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Abstract—Rodent homologues of two candidate dyslexia
susceptibility genes, Kiaa0319 and Dcdc2, have been shown
to play roles in neuronal migration in developing cerebral
neocortex. This functional role is consistent with the hypoth-
esis that dyslexia susceptibility is increased by interference
with normal neural development. In this study we report that
in utero RNA interference against the rat homolog of another
candidate dyslexia susceptibility gene, DYX1C1, disrupts
neuronal migration in developing neocortex. The disruption
of migration can be rescued by concurrent overexpression of
DYX1C1, indicating that the impairment is not due to off-
target effects. Transfection of C- and N-terminal truncations
of DYX1C1 shows that the C-terminal TPR domains determine
DYX1C1 intracellular localization to cytoplasm and nucleus.
RNAi rescue experiments using truncated versions of
DYX1C1 further indicate that the C-terminus of DYX1C1 is
necessary and sufficient to DYX1C1’s function in migration.
In conclusion, DYX1C1, similar to two other candidate dys-
lexia susceptibility genes, functions in neuronal migration in
rat neocortex. © 2006 IBRO. Published by Elsevier Ltd. All
rights reserved.

Developmental dyslexia is associated with both genetic
susceptibility (Pennington and Smith, 1983; Smith et al.,
1998) and migration anomalies in neocortex (Galaburda
et al., 1985; Chang et al., 2005; Sokol et al., 2006). Two
recent studies found that neuronal migration in neocortex
is impaired when the expression of rodent homologues of
either of two recently identified candidate dyslexia genes,
Kiaa0319 or Dcdc2, is targeted in vivo by RNAi (Meng
et al., 2005; Paracchini et al., 2006). In addition, ROBO1
alleles have been recently shown to associate with dys-
lexia susceptibility (Hannula-Jouppi et al., 2005), and robo

proteins are known to play roles in both neuronal migration
and axonal growth (Kidd et al., 1998; Wong et al., 2001;
Long et al., 2004). The recent genetic evidence, together
with evidence from animal models showing that induced as
well as spontaneous focal cortical anomalies create im-
pairments in learning and auditory processing (Fitch et al.,
1994; Boehm et al., 1996; Peiffer et al., 2004a,b), strength-
ens a working hypothesis that genetic susceptibility to
dyslexia results from alterations in neocortical develop-
ment.

The first candidate gene to be implicated in dyslexia
susceptibility was DYX1C1 (Taipale et al., 2003). Recent
genetic evidence from several independent studies indi-
cates that the functional DYX1C1 alleles that associated
with dyslexia in a Finnish population did not associate
significantly with dyslexia susceptibility in other popula-
tions (Scerri et al., 2004; Marino et al., 2005; Meng et al.,
2005). The putative functional DYX1C1 alleles describe by
Taipale et al. (2003) may therefore not be the predominant
risk alleles for dyslexia, however, such alleles may still be
associated with dyslexia susceptibility in isolated popula-
tions. In addition, recent results indicate that a new dys-
lexia risk haplotype involving the DYX1C1 gene includes a
novel single nucleotide polymorphism in the promoter of
DYX1C1 which affects transcription factor binding (Juha
Kere, personal communication).

The functions of DYX1C1 in the developing or mature
brain have not been directly studied. Taipale et al. (2003)
showed that DYX1C1 is expressed nearly ubiquitously in
adult tissues, including brain, and that the protein can be
detected by immunocytochemistry in the nuclei and cyto-
plasm of neurons and glia in human neocortex. The protein
domains of DYX1C1 include an N-terminal p23 and three
C-terminal TPR domains. This combination of a p23 and
TPR domains is shared with Sugt1, a protein known to play
a role in kinetochore assembly in yeast (Steensgaard et
al., 2004), suggesting a potential role in cell division or cell
dynamics. The N-terminal p23 domain of the DYX1C1,
when over-expressed in cell lines, can interact with Hsp70,
Hsp90 and an E-3 ubiquitin ligase, Chip (Hatakeyama et
al., 2004), suggesting that the protein may also be involved
in the degradation of unfolded proteins. The function of the
C-terminal TPR domains of DYX1C1 has not been directly
studied, although TPR domains in general play important
roles in protein–protein interactions.

In this study we explored the developmental function of
DYX1C1 in embryonic neocortex of the rat by in utero
RNAi. DYX1C1 RNAi decreased the migration of neurons
and caused them to accumulate in a multipolar stage of
migration. The impairment was rescued by overexpression
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Fig. 1. RNAi of DYX1C1 disrupts migration in developing neocortex. (A) Schematic showing the domain structure of DYX1C1, the sequences targeted
by 2 shRNA vectors, the sequence of a point mutation control, and a schematic of the in utero electroporation method. The blue rectangle indicates
the N terminal p23 domain and red indicates the C-terminal TPR domains. (B) Images of sections of embryonic neocortex 4 days following
electroporation of shRNA vectors and an eGFP vector. eGFP-transfected cells are green, and blue is a TOPRO (molecular probes) counterstain for
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of DYX1C1, and the C-terminal TPR domains were suffi-
cient to rescue migration. Using truncation mutants, we
further found that the C-terminus of DYX1C1 biases the
cellular localization of DYX1C1 to the cytoplasm, while the
N-terminus alone can localize to the nucleus and cyto-
plasm in cell lines and in developing neurons. Together
with previous studies of Dcdc2 and Kiaa0319, these re-
sults provide further evidence that candidate dyslexia sus-
ceptibility genes share common functions in neuronal mi-
gration.

EXPERIMENTAL PROCEDURES

In utero electroporation

In utero transfection and RNAi methods were applied to embry-
onic rats as described previously (Bai et al., 2003). Briefly, preg-
nant Wistar rats (Charles River Laboratories, Wilmington, MA,
USA), gestational day 14, were anesthetized with ketamine/xyla-
zine (100/10 mixture, 0.1 mg/g, intraperitoneally). Microinjections
of plasmid mixtures into the lateral cerebral ventricles of E14
embryos were made through the uterine wall via pulled glass
capillary pipettes. One microliter to 1.5 !l of plasmid DNA solution
in phosphate-buffered saline (PBS)!Fast Green (0.02 mg/ml;
Sigma, St. Louis, MO, USA) was injected into the lateral ventricles
using a picospritzer (General Valve, Fairfield, NJ, USA). One and
a half micrograms of shRNA plasmid vector, 1.5 !g of DYX1C1-
eGFP expression vector, and/or 0.5 !g of eGFP expression vector
were injected into each embryo. After injection of plasmid, a single
75 V pulse was delivered across the head of the embryo within the
uterus. Embryos were then allowed to develop for 1–4 days and
position and morphology of transfected cells were analyzed by
fluorescence microscopy. Experiments were approved by the Uni-
versity of Connecticut Institutional Animal Care and Use Commit-
tee and conformed to all American Psychological Association
ethical standards for the treatment and care of animals. Every
effort was made to minimize the number of animals used and their
suffering.

Plasmids

Plasmids coding for shRNAs were constructed from synthesized
oligonucleotides (Invitrogen, Carlsbad, CA, USA) and cloned into the
mU6pro vector as described by Yu et al., 2002. Two shRNAs against
DYX1C1, pU6DyxHPB (TCGGGCTGCTTGCCACCTCACGT-ACA-
ACTGAGGTGGCAAGCAGCCCGA; 980–999 bases from the start
of the coding sequence) and pU6DyxHPE (GCCCGGAGAGCCAT-
GAGCACTGATA-ACA-GATCAGTGCTCATGGCTCTCCGGGC;
798–821 bases from the start of the coding sequence). A control
plasmid pU6DyxHPBm3 had three mutations mismatched to
pU6DyxHPB (TCGGGCTGGTTCCGACCTCACGT-ACA-ACTGAG-
GTCGGAACCAGCCCGA) (Fig. 1A). An additional control plasmid,
pU6-BT4HP1, an RNAi effective against neuronal "-3-tubulin (Yu et
al., 2002) was used as an additional control. The eGFP expression
plasmid pLZRS-CAgapEGFP (Okada et al., 1999) was used to mark
transfected cells by co-electroporation. To construct DYX1C1 ex-

pression plasmids, cDNAs of DYX1C1 were amplified by PCR (Plat-
inum TaqDNA polymerase, Invitrogen) from rat embryonic (E14)
brain cDNA and cloned into pGEMT-Easy vector (Promega, Madi-
son, WI, USA). DYXC1C1 sequence was then further amplified from
the plasmids using 5= primers incorporating myc- epitope-tagged
sequences and then subcloned into pCAGGS to create pCA-Dyx.
Deletion mutation constructs were generated by PCR and cloned
into the pCAGGS vector. To construct GFP fusions with the full
length and deletions, eGFP sequence from the plasmid pLZRS-CA-
gapEGFP was amplified by PCR incorporating SacI and BglII sites
for subsequent ligation in frame with the C-terminal end of full length
and truncated DYX1C1 constructs. The human full length DYX1C1
cDNA was cloned into the expression plasmid pcDNA3.1 (Invitro-
gen). The sequence of all plasmids was confirmed by sequencing.

Antibodies

To generate antibodies against the N-terminus of DYX1C1, the
peptide sequence ATEAKAAAKREDQR, corresponding to amino
acids 114–128 in human DYX1C1, was used as an antigen for
immunizing rabbits (Sigma-Genosys, St. Louis, MO, USA). The
serum from the final bleed was affinity purified using GST-
DYX1C1 fusion protein. Filtered serum was passed through GST-
DYX1C1 column. The resin was washed with PBS to remove the
nonspecific binding. The bound antibody was eluted from the
column by 0.2 M-glycine (pH 2.5) into a solution containing 0.1 ml
of 0.5 M Tris pH 8.5, 0.5 M NaCl, 0.2% sodium azide. To generate
antibodies against the C-terminus of DYX1C1, the peptide se-
quence CKIRNVIQGTELKS (Thermo, Ulm, Germany), apart from
the cysteine residue corresponding to amino acids 408–420 in
human DYX1C1, was used as an antigen for immunizing goat
(Everest Biotech Pvt. Ltd., Nepal). The serum from the final bleed
underwent an ammonium sulphate (Sigma, St. Louis, MO, USA)
precipitation to enrich for immunoglobulins and the pellet was
resuspended in PBS before it was applied to a column of Sulfolink
Gel (Pierce Biotechnologies, Milwaukee, WI, USA) linked to the
immunizing peptide. Nonspecific antibodies were washed off the
column by PBS. The specific antibodies were eluted by 0.2 M
glycine–HCl pH 2.6. To each 1 ml eluted fraction 91 !l neutralizing
buffer (2 M Tris, 1.5 M NaCl, pH 8.0) was added. Finally, protein-
rich fractions were pooled and 52 !l of 10 mg/ml bovine serum
albumin (Sigma) and 22.5 !l of 0.14 M NaN3 (Himedia, Mumbai,
India) was added to each 1 ml affinity-purified antibodies.

Additional primary antibodies used in this study were an anti-
eGFP antibody (Chemicon, Pittsburgh, PA, USA; rabbit poly-
clonal. AB3080) and an anti-myc antibody (Abcam, Cambridge,
MA, USA; rabbit polyclonal, AB9106), an anti-flag antibody
(Sigma, mouse monoclonal, F3165), and anti-BrdU antibody (Ac-
curate Chemical and Scientific, Westbury, NY, USA; rat poly-
clonal, OBT0030). Secondary antibodies used in either immuno-
cytochemistry or in Western blot analysis were Alexa Fluro 568
goat anti-rabbit IgG (H!L) (Molecular Probes, Eugene, OR, USA;
A11036), Alexa Fluro 568 goat anti-mouse IgG (H!L) (Molecular
Probes, A11004), Alexa Fluro 568 donkey anti-goat IgG (H!L)
(Molecular Probes, A11057), Alexa Fluro 568 goat anti-rat IgG
(H!L) (Molecular Probes, A11077), donkey anti-rabbit (H!L)
HRP-labeled secondary antibody (Research Diagnostics Inc.,

the nuclei of all cells. Cotransfection of pU-DyxHPB or pU6-DyxHPE (left two images), the two vectors coding shRNAs that match DYX1C1 sequence
impaired the progress of transfected cells into the CP compared with cells transfected with pU6-BT4HP1 and pU6-DyxHPBm3 (right panels), two
shRNAs that do not match to DYX1C1 sequence. Scale bar"100 !m. (C) Transfection of the pCA-DYX1C1-eGFP expression vector results in the
expression of recombinant DYX1C1 in neurons transfected with pU-DyxHPB, and restores migration toward and into the cortical plate. Yellow indicates
the co-localization of overexpressed DYX1C1 protein detected with the N-terminal antibody along with the eGFP signal from the eGFP tag. Red
staining alone is background. Scale bar"110 !m. (D) Average migration distances from the VZ surface after four days for four transfection conditions
shown in B and C: pU6-DyxHPBm3!pCA-eGFP (mutation control, n"6), pU6-DyxHPB!pCA-eGFP (n"6), pU6-DyxHPE!pCA-eGFP (n"6), and
pU6-DyxHPB!pCA-Dyx-eGFP (rescue control, n"3) (ANOVA, P#0.01). For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.
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Flanders, NY, USA; RDI-711005132), donkey anti-mouse (H!L)
HRP-labeled secondary antibody (Research Diagnostics, RDI-
715035151), and donkey anti-goat (H!L) HRP-labeled secondary
antibody (research diagnostics, RDI-705035147).

Histology and image analysis

All brains were sectioned and processed for image analysis as
previously described (Bai et al., 2003). Brains were fixed with
4% paraformaldehyde and sectioned with a vibratome (Leica
VT1000S; Leica Microsystems, Wetzlar, Germany) at 60$80 !m
and processed for immunocytochemistry as free-floating sections.
For BrdU labeling, injections of 50 mg/kg BrdU were made 1 h
prior to kill. Nuclei were labeled with TOP-PRO-3 (Molecular
Probes). Images were acquired with a Leica TCS SP2 confocal
microscope system and further processed with Photoshop 7.0 to
adjust color balances and levels. For quantification of migration
distances, the distances of all transfected cells in an image (200–
1400 cells/section) were determined by measuring the shortest
distance from the ventricular zone (VZ) surface to the somas of
the transfected cells. Migration distances were determined 4 days
following transfection, unless indicated otherwise. An automated
particle analysis macro in ImageJ was used to determine the
distances and data were plotted and analyzed in Excel. A single
mean migration distance was computed for each section (two to
three sections/embryo), and data from three to six embryos were
used for comparisons of mean migration distance in different
transfection conditions. For classification of multipolar and bipolar
cells in the VZ/SVZ and intermediate zone (IZ), cells transfected
cells in the VZ/SVZ and IZ were scored as bipolar if they had a
single leading and trailing process oriented radially, and as mul-
tipolar if they had three or more processes with one process
oriented in a non-radial orientation. ANOVA was used to test for
significant differences in the migration distances between the
separate transfection conditions. However, all phenotypic differ-
ences described here were discernable qualitatively and were
consistent from brain to brain.

Cell culture and Western blots

Cos7 and Cos1 cells were grown in standard culture conditions
and co-transfected by lipofectamine (Invitrogen) according to the
suggested protocol. In RNAi validation experiments in Cos7 cells
the ratio of shRNA to pCA-Dyx-eGFP was 30:1. After 36 h of
transfection, cells were fixed in %20 °C methanol or 4% PFA for
immunocytochemistry or harvested for Western blot processing.
For Western blot analysis, transfected Cos1 and Cos7 were lysed
in IP buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100,
0.01 M sodium fluoride, 1 mM sodium orthovanadate, 0.5 mM
phenylmethylsulphonylfluoride, and supplemented with 1& Pro-
tease Inhibitor Cocktail (Sigma). The lysates were passed several
times through a 1-ml insulin syringe–25 gauge needle to lyse cells,
and then lysates were cleared by centrifugation at 10,000&g for
10 min. Proteins were separated on 10% SDS-PAGE minigels and
then transferred to Immobilon (Millipore Inc., Billerica, MA, USA)
membrane for Western blotting. For detecting DYX1C1 protein,
the N-terminal DYX1C1 antibody was used at 1:400 and the
C-terminal DYX1C1 antibody was used at 1:8000. Both donkey
anti-rabbit and donkey anti-goat HRP-labeled secondary antibody
were used at 1:10,000. All blots were imaged and analyzed by Gel
Doc 2001 and Quantity 1 software (Biorad, Redmond, WA, USA).

RESULTS

RNAi of DYX1C1 in embryonic neocortex disrupts
neuronal migration

In order to test whether DYX1C1 functions in neuronal
migration, we produced shRNA vectors capable of de-

creasing heterologously expressed DYX1C1 protein by
30–70% in Cos7 cells as determined by Western blot
analysis. The effect of these shRNAs on neuronal migra-
tion in vivo was assessed by the in utero electroporation
and RNAi method (Bai et al., 2003). With this approach,
cells are initially transfected and labeled at the VZ surface
and then over the course of several days transfected cells
migrate away from the surface of the lateral ventricles. The
average distance cells migrated away from the VZ surface
is then quantified by measuring the shortest distance be-
tween the VZ surface and the soma of each cell. Trans-
fection of shRNA vectors directed against DYX1C1 caused
significant reductions in the distance that neurons migrated
away from the VZ surface relative to two controls (Fig. 1).
Cells transfected with a shRNA control plasmid that targets
beta-3-tubulin (Yu et al., 2002), but does not impair migra-
tion (Bai et al., 2003), migrated 519'82 !m (n"6) away
from the VZ surface in four days. Cells transfected with
another shRNA control plasmid (pU6-DyxBm3) that con-
tains a three-base mismatch relative to pU6-DyxHPB mi-
grated 509'74 !m (n"6) (Fig. 1). In contrast, cells trans-
fected with either of two shRNA constructs that decrease
DYX1C1 expression, pU6-DyxHPB and pU6-DyxHPE, mi-
grated 229 !m'59 and 212'90 !m (n"6) respectively
from the VZ surface of embryonic neocortex. Unlike the
control-transfected cells, the cells transfected with the
shRNAs targeting DYX1C1 expression did not migrate into
the cortical plate within 4 days, but instead remained within
the IZ, subventricular zone, and VZ (Fig. 1).

To test whether the effect of DYX1C1 shRNA on migra-
tion was dependent upon knockdown of DYX1C1 and not to
potential off target effects, we performed rescue experiments.
In these experiments a DYX1C1 expression vector with a
strong promoter driving expression of DYX1C1-eGFP (pCA-
Dyx-eGFP) was co-transfected with shRNA vectors targeting
DYX1C1. Co-transfection of pCA-Dyx-eGFP induced expres-
sion of DYX1C1 in Cos7 cells and in neurons (Fig. 1C) above
background levels even in presence of shRNA transfection.
This indicated that while the shRNAs can decrease expres-
sion of DYX1C1 driven from pCA-Dyx-eGFP, the expression
level of DYX1C1 is still elevated by transfection of pCA-Dyx-
eGFP. This allowed us to test the effects of adding back wild
type rat DYX1C1 into cells expressing shRNA actively target-
ing DYX1C1. These experiments showed that addition of
Dyx-eGFP rescued the migration impairment induced by the
shRNA targeting DYX1C1. The migration distance for these
cells was comparable to shRNA controls, 532!47 !m (Fig.
1C, D). In addition, overexpression of DYX1C1 alone did not
impair migration, and DYX1C1 overexpression did not rescue
migration impaired by RNAi of Dcx (data not shown). To-
gether, these results indicate that impaired migration follow-
ing RNAi of DYX1C1 is specific to DYX1C1, since the impair-
ment in migration is blocked by overexpression of DYX1C1.

One possibility for disrupted cell migration was that
cells were altered in their cell cycle and, by failing to
progress normally out of the proliferative precursor state,
remained within the proliferative precursor zones near the
ventricular surface. To determine whether this was the
case we used BrdU labeling, phosH3 labeling, and a
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marker for intermediate neocortical precursors Tbr2. We
found no significant changes relative to control shRNA
transfections in the percentage of transfected cells co-
labeling with proliferative precursor markers 1 and 2 days
following transfection (supplementary Fig. 1).

Interference of DYX1C1 interrupts neurons in
the multipolar stage of migration

Migrating neurons in the neocortex normally undergo a
series of morphological transitions as they migrate. After a
start as bipolar progenitors and precursors in the VZ, cells
become multipolar and branched as they exit the VZ and
enter the lower IZ (Tabata and Nakajima, 2003; Kriegstein
and Noctor, 2004). Within the IZ cells then re-establish a
bipolar morphology as they migrate toward and into the CP
(see Fig. 2A) (Noctor et al., 2002). This transition into and
out of the multipolar stage of migration is a point of sensi-
tivity to disruptions to migration of neocortical neurons
(Nagano et al., 2004; Tsai et al., 2005; Loturco and Bai,
2006). To determine the role of DYX1C1 in the transition
out of the multipolar stage, we compared the percentages
of transfected neurons that were in the bipolar and multi-
polar stages within the SVZ and IZ 1, 2, and 4, days
following transfection. As shown in Fig. 2, there was an
increase in the number of cells that progress into the
multipolar stage in the SVZ and IZ combined from 1 to 2
days after transfection for both control and DYX1C1 RNAi-
treated cells. By 4 days after transfection, the majority of
control transfected cells had re-established a bipolar mor-
phology. In contrast, most DYX1C1 RNAi treated cells
remained multipolar in morphology (Fig. 2C). This result
suggested that DYX1C1 is not necessary for transition into
the multipolar stage of migration, but is required for the
normal rate of transition out of the multipolar stage.

The C-terminal TPR domains affect protein function
and localization

The protein domain structure of DYX1C1 indicates distinct
N and C terminal motifs that may confer distinct functional
properties. In order to determine whether N or C terminal
domains of DYX1C1 have differential function in neuronal
migration, we performed RNAi rescue experiments using
truncation mutants. The N-terminal construct contained a
sequence encoding the p23 domain but lacking its code for
77 C-terminal amino acids (aa 1-320). The C-terminal
construct contained a sequence encoding the final 108
amino acids, including the TPR domains but excluding the
p23 domain (aa 289–397). The third deletion construct
used was missing only the four C-terminal amino acids,
which are not part of the TPR domains. Each construct
was fused in frame with eGFP at the C-terminus, and each
was tested for its ability to rescue migration impairment
caused by DYX1C1 RNAi. Transfection of any of the con-
structs alone did not impair migration, indicating that none
functions as a dominant negative. The construct missing
the C-terminus was not effective at rescuing migration
arrest when transfected along with pU6-DyxHPB. In con-
trast, the C-terminus alone was sufficient to fully rescue
migration (Fig. 3A) when transfected with pU6-DyxHPB.
Similarly, the variant of DYX1C1 missing four C-terminal
amino acids fully rescued migration (Fig. 3A). This indi-
cates that the C-terminal TPR domains are both necessary
and sufficient to DYX1C1 function in neuronal migration.

Next, we determined the role of p23 and TPR domains
in localization of DYX1C1. Transfection of full length
DYX1C1 into Cos7 cells or into neurons resulted in protein
concentrated in the cytoplasm (Fig. 3B, C). The N-termi-
nus, missing the TPR domains, but containing the p23
domain localized predominantly to the nucleus (Fig. 3B,

Fig. 2. RNAi of DYX1C1 arrests cells in the multipolar stage of migration in the SVZ and IZ. (A) Schematic summarizing the morphological transitions
that migrating neurons undergo as they migrate from the VZ surface to the cortical plate (CP). (B) Confocal images of cells in the IZ 4 days following
transfection of three different shRNAs: pU6-BT4HP1 is a control shRNA that does not impair migration, pU6-DyxHPB targets DYX1C1, and DCXUTR
targets DCX. Cells with multipolar morphologies in the IZ were predominant in the two conditions that slowed migration but not in the control condition.
Scale bar"20 !m. (C) Graph of mean percentages of transfected (eGFP!) cells with either bipolar or multipolar morphologies 1, 2, and 4 days
following transfection of pU6-BT4HP1 or pU6-DyxHPE shRNA plasmid. Cells were quantified in the VZ/SVZ (day 1) and SVZ/IZ (days 2 and 4). Bipolar
cells in the CP of control were excluded from the analysis because they were few in number in the Dyx RNAi. Note that 4 days following transfection
there is a significantly greater percentage of cells in the multipolar stage in the pU6-DyxHPE condition indicating a failure of cells to establish a bipolar
morphology.
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Fig. 3. Essential function of the TPR domains in migration and intracellular localization. (A) Bar graph and representative images showing the
migration of cells in four RNAi rescue conditions. The transfection condition that did not rescue migration was the plasmid lacking sequence coding
for the C-terminal TPR domains. Representative images show failure of rescued migration to the CP by a construct missing sequence encoding the
C terminal TPR domains (left), and successful rescue of migration from RNAi by a construct coding for the C-terminal TPR domains (right). Scale
bar"75 !m. (B) Images of neurons transfected with full length and truncations of DYX1C1 in vivo show full length DYX1C1-eGFP localized to the
cytoplasm (left), the N-terminal p23 domain localized to the nucleus and cytoplasm (middle), and the TPR domains alone localized primarily to
the cytoplasm (right, arrow indicates possible accumulation at the centrosome). Scale bar"5 !m. (C) Full length flag-DYX1C1 detected with a flag
antibody in Cos7 cells show, similar to neurons, that full length DYX1C1 localized primarily to the cytoplasm (left), the p23 domain to the nucleus and
cytoplasm (middle) and the TPR domains alone to the cytoplasm (right). Scale bar"20 !m. (D) Localization of DYX1C1 detected in Cos1 cells
transfected will full length DYX1C1 and detected by an N terminal antibody to DYX1C1. The N-terminal antibody identified approximately 50% of cells
with protein in the cytoplasm and 50% with protein primarily in the nucleus. Western blots of protein expressed in Cos1 cells following transfection of
DYX1C1 full length or eGFP and detected with N (left) and C (right) terminal antibodies. There are no protein bands detected in cells transfected with
an eGFP expression plasmid alone (first lane in each blot), and both a 48 kD (expected full length product) and 24 kD products are identified in Cos1
cells transfected with plasmid encoding full length DYX1C1.
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C), and the C-terminal TPR domains localized predomi-
nantly to the cytoplasm (Fig. 3B, C). Previously, Taipale et
al. (2003) showed that full length DYX1C1 protein heter-
ologously expressed in Cos1 cells localized to the nucleus.
This raised the possibility that DYX1C1 may be differen-
tially localized and processed within different cell types.
We therefore compared the cellular localization following
transfection of full length DYX1C1 in Cos1 and Cos7 cells.
Approximately 50% of Cos1 cells showed localization to
the nucleus (Fig. 3D), while fewer than 10% of Cos7
showed nuclear localization. Considering the importance
of the C terminus of DYX1C1 to localization, we hypothe-
sized that Cos1 cells may produce an N-terminal frag-
ments of DYX1C1 protein. Western blot analysis of Cos1
cells transfected with human DYX1C1and then analyzed
with antibodies directed to amino acid 114–128 indicated
that Cos1 cells transfected with full length DYX1C1 ex-
pression plasmids produce a 48 kD and a prominent 24 kD
protein (Fig. 3D). Furthermore, blots detected with a C-
terminus antibody similarly indicated 48 kD and 24 kD
products (Fig. 3D). This suggested that two different 24 kD
proteins may be produced by cleavage of the 48 kD pro-
tein, that the N-terminal fragment localizes to the nucleus,
the C-terminal fragment to the cytoplasm, and the full
length to the cytoplasm. Consistent with this possibility, we
observed that in immunocytochemistry of transfected Cos1
cells, the N terminal antibody identified cells with both nu-
clear and cytoplasmic localization (Fig. 3D), while the C-
terminal antibody identified cytoplasmic protein. We also
attempted to use the N and C terminal antibodies in im-
munocytochemistry of brain tissue to determine the local-
ization of the variants, however, high background levels of
staining and appearance of extra bands on Western blots
from brain preclude us from making a conclusive determi-
nation of the localization of the endogenous DYX1C1 pro-
tein at this time.

DISCUSSION

The results from this study indicate that DYX1C1 plays a
role in the migration of neocortical neurons and more
specifically is required for the transition out of the multipo-
lar stage of migration. Other proteins have been recently
shown to be important for transition out of the multipolar
stage of migration. For example, Dcx, Lis1, and FlnA func-
tion in transition out of the multipolar stage (Bai et al.,
2003; Nagano et al., 2004; Tsai et al., 2005), and this has
led to the hypothesis that transition out of the multipolar
stage may represent a particularly sensitive period of mi-
gration during which migrating neurons are susceptible to
disruption (Loturco and Bai, 2006). In addition, Dcx and
Flna functions have potential, although indirect, links to
dyslexia. DCX is a member of the same family of proteins
that include the candidate dyslexia susceptibility gene
DCDC2, and FLNA mutations cause nodular peri-ventric-
ular heterotopia, which have recently been correlated to
language and reading difficulties (Chang et al., 2005;
Sokol et al., 2006). Future experiments will determine
whether DYX1C1 interacts either biochemically or func-

tionally with these or other proteins that playing roles in
neocortical migration. In unpublished experiments, we
found that DYX1C1 did not interact with Dcx. We did detect
interactions of Lis1 with the N-terminus of DYX1C1 when
each was overexpressed in transfected HEK293 or Cos7
cells. Lis1, however, did not interact with the C-terminal
TPR domains, and we could not demonstrate an interac-
tion between endogenous Lis1 and DYX1C1 in developing
brain. Thus, dissection of the biochemical interactors of
DYX1C1 that govern function in neuronal migration awaits
further study. Our finding that the TPR domains of
DYX1C1 are necessary and sufficient to the role in migra-
tion should help to focus the search for interacting proteins.

The original study that identified DYX1C1 as a candi-
date dyslexia susceptibility gene (Taipale et al., 2003)
showed that a balanced translocation between chromo-
somes 15 and 2, which resulted in a 65 amino acid
C-terminal truncation of DYX1C1, segregated with dys-
lexia and with a more severe disability in a family. Although
the pedigree was too small to reach significance for link-
age, the current RNAi rescue experiments performed here
imply that a 77 amino acid C terminal deletion of rodent
DYX1C1 is sufficient to eliminate function in migration.
This strengthens the possibility that C-terminal deletions
may have deleterious effects on brain development. Tai-
pale et al. (2003) also identified a potential functional allele
in the C-terminus of DYX1C1 that results in a small, three
amino acid, truncation. Recent studies of US, UK, and
Italian populations using both population and family based
designs have now found that this small C-terminal trunca-
tion does not significantly associate with dyslexia suscep-
tibility (Scerri et al., 2004; Marino et al., 2005; Meng et al.,
2005). Our rescue results in the rat are consistent with
absence of a critical role for the final four amino acids for
DYX1C1 in migration because a four aa truncation mu-
tation was capable of fully rescuing migration. In fact,
emerging genetic data now indicate that the DYX1C1
allele more commonly associated with dyslexia is not
found in the coding sequence, but in the promoter of
DYX1C1 (Dahdouh et al., submitted for publication). Sim-
ilarly, KIAA0319 and DCDC2 alleles associated with dys-
lexia appear to be involved in transcriptional regulation.
This suggests that changes in expression of dyslexia sus-
ceptibility genes rather than changes in coding sequence
underlie dyslexia susceptibility. In future experiments in
animal models it should be possible to titrate the decrease
in expression levels of susceptibility genes with RNAi to
determine the specific relationship between expression
levels and extent and permanence of migration disruption.

The four proteins coded for by dyslexia susceptibility
genes are all very different in structure; however, all share
an apparent function in neural development. Kiaa0319 is a
putative glycosylated membrane protein, Dcdc2 belongs to
the family of Dcx domain containing proteins, and Robo1 is
a transmembrane receptor for the ligand Slit. To date,
none of these has been directly linked in a molecular
pathway, but it now appears possible that they share a role
in neuronal migration. Future studies directly investigating
the potential relationships between these genes may re-
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veal new connections and insights into the functions of
candidate dyslexia susceptibility genes as well as to the
general mechanism operating in neuronal migration in de-
veloping neocortex.
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