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Summary

Skin pigment pattern formation in zebrafish requires pigment-cell autonomous interactions

between melanophores and xanthophores, yet the molecular bases for these interactions remain

largely unknown. Here, we examined the dali mutant that exhibits stripes in which melanophores

are intermingled abnormally with xanthophores. By in vitro cell culture, we found that

melanophores of dali mutants have a defect in motility and that interactions between

melanophores and xanthophores are defective as well. Positional cloning and rescue identified dali

as tetraspanin 3c (tspan3c), encoding a transmembrane scaffolding protein expressed by

melanophores and xanthophores. We further showed that dali mutant Tspan3c expressed in HeLa

cell exhibits a defect in N-glycosylation and is retained inappropriately in the endoplasmic

reticulum. Our results are the first to identify roles for a tetraspanin superfamily protein in skin

pigment pattern formation and suggest new mechanisms for the establishment and maintenance of

zebrafish stripe boundaries.
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Introduction

Animals exhibit a variety of striking and colorful pigment patterns that are appealing not

only for their aesthetics but also for the fundamental questions they raise about the

diversification and generation of form. A useful model organism in which to address these

issues is the zebrafish, which has a distinctive and stereotyped adult pigment pattern of

several dark stripes that alternate with light interstripes. Stripes comprise black

melanophores and iridescent iridophores, whereas interstripes comprise yellow–orange

xanthophores and iridophores; all of these cell types arise from latent precursors of neural
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crest origin during the larval-to-adult transformation (Johnson et al., 1995; Parichy and

Turner, 2003b).

The development of zebrafish stripes and interstripes involves dynamic and reciprocal

interactions amongst pigment cell classes. During early stages of adult pigment pattern

development, iridophores develop in the prospective interstripe region and contribute to

specifying the development of xanthophores at this site, as well as the localization of

melanophores further dorsally and ventrally (Frohnhofer et al., 2013; Parichy, 2009;

Patterson and Parichy, 2013). Short and long-range interactions between melanophores and

xanthophores are then essential for establishing and maintaining boundaries between stripes

and interstripes (Maderspacher and Nusslein-Volhard, 2003; Parichy and Turner, 2003a;

Yamaguchi et al., 2007). Remarkably, these interactions conform to the expectations of

reaction–diffusion models of pattern formation (Kondo and Asai, 1995; Kondo and Shirota,

2009; Miyazawa et al., 2010; Nakamasu et al., 2009) that rely on mechanisms of local

activation and long-range inhibition (Turing, 1952); such patterning systems may be

widespread in animal development (Jung et al., 1998; Miura et al., 2009; Miura and Shiota,

2000; Nakamura et al., 2006; Sheth et al., 2012). These pigment cell-autonomous

interactions are capable of generating a wide variety of patterns, and changes in these

interactions may have contributed to the diversification of patterns among species

(Miyazawa et al., 2010; Quigley et al., 2005; Watanabe and Kondo, 2012).

The molecular mechanisms of pigment cell development and pattern formation are

beginning to be elucidated, and several genes have been identified for their requirements in

the development of particular pigment cell lineages (Budi et al., 2008; Krauss et al., 2013;

Lister et al., 1999; Lopes et al., 2008; Minchin and Hughes, 2008; Parichy et al., 2000a;

Parichy et al., 2000b; Parichy et al., 1999) or for the acquisition of cell-type specific

pigments (Dooley et al., 2013; Kelsh et al., 2000; Le Guyader et al., 2005; Ziegler, 2003).

By contrast, phenotypes of several zebrafish mutants identify genes required for pattern

formation itself. For example, mutations in connexin 41.8 (cx41.8) and igsf11 result in the

development of spots rather than stripes in leopard and seurat mutants, respectively (Eom et

al., 2012; Watanabe et al., 2006; Watanabe and Kondo, 2012). A qualitatively different

pattern phenotype is found in jaguar mutants with mutations in potassium inwardly-

rectifying channel, subfamily J, member 13 (kcnj13; previously, kir7.1), in which

melanophores and xanthophores are no longer confined to stripes and interstripes but are

instead intermingled with one another in stripes that are abnormally broad, demonstrating a

requirement for kcnj13 in the development of stripe–interstripe boundaries (Iwashita et al.,

2006; Maderspacher and Nusslein-Volhard, 2003). More recently, a role has been found for

Kcnj13 in mediating melanophore–xanthophore interactions in vitro. When melanophores

and xanthophores are placed adjacent to one another, melanophores migrate away and

xanthophores follow. This “escape behavior” of melanophores was preceded by a change in

their membrane potential following contact by xanthophores. Melanophores derived from

jaguar mutants, however, were constantly depolarized and failed to retreat from

xanthophores, indicating that Kcnj13 sets the resting membrane potential of melanophores

(Inaba et al., 2012) and suggesting that loss of this repulsive interaction in jaguar mutants

contributes to a failure of sorting-out in vivo.
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In this study, we analyzed the dali mutant, which shows a phenotype similar to that of

jaguar, namely, broad stripes consisting of xanthophores as well as melanophores. We show

that dali promotes melanophore motility and is essential for melanophore–xanthophore

interactions in vitro, similar to Kcnj13, yet is not required for melanophore depolarization.

We further show that dali encodes Tetraspanin 3c, a member of the tetraspanin superfamily

(Hemler, 2003; Hemler, 2005; Zoller, 2009) expressed by melanophores and xanthophores.

Tetraspanins act as scaffolds to anchor proteins at cell and organelle membranes (Baldwin et

al., 2008; Kobayashi et al., 2000; Xu et al., 2004) within tetraspanin-enriched microdomains,

and contribute to cell adhesion (Shigeta et al., 2003; Spring et al., 2013), migration (Baldwin

et al., 2008; Liu et al., 2007), proliferation (Tiwari-Woodruff et al., 2001), and cell–cell

fusion (Chen et al., 1999; Tachibana and Hemler, 1999). We show that intermingled

melanophores and xanthophores in the dali mutant result from a missense substitution in the

first transmembrane domain of Tspan3c that leads to abnormal endoplasmic reticulum (ER)

retention and incomplete N-glycosylation. These are the first data to implicate a tetraspanin

in pigment pattern formation and suggest novel mechanisms underlying the melanophore–

xanthophore interactions and the development of boundaries during zebrafish adult stripe

development.

Results

dali promotes boundary formation between melanophores and xanthophores

In wild-type zebrafish, melanophores and xanthophores are found in stripes and interstripes,

respectively (Figure 1A). To identify genes underlying the formation of this pattern, we

undertook a forward genetic screen for ENU-induced mutant phenotypes having defects in

stripe–interstripe boundaries. One such mutant is dali, which exhibits distinct heterozygous

and homozygous phenotypes. Heterozygotes exhibit broken stripes and retain clear

boundaries between melanophores and xanthophores (Figure 1B). Homozygotes, however,

have fewer, broader stripes that contain not only melanophores but intermingled

xanthophores as well (Figure 1C). The defect in stripe number and width is evident by the

juvenile stage and the intermingled pigment cells phenotype is apparent in the adult (data

not shown). All experiments described below used pigment cells isolated from homozygous

mutants. Thus, dali is essential for the development of stripes and the segregation of

melanophores and xanthophores into discrete spatial domains. These phenotypes are

strikingly similar to those of mutants for jaguar, encoding Kcnj13 (Figure 1D, 1E), raising

the possibility that dali and jaguar might affect some of the same processes.

dali promotes melanophore migration

Stripe development and regeneration involve the directional migration of melanophores

(Parichy et al., 2000b; Parichy and Turner, 2003b). To test if dali promotes melanophore

migration, we assessed the motility of pigment cells in vitro over 24 hours (Eom et al.,

2012). These analyses revealed that total distances migrated by melanophores isolated from

dali mutants were half those of melanophores from wild-type fish (Figure 2A, 2B, 2E-left).

Net (rectilinear) displacements of dali mutant melanophores were, likewise, only a quarter

those of wild-type melanophores (Figure 2E-right; Supplementary Videos S1, S2). In

contrast to melanophores, isolated xanthophores migrated little in vitro (but see below) and
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we failed to detect differences between wild-type and dali mutant backgrounds (Figure 2C–

E; Supplementary Videos S2, S3).

dali-dependent interactions between melanophores and xanthophores

Repulsive interactions between melanophores and xanthophores play critical roles in

organizing and maintaining stripes and interstripes (Inaba et al., 2012; Maderspacher and

Nusslein-Volhard, 2003; Nakamasu et al., 2009; Parichy et al., 2000b; Parichy and Turner,

2003a; Yamaguchi et al., 2007). We asked whether such interactions might be defective in

dali mutants by placing adult melanophores and xanthophores in close proximity to one

another in vitro. We assessed resulting interactions both by time-lapse imaging and by

measuring the migration distances of melanophores during successive time intervals during

the 4 hours after each melanophore was first contacted by a xanthophore. To measure both

repulsive and attractive behavior of melanophores relative to xanthophores, we used only x-

axis values of melanophore migration (Figure 3E). Changes in distance that are positive

would indicate a repulsive interaction (red double-headed arrow) in which the melanophore

“escapes” from the xanthophore (which might give “chase”); changes in distance that are

negative (i.e., if the melanophore moves even closer to the xanthophore) would reflect an

attractive interaction (blue double-headed arrow). Measured as displacements along just a

single axis, these values indicate directionality but will tend to underestimate total distances

migrated. In pairs of wild-type cells, melanophores contacted by xanthophores migrated

away and the xanthophores followed, with increasing distances between cell centroids (i.e.,

melanophores “escaped” despite being “chased” (Supplementary Video S3 and Figure 3A,

3F)), consistent with a repulsive effect of xanthophores on melanophores and with previous

observations (Inaba et al., 2012). In contrast, dali mutant melanophores and xanthophores

failed to migrate and remained in close contact with one another (Supplementary Video S4

and Figure 3B, 3F).

To determine the cellular bases for the lack of responsiveness by dali mutant pigment cells,

we generated reciprocal melanophore–xanthophore pairings of wild-type and mutant cells.

In these experiments, wild-type xanthophores failed to stimulate the migration of dali

mutant melanophores, whereas dali mutant xanthophores failed to stimulate the migration of

wild-type melanophores (Supplementary Videos S5, S6; Figure 3C, 3D, 3F). These results

indicate that dali acts within melanophores to promote their responsiveness to xanthophores,

and also acts within xanthophores to promote their repulsive effects on melanophores. Time-

lapse videos of reciprocal pairings also revealed a more subtle difference in cell behaviors.

After being contacted by wild-type xanthophores, dali mutant melanophores retracted

somewhat, as evidenced by their strongly asymmetrical shapes, although they failed to

“escape”, apparently owing to a defect in directional migration (Supplementary Video S5).

By contrast, after being contacted by dali mutant xanthophores, wild-type melanophores

exhibited neither retraction nor directional escape behaviors (Supplementary Video S6).

These observations raise the possibility that Tspan3c has different functions in

melanophores and xanthophores.

Finally, because a normal resting membrane potential is required for melanophores to

depolarize in response to contacts with xanthophores, we compared the resting membrane
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potential of dali mutant melanophore to wild-type melanophores. In contrast to the defective

membrane potential of jaguar/kncj13 mutants (Inaba et al., 2012), we found no differences

in membrane potential between melanophores of wild-type and dali mutants (Supplementary

Figure S1).

dali encodes Tetraspanin 3c

To identify the gene responsible for the dali phenotype, we mapped the mutant to

chromosome 8 between microsatellites z27391 (30.13 Mb) and z11237 (30.99 Mb) using

257 F2 individuals (Figure 4A). Comparisons of wild-type and mutant open reading frames

for all 15 genes within this critical interval revealed a non-synonymous substitution (I18R)

in zgc:100919 that segregates with the dali mutant phenotype. zgc:100919 encodes a

vertebrate transmembrane 4 superfamily-like protein (tetraspanin; NP_001002748) most

closely related to Tetraspanin 3 (Figure 4B; Supplementary Figure S2A). Because teleosts

have three tetraspanin 3 genes, and tetraspanin 3a and 3b have been annotated in the

Ensembl database already, we designated the dali gene tetraspanin 3c (tspan3c). Tspan3c is

predicted to have four transmembrane domains, one intracellular loop and two extracellular

loops; the I18R substitution occurs in the first transmembrane domain (Figure 4C;

Supplementary Figure S2B).

To confirm the correspondence of dali and tspan3c, we tested if wild-type Tspan3c can

rescue the dali mutant phenotype. We cloned a 4.5 kb fragment upstream of the Tspan3c

start codon and used it to drive expression of wild-type Tspan3c cDNA in a stable transgenic

line, Tg(tspan3c:tspan3c), constructed in the dali mutant background. Transgenic,

homozygous dali mutants exhibited markedly improved boundaries between melanophores

and xanthophores in comparison to non-transgenic dali mutants (Figure 1C vs. 1F);

persisting stripe breaks in rescued fish, similar to heterozygous dali mutants (Figure 1B),

presumably reflect the relative dosage of wild-type and mutant alleles. These results

demonstrated that dali encodes Tspan3c.

tspan3c is expressed in melanophores, xanthophores and other tissues

To examine the expression of tspan3c and other tetraspanin 3 genes, we performed RT-PCR

on mRNAs isolated from several adult tissues (Figure 5A). tspan3a and tspan3c were

expressed in all of the tissues examined, whereas tspan3b was expressed only in a subset of

tissues. To assess expression in melanophores and xanthophores, we enriched for these cell

types by differential gradient centrifugation of dissociated adult fins and assayed transcript

abundance by RT-PCR (Figure 5B). tspan3c mRNA was abundant in both melanophores

and xanthophores, whereas tspan3a was only weakly expressed and tspan3b transcripts were

not detectable. In parallel, we examined activity of a 4.5 kb tspan3c promoter in wild-type

fish transgenic for a Tspan3c-EGFP fusion protein [Tg(tspan3c:tspan3c(WT)-EGFP)].

Frozen sections of adult fish revealed EGFP expression in both melanophores and

xanthophores (Figure 5C blue arrows and yellow arrows, respectively), consistent with

Tspan3c activities in both of these cell types. We note that Tspan3c-EGFP fusion protein is

functional because the fusion protein also rescued dali phenotype (Supplementary Figure

S3) as shown in the rescue experiment in Figure 1F.
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We also examined promoter activity using Tg(tspan3c:EGFP) fish, in which the EGFP

signal was stronger than that of the Tspan3c-EGFP fusion protein in Tg(tspan3c:tspan3c-

EGFP) fish. We observed EGFP expression in xanthophores (Supplementary Figure S4),

and this signal was easily distinguishable from xanthophore autofluorescence (Supplemental

figure S4; see also Methods). In addition, we detected EGFP expression in iridophores when

pigment cells from Tg(tspan3c:EGFP) fish were cultured (Supplementary Figure S5),

suggesting the possibility of tspan3c expression in this lineage as well.

I18R mutation causes Tspan3c retention in endoplasmic reticulum and incomplete N-
glycosylation

To better understand the consequences of the I18R mutation for Tspan3c function, we

compared the localization of wild-type and mutant Tspan3c-EGFP fusion proteins in HeLa

cells. Because mutations in transmembrane domains can cause retention of tetraspanins

within the endoplasmic reticulum (ER) (Tu et al., 2006), we compared Tspan3c-EGFP

localization relative to markers of ER (Figure 6A) and Golgi apparatus (Figure 6B) that are

DsRed proteins fused with ER and Golgi retention sequences, respectively (see Methods).

Tspan3c(WT)-EGFP was localized predominantly to Golgi apparatus (Figure 6B; 7 of 7

cells) and partially to ER (Figure 6A; 9 of 9 cells) as early as 24 hours after transfection and

Golgi localization was enhanced after 48 hours (Figure 6B; 10 of 10 cells). By contrast,

Tspan3c(I18R)-EGFP was localized almost entirely to ER at 24 hours after transfection

(Figure 6A; 12 of 12 cells) and exhibited pronounced Golgi localization only after 48 hours

(Figure 6B; 8 of 9 cells). Although the Golgi marker was weakly detectable in intracellular

spaces, perhaps owing to partial mislocalization of the marker protein, our observations

nevertheless support the idea that the I18R mutation retards Tspan3c translocation from the

ER to the Golgi apparatus. Similar subcellular localizations of Tspan3c (WT or I18R) were

detected when we performed the same experiments using mouse B16 melanoma cells

(Supplementary Figure S6).

Next, to see if defective trafficking is accompanied by defects in Tspan3c maturation, we

analyzed the consequences of I18R mutation for N-linked and O-linked glycosylation

(Yamamoto et al., 2005). To this end, we expressed Tspan3c-3×FLAG fusion proteins in

HeLa cells, then treated cellular lysates with N-glycosidase, O-glycosidase, or both, and

compared protein mobilities by Western blot using an anti-FLAG monoclonal antibody

(Figure 7). Tspan3c(WT)-3×FLAG was detected between 30–50 kDa and resolved to a

fragment of the predicted, 27 kDa size upon treatment with N-glycosidase, demonstrating N-

linked glycosylation of the wild-type protein. By contrast, most Tspan3c(I18R)-3×FLAG

protein was detected at ~30 kDa, indicating incomplete N-glycosylation of the mutant form.

No change in banding patterns was detected following treatment with O-glycosidase.

Discussion

In this study, we found that melanophores of dali mutants have impaired motility and that

both melanophores and xanthophores exhibit defects in heterotypic interactions in vitro. We

further demonstrated that dali corresponds to tetraspanin 3c, and that dali mutants have a
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missense substitution that causes ER-retention and incomplete glycosylation of Tspan3c

protein. Ours are the first data to implicate a tetraspanin in pigment pattern formation.

Tetraspanin superfamily proteins typically anchor other membrane proteins at cell and

organelle membranes, and thereby regulate adhesion, migration, proliferation and cell–cell

fusion (Baldwin et al., 2008; Chen et al., 1999; Liu et al., 2007; Shigeta et al., 2003; Spring

et al., 2013; Tachibana and Hemler, 1999; Tiwari-Woodruff et al., 2001). In human

melanocytes, tetraspanin CD63 participates in endosomal sorting during melanogenesis (van

Niel et al., 2011) whereas tetraspanins CD9 and CD151 localize at the tips of dendrites and

at sites of homotypic intercellular contacts, and their knockdown enhances motility (Garcia-

Lopez et al., 2005). In melanoma cells, CD9 expression is reduced compared to normal

melanocytes (Fan et al., 2010), yet TSPAN8 expression is associated with enhanced

invasiveness (Berthier-Vergnes et al., 2011). These various functions in melanized and other

cells illustrate the diversity of tetraspanin activities.

We can envision several ways in which zebrafish Tspan3c promotes stripe patterning. For

example, tetraspanins often interact with integrins, and mouse TSPAN3 forms a protein

complex with ITGB1 (integrin β1) that promotes oligodendrocyte motility (Tiwari-

Woodruff et al., 2001; Tiwari-Woodruff et al., 2004). Likewise, human CD151 (TSPAN24)

promotes motility by modulating integrin internalization by endocytosis, trafficking or both

(Liu et al., 2007), and also promotes integrin glycosylation in the Golgi apparatus (Baldwin

et al., 2008). Indeed, a role for endocytic regulation of zebrafish Tspan3c and associated

proteins is suggested by the presence in the C-terminal cytoplasmic region of a YQPL

sequence, corresponding to a canonical YXXϕ motif recognized by the adaptor protein 2

complex during endocytosis (Aguilar et al., 2001; Boehm and Bonifacino, 2001). In contrast

to roles for Tetraspanin–Integrin interactions, complexes between Tetraspanins and IgSF

(Shoham et al., 2006; Stipp et al., 2003), MT1-MMP (Takino et al., 2003), BLI-3 (Moribe et

al., 2012; Moribe et al., 2004), and EGFR (Odintsova et al., 2000) also have been shown.

Distinguishing among these and other hypotheses for Tspan3c activity, and identifying

interaction partners in vivo, will require further analyses and the generation of new mutants

as well as transgenic lines.

As described above, jaguar mutants exhibit the same intermingled arrangement of

melanophores and xanthophores as does the dali mutant. Kcnj13 sets the resting membrane

potential of melanophores, and membrane depolarization is an important feature of the

melanophore response to xanthophore contact. Despite the phenotypic similarity of jaguar

and dali mutants both in vivo and in vitro, we found that dali mutant melanophores exhibited

normal resting membrane potentials. These findings suggest that Tspan3c may act

independently of Kcnj13 in promoting repulsive effects of xanthophores on melanophores.

Whether Tspan3c functions in melanophores are similar to its functions in xanthophores

remains to be determined. Reciprocal pairing experiments (Figure 3C, 3D, Supplementary

Videos S5, S6) raise the possibility that Tspan3c is required in melanophores for promoting

directional migration in response to contact by xanthophores, but is required within

xanthophores to stimulate melanophores. In this regard, xanthophores make direct contact

with melanophores using filopodia, which trigger the melanophore “escape response”. Some

tetraspanin family members initiate filopodial (Bassani et al., 2012; Shigeta et al., 2003) and
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nanopodial (Zukauskas et al., 2011) formation. Besides these cell types, iridophores also

have important functions during zebrafish stripe development (Frohnhofer et al., 2013;

Patterson and Parichy, 2013). We found that iridophores express a 4.5 kb tspan3c promoter

element in vitro, which may reflect tspan3c expression in this lineage in vivo. Our on-going

investigations of Tspan3c should provide new insights into its functional requirements in

each of these pigment cell classes.

Finally, our study also provides insights into the trafficking and post-translational

modification of tetraspanins. In bovine UPK1B (TSPAN20), the integrity of all four

transmembrane domains is required for translocation from the ER to the cell surface (Tu et

al., 2006), suggesting the necessity for a tightly packed helix bundle in the translocation of

this protein. Similarly, the I18R substitution of dali mutant Tspan3c occurs in a

transmembrane domain and we observed retention of mutant protein in the ER. Finally,

previous studies have shown that tetraspanins are glycosylated in vivo. N-glycosylation can

contribute to regulating tetraspanin interactions (Baldwin et al., 2008; Hemler, 2005), and is,

in general, important for protein stability, folding, dimerization, and trafficking (Helenius

and Aebi, 2001; Isaji et al., 2006; Kohno et al., 2002; Mitra et al., 2006; Xu et al., 2003), as

well as ligand-binding (Ono et al., 2000). In fact, Tspan3c has three putative N-glycosylation

sites (Supplementary Figure S2) and we found defects in glycosylation of dali mutant (I18R)

Tspan3c, suggesting that if mutant Tspan3c is expressed at the cell/organelle membrane, its

activity or perdurance may be impaired.

In this study, we determined that Tspan3c contributes to melanophore motility in vitro and

also mediates interactions between melanophores and xanthophores. Further elucidation of

Tspan3c function in vivo will provide novel insights into adult pigment pattern formation

and will enable the assignment of molecular mechanisms to parameters described by Turing

models of pattern formation.

Methods

Fish

All experiments in this study were conducted in accordance with guidelines and approved

protocols for animal care and use at Osaka University, Japan and the University of

Washington, USA. The daliwpr21e1 mutant allele was isolated in a forward genetic, early

pressure screen for N-ethyl-N-nitrosourea (ENU) induced mutations in the ABwp genetic

background.

Genetic mapping

The dali mutant was crossed with wild-type strains AB, Tübingen, and WIK in separate

mapping panels. F1 heterozygous fish were intercrossed and F2 fish were used for genetic

mapping with microsatellite markers. Candidate gene sequencing was performed using a

3130 Genetic analyzer (Applied Biosystems).
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Collection of pigment cells

Pigment cells were isolated from fins of adult fish for RT-PCR analyses of gene expression

(wild-type), in vitro motility and co-culture assays (wild-type, dali mutant), for reporter

assay [Tg(tspan3c:EGFP)] and for analyses of membrane potential [hypopigmented

goldenb1 (Lamason et al., 2005) and golden; dali double mutants]. Caudal and anal fins

were collected from fish anesthetized with methyl methanesulfonate (MMS, Sigma). The fin

clips were treated with trypsin solution (2.5 mg/ml trypsin (Worthington), 1.2 mg/ml BSA

(Sigma) and 1 mM EDTA (Wako) in PBS) for 1 hour at 28°C. The trypsin solution was then

removed, and the tissues were rinsed several times with PBS. Then, fin clips were incubated

with collagenase solution (1 mg/ml collagenase I (Worthington), 0.1 mg/ml DNase I

(Worthington), 0.1 mg/ml STI (Worthington), 1.2 mg/ml BSA, 100 μM epinephrine (Sigma)

in PBS) for 1 hour at 28°C. For RT-PCR and in vitro culture experiments, pigment cells

were purified by Percoll gradient centrifugation after filtration with 25 μm mesh (see

below). For membrane potential assays and EGFP detection in iridophores, pigment cells

were collected only by simple centrifugation without Percoll (see below).

Analyses of pigment cell movement and interaction in vitro

Filtered pigment cell suspensions were centrifuged, 30× g for 5 minutes at room

temperature, and cell pellets were re-suspended with L15 medium (Sigma) containing 1%

fetal bovine serum (FBS; Invitrogen). Pigment cells were then picked using glass capillaries

under an Olympus IX81 microscope and placed on a 35 mm culture dish coated with

collagen IV (BD Biosciences). To investigate the interactions between melanophores and

xanthophores, individual cells of each type were placed adjacent to one another. After

overnight incubation in L15 medium at 28°C, the culture medium was exchanged with fresh

L15 medium containing 10% FBS and the pigment cells were then used in live imaging.

Movies were recorded using a DP73 digital camera (Olympus) and Metamorph software

(Molecular Devices) interfaced to an IX81 microscope. Data for pigment cells that survived

more than 48 hours after the medium change were used for further analysis (Yamanaka and

Kondo, submitted). To evaluate the motility, the tracks of melanophore centroids were

plotted every one hour from 12 hours to 36 hours after the medium change, using ImageJ

software (http://rsb.info.nih.gov/ij/). The rectilinear migration length was defined as the net

distance between the 12-hour and the 36-hour time points. To compare the repulsive activity

of melanophores against xanthophores, the different cell types were placed within 0–50 μm

of one another and cell centroids were recorded every 4 hours after melanophores were first

contacted by xanthophores. At each time point, the melanophore position was set at the

origin and the xanthophore was set to the left of the melanophores on the x-axis (Figure 3E).

After 4 hours, the distance of melanophore migration was plotted. To measure both

repulsive and attractive behavior of melanophore against xanthophore, we used only x-axis

value of melanophore migration for the evaluation. The repulsive activity was evaluated as

the average distance of melanophores migration in 4 hours.

Transgenic fish

To confirm the correspondence of tspan3c and dali, we rescued the dali phenotype using the

pTol2-tspan3c:tspan3c transposon plasmid. A 4.5 kb fragment upstream from the translation
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initiation codon of tspan3c and a complete open reading frame of tspan3c gene were

amplified then cloned into the pT2AL200R150G plasmid (Urasaki et al., 2006). Plasmid (10

ng/μl) and transposase mRNA (25 ng/μl) were co-injected into fertilized eggs of dali

homozygous fish at the single-cell stage. The effect of the transgene on skin pattern

formation was determined at the F1 generation of the transgenic line. Integration of the

transgene into the fish genome was verified by PCR amplification. To analyze activity of the

tspan3c promoter, EGFP was inserted into the C-terminus of the tspan3c fragment in pTol2-

tspan3c:tspan3c(WT or I18R), generating pTol2-tspan3c:tspan3c(WT or I18R)-EGFP

reporter plasmid in which the linker fragment Gly-Gly-Gly-Gly-Gly-Gly-Leu was

introduced between the tspan3c and EGFP fragments. pTol2-tspan3c:EGFP reporter plasmid

was also produced to analyze promoter activity. These plasmids were injected into zebrafish

eggs by the same method as above.

RT-PCR analysis of tspan3c expression

After anesthetizing fish with MMS, total RNA was obtained using the RNeasy Protect Mini

Kit (Qiagen), which was applied to each organ (eye, brain, heart, skin, caudal fin, testis, and

ovary) of zebrafish. cDNAs were synthesized using the SuperScript III CellsDirect cDNA

Synthesis System (Invitrogen). Then, 4.4 ng of cDNA (RNA equivalent) obtained from each

organ was used in PCR, to detect tspan3a-c expression. PCR amplifications were performed

for 30 cycles for tspan3a-c, 27 cycles for β-actin at 95°C for 30 seconds, at 60°C for 30

seconds, and 72°C for 30 seconds.

To examine tspan3c expression in melanophores and xanthophores, each pigment cell type

was purified (see above) then cDNAs prepared for RT-PCR. To assay for cross-

contamination of melanophores and xanthophores, the expression of dct (a melanophore

marker) (Kelsh et al., 2000) and aox3 (a xanthophore marker) (Parichy et al., 2000b) were

also examined. PCR amplifications were performed for 32 cycles at 95°C for 30 seconds, at

60°C for 30 seconds, and at 72°C for 30 seconds. Primer sets were designed to span introns:

5′-ATGGGTCAGTGCGGGATTAC -3′ and 5′-CAAATACCAGCATAAGAATGATGAC

-3′ for tspan3a, 5′-ATGGGACAATGTGGCGTGAT -3′ and 5′-

GACCAGAAGCAGCACTGCAGA -3′ for tspan3b, 5′-GTGTTCGGCATCATCTACAGG

-3′ and 5′-GTTGTCGATGGTGCCAGTGAG -3′ for tspan3c, 5′-

ATCAGCCCGCGTTCACGGTT-3′ and 5′-ACACCGAGGTGTCCAGCTCTCC-3′ for

dct, 5′-AGGGCATTGGAGAACCCCCAGT-3′ and 5′-

ACACGTTGATGGCCCACGGT-3′ for aox3, and 5′-CGGTTTTGCTGGAGATGATG-3′
and 5′-CGTGCTCAATGGGGTATTTG-3′ for β-actin.

Tspan3c protein in HeLa cells and B16 melanoma cells

HeLa cells and B16 melanoma cells were maintained in DMEM medium (Sigma) that

contained 10% FBS (Invitrogen). To generate pCMV-tspan3c(WT or I18R)-EGFP plasmids,

cDNA fragment of tspan3c with an EGFP cassette were subcloned from the pTol2-

tspan3c:tspan3c(WT or I18R)-EGFP plasmid, respectively. Marker plasmids for the ER and

Golgi apparatus, pCS2-ER-DsRed2 and pCS2-DsRed-Monomer-Golgi were generated using

pDsRed2-ER and pDsRed-Monomer-Golgi plasmids (Clontech), which were originally

prepared for other purposes. These plasmids were introduced into HeLa cells and B16
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melanoma cells using the GeneJuice Transfection Reagent (Merck Millipore). Protein

localizations were observed 24 or 48 hours after transfection by using the IX71 microscope

and FLUOVIEW FV300 (Olympus).

Western blotting

tspan3c(WT or I18R) was cloned into the pIRES2-AcGFP plasmid (Clontech), in which the

3×FLAG cording fragment was added to produce a Tspan3c-3×FLAG tagged protein. Then,

48 hours after transfection with the plasmid, transfectant cells were rinsed with PBS and

lysed with chilled RIPA buffer [50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%

TRITON X-100, 0.5% Sodium deoxycholate, 0.1% SDS, and 1× Complete Protease

Inhibitor Cocktail Tablets (Roche)]. Cell lysates were centrifuged (17,000× g for 10 minutes

at 4°C) and then treated with N-glycosidase (PNGaseF, NEB) and/or O-glycosidase mix (O-

Glycosidase & Neuraminidase Bundle, NEB). Protein samples were resolved by SDS-

PAGE, followed by Western blot analysis using Monoclonal Anti -FLAG M2 antibody

(Sigma).

Analysis of membrane potential in melanophores

Membrane potentials were compared between wild-type and dali mutant melanophores

using DiBAC4(3) (Inaba et al., 2012). Because melanin granules in melanophores prevent

fluorescence detection, we crossed dali and golden mutants to generate dali; golden double

homozygous mutants, in which melanophores lack melanin. Pigment cells were partially

purified from the fin clips of the golden (positive control) and dali; golden double mutants

(see above). Following centrifugation, the cell pellets were re-suspended with L15 medium

and cultured on a 35 mm glass base dish. After overnight incubation at 28°C, the culture

medium was changed to fresh L15 medium that contained 10% FBS and 200 nM

DiBAC4(3) (Wako). After 30 minutes of incubation, the cells were photographed by using

the IX71 microscope and FLUOVIEW FV300 (Olympus). The Mean Gray Value was

analyzed by using the ImageJ as mean fluorescence intensity (MFI).

Phylogenetic analysis

A maximum-likelihood phylogeny for Tspan3-related proteins was constructed using

MEGA software (Tamura et al., 2011).

Observation of EGFP fluorescence in pigment cells

EGFP signals in pigment cells in vivo, in vitro and on frozen section were analyzed using the

BZ-8000 microscope (KEYENCE) with OP-66835 BZ filter GFP. For the in vitro

observation, pigment cells were collected and cultured as the same way for the analysis of

membrane potential in melanophores (see above). After overnight incubation at 28°C, the

culture medium was changed to fresh L15 medium that contained 10% FBS and 100 μM

epinephrine, and the cells were incubated for 1 hour.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

How animal pigment patterns form and evolve is an intriguing question. We are tackling

this problem using the beautiful stripes of the zebrafish. We have shown that cell–cell

interactions between pigment cells are important for stripe formation, yet the underlying

molecular mechanisms have been elusive. In this study, we examined a pigment pattern

mutant, dali, which exhibits intermingled, rather than segregated, melanophores and

xanthophores. We identified dali as encoding Tetraspanin 3c, which anchors other

proteins at the cell surface, in organelle membranes, or both. Our finding will improve

our understanding of the molecular bases of skin pigment pattern formation.
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Figure 1.
Adult pigment patterns of wild-type, dali and jaguar mutants. (A) Wild-type. (B,C)

Heterozygous and homozygous dali mutants. (D,E) Heterozygous and homozygous

jaguarb230 mutants. (F) Partial rescue of dali mutant phenotype by Tspan3c expression (see

text for details). (A′–F′) Magnified images of middle region between dorsal and anal fins of

trunk showing encroachment of xanthophores into melanophore domains in mutants

homozygous for dali and jaguar (C′,E′); heterozygous mutants (B′,D′) as well as

homozygous dali mutants expressing Tspan3c (F′) have disrupted patterns but little or no

intermingling of melanophores and xanthophores. (A″–F″) Corresponding tracings
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illustrating distributions xanthophores (orange) and melanophores. Scale bar: in (F″), 60 μm

for (A′–F′).
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Figure 2.
dali mutant melanophores have a motility defect in vitro. (A,B,E) Distances migrated by

wild-type melanophores (n=10) and dali mutant melanophores (n=10) revealed significantly

reduced motility of the latter (*p<0.01). (C,D,E) Distances migrated by wild-type

xanthophores (n=10) and dali mutant xanthophores (n=6) were not significantly different

between genotypes. Data were collected from two or more independent experiments.
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Figure 3.
Pigment cells from dali mutant have defects in cell–cell interactions. (A) Contact between

wild-type melanophores and wild-type xanthophores results in movement away by the

melanophore, and following by the xanthophore (10 of 11 pairs tested). (B) Contact between

dali mutant melanophores and xanthophores did not result in such behaviors (7 of 7 pairs).

(C) Wild-type xanthophores failed to elicit escape responses by dali mutant melanophores (7

of 7 pairs). (D) Likewise, dali mutant xanthophores failed to elicit escape responses by wild-

type melanophores (13 of 15 pairs). Scale bar: 50 μm. (E) Indicator of repulsive activity of

melanophores. X-axis values of melanophore migrations (double-headed arrows) were used

to evaluate repulsive (red arrow) or attractive (blue arrow) activities. (F) Significant

differences in escape behavior were detected between WT pairs and all others (*p<0.01).

Data were collected from two or more independent experiments.
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Figure 4.
dali maps to zgc:100919 encoding Tetraspanin 3c. (A) Meiotic mapping of the dali mutant

revealed an 860 kb critical genetic interval containing 15 open reading frames (blue bars), of

which only the gene-encoding vertebrate transmembrane 4 superfamily-like (tetraspanin 3c;

abbreviated as tspan3c, accession number; NP_001002748) exhibited an ENU-induced

lesion (yellow bar) (B) Orthology of zebrafish and other vertebrate Tspan3 proteins. Tspan7,

the closest homologous protein to Tspan3, was used as the out group. (C) A schematic of the

Tspan3c protein showing the dali mutant I18R substitution in the first transmembrane

domain.
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Figure 5.
tspan3c expression by adult melanophores, xanthophores and whole tissues. (A,B) RT-PCR

for zebrafish tetraspanin 3 paralogues for tissues as well as populations of isolated

melanophores (M) and xanthophores (X). dct (dopachrome tautomerase) is a marker of

melanophores (Kelsh et al., 2000), whereas aox3 (aldehyde oxidase 3) is a marker of

xanthophores (Parichy et al., 2000b). (C) EGFP signals driven by the tspan3c promoter were

detected in adult melanophores (blue arrows) and adult xanthophores (yellow arrows). Right

image shows higher magnification view of boxed region in middle.
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Figure 6.
Tspan3c(I18R) is retained within the ER. Tspan3c(WT or I18R)-EGFP fusion proteins were

expressed in HeLa cells and their localization was examined using marker for ER (A) and

Golgi apparatus (B) after 24 h and 48 h. Scale bar: 10 μm. Arrowheads indicate marked

localization of the Tspan3c protein (see text). Trials were conducted in duplicate.
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Figure 7.
Reduced N-glycosylation of Tspan3c(I18R). Western blot showing Tspan3c(WT or

I18R)-3×FLAG tagged proteins expressed in HeLa cells following treatment with N-

glycosidase (N), O-glycosidase (O), or both. In comparison to Tspan3c(WT), relatively little

N-glycosylation was evident for Tspan3c(I18R) (brackets). Trials were conducted in

triplicate.
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