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Abstract
Microphthalmia-associated transcription factor (MITF) is a member of MYC superfamily, associated with melanocyte cells, 
as it was discovered in depigmented mice. However, over the last years it was found to be involved in many cellular signaling 
pathways, among which oncogenesis, osteoclast differentiation, and stress response. In mammals, Mitf gene mutations can 
cause diverse syndromes affecting pigmentation of eyes or skin, bone defects and melanomas. As MITF protein homologs 
were also found in some invertebrates, we have isolated and characterized the MITF cDNAs from the sea urchin Paracentro-
tus lividus, referred to as Pl-Mitf. The in silico study of the secondary and tertiary structure of Pl-Mitf protein showed high 
conserved regions mostly lying in the DNA binding domain. To understand the degree of evolutionary conservation of MITF, 
a phylogenetic analysis was performed comparing the Pl-Mitf deduced protein with proteins from different animal species. 
Moreover, the analysis of temporal and spatial expression pattern of Pl-Mitf mRNA showed that it was expressed from the 
onset of gastrulation of the sea urchin embryo to the pluteus larva, specifically in primary mesenchymes cells (PMCs), the 
sea urchin skeletogenic cells, and in the forming archenteron, the larval gut precursor. In silico protein–protein interactions 
analysis was used to understand the association of MITF with other proteins. Our results put in evidence the conservation 
of the MITF protein among vertebrates and invertebrates and may provide new perspectives on the pathways underlying sea 
urchin development, even if further functional analyses are needed.
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Introduction

In all organisms, transcription factors (TFs) are very impor-
tant key molecules in the complex networks that regulate cell 
homeostasis/metabolism, signaling pathways and embryo-
genesis. They have many targets, among which other TFs, 

able of triggering cascades of events, which serve to lead 
each cell to play its specific final tasks. TFs are grouped in 
large families related to the structures of their DNA binding 
domains, such as the basic Leucine Zipper (bZIP), the Zinc 
Finger (Znf), the homeodomain Leucine Zipper (HD-Zip), 
Rel-homology-domain (RHD), the Forkhead box (FOX) and 
the Helix–Loop–Helix (HLH) (Landschulz et al. 1988; Jones 
2004; Katoh and Katoh 2004).

Microphthalmia-associated transcription factor (MITF) 
is a member of the MYC superfamily, isolated from mice 
with mutations at the MITF locus associated with defects 
in pigmentation (Hodgkinson et al. 1993). In addition to 
defects in pigment cells of the skin, hair and inner ear, 
MITF controls apoptosis in development and survival of 
melanocytes, through several target genes, such as Bcl-2, 
and inhibitors of apoptosis (Lu et al. 2010). In recent years, 
the function of MITF has been tightly connected to differen-
tiation of malignant melanoma cells (Hartman et al. 2015). 
However, it has been shown that mutants of this gene also 
affected several other cell types, such as bone osteoclasts, 

Database: Pl-mitf nucleotide sequence data are available in the 
EMBL databases under the Accession Number: MK229196.
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retinal pigment epithelial cells, and mast cells (Jones 2004; 
Levy et al. 2006). Moreover, a few MITF mutations induce 
osteoclast defects, which can lead to osteopetrosis (Roundy 
et al. 2003). It is interesting that just a single site muta-
tion inside the DNA binding region of MITF gene can lead 
to a malfunctioning protein, and cause a block of its tran-
scriptional activity. In such mutated mice, the bone marrow 
was compromised and produced a few osteoclasts that were 
functionally deficient; thus the so called “microphthalmic” 
animals displayed osteopetrosis similar to animals lacking 
the Receptor activator of nuclear factor kappa-Β ligand 
(RANKL) (Roundy et al. 2003). In humans, MITF muta-
tions cause an auditory-pigmentary Waardenburg syndrome 
(Widlund and Fisher 2003). The MITF family includes four 
distinct genes: MITF, TFEB, TFE3, and TFEC (Slade and 
Pulinilkunnil 2017).

MITF protein is a TF that contains a basic HLH associ-
ated with a leucine zipper structure (bHLHzip) at its C-ter-
minal, that binds DNA as homo- or heterodimers. In mam-
mals, there are at least nine isoforms of MITF designated 
by their unique 5′ ends, i.e. MITF-A, MITF-B, MITF-C, 
MITF-D, MITF-E, MITF-H, MITF-J, MITF-MC and MITF-
M, which show tissue-specific patterns of expression. For 
example, the isoform E is expressed in osteoclasts, the iso-
form M is expressed specifically in melanocytes, and the iso-
form MC is expressed selectively in mast cells (Levy et al. 
2006; Hartman et al. 2015).

MITF protein binds to M-boxes (5′-TCA​TGT​G-3′) and 
symmetrical DNA sequences (Ephrussi-boxes) (5′-CAC​
GTG​-3′) present in the promoters of target genes, such as 
Bcl2, Tyrosinase, Tyrp1 (Slade and Pulinilkunnil 2017).

In invertebrates, MITF orthologs have been identified in 
the nematode Caenorhabditis elegans (Rehli et al. 1999), in 
ascidia (Yajima et al. 2003) and very recently in mollusks 
(Mao et al. 2019). In Drosophila melanogaster, MITF gene 
is expressed in the eye imaginal disc during embryogenesis 
(Hallsson and Benedikta 2007).

The availability of the Strongylocentrotus purpuratus 
sea urchin annotated genome (Sodergren et al. 2006) has 
allowed the systematic identification of all TFs families 
(Howard-Ashby et al. 2006a; Materna et al. 2006; Rizzo 
et al. 2006; Tu et al. 2006). In S. purpuratus, one Mitf gene 
is annotated, Sp-Mitf (SPU_008175) (Howard-Ashby et al. 
2006b), and three isoforms differing in their amino acids at 
the 5′ end are present in the Genbank.

Sea urchin occupies an important phylogenetic position, 
being a deuterostome like the vertebrates, and thus repre-
senting a strong evolutionary link between invertebrates and 
vertebrates. In addition, embryos and immune cells of the 
mediterranean sea urchin Paracentrotus lividus have been 
used as sentinels of environmental stress for many years, 
and are valid tools for discovering molecular and regula-
tory pathways (Bonaventura et al. 2018; Chiaramonte 2019; 

Ragusa et al. 2019). Thus, the sea urchin P. lividus can be 
considered as an interesting model for studying the role of 
TFs that are common to many organisms and an ethical and 
validated alternative to the use of higher class of animals.

Here, we report for the first time the isolation of a mem-
ber of the MITF bHLHzip family from P. lividus sea urchin, 
referred to as Pl-Mitf, and the characterization of its cDNAs. 
We describe the phylogenetic relationship among Pl-Mitf 
protein and MITF proteins from other invertebrate and ver-
tebrate organisms. We then determined the temporal and 
spatial expression profile of Pl-Mitf mRNA during P. lividus 
embryo development and performed MITF protein–protein 
interactions analysis.

Materials and methods

Sampling of animals

Gametes were collected from adult sea urchin P. lividus, 
fished in the North-Western coast of Sicily of Mediterra-
nean Sea. Eggs were fertilized and embryos were grown 
in Millipore (Billerica, MA, USA, 0.22 μm) filtered sea 
water (MFSW) containing antibiotics (50 mg/1 streptomy-
cin sulfate and 30 mg/1 penicillin), at the dilution of 4.000 
embryos/ml and at the temperature of 18 ± 1 °C.

RNA extraction, cDNA synthesis, cloning 
and sequencing

Total RNA from gastrula embryos was extracted using 
“GenElute Mammalian Total RNA Miniprep Kit” accord-
ing to the manufacturer’s instructions (Sigma Chemical Co., 
St Louis, MO, USA) and quantified using a bio-photometer 
(Eppendorf S.r.l., Hamburg, Germany). Before synthesizing 
cDNA, we tested the obtained RNAs by PCR with prim-
ers for the Pl-Z12-1 reference gene to ensure no genomic 
contamination. Total RNAs (1 μg) were reverse transcribed 
according to the manufacturer’s instructions (Applied Bio-
systems, Life technologies, Carlsbad, CA, USA). An aliquot 
of the synthesized cDNA (20 ng) was used to perform the 
polymerase chain reaction (PCR). The amplicons obtained 
from the PCR reaction were cloned in the pGEM-Teasy vec-
tor, following the Promega manufacturer instruction manual 
(Promega, Madison, WI, USA) and sequenced by a service 
company (BIO-FAB research srl, Rome). The isolated 
sequence has been deposited at NCBI (http://www.ncbi.nlm.
nih.gov/) under the following accession number MK229196.

Quantitative polymerase chain reaction (QPCR)

Quantification of gene expression was performed by 
using the StepOnePlus real-time PCR, as described in the 

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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manufacturer’s manual (Applied Biosystems) with a Com-
parative Threshold Cycle Method using SYBR Green chem-
istry (Livak and Schmittgen 2001). The Pl-Z12-1 mRNA 
was used as the internal endogenous reference gene (Costa 
et al. 2012). The QPCR was run as follows: 1 × cycle dena-
turing 95 °C for 10′ for DNA polymerase activation; 38 × 
cycles: melting 95 °C for 15″, annealing/extension 60 °C 
for 60″. Pl-Mitf used primers were: Forward: 5′TGA​TCC​
CGA​CCA​GCG​ACA​GAACA3′; Reverse: 5′TCT​AAT​TGT​
CTC​TGT​CTA​CCC​TCA​ 3′. The amplicon lenght was 120 
nt, located in the middle of the gene.

Statistical analysis

Statistical analysis was performed on QPCR values obtained 
from at least three independent experiments using the one-
way ANOVA analysis of variance test followed by Tukey’s 
multiple comparison test, using R statistical software (http://
www.r-proje​ct.org). The significance of the results obtained 
was assessed through the Student’s t test, with considered 
significance at p < 0.05.

In silico analysis of the protein and phylogenetics

The deduced protein of Pl-Mitf and the proteins interactions 
(STRING analysis) were performed using the ExPASy pro-
teomic server tools (http://www.expas​y.org/). Homologues 
of the proteins from different organisms, belonging to both 
invertebrate and vertebrate phyla, have been obtained by 
the BLAST program (Basic Local Alignment Search Tool) 
(http://blast​.ncbi.nlm.nih.gov/) and their Accession numbers 
are indicated in Table 1. Multiple alignments of the obtained 
proteins were performed by Clustal Omega (http://www.ebi.

ac.uk/Tools​/msa/clust​alo/). Evolutionary analysis was con-
ducted in MEGA6 (Tamura et al. 2013), using the Neighbor-
Joining (NJ) method (Saitou and Nei 1987). The evolution-
ary distances were computed using the Poisson correction 
method (Zuckerkandl and Pauling 1965). Predictions of Sec-
ondary structure models of Pl-Mitf protein were obtained by 
Phyre2 bioinformatic tool (Kelley and Sternberg 2009). The 
tertiary structure of Pl-Mitf protein was found by using the 
software I-Tasser (https​://zhang​lab.ccmb.med.umich​.edu/I-
TASSE​R). The software Netphos 3.1 (http://www.cbs.dtu.
dk/servi​ces/NetPh​os/) was used to predict the phosphoryla-
tion sites. Prediction of sumoylation sites was performed by 
using GPS-SUMO software (http://sumos​p.biocu​ckoo.org).

Whole mount in situ hybridization (WMISH)

WMISH was performed as previously described by Russo 
(Russo et al. 2014) with some modifications. Hybridizations 
were carried out at 55 °C for 62 h using a mix of two anti-
sense dygoxigenin (DIG)-labeled RNA probes of Pl-Mitf.

The first probe was 540 nt long (from amino acid 102 
to amino acid 282) and the second was 438nt long (from 
amino acid 283 to amino acid 429), both covering most of 
the central region of Pl-Mitf cDNA. After extensive wash-
ing, embryos were incubated with an anti-DIG alkaline 
phosphatase-conjugated antibody (Roche Applied Sci-
ence, Penzberg, Germany) for 2 h at room temperature. 
The DIG-labeled probes were detected by staining with 
the chromogenic 5-bromo-4-chloro-3-indolyl-phosphate 
(BCIP) and 4-toluidine/4-nitro blue tetrazolium chloride 
substrates (NBT) (Roche). Control hybridization reactions 
with sense probe did not show any specific signal. Images 

Table 1   Similarity percentages, respect to the number of overlapping amino acids, among Pl-Mitf and MITF protein sequences from other 
organisms, with relative Accession numbers and class/phylum of membership

Species of organisms Percentage of similarity/
number of amino acids

Accession numbers Protein name Class/Phylum

Paracentrotus lividus MK229196 MITF Echinoids/Echinoderms
Strongylocentrotus purpuratus 94%/522 XP_783071.3 MITF-X1 Echinoids/Echinoderms
Strongylocentrotus purpuratus 94%/522 XP_011682044.1 MITF-X2 Echinoids/Echinoderms
Strongylocentrotus purpuratus 94%/522 XP_011682045.1 MITF-X3 Echinoids/Echinoderms
Acanthaster planci 71%/411 XP_022108185.1 MITF-X2 Echinoids/Echinoderms
Branchiostoma belcheri 70%/385 XP_019634219.1 MITF-X3 Leptocardii/Chordates
Salmo salar 63%/504 XP_014002037.1 MITF-X4 Fishes/Chordates
Danio rerio 65%/399 XM_696860 MITFA Fishes/Chordates
Gallus gallus 60%/525 XP_015148453.2 MITF-X2 Birds/Chordates
Xenopus laevis 64%/498 NP_001165646 MITF L homeolog Amphibians/Chordates
Homo sapiens 59%/526 NP_937802.1 MITF-X1 Mammals/Chordates
Drosophila melanogaster 54%/467 NP_001033807.1 MITF-B Insects/Arthropods
Caenorhabditis elegans 60%/289 NP_001350991.1 HLH protein Chromadorea/Nematodes

http://www.r-project.org
http://www.r-project.org
http://www.expasy.org/
http://blast.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
https://zhanglab.ccmb.med.umich.edu/I-TASSER
https://zhanglab.ccmb.med.umich.edu/I-TASSER
http://www.cbs.dtu.dk/services/NetPhos/
http://www.cbs.dtu.dk/services/NetPhos/
http://sumosp.biocuckoo.org
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were recorded with a digital camera mounted on a micro-
scope Zeiss Axioscop 2 plus.

Results

Isolation of Pl‑Mitf gene and in silico protein 
analysis

In this work, we isolated the cDNA corresponding to Pl-
Mitf from late gastrula embryos. The amplification product 
contained the almost complete ORF, 1549 nt long, lacking 
only a few nucleotides (nt) at the 5′ end. For example, the 
isolated cDNA lacked 45 nt if compared to the S. purpuratus 
Mitf-X3 isoform, and 195 nt compared to the Sp-Mitf-X1 
isoform. Table 1 reports the similarity percentages, respect 
to the number of overlapping amino acids, among Pl-Mitf 
and the MITF protein sequences from a number of organ-
isms, obtained using the ALIGN software at ExPASy site. 
In particular, Pl-Mitf showed 94% of similarity with the 
three S. purpuratus MITF isoforms, including Sp-Mitf- X1 
(XP_783071.3), Sp-Mitf-X2 (XP_011682044.1) and Sp-
Mitf-X3 (XP_011682045.1), while it showed 71% of simi-
larity with Mitf-X2 from the sea star Acanthaster planci 
(XP_022108185.1), 70% with the isoform X3 from the 
cephalochordate Branchiostoma belcheri (XP_019634219.1) 
and 63% with the isoform X4 from the fish Salmo salar 
(XP_014002037.1). In addition, the percentages of simi-
larities with other organisms (the insect D. melanogaster 
and the mammalian Homo sapiens, the bird Gallus gallus, 
the amphibian Xenopus laevis) decreased, ranging from 
64% with X. laevis to 54% with D. melanogaster (Table 1). 
As expected, the percentage of protein similarity was very 
high only with the cognate sea urchin, while it decreased in 
comparison with the sea star and the cephalochordate and 
decreased even more comparing Pl-Mitf protein with those 
of all the vertebrates.

The deduced Pl-Mitf protein was 515 aa long, with a 
theoretical pI 6.30 and an estimated molecular mass of 
58.2 kDa. To predict the conserved structural domains 
that designate the MITF family of DNA-binding TFs, 
the deduced protein sequence of Pl-Mitf was blasted at 

GenBank NCBI (Fig. 1a). The predicted secondary struc-
ture of the bHLHzip DNA binding motif of Pl-Mitf was 
found by Phyre 2 software (Fig. 1b). The protein contains 
disordered regions with a percentage equal to 80%, alpha 
helices with a percentage of 33%, and no beta sheets. One 
functional domain was found located at the C-terminal 
half of the protein, ranging from 250 to 340 aa, includ-
ing the basic domain (from 250 to 269  aa), the HLH 
domain, characterized by a first helix (270–284 aa), a 
loop (284–294 aa), and a second helix (295–317), and 
the leucine zipper domain (from 318 to 340 aa) (Fig. 1b). 
The Leucine rich region found in Pl-Mitf protein did not 
seem a canonical leucine zipper domain, which normally 
includes a series of Leucines (L) repeated every 7 aa, but 
showed an Isoleucine (I) as first amino acid (at the position 
319), a L at 326, a Metionine (M) at 333 and a L at 341 
(see the boxshade in Fig. S1). I and M are conservative 
substitutions being both hydrophobic/non polar (colored 
in red in the Clustal sequences alignment in Fig. S2).

The Figure S1 reports the “boxshade” protein sequences 
alignment of MITF proteins from diverse species of inver-
tebrates (insects, echinoderms), cephalochordates and ver-
tebrates (fishes, amphibians, birds, mammals), and dis-
plays, with black and grey boxes, the perfect identity of the 
amino acids, or the conserved substitutions, respectively. 
This alignment shows that the higher sequence homology 
concerned the region of the HLH domain (from 270 to 
317), while other smaller regions of homology were scat-
tered throughout the MITF proteins.

The model in Fig. 1c shows the simulation of a ter-
tiary structure the Pl-Mitf DNA binding domain, based 
on the template of Mus musculus (4ATH, Mitf apo struc-
ture, Protein Data Bank, PDB software, https​://www.
rcsb.org). Figure S3 shows a movie of the most probable 
tertiary structure (with the highest score of 3.60) taken 
by the total Pl-Mitf protein, obtained with the I-Tasser 
software. In blue the N-terminal of the protein, and in red 
the C-terminal.

A further analysis of Pl-Mitf protein sequence has been 
performed by means of the Netphos program, an artificial 
network method that predicts phosphorylation sites, whose 
scores above 0.8 indicate positive predictions. According 
to the higher score obtained, many predicted phosphoryla-
tion sites were found in Pl-Mitf protein: 20 Serines (S), 5 
Threonines (T) and only 2 Tyrosines (Y) (Fig. 1d). Then, 
we evaluated if these predicted sites were conserved among 
the invertebrates and vertebrates organisms here considered 
(in red in Fig. S1). This analysis has highlighted that only 
some of the 27 phosphorylation predicted sites were greatly 
conserved in both vertebrates and invertebrates, such as T98, 
T358, S153, S158, S355, S359, S485, S486, S489, S490, 
S493 and Y305. Other predicted phosphorylation sites have 
been conserved only within echinoderms or exclusively 

Fig. 1   Pl-Mitf protein analysis. a Diagram of Pl-Mitf protein by 
BLAST program, showing the most conserved and the specific 
regions of the superfamily. MITF_TFEB_C_3_N: MITF/TFEB/TFE3 
superfamily; HLH: Helix–loop–helix domain; E-box/N-box specific-
ity site: site of binding to E-box/N-box DNA consensus sequence. 
b Secondary structure of the DNA binding domain of Pl-Mitf tran-
scription factor by Phyre2 program: the HLH domain is showed. c 3D 
structure of the Pl-Mitf protein DNA binding domain. d Scheme of 
the phosphorylation sites and their positions inside the Pl-Mitf pro-
tein, revealed by Netphos program with the score higher than 0.800. 
See online version for full color

◂

https://www.rcsb.org
https://www.rcsb.org
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among sea urchins, such as T162, S47, S141, S149, S163, 
S301, S373, S433, S463, S467, S490 and Y438.

The Pl-Mitf protein analysis by GPS-SUMO, a tool for 
the prediction of sumoylation sites and Sumo-interaction 
motifs, reported the presence of two sites of sumoylation at 
the positions K237 and K380, shown in Table 2. In Pl-Mitf, 
a site for SUMO protein interaction is present at the amino 
acid position 38–42 (Table 2).

Phylogenetic analysis of MITF proteins

To construct the phylogenetic tree, we used Clustal O pro-
gram to align Pl-MITF with the protein sequences from the 
organisms indicated in Table 1, including the sea urchin S. 
purpuratus, the sea star A. planci, the insect D. melanogaster 
and the nematode C.elegans as invertebrates, the lancelet B. 
belcheri as chordates and the mammalians H. sapiens, the 
bird G. gallus, the amphibian X. laevis, and fishes S. salar 
and Danio rerio as vertebrates (Fig. S2). The phylogenetic 
tree showed that Pl-Mitf clusters in the same clade with the 

sea urchin SpMitf-X1, X2 and X3 isoforms, confirming their 
major homology found by BLAST program. The sea urchins 
clusters together with the other echinoderm A. planci. All 
the vertebrate proteins form one distinct cluster also with 
B. belcheri, without including any of the invertebrate pro-
teins analysed here. Furthermore, all vertebrates and inver-
tebrates, subjected under natural evolution, share a common 
ancestor (Fig. 2).

Temporal expression and spatial distribution 
of Pl‑Mitf mRNA in P. lividus embryos 
during development

By real-time QPCR, we studied the temporal mRNA expres-
sion of Pl-Mitf at different developmental stages during sea 
urchin embryogenesis. The results are shown in Fig. 3 A. 
The levels of Pl-Mitf mRNA progressively decreased as the 
development of the embryo progressed after fertilization, 
namely eight cells (3 h post fertilization, hpf), morula (6 hpf) 
and blastula (18 hpf) stages, with values of 0.51, 0.2, 0.05 

Table 2   Pl-Mitf protein 
sumoylation and SUMO 
interactions sites

Pl-Mitf

Position Peptide Score Cut-off Type

38–42 EKEDQQP VVVST SSSASAS 62.154 59.29 SUMO interaction
237 PTEIGKIKTEPVSFN 49.492 16 Sumoylation
380 SDIDFQVKVEPGTTH 48.556 16 Sumoylation

Fig. 2   Evolutionary relationships of taxa for Pl-Mitf protein. Evo-
lutionary analyses were conducted in MEGA6. The percentage of 
replicate trees in which the associated taxa clustered together in the 
bootstrap test (1000 replicates) are shown next to the branches. The 
tree is drawn to scale, with branch lengths in the same units as those 
of the evolutionary distances used to infer the phylogenetic tree. The 

evolutionary distances are in the units of the number of amino acid 
substitutions per site. All positions containing gaps and missing data 
were eliminated. Ap: A. planci, Bb: B. belcheri; Ce: C. elegans; Dm: 
D. melanogaster; Dr: D. rerio; Gg: G. gallus; Hs: H. sapiens; Pl: P. 
lividus; Sp: S. purpuratus; Ss: Salmo salar; Xl: X. laevis 
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fold respectively, if normalized with the unfertilized egg, 
used as a control with an arbitrary value of 1. Interestingly, a 
noticeable Pl-Mitf mRNA increase (4.67 fold) was observed 
at the gastrula (24 hpf) stage, followed by a peak at prism 
stage (36hpf) (6.07 fold increase) and with a reduction of 
50% at pluteus stage (48 hpf) (3.25 fold increase).

The spatial distribution of Pl-Mitf mRNA in sea urchin 
embryos was investigated by WMISH. Figure 3b shows a 
scheme of lateral and vegetal views of the sea urchin embryo 
at the late gastrula stage (24 hpf) with its orientation axes; 
the arrows indicate the PMCs, known to be the skeletogenic 
cells, while the asterisk indicates the archenteron, known 
to be the future gut. In blastula embryos at 18 hpf, Pl-Mitf 
seemed not to be expressed, in agreement with the very low 
expression levels recorded by QPCR analysis at this stage 

(data not shown). At the early (20hpf) and late (24hpf) gas-
trula stages, Pl-Mitf transcripts are expressed in the PMCs 
(Fig. 3c–e, black arrows), and in the developing archenteron 
(Fig. 3c–d, asterisks). At 48hpf, corresponding to the pluteus 
stage, the transcripts were hardly detectable by means of 
WMISH (not shown), although Pl-Mitf appeared expressed 
at this stage by QPCR analysis.

In silico analysis of MITF protein interactions

In the attempt to elucidate what might be the function of 
MITF in the sea urchin embryo, we simulated a network 
showing all the predicted protein–protein relationships 
for MITF by using the STRING database and by compar-
ing similar analyses obtained from different organisms. In 

Fig. 3   Temporal and spatial 
expression of Pl-Mitf tran-
scripts. a Comparative QPCR 
analysis of Pl-Mitf transcription 
levels in P. lividus embryos. Pl-
Mitf expression level throughout 
P. lividus sea urchin embryo-
genesis: E, unfertilized egg 
(used as reference sample and 
assumed as 1 in the histogram); 
8C, 8 cells; M, morula; Bl, 
blastula; G, gastrula; Pr, prism; 
Pl, pluteus. The asterisk (*) 
indicates statistically significa-
tive variations to the relative 
reference sample. Each bar 
represents the mean of three 
independent experiments ± SD. 
b–e Spatial expression of 
Pl-Mitf during late sea urchin 
development. Pl-Mitf mRNA 
was studied by whole mount 
in situ hybridization. b Scheme 
of gastrula embryo, indicating 
the spatial orientation. c early 
gastrula (20hpf), lateral view; 
d late gastrula, lateral view; 
e late gastrula, vegetal view. 
Black arrows indicate primary 
mesenchyme cells. The asterisk 
(*) indicates the gut. See online 
version for full color
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particular, since P. lividus genes are not annotated in the 
STRING database, we studied MITF protein associations in 
S. purpuratus (Fig. 4a), D. melanogaster (Fig. 4b) and Mus 
musculus (Fig. 4c). The analyses, performed with the default 
setting (medium confidence, 0.400), provided high scores 
of the predicted functional interactions, ranging from 0.574 
to 0.999. The graphics reported in Fig. 4 are those created 
by the STRING software as well, with some manual modi-
fications, particularly regarding S. purpuratus. The proteins 
associated with Sp-Mitf, as a result of the STRING analy-
sis, are reported in the supplementary Table S1, in which 
some functions are also detailed. The sea urchin protein net-
work showed that Sp-Mitf was associated with Gastrulation 
Brain homeobox (Sp-GBX), GABA type receptor-associated 
protein (Sp-Gabarap), Paired box 6 (Sp-Pax6), Lysosomal 
associated membrane protein (Sp-Lamp1), Sp-Becn1 (Bec-
lin), Sp-EogtL. Interestingly, these proteins (red and bold in 
Fig. 4a) have also been found in the network of Drosophila 
(red and bold in Fig. 4b).

We found several differences between S. purpuratus and 
the mammalian. Differently from the invertebrate networks, 
mouse MITF protein interacts with the mitogen-activated 
protein kinases alias ERK (MAPK1), protein inhibitor of 
Stat6 (PIAS3), SRY-related HMG-box (Sox 10), Ubiqui-
tin conjugating enzyme (Ube2i) and Small Ubiquitin Like 
Modifier 1 (Sumo1) proteins (Fig. 4c), all of them known to 
be also present in the S. purpuratus genome database (www.
echin​obase​.org), but not present in Sp-Mitf STRING analy-
sis (Fig. 4a).

Discussion

In this study, we report the first evidence for the isolation 
of the cDNA encoding for MITF protein from P. lividus sea 
urchin embryo, referred to as Pl-Mitf. This protein shows 
high percentage of similarity with the three isoforms anno-
tated in the S. purpuratus genome, and less homology with 
the A. planci sea star, with the cephalochordate B.belcheri, 
and with vertebrate organisms. The phylogenetic analysis 
indicated that the sea urchin MITF protein share a common 
ancestor with vertebrates and other invertebrates, suggesting 
that it is well conserved during the evolutionary pathway, 
and thus they might also share an analogous role.

In agreement with the evolutionary conservation of MITF 
proteins family throughout the animal kingdom, the sea 
urchin Pl-Mitf protein contains all the functional domains 
characteristic of the MITF family, i.e. the DNA binding 
bHLHzip domain. Although this last domain is highly con-
served during evolution, in sea urchin MITF proteins only 
four out of five canonical L residues are present, and two 
of them are conservative substitutions, as I and M are both 
hydrophobic/non polar residues. Imperfect Leucine zipper 

Fig. 4   STRING in silico analysis of S. purpuratus (a), D. mela-
nogaster (b) and Mus musculus (c) MITF interactive protein network. 
S. purpuratus proteins in red and bold are in common with D. mela-
nogaster. See online version for full color

http://www.echinobase.org
http://www.echinobase.org
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domains have been also shown in D. melanogaster (Halls-
son and Benedikta 2007) and in other members of MYC 
family (Ferré-D’Amaré et al. 1993). Differently from other 
invertebrates, Mitf protein of the ascidia Halocynthia roretzi 
shows canonical leucines as vertebrates (Yajima et al. 2003). 
Therefore, the variable pattern of the bZip domain among 
different organisms suggests that MITF proteins might have 
undergone modular evolutive processes by “domain shuf-
fling” (Jones 2004).

In addition, a conserved domain of transactivation (TAD) 
is located at the N-terminal of mammals MITF proteins, 
consisting of an IISLE core (ranging from the amino acids 
230–234 in H. sapiens, see Fig. S1), which is partially con-
served in Pl-Mitf protein (ranging from the amino acids 
173–177) (Vachtenheim and Borovansky’ 2010).

Analysis by Netphos software showed that Pl-Mitf pro-
tein contains some predicted phosphorylation sites that are 
conserved among all the vertebrates and invertebrates here 
analyzed, while other sites are exclusively conserved within 
echinoderms. It seems that the phosphorylation at these resi-
dues is important for the regulation of MITF functions in 
response to external stimuli. For example, the phosphoryla-
tion of MITF by AKT at the serine 510, as a response to 
EGF stimulation, affects its downstream targets, playing a 
crucial role in the melanogenesis and proliferation of mel-
anocytes (Wang et al. 2016).

The temporal expression of Pl-Mitf mRNA in the sea 
urchin embryo revealed that the transcripts are already pre-
sent in the unfertilized eggs, according to the well-known 
evidences about the maternal storage of large pools of 
mRNA and proteins in the cytoplasm, for later use through-
out embryogenesis (Flytzanis et al. 1982).

The presence of Pl-Mitf mRNA in the PMCs and in the 
archenteron, as shown by WMISH experiments, is partially 
in agreement with what was found in the sea urchin Lyte-
chinus variegatus. In particular, in addition to the PMCs, a 
small patch of LvMitf-expressing cells was observed at the 
tip of the archenteron, whose location suggests they might be 
a subset of the secondary mesenchyme cells (SMCs), i.e. the 
presumptive pigment cells, according to the known role of 
MITF protein in melanocytes (Levy et al. 2006) (see also Wu 
PhD thesis at https​://dukes​pace.lib.duke.edu › dspace › bit-
stream). The pigment cells produce the Echinochrome A that 
is not involved in external pigmentation of the animals, but 
is important for innate immunity processes, having bacteri-
cidal activity (Service and Wardlaw 1985). Echinochrome 
A is absolutely different from mammalian melanin. Really, 
there is a single study reporting the attempt to isolate a 
melanin-like pigment from the black sea urchin Diadema 
antillarum, living in the Atlantic ocean. In D. antillarum, 
large epidermal chromatophores contain a black pigment 
that shows the characteristic properties of melanin (Millot 
and Jacobson 1951). In the following years other pigments, 

but not melanin-like, have been extracted from adult sea 
urchins, demonstrating essentially their antioxidant property 
(Powell et al. 2014).

In P. lividus, in addition to the presumptive SMCs, the 
entire archenteron is labeled with the Mitf probe, thus sug-
gesting a further unknown role in the presumptive gut of 
the larval stage.

The localization of Pl-Mitf in the PMCs is somewhat 
unexpected, although interesting, since PMCs are devoted 
to forming only the larval skeleton. However, recent stud-
ies showed that MITF has also an important role in mam-
mal osteoclastogenesis, cooperating with other TFs, such 
as NFATc1, PU.1, FOS and NF-kB, to induce osteoclast-
specific genes, indicating a very high complexity in the tran-
scriptional machinery during osteoclastogenesis (Asagiri 
and Takayanagi 2007; Lu et al. 2014). There are few pecu-
liar characteristics of the PMCs that make them somewhat 
similar to osteoclasts, i.e. the involvement in the skeleton 
development, their migratory capability and the formation 
of multinucleated syncytia. Thus, MITF expression in the 
PMCs could be consistent with an unkown role in some 
stages of the sea urchin skeletogenesis. Other TFs have been 
isolated from P.lividus, such as the homologous of JUN and 
FOS-related antigen TFs, referred to as Pl-jun and Pl-Fra, 
whose mRNAs were both located in the PMCs, suggesting 
a potential role in skeletogenesis (Russo et al. 2014, 2018).

The STRING analysis allowed us to evaluate the relation-
ships existing among MITF and other proteins in different 
organisms, including S. purpuratus, D. melanogaster and M. 
musculus. A number of proteins, such as MAPK1 (ERK2), 
PIAS3 (inhibitor of STAT proteins), TFEB (a TF associ-
ated with MITF) and SUMO1, were found to interact with 
mouse MITF, while they are not associated with S. purpu-
ratus MITF, although some of these proteins are present in 
the Echinoderm genome datatabase.

For example, on the basis of the predicted sites for 
sumoylation found in Pl-Mitf sequence, we would have 
expected to find the SUMO protein in the sea urchin 
STRING analysis. SUMO are a family of small proteins, 
whose role is the post-translational modification of target 
proteins. It is known that sumoylation affects MITF tran-
scriptional activity, and it depends on the number of multiple 
MITF binding sites in the promoter of target genes (Miller 
et al. 2005). The fact that SUMO, as well as other mouse 
proteins, is not present in the Sp-Mitf STRING analysis 
doesn’t exclude a possible interaction between the two pro-
teins in the sea urchin; it rather means that currently no evi-
dence has been provided of a possible association between 
them, either from databases or from experimental research.

The STRING analysis has demonstrated that the pro-
teins associated with Sp-Mitf are more similar to those of 
D. melanogaster than to those of the mouse, thus suggest-
ing that sea urchin and insect MITF proteins could share 

https://dukespace.lib.duke.edu
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a similar function. The proteins found in the sea urchin 
STRING analysis, as well as in D. melanogaster, were Sp-
GBX, Sp-Gabarap, Sp-Pax6, Sp-Lamp1, Sp-Becn, Sp-unpg, 
Sp-EogtL.

All these proteins play a role in different processes: in 
autophagy, such as Gabarap (Shpilka et al. 2011) and Bec-
lin1 (Kang et al. 2011); in eye development, such as Pax6 
corresponding to eyeless (ey) in Drosophila (Halder et al. 
1995); in brain development, such as Unpg (Hirth et al. 
2003) and Gbx (Waters and Lewandoski 2006). Although 
the sea urchin does not possess well-defined eyes, it has 
sense organs, capable of distinguishing the light. In echi-
noderms, light reception is due to the presence of different 
photoreceptors, including also non-pigmented dermal pho-
toreceptors. One of the best studied examples of dermal pho-
toreception was found in the sea urchin tube feets, in which 
rhabdomeric opsin and PAX6 genes are strongly expressed, 
highlighting their photoreceptor function (Zhao et al. 2014).

In conclusion, vertebrate MITF protein can regulate 
different biological processes such as osteogenesis, neuro-
genesis, cell proliferation and survival, oncogenesis, inva-
sivaness, cell stress, and is considered the master regulator 
of melanocyte development. It contributes to hair and skin 
color. In the eye, MITF is specifically expressed in the retinal 
pigment epithelial cells, which are deputed to detect light 
and colors, while in the inner ear it plays an important role 
in hearing. It also regulates the development of osteoclasts 
and mast cells, that play a role in allergic reactions (Jones 
2004; Levy et al. 2006). In freshwater fish, Danio rerio, the 
abrogation of MITF activity leads to melanoma regression 
and increased apoptosis (Lister et al. 2013).

While the role of MITF is quite clear and defined in verte-
brates, and numerous mutations have been well studied over 
the past years, in invertebrates its role is still unclear. No 
MITF mutations have so far been identified in invertebrates, 
such as C. elegans (Rehli et al. 1999) and D. melanogaster 
(Hallsson and Benedikta 2007). However, while in Dros-
ophila MITF protein might be involved in the eye develop-
ment, in C. elegans, without pigment cells neither melanin 
production, it might have a different, and to date unknown, 
function. A very recent study describes the characterization 
of MITF in the mollusk Patinopecten yessoensis, where it 
seems involved in shell pigmentation (Mao et al. 2019).

Currently, there is no definite knowledge about the real 
functional role of MITF in invertebrates, such as the sea 
urchins, but our results provide the first evidence of the 
presence of Pl-Mitf in skeletogenesis cells and in the gut, 
suggesting a potential role during P. lividus sea urchin 
development.
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