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Abstract
In this study, we cloned the ATP-binding cassette (ABC) subfamily G member 2 gene (Abcg2 gene; breast cancer resistance 
protein) from the liver of the marine pufferfish Takifugu rubripes, and examined its tissue distribution and gene structure. 
The full-length complementary DNA (cDNA) was 1977 base pairs (bp), comprising 15 exons in chromosome 17, and was 
assigned to the teleost Abcg2b paralogue. The open reading frame was 1839 bp in length, and encodes 612 amino acids 
constituting Walker A, Q-loop, C motif, Walker B, D-loop, and H-loop sequences in the first half and six transmembrane 
domains in the second half. Gene expression of Abcg2 was predominantly found in the intestines, followed by the liver and 
kidneys. The Kozak motif and the polyadenylation signal sequences were at respective ends of the transcript. The putative 
core promoter sequences including the transcription factor II B recognition elements, the TATA box, the initiator element, and 
the downstream core promoter element were found in the transcript and its upstream genomic DNA sequence. The hypoxia 
response element and the estrogen response element were located in the upstream genomic DNA sequence, suggesting that 
the pufferfish Abcg2 gene possesses the same regulation mechanism of transcription as the human ABCG2 gene.

Keywords Pufferfish · Takifugu rubripes · ATP-binding cassette sub-family G member 2 · Breast cancer resistance protein · 
Transporter · Tissue distribution · Real-time polymerase chain reaction · Splicing variant

Introduction

The ATP-binding cassette (ABC) transporter family com-
prises membrane proteins with an ATP-binding domain that 
induces active transport using ATP hydrolysis (Dean et al. 
2001). The ABC transporter family is divided into eight sub-
families (ABCA to ABCH), all of which actively transport 

a wide variety of substrates such as sugars, amino acids, 
peptides, xenobiotics, lipophilic low molecular weight com-
pounds, and physiologically active substances (Sarkadi et al. 
2006). The human ABCG2 gene belongs to subfamily G; it 
was first discovered in a human MCF-7 breast cancer cell 
line that showed anticancer drug resistance, and the ABC 
transporter protein encoded by this gene was named the 
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breast cancer resistance protein (BCRP) (Doyle et al. 1998). 
To date, the human BCRP is known to be responsible for the 
suppression of gastrointestinal drug absorption, and for the 
excretion of drugs and metabolites into bile and urine, and 
to function at the blood–brain barrier and blood—placenta 
barrier (Vlaming et al. 2009). The human BCRP has many 
substrates with wide-ranging functions, such as anticancer 
drugs, photosensitizers, conjugated organic anions, highly 
sulfated and glucuronide conjugates, lipid phosphatidylser-
ine, nucleotides, uric acid, and vitamins (Mao and Unad-
kat 2015). Human ABCG2 is commonly expressed in bile 
ducts, reactive bile ductules, hepatic canalicular membranes, 
hepatic progenitor cells, and blood vessel endothelium in the 
liver (Maliepaard et al. 2001; Vander Borght et al. 2006). 
Therefore, human ABCG2/BCRP is thought to play an 
important role in the biliary excretion of drugs, xenobiotics, 
and endogenous compound conjugates (Robey et al. 2009).

In teleosts, the Abcg2 gene has been cloned from the 
Atlantic salmon Salmo salar (Leong et al. 2010) and the 
zebrafish Danio rerio (Annilo et al. 2006; Kobayashi et al. 
2008). Zaja et al. (2008) reported that expression of the 
Abcg2 gene in the liver of the rainbow trout Oncorhynchus 
mykiss was more than sixfold that of the multidrug resist-
ance-associated protein 2 gene (Abcc2), and almost 42-fold 
that of the permeability-glycoprotein gene (Abcb1).

In the marine pufferfish Takifugu rubripes, the existence 
of the Abcg2 gene is suggested by a putative complemen-
tary DNA (cDNA) sequence in the Fugu genome database; 
however, the full-length cDNA sequence of the Abcg2 
gene has not been described. Wild pufferfish of the fam-
ily Tetraodontidae, such as T. rubripes, mainly possess the 
highly toxic neurotoxin tetrodotoxin (TTX) in the liver and 
ovaries (Noguchi et al. 2006). An in vivo pharmacokinetic 
analysis of TTX in T. rubripes showed that most of the TTX 
administered into the hepatic portal vein was transferred and 
accumulated into the liver within 300 min (Matsumoto et al. 
2008). Furthermore, in vitro experiments using liver slices 
of T. rubripes incubated in TTX-containing media showed 
that the hepatic uptake rates of TTX were dependent on the 
TTX concentration in the media and exhibited a saturable 
curve, which is indicative of a carrier-mediated transport 
system (Matsumoto et al. 2007). These results point to the 
involvement of transporters in the hepatic uptake of TTX 
in T. rubripes. Moreover, Matsumoto et al. (2015) reported 
biliary excretion of TTX in T. rubripes after an intramus-
cular administration of the toxin, suggesting that excretion 
transporters (e.g., the ABC transporter) might be involved 
in biliary excretion of TTX. However, the detailed transport 
mechanisms remain poorly understood.

Research on drug excretion transporters that are directly 
related to the pharmacokinetics of xenobiotics may be use-
ful for the description of toxification mechanisms in puffer-
fish. In this study, we cloned the Abcg2 gene encoding for 

the drug excretion ABC transporter Bcrp from the marine 
pufferfish T. rubripes, and examined the tissue distribution 
and gene structure of the Abcg2 gene as a preliminary step 
to investigating the transport properties of the toxin and 
xenobiotics.

Materials and methods

Fish

Cultured marine pufferfish T. rubripes specimens were 
obtained from a local fish farmer in Yamaguchi Prefecture, 
Japan. The specimens were used for cDNA cloning (450 g 
body weight; n = 1) and real-time polymerase chain reaction 
(PCR) analysis (580 ± 14 g body weight; n = 3).

Cloning, plasmid preparation and PCR

In silico cloning of the Abcg2 gene

To obtain the candidates for the Abcg2 gene in the liver of 
T. rubripes, translated Basic Local Alignment Search Tool 
(BLAST; tblastn) was performed on the FUGU5 Ensemble 
genome browser (Ensemble release 94, https ://asia.ensem 
bl.org/Takif ugu_rubri pes/Info/Index /) with the breast cancer 
resistance protein (BCRP) sequence (655 amino acids) of 
the human ABC subfamily G member 2 (ABCG2) isoform 
1 gene (accession no. NP_001335914.1) (Allikmets et al. 
1998; Doyle et al. 1998; Miyake et al. 1999) as the probe. To 
examine whether the candidate genes were expressed in the 
liver of T. rubripes, the sequence read archive (SRA) nucleo-
tide BLAST (BLASTN) was executed against the SRA data 
set for the liver (accession no. SRX3871772).

cDNA cloning of the Abcg2 gene

Total RNA was extracted from the liver of a T. rubripes 
specimen using an RNeasy Lipid Tissue Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instruc-
tions. First-strand cDNA was prepared from 4 µg of the 
total RNA treated with DNase I (Thermo Fisher Scientific, 
Waltham, MA) by using Superscript III Reverse Tran-
scriptase (Thermo Fisher Scientific) and an oligo(dT)20 
primer (Thermo Fisher Scientific). Gene-specific prim-
ers (GSPs) were designed for cDNA cloning of the Abcg2 
gene (Table 1) based on the predicted cDNA sequence 
(ENSTRUT00000023803) downloaded from the FUGU5 
Ensemble genome browser (Ensemble release 94). The GSPs 
were designed by the primer-BLAST (https ://www.ncbi.nlm.
nih.gov/tools /prime r-blast /index .cgi?LINK_LOC=Blast 
Home), and primer dimers and nonspecific reactions were 
checked by Amplify version 4 software (downloaded from 

https://asia.ensembl.org/Takifugu_rubripes/Info/Index/
https://asia.ensembl.org/Takifugu_rubripes/Info/Index/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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https ://engel s.genet ics.wisc.edu/ampli fy/). PCR was per-
formed in a 20-µl reaction mixture containing 10 µl of 2 × 
KAPA Taq EXtra HotStart ReadyMix with dye (Kapa Bio-
systems, Wilmington, MA), 1 µl of first-strand cDNA, 1 µl 
each of 10 µM Abcg2-F1 and Abcg2-R1 primers, and 7 µl 
of sterile distilled water on an ASTEC PCR thermal cycler 
G02 (ASTEC, Fukuoka, Japan) using the following cycling 
protocol: initial denaturation at 95 °C for 3 min, 30 cycles 
of 95 °C for 15 s, 53 °C for 15 s and 72 °C for 1 min, final 
extension at 72 °C for 5 min. PCR products were analyzed 
on a 2% agarose S gel (NIPPON GENE, Tokyo) containing 
the SYBR safe DNA gel stain (Thermo Fisher Scientific) 
and purified using a QIAquick Gel Extraction Kit (Qiagen) 
according to the manufacturer’s instructions.

To obtain the full-length cDNA for the Abcg2 gene, oligo-
capping rapid amplification of cDNA ends (RACE) analysis 
was performed using a GeneRacer Kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. A 5-μg 
sample of total RNA was treated with calf intestinal phos-
phatase to remove the 5′ phosphates, followed by breaking 
of the 5′ cap structure using tobacco acid pyrophosphatase. 
The decapped mRNA was ligated to the GeneRacer RNA 
Oligo using T4 RNA ligase. To create first-strand cDNA 
with a known priming site at the 5′ and 3′ ends, the Gen-
eRacer RNA Oligo ligated mRNA was reverse-transcribed 

using Superscript III Reverse Transcriptase and the Gen-
eRacer Oligo dT primer. The amplification of the 5′ end 
of the cDNA was performed in 25 µl of a reaction mixture 
containing 0.5 µl of RACE-ready cDNA, 0.5 µl of 10 µM 
Abcg2-R2 primer, 1.5 µl of 10 µM GeneRacer 5′ primer, 
12.5 µl of 2 × KAPA Taq EXtra HotStart ReadyMix with 
dye, and 10 µl of sterile distilled water. The PCR protocol 
consisted of an initial denaturation at 95 °C for 3 min, 5 
cycles at 94 °C for 30 s and 72 °C for 1 min, 5 cycles at 
94 °C for 30 s and 70 °C for 1 min, 25 cycles at 94 °C for 
30 s, 65 °C for 30 s and 72 °C for 1 min, followed by a final 
extension step at 72 °C for 10 min. The nested PCR was 
performed in 25 µl of a reaction mixture containing 0.5 µl of 
the first PCR product, 0.5 µl of 10 µM Abcg2-R2N primer, 
0.5 µl of 10 µM GeneRacer 5′ nested primer, 12.5 µl of 2 × 
KAPA Taq EXtra HotStart ReadyMix with dye, and 11 µl 
of sterile distilled water. The PCR protocol for this step was 
an initial denaturation at 95 °C for 3 min, 25 cycles of 95 °C 
for 30 s, 65 °C for 30 s and 72 °C for 1 min, followed by a 
final extension step at 72 °C for 10 min.

The amplification of the 3′ ends of the cDNA was per-
formed under the same conditions as those for the 5′ RACE 
analysis, except for the primers used. The first PCR was 
performed with 10 µM Abcg2-F2 and 10 µM GeneRacer 
3′ primers, while the nested PCR was performed with 

Table 1  Oligonucleotide 
primers used in this study

Abcg2 ATP-binding cassette subfamily G member 2; RACE rapid amplification of complementary DNA 
(cDNA) ends; Actb actin, cytoplasmic 1; PCR polymerase chain reaction

Primer name Sequence (5′–3′) Experiment

Abcg2-F1 AGG ACT AGT TTT GGT GGA TGGC First PCR
Agcg2-R1 GGT GGG ACT GGC GAT ATG TATT First PCR
GeneRacer 5′RACE GAC TGG AGC ACG AGG ACA CTGA 5′RACE
GeneRacer 5′RACE nested GGA CAC TGA CAT GGA CTG AAG GAG TA 5′RACE
Abcg2-R2 GAT CGA GTA GCG CGG TTG GTGGA 5′RACE
Agcg2-R2N ATT AAG ACG CAG GTT GGC GCT GAA GA 5′RACE
GeneRacer Oligo dT GCT GTC AAC GAT ACG CTA CGT AAC GGC ATG 

ACA GTG (T)24

3′RACE

GeneRacer 3′RACE GCT GTC AAC GAT ACG CTA CGT AAC G 3′RACE
GeneRacer 3′RACE nested CGC TAC GTA ACG GCA TGA CAGTG 3′RACE
Abcg2-F2 ATA CGA GAC CTG GGA CTG ACA GAC T 3′RACE
Agcg2-F2N ATG AAC CCA CCA CTG GAC TGG ATT 3′RACE
Abcg2-F3 AAT ACA TAT CGC CAG TCC CACC 3′RACE
Abcg2-full-F CTC TTT TCT CAG ACT CCA CTT CCC GTCA Full-length cDNA
Abcg2-full-F CAG GGA GAG GTT AAT TTG AGG ATG CTGC Full-length cDNA
Abcg2-real-F TCA TGG GTC CAA CAG GAA GTG Real-time PCR
Abcg2-real-R CCG ATG TAA CCA CTC TGC CAT Real-time PCR
Actb-real-F GCA GCT TGT GCG GGA TAT CAT Real-time PCR
Actb-real-R CCA TTG TCA ACA ACG AGT GCG Real-time PCR
Abcg2-v1-F AAT CAA CAT ACA TTA CTG CAG ATA AC Variant 1 forward
Abcg2-v1-F CCA AAT CAA CAT ACA TTA CTG ATA AC Variant 2 forward
Abcg2-vc-R GCA AAG AAG ATG TTG AGA GC Variants reverse

https://engels.genetics.wisc.edu/amplify/
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10 µM Abcg2-F2N and 10 µM GeneRacer 3′ primers. All 
PCR products were purified from the agarose gel using a 
QIAquick Gel Extraction Kit.

Plasmid preparation and sequence analysis

Purified PCR products were ligated into T-Vector pMD19 
(Takara Bio, Shiga, Japan) using a Ligation High Ver.2 rea-
gent (TOYOBO, Osaka, Japan). The ligation products were 
then transformed into high-efficiency ECOS Escherichia 
coli JM109 competent cells (NIPPON GENE) according 
to the manufacturer’s instructions. Single colonies were 
selected on Luria-Bertani agar plates containing 50 µg/ml 
ampicillin, 40 ng/ml X-gal, and 100 nmol/ml isopropyl-β-D-
thiogalactoside; the plasmids were purified using a QIAprep 
Miniprep Kit (Qiagen), then sequenced using a GenomeLab 
DTCS Quick Start Kit (Beckman Coulter, Brea, CA) and 
a GenomeLab GeXP Genetic Analysis System (SCIEX, 
Framingham, MA) according to the manufacturer’s instruc-
tions. An open reading frame (ORF) was searched from the 
full-length cDNA on the online National Center for Bio-
technology Information (NCBI) ORF finder (https ://www.
ncbi.nlm.nih.gov/orffi nder/). The presence and the loca-
tion of signal peptides and transmembrane (TM) domains 
in the amino acid sequence described were examined on 
SignalP 5.0 (https ://www.cbs.dtu.dk/servi ces/Signa lP/) and 
TMHMM 2.0 (https ://www.cbs.dtu.dk/servi ces/TMHMM 
/), respectively. The functional domains of this amino acid 
sequence were searched on InterProScan 63.0 (https ://www.
ebi.ac.uk/inter pro/searc h/seque nce-searc h). The location on 
the genome and the exon–intron structure was confirmed on 
the FUGU5 Ensemble genome browser (Ensemble release 
94) and in the NCBI Splign program (https ://www.ncbi.nlm.
nih.gov/sutil s/splig n/splig n.cgi). The core promoter and 
transcription factor binding sequence in the upstream region 
of the transcript were investigated using JASPAR 2018 
(https ://jaspa r.gener eg.net/). The Kozak sequence located 
on the 5′ end of the Abcg2 gene and polyadenylation signal 
(PAS) of the 3′ end were examined manually. The align-
ment and phylogenetic analysis for the full-length amino 

acid sequence were performed using MEGA X (Kumar et al. 
2018).

Quantitative real‑time PCR analysis

Relative mRNA levels of the T. rubripes Abcg2 genes (vari-
ants 1 and 2) were determined by quantitative real-time 
PCR, using the β-actin1 gene (accession no. U37499.1) 
as an internal control. cDNA samples were prepared from 
seven tissues (brain, gill, intestine, kidney, liver, spleen, and 
skin) of T. rubripes individuals, as described above. The 
GSPs able to detect variants 1 and 2 of the Abcg2 gene and 
those of the β-actin1 gene (Actb-real-F and Actb-real-R) 
are shown in Table 1. Quantitative real-time PCR for tis-
sue expression analysis was performed in a 20-µl reaction 
mixture containing 1 µl of cDNA, 1 µl of each 10 µM GSPs, 
10 µl of 2 × KAPA SYBR FAST qPCR master mix with ROX 
Low (Kapa Biosystems), and 7 µl of sterile distilled water 
on a Stratagene Mx3000P real-time qPCR system (Agilent 
Technologies, Santa Clara, CA) using the following cycling 
protocol: initial denaturation at 95 °C for 3 min, 40 cycles of 
95 °C for 3 s and 60 °C for 20 s, dissociation curve analysis 
of 95 °C for 30 s, 65 °C for 30 s and 95 °C for 30 s. Relative 
mRNA levels were determined using the comparative ΔΔCt 
method (Livak and Schmittgen 2001) with reference to the 
mRNA level of the β-actin1 gene as an internal control. Data 
are expressed as means ± SEs and were analyzed by one-way 
ANOVA, followed by Tukey’s test using JMP version 14.20 
software (SAS Institute, Cary, NC).

The full-length PCR products for the Abcg2 gene 
were obtained by PCR with a KAPA Taq EXtra HotStart 
ReadyMix enzyme, primers (Abcg2-full-F and Abcg2-full-
R) and the following cycling protocol: initial denaturation 
at 95 °C for 3 min, 30 cycles of 95 °C for 30 s, 58 °C for 
30 s and 72 °C for 2 min, final extension of 72 °C for 2 min, 
and ligated into T-Vector pMD19 using Ligation High Ver.2 
reagent. Plasmid clones including the obtained variants were 
purified from E. coli JM109 colonies using the TA-cloning 
method. The templates for the calibration curves of quantita-
tive real-time PCR were amplified by PCR using the primers 
(Abcg2-full-F and Abcg2-full-R) and the plasmid clones of 
the variants as the templates. As shown in Table 1, the PCR 
primers (Abcg2-v1-F, Agcg2-v2-F, and Abcg2-vc-R) able 
to identify the Abcg2 gene variants were designed and vari-
ants were quantified by quantitative real-time PCR using the 
absolute calibration method. Quantitative real-time PCR for 
variants 1 and 2 of the Abcg2 gene was performed in a 20-µl 
reaction mixture containing 1 µl of cDNA, 0.6 µl of each 
10 µM forward primer (Abcg2-v1-F or Agcg2-v2-F), 0.6 µl 
of 10 µM reverse primer (Abcg2-vc-R), 10 µl of THUN-
DERBIRD SYBR qPCR mix (TOYOBO), and 7.8 µl of 
sterile distilled water on a LightCycler 2.0 (Roche, Basel, 
Switzerland) using the following cycling protocol: initial 

Fig. 1  The full-length complementary DNA (cDNA) sequence 
(uppercase letters) of marine pufferfish Takifugu rubripes ATP-bind-
ing cassette subfamily G member 2 (Abcg2) gene and the location 
of promoter sequences on the upstream gene sequence (lowercase 
letters). The core promoter sequences and transcription factor bind-
ing sequences are shown in bold. The TCT sequence is underlined. 
The deduced amino acids encoded in the open reading frame (ORF) 
are indicated by a letter at the position corresponding to each codon. 
BREd Downstream transcription factor II B recognition element, 
BREu upstream transcription factor II B recognition element, DPE 
downstream core promoter element, ERE estrogen response element, 
HRE hypoxia-responsive element, Inr initiator, PAS polyadenylation 
signal, TCT  polypyrimidine initiator motif

◂

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
https://www.cbs.dtu.dk/services/SignalP/
https://www.cbs.dtu.dk/services/TMHMM/
https://www.cbs.dtu.dk/services/TMHMM/
https://www.ebi.ac.uk/interpro/search/sequence-search
https://www.ebi.ac.uk/interpro/search/sequence-search
https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi
https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi
https://jaspar.genereg.net/
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denaturation at 95 °C for 30 s, 40 cycles of 95 °C for 5 s and 
65 °C (variant 1) or 64 °C (variant 2) for 30 s, dissociation 
curve analysis of 95 °C for 15 s, 65 °C for 15 s and 95 °C 
(no holding time).

Results

In silico cloning of the Abcg2 gene

Seven predicted cDNA sequences (ENSTRUT00000010907, 
ENSTRUT00000023047, ENSTRUT00000023803, 
ENSTRUT00000029967, ENSTRUT00000032306, 
ENSTRUT00000041435 and ENSTRUT00000042674) were 
obtained from BLASTX with the protein sequence of human 
BCRP encoded by the ABCG2 gene as a probe. BLASTN 
with the SRA data of the pufferfish T. rubripes liver 
(SRX3871772) revealed that predicted cDNA sequences 
ENSTRUT00000023803 and ENSTRUT00000032306 
were expressed in the liver. In the homology search 
using translated BLAST, ENSTRUT00000023803 and 
ENSTRUT00000032306 were homologous to the Abcg2 
and sterols transporter (Abcg5) genes of another organism, 
respectively. Therefore, we cloned the cDNA of the puta-
tive Abcg2 gene, based on the predicted cDNA sequence of 
ENSTRUT00000023803.

cDNA cloning of the Abcg2 gene

The full-length cDNA of the Abcg2 gene (accession no. 
LC536651) was 1977 base pairs (bp), consisting of a 55-bp 
segment in the 5′-untranslated region (UTR), a 1839-bp 
ORF, and a 83-bp 3′-UTR with a poly-A tail of 29 aden-
osines (Fig. 1). In the search for the core promoter, an Inr-
like sequence "TTC +1TCT" similar to the human and mouse 
initiator element (Inr) consensus "BBCA+1BW" (where B is 
G/T/C, and W is A/T) (Vo ngoc et al. 2017) containing the 
transcription start site, numbered as the + 1 position, was 
observed (Fig. 1). Additionally, a perfect match for the Inr 
consensus was found at bases from + 8 to + 13 "CTC AGA ". 
On the other hand, the seven first nucleotides "TC+1TCTTT" 
of the transcript underlined in Fig. 1 matched the TCT con-
sensus sequence "YC+1TYTYY" (where Y is C/T) found in 
the human ribosomal protein gene (Parry et al. 2010). The 

Fig. 2  Comparison of the genome structure of the marine pufferfish 
T. rubripes Abcg2 gene with that of the zebrafish Abcg2b and human 
ABCG2 genes. Graphics were drawn using the Exon–Intron Graphic 
Maker version 4 (https ://wormw eb.org/exoni ntron ). Exons are repre-
sented by boxes, the non-coding region (untranslated region) by the 

open square, the ORF by the black-filled square, and the introns by 
broken lines. The triangle farthest to the right indicates the 3′ end. 
Each exon is numbered with Arabic numerals. The horizontal bar rep-
resents the scale. kbp Kilobase pair; for other abbreviations, see Fig. 1

Fig. 3  Alignment of the deduced amino acid sequence of the 
Abcg2 gene in the marine pufferfish T. rubripes and other organ-
isms: zebrafish Danio rerio Abcg2b (NP_001034155), rainbow trout 
Oncorhynchus mykiss Abcg2 (NP_001118155), African clawed frog 
Xenopus laevis Abcg2 (NP_001091141), European rabbit Oryctola-
gus cuniculus Abcg2 (NP_001316001), mouse Mus musculus Abcg2 
(NP_001342406.1), rat Rattus norvegicus Abcg2 (NP_852046.1), and 
human Homo sapiens ABCG2 (NP_001335914.1). Dots represent 
the identical amino acids and dashes represent gaps. The ABC trans-
porter consensus motif sequences are represented by outlined charac-
ters. The transmembrane (TM) domain is underlined and in bold. The 
Ala293 missing in the splicing variant is indicated by a boxed line

◂

https://wormweb.org/exonintron
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downstream core promoter element (DPE) was between + 28 
and + 33 "AGT CTC ". The TATA box "TAT AAA T" was 
upstream − 204 to − 198 of the transcripts. The transcrip-
tion factor II B recognition elements  BREu "CGA CGC A" 
and  BREd "ATG GTT G" were upstream (− 279 to − 273 of 
the transcript) and downstream (− 165 to − 159 of the tran-
script) of the TATA box, respectively. The hypoxia response 
element (HRE) and estrogen response element (ERE) were 
located on − 154 to − 150 "ACGTG", and − 94 to − 80 
"AGG TTA TTG CCT CCT" on the transcript, respectively. 
The nucleotide sequence "GAAA ATG G", with the under-
lined start codon was thought to be the Kozak motif. The 
ORF encodes for a protein consisting of 612 amino acids. 
The predicted PAS sequence "AAT TAA " was found from 16 
nucleotides upstream of the poly-(A) sequence.

The characterization of the genomic organization and 
chromosomal localization of the pufferfish Abcg2 gene was 
examined (Fig. 2). The pufferfish Abcg2 gene was present 
in chromosome 17 from 6,220,412 to 6,242,471 bp. The 
genomic DNA sequence consisted of 15 exons with a total 
length of 4.06 kbp, which is shorter than that of the Abcg2b 
paralogue in the zebrafish (15 exons, 17.7 kbp) and human 
ABCG2 (17 exons, 141 kbp).

Deduced amino acid sequence analysis

The deduced amino acid sequence was found to have 
Walker A, Q-loop, C motif, Walker B, D-loop, and H-loop 
sequences, which are characteristic of ABC transporters 
(Fig. 3). These sequences correspond almost perfectly with 
those of the seven organisms compared in this study. In the 
second half of the deduced amino acid sequence, six TM 
domains were found, consistent with the characteristics of 
Bcrp. The deduced amino acid sequence for the pufferfish 
Abcg2 gene showed 70.1% and 67.6% identity with that of 
the zebrafish Abcg2b and Abcg2c paralogues, respectively, 
and about 45% identity with that of the other organisms 
examined in this study (Table 2). A phylogenetic tree was 
constructed using the maximum likelihood method, based 

on the predicted sequences and the known deduced amino 
acid sequences (Fig. 4). The tree was roughly divided into 
three clusters except for purple sea urchin Strongylocentro-
tus purpuratus Abcg2a (NP_001292601.1). The first cluster 
was formed by the Abcg2 group comprising mammals, birds, 
reptiles, and amphibians. The second cluster was formed by 
two groups of the teleost Abcg2a and Abcg2d paralogues. 
The third cluster was formed by two groups of the teleost 
Abcg2c and Abcg2b paralogues. The pufferfish Abcg2 was 
assigned to the teleost Abcg2b paralogue.

After analyzing the full-length cDNA sequence, we 
confirmed the presence of a splicing variant (accession no. 
LC536652) three nucleotides shorter than the full-length 
cDNA (Fig. 5). The full-length gene was named variant 1, 
while the short gene was named variant 2. Due to deletion 
mutations, variant 2 lacked the last nucleotide on exon 7 
and the first two nucleotides on exon 8, hence it was shorter 
than variant 1 by a total of three nucleotides. As the missing 
nucleotides encode for Ala293, no frameshift mutation was 
caused by the nucleotide deletion in variant 2.

Gene expression analysis

The highest expression level of the Abcg2 gene, based on 
its expression level in the spleen (1.0 ± 0.2), was in the 
intestines (1,328 ± 335), followed by the liver (134 ± 46) 
and kidneys (9.9 ± 2.6). The expression levels of the Abcg2 
gene in other tissues were as follows: skin (1.5 ± 0.2), brain 
(1.4 ± 0.2), and gills (1.1 ± 0.2) (Fig. 6). As shown in Fig. 7, 
the expression level of variant 1 was significantly higher 
than that of variant 2 in the intestines, as demonstrated by 
real-time PCR; the ratio of variant 1 to variant 2 (v1/v2) was 
1.87 ± 0.25 (p < 0.05). The v1/v2 in the liver and kidneys 
were 2.19 ± 0.18 and 1.24 ± 0.27, respectively, despite the 
lack of significant difference found between the two organs 
(p > 0.05).

Table 2  Identities and positives 
of deduced amino acid 
sequences of the ATP-binding 
cassette subfamily G member 
2 (Abcg2) genes between 
pufferfish Takifugu rubripes and 
the other organisms
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Discussion

In this study, we cloned the Abcg2b gene from the liver 
of marine pufferfish Takifugu rubripes and examined its 
expression level in different tissues and organs. The Kozak 
motif sequence of the pufferfish Abcgb2b gene is "GAAA 
ATG G" (Fig. 1), while in mammals, the consensus Kozak 
motif sequence is reported as "CACC ATG G" (Kozak 1987); 
the start codon is underlined in both sequences. The Kozak 
motif sequence most frequently observed in Atlantic salmon 
is "CAAC ATG G" (Andreassen et al. 2009), and that in two 
catfish, Ictalurus punctatus and Ictalurus furcatus, "AAAC 
ATG G" (Chen et al. 2010). The Kozak motif sequence of the 
pufferfish Abcg2b gene is similar to the latter sequences of 
teleost species. This suggests that Kozak motif sequences, 
including the "ATG" start codon, are not strictly conserved 
in vertebrates (Pesole et al. 2000).

The nucleotide hexamers at the 3′ end of mRNA ("AAU 
AAA " and "AUU AAA ") are generally considered canonical 
PAS sequences in mammals (Proudfoot and Brownlee 1976). 
The most common PAS sequences are "AAU AAA " (55%) 
and "AUU AAA " (26%) in the mRNA sequences of the two 
catfish I. punctatus and I. furcatus (Chen et al. 2010). The 
PAS sequences most frequently observed in Atlantic salmon 
are "AAU AAA " (81%) and "AUU AAA " (12%) (Andreassen 
et al. 2009). Salisbury et al. (2006) studied PAS sequences in 
T. rubripes on a genomic scale, and found that the percent-
age of sequences with the “AAU AAA ” hexamer is 69.9%. 
In the present study, the PAS sequence "AAU UAA " was 
detected at the 3′ end of the cDNA in the pufferfish Abcg2b 
gene, which suggests that it is a variant of the consensus 
sequence (Fig. 1).

The promoter region is responsible for binding RNA 
polymerase II and starting the transcription process. In 
this experiment, major consensus sequences (TATA box, 
BRE, Inr-like, TCT, Inr, and DPE) contained in the core 
promoter were found in the cDNA sequence of the pufferfish 
Abcg2b gene and its upstream genomic DNA sequence. Vo 
ngoc et al. (2017) reported that the analysis of 7678 tran-
scription start sites in the human MCF-7 cell line showed 
a 40% match to the consensus sequence of the human Inr 
"BBCA+1BW," 16% with a single mismatch outside of the 
"CA+1" core, and 44% with non-Inr sequences. Although 
transcription generally starts at the "A+1" position in the Inr 
consensus sequence, Inr sequences such as "TC+1AKTY" 
(where K is G/T, and Y is C/T) starting at the "C+1" position 
have also been described with Inr-dependent core promot-
ers (Lim et al. 2004). From these observations, the "TTC 
+1TCT" sequence described in this study could be an Inr, 
in which the transcription would start at the "C+1" posi-
tion. Parry et al. (2010) also reported that T-to-A substitu-
tions convert the Drosophila TCT motif into a functionally 

active Inr. In this study, perfectly matched sequences to the 
human Inr consensus and human TCT motif were found, 
respectively, suggesting their involvement in transcription. 
Further research is required to functionally analyze the core 
promoter region of the pufferfish Abcg2b gene.

The TATA box is a well-known core promoter motif. 
The upstream transcription factor II B recognition element 
 (BREu) and downstream transcription factor II B recognition 
element  (BREd) function in conjunction with the TATA box 
(Juven-Gershon and Kadonaga 2010). In this study,  BREu 
and  BREd were found upstream and downstream of the 
TATA box, respectively. The DPE is a transcription factor 
II D recognition site, located precisely + 28 to + 33 relative 
to the + 1 transcription start site (Kadonaga 2002). The DPE 
of the pufferfish Abcg2b gene was also located at the + 28 
position. In this study, these major transcription promoters 
were recognized, suggesting complex transcription control, 
as exemplified by the coexistence of the Inr and TCT motif.

In humans, the expression of the ABCG2 gene is subject 
to complex regulation, such as transcriptional regulation by 
sex hormones and the induction of hypoxic expression by 
hypoxia-inducible factors. The human ABCG2 gene is up-
regulated by hypoxia through the binding of the hypoxia-
inducible factor-1 to a 5-nucleotide consensus element 
"A/G-CGTG" known as the HRE (Krishnamurthy et al. 
2004). The sequence of HRE of the glycoprotein hormone, 
erythropoietin (Epo) gene of pufferfish T. rubripes is identi-
cal to that of the HRE in the human Epo gene (Kulkarni et al. 
2010). The presence of this sequence in our study suggests 
that the pufferfish Abcg2b gene possesses the same expres-
sion regulation mechanism as the human ABCG2 gene.

The expression of the human ABCG2 gene is known to 
be induced by 17β-estradiol (E2) in the estrogen receptor 
(ER) positive human breast cancer cell lines T47D:A18 (Ee 
et al. 2004), MCF-7 (Zhang et al. 2007), and the placen-
tal cell line BeWo (Yasuda et al. 2006). The stimulation of 
gene expression in response to E2 is induced by the bind-
ing of E2-ERα to a specific sequence called an ERE (Hall 
et al. 2001; Klinge 2001). Compared to the ERE consensus 
sequence "A/G-GGTCA-NNN-TGACC-T/C" (where N is 
any nucleotide) (Sanchez et al. 2002), the ERE "ACG GCA 
-GGG-TGA CCC " of the human ABCG2 gene was identical 
in 10/12 nucleotides (Ee et al. 2004), while the putative ERE 
"AGG TTA -TTG-CCT CCT " of the pufferfish Abcg2b gene 
was identical in 8/12 nucleotides. It was reported that there 
are sex differences in the expression level of the Abcg2 gene 
among tissues in the rat and mouse (Tanaka et al. 2005). We 
were unable to examine whether the expression level of the 
pufferfish Abcg2b gene shows sex differences and seasonal 
changes because the specimens used in this study were not 
yet sexually mature. However, there are some reports on sea-
sonal changes in tissue toxicity, and a relationship between 
the season in which sexual maturation occurs and the sex 
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hormones of pufferfish. Shahjahan et al. (2010) reported 
that, in Takifugu alboplumbeus (synonym Takifugu niph-
obles), the seabream-type gonadotropin-releasing hormone 
gene has a putative ERE sequence in the upstream genomic 
DNA sequence, and the mRNA level was substantially 

elevated during the sexual maturation period concomitant 
with a considerable increase of the plasma E2 level in both 
sexes. TTX is suggested to be transported from the liver into 
the ovaries in female pufferfish during its sexual maturation, 
and Ikeda et al. (2010) revealed that the toxicity in the liver 
of female pufferfish Takifugu poecilonotus decreased during 
the spawning period/sexual maturation period, but that the 
toxicity in the ovaries was substantially elevated. Although 
these results are from species of the genus Takifugu other 
than T. rubripes, they do suggest that seasonal changes in 
the plasma E2 level and tissue toxicity are synchronized in 
pufferfish. Assuming that T. rubripes Abcg2b/Bcrp trans-
ports TTX, it seems reasonable to assume that the expression 
of the T. rubripes Abcg2b gene is regulated by the E2-ER 
system. Further studies are needed on the transcription regu-
lation of T. rubripes Abcg2b gene.

A comparison between the deduced amino acid sequences 
revealed that the six motifs characteristic of the ABC trans-
porter superfamily were all recognized in the pufferfish 
Abcg2b/Bcrp protein sequence. The Q- and D-loops were 
identical in all amino acid residues in the compared organ-
isms, and the H-loop was identical in all organisms except 
for the rainbow trout Abcg2 (Fig. 3). The Walker A motif 
is a glycine-rich loop with a consensus sequence "GX-S/T-
GXGK-S/T-S/T" (where X is any residue), also known as 
the phosphate-binging loop (Walker et al. 1982). The Walker 
A motif "GPTGSGKT" in the pufferfish Abcg2b gene was 
identical to the consensus sequence. The Walker B motif 
"hhhhDE" (where h is a hydrophobic amino acid residue) 
contributes to ATP hydrolysis by binding to nucleotides 
using  Mg2+ ions (Walker et al. 1982; Hopfner et al. 2000; 
Orelle et  al. 2003). The Walker B motif "LLFLDE" of 
the pufferfish Abcg2b gene was identical to the zebrafish 
Abcg2b gene, and to the other six organisms, except for the 
first amino acid residue. A sequence "LSGGQ-Q/R/K-Q-R" 
known as the linker peptide, signature motif or C motif is 
involved in ATP binding (Bianchet et al. 1997; Jones and 
George 1999). In the C motif sequence "VSGGERKR" of 
the pufferfish Abcg2b gene, some amino acid residues were 
replaced by homologous amino acids, similar to the other 
organisms examined in this study. The Q-loop contained a 
conserved glutamine residue (Q) and was suggested to func-
tion as part of a spring-like mechanism in conformational 
change during ATP hydrolysis (Loo and Clarke 2017). The 
D-loop contains a conserved aspartate residue (D), which is 
essential for ATP hydrolysis and cooperativity between the 
active site (De la Rosa and Nelson 2011; Jones and George 
2012). The histidine residue (H) conserved in the H-loop 
is essential for ATPase activity (Zaitseva et al. 2005; Zhou 
et al. 2013). As described above, given that the amino acid 
sequences of the ABC cassette (the driving force of the 
ABC transporters) are well conserved among the organisms 
tested, it is considered that the driving mechanism of the 

Fig. 4  The molecular phylogenetic tree based on the deduced amino 
acid sequences of the Abcg2 genes from various organisms. The 
following sequences were used in this tree: Adelie penguin Pygos-
celis adeliae Abcg2 (XP_009320667.1); African clawed frog X. 
laevis Abcg2 (NP_001091141); American alligator Alligator missis-
sippiensis Abcg2 (XP_014460529.1); Asian arowana Scleropages 
formosus Abcg2c (XP_029109854.1); Atlantic salmon Salmo salar 
Abcg2 (NP_001167126); ballan wrasse Labrus bergylta Abcg2b 
(XP_020495378.1) and Abcg2d (XP_029132065.1); bicolor dam-
selfish Stegastes partitus Abcg2a (XP_008289061.1) and Abcg2b 
(XP_008296258.1); boar Sus scrofa Abcg2 (NP_999175.1); cat-
tle Bos taurus Abcg2 (NP_001032555); Chinese golden-line fish 
Sinocyclocheilus rhinocerous Abcg2c (XP_016426818.1); chicken 
Gallus gallus Abcg2 (NP_001315419); Chinese alligator Alligator 
sinensis Abcg2 (XP_006014851.1); clown anemonefish Amphip-
rion ocellaris Abcg2b (XP_023123225.1); common carp Cyprinus 
carpio Abcg2a (XP_018952033.1), Abcg2c (XP_018934800.1), 
and Abcg2d (XP_018935274.1); dog Canis lupus familiaris Abcg2 
(NP_001041486.1); electric eel Electrophorus electricus Abcg2a 
(XP_026884708.1) and Abcg2c (XP_026878939.1); European 
rabbit O. cuniculus Abcg2 (NP_001316001); goat Capra hircus 
Abcg2 (NP_001272636.1); goldfish Carassius auratus Abcg2c 
(XP_026080341.1); greater amberjack Seriola dumerili Abcg2b 
(XP_022593790.1) and Abcg2d (XP_029132065.1); green sea tur-
tle Chelonia mydas Abcg2 (XP_007066704.1); human H. sapiens 
ABCG2 (NP_001335914.1); Indian medaka Oryzias melastigma 
Abcg2a (XP_024144551.1); Japanese flounder Paralichthys oliva-
ceus Abcg2d (XP_019956727.1); Japanese quail Coturnix japon-
ica Abcg2 (XP_015722206.1); Japanese rice fish Oryzias latipes 
Abcg2b (XP_011475649.1); jewelled blenny Salarias fasciatus 
Abcg2b (XP_029950024.1) and Abcg2d (XP_029949983.1); kil-
lifish Austrofundulus limnaeus Abcg2a (XP_013877614.1); large 
yellow croaker Larimichthys crocea Abcg2b (XP_027139052.1); 
mallard Anas platyrhynchos Abcg2 (XP_027315892.1); Mexican 
tetra Astyanax mexicanus Abcg2c (XP_007247407.2); mouse M. 
musculus Abcg2 (NP_001342406.1); marine pufferfish T. rubripes 
Abcg2 (LC536651); Nile tilapia Oreochromis niloticus Abcg2b 
(XP_003456012.1) and Abcg2d (XP_013131193.1); purple sea 
urchin Strongylocentrotus purpuratus Abcg2a (NP_001292601.1); 
rhesus macaque Macaca mulatta Abcg2 (NP_001028091.1); rain-
bow trout O. mykiss Abcg2 (NP_001118155); rat R. norvegi-
cus Abcg2 (NP_852046.1); red bellied piranha Pygocentrus nat-
tereri Abcg2c (XP_017549546.1); sea trout Salmo trutta Abcg2b 
(XP_029600555.1); sheep Ovis aries Abcg2 (NP_001072125.1); 
water buffalo Bubalus bubalis Abcg2 (NP_001277803.1); west-
ern clawed frog Xenopus tropicalis Abcg2 (NP_001039227.1); yel-
lowtail amberjack Seriola lalandi Abcg2a (XP_023286648.1) and 
Abcg2b (XP_023273250.1); yellow catfish Tachysurus fulvidraco 
Abcg2a (XP_027001046.1) and Abcg2b (XP_026998549.1); yel-
low perch Perca flavescens Abcg2b (XP_028444390.1) and Abcg2d 
(XP_028460243.1); zebrafish D. rerio Abcg2a (NP_001036240.1), 
Abcg2b (NP_001034155), Abcg2c (NP_001034728.2), and Abcg2d 
(NP_001036237.1); and zebra mbuna Maylandia zebra Abcg2b 
(XP_004568369.2). The phylogenetic tree was constructed using 
MEGA X (Kumar et al. 2018) using the maximum likelihood method. 
The numbers at the nodes represent the bootstrap values from a 1000-
times analysis in percentage. The horizontal bar indicates the location 
of amino acid substitutions per site

◂
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ATP transporters is common to these various organisms 
(Geourjon et al. 2001). The position of Ala293 (deleted in 
variant 2) was a region with low homology to the others 
(Fig. 3). The effect of this on transport activity is expected 
to be low as this position is a region connecting the first half 

(containing the ATP-binding domain) and the second half 
(containing the TM domain).

The expression level (reads per kilobase per million 
mapped reads) of the human ABCG2 gene was highest in 
the small intestine (33.231 ± 5.714), followed by the endo-
metrium (16.591 ± 2.031), the brain (7.704 ± 2.019), and the 
liver (6.443 ± 1.402) (Fagerberg et al. 2014). In zebrafish, 
four paralogous copies of the Abcg2 gene have been iden-
tified and sequenced (Annilo et al. 2006). In the molecu-
lar phylogenetic analysis, the pufferfish Abcg2 gene was 
assigned to the Abcg2b gene paralogue group. The expres-
sion level of the pufferfish Abcg2b gene was highest in the 
intestines (1328 ± 335), followed by the liver (134 ± 46) 
and kidneys (9.9 ± 2.6) (Fig. 6). It seems that there are dif-
ferences in tissue expression distribution depending on the 
Abcg2 gene paralogues. An RT-PCR analysis in zebrafish 
tissues showed that the Abcg2a and Abcg2b genes were 
strongly expressed in the intestines, the Abcg2c gene was 
widely expressed in all tissues examined except for the liver, 
and that the Abcg2d gene was not detected in any of the 
tissues examined (gill, intestine, liver, spleen, and kidney) 
(Kobayashi et al. 2008). The expression of the rainbow trout 
Abcg2 gene (paralogue unidentified) was highest in the small 
intestine and gonads, followed by the brain and liver (Loncar 
et al. 2010). In the tissue distribution analysis for the puff-
erfish, the expression levels in the liver and kidneys were 
about 1/10 and 1/134 those of the intestines, respectively. 
However, in the variant analysis, the total expression levels 
in the liver and kidneys were about 1/88 and 1/181 those 
of the intestines, respectively (Fig. 7). The discrepancy 
between these two results may be due to the presence or 
absence of normalization by the β-actin1 gene. To elucidate 
the tissue distribution of pufferfish Abcg2/Bcrp, the other 
paralogues of the pufferfish Abcg2 gene need to be identified 
and sequenced.

The expression of the Abcg2 gene (paralogue uniden-
tified) in the Nile tilapia Oreochromis niloticus was three 
times higher in the proximal intestine than in the liver and 
gills, and the relative mRNA expression in the liver was 
up-regulated after benzo(α)pyrene exposure, indicating a 
potential role of Abcg2 in the detoxification process (Costa 
et al. 2012). In killifish Fundulus heteroclitus specimens 
inhabiting waters heavily polluted with polycyclic aromatic 
hydrocarbons, polychlorinated biphenyls, and heavy metals, 
the hepatic mRNA expression level of the Abcg2 gene (para-
logue unidentified) was elevated compared to that of fish 
from a reference area (Paetzold et al. 2009). The expression 
of the Abcg2 gene (paralogue unidentified) in the liver of 
gray mullet Chelon labrosus was also significantly increased 
by exposure to perfluorooctane sulfate (De Cerio et al. 2012). 
These findings strongly suggest that elevation of Abcg2 gene 
expression in the fish liver is implicated in the acceleration 
of the biliary excretion of foreign substances including toxic 

Fig. 5  Close-up view of exons 7 and 8 in the Abcg2 variant 1 
(full-length cDNA, LC536651) and 2 (three nucleotide deletion, 
LC536652) of the marine pufferfish T. rubripes. The horizontal scale 
bar represents 100 bp
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Fig. 6  Comparison of the expression level of the Abcg2 gene in dif-
ferent tissues and organs of the marine pufferfish T. rubripes, meas-
ured by real-time PCR using a primer capable of detecting both vari-
ants 1 and 2. The gene expression levels are presented relative to the 
levels in the spleen using values normalized with the housekeeping 
gene, β-actin1 (U37499.1). Data are expressed as mean ± SE (n = 3) 
and were analyzed using one-way ANOVA followed by Tukey’s test 
(p < 0.05)
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substances and pollutants. In this study, hepatic expression 
of the Abcg2b gene was observed in the marine pufferfish 
T. rubripes. Investigation of other Abcg2 paralogues in T. 
rubripes is necessary. Abcg2/Bcrp might play an important 
role in the excretion of drugs and metabolites, and further 
studies are needed to clarify the pharmacokinetic function 
and role of the pufferfish Abcg2b gene and other paralogues.
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