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ABSTRACT Mutations in the doublecortin (DCX) gene, which encodes a microtubule (MT)-
binding protein, cause human cortical malformations, including lissencephaly and subcortical
band heterotopia. A deficiency in DCX and DCX-like kinase 1 (DCLK1), a functionally redun-
dant and structurally similar cognate of DCX, decreases neurite length and increases the
number of primary neurites directly arising from the soma. The underlying mechanism is not
completely understood. In this study, the elongation of the somatic Golgi apparatus into
proximal dendrites, which have been implicated in dendrite patterning, was significantly de-
creased in the absence of DCX/DCLK1. Phosphorylation of DCX at S47 or S327 was involved
in this process. DCX deficiency shifted the distribution of CLASP2 proteins to the soma from
the dendrites. In addition to CLASP2, dynein and its cofactor JIP3 were abnormally distrib-
uted in DCX-deficient neurons. The association between JIP3 and dynein was significantly
increased in the absence of DCX. Down-regulation of CLASP2 or JIP3 expression with spe-
cific shRNAs rescued the Golgi phenotype observed in DCX-deficient neurons. We conclude
that DCX regulates the elongation of the Golgi apparatus into proximal dendrites through
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MT-associated proteins and motors.

INTRODUCTION

During neuronal development, migrating cells undergo a series of
shape changes before they reach their final positions and morphol-
ogy. As a major cytoskeletal component, microtubules (MTs) and
their associated proteins play crucial roles in this process. Therefore,
many causative genes for neuronal migration disorders are unsur-
prisingly related to MTs. Doublecortin (DCX), a gene encoding an
MT-binding protein, is one of the causative genes for lissencephaly,
which is characterized by a “smooth cortex” resulting from abnor-
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mal neuronal migration (des Portes et al., 1998; Gleeson et al.,
1998). Other causative genes for lissencephaly include TUBATA
(Keays et al., 2007), cytoplasmic dynein heavy chain (DHC; Poirier
et al., 2013), LIST (Reiner et al., 1993), ARX, and RELN. Of these
genes, DCX, KINESIN-3, TUBATA, LIS1, and DHC all encode pro-
teins that directly interact with the MT cytoskeleton, including MAPs
and motors.

The functions of DCX are closely related to MTs, including stabi-
lizing the MT structure and exerting cooperative binding effects on
MTs (Horesh et al., 1999; Akhmanova and Severin, 2004; Moores
et al., 2004; Moores et al., 2006). DCX also regulates the MT-related
molecular motor kinesin-3 and associated intracellular trafficking
(Deuel et al., 2006; Liu et al., 2012; Lipka et al., 2016). In addition,
DCX and DCDCS5, another DCX family protein, interact with dynein,
which is another important MT-related molecular motor that is exclu-
sively required for MT minus-end directed transport (Tanaka et al.,
2004a; Kaplan and Reiner, 2011).

DCX/DCLK1 deficiency decreases the neurite length and in-
creases the number of primary neurites directly arising from the
soma (Liu et al., 2012). The Golgi complex plays important roles in
dendrite patterning (Horton and Ehlers, 2003; Horton et al., 2005;
Ye et al., 2007; Ori-McKenney et al., 2012; Zhou et al., 2014). In
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nonneuronal cells, the Golgi apparatus is located near the nucleus
as a compact structure. In many neurons, however, the somatic
Golgi apparatus extends into proximal dendrites, and the Golgi
structure is observed in distal dendrites. The Golgi complex directly
nucleates MTs in neurons, promotes the growth of dendrite
branches, and maintains their stability (Ori-McKenney et al., 2012).
In the present studly, the extension of the Golgi complex into proxi-
mal dendrites was significantly decreased in DCX-deficient neurons.
In the absence of DCX, abnormalities were also observed in CLASP2,
dynein, and JIP3. Down-regulation of CLASP2 or JIP3 rescued the
Golgi phenotype in DCX-deficient neurons. We conclude that DCX
regulates Golgi extension in proximal dendrites through multiple
mechanisms.

RESULTS

The extension of the somatic Golgi apparatus into proximal
dendrites was significantly decreased in DCX-deficient
neurons

A DCX/DCLK1 deficiency decreases the neurite length and in-
creases the number of primary neurites directly arising from the
soma (Liu et al., 2012). We examined the distribution of the Golgi
complex by staining neurons from wild-type (WT) or Dex-/y; Delk 1-/-
mice for GM130, an endogenous Golgi matrix protein, to determine
whether the Golgi plays a role in the neuronal morphology defects
observed in DCX/DCLK1-deficient neurons. In addition to its loca-
tion in the cell body, the somatic Golgi apparatus usually extends
into proximal dendrites in neurons. The somatic Golgi complex was
mainly restricted to the soma in DCX/DCLK1-deficient neurons
compared with WT neurons (Figure 1A). The distance from the Golgi
apparatus to the nucleus was measured from the distal edge of the
somatic Golgi apparatus to the closest edge of the nucleus to quan-
tify the Golgi phenotype (Figure 1B). The distance from the somatic
Golgi complex to the nucleus was significantly decreased in neurons
lacking DCX/DCLK1 (Figure 1C). In addition, the MT organizing cen-
ter or centrosome retained its normal association with the Golgi in
these neurons, but it was retained in the cell body instead of being
translocated into the leading dendrite, as observed in WT neurons
(Figure 1, D and E). Electron microscopy of the cortex revealed a
similar Golgi structure in Dex-/y;Dclk 1-/— mice and WT mice (Figure
1F), revealing a relatively intact morphology of the organelle, includ-
ing the stacks, despite the abnormal position of the Golgi. More-
over, the decrease in DCX levels mediated by the DCX shRNA in WT
neurons significantly decreased the dendritic distribution of the so-
matic Golgi complex compared with controls (Figure 2, A, B, and E).
Immunostaining for DCX (bottom picture in Figure 2B) failed to de-
tect DCX in a neuron transfected with the plasmid expressing the
DCX shRNA and GFP, while DCX was detected in neurons trans-
fected with the plasmid expressing the control shRNA (bottom pic-
ture of Figure 2A). Quantification of DCX levels from immunostain-
ing images indicated that DCX levels were decreased by (87 + 8)%
in neurons expressing the DCX shRNA by 3 d after transfection
(based on 50 transfected neurons) compared with controls.

DCX reintroduction rescued the Golgi phenotype, and more
Golgi apparatuses were observed in proximal dendrites, indicating
that the effect on the Golgi complex was not an off-target effect
(Figure 2, C and E).

Inhibition of the phosphorylation of DCX at S47 or $327
disrupted the rescue of the Golgi phenotype

Several signaling pathways induce DCX phosphorylation at differ-
ent serine/threonine residues (Figure 2D). CDK5 phosphorylates
DCX on S28, S334, or 5297 (Graham et al., 2004; Tanaka et al.,
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2004b); MAPK2 and PKA mainly phosphorylate DCX on S47 (Schaar
et al., 2004); JNK phosphorylates DCX on T321, T331, and S334
(Gdalyahu et al., 2004); and JIP3/GSK3-B phosphorylate DCX on
S327 (Bilimoria et al., 2010). We used nonphosphorylatable DCX
mutants that mimic the conformation of dephosphorylated DCX,
S297A, S47A, or S327A to test which mutant may affect the rescue
of the Golgi phenotype and determine the effect of DCX phos-
phorylation on the Golgi phenotype. S47A and S327A did not res-
cue the Golgi phenotype in DCX-deficient neurons, while S297A
expression completely restored Golgi complex extension in proxi-
mal dendrites (Figure 2F). Furthermore, DCX S327A did not rescue
and further decreased the elongation of the Golgi complex into
proximal dendrites (P = 0.035), indicating a dominant negative ef-
fect. Therefore, phosphorylation of DCX at S47 or S327 is impor-
tant for promoting Golgi complex extension in proximal dendrites.
Both the MAPK2/PKA and the GSK3- signaling pathways might
be involved in the effects of DCX on the Golgi distribution in neu-
rons. JIP3 regulates the phosphorylation of DCX at S327 through
GSK3-B to control axonal branches (Bilimoria et al., 2010). GSK3-f
might be a critical factor influencing the Golgi distribution in neu-
rons, and more experiments are needed in the future to confirm
this hypothesis.

CLASP2 was involved in the effects of DCX on the Golgi
According to previous studies, overexpression of CLASP2 de-
creases the amount of the Golgi ribbon structure in dendrites and
increases the number of Golgi stacks in the cell body (Beffert et al.,
2012). Moreover, CLASP2 is an essential Reelin effector that influ-
ences the cytoskeleton during brain development (Dillon et al.,
2017). Based on these findings, we assessed whether CLASP2 was
involved in the effects of DCX on the Golgi distribution. We first
examined the localization of CLASP2 and DCX in neurons. Immu-
nostaining showed a very similar distribution of CLASP2 and DCX in
the cell body and distal dendrites (Figure 3A). However, a direct
interaction between CLASP2 and DCX was not detected using IP
and Western blot analyses (Supplemental Data). Based on the im-
munofluorescence staining, both DCX and CLASP2 partially colo-
calized with GM130-stained Golgi structures (Figure 3, B and C),
consistent with a previous report (Beffert et al., 2012). The CLASP2
intensity in dendrites was quantified along the trajectories of neural
processes starting from the soma and extending out 50 ym (shown
as a broken white line adjacent to the neurite in Figure 3D). Signifi-
cantly (p < 0.01) lower levels of CLASP2 were observed starting at 5
pm from the cell body of DCX-deficient neurons (n = 42) compared
with the controls (n = 47) (Figure 3F). CLASP2 levels were also quan-
tified in the soma and were increased in the soma of DCX-deficient
neurons compared with controls (Figure 3E). DCX staining showed
that the DCX shRNA successfully down-regulated DCX levels in a
transfected cell (white arrow in the third row of Figure 3D) com-
pared with a nontransfected cell (purple arrow in the third row of
Figure 3D), while the DCX level in a control shRNA-transfected cell
(white arrow in the first row of Figure 3D) was similar to a nontrans-
fected cell (purple arrow in the first row of Figure 3D). Western blot-
ting results did not reveal a change in the total levels of CLASP2
protein in DCX-deficient neurons compared with controls (data not
shown). Then, we used a bi-cistronic-GFP vector expressing a
CLASP2-specific shRNA whose efficacy in CLASP2 knockdown was
previously validated in DCX-deficient neurons (Table 1) (Beffert
et al., 2012). CLASP2 silencing completely rescued the Golgi phe-
notype caused by the DCX deficiency, as depicted in Figure 3G.
Based on the results, CLASP2 is involved in the effects of DCX on
Golgi extension into dendrites.
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The dendritic localization of the Golgi is impaired in DCX-deficient neurons.

(A) Cultured hippocampal neurons from WT or Dcx-/y and Dclk1-/- single and double mutant
mice were stained for GM130 (purple), tubulin (green), and DAPI (blue) on DIV4. A WT neuron
has a somatic Golgi apparatus (GM130 staining) extended into the dendrite. In the Dcx/Dclk1
mutant neurons, most of the Golgi apparatus did not extend into the dendrite. The scale bar
represents 10 pm. (B) Schematic of the measurement of the distance from the somatic Golgi
apparatus or centrosome to the nucleus: the distances were measured from the distal edge of
the somatic Golgi apparatus or the center of the centrosome to the closest edge of the nucleus,
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and indicated as

experiments. *P < 0.05; #P < 0.01; P values were calculated from t tests.

MT motors and the Golgi distribution in dendrites

As shown in our previous studies, DCX specifically regulates the MT
motor kinesin-3, which is also encoded by a causative gene for lis-
sencephaly (Deuel et al., 2006; Liu et al., 2012). Another kinesin, MT
motor kinesin-1, affects the dendritic distribution of the Golgi (Kel-
liher et al., 2018), and kinesin-3 cotransports some cargos with kine-
sin-1 (Hendricks et al., 2010; Guardia et al., 2016; Lim et al., 2017).
Neuronal cultures were stained with antisera for kinesin-3 and the
Golgi marker giantin, showing that kinesin-3 was widely distributed
within the cell and displayed some colocalization with the Golgi
(Figure 4A). We transfected cultured neurons with a kinesin-3 shRNA
(Tsai et al., 2010; Liu et al., 2012) and stained the Golgi with the
GM130 antibody. Expression of the kinesin-3 shRNA significantly
decreased the distribution of the Golgi apparatus in dendrites
(Figure 4, B and C). As shown in our previous studies, DCX regulates
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a" or "b,"” respectively. (C) The distances of the somatic Golgi apparatus to
the nucleus were quantified and compared among WT (n = 189), Dex-/y (n = 213), Dclk1-/-
(n=156), or Dcx-/y;Dclk1-/- (n = 163) neurons. (D) The centrosome remained associated with
the Golgi in Dex/Dclk1 mutant neurons. The scale bar represents 10 um. (E) Similar to the Golgi,
the translocation of the centrosome into the primary dendrite was impaired in Dcx/Dclk 1 mutant
neurons. (F) Representative electron microscopy images of the WT and Dex-/y;Dclk1-/- cortex
showing Golgi structure (indicated with arrows). Data were obtained from four independent

kinesin-3 and its transport of VAMP2. Fur-
ther investigations are needed to determine
whether kinesin-3 is directly involved in the
effects of DCX on Golgi extension into den-
drites. In addition to interacting with kine-
sin-3, DCX interacts with another MT motor,
dynein, which is the major MT motor medi-
ating retrograde transport in neuronal axons
(Tanaka et al., 2004a). Dynein and its cofac-
tor NudE also regulate the distribution of
Golgi outposts in neurons (Zheng et al.,
2008; Palmer et al., 2009; Yadav et al., 2012;
Arthur et al., 2015). Dual immunostaining
for dynein and GM130 revealed increased
colocalization of dynein and Golgi in DCX-
deficient neurons compared with WT neu-
rons (Figure 4, D and E). The increased colo-
calization may be a by-product of the
increased Golgi localization in the soma, but
not a direct effect of DCX. More experi-
ments are needed to determine whether
the changes in colocalization of dynein and
Golgi complex influence somatic Golgi dis-
tribution in dendrites.

Dclk1-/-

Dcex-/y;Delk1-/-

DCX deficiency significantly increased
the colocalization of JIP3 and dynein
Various binding partners are known to regu-
late dynein functions (Vallee et al., 2012).
The interaction of DCX with dynein may al-
ter the binding of regulatory proteins to the
dynein motor complex to regulate dynein.
We performed mass spectrometry (MS) ex-
periments to identify proteins whose asso-
ciation with the dynein motor complex was
altered in Dcx-/y brain lysates. DHC was im-
munoprecipitated from equal amounts of
protein lysates from either WT or Dcx-/y PO
mouse brains using DHC-specific antibod-
ies, followed by a proteomic analysis using
MS. The identification of major subunits of
dynein and dynactin revealed that our dy-
nein coimmunoprecipitation experiments
were successful (Table 2). Additionally, the
absence of DCX altered the composition of
the dynein motor complex and its associa-
tion with various other proteins (Table 3).
Consistent with our finding, DCX was among the proteins identified
and its level was substantially diminished in the immunoprecipitate
from the DCX-/y brain lysate (Table 3). Because mutations in either
DCX or Lis1 both cause lissencephaly in humans, our initial hypoth-
esis was that DCX changes Lis1 interactions with dynein. However,
we did not detect Lis1 in our MS results. In contrast, we observed an
eightfold increase in JIP3 binding to dynein in the absence of DCX
(Table 3). JIP3 is an adaptor protein of kinesin and dynein that medi-
ates both anterograde and retrograde transport (Arimoto et al.,
2011; Drerup and Nechiporuk, 2013). Immunostaining of both JIP3
and dynein also suggests that there is an increased JIP3 association
with dynein in DCX-deficient neurons compared with WT (Figure
5A). Using Western blot analyses, we confirmed that the interaction
of JIP3 with dynein (Figure 5, B and C) was increased in the absence
of DCX, although the total JIP3 levels were similar in the presence
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Rescue mediated by shRNA reveals the importance of
DCX phosphorylation on Golgi outpost formation. (A) Cultured
hippocampal cells from embryonic day 18 (E18) mice were transfected
with vectors expressing GFP and a scrambled control shRNA (A); GFP
and DCX shRNA (B); GFP, DCX shRNA, and full-length DCX tagged
with HA (DCX shRNA rescue) on DIV 3 (C). Three days after
transfection (DIVé), cells were immunostained for the Golgi (GM130)
and DCX. Arrowheads indicate the location of the Golgi apparatus
and the edge of the nucleus. The scale bar represents 10 pm. (D) The
schematic of the rescue construct is shown with residues of interest
for subsequent studies. (E) The distance of the Golgi to the nuclear
envelope was measured and quantified in transfected neurons (n =
220, 198, 176 for control, Dcx shRNA, and Dcx rescue, respectively).
The expression of full-length DCX in DCX-deficient neurons rescues
the phenotype of impaired Golgi extension into dendrites. The scale
bar represents 10 um. (F) Plasmids expressing nonphosphorylatable
DCX mutants S47A, S297A or S327A were cotransfected with
plasmids expressing GFP and the DCX shRNA on DIV3, and cells
were stained for GM130 on DIVé. Distances of somatic Golgi to the
nucleus in each rescue experiment were measured and compared
with cells transfected with the DCX shRNA. Both DCX and DCX
S297A rescued the Golgi phenotype, but not DCX S327A and S47A.
Furthermore, DCX S327A further decreased the distance of the
somatic Golgi to the nucleus, suggesting a dominant negative effect.
Data were obtained from three independent experiments, and more
than 150 neurons (n = 220, 198, 176, 192, 159, and 210 for each
group) were analyzed. *P < 0.05, #P < 0.01, P values were calculated
from t tests.
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and absence of DCX (JIP3 levels in inputs, Figure 5B). We did not
detect a direct interaction between JIP3 and DCX (data not shown).

The next question we asked was whether JIP3 was involved in the
effects of DCX on the Golgi distribution in neurons. We used a plas-
mid overexpressing JIP3 to partially mimic the increased JIP3 colo-
calization with dynein observed in DCX-deficient neurons (Figure 5,
B and C). Meanwhile, a bicistronic-GFP vector expressing a JIP3-
specific ShRNA was used to knock down JIP3 levels. The efficacy in
JIP3 knockdown was validated in HEK293 cells overexpressing JIP3
(Figure 5D). Endogenous JIP3 levels in HEK293 cells (nonneuronal
cells) were not detectable based on our observation, consistent with
reports that JIP3 is mainly expressed in neurons (Arimoto et al.,
2011). Both JIP3 shRNAT and shRNAZ2, but not shRNA3, significantly
decreased JIP3 levels (Figure 5D). Although the introduction of JIP3
shRNA1 alone in WT neurons did not exert obvious effects on chang-
ing the Golgi distribution, down-regulation of JIP3 levels by JIP3
shRNA1 rescued the Golgi phenotype in DCX-deficient neurons,
suggesting that JIP3 is required for DCX knockdown effects on so-
matic Golgi dendritic distribution. Compared to controls, JIP3 over-
expression alone (JIP3 in Figure 5F) or in combination with DCX
knockdown (JIP3+DCX KD in Figure 5F) significantly decreased the
extension of the Golgi apparatus into dendrites (Figure 5, E and F).
However, Golgi distance in the JIP3+DCX KD group is not signifi-
cantly different from that in DCX KD alone or JIP3 alone, suggesting
that JIP3 overexpression has similar but no synergistic effect with
DCX shRNA to decrease cytoplasmic Golgi distribution. JIP3 overex-
pression alone decreased somatic Golgi extension, suggesting that
JIP3 might have a DCX-independent effect on Golgi. Nevertheless,
the evidence that JIP3 knockdown in DCX-deficient neurons but not
in WT neurons rescued the Golgi phenotype supports that JIP3 is
involved in DCX effects on somatic Golgi extension.

The N-terminal part (1-240) of Caenorhabditis elegans JIP3 has
been reported to bind the cytoplasmic dynein light intermediate
chain (Arimoto et al., 2011). Meanwhile, this region of human JIP3
overlaps with the kinesin1 binding site and contains an RH1 (RILP
homology 1) domain and LZ1 coiled-coil domain, which might link
cytoskeletal motors and Rab GTPases (Vilela et al., 2019). The N-
terminal part of mouse JIP3 exhibits 98% similarity to human JIP3
(based on a BLAST alignment). Based on these reports, we devel-
oped a plasmid to express mouse JIP3 lacking the N-terminal re-
gion (1-240), serving as a JIP3 mutant (C-JIP3) without the ability to
bind dynein. Indeed, C-JIP3 overexpression alone in WT (C-JIP3 in
Figure 5F) lost effects on Golgi extension, similar to control and dif-
ferent from JIP3. This result suggests that the JIP3/dynein motor
interaction is important for Golgi distribution. Compared to
JIP3+DCX KD or DCX KD, overexpression of C-JIP3 combined with
DCX knockdown (C-JIP3+DCX KD) reversed DCX KD effects. The
results suggest that the interaction between JIP3 and dynein or
other molecular motors is required for the role of JIP3 in the effects
of DCX on the somatic Golgi distribution (Figure 5, E and F). It is
interesting to notice that C-JIP3 effects (C-JIP3 and C-JIP3+DCX
KD) on Golgi extension are similar to those of JIP3 knockdown (JIP3
KD and JIP3 KD+ DCX KD), implying that C-JIP3 might serve as
dominant negative form of JIP3.

DISCUSSION

In the present studly, the distribution of the somatic Golgi apparatus
in dendrites was significantly decreased in DCX/DCLK1-deficient
neurons. This defect is likely mediated by multiple factors working
possibly both in parallel upstream and downstream of DCX/DCLK1.
First, the regulation of MT binding and distribution of DCX by
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represents 10 pm.

phosphorylation of DCX at S47 and S327 may play roles in regulat-
ing the Golgi distribution. Second, the effects of DCX on CLASP2
modulate the effects. Finally, the influence of DCX to JIP3-dynein
interaction is important for this process.

We propose a model to show the mechanism of DCX effects on
somatic Golgi extension (Figure 6). In WT neurons, DCX promotes
kinesin—3-mediated anterograde transports (Liu et al., 2012). DCX
binds dynein while inhibiting the association between JIP3 and
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dynein. Golgi moves along MTs toward their minus ends with the
assistance of cytoplasmic dynein (Corthesy-Theulaz et al., 1992;
Fath et al., 1994; Baas and Lin, 2010). We hypothesize that DCX
negatively regulates dynein-mediated retrograde transports. The
combination of DCX effects on retrograde transports and antero-
grade transports directly or indirectly contributes to somatic Golgi
extension into dendrites. In DCX knockout (KO) neurons, more
CLASP2 and kinesin-3 proteins are restricted within the area of
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Purpose

Target

Targeted sequence

ShRNAI for DCX knockdown
shRNAI1 for JIP3 knockdown
shRNAI2 for JIP3 knockdown
shRNAI3 for JIP3 knockdown
shRNAI-A for CLASP2 knockdown
shRNAI-B for CLASP2 knockdown
Scrambled shRNAi for DCX
Scrambled shRNAj for CLASP2

Universal control shRNAI

DCX (NM_010025)
JIP3 (NM_013931)
JIP3 (NM_013931)
JIP3 (NM_013931)
CLASP2 (NM_029633.2)
CLASP2 (NM_029633.2)
N/A
N/A
N/A

CGGTGTAATGTGCTCAGATAA
GTCCGATGTTCAGGACATTA
TGTTGTGAATGACCGAGTTTG
AACAGGCCGAGGAGAAATTCA
GCATCAGTCCTTTCAACAAGT
GAACTTGAAGAGACGTTAAAT
GGACTATTATGCGAGAGCTAT
CCGCAGGTATGCACGCGTTAT
TTCTCCGAACGTGTCACGT

TABLE 1: The targeted sequences for shRNAi knockdown.

soma. Since CLASP2 is one of the effectors of the Reelin pathway, it
would be interesting to determine whether the Reelin pathway
played a role in DCX effects on Golgi extension. Kinesin—-3-medi-
ated anterograde transports are significantly decreased without
DCX (Liu et al., 2012). Furthermore, without competition from DCX,
more JIP3 molecules bind dynein with the help from an unknown
adaptor protein. We hypothesize that dynein-mediated retrograde
transports are increased when dynein is associated with JIP3 but not
with DCX. The broken balance between anterograde transports and
retrograde transports without DCX results in less Golgi extension
into dendrites.

Cytoplasmic dynein and its cofactors play an important role in
Golgi positioning (Yadav and Linstedt, 2011; Jaarsma and Hoogen-
raad, 2015). Dynein effects on Golgi in neurons are mainly based on
studies using Drosophila melanogaster. The effects of dynein on the
position of the Golgi complex in hippocampal and cortical neurons
are unclear. In the present study, the colocalization of dynein with
the Golgi in mouse neurons was significantly increased in the ab-
sence of DCX, implying that Golgi extension into dendrites may be
sensitive to the amount of dynein associated with the Golgi appara-
tus. Future work is needed to approve this and clarify if the increased
colocalization between dynein and Golgi complex is not a by-prod-
uct of the increased Golgi localization in the soma. Since DCX is in-
volved in kinesin-3-mediated transports (Liu et al., 2012), it is worthy
to investigate whether DCX is involved in dynein-mediated retro-
grade transports, which might regulate the Golgi complex distribu-
tion. Moreover, the interaction of JIP3 with dynein was significantly
increased in the absence of DCX. We propose that JIP3 and DCX
have an opposite effect on Golgi dendritic extension. JIP3 overex-
pression decreased the distribution of the Golgi complex in den-
drites because more JIP3 molecules are associated with dynein. A
decrease in JIP3 levels mediated by the JIP3 shRNA has normal
Golgi distribution because very few JIP3 binds dynein. This result is
consistent with a report that no Golgi defects are observed in mouse
neurons with JIP3 KO (Gowrishankar et al., 2017).

JIP3 colocalizes with DIC or DHC (Cavalli et al., 2005) and inter-
acts with dynein subunits such as p150 (Cavalli et al., 2005). Somatic
Golgi extension is normal in neurons expressing JIP3 mutant with-
out N-terminal potential dynein binding domain, suggesting that
the interaction between JIP3 and dynein or other molecular motors
is required for the role of JIP3 in regulating the somatic Golgi distri-
bution. A previous report showed that UNC-16 (JIP3 homologous
protein in C. elegans) needs adaptor protein kinesin-1 to be associ-
ated with dynein (Arimoto et al., 2011). We propose that JIP3 in
mouse neuron also needs the help from an adaptor protein to bind
dynein. This adaptor binds JIP3 through a different domain (not the
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N-terminal dynein binding domain) of JIP3. When C-JIP3 is overex-
pressed in DCX KO neurons, the adaptor protein is saturated with
C-JIP3 and then very few JIP3 can bind dynein, a phenomenon simi-
lar to that observed in WT neurons. This explains why C-JIP3 over-
expression can rescue the Golgi phenotype in DCX KO neurons. To
identify this unknown adaptor protein in the future will be very help-
ful to support our results and hypothesis. Meanwhile, JIP3 overex-
pression alone can decrease somatic Golgi extension, and it is still
possible that JIP3 has DCX-independent effects on Golgi
extension.

JIP3 in C. elegans seems to have stronger effects to regulate
the transport of the Golgi and to inhibit Golgi positioning beyond
the axon initial segment (Edwards et al., 2013, 2015). The Golgi
apparatus accumulates to a 10-fold higher level in UNC-16-defi-
cient axons than in WT axons (Edwards et al., 2013). A possible
explanation is that there exists other proteins with compensating
function for JIP3 to control the Golgi distribution in mammalian
neurons but not in C. elegans. In addition, JIP3 is a multifunctional
protein involved in multiple trafficking pathways. JIP3 regulates
synaptic vesicle protein trafficking from the Golgi complex by re-
cruiting effectors such as LRK-1 (Choudhary et al., 2017; Gowris-
hankar et al., 2017). JIP3 interacts dynein through kinesin-1, which
is involved in both anterograde and retrograde axonal transport
(Arimoto et al., 2011; Sun et al., 2011). UNC-16 also interacts with
kinesin-3, and their interaction changes the kinesin-3 location in C.
elegans neurons (Hsu et al., 2011). To determine whether kinesin-3
interacts with JIP3 to regulate Golgi extension will be interesting to
further understand the underline mechanism. As shown in our pre-
vious study, DCX/DCLK1 deficiency decreases the overall neurite
length and increases the number of primary neurites directly aris-
ing from the soma (Liu et al., 2012). In mammalian neurons, the
somatic Golgi apparatus extends into the longest or apical den-
drite, while it is not observed to polarize toward the axon (Krijnse-
Locker et al., 1995; Horton and Ehlers, 2003; Horton et al., 2005;
Ye et al., 2007). Our observation is consistent with these reports.
One unique difference between axons and dendrites is that MT
polarity in dendrites is mixed, whereas the MTs in axons are uni-
formly oriented with their plus-ends positioned distal to the cell
body, which might contribute to the absence of the Golgi appara-
tus in axons, since the Golgi is known to move along MTs toward
their minus ends with the assistance of cytoplasmic dynein
(Corthesy-Theulaz et al.,, 1992; Fath et al., 1994; Baas and Lin,
2010). Various studies have defined an important role for the Golgi
complex in the development of both axons and dendrites and the
maintenance of the highly polarized morphology of neurons
(Horton and Ehlers, 2003; Horton et al., 2005; Ye et al., 2007;
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represent 10 pm.

Ori-McKenney et al., 2012; Zhou et al., 2014; Rao et al., 2018; Yang
and Wildonger, 2020). Therefore, the decrease in somatic Golgi
extension into dendrites might contribute to the morphological
defects observed in DCX/DCLK1-deficient neurons.

Both CLASP2 and DCX partially colocalize with the Golgi appa-
ratus. In DCX/DCLK1-deficient neurons, more CLASP2 proteins are
located in the soma than in dendrites compared with WT neurons.
CLASP2 is a MT plus-end tracking protein that promotes MT growth
from the Golgi apparatus (Mimori-Kiyosue et al., 2005; Miller et al.,
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2009). CLASP2 is asymmetrically distributed in neurons and usually
accumulates at the end of neurites close to the growing plus-ends
of the MT (Akhmanova et al., 2001; Wittmann and Waterman-Storer,
2005), similar to the distribution of DCX in neurons. CLASP2 also
regulates the Golgi morphology (Miller et al., 2009; Beffert et al.,
2012; Dillon et al., 2017). In cultured hippocampal neurons, CLASP2
overexpression increases the stacking of Golgi apparatuses in the
soma and reduces their deployment into dendrites (Beffert et al.,
2012). In DCX/DCLK1-deficient neurons, we observed greater
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Id Sequence name Dcx KO WT K/W
Q9JHU4  DYHC1 Cytoplasmic dynein 1 heavy chain 1 30.1 54 0.56
Q9DOMS5  DYL2 Dynein light chain 2, cytoplasmic 15.05 12 1.25
P63168 DYL1 Dynein light chain 1, cytoplasmic 17.37 11 1.58
P62627 DLRB1 Dynein light chain roadblock-type 1 3.47 5 0.69
Q8R1Q8 DC1L1 Cytoplasmic dynein 1 light intermediate chain 1 2.32 5 0.46
088487 DC112 Cytoplasmic dynein 1 intermediate chain 2 0 3 0.00
008788 DCTN1 Dynactin subunit 1 5.79 5 1.16
Q99KJ8  DCTN2 Dynactin subunit 2 3.47 4 0.87
Q9Z0Y1 DCTN3 Dynactin subunit 3 3.47 2 1.74

TABLE 2: Subunits of dynein and dynactin identified by MS.

somatic localization of CLASP2, which likely mimics the somatic con-
dition of cells overexpressing CLASP2 and then contributes to an
increase in the number of Golgi apparatuses stacked in the neuronal
soma. CLASP2 is the downstream effector of the Reelin pathway
that connects with the cytoskeleton system to influence neuronal
migration (Dillon et al., 2017). Meanwhile, the Reelin pathway is
known for its functions in neuronal migration (D'Arcangelo et al.,
1995). Similar to the DCX gene, both RELN and its receptor VLDLR
are causative genes for lissencephaly (Hong et al., 2000; Di Donato
etal., 2018). Based on our data, CLASP2 is a downstream effector of
DCX. Therefore, CLASP2 may connect the Reelin signaling pathway
to DCX.

DCX is known to be regulated by phosphorylation at different
Ser/Thr sites. Researchers have proposed that phosphorylation—-de-
phosphorylation cycles at specific DCX sites may serve as a mole-
cular switch determining the cellular location and function of DCX
(Schaar et al., 2004; Shmueli et al., 2006). Several pathways are in-
volved, including CDK5 (Graham et al., 2004; Tanaka et al., 2004b),
Rho kinase (Amano et al., 2010), MAPK2 and PKA (Schaar et al.,
2004), JNK (Gdalyahu et al., 2004), and GSK3-B (Bilimoria et al.,
2010). Conversely, phosphatase | dephosphorylates DCX (Shmueli
et al., 2006; Bielas et al., 2007). In the present study, the phosphor-
ylation-resistant DCX mutants S47A and S327A did not rescue the
Golgi phenotype in DCX-deficient neurons, suggesting that phos-
phorylation of DCX at S47 or S327 is important for promoting the
elongation of somatic Golgi in dendrites. MAPK2 and PKA are re-
sponsible for the phosphorylation of DCX on S47 (Schaar et al.,
2004). The dephosphorylation of DCX at S47 results in a higher af-
finity for MTs, while DCX phosphorylated at S47 has a higher affinity
for F-actin and is mainly located at actin-rich growth cones (Tsukada
et al., 2003, 2005; Gdalyahu et al., 2004; Schaar et al., 2004; Tanaka
et al., 2004b; Bielas et al., 2007). JIP3 regulates GSK3-B, which spe-
cifically phosphorylates DCX on S327 (Bilimoria et al., 2010). Here,
DCX regulated the interaction of JIP3 with dynein. If the interaction
of JIP3 with dynein modified JIP3 functions, such as its effects on
GSK3-B, then a feedback loop might exist among JIP3, GSK3-B, and
DCX. Furthermore, GSK3-B also phosphorylates CLASP2 to control
cell motility and neurite extension (Dillon et al., 2017). GSK3-f might
be a critical factor influencing the Golgi distribution in neurons and
the missing link connecting JIP3, DCX, and CLASP2. A further ex-
amination of the role of GSK3-B in regulating Golgi distribution in
neurons is required in the future.

In summary, we identified CLASP2, dynein, and JIP3 as new
targets of DCX that are likely involved in the effects of DCX on the
dendritic distribution of the somatic Golgi apparatus in mouse
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neurons. The Reelin or GSK3-B pathway might also involve in this
process. Our study also suggests a possible new functional inter-
action among DCX, JIP3, and dynein. Further investigations of
whether DCX exerts potential effects on other functions of dynein,
such as retrograde transport, are needed. Our study provides new
insights into the role of DCX in neuronal development and
migration.

MATERIALS AND METHODS

Antibodies and reagents

Cell culture reagents, including Lipofectamine 2000 that was used
for transfection, were purchased from Thermo Fisher Scientific
(Waltham, MA). Antibodies against DCX (ab18723), DHC (ab6305),
GM130 (ab169276, ab52649), JIP3 (ab196761), and DIC (ab23905)
were purchased from Abcam (Cambridge, MA). Antibodies against
CLASP2 were obtained from Santa Cruz (sc-376496, Dallas, TX) or
Novus Biologicals (NBP1-21394, Centennial, CO). Antibodies
against HA were obtained from EMD Millipore (Billerica, MA).

Mammalian expression and RNA interference constructs
HA-tagged (N-terminus) DCX mutants were created using a Qui-
kChange Site-Directed Mutagenesis kit (Stratagene). The target se-
quences included in shRNAs to silence the expression of mouse
DCX, JIP3, or CLASP2 are indicated in Table 1. The corresponding
scrambled sequences are also shown in Table 1. The complemen-
tary RNAi oligos were annealed and ligated into pSilencer-GFP (gift
from Shirin Bonni), which is a bicistronic plasmid that coexpresses
the shRNA and eGFP, as previously described by Konishi et al.
(Konishi et al., 2004; Sarker et al., 2005).

Animals, primary neuronal cultures, and immunostaining

All animal procedures were approved by the Committee on the
Ethics of Animal Experiments of Wenzhou Medical University. On
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 in neuronal culture me-
dium (Neurobasal medium plus B27, glutamine, FGF [10 pg/ml],
and Pen/Strep) until use in the experiments. Cells were fixed with
4% paraformaldehyde, immunostained with standard techniques,
and counterstained with the nuclear dye DAPI (Invitrogen). The
images were acquired using a Zeiss LSM510 line-scanning con-
focal microscope or a Zeiss AxioVert A1 fluorescence microscope.
Images of samples from the same experiment were acquired and
analyzed using the same acquisition and processing parameters,
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Id Sequence name Dcx KO WT K/W
088809 DCX 1.16 81 0.01
Q61553 Fascin 1.16 51 0.02
QB8KOES8 Fibrinogen beta chain 2.32 30 0.08
P30999 Catenin delta-1 1.16 9 0.13
Q6PGN3 DCLK2 4.63 32 0.14
Q6PDG5 SWI/SNF complex subunit SMARCC2 2.32 15 0.15
Q8VCM7 Fibrinogen gamma chain 3.47 22 0.16
Qé6PICS Sodium/potassium-transporting ATPase subunit alpha-3 5.79 29 0.2

Q9CQz1 Heat shock factor-binding protein 1 2.32 11 0.21
070152 Dolichol-phosphate mannosyltransferase 1.16 4 0.29
Q9D1C8 Vacuolar protein sorting-associated protein 28 homolog 1.16 4 0.29
Q9EQH3 Vacuolar protein sorting-associated protein 35 1.16 4 0.29
Q9QYB8 Beta-adducin 2.32 8 0.29
054962 Barrier-to-autointegration factor 2.32 8 0.29
Q9QWI6 SRC kinase signaling inhibitor 1 8.1 28 0.29
Q91731 Polypyrimidine tract-binding protein 2 3.47 11 0.32
Q9EPN1 Neurobeachin 2.32 7 0.33
P97450 ATP synthase-coupling factor 6, mitochondrial 3.47 10 0.35
P26040 Ezrin 3.47 9 0.39
Q8K3G9? DCC-interacting protein 13-beta 6.95 18 0.39
070133 ATP-dependent RNA helicase A 17.37 44 0.39
Q501J6 Probable ATP-dependent RNA helicase DDX17 11.58 29 0.4

P02089 Hemoglobin subunit beta-2 31.26 78 0.4

Q08509 Epidermal growth factor receptor kinase substrate 8 3.47 8 0.43
QOKLO2 Triple functional domain protein 3.47 8 0.43
Q8K310 Matrin-3 33.58 78 0.43
Q99P72 Reticulon-4 5.79 13 0.45
P26231 Catenin alpha-1 2.32 5 0.46
Q8R1Q8 Cytoplasmic dynein 1 light intermediate chain 1 2.32 5 0.46
Q61166 MT-associated protein RP/EB family member 1 2.32 5 0.46
Q9QXSs1 Plectin 28.94 63 0.46
QIWVE9 Dematin 12.74 26 0.49
088398 Advillin 15.05 31 0.49
Q9JLM8 DCLK1 46.31 69 0.67
P02088 Hemoglobin subunit beta-1 50.94 104 0.49
Q8BG95 Protein phosphatase 1 regulatory subunit 12B 8.1 4 2.03
Q99MK8 Beta-adrenergic receptor kinase 1 4.63 2 2.32
Q3TGF2 Protein FAM107B 4.63 2 2.32
Q3TTY5 Keratin, type Il cytoskeletal 2 epidermal 16.21 7 2.32
Q5PRé69 Uncharacterized protein KIAA1211 24.31 10 243
P57746 V-type proton ATPase subunit D 8.1 3 2.70
P51880 Fatty acid-binding protein, brain 5.79 2 2.90
Q01405 Protein transport protein Sec23A 5.79 2 2.90
Q3UQA7 Selenoprotein H 5.79 2 2.90
P56480 ATP synthase subunit beta, mitochondrial 11.58 4 2.90
Qowum4 Coronin-1C 18.52 6 3.09
P01837 kappa chain C region 16.21 4 4.05
P11031 Activated RNA polymerase Il transcriptional coactivator p15 4.63 1 4.63
P03987 Ig gamma-3 chain C region 18.52 4 4.63
Q8BTM8 Filamin-A 16.21 3 5.40
P48453 Serine/threonine-protein phosphatase 2B catalytic subunit beta isoform 20.84 3 6.95
Q9ESN9 JIP3 C-Jun-amino-terminal kinase-interacting protein 3 17.37 2 8.69

TABLE 3: Comparison of MS results of WT and Dcx-/y showing different protein distributions. More JIP3 bound to DHC without DCX, as
determined by spectral counts. DCX is confirmed as a DHC binding protein.
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shRNA), JIP3 (overexpressing JIP3), C-JIP3 (overexpressing C-JIP3), or their combinations on DIV4. The dendritic
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shown in each bar. *P < 0.05, compared with control group; #P < 0.05, compared with DCX KD group, P values were

calculated from t tests.

such as the same exposures and background subtraction. All im-
age analyses were blindly assigned to observers to avoid uncon-
scious bias.

Measuring the distance from the somatic Golgi apparatus to
the nucleus

The distance from the somatic Golgi apparatus to the nucleus was
measured from the distal edge of the somatic Golgi apparatus to
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the closest edge of the nucleus. A schematic of the measurement
procedure is shown in Figure 1B.

Measurement of CLASP2 immunostaining intensity in
dendrites

To measure CLASP2 intensity in dendrites, segmented line in Im-
ageJ was used to outline the dendrite to be measured and the
width was adjusted based on each dendrite. The outlined dendrite
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FIGURE 6: Schematic diagram shows that DCX facilitates the extension of the somatic Golgi
complex into dendrite through MT-associated proteins and motors. In WT neurons, DCX
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Meanwhile, DCX binds dynein while inhibiting JIP3. We hypothesize that DCX negatively
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without DCX (Liu et al., 2012). More JIP3 molecules bind dynein. JIP3 needs to bind an adaptor
protein before associates with dynein. We hypothesize that dynein-mediated retrograde
transports are increased with JIP3 association while not bound with DCX. The balance between
anterograde transports and retrograde transports is changed without DCX, which results in less

Golgi extension into dendrites.

was straightened using Straighten function, from which a new image
was created and saved. From the created image, the intensity of
CLASP2 along the dendrite is measured using ImageJ’s integrated
density measurement.

Quantification of colocalization

Colocalization of two colors in dual immunostaining images was
analyzed using the ImageJ plug Colocalization Threshold in the Im-
ageJ analysis software platform. Each GM130-positive region in an
image with both GM130 and dynein immunostaining was outlined,
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standard immunoprecipitation protocol us-
ing anti-DHC antibodies and Protein A—con-
jugated beads. Mass spectra were searched
against the UniProt mouse database (Uni-
Prot release-2010_11;16,333 entries) in-
dexed for complete tryptic digestion, a
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
to a 50 ppm error for MS and 1 Da error for
MS/MS and the potential modification of
oxidized methionine (15.99492 Da). Search
results were uploaded to ProteolQ label-free
software, version 2.3.02, (www.bioinquire
.com) for each sample, grouped in triplicate,
and filtered as follows: 0.98 peptide proba-
bility, 0.95 protein probability, XCorr_1.9,
four spectra, and two unique peptides for
each protein. Scan counts were normalized
based on the total sample intensity. Protein fold change values were
calculated as the ratio of scan counts for each sample to its paired
control. Protein annotations were acquired using http://www.uni-
prot.org/ (Fu et al., 2013).

Transmission electron microscopy

Animals were intracardially perfused with 2.5% (vol/vol) glutaralde-
hyde and 2% (vol/vol) paraformaldehyde in phosphate-buffered
saline, and then the brains were postfixed overnight in the same
fixative. The brains were rinsed and dehydrated through a graded
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series of ethanol solutions (50 to 100% ethanol) and embedded in
Durcupan resin (Sigma). Ultrathin sections (70 nm) were collected on
pioloform-coated EM copper grids (Agar Scientific) and stained with
lead citrate. The sections were examined using a transmission elec-
tron microscope (TEM, H-6001V; HITACHI, Tokyo, Japan).

Western analysis

Standard Western analysis was performed as reported before (Fu
et al., 2010). The dual channel signal detection Odyssey system
from Li-Cor was used to analyze levels over a linear dynamic
range.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0 soft-
ware (GraphPad Software, San Diego, CA). All data are presented as
the mean = SEM of at least three independent experiments. Statisti-
cal significance was determined using one-way analysis of variance
(ANOVA) followed by Tukey’s test if more than two groups were ana-
lyzed. Two-tailed test and Student’s t test were used to compare two
groups. P < 0.05 was considered significant (*p < 0.05; #p < 0.01, if
not specified otherwise).
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