitus HIF1α and 3α bind to both sites equally well, but F. heteroclitus HIF2αa binds more 449 

strongly to HBS1. 450 

FhHIFα proteins drive reporter gene expression in COS-7 cells. Mammalian COS-7 cells 451 

were transiently transfected with increasing amounts of plasmids (0 – 160 ng) encoding 452 

FhHIF1α, FhHIF2αa, or FhHIF3α, along with F. heteroclitus ARNT2 to assess the ability of 453 

their protein products to drive expression of a luciferase gene under the control of the F. 454 

heteroclitus Ldh-B promoter (50). All FhHIFα proteins drove reporter gene expression in a dose-455 

dependent fashion (Fig. 7A). The fold-increase in luciferase expression compared to cells 456 

transfected with empty pcDNA was significantly greater when cells were transfected with 457 

FhHIF1α than when they were transfected with FhHIF2αa or FhHIF3α, at all amounts of plasmid 458 

(2-way ANOVA, P < 0.001). To assess reporter gene expression at lower concentrations of the 459 

HIFα plasmids, cells were transfected with 0 – 8 ng of each HIFα plasmid. As observed at higher 460 

amounts of plasmid, FhHIF1α induced greater reporter gene expression at these plasmid 461 

concentrations than did FhHIF2αa or FhHIF3α (Fig. 7B).  462 

The above results were from experiments conducted with a reporter gene under the 463 

control of the F. heteroclitus Ldh-B promoter. In one experiment, the reporter plasmid encoded 464 

the luciferase gene under the control of three copies of the HRE from the mouse heme oxygenase 465 

gene [p3XHifREluc; (11)]. Transfection with 0 – 160 ng of FhHIF1α plasmid resulted in greater 466 

induction of luciferase expression compared to equivalent amounts of FhHIF2αa or FhHIF3α 467 
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plasmid, the same result as seen when the reporter plasmid was under the control of the F. 468 

heteroclitus Ldh-B promoter (Fig. 7C). These results further illustrate that F. heteroclitus HIF 469 

binds to both the consensus and non-canonical HRE to drive reporter gene expression, with the 470 

amount of reporter gene expression depending upon the HIFα isoform. 471 

Two possible mechanisms of the greater induction observed for FhHIF1α compared to 472 

FhHIF2αa or FhHIF3α are (a) greater protein expression from the FhHIF1α plasmid or (b) 473 

greater transactivation of reporter gene expression at equivalent HIFα protein levels. To evaluate 474 

these two possibilities, FhHIFα protein amounts in transiently transfected COS-7 cells were 475 

determined by western blotting (Fig. 7D). While protein levels of all three HIFα subunits 476 

increased with increasing amounts of plasmid transfected, the immunoreactivity observed using 477 

HIF1α or HIF3α antibodies was greater than observed with the HIF2αa antibodies. Assuming 478 

equal affinities of the antibodies for their respective antigens, this implies that more FhHIF1α 479 

and FhHIF3α protein were expressed at these levels of transfected plasmid compared to 480 

FhHIF2αa. Direct visualization of IVTT products in vitro also showed less protein expression 481 

from the FhHIF2αa plasmid (data not shown). Hence, lower FhHIF2αa protein levels might 482 

explain the lower reporter gene expression in cells transfected with FhHIF2αa plasmid (Figs. 7A-483 

C). Because protein levels of FhHIF1α and FhHIF3α appear to be more similar (Fig. 7D), the 484 

lower gene expression in cells transfected with FhHIF3α plasmid might be due to poorer 485 

transactivation by FhHIF3α compared to FhHIF1α. 486 

The present results show that all three F. heteroclitus HIFα proteins act as transcriptional 487 

activators, but potentially with differing effectiveness. The present data support earlier 488 

observations that HIF1α and HIF3α from grass carp (29) and zebrafish (74) are able to drive 489 

reporter gene expression when expressed in mammalian cells. In those studies, HIF1α drove 490 
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greater reporter gene expression than HIF3α, similar to the pattern described here for F. 491 

heteroclitus HIF1α and HIF3α. Together, these results support the conclusion that HIF1α is a 492 

more effective activator of reporter gene expression than HIF3α, which is consistent with 493 

deduced protein structure of FhHIF1α having two TADs compared to a single TAD in FhHIF3α 494 

(Fig. 1). Although the lower reporter gene expression driven by FhHIF2αa in comparison to 495 

FhHIF1α may be the result of relatively poorer protein expression from the HIF2αa plasmid (Fig. 496 

7D), differences in transcriptional activity by HIF1α and HIF2α have been reported in bichir and 497 

naked carp (4). In those species, which α subunit leads to higher reporter gene expression 498 

depends upon the species and whether cells were incubated at normal or reduced oxygen levels. 499 

In mammals, shorter forms of HIF3α, resulting from differential splicing, act as 500 

repressors of HIF1α mediated gene expression (32, 33, 36). In one experiment, 80 ng of two 501 

HIFα plasmids were co-transfected into COS-7 cells (1α + 2αa; 1α + 3α; 2αa + 3α). The 502 

simultaneous expression of two HIFα plasmids neither augmented nor diminished luciferase 503 

gene expression (Fig. 7E). Under these conditions, therefore, there was no evidence that 504 

FhHIF3α reduced the level of reporter gene expression by either FhHIF1α or FhHIF2αa. 505 

Importantly, the current experiments were done in the presence of excess ARNT2: there is 506 

evidence that HIFα subunits compete for ARNT only when the latter is present in limiting 507 

quantities (7, 29). 508 

FhHIFα mRNA in normoxic F. heteroclitus. The abundance of each HIFα transcript was 509 

determined by quantitative RT-PCR of total RNA isolated from organs of normoxic F. 510 

heteroclitus (Fig. 8). One-way ANOVA demonstrated pronounced differences in transcript 511 

abundance among organs for all three HIFα transcripts (P < 0.001). The abundance of FhHIF1α 512 

transcripts was greatest in testes, spleen, skeletal muscle, and kidney, lowest in brain and heart, 513 
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and intermediate in gill, liver, intestine, and ovary (Fig. 8A). The abundance of FhHIF2αa 514 

transcripts was greatest in gill, liver, and intestine, lowest in brain and muscle, and intermediate 515 

in other organs (Fig. 8B). The abundance of FhHIF3α transcripts was greatest in spleen and 516 

ovary, lowest in brain and heart, and intermediate in other organs (Fig. 8C).  517 

For 6 of 10 organs, transcript abundance was significantly different among HIF1α, 518 

HIF2αa, and HIF3α (one-way ANOVA; all P < 0.05), but the pattern of variation depended upon 519 

the organ (compare across panels A-C, Fig. 8). In 4 of 6 organs that showed significant 520 

differences among HIFα transcripts, HIF1α, alone or in combination with either HIF2αa or 521 

HIF3α, was the predominant transcript. This pattern has been observed in HIFα mRNA and 522 

protein levels in other fishes and supports the idea that HIF1α plays an important role in oxygen-523 

regulated gene expression across a broad range of organs, whereas HIF2αa and HIF3α may have 524 

more anatomically restricted functions (26, 40). 525 

One striking feature of the present data is that F. heteroclitus brain and heart have very 526 

low levels of all HIFα transcripts. This result contrasts with the relatively high HIFα mRNA 527 

levels in brain and heart measured under normoxia in several other fishes (10, 49, 54, 56, 58) and 528 

does not support the idea that the levels of HIFα transcripts are highest in organs that have strict 529 

aerobic requirements (58). Another intriguing result was the high level of HIF2αa seen in F. 530 

heteroclitus gill. This observation confirms earlier results from semi-quantitative PCR (44), 531 

agrees with observations from other species (10, 56, 58), and suggests that HIF2αa may play an 532 

important role in gill, an organ responsible for gas exchange, as well as ionic and osmotic 533 

regulation. Measures of HIFα protein abundance will be necessary to clarify whether these 534 

organ-dependent mRNA levels are coupled to protein abundance and, hence, functional 535 

differences. 536 
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 Intraspecific sequence variation in HIF alphas. As mentioned above, sequencing of F. 537 

heteroclitus HIF1α and HIF3α cDNAs from a single individual yielded two variants of each. 538 

These variants were recovered in multiple clones obtained from multiple PCR runs (see 539 

Methods) and, therefore, they were considered to represent two allelic variants of each gene. The 540 

FhHIF1α*1 allele has an A at nucleotide position 108 vs C for FhHIF1α*2, and the sequence 541 

GAGGAG at positions 1099-1104 in FhHIF1α*1 is a six nucleotide gap in FhHIF1α*2. Both 542 

polymorphisms resulted in amino acid differences: L or F at amino acid position 36; and EE or a 543 

two amino acid gap at positions 367-368. The F. heteroclitus HIF3α alleles differed by a single 544 

synonymous substitution at nucleotide position 417 (C in FhHIF3α*1 or T in FhHIF3α*2). 545 

Because liver RNA from a single individual served as the template for cDNA sequencing, that 546 

individual must have been heterozygous at both loci. 547 

 An analysis of the transcriptome of F. heteroclitus embryos identified additional single 548 

nucleotide polymorphisms (SNPs). Using high-throughput sequencing of pooled mRNA from 549 

200 embryos, 16 SNPs were identified in HIF1α, four of which are non-synonymous; 18 SNPs 550 

were identified in HIF2αa, three of which are non-synonymous; and 10 SNPs were identified in 551 

HIF3α, five of which are non-synonymous. The locations of the predicted amino acid changes in 552 

the corresponding proteins are shown in Table 2. Although much of the variation in amino acid 553 

sequence occurs outside of predicted functional domains, at least one substitution in each HIFα 554 

occurs in either the bHLH domain or ODD, including one in a potential prolyl hydroxylation 555 

motif in HIF3α (position 413; see Fig. 1D). Five out of the 12 substitutions are non-conservative 556 

(negative BLOSUM62 scores; Table 2), including examples within predicted functional 557 

domains. 558 
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 Although the physiological significance of polymorphism in F. heteroclitus HIFα genes, 559 

if any, is unknown, it is important to point out that genetic variation in mammalian HIFα genes is 560 

associated with several physiological traits or pathological conditions. Variation at the HIF1α 561 

locus has been associated with variation in maximum oxygen consumption of elite athletes (38, 562 

47), diabetes prevalence (42), and cancer risk and progression (25, 27, 76). High altitude 563 

adaptation in Tibetans is associated with genetic variation in HIF2α, with specific SNPs 564 

correlated with reduced hematocrit in this population (1, 63, 72). Among the largest allele 565 

differences between Tibetan and non-Tibetans were non-coding SNPs (1, 72), suggesting that 566 

regulatory changes, rather than structural changes, in HIF2α may be important in adaptation to 567 

high altitude hypoxia. The current observation of multiple SNPs in F. heteroclitus HIFα genes, 568 

combined with the recent reports of polymorphism in FIH-1 from the cyprinid Megalobrama 569 

amblycephala (73) and evidence of selection acting on the HIF2αa locus in a pollution-tolerant 570 

population of F. heteroclitus (52), suggests that genetic variation in elements of the HIF 571 

signaling pathway could underlie differences among individuals or populations in their responses 572 

to aquatic hypoxia or other stressors.  573 

Perspectives and Significance. The HIF family of transcription factors plays important 574 

roles in development, physiology, pathology, and environmental adaptation of animals. Herein, 575 

HIF1α and 3α were sequenced and characterized, along with the previously described HIF2αa, in 576 

F. heteroclitus, an important model for environmental biology (3, 61). Genomic and 577 

phylogenetic analyses clearly placed the F. heteroclitus HIFs with their euteleost paralogs. DNA 578 

binding and functional analyses showed that these HIFα subunits independently formed 579 

complexes with F. heteroclitus ARNT2 to bind to canonical and non-canonical HREs and drive 580 

reporter gene expression. Analysis of the F. heteroclitus genome uncovered a second HIF2α, 581 
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HIF2αb, which may be a “relic” of a teleost-specific genome duplication maintained in certain 582 

fish species (57). Although not functionally characterized here, the predicted protein lacks 583 

domains needed for oxygen sensing and activation of gene expression, suggesting that it may act 584 

to repress the transcriptional activity of other HIFα subunits, analogous to the role of mammalian 585 

HIF3α splice variants (32, 33, 36). Finally, cDNA sequencing and SNP analysis revealed 586 

polymorphism in F. heteroclitus HIF1α, HIF2αa, and HIF3α. Future research is needed to 587 

explore the whether this sequence variation is related to HIF expression, stability, function, and, 588 

ultimately, the organismal response to hypoxia. Genetic variation in these transcription factors 589 

could influence the capacity of individual killifish to tolerate low levels of oxygen and thereby 590 

affect the ability of populations to adapt to a changing aquatic environment. 591 

  592 
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Table 1. Sequences of primers used in this study. 837 
 838 
Primer Name Use Primer Sequence (5’ – 3’) 

HIF1-Forward PCR AGGAGGGGGAAGGAATCTGAGGT 

HIF1-Reverse PCR ACAACACACTGGGGCTGGGAG 

AP-1 RACE CCATCCTAATACGACTCACTATAGGGC 

AP-2 RACE ACTCACTATAGGGCTCGAGCGGC 

HIF1 5’gs outer RACE GTCTCCGTCTTCAGACAGCACCAG 

HIF1 5’gs inner RACE AGCTGCATGTCCAGAGCTGGTTTG 

HIF1 5’gs alt RACE CTCTAAAGCCTTCAGGTAGGAGCC 

HIF1 3’gs outer RACE CGGAGGACCTGCTGAACCGGTCTG 

HIF1 3’gs inner RACE CAAAGACTCACCATCACTTGTTTG 

HIF1 3’gs alt RACE ACCACGCTCTGGACTCGGACTATC 

HIF3 5’gs outer RACE ACAGGGGTTCGGTTTTGGGTAG 

HIF3 5’gs inner RACE TGTTGTTGTAGAGGACGGTGGC 

HIF3 3’gs outer RACE TGACCTTCCTCAGCGATTTGC 

HIF3 3’gs inner RACE AAGCAAGAGCCGTCCTCCATAG 

HIF1 5’UTR PCR GAACCCAGGAGGAACTCTTATGTG 

HIF1 3’UTR PCR TAAATAAGTGGCAGTGGGGTC 

HIF3 5’UTR PCR AACAGAGAGCCTTGGATTTGGTGTTC 

HIF3 3’UTR PCR GGCGAGGATCTTTTGTGCGTACAG 

HIF2 5’subclone  Ab production TTCACTGCAGAGCCCAGGTGATTACTACAGC 

HIF2 3’subclone Ab production TTCAGTCGACCCTCTGTCGGGTGTCCACAG 

HIF3 5’subclone  Ab production TTCACTGCAGTTCCAGCTGACCTTCCTCAGC 

HIF3 3’subclone Ab production TTCAGTCGACGAAGATGTCCCTCATCAGAGCTG 

HIF1-F1 QPCR CAAGTCGGCTACGTGGAAGGTG 

HIF1-R1 QPCR CAGATCAGGACCAGATAGGGGAC 

HIF2-F1 QPCR GGCTTCATCACCGTGGTAACATC 

HIF2-R1 QPCR CTGTGACCTGTGAGCTCCACCTG 

HIF3-F1 QPCR GTCAACAAGCACATCGGCATCACG 

HIF3-R1 QPCR CCATCAGTTTCTTACTCAGACCTGG 

 839 
Italicized bases indicate restriction enzyme sites included for sub-cloning.  840 
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Table 2. Location of predicted amino acid substitutions in HIFα proteins based upon single 841 
nucleotide polymorphisms found by sequencing mRNA pooled from 200 F. heteroclitus 842 
embryos. 843 
 844 
Subunit Position Substitution

a
 Score

b
 Domain(s)

c
 

HIF1α 36 F/L 0 bHLH 

HIF1α 361 E/A -1 Between PAC and ODD 

HIF1α 370 E/Q 2 Between PAC and ODD 

HIF1α 630 T/A 0 Between ODD and TAD-C 

HIF2αa 87 A/T 0 Between bHLH and PAS-A 

HIF2αa 165 K/R 2 Between PAS-A and PAS-B 

HIF2αa 441 H/P -2 ODD 

HIF3α 37 V/G -3 bHLH 

HIF3α 300 T/P -1 Between PAS-B and PAC 

HIF3α 413 E/D 2 Putative prolyl hydroxylation motif 

HIF3α 422 S/P -1 Between PAC and ODD 

HIF3α 502 T/A 0 ODD 

 845 
a
The first amino acid shown for each substitution is from HIF1α*1 (ALL26120.1; this study), 846 

HIF2αa [ALL95711.1; (44)], or HIF3α*1 (ALL26129.1; this study). 847 
 848 
b
Values are from BLOSUM62 alignment score matrix (17). Positive scores are conservative 849 

substitutions and negative scores are non-conservative substitutions. 850 
 851 
cDomain abbreviations are: bHLH, basic helix-loop-helix; PAS, PER-ARNT-SIM domain; PAC, 852 
motif C-terminal to PAS domain; ODD, oxygen-dependent degradation domain; TAD-C, C-853 
terminal transactivation domain.  854 
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FIGURE LEGENDS 855 

Fig. 1. Fundulus heteroclitus HIF1α and HIF3α protein models contain conserved functional 856 

domains. Protein domains were identified by Conserved Domain Search (34) in FhHIF1α (A) 857 

and FhHIF3α (C). Abbreviations are: bHLH, basic helix-loop-helix; PAS, PER-ARNT-SIM 858 

domain; PAC, PAS-associated C-terminal motif; ODD, oxygen-dependent degradation domain; 859 

TAD, transactivation domain (N for more N-terminal; C for more C-terminal in FhHIF1α). The 860 

numbers along the top of each diagram represent amino acid number and potential sites of prolyl 861 

or asparaginyl hydroxylation. Deduced full-length proteins are 753-755 aa for FhHIF1α and 662 862 

aa for FhHIF3α. Putative prolyl hydroxylation sites were compared among vertebrate species for 863 

FhHIF1α (B) and FhHIF3α (D) through multiple amino acid alignments. For each potential 864 

LXXLAP motif, the numbers refer to amino acid residue number in the intact polypeptide and a 865 

dot indicates a residue identical to the human sequence, except for the more N-terminal HIF3α 866 

site, which was compared to the zebrafish sequence. Species abbreviations are Hs, Homo 867 

sapiens; Mm, Mus musculus (mouse); Gg, Gallus gallus (chicken); Ac, Anolis carolinensis 868 

(green lizard); Mu, Micropogonias undulatus (Atlantic croaker); Dr, Danio rerio (zebrafish); Ci, 869 

Ctenopharyngodon idella (grass carp); Fh, Fundulus heteroclitus (Atlantic killifish). 870 

 871 

Fig. 2. Phylogenetic analyses reveal relationships among HIFα forms in F. heteroclitus and other 872 

vertebrates. Selected HIFα amino acid sequences were analyzed using the Maximum Likelihood 873 

method based on the JTT matrix-based model (19). The tree with the highest log likelihood is 874 

shown. The percentage of trees in which the associated taxa clustered together is shown next to 875 

the branches. The tree is drawn to scale, with branch lengths measured in the number of 876 

substitutions per site. The region corresponding to residues 1-360 of human HIF1α from each 877 
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HIF sequence was aligned using ClustalX. All positions containing gaps or missing data were 878 

eliminated. Killifish sequences are shown in grey boxes. Species and accession numbers are: 879 

human (Homo sapiens) HIF1α NP_001521, HIF2α NP_001421, HIF3α NP_690007; mouse 880 

(Mus musculus) HIF1α NP_001300848, HIF2α NP_034267, HIF3α NP_058564; lizard (Anolis 881 

carolinensis) HIF1α XP_008121253; HIF2α XP_003225226, HIF3α XP_016853234; killifish 882 

(Fundulus heteroclitus) HIF1α ALL26120, HIF2αa NP_001296843, HIF2αb XP_012709515, 883 

HIF3α ALL26129; tilapia (Oreochromis niloticus) HIF1α XP_005477095, HIF2α 884 

XP_003438301, HIF2αb XP_003441929, HIF3α XP_005461198; croaker (Micropogonias 885 

undulatus) HIF1α ABD32158, HIF2α ABD32159; zebrafish (Danio rerio) HIF1αa 886 

NP_001295488, HIF1αb NP_001296971, HIF2αa NP_001034895, HIF2αb XP_695262, HIF3αa 887 

ADF58783, HIF3αb NP_001012371; grass carp (Ctenopharyngodon idella) HIF1α AAR95697, 888 

HIF2α AAT76668, HIF3α AAR95698; asp (Aspius aspius) HIF1αa AFD32323, HIF1αb 889 

ABO26713, HIF2α AFD32324. Ensembl Release 85 predicted proteins: green puffer (Tetraodon 890 

nigroviridis) HIF2αb ENSTNIP00000008013 and stickleback (Gasterosteus aculeatus) HIF2αb 891 

ENSGACP00000003681.  892 

 893 

Fig. 3. Genomic organization of F. heteroclitus HIFα genes is conserved. The flanking genes 894 

(Fig. 3A) and gene models (Fig. 3B) of killifish HIF1α, HIF2αa, HIF2αb, and HIF3α genes are 895 

shown. Flanking genes were obtained from the F. heteroclitus genome sequence database v2b 896 

and compared to green pufferfish, stickleback, tilapia, and zebrafish genomes using Genomicus 897 

version 85.01 (http://www.genomicus.biologie.ens.fr). The orientation of the flanking genes is 898 

shown by arrows above the gene abbreviations. Italic letters below gene names indicate shared 899 

synteny among orthologous genes in one or more euteleost genome (a) or in the zebrafish 900 
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genome (b). An asterisk indicates that a nominally different paralog (e.g., PRKCE instead of 901 

PRKCH) is found at that location in the other genomes. Exons and introns (Fig 3B) were 902 

predicted by alignment of cDNA sequences to the Fundulus heteroclitus genome sequence, v2b. 903 

Exons are shown in black boxes, with white portions of the first and last exons representing 904 

untranslated regions. Lines connecting exons represent introns. Exons and introns are drawn to 905 

scale, except for introns longer than 500 bp, in which cases the length of the intron is indicated. 906 

Question marks indicate introns of unknown lengths. 907 

 908 

Fig. 4. F. heteroclitus HIFs bind the human EPO 3’ enhancer. DNA sequences (A) of 909 

oligonucleotides corresponding to the wild type or mutated versions of the human EPO 3’ 910 

enhancer [EPO-w18 or EPO-m18 (62)] or one of two putative HIF-binding sites (HBSs) from the 911 

F. heteroclitus Ldh-B gene [HBS1-wt or HBS2-wt (50)]). The known or putative binding sites 912 

are shown in bold type and the mutated bases are shown in lower case. Representative gels from 913 

EMSA containing IVTT F heteroclitus HIF1α (B), HIF2αa (C), or HIF3α (D) in combination 914 

with F. heteroclitus ARNT2. Radiolabeled, double-stranded EPO-w18 was included as the probe 915 

in every lane of every gel. The leftmost lanes indicate the absence (-) or presence (+) of the 916 

appropriate IVTT HIFα subunit. The remaining lanes included unlabeled competitor DNA at the 917 

indicated molar excess relative to labeled probe. The arrows indicate bands that were specifically 918 

competed by EPO-w18 oligonucleotide. Part E shows the average band intensities (± one 919 

standard deviation) of replicate EMSA at 400-fold molar excess with each competitor DNA 920 

relative to the band intensity in the same gel when no competitor DNA was included (n = 4 – 7). 921 

For each HIFα subunit, competitors that differed in their ability to compete for HIF binding are 922 

represented by different letters (Bonferroni’s post-hoc comparisons, P < 0.05). 923 
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 924 

Fig. 5. F. heteroclitus HIFs bind a putative HRE from the F. heteroclitus Ldh-B promoter. DNA 925 

sequences (A) of oligonucleotides corresponding to the wild type or mutated versions of a 926 

putative HRE from the F. heteroclitus Ldh-B promoter (50). The wild type HRE (wt/wt) contains 927 

two HIF binding sites (HBSs, bold type), whereas the mutated versions (mut/mut; mut/wt; 928 

wt/mut) have changes at one or both HBS (lower case). Representative gels from EMSA 929 

containing IVTT F heteroclitus HIF1α (B), HIF2αa (C), or HIF3α (D) in combination with F. 930 

heteroclitus ARNT2. Radiolabeled, double-stranded wt/wt was included as the probe in every 931 

lane of every gel. The leftmost lanes indicate the absence (-) or presence (+) of the appropriate 932 

IVTT HIFα subunit. The remaining lanes included unlabeled competitor DNA at the indicated 933 

molar excess relative to labeled probe. The arrows indicate bands that were specifically 934 

competed by wt/wt oligonucleotide. Part E shows the average band intensities (± one standard 935 

deviation) of replicate EMSA at 400-fold molar excess with each competitor DNA relative to the 936 

band intensity in the same gel when no competitor DNA was included (n = 3 – 4). For each HIFα 937 

subunit, competitors that differed in their ability to compete for HIF binding are represented by 938 

different letters (Bonferroni’s post-hoc comparisons, P < 0.05). 939 

 940 

Fig. 6. Antibodies against F. heteroclitus HIF subunits supershift specific EMSA bands. All 941 

reactions included one of three IVTT HIFα subunits and F. heteroclitus ARNT2 (+). Additional 942 

components were chicken polyclonal antibodies against each α subunit (lanes labeled anti-943 

HIF1α, anti-HIF2αa, and anti-HIF3α, respectively), or a mouse monoclonal antibody against 944 

human ARNT (anti-ARNT). Control reactions included pre-immune IgY. Arrows indicate the 945 

bands whose mobility is specifically shifted by antibodies against HIFα subunits or ARNT, but 946 
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not by pre-immune IgY. The labeled DNA probe for HIF1α and HIF3α was 18 bp from the 947 

human EPO 3’ enhancer (EPO-w18), and for HIF2αa the DNA probe was 32 bp from the F. 948 

heteroclitus Ldh-B promoter (see Figs. 4A and 5A for sequences). 949 

 950 

Fig. 7. F. heteroclitus HIFs induce HRE-dependent reporter gene expression in a dose-dependent 951 

fashion. COS-7 cells were co-transfected with a plasmid encoding firefly luciferase under the 952 

control of the F. heteroclitus Ldh-B promoter containing a putative HRE and increasing amounts 953 

of plasmids encoding each HIFα subunit. Part (A) shows the increase in luciferase expression 954 

(mean ± one standard deviation of three experiments) in COS-7 cells transfected with 10 – 160 955 

ng of each FhHIFα plasmid relative to COS-7 cells transfected with empty pcDNA (0 ng). Part 956 

(B) shows results of a single experiment in which COS-7 cells were co-transfected with lower 957 

amounts of each FhHIFα plasmid (0 – 8 ng), showing greater expression driven by FhHIF1α 958 

even at low plasmid doses. Part (C) shows results when the reporter plasmid encoded firefly 959 

luciferase under the control of the HRE from mouse heme oxygenase gene and COS-7 cells were 960 

co-transfected with increasing amounts of FhHIFα plasmids (0 – 160 ng). Part (D) shows 961 

FhHIFα and ARNT2 protein levels determined in parallel by western blotting. F. heteroclitus 962 

ARNT2 plasmid was included in all transfections at a single dose (400 ng). The (+) lane 963 

indicates IVTT of each respective protein included in one lane of the gel as a positive control. 964 

Part (E) shows results of a single experiment in which COS-7 cells were co-transfected with a 965 

plasmid encoding firefly luciferase under the control of the F. heteroclitus Ldh-B promoter and 966 

either 80 ng of one FhHIFα plasmid or 80 ng each of two FhHIFα plasmids. 967 

 968 
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Fig. 8. HIFα transcripts are expressed in multiple organs of normoxic F. heteroclitus. The levels 969 

of HIF1α (A), HIF2αa (B), and HIF3α (C) mRNA were determined in organs of adult F. 970 

heteroclitus by quantitative PCR. For a given HIFα subunit, the effects of organ were determined 971 

by one-way ANOVA. Organs with significantly different abundance of a given HIFα mRNA are 972 

indicated by having different lower case letters (Bonferroni’s post-hoc comparisons, P < 0.05). 973 

In each organ, differences in transcript abundance among the HIFα forms were assessed by a 974 

one-way ANOVA and differences among HIFα forms within a given organ are indicated by 975 

uppercase italic letters (comparing across panels A-C). Error bars are one standard deviation (n = 976 

6, except for kidney where n = 5 and gill where n = 4). 977 
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