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A B S T R A C T

In this study, an echinoderm tumor necrosis factor receptor named HLTNFR-16 was first cloned from the tropical
sea cucumber Holothuria leucospilota. The full-length cDNA of HLTNFR-16 is 3675 bp in size, containing a 415 bp
5′-untranslated region (UTR), a 2024 bp 3′-UTR and a 1236 bp open reading frame (ORF) encoding a protein of
411 amino acids with a deduced molecular weight of 45.63 kDa. The HLTNFR-16 protein contains a signal
peptide, four TNFR domains (the last three were identified as extracellular cysteine-rich domains), a trans-
membrane region and a death domain. Phylogenetic analysis showed that HLTNFR-16 was clustered into a clade
with TNFR-16s in other species, indicating that this echinoderm TNFR may be a new member of the TNFR-16
subfamily. The results of TUNEL assay showed that the over expression of HLTNFR-16 could induce apoptosis in
HEK293T cells. When HLTNFR-16 was silenced by siRNA, the apoptosis of sea cucumber coelomocytes induced
by inactivated Vibrio harveyi was suppressed significantly, indicating that HLTNFR-16 is important for apoptosis
induction. Additionally, luciferase reporter assay exhibited that the over-expressed HLTNFR-16 in HEK293T cells
could activate the transcription factors nuclear factor-κB (NF-κB) and activator protein-1 (AP-1). Moreover, the
secretion of proinflammatory cytokines interleukin (IL)-1β, IL-6 and IL-18 in HEK293T cells was increased by the
over-expression of HLTNFR-16. This study provides evidences for the potential roles of sea cucumber TNFR in
the innate immunity.

1. Introduction

The tumor necrosis factor receptor (TNFR) family is a cytokine re-
ceptor superfamily [1] and the extracellular cysteine-rich domain
(CRD) for binding to the tumor necrosis factors (TNFs) is the hallmark
of this superfamily [2]. As the transducers of the TNF-induced sig-
naling, TNFRs mediate a wide spectrum of physiological and patholo-
gical events, such as apoptosis, inflammation, proliferation, cell sur-
vival and differentiation [3–5]. According to the presence/absence of
the death domain (DD) within the cytoplasmic region, TNFRs are di-
vided into two categories: the TNFRs without DD, and the TNFRs with
an intracellular DD which are also known as death receptors [5–7].

In mammals, it is well certified about the roles of death receptors
(such as TNFR-1) in downstream signaling, particularly in the apoptosis
and the activation of the transcription factors, such as nuclear factor-κB

(NF-κB) and activator protein-1 (AP-1) [8–12]. Taking TNFR-1 as an
example, when activated by its ligand TNF-α, TNFR-1 recruits an
adaptor protein TNFR-1-associated death domain protein (TRADD)
through its DD [10]. As a platform adapter protein, TRADD can further
recruit several signaling molecules, including Fas-associated death do-
main protein (FADD), TNFR-associated factor-2 (TRAF2) and receptor-
interacting protein (RIP), to transmit the extracellular signals that
mediated by the activated receptor [13–16]. The interaction between
TRADD and FADD is necessary for the initiation of extrinsic apoptosis
[17]. After TRADD recruits FADD, caspase-8 is activated and the
apoptotic caspase is subsequently initiated [9,11,12]. On the other
hand, TRAF2 and RIP indirectly bind to TNFR-1 via TRADD, leading to
the activation of the transcription factors NF-κB and AP-1 [5]. In this
case, TRAF2 and RIP can activate the NF-κB inducing kinase (NIK) by
phosphorylation, followed by the activation of the inhibitor of κB (IκB)
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kinase complex (IκK) and the degradation of IκB proteins, and final lead
to the activation of NF-κB [18–21]. In addition, TRAF2 can also activate
the c-Jun NH2-terminal kinase (JNK) pathways by interacting with the
mitogen-activated protein kinase (MAPK), resulting in the activation of
AP-1 [22–24]. The activation of NF-κB and AP-1 leads to the expression
of immuno-inflammatory-related cytokines [25–27]. Moreover, the
genes that control cell proliferation, differentiation and survival may be
transcriptionally regulated by the activation of NF-κB and/or AP-1 [6].
Thus, it is generally considered that the death receptors play important
roles in the apoptosis, immunity, inflammation, proliferation, and cell
survival and differentiation by the induction of apoptosis, and the ac-
tivation of NF-κB and JNK signaling [3–5].

To date, 29 members of TNFR superfamily have been identified in
human [28], and the molecular mechanisms of TNFR-mediated sig-
naling are well documented in mammals [1,5,6,28–35]. Since the first
invertebrate TNFR (named as Wengen) was identified from Drosophila
[36], more and more studies on invertebrate TNFRs have been con-
ducted. These studies on invertebrate TNFRs mainly focused on the
response of TNFRs under immune challenge. In insects, the Drosophila
melanogaster TNFR-like protein Wengen has been demonstrated to
participate immune defense against gram-negative bacterial and fungal
invasion [36]. In crustaceans, the up-regulated LvTNFRSF transcripts in
the Litopenaeus vannamei intestine was observed under challenges of
Vibrio alginolyticus or Staphylococcus aureus [37]. In mollusks, the
CfTNFR mRNAs in the gonad, gill, mantle and hepatopancreas of
Chlamys farreri were significantly up-regulated after Listonella angu-
illarum challenge [38], and the expression of 4 TNFR isoforms in the
Crassostrea hongkongensis hemocytes were also increased after chal-
lenged with pathogenic infection or air stress [39]. The intracellular
signaling pathways of invertebrate TNFRs have been further studied in
oyster C. hongkongensis, in which the transcription factor NF-κB could
be activated by the 4 TNFRs [39]. In echinoderm, the highest group of
invertebrates, there is still no cloned TNFR cDNA but only several TNFR
homologs were predicted from the genome data of Acanthaster planci
(Genbank: XR_002598173.1, XM_022244638.1, XM_022234782.1, XM_
022234671.1, XM_022231173.1, XM_022249475.1 and XM_
022227257.1), Strongylocentrotus purpuratus (Genbank: XM_795305.4,
XM_011678353.1 and XM_011 665629.1) and Apostichopus japonicas
(PIK52601.1). In the current study, we first cloned an echinoderm TNFR
(named as HLTNFR-16) from the tropical sea cucumber Holothuria
leucospilota, a start-up aquaculture species in Southern China [40]. The
structural and phylogenetic characteristics of HLTNFR-16 were in-
vestigated. In addition, the involvements of HLTNFR-16 in apoptosis
and the intracellular signaling pathways (including NF-κB and JNK
pathways) were further examined.

2. Materials and methods

2.1. Animals

Healthy and sexually immature adult H. leucospilota with weights of
190–210 g were obtained from the Daya bay in Guangdong province,
China, and maintained in an aquarium with filtrated and aerated sea-
water (35‰ salinity) at 32 °C for a week before experiments.

2.2. Molecular cloning of HLTNFR-16 full-length cDNA

Total RNA was extracted from the intestine of sea cucumber H.
leucospilota using TRIzol reagent (Invitrogen, USA) and reverse tran-
scribed into the first strand cDNA by using the SuperScript™ III First-
Strand Synthesis System (Invitrogen). A 993-bp expression sequence tag
(EST) for TNFR-16 homolog (Suppl. 1) obtained from a cDNA library of
H. leucospilota previously constructed in our lab was verified with the
gene-specific primers HLTNFR-F and HLTNFR-R (Table 1). The full-
length cDNA sequence of HLTNFR-16 was obtained by the 3′- and 5′-
rapid amplification of cDNA ends (RACE) with the gene-specific

primers (3′ RACE1/3′ RACE2 and 5′ RACE1/5′ RACE2, Table 1). The
amplification conditions for 3′- and 5′-RACE were as follows: 94 °C for
60s, 30 cycles of 98 °C for 10 s, 55 °C for 15 s and 68 °C for 60 s. The
obtained amplicons were sub-cloned into the pMD™-20 vector (TaKaRa,
Japan), and three positive clones for each amplicon were sequenced.

2.3. Bioinformatics analysis

Structural domains of HLTNFR-16 were predicted using the SMART
(http://smart.embl-heidelberg.de/) and ScanProsite (https://prosite.
expasy.org/) programs. Alignment of TNFR-16 among various species
was performed with ClustalX (http://wwwigbmc.u-strasbg.fr/BioInfo/
ClustalX/Top.html) and demonstrated by using the GeneDoc program.
The phylogenetic tree was constructed based on the amino acid dif-
ference (p-distance) with the Neighbor-joining method (pairwise dele-
tion) with 1000 bootstrap replicates using MEGA 6.0.

2.4. Construction of the recombinant plasmid

The coding region of HLTNFR-16 was amplified by PCR using the
gene-specific primers PHLTNFR-F and PHLTNFR-R (Table 1) with a
restriction enzyme site for EcoRI or XhoI at their 5′-ends, respectively.
The amplified DNA fragment and pcDNA3/myc plasmid (Invitrogen)
were digested with EcoRI and XhoI (TaKaRa) and ligated with T4 DNA
ligase (TaKaRa) at 16 °C for 2 h. Then, the inserted DNA was trans-
formed into XL1-blue competent cells. The pcDNA3/myc/HLTNFR-16
recombinant plasmids (rHLTNFR-16) were confirmed by double-en-
zyme digestion and purified using the QIAGEN Plasmid Midi Kit
(QIAGEN, Germany).

2.5. Cell culture and transfection

HEK293T cells were inoculated into a 24-well tissue culture plate
with the density of 2.0× 105 cells/well and cultured at 37 °C with 5%
CO2 for 24 h. Then, 1 μg pcDNA3/myc/HLTNFR-16 plasmid was
transfected into HEK293T cells by 1 μL lipofectamine 2000 (Invitrogen)
according to the manufacturer's instruction. As a control, the pcDNA3/
myc blank plasmid was transfected into HEK293T cells using the same
method.

Table 1
Primers and siRNA sequences used in this study.

Name Sequence (5′-3′)

For sequence verification
HLTNFR-F CGAAGAGTGTCGGCCATGTA
HLTNFR-R AATCCTCTCTCCTAATGTCT
For cDNA cloning
3′ RACE1 ATTGGCCTCCTCATCTATGTCCTA
3′ RACE2 CCACAACTACTTACACAGGTCCCA
5′ RACE1 CGCTGAACACACTGTATCGCTGT
5′ RACE2 TGTCGCCCTGGTGATGTCATCTG
For protein expression
PHLTNFR-F GGAATTCATGAGCGGAATTTTGTCCAT
PHLTNFR-R CCGCTCGAGTCATCGTGACTTATCATTCC
For qPCR
QHLTNFR-F TGTGAGGAGTGCGTGCCT
QHLTNFR-R CAAATCGGACCCTGAAGTA
For RNAi
siRNA-1 sense CCAUGUAUGGAGUGCAAUUTT
siRNA-1 antisense AAUUGCACUCCAUACAUGGTT
siRNA-2 sense GCGACAAUGUGUAAGCCUUTT
siRNA-2 antisense AAGGCUUACACAUUGUCGCTT
siRNA-3 sense CCUCAUCUAUGUCCUAUUUTT
siRNA-3 antisense AAAUAGGACAUAGAUGAGGTT
EGFP siRNA sense GCAUCAAGGUGAACUUCAATT
EGFP siRNA antisense UUGAAGUUCACCUUGAUGCTT
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2.6. Western blot

After transfection for 4 h, HEK293T cells that untransfected (blank
group), transfected with pcDNA3/myc (control group) or pcDNA3/
myc/HLTNFR-16 (experimental group) were cultured in Dulbecco's
Modified Eagle Medium (DMEM, Invitrogen) containing 10% fetal bo-
vine serum (FBS) at 37 °C with 5% CO2 for 24 h. Then, the cells in the
above three groups were detected by Western blot as described pre-
viously [41]. In this case, the rabbit anti-myc antibody (Saier Biotech
Inc, China) at 1:500 dilution and rabbit anti-GAPDH antibody (Saier
Biotech Inc) at 1:400 dilution were used as the primary antibodies. The
horseradish peroxidase (HRP)-labelled goat anti-rabbit IgG (Abcam,
UK) at 1:1000 dilution was used as the secondary antibody.

2.7. Detection of apoptosis induced by over-expressed HLTNFR-16

After transfection for 4 h, HEK293T cells in the blank, control and
experimental groups were respectively cultured in 10mL DMEM (sup-
plemented with 10% FBS) at 37 °C with 5% CO2 for 48 h. Then, the
apoptotic cells were detected by using a terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay and
observed under fluorescence microscope as described previously
[42,43]. To count the apoptosis rate, six cellular fields randomly allo-
cated were respectively selected in the blank, control and experimental
groups, and the FITC-stained apoptotic cells (green) and the DAPI-
stained total cells (blue) in the selected fields were counted. The
apoptotic rate (AR) was calculated as follows: AR=number of apop-
totic cells/number of total cells× 100%.

2.8. RNA interference (RNAi)-mediated silencing of HLTNFR-16

Three small interfering RNAs (siRNAs), siRNA-1, siRNA-2, and
siRNA-3 (Table 1), which were specific to HLTNFR-16 gene were de-
signed using the siDirect version 2.0 online program (http://sidirect2.
rnai.jp/) and synthesized by Sangon Biotech, Shanghai (China). In this
case, a non-targeting siRNA (EGFP siRNA, Table 1) which is specific to
enhanced green fluorescent protein (EGFP) was used as the negative
control. Before the RNAi experiment, 150 μg of siRNA for each group
was dissolved in 300 μl of 150mM RNase free saline solution (RFSS).

Fifteen healthy H. leucospilota (weighing about 50 g) were randomly
divided into five groups and each group contains three individuals. In
the blank control group, 100 μl of 150mM RFSS was injected into each
sea cucumber. In the negative control group, 100 μl of EGFP siRNA
solution which contains 50 μg EGFP siRNA was injected into each sea
cucumber. In the three experimental groups, each cucumber was in-
jected with 100 μl of siRNA-1, siRNA-2 or siRNA-3 solution, respec-
tively.

2.9. Detection of apoptosis in sea cucumber coelomocytes after RNAi

After RNAi for 24 h, all the sea cucumbers were dissected on ice and
the coelomocytes which have been determined as the effector cells of
immune system in echinoderms [45] were isolated as described pre-
viously [46]. To assess the interference efficiency of each siRNA, a small
amount of the coelomocytes from each sea cucumber were retained for
the real-time PCR analysis. The extraction and inverse transcription of
the total RNA from the sea cucumber coelomocytes were carried out as
described previously [46]. The expression levels of HLTNFR-16 after
RNAi were measured by quantitative real-time PCR using the specific
primers QHLTNFR-F and QHLTNFR-R (Table 1). The internal control
HLβ-actin and the amplification conditions of real-time PCR were
identical to previous report [42]. The rest coelomocytes were collected
from each sea cucumber and cultured in Leiboviz's L-15 cell culture
medium as described previously [46]. On the following day, the coe-
lomocytes from the blank control group (RFSS injected), negative
control group (EGFP siRNA injected) and experimental group

(HLTNFR-16 siRNA injected) with the highest interference efficiency
were respectively challenged by the heat inactivated Vibrio harveyi. The
inactivated bacteria were prepared in Leiboviz's L-15 cell culture
medium to a final concentration of 107 cells/ml and gently overlaid
onto coelomocytes after removal of old culture medium. After 24 h, the
apoptosis of the H. leucospilota coelomocytes (including those treated
with inactivated bacteria and untreated) from the above three groups
were measured by TUNEL assay.

2.10. Luciferase reporter assay

The luciferase reporter gene assay was performed as described be-
fore [44]. Briefly, HEK293T cells cultured in a 24-well plate were in-
cubated with the mixture containing 600 ng of pcDNA3/myc/HLTNFR-
16, 400 ng of NF-κB-luc (or AP-1-luc) reporter plasmid, 8 ng pRL-TK
reference plasmid (Promega, USA) and 1 μL lipofectamine 2000 (In-
vitrogen) for 4 h. In this case, pcDNA3/myc was used as the negative
control. After transfection for 48 h, luciferase reporter activity was
detected by using a Dual-Luciferase Reporter Assay System (Promega).
Each experiment was performed in triplicates.

2.11. ELISA assay

To explore whether HLTNFR-16 could induce the secretion of
proinflammatory cytokines, 3 μg pcDNA3/myc/HLTNFR-16 plasmid
(experimental group) or pcDNA3/myc blank plasmid (control group)
were transfected respectively into HEK293T cells by using 3 μL lipo-
fectamine 2000. The supernatants from the transfected cells were col-
lected at 24 h and 48 h post-transfection and the concentrations of in-
terleukin (IL)-1β, IL-6 and IL-18 were determined by using human IL-
1β, IL-6 and IL-18 ELISA Kits (Elabscience Biotechnolog Co. Ltd, China)
according to the manufacturer's instructions [44]. The data obtained in
this experiment were performed in triplicates.

2.12. Data transformation and statistical analysis

For luciferase reporter assay and ELISA assay, data were expressed
as mean ± standard error (SE) and analyzed using Student's t-test
followed by Fisher least significant difference (LSD) test with SPSS (IBM
Software, USA).

3. Results

3.1. Molecular cloning and sequence analysis of HLTNFR-16

By using RT-PCR coupled with 3’-/5′-RACE, the full-length cDNA of
HLTNFR-16 was obtained and deposited in GenBank under the acces-
sion number MK797985. The HLTNFR-16 cDNA is 3675 bp in size,
containing a 415 bp 5′-untranslated region (UTR), a 2024 bp 3′-UTR
and an 1236 bp open reading frame (ORF) encoding a protein of 411
amino acids (Fig. 1A) with a deduced molecular weight of 45.63 kDa
and a predicted isolectric point of 7.61. A typical polyadenylation
signal (AATAAA) is located at 15-bp upstream of the poly-A tail. Based
on the SMART program, a signal peptide (residues 1–33) at the N-ter-
minus, four TNFR domains (residues 44–76, 79–118, 120–156,
159–199), a transmembrane region (residues 225–247) and a DD (re-
sidues 311–407) at the C-terminal were predicted in the amino acid
sequence of HLTNFR-16 (Fig. 1B). The last three TNFR domains were
identified as CRDs (Fig. 1B) by using ScanProsite program. In each CRD,
six conserved cysteine residues and a conserved motif (CXXCXXC) were
found.

3.2. Phylogenetic and homology analysis

To analyze the evolutionary relationship of TNFR homologs among
different species, a phylogenetic tree was constructed. As shown in
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Fig. 1. Sequences and structural domains of HLTNFR-16. A: Nucleotide and deduced amino acid sequences of HLTNFR-16 cDNA. The typical polyadenylation signal
in 3′-UTR is underlined and the stop codon is marked by an asterisk. In the amino acid sequence, the signal peptide, TNFR domains, transmembrane region and death
domain are marked in different symbols. B: Structural domains of HLTNFR-16 predicted by using the SMART and ScanProsite programs. The numbers represent the
amino acid residues of HLTNFR-16. The signal peptide, TNFR domains, transmembrane region, death domain and cysteine-rich domains are boxed.
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Fig. 2. Phylogenetic analysis and amino acid sequence alignment. A: Phylogenetic analysis of TNFR among various species using Neighbor-Joining method with
bootstrap value of 1000. B: Amino acid sequence alignment of TNFR-16s among eight deuterostome species. The conserved amino acid residues are boxed in dark
gray and similar amino acid residues are labelled in light gray. The TNFR domains, transmembrane region and death domain are boxed, and the conserved cysteines
and the predicted disulfide bridges within the cysteine-rich domains are indicated.
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Fig. 2A, our newly cloned HLTNFR-16 first forms a cluster with A. ja-
ponicas TNFR-16, and further groups into a branch with other members
of TNFR-16 subfamily. In the branch of TNFR-16, the TNFR-16s from
vertebrates, echinoderms and other invertebrates group into three in-
dependent clades, respectively, based on the evolutionary relationships
of their original species.

Amino acid alignments showed that the TNFR-16s in different spe-
cies shared considerable consensus sequences from echinoderms to
mammals (Fig. 2B). The signal peptide, TNFR domains, CRDs, trans-
membrane region and DD could be identified from all the primary se-
quences of TNFR-16s we used for comparison. Moreover, the HLTNFR-
16 shared relative high sequence identity with A. japonicus TNFR-16
(74.1%), but low sequence identities (28.5–43.8%) with the TNFR-16s
from other animal species (Fig. 2B).

3.3. Effects of over-expressed HLTNFR-16 on apoptosis

To assess the effects of HLTNFR-16 on apoptosis, pcDNA3/myc/
HLTNFR-16 was transfected into HEK293T cells. As shown in Fig. 3A,
over-expression of rHLTNFR-16 protein was detected in the transfected
HEK293T cells. By TUNEL assay, a large number of fragmented DNAs
were observed in the cells with over-expressed HLTNFR-16, whereas
only a few were observed in the control group. The results indicated
that over-expressed HLTNFR-16 could significantly induce apoptosis
(Fig. 3B) in HEK293T cells and the percentage of apoptotic cells were
1.82%, 2.33% and 14.21% in the blank group, control group and ex-
perimental group, respectively (Fig. 3C).

3.4. RNAi-mediated silencing of HLTNFR-16

To verify the effects of HLTNFR-16 on apoptosis, the RNAi-mediated
silencing of HLTNFR-16 was carried out. The results showed that
siRNA-2 had the highest RNAi efficiency (Fig. 4A). After injection of
siRNA-2 for 24 h, the expression of the HLTNFR-16 mRNA in the sea
cucumber coelomocytes was dropped to 11.19% of the blank control.
Thus, the coelomocytes from the sea cucumber injected with siRNA-2
were used in the subsequent experiment for apoptosis detection.

3.5. Effects of HLTNFR-16 silencing on the apoptosis

When the sea cucumber coelomocytes were not challenged with
inactivated V. harveyi, the apoptosis rates in the three groups including
the blank control group, negative control group and siRNA-2 injection
group were not significantly different (Fig. 4B and C). The apoptosis

rate in the blank control group, negative control group and siRNA-2
injection group was 3.29%, 3.79% and 2.58% (Fig. 4B and C), respec-
tively. When the sea cucumber coelomocytes were challenged with
inactivated V. harveyi for 24 h, a large number of fragmented DNAs
were observed in the blank and negative control groups, but not the
siRNA-2 injection group (Fig. 4B). The percentages of apoptosis were
10.29%, 9.30% and 3.50% in the blank control group, negative control
group and siRNA-2 injection group, respectively (Fig. 4C). Treatment of
inactivated V. harveyi could not induce a significant increase of apop-
tosis in coelomocytes when HLTNFR-16 was silenced by siRNA-2
(Fig. 4B and C), indicating that HLTNFR-16 is important for apoptosis
induction.

3.6. Activation of NF-κB and JNK signal pathways mediated by HLTNFR-
16

To assess the roles of HLTNFR-16 in NF-κB and JNK signaling
pathways, luciferase reporter gene assay was performed. Compared to
the control group that transfected with blank pcDNA3 vector, the ex-
pression of HLTNFR-16 could significantly increase the activities of NF-
κB (P < 0.001) and AP-1 (P < 0.001) luciferase reporters in HEK293T
cells, and the luciferase activity of NF-κB and AP-1 in transfected
HEK293T cells were 2.11- and 2.84-fold up-regulated compared to the
respective control groups (Fig. 5A).

3.7. Induction of proinflammatory cytokines by HLTNFR-16

To investigate the effects of HLTNFR-16 on secretion of proin-
flammatory cytokines, pcDNA3/myc/HLTNFR-16 and pcDNA3/myc
were transfected into HEK293T cells, respectively. As shown in Fig. 5B,
HLTNFR-16 could induce the secretion of IL-1β, IL-6 and IL-18. After
24 h and 48 h post-transfection, the concentrations of IL-1β were 2.54-
fold (P < 0.001) and 2.00-fold (P < 0.001) higher than the control
groups, the concentrations of IL-6 were 3.50-fold (P < 0.001) and
3.01-fold (P < 0.001) higher than the control groups, and the con-
centration of IL-18 were 3.54-fold (P < 0.001) and 2.67-fold
(P < 0.001) higher than the control groups, respectively.

4. Discussion

Compared to higher vertebrates, studies on the TNFR superfamily
members in invertebrates are still limited. The sequence identification
and functional characterization of TNFR in echinoderm, the highest
group of invertebrates, would hopefully provide new insights into the

Fig. 3. Western blot analysis and apoptosis detection induced by over-expressed HLTNFR-16. A: Western blot analysis of HLTNFR-16 transfection. Parallel blotting of
GAPDH was used as an internal control. B: Detection of apoptosis by TUNEL assay. The “FITC” represents the FITC-stained broken DNA fragments (marker for
apoptosis). The “DAPI” represents the DAPI-stained cell nuclei. The “merged” represents the combination of cell nuclei and broken DNA fragments. C: Comparison of
apoptosis rates of HEK293T cells in different groups. BG: blank group (HEK293T cells untransfected); CG: control group (HEK293T cells transfected with pcDNA3/
myc); EG: experimental group (HEK293T cells transfected with pcDNA3/myc/HLTNFR-16). The values are expressed as mean ± standard error (n = 3). Significant
difference was shown as ***P < 0.001.
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evolutionary origin of TNFRs as well as their functional roles in ver-
tebrates. In the current study, an echinoderm TNFR was first identified
from the tropical sea cucumber H. leucospilota. In this case, the 3 con-
served CRDs (the hallmark of TNFR family) and a DD are presented in
the extracellular and intracellular portions of HLTNFR-16, respectively.
The CRDs have deep evolutionary origins, which have been reported
within several primitive groups, such as cnidarians, choanoflagellates,
sponges and ctenophores [47]. Despite low sequence similarity, all
members from the TNFR family possess at least one CRD consisting of 6
highly conserved cysteines that forming three disulfide bridges, which
is necessary for binding of the ligands [48–50].

Phylogenetic analysis showed that HLTNFR-16 formed a clade with

TNFR-16s from other species, indicating that our newly cloned
HLTNFR-16 may be a member of the TNFR-16 subfamily. Like TNFR-16
and other death receptors (such as TNFR1, DR3, DR4 and DR5) in
human [6], HLTNFR-16 protein contains a DD at its C-terminus. The DD
within the death receptors in human is required for the induction of
apoptosis [3,48]. Previous studies have showed that the overexpression
of human TNFR-l, DR3, DR4 or DR5 could lead to apoptosis [1,28,30].
Our current study showed that overexpression of HLTNFR-16 could also
induce apoptosis in HEK293T cells. When HLTNFR-16 was silenced by
siRNA, the apoptosis of sea cucumber coelomocytes induced by in-
activated V. harveyi was suppressed significantly, indicating that
HLTNFR-16 is important for apoptosis induction. To our knowledge,

Fig. 4. Effects of HLTNFR-16 silencing on apoptosis. A: Expression levels of HLTNFR-16 mRNA in sea cucumber coelomocytes after injection of RFSS, EGFP siRNA
and HLTNFR-16 siRNA-1, siRNA-2 and siRNA-3 for 24 h. B: Detection of apoptosis of coelomocytes from the sea cucumbers injected with RFSS, EGFP siRNA and
HLTNFR-16 siRNA-2 by TUNEL assay. C: Comparison of apoptosis rates of sea cucumber coelomocytes in different groups. The values are expressed as mean ±
standard error (n= 3). The same letter represents a similar expression level (p > 0.05), and the different letter represents significant difference in expression levels
between two groups (p < 0.05).

Fig. 5. Luciferase reporter gene and ELISA assays. A: Effects of over-expressed HLTNFR-16 on the activation of NF-κB and AP-1. B: Induction of proinflammatory
cytokines (IL-1β, IL-6 and IL-18) secretion by over-expressed HLTNFR-16. The data for experiments are expressed as mean ± standard error (n = 3). Significant
difference was shown as ***P < 0.001.
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this is the first report on the roles of invertebrate TNFR in apoptosis. In
addition, overexpression of other sea cucumber intracellular proteins
with DD, such as myeloid differentiation factor 88 (MyD88) [44] and
fas-associated death domain (FADD) [51], have been reported to induce
apoptosis, providing evidences for the roles of DD contained protein in
mediation of apoptosis in echinoderms.

Invertebrates lack acquired immunity, and innate immunity is the
primary defense line of invertebrates against invading pathogens [25].
In the innate immune system, NF-κB and JNK signaling are two im-
portant pathways which could induce the expression of inflammatory
cytokines [52–55]. Previous studies showed that the death receptor
TNFR-1 in human could activate both NF-κB and JNK signal pathways
[5] and the other death receptors in human such as DR3, DR4 and DR5
have also been demonstrated to activate NF-κB signal pathway [1,30].
In human, the activation of NF-κB and JNK signal pathways by death
receptors is caused by a ligand-receptor complex with three additional
mediators, including TRADD, TRAF2 and RIP [5]. In invertebrates, the
TNFRs from arthropods (D. melanogaster and L. vannamei) and molluscs
(C. farreri and C. hongkongensis) have been speculated to be involved in
the immune defense against invasions of pathogens [36–39]. However,
the studies on the activation of signal pathways by TNFRs have only
been reported in the oyster C. hongkongensis and the results showed that
TNFRs from this species could active NF-κB signal pathway [39]. In
order to make clear the potential function of HLTNFR-16 in the NF-κB
and JNK signal pathways, luciferase reporter gene assay was performed.
Our present results showed that HLTNFR-16 could activate NF-κB sig-
naling pathway. In mammals, IL-1β and IL-6 are important in-
flammatory cytokines and the expression of these cytokines is mainly
controlled by the NF-κB signaling pathway [54,55]. Our study further
showed that the overexpressed HLTNFR-16 could induce both IL-1β and
IL-6 in in vitro experiments, which further confirmed that HLTNFR-16
could activate NF-κB signaling pathway to induce the secretion of
downstream proinflammatory cytokines. In addition, our results
showed that HLTNFR-16 could significantly active the AP-1 luciferase
reporter, thereby providing the first evidence for the activation of AP-1
by an invertebrate TNFR. Previous studies revealed the involvement of
AP-1 in regulating the expression of proinflammatory cytokine IL-18,
and the critical role of JNK signaling pathway in mediating the pro-
duction of IL-18 [56,57]. Our current study showed that IL-18 could be
induced by overexpressed HLTNFR-16, which further supported that
HLTNFR-16 could activate JNK signaling pathway.

In conclusion, an echinoderm TNFR which belongs to TNFR-16
subfamily was cloned from the tropical sea cucumber H. leucospilota and
functionally characterized in this study. The functional domains of the
deduced HLTNFR-16 protein were identified. Similar to human death
receptors, the overexpressed HLTNFR-16 could activate NF-κB and JNK
signaling pathways and induce the secretion of downstream proin-
flammatory cytokines, indicating that the sea cucumber TNFR plays an
important role in the innate immune responses. Moreover, we further
confirmed that HLTNFR-16 is important for apoptosis induction. As a
whole, our study may give new insights on the concrete roles of echi-
noderm TNFR in induction of apoptosis, and in activation of NF-κB and
JNK signal pathways.
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