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Mosaic cellular patterning in the nose: Adhesion
molecules give their two scents

Gerard M.J. Beaudoin llI

UTSA Neurosciences Insfitute, Department of Biology, University of Texas at San Antonio, San Antonio, TX 78249

The sense of smell is mediated by the olfactory epithelium,
which is composed of a mosaic pattern of olfactory
sensory cells surrounded by supporting cells. In this issue,
Katsunuma et al. (2016. J. Cell Biol. http://dx.doi.org
/10.1083/jcb.201509020) show that the differential
expression of nectins and cadherins establishes this
pattern.

The olfactory epithelium is a pseudo-stratified epithelium com-
posed of epithelial support cells and neuronal olfactory sensory
cells (Steinke et al., 2008). The integrity of the epithelial sheet
is maintained by adherens and tight junctions that form between
support cells as well as between support cells and sensory cells.
In adult mammals, sensory cells are not contacting each other
and instead are surrounded by support cells. There are more sup-
port cells than sensory cells, so the mosaic pattern is closer to a
soccer ball than a checkerboard. How is this pattern established
during development? When the olfactory epithelium is formed
during development, as many as half of the olfactory sensory
cells are first attached to each other (Katsunuma et al., 2016).
As development progresses in utero and after birth, sensory cells
separate from each other and each becomes fully surrounded by
support cells. Thus, some adherens junctions, composed of the
cell adhesion molecules nectins and cadherins, must be weak-
ened and lost, whereas others are strengthened and preserved.

Nectins are immunoglobulin superfamily cell adhesion
molecules found at adherens junctions. They are thought to nu-
cleate and regulate junction formation by recruiting cadherins.
Whereas cadherins bind in trans between cells nearly exclu-
sively homophilically, nectins have been shown to bind both
homophilically and heterophilically (Rikitake et al., 2012).
The heterophilic interactions between different members of the
nectin family are thought critical for many processes, includ-
ing axon to dendrite adhesion in neurons and the generation
of a checkerboard pattern of neurons and support cells in the
auditory epithelium (Togashi et al., 2006, 2011; Fukuda et al.,
2014). Intracellulary, nectins have a C-terminal PDZ-binding
motif that binds the PDZ domain in afadin. Afadin regulates
cadherin function through a-catenin, which binds p-catenin,
a direct partner of cadherins (Beaudoin, 2006; Fig. 1). In this
issue, Katsunuma et al. show that the formation of the mosaic
pattern of sensory and supporting cells in the olfactory epithe-
lium is regulated by the differential adhesion and motility of the
cells induced by the expression of nectins and cadherins.
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To investigate the nature of the junctions underlying the
mosaic cellular pattern of the olfactory epithelium, Katsunuma
et al. (2016) first performed in situ hybridizations and immu-
nostainings for nectins and cadherins within the olfactory ep-
ithelium. Epithelial support cells expressed nectin-2, nectin-3,
N-cadherin, and E-cadherin, whereas neuronal sensory cells
only expressed nectin-2 and N-cadherin. Junctions between
support cells contained primarily nectin-3 and E-cadherin and
to a lesser extent nectin-2 and N-cadherin. In contrast, junc-
tions between sensory cells contained nectin-2 and N-cadherin;
and junctions between support cells and sensory cells contained
nectin-2, nectin-3, N-cadherin, and to a lesser extent E-cadherin.
Katsunuma et al. (2016) also examined the distribution of
[-catenin, which is expressed equivalently in both sensory and
support cells and acts as a proxy for strength of cadherin re-
cruitment. f-Catenin was more heavily localized to support cell
junctions than junctions between sensory cells or between sen-
sory and support cells. The expression of aE-catenin, which is
expressed nearly exclusively by support cells, and aN-catenin,
which is expressed by sensory cells, was highly expressed at the
cell junctions containing support or sensory cells, respectively.

The researchers used various knockout (KO) mice to
dissect the roles of nectin-2 and -3 in the process of sensory
cell separation. Loss of nectin-3 and to a lesser extent loss of
nectin-2 led to the continued presence of sensory cell clusters
in which upwards of 20% of sensory cells were not completely
surrounded by support cells in juvenile mice. Katsunuma et al.
(2016) further tested the requirement of cadherin recruitment by
nectins using aN-catenin KO mice in which nectin-dependent
recruitment of cadherins is impaired in neuronal sensory cells
only. aN-Catenin KO animals showed an increase in clustered
sensory cells from 20 to 50%. This data are not entirely com-
parable to the nectin-null data, because aN-catenin KO animals
die within 24 h of birth, allowing for examination of sensory
cell distribution only at postnatal day 1, as opposed to day 28
for nectin KO mice. Therefore, although the phenotype is a near
complete cessation of separation of sensory cells, it is unclear
if the phenotype is more severe than even the nectin-2/nectin-3
double-null phenotype at postnatal day 28, which was simi-
lar to the phenotype observed in nectin-3 KO mice. However,
these results suggest that the heterophilic interactions between
nectin-2 and -3 as well as aN-catenin are involved in the cellu-
lar rearrangements of the developing olfactory epithelium.
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Figure 1. Molecular interactions linking nectin binding between cells to
cadherin recruitment. (top) Nectins bind intracellularly to afadin and recruit
o-catenin, which indirectly recruits cadherins by binding f-catenin. (bottom)
Afadin may also activate and recruit cadherins by binding p120-catenin
in a Rap1-dependent manner. Besides afadin, the PDZ-binding motif of
nectins can also recruit the Par complex, as well as other PDZ domain—
containing proteins that may affect cadherins.

One of the strengths of this study is the combination of cell
culture assays and modeling to delineate the conditions required
for separation of sensory cells. By mathematically modeling a
polygonal pattern in which polygons made of many polygon
edges are packed in a 2D sheet, Katsunuma et al. (2016) found
that the strength of adhesion between sensory and support cells
had to be greater than the strength between sensory cells and
equivalent to the adhesive strength between support cells, or
sensory cell junctions would persist. The authors also tested
the effects of heterophilic and homophilic interactions between
cadherins and nectins on intercalation of cells by culturing two
populations of HEK293 (293) cells, which overexpressed cad-
herins and nectins, separated by a removable barrier. 293 cells
are known to express N-cadherin so it was not overexpressed,
and the populations of cells overexpressing different proteins
were differentiated by overexpression of a specific fluorescent
protein, green or red. After removal of the barrier, as the cells
spread to interact with each other, intercalation of the differ-
ent cell populations could be visualized through the fluorescent
proteins. Colonies of 293 cells expressing E- and N-cadherins
and those expressing N-cadherin never intercalated, as ex-
pected from the original description of cadherins as mediat-
ing homophilic cell clustering (Nose et al., 1988; Katsamba
et al., 2009). This experiment elegantly provided evidence for
the requirement of nectins to allow intercalation between pop-
ulations of cells. Katsunuma et al. (2016) also assessed what
happens when different nectins are overexpressed in 293 cells.
When two populations of cells expressed the same nectin, ei-
ther nectin-2 or -3, the cells did not intermingle, a similar re-
sult to the cadherin experiment. However, when one population
expressed nectin-2 and the other expressed nectin-3, the two
colonies mixed. This mosaic cellular patterning requires the
nectin PDZ-binding motif, as the intercalation of the two cell
types was prevented when using cell lines expressing nectin-2
or -3 constructs truncated for their PDZ-binding motifs. Addi-
tionally, the authors explored whether cadherin activity is nec-
essary for nectin-dependent mosaic patterning by turning to a
cadherin-deficient neuroblastoma cell line. Overexpression of
nectin-2 or -3 in these cells and mixing of the populations did
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not yield the formation of stable contacts, unless E-cadherin
was also overexpressed, indicating that cadherins are required
to form an epithelial sheet and obtain the effects of hetero-
philic nectin interaction.

Although the heterophilic interactions between nectin-2
and -3 were shown to support this invasive intercalation of cells,
the results were obtained in the presence of only N-cadherin
or only E-cadherin in both cell populations, which does not
exactly mirror the in vivo situation. When two populations of
293 cells expressing either nectin-2 or -3, in addition to the
constitutive expression of N-cadherin, are put in contact, they
intermingle equally, suggesting symmetrical invasion of both
colonies. What happens when E-cadherin is overexpressed
with N-cadherin? Surprisingly, intermingling of a population
of 293 cells expressing nectin-2 with a population expressing
E-cadherin and nectin-3 displayed directionality. Katsunuma
et al. (2016) examined the cell boundaries in the mixed cul-
tures of 293 cells expressing nectin-2 or expressing nectin-3
and E-cadherin to understand the origin of this directionality.
The junctions between cells expressing exogenous nectin-2 and
endogenous N-cadherin no longer localized -catenin to the
membrane apposition, suggesting loss of the adherens junction.
These results suggest that nectin-2—expressing 293 cells invaded
the other colony and lost their homotypic adhesion, whereas
cells overexpressing nectin-3 and E-cadherin maintained their
homotypic contacts and did not invade the other colony. Be-
sides adhesive strength, cells expressing only a nectin protein
and N-cadherin migrated faster than cells expressing nectin and
E-cadherin and, similarly, sensory cells migrated faster than
supporting cells in the mouse olfactory epithelium, as shown by
time-lapse microscopy of organ cultures.

Overall, the data establish the importance of the hetero-
philic binding between nectin-2—expressing olfactory cells and
nectin-3—expressing supporting cells as well as of the selective
recruitment of E-cadherin to homophilic interactions between
nectin-3—expressing supporting cells. The combination of these
two mechanisms leads to the weakening and loss of homo-
philic junctions between olfactory cells expressing nectin-2 and
N-cadherin. As a result, olfactory cells migrate away from one
another. These are the conditions necessary for creating the cel-
lular mosaic (soccer ball-like) configuration seen in the olfac-
tory epithelium. There are other instances in which different cell
types are intercalated in an epithelium, e.g., dendritic cells form
junctions with cells in the epithelium of the lung or gut (Ham-
mad and Lambrecht, 2008). Nectins are known to be expressed
by immune cells and may play a similar role in this context as
in sensory cells of the olfactory epithelium. Thus, the model
proposed by Katsunuma et al. (2016) likely reflects a common
mechanism regulating the dispersion of cells in an epithelium.

The data of Katsunuma et al. (2016) is very convincing,
but as always some mysteries remain. What are the cellular
changes that orchestrate the separation of the sensory cells?
The authors’ expression data suggests possible cues regulating
the separation of the cell types, including an increase in the ex-
pression of nectin-2 in sensory cells and a change in the ex-
pression level of N-cadherin in supporting and/or sensory cells.
Whether these fluctuations are caused by changes in protein
expression or by differential regulation of protein trafficking is
unclear. For instance, the Notch signaling components Numb
and Numb-like are known to regulate surface expression of
N-cadherin and cell polarity during neurogenesis (Rasin et al.,
2007). Further work will be needed to investigate the possible



involvement of similar mechanisms or pathways in the control
of adhesion molecule trafficking and expression in the develop-
ing olfactory epithelium.

The intracellular mechanisms leading to cadherin recruit-
ment and activation are also unknown. The data presented by
Katsunuma et al. (2016) implicate aN-catenin and the PDZ-
binding motif of nectin-2 and -3 in the regulation of the activity of
cadherins. Nectins bind afadin through their PDZ motif, and this
interaction is required for the recruitment of the cadherin—catenin
complex via a-catenin to nectin-based adhesion sites. However,
a-catenin is not the only protein involved in afadin-mediated reg-
ulation of cadherins. Afadin regulates p120-catenin recruitment
to cadherins in a Rap1-dependent manner, suggesting an alterna-
tive mode of cadherin recruitment (Beaudoin, 2006). Addition-
ally, the PDZ-binding motif of nectins recruits the Par complex
as well as other PDZ domain—containing proteins (Rikitake et al.,
2012). It will be interesting to delineate the involvement of these
proteins in the recruitment of cadherins to nectin-based junctions.

Finally, in vivo data suggests that nectins mainly regulate
cadherin function in the context of heterophilic interactions (To-
gashi et al., 2006, 2011; Rikitake et al., 2012; Fukuda et al., 2014).
In vitro evidence suggests that heterophilic interactions are favored
over homophilic interactions because of the kinetic and thermo-
dynamic properties of this interaction type (Samanta and Almo,
2015). An alternative model to explore is whether heterophilic
interactions trigger cellular events that homophilic interactions do
not. The importance of homophilic nectin interactions in regulating
cadherin function may be obscured by residual nectin expression
in single nectin KO mice. In support of this hypothesis, most nec-
tin isoforms bind afadin, and the KO of afadin is embryonically
lethal (Ikeda et al., 1999; Zhadanov et al., 1999). Additionally, as
shown by Katsunuma et al. (2016), without expression of nectin,
cadherins only mediate homophilic interactions without dynamic
reorganization of the epithelial sheet. These findings suggest that
nectins are critical for regulation of cadherin function and that nec-
tins may confer properties that cadherin-based junctions between
cells do not. Further, although nectins are required to modulate the
cadherin complex and allow cells to migrate within the epithelial
sheet, Katsunuma et al. (2016) showed that expression of an addi-
tional cadherin leads to further modulation of the epithelial sheet.
Deciphering the intracellular signaling mechanisms underlying
these observations would provide insights into how the combinato-
rial expression of nectins and cadherins contributes to the produc-
tion of complex cell patterns in epithelia.
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