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Abstract The Drosophila protein Turtle and the verte-

brate proteins immunoglobulin superfamily (IgSF), mem-

ber 9 (IGSF9/Dasm1) and IGSF9B are members of an

evolutionarily ancient protein family. A bioinformatics

analysis of the protein family revealed that invertebrates

contain only a single IGSF9 family gene, whereas verte-

brates contain two to four genes. In cnidarians, the gene

appears to encode a secreted protein, but transmembrane

isoforms of the protein have also evolved, and in many

species, alternative splicing facilitates the expression of

both transmembrane and secreted isoforms. In most spe-

cies, the longest isoforms of the proteins have the same

general organization as the neural cell adhesion molecule

family of cell adhesion molecule proteins, and like this

family of proteins, IGSF9 family members are expressed in

the nervous system. A review of the literature revealed that

Drosophila Turtle facilitates homophilic cell adhesion.

Moreover, IGSF9 family proteins have been implicated in

the outgrowth and branching of neurites, axon guidance,

synapse maturation, self-avoidance, and tiling. However,

despite the few published studies on IGSF9 family pro-

teins, reports on the functions of both Turtle and mam-

malian IGSF9 proteins are contradictory.

Keywords Cell adhesion molecule � Dasm1 � igcm-2 �
IGSF9 � IGSF9B � SSSD1 � Turtle

Introduction

Cell adhesion molecules (CAMs) constitute a large group of

proteins with a diverse range of functions. As the name

implies, they mediate intercellular interactions and interac-

tions between cells and the extracellular matrix (ECM).

Additionally, CAMs can modulate intracellular signal trans-

duction through interactions with other cell surface receptors

or intracellular signaling molecules via their extra- and

intracellular domains [1]. Consequently, CAMs are involved

in various biological and pathological processes, including the

survival, proliferation, differentiation, and migration of cells,

organogenesis, angiogenesis, and inflammation [2–5]. More-

over, CAMs expressed in the nervous system also regulate

neuronal regeneration, axon guidance, tiling, self-avoidance,

and the formation and maturation of synapses [6–8].

Traditionally, CAMs have been divided into four fami-

lies: cadherins, selectins, integrins, and members of the

immunoglobulin (Ig) superfamily (IgSF). However, addi-

tional protein families also contain CAMs, including neu-

rexins/neuroligins [9] and several subfamilies of the

leucine-rich repeat family [10]. Of the traditional CAMs,

cadherins, integrins, and IgSF-CAMs are evolutionarily

ancient families with members that are believed to be

expressed throughout Animalia [11, 12].

One of the first CAMs identified was the vertebrate IgSF

member neural cell adhesion molecule 1 (NCAM1) that was

described already in the mid-1970s [13, 14]. In 2002, a new

gene, IGSF9, encoding a member of the vertebrate IgSF

family was cloned [15] (the gene product had been identified

already 2 years earlier [16]). The protein encoded by IGSF9

was found to be a homolog of the Drosophila protein Turtle

identified the previous year [17], and in mammals, the gene

family has been found to contain one additional member,

IGSF9B [18–20].
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Interestingly, members of the NCAM family and what in

the following sections will be referred to as the IGSF9

family demonstrate the same overall organization of their

extracellular domains [15]. However, whereas several

members of the NCAM family, particularly NCAM1, have

been studied in detail, the knowledge is still sparse about

the members of. Nevertheless, members of the IGSF9

family have been identified throughout Animalia, with the

exception of Porifera, suggesting that the proteins have

important, conserved functions.

We provide a bioinformatics summary and review of the

current knowledge about members of the IGSF9 family, with

an emphasis on similarities and differences between IGSF9

family proteins, NCAM family proteins, and other related

CAMs. We also provide a comparison of the reported ver-

tebrate and invertebrate functions of IGSF9 proteins.

Materials and Methods

Amino Acid Sequences

The list below contains species names and the corresponding

database IDs for the respective amino acid sequences used in

the study. The gene names are indicated in brackets after the

IDs. If no gene name is indicated, then the sequence corre-

sponds to the transcript from an invertebrate tutl gene.

• Acromyrmex echinatior (Panamanian leafcutter ant):

GenBank ID EGI70599.1

• Acyrthosiphon pisum (pea aphid): NCBI RefSeq

XP_003240846.1

• Ascaris suum (pig roundworm): GenBank ID ADY42573.1

• Bos Taurus (cow): NCBI RefSeq NP_001192461.1;

GenBank ID DAA31922.1 (IGSF9); UniProtKB/TrEMBL

ID F1ML81 (IGSF9B)

• Caenorhabditis elegans (roundworm): NCBI RefSeq

NP_509073.3

• Camponotus floridanus (Florida carpenter ant): Gen-

Bank ID EFN60857.1

• Canis lupus familiaris (dog): NCBI RefSeqs XP_

545751.4 and XP_003434369.2 (IGSF9); UniProtKB/

TrEMBL ID F1P9I8 (IGSF9B)

• Cavia porcellus (guinea pig): NCBI RefSeqs XP_

003466605.1 and XP_003466606.1 (Igsf9)

• Ciona intestinalis (vase tunicate): A combination of

Ensembl transcript ID ENSCINT00000010210 (amino

acids 1-80) and NCBI RefSeq XP_002122656.1 (amino

acids 81-322 of ENSCINT00000010210 correspond to

amino acids 1-242 of XP_002122656.1)

• Cricetulus griseus (Chinese hamster): NCBI RefSeq

XP_003500305.1 (Igsf9); UniProtKB/TrEMBL ID

H0UV25 (Igsf9B)

• Danio rerio (zebrafish): NCBI RefSeq XP_685629.2

(Igsf9a); GenBank ID CAQ13296.1 (Igsf9b); NCBI

RefSeq XP_695776.3 (Igsf9Ba); NCBI RefSeq XP_

698041.4 (Igsf9Bb)

• Drosophila melanogaster (common fruit fly): Flybase

IDs FBpp0291078, FBpp0305668, FBpp0088327, FBpp

0088326, FBpp0291077, FBpp0088328, FBpp0305669,

and FBpp0088325 (tutl); UniProtKB/TrEMBL ID Q9U

4G1 (BcDNA.GH11322)

• Gallus gallus (chicken): NCBI RefSeq XP_423214.3

(IGSF9); UniProtKB/TrEMBL ID F1NSC3 (IGSF9B)

• Homo sapiens (human): NCBI RefSeqs NP_001128522.1

and NP_065840.2; GenBank IDs AAQ88495.1 and EAW

52756.1 (IGSF9); UniProtKB/Swiss-Prot ID Q9UPX0

(IGSF9B); UniProtKB/Swiss-Prot ID P13591.3 (NCAM1);

NCBI RefSeq NP_004531.2 (NCAM2)

• Hydra magnipapillata (freshwater polyp): NCBI Ref-

Seq XP_002160325.1

• Ixodes scapularis (black-legged tick): NCBI RefSeq

XP_002401962.1

• Mus musculus (mouse): NCBI RefSeqs NP_001139272.1;

GenBank IDs AAL37164.1 and EDL39012.1 (Igsf9);

UniProtKB/TrEMBL IDs E9PZ19, D3Z169, and D3Z1P3

(Igsf9b)

• Nematostella vectensis (starlet sea anemone): Uni-

ProtKB/TrEMBL ID A7TDK3 (v1g225659)

• Oryzias latipes (Japanese medaka): UniProtKB/TrEM-

BL IDs H2M9R6 (Igsf9, 1 of 2), H2M9X3 (Igsf9, 2 of 2),

H2L3M5 (Igsf9B, 1 of 2), and H2LKH1 (Igsf9B, 2 of 2)

• Rattus norvegicus (brown rat): NCBI RefSeq

NP_001100667.1 (Igsf9); UniProtKB/TrEMBL ID

D3ZB51 (Igsf9b)

• Strongylocentrotus purpuratus (purple sea urchin):

NCBI RefSeq XP_788219.3

• Taeniopygia guttata (zebra finch): UniProtKB/TrEM-

BL IDs H1A0X2 (Igsf9) and H0YQX1 (Igsf9B)

• Xenopus tropicalis (Western clawed frog): NCBI

RefSeq NP_001090640.1 (Igsf9); UniProtKB/TrEMBL

ID F7CTP9 (Igsf9B).

Programs Used for Bioinformatics Analysis of Amino

Acid Sequences

Alignments and determinations of amino acid identities

were performed using ClustalW2 [21]. Phylogenetic rela-

tionships were calculated using ClustalW2—Phylogeny

[22–24] and visualized using Treeview 1.6.6 [25, 26] in

combination with CorelDRAW 11.0 (Corel Corporation).

Domains and motifs were located using the Eukaryotic

Linear Motifs (ELM) database [27, 28]). Additionally, the

identification of signal peptides, Ig modules, fibronectin 3

(Fn3) modules, and transmembrane helices was made using
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the Simple Modular Architecture Research tool (SMART;

[29, 30]). Estimates of signal peptides and transmembrane

helices were performed using SignalP 4.0 [31] and

TMHMM Server v. 2.0 [32].

Estimates of N-linked glycosylation sites were per-

formed using NetNGlyc 1.0 [33]. Estimates of O-linked

glycosylation sites were performed using NetOGlyc 3.1

[34]. Potential palmitoylation and SUMOylation sites were

identified using CSS-Palm 3.0 and SUMOsp 3.0, respec-

tively [35, 36]. Potential prenylation sites were identified

using Prenylation Prediction Suite (PrePS; [37, 38]).

Illustrations of domain organizations were obtained using

Prosite MyDomains Image Creator [39]. The structural

modeling of three-dimensional protein structures was per-

formed using GENO3D [40, 41].

Results

Evolutionary Relationships Between IGSF9 Family

Proteins

In mammals, the IGSF9 family consists of two members,

IGSF9 and IGSF9B [43], sometimes referred to as Protein

Turtle homolog A and B, respectively (see e.g. UniProt IDs

Q9P2J2 and Q9UPX0). Sequences for these proteins exist

for several mammalian species, some of which were uti-

lized to prepare Fig. 1. Additionally, orthologs of the

mammalian members of the IGSF9 family have been

identified in several non-mammalian vertebrates and

invertebrates. Birds [e.g., chicken (Gallus gallus) and zebra

finch (Taeniopygia guttata)] and amphibians [e.g., frog

(Xenopus tropicalis)] also have two genes, whereas bony

fish have four genes that encode IGSF9 family proteins. In

zebrafish (Danio rerio), the four genes are Igsf9a (located

on chromosome 10), Igsf9b (located on chromosome 8),

Igsf9Ba (located on chromosome 15), and Igsf9Bb (located

on chromosome 21).

The Drosophila ortholog of the vertebrate IGSF9 family

genes is tutl, encoding the protein Turtle. Another Dro-

sophila gene, BcDNA.GH11322, encodes a protein with a

high degree of sequence homology and structural organi-

zation similarities to Turtle (see below). BcDNA.GH11322

is located only 1.2 kb downstream of tutl, suggesting that

the genes originated by tandem duplication [17].

Interestingly, vertebrate IGSF9 family genes have an

invertebrate ortholog not only in insects but also in several

other invertebrates, including cnidarians (e.g., Hydra

magnipapillata and Nematostella vectensis). In Hydra, the

IGSF9 ortholog is one of only 12 proteins that contain both

Ig and Fn3 homology modules; other members including

orthologs to DSCAM, Roundabout 2, and TAG-1/axonin 1

(NCBI RefSeqs XP_002169672.1, XP_002166740.1, and

XP_002154651.1, respectively) [44, 45]. This makes the

IGSF9 family not only an evolutionarily ancient family but

also one of the most ancient families of IgSF CAMs

(although the protein may in fact not be a CAM in cni-

darians; see below).

From the description above it is clear that the IGSF9

family contains one member in invertebrates, two members

in mammals, and four members in bony fish (e.g., Danio

rerio). This is paralleled by the evolution of NCAM family

genes, which also consists of one member in invertebrates

(Fasciclin II encoded by Fas2 [46]), two members in

mammals (NCAM1 and NCAM2/OCAM/RNCAM enco-

ded by NCAM1 and NCAM2, respectively), and four

members in bony fish (in Danio rerio encoded by ncam1a,

ncam1b, ncam2, and zgc:152904 [47]). These differences

in gene numbers are generally explained by repeated

whole-genome duplications. Thus, the increased number of

genes in bony fish is believed to be the result of a fish-

specific genome duplication, the so-called 3R [48]. Con-

sequently, vertebrate NCAM and IGSF9 family genes are

ohnologs, i.e. paralogs generated by whole-genome dubli-

cation [49], which is in accordance with the fact that the

genes are located on separate chromosomes (see [46, 47]

and the Danio rerio genes mentioned above).

Figure 2 shows an unrooted phylogenetic tree of selec-

ted members of the IGSF9 family. Invertebrate Turtle-

expressing genes are shown on the right side of the figure.

The division of vertebrate genes that encode IGSF9 and

IGSF9B proteins, respectively, can be seen on the left side

of the figure. Moreover, Danio rerio Igsf9a and Igsf9b are

evidently orthologs of human IGSF9, whereas Danio rerio

Igsf9Ba and Igsf9Bb are orthologs of human IGSF9B.

The IGSF9 family ortholog that is present in the nema-

tode Caenorhabditis elegans is called SSSD1 and encoded

by the gene igcm-2 [50, 51], whereas the product of the

corresponding gene in another nematode, Ascaris suum, is

called Turtle. In C. elegans, the gene constitutes one of only

four members of the immunoglobulin-like cell adhesion

molecule (IGCM) gene family [52], further demonstrating

the evolutionarily ancient origin of the IGSF9 family.

Structural Organization of IGSF9 Family Proteins

IgSF proteins, by definition, contain one or several Ig

modules. Additionally, IgSF CAMs often contain numer-

ous Fn3 modules. The two types of modules are both

composed of a b-sandwich formed by two layers of anti-

parallel b-sheets. In contrast to the typical Ig modules,

however, the b-sheets of Fn3 modules are not connected by

a disulfide bond [53, 54].

Most members of the IGSF9 family, similar to members

of the NCAM family, contain an extracellular domain that is

1238 Neurochem Res (2013) 38:1236–1251
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composed of up to five N-terminal Ig modules (denoted IgI-

V below), followed by up to two Fn3 modules (denoted Fn3I

and Fn3II below). The extracellular domains are typically

followed by a single transmembrane segment and cytoplas-

mic domain [15]. Human IGSF9 and IGSF9B have 737 and

726 amino-acid-long extracellular regions, respectively,

followed by a transmembrane region of 23 amino acids and

cytoplasmic domains of 419 and 600 amino acids, respec-

tively. However, as described below, some IGSF9 family

members may diverge from this general organization.

As shown in Fig. 1, Hydra IGSF9 contains only four Ig

modules and a single Fn3 module. The protein contains a

signal peptide but does not appear to contain a trans-

membrane domain, suggesting that it is secreted. IGSF9

proteins from all other investigated species contain a

transmembrane domain, although alternative splicing may

generate secreted isoforms (see below). Nematode IGSF9

proteins contain five Ig modules but apparently still only a

single Fn3 module, whereas IGSF9 proteins from other

species investigated contain five Ig modules and two Fn3

modules. In C. elegans, the protein only appears to contain

four Ig modules (Fig. 1), but the published sequence is

likely to be incomplete, since the signal peptide also

appears to be absent. Likewise, the sequences of some of

the other genes investigated may be incomplete, and it is

possible that additional exons have been overlooked in the

original cloning of the respective sequences. Sequence

alignments reveal that the single Fn3 module of cnidarian

and nematode IGSF9 proteins is homologous to the Fn3I

module of other IGSF9 proteins, whereas the four Ig

Fig. 1 Structural organization

and potential posttranslational

modifications of selected IGSF9

family proteins. Domains and

posttranslational modifications

were identified as described in

the ‘‘Materials and Methods’’.

Orange boxes indicate signal

peptides. Green and blue
spheres indicate Ig and Fn3

modules, respectively. The gray
sphere corresponds to the IgIV

module of human IGSF9 that

lacks b-strand A and therefore is

not recognized by SMART or

ELM as an Ig module. Gray
boxes indicate transmembrane

domains. In the extracellular

domains, red and gray markers

indicate potential N- and O-

linked glycosylations,

respectively. In the intracellular

domains, gray markers indicate

potential SUMOylation sites,

whereas gray lines indicate

potential palmitoylation sites.

Potential posttranslational

modifications are only indicated

for vertebrate proteins. Some of

the presented structures may be

made from sequences that are

only fragments of a transcript
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modules of cnidarian IGSF9 are homologous to IgII–IgV of

IGSF9 proteins from other species.

The tutl-related Drosophila gene BcDNA.GH11322

mentioned above encodes a 719-amino acid-long protein

that contains four Ig modules [homologous to IgI, IgIII,

IgIV, and IgV of Turtle (amino acid sequence identities of

40 and 47 %, respectively)], two Fn3 modules (amino acid

sequence identity of 26 % compared with Turtle), a

transmembrane domain, and a short cytoplasmic tail.

As shown in Table 1, IGSF9 and IGSF9B have high

module-to-module similarity in their extracellular domains,

supporting the interpretation that the proteins are paralogs.

However, despite their structural similarities, such module-

to-module identity does not exist between NCAM and

Fig. 2 Unrooted phylogenetic tree of IGSF9 family proteins. The

unrooted tree shows the relationships between selected IGSF9 family

proteins. Different phyla and sub-phyla are indicated by circles, with

the phyla shown in blue. The groups that correspond to the genes that

encode IGSF9, IGSF9B, and Turtle proteins are shown in bold. The

amino acid sequences utilized for the initial alignments included a

region that stretches from the beginning of IgII to the end of Fn3I

(corresponding to amino acids 156–593 of human IGSF9

[NP_001128522.1]). The names of individual genes that encode the

respective Danio rerio and Oryzias latipes proteins are indicated.

Similar to Danio rerio, Oryzias latipes also has four separate genes

that express IGSF9 proteins. However, for one of these proteins, the

available sequence fragment did not include the region utilized for the

alignments; consequently, only three Oryzias latipes proteins appear

in the figure. ‘‘Mammals’’ indicates refers to the same mammalian

species presented for the IGSF9 proteins relative to the IGSF9B

proteins. Dr, Danio rerio; Lc, Latimeria chalumnae

1240 Neurochem Res (2013) 38:1236–1251
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IGSF9 family proteins. For example, the IgI module of

human NCAM1 only exhibits amino acid sequence iden-

tities of 6 and 7 % compared with the IgI modules of

human IGSF9 and IGSF9B, respectively, whereas it

exhibits sequence identities of 18 and 16 %, respectively,

compared with the IgIV modules of human IGSF9 and

IGSF9B, respectively. Thus, despite the structural simi-

larities, NCAM family proteins are not paralogs of IGSF9

family proteins. Instead, the structural similarities of the

two protein families are believed to be generated by con-

vergent evolution [17].

A comparison of the extracellular domains of human

IGSF9 and IGSF9B with other proteins revealed that the

IgI–IgV modules resemble regions of the large proteins

titin (NCBI RefSeq NP_001243779), hemicentin-1 (NCBI

RefSeq NP_114141.2), and hemicentin-2 (NCBI RefSeq

XP_001715206.1), which all contain numerous Ig modules.

Of more interest, the modules resemble regions of DSCAM

and DSCAML1 (NCBI RefSeqs NP_001380.2 and

NP_065744.2, respectively), the SLIT receptors ROBO1,

-2, and -3 (NCBI RefSeqs NP_002932.1, NP_001122401.1,

and NP_071765.2, respectively), which also contain five Ig

modules (overall amino acid sequence identities of

18–21 %), and NCAM1/2 (NCBI RefSeqs P13591 and

NP_004531.2, respectively; overall amino acid sequence

identities of 17–20 %).

The Fn3I modules of human IGSF9 and IGSF9B

resemble the single Fn3 module of the kidney-specific

CAM nephrin (NCBI RefSeq NP_004637.1; amino acid

sequence identities of 28 and 24 %, respectively), the fifth

of the six Fn3 modules of DSCAM (NCBI RefSeq

NP_001380.2, 22 and 24 %, respectively), and the second

Fn3II module of the synaptic ECM protein pikachurin

(NCBI RefSeqNP_689616.2; 21 and 26 %, respectively).

The nuclear magnetic resonance structure of the Fn3II

module of human IGSF9 has been released (PDB ID:

1V5J), but no accompanying biochemical or biological

studies have yet been published. This module and the

corresponding module from human IGSF9B resemble the

third Fn3 module of the netrin receptor neogenin (NCBI

RefSeqNP_002490.2; amino acid sequence identities of 21

and 17 %, respectively) and the second Fn3 module of the

ubiquitously expressed CAM brother of CDO (BOC; NCBI

RefSeqNP_150279.1; 15 and 21 %, respectively).

The aforementioned similarities between the extracel-

lular modules of IGSF9 proteins and other proteins suggest

that IGSF9 proteins might be engaged in protein–protein

interactions in the nervous system that are involved in cell

adhesion and differentiation, axon guidance, tiling, self-

avoidance, and synapse formation [55–59]. As described

below, IGSF9 family proteins may indeed be involved in

such processes.

Motifs and Posttranslational Modifications

A comparison of the mammalian forms of IGSF9 and

IGSF9B revealed that IGSF9 is potentially more glycos-

ylated than IGSF9B. IGSF9 contains conserved sites for

potential N-linked glycosylation in IgII and Fn3II and

conserved sites for O-linked glycosylation in the IgIII–IgIV

and Fn3I–Fn3II linker regions, whereas the IgI, IgIV, IgV,

and Fn3II modules are devoid of any glycosylations.

Mammalian forms of IGSF9B have fewer sites for potential

glycosylation than IGSF9. They have conserved sites for

N-linked glycosylation in IgIII and Fn3II but no conserved

sites for O-linked glycosylation. IgI, IgII, IgIV, IgV, and

FnI are devoid of glycosylation sites (Fig. 1).

Glycosylation on CAMs is known to be involved in a

range of biological and pathological processes, including

the adhesion, growth, migration, and differentiation of

cells, cancer invasion and metastasis, synaptogenesis, and

neurodegeneration [60–62]. The functions of IGSF9 family

Table 1 Comparison of primary sequence identities between H. sapiens Igsf9, H. sapiens Igsf9B, and D. melanogaster Turtle

Regions compared Entire

protein

Extracellular domain TM

domain

Cytoplasmic

domain
Ig1 Ig2 Ig3 Ig4 Ig5 Fn3I Fn3II

Amino acidsb 20–1,179 20–133 134–224 225–320 321–415 416–504 505–604 605–737 738–760 761–1,179

Compared protein sequencesa

Igsf9 versus

Igsf9B

38 % 50 % 47 % 22 %

54 % 45 % 59 % 50 % 48 % 58 % 37 %

Igsf9 versus

Turtle

25 % 31 % 43 % 12 %

35 % 28 % 42 % 41 % 26 % 30 % 17 %

Igsf9B versus

Turtle

22 % 33 % 34 % 10 %

41 % 32 % 42 % 33 % 30 % 37 % 19 %

a Primary sequences were from H. sapiens IGSF9 (UniProt: Q9P2J2), H. sapiens Igsf9B (UniProt: Q9UPX0), and D. melanogaster Turtle

(UniProt: Q967D7)
b Amino acid numbers refer to the sequence of Igsf9, including the signal peptide. The sequences were aligned pairwise using ClustalW2 [21]
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glycosylation are unknown, but specifically the region that

contains the conserved site for O-linked glycosylation

between IgIII and IgIV in mammals is absent in one

alternatively spliced isoform of IGSF9 (see below).

IGSF9 from mouse in the IgV module was previously

shown to contain an arginine-glycine-aspartate (RGD)

motif, which is known from integrins to facilitate adhesion

to ECM components [63]. However, the RGD motif is not

conserved between IGSF9 proteins from different species

and, therefore, may not play any functional role.

The intracellular domain of IGSF9 from all investigated

vertebrate species contains a conserved site for potential

palmitoylation proximal to the transmembrane region. This

potential palmitoylation site is missing from vertebrate

forms of IGSF9B, which instead contains a conserved site

for potential SUMOylation. Neither of the proteins con-

tains any sites for potential prenylation.

Palmitoylation is the post-translational attachment of a

palmitic acid group onto cysteine residues. The modifica-

tion facilitates the attachment of the palmitoylated proteins

to membranes. In contrast to prenylation and myristoyla-

tion, the process is reversible and regulated by both

palmitoylating and depalmitoylating enzymes [64].

Many proteins that are involved in neuritogenesis and

synaptic spine formation have been shown to be palmi-

toylated. In the case of transmembrane proteins like CAMs,

palmitoylation has several potential effects. For example, it

may affect the subcellular localization of proteins that

target them to lipid rafts [64]. This has been demonstrated

for NCAM1, which is palmitoylated in hippocampal neu-

rons in response to fibroblast growth factor 2 (FGF2)-

mediated signaling and subsequently translocated to lipid

rafts. Moreover, palmitoylation may alter the conformation

of a protein and therefore its activity and ability to bind

other proteins [64]. For example, NCAM1-mediated

neurite outgrowth facilitated by FGF receptor (FGFR)

activation has been shown to be inhibited when the palm-

itoylation of NCAM1 is prevented [65]. Moreover, the

palmitoylation of NCAM1 has been shown to inhibit the

cis-homodimerization of the protein (interactions between

NCAM1 molecules located on the same cell surface [66]).

Many CAMs, including NCAM1, are believed to form

zipper-like structures generated by a combination of

homophilic cis- and trans-interactions (i.e. interactions

between molecules on opposing cell surfaces) [67, 68].

Therefore, the inhibition of CAM cis-dimerization may

subsequently affect cell–cell interactions. The fact that

IGSF9 but not ISF9B is potentially palmitoylated suggests

that the two proteins, at least under certain conditions, may

have different subcellular localizations, and their activities

may be differentially regulated.

The effects of the SUMOylation (i.e., the covalent

attachment of ubiquitin-like proteins to lysine residues) of

cell surface receptors have not been well-studied, but the

modification is known to be able to induce endocytosis

(e.g., of the GluR6 receptor; [69]).

As previously reported, human IGSF9 contains a C-ter-

minal PDZ-binding motif [70]. This motif is conserved

between all mammalian species investigated and is also found

in Xenopus. Human IGSF9B also contains a C-terminal PDZ-

binding motif. In IGSF9B, however, the motif is not conserved

between species. The lack of a conserved PDZ-binding motif

in IGSF9B implies that IGSF9 and IGSF9B have partially

different cytoplasmic binding partners, suggesting that

IGSF9B does not have the same potential effects on synapse

maturation as IGSF9 (see below).

IGSF9 family proteins contain a large number of

potential sites for various types of phosphorylation, includ-

ing the so-called immunoreceptor tyrosine-based inhibitory

motif (ITIM; [ILV]-x-x-Y-x-[LV] [24]). Tyrosine phos-

phorylation at ITIMs in the cytoplasmic tail of immune

receptors contributes to the regulation of immune cell acti-

vation. However, ITIM-regulated signaling has been

hypothesized to not be restricted to immune cells. Using a

new database search strategy, the number of human

transmembrane receptors with potential ITIMs was reduced

to 109 proteins, including DSCAM and IGSF9 [71]. The

potential ITIM in IGSF9 (amino acids 908–913 of

NP_065840.1) is present in all mammalian species inves-

tigated in this study, as well as in chicken and frog.

However, whether the potential ITIM in IGSF9 has func-

tional significance remains to be determined.

Isoforms

Only the full-length mammalian isoforms of IGSF9 have

been investigated in vivo [15, 70, 72]. However, the alter-

native splicing of the transcripts appears to generate several

mammalian isoforms of IGSF9. As shown in Fig. 1, four

different human transcripts have been reported: two mem-

brane-attached isoforms and two secreted isoforms. The two

secreted isoforms both consist of IgI–IgIV, followed by a

C-terminal tail of variable length and degree of potential

O-linked glycosylation. When comparing the two mem-

brane-attached isoforms, a 17-amino-acid-long sequence in

one isoform that corresponds to the linker-region between

IgIII and IgIV and b-strand A of IgIV is replaced by a single

cysteine residue. Consequently, the conserved site for

potential O-linked glycosylation between IgIII and IgIV is

missing. Moreover, the difference must cause pronounced

differences in the arrangement of the two Ig modules (if at

all, the IgIV module is folded when the ‘‘A’’ b-strand is

missing). It is tempting to speculate that the short isoform

may not exist, and that the published sequence may be the

result of an artifact. However, similar isoforms have been

reported for several other mammals, including cow, dog, and
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guinea pig (GenBank ID DAA31922.1, and NCBI RefSeqs

XP_003434369.2 and XP_003466606.1, respectively), argu-

ing against this explanation.

No alternatively spliced isoforms have been published

for the vertebrate isoforms of IGSF9B [18, 73].

Insect Turtle proteins have also been reported to exist in

multiple isoforms [17, 51]. According to the Flybase [74, 75],

the Drosophila Turtle protein exists in six different isoforms

(see Fig. 1), including five transmembrane isoforms and one

secreted isoform that consists of only IgI and IgII. The

secreted isoform and longest transmembrane isoform have a

25-amino-acid-long insert after IgII or between IgII and IgIII,

respectively. Apart from this difference, all five transmem-

brane isoforms have identical N-terminal extracellular

domains. Three of the transmembrane isoforms have a single

transmembrane domain followed by 23- to 84-amino-acid-

long cytoplasmic domains. The remaining two transmem-

brane isoforms each appear to have two transmembrane

regions separated by a 56-amino-acid-long region, followed

by a 555-amino-acid-long C-terminal domain. The C-terminal

domains do not appear to possess any globular domains,

suggesting that they are intracellular domains, despite the

apparent presence of two transmembrane regions.

In addition to the Drosophila isoforms mentioned in the

Flybase, other isoforms have been reported. For example,

Al-Anzi et al. [51] reported the expression of two additional

secreted isoforms that consist of IgI–Fn3I and three addi-

tional transmembrane isoforms with ectodomains that con-

sist of IgII–Fn3II, IgIII–Fn3I, and IgIV–Fn3II, respectively.

As a result of alternative splicing, members of the

NCAM family and several other IgSF CAMs exist not only

as transmembrane proteins but also as isoforms in which

the extracellular domain is attached to the plasma mem-

brane with a glycosylphosphatidylinositol anchor [76].

However, such isoforms have not been reported for IGSF9

family proteins.

Expression of IGSF9 Family Proteins

Expression of C. elegans SSSD1

According to the Wormbase, igcm-2 promotor::green

fluorescence protein (GFP) experiments, in which GFP is

expressed from the promotor of the gene that encodes the

C. elegans homolog of Turtle, SSSD1, suggest that the

protein is expressed in the pharynx and intestine, some

head neurons, and paraventricular thalamic interneurons of

the preanal ganglion [52].

Expression of Drosophila Turtle

The expression of Turtle in Drosophila has been investi-

gated in detail in several studies [17, 51, 77–79]. Briefly,

the expression of Turtle is detectable from embryonic stage

9 and persists throughout the embryogenesis, larval, pupal,

and adult stages. Transcripts from tutl have predominantly

been detected in the nervous system and primarily in the

central nervous system (CNS). At stages 12–13, tutl is

expressed close to the midline, but the expression spreads

throughout the CNS later in development [51]. However, it

is also expressed in a limited group of sensory neurons in

the peripheral nervous system (PNS) [17]. For example, in

larvae, Turtle is expressed in the cell bodies and along the

dendrites of dendritic arborization neurons of the PNS. The

effects of the protein on the morphology and organization

of these neurons have been studied in detail [78, 79] (see

below). During embryogenesis, Turtle is expressed

throughout the CNS, but the expression becomes restricted

to defined regions and subsets of neurons in the adult brain.

For example, strong expression is seen in the superior

lateral protocerebrum [17], a region that receives inputs

from the antennal lobes directly via projection neurons or

indirectly via mushroom bodies. This region is believed to

be involved in experience-independent olfactory responses

and male courtship behavior [80]. In the visual system, the

protein is expressed at axon terminals of R7 photoreceptor

neurons in the medulla neuropil (see below) and in non-R7

neurons in the medulla neuropil and inner optic lobe [77].

Expression of Mammalian IGSF9 Proteins

In mammals, the expression of IGSF9 has been investi-

gated in mouse, rat, and human tissues [15, 43, 70, 72].

Using real-time polymerase chain reaction (RT-PCR),

Igsf9 transcripts were originally detected during mouse

embryogenesis from embryonic stage 7.5 to 16.5, whereas

no expression was detected in adult animals [15]. However,

the gene was later shown to be expressed in adult animals,

but the level of expression decreases postnatally following

high expression during mid- and late gestation [43]. In situ

hybridization studies revealed that the gene is expressed in

many regions of the CNS during embryogenesis, but with

particularly high expression in the dorsal root ganglia,

olfactory epithelium, trigeminal ganglia, and hindbrain

neuroepithelium. Less pronounced expression is found in

the cranial ganglia, retina, and ventricular zones of the

forebrain neuroepithelium. Igsf9 is also expressed in the

spinal cord; In the upper spine, it is predominantly

expressed in the dorsal-most neuroepithelium; In the cau-

dal spine, the expression shifts to a ventral location.

Moreover, Igsf9 expression is detectable in limb buds and

the hindgut [15].

Northern blot results have demonstrated the expression

of three different Igsf9 transcripts in mouse brain, in which

the longest transcript (4.2 kb) is the predominant form

[70]. In the brains of newborn mice, Igsf9 exhibits broad
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expression. In day 18 mouse brain, it is highly expressed in

the forebrain and intermediate and ventricular zone. In the

adult brain, the expression becomes more restricted. In

particular, strong expression has been detected in the CA1

area and dentate gyrus of the hippocampus, regions known

to be involved in learning and memory formation [81] and

where the protein is located in cell bodies and dendrites and

exhibits high expression in the postsynaptic densities

(PSDs) of excitatory synapses [43, 70, 72]. Moreover, the

protein is expressed in cell bodies and dendrites but not

axons of adult cerebellar Purkinje cells [70].

In humans, the expression of IGSF9 has been examined

by RT-PCR in selected tissues from 8- to 14-week-old

embryos. The gene appears to have broad expression and is

detectable in the heart, placenta, eye, brain, umbilical cord,

intestine, and kidney. The expression is most apparent in

the eye, brain, and intestinal tissues [15].

IGSF9B has by in situ hybridization been shown to be

expressed in the hippocampus [43], but a thorough

description of IGSF9B expression has not been published.

Interestingly, the expression of Drosophila Turtle is

stimulated by the transcription factor Cut [79], a protein

known to be involved in the regulation of dendritic

branching [82]. The mammalian homologs to Drosophila

Cut are Cux1 and Cux2, which are also important for the

regulation of neuronal morphology and function. For

example, they are reported to control dendritic branching

and the formation of dendritic spines and synapses [83, 84].

However, whether mammalian IGSF9 family genes are the

targets of Cux proteins has not been determined.

Abundance of IGSF9 Proteins

IGSF9 family proteins are not abundantly expressed.

Available data are limited, but according to PaxDb, both

Drosophila and mammalian members of the IGSF9 family

belong to the bottom 5 %, in which proteins are ranked

according to the level of expression. Drosophila Turtle has

an expression level (total organism) of approximately

0.48 ppm. There are no available data on mammalian

IGSF9, but the expression level for IGSF9B is 1.03 ppm in

mouse brain and 0.06 ppm in human (total organism). For

comparison, the reported whole-organism expression levels

of Drosophila FasII and human NCAM1 and NCAM2 are

19.1, 20.7, and 3.05 ppm, respectively [85].

Protein Interactions Mediated by IGSF9 Family

Proteins

As mentioned above, the sequence homologies between

IGSF9 family proteins and NCAM and ROBO family

proteins, DSCAM, and neogenin suggest that IGSF9 family

proteins are involved in extracellular protein interactions

that lead to cell adhesion or the modulation of intracellular

signal transduction. Neogenin is a receptor for netrin and

repulsive guidance molecules (RGMs) [86]. ROBO pro-

teins are receptors for SLIT proteins [87], and DSCAM and

NCAM family proteins form trans-homophilic interactions

and several other extracellular protein interactions [47, 88,

89]. However, extracellular protein interactions mediated

by IGSF9 family proteins have not been investigated in

detail. The potential receptors for IGSF9 family proteins

are unknown, and the intracellular signal transduction

pathways regulated by IGSF9 family proteins remain to be

characterized. Nevertheless, the transient expression of

transmembrane Drosophila Turtle in Drosophila Schneider

2 cells has been shown to lead to the aggregation of Turtle-

expressing cells, whereas Turtle-expressing cells do not

form aggregates with untransfected cells. This demon-

strates that Turtle indeed is a CAM that is able to mediate

homophilic trans-interactions [77]. Whether vertebrate

IGSF9 and IGSF9B are also engaged in homophilic trans-

interactions remains to be determined.

Intracellular interactions mediated by IGSF9 proteins

have only been investigated for mammalian forms of

IGSF9, in which yeast two-hybrid screening and sub-

sequent immunoprecipitation experiments demonstrated

that the conserved PDZ-binding domain in the C-terminal

tail of IGSF9 in mammals interacts with the proteins Shank

and synaptic scaffolding molecule (S-SCAM)/membrane-

associated guanylate kinase inverted 2 (MAGI-2) but not

PSD-95, GRIP, or SAP102 [72]. Only the 60 most C-ter-

minal amino acids were used as bait in the screen. There-

fore, the two identified proteins may only reflect a fraction

of the intracellular binding partners of IGSF9. Both

S-SCAM and Shank are multidomain scaffolding proteins

that are enriched at synapses in the nervous system, where

they facilitate the formation of multimeric protein com-

plexes. The expression of S-SCAM has been shown to

correlate with the level of a-amino-3-hydroxy-5-methyl-4-

isoxazole-propionic acid (AMPA) receptors at the cell

surface, AMPA receptor-mediated synaptic transmission,

and the size of dendritic spines [90]. Shank constitutes a

family of proteins that is highly expressed at the PSD, and

increased Shank levels have been shown to facilitate

postsynaptic maturation and spine formation (reviewed in

[91]).

Functions of IGSF9 Family Proteins

Of the many IGSF9 family proteins described above, only

Drosophila Turtle proteins and human and mouse IGSF9

have been investigated in detail. Virtually nothing is known

about IGSF9B. Surprisingly, despite the scarcity of studies,

the published data on the function of Turtle and IGSF9 are

somewhat contradictory.
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Effects of IGSF9 Family Proteins on Behavior

Drosophila tutl is an essential gene. Bodily et al. generated

a number of tutl mutants and demonstrated that the com-

plete absence of Turtle expression results in postembryonic

lethality during late pupation. At the larval stage, the tutl

mutants are unable to perform normal escape responses and

exhibit a reduced ability to return to an upright position

when placed in an inverted position (hence, the name

‘‘Turtle’’). Moreover, whereas mutant larvae move by

peristaltic crawling, moving almost as fast as wildtype

animals, they demonstrate a marked reduction of direc-

tional persistence. Some Drosophila tutl mutants are able

to survive to adulthood. These flies are able to walk but

unable to fly, although they still possess wings and the

muscles and ability to move them. Altogether, these

observations demonstrate than the absence of or mutations

in tutl lead to defects in coordinated motor control [17].

Consistent with its importance for motor control, the

expression of Turtle has been found to be upregulated by

15 % in migrating, juvenile hormone-deficient North

American monarch butterflies (Danaus plexippus) com-

pared with non-migrating summer butterflies of the same

species [92].

In contrast to tutl, mouse Igsf9 is not an essential gene.

Igsf9 knockout mice are viable and fertile. They develop

without any apparent abnormalities, and their coordinated

motor control does not appear to be affected. Moreover,

they do not demonstrate any disabilities in spatial learning

in Morris water maze. The absence of behavioral (and

other) defects in Igsf9 knockout mice might be explained by

functional redundancy caused by the expression of Igsf9B

[43]. However, as mentioned above, the function of

IGSF9B is unknown, and the ability of IGSF9 and IGSF9B

to functionally replace each other remains to be determined.

Effects of Mammalian IGSF9 Family Proteins on Axon

Guidance and Neurite Growth and Branching

The outgrowth and guidance/pathfinding of axons is an

important process during neural development and regen-

eration, ensuring that axons grow in the proper direction to

form connections with the proper targets [93]. During the

outgrowth of axons and dendrites, branching leads to the

formation of axonal and dendritic arbors [94].

In contrast to original reports [17], the abrogation of

Turtle expression in Drosophila has recently been reported

to lead to defects in axon growth and guidance [51]. Thus, a

lack of Turtle expression during embryonic development

leads to defects in the growth and pathfinding of axons from

motor and retinal neurons. The defects can be rescued by

the expression of individual Turtle isoforms, in which the

secreted isoforms that contain IgI–Fn3I are the most potent.

The overexpression of the same Turtle isoforms in a wild-

type background leads to the increased branching of axons

from motor and retinal neurons, and the diffusible isoforms

are more potent in this regard than the transmembrane

isoforms. These studies suggest that Turtle is involved in

the outgrowth, guidance, and branching of neurites.

Mammalian forms of IGSF9 have been reported to regu-

late the branching of dendrites. In primary cultures of mouse

hippocampal neurons, the knockdown of Igsf9 transcripts by

RNA interference (RNAi) or expression of a chimeric pro-

tein, in which the *382 most C-terminal amino acids of

IGSF9 are replaced with GFP (Dasm1[delC]-EGFP), was

initially found to lead to a reduction of dendritic but not

axonal arborization. These and other observations led the

authors to name the product of Igsf9 Dendrite Arborization

and Synapse Maturation 1 (Dasm1) [70].

Later, the effects of Dasm1(delC)-EGFP expression was

reproduced, whereas the expression of another C-terminally

truncated version of IGSF9 that lacks the 200 most C-terminal

amino acids (FLAG-C200) was found to have no effects on

dendritic arborization [43]. Moreover, the observed effect of

the aforementioned RNAi experiments was reported to be

attributable to off-target effects. The morphology of hippo-

campal neurons from Igsf9 knockout mice is similar to neu-

rons from wildtype animals both in vivo and in vitro. The

absence of IGSF9 does not affect brain-derived neurotrophic

factor (BDNF)-stimulated dendritic growth and branching

from cultured mouse hippocampal neurons [43].

Again, unknown is the extent to which the expression of

IGSF9B can compensate for a lack of IGSF9 expression or

an abrogation of IGSF9 function. However, judging from

the aforementioned data, IGSF9 does not appear to play a

pivotal role in dendritic arborization. Nevertheless, if the

two tested C-terminally truncated forms of IGSF9 indeed

have different effects on dendritic arborization, it is note-

worthy that FLAG-C200 contains a large cytoplasmic

domain, including the region with the aforementioned

ITIM, whereas Dasm1(delC)-EGFP does not.

Effects of Turtle on Neurite Growth and Branching, Tiling,

and Self-avoidance

Tiling refers to a phenomenon in which the axonal or

dendritic arbors of individual neurons become organized in

a manner in which a given space is covered in an optimal,

nonredundant manner (i.e., with minimal or no overlap

between receptive fields). Self-avoidance refers to the

ability of neurites within a single arbor to avoid interac-

tions with neurites from the same neuron (i.e., isoneuronal

interactions). This facilitates optimal, uniform coverage of

the individual receptive fields (see [7, 94, 95] for recent

reviews).
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Neurite outgrowth, dendritic branching, and self-avoid-

ance shape the receptive fields of individual neurons,

whereas tiling optimizes the coverage and separation of

regions of signal transmission for groups of neurons.

Together, these processes are important for the proper

processing of sensory information. Whereas tiling and self-

avoidance imply a lack of isoneuronal interactions, het-

eroneuronal adhesive interactions can bundle neuronal

connections in columns for specific neuronal connections.

However, as described by Ferguson et al. [77], the

restrictions of such columns are conceptually similar to

tiling. One molecule that potentially contributes to such

bundling of neuronal connections is NCAM2, which has

been implicated in the formation of dendritic bundles in the

granular retrosplenial cortex, where the protein is expres-

sed at interbundle zones and appears to have a repellant

effect on the dendritic branching of neighboring dendritic

bundles [96, see [97] for review].

Both Drosophila and mammalian members of the family

of DSCAMs have been implicated in tiling and self-avoid-

ance (reviewed in [7, 56, 88, 94]). Moreover, Turtle has also

been recently suggested to be involved in these processes

[78]. The peripheral nervous system of Drosophila contains

four classes of dendritic arborization neurons (I–IV) that all

express Turtle. The morphology of the four classes of neu-

rons differs greatly. Class I neurons have the simplest den-

dritic arbors, and class IV neurons have the most complex

dendritic arbors. In one study, class IV neurons of larvae

were found to exhibit an increased degree of isoneuronal

dendritic crossing points, with no change in dendritic length,

the number of termini, or the size of the receptive field, in

response to the abrogation of Turtle expression, suggesting

that the protein is important for self-avoidance in these

neurons. DSCAM is also involved in self-avoidance in class

IV neurons, but the two proteins appeared to mediate self-

avoidance independently. Moreover, the authors found no

evidence of an effect of Turtle on tiling. In class II and III

neurons, a lack of Turtle expression was found to have no

effect on branch numbers. In class I neurons, however, the

absence of Turtle led to an increase in dendritic branching in

a manner that was independent from the effects on dendritic

growth, suggesting that the protein prevents excessive den-

dritic branching in neurons with simple arbors [78].

Surprisingly, in another study, the absence of Turtle

expression in class II–IV neurons was found to have no

effect on self-avoidance but instead led to significant

decreases in dendritic length, the size of receptive fields,

and the number of branches [79]. Generally, the protein

appeared to promote branching in neurons with simple

dendritic arbors and promote dendritic outgrowth in neu-

rons with more complex arbors. Moreover, the absence of

Turtle expression had no effects on the morphology of

class I neurons [79].

No single explanation exists for these apparently con-

tradictory data. The studies may have had allelic variations.

One study investigated a subtype of class II and III neu-

rons, whereas the other study did not [79]. However,

additional factors might also contribute to the differences.

Turtle has been reported to control tiling in the visual

system of Drosophila [77]. The Drosophila compound eye

consists of ommatidia that each contain eight different

photoreceptor neurons, R1–R8. The expression of Turtle

has been shown to be critical for R7 tiling by preventing

interactions between adjacent R7 axons [77].

Effects of IGSF9 Family Proteins on Synapse Maturation

and Synaptic Transmission

AMPA receptors are glutamate receptors that are crucial for

rapid excitatory synaptic transmission. As mentioned above,

mammalian forms of IGSF9 partially localize to the PSDs of

excitatory synapses where they colocalize with the AMPA

glutamate receptor subunits GluR2 and GluR4, suggesting

that IGSF9 might affect the function of AMPA receptors.

Indeed, experiments with RNAi knockdown of Igsf9 have

demonstrated that a lack of IGSF9 impairs the expression of

AMPA receptors but not N-methyl-D-aspartate receptors

[72]. Whether these observations, like the results from the

other Igsf9 knockdown experiments mentioned above, are

the result of the off-target effects of the RNAi construct is

unknown. However, Igsf9 knockout mice are not impaired in

basal synaptic transmission in the hippocampus, including

input–output relationships of field excitatory postsynaptic

currents and paired-pulse facilitation at CA1 synapses [43].

As mentioned above, the expression of the IGSF9-binding

protein S-SCAM affects the level and function of AMPA

receptors [90], so a potential effect of IGSF9 expression on

AMPA-mediated processes should not be dismissed.

IGSF9 Family Proteins in Diseases

The expression of IGSF9 has been reported to be modu-

lated in several types of cancer [98–101]. In a whole-

genome expression profile of melanoma progression,

IGSF9 was found to be among the 50 most downregulated

genes in advanced-stage melanomas (by approximately

sevenfold) [98]. In another whole-genome expression

study, IGSF9 was among the genes downregulated twofold

or more in colorectal familial adenomatous polyposis

compared with normal colon tissue [99]. In apparent con-

trast to these studies, IGSF9 was found to be one of the

most highly overexpressed genes in gallbladder cancer (by

approximately 18-fold) compared with normal gallbladder

tissue [100]. In mouse and human fallopian tube carci-

nomas, from which high-grade serous ovarian cancer

originates, Igsf9/IGSF9 was found to be upregulated by
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approximately 5- to 9-times fold compared with normal

fallopian tube tissue [101]. Another observation with

potential relevance to cancer is that IGSF9 was shown to be

a target of the AP-2 family member TFAP2C, a tran-

scription factor involved in mammary development and

potentially mammary cancer progression [102].

The expression of IGSF9B also appears to be modulated

in some cancers [103, 104]. Sézary syndrome is a cutane-

ous lymphoma that originates from malignant T-cells. In a

whole-genome expression analysis, IGSFB was among the

10 most upregulated genes (by approximately 11-fold) in

malignant, circulating CD4? T-cells compared with non-

malignant T-cells from the same patients [103]. Moreover,

using gene co-expression analysis, IGSF9B was among the

few clusters of genes identified as potential prognostic

markers of glioblastoma [104].

Cell adhesion molecules can be either up- or downreg-

ulated in different types of cancer, and the effects of

changes in CAM expression on cancer progression are not

always consistent. For example, the increased expression of

NCAM1 correlates with the increased progression of neu-

roblastoma, myeloma, acute myeloid leukemia, and small-

cell lung cancer, whereas the decreased expression of

NCAM1 correlates with the increased progression of gli-

omas and thyroid and colon cancers [105]. Alterations in

CAM expression can modulate cell–cell and cell–matrix

interactions, thereby facilitating or reducing the migration

and invasion of cancer cells. Moreover, CAMs can mod-

ulate cancer progression by modulating intracellular sig-

naling in cancer cells. For example, NCAM1 promotes the

metastatic process of epithelial ovarian carcinomas by

interacting with and activating FGFR [106]. Whether the

up- and downregulation of IGSF9-family proteins in vari-

ous types of cancer have negative or positive effects on

cancer progression remains to be determined.

IGSF9 may also play a role in seizure susceptibility.

Thus, differences in seizure susceptibility between C57BL/

6 (B6) and DBA/2 (D2) mice have been mapped to a region

of chromosome 1 that includes Igsf9. Based on the

expression profile of Igsf9 and existence of an exon single-

nucleotide polymorphism that leads to amino acid substi-

tutions, Igsf9 is one of 12 candidate genes responsible for

the changes in seizure susceptibility. The difference

between IGSF9 in relatively seizure-resistant B6 mice and

relatively seizure-susceptible D2 mice is a Gln-to-Arg

change at position 411 in IgIV and Pro-to-Ser change at

position 871 in the cytoplasmic tail [107].

Future Directions

The research reviewed above highlights the fact that the

first decade of studies of the function of IGSF9-family

proteins has raised many questions but produced few

answers, and the function of vertebrate members of the

family is still elusive. As described earlier (see Fig. 1),

Hydra IGSF9/Turtle lacks a transmembrane region. This

indicates that the protein is secreted and suggests that

IGSF9/Turtle was originally a secreted protein, but some

IGSF9/Turtle-expressing genes have been modulated to

also encode membrane-attached isoforms later during

evolution. In Drosophila, the secreted isoforms still appear

to be the most important because they have been reported

to be able to cause stronger phenotypic changes than the

membrane-attached isoforms [51]. In vertebrates, only the

functions of transmembrane isoforms have been investi-

gated so far. Seeing results from studies of secreted ver-

tebrate isoforms of IGSF9 family proteins would be

interesting.

The lack of an identified phenotype for the Igsf9

knockout mouse may be attributable to redundancy caused,

at least partially, by the expression of IGSF9B. Indeed, the

sequences of the ectodomains of the two proteins are 50 %

identical (see Table 1). However, as described above sev-

eral differences between IGSF9 and IGSF9B exist, which

suggest that the two proteins have somewhat different

functions and therefore can replace each other only to some

extent. For example, IGSF9 but not IGSF9B is potentially

palmitoylated, suggesting that the two proteins have dif-

ferent subcellular localizations, and IGSF9B but not IGSF9

is potentially SUMOylated, further suggesting that the

subcellular localizations of the two proteins are differen-

tially regulated. Moreover, IGSF9 is potentially more

glycosylated than IGSF9B. Finally, in contrast to IGSF9B,

IGSF9 contains a C-terminal PDZ-binding domain. Tog-

ther, these differences imply variations in the extracellular

and intracellular binding partners for the two proteins.

Turtle has been shown to mediate homophilic trans-

interactions [77], but whether vertebrate members of the

protein family also serve as CAMs remains to be deter-

mined. In a recent study that pharmacologically inhibited

Rho kinase (ROCK) to reduce glial scarring, the treatment

of astrocytes with the ROCK inhibitor Fasudil in vitro led

to morphological changes accompanied by the prolonged

downregulation of Igsf9 expression, suggesting that IGSF9

is involved in astrocyte-ECM interactions [108]. However,

any heterophilic ligands of IGSF9-family proteins remain

to be identified.

The importance of Turtle for Drosophila development is

well documented [17], but the potential function of verte-

brate IGSF9 proteins during embryonic development is

unclear. Igsf9 knockout mice do not exhibit apparent

developmental defects [43]. However, a recent study of

global gene expression alterations in Danio rerio in

response to environmental lead poisoning [109] demon-

strated that Igsf9 was among the genes whose expression

Neurochem Res (2013) 38:1236–1251 1247

123



was downregulated in response to lead exposure, although

the study did not specify whether the data were derived

from Igsf9a or Igsf9b. The expression of the gene that

encodes the IGSF9-interacting synaptic protein SHANK1

in mammals was also downregulated. These observations

suggest that a perturbation of IGSF9 expression during

embryonic development could contribute to the neurolog-

ical defects caused by environmental lead exposure [109].

In this case, clarifying the function of the protein during

normal embryonic development would be relevant.

The function of vertebrate IGSF9 family proteins in

adult organisms also remains to be determined. In a study

of the transcriptome of the rodent pineal gland (i.e., a gland

known to produce the circadian clock-related compound

melatonin), Igsf9 was one of the only CAM-expressing

genes that was differentially expressed day and night

(reviewed in [110]). This does not necessarily suggest that

the protein is involved in controlling circadian rhythms but

implies that the protein has a function in the adult organism

that requires changes in expression levels. Moreover, the

data suggest that the protein has functions that are different

from the learning- and memory-related functions previ-

ously investigated [43] and that alternative assays should

be utilized to unravel the functions of the protein.

Whether the up- and downregulation of IGSF9-family

proteins in various types of cancer have negative or posi-

tive effects on cancer progression (if any) and the extent to

which the proteins can be utilized as markers for specific

types of cancer remain to be determined.

One study of the potential effects of epigenetic drift on

ageing found that the DNA methylation of CpG island

promoters was increased in IGSF9B in centenarians com-

pared with newborns. Subsequently, quantitative PCR

experiments revealed that the expression of IGSF9B was

reduced by *90 % in centenarians compared with new-

borns [111]. This is the first report of which we are aware

that has revealed information about the potential function

of IGSF9B. However, to elucidate the effects of reduced

IGSF9B expression, basic knowledge about the function of

IGSF9B is required.

In conclusion, the IGSF9 protein family constitutes an

evolutionarily ancient group of proteins that to a large extent

are uncharacterized. In Drosophila, Turtle seems to be one of

the proteins, which in addition to DSCAM is involved in the

regulation of tiling and self-avoidance. In mammals, DSCAM

do not play the same pivotal role in the processes, and

additional proteins must be involved in the regulation of the

phenomena [88]. A recent study suggests that protocadherins

in part serve this function [112], but IGSF9 and IGSF9B may

still also be among the proteins regulating mammalian tiling

and self-avoidance. Moreover, the expression of both IGSF9

and IGSF9B in e.g. the hippocampus [43] suggests that they

may also be involved in processes related to learning and

memory formation, and their modulated expression in various

cancers [98–101, 103, 104] may also have functional signif-

icance. It will be interesting to see future studies clarifying the

functions of the IGSF9 family proteins in relation all these

processes.
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