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Abstract Reelin-Disabled-1 (Dab1) signaling has a
well-established role in regulating neuronal migration
during brain development. Binding of Reelin to its receptors
induces Dab1 tyrosine phosphorylation. Tyrosine-phosphorylated Dab1 recruits a wide range of SH2 domaincontaining proteins and activates multiple signaling
cascades, resulting in cytoskeleton remodeling and precise
neuronal positioning. In this review, we summarize recent
progress in the Reelin-Dab1 signaling field. We focus on
Dab1 alternative splicing as a mechanism for modulating
the Reelin signal in developing brain. We suggest that
correct positioning of neurons in the developing brain is at
least partly controlled by alternatively-spliced Dab1 isoforms that differ in the number and type of tyrosine
phosphorylation motifs that they contain. We propose a
model whereby different subsets of SH2 domain-containing proteins are activated by different Dab1 isoforms,
resulting in coordinated migration of neurons.
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Introduction
The precise positioning of neurons within the brain remains
an important question in developmental neurobiology.
There is accumulating evidence supporting key roles for
molecules such as Cdk5, Lis1, Reelin and n-cofilin in
regulating neuronal migration, resulting in the formation of
laminated structures [1–5]. The Reelin-Disabled-1 (Dab1)
signaling pathway in particular has a well-established role
in regulating the ‘‘inside–out’’ lamination of the cerebral
cortex [5–7]. Recent advances provide important insight
into how Reelin induces the activation of intracellular
signaling cascades and rearrangement of cytoskeleton to
guide neuronal migration. Yet, how these intracellular
signaling events are orchestrated in a temporal and spatial
manner and how Reelin coordinates the movement of
individual subpopulation of neurons to achieve ordered
assembly in the brain remains poorly understood. Here, we
review recent publications that address Reelin signaling in
the regulation of neuronal migration. We focus on the role
of developmentally-regulated Dab1 alternative splicing in
modulating the activity of the Reelin pathway to coordinate
neuronal migration.

Neuronal migration during cortical development
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In the cerebral cortex, neuronal migration begins when the
first wave of early-born neurons leaves the ventricular zone
(VZ) to establish the preplate [8, 9]. The second wave of
early-born neurons then split the preplate to form the
superficial marginal zone (MZ) and the deeper subplate.
Late-born neurons subsequently migrate through the subplate and pass early-born neurons, leading to the ‘‘inside–
out’’ lamination of neurons in the cortical plate (CP), with
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An overview of the Reelin-Disabled-1 (Dab1) signaling
pathway
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Fig. 1 Migration of cortical neurons in wild-type and reeler mice.
a Inside-out lamination of cortical neurons in wild-type mice. At early
developmental stages, layer VI neurons split the preplate (PP) to form
the subplate (SP) and pial surface (PS). Late-born neurons continue to
migrate and bypass older neurons, resulting in the inside-out
formation of the cortical plate, with older neurons located in the
inner layers, and the younger neurons located in outer layers.
b Inverted cortical neuronal layers in reeler mice. Layer VI fails to
split the preplate, leading to accumulation of neurons underneath the
preplate. The inability of late-born neurons to bypass the old neurons
results in the inversion of neuronal layers in the cortical plate

early-born neurons located in deeper layers, and late-born
neurons located in more superficial layers (Fig. 1a) [9, 10].
Cortical neurons usually adopt two main migratory modes
to reach their final destination: radial glia-independent somal
translocation and radial glia-guided locomotion [11, 12].
Translocating neurons usually extend long leading processes
attached to the pial surface (PS) and move continuously at a
relatively fast speed. In contrast, locomoting neurons have
shorter processes and move in a slower saltatory (jerky)
manner [12]. At early stages of development (*E10.5–12.5
in mouse), the prevalent mode of neuronal cell migration is
somal translocation, which underlies subplate formation and
layer VI migration in the cerebral cortex [11]. Radial gliaguided locomotion appears to be the main mode of cell
migration for late-born neurons and is responsible for the
‘‘inside–out’’ lamination that characterizes the later stages of
cortical development (*E13.5 and onwards in mouse)
[12–14]. Notably, these two migratory modes are not
mutually exclusive as locomoting neurons switch to somal
translocation once their leading processes reach the PS
during the final phase of migration. The dynamic nature of
neuronal migration allows cells to constantly explore and
respond in a timely manner to environmental cues, resulting
in the ordered assembly of cells required for brain function.

123

Falconer described the reeler mouse phenotype more than
50 years ago [15]. These mutant mice are characterized by
ataxia, tremors and a reeling gait. A striking feature of reeler
mice is that neurons are aberrantly positioned in laminated
brain structures. In the cerebral cortex, neurons are unable to
split the preplate and bypass their predecessors, resulting in
accumulation of neurons underneath the preplate and inversion
of cortical layers (‘‘outside–in’’ pattern) (Fig. 1b) [16–18]. In
1995, Reelin, the gene mutated in reeler mice, was cloned [5].
Interestingly, spontaneous or targeted mutations of several
other genes, including Disabled-1 (Dab1), very low density
lipoprotein receptor (VLDLR) and apolipoprotein E receptor 2
(ApoER2), generate a phenotype indistinguishable from that of
reeler mice [5, 19–21]. Reelin encodes a secreted glycoprotein
expressed in Cajal–Retzius cells of the marginal zone (MZ),
whereas products of VLDLR, ApoER2 and Dab1 are expressed
in migrating neurons and radial glia [19, 21, 22]. Further
studies demonstrated that products of these genes comprise a
critical signaling pathway that regulates the migration of cortical, hippocampal and cerebellar neurons, with little or no
effect on the migration of striatal neurons and cortical interneurons. Reelin binding to VLDLR and ApoER2 receptors
induces the tyrosine phosphorylation of adaptor protein Dab1
and activation of downstream cascades, resulting in accurate
neuronal positioning [6, 23, 24]. Previous reviews have
described the complex interplay of the signaling molecules
involved in Reelin function [7, 25–27]. In this review, we focus
on the role of the adaptor protein Dab1, and its alternative
splicing, in Reelin signaling-regulated neuronal migration.

Dab1 is a crucial cellular adaptor in Reelin signaling
Dab1 contains three main domains: an N-terminal protein
interaction/phosphotyrosine binding (PI/PTB) domain that
binds to Reelin receptors [21], an internal tyrosine-rich region
[28], and a C-terminal serine/threonine-rich region. The
tyrosine-rich region consists of five highly conserved tyrosine
residues (Y185, Y198, Y200, Y220, Y232). These residues
correspond to two consensus Src family kinase recognition
sites (YQxI, Y185 and Y198) and two consensus Abl/Crk recognition sites (YxVP, Y220 and Y232) [29]. At least three of the
tyrosine residues, Y198, Y220 and Y232, can be phosphorylated in response to Reelin stimulation [28, 30, 31]. Mice
expressing a mutant Dab1 form with substitutions at all five
tyrosine residues exhibit a phenotype similar to that observed
in reeler and Dab1-/- mice [32], demonstrating that Dab1
tyrosine phosphorylation is essential for Reelin signaling.
Tyrosine-phosphorylated Dab1 acts as a hub to recruit
different Src homology 2 (SH2) domain-containing
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Reelin promotes Dab1 (at Y220 and Y232 tyrosine
phosphorylation sites)–Crk interaction, induces tyrosine

phosphorylation of C3G (a guanine nucleotide exchange
factor for Rap1) and activates the small GTPase Rap1
[30, 34, 36, 37]. Ablation of CrkII-/-CrkL-/- in mouse
cortex generates a reeler-like phenotype without affecting Reelin-induced Dab1 tyrosine phosphorylation [39].
However, two Dab1 phosphorylation-dependent downstream events, C3G and PI3K activation, are abolished
[39], in support of a direct role for Crk proteins downstream of Dab1. Neurons in C3G-deficient mice fail to
split the preplate and do not form the CP, a phenotype
reminiscent of reeler [40], suggesting that C3G is critical
for the regulation of neuronal migration. Recent studies
have highlighted a role for Rap1 in neuronal migration,
especially in the regulation of somal translocation of
early-born neurons and multipolar migration of late-born
neurons [41, 42]. Reelin appears to specifically activate
Rap1 in the intermediate zone (IZ) and increases the
membrane localization of the cell adhesion molecule,
N-cadherin, to regulate the polarity of multipolar neurons
[41]. Mechanisms underlying the activation of Rap1 in the
IZ and the redistribution of N-cadherin in the cell membrane of the IZ, as well as how cadherin-mediated
signaling guides the radial orientation of migrating neurons, remain to be elucidated.

Fig. 2 The Reelin-Disabled 1 signaling pathway. Binding of Reelin
to its receptors, VLDLR and ApoER2, induces SFK activation and
Dab1 tyrosine phosphorylation. Phosphorylated Dab1 acts as a hub to
recruit different downstream SH2 domain-containing proteins including Crk, Nckb, p85 (PI3K) and SOCS. Dab1–Crk interaction activates
the downstream C3G-Rap1 pathway. Activated Rap1 then regulates
the membrane distribution of N-cadherin. Recruitment of Nckb to
Dab1 is likely involved in actin remodeling through p130Cas. The
association of PI3K p85 subunit with Dab1 activates the PI3K-Akt
pathway, which in turn modulates the phosphorylation of microtubule

binding proteins, tau and MAP1B, leading to microtubule remodeling.
Activation of PI3K-Akt may engage LIMK1 and n-cofilin, resulting
in stabilization of actin polymerization. In contrast, Dab1–SOCS
association down-regulates Reelin signaling by degrading phosphorylated Dab1 through the ubiquitin proteasome system, resulting in
termination of Reelin signaling. The interaction between tyrosinephosphorylated Dab1 and Lis1 also causes microtubule remodeling.
Reelin-Dab1 signaling and LKB-STRAD-Stk25 play opposing roles
in regulating the rearrangement of the Golgi apparatus and neuronal
polarity

proteins, including the p85 regulatory subunit of phosphatidylinositide-3-kinase (PI3K), cellular adaptors CrkL,
Crk, Nckb and SOCS (suppressor of cytokine signaling)
[30, 33–37]. Different tyrosine residues appear to interact
with distinct SH2 domains: Y220 and Y232 are required for
the recruitment of SH2 domains from Crk, CrkL and Nckb
adaptor proteins [30, 35–37], whereas Y185 and Y198 are
necessary for the recruitment of PI3K and SOCS SH2
domains [33, 34]. Tyrosine-phosphorylated Dab1 also
interacts with the microtubule-associated protein, Lis1,
albeit in a SH2 domain-independent manner [38]. These
interactions activate different downstream signaling cascades involved in both activation and termination of Reelin
signaling to ensure accurate neuronal positioning (Fig. 2).

Dab1 tyrosine phosphorylation activates downstream
signaling to promote neuronal migration and regulate
neuronal polarization
Dab1-Crk-C3G-Rap1-cadherin pathway
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Dab1-PI3K-Akt pathway
Tyrosine-phosphorylated Dab1 (likely at Y185 and Y198)
also recruits the p85 regulatory subunit and activates the
PI3K-Akt pathway [43–45]. Inhibition of PI3K disrupts
normal cortical plate formation in slice cultures, suggesting
that PI3K is required for aspects of cortical development
that are dependent on Reelin [44, 46]. Reduced phosphorylation of microtubule-associated protein, MAP1B,
and microtubule-stabilizing protein tau in response to
Reelin stimulation is dependent on the activity of the PI3KAkt-glycogen synthase kinase (GSK) 3b pathway [44, 47].
The observation that tau hyperphosphorylation in Dab1null mice occurs in a strain-specific manner [48] led to the
identification of Stk25, a Ste20-like serine/threonine
kinase, as a genetic modifier of Dab1 mutant phenotypes
[49]. Interestingly, Reelin-Dab1 signaling and Stk25 have
antagonistic roles in regulating neuronal polarization and
dendritic Golgi deposition [50]. For example, inactivation
of Stk25 in hippocampal neurons inhibits axon specification, whereas absence of Dab1 in these same neurons
promotes axon production. Conversely, overexpression of
Stk25 induces Golgi condensation and the formation of
multiple axons, effects that can be neutralized by Reelin
treatment. Reelin-stimulated dendritic Golgi extension can
also be suppressed by Stk25 overexpression [50].
Stk25 functions downstream of liver kinase B1 (LKB1)
and interacts with STE20-related kinase adapter protein
alpha (STRADa) and GM130, thus forming a LKB1STRADa-Stk25-GM130 axis that regulates Golgi distribution and neuronal polarization [50]. The balance between
Reelin-Dab1 signaling and the LKB1-STRADa-Stk25GM130 axis may therefore determine the final outcome of
neuronal polarization, thereby controlling the direction of
the migratory path. At this time, it is not known whether
these two pathways regulate neuronal polarization in parallel or converge through physical interactions with
scaffold proteins involved in Dab1 phosphorylation.
Reelin-induced PI3K/Akt pathway activation also regulates the activity of the actin-depolymerizing protein,
n-cofilin (non-muscle cofilin) [51]. Reelin activates the
serine/threonine kinase LIM kinase 1 (LIMK1), which then
induces n-cofilin phosphorylation on serine 3, thus abolishing its ability to depolymerize actin [51–53]. In the
cerebral cortex, phosphorylation of n-cofilin mainly occurs
in the leading processes of migrating neurons when they
move toward the Reelin-expressing marginal zone [51],
indicating that Reelin-induced n-cofilin phosphorylation
may stabilize and attach these neuronal processes to the
MZ. Another downstream target of PI3K in the ReelinDab1 signaling pathway is Rho GTPase cdc42. Reelin
activates cdc42 in a PI3K-dependent manner to promote
growth cone motility and filopodia formation in cortical
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neurons [54]. Whether phosphorylation of n-cofilin and
activation of Cdc42 are required for Reelin-mediated terminal translocation and how these processes are
coordinated during migration remain unclear.

Dab1 tyrosine phosphorylation triggers the proteasome
degradation pathway to stop neuronal migration
A striking feature of mice deficient in key components of
Reelin signaling, including Reelin (reeler mice), VLDLR
and ApoER2 (Vldlr-/-Apoer2-/- mice), Dab1 (Dab1Y5F
mice) and Fyn/Src (Src-/-Fyn-/- mice), is the accumulation of Dab1 protein [6, 20, 21, 32, 55, 56]. All these
genetic deficiencies result in either reduced levels or
absence of Dab1 tyrosine phosphorylation, suggesting that
Dab1 tyrosine phosphorylation is important in regulating
Dab1 levels and may provide a negative feedback to terminate the activity of Reelin signaling.
Studies have shown that Reelin-induced Dab1 tyrosine
phosphorylation on Y185 and Y198 (YQXI sites) recruits the
SH2 domain-containing SOCS proteins (adaptors for cullinbased E3 ubiquitin ligase), resulting in polyubiquitination
and degradation of Dab1 protein via the cullin-5 (Cul5) E3
ligase [33, 57, 58]. Depletion of Cul5 or expression of a
degradation-resistant Dab1 mutant in the cerebral cortex
leads to over-migrated neurons positioned at the surface of
the cortical plate [33, 59]. These studies suggest that developmental stage-specific tyrosine phosphorylation of Dab1
triggers Cul5-mediated proteasome degradation, thereby
preventing ‘‘over-migration’’ of cortical neurons.

Detach and stop, detach and go: models for Reelin
signaling in cortical development
Despite significant advances in our understanding of Reelin
signaling during cortical development, the exact roles that
Reelin signaling plays in the regulation of neuronal migration remain elusive. Early on, the predominant expression of
Reelin in Cajal-Retzius cells in the marginal zone of the
cortex led researchers to postulate that Reelin stops the
migration of neurons at the final migratory stages [7]. Since
Reelin and Dab1 have both been shown to promote detachment of neurons from radial glia [60, 61], a ‘‘detach and
stop’’ model was proposed to explain the role of Reelin in the
regulation of neuronal migration [26, 60, 62]. However,
recent studies do not support a role for Reelin signaling in
stopping neuronal migration. In fact, ectopic expression of
Reelin in the VZ rescues the subplate split phenotype in the
reeler cortex and cortical slice cultures [63, 64]. Ectopic
Reelin also induces neuronal aggregation generating an
‘‘inside–out’’ pattern for cortical neurons in the developing
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cerebral cortex [65]. Moreover, depletion of Dab1 by
knockdown or tissue-specific genetic ablation in the cortex
delays neuronal migration [42, 66], whereas introduction of
wild-type Dab1 into Dab1-/- cortex promotes the migration
of neurons out of the ventricular zone [59]. Together, these
studies indicate that Reelin-Dab1 signaling promotes rather
than inhibits neuronal movement.
Another model, called ‘‘detach and go’’, has recently
been proposed to explain how Reelin regulates neuronal
cell migration [67]. In this model, Reelin stimulates the
translocation of layer VI cortical neurons at early developmental stages, which allows layer VI cells to split the
subplate in a radial glia-independent manner. Late-generated neurons can still use radial-glia-dependent locomotion
to move toward the cortical plate. Once their leading processes reach the Reelin-containing MZ, Reelin induces
detachment of neurons from the radial glia and promotes
their translocation so that they bypass their predecessors,
thus forming the ‘‘inside–out’’ pattern in the cortical plate
[67]. This model is supported by several recent studies.
First, expression of an activated form of Dab1 that is
resistant to proteosome degradation in the cerebral cortex
causes ‘‘overmigration’’ of neurons rather than migration
delay [59]. Second, real-time imaging analysis shows that
Reelin-Dab1 directly promotes somal translocation of both
early-born (layer VI) and late-born neurons [41, 42]. Third,
functional Reelin fragments have been found to diffuse
throughout the cortex, suggesting that early- and late-born
neurons are exposed to Reelin prior to reaching the MZ
[64]. As well, Reelin-induced downregulation of functional
Reelin receptors and cell surface re-distribution of N-cadherin were observed in the IZ [41, 68], indicating that
Reelin can regulate biochemical characteristics in migrating neurons before they reach the Reelin-enriched MZ.
However, the ‘‘detach and go’’ model cannot explain
several aspects of neuronal migration. For example, if
Reelin acts from a distance, migrating neurons (layers
II–V) would be expected to respond to Reelin and undergo
translocation before their processes reach the Reelin-containing MZ. What prevents the neurons from translocating
in response to Reelin and what triggers the Reelin-specific
migratory switch at late migratory stages are unknown.
Furthermore, the developing cerebral cortex is a heterogeneous environment. Neurons located within different
regions of the brain migrate in an asynchronous manner. It
is not clear why different populations of neurons demonstrate distinct responses to the Reelin signal and how their
movements are coordinated at different developmental
stages. Recent studies point to an additonal layer of Reelin
signaling regulation through alternative splicing of Dab1.
We propose that Dab1 alternative splicing fine-tunes
Reelin-induced cellular responses and coordinates neuronal
movement in different populations of neurons [69–72].
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Alternative splicing regulates Dab1 function
Alternative splicing modulates Dab1 tyrosine
phosphorylation
Multiple alternatively-spliced Dab1 isoforms resulting
from alternative promoter usage, alternative cassette exons
and mutually exclusive alternative exons have been identified (Table 1) [70, 72–74]. Interestingly, the majority of
Dab1 splicing events affect exons encoding the tyrosine
phosphorylation motifs. These exons are set up in such a
way that individual Dab1 tyrosine phosphorylation sites
(Y185QXI, Y198QXI and Y220QVP) are encoded by two
adjacent exons (exons 6 and 7, exons 7 and 8, and exons 8
and 9; Fig. 3). For example, nucleotides encoding the
tyrosine and ?1 position (relative to tyrosine, Y185Q,
Y198Q and Y220Q) are located at the 30 ends of exons 6, 7,
and 8, respectively, whereas nucleotides encoding the ?2
and ?3 residues are located at the 50 ends of their
respective downstream exons (7, 8, and 9).
We have recently found that the unique organization of
Dab1 exons allows alternative splicing events that result in
precise ‘‘mixing-and-matching’’ of Dab1 tyrosine phosphorylation sites during brain development (Figs. 3, 4) [69].
For example, Dab1 exons 7 and/or 8 are excluded at early
developmental stages, resulting not only in deletion but also
in the reconstruction of distinct tyrosine phosphorylation
motifs in different Dab1 isoforms [69, 70, 75, 76]. When
exon 7 is excluded, Y198Q is removed. However, Y185Q is
linked to Y200I201 as a consequence of joining exon 6 to exon
8, thereby reconstituting a Y185QYI motif that is identical to
the original Y198QYI motif. In contrast, exclusion of exon 8
leaves the Y198Q199 intact but removes Y220Q221, thereby
converting the original Y198QYI motif to a Y198QVP motif
(Y198Q199 connected to V222P223). When both exons 7 and 8
are excluded, Y185Q186 are directly connected to V222P223,
generating an isoform that retains two YxVP motifs but no
YQxI motifs. Developmentally-regulated alternative splicing thus produces multiple Dab1 variants, with preferential
loss (partial or complete) of YQXI motifs observed at early
developmental stages. In contrast, canonical Dab1 isoforms
which contain the complete set of tyrosine phosphorylation
sites are predominantly expressed at later stages of development [69].
What might be the significance of expressing Dab1 isoforms with truncated Dab1 tyrosine phosphorylation sites at
early developmental stages? A direct consequence of
expressing such Dab1 isoforms would be altered phosphotyrosine-associated interactions resulting from modified
tyrosine phosphorylation status. Previous studies have suggested that the YQXI and YQXP motifs in Dab1 have distinct
functions in Reelin signaling [33, 34]. YQXI motifs are
important for both turning on and turning off downstream
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Table 1 Alternatively spliced Dab1 isoforms
Species

Alternative splicing events

Sequence difference relative to the canonical
Dab1

Ref.

Chicken

Exclusion of exons 7 and 8 and inclusion
of exon 9b

Deletion of 35 aa containing Y198, Y200 and
Y220, insertion of 19 aa

[31, 65]

Pig

Exclusion of exons 7 and 8 and inclusion
of exons 9b and 9c

Deletion of 35 aa containing Y198, Y200 and
Y220, insertion of 33 aa

[71]

Lizard

Inclusion of exon 9b

Insertion of 19 aa

[67]

Zebrafish

Exclusion of exons 8 and 9

Deletion of 42 aa containing Y200, Y220 and
Y232

[68]

Human

Alternative promoter usage

NA

[67]

Human

Deletion of 35 aa containing Y198, Y200 and
Y220, insertion of 33 aa
Deletion of 13 aa containing Y198

[70]

Mouse

Exclusion of exons 7 and 8 and inclusion
of exons 9b and 9c
Exclusion of exon 7

Mouse

Exclusion of exon 8

Deletion of 22 aa containing Y200 and Y220

[63]

Mouse

Exclusion of exons 7 and 8

Deletion of 35 aa containingY198, Y200 and
Y220

[63]

[63]

Mouse

Inclusion of exons 9b and 9c

Insertion of 33 aa

[63, 66, 67, 69]

Mouse

Exclusion of exons 7 and 8 and inclusion
of exons 9b and 9c

Deletion of 35 aa containing Y198, Y200 and
Y220, insertion of 33 aa

[63]

Mouse

Exclusion of exon 8, inclusion of exons
9b and 9c

Deletion of 22 aa containing Y200 and Y220,
insertion of 33 aa

[63]

Mouse

Alternative 50 splice site of intron 9

Deletion of 2 aa (valine and serine)

[63]

Mouse

Alternative 50 splice site of intron 9,
exclusion of exons 7 and 8

Deletion of 2 aa (valine and serine), deletion
of 35 aa containing Y198, Y200 and Y220

[63]

Mouse

Alternative 50 splice site of intron 9,
inclusion of exons 9b and 9c

Deletion of 2 aa (valine and serine), insertion
of 33 aa

[63]

Mouse

Alternative 50 splice site of intron 9,
exclusion of exons 7 and 8, inclusion of
exons 9b and 9c

Deletion of 2 aa (valine and serine), deletion
of 35 aa containingY198, Y200 and Y220,
insertion of 33 aa

[63]

Mouse

Alternative 50 splice site of intron 9,
exclusion of exons 7 and 8

Deletion of 2 aa (valine and serine), deletion
of 35 aa containingY198, Y200 and Y220

[63]

Mouse

Alternative 50 splice site of intron 9,
inclusion of exons 9b and 9c

Deletion of 2 aa (valine and serine), insertion
of 33 aa

[63]

Mouse

Alternative 50 splice site of intron 9,
exclusion of exons 7 and 8, inclusion of
exons 9b and 9c

Deletion of 2 aa (valine and serine), deletion
of 35 aa containing Y198, Y200 and Y220
and insertion of 33 aa

[63]

Mouse

Inclusion of exon 7a

Addition of 18 aa with a stop codon

[69]

Mouse

Inclusion of exon 9a

Addition of 31 aa with a stop codon

[69]

pathways by activating PI3K-Akt and triggering Cul5mediated proteasome degradation of Dab1 [33, 34]. YQVP
motifs appear to be critical in recruiting Crk and Nck
adaptors to form a signaling scaffold complex [30, 34–37].
We have recently shown that alternative splicing of exons
7 and/or 8 in Dab1 controls Dab1 phosphorylation and
Dab1–SH2 domain interactions [69]. Exclusion of both
exons 7 and 8 abolishes Dab1 tyrosine phosphorylation and
known Dab1-SH2 interactions [Src, Crk, p85 (PI3K), Nckb,
SOCS]. Exclusion of either exon 7 or 8 decreases the levels
of Dab1 tyrosine phosphorylation and significantly reduces
its binding affinity to p85 (PI3K), Src and SOCS SH2
domains. Intriguingly, skipping of exon 7 or 8 does not
significantly affect Dab1–Crk SH2 domain interaction,
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whereas skipping of exon 7 but not exon 8 inhibits Dab1–
Nckb SH2 domain interaction [69]. As different SH2
domains are connected to different downstream effectors,
these results indicate that different Dab1 isoforms may direct
Reelin signaling to distinct downstream cascades, leading to
differential responses to Reelin stimulation.
Dab1 isoforms are expressed in different subsets of cells
at different developmental stages [69–71]. Differential
interactions of Dab1 isoforms with distinct sets of SH2
domains may therefore have an important impact on the
temporo-spatial coordination of neuronal movement in
response to Reelin stimulation. The fact that Dab1 isoforms
with reduced numbers of tyrosine phosphorylation sites fail
to recruit the full spectrum of SH2 domains suggests that
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Fig. 3 Mixing-and-matching tyrosine phosphorylation sites in Dab1
by alternative splicing. Schematic representation of exon–intron
structure (exons 6–9) of the Dab1 gene. White boxes represent
constitutive exons, whereas purple and gold boxes indicate alternative
exons. The amino acid sequences of the four consensus Dab1 tyrosine
phosphorylation sites are shown. Dab1 contains two YQXI motifs
(Y185QTI and Y198QYI, framed in magenta) and two YXVP
motifs (Y220QVP and Y232DVP, framed in green). Exclusion of exon

7 (DEx 7) removes Y198Q but links Y185Q to Y200I201, thereby
reconstituting a Y185QYI motif identical to the original Y198QYI.
Exclusion of exon 8 (DEx 8) removes Y220Q but connects Y198Q with
V222P223, converting Y198QXI into a Y198QVP site. Exclusion of
exons 7 and 8 (DEx 7 and 8) removes both Y198Q and Y220Q and
rejoins Y185Q to V222P223, resulting in loss of both YQXI motifs but
retention of two YXVP motifs

Fig. 4 Schematic representation of Dab1 variants. Dab1 exons are
shown (exons are not drawn to scale). The start codon is located in
exon 2, whereas the stop codon is located in exon 14. Exons 3–6
encode the PTB domain, while exons 6–9 encode the four critical
tyrosine phosphorylation motifs. Exclusion of exons 7 and/or 8 in
mice or exons 8 and 9 in zebrafish results in partial deletion of

tyrosine phosphorylation motifs in Dab1. Inclusion of exons 9b/9c
results in an in-frame 33 aa insertion. Inclusion of an alternative exon
after exon 7 in Dab1217 results in deletion of two tyrosine motifs and
introduction of an in-frame stop codon generating a 217-aa product.
Inclusion of an alternative exon after exon 9 in Dab1271 introduces an
in-frame codon generating a 271-aa product
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downstream signaling may be attenuated or inactivated in
cells expressing these isoforms (Fig. 5). This elegant
mechanism for modulating Dab1 function may prevent
premature activation of Reelin signaling in migrating cells
before they reach their correct destination. As development
proceeds and neurons continue to migrate, alternative
splicing produces the canonical Dab1 isoform, which can
fully respond to Reelin and transmit the signal to the
complete spectrum of downstream effectors. Therefore,
only cells expressing the canonical Dab1 may be capable of
translocating and bypassing their predecessors to form the
inside–out cortical pattern. We propose that this dynamic
and rapid isoform transition ensures differential competence and proper response of neurons to Reelin at different
developmental and migratory stages, allowing a prompt,
efficient and exact response to migration cues in a heterogeneous environment.

Additional splicing events regulate Dab1 activity
and neuronal migration
Alternative inclusion of Dab1 exons 9b/9c has also been
described (Fig. 4) [72, 73]. Neuronal-specific splicing
factors, Nova1 and Nova2, have been shown to inhibit the
inclusion of exons 9b and 9c in Dab1 [72, 77, 78]. Inclusion of exons 9b/9c leads to in-frame insertion of 33 aa
downstream of the tyrosine-enriched region. Although the
encoded 33 aa contains no known motif, their aberrant
inclusion in Dab1 results in neuronal migration defects
[72]. Ablation of Nova2 in mice increases the levels of
exons 9b/9c-containing Dab1 transcripts and causes neuronal migration defects in late-born, but not early-born,

Fig. 5 Fine-tuning Reelin signaling by Dab1 alternative splicing
during development—a model. Early in development, alternative
splicing produces Dab1 isoforms that exclude exons 7 and/or 8. These
isoforms show absent or reduced associations with SH2 domaincontaining proteins, leading to absent or attenuated activation of
downstream pathways. As a result, cells expressing these isoforms
may have a compromised ability to detach and translocate in response
to Reelin. As development proceeds, inclusion of exons 7 and 8 in
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neurons [72], suggesting a specific role for this particular
Dab1 isoform in early-born neurons. Introduction of the
canonical Dab1 into Nova2-/- mice rescues the migration
defects, in support of an antagonistic role for Dab1 and
exons 9b/9c-containing Dab1 isoforms. One possibility is
that insertion of the exon 9b/9c-encoded region causes
conformational changes in the protein, masking PTB and
tyrosine residues and preventing their access to interacting
partners. Further analysis using crystallography may help
to address this question.
It is unclear, however, why Dab1 and exons 9b/9ccontaining Dab1 isoforms should counteract each other, as
both forms are tyrosine phosphorylated and recruit the
same sets of SH2 domains [69, 72]. Notably, splicing of
exons 9b/9c and exons 7/8 is often mutually exclusive [69,
76], suggesting coordinated regulation of the exclusion and
inclusion of these exons during development. It would be
of interest to investigate whether Nova also promotes
exons 7/8 inclusion along with exons 9b/9c exclusion, and
whether isoforms that exclude exons 7/8 are increased in
Nova2-/- mice along with isoforms that include exons
9b/9c. Finally, divergent roles for VLDLR and ApoER2
in regulating cortical neuron migration have been
described, with VLDLR predominantly regulating migration
of early-born neurons, and ApoER2 primarily regulating the
migration of late-born neurons [79]. The migration defects
in Nova2-/- mice are reminiscent of the phenotype
observed in ApoER2-/- mice. Therefore, it will be important to investigate whether exons 9b/9c-containing Dab1
isoforms preferentially associate with VLDLR, whereas
exons 9b/9c-excluding Dab1 isoforms preferentially associate with ApoER2, thus contributing to different aspects of
neuronal migration.

Dab1 generates the canonical Dab1 isoform that recruits the full set of
SH2 domain-containing proteins, resulting in full activation of
downstream signaling. Cells expressing the canonical Dab1 isoform
are able to detach and translocate in response to Reelin, resulting in
the inside-out lamination that is characteristic of the cortical plate.
Gray indicates reduced interaction; magenta indicates normal
interaction
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Conclusions and perspective
Remarkable progress has been made in our understanding
of the role of Reelin signaling in neuronal migration at both
the cellular and molecular levels. Recent findings in Dab1
alternative splicing have revealed a new level of complexity for the coordination of the Reelin signal during
development. We propose that Reelin modulates cellular
effects and migratory behaviors in different populations of
neurons and at different migratory stages through Dab1
alternative splicing, thereby coordinating neuronal movements in a spatio-temporal manner. Future experiments
will involve examination of the precise cellular distribution
of individual Dab1 isoforms in the developing brain in
order to directly link individual Dab1 isoforms to specific
downstream effectors of Dab1 based on their co-expression. In utero electroporation experiments to express
different Dab1 isoforms in the brain combined with realtime imaging to track cell migratory behavior will help to
decipher the physiological roles of Dab1 isoforms. In
addition, other than the involvement of Nova splicing
factors, mechanisms governing the complex Dab1 splicing
pattern during development remain to be elucidated.
Neuronal migration is a highly complex and dynamic
process, which requires the integration of inputs and outputs from numerous signaling pathways. How these
signaling events are orchestrated to regulate specific
migratory behavior, such as polarity, process outgrowth,
process trailing and nuclear movement, is not well understood. Reelin signaling has been linked to multiple
pathways implicated in neuronal migration including Cdk5,
Notch, and Lis1 [38, 80–82]. It would be important to
address whether there is cross-regulation between different
pathways involving alternatively-spliced Dab1 isoforms as
converging and diverging points. Finally, as Reelin signaling and Dab1 isoforms have also been implicated in
non-neuronal tissue [83], it will be important to address the
full spectrum of Dab1 isoform activities by carrying out
investigations in non-neuronal tissues.
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