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Doublecortin (Dcx) Family Proteins Regulate Filamentous
Actin Structure in Developing Neurons

Xiaoqin Fu,' Kristy J. Brown,? Chan Choo Yap,® Bettina Winckler,’ Jyoti K. Jaiswal,? and Judy S. Liu!
ICenter for Neuroscience Research and 2Center for Genetic Medicine Research, Children’s National Medical Center, Washington, DC 20010, and
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Doublecortin (Dcx) is the causative gene for X-linked lissencephaly, which encodes a microtubule-binding protein. Axon tracts are
abnormal in both affected individuals and in animal models. To determine the reason for the axon tract defect, we performed a semi-
quantitative proteomic analysis of the corpus callosum in mice mutant for Dcx. In axons from mice mutant for Dcx, widespread differ-
ences are found in actin-associated proteins as compared with wild-type axons. Decreases in actin-binding proteins a-actinin-1 and
a-actinin-4 and actin-related protein 2/3 complex subunit 3 (Arp3), are correlated with dysregulation in the distribution of filamentous
actin (F-actin) in the mutant neurons with increased F-actin around the cell body and decreased F-actin in the neurites and growth cones.
The actin distribution defect can be rescued by full-length Dcx and further enhanced by Dcx $297A, the unphosphorylatable mutant, but
not with the truncation mutant of Dcx missing the C-terminal S/P-rich domain. Thus, the C-terminal region of Dcx dynamically regulates
formation of F-actin features in developing neurons, likely through interaction with spinophilin, but not through a-actinin-4 or Arp3. We
show with that the phenotype of Dcx/Doublecortin-like kinase 1 deficiency is consistent with actin defect, as these axons are selectively

deficient in axon guidance, but not elongation.

Introduction

Defects in axonal tracts are frequently observed due the advent of
modern neuroimaging and are associated with a number of neu-
rological and psychiatric disorders, including autism, epilepsy,
and schizophrenia. Thinning or agenesis of the corpus callosum
is observed in diseases including seizure disorders and in patients
with autism spectrum disorders (Vidal et al., 2006; Stevanin et al.,
2007). Single gene disorders have also been associated with mal-
formation of axon tracts. Axonal defects in all of these disorders
are thought to arise from problems with the developmental pro-
gram of axons; however, little is known of the complex pathogen-
esis of defects in axon growth and guidance.

Mutations in a gene encoding an unusual microtubule-
associated protein (MAP), doublecortin (Dcx), cause a neuronal
migration disorder, lissencephaly, leading to intellectual disabil-
ity and epilepsy (des Portes et al., 1998; Gleeson et al., 1998). Dcx
and related doublecortin domain proteins, including Dclk1, have
also been shown to function cooperatively in the formation of
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long axon tracts and crossing axon tracts, including the corpus
callosum (Deuel et al., 2006; Koizumi et al., 2006; Kappeler et al.,
2007). However, how Dcx family proteins act during axonal tract
formation is not completely understood.

Dcx-microtubule effects have been extensively studied, in-
cluding recent studies showing cooperative binding effects and
changes in microtubule (MT) structure, as well as regulation of
molecular motors (Gleeson et al., 1999; Moores et al., 2004;
Moores et al., 2006; Bechstedt and Brouhard, 2012; Liu et al.,
2012). Other studies have also suggested a role for Dcx in medi-
ating the crosstalk between the actin and microtubule cytoskele-
ton (Tsukada et al., 2005; Coquelle et al., 2006; Bielas et al., 2007;
Santra et al., 2009). However, changes in the actin structure/
function in Dcx mutant or RNAi-treated neurons have not been
previously reported, most likely because the actin phenotype is
not as severe in single mutants compared with Dex ™ ";Dclkl '~
neurons. Nevertheless, Dcx-actin effects may be significant for
understanding the phenotype of lissencephaly.

In this study we perform a comparative proteomic analysis of
an affected axon tract, the corpus callosum, to study changes in
cytoskeleton proteins in the Dex ~ /Y mutant axons. Using semi-
quantitative proteomics we find some differences in levels of pro-
tein expression in MAPs, but comparatively greater changes in
actin-associated proteins in the Dcx mutant axons. Phenotypic
analysis of the Dcx/Dclkl mutant neurons demonstrate changes
in actin distribution, including a striking decrease of filamentous
actin (F-actin) in distal neurites, including the growth cone. The
small C terminus S/P-rich region of the Dcx protein regulates
these changes in actin. Furthermore, the actin dysregulation cor-
relates with a defect in axon guidance in these neurons. Thus, we
demonstrate for the first time that Dcx has important roles, not



710 - J. Neurosci., January 9, 2013 - 33(2):709-721

Fu et al. @ Dcx Regulates Filamentous Actin

only in MT function, but also in the regu-

. .. ild t
lation of F-actin in axonal growth cones. |A| W pe

@)

Dex-/y; Delk-/-|

Materials and Methods

Generation of Dex ~Delkl ™'~ mutant mice.
We bred Dex '/ 7;Dclk™'~ females with
Dclkl ~/~ males to generate Dcx “:Delk '~
mice as described previously (Deuel et al.,
2006). Animals were handled in accordance
with Children’s National Medical Center
Institutional Animal Care and Utilization

500um
coronal
sections

Dissection for Mass Spec

Committee-approved protocols.

Dissection and isolation of axon tracts. Wild-
type and Dex ~ /Y mice at postnatal day (P)0 or P2
were perfused with saline after anesthesia. The
brains were immediately dissected out from the
skull and placed dorsal surface down on a nitro-
cellulose membrane. Coronal brain sections were
cut at 500 wm using the Mcllwain Tissue Chop-
per. Corpus callosum or anterior commissure
was isolated immediately from coronal brain sec-
tions and individually flash frozen.

Mass spectrometry procedure and analysis.
Proteins extracted from corpus callosum
brains are separated using gradient gel electro-
phoresis, 4-20% SDS-PAGE (about 3050 mg
per axon tract). Based on the staining, gels are
sectioned and each band digested with trypsin
and eluted as described previously (Jensen et
al., 1999). Concentrated peptides from each
band were injected via an autosampler (6 ul)
and loaded onto a Symmetry C18 trap column
(5 mm, 300 wm inner diameter X 23 mm; Wa-
ters) for 10 min at a flow rate of 10 wl/min,
100% in 0.1% formic acid. The sample was
subsequently separated by a C18 reverse-phase
column (3.5 wm, 75 mm X 15 cm, LC Pack-
ings) at a flow rate of 250 nl/min using a nano-
HPLC system (Eksigent). The mobile phases
consisted of water with 0.1% formic acid and
90% acetonitrile. A 65 min linear gradient
from 5 to 40% acetonitrile was employed.
Eluted peptides were introduced into the mass
spectrometer via a 20 mm inner diameter, 10 pwm silica tip (New Objec-
tive) adapted to a nanoelectrospray source (ThermoFisher Scientific).
The spray voltage was set at 1.4 kV and the heated capillary at 200°C. The
LTQ-Orbitrap-XL (ThermoFisher Scientific) was operated in data-
dependent mode with dynamic exclusion in which one cycle of experi-
ments consisted of a full-MS in the Orbitrap (300-2000 117/z) survey scan,
resolution 30,000, and five subsequent MS/MS scans in the LTQ (linear
trap quadrupole) of the most intense peaks in centroid mode using
collision-induced dissociation with the collision gas (helium) and nor-
malized collision energy value set at 35%.

Database search and label-free quantification. Mass spectral files were
searched against the UniProt mouse database (UniProt release-2010_11;
16,333 entries) indexed for fully tryptic, 300—4000 mass range, and two
missed cleavages using the SEQUEST algorithm in the BioWorks software
package, version 3.2 (ThermoFinnigan). Mass tolerances were set for 50 ppm
error for MS and 1 Da error for MS/MS and potential modification of oxi-
dized methionine (15.99492 Da). Search result files were uploaded to Pro-
teolQ label-free software, version 2.3.02, (www.bioinquire.com) for each
sample, grouped as triplicates, and filtered as follows: 0.98 peptide probabil-
ity, 0.95 protein probability, XCorr > 1.9, four spectra, and two unique
peptides for each protein. Scan counts were normalized based on total sam-
ple intensity. Protein fold change values were calculated by using the ratio of
scan counts for each sample versus its paired control. Protein annotations
were acquired using the (http://www.uniprot.org/).

Antibodies. Antisera to actin (ab8227), Dcx (ab18723), Spinophilin
(ab50184), ARP4 (ab80502), Tujl (ab7751), Grp78 (ab21685), polyglu-

| Axo/Dendritic Markers |U|

9%
intermediate
filament; 2%

microtubule; 5%

cytoplasm; 46%

| Axonal Proteins |I'|'I|

Figure 1. Axonal proteomics experiment. A, In comparison to wild-type mouse brain, the Dex ~*:Dclk7 ~/~ mouse brain has
amarked reduction in the size of the corpus callosum (CC), hippocampal commissure (HC), and anterior commissure (AC). B, The
anterior corpus callosum in the single mutant Dox ~ appears to be indistinguishable from that of the wild-type. Scale bars in both
A and B represent T mm. C, Microdissection of the corpus callosum from 500 micron slices for proteomic analysis. D, Western
analysis of cortical plate versus CCand ACin wild-type mice to evaluate the axonal enrichment of the CC dissection. E, Classification
of isolated proteins from mass spectrometry of CC proteins from wild-type mouse brain using the UniProt search functions.

tamylated tubulin (ab11324), acetylated alpha tubulin (ab24610), and
tubulin-a (ab4074) were purchased from Abcam. Antiserum to Tau-1
(AB1512) was purchased from Millipore. Antiserum to ARP3 (EB06354)
was purchased from Everest Biotech. Anti-a-actinin clone EA-53
(A7732) was obtained from Sigma, and a-actinin 4 antibody (2885-1)
was obtained from Epitomics. Anti-tyrosinated tubulin antibody
(302111) was from Synaptic System. Map2 (PRB-547C-100) was from
Covance. Anti-GM130 (610822) was purchased from BD Transduction
Laboratories.

Dissociated neuronal cultures and immunostaining. Embryonic day
(E)15 cortices or E17.5 hippocampi were dissected and dissociated using
the Worthington papain dissociation system (LK003150, Worthington
Biochemical). Neurons were plated on polyornithine-coated (Sigma)
cover glasses, fixed in 4% paraformaldehyde, and immunostained with
standard techniques and counterstained with the nuclear dye DAPI or
Alexa Fluor 633 phalloidin (Invitrogen). Images were acquired using a
Zeiss LSM510 line-scanning confocal microscope. For staining of perme-
abilized neurons, cells were permeabilized in buffer (1X BRB80 with 1
mM EGTA, 3.7% PFA, 0.075% glutaraldehyde, and 0.5% Triton X-100)
for 2 min before fixing in 4% paraformaldehyde.

Western analysis. Standard Western analysis was performed using an-
tibodies, as detailed above. The dual channel signal detection Odyssey
system from Li-Cor was used to analyze levels over a linear dynamic
range.

Dunn chamber axon guidance assay. Dissociated E17.5 cortical neuro-
nal cells were plated (50,000 cells/coverslip) on polyornithine-coated
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Total % of sequence KO normalized WT normalized Ratio
UniProt accession number Protein name coverage spectral count spectral count KO/WT
Tubulins
P68369 Tubulin alpha-1A chain 57 1995 (+67) 1939 (37) 1
P05213 Tubulin alpha-1B chain 57 1357 (%£72) 1358 (£61) 1
P68373 Tubulin alpha-1C chain 51 1356 (*+73) 1357 (*62) 1
Q7TMM9 Tubulin beta-2A chain 53 1497 (£154) 1535 (*+323) 1
QICWF2 Tubulin beta-2B chain 53 1517 (£154) 1562 (+322) 1
P68372 Tubulin beta-2C chain 52 1346 (£147) 1415 (=284) 1
Q9ERD7 Tubulin beta-3 chain 60 1338 (£122) 1398 (+253) 1
P68368 Tubulin alpha-4A chain 46 822 (*45) 877 (£57) 0.9
Q9D6F9 Tubulin beta-4 chain 55 908 (*+89) 988 (*+222) 0.9
P99024 Tubulin beta-5 chain 56 1708 (£192) 1741 (+296) 1
Q3UX10 Tubulin alpha chain-like 3 6.7 126 (*=6.2) 138 (*+13.2) 0.9
P48428 Tubulin-specific chaperone A 41 4(x2) 6(*=15) 0.7
Q8K341 Alpha-tubulin N-acetyltransferase 27 32(£6.2) 19 (*5.3) 1.7
Q3UDE2 Tubulin-tyrosine ligase-like protein 12 14 26(£12) 47(£29) 0.6
Q9D1E6 Tubulin-folding cofactor B 18 3(%2) 2(£0.9) 15
Microtubule associated
proteins
088809 Doublecortin 27 0.42 (+0.72) 30 (%7) 0.014
Q91VR7 Microtubule-associated proteins 1A/1B light chain 3A 12 326 (*0.1) 1.8(%1) 17
Q9CQV6 Microtubule-associated proteins 1A/1B light chain 3B 12 2.6 (£0.11) 34(+08) 0.8
P14873 Microtubule-associated protein 1B 39 782 (£251) 941 (*216) 0.8
Q8052 Microtubule-associated protein 15 8.8 6.9 (£3.9) 49(x17) 14
P20357 Microtubule-associated protein 2 19 32(*+93) 46 (+13.2) 0.7
P27546 Microtubule-associated protein 4 246 15(%17) 18 (£12) 0.8
Q7182 Microtubule-associated protein 6 14 13(%0.5) 14(*3.2) 0.9
Q61166 Microtubule-associated protein RP/EB family member 1 37 18 (*3) 21(%6) 0.9
Q8R001 Microtubule-associated protein RP/EB family member 2 16 5(+4) 5(%2) 1
Q6PER3 Microtubule-associated protein RP/EB family member 3 n 0.8(*£1.4) 2(*09) 0.4
P10637 Microtubule-associated protein tau 23 26 (*20) 48 (+20) 0.5
Q90XZ0 Microtubule-actin cross-linking factor 1 3.7 15(%12) 12(x9) 13
Q80TV8 Clasp1 4 0.9 (*+0.8) 1(£1.7) 0.9
Q8BRT1 Clasp2 6.8 2.5(*4) 1.6 (*0.3) 1.6
Q9Z0H8 (lip2 23 24(£11) 20 (+17) 12
P54227 Stathmin 45 24 (*=49) 40 (=13.9) 0.6

square cover glasses the day before axon guidance assay. The Dunn
chamber is assembled as described previously (Zicha et al., 1997; Wells
and Ridley, 2005; Yam et al., 2009). Time-lapse images were acquired
using a 20X objective (IX81, Olympus America) every 3 min for 2.5 h.
Analysis of time-lapse imaging was performed with MetaMorph and
Image] and calculated as described previously (Yam et al., 2009).

Results

Mass spectrometry on corpus callosum from Dcx mutant
mice demonstrates defects in actin-binding proteins

In addition to defects in neuronal migration, Dcx “:Delk1
mutants also have significantly thinned or absent axon tracts,
including corpus callosum and anterior commissures (Deuel et
al., 2006; Koizumi et al., 2006; Kappeler et al., 2007) (Fig. 1A, B).
To determine why Dcx family mutant neurons have axonal
defects, we used mass spectrometry of corpus callosum iso-
lated by microdissection (Fig. 1C) for an unbiased ascertain-
ment of differences in protein expression between mutant and
wild-type axons. Because the Dex ™ ¥;Dclkl ~'~ mouse has a
thin or absent corpus callosum, we conducted our experi-
ments on the Dcx ~"Y single mutant with an intact axon tract
(Fig. 1B). Since Dcx is developmentally regulated, we chose to
sample early stages (PO to P2) when it is expressed, with the
added advantage that these stages precede the onset of myeli-
nation so that the corpus callosum is comprised of a relatively
pure proportion of axon tracts.

—/—

As proof of principle of our axon screen in mutant mice, we
performed this assay on wild-type axon tracts. By cutting coronal
sections at 500 microns on fresh brain at postnatal day 2 (P2) we
were able to isolate and micro dissect the corpus callosum and
anterior commissure (Fig. 1C). We ran Western analysis on the
lysates of microdissected corpus callosum and ran axonal and
dendritic markers to determine whether our dissection resulted
in an enrichment of axons (Fig. 1D). The traditional dendritic
marker MAP2 was decreased but not entirely excluded from
the developing corpus callosum. In contrast, markers for the
Golgi organelle, which is exclusively dendritic, shows expres-
sion in cortical lysates but is entirely absent in the axonal
lysates of the corpus callosum and anterior commissures. We
ran an initial mass spectrometry experiment on the protein
from a single wild-type corpus callosum lysate and were able to de-
tect 865 different proteins. Classification of these proteins using the
UniProt search functions revealed a large proportion of cytoskeletal
proteins—14% including proteins associated with actin, microtu-
bules, and intermediate filaments (Fig. 1E). Other proteins detected
were associated with mitochondria, the cell membrane, and secre-
tory organelles including vesicles, endosomes, and ER proteins. The
greatest proportion of proteins that were detected by mass spec-
trometry were cytoplasmic (46%, Fig. 1E). Thus, proteins of
interest are easily detectable in microdissected corpus callo-
sum at an early postnatal stage.
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We next compared protein expression
in axon tracts from Dcx mutant mice with
their wild-type littermate controls. We
microdissected the corpus callosum at P2
from three Dcx ™7 and three wild-type
Dcx ™ mice. We compared levels of cyto-
skeletal proteins by examining the nor-
malized spectral counts in both wild-type
and Dcx " axons. We chose proteins for
primary candidates for validation using
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While tubulin isoforms appear un-
changed in our screen (Table 1), some
MAPs appear to be differentially affected
in the Dcx mutant axons. It is known that
Taul microtubule distribution is changed
by the absence of Dcx (Tint et al., 2009),
and we find that overall Tau is decreased
in axons of Dex ™" mutants (Table 1).
Other MAPs, MAP1A/1B and CLASP-2,
are changed but miss our criteria for pri-
ority validation based on the spectral
counts of the proteins.

Thus, the proteomic data do not sup-
port wide-spread dysregulation in micro-
tubule composition or associated proteins
despite the fact that Dcx is a microtubule-
associated protein. We confirmed these
findings by examining microtubules in
the Dex ™ ;Dclkl '~ neurons. We exam-
ined MTs by tubulin-a immunostaining
in Dex/Dclkl deficient neurons in paral-
lel; we found that MTs look very similar to
the wild type (WT) (Fig. 2A). Meanwhile,
since a-tubulin N-acetyltransferase is in-
creased in Dcx mutant axons (Table 1)
and posttranslational effects are impor-
tant for microtubule functions(Hammond et al., 2008; Creppe et
al., 2009), we examined whether these changes in MTs are differ-
ent in Dcx/Dclkl-deficient neurons versus WT and found no
changes in single or double mutant neurons by immunostaining
or Western analysis. Immunostaining of double-deficient neu-
rons showed no change in polyglutamylated tubulin as compared
to WT neurons (Fig. 2B). In addition, Western analysis of PO
cortical lysates from Dcx ™" showed no statistically significant
changes in polyglutamylated, acetylated, or tyrosinated tubulin
levels (Fig. 2C) and cortical lysates from the double mutant
Dex ™ ";Delk1 ~'~ did not show reductions in modified tubulin
(Fig. 2D). We also tested the Taul changes shown in the pro-
teomic screen and showed that in WT neurons tau-1 is bound to
MTs in the neuronal cell body as well as in proximal neurites. We
found that in Dcx/Dclkl-deficient neurons, tau-1 binding to
MTs in the soma is consistent, while tau-1 distribution in the prox-
imal neurite is decreased (Fig. 2 E, F). Thus, we find that while tau-1

Figure 2.
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Wild-type and Dcx/Dclk deficient neurons have few differences in terms of tubulin structure, posttranslational
modifications, and MAP association. A, Tubulin staining of permeabilized neurons shows microtubules in neurites. B, Polyglutamy-
lated tubulin appears to be similar in both control and Dex/Delk1-deficient neurons. €, Western analysis in wild-type and Doy~
brain lysates for polyglutamylated, acetylated, and tyrosinated tubulin show no significant differences. D, Western analysis of
polyglutamylated, acetylated, and tyrosinated tubulinin WT, Dclk7 ~~,and Dcx ~";Dclk7 ~/~ brain lysates show no decrease in
mutants of these posttranslational modifications. £, Immunostaining of Tau-1 (red) and tubulin (blue) in cultured WT and Dox %,
Dclk1 '~ cortical neurons. F, Quantification of pixel intensity of tau-1 staining from E (*p << 0.05, t test). In Dox ~"; Delk1
neurons, tau-1binding to MTs in the soma is consistent, while tau-1 distribution in the proximal neurite is decreased. Scale bars in

—/—

distribution is changed in Dcx/Dclkl-deficient neurons, for the
most part MAPs and tubulin are not dramatically altered.

In contrast, a larger number of actin-binding proteins are dys-
regulated in Dcx " axons, although actin levels are not changed
(Table 2). Western blotting and immunostaining for -actin also
confirm that the levels of actin subunits are not changed in Dex ™"
axons (Fig. 3A, B and Fig. 4G). Dcx is known to interact with both
actin as well as microtubules. Dcx is thought to be a mediator of
actin/microtubule cross talk (Tsukada et al., 2005; Coquelle et al.,
2006; Bielas et al., 2007; Santra et al., 2009). Our screen shows that
the absence of Dcx results in dysregulation of actin-binding proteins,
including a-actinin-1 and a-actinin-4 and actin-related protein 2/3
complex subunit 3 (Arp3), as well as profilin (Table 2).

Because a larger proportion of actin-associated proteins are
dysregulated, we focused on these for both validation and
phenotypic characterization of the doublecortin family mu-
tant neurons. We validated «-actinin and Arp proteins by
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Table 2. Differential expression of actin-related proteins
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UniProt accession number Total % of sequence KO normalized WT normalized Ratio
actin- related proteins Protein name coverage spectral count spectral count KO/WT
P60710 Actin, cytoplasmic 1 69 759 (*=189) 631 (*59) 12
P63260 Actin, cytoplasmic 2 69 759 (£189) 631(£59) 1.2
Q6R891 Neurabin-2 12 1.7(=1.9) 1.2(*1) 14
Q9D898 Actin-related protein 2/3 complex subunit 5-like 30 39(%x1.2) 2.8(*£13) 1.4
protein
Q9IM76 Actin-related protein 2/3 complex subunit 3 41 3.9(*+3.8) 72(*+3) 0.5
P59999 Actin-related protein 2/3 complex subunit 4 13 1.3(*13) 44(*=14) 0.3
Q810U3 Neurofascin 3.7 5.16 (£2.5) 3.26 (*1.6) 1.6
QOWUM4 Coronin-1C 16 39(%12) 22(£3) 1.8
Q7TPR4 Alpha-actinin-1 15.5 7(*+4.2) 13(+1.7) 0.5
P57780 Alpha-actinin-4 30 9(*5) 19(*3) 0.5
P26040 Ezrin 19 28(£14) 27 (£3) 1
061553 Fascin 26 36 (£7) 37(£12) 1
Q9Quio Transforming protein RhoA 28 10 (*3) 13(*+2) 0.8
P40124 Adenylyl cyclase-associated protein 1 16 20(£7) 15(*3) 13
P47757 F-actin-capping protein subunit beta 21 4.7 (%0.6) 2.8(*x24) 17
P47753 F-actin-capping protein subunit alpha-1 27 3.5(%2) 3.2(£1.6) 1.1
P47754 F-actin-capping protein subunit alpha-2 35 39(+1.2) 44(*+14) 0.9
Q9DAW9 Calponin-3 24 2(*+27) 3.4(£0.8) 0.6
P18760 Cofilin-1 46 78 (£35) 101 (£17) 0.8
089053 Coronin-1A 10 2(+0.7) 2(*+09) 1
Q90XS6 Drebrin 28 65 (+21) 59 (£16) 1.1
62418 Drebrin-like protein 7.6 3(+2) 23(£1.8) 13
Q972H5 Band 4.1-like protein 1 8 1(x2) 24(*+0.9) 0.4
Q9WV92 Band 4.1-like protein 3 8 9(£3.8) 6.8 (*£6.7) 13
Q8BTM8 Filamin-A 13.7 13.5(=*6) 20 (=13) 0.7
P13020 Gelsolin 7 14(*24) 13(+23) 1.1
P63005 LIS1 15.4 11(+4) 11(*+3.4) 1
P62962 Profilin-1 47 24 (%7) 16 (£1.7) 15
QoIv2 Profilin-2 40 3.9(%25) 3.9(%1.8) 1
P60764 Ras-related (3 botulinum toxin substrate 3 29 4(%1.5) 8.4 (*3) 0.5
P60766 Cell division control protein 42 homolog 28 8(+1) 9(*7) 0.9
Q8021 Ras-related protein Rap-2a 34 6(*£1.8) 74(*+2.6) 0.8
P32883 GTPase KRas 34 34(*+3.2) 3.7(*0.7) 0.9
Q9QuIo Transforming protein RhoA 28 10 (*3) 13(*+1.6) 0.8
P26039 Talin-1 4 9(*6) 7(+23) 13
Q3THE2 Myosin regulatory light chain 12B 53 9(*6) 13(£25) 0.7
60605 Myosin light polypeptide 6 30 1 (1) 9(1) 13
Q61879 Myosin-10 38 128 (*30) 111 (*41) 1.2
Q61RU2 Tropomyosin alpha-4 chain 18 1.7 (+1.5) 1.4 (*+1.5) 12
Q8C143 Myosin light chain 6B 14 3(+2) 2.9(£0.1) 1.2
Q99104 Myosin-Va 5 8(+2) 45(*4.38) 1.8
Q9CQ19 Myosin regulatory light polypeptide 9 34 3.4(*38) 73(*£14) 0.5
Q9JMH9 Myosin-XVllla 3 13(*=13) 1.9(%=17) 0.7

both immunocytochemistry and Western analysis. Western
analysis of axonal lysates of the corpus callosum prepared in
the same way as the mass spectrometry experiments shows a
decrease in a-actinin-4 in the Dex ™’ single mutant, while
comparison of cortical lysates shows no difference (Fig.
3A,B). Distribution of « actinin-4 was changed in the Dcx/
Dclkl mutant neurons with increased immunostaining in the
cell body and a decrease in neurites, both axons and dendrites
(Fig. 3C). In contrast, we found that a-actinin-1 was broadly
decreased in Dcx ~";Dclkl '~ mutant neurons over the wild-
type neurons by immunostaining (Fig. 3D). Because of the
properties of the a-actinin-1 antibody, we were not able to
perform Western analysis on axonal and cortical lysates.

Like a-actinin-1, Western analysis of Arp3 using lysates from
microdissected corpus callosum showed a decrease in the Dex ~"
single mutant (Fig. 4A), in contrast to the cortical lysate in which
levels of Arp3 were unchanged (Fig. 4B). We tested Arp4 as well,

although it narrowly missed our criteria for validation and found
that it was unchanged in both axons and cortical plate lysates
(Fig. 4C,D). We were also unable to show a change in Arp4 by
immunocytochemistry (Fig. 4F ); however, we find a decrease in
Arp3 in the neurites of Dex ~”;Dclkl '~ double mutant neurons,
but not in the cell body (Fig. 4E). Finally, we confirmed by West-
ern analysis that actin subunits were not altered between Dcx "
mutants and wild-type for all lysates used to test a-actinin and
Arp (Fig. 3A,B and Fig. 4A-D). Furthermore, immunostaining
shows similar B-actin levels in Dcx ~” mutants versus wild type.
Thus, we are able to validate the decrease seen in our screen for
three actin-binding proteins by either Western analysis or
immunocytochemistry.

F-actin is redistributed in Dcx™”;Dclkl ~/~ mutant neurons
Because of the selective decrease in these actin-associated pro-
teins in the axons of Dcx ™" despite similar levels of actin sub-
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units, we visualized polymerized actin and found a dramatic
redistribution of F-actin by phalloidin staining in Dcx™";
Dclkl ~'~ neurons (Fig. 5). At 5 days in vitro (DIV 5) in both
growing axons and dendrites, actin patches form at irregular in-
tervals along neurites, becoming large protrusions containing ac-
tin structures with filopodia and lamellipodia (Fig. 5A, arrows)
(Spillane et al., 2011; Hu et al., 2012). These form sporadically
alongboth axons and dendrites, as well as around growth cones at
the distal tips (Fig. 5A, arrows). We see an increase in F-actin
around the cell body of both Dex ™ and the Dex ™ ”;Dclkl ~/~
neuron. In the most severe examples, normally discrete actin
patches that protrude from the cell body and neurites are fused
throughout the whole of the soma ( Fig. 5B, C). Furthermore, we
observe a corresponding decrease in actin protrusions in more
distal regions of both axons and dendrites as shown with MAP2
immunostaining (Fig. 5B,C). We quantified the actin distribu-
tion in these neurons by measuring the distance of each actin
protrusion (Fig. 5A, arrows) from the cell body as demonstrated
in Figure 5A. We found the numbers of actin protrusions were
consistent between wild-type and the single mutant neuron and
slightly decreased, but not significantly in the double mutant
neurons (Fig. 5D, top). However, the mean distance of actin pro-
trusions from the cell body is significantly reduced in both single
Dcx and Dcx/Dclkl double mutant neurons (Fig. 5D, bottom).
We categorized the distances for all of the actin protrusions mea-
sured in 5 wm bins from 0 to 200 wm, and then determined the
percentages of total in each bin to see the distribution and find
that in both single and double mutants measurements clustered

much more around the cell body (Fig. 5E-G). The decrease in
F-actin in distal regions appears to be most extreme in growth
cones (Fig. 5H), both dendritic and axonal, where it is almost
completely absent in the double mutant. Even at later ages (DIV
7), when the phenotype is less severe, there is a decrease in num-
bers of filopodia (Fig. 5I') and the area of lamellipodia in growth
cones (Fig. 5]). Thus, the axon defect may be the result of the
dysregulation of actin in the Dex ~”;Dclkl ~/~ neurons, especially
at growth cones of mutant neurons.

Because the surprising severity of the actin phenotype in the
Dcx~"”;Dclkl ~'~ neurons, we conducted a mutational analysis of
Dcx to determine the effect on neuronal actin distribution. Our
goal was to determine a mechanism through which Dcx regulates
actin by selectively disrupting specific functional domains of the
Dcx protein. We started by comparing the ability of full-length
HA-tagged Dcx to the truncated Dcx to rescue the actin distribu-
tion defect in mutant neurons. We transfected both the full-
length and the truncated Dcx into Dex “:Delk1 ™'~ neurons and
found that the truncated N terminal (1-270 amino acids; Fig. 6 A)
Dcx construct failed to rescue the actin phenotype in contrast to
the full-length Dcx protein, demonstrating that the short
C-terminal end missing from our truncation construct is critical
for Dex regulation of actin structure (Fig. 6B-E).

Within the short C-terminal region of Dcx there are several
sites of interaction with other proteins including the $297, which
is a phosphorylation site regulated by the Dcx interaction with
spinophilin (Bielas et al., 2007). The unphosphorylatable mutant
Dcx S297A significantly increases F-actin distribution in the pe-
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riphery beyond that of the WT Dcx, whereas the phosphomi-
metic mutant S297D does not change the mean distance of actin
distribution in comparison to WT Dcx (Fig. 6F), but appears to
cluster actin features near the cell body on the distribution plot
(Fig. 6I). In contrast, the Dcx S47R mutant, which sequesters Dex
in the cell body (Schaar et al., 2004), also results in redistribution
of actin away from the neurites toward the cell body as well (Fig.
6]). In addition, point mutations in the region of the u1 subunit
of AP-1 binding to Dcx (Friocourt et al., 2001) abrogates the
association of AP-1 to Dcx (data not shown) and also alters the
distribution of actin features without changing the mean distance
(Fig. 6 F,K). In the AP-1 binding mutant of Dcx we see no actin
features >80 wm from the cell body, in contrast to the WT rescue.
Thus, point mutations disrupting protein interactions in the C
terminus of Dcx alter actin distribution.

Dcx interacts with spinophilin but not with Arp3 and
a-actinin-4
The next question we asked is how Dcx/Dclkl actually affects the
formation and spatial distribution of filamentous actin protru-
sions. Immunostaining of Dcx and F-actin in cultured cortical
neurons demonstrates that Dcx colocalizes with actin filaments
mostly at the distal regions of neurites, where more Dcx proteins
are also associated with MTs (Fig. 7 A, B). Therefore, it is possible
that Dcx affects actin nucleation or bundling at locations in
growth cone through interactions with actin-binding proteins.
We tested whether Dcx interacts with actin-binding proteins
directly by coimmunoprecipitation. Our candidates included the
validated proteins from our screen, Arp3, a-actinin-1, and
a-actinin-4. In addition, previous studies have shown that the

F-actin bundling protein spinophilin directly interacts with Dcx.
To find out whether Dcx interacts with these actin-binding pro-
teins, we cotransfected HEK293 cells with constructs expressing
HA-Dcx and GFP-Arp3; GFP-a-actinin-1 (Edlund et al., 2001)
or spinophilin-GFP (Bloom et al., 2008). Results from immuno-
precipitation and Western blotting indicate that Dcx interacts
with spinophilin, but not with Arp3 or a-actinin-1 (Fig. 7C-E).
Similar results are obtained using lysates from mouse brain of
WT and Dcx " (Fig. 7F-H ). These demonstrate the absence of
Dcx interactions with endogenous proteins a-actinin-4 and
Arp3, as well as an in vivo interaction with spinophilin. Because
Dcx interactions with spinophilin crosslink the actin and micro-
tubule cytoskeletons, absence of Dcx family proteins may result
in defects in dynamic regulation of the cytoskeleton, such as axon
guidance.

Dcx”;Dclkl ~'~ deficient neurons have axon guidance defect
We wanted to demonstrate the functional consequence of Dcx/
Dclk1 deficiency and to determine whether defects were consis-
tent with actin dysregulation in these neurons. In both patients
with lissencephaly and in Dcx single and Dex ™ ”;Delkl =/~
double-mutant mice, agenesis of the corpus callosum with
Probst-like bundles have been observed. However, immuno-
staining shows hyperintense abnormal subcortical Tau-1 axonal
bundles in the intermediate zone underlying the lateral cortex,
indicating an axonal problem more substantial than a defect
found just at the midline crossing (Fig. 8A). To characterize the
axonal defect, we investigated Dcx effects on guidance versus
elongation using an in vitro axon guidance assay performed in a
Dunn chamber (Zicha etal., 1997; Wells and Ridley, 2005; Yam et
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The C-terminal region of Dcx regulates actin structure. A, Schematic of Dcx domains and phosphorylation sites. B, The mean distance of F-actin protrusions from the edge of cell bodies

in cultured Dox ~;Dclk ~~ cortical neurons transfected with/without Dcx constructs are compared. Error bars are SEM and p values from t test are shown. Overexpression of the Dox N terminus
construct in Dex ~;Dclk1 '~ fails to rescue actin phenotype compared to full-length Dcx. ¢, Distribution of F-actin in cultured Dox ~*;Dclk ~/~ cortical neurons without transfection (€) or

transfected with wild-type full-length Dex (WT Dcx) (D) or Dex N-term (1-267 N-terminal amino acids) constructs. £, The mean distances of F-actin protrusionsin Dcx ~”;Dclk1

~/~ neurons rescued

by Dex bearing different point mutations are compared to WT Dcx. Error bars are SEM and p values from ttest are shown. G—K, Distribution of F-actin protrusions in cultured Dex ~*;Dclk1 /™ cortical

neurons rescued with WT Dcx- and Dex-bearing point mutations is shown.

al., 2009), which can be used to set up a molecular gradient. We
tested responsiveness to netrin-1, a chemoattractant known to be
important for formation of the corpus callosum. Neurons posi-
tioned in the netrin gradient bridge region were imaged live (Fig.
8 B), and axon turning was determined by measuring the initial
and final positions of the distal 10 um of the axon. A positive
angle of turning means the trajectory of the axon turns up the
gradient, while negative means that growth cones turn down the
gradient. Compared to cells in control conditions without a

netrin-1 gradient, the growth of axon from wild-type neuron is
significantly deviated from the original direction up the netrin
gradient (p = 0.16, Fig. 8E,F). In contrast, growth cones of
Dex ™ "”;Dclk1 ~'~ knockout neurons do not significantly change
direction in the netrin-1 gradient, as the mean angle turned is not
significantly different from that of wild-type neurons in control
gradient (p = 0.55; Fig. 8 E, F). We also measured net elongation
during this assay. Although axons from Dex ~;Dclkl ~/~ knock-
out neurons are not responsive to the netrin-1, the net growth of
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axons are similar to those of wild type A
(Fig. 8D). The selective guidance defi-
ciency with preserved elongation is con-
sistent with a defect in actin regulation.
Furthermore, we checked mutant neu-
rons for deficiencies in the netrin recep-
tors DCC and UNC5A/B as well as in the
downstream signaling molecules focal ad-
hesion kinase and src family kinases (Liu
etal., 2004) and protein kinase A (Ming et
al., 1997). These were present at equiva-
lent intensities (data not shown), thus
eliminating a decrease in netrin receptors
and downstream signaling molecules as
reasons for the guidance defect.

Discussion

Using an unbiased assay to determine the
cause of the axonal defect in Dcx mutants,
we find a decrease in actin-binding pro-

Dcx phalloidin

Dcx phalloidin

teins in the mutant axons that is corre- B
lated with a decrease in polymerized
F-actin in distal regions of axons, includ-
ing growth cones. We find that the C ter-
minal S/P rich region of Dcx is critical for
the regulation of F-actin distribution.
Furthermore, F-actin features are associ-
ated with highest levels of Dcx-MT bind-

Dcx phalloidin

Dcx phalloidin
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tent with severe actin dysregulation with WE: A3 I WE: GFP . WB: Dex “
selectively impaired axon guidance and
preserved axonal elongation. Thus, Dcx F WT  DexKO G WT  Dex KO H WT  DoxKO
has significant regulatory effects on actin IP: Dex IP: Dex IP: Dex
structure, which is likely to be the basis for Wisams WESAGTING WSSSHnIpin ;
the guidance defect in growth cones and Cellysate : B
the agenesis of the corpus callosum and 3\%"}63? “ U WB:ACTN4 — % == WB: Dex “
other axon tracts in vivo. '

Figure 7.  Dcxinteracts with spinophilin but not with Arp3 and ae-actinin-4. 4, Staining of Dcx and actin filaments in cultured

How does Dcx regulate actin?

It was surprising to us that our screen iden-
tified multiple actin-binding proteins, since
the purified Dcx protein has no actin nucle-
ation or bundling affects. However, a de-
crease in actin-binding proteins Arp3 and
a-actinin-1 and -4 is observed in distal neu-
rites. It is likely that the general decrease in actin-binding proteins
stems from the decreased filamentous actin in these regions. Less
F-actin will result in diminished incorporation of actin-binding pro-
teins. However, a lack of one key actin polymerizing or bundling
protein in distal regions of neurites can lead to the decrease in F-actin
structures. Because of our recent work with Dcx and molecular mo-
tors, we initially thought that a transport defect in actin-binding
proteins might be the root cause. However, no delay was found in
fluorescence recovery after photobleaching of a-actinin-4-GFP and
Arp 3-GFP in distal neurites in Dex ™ ”;Dclkl ~'~ compared with
wild type (data not shown). Therefore, the actin dysregulation is not
likely due to impaired motor function. Alternatively, an actin-
binding protein may interact directly with microtubule-associated

cortical neurons from E17.5 WT mouse brain. B, High-power view shows the colocalization of Dcx and F-actin at the growth cone.
Scale bars in both A and B represent 10 m. (—E, Hek293 cells are transfected with constructs expressing HA-Dcx and GFP-Arp3
(€), HA-Dcx and GFP-ce-actinin-1 (D), and HA-Dcx and GFP-Spinophilin (E). Immunoprecipitation using antibody against GFP (C
and D) or HA (E) and Western blot (WB) analysis was performed accordingly. F~H, Immunoprecipitation (IP) using brain lysates
from WT or Dox KO mouse for endogenous Dex and actin-binding proteins Arp3 (F), ce-actinin-4 (G), and spinophilin (H) is shown.

Dcx, as Dex in axons and dendrites does appear to be localized to
regions of actin protrusions. And while a-actinin and Arp3 do not
interact with Dcx, spinophilin is known to complex with Dcx. Spi-
nophilin is an actin-bundling protein interacting directly with Dcx
and is, thus, a good candidate for mediating the actin effects seen in
the Dex ™ ”;Dclk1 ~/~ mutants.

While Dcx alone has minimal effects on actin, previous in vitro
studies have shown that Dcx interacts with spinophilin, which
stimulates F-actin formation and bundles and cross-links actin
with microtubules (Tsukada et al., 2003; Tsukada et al., 2005;
Bielas et al., 2007; Santra et al., 2009). In our hands, the Dcx/
spinophilin interaction does not appear to change spinophilin
localization within the neuron, as Dcx ~*;Dclkl '~ still demon-
strate spinophilin localization indistinguishable from WT.
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Rather, it appears that Dcx in conjunction with spinophilin en-
hances actin polymerization and bundling over spinophilin alone
(Bielas et al., 2007). Thus, Dcx may regulate or even activate
spinophilin-mediated actin effects.

Mapping of the Dcx/spinophilin interaction has produced
some conflicting results. Previously, the yeast-two hybrid system
maps the interaction to about 10 amino acids in the terminal
portion of the second MT binding domain (R2) and 40 amino
acids of the small S/P region of Dcx (Tsukada et al., 2003). In

contrast, using purified proteins shows that Dcx interacts with
spinophilin through the R2 domain exclusively and that the S/P
region is regulatory (Bielas et al., 2007). Nevertheless, the S/P
region appears to play a role, and our data highlights its impor-
tance, since the N-Dcx truncation mutant, missing the S/P do-
main, fails to rescue the Dcx-actin phenotype. Furthermore,
point mutations in the S/P region alter the distribution of actin.
In particular mutations in the serine residue, which is regulated
by spinophilin-mediated dephosphorylation, alters the actin dis-
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tribution. The previous study by Bielas et al. has shown that spi-
nophilin facilitates dephosphorylation of Dcx at $S297 (Bielas et
al., 2007), which activates Dcx association with the microtubule.
Therefore, it is possible that Dcx and spinophilin mediate a com-
plex dynamic interplay between the actin and microtubule cyto-
skeletons. Taken together, these data suggest a model in which
Dcx stimulates actin polymerization and bundling by interacting
with spinophilin. Then, spinophilin and protein phosphatase
1 mediate a dephosphorylation of Dcx, causing it to bind to
the MT.

Alternatively, Dcx binding on microtubules may regulate ac-
tin through a concentration effect. We show that actin forma-
tions occur in regions with high levels of Dcx/MT binding that
typically occur in distal neurites, increasing to peak levels in
growth cones. Thus, these high levels of Dcx/MT binding might
alter the distribution of F-actin within neurons by stimulating the
formation of polymerization of actin. The threshold effect of Dcx
concentration may be due to the fact that at high concentrations
Dcx binds MTs cooperatively (Bechstedt and Brouhard, 2012), in
contrast to low concentrations of Dcx on MTs. High concentra-
tion, cooperative binding of Dcx on MTs requires both R1 and R2
domains of Dcx. Spinophilin binding to Dcx is inhibited by the
R1 domain of Dcx (Bielas et al., 2007) so that the incorporation of
both domains in the cooperative Dcx/MT complex may regulate
the spinophilin Dcx/interaction. Cooperative binding may re-
lease the inhibition of the spinophilin interaction domain of Dcx,
thus, allowing the binding of spinophilin to areas of saturated
Dcx-MT binding.

What is the significance of Dcx regulation of the

actin phenotype?

While our proteomic study shows disruption of numerous
cytoskeleton-associated proteins, the dysregulation in F-actin is
of primary importance to the axon defects observed in Dcx ™"
Dclkl ~'~ mutant neurons. Our study also shows that the defect
in Dex/Dclkl deficiency in growth cones is in axon guidance
without a change in elongation. This phenomenon is similar to
the effect of pharmacological agents that preferentially depoly-
merize F-actin (Marsh and Letourneau, 1984; Bentley and
Toroian-Raymond, 1986; Chien et al., 1993; Lafont et al., 1993;
Kaufmann et al., 1998; Dent and Kalil, 2001). In addition, studies
have shown that animal models with targeted deletions of actin
regulatory proteins have axon guidance defects (Dent et al,
2011). In contrast, disruption or knockdown of some of the other
candidate proteins from the Dcx proteomic screen, such as Tau,
have no axonal guidance defects (Harada et al., 1994; Tint et al.,
1998; Dawson et al., 2001). While we recognize that a wide range
of cell biology is affected by Dcx/Dclkl deficiency and that these
processes are important for axon guidance, a severe defect in
actin regulation is sufficient to explain the axonal phenotype in
these mutants.

Invitro data have demonstrated Dcx-mediated actin bundling
via spinophilin (Tsukada et al., 2003; Bielas et al., 2007); however,
the functional significance of this finding had not been demon-
strated in neurons. Our data show that the loss of Dcx results in a
marked decrease of F-actin structures, lamellipodia and filopodia
in growth cones, which correlates with the in vitro studies on
Dcx/spinophilin. Significantly, this finding suggests an “inside
out” regulation of growth cone turning where signals that mod-
ulate Dcx/MT binding result in actin polymerization and the
formation of lamellipodia and filopodia in a spatially directed
manner. This regulation, in addition to the more canonical
model of actin recruitment of microtubules into regions of
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growth, is likely responsible for the exquisite pathfinding ability
of axonal growth cones.

Alternatively, the interaction of Dcx with spinophilin to cross-
link actin and microtubules may be related to other Dcx func-
tions. We have recently shown that Dcx regulates molecular
motors at the microtubule (Liu et al., 2012). Since Dcx MT bind-
ing is at its highest levels in the distal growth cone, the ability of
Dcx to bundle actin may function as a way to coordinate trans-
port functions in elongating processes. Thus, Dcx may regulate
the “hand off” or transition between microtubule-based trans-
port via kinesins and actin-based transport functions via myosin,
thus, insuring the successful journey of cargo through the actin
domain of elongating axons and the arrival of vesicles at the cell
membrane. We will investigate these hypotheses for Dcx regula-
tion of actin in our future studies, including testing Dcx for ef-
fects on myosin, the actin-based motor.
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