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Summary
The Reelin ligand regulates a Dab1-dependent signaling pathway required for brain lamination
and normal dendritogenesis, but the specific mechanisms underlying these actions remain unclear.
We find that Stk25, a modifier of Reelin-Dab1 signaling, regulates Golgi morphology and
neuronal polarization as part of an LKB1-Stk25-Golgi matrix protein 130 (GM130) signaling
pathway. Overexpression of Stk25 induces Golgi condensation and multiple axons, both of which
are rescued by Reelin treatment. Reelin stimulation of cultured neurons induces the extension of
the Golgi into dendrites, which is suppressed by Stk25 overexpression. In vivo, Reelin and Dab1
are required for the normal extension of the Golgi apparatus into the apical dendrites of
hippocampal and neocortical pyramidal neurons. This demonstrates that the balance between
Reelin-Dab1 signaling and LKB1-Stk25-GM130 regulates Golgi dispersion, axon specification
and dendrite growth, and provides insights into the importance of the Golgi apparatus for cell
polarization.

Introduction
The development of the exquisite morphology of neurons is a carefully orchestrated process
that optimizes the ability of individual neurons to receive signals, integrate them and
transmit the output to target cells. Neuronal polarization, first observed as the rapid growth
of a process that will ultimately become an axon, followed by the asymmetrical
development of dendrites, are key steps in morphological and functional maturation
(Arimura and Kaibuchi, 2005). Interestingly, the Golgi apparatus has been implicated in
these different aspects of neuronal polarity. In the nascent neuron, the position of the Golgi
and the adjoined centrosome correlates with the site of axon emergence, which becomes the
future basal side of a mature pyramidal neuron (de Anda et al., 2010; de Anda et al., 2005;
Zmuda and Rivas, 1998). Later, the Golgi apparatus is positioned on the apical side of
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pyramidal neurons, proximal to the major apical dendritic tree and opposite to the axon and
minor basal dendrites (Horton et al., 2005). Dispersion of the Golgi apparatus away from the
apical pole leads to a loss of dendrite asymmetry in these cells, with equal-sized apical and
basal dendrites (Horton et al., 2005). Furthermore, specialized Golgi outposts, which
populate dendrites, promote the elaboration of dendritic branches (Ye et al., 2007).
However, it remains to be determined how Golgi positioning within neurons is regulated.

Mutations in the genes encoding the Reelin-Dab1 signaling pathway lead to profound
defects in neuronal positioning and dendritogenesis during brain development (Niu et al.,
2004; Rice et al., 2001). The lamination of the cerebral cortex, hippocampus and cerebellum
is disorganized and appears approximately inverted compared to normal. Reelin is a secreted
ligand that is produced in discreet layers in the developing brain (D'Arcangelo et al., 1995;
Ogawa et al., 1995). Genetic and biochemical studies have shown that it regulates a signal
transduction pathway requiring the ApoE receptors ApoER2 and VLDLR (D'Arcangelo et
al., 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999), the cytoplasmic adaptor protein
Dab1 (Howell et al., 2000), and Src family kinases (Arnaud et al., 2003; Bock and Herz,
2003). Disparate functions have been proposed for Reelin-Dab1 signaling, though a clear
biological response to clarify its role in brain development is lacking (Chai et al., 2009;
Cooper, 2008; Forster et al., 2010; Sanada et al., 2004).

The severity of Dab1-dependent phenotypes depends on the genetic background (Brich et
al., 2003). We have recently identified stk25 as a modifier of dab1-mutant phenotypes
(manuscript in preparation). Here we characterize the role of Stk25 (also YSK1, Sok1) in
nervous system development. Previous work has implicated Stk25 in regulating Golgi
morphology through the Golgi matrix protein GM130 (Preisinger et al., 2004), which we
confirm here. GM130 regulates the fusion of ER-to-Golgi vesicles with the Golgi cisternae
and the fusion of Golgi cisternae into elongated ribbons (Barr and Short, 2003; Puthenveedu
et al., 2006). Depletion or mitotic phosphorylation of GM130 leads to Golgi fragmentation
and reduced efficiency of biosynthetic processing (Lowe et al., 1998; Marra et al., 2007;
Puthenveedu et al., 2006).

The protein kinase LKB1 and its associated factors STRAD and MO25 are known to be
important for neuronal polarization, axon specification and dendrite growth (Asada et al.,
2007; Barnes et al., 2007; Shelly et al., 2007). In this study, we find that Stk25 is part of an
LKB1 cell polarization pathway. Stk25, LKB1 and GM130 are shown to regulate Golgi
morphology and axon initiation. In addition, we show that Stk25 and Reelin-Dab1 signaling
have antagonistic effects on neuronal polarization and the morphology and subcellular
distribution of the Golgi. Since the position of the Golgi plays roles in cell polarization,
process extension and cell migration (Fidalgo et al., 2010; Horton et al., 2005; Yadav et al.,
2009; Ye et al., 2007), this evidence is fundamental for understanding the molecular control
of neuronal morphogenesis and provides new insights into the biological role of Reelin-
Dab1 signaling.

Results
Stk25 regulates neuronal polarity

Stk25 has previously been shown to regulate the polarized migration of epithelial cells.
Since other Ste20-like kinases have roles in neuronal polarization (Jacobs et al., 2007;
Preisinger et al., 2004), we sought to assess a role for Stk25 in neuronal polarization using
hippocampal neuronal cultures (Dotti and Banker, 1987). These neurons have a stereotypic
morphology and program of differentiation, and respond to Reelin-Dab1 signaling (Matsuki
et al., 2008). Soon after plating, they extend short uniform processes that have the potential
to develop into either axons or dendrites (Arimura and Kaibuchi, 2007). By stage III, 48 to
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72 h later, one of the processes can be identified as an axon while the other processes
differentiate into dendrites.

We reduced Stk25 levels by infection with a lentivirus carrying GFP and Stk25 shRNA, and
identified axons 6 days later using SMI-312, a pan-axonal neurofilament marker. Depletion
of Stk25 inhibited axon specification. At least 30% of the Stk25 shRNA lentivirus-infected,
GFP-positive neurons lacked an axon (Fig. 1B, 1F lane 2), while axons were detected in all
neurons infected with either empty vector (EV) or control shRNA vectors (Fig 1A, 1F lane
1, 3 and insets). The longest process in Stk25 shRNA-expressing cells was also much
shorter than the long axons of control cells (Fig. 1A, 1B, 1F, lane 2), consistent with a
failure to induce an axon.

To assess whether axon absence was specifically caused by reduced Stk25 expression, we
tested for rescue by Stk25 overexpression. Both kinase-active and kinase-inactive versions
of an shRNA-resistant Stk25 (Stk25*) were expressed as red fluorescent protein (RFP)
fusion proteins in cultures that were also infected with the GFP-expressing, Stk25 shRNA
virus (Fig. S1A-S1D). Both kinase-active and kinase-inactive Stk25*-RFP rescued the axon-
less phenotype caused by Stk25 knockdown (Fig. 1F, lanes 7–9). This suggests that the
axon-less phenotype in Stk25 shRNA-expressing cells was the specific result of reducing
Stk25 expression and that Stk25 kinase activity is not required for axon production.

To investigate whether Stk25 affected axon initiation or maintenance, we examined stage III
hippocampal neurons (Fig. 1D, 1E). We found that 56±5% of Stk25 knockdown neurons
lacked an axon compared to only 7±8% of control samples (Fig. 1G). The longest neurite in
Stk25 knockdown neurons was also significantly shorter than the incipient axon in control
cultures. Moreover, overexpression of Stk25 induced multiple axons. Expression of either
the wild-type or kinase-inactive Stk25*-RFP fusion proteins, or an Stk25-green fluorescent
protein (GFP) fusion that has previously been shown to be biologically active (Preisinger et
al., 2004; Fig. S2B-S2E), induced multiple SMI-positive axons in approximately 45% –
50% of neurons as compared to 15±3% in GFP-alone expressing controls (Fig. 1C, 1F lanes
5, 6, 8, 9). Stk25 overexpression did not increase axon length (Fig. 1F). Taken together, the
results show that Stk25 regulates axon initiation but not axon growth in cultured neurons.

Reelin-Dab1 signaling suppresses multiple axon production
Stk25 is expressed at relatively high levels in Reelin-Dab1 responsive cells in the
developing cortical plate (Fig. S1E) and in the adult hippocampus and cerebellar Purkinje
cells (Fig. S1F). Since we identified stk25 in a screen for modifiers of dab1 mutant
phenotypes (manuscript in preparation), we examined whether Reelin-Dab1 signaling might
have an undiscovered role in axon initiation. Hippocampal neurons were cultured from
dab1−/− mutant embryos and infected with GFP-expressing lentiviruses to survey their
morphology. Surprisingly, approximately 30% of the dab1−/− mutant neurons produced
multiple axons as compared to approximately 15% of the wild-type neurons (Fig. 1H). To
determine if the multiple axon phenotype in dab1−/− mutant neurons was sensitive to Stk25
expression level, we examined the effect of knocking down Stk25. Significantly fewer
dab1−/− mutant neurons infected with the Stk25 shRNA-expressing lentivirus produced
multiple axons than the GFP-expressing control sample (Fig. 1H). In addition, a significant
number of the Stk25 shRNA-expressing neurons completely lacked axons. This shows that
Reelin-Dab1 signaling regulates axon initiation and that the multiple axon phenotype in
dab1−/− mutant mice is dependent upon Stk25 expression.

Congruent with this result, growth of neurons in the presence of Reelin suppressed the
multiple axon phenotype caused by Stk25 overexpression (Fig. 1I). This treatment did not,
however, lead to the loss of axon production, which would be expected if Stk25 function
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was abolished. None of these treatments affected axon length. Therefore, Reelin-Dab1
signaling appears to counteract the effects of high Stk25 expression without completely
blocking its function in axon induction.

Stk25 regulates axon formation and dendrite asymmetry in vivo
To investigate whether Stk25 regulates neuronal differentiation in vivo, we electroporated
the Stk25 shRNA-expressing vector into the hippocampi of fetal mice. The brains of these
mice were analyzed for GFP expression and neuronal polarization of Ctip2-positive,
pyramidal neurons in the CA1 region of the hippocampus at postnatal day 7 (P7). Stk25
shRNA did not interfere with the positioning of neurons but their apical dendrites were
significantly longer (Fig 2A, 2B, 2E). In addition, approximately 40% of the strongly GFP-
positive, Stk25 shRNA-expressing neurons lacked identifiable axon initial segments,
detected using anti-phospho-IκBα antibodies, suggesting that axons were either absent or
failed to mature normally (Fig. 2D, 2F, movie S1). By comparison, all of the GFP-positive,
EV-control electroporated neurons examined had axon initial segments (Fig. 2C, 2F, movie
S1). This suggests that Stk25 regulates axon specification and dendrite growth in
hippocampal pyramidal neurons in vivo.

In addition to having longer apical dendrites, the basal dendrites of Stk25 shRNA-expressing
neurons were also atypical. Normal pyramidal neurons have long, thick apical dendrites and
much thinner and shorter basal dendrites (Horton et al., 2005; Fig. 2G, 2K, movie S2). The
apical dendrites of Stk25 shRNA-expressing neurons had normal thickness, but the basal
dendrites were thicker than normal (Fig. 2H, 2K, movie S2). We were not able to measure
the length of the basal dendrites. Therefore, there is evidence for growth of both apical and
basal dendrites, and this reduced the distinction between apical and basal dendrites in terms
thickness. Therefore, Stk25 is needed for normal axon production and dendrite asymmetry
in vivo.

Stk25 interacts with STRADα and acts on the LKB1 signaling pathway
The functions of Stk25 resemble those reported for LKB1-STRAD signaling (Barnes et al.,
2007; Kishi et al., 2005; Shelly et al., 2007). This pathway has a prominent role in cell
polarity control across numerous cell types from Caenorhabditis elegans to man. LKB1 is
partially regulated by binding STRAD, which both shuttles it from the nucleus to the
cytoplasm and stabilizes it. We therefore investigated whether Stk25 associates with the
LKB1-STRAD signaling complex. By immunoprecipitating tagged fusion proteins
coexpressed in HEK293T cells, we found that both wild-type and kinase-inactive HA-Stk25
coimmunoprecipitated with myc-STRADα (Fig. S2A). Identifying Stk25 as a direct or
indirect STRAD-binding protein suggests a potential role for Stk25 on the LKB1 pathway.

To investigate whether Stk25 is important for LKB1 function, we took two approaches. We
examined whether 1) Stk25 is required for LKB1-STRAD regulated epithelial cell
polarization and 2) Stk25 overexpression rescues the LKB1 knockdown phenotype in
neurons.

We first tested whether reduced Stk25 expression would inhibit the LKB1-STRAD-
dependent polarization of W4 intestinal epithelial cells. These cells have been engineered to
constitutively express LKB1 and express STRAD in response to doxycyline, which leads to
their polarization (Baas et al., 2004). Most W4 cells infected with EV and control shRNA
lentiviruses became polarized within 24 h of doxycycline treatment (Fig. S2C, S2E). In
contrast, only 20% of cells infected by the humanized (h) Stk25 shRNA lentivirus were
polarized by doxycycline treatment (Fig. S2C, S2E). Furthermore, expression of either wild-
type or kinase-inactive Stk25*-RFP rescued STRAD-induced polarization in Stk25 shRNA-
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expressing W4 epithelial cells (Fig. S2F). Collectively, these experiments show that the
Stk25 protein, not its kinase activity, is required for LKB1-STRAD regulated epithelial cell
polarization.

We then confirmed that LKB1 knockdown leads to a loss of axon initiation in cultured
hippocampal neurons (Fig. 3A, Barnes et al., 2007;Shelly et al., 2007). We tested whether
Stk25 can rescue or bypass the LKB1 requirement by overexpressing Stk25* wt-RFP in
LKB1 shRNA-expressing neurons (Fig. 3B). Ninety-two percent of LKB1 knockdown
neurons that expressed Stk25* wt-RFP produced at least one axon compared to only 48% of
RFP-, LKB1 shRNA-coexpressing neurons (Fig. 3E). These results are consistent with a role
of Stk25 on the LKB1 pathway to regulate axon induction.

GM130 interacts with Stk25 and regulates axon induction
The Golgi matrix protein GM130, which has critical roles in regulating Golgi dynamics, was
identified as an Stk25 binding partner in a yeast two-hybrid screen (Preisinger et al., 2004).
We confirmed this interaction by coimmunoprecipitating tagged fusions of GM130 and
Stk25 (Fig. S2B). Interestingly, kinase-inactive Stk25 consistently immunoprecipitated with
GM130 more efficiently than wild-type, suggesting that Stk25-dependent phosphorylation
may destabilize the complex.

Stk25 colocalizes with GM130 at the Golgi apparatus of HeLa cells (Preisinger et al., 2004).
To determine if Stk25 localizes to the Golgi complex in neurons, we raised an antibody to a
region of Stk25 that is divergent from the close relatives Mst3 and Mst4 (extended
experimental procedures). Endogenous Stk25 expression overlapped with the GM130-
positive cis-Golgi in neurons at stage III, coincident with axon specification (Fig. S2D).

To asses if GM130 plays a role in neuronal differentiation, we examined GM130 shRNA-
expressing neurons for defects in polarity. Similar to Stk25 and LKB1 knockdown neurons,
knockdown of GM130 reduced axon number at 6DIV (Fig. 3C). GM130 knockdown also
caused a significant reduction in axon initiation in stage III (2DIV) neurons (data not
shown). Stk25*-RFP overexpression in GM130-deficient cells did not rescue axon number
at 6DIV (Fig. 3D), which suggests that GM130 is required for neuronal polarization
downstream of Stk25.

Stk25, GM130 and LKB1 regulate Golgi distribution
Previously it was shown that GM130 regulates Golgi morphology in HeLa cells
(Puthenveedu et al., 2006). Since Stk25, LKB1 and GM130 regulate axon initiation, and the
position of the Golgi apparatus early in differentiation normally coincides with axonal
localization (de Anda et al., 2010; de Anda et al., 2005), we examined whether Stk25, LKB1
and GM130 regulate Golgi morphology (Fig. 4). Individually knocking down Stk25, LKB1
and GM130 in stage III primary hippocampal neurons resulted in dispersion of Golgi
elements in a high percentage of cells, in contrast to the typical elongated morphology
observed in the EV-control neurons (Fig. 4A, 4B, movie S3).

Interestingly, the Golgi fragmentation caused by LKB1 knockdown was rescued by Stk25*-
RFP overexpression (Fig. 4B), suggesting that Stk25 overexpression can compensate for
reductions in LKB1 signaling. In contrast, Golgi fragmentation in GM130 shRNA-
expressing cells was not rescued by Stk25 overexpression (Fig. 4B). Overexpression of
either Stk25 wt-GFP or Stk25 K49R-GFP led to the condensation of the Golgi into a smaller
volume (Fig. 4C, neurobasal). Therefore, increasing or decreasing Stk25 expression from
endogenous levels has different consequences for Golgi morphology, in addition to having
the opposite effects on axon production. These results suggest an LKB1-Stk25-GM130
pathway for Golgi regulation in cultured neurons.
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Importantly, Stk25 knockdown in hippocampal pyramidal neurons also caused Golgi
fragmentation in vivo, as determined by use of in utero electroporation. Normally, the Golgi
is strictly localized to the apical side of the soma and forms outposts in the apical dendrite
(Horton et al., 2005; Fig. 2G, 2J, movie S2). However, in Stk25 shRNA-expressing Ctip2-
positive neurons, the Golgi apparatus was often broadly distributed throughout the soma
(Fig. 2H, 2J, movie S2).

In summary, these results indicate that, Stk25, LKB1 and GM130 are required for normal
Golgi morphology in neurons at a time when axons are first appearing. Furthermore, the
fragmented Golgi phenotype correlated with the loss of axon production in neurons and both
phenotypes were rescued by Stk25 overexpression in LKB1 knockdown cells.

Reelin signaling regulates Golgi morphology
Since Stk25 and Reelin have opposing effects on axon initiation (Fig. 1H) and Stk25 affects
Golgi morphology (Fig. 4A, 4B), we investigated the role of Reelin in regulating Golgi
morphology.

First we examined the appearance of the Golgi apparatus in hippocampal and neocortical
pyramidal neurons of reelin−/− and dab1−/− mutant mice. In the pyramidal layer of the
wild-type CA1 zone and in developing neocortical layers, the Golgi apparati were linearly
organized and extended tens of microns into the apical processes (Fig. 5D, S4D, S4G,
insets). The Golgi of the reelin-/− and dab1−/− mutants often appear convoluted near the
nucleus rather than extended into a dendrite (Fig. 5E, 5F, S4E, S4F, insets). The distance
from the Ctip2-positive nucleus to the tip of the Golgi ribbon was significantly decreased in
reelin−/− and dab1−/− mutants as compared to wild-type (Fig. 5G, S4G), indicating that the
reelin and dab1 genes either directly or indirectly regulate Golgi extension into the apical
process of pyramidal neurons.

Since Reelin and Dab1 also regulate the proper layering of hippocampal pyramidal neurons
(Caviness and Sidman, 1973; Goffinet, 1984; Rice et al., 2001; Fig. 5B, 5C), the effects of
Reelin and Dab1 on Golgi deployment may be indirect. Therefore, we tested whether
Reelin-Dab1 signaling acutely induces changes in Golgi morphology or localization by
treating hippocampal neuron cultures with Reelin for 30 min. Hippocampal pyramidal
neurons were infected with a low titer GFP-expressing lentivirus to help visualize individual
neurons. The Golgi was largely localized close to the nucleus in control-CM and
Neurobasal-treated Ctip2-positive pyramidal neurons (Fig. 6A, 6C). However, in
approximately 80±5% of Reelin-CM treated neurons, the Golgi apparati extended into the
largest dendritic process (Fig. 6A, 6C). The distance between the nucleus and the most distal
portion of the Golgi ribbon from randomly selected Ctip2-positive neurons was significantly
larger in the Reelin-CM treated samples compared to the control-CM and neurobasal treated
samples (Fig. 6B). The Golgi apparatus is therefore rapidly deployed into dendrites in
response to Reelin stimulation.

We next evaluated whether the Golgi response to Reelin was sensitive to elevated Stk25
expression levels. Hippocampal neurons were infected with Stk25 wt-GFP or Stk25 K49R-
GFP expressing viruses after 72 h in culture and treated analogously to experiments
described above. Expression of either Stk25 wt-GFP and Stk25 K49R-GFP reduced but did
not eliminate the Golgi extension in response to Reelin (Fig. 6B, 6C). Under these
conditions, linear Golgi ribbons were observed extending into the dendrites, but on average
this was approximately 50% the distance observed in the Reelin-treated, GFP-expressing
cells (Fig. 6B). Furthermore, Reelin signaling suppressed Golgi compaction induced by
Stk25 overexpression (Fig. 4C, D). In cultures that were grown in Reelin CM for two days
(Fig. 4), we did not observe Golgi deployment into dendrites. This is not surprising since
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components of the Reelin-Dab1 pathway begin to be degraded with in a few hours. In 60
day-old animals Golgi extension into dendrites was also reduced (data not shown).
Therefore Golgi deployment appears to be a transient, developmental phenomemon. Thus,
similar to the manifestation of the multiple axon phenotype caused by Stk25 overexpression
or loss of dab1 gene function, the degree of Golgi extension seems to be determined by a
competition between Reelin-Dab1 signaling and Stk25 levels.

Discussion
In this study, we find that Reelin-Dab1 signaling acts in an opposing manner to LKB1,
GM130, and Stk25 to regulate the polarization of axons, dendrites, and Golgi apparati of
hippocampal neurons, as shown in Fig. 7. Knocking down these three proteins led to Golgi
fragmentation and inhibited axon initiation (Fig. 1, 3, 4). In contrast, Stk25 overexpression
caused Golgi condensation and the formation of multiple axons (Fig. 1, 4). It also rescued
axon production and Golgi fragmentation caused by LKB1 knockdown but did not rescue
either phenotype caused by reduced GM130 expression (Fig. 3), suggesting that Stk25
functions as an intermediary between LKB1 and GM130. Stk25 directly or indirectly binds
to the LKB1-STRAD complex and GM130, and may play a scaffolding role to link LKB1
signaling to GM130 and Golgi regulation (Fig. S2). Reelin-Dab1 signaling antagonizes the
effects of Stk25 overexpression on Golgi morphology and neuronal polarization as well as
inducing polarized deployment of the Golgi into the apical dendrite (Fig. 1, 4, 6, S1).
Together this implicates the LKB1 pathway, GM130, Stk25, and Reelin-Dab1 signaling in
Golgi regulation during neuronal polarization.

Involvement of the Golgi apparatus in neuronal polarization
The Golgi apparatus and centrosomes reorient as neurons migrate into the cortical plate (de
Anda et al., 2010; Nichols and Olson, 2010). At the time of axon initiation, the centrosome
is near the basal pole (rear) of the cell. It then moves to the opposite pole (front) and is
important for extending an apical process that is used for radial migration (de Anda et al.,
2010). The apical process subsequently transforms into the apical dendritic tree, with the
Golgi and centrosomes at its base (Barnes et al., 2008; Horton et al., 2005). The same events
presumably occur during migration of hippocampal pyramidal neurons in vivo. When
hippocampal neurons are cultured, the centrosome position determines which neurite
becomes an axon (de Anda et al., 2005). Later, the apical localization of the Golgi apparatus
promotes the asymmetric growth of the apical compared to the basal dendrites (Horton et al.,
2005). Consistent with this, Stk25 knockdown led to Golgi disorganization, inhibited axon
induction, and lessened the asymmetry between the long, thick apical dendrite and short,
slender basal dendrites (Fig. 2E, H, J, K).

The Golgi may influence axon initiation through nucleating microtubules, regulating
secretory trafficking or interacting with the centrosome (Efimov et al., 2007; Pfenninger,
2009; Rosso et al., 2004; Sutterlin and Colanzi, 2010). It seems less likely that the Golgi is
required to supply materials to sustain axon growth, since none of our manipulations
affected axon length, only axon number. Therefore, the Golgi probably has a signaling or
microtubule nucleation role in axon specification. Indeed, microtubule stabilization has been
shown to enhance axon formation (Witte et al., 2008), and inhibiting post-Golgi trafficking
disrupts axo-dendritic polarization (Bisbal et al., 2008; Yin et al., 2008). In dendrites,
however, the Golgi may have a role in supplying materials for dendrite growth, since we
detected effects on dendrite thickness and length (Fig. 2E, 2K). Deployment of the Golgi
into the apical dendrite may initiate the formation of dendritic Golgi outposts, which have
been shown to promote dendrite growth and branching (Horton et al., 2005; Ye et al., 2007).
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We found that Stk25 functions in Golgi morphology and axon specification as part of an
LKB1 pathway (Fig. 3, 4). LKB1, the mammalian Par-4 homolog, is an evolutionarily
conserved cell polarity protein that is known to regulate axo-dendritic polarity in neurons
(Barnes et al., 2008). LKB1 is activated upon binding STRAD and MO25 (Alessi et al.,
2006). STRAD stabilized LKB1 in processes prior to axon production and in the nascent
axon, suggesting a role in axon specification (Shelly et al., 2007). As a master kinase, LKB1
activates several downstream kinases that regulate various aspects of cell polarity. These
include the Sad A and Sad B kinases, which are required for neuronal polarization (Barnes
et al., 2007;Kishi et al., 2005). Mst4, another downstream kinase, is closely related to Stk25.
Like Stk25, it binds to GM130 and is enriched in the Golgi apparatus (Preisinger et al.,
2004). Both Mst4 and Stk25 are required downstream of LKB1-STRAD induction for
polarized brush border formation in epithelial cells (ten Klooster et al., 2009;Fig. S2).
However, while Mst4 kinase activity is required during this process, the kinase activity of
Stk25 is not required to induce polarized brush border formation, regulate Golgi
morphogenesis or polarization of hippocampal neurons (Fig. 1F,4C, 4D). This suggests a
kinase-independent scaffolding function for Stk25 (Fig. 7), which is reminiscent of the
pseudokinase STRAD (Lizcano et al., 2004). GM130 appears to be necessary for Stk25
effects on Golgi and neuronal polarization; however, it may not be sufficient. By linking
LKB1 signaling to GM130, Stk25 may directly regulate GM130 or indirectly modulate the
activity of other Golgi proteins.

Reelin-Dab1 signaling regulates neuronal polarization and Golgi deployment
Our work also identifies an effect of Reelin-Dab1 signaling on Golgi morphology and axon
formation, acting in opposition to LKB1-Stk25-GM130. The absence of Reelin or Dab1
inhibited Golgi deployment into the apical dendrite in vivo (Fig. 5, S4), and long-term
growth in Reelin opposed Golgi condensation induced by Stk25 overexpression in vitro
(Fig. 4). Similarly, Dab1 absence induced supernumerary axons in vitro (Fig. 1H), the
opposite effect to depleting Stk25. However, Reelin-Dab1 and LKB1-Stk25-GM130 do not
fit into a simple epistatic relationship. For example, Stk25 depletion reduces axon number
even when Dab1 is absent, suggesting that Stk25 does not require Dab1 to regulate axon
number (Fig. 1). This indicates that LKB1-Stk25-GM130 and Reelin-Dab1 act on the Golgi
and axon initiation through different pathways, and the balance between the two pathways
determines the outcome. In this respect, Golgi distribution is a quantitative trait, not all or
none, and may be influenced by other factors. Indeed, extended Golgi were observed in a
subset of neurons in reelin−/− and dab1−/− mutant brains (Fig. 5, S4). One possibility is
that Reelin-Dab1 and LKB1-Stk25-GM130 regulate different aspects of Golgi morphology
through different mechanisms. For example, Reelin-Dab1 may regulate ER-Golgi vesicle
movement, and LKB1-Stk25-GM130 may affect vesicle fusion.

In sum, we have characterized Stk25, a modifier of the Reelin-Dab1 pathway, and shown it
acts on the LKB1-STRAD pathway to regulate Golgi morphology and neuronal polarization.
Stk25 may play a scaffolding role to link LKB1-STRAD to Golgi regulation through
binding GM130, since the kinase activity was shown to be dispensable for neuronal
polarization and Golgi morphogenesis. We find that Reelin-Dab1 signaling regulates Golgi
morphology and deployment into dendrites in a competitive manner with Stk25. Golgi
position has been shown to enhance local secretory trafficking (Horton et al., 2005; Ye et al.,
2007); thus, this competition may regulate membrane and protein cargo flow into proximal
dendrites. Our findings provide new insights into the regulation of morphogenic changes in
neurons that drive neuronal polarization and brain lamination.
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Experimental Procedures
Expression vectors

The lentiviral vectors used in this study were based on pLentiLox 3.7 (pLL3.7) vectors
(Rubinson et al., 2003) with the following substitutions: 1) For shRNA experiments, instead
of the CMV promoter, the CMV enhancer/Chicken β-actin promoter (Niwa et al., 1991)
directs GFP expression, 2) For fusion protein experiments, instead of the U6 promoter the
CMV enhancer/chicken β-actin promoter directs expression. The shRNA constructs include
Stk25 shRNA AGGAGCTCCTGAAGCACAAAT and control shRNA
AGTAGCTCCTAAAGCACACAT. The lentivirus production was as previously described
(Matsuki et al., 2008). The knockdown viruses were confirmed to reduce expression of
either Stk25, LKB1 or GM130 (Fig. S1, S3). The Stk25 K49R mutant has previously been
reported to be kinase inactive, which we confirmed (Preisinger et al., 2004; and data not
shown).

Animals
All animals were used in accordance with protocols approved by the Animal Care and Use
Committees of SUNY Upstate Medical University, National Institutes of Neurological
Disorders and Stroke, and the Fred Hutchinson Cancer Research Center, following NIH
guidelines. Time pregnant mice (C57BL/6 for in vitro experiments and Swiss Webster for in
utero electroporations) and rats (Sprague Dawley) were purchased from Charles River
Laboratories and Taconic. The dab1 −/− (Howell et al., 1997) and reelin −/− (Jackson
Labs) mice were on the C57BL/6 strain.

Immunocytochemistry
Immunocytochemistry was done according to published methods (Matsuki et al., 2008) and
is detailed in the extended experimental procedures along with a list of the antibodies used.
To measure Golgi volumes and length of the longest Golgi ribbon we immunostained the
neurons with anti-GRASP65, anti-GFP, and anti-Ctip2, which recognizes a CA1 and layer V
pyramidal neuron-specific transcription factor. The area of the Golgi apparatus was
calculated for each Z-plain (Image Examiner, Zeiss), multiplied by the thickness of the
section and summed to determine the volume.

Cell culture
Hippocampal neuronal cultures were isolated from E17.5 mice or E18.5 rats and grown in
neurobasal supplemented with 2% B27 (Invitrogen, Matsuki et al., 2008). For polarity
studies, neurons (1X104 cells per cm2) were infected with the respective viruses on the day
of culturing, and replated 2 days later on poly-L-lysine coated coverslips placed over a
monolayer of astrocytes. Axons were quantified at 2DIV or 6DIV as indicated, following
standard criteria (Shelly et al., 2007). For Golgi deployment assays, rat cultured neurons
(3X105 cells per cm2) were infected with low titer virus on day 3 and treated and fixed on
day 6 in culture. Similar results were obtained with mouse neurons (data not shown). The
control- and Reelin-conditioned media were collected and concentrated as previously
described (Matsuki et al., 2008).

Analysis of in utero electroporated brains
To knock down Stk25 expression, DNA was injected into the lateral ventricle of E17.5
embryos of Swiss Webster mice in utero and electroporated (70 mV) as previously described
(Olson et al., 2006) with the electrode paddles oriented to direct the DNA into the
hippocampus. Perfused brains were processed for analysis on P7. Floating sections (70–100
μm) were immunostained with antibodies described in figure legends. Confocal images were
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collected with overlapping optical sections through 30 μm, which were flattened for display.
We assessed whether axon initial segments or Golgi elements belonged to a particular GFP-
positive neuron (Fig. 2), by examining movies of either 3D-rendered images or Z-sections
(movies S1, S2). Golgi areas (Fig. 2G, 2H) were produced by thresholding (Adobe
Photoshop) flattened, 2D-negative images to match the GRASP65 signal channel in the
original and discarding the signal extraneous to the GFP-positive cells (movie S2). Process
diameters were measured 12 μm from the nucleus (Fig. 2K). These measurements were done
using Image Examiner (Zeiss). Measurement of dendrite lengths was done using the
softWoRx (AppliedPrecision).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stk25 expression regulates axon differentiation in culture
A Primary hippocampal neurons (E17.5) infected with the GFP-expressing EV-control virus
had typical pyramidal neuron morphologies, including a long SMI-positive axon (inset a)
and shorter dendrites. B Neurons infected with the Stk25 shRNA virus had shorter processes
and frequently lacked long (>250 μm) SMI-positive processes that meet the criteria for
axons (inset b). An SMI-positive process (arrowhead) from a non-infected neuron runs
parallel to the GFP-positive process (arrow). C Cells overexpressing Stk25 wild-type (wt)-
GFP had multiple SMI-positive axons (insets c, c’). D At stage III (2DIV), EV-control
infected neurons have one dominant SMI-positive axon. E In contrast, Stk25 shRNA-
expressing neurons often lacked SMI-positive, axon-like processes. F The number of
neurons with 0, 1, 2 or more axons and the length of the longest processes were determined
for neurons infected with the indicated viruses. For rescue experiments, neurons were
coinfected with the Stk25 shRNA (GFP positive) and either RFP, Stk25* wt-RFP, or Stk25*
K49R-RFP expressing viruses (lanes 7-9, Fig. S2). G At stage III (2DIV) many Stk25
shRNA-expressing neurons lacked axons as compared to a small percentage of EV-control
infected neurons H The number of neurons with multiple axons was increased in dab1 −/−
(lane 2) compared to wild-type neurons (lane 1, duplicated from F) and this was reduced by
Stk25 shRNA expression (lanes 3). I Primary hippocampal neurons that were infected with
either GFP or Stk25 wt-GFP expressing viruses were split into three groups and grown in
either neurobasal (NB), control-conditioned (CCM) or Reelin-conditioned (RCM) media for
six days. Statistical significance (*,**,***, p <0.0001, Student’s t-test, compared between
the sample pairs: for F 1:2; 4:5,6,7; 7:8,9, for G 1:2, for H 1:2, 2:3; n >60; I 5:6 n indicated
in bars). Bars C 50 μm; a, c’ 5 μm; E 20 μm. See also Fig. S1.
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Figure 2. Stk25 regulates neuronal polarity during brain development
A EV-control vector (GFP positive, green) electroporated at E16.5 in utero was expressed in
Ctip2-positive (red), hippocampal-pyramidal neurons at P7. B Stk25 shRNA-expressing
neurons (GFP positive) were appropriately positioned in the CA1 layer, and their apical
dendrites extended further than EV-control. C GFP-expressing, EV-control transfected CA1
neurons had the typical pyramidal shape and phospho-IκBα- (red), GFP-positive (green)
axon initial segments (Sanchez-Ponce et al., 2008; movie S1). D In contrast, a high
percentage of strongly GFP-positive, Stk25 shRNA-expressing neurons were often
misshapen and lacked axon initial segments (movie S1). E Quantification of apical dendrite
length in EV-control and Stk25 shRNA hippocampi. F Quantification of the number of
GFP-, Ctip2-positive pyramidal neurons that had axon initial segments (n indicated in bar.)
G In EV-control neurons, the Golgi apparatus (trace of GRASP65 signal) is concentrated on
the apical side of the neuron (movie S2). H In Stk25 shRNA-expressing neurons, the Golgi
apparatus was broadly distributed throughout the neuron (movie S2). I Scheme used to
determine Golgi distribution in J. J The Golgi distribution in apical, lateral (combined) or
basal quadrants was quantified. K The diameter of the largest apical and basal processes was
determined (*p <0.0005, Student’s t-test, n≥12, neurons from 3 animals). Bars B 200 μm; D,
H 10 μm. Error bars indicate SEM in all figures.
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Figure 3. Stk25-RFP overexpression rescues the neuronal polarization defect caused by LKB1
but not by GM130 knockdown
A Expression of LKB1 shRNA (GFP positive, green) in hippocampal neurons led to an
increase in the number of neurons that lack an axon at 6DIV in cells also expressing RFP
(red). a Longest process lacks SMI immunoreactivity. B In contrast, overexpressing Stk25*
wt-RFP in LKB1 knockdown neurons rescued axon production. b Long, axon-like process is
SMI-positive. C GM130 knockdown (GFP positive) also caused a reduction in axon
production in RFP-positive cells. c No SMI-imunoreactivity was detected in processes of the
GFP-, RFP- positive neuron. D Stk25* wt-RFP expression did not rescue axonogenesis in
GM130 knockdown neurons. d Longest process is SMI negative. E Axon number and the
length of the longest processes were quantified for the indicated treatment groups. (Lane 1
was duplicated from Fig. 1F lane 1). (* p<0.005 compared to lane 1, ** p=0.01 compared to
lane 2, Student’s t-test) Bars: D, 50 μm; d, 5 μm. See also Fig. S2.
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Figure 4. Golgi apparatus morphology is regulated by Stk25, LKB1 and GM130 expression and
Reelin signaling
A Stage III neurons that were infected with the EV-control virus had typical cis-Golgi
ribbons (GRASP65, movie S3). In contrast, the cis-Golgi in Stk25 shRNA-, LKB1 shRNA-
or GM130 shRNA-expressing neurons was fragmented (movie S5). GFP signal was omitted
for clarity. B Significantly more Stk25 knockdown neurons had fragmented Golgi
complexes compared to the EV-control and the control shRNA (n, as indicated). LKB1 and
GM130 knockdown also caused significant Golgi fragmentation as compared to EV-control
infected neurons. Stk25*-RFP expression rescued Golgi fragmentation in LKB1 shRNA but
not GM130 shRNA-expressing neurons. C Neurons overexpressing either Stk25 wt-GFP or
Stk25 K49R-GFP had condensed cis-Golgi (GRASP65 signal) compared to EV-controls
when grown in either neurobasal or control-CM. Growth in Reelin-CM partially rescued the
Golgi appearance in Stk25-overexpressing cells. GM130 and GRASP65 colocalized under
all conditions (not shown). D Golgi volume (upper panel) and the length of the longest
Golgi ribbon (lower panel) were determined (* p< 0.0001, Student’s t-test, n indicated in
bars). Bars 5 μm. See also Fig. S3.
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Figure 5. The Golgi apparatus extends into an apical process in neonatal hippocampus in a
reelin- and dab1- dependent manner
A Ctip2-positive CA1 neurons are organized into a tight lamella in wild-type brain. B
Homozygous disruption of reelin or C dab1 causes dispersion of these neurons. D Confocal
imaging through the CA1 region of the wild-type hippocampus revealed that the Golgi
apparatus (white, or green, inset) extends radially into the presumptive apical dendrite of
Ctip2-positive neurons (red, inset). E In equivalent reelin−/− or F dab1−/− mutant sections,
the Golgi is more often convoluted proximal to the nucleus (inset). Insets were selected from
regions where isolated cells could be distinquished. G The Golgi phenotype was quantified
by measuring the distance from the nucleus to the furthest tip of the Golgi ribbon. (*
p<0.0001, Student’s t-test, n indicated in bar from 3 animals per group). Bar 200 μm in C,
20 μm in F and 2 μm in inset. See also Fig. S4.
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Figure 6. Reelin stimulation leads to rapid Golgi extension into dendrites
Primary hippocampal neurons were infected with GFP-expressing viruses after 3DIV and
stimulated 3 days later. A The Golgi apparati in Reelin-CM treated neurons extended tens of
microns into dendrites, compared to little or no extension into dendrites of control-CM or
neurobasal treated neurons. B The distance between the nucleus and the tip of the Golgi was
measured for GFP-, Ctip2-positive neurons. Expression of Stk25 wt-GFP and Stk25 K49R-
GFP caused a significant reduction in Reelin-induced Golgi extension. C The Golgi of most
GFP-, Ctip2-positive Reelin-CM treated neurons extended at least 10 μm from the nucleus
into or towards a dendrite. Significantly fewer Golgi were observed in the processes of
control treated samples or Reelin-CM treated samples that also overexpressed Stk25. Yellow
arrows indicate furthest tip of Golgi ribbon from nucleus. (* p<0.0001, ** p=0.0002, ***
p<0.05 Student’s t-test, between Reelin-CM and control-treated samples and between GFP-
and Stk25-expressing samples treated with Reelin-CM) Bar 10 μm.
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Figure 7. Model of Stk25 as a scaffolding protein acting competitively with Reelin-Dab1
signaling
LKB1 is known to act in complex with STRAD to regulate cellular polarity (Alessi et al.,
2006). Reelin, the receptors ApoER2 and VLDLR, and Dab1 also form a signaling complex
(Hiesberger et al., 1999; Trommsdorff et al., 1998). STK25 coimmunoprecipitates with
STRAD and GM130 (Fig. 2S). Overexpression of LKB1, and STRAD are known to induce
the formation of multiple axons (Barnes et al., 2007; Shelly et al., 2007). Independent of its
kinase activity, STK25 does so also and induces Golgi condensation (Fig. 1F, 4A).
Knocking down LKB1, Stk25 or GM130 causes Golgi fragmentation/dispersion and lost
axon production; the opposite to Golgi condensation and multiple axon formation (Fig. 1, 3,
4, Barnes et al., 2007; Shelly et al., 2007). The overexpression phenotypes are suppressed by
Reelin stimulation. Dab1−/− neurons (Reelin signaling deficient) have multiple axons and
shorter dendrites (Fig. 1F, Niu et al., 2004). Reelin stimulation induces Golgi deployment
and dendrite growth, phenotypes suppressed by Stk25 expression/overexpression (Fig. 2, 6).

Matsuki et al. Page 20

Cell. Author manuscript; available in PMC 2011 November 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


