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GRASPs link Reelin to the Golgi during
neocortical development to control
neuronal migration and dendritogenesis
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Elisa Calvo-Jiménez, Kirsten Stam, Angélique Jossi & Yves Jossin ®

Reelin serves as a crucial regulator of brain organogenesis, playing a significant role in neuronal
positioning and dendritogenesis. At subcellular level, it influences the translocation and remodeling of
the Golgi apparatus. Despite its importance, the mechanisms by which Reelin governs the Golgi during
neuronal migration and dendrite formation remain largely unknown. This study reveals that Reelin
promotes de novo translation of Golgi Re-Assembly Stacking Proteins (GRASPs), which are essential
for the functions of Reelin on cortical neurons. Downregulation of GRASPs in migrating excitatory
neurons of the embryonic neocortex leads to disoriented cells during the multipolar phase of migration
and an aberrant leading process length during locomotion. Postnatally, it results in mislocalized
neurons displaying a disorganized Golgi structure and an improperly oriented, underdeveloped apical
dendrite. Our findings position GRASPs and their role in Golgi morphology modulation as novel
contributors to the Reelin-mediated processes during embryonic development of the mammalian

neocortex.

The development of the cerebral cortex depends on the correct migration of
its neurons from their birthplace to their final destination where they
mature. Excitatory pyramidal neurons originate at the ventricular zone (VZ)
and migrate through the cerebral wall in a dynamic manner. They transition
from locomoting and unidirectional cells to a multipolar/multidirectional
migration, then back to locomoting cells, ultimately reaching the top of the
cortical plate (CP) where they finalize their migration with a terminal somal
translocation'™". The axon is established during the multipolar stage, while
dendritic development occurs after completion of migration’. Pyramidal
neurons have a single apical dendrite that extends towards the pia featuring
apical secondary branches that terminate in layer I°. Additionally, several
shorter basolateral dendrites emanate from the cell body and receive distinct
synaptic outputs.

The Golgi apparatus is instrumental in cell polarization by directing
lipids and proteins to specific subcellular localizations, thereby influencing
the orientation of migration of various cell types, including neurons"’.
Indeed, the different steps of excitatory neurons migration are accompanied
by changes in the subcellular localization and deployment of the Golgi
apparatus’. Furthermore, the position of the Golgi apparatus and the
adjoined centrosome is determinant for axon specification during the
multipolar stage, and later for the asymmetrical development of
dendrites™ . Finally, specialized Golgi outposts populate dendrites, pro-
moting the elaboration of dendritic branches".

Defects in neocortical architecture resulting from impaired migration
or dendritic development are associated with a wide variety of human
conditions such as lissencephalies, neuronal heterotopias, intellectual dis-
abilities, epilepsy, autism spectrum disorders and schizophrenia'*™'’. The
molecular mechanisms that govern Golgi positioning and the potential links
with critical aspects of brain development are yet incompletely understood.

The Reelin pathway is a key regulator of several neuronal polarity
events occurring during neocortical development'. It ensures the proper
orientation of pyramidal neurons towards the CP during multipolar
migration'”"®, and is essential for the completion of terminal somal
translocation*””. Additionally, Reelin stimulates dendritogenesis after
completion of neuronal migration®* . Despite the growing evidence that
places Reelin signaling as a key player in the dynamics of the Golgi apparatus
during cortical development™™, the specific molecular mechanisms
involved are still largely unknown. This study aims to explore the role of a
family of Golgi structure regulators, the Golgi Re-Assembly Stacking Pro-
teins (GRASPs), in these critical Reelin-dependent processes.

The GRASPs (GRASP55 and GRASP65) self-interact to form trans-
oligomers that tether adjacent Golgi membranes into stacks and ribbons to
regulate Golgi structural plasticity in mammalian cells (Reviewed in ref. 27).
GRASP proteins are anchored to the Golgi membrane via a myristic acid
present on a N-terminal glycine. GRASP65 is predominantly found in the
cis-Golgi, while GRASP55 is more abundant in the medial- and trans-
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Fig. 1 | Reelin increases GRASPs protein levels via the stimulation of de novo
translation. A, B, D Western blots or (C) RT-qPCR results of cell lysates from E16.5
mouse cortical neurons that were cultured for 4 days, followed by a 30-minute
stimulation with Mock- and Reelin-conditioned media or small molecules inhibi-
tors. The graphs in (A, B, D) show GRASPs or GM130 protein levels measured in
Western Blot by densitometry with the Mock-stimulated condition set to 1

(mean * s.e.m.). A Reelin treatment increases GRASP65 and GRASP55 protein

levels (n = 5). B Inhibition of translation reduced the effect of Reelin on GRASP65
and GRASP55 protein level. Anisomycin was used at 40 uM for 45 min before and
during Reelin treatment (1 = 4). C The graph shows mRNA fold change after Reelin
stimulation for Grasp65, Grasp55, and Egrl (n =4). D Reelin full-length or its
fragments R3-8 and R3-6 induced an increase in GRASP65 protein level but did not
affect GM130 (n = 4). **p < 0.01, *p < 0.05, NS not significant.

cisternae. Depletion of a single GRASP in cultured cells leads to a decrease in
the number of cisternae per Golgi stack, whereas double knockout (KO) of
both GRASP proteins results in the dispersion the Golgi stack into single
cisternae™. However, several other studies concluded that loss of GRASP
proteins primarily impacts the formation of Golgi ribbons rather than the
stacks themselves (Reviewed in ref. 29). The Golgi apparatus serves as a
pivotal hub in the secretory pathway, and modifications of its structure
influence protein trafficking, sorting and glycosylation. Research conducted
in cell cultures has indicated that GRASPs are implicated in several phy-
siological processes including cell cycle progression, cell adhesion, oriented
cell migration, autophagy, and unconventional protein secretion (UPS)™*".
In accordance with their functions in UPS, GRASPs are also observed
outside the Golgi structure in other subcellular location such as endosomes,
autophagosomes and plasma membrane™**.

No overt developmental defects have been reported in the GRASP55 or
65 single KO mice’**. However, while double KO for both GRASPs is
embryonic lethal, a GRASP65 KO mouse crossed with a tamoxifen-induced
GRASP55 conditional KO showed a reduced number of cisternae per Golgi
stack and a compromised arrangement of Golgi ribbon in the small intestine
cells that were examined. It is noteworthy that these mice still express a
truncated GRASP55 which may account for the relatively mild phenotype
observed”*". Despite the critical role of the Golgi apparatus and the potential
link between GRASP proteins and human brain malformations as well as
cognitive impairment®™*, the specific functions of GRASP55 and 65 in the
developing neocortex remain unexplored.

Here, we show that Reelin induces an increase in GRASPs protein
levels via de novo translation, the inhibition of which prevents Reelin-
induced Golgi deployment and dendritic growth. In a manner akin to Reelin

inhibition, GRASPs downregulation in the developing embryonic neocortex
disrupts Golgi positioning during multipolar migration, and hinders proper
cortical lamination. After completion of migration in the postnatal brain,
the knockdown of GRASPs disrupts the polarized Golgi organization and
interferes with dendrite morphogenesis of cortical excitatory neurons
in vivo. Our findings elucidate a previously unknown function of GRASPs
in shaping the developing cerebral cortex and provide insights into the
regulatory effects of Reelin on the Golgi during these developmental
processes.

Results

Reelin increases GRASPs protein levels via the stimulation of de
novo translation

Previous research has indicated that Reelin and the LKB1/Stk25 signaling
pathway have opposing influences on the control of Golgi morphology in
hippocampal neurons through different unknown mechanisms™. Given
that GRASPs are regulators of Golgi architecture and their role in the
developing brain is unknown, we aimed to investigate their function in the
Reelin signaling pathway. Upon stimulation of cultured primary cortical
neurons with Reelin, we observed a significant increase in GRASP65 protein
levels, while a comparatively smaller effect was detected for GRASP55
(Fig. 1A and Supplementary Fig. S1). Notably, the elevations in GRASP65
and 55 protein levels induced by Reelin were significantly attenuated by the
pre-treatment with 40 uM anisomycin, a translation inhibitor, for 45 min
prior to and during Reelin exposure, indicating that de novo translation is
involved (Fig. 1B and Supplementary Fig. S1). Conversely, RT-qPCR ana-
lysis revealed that the mRNA levels of GRASPs remained unchanged by
Reelin stimulation under our experimental conditions. As a control, the

Communications Biology| (2025)8:572


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08014-x

Article

known transcriptional target of Reelin, Egrl* exhibited an increase in
expression (Fig. 1C).

Given the more pronounced effect of Reelin on GRASP65 compared to
GRASP55, subsequent experiments were focused on GRASP65. We con-
sidered the possibility that the observed increase in protein levels might also
result from degradation or processing mechanisms. However, our investi-
gations revealed that the Reelin-induced increase in GRASP65 protein levels
was not replicated by inhibitors targeting the proteasome, the lysosome, or
Caspase3 (which is involved in GRASP cleavage™’) (Supplementary Fig. S2).

Overall, these results demonstrate that the increase in GRASP protein
levels in response to Reelin is primarily attributed to de novo translation,
rather than being influenced by changes in mRNA levels or a reduction in
protein degradation. While our data establish the effect of Reelin following a
30-minute stimulation, we also found that Reelin exerts a sustained influ-
ence, continuing to modulate GRASP65 protein levels in cortical neurons
even after 15 h of exposure (Supplementary Fig S3).

Reelin undergoes processing by metalloproteinases, a crucial step that
facilitates the diffusion of specific cleavage fragments into the intermediate
zone (IZ) of the developing cortex, most likely trough the C-terminal
cleavage between the Reelin repeated domains 6 and 7. This mechanism
allows the N-terminal fragments, encompassing the N-terminus to the
second or to the sixth Reelin repeated domains (respectively N-R2 and N-
R6) and the central fragment, which includes the Reelin repeated domains 3
to 6 (R3-6), to reach multipolar migrating neurons located deeper within the
tissue at the IZ'*'"*>*, Meanwhile, the full-length Reelin (and C-terminal

fragments) remains in proximity to its source cells within the marginal
zone (MZ).

Considering that R3-6 is the smallest active fragment of Reelin
observed in vivo and is found in the CP and IZ, we tested whether this
central fragment also influences GRASPs. Our findings indicate that
both R3-6 and the larger fragment R3-8 are able to increase GRASP65
protein levels in cultured primary cortical neurons (Fig. 1D). However,
there was no observed change in the protein levels of Golgi matrix
protein 130 (GM130), another Golgi membrane protein involved in
Golgi morphology”™*’ and known to interact with and stabilize
GRASP65” (Fig. 1D).

In agreement with the hypothesis of an effect of Reelin and its frag-
ments on GRASP65 protein level at the CP and IZ, we observed a stronger
GRASP65 signal in the CP and IZ when compared to the signal at the
ventricular /sub-subventricular zone (VZ/sVZ) in vivo (Supplemen-
tary Fig. S4).

These data suggest that Reelin regulates GRASP65 in cortical neuron
located at the IZ and the CP.

Most of Reelin functions in the developing brain require the tyrosine
phosphorylation of the intracellular adapter Disabled-1 (Dabl) by the Src
family kinases (SFK) Src and Fyn’">. To ascertain whether the impact of
Reelin on GRASPs depends on this canonical Reelin signaling pathway, we
either nucleofected primary cortical neurons for the expression of sShRNAs
targeting Dab1 or treated the neurons with the SFK inhibitor PP2. We found
that the effect of Reelin on GRASP65 protein levels is inhibited by the

Fig. 2 | Reelin increases GRASPs protein levels
through the canonical Dab1 pathway. Western
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Fig. 3 | GRASPs are key effectors in the Reelin-
dependent Golgi translocation into a developing
dendrite. Primary cortical neurons were nucleo-
fected with pCAG-GFP along with Control,
GRASP65, or shGRASP65 and shGRASP55
expression vectors. After 5 days in culture, neurons
were stimulated with Reelin- or Mock- conditioned

Control
Mock

Reelin

media for 30 min. Cells were immunostained for
GM130, and Golgi location was analyzed in each
neuron. A, C The figure shows examples of neurons
with somatic Golgi (Mock) or with dendritic Golgi
reaching >8 um into a dendrite (Reelin or
GRASP65). Scale bars: 10 um. B, D The graphs show
the percentage of neurons with dendritic Golgi
(mean * s.e.m.). B n =155 cells out of 4 experiments
for Control + Mock, 157 cells out of 4 experiments
for Control + Reelin, 147 cells out of 4 experiments
for GRASP65 4 Mock, and 152 cells out of 4
experiments for GRASP65 + Reelin. D n =403 cells
out of 3 experiments for Control + Mock, 325 cells
out of 3 experiments for Control + Reelin, 270 cells
out of 3 experiments for ssGRASPs + Mock, 255
cells out of 3 experiments for ssGRASPs + Reelin.
*p < 0.05; NS not significant.
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knockdown of Dabl or by the inhibition of Dabl tyrosine phosphorylation
by SEK (Fig. 2 and Supplementary Fig. S5).

Overall, these results indicate that Reelin and its central active fragment
increase GRASPs protein levels in neurons located at the IZ and CP via the
stimulation of de novo translation, a function dependent on the canonical
Reelin pathway.

GRASPs are key effectors in the Reelin-dependent Golgi
deployment and dendritic growth
GRASPs are regulators of Golgi morphology”, and previous studies have
indicated that Reelin plays a role in the morphology and subcellular dis-
tribution of the Golgi apparatus™™. To investigate the significance of
GRASPs in Reelin-mediated Golgi deployment, primary cortical neurons
were nucleofected with either control or GRASP65 expression plasmids.
After 5 days in culture, neurons were subsequently stimulated with either
Mock- or Reelin-conditioned media. Both Reelin stimulation and the
overexpression of GRASP65 resulted in a similar increase in the proportion
of neurons exhibiting a Golgi apparatus elongated into a dendrite.
Remarkably, the combination of Reelin stimulation and GRASP65 over-
expression did not yield an additive effect, implying that they operate within
the same signaling pathway (Fig. 3A, B).

Next, two shRNAs were designed to efficiently knockdown
GRASP55 and GRASP65 expression, respectively (Supplementary
Fig. S6). In order to avoid potential compensatory mechanisms,

GRASP65 and 55 were simultaneously downregulated in the following
experiments. Primary cortical neurons were nucleofected with either
control or the shRNAs targeting GRASPs expression plasmids and
placed into culture. 5 days later, neurons were stimulated with either
Mock- or Reelin-conditioned media. The knockdown of GRASPs com-
pletely abrogated the Golgi deployment induced by Reelin in cultured
primary cortical neurons (Fig. 3C, D), further underscoring the impor-
tance of GRASPs in this Reelin-induced function.

While Reelin is known to promote dendritic growth in vitro™*, the direct
involvement of Golgi morphology modulation in this process had not been
previously examined. To explore the role of GRASPs in Reelin-stimulated
dendritic growth, primary neurons were nucleofected with control or
shGRASPs expression plasmids. The next day, cells were incubated for 3 days
with Mock- or Reelin-conditioned media. The knockdown of GRASPs effi-
ciently blocked the increase in dendritic growth induced by Reelin (Fig. 4A, B).

Altogether, these results indicate that Reelin induces an increase in
GRASPs protein levels to control Golgi remodeling and stimulate dendritic
growth.

GRASP65 and GRASP55 knockdowns disturb neuronal migration
and layer positioning in vivo

The inhibition of the Reelin pathway leads to defects in neuronal migration
and dendrite development in vivo®*'”******2, The evidence we have gathered
so far indicates that GRASPs might be involved in these Reelin-dependent
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Fig. 4 | GRASPs are key effectors in the Reelin-dependent dendritic growth.
Primary cortical neurons were nucleofected with pCAG-GFP along with Control or
shGRASP65 and shGRASP55 expression vectors. The next day, neurons were sti-
mulated with Reelin- or Mock- conditioned media for 3 days. A The figure shows 2
examples of neurons for each condition. Scale bar: 10 um. B The graph shows the

Reelin+shGRASPs

B.

* %k *

Total length of neurites (um)

total length of dendrites in um (mean + s.e.m.). n = 173 cells out of 4 experiments for
Control + Mock, 174 cells out of 4 experiments for ssiGRASPs + Mock, 188 cells out
of 4 experiments for Control + Reelin, and 181 cells out of 4 experiments for
SshGRASPs + Reelin. *p < 0.05, **p < 0.01, NS not significant.

processes and that the downregulation of GRASPs is likely to cause a
comparable phenotype. First, we sought to investigate the role of GRASP
proteins in the radial migration of cortical projection neurons. We
employed an acute loss-of-function approach using RNA interference
combined with in utero electroporation in mice. shRNAs targeting
GRASP65 and GRASP55 were co-electroporated with GFP expression
plasmids into developing cortices at embryonic day 14.5 (E14.5). Embryos
were then processed for histology at E18.5, allowing 4 days of in vivo
development. Cerebral walls from histological sections were divided into 10
bins from the apical to the basal sides, and the proportions of GFP* cells
were quantified in each bin. In control brains, the majority of electroporated
cells were localized to the upper region of the CP. In contrast, a significant
number of cells subjected to the simultaneous knockdown of GRASP55 and
GRASP65 were stalled in the multipolar migration zone (MMZ) (Fig. 5A).
The knockdown of GRASP65 alone resulted in a somewhat smaller yet
significant defect, while the shGRASP55 did not perturb migration. How-
ever, a higher concentration of siIGRASP55 was able to induce a minor but
significant position defect of the electroporated cells. Consistent findings
were observed with two additional sShRNAs targeting different sequences of
GRASP65 and GRASP55 (Supplementary Fig. S7).

The examination of brains at postnatal day seven (P7), a stage at which
migration of cortical projection neurons is complete, revealed that most of
the electroporated neurons successfully reached their final destination at the
top of the cerebral wall in control brains. In contrast, while many GRASPs
inhibited neurons were able to reach the upper layers, some of them
remained dispersed throughout the height of the cerebral wall (Fig. 5B). In
addition, the bulk of GRASPs-downregulated cells that reached the top of
the CP were positioned further away from the pia when compared to their
control counterparts (Fig. 5B).

Cortical neurons generated at E14.5 are primarily destined for the
upper layers, with a significant proportion expressing Satb2, which serves as

a marker for layer II-IV and callosal projection neurons™*. Our investi-
gation revealed that cells knocked down for GRASPs did not present dif-
ferentiation defects, as evidenced by their immunopositivity for Satb2
(Fig. 6A). Additional controls showed that downregulation of GRASPs did
not affect the Nestin™ radial glia fibers, which serve as the migratory sub-
strate for radially migrating neurons, nor did it alter the proportion of Sox2*
radial glia cells, of Tbr2" basal progenitors, or the processes of cell pro-
liferation and apoptosis (Fig. 6B-F).

Together, these results show that GRASPs regulate the migration of
cortical neurons and their subsequent positioning within the CP.

GRASPs control the orientation of multipolar neurons in vivo

To gain insight into the mechanism underlying the migration defect, we
initially analyzed the morphology of migrating neurons within the multi-
polar migration zone (MMZ) 2 days after electroporation, a period during
which the control cells are also mostly in the multipolar phase. We found
that the knockdown of GRASPs did not affect the number and length of
neurites, nor did it alter the length-to-width ratio of the cell bodies
(Fig. 7A-D).

Given that the decrease in GRASP proteins led to the accumulation of
cells at the multipolar phase during the embryonic period, and considering
that the Reelin pathway has been implicated in the orientation of multipolar
migrating neurons'”'*, we proceeded to assess the positioning of the Golgi
apparatus specifically in these cells (Fig. 7E, F). Our findings indicated a
significant disorientation of MMZ neurons following the knockdown of
both GRASP55 and GRASP65, with a substantial reduction of cells exhi-
biting their Golgi oriented towards the CP. Subsequently, we evaluated the
morphology of locomoting neurons in the radial migration zone (RMZ) 4
days after electroporation (Fig. 7G-I). The few GRASPs-inhibited loco-
moting neurons migrating in the RMZ displayed a longer leading process
compared to control cells, while the length-to-width ratio of the cell bodies
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Fig. 5 | GRASPs control neuronal migration and position in vivo. Control or
shRNA against GRASP65, GRASP55, or both (shGRASPs) were co-electroporated in
utero with the pPCAG-GFP plasmid at embryonic day 14.5 (E14.5). A 4 days later at
E18.5, cryosections were processed and labeled for DAPI (blue) and GFP (green).
The cerebral wall was subdivided into 10 equal bins. Graphs show the percentage of
cells in each bin (mean + s.e.m.). n =12 Control, 4 shGRASPs, 8 shGRASP65,

3 shGRASP55, 5 shGRASP55 (High), 3 s\GRASP65 (High). Scale bar 100 pm. VZ:
Ventricular zone, MMZ: Multipolar migration zone, RMZ: Radial morphology zone.

B 12 days later at postnatal day 7 (P7), brains were fixed, cut into 100 um slices, and
processed for microscopy. The average distance between the bulk of electroporated
neurons that are located in the upper area, and the cortical surface was measured.
The cells that are still migrating in the lower part of the cerebral wall were not
included in this measurement. Scale bar 200 pm. The graph shows average distance
from the cortical surface (mean + s.e.m.). n =4 Control, 3 shGRASPs. *p < 0.05,
#¥p < 0.01, ¥¥¥p < 0.001.

remained consistent across both experimental conditions. Although axonal
growth was not specifically investigated, we noted the presence of an axon at
the rear of locomoting neurons from both control and GRASPs-
downregulation conditions (Fig. 7G).

These data indicate that GRASPs play a significant role in guiding the
migration of multipolar neurons towards the CP, as evidenced by the mis-
positioning of the Golgi apparatus. This defect is likely a contributing factor
to the neuronal positioning abnormalities observed in later postnatal stages.

GRASPs control Golgi distribution and dendrite morphogenesis
in postnatal brains in vivo

Our findings indicate that GRASPs play a role downstream of Reelin in the
regulation of Golgi distribution and dendrite development in vitro. Con-
sequently, we aimed to investigate the function of GRASPs in neocortical
dendritogenesis in vivo. In the cerebral cortex, the process of dendrite
morphogenesis starts following the completion of neuronal migration. We
investigated the consequences of GRASPs knockdown on dendritic devel-
opment of neurons that were electroporated at E14.5 and analyzed at P7. To

assess potential alterations in the morphology of neurons located in layer
II/I11, we conducted GFP fluorescence-based reconstructions after sparse
labeling of electroporated neurons, which allowed the observation of den-
drites from distinctly separated cells®. As expected, control neurons
exhibited a long primary apical dendrite facing perpendicularly the pial
surface, a few secondary dendritic branches extending into layer I, and
several smaller basal dendrites emanating from the cell body (Fig. 8A, B). In
contrast, depletion of GRASP55 and 65 resulted in a shorter apical dendrite
(Fig. 8A-C), which extended obliquely towards the pial surface (Fig. 8A, B,
D), while the basal dendrites exhibited increased length compared to those
in control neurons (Fig. 8A, B, E). These results imply that GRASPs are
crucial for the oriented asymmetric growth of dendrites in vivo.

To validate the similarities with the Reelin pathway in dendrite mor-
phogenesis in vivo, we employed a dominant negative form of one of the
Reelin receptors, VLDLR (VLDLRAC), previously used and validated'”. We
further confirm here its ability to inhibit the Reelin-induced Dabl phos-
phorylation in primary cortical neurons (Supplementary Fig. S8). The
suppression of the Reelin pathway produced a comparable, albeit less
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Fig. 6 | GRASPs inhibition does not affect cell fate, radial glia fibers morphology,
or proliferation and death of electroporated cells. In utero electroporation for the
expression of GFP (Control) or GFP along with shGRASP65 and shGRASP55 was
performed at embryonic day E14.5 and analyzed 2 days later. Neurons were labeled
for GFP (green) and specific markers (magenta). Inhibition of GRASPs did not

affect: A neuronal fate. GRASPs-depleted multipolar neurons (green) are positive for
Satb2. B the radial glia fibers (Nestin), C cell division (Ki67), D apical (Sox2) or

Contralateral

Contralateral shGRASPs

Nestin

Control

Sox2

GFP+Sox2+ cells

Relative

Caspase-3
GFP+Caspase-3+ cells

Relative

E basal (Tbr2) progenitor cells, or F cell survival (cleaved Caspase-3). The graphs
show the quantification of the number of labeled electroporated cells in a constant
area of each section and averaged across sections from at least three different
embryos for each antibody. Values are normalized to control (set to 1). (mean +
s.e.m.). n =3 Control and 3 shGRASPs. NS not significant. Scale bars: 100 pm in (A)
and 50 pm in (B-E).

pronounced, impact on the growth of apical and basal dendrites in vivo
when compared to the knockdown of GRASPs (Fig. 8A-E). We then
investigated the positioning and morphology of the Golgi apparatus. Unlike
control cells that displayed a polarized Golgi extending from the soma to the
apical dendrite, neurons inhibited for GRASPs or for the Reelin pathway
exhibited a disorganized Golgi dispersed across multiple dendrites (Fig. 8F).
Overall, these findings indicate that inhibitions of GRASPs and of the Reelin
pathway lead to similar defects in Golgi distribution, along with faulty
dendritogenesis. However, the knockdown of GRASPs manifests a more
pronounced phenotype compared to the inhibition of Reelin. Indeed, the
silencing of GRASPs by shRNAs likely exerts a stronger effect on its protein
levels compared to VLDLR(AC) overexpression, which only prevents the
upregulation of GRASPs induced by Reelin and does not affect the basal
levels of GRASPs proteins.

Discussion

In the majority of cells, the Golgi apparatus plays a crucial role in estab-
lishing cellular polarity. As a key element of the secretory pathway, its
specific localization within subcellular regions directs secretory activities
toward a determined side of the cell. The Golgi’s mobility is attributed to the
dynamic nature of its structure, which is modulated by various structural
proteins, such as GRASP55 and GRASP65, in conjunction with Golgins and
other interacting partners”. For instance, GRASP65 is essential for orienting
the Golgi towards the leading edge in normal rat kidney cells (NRK cells)
during migration from a scratch wound™. In this study, we investigated the
role of GRASPs in the development of the cerebral cortex. The knockdown

of one or both GRASPs resulted in impaired migration of projection neu-
rons within the embryonic cerebral wall, causing a delay in their positioning
within the CP. This was partly due to the disorientation of the multipolar
migration, which was associated with abnormal Golgi positioning and
aberrant length of the leading process during locomotion. Postnatally, the
downregulation of GRASPs led to an inadequate polarized Golgi mor-
phology and disrupted dendrite morphogenesis, characterized by a shorter
misoriented apical dendrite and more developed basal dendrites, along with
a shift in the position of the neuronal soma. Additionally, we discovered that
the stimulation of neocortical neurons by Reelin enhances the protein levels
of GRASPs through de novo translation. This increase is critical for initi-
ating Reelin-dependent morphological alterations in the Golgi apparatus,
which are known to influence Golgi functions and promote dendritic
growth. The effects of Reelin on Golgi deployment and dendritic growth are
both abrogated by the knockdown of GRASPs. Supporting these new
findings, the phenotypes we observed in the developing neocortex following
GRASPs downregulation closely resemble those resulting from the absence
of Reelin signaling as previously documented™'”'******* and in this study.
Our findings align with previous research indicating that Reelin plays a
crucial role in the remodeling of the Golgi apparatus in both cultured
neurons and in vivo studies™°. It was proposed that Reelin and the LKB1/
Stk25 signaling pathways exert opposing influences on Golgi morphology,
albeit through different mechanisms that remain to be elucidated”. In this
study, we suggest a potential mechanism whereby Reelin promotes Golgi
remodeling, at least partially, by enhancing the levels of GRASPs proteins.
We further show that Reelin selectively upregulates de novo translation of
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Fig. 7 | GRASPs control multipolar neurons' orientation in vivo. Control or
shRNA against GRASP65 and GRASP55 were co-electroporated in utero with
pCAG-GFP at E14.5. A-F 2 days or (G-I) 4 days later, cryosections were processed
and labeled for histology. A-E Inhibition of GRASPs did not alter multipolar neu-
rons development/morphology. A High magnification of GFP * multipolar neurons
within the MMZ overexpressing control or sstGRASPs. Arrows indicate the neurites
emanating from neurons. B Proportion of GFP * cells with the indicated number of
neurites within the MMZ. n = 129 neurites out of 31 cells out of 3 control brains,
n =128 neurites from 32 cells out of 3 shGRASPs brains. C Average multipolar
neurons neurite length. n = 71 neurites from 19 cells out of 4 control brains, n =75
neurites from 20 cells out of 4 sShGRASPs brains. D Ratio of length/width of the GFP
" cells within the MMZ as an indicator of cell shape. n =19 cells out of 4 control
brains, n = 20 cells out of 4 shGRASPs brains. E, F GRASPs-inhibited multipolar
neurons are disoriented. E The Golgi marker mScarlet-Giantin-Ct (purple) was co-

expressed by MMZ neurons (green). The figure shows examples of multipolar
neurons with their Golgi facing the CP (white arrows) or facing other directions
(white arrowheads). F The graph shows the percentage of cells with Golgi oriented
towards the cortical plate. n = 332 cells out of 13 control brains, n = 187 cells out of
9 shGRASPs brains. G-I Inhibition of GRASPs affected the length of the leading
process but not the length-to-width morphology of radially migrating cells. G High
magnification of GFP * locomoting neurons within the RMZ following over-
expression of shRNA control or against GRASPs. Arrows indicate the leading
process (LP), arrowheads the axon (A), and (8S) is for Soma. H Length of the leading
process of GFP * locomoting cells within the RMZ. n = 22 cells out of 3 control
brains, n =24 cells out of 4 shGRASPs brains. I Ratio of length/width of the GFP *
cells within the RMZ as an indicator of cell shape. n = 22 cells out of 3 control brains,
n =24 cells out of 4 s\IGRASPs brains. (mean + s.e.m.). Scale bars: 40 um for (A),
10 pm for (B, F); ***p < 0.001, NS Not significant.

GRASPs while not affecting GM130, another structural Golgi protein.
Selective translation depends on several factors such as the joint action of cis-
acting regulatory elements within the mRNA and trans-acting factors such
as RNA binding proteins and microRNAs™*. The activity and/or specificity
of these regulatory factors can be modified by post-translational
modification.

The significance of this increase in GRASPs for the elongation of the
Golgi ribbon induced by Reelin warrants consideration. Recent investiga-
tions have demonstrated that the formation of Golgi ribbon, rather than
merely the stacking of cisternae, is contingent upon GRASPs'"*". It is
plausible that the formation of the Reelin-induced elongation of the Golgi
structure within a single dendrite necessitates elevated GRASPs levels to
preserve the connectivity of stacks within the ribbon, thereby facilitating

inter-stack exchange and the flow of cargo through the Golgi*’. This could
have implications for protein trafficking, sorting, or glycosylation processes.
The type of secretion influenced by Reelin and GRASPs in this context
remains to be determined. While classical protein secretion may be impli-
cated, it is also conceivable that GRASPs functions in unconventional
protein secretion are involved. Notably, although COPII and COPI trans-
port is not essential for unconventional secretion, the rims of Golgi cisternae
may serve as a critical source of membranes or a surface for proteins
necessary for unconventional secretion*"*. Consequently, loss of rim link-
ing and Golgi ribbon formation following GRASPs depletion would also
impact this process.

Our findings indicate that both Reelin stimulation or GRASP65
overexpression lead to a similar deployment of an elongated Golgi ribbon
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Fig. 8 | GRASPs control Golgi distribution and dendrite morphogenesis in vivo.
shRNA against GRASP65 and GRASP55 or a Dominant Negative (DN) VLDLR were
co-electroporated in utero with pCAG-GFP and the Golgi marker pCAG-mScarlet-
Giantin-Ct at E14.5. 12 days later at P7, brains were fixed and cut into 100 um-sections
to visualize GFP (green) and mScarlet-Giantin-Ct (Red). A Representative GFP" neuron
for each condition. Scale bars: 50 um. B Camera lucida drawings of representative
neurons displaying the apical (blue) and basal (red) dendrites. C-E The graphs show
(C) the average length of the primary apical dendrite. Control 7 =115 from 4 brains,
VLDLR(AC) n =76 from 3 brains, and shGRASPs #n =42 from 3 brains.; (D)

Quantification of the angle of the apical dendrite from the soma. This graph depicts the
degrees by which the apical dendrites deviate from the expected 90° towards the pial
surface. Control n =107 from 4 brains, VLDLR(AC) n =75 from 3 brains, and
shGRASPs n = 37 from 3 brains; (E) the average length of the primary basal dendrites.
Control n = 110 from 4 brains, VLDLR(AC) n = 78 from 3 brains, and shGRASPs n = 34
from 3 brains. (mean + s.em.). *p < 0.05, ***p < 0.001. F Representative GFP* mScarlet-
Giantin-Ct * neurons for each condition. Arrows show the localization of Golgi
structures.
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into a single dendrite. Furthermore, downregulation of GRASPs prevents
the effect of Reelin on the Golgi apparatus and on dendritic growth. The
elongation of the Golgi ribbon into the apical dendrite may play a crucial
role in the establishment of Golgi outposts, thereby promoting dendrite
growth and branching'"". If this process is disrupted, it could result in the
unregulated development of basal dendrites, as observed here when the
Reelin pathway or GRASP proteins are inhibited in vivo.

Interestingly, cells destined for layer II/III and knocked down for
GRASPs position their soma in the upper layers, albeit at a greater distance
from the pial surface compared to control cells. This observation is remi-
niscent of a defect in the terminal somal translocation, the final phase of
cortical pyramidal neuron migration, which is also regulated by Reelin and
its downstream effector Rap1>**. It is plausible that a5B1 integrin is among
the proteins whose secretion is modulated by GRASPs to facilitate terminal
translocation’*".

The Reelin signaling pathway may not be the sole mechanism capable
of regulating GRASPs protein levels in the developing brain. Other path-
ways may also play a role, either independently or in conjunction with the
Reelin pathway. For instance, the Unfolded Protein Response (UPR) has
been shown to enhance GRASP55 protein expression in cortical neurons®.
Interestingly, recent studies suggested noncanonical roles for UPR during
the embryonic development of neurons in the central nervous system®.

Our findings indicate that GRASPs are upregulated by Reelin through
de novo translation rather than at the transcriptional level or through
inhibition of protein degradation. However, it is important to consider that
additional mechanisms, such as phosphorylation, may also influence the
regulation of GRASPs activity by Reelin®***”. Unfortunately, to date, our
attempts to utilize specific phospho-GRASP antibodies have not yielded
successful results.

Early studies found that, after its secretion, Reelin is processed at two
major sites between the second and third Reelin repeats (N-terminal clea-
vage) and between the sixth and seventh repeats (C-terminal cleavage),
producing five fragments (named N-R2, R3-6, R7-8, N-R6 and R3-8) that
could be observed using antibodies against N-terminal, central and
C-terminal epitopes'**”***". The central fragment (R3-6), containing Reelin
repeats three to six, is necessary and sufficient to perform some of Reelin’s
functions, such as the formation of a well-organized embryonic cortical
plate (CP)"**. Nevertheless, the two processing sites seem to carry different
physiological significances.

The C-terminal processing might be important to allow N-R6 and the
central fragment of Reelin to diffuse within the tissue, enabling them to reach
and trigger the signal in multipolar neurons'. Indeed, immunofluorescent
staining using antibodies against different Reelin epitopes revealed that pro-
cessing fragments containing the N-terminal and/or central epitopes (N-R2,
R3-6 and/or N-R6) diffuse from the site of Reelin secretion at the MZ into the
CP and the IZ of the embryonic cerebral cortex, while fragments containing
the C-terminal epitope (therefore including the full-length Reelin, R3-8 and
R7-8) are only localized at the MZ". Later, another study corroborated these
results. Using an antibody that recognizes unprocessed Reelin, they show that
the full-length protein is only present near the Cajal-Retzius cells, while an
antibody against an N-terminal epitope exhibits a staining deeper in the
tissue”. Therefore, the full-length Reelin could not trigger an increase in
GRASPs protein levels and regulate the Golgi in neurons of the IZ. But, we
show in this work that R3-6 is also affecting GRASPs protein levels, supporting
the ability of Reelin to regulate GRASPs in multipolar neurons at the IZ.

On the other hand, previous studies claimed that the processing of
Reelin at the N-terminal site reduces the degree of phosphorylation induced
in the intracellular adapter Disabled 1 (Dab1)"*’". However, a more recent
model suggests that the N-terminal cleavage rather regulates the duration of
Reelin signaling but might be dispensable for neuronal migration®*”.

Overall, our research provides new insights into the relationship
between Reelin and the regulation of the Golgi apparatus, as well as polarity
events that occur during various stages of brain development, including
neuronal migration and dendritogenesis. Future investigations will be
essential to further clarify the molecular interactions between the Reelin

signaling pathway and GRASPs, to understand the implications of this
interaction for Golgi remodeling and protein secretion, and to identify other
proteins that Reelin may regulate through GRASPs while elucidating their
roles in neocortical development.

Material and methods

Mice

Animal procedures were carried out in accordance with European guide-
lines and approved by the animal ethics committee of the Université
Catholique de Louvain. CD1 mice were bred in standard conditions. The
day of vaginal plug was considered as embryonic day 0.5 (E0.5).

In utero electroporation

In utero microinjection and electroporation were performed at E14.5 as
essentially described”. In brief, timed pregnant CD1-mice were anesthe-
tized, and uterine horns were exposed under sterile conditions. DNA
plasmid solutions at 1 pg/ uL were mixed in 10 mM Tris, pH 8.0, with 0.01%
Fast Green. DNA solution was injected into the lateral ventricles of the
embryos using needles for injection that were pulled from Wiretrol II glass
capillaries (Drummond Scientific) and calibrated for 1pL injections.
Forceps-type electrodes (Nepagene) with 5 mm pads were used for elec-
troporation at five 50 ms pulses of 45 V, using ECM830 electroporation
system (Harvard Apparatus). The uterine horns were then placed back into
the abdominal cavity, and mice were sutured to allow the continuation of a
normal development. Brains were collected at E16.5 and E18.5 (neuronal
migration studies) or postnatal day (P) 7 (dendrite development studies).

Histology and cytology immunofluorescence

Brains were collected at E16.5, E18.5 (neuronal migration) or P7 (dendrite
development), dissected, and successful electroporations were selected by
fluorescence visualization. Positive brains were fixed in a 3.7% paraf-
ormaldehyde (PFA) in phosphate-buffered saline (PBS) solution at 4 °C for
3h for embryonic brains, or overnight for postnatal brains. Embryonic
brains were cryoprotected in a 30% sucrose/PBS solution overnight at 4 °C,
frozen in optimal cutting temperature compound (OCT) previous sec-
tioning with a cryostat at a thickness of 12 um, and placed on slides. For
selected antibodies, sections were antigen retrieved by immersion of the
slides in 0.01 M sodium citrate buffer, pH 6.0, at 95 °C for 20 min. Dis-
sociated neurons cultured on a coverslip were fixed for 10 min in 3.7% PFA
PBS solution. Sections and coverslips were permeabilized for 15 min in 0.4%
Triton X-100/PBS and blocked for 30 min or 1h with 4% normal goat
serum (NGS) in the permeabilization solution. Primary antibodies were
diluted in the blocking solution and sections incubated overnight at 4 °C or
cells 1 h at room temperature, followed by a three washing steps in 0.4%
Triton X-100/PBS. Secondary antibody incubations were 1h at room
temperature in the blocking solution. Nuclei were stained with 4,6-
diamidino-2-phenylindole (DAPI), and slides and cells were washed two
times with 0.4% Triton X-100/PBS and one time with PBS. Sections and cells
were coverslipped with Fluorescence mounting medium (Dako). Images
were acquired with a Zeiss AxioVert.Al fluorescence microscope. Postnatal
brains were washed three times for 5 min in PBS, embedded in 4% agar/PBS,
and sectioned with a vibratome at 100-pm-thickness. Nuclei were floated-
stained with DAPI and sections were then washed three times for 5 min in
PBS. Sections were mounted on slides and coverslipped with Mowiol (25%
Glycerol, 10% Mowiol 4-88, 0.1 M Tris pH 8.5, and 2.5% Diazobicyclo-
octane). Images were acquired with an Olympus FV1000 confocal micro-
scope as 1.5-pm-spaced z-stacks with a 20X objective. Z-sections were
stacked using the “Average intensity” method and analyzed with the Neu-
ron]J plugin (E. Meijering 2004) from Image] software. The scale used was
1.6103 pixels/um.

Production of recombinant Reelin, R3-8, and R3-6 fragments

HEK293T cells cultured in standard conditions were transfected with the
Reelin, R3-8, or R3-6 cDNA constructs® using Polyjet reagent (Tebu-Bio).
The day after transfection, medium was replaced for serum-free medium
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and collected 2 days later with the addition of an EDTA-free protease
inhibitor cocktail (Complete, Roche). The media were stored at 4 °C until
use, when it was concentrated with a 100 K Amicon Ultra filtered columns
(Millipore) to reach the approximate concentration of 400 pM, as previously
described®. Concentrated medium was dialyzed for 30 min against neu-
ronal culture medium with plain PTFE Membrane Filters (Millipore). Mock
medium was prepared from control transfected HEK293T cells and used to
monitor potential co-purifying proteins.

Primary cortical neurons isolation, nucleofection and culture
Neurons were dissected from E14.5 to E17.5 mouse embryo cerebral cortices
and seeded on 12-well plate coated with poly-D-lysine and E-C-L (Entactin-
Collagen IV-Laminin) Cell Attachment Matrix (Upstate Biotechnology) ata
density of 4-6 x 10° cell per well. Cells were cultured in Neurobasal medium
(Gibco) supplemented with 2% B27 and 1% Penicillin/Streptomycin at
37°C in a 5% CO, incubator. After 3 days in culture, neurons were sti-
mulated with Reelin or Mock-conditioned media. Epoxomicin (Sigma) at
250 nM for 4 h inhibits the proteasome; Leupeptin (Roth) at 0.3 mM for 2 h
inhibits the lysosome; Z-VAD-FMK (Selleckchem) at 100 uM for 24h
inhibits Caspase3-dependent cleavage; Anisomycin (Selleckchem) at 40 uM
for 45 min inhibits protein translation. DNA plasmid nucleofection was
performed with the Amaxa electroporator as described by the manufacturer
using the A-033 program and 0.2 mm cuvettes. Cells were resuspended in
100 pL of electroporation buffer plus 3-5 ug of plasmid DNA. Neurons
recovery was in Neurobasal medium + 10% of Horse serum (Fisher). For
biochemistry, cells were lysed with ice-cold NP-40 buffer (150 mM NaCl,
50 mM Tris-HCl (pH 8.0), 1% NP-40, 5mM EDTA, and protease and
phosphatase inhibitor cocktail (Roche)). For immunofluorescence, cells
treated as described above.

Cell lines culture

HEK293T or HeLa cell lines (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100
IU/mL penicillin, and 100 mg/mL streptomycin. Cells were cultured in
mycoplasma-free conditions at 37 °C under 5% CO,. Transfection was
performed with the PolyJet reagent (Tebu-Bio), following the manu-
facturer’s instructions. Transfected cells were incubated overnight
before cell lysis for protein analysis or before fixation for
immunofluorescence.

RT-qPCR

Reverse transcription was performed with the iScript cDNA synthesis kit
(Biorad), using aliquots of total RNA extracted from neurons obtained with
the PureLink RNA Mini Kit (Invitrogen). Quantitative PCR reactions were
performed in triplicate using the iTaq Universal SYBR Green Supermix
(Bio-Rad) on an iCycler IQ multicolor real-time PCR detection system (Bio-
Rad) using the Bio-Rad CFX manager software. Primer sequences (all in
5'-3" orientation) of target genes and probes are as follows: GAPDH
(TGCGACTTCAACAGCAACTC and ATGTAGGCCATGAGGTC
CAC); GRASP65 (TGACCTCCACAGCTGTTTCA and CTGGACT
GTCTGGGAAGGAG); GRASP55 (CAGCCTCTCCAACTTCAACC and
AGGTGCAATGCCAGGTAAGT); Egrl (GAGCGAACAACCCTATGA
GC and GAGTCGTTTGGCTGGGATAA). The relative quantification in
gene expression was determined using the 2-AACt method™, and GAPDH
was used as a reference gene. Using this method, we obtained the fold
changes in gene expression normalized to an internal control gene, and
relative to one line (calibrator).

Western blot

Proteins were separated by SDS-polyacrylamide gel electrophoresis in Running
buffer containing 25 mM Tris Base, 192 mM Glycine, and 0.1% SDS, and then
transferred to PVDF membrane (Fisher) in Transfer buffer (25 mM Tris Base,
192 mM Glycine, and 20% methanol) by electroblotting. Transferred mem-
branes were blocked in 5% skimmed milk with 0.05% Tween 20/PBS or in 5%
Bovine Serum Albumin (BSA) with 0.05% Tween 20/TBS, both cases for 1 h at

room temperature. Antibody incubations were performed in blocking solution,
overnight at 4°C for primary antibody and 1h at room temperature for
secondary antibody conjugated to horseradish peroxidase. Antibody incuba-
tions were followed by three washings in PBS or TBS with 0.05% Tween
20. Detection was carried out with the Supersignal West Pico chemilumines-
cent substrate (Pierce) and exposed to Hyperfilm ECL (Amersham
Biosciences).

Antibodies

The following antibodies were used for immunofluorescence: mouse anti-
Ki67 (Beckton Dickinson), mouse anti-Sox2 (Cell Signaling), rabbit anti
Tbr2 (Abcam), mouse anti-Satb2 (Abcam), rabbit anti-cleaved caspase 3
(Cell Signaling), mouse GM130 (Beckton Dickinson), and Goat secondary
antibodies labeled with Alexa 488, 568, and 647 (Invitrogen).

The following antibodies were used for biochemistry: mouse anti-
HA.11 clone 16B12 monoclonal antibody (Eurogentec), anti mono- and
poly-ubiquitinated antibody clone FK2 (Enzo), mouse anti-p-Actin
(Thermo Pierce), anti-phosphotyrosine antibody 4G10 (Upstate Bio-
technology), anti-Reelin R4B directed against the central fragment”, rabbit
anti-GFP (Invitrogen), mouse GM130 (Beckton Dickinson), rabbit anti-
GRASP55 (Invitrogen), rabbit anti-GRASP65 (Invitrogen), mouse anti-
GRASP65 (Santa Cruz), and goat anti-mouse or anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling).

Vector construction

VLDLRAG, described before, contains the extracellular and transmembrane
regions and was deleted for part of its cytoplasmic tail (residues 828-873).
pmScarlet_Giantin_C1 was a gift from Dorus Gadella (Addgene plasmid #
85048; http://n2t.net/addgene:85048; RRID:Addgene 85048) and inserted
into the pCAG vector by PCR using junction primers at the EcoRI and Kpnl
sites already present in the sequence. GRASP65 and GRASP55 were ampli-
fied from E16.5 embryonic mouse cortex and cloned into the pCAG vector
with a HA or a GFP tag inserted. Double-stranded oligonucleotides coding
for GRASP55 shRNA #1 (target sequence, 5- GCTATGGTTATTTG
CACCGAA -3'), GRASP55 shRNA #2 (target sequence, 5- CCCIG
TCATGACTACTGCAAA -3'), GRASP65 shRNA #1 (target sequence, 5'-
CTCTGAAGCTGATGGTGTATA -3'), GRASP65 shRNA #2 (target
sequence, 5- ACCTCACAACTTACTGCCTTT -3') were cloned down-
stream of the U6 promoter into the pSilencer2.1-CAG-Venus (pSCV2)-
plasmid (a kind gift from F. Polleux, the Scripps Research Institute). Control
shRNA (target sequence, 5- ACTACCGTTGTTATAGGTG -3') cloned into
pSCV2 is a generous gift from P Vanderhaeghen (VIB-KULeuven).

Statistics and reproducibility

In order to avoid bias, picture acquisitions and measurements for neuronal
cultures were performed on blinded coverslips. Statistical significance was
determined by a Student’s t-test for two-population comparisons, or one-
way ANOVA followed by Bonferroni’s post hoc test for multiple compar-
isons across N samples, where N is either the number of cells, the number of
embryos, or the number of experiments as defined in the figure legends.
Data are reported as means + standard error of the means (s.e.m.), and the
statistical significance was set as P value of <0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information. The source data behind the graphs in
the paper can be found in Supplementary Data 1.
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