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Abstract. Proper human brain formation is dependent
upon the integrated activity of multiple genes. Malfunctioning of key proteins results in brain developmental
abnormalities. Mutation(s) in the LIS1 gene or the
X-linked gene doublecortin (DCX) results in a spectrum

of disorders including lissencephaly, or ‘smooth brain’,
and subcortical band heterotopia, or ‘doublecortex’. Here,
we will focus on a particular subset of missense mutations in these two genes and their effect on protein structure and function.
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Introduction
The fact that a single amino acid change may result in a
genetic disease was first documented in 1949 when
Pauling and colleagues isolated hemoglobin from a
sickle-cell patient [1]. The abnormality was due to a
valine-to-glutamic acid substitution described by Ingram
only in 1956 [2]. The amino acid change was due to a
missense mutation, with one DNA base change in the
coding region, resulting in a changed codon for amino
acid. Although more than 50 years of research have
passed since this initial discovery, our ability to predict
the outcomes of specific missense mutations has not
increased in a significant way. In this review, we focus
on missense mutations, which dramatically affect neuronal migration during brain development, and result
in lissencephaly (‘smooth brain’) or subcortical band
heterotopia (‘double cortex’).
The functional complexity of the vertebrate cerebral
cortex is facilitated by an intricate structural organization. Brain morphogenesis involves multiple steps,
including cell proliferation, cell fate identity, cell migration and cell differentiation implicating growth of axons
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and dendrites. The migratory pathway of individual neurons can be extremely long, especially in primates
(reviewed by [3]). Neurons in the neocortex are organized
into six layers that share characteristic dendritic morphologies, axonal connections and physiological properties (reviewed in [4, 5]). The neocortex is also regionalized into areas characterized by distinctive cytoarchitectonic features [6] that house specific cognitive, sensory or
motor functions [7]. The axonal connections of neurons
in different areas reflect their functional specificity. The
six layers of the neocortex are formed during development mainly by inward-to-outward migration of neurons
[8] born in the ventricular zone to the cortical plate [9,
10]. Our knowledge regarding key molecules participating in brain lamination has increased significantly during
the last decade, with the discovery of disease genes associated with abnormal cortical layering (reviewed in [11]).
The disorders of neuroblast migration are customarily
divided according to the anatomical sites of arrested
migration: (i) in the periventricular region (embryonic
subventricular zone) from where they never initiate their
migration; (ii) in the subcortical white matter where their
journey is arrested before reaching the cortical plate; and
(III) disturbance of organization of the cortical plate in
terms of lamination and orientation of neurons, which
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also affects their synaptic circuitry. In many cases the
phenotype does not correspond only to one category, but
is rather a mixture (as described below). Abnormalities in
the migration of neuroblasts into the embryonic cortex
lead in extreme cases to loss of normal convolutions of
the cortex in humans, known as lissencephaly (smooth
brain). There are two types of lissencephaly: type I or
‘classical lissencephaly’, where four layers of abnormally
positioned neurons are observed in the neocortex, and
type II or ‘cobblestone’ lissencephaly, where the cortex is
unlayered [12]. Mutations in two different genes may
result in type I lissencephaly: LIS1, an autosomal gene
located on chromosome 17p13.3 [13], and doublecortin,
an X-linked gene [14, 15].
Lissencephaly is characterized by absent (agyria) or decreased (pachygyria) convolutions, producing a smooth
cerebral surface with thickened cortex [16]. Subcortical
band heterotopia (SBH) is a related disorder in which
there are bilateral bands of gray matter interposed in the
white matter between the cortex and the lateral ventricles
[17]. SBH is very common among females with mutations in DCX [14, 15]. Lissencephaly and SBH have been
observed in different regions of the same brain, defining
an ‘agyria–pachygyria-band’ spectrum. Thus, it is possible to observe SBH, pachygyria/lissencephaly and poor
cortical architecture in the same brain. So far, to the best
of our knowledge, a clear genetic-neuropathological
correlation in this regard has not been determined. A
grading system characterizes the malformations from
grade 1 (most severe) to grade 6 (least severe) [18].
Grades 1–4 are all lissencephalies of decreasing severity.
Grade 5 is mixed pachygyria and SBH, whereas grade 6
is SBH alone.

LIS1
Deletions involving LIS1 are far more common than other
mutations [19, 20], 88% of the mutations result in a
truncated or internally deleted protein. Until now, only
six missense mutations were found in patients [20–22].
Nevertheless, truncated and internally deleted proteins
are not likely to reveal much information regarding
protein function since these proteins are unlikely to fold
correctly [23, 24]. With the goal of learning more about
LIS1 protein function, a group of five missense mutations
described in patients leading to variable phenotypes were
analyzed [25]. The fact that single amino acid substitutions can result in different phenotypes may help us to address the complicated task of elucidating the mechanisms
behind brain development. Prior to discussing mutation
analysis, we shall outline basic information regarding the
LIS1 protein structure and function.
The deduced amino acid sequence places LIS1 as a member of the WD (tryptophan-aspartic acid) repeat family of
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proteins [13]. A hallmark of this family is their involvement in multiple protein-protein interactions [26], and
LIS1 is not an exception (reviewed by [27]). LIS1 contains seven WD repeats in its C-terminal region and a
distinct N-terminal region of 95 amino acids. Previously,
this region was found to include a LisH (LIS1 homology
domain amino acids 8–37) [28] and a coiled-coil domain
(amino acids 51–79) important for dimerization [29].
Recently, the structure of the N-terminal region was
solved [30]. The structure revealed that the LisH motif is
a novel, thermodynamically very stable dimerization
domain. Thus, the N-terminal region contains two domains, which both contribute to LIS1 dimerization.
LIS1-protein interactions may be grouped conceptually
into two classes: evolutionarily conserved and relatively
new interactions. Much has been learnt from the interactions that have been conserved throughout evolution [31].
NudF, a LIS1 homolog in Aspergillus nidulans, was identified in a screen for mutants defective in nuclear migration [32]. All the mammalian homologs of genes involved
in this pathway have been shown to interact with LIS1.
Such is the case for the mammalian homolog of NudC, a
protein that controls the levels of NudF in Aspergillus
nidulans [32], and was shown to interact with LIS1 [33].
This is consistent with a similarity of mechanism
between nuclear movement in the fungus and neuronal
migration in the brain, since nuclear or somal translocation is one of the three main types of radial migration
during the neocorticogenesis (reviewed by [34]). A tight
relationship between LIS1 and microtubule (MT) regulation and MT-based motor proteins has been suggested for
many organisms. In Aspergillus nidulans a mutation in
the alpha tubulin gene suppresses mutations in nudA,
nudC, nudG and nudF [35]. We have shown that LIS1
interacts with tubulin and can modulate MT dynamics in
vitro [36], suggesting an evolutionarily conserved LIS1
function. This interaction and probably others are regulated by phosphorylation [37]. Several of the nud genes
(nudA, nudI and nudG) encode subunits of cytoplasmic
dynein (hereafter called dynein), a MT-based motor protein (reviewed by [38]), while NudK and NudM are part
of the dynein regulatory complex dynactin [39–42]. A genetic interaction of LIS1 with the dynein/dynactin/MTmediated pathway has also been suggested from work on
early development in Drosophila [43–45], demonstrating
that LIS1, similar to dynein heavy chain, is essential for
germ-line division, nuclear positioning and oocyte differentiation. Moreover, also in Saccharomyces cerevisiae, a
LIS1 homolog is involved in nuclear migration [46]. LIS1
was found to interact directly with three distinct subunits
of the dynein and dynactin complexes, representing both
motor and cargo binding regions [47, 48]. Indeed, it has
been shown to directly interact with the dynein heavy
chain (in the P1 loop region, and another region involved
in the interaction with light intermediate chains, LICs)
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[47, 48], the dynein intermediate chain [47, 48] and the
dynamitin (p50) [47, 48]. Furthermore, dynein, dynactin
and LIS1 coimmunoprecipitated and colocalized both in
tissue culture and in the brain [49, 50]. In addition, overexpression [49, 50] as well as reduced expression [50, 51]
of LIS1 interfered with dynein function. An additional
member of this pathway is nudE, a multicopy suppressor
of a mutation in the nudF gene [52]. The interaction is
evolutionary conserved: LIS1 interacts with two mammalian homologs of NUDE (NUDEL and mNudE or
rNudE, 85% similarity in the coiled-coil domain) [47,
52–54].
An additional LIS1 interacting protein that is part of
dynein/dynactin complex is cytoplasmic linker protein
(CLIP-170) [55, 56]. CLIP-170 is a MT-plus-end tracking
protein [57], which may act as a rescue factor [58]. It has
been proposed to mediate the association of dynein/
dynactin to MT plus ends [59–62], and it also binds to
kinetochores in a dynein/dynactin-dependent fashion
[63], both via its C-terminal domain. We recently demonstrated a direct interaction between these two proteins
and suggested that LIS1 is a regulated adapter between
CLIP-170 and the dynein/dynactin complex at sites
involved in cargo-MT loading and/or in the control of MT
dynamics [60].
Furthermore, LIS1 was found to be a regulatory subunit
of platelet-activating factor acetylhydrolase (PAF-AH) Ib
[64, 65], and this interaction is a relatively new event
in evolution based on the homolog isolated from
Drosophila. This protein lacked both catalytic activity
and the ability to interact with LIS1 [66]. In spite of that,
the Drosophila LIS1 protein does interact with mammalian PAF-AH subunits [66].
In addition, we detected an interaction between LIS1 and
doublecortin (DCX) [67]. Our results suggest that LIS1
and DCX are coexpressed, interact and can function in
the same protein complex in the developing brain [67].
Addition of both proteins promotes MT polymerization
in an additive manner in vitro [67]. Interestingly, overexpression of DCX rescued the migration defect observed
in LIS1–/+ neurons [68]. The same study indicated an association of DCX with the dynein complex [68].

LIS1 missense mutations
We tested five different missense mutations for their
gross biochemical properties, their subcellular localization, as well as their ability to retain interactions with
known protein partners [25]. A schematic presentation of
the LIS1 protein and the position of the known missense
mutations are shown in figure 1. The summary of our
results indicates that no single structural, biochemical, or
subcellular localization assay can point out to the
predicted lissencephaly severity. The biochemical profile
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Figure 1 (a) Schematic presentation of LIS1. The known protein
motifs are indicated (from the N-terminus to the C-terminus) LisH
(green), coiled-coil (light blue), both located in the N-terminal region (grey), and seven WD repeats (yellow). The known missense
mutations are indicated. (b) Intermolecular interface of the LisH
dimer. A stereo side view between two LisH motifs showing one
dimer in green and the other in blue. The most critical side chain
contacts involved in the dimer interface are shown. F31 is highlighted in purple, The hydrophobic bonding network at each end of
the interface is shown, as is the helix capping hydrogen bonds of
E34 in red. Reprinted from Kim M. Y, Cooper D. R., Olekey A.,
Devedjiev Y., Derewenda U., Reiner O.et al., The structure of the Nterminal domain of the product of the lissencephaly gene LIS1 and
it functional implications, Structure 12: 987–998 Copyright (2004),
with permission from Elsevier.

included a protein-folding assay using resistance to
trypsin cleavage, measuring of protein-protein interactions using recombinant proteins, yeast two-hybrid
assays and co-immunoprecipitations. Subcellular localizations were assessed by immunostaining of mitotic and
interphase cells. Therefore, it is likely that the basic
biochemical and cellular pathways affected by each
mutation are different.
Mutation H149R causes the most severe phenotype
among the lissencephaly patients analyzed in this study.
The biochemical profile of the mutated protein, including
misfolding (as showed by complete degradation by
trypsin) and short half-life, can provide the explanation.
In addition, this mutation was examined previously,
demonstrating unstability, misfolding [23] and abolishment of protein interactions [69–71]. Hence, the substitution of residue 149 from histidine to arginine resulted
in a devastating malformation seen in the patient. The
biochemical profile of mutation S169P is even worse
than the one seen in mutation H149R. Mutation S169P is
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the only substitution that is in clear contrast to the observed phenotype. The mutated protein is folded incorrectly, and its stability is extremely reduced. Its interaction with other proteins is the same as mutation D317H,
which results in a much more severe phenotype. This
mutation has also been investigated in relation to its
interaction with PAF-AH subunits [69], NudEL [70] and
NudE [71], and no interactions were observed [70]. These
results can only be settled if we accept the biochemical
predictions and the authors’ [72] notion that the patient is
a mosaic. In such a case, the severely defected protein
(substitution of residue 169 from serine to proline) is
expressed in only some of the cell population of the brain.
In other cells the expression of wild-type LIS1 protein
can diminish the resulted malformation. There are several
documented cases of LIS1 mosiacism, for example patients with a missense mutation R241P, or a truncation
mutation R8X, both exhibiting a mild phenotype of SBH
[73]. Two of the mutations – F31S and D317H – cause the
same lissencephalic grade (4a1); indeed, the total
biochemical grade is also similar (18). However, looking
closely at the experimental data reveals different biochemical properties, suggesting that diverse mechanisms
are responsible for the observed phenotypes. Mutation
F31S resides in the N-terminal region of LIS1 protein
within the LisH domain [28] in the intermolecular interface of the structure (fig. 1b). This amino acid residue is
highly conserved and has been proposed to play an
integral role in the formation of the hydrophobic core and
the dimerization interface. It is expected that removal of
the phenyl ring of F31 would create two hydrophobic
cavities in the heart of this dimer, destabilizing the complex [30]. Since the N-terminal region is predicted to
remain external to the b-propeller structure characteristic
of WD proteins Q it is not surprising that the mutated
protein, was partially protected from trypsin cleavage, as
the globular WD domain is most likely still intact. However, the mutation severely affects protein stability, and
interaction abilities are reduced. The aggregates that are
formed in cells may suggest nonfunctional mutated
protein. We reported such protein aggregations of LIS1
mutated in F31S. The failure of polypeptides to adopt
their proper structure is a major threat to cell function and
viability, and may result in a toxic gain of function or be
associated with a loss of function. In the case of the F31S
mutation, we propose a loss of function mechanism, since
the aggregated mutated protein does not interact with
several cellular proteins. It is well known that molecular
chaperones promote correct folding and prevent harmful
interactions. Indeed, the PAF-AH catalytic subunit was
identified as a potential LIS1 chaperone. Even so, once
the aggregates are solubilized, the mutated LIS1 still does
not properly localize and does not interact with other
normal interacting proteins. The unfolded proteins are
degraded primarily by the ubiquitin-proteasome system,
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and failure to detect and eliminate misfolded proteins
may contribute to the pathogenesis of neurodegenerative
disease or in this case to lissencephaly. Partial phenotypic
rescue was observed with overexpression of Nudel or
NudE, but not with overexpression of other LIS1 binding
proteins such as CLIP-170 and dynein.
Although exhibiting the same lissencephaly phenotype,
the obstructed pathway with the D317H mutation is
different. Mutation D317H is located in WD5, which is
unique among the WD repeats of LIS1 in that it contains
a hinge region – rich in serine residues. The mutated
protein is most likely missfolded, though the half-life
assay may imply that some chaperone aid helps a portion
of the protein to avoid degradation in the cell. Evidently,
the two mutated proteins (F31S and D317H) behave in a
different biochemical and cellular context. However, each
of the two separate pathways eventually leads to the same
lissencephaly phenotype. Mutation G162S located in the
WD2 repeat of LIS1 manifests a rather mild phenotype
exhibited by the patient. This outcome is supported by the
biochemical data. Even though the protein is probably
missfolded in vitro, it clearly maintains its stability.
Furthermore, interactions with other proteins were only
slightly affected, giving the highest interaction score.
Overall, the results presented here are consistent with the
weak manifestation of lissencephalic syndrome.
Among the five point mutations analyzed, three (H149,
S169, D317) are conserved in all species that contain a
LIS1, homolog, including Drosophila, Caenorhabditis
elegans, Dictyostelium discoideum, A. nidulans and S.
cerevisiae. The N-terminal region (where mutation F31S
resides) is somewhat less conserved, and in A. nidulans
and S. cerevisiae, the phenylalanine residue is changed
to leucine. Glycine in position 162 in the patient is
asparagine in A. nidulans but is a serine residue in S.
cerevisiae thus identical to the mutation found in the
patient with the least severe phenotype. Therefore, it
could be expected that the LIS1 protein G162S should
be capable of supporting the functions of LIS1 that are
conserved in yeast.

DCX
As mentioned, a spectrum of neuronal migration defects
including double cortex and lissencephaly result from
mutations in LIS1 [13], or X-linked DCX [14, 15]. In the
mouse, DCX mutants exhibit a lamination defect only in
the hippocampus [74] identical to that described in
LIS1–/+ mice [75], suggesting that the two gene products
participate in the same pathway. Interestingly, RNA interference (RNAi) of DCX has been shown to cause migrating neurons to arrest in migration, thus mimicking the
double-cortex syndrome [76]. DCX [77–80] and its
related gene product DCLK [81, 82] exhibit the proper-
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ties of classical MT-associated proteins (MAP), and contain two tubulin binding repeat sequences which are evolutionarily conserved. Interestingly, most missense mutations (but not nonsense mutations) that are found in
lissencephaly patients cluster in this defined DCX (double-cortin) domain [83, 84]. The repeated protein motifs
are 11 kDa and located in the N-terminal region of DCX,
which is 30 kDa. The C-terminal region is 10 kDa and
rich in serine and threonine residues. The structure of the
DCX domain is quite different from that of classical
MAPs, and they adopt globular structures with a ubiquitin-like fold [85]. The nature of DCXs binding to MTs
was studied using electron microscopy [86]. DCX binds
selectively 13 protofilaments of MTs and also promotes
assembly of MTs composed 13 protofilaments. DCX
binds to MTs in a novel site, in between the protofilaments. This binding site also explains the stabilization of
MTs by DCX.

DCX-interacting proteins
Although DCX is a classical MAP, it interacts with multiple additional proteins. Its interaction with clathrin
adaptor proteins, the µ subunits of AP-1/-2, suggests a potential involvement of DCX in protein sorting or vesicular trafficking [87]. The region of interaction involves the
C-terminal domain of DCX, where a tyrosine-based sorting signal (YLPL) was detected. A specific missense mutation (so far not detected in patients) in this sequence
abolished this interaction. Tyrosine-based sorting signals,
recognized by µ subunits, have previously been reported
to be important for the recruitment of integral membrane
proteins into clathrin-coated vesicles [88].
A significant portion of DCX is membrane bound, and it
interacts in a phosphospecific manner with neurofascin
[89]. Neurofascin is a transmembrane protein of the
immunoglobulin (Ig) superfamily that engage in protein
interactions as well as signaling pathways [90, 91]. The
interaction with phospho-neurofascin requires the fulllength DCX.
DCX is connected not only to the MT cytoskeleton, but
may also link to the actin filament through its interaction
with neurabin II, an actin binding protein [92]. The interaction site of DCX with neurabin II was mapped to a
region extending between the C-terminal portion of the
second part of the DCX motif and the N-terminal part of
its Ser/Pro-rich region.
We detected an interaction between DCX and JNK interacting proteins, JIP1 or JIP2 [93]. These proteins serve as
scaffold JNK proteins, and bind both activating and
inhibitory components of this signaling pathway. JIP1/2
bind among their multiple interacting proteins JNK,
MKK7 and members of the mixed-lineage kinase (MLK)
group of MAP3K [94, 95]. Furthermore, both can bind
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the MAPK phosphatase MKP7 [96]. The C-terminal
region of JIP1/2 provides a link with a molecular motor,
as its last 11 amino acids are essential for interaction with
kinesin light chain [97]. Indeed, we demonstrated that
the distribution of DCX to the proximal parts of neurites
is dependent upon its interaction with JIP1/2 and of the
latter with kinesin [93]. JIP1/2 are structurally similar
and contain a SH3 domain and a PID (protein interacting
domain) domain in the C-terminal region [94, 95,
98–100]. The PID domain interacts with p190 RhoGEF
[101], with amyloid precursor protein [102–104] and
with members of the low-density lipoprotein receptor
family, including ApoER2 and megalin [105, 106].
ApoER2 as one of the receptors for reelin is of particular
interest, since it provides a link between DCX and the
JNK pathway with the reelin pathway. The same cortical
layering phenotype is observed in cases of mutations in
the extracellular matrix protein reelin [107–109], or in
two of its multiple receptors (ApoER2 and VLDL) [110,
111] or in the intracellular adaptor protein mDab1 [112].
JIP1/2 interacts with DCX in the PID, and the same
point mutation in the PID, previously reported to affect the
interaction of JIP-1 with RhoGEF [101], affected the
interaction with DCX [93]. The JIP proteins also bind the
Rac exchange factors Tiam1 and Ras-GRF1, although the
interaction with JIP2 is significantly stronger than the
interaction with JIP1 [113]. In addition, members of the
fibroblast growth factor homologous protein family (FHF)
have been reported to selectively interact with JIP2 [114].
Protein phosphorylation is a way to control transient protein interactions, which are typically used in signal transduction pathways. Recently, phosphorylation of DCX by
at least three different kinases was demonstrated; JNK
[93], Cdk5 [115], protein kinase A (PKA) and/or the
MARK/PAR-1 family of protein kinases [116] (reviewed
by [34, 117]). JNK phosphorylates DCX on at least three
different sites, T321, T331 and S334 [93]. Cdk5 phosphorylates DCX on S297 [115] or, as other results indicate, S28, and S339 as the main phosphorylated sites
[118], and PKA and/or the MARK kinase phosphorylates
DCX on several sites, with the most significant one being
S47 [116]. In vitro analysis indicated that DCXs phosphorylation by Cdk5, PKA and MARK reduced the affinity of DCX to MTs [115, 116]. We postulated that phosphorylation of DCX by different kinases may facilitate
changes between different modes of neuronal migration
occurring in the developing brain.

DCX missense mutations
To date, more than 25 missense mutations in DCX were
detected in patients [14, 15, 72, 119–130], interestingly,
several of these sites were independently mutated several
times. Our discussion will focus on those mutations
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which have been analyzed by functional studies. A
schematic presentation of DCX and the position of the
missense mutations to be discussed are shown in figure 2.
A point mutation in serine 47 to arginine was detected in
a lissencephaly patient and his mother [15]. Overexpression of the mutated protein in COS-7 cells resulted in
apparent MT bundles, suggesting increased stability [83].
Overexpression of S47R in PC12 cells completely
blocked neurite outgrowth [131]. The same serine residue
was identified as required for the regulation of DCX MT
binding by MARK and PKA in vitro [116]. Arginine in
position 59 was mutated in a mother and her daughters
with double-cortex syndrome to leucine [15], and in a
sporadic case to histidine [121]. Overexpression of DCX
R59L resulted in MT bundles [83]. The protein mutated
in the same position to histidine demonstrated reduced in
vitro and in vivo MT polymerization [84]. In addition,
DCX R59H did not bind to phospho-FIGQY neurofascin
[89]. A mutation in amino acid 62 changing aspartic acid
to asparagine was observed in a mother with double
cortex and her lissencephalic son [14]. Overexpression of
D62N did not localize well to MT, and at high levels of
overexpression changed cell morphology [83]. Another
study indicated that the general structure of MTs did not
change [80]. Similar to the previous mutation, D62N did
not bind to phospho-FIGQY neurofascin [89]. An
extended family carrying an alanine-to-serine (A71S)
mutation was reported [129]. The mutated protein was
studied by overexpression in COS-7 cells [125]. In that
study, the authors noted that overexpression of wild-type
DCX interfered with normal mitosis. Overexpression of
the A71S mutated protein did not interfere with normal
mitosis and the MT bundles were less obvious, thus suggesting that the mutated protein lacked part of the normal
DCX activities. A mutation in arginine (R89G) was
reported in a familial case of SBH, and was detected both
in the mother and son [124]. The mutated protein demonstrated reduced in vitro and in vivo MT polymerization
[84]. The tyrosine in position 125 was mutated independently to histidine (familial case) [14] or asparagine (sporadic case) [119]. Mutation of this site had a dramatic
effect on MTs. When Y125H was overexpressed in COS7 cells, MTs were disrupted [80, 83]. The same cellular
phenotype was observed with the Y125D mutation, and
with two artificial mutations, Y125S or Y125T. Nevertheless, Y125F resulted in normal MT appearance, suggesting that the local conformation, but not the phosphorylation of this tyrosine is important for functional binding to MTs [80]. When the recombinant Y125H protein
was incubated with MTs, it caused severing of MTs at
high molar concentrations [83].
A familial mutation found in several different families
was detected at amino acid 192 (R192W) [14, 15, 125].
Overexpression of the mutated protein in COS cells
resulted in quite normal cell morphology (in comparison
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Figure 2 Schematic presentation of DCX. The two tandem DCX
motifs (grey) are indicated. The position of missense mulations discussed in this manuscript are indicated.

to overexpression of the wild-type DCX) [80, 83, 84,
125]. Expression of the mutated protein demonstrated
reduced in vitro and in vivo MT polymerization in comparison to wild-type [84], and also its effect upon mitotic
impairment was reduced in comparison to wild-type
DCX [125].
The final missense mutation to be discussed is a change
from threonine to arginine at position 203, found in a
family with lissencephaly and double cortex [15]. In one
study overexpression of the mutated protein resulted in
MT bundles [83], while in the other, it did not localize
with MTs in vivo, nor promoted MT assembly in vitro
[84]. The results of the latter study suggested that this
mutation is a complete null allele.

Discussion
The study of missense mutations identified in patients
suffering from lissencephaly or SBH is of a great interest
since it provides us with the opportunity for better understanding of molecular and cellular pathways in which
LIS1 and DCX are involved. These pathways are likely to
be essential for brain development and in particular are
involved in migration of post-mitotic neurons. Both of
these proteins are multifunctional, and as such the understanding of abnormal processes is a daunting task.
Nevertheless, the mutational profile and the possible
functional output of the studied mutated proteins differ
considerably.
DCX missense mutations are rather frequent and have the
tendency to cluster in the identified DCX motif. This
protein motif is best known for its MT-related functions
and thus links lissencephaly and SBH to probable MT
assembly and dynamics defects. Since MTs are one of the
major cytoskeletal components, it is expected that associated functions such as intracellular trafficking, mitosis
and cell motility will be affected as well.
On the other hand, LIS1 missense mutations are sparse
and not very common. Our work led us to define a
spectrum of biochemical and cellular defects for each
mutation, suggesting that numerous LIS1 functions are
disrupted, but possibly at different levels, leading to
various lissencephaly/SBH severities.
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At present, we are probably lacking the most relevant
information regarding the function of the mutated proteins, since all of the studies we have discussed were
conducted in vitro, in ectopic cells systems and by overexpression. This is probably less of concern in the case of
LIS1, which is a ubiquitous protein, with a mutation
involving only one allele, and these lissencephaly patients
may have some subtle cell biology abnormalities in cells
other than neurons. However, DCX is a neuronal specific
gene, and analysis of its functions will probably be most
relevant in neurons. Current technological developments
allowing for gene inactivation and overexpression in
utero will facilitate studies of mutant proteins in the
developing brain.
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