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ARTICLE INFO ABSTRACT

Keywords: Estrogen related receptors (ERRs) are widely detected in vertebrates and apparently have func-

Cephalopod tions in reproduction. The functions of ERRs in reproduction of invertebrates, especially in

Reproduction mollusk cephalopods, are largely unknown. In the present study, An homologue of vertebrate

Estrogen related receptor ERR gene was first cloned from female Sepiella japonica, an important Cephalopod species in
coastal water of China. Results indicate the S. japonica ERR (sjERR) gene is comprised of 1513
nucleotides, containing a 1389 bp open reading frame, which encode for 463 amino acid (aa)
residues. The deduced sjERR protein possessed six typical nuclear receptors (NR) domains (A-F),
with a DNA-binding domain (DBD) and a highly conserved ligand-binding domain (LBD), com-
pared to the other molluscan ERRs. Results from tissue analyses indicated that sfERR mRNA
transcript abundance was in largest amounts in tissues of the brain, liver, ovary that are possibly
involved in reproduction. The sJERR mRNA transcript abundance was temporally regulated
during the different sexual maturation phases of female S. japonica and was affected by in vivo
administrations of vertebrate steroid estradiol-17f (E2). An in vivo knockdown of sjERR gene
expression resulted in a marked down-regulation in expression of genes involved in ovarian
development, such as Vitellogenin, CDK1, and Cyclin B, indicating there is a possible involvement
of sjERR in reproduction. Both fusion protein transient transfections and immunohistochemical
analyses indicated a presence of sjERR in the nucleus, implying a possible mechanism of action of
the sjERR in the nucleus through activation of specific gene transcriptions.

1. Introduction

Estrogens are closely associated with the development, gonadal differentiation, maturation, and maintenance of the reproductive
system in vertebrates (Lii et al., 2016a). The pleiotropic effects of estrogens are mainly mediated through transcriptional regulation of
target genes by binding to two types of nuclear hormone receptors, estrogen receptor o (ER-a)) and estrogen receptor 3 (ER-f), which
are members of the nuclear receptor super-family (Mitsunagaa et al., 2004). In the nuclear receptor super-family, however, there are
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other estrogen-related putative receptors, for which no known ligands are identified and these are classified as orphan nuclear
receptors, also confirmed to be essential for reproduction (Blumberg and Evans, 1998). Estrogen-related receptors (ERRs) belong to
such orphan nuclear receptors and comprise three members, ERR-a, ERR-f, and ERR-y (Tremblay and Giguére, 2007). Though quite
closely related to the ERs in both amino acid sequences and structure, ERRs do not bind to E2 and have been reported to be either
constitutively active (Greschik et al., 2002) or activated by unidentified ligands (Tarrant et al., 2006). These ERR proteins, however,
can bind to DNA as monomers and in doing so activate estrogen receptor-related receptor response elements (ERREs) with the
extended half-site consensus of TnAAGGTCA (Park et al., 2017), or bind to estrogen-response elements (EREs) containing the re-
cognition motif of AGGTCA as monomers, homodimers or heterodimers (Lu et al., 2001), thus may actually share an estrogen
signaling pathway with ERs by having the common DNA binding sites, and regulating identical target genes in a synergistic or
antagonistic manner (Ouyang et al., 2009). Possible involvement of ERRs in physiological and developmental processes of re-
production has been confirmed in various laboratories for vertebrates (Kraus et al., 2002; Xi et al., 2012). For example, in mice, the
activation of ERRs was associated with an increase in the production of testosterone, as well as an increase in abundance of P450c17
mRNA transcripts and protein in primary Leydig cells (Park et al., 2017). In contrast, the loss of ERRs resulted in reduction of the
number of germ cell number in mouse embryos, indicating there is an involvement of ERRs in the proliferation of gonadal germ cells
(Mitsunagaa et al., 2004). Although accumulating evidence has indicated that ERRs may also be involved in reproduction of in-
vertebrates, such as Arthropoda (He et al., 2010), Crustacea (Liu, 2018) and Mollusks (Nagasawa et al., 2015), the precise functions
of ERRs in the reproduction of invertebrates remains largely unknown.

The common Chinese cuttlefish, Sepiella japonica, is a typical marine invertebrate, distributed in the Indo-West Pacific coastal
waters of China, Japan, Indonesia, and India. It was once one of the four major marine fishery species in China in the 1970s (Wu
et al., 2010). Recently, artificial breeding techniques have been developed, and successful aquaculture techniques have been utilized
for this species in China. Results from a preliminary study indicated there was an abundance of ER mRNA transcript during the sexual
maturation process of S. japonica, indicating there is a function of ER in reproduction (Lii et al., 2016a, 2016b). The possible functions
of ERR in S. japonica reproduction and the mechanism of action remains to be ascertained. In the present study, cDNA clones
encoding for S. japonica homolog of ERR were isolated and the subcellular location of the receptor protein was analyzed by using both
the fusion protein transient transfections and immunohistochemical assays. Furthermore, the tissue-specific profile of mRNA tran-
script abundance for the receptor during gonad development was also investigated using quantitative real-time PCR. The possible
functions of sjERR in the estradiol (E2) signaling and reproduction in S. japonica was also investigated using E2 administration and
siRNA knockdown assays in the present study. The results expand on the knowledge of the molecular mechanism and functions of
ERRs in invertebrate reproduction.

2. Materials and methods
2.1. Sample collections

For ERR cDNA cloning, subcellular localization, and tissue distribution analyses, eight mature adult female S. japonica with a
bodyweight 100-150 g, were collected from a research station in Xishan island, affiliated with the Marine Fisheries Research Institute
of Zhejiang. The ovaries were in the interstitial growth developmental period, based on previous criteria classifications for this
variable (Lii et al., 2016a). Eight tissues of the whole brain, liver, intestine, pancreas, muscle, heart, gill, and ovary from female S.
japonica were sampled after the specimens were killed using anesthesia (anesthetized with seawater containing 17.0 g/L magnesium
chloride).

To evaluate the profile of sJERR mRNA transcript abundance during the reproductive cycle of female S. japonica, four gonadal
development stages were categorized in females using previously developed criteria: oogonium production period, protoplasmic
growth period, interstitial growth period, and trophoplasmic growth period (Lii et al., 2016a). Tissues of the whole brain, liver, and
ovary from eight females were sampled at each of these stages.

For E2 administration and ERR knockdown analysis, adult female S. japonica in the interstitial growth developmental period were
maintained in seawater tanks (around 25 °C) and fed daily with miscellaneous shrimp at the same research station. The in vivo
administration and sampling were implemented according to the detailed procedure subsequently described in this manuscript. All
samples were collected and stored at —80 °C prior to use.

2.2. Isolation and sequence analysis of sjERR

Total RNA extraction and synthesis of first-strand cDNA were conducted using the procedures previously described by Lii et al
(2016a). Partial cDNA fragments of sJERR were amplified using specific primers (Table 1), designed based on the nucleotide sequence
obtained from previous ovarian transcriptome analyses of S. japonica (Lii et al., 2016b). The 3’ and 5’-regions of sjERR were then
amplified using the RACE method with the specific primers designed based on the partial sequence that was ascertained. The PCR
reactions were conducted with the parameters described previously (Lii et al., 2016a). The PCR products were purified and cloned
into the pMD18-T simple vector (TaKaRa, Kusatsu, Japan) and sequenced in both directions.

The open reading frame (ORF) was identified using the NCBI ORF finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).
Potential functional motifs such as N-glycosylation sites, phosphorylation sites, zinc finger domains, DNA-binding domain (DBD) and
ligand-binding domain (LBD) were analyzed using the PROSITE database (Expert Protein Analysis System; Swiss Institute of
Bioinformatics; http://myhits.isb-sib.ch/cgi-bin/motif_scan). The nuclear location signal (NLS) was analyzed using the NetNES 1.1
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Table 1

Nucleotide sequences of primers and siRNAs used.
Primer name Sequence (5'-3") Application
ERR-F TCATTATGGTGTGTCGTCAT cDNA fragment cloning
ERR-R CATTGCTATCAGGAGTAACATC
5'R-ERR-F CACGGTCTGCAAGGTCTGAAACAA 5'-RACE
5R-ERR-R CACCTTCTCGTAGCATGCCTACACT
3R-ERR-F ACAGCATTCATGGCTTGAGA 3-RACE
3R-ERR-R AATCACCAGTCTTGGCGTAA
q-ERR-F CAGACCTTGCAGACCGTGAACT Real-time PCR
q-ERR-R GGTTGTCCATCTCAGGTGAGCA
Vg-F CACCTGCGACTGAACCTAAA qPCR for Vg
Vg-R CAAGACGCTCAAGCAACATG
CDK1-F AACCTCACTACCAGACTACA qPCR for CKD1
CDK1-R GTCCAAGACAGGAATCAGTT
Cyclin-B-F CTAATGGTGACTGGACTGAT qPCR for Cyclin-B
Cyclin-B-R GTATGCTGCTTATCTTGTAG
siRNA_ERR- sense CCUACAGCAUUCAUGGCUUTT RNA interference
siRNA_ERR- antisense AAGCCAUGAAUGCUGUAGGTT
negative control- sense UUCUUCGAACGUGUCACGUTT RNA interference
negative control- antisense ACGUGACACGUUCGGAGAATT
B-actin F GCCAGTTGCTCGTTACAG Real-time PCR
B-actin R GCCAACAATAGATGGGAAT

Server (http://www.cbs.dtu.dk/services/NetNES/). The secondary structure of the ERR protein was predicted using SOPM(https://
npsa-prabi. ibep.fr/cgi-bin/npsa_automat.pl? page = npsa_sopm. server. Html). Sequence alignments based on the amino acid se-
quences of known ERRs were determined using Clustal X 1.81. Phylogenetic trees were constructed using the Neighbor-Joining
method with a bootstrap test of 1000 replicates implemented in the MEGA version 5.2 (Kumar et al., 2008).

2.3. Subcellular localization of sjERR

To investigate the subcellular localization of sjERR, the full-length ERR gene was amplified from a pMD18-T/sjERR vector with
specific primers containing Hind III and BamH I as adapters. The resulted ERR PCR products were digested at Hind III and BamH I
sites, and cloned into pEGFP-N1 vector to generate sJERR-pEGFP. The recombinant plasmids (sjERR-pEGFP) as well as pEGFP-N1
(negative control) were transfected into HEK293 T cells using lipofectamine 2000 (Invitrogen) according to the manufacturer's in-
structions. Cells were incubated at 37 °C for 4 h, and cultured with fresh medium. After fixing with 4 % paraformaldehyde for 20 min,
cyto-membrane staining was conducted with 1:1000 diluted Dil for 20 min and nuclei were stained using DAPI for 10 min, at room
temperature. The cells were visualized using a digital confocal microscope (Leica TCSSP5, Germany). Separate images at 405, 488,
and 549 nm were obtained and presented as merged images.

An immunohistochemical assay was also conducted to investigate the subcellular localization of sjERR. Fresh cuttlefish tissues of
the liver and ovary were collected, and immersion fixed overnight in 4 % paraformaldehyde. Fixed tissues were sequentially de-
hydrated in the ascending ethanol series (70 %, 95 %, 100 %) and were subsequently cleared using xylene. The samples were
embedded in paraffin, sectioned at a 5pum thickness, and mounted on glass slides. The slides were incubated with 3 % H,0, for
10 min and were incubated with a rabbit antibody of anti-sjERR (diluted 1:1000 in 3 % BSA; Pufei Biotechnology Inc., China) for 2h
at room temperature. Samples were then incubated with biotinylated goat anti-rabbit secondary antibody (Vector Laboratories Inc.,
USA) for 30 min. Sections were washed and stained with the ABC reagents (Pufei Biotechnology Inc., China) for 20 min and observed
using the microscope.

2.4. Tissue distributions and patterns of sJERR mRNA transcript relative abundance during ovarian development

The profiles of sJERR mRNA transcript abundance in different tissues and different sexual maturation stages of females were
determined using quantitative Real-Time PCR (qRT-PCR). Total RNA extraction and cDNA synthesis were performed as previously
described. Specific qRT-PCR primers used for sjERR are also listed in Table 1. The qRT-PCR was conducted using the parameters, as
described previously (Lii et al., 2016a). For standardization of the data, 3-actin was used as the internal reference gene in all of the
experiments. The relative mRNA transcript abundance was calculated using the comparative Ct method 27T (Livak and
Schmittgen, 2001). The relative mRNA transcript abundance in one randomly selected tissue was set at 100 % and the relative
abundances in all the other tissues were expressed as a percentage relative to that of the selected tissues.

2.5. E2 regulation of sJERR mRNA transcript abundance

To investigate the effect of E2 hormone regulation on sjERR mRNA transcript abundance of S. japonica, 50 ul, and 100 ul 1 x 10>
M vertebrate E2, dissolved in 0.9 % saline were intravenously injected using the procedure described by Gore et al (2005), into
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female cuttlefish of two groups maintained in separate tanks, with 12 females in each group; and 100 pl 0.9 % saline was injected into
one control group, with 12 females in the group. The liver, brain and ovarian tissues from individuals in each group were sampled
48 h post-hormone administrations. Total RNA extraction and ¢cDNA synthesis were performed, and the qRT-PCR was conducted
using the procedure that was previously described. The sjERR mRNA transcript profile after E2 administration to cuttlefish was
compared to that of the control.

2.6. siRNA knockdown analysis of SJERR

To investigate the possible functions of sjERR in S. japonica reproduction, a highly effective dsRNA (sequences shown in Table 1)
was selected to knockdown the ERR in females to examine its impact on mRNA transcript profiles of Vitellogenin (VG), cyclin-
dependent kinase 1 (CDK1) and Cyclin B genes known essential for ovary maturation. There were 100 ul 2 x 10 M dsRNA, dissolved
in DEPC water intravenously injected into 12 females (Group I); 100 ul 2 X 10°M negative control-dsRNA (NC-dsRNA), dissolved in
DEPC water was intravenously injected into 12 females (Group II); and 100 pl 0.9 % saline were injected into 12 females (Control
Group). Total RNA extraction, cDNA synthesis, and qRT-PCR were conducted using the procedure previously described in this
manuscript. The abundance profiles of VG, CDK1 and Cyclin B mRNA transcripts, as well as sjERR mRNA transcript, in sjERR
knockdown cuttlefish in Groups I, was compared to that of Groups II as well as to that of the Control group.

2.7. Statistical analysis

Statistical analyses were performed using SPSS 14.0 software, and data are presented as the mean *+ standard deviations. Data
obtained from the qRT-PCR analysis were analyzed using a one-way analysis of variance (ANOVA). Differences among groups were
considered significant at P < 0.05.

3. Results
3.1. Isolation and characterization of sfERR cDNA

The full length of the sjERR cDNA sequence was 1513 bp. The ORF was 1389 bp, encoding 463 amino acids (Fig. 1; GenBank
accession number: MG518633). The deduced sjERR protein contained two typical N-glycosylation sites, seven protein kinase C (PKC)
phosphorylation sites and two nuclear localization signals (NLS), as depicted in Fig. 1. Six typical domain organizations, char-
acteristic of the nuclear receptor gene family were also identified, initiating from the N-terminal A/B domain, subsequently followed
by the DNA-binding C domain, hinge D domain, and ending with the ligand-binding E/F domain (Fig. 2). The DNA-binding C domain
of sjERR contained the classical eight cysteine residues, which were integral in the formation of one C4 type (two domains) zinc
finger. Following the zinc finger domain, there was a T and an A box domain, which have been verified to be essential for monomer
binding between ERR and ERREs or EREs sites of vertebrate DNA. At the C terminals of E/F domains, a ligand depended trans-
activation function motif (AF-2) was present. A comparison of sjERR amino acid sequences with that reported for other species
indicated there was a large amount of homology between sjERR and ERRs from mollusk species, with the greatest identity (98.3 %)
between sjERR and that of Sepia latimanus, a species that belongs to the same cephalopod class. There was a much lesser homology
between sjERR and ERRs of non-mollusk species with only 41.2 % identity between the sjERR and human ERR-y. The sequence
homology of ERRs between species, however, varied between domains, with A/B, D and E domains having the most divergence
between species. In contrast, comparatively, there was greater conservation in the C domains between species, with sjERR having an
86.8 % identity with human ERR-a in the C domains. There were 11 putative a-helices (proposed by analogy with mammalian ERRy;
Greschik et al., 2002) dispersed along the E domain (LBD) in sjERR, which is consistent with that typically reported to be present in
vertebrate ERRs (Fig. 2).

3.2. Phylogenetic analysis of sjERR

A phylogenetic tree was constructed with Mega5.2 by using amino acid sequences of sjERR and other ERRs from diverse taxa of
Insecta, Crustacea, Gastropoda, Cephalopod, Bivalve, Teleost fish, birds, and mammals, already deposited in GeneBank (accession
number shown in Fig. 3). The results indicate there were basically three groups of ERRs: Arthropoda ERRs, Mollusk ERRs, and
Vertebrate ERRs, with Arthropoda ERRs more closely related to vertebrate ERRs. The vertebrate ERR clade was further divided into
three sister groups, represented as ERR-a, ERR-f, and ERR-y, with ERR-a being a more basal lineage and ERR- and ERR-y isoforms
more closely related. In Mollusc, sjERR clustered with other identified molluscan ERRs and was more closely related to the cepha-
lopod cuttlefish and octopus ERRs, compared to bivalve and gastropod ERRs, reflecting the slight ERR divergence among mollusks.

3.3. Subcellular localization of sjERR

Both fusion protein transient transfection and immunohistochemical analyses were used to analyze the possible subcellular lo-
calization of sjERR. With use of the transient transfection assay, there was a large amount of green fluorescence signal in a substantial
proportion of transfected cells after 24 h of transfection (Fig. 4). As expected, green fluorescence was exclusively detected in the
nucleus, indicating the nuclear receptor localization of sjERR. The nuclear receptor localization was further verified with
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1 GGGGGGGGGGTGQIECGCAGACCAAAGCGAAGGGTCGTGTGCAACTCTAATGCTAGATGGGATGTAAGCTGGCGATTTTCGAGTGCAAACCCCCCGACTACGAGAAACACAATTTTAAAT
1 MRRPKRRVVCNSNARWDVSWRTFSSANPPTTRNTTILN
PKC PKC
121 AATCGACGGATGGAGACAGAGCTGGTAAAGTGTGAACCAAACAGCCCTTTGGGCCTGGGACGTTGCGCTGTCCAAGTTCTTGACGACAACTTTCGACGTGATGTTTTTTCCGACTACAGT
37 NRRMETELVKCEPNSPLGLGRTCAVQVLDDNTFRRDVFEFSDTYS
241 GGTCATGATGATTATGGATCAGACCGGTCTTACCAGGGCGACAGCGGTGATAATATATCTCCATGCAGCAATGATGTTAAACCAGACTTTAGCACAACTGCTATGATCTCTGACCAGGAG
7 GHDDYGSDRSYQGDSGDNTISPCSNDVKPDFSTTAMTISDAQE
PKC
361 AATCCAGATGGAAGCAAGAAGATTTGCTTAGTTTGTGGTGATGTGGCATCTGGATATCATTATGGTGTGTCGTCATGTGAGGCGTGTAAAGCCTTTTTTAAGAGAACTATTCAAGGTAAT
117 NPDGS KK TICLVCGDVASGYHYGVSSTCTEA CI K AFFKRTTIQGN
PKC NLS
481 ATAGAGTACTCATGCCCTGCCAACAGTGACTGTGAAATAACGAAACGACGTCGAAAGGCATGTCAAGCATGTCGATTCCAGAAATGCCTAAGTGTAGGCATGCTACGAGAAGGTGTTCGG
157 I EYSCPANSDC CETITEKRRREKA|CQACRFQKT CLSVGMLTRETGVR
PKC
601 TTAGACAGAGTACGTGGAGGTCGTCAGAAATATAAACGCAGTCCGGATTCACAACCT TTAACACAGTATCCAATTCATTCACAGACAATTATTAAGAAGTCATGTTTGGAACGTTCAGAC
197 L D IR VR GGRQKYKRSPDSQPLTAQYPTIHSQTTITITZEKTZ KT ST CTLE IR S D
NLS
721 AGCAAAATCATGGAGTCTCTCCTGGCCATTGAGGCACAACTGGATAAGCTGTATGCATCCCCTGATCCAGAAATACCAGAAAATGAGGTTAAATTCATGTCCATTGTTTCAGACCTTGCA
237 S K I MESLILAIEAQLDE KTLYASPDPETPENEVKTFMSTIUVSDTLA
841 GACCGTGAACTGGTTGTCACTATCAGCTGGGCAAAACAGGTGCCAGGATTTGCCAGTCTTCCCCTGGGTGACCAAATGAATCTCCTACAGCATTCATGGCTTGAGATCTTATGTCTGAAC
277 DRELVVTISWAKAQVPGFASLPLGDA QMNLTLA QHSWLETTLTCTLN
961 CTTGCTCATCGATCCTGTCCTTACAACCACTTCTTGAAGTTTGCAGAAGATTTCAAAATTGACCAAGAACAAGCAGCAAATACATATGGTTGCTCACCTGAGATGGACAACCTTAGCCGG
317 LAHRSCPYNHTFTLTI KTFAEDTFTZ KTIDAQQE®QAANTYGCSPEMDNTLSR
GLY
1081 AAACTCGCCAGTAAAATCACCAGTCTTGGCGTAACAAAAGAAGAATATATACTTTTGAAGGCCTTAATACTTTGCAACCCAGATGTTACTCCTGATAGCAATGAATCAGTGAAGCAACTA
357 KLASKTITSLGVTI KEEYTTLTLIE KALTILCNPDVTPDSNETSUVEKA QL
PKC
PKC GLY
1201 CAGGATGAATTCCATGATACACTGATTGAATATGTGAAAACAAAACACACAGGAAACATGAGACGACTTGGCCACTTGTTTATGCTGCTGCCGCATCTGACACATGTCAAGCTGCTTGCA
397 Q DEFHDTLTIEYVEKTZ KHTSGNMRRLGHLTFMLLPHLTHVEKTLTLA
1321 CGGCAATATTGGTTTGATGTGAAGAAAGATGGAAGAGTCATCATGCACAAGTTATTCCTTGAGATGCTTGAAGCAGACTCTZEéTGGCACTCTAGGGGATTAAGGAATGGAAAAATAATC
437 RQYWFDVKEKDGRYIMHIKTLTFTLTEMLEHATDS *
1441 TAAAATGTAGATTAGTAAATAATGAAGCAAGTTCCTAGTGGAGAAGAAAAACAAACCAACCAAAAAAAAAAAA

Fig. 1. Full-length ¢cDNA and deduced amino acid sequence of sjERR; Initiation codon (ATG), the stop codon (TAG) and the N-glycosylation site
(GLY) are underlined; nuclear localization sites (NLS) and protein kinase C phosphorylation sites (PKC) are indicated by boxes and open gray boxes;
Three amino acid residues corresponding to Glu®*®, Arg®**, and His®** in human ER-a essential for recognition of estradiol are indicated with
asterisks (*); Numbers on the left refer to the position of the nucleotides and amino acids.

immunohistochemical analysis, using primary and secondary polyclonal antibodies incubated with ovarian and liver tissue sections
of S. japonica, with the immunostaining signal mainly detected in the nucleus (Fig. 5).

3.4. sJERR mRNA transcript abundance in different tissues at different ovarian developmental stages

The relative abundance of sjERR transcripts was analyzed in various tissues of female S. japonica. The results indicate the sjERR
mRNA transcripts were present in all tissues examined (Fig. 6). Relatively greater abundances of sjERR transcripts were detected in
the brain, liver, and ovary that are tissues recognized as being important in reproductive functions. There were temporal variations of
the sjERR mRNA transcript relative abundances during the different sexual maturation phases of female S. japonica, with there being
relatively smaller abundances of the sjERR transcripts at the oogonia phase (Fig. 7), whereas there were markedly greater (P < 0.05)
relative abundances of the sjERR transcripts during protoplasmic growth and interstitial growth phases, which is consistent with the
periods during which there is rapid ovarian development, and there was a subsequent decrease during the trophoplasmic growth
phase when the ovary is fully mature. The fluctuation of sjERR relative abundances of mRNA transcript correlated with the ovarian



Z. Lii, et al. Animal Reproduction Science 211 (2019) 106231

' A/B domain

Sepiella japonica

Sepia latimanus
Mizuhopecten yessoensis
Marisa cornuarietis
Biomphalaria glabrata
Pomacea canaliculata
Camponotus floridanus
Macrobrachium rosenbergii
Oncorhynchus tshawytscha

- LGRCAVQVILDDNFRRDVFSDY S GHD
.LGRCTVQVLDDNFRRDVFSDYSGHD|

SDRSYQGDS . . GDNISPICSN.DVKPDFST.

D
D)
... SRCPQINLDE|/SF SROFFADYP TQDJE
. LSRCSQPNLED|SIFPRDVFAYDP SHD/D)
E
E
el

]
=

I MSDDFLTPVDSPPSNEETDDSNLAYRLGTLWAGMDLDT
............. MLDADSDVEDASIAYHLGTLWSSMDVD. T[T
.DAWMYDVVCMMSDATTES....MIGNNR........ TMP N[IK]|
LIIKVCMMSGGGSGGEGGPGVGH!KQEDGGYPTP!PTNH
 MASPVVYCHVRLFSLRSAPPKLRYGTPHVSFSSRER.

R

- SRCPQT|TILDE| FSRDFF}\DYPTQD
.TPTQN.[YQVC]
.CSSPNT(TALY| PSTTAIPSELDYS

o
3

c|

5O 660
70 B B O O

]

.GGGGRAISPGGAISSDSSQSGGGGTRIGD)

HH

Podarcis muralis ceee E | .. .DSLAQH[S[PSG] 63
Pipra filicauda MDISELCISDPLGYRNQLLGRMATEERHLSSSCGSF/IKTERSSSSGIDAISHESPSG 103
Rattus norvegxcus AARRGGAAGGGGPRSPRRSGPLGPHACPPALPEPKVTSTMSSQVVG .IEPL E I S|P K G| . [ElP| . . 99
HOMO SBPAENS  oeii e MSSQVVG. ..IEPLYIKAEB) DlslPKG| .[EPPPIVALAPGBAPTR. CLPGHKEEEDGEGAG. . 60
— | <eCdomain - | <2 domain
Sepiella japonica . .TAMIS.DQENPDGSKKI[SAIIED VAREYEREEVs EIFICTEN T E T JIEGVRLDRVRGGRQKY| SQPLTQYPIHSQTI| 232
Sepia latimanus BSCEARIKAFFKRTIQG] EGVRLDRVRGGRQKY] SQPLTQYPIHSQTI| 193
Mizuhopecten yessoensis BSCEAMKAFFKRTIQG] IEGVRLDRVRGGRQKY] SLSQPLIQPILP.M 192
Marisa cornuarietis E|SCEARKAFFKRTIQG \F R ! EGVRLDRVRGGRQKY] INQSA .MVQPVVS . V] 194
Biomphalaria glabrata B|SCEAGKAFFKRTIQG] EGVRLDRVRGGROQKY| ICQTH.VQPVLPV.V|IKKSCI 229
Pomacea canaliculata RsCEARKAFFKRTIOG 3 EGVRLDRVRGGRQKY| SQIT.MVQPVVS . V] 216
Camponotus floridanus QSCEAMKAFFKRTIQG IWNEGVRLDRVRGGRQKY] P..... YTPVKSATLE 206
Macrobrachium rosenbergii QSCEAMKAFFKRTIQG] EGVRLDRVRGGRQKY) SPFSMHQMPVKK}\S‘ 230
Oncorhynchus tshawytscha TGSGGGRCKYALSTLP) [SCEAMKAFFKRTIQG EGVRLDRVRGGROQKY| VENATYQS..TP LPLR . 228
Podarcis muralis .DEPPGRGKYMLSAMP ISCEAMKAFFKRTIQG] INEGVRLDRVRGGRQKY] (VEGATYPS. AFVT}PQIATA 187
Pipra filicauda MEDSPTKCEYMLNAIP s CEAMKAFFKRTIOG NEGVRLDRVRGGRQKY| SESSTYLS..LOIPBE|..... 24
Rattus norvegicus . SGEQGSGKLVLSSLP| ISCEAMKAFFKRTIQG] EGVRLDRVRGGRQKY| (VDPLPFPGPFPAGPLJAVAGG 225
Homo sapiens .PGEQGGGKLVLSSLPKRLSNLED VALIEY ;S EelVIA EIPFNC NP PSSP el ISEGVRLDRVRGGROKY] VDPLPFPGPFPAGPLJAVAGG 186
P
-
HS H6
Sepiella japonica IK[T ENEVKFM N MFRERFKIDQEQAANTYG 346
Sepia latimanus IK| INE| N FIERF K[IIDQEQAANTYG 319
Mizuhopecten yessoensis K| IN|ID EMRIF|T| IN| IR[F QMT . ADECKKCQ 306
Marisa cornuarietis IK| DD DV KIF|R] N| . 307
Biomphalaria glabrata IK| - D|TDVKIFM, . 341
Pomacea canaliculata IK| DD DVKIF R P . 329
Camponotus floridanus K E(T DOKVIL o 3
Macrobrachium rosenbergii K| ID|T D|Y L{T|T| T|IID 338
Oncorhynchus tshawytscha i DIT A[QR|TIL| LD 3492
Podarcis muralis IT| D|s PAKAR LD 301
Pipra filicauda K Els DITKAL f IMD 336
Rattus norvegicus DG H[L P|A/ :HnHuVLD . 338
Homo sapiens DDic HLP/AW] LAFERLVILD . . EEGARAA 300
—
H7 H9 H10 H11
Sepiella japonica csPEMDNs RKLASK]I T sEGVT ICRIPD|- Mz Djs NE s VK oo DlEF|HD| TR IE Y VK TKHT . . . . GNMRRLGHHFM THVKLLARQYWE 463
Sepia latimanus CSPEMDNLIS RKLAISKI T S|LGV|T} ICRIPD|. V|T|P D|S NG SV[K T KTKHT....GNMRRLGHLFM THVKLLARQYWF 436
Mizuhopecten yessoensis CSPELDNLTRKLAKKEF TN T ICNID|- VV[IENSEAVR WIDYVKSRYA. . . .GNLRRLGHLYL THIKLLAKOQYWE 4
Marisa cornuarietis IPLELD S[LTRK[LCKKIF T Y[LGV|S JCRIID|. VIVVETGETV[RGL {“H IKARHC....GNPRRLGOLFL THIKLLAKQFWE| 424
Biomphalaria glabrata FPTELD LILIL RK|L CIKK|F T HL| T ICIT IAELGECV|SHLIODIC L KSVFG. ...PNTRRLGOQLF[L THIKLLAKQFWY] 458
Pomacea canaliculata IPPELDNLTRKVCKMEF T SLIGV|S| ICIT IMVEITWE TVRG[L ICIKVRHC. . GNPHRLGHL{Y|F| INHIKLLAKQFWE| 446
Camponotus floridanus HCMELY THIC IQIVERIQR| T ARISD[E P QALY RIF|R| I L AAVRP. GQALRATQNMFL [RQADGIVIRRFWS| 432
Macrobrachium rosenbergii NATEL[F T/Q[VLGVVERILEQC|S/I|N] TfYsip|. WRIL olp N0 ALIo RILRIOIN{T|LlolABEDITVATORL . . . RDGV[VOMQS[LILIL RAADAALRRYWI 457
Oncorhynchus tshawytscha GLTELNAAIISQLARRFRS[LOLD T YTEDMEAVOKLRDILLHOTILEMECORKP . . . . EDPORVGRILL RQTAGRALTTFY| 463
Podarcis muralis GLLEL(SGV|VLQLVRKIY R RILIE EDMAANQ E[YEASRRP....EEPRRAGRLLL [RQTATRV|LHHF 420
Pipra filicauda GLLELYLAIT LOLVRRY KKLKVE EDMDAV|QKL Ev = YELSQRN. . ..EEPRRAGKTLLIL ROTAAKAVOHFY] 454
Rattus norvegicus GLGPDLGAALLOLVIRRLQALRLIE] EDAE E E el [EYEAGRAGPGG ERRRAGRILILIL [RQTAGKV|LAH| 461
Homo sapiens GLGELGARAILLOLVRRLQALRLE! [TEpAEAVE oL WsEAMrEyEAGRAGP GGGAERRRAGRIL] RQTAGKVILAHF Y] 23
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Fig. 2. Aligned deduced amino acid sequence of ERR in S. japonica with that of cuttlefish (S. latimanus; MH508244), scallop (M.yessoensis;
XP_021379968.1), ramshorn snail (M.cornuarietis; ABI97120.1), planorbid snail (B. glabrata; XP_013080349.1), golden apple snail (P.canaliculata;
XP_025103397.1), Florida carpenter ant (Camponotus floridanus; XP_011267688.1), shrimp (Macrobrachium rosenbergii, AOY10609.1), salmon
(Oncorhynchus tshawytscha; XP_024252699.1), lizard (Podarcis muralis; XP_028565958.1), Manakin (Pipra filicauda; XM_027739497.1), human
(Homo sapiens; XP_016872802.1); Gaps (-) were introduced to optimize the sequence alignment; Important regions/residues are indicated as follows:
the six domains of ERR (A-F domains) by bracketing arrows, AF-2 site, T-box, A-box, and eight cysteine residues of zinc fingers and the helix domain
by the black bracket.

developmental phases may indicate a possible involvement of sjERR in the reproduction of female S. japonica.

3.5. E2 regulation of sfERR mRNA transcript relative abundances

To analyze whether sjERR gene regulation, as determined by mRNA transcript abundance, is involved in E2 signaling, the re-
sponse of SJERR gene expression to in vivo E2 administration was investigated in brain, ovarian, and liver tissues of female S. japonica.
The results indicate both amounts (50 and 100 pl) of E2 administration induced an increase in sfERR mRNA transcript relative
abundance in all three tissues of female S. japonica, however, only in the ovary was the effect statistically significant (P < 0.05;
Fig. 8). These results indicate sjERR is possibly involved in E2 signaling in cephalopods which occurs in many vertebrate species.

3.6. Effect of sjERR knockdown on ovarian gene expression

To assess whether the sjERR protein functions in the reproduction of female S. japonica, a sJERR knockdown study was conducted
in vivo using the RNAI technologies. The results indicate sjERR knockdown in vivo led to a decrease in the relative abundance of sjERR
mRNA transcript in the brain, liver, and ovary of female S. japonica (P < 0.05; Fig. 9). Meanwhile, this experimental approach also



Z. Lii, et al. Animal Reproduction Science 211 (2019) 106231

ERRbeta Pipra filicauda XP_015143195.1

g7 | ERRbeta Corapipo altera XP_027493631.1
EERbeta Aptenodytes forsteri XP_009279003.1
EERbeta Podarcis muralis XP_028574920.1

93/l ERRbeta Chelonia mydas XP_027682360.1 ERRB
ERRbeta Homo sapiens AAC99409.1

100 | ERRbeta Sus scrofa ALS35336.1

ERRbeta Kryptolebi XP_{ 1

931 ERRbeta Oncorhynchus tshawytscha XP_017265617.1

ERRgamma O hawytscha XP_024276257.1

EERgamma Kryptolebias marmoratus XP_013872664.1
ERRgamma Corapipo altera XP_017668284.1
ERRgamma Chelonia mydas XP_008177297.1
ERRgamma Podarcis muralis XP_028580467.1

100| ERRgamma Aptenodytes forsteri XP_0092751112
ERRgamma Pipra filicauda XP_008177296.1
ERRgamma Homo sapiens NP_001127757.1
ERRgamma Sus scrofa AL§35337.1

ERRalpha Kryptolebias marmoratus XP_017268154.1
ERRalpha O Y XP 1

ERRy

100

100 ERRalpha Homo sapiens XP_016872802.1
ERRalpha Sus scrofa ALS35334.1 ERRa, Vertebrate ERRs

ERRalpha Chelonia mydas XP_027688314.1

100 ERR Papilio xuthus XP_013170855.1
ERR Helicoverpa armigera XP_021196875.1 Illsecta
ERR Acromyrmex echinatior XP_011057174.1

100 ERR Camponotus floridanus XP_011267688.1

10 ERR Macrobrachium rosenbergii A0OY10609.1 Alﬂn‘opoda ERRs Invertebrate ERF

100 ERR Eriocheir sinensis AXU37748.1 Cl‘ustacea
100 || ERR Scylla paramamosain ADB43256.1

86L ERR Portunus trituberculatus AIS76179.1

ERR Marisa cornuarietis ABI97120.1

ERR Pomacea canaliculata XP_025103397.1
ERR Lottia gigantea AGG68283.1 Gastropoda
ERR Biomphalaria glabrata XP_013080349.1

91 ERR Octopus bimaculoides XP_014789866.1
w atimanus MH508244 Cephalopoda Mollusk ERRs
ERR Sepiella japonica MG518633 @
100 | ERR Crassostrea virginica XP_022328830.1
[ ERR Crassostrea gigas XP_011414547.1 .
100 ERR Mizuhop y XP_021379968.1 Bivalve
ERR Mytilus edulis BAF343652

—_
0.05

Fig. 3. Phylogenetic tree based on amino acid sequences of ERRs from 28 species deposited in GeneBank; a.
Accession number of each amino acid sequence used is provided following the latin name of the species; The tree was constructed using the MEGA
5.2 program by neighbor-joining method with a bootstrap of 1000 replicates.

resulted in down-regulation of the vitellogenin, CDK1, and cyclin B gene expressions (P < 0.05; Fig. 10), that are integral for
vitellogenesis and oocyte maturation, further indicating the function of sjERR proteins in ovarian development and reproduction of S.
Jjaponica.

4. Discussion

Three paralogous genes, ERR-a, ERR-B, and ERR-y, have been identified in vertebrates, except for fish, in which there is an
additional diversity of ERR genes (Bardet et al., 2004; Tarrant et al., 2006). A genome duplication (Tarrant et al., 2006; Postlethwait
et al., 2004) has been proposed to account for additional ERR diversity within vertebrate lineages (Bertrand et al., 2004). In mollusks,
however, only one type of ERR has been defined (Bannister et al., 2007, 2013; Nagasawa et al., 2015). In the present study, cDNA
clones encoding for the homolog of ERR were isolated from S. japonica using degenerate primers. Again, there was only one type of
ERR detected. This, however, is the first complete ERR gene identified in cephalopods.

The deduced sjERR protein had six nuclear receptor domains (A/B, C, D, E/F domains), which were typical for ERRs. The highly
conserved C domain (also known as DNA-binding domain, DBDs), included two zinc-finger motifs, a T and an A box, which are
essential for monomer binding (Wilson et al., 1993), and the highly conserved E domain (also known as ligand-binding domain,
LBDs), including AF-2, which is essential for transcriptional activity of ERRs. These findings lead to the suggestion that there is an
orthodox working mechanism of sjERR by binding to DNA as monomers, homodimers or heterodimers to activate specific gene
transcriptions. Any mutation in these regions, therefore, may lead to failure of binding to target sites of DNA or have negative effects
of gene transcript activation as compared with wild-type ERRs (Bardet et al., 2004; Huppunen et al., 2004). Such an orthodox
working mechanism was further evidenced by the presence of NLS in the sjERR and the latter fusion protein transient transfection and
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Fig. 4. sJERR-EGFP fusion protein in HEK293 cells; (A) ERR was localized in the nuclei of HEK293 cells; (B) Nucleus of cells stained green with ERR-
EGFP; (C) Nucleus of cells stained blue with DAPI; (D) Plasma membranes of cells stained red with Dil. Nucleus and the plasma membrane indicated
with white arrows in B-D (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. 5. Immunohistochemical analysis by incubating sjERR polyclonal antibody against tissue sections of S. japonica; A. Immunohistochemical
analysis in ovarian tissues; B. Inmunohistochemical analysis in liver tissues; Nucleus (N) and the plasma membrane (M) indicated by black arrows.

immunohistochemical analyses, indicating there is a nuclear receptor feature of sjERR and a possible function that is mediated
through DNA binding and gene transcription activity in the nucleus. Such an sjERR function, however, is not likely mediated through
a ligand-dependent function, because there are three amino acid residues that are essential for recognition of estradiol (Glu®3,
Arg®**, and His®>>*) by ERs (Kallen et al., 2004) that have been replaced by Ala?’® in helices 3, Met>®! in helices 7, and Trp**® in
helices 11 in sjERR. The His®** is absolutely essential for E2 binding as a result of forming a hydrogen bond with the 17-hydroxyl
moiety of E2, and a replacement of much bulkier amino acid residues, such as Trp that would preclude the binding of E2, which has
long been recognized in ERs (Baker and Chandsawangbhuwana, 2007). The replacement of Glu®**® by Ala instead of Phe, an amino
acid residue essential for constitutive activation of ERRs, would abolish its constitutive activity, as has been verified in the human
ERR-a (Chen et al., 2001). Whereas, Kallen et al (2004) speculated that Ala residues were also present at the corresponding positions
of ERR-} and ERR-y, indicating that either a different structural configuration would have apparent constitutive activity or a different
mode of regulation for these other ERR isotypes. Considering the divergence of sjERR sequence from vertebrate ERRs, as manifested
from the constructed phylogenetic tree, a different mode of constitutive activity or regulation of sjERR is likely.
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Fig. 6. qRT-PCR analysis of sJERR mRNA in different tissues in the late-vitellogenic stage of females; B-actin served as a reference gene; Each bar
represents means *+ standard deviation (n = 8); Bars with different letters are different (P < 0.05).
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Fig. 7. Relative abundance of sjERR mRNA in brain, liver, and ovary during the reproductive cycle of females; I-IV represents oogonia phase,
protoplasmic growth phase, interstitial growth phase, and trophoplasmic growth phase, respectively; Each bar represents means + standard de-
viation (n = 8); Bars with different. letters are different (P < 0.05).
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Fig. 8. Effect of E2 administration on relatively abundance of sJERR mRNA transcript in brain, ovary, and liver of the females; Each bar represents
means *+ standard deviation (n = 12); Bars with different letters are different (P < 0.05).
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Fig. 9. Effect of sJERR knockdown on relative abundance of sjERR mRNA transcript in the brain, ovary, and liver of the females; Each bar represents
means *+ standard deviation (n = 12); Bars with different... letters are different (P < 0.05).

The possible function of sjERR in reproduction is evident because the sjERR mRNA transcripts were mainly detected in re-
production-related tissues, such as the ovary, liver, and brain, which is consistent to what exists in many other taxa (Tarrant et al.,
2006; Ranhotra, 2009). The relatively greater sjERR gene expression, as indicated by the greater abundance of mRNA transcript for
this gene, in the ovary is consistent with the ERR functions in ovarian development, as has been confirmed to occur in vertebrates
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Fig. 10. Effect of sjERR knockdown on the relative abundance of Vg CDKI and Cyclin B mRNA transcripts in the ovary; Each bar represents
means * standard deviation (n = 12); Bars with different letters are different (P < 0.05).

(Park et al., 2017). The relatively greater abundance of sjERR mRNA transcript in the liver may indicate a possible function of ERR in
the endocrine regulation of liver metabolism (B’chir et al., 2018; Kim and Choi, 2019), or otherwise, suggest a vitellogenesis function
of the ERR in the liver, as has been implicated to exist in many other taxa (Liu et al., 2003; Liu, 2016). The relatively greater
abundance of sjERR mRNA transcript in the brain may indicate a possible relationship between ERRs and neuroendocrine functional
control in the brain to regulate a variety of behaviors and physiological functions, which include reproduction (Saito and Cui, 2018).
The possible function of sjERR in reproduction was also indicated by a fluctuation of sJERR mRNA transcript abundance correlated
with the ovarian developmental phases in S. japonica (Fig. 7). Such a correlation between the abundance of ERR mRNA and ovarian
status, commonly found in other taxa (Tarrant et al., 2006; Ouyang et al., 2009; He et al., 2010), is consistent with E2 fluctuations in
different ovarian developmental phases (Lii et al., 2016a) which is possibly due to a temporal regulation of ERR gene expression by E2
(Liu et al., 2003). Furthermore, this was verified by the results from the E2 administration experiments in the present study, in which,
both quantities of E2 when administered in vivo induced sjERR gene expression, as indicated by increases in sjERR mRNA transcript,
in the ovary of S. japonica (Fig. 8). This type of response to E2 on ERR abundance has also has been observed in several other taxa (Liu
et al., 2003; Tarrant et al., 2006; Li et al., 2010) and could either be mediated by an E2 enhanced ER binding to multiple steroid
hormone response element half-sites (MHRESs) in ERR promoters for transcriptional activation (Liu et al., 2003), or mediated through
a direct E2 binding to a G-protein-coupled receptor GPR30/GPER to activate signaling pathways to enhance ERR abundance by
facilitating histone acetylation and transcription factor recruitment at distinct nucleosomes of the ERR promoter (Li et al., 2010).
Whether GPR30/GPER or ER also mediate this process in S. japonica still remains to be ascertained. These responses to E2 admin-
istration may indicate the involvement of sjERR in E2 signaling that is conserved in the mollusk lineage.

The possible involvement of sjERR in female S.japonica reproduction was further indicated from results of the study of sjERR gene
knockdown analysis, where sjERR interference down-regulated vitellogenin, CDK1 and Cyclin B gene expression, as well as sjERR
gene expression per se in the ovary. The ERR regulated vitellogenin gene expression was also detected in the silkworm Bombyx mori,
possibly due to an ERE element in the promoter region of the Vitellogenin gene for sjERR binding and subsequently gene activation
(Shen et al., 2018). The ERR regulated expression of cell cycle control genes, such as Cyclin B, and CDK1 was also observed in several
taxa, including shrimp (Macrobrachium rosenbergii) (Liu, 2018) and humans (Krishna et al., 2018), although the immediate promoter
targets of the ERR are unknown. Vitellogenesis is an integral process of oogenesis (Tsukimura, 2001) and CDK1, Cyclin B are two
basic components in maturation promoting factor (MPF), which are essential for final maturation of oocytes (Lohka et al., 1988).
Possible sjERR regulation of ovarian development-related gene expression provided further evidence for sjERR involvement in female
S. japonica reproduction.

In summary, in the present study, a typical sjERR was cloned and the mRNA transcript was detected in abundant amounts in
tissues of the brain, liver, and ovary that were possibly involved in the reproduction of S. japonica. Sub-cellular location analyses
indicated a nucleus localization of sjERR. Furthermore, the sjERR gene expression, as indicated by relative abundances of sjERR
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mRNA transcript, was temporally regulated during the different sexual maturation phases of females and was markedly affected by
the in vivo administration of vertebrate E2. Inhibition of sjERR production markedly inhibited the expression of ovarian development-
related genes including Vitellogenin, CDK1 and Cyclin B, which indicates there is a possible function of sjERR in reproduction. The
results of the present study provide new insights into the regulation of ovarian development in cephalopods. Further studies focused
on the network of ERR signaling will result in a greater understanding of the regulative mechanism of ERR in cephalopod re-
production.
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