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Evolution of the Discs large gene family provides new insights
into the establishment of apical epithelial polarity and the etiology
of mental retardation
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Cell polarity is essential to the func-
tion of many cell types, such as

epithelial cells and neurons. The Discs
large (Dlg) scaffolding protein was iden-
tified in Drosophila as a major regulator
of basolateral epithelial identity. Four Dlg
orthologs (Dlg1 through 4) are found in
vertebrates, and mutations in the human
Dlg3 gene are associated with X-linked
mental retardation. We recently found
that Dlg3 controls apical epithelial
polarity and tight junction formation
and contributes to neural induction in
mouse development.1 During evolution,
Dlg3 acquired specific PPxY motifs,
which bind to the WW domains of
the E3 ubiquitin ligases, Nedd4 and
Nedd4-2. This interaction results in
monoubiquitination of Dlg3, leading to
directed microtubule-dependent protein
trafficking, via the exocyst complex, in
different polarized cell types. Directed
trafficking of Dlg3 plays an important
role, during both mammalian develop-
ment and in adulthood, in the establish-
ment and maintenance of specialized
apical cell junctions, such as tight junc-
tions in epithelial cells and synapses in
neurons.

Cell polarity is required for morphogenesis,
asymmetrical cell division and directed cell
migration during embryonic devel-
opment.2,3 In contrast, the loss of epithelial
cell polarity leads to epithelial-mesenchy-
mal transition and is the causal event
during tumor metastasis.4-6 Polarization of

cells relies on the asymmetric localization of
proteins to specialized plasma membrane
domains called cell junctions. The junc-
tions maintain cell-cell adhesion, prevent
free diffusion of proteins within the plasma
membrane and serve as a signaling plat-
form. Epithelial cells generate a barrier via
the apical junctional complex (AJC) that
includes the apical tight junction (TJ) and
the more basally localized adherens junc-
tion (AJ).7 The neuro-muscular junction is
another type of signaling junction that
connects the axon terminal of a motor
neuron to the plasma membrane of a
muscle fiber. In the central nervous system
(CNS), the excitatory synapses also func-
tion as signaling junctions and link the
axon of one neuron to the dendrite of
another neuron.

The various junctions, despite having
different functions, share common struc-
tural features and molecular compositions.
Cell junctions are generally composed of
adhesion molecules, trans-membrane
receptors, signaling molecules and cyto-
skeletal and scaffolding proteins. Studies
in Drosophila and C. elegans led to the
identification of the apical scaffolding
protein complexes Crumbs and PAR-
aPKC that are necessary for epithelial
junction establishment and maintenance.8,9

The scaffolding complex composed of
Scribble (Scrib)/Lethal giant larvae (Lgl)/
Dlg defines the basolateral membrane
located below the AJC. Scrib, Lgl and Dlg
act as tumor suppressors that inhibit cell
proliferation.10,11 Remarkably, Drosophila
Dlg also localizes to neuro-muscular
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junctions;12 in vertebrates, Dlg1-4 are
associated with both presynaptic and post-
synaptic membranes, which are the most
apical membrane-like domains of neurons in
the brain.13

In vertebrates, deciphering Scrib/Lgl/
Dlg functions in apical-basal polarity
establishment is challenging due to gene
duplication during evolution, as one
Scribble but two Lgls (Lgl1 and Lgl2) and
four Dlgs (Dlg1 through 4) orthologs
have been identified.14 The Dlgs belong
to the MAGUK (Membrane Associated
Guanylate Kinases) family of scaffolding
proteins, characterized by the presence of
three different protein-protein interaction
(PPI) domains, including: the Postsynaptic
density 95/Discs large/Zonula occludens-1
(PDZ), the SRC Homology 3 Domain

(SH3) and the Guanylate Kinase (GUK)
domains. The Dlgs act as molecular
scaffolds to build multi-protein complexes
that establish and maintain specific
membrane regions. In humans, mutations
in the Dlg3/SAP102 (synaptic associated
protein 102) gene go hand-in-hand with X-
linked mental retardation. This genetic
disorder leads to synaptic dysfunction and
learning and memory impairments.15-18

We recently found thatDlg3 inactivation
in mice causes midgestational lethality,1,19

the earliest phenotype during embryonic
development described so far in the
mammalian Dlg family. At the end of
gastrulation, the Dlg3 mutant mouse
embryos present with several develop-
mental defects of variable severity, such as
an absence of embryonic turning, posterior

truncation and forebrain deletion. These
abnormalities are a consequence of polarity
defects in the embryonic late-gastrula
organizer tissues; namely, the definitive
endoderm and the axial mesendoderm.
During development, the organizer is
essential for anterior neural induction and
head formation.20,21 We found that Dlg3
acts cell autonomously in the epithelial cells
of the late-gastrula organizer to establish
apico-basal cell polarity and maintain tissue
integrity. These findings suggest that
human X-linked mental retardation caused
by DLG3mutations might be due to neural
induction failure during early embryonic
development.

Furthermore, we found that some of
the Dlgs functionally diverged during
evolution from the common Drosophila

Figure 1. Common molecular mechanisms regulate the establishment and maintenance of tight junctions and post-synaptic densities. We hypothesize
that Dlg3 regulates multi-protein complex trafficking toward the cell junctions in collaboration with Nedd4(-2) and the exocyst protein Sec8. Dlg3 could
interact with other scaffolding proteins, signaling molecules and receptors (for instance: the NMDA receptor) at the level of the endoplasmic reticulum
or the Golgi apparatus.26 In epithelial cells, Dlg3 is also found along the cilia; Dlg3 overexpression induces cilia growth (unpublished observations).
These findings suggest that Dlg3 could also be involved in anterograde intraflagellar transport.
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ancestor. Dlg3 is located in the cytoplasm
and along the cell membrane, with a peak
in distribution at the level of the apical
membrane. These observations strongly
contrast with the idea that the Dlgs
function exclusively at the basolateral
membrane, a hypothesis that is based on
studies of Dlg in Drosophila. In the brain,
the Dlgs cluster at synapses in the
presynaptic active zone and postsynaptic
densities (PSD) in a highly dynamic
manner, both spatially and temporally.22

Important clues to understanding the
mechanisms of Dlg3-mediated cell polarity
and junction establishment came from
the analysis of the protein interactome.1

We found that Dlg3 is part of an apical
trafficking complex in epithelial cells,23,24

which contains the motor protein dynein25

and the exocyst proteins Sec6 and Sec8.26

Additionally, proteins important for
apical polarity establishment, such as the
enzymes PP1a27 and the tight junction
protein TJAP-1, interact with Dlg3.
Interestingly, Dlg3 is the only Dlg
family member containing PPxY motifs
that bind to the WW domain of
Nedd4 and Nedd4-2 E3 ubiquitin

ligases.28 The cytoplasmic interaction
between Dlg3 and Nedd4 increases dur-
ing cell polarization and results in Dlg3
monoubiquitination. The Dlg3-Nedd4
interaction is necessary for the binding of
Dlg3 PDZ domains to Sec8 and sub-
sequent entry into the secretory pathway.
In our model, the Dlg3-Nedd4 multi-
protein complex traffics via a microtubule-
dependent dynein motor-protein driven
fashion toward the TJ and apical mem-
brane. Remarkably, a form of Dlg3 that
cannot bind to Nedd4 acts as dominant
negative protein and disrupts epithelial
polarity establishment. In the neurons of
the CNS, Dlg3 appears to interact with
NMDA receptors already at the level of
the ER/Golgi.26 Dlg3 would then con-
trol the NMDA receptor delivery to
the membrane during synaptogenesis.
In neurons, Dlg3 activity is likely also
regulated by Nedd4-dependent post-
translational modification. In general,
Dlg3 could convey proteins or cargo and
function as a docking site for the exocyst
at specialized cell junctions (tight junc-
tions, postsynaptic densities and neuro-
muscular junctions).

In conclusion, we found that defects
in the late-gastrula organizer tissue in the
Dlg3 null embryos result in anterior region
malformations with low penetrance. In
less severely affected embryos, abnormal
cortical development may also occur, but
this was not detected due to the develop-
mental stage studied. These findings
suggest that mutations in human DLG3
could cause subtle defects in forebrain
development. Moreover, these mutations
could result in the interaction of the
mutated DLG3 with NEDD4(-2) while
also disrupting the trafficking of the com-
plex toward the synapse26,29,30 (Fig. 1).
The evolutionary expansion of the mam-
malian Dlg family has provided diversity
in the mechanisms of cell polarity estab-
lishment and junction formation.
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