Marine Biotechnology (2024) 26:460-474
https://doi.org/10.1007/510126-024-10309-9

RESEARCH q

Check for
updates

cAMP-Mediated CREM-MITF-TYR Axis Regulates Melanin Synthesis
in Pacific Oysters

Kunyin Jiang' - Hong Yu' - Lingfeng Kong' - Shikai Liu’ - Qi Li'2

Received: 28 January 2024 / Accepted: 3 April 2024 / Published online: 13 April 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Colorful shells in bivalves are mostly caused by the presence of biological pigments, among which melanin is a key compo-
nent in the formation of shell colours. Cyclic adenosine monophosphate (cAMP) is an important messenger in the regulation
of pigmentation in some species. However, the role of cAMP in bivalve melanogenesis has not yet been reported. In this
study, we performed in vitro and in vivo experiments to determine the role of cAMP in regulating melanogenesis in Pacific
oysters. Besides, the function of cAMP-responsive element modulator (CREM) and the interactions between CREM and
melanogenic genes were investigated. Our results showed that a high level of cAMP promotes the expression of melanogenic
genes in Pacific oysters. CREM controls the expression of the MITF gene under cAMP regulation. In addition, CREM can
regulate melanogenic gene expression, tyrosine metabolism, and melanin synthesis. These results indicate that cAMP plays an
important role in the regulation of melanogenesis in Pacific oysters. CREM is a key transcription factor in the oyster melanin
synthesis pathway, which plays a crucial role in oyster melanin synthesis through a cAMP-mediated CREM-MITF-TYR axis.
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Introduction

The majority of molluscan shells have incredibly intricate
and highly diverse pigmentation patterns (Stenger et al.
2021). Their diverse shell colours are important for cam-
ouflage and thermoregulation (Williams 2017). The evolu-
tion of shell colour and shell colour formation has attracted
great interest from scientists (Liu et al. 2009; Boettiger et al.
2009). It has been reported that shell colour variants are sub-
ject to genetic control and dietary influence (Liu et al. 2009).
Mollusk' pigmentation and shell color formation are under
neural control (Boettiger et al. 2009; Gong et al. 2012). Dur-
ing this process, pigments are produced by their mantle and
incorporated into the shell along the growing edge (Saenko
and Schilthuizen 2021).
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The formation of different shell colours is influenced by shell
surface colour, degree of coloration, and shell structural or sur-
face pattern (Williams 2017; Saenko and Schilthuizen 2021).
Melanin, porphyrins, and carotenoids are the three main classes
of mollusk shell pigments (Williams 2017). Mollusca shells
contain multi-layered structures that exhibit different micro-
structures affecting their shell appearance (Williams 2017).
Regular shell shapes and beautiful shell colours not only attract
human interest but also increase their economic value (Brake
et al. 2003). Over the past decades, shell colour has been widely
used as a target trait for selective breeding in some aquaculture
bivalves, including Meretrix meretrix (Yue et al. 2015), Rudi-
tapes philippinarum (Yan et al. 2019), Argopecten irradians
(Wang et al. 2020), Haliotis discus hannai (Liu et al. 2009),
and Crassostrea gigas (Liang et al. 2023).

Melanin is a ubiquitous pigment responsible for much
of the coloration in nature (True et al. 1999; Slominski
et al. 2004). The molecular pathways and regulatory
mechanisms of melanin synthesis in mammals and fish
have been well studied, such as tyrosine metabolism,
melanogenesis, cAMP, wnt/p-catenin, and the MAPK
pathway (Cal et al. 2017; Luo et al. 2021). L-tyrosine
is a precursor of melanin and catecholamine, which
could be hydroxylated by tyrosine hydroxylase (TH) to
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L-dihydroxyphenylalanine (L-DOPA), which oxidates fur-
ther to dopaquinone and subsequently melanin (Jiang et al.
2020). In addition, L-tyrosine and L-DOPA besides serv-
ing as substrates for melanin, are also bioregulatory agents
stimulating the cAMP pathway (Slominski et al. 2004;
Arora et al. 2021). The mechanism of cAMP regulating
melanogenesis involves the activation of protein kinase
A (PKA), which then phosphorylates cAMP-responsive
element binding protein (CREB) (Slominski et al. 2004).
Phosphorylated CREB interacts with CREB binding pro-
tein (CBP) to activate the expression of MITF throughout
the CRE in the promoter region of the gene. Subsequently,
the expression of melanogenic genes, including tyrosinase
(TYR), TYRPI1, and TYRP2, is regulated by the master mel-
anocyte regulator MITF (Park et al. 2006).

Pacific oysters (C. gigas) are important aquaculture
shellfish and a significant contributor to global oyster pro-
duction (Jiang et al. 2024a). The common colours of Pacific
oysters are mainly gray or black-brown with significant
variation. In our breeding program, several shell colour
strains have been developed, such as black, white, golden,
orange, and purple (Xing et al. 2018; Xu et al. 2019a; Han
and Li 2021). Using those strains, the inheritance patterns
of different shell colours were explored. In Pacific oys-
ters, dark colour is identified as the foreground colour and
golden or white colours are the background colours (Ge
et al. 2015). Orange coloration is a recessive trait inher-
ited in a Mendelian pattern (Han and Li 2020). Addition-
ally, the background colour may have an epistatic effect
on its foreground pigmentation (Ge et al. 2015). Oyster
pigmentation is a quantitative trait and is controlled by
multiple genes (Xu et al. 2019b). Some studies have inves-
tigated the potential molecular basis of pigmentation and
shell color formation in recent years (Li et al. 2021, 2023b,
d; Zhu et al. 2022). Several functional genes involved in
melanin synthesis have been identified, including MITF,
TYR, TYRP, B-aatl, Cbs, POU3F4, and Pax 7 (Zhu et al.
2022; Li et al. 2023b, e). However, these studies have only
focused on the function of a single gene, hence the molecu-
lar mechanisms of pigmentation and shell colour formation
are still poorly understood.

In this study, we investigated the role of cAMP in the
regulation of melanogenic gene expression and melanin
synthesis in Pacific oysters. The expression characteris-
tics and evolutionary relationships of CREM were ana-
lyzed. We systematically investigated the role of CREM
in regulating MITF expression and melanin synthesis in
Pacific oysters. Our results suggested that cAMP regu-
lates melanogenesis through a CREM-MITF-TYR axis in
Pacific oysters. This study will provide new insights into
the regulation of melanin synthesis in Pacific oysters and
will facilitate an understanding of bivalve pigmentation
and shell colour formation.

Materials and Methods
Oysters and Treatments

One-year-old black shell Pacific oysters were collected
from a farm located in Rongcheng, Shandong, China. The
oysters were transported to the laboratory and acclimated
in laboratory conditions at a temperature of 19 +0.5 °C for
seven days. Following the acclimatization, oysters were
divided into three groups (Control, 100 pM, and 1 mM),
each group containing 40 individuals. A volume of 40 uL
of 100 pM and 1 mM cAMP (MCE, USA) was injected
into the oyster's pericardial cavity, respectively. The con-
trol group was injected with 40 pL of 1 X PBS. After 24 h,
the experimental group was injected with cAMP again.
For sampling, three oysters were randomly selected from
each group at 8, 24, and 48 h after the second injection.
The edge mantle from the left shell was sampled, frozen in
liquid nitrogen, and stored at — 80 °C for analysis.

Mantle Cell Culture and Incubation Assay

Before the experiment, oysters were transferred to steri-
lized seawater containing antibiotics (100 U/mL Penicillin,
100 pg/mL streptomycin, and 50 pg/mL gentamicin) under
a UV lamp. The edge mantle tissues were dissected and
washed with PBS (pH =7.4) six times, then exposed under
a UV lamp for 30 min. After washing six times with the
primary medium containing M199 and L15 medium (V:
V =1:1), the mantle tissues were cut into minced meat and
suspended with the primary medium, then centrifuged to
collect tissues. Finally, the tissues were cultured with the
primary medium containing 5% fetal bovine serum in a
12-well plate at 26 C. After culturing for 48 h, the primary
cells migrated from the tissues. These cells were collected
and evenly spread into a 12-well plate.

Forskolin is an adenylate cyclase activator and a potent
inducer of intracellular cAMP production (Rodriguez et al.
2013). Rp-cAMPS, a cAMP analog, is a competitive antago-
nist in cAMP-induced PKA activation (Gjertsen et al. 1995).
Gradient cAMP (MCE, USA), Forskolin (MCE, USA), and
Rp-cAMPS (MCE, USA) were added to the culture medium
for the incubation assay. The final concentrations of cAMP and
Forskolin were 0, 5, 10, 50, 100, and 500 pM, and Rp-cAMPS
was 0, 0.5, 1, 5, 10, and 50 pM. After incubation for 16 h, cells
were collected and frozen in liquid nitrogen for analysis.

RNA Extraction and qPCR

Total RNA was extracted from the collected tissues by
using an RNA-easy isolation reagent (Vazyme, China).
A MicroElute Total RNA Kit (Omega, USA) was used
for extracting RNA from primary cells. cDNA was
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reverse transcribed using an Evo M-MLV RT Kit with
gDNA Clean for qPCR kit (Accurate Biology, China).
Quantitative reverse transcription (QPCR) was performed
using SYBR Green Premix Pro Taq HS qPCR Kit (Accu-
rate Biology, China) with a LightCycler 480 instrument
(Roche, USA) according to the manufacturer's instruc-
tions. Elongation factor la (EFI-a) and Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were used as
endogenous controls. The relative expression levels were
calculated using the 2722 method.

Tyrosinase Activity and Melanin Determination

A Tyrosinase Activity Assay Kit (Solarbio, China) was used
to determine Tyrosinase activity. The collected tissues or
cells were homogenized in PBS buffer at 4 °C and centri-
fuged at 12,000 g for 10 min. For determination, sample
supernatant (20 pL) and Reagent I were added to a 96-well
plate, and the absorbance wavelength was recorded at
475 nm (A1). Then the plate was transferred to 25 °C for
30 min. The final absorbance wavelength (A2) at 475 nm
was recorded. Tyrosinase activity was calculated according
to the manufacturer's instructions.

A Shellfish Melanin ELISA Kit (Yanzunbio, China) was
used to detect melanin content. Briefly, samples were fully
homogenized and centrifuged at 3000 g for 10 min (under
4 °C). The microwell plate was filled with 10 pL of sam-
ple supernatant, 40 pL of sample dilution, and HRP-labeled
detection antibody and incubated at 37 °C for 60 min. After
washing five times, 50 pL of substrates A and B were added
into each well, respectively, and incubated at 37 °C for
15 min. Finally, 50 pL of stop solution was added, and the
OD value at 450 nm was recorded using a microplate reader
(BioTek, USA).

Western Blotting

Polyclonal antibodies anti-CREM, MITF, TYR, and TYRP
were prepared in the laboratory using recombinant proteins
from Escherichia coli to immunize rabbits. EEF1A1 Rabbit
Polyclonal Antibody (Beyotime, China) and polyclonal anti-
PKA RIla Rabbit pAb (ABclonal, China) were purchased.
For western blotting, the protein was extracted in RIPA
Lysis Buffer (Beyotime, China) containing PMSF (Beyo-
time, China). Protein samples were fractionated using SDS-
PAGE and transferred onto the PVDF membrane (Beyotime,
China). After blocking with 5% BSA for 2 h, the membrane
was incubated with the corresponding antibodies overnight
and subsequently incubated with HRP-conjugated Goat
Anti-Rabbit IgG (ABclonal, China) and visualized using an
ECL chemiluminescence detection reagent (Vazyme, China).
Western blotting bands were quantified using ImageJ soft-
ware (NIH, Bethesda, MD, USA).
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Sequence Analysis

The amino acid sequences of the CREM used in this study
were retrieved from the NCBI database. The sequences were
aligned using ClustalX 1.83 software. The aligned sequences
were displayed with ESPript 3.0 (https://espript.ibcp.fr/
ESPript/cgi-bin/ESPript.cgi). A phylogenetic tree based on
the amino acid sequences was constructed using MEGA 10.0
software using the neighbor-joining (NJ) method with 1000
bootstrap replications. The protein domain was predicted
with SMART (http://www.smart.emblheidelberg.de/).

Immunofluorescence

Immunofluorescence (IF) examination of CREM, MITF,
and TYR proteins in mantle tissue was performed in this
study. The edge mantle was fixed in paraformaldehyde (4%).
Paraffin-embedded tissue Sects. (5 pm thick) were depar-
affinized and rehydrated. The sections were incubated with
Improved Citrate Antigen Retrieval Solution (Beyotime,
China) at 100 °C for 15 min. Then the sections were blocked
with 5% BSA (Solarbio, China) for 1 h and incubated with
anti-CREM, anti-MITF, and anti-TYR body (5 pg/uL) for
12 h. After washing with TBS, the sections were incubated
with Cy3-conjugated Goat anti-rabbit IgG (Sangon Biotech,
China) for 1 h. The nuclei were labeled with DAPI (Sangon
Biotech, China). Finally, fluorescence was detected under
confocal microscopy (TCS SP98, Leica, Germany).

Subcellular Localization

To identify the distribution of CREM in cells, a subcellular
localization assay was conducted. The HEK-293 cells were
cultured in DMEM (Hyclone, USA) supplemented with
10% fetal bovine serum (Hyclone, USA) and 1% Penicil-
lin—Streptomycin solution at 37 °C with 5% CO,. The CREM
sequence was subcloned into the expression vector pEGFP-
N1. pEGFP-CREM was transferred into HEK-293 cells with
Lipofectamine 3000 (Invitrogen, USA). After incubation
for 48 h, the cells were stained with DAPI for 15 min. The
image capture was performed using confocal microscopy.

Dual-Luciferase Reporter Assay

Several studies have utilized the HEK-293 cell system to
verify the transcriptional regulation for marine invertebrate
species (Liu et al. 2020; Yu et al. 2021). The promoter
sequence of MITF was obtained from the NCBI database.
Different lengths of MITF promoter (-167/+23, -389/+23,
-1004/+ 23, -1229/+ 23, -1435/+23, -1829/+ 23,
-1930/ +23) were amplificated and inserted into a pGL3-
basic vector using a ClonExpress II One Step Cloning
Kit (Vazyme, China). Meanwhile, the full-length CDS of
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transcription factor CREM was subcloned into a pcDNA3.1
vector. For this experiment, HEK-293 cells were cultured
in 24-well plates. The transfection was performed under
a confluence of 70-80% cells. A combination of 500 ng
pcDNA3.1-CREM, 200 ng reporter vector (pGL3-basic
empty vector, pGL3-167/+ 23, pGL3-389/+ 23, pGL3-
1004/ + 23, pGL3-1229/+ 23, pGL3-1435/+23, pGL3-
1829/+ 23, and pGL3-1930/ +23), and 20 ng control vector
pRL-TK was transfected into HEK-293 cells for 48 h. Firefly
luciferase and Renilla luciferase were measured using the
Dual-Luciferase Reporter Assay System (Promega, USA)
and Synergy™ H1 (BioTek, USA).

To detect the influence of cAMP inhibitor and activator
on the promoter binding activity of CREM, cAMP, Forsko-
lin, and Rp-cAMPS were used as supplements for testing.
Briefly, HEK-293 cells were transfected with pcDNA3.1-
CREM, pGL3-1004/+ 23, and pRL-TK. After 24 h of
transfection, the culture medium was changed, and those
reagents were supplemented with a final concentration of
50 and 500 pM of cAMP, 50 and 200 uM of forskolin, and
5 and 20 pM of Rp-cAMPS. The control groups were given
the same volume of D-PBS. After 24 h, luciferase activity
was detected.

For determining the crosstalk between cAMP and PKA,
three combinations, including 500 pM cAMP, 100 pM PKA
Inhibitor, and 500 pM cAMP + 100 pM PKA Inhibitor were
set. After being transfected for 24 h, those reagents were
added. The control groups were added the same volume of
D-PBS. Finally, Firefly luciferase and Renilla luciferase
were measured.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was conducted using a Chromatin immunopre-
cipitation Kit (BersinBio, China) following the manufac-
turer's instructions. The mantle sample was cross-linked
with 1% formaldehyde for 20 min at room temperature,
homogenized, and centrifuged at 1,500 g for 5 min at 4 °C.
The chromatin was sonicated to shear into 200- to 600-bp
DNA fragments and detected with 1% agarose gel electro-
phoresis. After centrifugation, the supernatant was collected
and divided into three groups, 0.8 mL for IP, 0.8 mL for
IgG, and 0.1 mL for the Input group. The complexes were
then immunoprecipitated with antibodies against CREM and
normal rabbit IgG at 4 °C for 16 h, followed by incubation
with prepared agarose beads for 30 min. After washing with
wash buffer, the DNA was eluted in the elution buffer, and
then the Input, IP, and IgG samples were incubated at 65 °C
for 6 h. After RNAase and Protease K treatment, DNA was
purified and collected under the manufacturer's instructions.
Finally, the DNA was used for PCR and gel electrophore-
sis analysis. The primer used in this study is presented in
Table S1.

RNAi Experiment

Double-stranded RNA (dsRNA of CREM) was synthesized
by in vitro transcription with a T7 RNAi Transcription Kit
(Vazyme, China) following the manufacturer's instructions.
The primers used for RNAI are presented in Table S1. The
flowchart of the RNA1 experiment is shown in Fig. S1. The
quality of the dsRNA was detected using 1% agarose gel
electrophoresis. One-year-old oysters were used in the RNAi
experiment. The RNAi group (n=40) was injected into the
sinusoid with 60 pg dsRNA (40 pL) each time. The control
group (n=40) was injected with 60 pg dsEGFP (40 pL). The
RNAI experiment lasted for 14 days, and a total of seven injec-
tions were performed at an interval of 48 h. Finally, eight indi-
viduals were collected from each group, and the mantle tissues
were collected for analysis. The efficiency of RNAi was deter-
mined through qPCR and western blotting. Tyrosinase activity
and melanin content were determined as described above.

Ferrous Sulfate Staining

After RNAI exposure, oyster mantle tissues were collected
and treated with Bouin solution overnight, dehydrated in etha-
nol, cleared with xylene, embedded in paraffin, and sectioned
at 5 pm thick. The samples were deparaffinized in xylene and
rehydrated with an ethanol gradient. The sections were stained
with a ferrous sulfate staining kit according to the manufac-
turer's instructions (Leagene, China) (Li et al. 2022). Briefly,
after dewaxing, the sections were incubated with ferrous sul-
fate solution for 1 h and placed in acid—potassium ferricya-
nide solution for 30 min. Finally, the samples were immersed
in neutral red for 3 min. After washing, the sections were
observed under a light microscope (Olympus BX53, Japan).

Transmission Electron Microscopy (TEM)

Oyster mantle tissues were cut into 3 mm blocks and
transferred into Glutaraldehyde (2.5%) at 4 °C. The sam-
ple was washed with PBS for 15 min, dehydrated in ethyl
alcohol in 1% osmium tetroxide for 1 h, then immersed in
propylene oxide and embedded in LR White resin. Slic-
ing, staining, and observation were performed according
to procedures reported previously (Li et al. 2022). Briefly,
uranyl acetate and lead citrate were used to stain ultrathin
sections (60—-80 nm), which were then seen using a JIME-
1200EX transmission electron microscope (JEOL, Japan).

Dopamine (DA), L-Noradrenaline (NA), and Epinephrine
(EPI) Determination

Dopamine, L-Noradrenaline, and Epinephrine belong to

catecholamines, which are metabolites of tyrosine metabo-
lism and signal molecules that activate the cAMP signaling
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pathway. After the knockdown of CREM, we analyzed the
changes in Dopamine, L-Noradrenaline, and Epinephrine
levels using Shellfish ELISA Kits (YanzunBio, China) accord-
ing to the manufacturer's instructions. The method used was
the same as described above in the melanin determination.

Statistical Analyses

All data are presented as the means + SD of at least three
biologically independent experiments. The statistical sig-
nificance of differences between samples was analyzed
using the Student's ¢-test or one-way analysis of variance
(ANOVA) for multiple comparisons (SPSS 20.0). P <0.05
(*) and P<0.01 (**) were considered significant differ-
ences. The different lowercase letters among groups indi-
cated significant differences.

Results

cAMP Regulates Melanogenic Gene Expression
in Oysters

The cAMP level in the mantle tissue of black shell oysters was
higher than that in the white (Jiang et al. 2024b). To elucidate
the role of cAMP in oyster melanin synthesis and pigments, a
cAMP injection assay was conducted. The expression of CREM
significantly increased at 8 h after injection with 1 mM cAMP
and upregulated at 24 and 48 h after injection with 100 pM
cAMP (P<0.05) (Fig. 1A). MITF expression was greatly upregu-
lated at 8 and 24 h after | mM cAMP injection (P <0.05). TYR
and TYRP were also significantly induced by the injection of
cAMP (P <0.05). Correspondingly, tyrosinase activity signifi-
cantly increased at 24 and 48 h after cAMP injection (P <0.05)
(Fig. 1B). The level of melanin in the oyster mantle increased after
cAMP injection, but the difference was not significant (P> 0.05)
(Fig. 1C).

cAMP Activates the Melanogenesis Pathway
and Promotes Melanin Synthesis

The effects of cAMP, cAMP activator (Forskolin), and inhib-
itor (Rp-cAMPS) on the melanogenesis pathway were inves-
tigated in this work. Our results showed that cAMP activa-
tor and inhibitor have distinct effects on the melanogenesis
pathway (Fig.2). cAMP and Forskolin activated oyster mela-
nin synthesis. The transcript level of CREM, MITF, TYR,
and TYRP in mantle cells significantly increased with cAMP
concentration (5—-100 pM) (P < 0.05), while 500 pM cAMP
had no significant influence on their expression (Fig. 2A).
The protein expression also showed an upregulated pattern
after cAMP treatment (Fig. 2D). Forskolin (50-200 pM)
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treatment also increased the expression of CREM, MITF,
and TYR (Fig. 2B & E). Rp-cAMPS (1-10 pM) sup-
pressed the mRNA expression of CREM, CBP, MITF, TYR,
and TYRP, but only MITF, TYR, and TYRP significantly
decreased (P <0.05) (Fig. 2C). Under 1 pM and 10 pM Rp-
cAMPS incubation, MITF, TYR, and TYRP proteins exhib-
ited a down-regulated expression pattern (Fig. 2F).

Meanwhile, we found that cAMP and Forskolin incuba-
tion promote tyrosinase activity in mantle cells (Fig. 2G
& H). Briefly, 10-500 pM cAMP and 50-200 pM Forsko-
lin significantly increased tyrosinase activity (P <0.05)
(Fig. 2G & H). In contrast, Rp-cAMPS significantly
suppressed tyrosinase activity in mantle cells (P <0.05)
(Fig. 2I). The content of melanin also was detected. Melanin
levels in mantle cells were considerably elevated (P <0.05)
by 10-500 pM cAMP and 50 pM Forskolin, as depicted
in Fig. 2J-K. However, melanin levels declined after Rp-
cAMP treatment.

Phylogenetic, Structural, and Expression
Distribution Analysis

CREB/CREM is a crucial transcription factor in the cAMP-
mediated melanogenesis signal pathway. Here, multiple
alignment analysis showed CREM shared high similarities
with other mollusks (Fig. 3A). Oyster CREM contained the
phosphorylated kinase-inducible-domain (pKID) and the
basic-leucine zipper (bZIP) domain (Fig. 3B). The tertiary
structures of CREM were predicted by SWISS-MODEL
(Fig. 3B). The phylogenetic analysis presented that C. gigas
CREM is highly homologous with other bivalves (Fig. 3C).

The oyster mantle is subject to shell and shell colour for-
mation. In this experiment, we analyzed the distribution of
CREM, MITF, and TYR proteins in the mantle (Fig. 4). Pos-
itive signals of CREM protein were observed in the middle
fold, outer fold, and inner fold (Fig. 4A). The distribution of
MITF in the three folds was like that of CREM. The expres-
sion of MITF protein was shown to be higher in the outer
epithelium than in the middle fold, outer fold, and inner fold
mantle, compared to CREM (Fig. 4B). TYR protein was
largely expressed in the epithelial cell of the outer fold and
inner fold, as well as some positive signal in the middle
fold mantle (Fig. 4C). These three proteins all presented a
wide distribution in oyster mantle suggest their roles in shell
colour formation.

CREM Binds to Specific Regions of MITF Promoter

CREM is a transcription factor that should be distributed in
the nucleus. To identify its subcellular distribution, we con-
ducted a subcellular localization assay. Our results showed
that CREM-GFP signals merged with the DAPI signals in
the cell nucleus (Fig. 5B).
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Fig.1 cAMP regulates melanogenic gene expression and tyrosi-
nase activity in oysters. A mRNA expression of melanogenic
genes (PKA, XP_034328358.1; CBP, XP_034303595.1; CREM,
XP_011448192.1; MITF, XP_011447558.2; TYR, NP_001292221.1;
TYRP, NP_001292226.1) at 8, 24, and 48 h after injection with

In this experiment, a Transcription Factor Database
(JASPAR 2022) was used to predict candidate binding
sites of CREM. In the MITF promoter sequence, eight
binding sites were predicted to possess a core sequence
of 5'"-TGACGTCA-3'. We created a few shorter variants
of the MITF promoter by removing sequences of varying
lengths from the distal end to identify the region of the
promoter that promotes CREM-dependent activation. The
dual-luciferase reporter assay showed that transcription
factor CREM interacts with MITF promoters. The
fragments of MITF promoters (-1004/+ 23, -1229/ 4 23,

cAMP at a concentration of 100 pM and 1 mM detected by qPCR.
B Effects of different concentrations of cAMP on tyrosinase activity.
C The change of melanin content in oyster mantle after injection with
cAMP. Values are shown as the mean+SD (n=3). The significant
difference (P <0.05) among groups is indicated by *

-1435/ 423, -1829/+ 23, and -1930/+ 23) exhibited
significant binding activities with CREM. Among
those, the fragment -1004/ + 23 exhibited the highest
activity (Fig. 5B). Promoter fragments of -389/+ 23 and
-167/+ 23 had no binging activity with CREM. These
results indicated that the CREM activation region may be
between -1004 and -389 bp of MITF promoter sequences.
In this region, -1004/-389, there was only one predicted
binding site (-787/-780, 5'-CGACGGCA-3"), so we
performed a ChIP assay using a pair of primers (-586/-
812 bp) containing the predicted binding region. The
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Fig.2 cAMP, Forskolin, and Rp-cAMPS regulate cAMP-mediated
melanin synthesis in vitro. A-C mRNA expression of melanogenic
genes after treatment with cAMP, Forskolin, and Rp-cAMPS at five
different concentrations in oyster mantle cells. Values are shown as
the mean+SD (n=3). The significant difference (P <0.05) among
groups is indicated by *. D-E Protein expression of PKA, CREM,
MITF, TYR, and TYRP after treatment with cAMP, Forskolin, and

ChIP results showed that CREM could bind the promoter
region of MITF from -812 to -586 (Fig. 5E).

cAMP Regulates CREM Transcriptional Activity

In the luciferase reporter assay, various doses of cAMP, For-
skolin, and Rp-cAMPS were set to examine the impact of
cAMP on CREM transcriptional activity. The results showed
that the abundance of cAMP could regulate CREM binding
activity (Fig. 5C). Both adding cAMP (50 pM) and For-
skolin (50 uM and 200 pM) significantly increased CREM
activity (P <0.05). Rp-cAMPS (5 pM), on the other hand,
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dramatically reduced CREM binding activity (P <0.05),
possibly because of competing with cAMP for PKA bind-
ing sites.

Then we analyzed the interactions between cAMP and
PKA in regulating CREM activity. As illustrated in Fig. 5D,
cAMP promotes CREM binding to the MITF promoter,
while the PKA inhibitor significantly inhibits CREM bind-
ing activity (P <0.05). The cAMP + PKA inhibitor treat-
ment showed moderate activity between the cAMP and PKA
inhibitor treatment groups. Collectively, the results indicated
that the binding of CREM to the MITF promoter is regulated
by cAMP-PKA interactions.
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Fig.3 Sequence structure and phylogenetic analysis. A Alignment of
the amino acid sequences of CREM (C. gigas) and nine CREM from
other species. B The functional domain and tertiary structure of oys-
ter CREM. Oyster CREM contains a pKID and a BRLZ domain. The
protein tertiary structure of oyster CREM was predicted by SWISS-

CREM Knockdown Inhibits MITF Expression
and Tyrosinase Activity

Using dsRNA injections, we carried out an RNA interfer-
ence experiment to better understand the involvement of
CREM in the cAMP-mediated pathway of melanin forma-
tion. qPCR was used to measure the interference's efficiency.
The expression of CREM was down-regulated by 71%
compared with the control group (Fig. 6A). Figure 6B-E

A  pap CREM B bpar

Merge

Fig.4 The distribution of CREM (A), MITF (B) and TYR (C) pro-
tein in mantle. Cy3-conjugated Goat anti-rabbit IgG and DAPI were
used to stain the mantle. The blue fluorescent signal represents the
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MODEL. C Phylogenetic tree of CREM. The phylogenetic trees were
constructed using the neighbor-joining (NJ) approach in MEGAX.
Numbers on nodes indicate the bootstrap value, as percentages,
obtained for 1000 replicates

illustrated how CREM knockdown significantly reduced the
levels of MITF, TYR, and TYRP in both mRNA and pro-
tein (P <0.01). Meanwhile, tyrosinase activity decreased in
the RNAi group compared with the control group (P <0.01)
(Fig. 6F).

Our previous study has proven the interaction between
tyrosine metabolism and cAMP-mediated melanin synthesis
(Jiang et al. 2024b). Here, we found that Dopamine and
L-Noradrenaline exhibited a significantly lower level in the

C bparl

Merge

Merge

nuclei and the red fluorescent signal represents the location of target
protein, mf (middle fold), of (outer fold), if (inner fold), oe (outer epi-
thelium)

@ Springer



468

Marine Biotechnology (2024) 26:460-474

RNAI group than the controls (Fig. 6G & H). The con-
centration of Epinephrine had no obvious change (Fig. 6]).
Those results implied an important role for CREM in regu-
lating the expression of melanogenic genes and tyrosine
metabolism.

CREM Participates in Regulating Melanin Synthesis
and Pigmentation

CREM knockdown inhibited melanin synthesis and pig-
mentation. Under laboratory conditions, it is difficult to
observe the change of shell color, because in shell forma-
tion, oysters form cuticles first, and then secrete pigment
to color the shell. After dsSRNA interference for 14 days,
the RNAI group exhibited a low pigmentation degree in the
edge mantle compared with the controls (Fig. 7A). Then we
compared the concentration of melanin in the mantle of the
RNAI group and the control group. A 17% decrease in mela-
nin content was found in the RNAi group which is consistent
with the mantle coloring degree (Fig. 7B).

The ferrous sulfate staining method can stain melanin
into dark brown or black (Li et al. 2023c). As is shown in
Fig. 7C, melanin particles were found in the oyster mantle.
The control group oyster showed quite abundant melanin in
the epithelial cell in the inner fold and middle fold, while
that in the RNAi group was relatively less (Fig. 7C). Moreo-
ver, the melanin granules in the outer fold of the mantle in
RNAI individuals were less than the control.

To understand the influence of CREM on melanocytes
and melanosomes, we conducted a TEM analysis. A great
many mature melanosomes were distributed in the epithe-
lial cells of the control group some melanosomes are about
to be secreted. However, only a few mature melanosomes
were found at the edge of the mantle in the RNAi group.
Most melanosomes in the basement membrane of the control
group were mature and fully colored, while some partially
pigmented or not fully pigmented melanin particles were
found in the RNAIi group (Fig. 7D). The TEM result also
supported the result that the knockdown of CREM by RNAi
inhibits melanin synthesis and pigmentation in oysters.

Discussion

It is believed that molluscan pigmentation and shell
colors are controlled by the nervous system and impacted
by environmental, nutritional, and genetic factors, with
genetics having the most correlation with coloration (Boet-
tiger et al. 2009; Budd et al. 2014). The cAMP regulatory
pathway has been well studied in vertebrate pigmentation
(Ostojic¢ et al. 2021; Li et al. 2023a), but their roles in mol-
lusks are largely unknown. Our previous study has found
a potential cAMP-mediated-melanin synthesis pathway
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in Pacific oysters, which might participate in the regula-
tion of pigmentation. In the current study, we reveal the
important role of cAMP in regulating melanin synthesis
in Pacific oysters. Our study supports that CREM is a key
transcription factor in the cAMP-mediated-melanin syn-
thesis process and participates in the regulation of mela-
nogenic genes and melanin synthesis.

Role of cAMP in Regulating Melanogenesis
in Pacific Oysters

The molecular mechanisms involved in the cAMP regu-
lation of cellular functions have been well studied and
dissected in vertebrates (Jian et al. 2011; Wolf Horrell
etal. 2017). In vertebrates, cAMP plays a key role in the
control of pigmentation (Bertolotto et al. 2001). cAMP
regulates pigmentation by altering genes important for
melanin synthesis (Zhou et al. 2018). A high level of
cAMP intracellularly could upregulate melanin synthe-
sis in melanocytes (Bertolotto et al. 2001; Ostoji¢ et al.
2021). Our previous study revealed that the level of
cAMP in the mantle of black-shell oysters is higher than
in white-shell oysters (Jiang et al. 2024b). Here, we dis-
covered that cAMP injections might increase tyrosinase
activity and the expression of melanogenic genes (CREM,
MITF, TYR, and TYRP) in Pacific oysters (Fig. 1), sug-
gesting that cAMP may be crucial for the manufacture
of melanin in oysters.

To further validate the involvement of cAMP in oyster
coloration, we performed primary cell culture and incu-
bation tests with cAMP, cAMP activator (Forskolin),
and cAMP inhibitor (Rp-cAMPs). Forskolin is an ade-
nylate cyclase activator and cytoplasmic cAMP enhancer
that is used as a promoter/stimulator of melanogenesis
(Arora et al. 2021). Rp-cAMPS, a cAMP analog, is a
competitive antagonist in cAMP-induced PKA activation
(Schmidt et al. 2013). In our results, cAMP inhibitor and
activator exhibited distinct effects on melanogenic gene
and protein expression, tyrosinase activity, and mela-
nin content in oyster mantle cells (Fig. 2). cAMP and
Forskolin promoted melanogenic gene expression and
melanin synthesis. Similar results also were reported in
the previous study, in which forskolin can increase MITF
protein levels and promote melanogenesis (Jian et al.
2011; Arora et al. 2021). Here, we found that a low con-
centration of Rp-cAMPS suppressed the expression of
melanogenic genes, tyrosinase activity, and melanin con-
tent. As previously reported, Rp-cAMPS could inhibit
PKA activity by competing for binding sites with cAMP
at concentrations compatible with its binding affinity
(Schmidt et al. 2013). Our results support the idea that
cAMP could regulate melanogenic gene expression and
melanin synthesis in oysters.
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«Fig.5 CREM regulates MITF promoter activity. A Subcellular localiza-
tion of CREM in HEK293T cells. The blue fluorescent signal represents
the nuclei and the green fluorescent signal represents the location of fusion
protein. B Binding activity analysis of CREM with truncated MITF promot-
ers. The luciferase activity of each construct was compared with RL-TK
transcription activity. C Luciferase reporter assay with pcDNA3.1-CREM,
pGL3-1004/423, and pRL-TK vectors in the presence of different concen-
trations of cAMP, Forskolin, and Rp-cAMPS. D Binding activity analysis of
CREM with MITF promoters under a treatment with cAMP, PKA Inhibitor,
and cAMP+PKA Inhibitor. Data are shown as the mean+SD (n=3). The
significant difference (P <0.05) among groups is indicated by different low-
ercase letters. E The binding of CREM and core region of MITF promoter
was determined by ChIP. IgG from rabbits serves as a control group (IgG
group). The sample without antibody was used as a negative control (input
group). EFI-a was used as endogenous control. Results are detected by PCR
amplification and agarose gel electrophoresis

Transcription Factor CREM Regulates MITF Expression

The cAMP response element binding protein belongs to
the CREB/ATF family, which includes three numbers:
CREB, CREM, and ATF-1 (Muchardt et al. 1990). They

are important transcription factors, serve as the termination
and intersection point of many signaling pathways, and are
involved in cell proliferation, cell cycle regulation, cell dif-
ferentiation, etc. (De Cesare et al. 1999). Our previous stud-
ies have proven that oyster CREM is differentially expressed
in black and white shell oysters (Jiang et al. 2024b). CREM
contains two conservative domains, the phosphorylated
kinase-inducible-domain (pKID) and the basic-leucine
zipper (bZIP) domain (Wang et al. 2018). The DNA bind-
ing of CREM is mediated by its bZIP domain (Wan et al.
2011). Here, multiple alignments and phylogenetic analysis
revealed that oyster CREM shares high similarities and high
homology with CREM from other bivalves. These results
indicate that bivalve CREM exhibits structural and func-
tional similarity and diversity.

The oyster mantle can be divided into two components
according to its position on the shell, the edge mantle and
the central mantle. The edge mantle contains three folds,
the outer fold, middle fold, and inner fold (Wan et al. 2011;
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gene expression and tyrosine 37 = 197 &= 2.09 . &
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mRNA expression of CREM, g b g 1.5 3
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Fig.7 The knockdown of
CREM inhibits melanin
synthesis and mantle pigmenta-
tion. A The change of mantle
pigmentation after RNAi for

14 days and seven injections.
The RNAI group exhibits a
lower degree of pigmentation
than the control group. B The
change of melanin level in oys-
ter mantle after RNAi. Data are
shown as the means+SD (n=38,
*P <0.05). C Ferrous sulfate
staining of melanin in mantle
tissue after RNAi, mf (middle
fold), of (outer fold), if (inner
fold), oe (outer epithelium).

D Transmission electron micro-
photographs of middle fold and
outer fold mantle after RNAI,

Control

nu (nuclei), mv (microvilli). The RNAd
red triangles indicate melanin
particles and the white triangles
indicate partially pigmented
melanin particles
D
Control
/]

Zhu et al. 2022). Generally, the central mantle secretes the
nacreous layer, while the edge mantle is responsible for the
formation of periostracal and prismatic layers and pigmen-
tation (Mao et al. 2019a; Yarra et al. 2021). As mentioned
in previous studies, melanogenic genes are distributed in
oyster mantles (Zhu et al. 2022; Li et al. 2023c). Here, we
found CREM is widely expressed in the oyster edge mantle
and overlaps with MITF and TYR (Fig. 4). Those findings
suggest an important role for CREM in the oyster mantle and
also imply an interaction between CREM and MITF.

It has been reported that the MITF promoter region con-
tains CREB binding sites (Mizutani et al. 2010; Chen et al.
2019b). The activation of the CREB transcription factor leads
to an up-regulation of the expression of MITF (Bertolotto
et al. 2001). In this study, the dual-luciferase assays showed
that CREM has a positive regulatory effect on MITF and
can bind to the MITF promoter region selectively. The ChIP
further proved that CREM could bind to the MITF promoter.
Increased levels of cAMP have been shown to activate PKA
and CREB in melanocytes (Chiang et al. 2014). In this study,
we found that cAMP and Forskolin promoted CREM binding

o

—_ —_ ) )
o W o W
1 1 1 1

Melanin content (pg/mL)
7

Control  RNAi

activity (Fig. 5C). While Rp-cAMP and PKA inhibitor sup-
pressed CREM binding activity to the MITF promoter. As
reported previously, PKA is regulated by changes in intra-
cellular cAMP levels, following the binding of cAMP to the
regulatory subunit of PKA, the catalytic subunit of PKA
translocates to the nucleus, where activation of CREB and
CREM occurs (De Cesare et al. 1999). Therefore, we suppose
that CREM could bind and regulate MITF expression under
cAMP regulation (Fig. 8).

CREM-MITF-TYR Axis Regulates Melanin Synthesis
in Pacific Oysters

The role of CREB/CREM has been well understood in
some vertebrates (De Cesare et al. 1999). Changes in the
expression of CREB are related to tyrosinase activity as well
as melanogenesis. The inhibition of CREB downregulates the
expression of MITF, TYR, TRP-1, and TRP-2 (Li et al. 2023a)
and inhibits melanogenesis (Englaro et al. 1995). In grouper, a
tyrosinase-mediated melanin synthesis pathway, the CREB2-
MITF-TYR-TYRP1 axis, was found to be related to body
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Nucleus
\ .

Fig.8 A proposed model for cAMP-mediated CREM-MITF-TYR
axis in regulating melanin synthesis in Pacific oysters. CREM regu-
lates MITF expression under cAMP regulation. Adenylate cyclase
(AC) transforms ATP into cAMP through a similar mechanism as

colour formation (Yu et al. 2022). However, the role of CREM
in modulating melanogenic genes in mollusks is little known.
In Pteria penguin, a CREB2 was proven as an upstream gene
of MITF, but it only analyzed CREB expression after RNAi
PpTYR (Yu et al. 2018). Our study here demonstrated that
the knockdown of CREM significantly downregulated the
expression of MITF and tyrosinase genes and protein, as well
as tyrosinase activity. A significantly positive correlation
between the gene expression levels of MITF and TYR and
melanin deposition has been demonstrated in mollusks
(Zhang et al. 2018; Mao et al. 2019b; Zhu et al. 2022). In
Meretrix petechialis, a MpMITF2 was highly expressed in
the mantle tissue, and it expressed differently among clams
with different shell colors (Zhang et al. 2018). In P. penguin,
Mitf and Tyr genes were found to be involved in the melanin
synthesis pathway, and the Mitf-Tyr-Yel axis was considered
to exist in the melanin synthesis of P. penguin (Yu et al. 2018,
2020). In this study, melanin synthesis and distribution also
were inhibited following the knockdown of CREM by RNAi
(Fig. 7). Therefore, we suggest that CREM regulates melanin
synthesis by regulating MITF and TYR expression in Pacific
oysters. These findings extend our understanding of oyster
melanogenesis achieved by CREM regulation.

In the process of tyrosine metabolism and melanin syn-
thesis, L-tyrosine is first converted to L-DOPA, and then
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L-DOPA can be further converted to dopamine or DOPA mel-
anin (Chen et al. 2019a). It has been proposed that L-tyrosine
and L-DOPA are not only substrates of the melanogenic path-
way but also possess an important role as positive regulators of
melanogenesis (Slominski et al. 2004, 2012). According to our
previous research (Jiang et al. 2024b), Dopamine
and L-Noradrenaline may act as feedback regulators and take
part in the cAMP-mediated melanogenesis pathway. Here, we
discovered that after the knockdown of CREM, the levels of
Dopamine and L-Noradrenaline also decreased. Low levels of
Dopamine and L-Noradrenaline appear to be the consequence
of CREM's knockdown, which hindered tyrosine metabo-
lism by regulating the expression of TYR and MITF. Taken
together, these findings imply that CREM regulates melanin
synthesis through regulating melanogenic gene expression and
tyrosine metabolism in oysters (Fig. 8).

Conclusions

In this study, we report a cAMP-mediate CREM-MITF-
TYR axis regulating the melanin synthesis process in
Pacific oysters. In the process, cAMP regulates melano-
genesis through the transcription factor CREM activat-
ing MITF expression. CREM and MITF play important
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roles in the cAMP-mediated melanin synthesis pathway,
controlling melanin synthesis by regulating melanogenic
gene expression and tyrosine metabolism. This research
provides new insight into the mechanism of melanin syn-
thesis in Pacific oysters and facilitates the understanding
of bivalve pigmentation and shell colour formation.
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