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VPS45, GOLPH3, PI4KIIIα in M18-1 KO Golgi abnormalities

VPS45-, GOLPH3- and PI4KIIIα-dysfunction are not
the single causes for Golgi abnormalities in
Munc18-1 knockout neurons
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Departments of 1Functional Genomics, 2Clinical Genetics, Center for Neurogenomics and Cognitive Research (CNCR),
VU University Amsterdam and VU Medical Center, de Boelelaan 1085, 1081 HV Amsterdam, The Netherlands.
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Abstract
The Golgi apparatus is a dynamic cell organelle with a central role in processing and sorting
proteins to the secretory pathway. Munc18-1 knockout (KO) neurons degenerate in vivo
and die within 3-7 days in vitro (DIV) via an atypical pathway that involves a condensed
cis-Golgi. Here, we investigated possible mechanisms that lead to a condensed cis-Golgi in
Munc18-1 KO neurons. We showed that depolymerization of actin by Latrunculin B (LatB)
in wild-type neurons mimics the condensed cis-Golgi phenotype observed in Munc18-1 KO
neurons. Published knockdown/knockout phenotypes for vacuolar protein sorting 45 (VPS45)
and Golgi Phosphoprotein 3 (GOLPH3) resemble the Munc18-1 KO cis-Golgi phenotype.
However, overexpression of these proteins did not rescue neuronal survival or cis-Golgi
morphology in Munc18-1 KO neurons. Expression of the phosphatidylinositol 4-phosphate
(PI(4)P) probe P4M-SidM-GFP produced rather diffuse signals, but also accumulated at the
Golgi. The P4M-SidM-GFP signal indicated a 20% reduced Golgi PI(4)P pool in Munc18-1
KO neurons. The brain levels of phosphatidylinositol 4-kinase IIIα (PI4KIIIα) were reduced
by a similar percentage in Munc18-1 KO. However, PI4KIIIα overexpression did not rescue
neuronal survival or cis-Golgi morphology. Together our data exclude VPS45-, GOLPH3- and
PI4KIIIα-dysfunction as single causes of the cis-Golgi abnormalities in Munc18-1 KO neurons.
Additionally, our data suggest that changes in phosphoinositides metabolism might contribute
to the condensed cis-Golgi in Munc18-1 KO neurons.
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Introduction
The Golgi apparatus is a cytoplasmic organelle with a central role in transporting, processing
and sorting proteins to the secretory pathway118,119. This organelle is very dynamic and
undergoes disassembly/fragmentation during mitosis to produce clusters of vesicles that
disperse throughout the cytoplasm134,251. A similar Golgi fragmentation is observed during
apoptosis39,135,136. Therefore, a fragmented Golgi is an early pre-clinical feature in postmitotic cells that precedes the neurodegenerative loss of cell bodies and axons of neurons in
Alzheimer’s disease (AD)147,148,150, Amyotrophic Lateral Sclerosis (ALS)140,142,143 and Parkinson’s
disease (PD)151. An additional Golgi morphology defect is a condensed Golgi apparatus. This
phenotype was first observed as a consequence of depolymerization of F-actin by actin toxins
such as Latrunculin B (LatB), Cytochalasin D (CytoD) and Clostridium Botulinum C2 toxin
(C2 toxin)125,126. Preceding Golgi compactions, F-actin depolymerization leads to a perforation/
fragmentation of the Golgi apparatus, followed by a severe swelling of the Golgi cisternae.
Jasplakinolide stabilizes actin filaments, leading only to cisternae perforation/fragmentation,
but not to Golgi condensation126,252. A condensed Golgi has been observed as an early hallmark
in neurodegeneration in neurons lacking presynaptic proteins (chapter 2). The mechanism(s)
underlying the condensed Golgi are still not fully understood.
A condensed Golgi may also be caused by depletion of phosphatidylinositol
4-phosphate (PI(4)P)127,128. PI(4)P is a phosphorylated form of phosphatidylinositol70. PI(4)P
is the main phosphoinositide at the Golgi and changes in PI(4)P levels affect Golgi functions
and morphology65. PI(4)P interacts with many Golgi proteins and can function as a coreceptor with ARF1 to recruit cytosolic proteins crucial for Golgi membranes65,253. Besides the
Golgi apparatus, PI(4)P is also important at the endosomal system, at the plasma membrane
(PM) and in controlling signaling events by regulating phosphatidylinositol 4,5-biphosphate
(PI(4,5)P2) synthesis70,254. PI(4)P is generated by four isoforms of phosphatidylinositol
4-kinases, PI4KIIα, PI4KIIβ, PI4KIIIα and PI4KIIIβ, with functions and localization at the
Golgi apparatus, endosomal system, endoplasmic reticulum (ER), nucleus and at the PM
according to the isoform255-257 GOLPH3 (Golgi Phosphoprotein 3) is localized at the Golgi
apparatus and binds to PI(4)P, it also interacts with an unconventional myosin 18A (MYO18A),
linking the Golgi to the actin cytoskeleton by exercising a tensile force that extends the Golgi127.
Knockdown of GOLPH3 or MYO18A leads to a condensed Golgi127. Hence, PI(4)P is the main
phosphoinositide at the Golgi and interacts with GOLPH3 and MYO18A, creating a bridge
responsible for the normal Golgi morphology127. By studying the individual components of this
mechanism, new insights on the condensed Golgi, observed in neurons lacking presynaptic
proteins crucial for neuronal survival (chapter 2), could be disclosed.
Munc18-1, a Sec1/Munc18 (SM) protein, is a presynaptic protein crucial for synaptic
transmission and cell survival26,27,184. Depletion of this protein resulted in a condensed cisGolgi at an early stage of neuronal development and before massive cell death (chapter 2).
This condensed cis-Golgi is not caused by the accumulation of syntaxin-1 at the Golgi, neither
its targeting defect to the PM (chapter 2). Vacuolar protein sorting 45 (VPS45), another SM
protein, is important for the regulation of vesicle transport to lysosomes and endosomes and
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knockdown of this protein also leads to a condensed Golgi258,259. Understanding the mechanism
that leads to a condensed cis-Golgi in neurons lacking Munc18-1 can unravel new pathways
responsible for Golgi abnormalities and neuronal cell death.
Therefore the aim of this study is to better understand the mechanism responsible
for the cis-Golgi defect observed in Munc18-1 knockout (KO) neurons. We performed genetic
manipulation in cortical neurons followed by immunocytochemistry and live cell imaging. We
aimed at restoring the normal Golgi morphology by overexpressing proteins known to cause
similar Golgi phenotypes when their expression is inhibited/abolished. We also investigated
the role of actin depolymerization and phosphoinositides in the condensed Golgi mechanism.
Our data excluded GOLPH3, VPS45 and PI4KIIIα as single causes of the condensed cis-Golgi
observed in Munc18-1 KO neurons. Furthermore, we have found a phenocopy of Munc18-1 KO
cis-Golgi in wild-type (WT) neurons treated with LatB and a decrease in the Golgi signal of the
PI(4)P probe, P4M-SidM-GFP, suggestive of a decrease in the Golgi PI(4)P pool in Munc18-1
KO neurons. These data suggest that changes in phosphoinositide metabolism may contribute
to the condensed Golgi in Munc18-1 KO neurons.
Material and Methods
Animals
Munc18-1 KO mice were generated as described previously27. Embryonic day 18 (E18) embryos
were obtained by caesarian section of pregnant females from timed mating of Munc18-1
heterozygous mice. Munc18-1 KO mice are still born and can be easily distinguished from wildtype or heterozygous littermates. Animals were housed and bred according to the Institutional,
Dutch and US governmental guidelines.
Neuronal cultures
Hippocampi and cortices were separately collected in ice-cold Hanks Buffered Salt Solution
(HBSS; Sigma) buffered with 7 mM HEPES (Invitrogen). Meninges were removed and neurons
incubated in Hanks-HEPES with 0.25% trypsin (Invitrogen) for 20 min at 37°C. After washing,
neurons were triturated with fire polished Pasteur pipettes and counted in a Fuchs–Rosenthal
chamber. Neurons were plated in pre-warmed Neurobasal medium (Invitrogen) supplemented
with 2% B-27 (Invitrogen), 1.8% HEPES, 0.25% glutamax (Invitrogen) and 0.1% Pen/Strep
(Invitrogen). Network cultures were created by plating 25-50 K/well on 18 mm glass coverslips
or 250K/well on a 35 mm glass bottom dish of cortical neurons on a confluent layer of rat glia
grown on etched glass coverslips sprayed with a 0.1 mg/ml poly-d-lysine and 0.2 mg/ml rat tail
collagen (BD Biosciences) solution.
Constructs, lentivirus infections and chemicals
Neuronal cortical cultures were infected at DIV 0 with lentiviral particles encoding VPS45,
GOLPH3, GOLPH3 R90L (gift from S. Field, Division of Endocrinology and Metabolism,
Department of Medicine, University of California, San Diego, La Jolla, CA, USA127), ManII-GFP
and ManII-Cherry (gift from V. Malhotra, Centre for Genomic Regulation, Barcelona, Spain231),
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P4M-SidM-GFP (gift from T. Balla, Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health, Bethesda, MD, USA, Addgene plasmid
# 51469260), PI4KIIIα-GFP (P. De Camilli, Department of Cell Biology, Yale University School
of Medicine, New Haven, CT, USA261), with control lentivirus expressing EGFP or mCherry.
In order to check actin dynamics, neuronal cultures were treated with 20 mM LatB
(Sigma) for 135min or DMSO (Sigma) as control.
Immunocytochemistry and confocal microscopy
Cultures were fixed at DIV 3 with 4% formaldehyde (Electron Microscopy Sciences). After
washing with Phosphate Buffered Saline (PBS), neurons were permeabilized with 0.5% Triton
X-100 (Fisher Scientific), followed by a 30 min incubation in PBS containing 0.1% Triton
X-100 (Fisher Scientific) and 2% normal goat serum to block non-specific binding. The same
solution was used for diluting antibodies. Neurons were then stained with primary antibodies
for 2h at room temperature (RT), washed with PBS, and stained with secondary antibodies
conjugated with Alexa Fluor (1:1000; Invitrogen) for 1h at RT. The primary antibodies and
dilutions used were chicken anti-MAP2 (1:10000; Abcam) and mouse anti-GM130 (1:1000; BD
Transduction). After additional 3 washes coverslips were mounted on microscopic slides with
Mowiol-DABCO and imaged on a Zeiss 510 Meta Confocal microscope (Carl Zeiss) with a 63X
Plan-Neofluar lens (Numerical aperture 1.4, Carl Zeiss b.v. Weesp) with 4x zoom, z stacks were
performed with 0.63 µm interval, or 10X lens (Numerical aperture 0.3, Carl Zeiss b.v. Weesp).
Neuronal organelles morphology and co-localization was analyzed using ImageJ software, z
stacks images were collapsed to maximal projection and analyzed.
Live Cell Imaging
Cortical neurons were plated on a 35 mm glass bottom dish, in a pre-warmed Neurobasal
medium (Invitrogen) supplemented with 2% B-27 (Invitrogen), 1.8% HEPES, 0.25% glutamax
(Invitrogen) and 0.1% Pen/Strep (Invitrogen). For live imaging, neurons were relocated at
DIV 3 to a NIKON Ti-Eclipse microscope, with a confocal scanner model A1R+, and a Tokai
Hit heating system with heated stage, water bath and objective and regulated CO2, prewarmed
to 37°C with 5% CO2. Imaging was performed using a resonant scanning mode, for 135 min,
image acquisition was performed every minute, with 60X (oil immersion objective, NA 1.4)
with 2x zoom, z stacks were performed with 1 µm interval; or for one single image 100X (oil
immersion objective, NA 1.49) with 2x zoom, z stacks were performed with 1 µm interval.
Brain lysate and Western blot
Mouse brain lysate for western blotting analysis was homogenized in ice-cold PBS with
protease inhibitors (PI) (Sigma) and was then incubated for 2h at 4°C in 1% Triton X-100
(Fisher Scientific) in 1x PBS with PI (Sigma). The brain lysate was then centrifuged for 20 min
at 10,000g at 4°C. 1 ml Laemmli Sample Buffer (LSB) was added per 0.1 g of brain and boiled
for 20 min at 100°C. Samples were loaded in an SDS-PAGE gel with 2,2,2-Trichloroethanol
(TCE) (Sigma). For visualization of the total proteins, gels were scanned using a Gel Doc EZ
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imager (Bio-Rad Laboratories) and analyzed with Image Lab (Bio-Rad Laboratories) to correct
for input differences per sample. Acrylamide gels were transferred onto 0.45 μm pore size
nitrocellulose membranes (Bio-Rad Laboratories). After transfer, membranes were incubated
in an orbital shaker for 30 min at RT with 5% Bovine Serum Albumin (BSA) (Thermo Fisher
Scientific) in Tris–buffered saline containing 0.1% Tween-20 (TBS-T) (Sigma) to block nonspecific binding. Primary antibody incubation was done in 1% BSA (Thermo Fisher Scientific)
in PBS for 1h-2h at RT or overnight at 4°C, followed by 3 washes with TBS-T. Membranes
were then stained with secondary antibody conjugated with alkaline phosphatase (AP) (antirabbit IgG from Jackson ImmunoResearch; anti-mouse IgG from Sigma; 1:10000) for 1h at RT.
After 3 washes with TBS-T the AP conjugated antibody was visualized using an attophos AP
fluorescent substrate (Promega). Membranes were scanned with a Fuji Image FLA-5000 Reader
and analyzed with ImageJ software. Primary antibodies used: anti-PI4KIIIα (1:500, clone #
4902, Cell Signaling Technology), anti-Munc18 (1:1000, clone # 610336, BD Transduction
Laboratories), and anti-VCP (1:1000, clone # K331, gift from T. Südhof, Department of
Molecular and Cellular Physiology and Howard Hughes Medical Institute, Stanford University
School of Medicine, CA, USA).
Results
Latrunculin B treatment produces a cis-Golgi phenotype similar to Munc18-1 KO
Depolymerization of actin by LatB leads to a condensed Golgi125 similar to the one observed
in Munc18-1 KO neurons. Therefore, WT and Munc18-1 KO neurons were infected with
ManII-GFP, a cis-Golgi marker and Cherry as neuron filler and imaged live at 37°C after
treatment with LatB or DMSO as control. The cis-Golgi of WT neurons treated with LatB
became condensed, losing ≈ 25 % of its area (Fig. 3.1A-C). When LatB was added to cultured
Munc18-1 KO neurons, no changes were observed in cis-Golgi area (Fig. 3.1A-C). A variation
in cis-Golgi area was observed in untreated Munc18-1 KO neurons showing a trend towards
a slightly higher area after 135 min. This phenomenon was not observed in WT neurons
neither in Munc18-1 KO neurons treated with LatB (Fig. 3.1A-C). Together our data suggest
that the defect observed in the cis-Golgi in Munc18-1 KO neurons may be linked to actin
depolymerization, since actin depolymerization in WT neurons reproduced the Munc18-1 KO
phenotype.
VPS45 overexpression does not restore cis-Golgi morphology or neuronal survival in
Munc18-1 KO neurons
VPS45 belongs to the Sec1/Munc18 family258. Since knockdown of rat VPS45 in HeLa cells
leads to a condensed Golgi apparatus259 similar to the Golgi phenotype observed in Munc18-1
KO neurons (Fig. 3.1 and chapter 2), we hypothesized that overexpression of mouse VPS45
in Munc18-1 KO neurons may restore the cis-Golgi morphology and neuronal survival. WT
and Munc18-1 KO cortical neuronal cultures were infected by lentiviruses expressing VPS45
and survival was monitored over time (DIV 3, 7, 14). VPS45 expression did not rescue or
delay cell loss of Munc18-1 KO neurons (data not shown). To analyze cis-Golgi morphology,
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neuronal cultures were fixed at DIV 3 and immunohistochemistry for MAP2 (a dendritic
marker) and GM130 (cis-Golgi marker) was performed. The abnormal cis-Golgi morphology
of Munc18-1 KO neurons was not rescued by overexpressing VPS45 (Fig. 3.2A, B). Instead,
overexpression of VPS45 led to a 43% decrease in cis-Golgi area in WT neurons and an
additional 23% reduction in Munc18-1 KO neurons (Fig. 3.2A, B). A similar effect was also
observed for soma area, for both genotypes (Fig. 3.2C). Therefore, normalization of cis-Golgi
to soma area showed no differences between WT neurons infected with VPS45 and controls
(Fig. 3.2D). However, a significant decrease was observed between Munc18-1 KO neurons
and WT neurons (Fig. 3.2D). No significant changes were observed in Golgi shape (measured
via the round parameter) between neurons expressing VPS45 or controls, but a significant
difference in the elongation of the Golgi was observed between WT neurons and Munc18-1 KO
neurons (Fig. 3.2E). Although knockdown of VPS45 in HeLa cells produces a condensed Golgi,
overexpression of this protein in Munc18-1 KO neurons did not rescue cell loss nor cis-Golgi
morphology, instead it showed a negative effect on Golgi morphology and cell development.
Thus, VPS45 loss of function is not the single cause of Munc18-1 KO Golgi phenotype.
GOLPH3 overexpression does not restore the condensed cis-Golgi phenotype of Munc18-1
KO neurons
GOLPH3 is a PI(4)P-binding protein that crosslinks the Golgi and the cytoskeleton127. Similar
to VPS45, knockdown of GOLPH3 leads to a condensed cis-Golgi127. Therefore, we tested
whether GOLPH3 overexpression rescues Munc18-1 KO cis-Golgi phenotype and survival.
We overexpressed GOLPH3 WT or GOLPH3 R90L (a mutation in the GOLPH3 pocket that
impairs binding to PI(4)P127) and compared with the control group (GFP and non-infected
cells). No rescue or delay in cell loss was observed in Munc18-1 KO cortical cultures infected by
lentiviruses with GOLPH3 or GOLPH3 R90L (data not shown). Overexpression of GOLPH3
did not restore the cis-Golgi morphology in Munc18-1 KO neurons (Fig. 3.3A, B). However,
overexpression of GOLPH3 in WT neurons led to a slight decrease in Golgi area when compared
with WT neurons rescued with GOLPH3 R90L or the control group (Fig. 3.3A, B). No changes
in soma area were observed within genotype groups, but a significant difference of ≈ 25% was
detected between WT and Munc18-1 KO neurons (Fig. 3.3C). Normalizing cis-Golgi area to
soma area showed a significant difference between genotype groups and a negative effect of
GOLPH3 in WT cells (Fig. 3.3D). An elongated cis-Golgi was observed in control compared to
a condensed cis-Golgi in Munc18-1 KO neurons (Fig. 3.3E). Thus, our data show that GOLPH3
alone is not responsible for the abnormal cis-Golgi in Munc18-1 KO neurons, suggesting a
defect with the binding or the levels of PI(4)P in the cis-Golgi of Munc18-1 KO neurons.
PI(4)P pool at the Golgi and cellular levels of PI4KIIIα are reduced in Munc18-1 KO
Overexpression of GOLPH3 did not restore the cis-Golgi morphology. However, it is known that
GOLPH3 binds PI(4)P at the Golgi and only upon this binding the cis-Golgi can be extended
to its normal morphology127. Thus, abnormal levels of PI(4)P in the cis-Golgi compartment of
Munc18-1 KO neurons might limit the effect of GOLPH3 expression. Therefore PI(4)P levels
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were studied using the P4M domain of SidM protein, secreted by Legionella pneumophila260,262.
The P4M-SidM-GFP probe labels the Golgi, late endosomal/lysosomal and PM pool of PI(4)P
in COS-7 cells260. Expressing P4M-SidM-GFP in neuronal cultures for 3 days resulted in a weak
and diffuse cytoplasmic signal with a slight accumulation in the center of the cell, resembling
the Golgi region (Fig. 3.4A). Mature neurons (DIV 14) expressing the same probe for a longer
period (7 days) also showed a staining pattern resembling the Golgi structure, but with a higher
signal compared to DIV 3 neurons (Fig. 3.4A). An accumulation of this probe at the plasma
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KO GOLPH3 R90L: 130.7 μm2 ± 7.00; *** p < 0.001 using one-way ANOVA followed by the post hoc Bonferroni’s test.
D, Relative cis-Golgi area; WT GFP: 1.0 ± 0.05; WT GOLPH3: 0.8 ± 0.05; WT GOLPH3 R90L: 0.9 ± 0.07; Munc18-1
KO GFP: 0.6 ± 0.03; Munc18-1 KO GOLPH3: 0.6 ± 0.04; Munc18-1 KO GOLPH3 R90L: 0.5 ± 0.03; *** p < 0.001 using
one-way ANOVA followed by the post hoc Bonferroni’s test. E, cis-Golgi shape was measured quantitatively using
ImageJ software; WT GFP: 0.5 ± 0.03; WT GOLPH3: 0.5 ± 0.04; WT GOLPH3 R90L: 0.4 ± 0.04; Munc18-1 KO GFP:
0.7 ± 0.02; Munc18-1 KO GOLPH3: 0.7 ± 0.03; Munc18-1 KO GOLPH3 R90L: 0.6 ± 0.03; *** p < 0.001 using one-way
ANOVA followed by the post hoc Bonferroni’s test.
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membrane and at other intracellular organelles, as previously described for COS-7 cells260, was
not detectable either at DIV 3 or DIV 14. The P4M-SidM-GFP probe was used in combination
with ManII-Cherry, a live cis-Golgi marker231. P4M-SidM-GFP was expressed in neuronal
cultures from WT and Munc18-1 KO neurons and imaged live at DIV 3. Quantification of
P4M-SidM-GFP intensity was performed in the cis-Golgi region, identified by ManII-Cherry.
Munc18-1 KO neurons showed a 20% reduction of P4M-SidM-GFP intensity when compared
to control neurons (1215.2 ± 50.4 A.U. WT and 977.2 ± 44.6 A.U. KO; * p < 0.05 using Student’s
t-test; Fig. 3.4C, D) suggestive of reduced PI(4)P levels at the Golgi.
PI4KIIIα is one of the four kinases that phosphorylates phosphatidylinositol to
produce PI(4)P66,70. Therefore, the levels of this kinase were measured by Western blotting in
E18 brain lysates from Munc18-1 WT, heterozygote (HZ) and KO animals. In Munc18-1 KO
brains a ~ 25% decrease in PI4KIIIα levels was measured relative to WT brains (100 ± 22.4
A.U. WT, 88.3 ± 22.3 A.U. HZ, 51.0 ± 75.2 KO; * p < 0.05 one-way ANOVA followed by the
post hoc Bonferroni’s test; Fig. 3.5A-C). Thus, the reduction in this kinase may contribute to the
reduction of PI(4)P observed in Munc18-1 KO neurons.
PI4KIIIα overexpression does not restore cis-Golgi morphology or neuronal survival in
Munc18-1 KO neurons
The levels of PI(4)P and one of its kinases, PI4KIIIα, are reduced in Munc18-1 KO neurons.
Therefore, we hypothesized that by increasing PI4KIIIα levels in Munc18-1 KO neurons, an
increase in PI(4)P would occur and cis-Golgi morphology and cell viability would be restored.
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However, overexpressing PI4KIIIα in Munc18-1 KO neurons did not rescue cell survival (data
not shown). To analyze cis-Golgi morphology, neuronal cultures were infected by lentiviruses
expressing PI4KIIIα or GFP only as a control, fixed at DIV 3 and immunostained for MAP2
(a dendritic marker) and GM130 (cis-Golgi marker). Overexpression of PI4KIIIα did not
restore the cis-Golgi morphology of Munc18-1 KO neurons (Fig. 3.6A, B). As for VPS45 and
GOLPH3, overexpression of PI4KIIIα in WT or Munc18-1 KO neurons led to a significant
decrease in cis-Golgi area (Fig. 3.6B). A negative effect of PI4KIIIα overexpression was also
observed in the soma area for both genotypes (Fig. 3.6C). Normalizing cis-Golgi area to soma
size showed a significant difference between WT neurons and Munc18-1 KO neurons infected
with PI4KIIIα or GFP (Fig. 3.6D). The difference between the elongated cis-Golgi in WT
neurons and the condensed cis-Golgi in Munc18-1 KO neurons was significant and did not
change by overexpressing PI4KIIIα (Fig. 3.6E). Hence, although PI4KIIIα levels are reduced in
the Munc18-1 KO brain, overexpression of this kinase in neurons was not sufficient to restore
cell survival or the cis-Golgi morphology.
Discussion
In this study we have excluded VPS45, GOLPH3 and PI4KIIIα as single causes for the
condensed cis-Golgi observed in Munc18-1 KO neurons. Nevertheless, our data suggest that
the condensed cis-Golgi may be caused by the low levels of PI(4)P in the Golgi of Munc18-1
KO neurons.
P4M-SidM-GFP, a tool to probe PI(4)P levels in neurons
PI(4)P is the main form of phosphoinositides in the Golgi apparatus65. In order to measure
PI(4)P in neurons, a recently published PI(4)P probe, P4M-SidM-GFP, was used. Two
limitation of this probe should be discussed; 1) P4M-SidM-GFP fluorescence is an indirect
measure of PI(4)P levels260 in contrast to high-performance liquid chromatography (HPLC)
as a more sensitive and direct measurement of PI(4)P263; 2) P4M-SidM-GFP has only been
validated in COS-7 cells260 and has never been used in neurons. In COS-7 cells, the binding
specificity between P4M-SidM-GFP and PI(4)P was tested by chemical induced recruitment
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of lipid-modifying enzymes to specific cellular compartments260. By using this system, PI(4)P
was depleted from the Golgi and PM using a Pseudojanin (PJ)-Sac phosphatase showing that
P4M-SidM-GFP localization depends on PI(4)P260. Here we studied the P4M-SidM-GFP probe
in DIV 3 and DIV 14 WT neurons. At DIV 3 this probe showed a weak signal with a slight
accumulation in the Golgi (Fig. 3.4). However, while in COS-7 cells the signal obtained from
the P4M-SidM-GFP probe was strong and specific to the Golgi, PM and endosomes, in neurons
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the enrichment at the PM was not observed and the enrichment at the Golgi area was weak.
Nevertheless, the P4M-SidM-GFP probe was used in neurons to study PI(4)P Golgi levels and
to identify a mild (20%) reduction in Golgi PI(4)P levels. Due to the limitations discussed
above, further independent experiments should be performed in order to corroborate this
conclusion.
Munc18-1 KO Golgi phenotype: possible involvement of actin/myosins
Our data show that depolymerization of actin filaments by LatB in WT neurons produces
Golgi abnormalities that mimic the condensed cis-Golgi phenotype observed in Munc18-1
KO neurons (Fig. 3.1). Assembling the Golgi ribbon is dependent on both microtubules
and actin filaments. But, depolymerization of microtubules, by nocodazole, produces Golgi
dispersion125,264 and only actin perturbation leads to a condensed Golgi. Therefore, we conclude
that defects in microtubules are an unlikely explanation for the condensed Golgi morphology
observed in Munc18-1 KO neurons. In adrenal chromaffin cells Munc18-1 regulates actin, cells
lacking Munc18-1 show an increased cortical F-actin network at the PM167. Furthermore, In
adrenal chromaffin cells, actin depolymerization by LatB leads to a decrease of the F-actin
network at the PM and instead an intracellular accumulation of F-actin is observed265. Thus,
in chromaffin cells Munc18-1 depletion leads to an opposite effect on cortical F-actin than
LatB, suggesting a role of Munc18-1 in actin, independent of actin depolymerization. If the
mechanism in neurons would be similar to adrenal chromaffin cells, one would expect that the
Golgi phenotype is also independent of actin depolymerization. In Munc18-1 KO neurons, no
defects in actin cytoskeleton organization were observed, since actin developed normally, also
around the Golgi apparatus (chapter 2). However, although no data exist on Munc18-1 KO
Golgi morphology in adrenal chromaffin, the data on LatB treatment in WT neurons suggest
a different mechanism than in chromaffin cells, since depletion of Munc18-1 leads to a similar
condensed Golgi as LatB treatment.
Myosin II (MyoII), myosin V (MyoV) and myosin VI (MyoVI) are known as actin
motor proteins and have been implicated in the Golgi secretory pathway. These myosins can
generate force to promote the movement of vesicles along actin filaments and away from the
Golgi266,267. Another Golgi myosin, MYO18A, binds to GOLPH3 at the Golgi and F-actin at
the cytoskeleton, preserving Golgi structure127,128. Thus, alteration in myosin function may
contribute to the condensed Golgi in Munc18-1 KO neurons. In addition, a neuronal isoform
of the SM protein family, Munc18-2, works together with MyoVB in atypical cargo trafficking
and exocytosis in human epithelial cells268. However, pull-downs of Munc18-1, followed by
MS analyses, did not reveal Myo/Munc18-1 interactions (data not shown). Therefore, it seems
plausible that Munc18-1 binds indirectly to a specific myosin and that this binding is important
to maintain the structure of the Golgi apparatus.
VPS45 compensates for Munc18-1 loss in chromaffin cells but not in neurons
Knockdown of VPS45 in HeLa cells shows a condensed Golgi similar to the Munc18-1 KO
phenotype259; Chapter 2. However, while Munc18-1 is crucial for neuron survival, VPS45 is not. An
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S. cerevisiae Vps45p null mutant is not lethal269 and no cell death was reported in HeLa cells
upon knockdown of VPS45259. Here we showed that overexpression of VPS45 did not restore
the normal Golgi morphology neither prevented cell loss of Munc18-1 KO neurons (Fig. 3.2).
In contrast, VPS45 did restore the F-actin accumulation in Munc18-1 KO chromaffin cells270.
Hence, the ability to restore F-actin abnormalities in chromaffin cells appears to be conserved
among the SM family, but not the ability to promote survival in neurons. This suggests that the
condensed cis-Golgi in neurons and F-actin accumulation at the PM of chromaffin cells upon
deletion of Munc18-1 are two unrelated aspects of the Munc18-1 KO phenotype.
Protein stoichiometry might cause the negative effects on cis-Golgi morphology observed by
VPS45, GOLPH3 or PI4KIIIα overexpression
Overexpression of VPS45, GOLPH3 or PI4KIIIα in Munc18-1 KO neurons did not restore
the cis-Golgi morphology. Instead, a negative effect on Golgi morphology was observed (Fig.
3.2, 3.3, 3.6), also in wild type neurons. An explanation is that overexpression of VPS45,
GOLPH3 or PI4KIIIα, to higher levels than the endogenous levels, disrupts the stoichiometry
interfering with protein binding, the complexes formed and therefore with the function of
these proteins. In yeast, VPS45 interacts with syntaxins, directly with Tlg2p (homologous of
mammalian syntaxin-16)269,271,272 and functionally, but indirectly with Pep12p (homologous of
mammalian syntaxin-6)272,273. Since these syntaxins together with VPS45 and other proteins
are crucial for vesicle fusion in the Golgi compartments, disruption of the stoichiometry would
lead to an unbalance of the complexes and possible altered Golgi trafficking. The altered Golgi
trafficking has been linked to changes in Golgi morphology126,274. In summary, the difference
in the stoichiometry of these proteins and the disruption of the complexes may explain the
different negative effects observed in the cis-Golgi morphology upon overexpression of VPS45,
GOLPH3 and PI4KIIIα proteins.
PI(4)P metabolism is controlled by Munc18-1, potentially via regulation of Sac1 and/or PI4K
Our data suggest changes in the phosphoinositide metabolism in Munc18-1 KO, a decrease in
PI(4)P levels at the Golgi (Fig. 3.4) and a reduction in the levels of one of its kinases, PI4KIIIα
(Fig. 3.5). However, overexpression of this kinase failed to restore cis-Golgi morphology and cell
survival (Fig. 3.6). The 20% decrease in PI(4)P levels may not be exclusively caused by the 15%
reduction in PI4KIIIα, as three other kinases generate PI(4)P and PI4KIIIβ is responsible for
the majority of the PI(4)P produced at the Golgi257,275, while PI4KIIIα has been recently reported
to play a major role at the PM261. Thus, the PI4KIIIα contribution to the level of PI(4)P at the
Golgi seems to be an unlikely explanation for the changes observed in Munc18-1 KO neurons.
Two other explanations may be considered: first, PI4KIIIβ levels may also be reduced. Second,
the activity of Sac1, a phosphatidylinositol 4-phosphatase, responsible to convert PI(4)P back
to phosphatidylinositol65, may be enhanced. In summary, although the mechanism that leads
to a reduction in PI(4)P in Munc18-1 KO neurons is still not identified, our data suggest that
the reduction of PI(4)P at the Golgi may contribute to the condensed cis-Golgi observed in
Munc18-1 KO neurons.
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