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ABSTRACT

Nuclear receptors (NRs) are mostly ligand-activated transcription factors in animals and play essential roles in
metabolism and homeostasis. The NR heterodimer composed of PPAR/RXR (peroxisome proliferator-activated
receptor/retinoid X receptor) is considered a key regulator of lipid metabolism in vertebrate. However, in
molluscs, how this heterodimer is involved in carotenoid metabolism remains unclear. To elucidate how this
heterodimer regulates carotenoid metabolism, we identified a PPAR gene in C. gigas, designated as CgPPAR2
(LOC105323212), and functionally characterized it using two-hybrid and reporter systems. CgPPAR?2 is a direct
orthologue of vertebrate PPARs and the second PPAR gene identified in C. gigas genome in addition to CgPPARI
(LOC105317849). The results demonstrated that CgPPAR2 protein can form heterodimer with C. gigas RXR
(CgRXR), and then regulate carotenoid metabolism by controlling carotenoid cleavage oxygenases with different
carotenoid cleavage efficiencies. This regulation can be affected by retinoid ligands, i.e., carotenoid derivatives,
validating a negative feedback regulation mechanism of carotenoid cleavage for retinoid production. Besides,
organotins may disrupt this regulatory process through the mediation of CSPPAR2/CgRXR heterodimer. This is
the first report of PPAR/RXR heterodimer regulating carotenoid metabolism in mollusks, contributing to a better
understanding of the evolution and conservation of this nuclear receptor heterodimer.

1. Introduction

Kandarakis et al., 2009).
As dietary lipids, carotenoids are precursors of some signaling mol-

Nuclear receptors (NRs) are transcription factors regulating expres-
sions of genes involved in development, homeostasis, and metabolism
(Mangelsdorf et al., 1995). NRs commonly contain the conserved DNA-
binding domain (DBD) and ligand-binding domain (LBD). The DBD al-
lows NRs to bind to the cis-regulatory elements in the promoters of
specific genes, and the LBD is responsible for dimerization, trans-
activation and ligand binding (Novac and Heinzel, 2004; Laudet, 2006).
Ligands interacting with NRs are signaling molecules mainly including
lipophilic hormone molecules such as steroid and thyroid hormones as
well as organotin compounds, such as tributyltin (TBT) and triphenyltin
(TPT), that can mimic hormones (Hessel et al., 2007; Diamanti-

ecules, e.g., All-trans-RA (ATRA), 9-cis-RA (9CRA), and they must be
cleaved and metabolically converted by intrinsic carotenoid cleavage
oxygenases (BCOs) to produce retinoids, which support vitamin-A
dependent signaling pathways (Hessel et al., 2007). In vertebrates, it
has been established that carotenoid cleavage process is under a typical
metabolic negative feedback loop. For instance, the carotenoid-15,15'-
oxygenase (BCO1) is the key enzyme of carotenoid cleavage in rat and
chicken, and is regulated by NRs, such as retinoic acid receptor (RAR),
peroxisome proliferator-activated receptor (PPAR), retinoid X receptors
(RXR) (Boulanger et al., 2003; Lobo et al., 2010a; Amengual et al.,
2011). This is a useful mechanism to help organisms deal with

Abbreviations: PPAR, peroxisome proliferator activated receptor; BCO, carotenoid cleavage oxygenase; RAR, retinoic acid receptor; RXR, retinoid X receptor; TCC,
total carotenoid content; EGFP, enhanced green fluorescent protein; qRT-PCR, quantitative real-time PCR; TPM, transcripts per million; DBD, DNA binding domain;
LBD, ligand binding domain; FBS, fetal bovine serum; DLR, dual-luciferase reporter; DPBS, Dulbecco’s phosphate buffered saline; DMSO, Dimethyl sulfoxide; TBT,
tributyltin; TPT, triphenyltin; ATRA, All-trans-Retinoic acid; 9CRA, 9-cis- Retinoic acid; NR, nuclear receptor; Y2H, Yeast Two-Hybrid; DDO, double drop out me-
dium; TDO, triple drop-out medium; 3’'AT, 3-Amino-1,2,4-triazole; QDO, quadruple drop-out medium; NLS, nuclear localization signal.
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fluctuations in carotenoid supply (Fitzpatrick et al., 2012).

In particular, the PPAR/RXR heterodimer has been identified as a
key regulator of lipid homeostasis in vertebrates (Casals-Casas et al.,
2008; Tyagi et al., 2011), including the regulation of carotenoid meta-
bolism through the control of BCO1 (Bachmann et al., 2002; Boulanger
et al., 2003; Hessel et al., 2007). Moreover, this heterodimer is modu-
lated by natural ligands fatty acids, e.g., Arachidonic acid (ARA) and cis-
5,8,11,14,17-Eicosapentaenoic acid (EPA), and retinoids (Xu et al.,
1999; Santos et al., 2018), as well as man-made chemicals such as
organotins (Capitao et al., 2018). In vertebrates, there are three paralogs
of PPAR (a, p and y) (Capitao et al., 2018)) and the PPAR/RXR hetero-
dimer is permissive, which means that it can be activated by PPAR and/
or RXR ligands (Harada et al., 2015; Ouadah-Boussouf and Babin,
2016)).

The fact that PPAR is present in deuterostomes and mollusks, while
RXR is present in most metazoans (Vogeler et al., 2017; Capitao et al.,
2018; Santos et al., 2018; Fonseca et al., 2020; Capitao et al., 2021),
suggests that the PPAR/RXR heterodimer may play similar roles in these
species. Depending on the species, there are one or two PPAR genes
(PPAR1 amd PPAR2) in molluscs (Vogeler et al., 2014; Vogeler et al.,
2017), of which PPAR2 has been demonstrated to be an orthologue of
vertebrate PPARs (Kaur et al., 2015). However, in invertebrates, limited
studies on the PPAR/RXR heterodimer have mainly focused on their
influence by environmental disruptors (Lyssimachou et al., 2009; Pas-
coal et al., 2013; Capitao et al., 2021). Furthermore, recent phylogenetic
analyses of carotenoid cleavage oxygenases (CCOs) in metazoans have
revealed the existence of a BCO2-like clade (BCOL) in lancelet, nema-
tode, and molluscs, which is ancient in origin and independent of BCO1
and BCO2 (Poliakov et al., 2017). Whereas it remains to be resolved
whether these BCOL enzymes are controlled by the PPAR/RXR hetero-
dimer in invertebrate species.

Mollusk, like other animals, acquire carotenoids from their diet, i.e.,
various algae filtered from seawater, which are abundant in carotenoids
(Maoka, 2011; Takaichi, 2011). Actually, carotenoid metabolism in
mollusks, have been reported in relation to NRs. For instance, RAR and
RXR were demonstrated to be involved in the accumulation of total
carotenoid content (TCC) of polymorphic Chlamys nobilis under different
light cycles (Tan et al., 2021).

The Pacific oyster, Crassostrea gigas, is one of the most ecologically
and economically important species. Study of the metabolic mechanism
of carotenoids in this species is beneficial for the possible utilization of
carotenoids in C. gigas. Recently, identification of C. gigas NRs (Vogeler
et al., 2014), and then the functional characterization of CgRXR, CgRAR
and CgPPAR has been reported (Vogeler et al., 2017; Huang et al., 2020;
Jin et al., 2021), but the described CgPPAR gene (LOC105317849,
designated as CgPPAR1) was reported as the only PPAR gene in C. gigas
and is not a direct orthologue of vertebrate PPARs, as shown by
phylogenetic analysis (Capitao et al., 2021). Notably, our previous study
reported that dietary beta-carotene supplement led to down-regulation
of BCOL genes in C. gigas (designated as CgBCOL genes), thus raising
the hypothesis that there is a negative feedback regulation of CgBCOL
genes involving NRs in C. gigas (Wan et al., 2022).

In this work, among the NRs reported in our previous study, we
identified a PPAR gene (LOC105323212, designated as CgPPAR2) in
C. gigas, a direct orthologue of vertebrate PPAR genes that can hetero-
dimerize with CgRXR, and regulate carotenoid metabolism by control-
ling CgBCOL genes and interacting with ligands. To our knowledge, this
work is the first to investigate the relationship between the PPAR/RXR
heterodimer and carotenoid metabolism in mollusks and contributes to
understanding of the regulation of carotenoid metabolism and the
knowledge of its evolutionary conservation.
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2. Materials and methods
2.1. Opyster collection, ligand injection and tissue sampling

One-year old Pacific oysters were collected from Rushan, Shandong
province, China (36.4°N, 121.3°E). The shell height and total weight
were 100.41 + 14.01 mm and 85.14 + 13.72 g, respectively. All oysters
were acclimated in aerated artificial seawater at 14 °C for at least 10
days and fed with Chlorella vulgaris, with 300 million algal cells per
oyster per day for satiation (Kuhn et al., 2013) before experiments were
undertaken.

For the ligand injection experiment, a total of 24 oysters were
divided into 2 tanks. To test the response of oysters to the typical
organotin (e.g., TPT), the adductor of oysters in the experiment group
was injected with TPT dissolved in DMSO (3 pl per dose, 1.5 pg/pl). The
group injected with DMSO was used as the control group. Injections
were performed every two days, for a total of five injections, referring to
the dose used by Giraud-Billoud et al. (2019). At end of the experiment,
digestive gland (Dgl) were dissected from the survived oysters (n > 4) of
every group, immediately frozen in liquid nitrogen and stored at —80 °C
for subsequent total RNA extraction, reverse transcription, PCR and
quantitative real-time PCR (qRT-PCR) analyses.

2.2. Identification, sequence and phylogenetic analyses of nuclear
receptor and carotenoid cleavage oxygenase genes

Given that C. gigas NRs have been identified by Vogeler et al. (2014),
we used the identified full-length NR protein sequences as well as their
DBDs and LBDs to perform BLASTp search against protein sequences
derived from the latest Pacific oyster representative genome (GenBank
accession No. GCA_902806645.1). Then the domains of obtained protein
sequences were annotated with the Conserved Domain Database (CDD)
of NCBI (Marchler-Bauer et al., 2011). Proteins with LBD and/or DBD
were identified as NRs.

Phylogenetic analyses were performed using the amino acid se-
quences of C. gigas NRs and their metazoan homologues retrieved from
NCBI. A total of 348 NR protein sequences (File S1) were aligned using
MAFFT v7.471 (Katoh et al., 2002) by the method of L-INS-I method. An
unrooted phylogenetic tree was constructed by the Maximum-
Likelihood (ML) algorithm using IQ-Tree 1.4.3 (Minh et al., 2013), in
which topological stability was evaluated by 1000 bootstrapping
replicates.

For all five CgBCOL genes, we classified them into three groups based
on the sequence similarities analyzed in our previous work (Wan et al.,
2022): CgBCOLa (LOC105341121), CgBCOLb (LOC105321989,
LOC117690758), and CgBCOLc (LOC105348216, LOC117684251).
Then, protein and promoter sequence similarities were calculated for all
five CgBCOL genes. Signal peptides of CgBCOL proteins were predicted
by SignalP 5.0 (Almagro Armenteros et al., 2019), followed by
conserved domain annotation using CDD of NCBI. Similar to the
phylogenetic analyses of NRs, a total of 203 BCO protein sequences (File
S2) were used for phylogenetic analyses of CgBCOL proteins. The
phylogenetic tree of BCOs was rooted by archaeal oxygenase proteins as
an outgroup.

2.3. RNA extraction and expression analyses

Total RNA was extracted from the digestive glands of oysters using
RNA-easy Isolation Reagent (Vazyme, Nanjing, China) following the
manufacturer’s protocol. Subsequently, cDNA was synthesized from
total RNA using HiScript III RT SuperMix for qPCR (+gDNA wiper)
(Vazyme) according to the manufacturer’s instructions.

To validate the expressions and sequences of newly identified NRs,
cDNA from digestive glands was used for PCR amplification of NR gene
regions containing LBD and/or DBD followed by TA cloning and sanger
sequencing. The primers used are listed in Table S1.
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In order to compare gene expression of CgPPAR2 between the ligand-
injected and control group, gene specific primers were designed using
Primer-Blast at NCBI (Ye et al., 2012) (Table S1). According to the
manufacturer’s protocol, qQRT-PCR was performed on a Roche Light-
Cycler 480 Real-time PCR System (Roche, Switzerland) using EvaGreen
2x qPCR MasterMix-No Dye (ABM) with Enlongation Factor as the in-
ternal control (Renault et al., 2011). Two technical replicates were
tested for each biological replicate (n > 4). Real-time PCR Miner (htt
ps://www.miner.ewindup.info/) (Zhao and Fernald, 2005) was used
to calculated PCR efficiencies, optimal cycle threshold (Ct) values and
relative gene expression levels normalized to Enlongation Factor. Stu-
dent’s t-test was performed for the comparison between two groups. P <
0.05 was considered statistically significant.

To analyze the expression profile of interested genes in different
tissues, including adductor muscle (Amu), mantle (Man), digestive
gland (Dgl), female gonad (Fgo), male gonad (Mgo), gill (Gil), haemo-
lymph (Hem) and labial palps (Lpa), the raw RNAseq data released by
Zhang et. al. (2012) and Xu et. al. (2021) were downloaded from EBI
(ftp://ftp.sra.ebi.ac.uk, Run Accession: SRR334212, SRR334213,
SRR334214, SRR334215, SRR334216, SRR334217, SRR334218,
SRR334219, SRR334220), then trimmed with fastp v0.20.1 (Chen et al.,
2018). The resulting clean data were mapped to the latest oyster refer-
ence genome, followed by transcript assembly conducted by StringTie
v2.1.2 (Pertea et al., 2015). The transcripts per million (TPM) values
were calculated for all expressed genes using IsoformSwitchAnalyzeR
v1.13.05 (Vitting-Seerup and Sandelin, 2019).

2.4. Analysis of the CgBCOL function in beta-carotene cleavage

With the signal peptides removed, the CDS of CgBCOLa, CgBCOLbD,
CgBCOLc were subcloned into the pET-28a (+) to form fusion expression
plasmids, using two appropriate restriction enzymes and T4 DNA ligase.
Restriction enzymes sites and primers are listed in Table S1. The beta-
carotene-producing plasmid, pAC-BETAipi (Cunningham and Gantt,
2005; Cunningham and Gantt, 2007), were purchased from Addgene
(https://www.addgene.org/, #53277).

Each expression plasmid and beta-carotene-producing plasmid were
mixed together to reach the same concentration in the same solution and
used for co-transformation into E. coli JM109 (DE3). The three colonies
obtained with both kinds of plasmids (experiment groups) were cultured
to OD600 ~ 0.6 and then induced by IPTG (2 mM) for 16 h at 20 °C in the
dark. Expressions of CgBCOL in E. coli JM109(DE3) were detected by
SDS-PAGE on 7.5% gels stained with Coomassie Brilliant Blue R250. The
relative densities of bacteria (C) were estimated by a linear relationship
calculated from OD600 values and gradient dilutions of the cultures.
Bacterial cells were collected from 200 ml cultures by centrifugation,
and the pellets were extracted with 4 ml of acetone by shaking at 200
rpm/min for 3 h in a dark incubator at 20 °C. After centrifuging and
filtering through 0.22 pm filters, the absorbance of supernatants was
determined at the wavelength of 480 nm using a spectrophotometer
(UNICO UV-2800A, China). Meanwhile, single colonies containing beta-
carotene-producing plasmids and empty pET28a (+) were used as pos-
itive control, and those containing only empty pET28a (+) were used as
negative control. The beta-carotene cleavage efficiencies (E) of CgBCOL
protein were calculated by the following equation:

o

x 100%

m
I
-
|
ool
E
kg

<
o]
5

where A, A, and A, are absorption values at 480 nm for the
experiment, positive control groups and negative control groups, and
the C., Cp and C, are relative bacterial densities of these groups,
respectively. The experiment was repeated three times and the cleavage
efficiency were presented as mean + SD. Furthermore, a one-way
ANOVA analysis was performed, in which P < 0.05 was considered
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statistically significant.
2.5. Cell culture and dual-luciferase reporter assays

HEK293T cells were cultured in complete media containing 90%
DMEM (Solarbio, China), 10% fetal bovine serum (FBS) (HyClone,
Logan, UT) and 1% penicillin/streptomycin (pen/strep) at 37 °C and 5%
CO3 in a humidified atmosphere. Then cells were transferred to 24-well
plates (Corning, USA) under the same culture conditions. When cell
confluence reached 60% ~ 70%, transient transfection of appropriate
combinations of plasmids was performed with Lipofectamine 3000
(Invitrogen) and OptiMEM.

Two dual-luciferase reporter (DLR) systems including pcDNA3.1/
pGL3-Basic and pBind/pACT (mammalian two-hybrid system) were
used in the present study, and details on the use of the plasmids and
ligand compounds are listed in Table S2. All Primers used are listed in
Table S1, and the constructed plasmids were verified by sanger
sequencing.

In the pcDNA3.1/pGL3-Basic system, the full-length CDS of CgPPAR2
and CgRXR were inserted into pcDNA3.1 (expression vector) to form the
fusion plasmids pcDNA3.1-CgPPAR2 and pcDNA3.1-CgRXR. Similarly,
three representative promoter sequences of CgBCOL gene were cloned
into pGL3-Basic (reporter vector). A combination of 400 ng expression
vector (fused or empty), 100 ng reporter vector (fused or empty) and 50
ng control vector pRL-TK was used for transfection. Twenty-four hours
after transfection, cells were cultured with fresh complete medium, and
after another 24 h, luminescent activities of Firefly Luciferase (fused or
empty pGL3-Basic) and Renilla Luciferase (pRL-TK) were measured
using the Dual-Luciferase Reporter Assay System (Promega, USA) on a
Synergy H1 Microplate Reader (Biotek).

In the pBind/pACT system, the LBD and Hinge domains of CgPPAR2
and CgRXR were subcloned into the pBind vector to construct fusion
plasmid pBind-CgPPAR2 LBD and pBind-CgRXR LBD. The produced
fusion proteins containing the DBD of the GAL4 transcription factor from
yeast, i.e., CSPPAR2 LBD-GAL4 DBD, CgRXR LBD-GAL4 DBD. Further-
more, the LBD and Hinge domains of CgRXR were cloned into the pACT
vector to form pACT-CgRXR LBD plasmid and produce a fusion protein
containing the viral VP16 (CgRXR LBD-VP16).

In order to test the protein-protein interaction between CgPPAR2
LBD and CgRXR LBD, cells transfected with 150 ng pBind-CgPPAR2
LBD, 150 ng pACT-CgRXR LBD and 200 ng pGL4.31 were used as the
experiment group. Cells transfected with plasmids without either or
neither of the LBDs were used as negative controls. No ligand was added
in this experiment.

For single LBD transfections, HEK293T cells were transfected with
150 ng pBind-CgPPAR2 LBD or pBind-CgRXR LBD, 150 ng empty pACT
and 200 ng pGL4.31. For analysis of the CSPPAR2/CgRXR heterodimer,
cells were transfected with 150 ng pBind-CgPPAR2 LBD, 150 ng pACT-
CgRXR and 200 ng pGL4.31. Five hours after transfection, cells were
washed with Dulbecco’s phosphate buffered saline (DPBS) and cultured
with phenol red-free DMEM supplemented with 10% dextran-coated
charcoal-treated serum, 1% pen/strep and ligands. All ligands were
dissolved in sterile Dimethyl sulfoxide (DMSO). The final concentration
of DMSO per well was<0.1% (v/v) and the concentrations of ligands
were as follows: ATRA (0 pM, 1 pM, 2 pM, 3 pM), 9CRA (0 pM, 1 pM, 2
UM, 3 pM), TBT (0 pM, 0.1 pM, 0.2 pM, 0.3 uM), TPT (0 pM, 0.1 pM, 0.2
pM, 0.3 pM), ARA (0 pM, 100 pM, 200 pM, 300 pM), EPA (0 pM, 100 pM,
200 pM, 300 uM). The following day, luciferase activities were tested as
described above. Technique replicates for each test condition and the
entire experiment were performed at least twice.

Transactivation results of both systems are calculated by normalizing
the ratio between Firefly luciferase and Renilla luciferase luminescent
activities to the empty or solvent control (normalized fold induction).
Data are presented as the mean + SD of normalized fold induction and
were analyzed by one-way ANOVA, where P < 0.05 is considered sta-
tistically significant.
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A Signal peptides CgBCOLa_LOC105341121
68 533
1 24
1 536
B Signalpeptides  CgBCOLb LOC105321989 LOC117690758
44 505
1 16
1 509
C Signalpeptides  CoBCOLc LOC105348216 LOC117684251
a7 509
1 19
512
CgPPAR2 LOC105323212
NLS
D 18& 192
NR_DBD_PPAR NR_LBD_PPAR
1 108 192 229 452

Fig. 1. Schematic diagrams of CgBCOL (A, B, and C) and CgPPAR2 (D) proteins.

2.6. Yeast two-hybrid assay

To construct fusion plasmids, the LBDs of CgPPAR2 and CgRXR were
subcloned into PGBKT7 and PGADTY7 respectively, to generate PGBKT7-
PPAR-LGD and PGADT7-RXR-LGD plasmids. The Primers for plasmid
construction are listed in Table S1.

To test the protein—protein interaction between CgPPAR2 and

B

*

N

[=]

o
1

-

a

o
1

100

Relative expression
(3]
o
1

Normalized fold induction

o

CgRXR, the yeast strain Yeast Two-Hybrid (Y2H) Gold was co-
transferred with fusion plasmids according to the manufacturer’s in-
structions, and then grew on SD/-Leu/-Trp double drop out medium
(DDO) for three days. Then the interaction was detected based on the
ability of the yeast transformants to grow on SD-Trp-Leu-His triple drop-
out medium (TDO) with 5 mM 3-Amino-1,2,4-triazole (3'AT) and SD/-
Ade/-His/-Leu/-Trp quadruple drop-out medium (QDO).

Fig. 2. (A) Response of CgPPAR2 in the digestive
glands after TPT injection. Student’s t-test was
performed for the comparison between two
groups. *P < 0.05 was considered statistically
significant. (B) Analysis of the protein—protein
interaction between CgPPAR2-LBD and CgRXR-
LBD using a mammalian two-hybrid assay in
HEK293T cells. The results are expressed as
normalized fold induction (mean + SD). A one-
way ANOVA analysis was performed and col-
umns marked with different letters were signifi-
cantly different (P < 0.05). (a) pBind-CgPPAR2,
empty pACT, pGL4.31; (b) empty pBind, pACT-

TPT

DMSO

10t

102 10

@ 0 Of

103 103

104 10+

TDO/3’AT 5mM

CgRXR, pGL4.31; (c) pBind-CgRXR, empty
pPACT, pGL4.31; (d) pBind-CgPPAR, pACT-
CgRXR, pGL4.31. (C) Yeast two-hybrid assay for
interactions between CgPPAR2 LBD and CgRXR
LBD proteins. (1) Y2H yeast strain with PGBKT7-
PPAR-LG and PGADT?7. (2) Y2H yeast strain with
PGBKT7-PPAR-LG and PGADT7-RXR-LG. (+)Y2H
yeast strain with pGBKT7-53 and pGADT7-T,
positive control. (-)Y2H yeast strain with
pGBKT7-lam and pGADT7-T, negative control.
DDO, double drop-out medium. TDO/3’'AT mM,
SD-Trp-Leu-His triple drop-out medium with 5
mM 3'AT. QDO, SD/-Ade/-His/-Leu/-Trp
quadruple drop-out medium. 3'AT, 3-Amino-
1,2,4-triazole.

Qbo
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2.7. Subcellular localization of CgPPAR2

The nuclear localization signal (NLS) sequence of CgPPAR2 was
identified using the online tool SeqNLS (Lin et al., 2012). Primers with
appropriate restriction enzyme sites (Table S1) were designed for sub-
cloning the full-length coding sequence (CDS) of CgPPAR2 into the
PEGFP-N1 plasmid to generate an in-frame fusion (pEGFP-CgPPAR2)
with green fluorescent protein (GFP). When the HEK293T cells had
grown to 60% influence, pEGFP-CgPPAR2 were transferred into cells
with Lipofectamine 3000 (Invitrogen), to produce the fusion protein,
CgPPAR2-GFP. After 24 h, cells were stained with Hoechst 33,342
(Solarbio) for 30 min so that the nuclei showed blue fluorescence.
Fluorescent signal was observed with a Leica TCS SP8 confocal
microscope.

3. Results

3.1. Identification, expression pattern, sequence and phylogenetic
analyses of NRs and CgBCOL genes

Regarding nuclear receptor genes, four new NRs were identified
based on BLASTp search and domain annotation. Sequences of their
conserved domain regions were verified by sanger sequencing (File S3).
Correspondences between the NRs identified by Vogeler et al. (2014)
and this study were listed in the Table S3, where notably, we named
LOC105323212 as CgPPAR2. The NLS and conserved domains of
CgPPAR2 protein, i.e., NR_DBD_PPAR (accession number: cd06965) and
NR_LBD_PPAR (accession number: ¢d06932), are shown in Fig. 1D.
Previously published RNA-seq data of Zhang et al. (2012) and Xu et al.
(2021) were used to analyze gene expression patterns in tissues of
healthy adult oysters. The results revealed that nuclear receptor
CgPPAR2 and CgRXR are ubiquitously expressed in adult C. gigas
(Fig. S1). In addition, to investigate the response of CgPPAR2 to orga-
notin compounds, we tested the relative expression level of CEPPAR2
after TPT injection by qRT-PCR. As illustrated in Fig. 2A, the expression
of CgPPAR2 was up-regulated after TPT injection, indicating the acti-
vating effect of TPT exposure on this gene.

A phylogenetic analysis of NRs was conducted using 348 homologues
including 47C. gigas NR proteins, of which two duplicated C. gigas NRs
were simplified (Table S3). Four newly identified nuclear receptors are
highlighted with asterisks in the maximum likelihood (ML) tree in File
S4. Notably, CgPPAR2 groups with PPARs of some gastropods including
Biomphalaria glabrata, Lottia gigantea and Patella depressa, jointly
belonging to a larger PPAR clade containing branches of vertebrate
PPARq, PPARP and PPARy.

In terms of CgBCOL genes, within CgBCOLb and CgBCOLc group,
similarities of protein and promoter sequences are very high (96.58% ~
100%), so we analyze CgBCOLb and CgBCOLc group as one gene,
respectively (table S4). Signal peptides and the functional domain
(RPE65, accession number: pfam03055) of CgBCOL proteins are illus-
trated in Fig. 1 (A, B and C). Analysis of gene expression patterns showed
that CgBCOL genes are mainly expressed in the digestive gland and
hepatopancreas (Fig. S1). The ML tree showed that CgBCOL proteins
belong to the large BCOL branch independent from metazoan BCO1 and
BCO2 (File S5). Specifically, CgBCOLa grouped with Mizuhopecten yes-
soensis BCOL-7, while CgBCOLa and CgBCOLb group together and are
closely related to Mizuhopecten yessoensis BCOL-1 to BCOL-6.

3.2. CgPPAR?2 interacts with CgRXR at the protein level.

To test the protein—protein interaction between CgPPAR2 and
CgRXR, we used a mammalian two-hybrid system and a yeast two-
hybrid system to analyze the interaction between CgPPAR2 LBD and
CgRXR LBD. In HEK293T cells, after co-transfection of recombinant
plasmids, pBind-CgPPAR2 LBD and pACT-CgRXR LBD, to produce fusion
proteins (CgPPAR2 LBD-GAL4 DBD, CgRXR LBD-VP16), the

Gene 827 (2022) 146473

A
c 47
o)
‘g’ a

3—.

E b7C C _?_
he] -
S 2+
©
(4]
N
® 17
£
(°]
Z0 1 .

B (@) (b) (c) (d)
c 10_
.0
So0s{ 2 a a2 2
ke
=
- 0.6
K
B 0.4-
N
g 0.2-
o
Z 0.0 , ,

C (a) (b) (c) (d)
87 a
6 b

3 3

Normalized fold induction
S
|

@ ® © @

Fig. 3. The CgPPAR2/CgRXR heterodimer activates the transcription of
CgBCOLa and CgBCOLc, but not CgBCOLb. Luciferase reporter vector fused with
promoters of CgBCOLa (A), CgBOCLbD (B) and CgBCOLc (C), as well as expression
vectors for CZPPAR2 or CgRXR, singly or in combination were transfected into
HEK293T cells. Cells transfected with empty pcDNA3.1 and empty pGL3-basic
were used as empty group. The cells of negative control groups were transfected
with empty pcDNA3.1 and Luciferase reporter vector fused with promoters. The
total amount of DNA for each transfection was kept constant (550 ng) using
empty pcDNA3.1. The ratio of Firefly luciferase and Renilla luciferase lumi-
nescence was normalized to the empty group. Technique replicates for each test
condition and the entire experiment were performed at least twice. Results are
presented as mean + SD and a one-way ANOVA analysis. Columns marked with
different letters were significantly different (P < 0.05). empty group:
pcDNA3.1-empty, pGL3-Basic-empty, pRL-TK; (a) negative control group:
pcDNA3.1-empty, pGL3-CgBCOL-a,b,c-Promoter, pRL-TK; (b) single CgPPAR2
group: pcDNA3.1-CgPPAR2, pcDNA3.1-empty, pGL3-CgBCOL-a,b,c-Promoter;
(c) single CgRXR group: pcDNA3.1-CgRXR, pcDNA3.1-empty, pGL3-CgBCOL-
a,b,c-Promoter, pRL-TK; (d) CgPPAR2/CgRXR heterodimer group: pcDNA3.1-
CgPPAR2, pcDNA3.1-CgRXR, pGL3-CgBCOL-a,b,c-Promoter, pRL-TK.
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Fig. 4. Luciferase luminescence based on (A) transfection of pBind-CgPPAR2 LBD, and (B) co-transfection of pBind-CgPPAR2 LBD/pACT-CgRXRLBD in the presence
of different concentrations of ligands. Values are presented as mean + standard error (n = 3) of the normalized fold-induction (* P < 0.05). ATRA1-3, 9CRA1-3 (1
UM, 2 pM, 3 pM); TBT1-3, TPT1-3 (0.1 pM, 0.2 pM, 0.3 uM); ARA1-3, EPA1-3 (100 pM, 200 pM, 300 pM).

luminescence ratio of Firefly Luciferase (pGL4.31) and Renilla Lucif-
erase (pBIND) significantly increased (P < 0.0001, Fig. 2B). In the Y2H
yeast strain, yeast colonies co-transfected with PGBKT7-PPAR-LGD and
PGADT7-RXR-LGD survived on the TDO medium with 5 mM 3’AT but
not on the QDO medium (Fig. 2C). Both of the above experiments
indicated that CgPPAR2 can physically interact with CgRXR.

3.3. The CgPPAR2/CgRXR heterodimer regulates CgBCOLa and
CgBCOLc

To investigate whether the expression of CgBCOL genes can be
regulated by the CgPPAR2/CgRXR heterodimer, we performed DLR
assays using the pcDNA3.1/pGL3-Basic system in HEK293T cells. The
results showed that co-transfection of pcDNA3.1 plasmids containing
CDS of CgPPAR2 and CgRXR significantly induced the expression of
Firefly luciferase in reporter vectors fused with the promoters of
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Fig. 5. comparison of beta-carotene cleavage efficiencies of CgBCOL. Columns
marked with different letters were significantly different (P < 0.05).

CgBCOLa and CgBCOLc group, comparing with the control groups (P <
0.001). However, no significant difference was detected in the CgBCOLb
group (Fig. 3). This indicated that CgPPAR2/CgRXR heterodimer can
transactivate expressions of CgBCOLa and CgBCOLc, but not CgBCOLb.
Besides, slight differences were present in the single NR transfected
group (Fig. 3A, C), suggesting the slight effects of single NR on the
transcription of CgBCOLa and CgBCOLc.

3.4. Effects of ligands on CgPPAR2 alone and the CgPPAR2/CgRXR
heterodimer

The pBind/pACT DLR system was used in HEK293T cells exposed to
natural and artificial chemicals to investigate the response of CSPPAR2
to ligands. This system could exclude the influence of DBD of target

Hoechst 33,342 GFP

CgPPAR2-GFP

empty pEGFP-N1
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genes and examine the transactivation activity of LBD alone.

In cells transfected with pBind-CgPPAR2 LBD alone, as shown in
Fig. 4A and Fig. S2, CgPPAR2 LBD could be activated by TBT, ARA, EPA
in a dose-dependent manner. The highest fold induction was 28.3 at a
concentration of 0.3 pM for TBT, as well as 4.6 and 6.7 at a concentra-
tion of 300 pM for ARA and EPA. However, transactivation of CgPPAR2
LBD was significantly inhibited by all three concentrations of TPT (0.1
M, 0.2 pM, 0.3 uM), and was not affected by retinoid ligands, i.e., ATRA
and 9cRA. As shown in Fig. 4B and Fig. S3, when cells co-transfected
with pBind-CgPPAR2 LBD and pACT-CgRXR LBD were exposed to li-
gands, ATRA, 9cRA, TBT and TPT caused significant inhibition (more
than half), among which the inhibition of ATRA and TBT shown a
concentration-dependent manner.

3.5. Prokaryotic expression and beta-carotene cleavage efficiencies of
CgBCOL genes

To validate the carotenoid cleavage function of CgBCOL genes, the
signal peptide-removed coding sequences were subcloned into the
expression vector pET-28a (+) to produce CgBCOL proteins. The ob-
tained recombinant plasmid and the beta-carotene-producing plasmid
were co-transformed into the JM109(DE3) E. coli strain, followed by
SDS-PAGE that verified the presence of CgBCOL proteins (Fig. S4). Then
the cleavage efficiencies were calculated based on the absorbance of
supernatants at 480 nm and relative total number of bacterial cells. As
shown in Fig. 5, beta-carotene cleavage efficiencies of CgBCOL genes
significantly differ from each other, with a maximum of 85.16%
(CgBCOLa) and a minimum of 12.54% (CgBCOLD).

3.6. Subcellular localization of CgPPAR2 protein

To investigate the subcellular localization of CgPPAR2 protein, re-
combinant plasmids producing GFP-tagged CgPPAR2 fusion protein
were transferred into HEK293T cells, and cells transferred with the
empty pEGFP-N1 plasmid without gene insertion were used as the
control. As shown in Fig. 6, All the nuclei showed blue fluorescent
signal. In cells transfected with empty pEGFP-N1, the green fluorescent
signal was observed on cytoplasm, while in cells transfected with the
CgPPAR2-GFP vector, the green fluorescent signal was detected in the
nuclei. These results indicated that CgPPAR2 protein is localized in the

Fluorescence merge Bright field merge

Fig. 6. Subcellular localization of CgPPAR2 in HEK293T cells. Cells were transfected with pEGFP-N1 fused with CgPPAR2 (top), and empty pEGFP-N1 (bottom),
respectively. The blue fluorescent signal represents the nuclei and the green fluorescent signal represents the location of GFP protein. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Schematic representation of the putative mechanism for the regulation
of CgBCOLa and CgBCOLc by the CgPPAR2/CgRXR heterodimer and ligands.
CgPPAR2, peroxisome proliferator-activated receptor of C. gigas; CgRXR, reti-
noid X receptor of C. gigas; L, ligands including All-trans-RA (ATRA), 9-cis-RA
(9cRA), tributyltin (TBT) and triphenyltin (TPT).

nuclei in HEK293T cells, supporting its characterization as a transcrip-
tion factor.

4. Discussion

Peroxisome proliferator-activated receptor (PPAR) has been reported
recently in several vertebrate and invertebrate species, highlighting
their roles in regulating lipid metabolism and mediating endocrine
disruption (Capitao et al., 2018; Capitao et al., 2020; Capitao et al.,
2021). In the present study, in addition to CgPPARI (Vogeler et al.,
2014; Vogeler et al., 2017), we identified and characterized another
C. gigas PPAR gene (CgPPAR2), which was hypothesized to be involved
in carotenoid metabolism in our previous study (Wan et al., 2022). The
CgPPAR2 protein sequence contains the typical conserved DBD and LBD
domains of PPAR (Fig. 1D), as well as NLS validated by subcellular
localization in HEK293T cells (Fig. 6). Importantly, our Maximum
Likelihood phylogenetic analysis revealed that CSPPAR2 grouped with
P. depressa PPAR2 (File S4) which has been reported as a direct ortho-
logue of vertebrate PPARs by Capitao et al. (2021) using a phylogenetic
and synteny analysis. Furthermore, given that PPARy in vertebratetes
has been reported to control BCO1 involved in carotenoid cleavage
(Boulanger et al., 2003; Lietz et al., 2010), it is reasonable to speculate
that CgPPAR2 may be a orthologue of vertebrate PPARs and play similar
roles in C. gigas.

For nuclear receptors such as RAR, thyroid hormone receptor (TR)
and PPAR, heterodimerization with the chaperone RXR is a typical
feature necessary for their functions (Dawson and Xia, 2012). In C. gigas,
Vogeler et al. (2017) predicted that CgPPAR1 could heterodimerize with
CgRXR. Our observations on CgPPAR2 by DLR and two-hybrid assays
suggested that CgPPAR2 is able to form heterodimer with CgRXR, which
is consistent with reports in various metazoan lineages, such as mam-
mals (Boulanger et al., 2003; Tyagi et al., 2011), teleosts (Barbosa et al.,
2019), echinoderms (Capitao et al., 2020) and molluscs (Capitao et al.,
2021), supporting the conservation of the PPAR/RXR heterodimers. In
humans, PPARy, RXRa, PPARy/RXRa can increase the expression of the
reporter gene fused with BCO1 promoter in an additive manner (Gong
et al., 2006), highlighting the importance of heterodimerization. This
supports our finding that single CgPPAR2 or CgRXR has a slight effect on
the CgBCOLa and CgBCOLc promoter activities, whereas CgPPAR2/
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CgRXR heterodimer can significantly transactivate the CgBCOLa and
CgBCOLc promoters (Fig. 3; Fig. 7A). However, no significant differences
were observed for the CgBCOLb promoter. This is consistent with our
previous findings that dietary beta-carotene supplement resulted in
down-regulation of CgBCOLa and CgBCOLc, but no change in CgBCOLb
(Wan et al., 2022), indicating that there may be a different regulatory
mechanism for CgBCOLb.

Tissue expression analyses using the RNA-Seq data from Zhang et al.
(2012) and Xu et al. (2021) revealed that CgBCOL genes are mainly
expressed in the digestive gland (including hepatopancreas) of C. gigas
(Fig. S1), highlighting the importance of this organ as a main site for
carotenoid metabolism, because it has been demonstrated by Xu et al.
(2021) that there are functional similarities between the oyster and
vertebrate digestive tissues, and the vertebrate liver and intestine are
main sites for carotenoid metabolism (Raghuvanshi et al., 2015;
Widjaja-Adhi et al., 2015). Meanwhile, the ubiquitous expression of
CgPPAR2 and CgRXR in various tissues, supporting their regulating
CgBCOL genes in the digestive gland, and the fundamental role in lipid
metabolism, energy supply (Morais, 2003) and signaling (Hessel et al.,
2007) in all tissues. Notably, beta-carotene cleavage efficiencies of
CgBCOL are significantly different from each other, revealing their
distinct enzymatic properties. This functional difference may corre-
spond to their different regulation by the CgPPAR2/CgRXR
heterodimer.

A diet-responsive negative feedback regulatory mechanism in
vertebrate intestine controlling carotenoid cleavage has been well
described, which is regulated by intestine specific homeobox tran-
scription factor (ISX) (Seino et al., 2008) and the RAR/RXR heterodimer
capable of binding to retinoic acid (RA). Moreover. BCO1 can be regu-
lated by ISX, and the PPARy/RXR heterodimer (Lobo et al., 2010b).
Similarly, in our previous study, we hypothesized the existence of a
negative feedback regulatory network in C. gigas, in which nuclear re-
ceptor transcription factors may regulate carotenoid cleavage oxy-
genases (Wan et al., 2022). Here, our findings that CgPPAR2/CgRXR
heterodimer transactivates of CgBCOL gene expression (Fig. 3) and this
transactivation can be repressed by natural ligands, i.e., carotenoid
cleavage derivatives (ATRA and 9cRA) (Fig. 4B; Fig. 7B; Fig. S3) verified
this hypothesis. Specifically, CgBCOL essentially activated by CgPPAR2/
CgRXR heterodimer can catalyze the cleavage of beta-carotene and
promote the production of retinoid ligands including ATRA and 9cRA.
Thus, when dietary supply of beta-carotene is adequate, the resulting
excessive retinoids may inhibit the transactivation activity of the het-
erodimer, thereby down-regulating CgBCOL gene expression and reti-
noid production. Besides, we found that other natural ligands, i.e., fatty
acids (ARA and EPA), can activate single CgPPAR2 (Fig. 4A; Fig. S2).
This is consistent with the findings in mammals (Xu et al., 1999),
chondrichthyan Leucoraja erinacea (Capitao et al., 2018), echinoderm
Paracentrotus lividus (Capitao et al., 2020), and gastropod Patella
depressa (Capitao et al., 2021), supporting the conservation of these li-
gands in vertebrates and invertebrates.

The organotins TBT and TPT are known environmental endocrine
disruptors (Lima et al., 2011). PPAR/RXR has been shown to be regu-
lated by these organotins that result in lipid homeostasis perturbation in
species such as teleost fish Pleuronectes platessa (European plaice) (Col-
liar et al., 2011) and P. depressa (Capitao et al., 2021), as well as inhibit
the activity of PPAR. Consistently, in the present study, single CSPPAR2
and CgPPAR2/CgRXR heterodimer are generally repressed by TBT and
TPT, except that a high concentration of TBT (0.3 uM) greatly activated
CgPPAR2 (Fig. 4; Fig. S2; Fig. S3). Furthermore, TPT injection induced
the mRNA expression of CgPPAR2 in the digestive glands (Fig. 2A). This
result indicated that transcription of CgPPAR2 can response to TPT
exposure, suggesting the endocrine disruption of this organotin com-
pound. Nevertheless, this activation of CgPPAR2 expression did not
mean that CgPPAR2 protein can interact with TPT. These results
demonstrated that organotins can interact with CgPPAR2/CgRXR
regulating carotenoid metabolism, providing a new prospect for
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endocrine disruption by organotins in shellfish.
5. Conclusion

Taken together, we identified and characterized a novel C. gigas
PPAR gene (CgPPAR2) as a nuclear receptor transcription factor. Func-
tional assays showed that CgPPAR2 can form heterodimer with CgRXR,
and then regulate carotenoid cleavage oxygenases by interacting with
CgBCOL promoters and retinoid ligands in C. gigas. We demonstrated the
existence of a negative feedback regulatory mechanism of carotenoid
cleavage for retinoid production, which is controlled by the CgPPAR2/
CgRXR heterodimer capable of binding to retinoids, and may be dis-
rupted by organotins. Our findings on the CgPPAR2 gene contribute to
the understanding of the role of nuclear receptors, carotenoid meta-
bolism and potential effects of organotins in mollusks.
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