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The immunoglobulin superfamily (IgSF) encompasses
hundreds of cell surface proteins containing multiple
immunoglobulin-like (Ig) domains. Among these are neural
IgCAMs, which are cell adhesion molecules that mediate
interactions between cells in the nervous system. IgCAMs in
some vertebrate IgSF subfamilies bind to each other
homophilically and heterophilically, forming small interaction
networks. In Drosophila, a global ‘interactome’ screen
identified two larger networks in which proteins in one IgSF
subfamily selectively interact with proteins in a different
subfamily. One of these networks, the ‘Dpr-ome’, includes
30 IgSF proteins, each of which is expressed in a unique subset
of neurons. Recent evidence shows that one interacting protein
pair within the Dpr-ome network is required for development of
the brain and neuromuscular system.
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Introduction

The immunoglobulin superfamily (IgSF) is a very large
family of proteins containing one or more immunoglobu-
lin-like (Ig) domains. Most IgSF proteins are secreted or
localized to the cell surface. There are about 500
non-antibody, non-T cell receptor (TCR) IgSF proteins
encoded in the human genome, and 130 in Drosophila
melanogaster. 'The Ig domain has a sandwich-like fold
composed of two sheets of antiparallel § strands. Ig
domains were probably selected by evolution as versatile
mediators of protein—protein interactions caused by their
ability to bind to partners via several different interfaces
(Figure 1a). Another domain, the fibronectin type III
(FnlIT) repeat, also has a B-sandwich structure and
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mediates protein—protein interactions, and many proteins
have both Ig domains and FnllI repeats.

Many cell surface IgSF proteins are homophilic or het-
erophilic adhesion molecules (IgCAMs) containing mul-
tiple Ig domains. IgCAMs mediate interactions among
neurons and between neurons and glia. Homophilic
[gCAMs include NCAM and L1 in mammals and Fasci-
clin IT and Dscam in Drosophila. lgCAM-like proteins are
receptors for axon guidance cues such as Netrins and Slits.
Finally, neuronal transmembrane signal transduction
molecules, such as receptor tyrosine kinases and phos-
phatases, can have IgCAM-like extracellular (XC)
domains.

"This mini review does not cover homophilic IgCAMs,
axon guidance receptors, or signaling receptors, but
focuses on subfamilies of the IgSF that participate in
complex networks of interactions. In these networks,
individual IgCAMs usually bind to multiple partners.
Networks defined thus far in mammals and other verte-
brates are composed primarily of proteins within the same
IgSF subfamily, since it is straightforward to test mem-
bers of an identified subfamily for interactions with each
other. In Drosophila, however, a comprehensive analysis
of interactions among all IgSF proteins has uncovered
complex networks in which most interactions occur
between proteins in different IgSF subfamilies [1°°]. It
remains to be determined if large interaction networks
that include multiple subfamilies also exist in vertebrates.

IgSF subfamilies participating in interaction
networks in mammals

The IgSF has expanded in the vertebrate lineage, gener-
ating many new subfamilies [2]. Here we review three
subfamilies that form interaction networks.

Nectins and Nectin-like proteins

Nectins and Nectin-like (Necl) proteins form a nine-
member subfamily in mammals (Figure 1b) [3°°]. I situ
hybridization analysis (Allen Brain Atlas) shows that all of
their genes are expressed at high levels in the adult mouse
brain [4]. Nectins and Necls are cell surface receptors
with three [g domains and single transmembrane helices.
They are localized to cell-cell junctions, and are
commonly, but not always, found in conjunction with
cadherins. The Nectin proteins interact with the actin-
binding adaptor protein afadin via their cytoplasmic tails,
while Necls lack this activity [5].
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Structure of neural IgSF protein complexes, and the Nectin subfamily interaction network.

(a) The structure of Nectin-2 domains 1 and 2 (D1 and D2) demonstrate the variable- (D1) and constant-type (D2) Ig folds. IgV domains contain
two extra B-strands (C’ and C”). The Ig fold is created by two sheets made up of strands CFG or CC'C"FG and of ABED.

(b) The extended Nectin/Necl family includes 14 proteins, and has a complex pattern of homo- and heterophilic interactions. Nectins, Necls, and
the extended subfamily members are depicted in green, orange and brown, respectively.

(c) The IgSF protein subfamilies covered in this review that have known structures create complexes with similar features. Most prominently, the
CC'C"FG face of the IgV-type domains at the N termini (D1 position) are their primary interaction surfaces. The positions of the membrane-

proximal (C-terminal) domains are indicated by dotted lines.

Nectins and Necls can mediate cell adhesion through
homophilic or heterophilic interactions. Nectin and Necl
proteins interact homophilically iz vitro, and several
Nectin and Necl pairs form heterophilic complexes
(Figure 1b) [3°°,6]. Overall, the heterophilic interactions
of Nectins/Necls are of higher affinity than the homo-
philic ones. Recently, a group of five more [gSF proteins
were identified as members of an extended Nectin/Necl
subfamily that can bind to Nectins and Necls. These
proteins (CRTAM, CD96, CD200, CD226, and TIGIT)
are primarily known for roles in the immune system [7]
(Figure 1b). However, at least one of them, CID200, is also
expressed in the brain. In all cases of biophysically
characterized interactions, complexes are created solely
by binding between the N-terminal variable-type Ig (IgV)
domains [6,8,9] (Figure 1a, c¢). However, there is also
evidence for lateral (¢/s) interactions on the same plasma
membrane, mediated by the second and third Ig domains
of Necl-2 [10].

Necl proteins are also known as SynCAMs and Cadms. All
of these proteins are localized to synaptic plasma
membranes, and are present on both sides of synapses,
consistent with their ability to mediate homophilic
adhesion [11,12]. Necl-2/SynCAM1 was first identified
as a homophilic cell adhesion molecule that can induce
synapse formation [11]. Nec/-2/SynCAM 1 mouse knockout
mutants have phenotypes affecting synapse number,
excitation/inhibition  balance, and learning (e.g,
[13,14]). Heterophilic complexes involving all Necls con-
tribute to synaptic organization and function [12]. Necl-4
and Necl-1 mediate Schwann cell-axon interactions dur-
ing myelination, and Nec/~4 mutants have myelination
abnormalities [15,16]. Necl-3/SynCAM3 is expressed on
floor plate cells during development and interacts with
Necls on commissural axons, facilitating their turning
responses after they cross the floor plate [17]. The neural
functions of Nectins have been studied less extensively
than those of the Necls (reviewed by [3°°,18]). Nectin-1
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and Nectin-3 are involved in axon—dendrite interactions.
Nectin-2 is expressed on both astrocytes and neurons, and
glial and neuronal degeneration was observed in Nectin-2
mutants [19].

Nectins are not restricted to the nervous system. They are
localized at adherens junctions in epithelia, and function
as immune modulators. Nectins and Necls are receptors
for poliovirus, herpes simplex virus, and measles virus.
Human Nectins are implicated in inherited diseases and
cancer (reviewed by Refs [3°°,18]).

IgLONs

Igl.ONs are cell surface proteins with three Ig domains
that are attached to the membrane by glycosyl-phospha-
tidylinositol (GPI) linkages. There are five Igl.ONs in
mammals:  Neurotrimin,  Kilon/Negrl, =~ OBCAM/
OPCML, Lsamp/LAMP, and IglLONS5. Each Igl.ON
exhibits promiscuous homophilic and heterophilic bind-
ing, interacting with every member of the subfamily.
IglLONs mediate #7ans interactions between cells in cell
clustering experiments, and ¢/s heterodimers might also
exist [20].

The functions of IglLONs are not well understood.
[glLONs are broadly expressed in the brain, although
there are regional differences in expression levels among
them. Neurotrimin and Lisamp are on growing axons and
at immature synapses. [gl.ONs are postsynaptically local-
ized in the mature brain [21-23]. They are released from
neurons by the actions of matrix metalloproteases
(MMPs). MMP inhibition reduces axonal outgrowth from
cortical neurons, and cortical axons can grow on IgLON
substrates. It has been suggested that the released
[glLONs create a permissive substrate for axonal out-
growth 7z vive [24]. IglLON overexpression can affect
synapse numbers in neuronal cultures [25]. Analysis of
the brain protcome showed that Lsamp is expressed on
both neurons and astrocytes, but not on oligodendrocytes
and microglia. Thinner axons are prematurely myelinated
in Lsamp knockout mutant mice, indicating that Lsamp is
a negative regulator of myelination. This regulation could
occur through the actions of MMP-released Lsamp,
because a surface coated with Lisamp fusion protein is
repulsive to oligodendrocytes [26°].

CEACAMs

The carcinoembryonic antigen (CEA) IgSF subfamily has
22 members in humans, of which 12 belong to the CEA-
related cell adhesion molecule (CEACAM) group and
10 are pregnancy-specific glycoproteins (PSGs). Brain
expression has been reported for two CEACAM subfam-
ily members thus far. CEACAM2 is expressed in the
hypothalamus, which controls feeding and metabolism.
CEACAM?Z2 mutants exhibit hyperphagia, and females are
obese [27,28]. PSG16 is also expressed in the brain [29],
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but its functions are unknown. Subcellular localization of
CEACAMs within neurons has not been analyzed.

CEACAMs have been primarily studied outside of the
nervous system. The first subfamily member to be
discovered was carcinoembryonic antigen (CEA), which
corresponds to CEACAMS. This is a tumor marker that is
released into serum. CEACAMs are expressed in epithe-
lial, endothelial and in many immune cells, and they have
functions in immunity and development. PSGs are
secreted by placental cells into the maternal circulation
(reviewed by Refs [30,31]).

CEACAM extracellular domains are composed of one to
seven immunoglobulin domains, where the N-terminal
domain is always a variable-type Ig (IgV), and the rest are
usually constant-type Ig domains (similar to the Nectin
D2 in Figure la). CEACAMs serve as cell adhesion
molecules through homophilic and heterophilic interac-
tions. ¢zs Homophilic interactions have also been reported
[32,33]. A comprehensive determination of all homophilic
and heterophilic interactions is yet to be performed, but
several lines of evidence, including cell aggregation
assays, analytical ultracentrifugation and crystal struc-
tures, show that CEACAM1, CEACAMS5 and CEACAM6
can create homodimers, and that CEACAM heterodimers
also exist. Both homophilic and heterophilic interactions
are mediated by the N-terminal IgV domains (Figure 1c).
Of all tested homophilic interactions, CEACAM1 and
CEACAMS form the strongest homodimers, while CEA-
CAMG6 dimers are very weak, and CEACAMS dimeriza-
tion is too weak to occur under physiologically realistic
concentrations. Instead, CEACAMG6 and CEACAMS cre-
ate heterodimers with moderate affinity [34°].

Recently, an IgSF protein not belonging to the CEA
family, TIM-3, was shown to interact with CEACAM1
[35°]. This heterophilic interaction is also mediated by
the N-terminal IgV domains of both proteins, and reg-
ulates the T-cell inhibition activity of TIM-3, which is
central to controlling autoimmunity and anti-tumor
immunity.

Global IgSF interaction maps

Since IgSF proteins do not bind only to partners within
the same subfamily, defining IgSF binding networks
requires determination of the global interaction patterns
for all IgSF proteins within a species. Interaction maps for
cytoplasmic and nuclear proteins have been defined in
many organisms using yeast two-hybrid screening and
affinity purification. However, these techniques are usu-
ally incapable of detecting interactions among XC
domains, which are typically of low affinity (micromolar
or weaker) and often occur naturally between clusters of
proteins on cell surfaces. Avidity effects (stronger binding
caused by clustering) ensure that interactions between
cells mediated by IgCAMs can be strong even when the
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affinities of [gCAM monomers for their partners are very
weak.

To detect interactions among XC domains 7z vitro, it is
necessary to multimerize or cluster one or both of the
partners. Multimerized proteins can form more stable
complexes caused by avidity effects. Multimerization
was required for detection of i vifro interactions between
Dscam splice variants [36]. The AVEXIS method detects
interactions between a ‘bait’ protein bound to a plate and
a pentameric ‘prey’ protein in solution. AVEXIS was used
to detect interactions among a group of 110 zebrafish IgSF
proteins, and several new binding partners were identi-
fied in this screen [37]. It was also used to analyze
interactions among 150 zebrafish proteins containing
another XC domain, the leucine-rich repeat (LRR) [38].

The Extracellular Interactome Assay (ECIA) is an
ELISA-like method that examines interactions between
unpurified dimeric Fc fusion protein baits and pentameric
alkaline phosphatase fusion protein (AP) preys in cell
supernatants. To create a global interaction map for the
Drosophila 1gSF superfamily, all 130 IgSF proteins were
expressed as both dimeric Fc and pentameric AP fusion
proteins in transiently transfected Drosophila tissue cul-
ture cells, and binding between each pair of proteins was
examined using the ECIA. Fnlll repeat proteins and
LRR proteins were also included. The Drosophila XC
interactome assayed 7 vitro interactions among a total of
202 cell-surface and secreted (CSS) proteins (20,503
protein pairs were tested). 106 binding interactions were
detected, 83 of which were new, and cross-subfamily
networks involving four IgSF subfamilies were defined
[1°°].

Despite the success of the interactome project, most
Drosophila 1gSF proteins, and almost all LRR proteins,
remain orphan receptors. There are several possible
explanations for this, which are not mutually exclusive.
First, the interactome sampled only three domain types,
but more than 80 types of XC domains exist in
Drosophila. The genome encodes about 1000 cell surface
and secreted proteins likely to be involved in cell recog-
nition [39]. Orphan proteins may have partners with XC
domains other than IgSF, Fnlll, and LRR. Second,
binding of some orphans to their partners may require
coreceptors. 'Third, interactions between some partners
may be too weak to be detected by the ECIA, and
detecting these may necessitate the use of higher-order
multimers. For example, analysis of binding of low-affin-
ity T cell receptors to peptide-bound MHC molecules
can require the use of large clusters of MHC—peptide
complexes assembled on dextran polymers (dextramers)
[40]. Fourth, some proteins were expressed at very low
levels in cell supernatants, and detecting interactions
involving these proteins may require their purification.

The Dpr-ome

The interactome showed that a subfamily of 21 2-Ig
domain cell surface proteins, the Dprs, selectively inter-
acts with a subfamily of 9 3-Ig domain cell surface
proteins, the DIPs, forming a network called the
Dpr-ome [1°°,41°°] (Figure 2a). The only one of these
30 genes that had been previously studied was dprl,
which was identified in a behavioral screen for mutants
with reduced aversion to salt [42].

In the Dpr-ome, most Dprs interact with multiple DIPs,
and vice versa. DIPs are similar to the vertebrate IglLON
subfamily discussed above, while Dprs have no obvious
vertebrate counterparts. The Dpr-ome differs from the
mammalian networks described above in that DIPs and
Dprs seldom interact within their own subfamilies.

The crystal structures of Dpr—DIP complexes show that
Dprs and DIPs bind vig their D1 (membrane-distal) Ig
domains (Figure 1c¢). The D1s interact with each other
using the CC'C"FG faces of the immunoglobulin fold.
"This topology bears a strong resemblance to several other
Ig-type D1-D1 complexes, including Nectin complexes
(Figure 1c). The core of the Dpr—DIP interaction surface
is strongly hydrophobic and contains few hydrogen bonds
and no salt bridges. It is likely that Dpr-DIP binding
specificity is determined by shape complementarity. Fur-
ther work will be required to understand the structural
‘interaction code’ that determines why each Dpr binds to
a unique subset of DIPs and vice versa. There are specific
hydrophobic interface residues that correlate with bind-
ing of Dprs to particular DIPs, but their roles have not yet
been tested [41°°].

Each Dpr and DIP that has been examined is expressed
by a unique small subset of neurons at each stage of neural
development (Figure 2b—g). Remarkably, brain neurons
expressing a particular Dpr are often presynaptic to
neurons expressing a DIP to which that Dpr binds
vitro [41°°,43°°]. These data suggest that Dpr—DIP inter-
actions may be important for determination of synaptic
connectivity patterns during development.

One binding pair, Dpr11 and DIP-v, has been genetically
analyzed in published experiments. &pr71 and DIP-y loss-
of-function mutants have very similar phenotypes in both
larvae and pupae, showing that binding iz vitro correlates
with linked functions 7z vive. Analysis of these mutant
phenotypes shows that this Dpr-DIP pair regulates signal
transduction in larval motor neurons, has a neurotrophic
function in pupal optic lobe neurons, and influences
formation of synapses [41°°]. DIP-y localizes to the
synaptic neuropil of the brain (unpublished results),
and Dprl1 is synaptically localized at larval neuromuscu-
lar junctions [41°°]. Genetic analysis of other members of
the Dpr and DIP subfamilies will be required in order to
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Figure 2
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The Dpr-ome network and expression of Dprs and DIPs in neuronal subsets.

(a) The ‘extended’ Dpr-ome. Binding interactions between Dprs and DIPs are indicated by lines. cDIP, a LRR protein, interacts with most Dprs
and DIPs and with another IgSF protein, Klingon. Two additional LRR proteins, CG1504 and CG5819, are connected to DIP-v.

(b) Expression of Dpr11 (GFP; green) and its partner DIP-vy (dsRed; magenta) in the 3rd instar larval ventral nerve cord (VNC).

(c) Expression of Dpr6 (Ci) and its partner DIP-« (Cii) (green) in the VNC. Magenta, motor neurons labeled by the OK6 driver. Arrows in B and C:
cells expressing both reporters at high levels. Caret: cells expressing GFP but only low levels of dsRed. Double carets: cells expressing only

dsRed.

(d)—(g). Expression of Dpr and DIP partners in the medulla of the pupal optic lobe. Each Dpr and DIP (green) is expressed in neurons projecting to
different layers of the 10-layered medulla neuropil, which is labeled by the synaptic marker Brp (magenta). Layer numbers are marked on the sides
of the panels; asterisks mark prominent labeled layers. Dpri1 is expressed by ‘yellow’ R7 photoreceptors, which synapse on DIP-y-expressing

Dm8 neurons in layer M6. For further information see Ref. [41°°].

develop a more complete understanding of the functions
of the Dpr-ome.

Dprs and DIPs also bind to proteins with other XC
domains. The ‘common DIP’ (¢cDIP) is a secreted
LRR protein that binds to most Dprs and DIPs. Two
other LRR proteins interact directly or indirectly with
DIP-vy, and a cell-surface IgSF protein called Klingon
binds to ¢DIP (Figure 2a) [1°°]. An interactome that
includes proteins with other types of XC domains might
uncover additional interactions that would link the Dpr-
ome to other adhesion and signal transduction pathways.

The Beat-Side network

A screen for mutations causing motor axon defects iden-
tified two genes, beaten path (beat) and sidestep (side), that
had very similar phenotypes [44,45]. In these mutants,
motor axons fail to innervate muscles because they are
unable to leave their axon bundles and grow onto muscle
surfaces. Beat and Side are cell-surface IgSF proteins in
different subfamilies. It was later discovered that Beatis a

neuronal receptor for Side on muscles, providing a satis-
fying explanation for their similar phenotypes [46]. Beat
protein is localized to motor axon growth cones and CNS
axons [44].

There are 14 members of the Beat subfamily, and 8 mem-
bers of the Side subfamily. The interactome showed that
6 other Beats also bind to Side paralogs, so these two
subfamilies also define an IgSF interaction network [1°°].
There are 7 Beats and 4 Sides that remain orphans,
however. It is possible that their binding partners were
not identified in the interactome screen because their
affinities are too low and/or they require coreceptors for
binding.

Conclusions

"The Drosophila interactome studies show that the largest
[gSF networks span subfamily boundaries, and that inter-
actions within these networks regulate synapse formation
and cell fate. This suggests that a global IgSF interactome
for a mammalian species would be likely to identify new
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networks that are important for nervous system develop-
ment and function. It might also define pathways for
modulation of immune system function that could be
targeted by new therapies.

Conflict of interest
Nothing declared.

Acknowledgements

We thank Christopher Garcia, Robert Carrillo and Kaushiki Menon for
discussions and R.C. and K.M. for images in Figure 2. Work in the Zinn
group was supported by National Institutes of Health (NIH) grants R37
NS28182 and U01 MH109147. Work in the Ozkan group was supported by
NIH RO1 NS097161.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Ozkan E, Carrillo RA, Eastman CL, Weiszmann R, Waghray D,

ee Johnson KG, Zinn K, Celniker SE, Garcia KC: An extracellular
interactome of immunoglobulin and LRR proteins reveals
receptor-ligand networks. Cell 2013, 154:228-239.

This paper describes the Drosophila IgSF interactome, identifying the

Dpr-ome and Beat-Side interaction networks, and shows that Dpr and

DIP proteins also interact in embryos.

2. Vogel C, Chothia C: Protein family expansions and biological
complexity. PLoS Comput. Biol. 2006, 2:e48.

3. Samanta D, Aimo SC: Nectin family of cell-adhesion molecules:

ee structural and molecular aspects of function and specificity.
Cell Mol. Life Sci. 2015, 72:645-658.

A recent review of Nectin structure and function.

4. Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A,
Boe AF, Boguski MS, Brockway KS, Byrnes EJ et al.: Genome-
wide atlas of gene expression in the adult mouse brain. Nature
2007, 445:168-176.

5. Takahashi K, Nakanishi H, Miyahara M, Mandai K, Satoh K,
Satoh A, Nishioka H, Aoki J, Nomoto A, Mizoguchi A et al.: Nectin/
PRR: animmunoglobulin-like cell adhesion molecule recruited
to cadherin-based adherens junctions through interaction
with Afadin, a PDZ domain-containing protein. J. Cell Biol.
1999, 145:539-549.

6. Harrison OJ, Vendome J, Brasch J, Jin X, Hong S, Katsamba PS,
Ahlsen G, Troyanovsky RB, Troyanovsky SM, Honig B et al.:
Nectin ectodomain structures reveal a canonical adhesive
interface. Nat. Struct. Mol. Biol. 2012, 19:906-915.

7. Rubinstein R, Ramagopal UA, Nathenson SG, Almo SC, Fiser A:
Functional classification of immune regulatory proteins.
Structure 2013, 21:766-776.

8. Samanta D, Ramagopal UA, Rubinstein R, Vigdorovich V,
Nathenson SG, Almo SC: Structure of Nectin-2 reveals
determinants of homophilic and heterophilic interactions that
control cell-cell adhesion. Proc. Natl. Acad. Sci. U. S. A. 2012,
109:14836-14840.

9. Dong X, Xu F, Gong Y, Gao J, Lin P, Chen T, Peng Y, Qiang B,
Yuan J, Peng X et al.: Crystal structure of the V domain of
human Nectin-like molecule-1/Syncam3/Tsll1/Igsf4b, a neural
tissue-specific immunoglobulin-like cell-cell adhesion
molecule. J. Biol. Chem. 2006, 281:10610-10617.

10. Fogel Al, Stagi M, Perez de Arce K, Biederer T: Lateral assembly
of the immunoglobulin protein SynCAM 1 controls its adhesive
function and instructs synapse formation. EMBO J. 2011,
30:4728-4738.

11. Biederer T, Sara Y, Mozhayeva M, Atasoy D, Liu X, Kavalali ET,
Sudhof TC: SynCAM, a synaptic adhesion molecule that drives
synapse assembly. Science 2002, 297:1525-1531.

12. Fogel Al, Akins MR, Krupp AJ, Stagi M, Stein V, Biederer T:
SynCAMs organize synapses through heterophilic adhesion.
J. Neurosci. 2007, 27:12516-12530.

13. Park KA, Ribic A, Laage Gaupp FM, Coman D, Huang Y, Dulla CG,
Hyder F, Biederer T: Excitatory synaptic drive and feedforward
inhibition in the hippocampal CA3 circuit are regulated by
SynCAM 1. J. Neurosci. 2016, 36:7464-7475.

14. Robbins EM, Krupp AJ, Perez de Arce K, Ghosh AK, Fogel Al,
Boucard A, Sudhof TC, Stein V, Biederer T: SynCAM 1 adhesion
dynamically regulates synapse number and impacts plasticity
and learning. Neuron 2010, 68:894-906.

15. Spiegel |, Adamsky K, Eshed Y, Milo R, Sabanay H, Sarig-Nadir O,
Horresh |, Scherer SS, Rasband MN, Peles E: A central role for
Necl4 (SynCAM4) in Schwann cell-axon interaction and
myelination. Nat. Neurosci. 2007, 10:861-869.

16. Golan N, Kartvelishvily E, Spiegel |, Salomon D, Sabanay H,
Rechav K, Vainshtein A, Frechter S, Maik-Rachline G, Eshed-
Eisenbach Y et al.: Genetic deletion of Cadm4 results in myelin
abnormalities resembling Charcot-Marie-Tooth neuropathy.
J. Neurosci. 2013, 33:10950-10961.

17. Niederkofler V, Baeriswyl T, Ott R, Stoeckli ET: Nectin-like
molecules/SynCAMs are required for post-crossing
commissural axon guidance. Development 2010, 137:427-435.

18. Mandai K, Rikitake Y, Mori M, Takai Y: Nectins and nectin-like
molecules in development and disease. Curr. Top. Dev. Biol.
2015, 112:197-231.

19. Miyata M, Mandai K, Maruo T, Sato J, Shiotani H, Kaito A, Itoh Y,
Wang S, Fujiwara T, Mizoguchi A et al.: Localization of nectin-
2delta at perivascular astrocytic endfoot processes and
degeneration of astrocytes and neurons in nectin-2 knockout
mouse brain. Brain Res. 2016, 1649:90-101.

20. McNamee CJ, Youssef S, Moss D: IgLONs form heterodimeric
complexes on forebrain neurons. Cell Biochem. Funct. 2011,
29:114-119.

21. Zacco A, Cooper V, Chantler PD, Fisherhyland S, Horton HL,
Levitt P: Isolation, biochemical-characterization and
ultrastructural analysis of the limbic system-associated
membrane-protein (LAMP), a protein expressed by neurons
comprising functional neural circuits. J. Neurosci. 1990, 10:
73-90.

22. Chen S, Gil O, Ren YQ, Zanazzi G, Salzer JL, Hillman DE:
Neurotrimin expression during cerebellar development
suggests roles in axon fasciculation and synaptogenesis.
J. Neurocytol. 2001, 30:927-937.

23. Miyata S, Matsumoto N, Taguchi K, Akagi A, lino T, Funatsu N,
Maekawa S: Biochemical and ultrastructural analyses of
IgLON cell adhesion molecules, Kilon and OBCAM in the rat
brain. Neuroscience 2003, 117:645-658.

24. SanzR, Ferraro GB, Fournier AE: IgLON cell adhesion molecules
are shed from the cell surface of cortical neurons to promote
neuronal growth. J. Biol. Chem. 2015, 290:4330-4342.

25. Hashimoto T, Maekawa S, Miyata S: IgLON cell adhesion
molecules regulate synaptogenesis in hippocampal neurons.
Cell Biochem. Funct. 2009, 27:496-498.

26. Sharma K, Schmitt S, Bergner CG, Tyanova S, Kannaiyan N,

) Manrique-Hoyos N, Kongi K, Cantuti L, Hanisch UK, Philips MA
et al.: Cell type- and brain region-resolved mouse brain
proteome. Nat. Neurosci. 2015, 18:1819-1831.

A comprehensive mass spectrometry analysis of the mouse brain pro-

teome, analyzing the protein composition of cortical neurons, astrocytes,

oligodendrocytes, and microglia. The paper also shows that the IgLON
protein Lsamp is a negative regulator of myelination.

27. Heinrich G, Ghosh S, Deangelis AM, Schroeder-Gloeckler JM,
Patel PR, Castaneda TR, Jeffers S, Lee AD, Jung DY, Zhang Z
et al.: Carcinoembryonic antigen-related cell adhesion
molecule 2 controls energy balance and peripheral insulin
action in mice. Gastroenterology 2010, 139 644-652, 652 e641.

28. Patel PR, Ramakrishnan SK, Kaw MK, Raphael CK, Ghosh S,
Marino JS, Heinrich G, Lee SJ, Bourey RE, Hill JW et al.: Increased
metabolic rate and insulin sensitivity in male mice lacking the

Current Opinion in Neurobiology 2017, 45:99-105

www.sciencedirect.com


http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0005
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0005
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0005
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0005
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0010
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0010
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0015
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0015
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0015
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0020
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0020
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0020
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0020
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0025
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0025
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0025
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0025
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0025
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0025
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0030
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0030
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0030
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0030
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0035
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0035
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0035
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0040
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0040
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0040
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0040
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0040
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0045
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0045
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0045
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0045
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0045
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0050
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0050
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0050
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0050
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0055
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0055
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0055
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0060
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0060
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0060
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0065
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0065
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0065
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0065
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0070
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0070
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0070
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0070
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0075
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0075
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0075
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0075
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0080
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0080
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0080
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0080
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0080
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0085
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0085
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0085
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0090
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0090
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0090
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0095
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0095
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0095
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0095
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0095
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0100
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0100
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0100
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0105
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0105
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0105
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0105
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0105
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0105
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0110
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0110
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0110
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0110
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0115
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0115
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0115
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0115
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0120
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0120
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0120
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0125
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0125
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0125
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0130
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0130
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0130
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0130
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0135
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0135
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0135
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0135
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0135
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0140
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0140
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0140

carcino-embryonic antigen-related cell adhesion molecule 2.
Diabetologia 2012, 55:763-772.

29. Phillips JM, Kuo IT, Richardson C, Weiss SR: A novel full-length
isoform of murine pregnancy-specific glycoprotein 16 (psg16)
is expressed in the brain but does not mediate murine
coronavirus (MHV) entry. J. Neurovirol. 2012, 18:138-143.

30. Moore T, Dveksler GS: Pregnancy-specific glycoproteins:
complex gene families regulating maternal-fetal interactions.
Int. J. Dev. Biol. 2014, 58:273-280.

31. Kuespert K, Pils S, Hauck CR: CEACAMs: their role in
physiology and pathophysiology. Curr. Opin. Cell Biol. 2006,
18:565-571.

32. Kiaile E, Vorontsova O, Sigmundsson K, Muller MM, Singer BB,
Ofverstedt LG, Svensson S, Skoglund U, Obrink B: The
CEACAM1 N-terminal Ig domain mediates cis- and trans-
binding and is essential for allosteric rearrangements of
CEACAMH1 microclusters. J. Cell Biol. 2009, 187:553-567.

33. Patel PC, Lee HS, Ming AY, Rath A, Deber CM, Yip CM,
Rocheleau JV, Gray-Owen SD: Inside-out signaling promotes
dynamic changes in the carcinoembryonic antigen-related
cellular adhesion molecule 1 (CEACAM1) oligomeric state to
control its cell adhesion properties. J. Biol. Chem. 2013,
288:29654-29669.

34. Bonsor DA, Gunther S, Beadenkopf R, Beckett D, Sundberg EJ:

. Diverse oligomeric states of CEACAM IgV domains. Proc. Natl.
Acad. Sci. U. S. A. 2015, 112:13561-13566.

A structural analysis of CEACAM homodimeric and heterodimeric

complexes. The paper shows that the CEACAM6/CEACAMS heterodimer

is more stable than the CEACAM6 homodimer.

35. Huang YH, Zhu C, Kondo Y, Anderson AC, Gandhi A, Russell A,

. Dougan SK, Petersen BS, Melum E, Pertel T et al..: CEACAM1
regulates TIM-3-mediated tolerance and exhaustion. Nature
2015, 517:386-390.

This paper shows that TIM-3 forms a heterodimeric complex with

CEACAM1, and that this complex mediates T cell inhibition.

36. Wojtowicz WM, Wu W, Andre |, Qian B, Baker D, Zipursky SL: A
vast repertoire of Dscam binding specificities arises from
modular interactions of variable Ig domains. Cell 2007,
130:1134-1145.

37. Bushell KM, Sollner C, Schuster-Boeckler B, Bateman A,
Wright GJ: Large-scale screening for novel low-affinity
extracellular protein interactions. Genome Res. 2008, 18:
622-630.

38. Sollner C, Wright GJ: A cell surface interaction network of
neural leucine-rich repeat receptors. Genome Biol. 2009, 10:
R99.

Neural IgSF interaction networks Zinn and Ozkan 105

39. Kurusu M, Cording A, Taniguchi M, Menon K, Suzuki E, Zinn K: A
screen of cell-surface molecules identifies leucine-rich repeat
proteins as key mediators of synaptic target selection. Neuron
2008, 59:972-985.

40. Massilamany C, Krishnan B, Reddy J: Major histocompatibility
complex Class Il dextramers: new tools for the detection of
antigen-specific, CD4T cells in basic and clinical research.
Scand. J. Immunol. 2015, 82:399-408.

41. Carrillo RA, Ozkan E, Menon KP, Nagarkar-Jaiswal S, Lee PT,
ee Jeon M, Birnbaum ME, Bellen HJ, Garcia KC, Zinn K: Control of
synaptic connectivity by a network of Drosophila IgSF cell
surface proteins. Cell 2015, 163:1770-1782.
This paper describes the completion of the Dpr-ome network and the
structure of Dpr-DIP complexes. It shows that each of several Dprs and
DIPs is expressed by unique subsets of neurons in the larval ventral nerve
cord and pupal brain. Dpr11 is expressed by a subtype of R7 photo-
receptors, and its binding partner DIP-vy is expressed on a subset of Dm8
amacrine neurons, which are the primary synaptic targets for R7s. The
paper also describes dpr11 and DIP-y phenotypes in the larval neuro-
muscular system and pupal optic lobe.

42. Nakamura M, Baldwin D, Hannaford S, Palka J, Montell C:
Defective proboscis extension response (DPR), a member of
the Ig superfamily required for the gustatory response to salt.
J. Neurosci. 2002, 22:3463-3472.

43. Tan L, Zhang KX, Pecot MY, Nagarkar-Jaiswal S, Lee PT,

ee Takemura SY, McEwen JM, Nern A, Xu S, Tadros W et al.: Ig
superfamily ligand and receptor pairs expressed in synaptic
partners in Drosophila. Cell 2015, 163:1756-1769.

An RNA-seq analysis of lamina neurons in the optic lobe. It demonstrates

that each of the five types of lamina neurons expresses a unique

complement of Dprs. In many cases, lamina neurons expressing a

particular Dpr are presynaptic to medulla neurons expressing a DIP to

which that Dpr bindsin vitro.

44. Fambrough D, Goodman CS: The Drosophila beaten path gene
encodes a novel secreted protein that regulates
defasciculation at motor axon choice points. Cell 1996,
87:1049-1058.

45. Sink H, Rehm EJ, Richstone L, Bulls YM, Goodman CS: Sidestep
encodes a target-derived attractant essential for motor axon
guidance in Drosophila. Cell 2001, 105:57-67.

46. Siebert M, Banovic D, Goellner B, Aberle H: Drosophila motor
axons recognize and follow a Sidestep-labeled substrate
pathway to reach their target fields. Genes. Dev. 2009, 23:
1052-1062.

www.sciencedirect.com

Current Opinion in Neurobiology 2017, 45:99-105


http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0140
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0140
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0145
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0145
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0145
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0145
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0150
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0150
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0150
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0155
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0155
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0155
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0160
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0160
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0160
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0160
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0160
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0165
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0165
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0165
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0165
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0165
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0165
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0170
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0170
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0170
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0175
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0175
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0175
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0175
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0180
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0180
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0180
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0180
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0185
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0185
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0185
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0185
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0190
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0190
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0190
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0195
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0195
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0195
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0195
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0200
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0200
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0200
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0200
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0205
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0205
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0205
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0205
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0210
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0210
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0210
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0210
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0215
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0215
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0215
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0215
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0220
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0220
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0220
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0220
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0225
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0225
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0225
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0230
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0230
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0230
http://refhub.elsevier.com/S0959-4388(16)30190-8/sbref0230

	Neural immunoglobulin superfamily interaction networks
	Introduction
	IgSF subfamilies participating in interaction networks in mammals
	Nectins and Nectin-like proteins
	IgLONs
	CEACAMs
	Global IgSF interaction maps
	The Dpr-ome
	The Beat-Side network
	Conclusions
	Conflict of interest
	References and recommended reading
	Acknowledgements


