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Although Munc18-1 was originally identified as a syntaxinl-interacting protein, the physiological significance of this
interaction remains unclear. In fact, recent studies of Munc18-1 mutants have suggested that Munc18-1 plays a critical role
for docking of secretory vesicles, independent of syntaxinl regulation. Here we investigated the role of Munc18-1 in
syntaxinl localization by generating stable neuroendocrine cell lines in which Munc18-1 was strongly down-regulated. In
these cells, the secretion capability, as well as the docking of dense-core vesicles, was significantly reduced. More
importantly, not only was the expression level of syntaxinl reduced, but the localization of syntaxinl at the plasma
membrane was also severely perturbed. The mislocalized syntaxinl resided primarily in the perinuclear region of the
cells, in which it was highly colocalized with Secretogranin II, a marker protein for dense-core vesicles. In contrast, the
expression level and the plasma membrane localization of SNAP-25 were not affected. Furthermore, the syntaxinl
localization and the secretion capability were restored upon transfection-mediated reintroduction of Munc18-1. Our
results indicate that endogenous Muncl8-1 plays a critical role for the plasma membrane localization of syntaxinl in
neuroendocrine cells and therefore necessitates the interpretation of Muncl8-1 mutant phenotypes to be in terms of

mislocalized syntaxinl.

INTRODUCTION

The Sec1-Muncl8 (SM) proteins are essential proteins that
regulate soluble N-ethylmaleimide—sensitive factor attach-
ment protein receptor (SNARE) machineries by interacting
with specific syntaxins and modulating the formation of the
SNARE complex. In mammals there are seven SM proteins,
of which the Muncl8 isoforms-1, -2, and -3 (also called
Muncl8a, b, and c) are involved in exocytosis at the plasma
membrane. Munc18-1 is predominantly expressed in the
neurons and neuroendocrine cells (Hata et al., 1993; Pevsner
et al., 1994), whereas Munc18-2 and -3 are more ubiquitously
expressed (Hata and Stidhof, 1995; Katagiri et al., 1995; Tel-
lam et al., 1995; Halachmi and Lev, 1996; Riento et al., 1996).
Muncl8-1 and -2 share binding preferences for syntaxin
isoforms 1-3, whereas only Munc18-3 binds with syntaxin4
with high affinity (Hata and Stidhof, 1995; Tellam et al., 1995,
1997, Halachmi and Lev, 1996; Riento et al., 1998, 2000;
Kauppi et al., 2002; Latham et al., 2006; Hu et al., 2007).
Knockout of Munc18-3 leads to embryonic lethality (Kanda
et al., 2005; Oh et al., 2005), whereas heterozygotic Munc18-3
knockout mice have impaired insulin sensitivity in an insu-
lin tolerance test as well as defects in skeletal muscle insulin-
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stimulated GLUT4 translocation. Glucose-stimulated insulin
secretion from islets isolated from the heterozygotic mice
was also significantly compromised indicating the critical
role for Munc18-3 in GLUT4 translocation in skeletal mus-
cles and insulin secretion from pancreatic beta cells (Oh et
al., 2005).

The function of neuronal Muncl8-1 and its orthologues
has also been successfully examined through the analysis of
null mutants. In these mutants, the release of neurotransmit-
ter was reduced by ~85% in Caenorhabditis elegans and Dro-
sophila (Hosono et al., 1992; Harrison et al., 1994) or com-
pletely blocked in mice (Verhage et al., 2000), indicating
Munc18-1’s critical role in neurotransmitter exocytosis.
However, how Munc18-1 contributes to exocytosis is poorly
understood. Although Munc18-1 was originally identified as
a syntaxinl-binding protein (Hata et al., 1993; Pevsner et al.,
1994), the functional significance of this interaction remains
elusive. Several hypotheses have been proposed regarding
the role(s) for Muncl8-1, including 1) docking factor of
vesicles independent of syntaxinl regulation (Voets et al.,
2001), 2) molecular chaperone of syntaxinl for appropriate
localization of syntaxinl (Rowe et al., 1999, 2001), 3) negative
regulator of neurotransmitter release (Schulze et al., 1994;
Wu et al., 1998), 4) regulator of fusion pores (Fisher et al.,
2001), and 5) activator of membrane fusion through its direct
interaction with the SNARE complex (Zilly et al., 2006; Du-
lubova et al., 2007; Shen et al., 2007).

Neurons from Munc18-1 knockout mice go through se-
vere neurodegeneration and their morphological analysis
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has thus been difficult (Verhage et al., 2000; Heeroma et al.,
2004). After examination of the synapse at E14, the authors
found no significant changes in vesicle docking at the syn-
apse (Verhage et al., 2000). However, they found a reduction
(by ~85% of control) in the docking of dense-core vesicles in
adrenal chromaffin cells (Voets ef al., 2001) from the knock-
out mice, and secretion from these cells was similarly re-
duced. Therefore, it was suggested that Munc18-1 promotes
docking of dense-core vesicles and that undocked vesicles is
the reason underlying the reduction in secretion. Recent
analysis of unc-18 mutants in C. elegans showed the reduc-
tion also in docking of synaptic vesicles at the synapse
(Weimer et al., 2003). Taken together, Munc18-1/unc-18 is
critical for docking of dense-core vesicles and may also
regulate the docking of synaptic vesicles.

Munc18-1 is a soluble protein, implying that it regulates
docking of dense-core vesicles by binding to the membrane
protein(s) on the vesicles and/or the plasma membrane. In
fact, the expression level of syntaxinl, an intrinsic trans-
membrane protein with which Munc18-1 interacts with, was
reduced by ~50% in Munc18-1-deficient neurons and chro-
maffin cells (Voets et al., 2001). A natural hypothesis result-
ing from these findings is that synatxinl or other isoforms of
syntaxin would control the docking of dense-core vesicles.
Recently, viral infection of chromaffin cells with botulinum
neurotoxin C1, which cleaves syntaxinlA, 1B, 2, and 3, was
shown to reduce docking of dense-core vesicles strongly.
This suggests that the plasma membrane syntaxins are in-
deed critical for docking of dense-core vesicles (de Wit et al.,
2006).

The hypothesis that Munc18-1 plays a role for syntaxinl
trafficking originated from exogenous transfection experi-
ments; when exogenous syntaxinl was transfected into fi-
broblasts, it remained stuck in the Golgi and/or the endo-
plasmic reticulum (ER; Rowe ef al, 1999; 2001). When
Munc18-1 was cotransfected, syntaxinl was distributed to
the plasma membrane, the appropriate compartment for
syntaxinl, suggesting that Munc18-1 helps to localize syn-
taxinl. Surprisingly, however, this hypothesis has never been
supported by loss-of-function studies of endogenous Muncl8-1.
Namely, mislocalized syntaxinl was not observed in
Munc18-1-deficient neurons (Toonen ef al., 2005). This
might be due to a difficulty of high-resolution immunocyto-
chemistry of syntaxinl in severely degenerated neurons
from the knockout mice. Alternatively, Munc18-1 is impor-
tant for the localization of syntaxinl specifically in cells
other than neurons (i.e., neuroendocrine cells). In any case, it
remains unclear whether endogenous Muncl8-1 is critical
for plasma membrane localization of syntaxinl. Here we
analyze the role for Muncl8-1 in syntaxinl localization in
neuroendocrine PC12 cells using RNA interference-medi-
ated down-regulation of Munc18-1.

MATERIALS AND METHODS

General Materials

Parental pSuper plasmid for knockdown constructs (Brummelkamp et al.,
2002) was a kind gift from Dr. Reuven Agami (Center for Biomedical Genetics,
Netherlands). Plasmid pVenus-N1-NPY (Nagai et al., 2002) was a kind gift
from Dr. Atsushi Miyawaki (RIKEN, Wako, Saitama, Japan). Plasmid pBlue-
script-IRES-EGFP was a kind gift from Dr. Rafael Ferndndez-Chacén (Uni-
versity of Seville, Spain). This plasmid was originally constructed by Dr.
Dagmar Pommereit in the laboratories of Drs. Christian Rosenmund (Max
Planck Institute for Biophysical Chemistry) and Nils Brose (Max Planck
Institute for Experimental Medicine, Germany). Plasmid pCMV-Emerald GFP
was a kind gift from Dr. Weiping Han in Dr. Thomas Siidhof’s laboratory
(University of Texas Southwestern Medical Center, Dallas, TX). Plasmid
pBabe-puro (Brummelkamp et al., 2002) and the plasmid containing human
placental alkaline phosphatase cDNA were from Drs. Rod Bremner and
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Philippe Monnier (University Health Network, Canada). We obtained mono-
clonal antibodies against syntaxinl (clone HPC-1) from Sigma (Oakville, ON,
Canada); Munc18-1 from BD Bioscience (Mississauga, ON, Canada); SNAP-25
(clone SMI 81) and c-Myc (clone 9E10) from Covance (Berkeley, CA); poly-
clonal antibodies against Secretogranin II from QED Bioscience (San Diego,
CA); and Calnexin from Sigma. mAb against SNAP-25 (C171.1) was a kind gift
from Dr. Reinhard Jahn (Max Planck Institute for Biophysical Chemistry,
Germany). Rabbit anti-Munc18-2 antibody (Riento ef al., 1998) and anti-VCP/
p97 antibody (Sugita and Siidhof, 2000) were kind gifts from Dr. Vesa
Olkkonen (National Public Health Institute, Helsinki, Finland) and Dr.
Thomas Stidhof (University of Texas Southwestern Medical Center at Dallas),
respectively.

Construction of Munc18-1 Knockdown Plasmids

To knockdown the rat Muncl18-1 gene, we targeted the 19-nucleotide se-
quence of GTCTGTCCACTCTCTCATC (residues 246-264) in rat Munc18-1.
We used TCTCTTGAA as a linker sequence. Sixty-four-base pair oligos
containing sense and antisense of the target sequences were annealed and
subcloned into the BamHI-HindIII sites of pSuper, generating the Munc18-1
knockdown plasmid (pSuper-rMunc18-1-3). Inserted sequences were verified
by sequencing.

Isolation of Stable Munc18-1 Knockdown PC12 Cells

Wild-type PC12 cells (which were kind gifts from Dr. Thomas Martin, Uni-
versity of Wisconsin and Dr. Erik Schweitzer, University of California at Los
Angeles) were maintained in DMEM (Invitrogen, Carlsbad, CA) containing
5% calf serum, 5% horse serum (both from Hyclone, Logan, UT), and peni-
cillin/streptomycin (Sigma, St. Louis, MO; Wang et al., 2004, 2005; Li et al.,
2005; Fujita et al., 2007). To establish the Munc18-1 knockdown clone cells,
PC12 cells were cotransfected with pSuper-rMunc18-1-3 (10 ug) and pBabe-
puro (1 pg). We conducted two independent transfections: One transfection
was achieved by electroporation (Li et al., 2005; Fujita ef al., 2007) using
linearized plasmids (for pSuper-rMunc18-1-3, Sacl digestion; for pBabe-puro,
NotI digestion), and the other was mediated by lipofection using FuGene6
(Roche, Laval, QC, Canada) with nonlinearized plasmids. Transfected cells
were maintained in growth medium containing 2.5 ug/ml puromycin for
more than a month. The growing colonies were picked up with pieces of
Whatman paper soaked with Hanks’ buffer containing 1 mM EDTA. Isolated
colonies were grown in the growth medium without puromycin in 24-well
plates. When the cells became confluent, they were transferred into two wells
of six-well plates that contained the growth medium with 2.5 pg/ml puro-
mycin. The cells in one of the six-well plates were subjected to immunoblot
analysis using an anti-Muncl8-1 mAb. Once the down-regulation of
Munc18-1 was confirmed, the cells in the replica wells were transferred into
10-cm dishes containing the growth medium with puromycin. These cells
were grown, frozen, and kept in a liquid nitrogen tank until use.

Real-Time PCR Quantification

Total RNA was isolated from cells using RNeasy kit (Qiagen, Chatsworth,
CA) and quantified at OD 260/280 by spectrophotometer. cDNA was syn-
thesized from 1 ug of total RNA using 200 U SuperScript III reverse tran-
scriptase (Invitrogen) with 1X buffer, 500 uM each dNTP, and 50 uM oli-
go(dT),, primer in a 20-ul reaction volume. RNA was denatured at 65°C for
5 min with oligo(dT),, primer and dNTP before other components added, and
then the reaction was carried at 50°C for 60 min followed by enzyme inacti-
vation at 70°C for 15 min. RNA complementary was removed by incubation
at 37°C for 20 min with 2 U of Escherichia coli RNase H. Real-time PCR was
carried in ABI 7900HT (Applied Biosystems, Foster City, CA), with samples
holding at 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 15 s and
60°C for 1 min. A dissociation curve analysis was added immediately after the
real-time cycles to confirm the specificity of the reaction. In a 10-ul reaction
volume, 5 ul SYBR Green 2X master mix (Applied Biosystems) was applied
with the ¢cDNA and optimized primer condition (150 nM). Results were
obtained by initial analysis by SDS 2.0 software package (Applied Biosystems)
and further process according to the arithmetic formula (Fold difference =
27AACy, AACy = AC; test sample — ACy calibrator sample) of the compar-
ative C; method (AA C; Method). GAPDH was used as the endogenous
control. mRNA level of gene of interest was presented as the fold difference
between the Munc18-1 knockdown (KD43) cells and the control (C1) cells.
Primers used were as follows: syntaxin 1A forward, ACATGCTGGAGAGT-
GGGAAT; syntaxinlA reverse, ACTGTGCCTGGTCTCGATCT; syntaxinlB
forward, TGGACTCGCAGATGACAAAG; syntaxinlB reverse, CAAACAT-
GTCGTGCAGCTCT; Muncl18-2 forward, AGGCCAACATCAAAGACCTG;
Munc18-2 reverse, ATGCAGTCATCTGCCAAGTG; Munc18-1 forward TAC-
GACCTGCTGCCTATTGA; Muncl8-1 reverse, AGGTCATCGTCCTCATC-
CAG; GAPDH forward, CCCCACACACATGCACTTACC; and GAPDH re-
verse, CCTACTCCCAGGGCTTTGATT.

3H-Norepinephrine Release Assays from PC12 Cells

PC12 cells were plated in 24-well plates; 3—-4 d after plating, the cells were
labeled with 0.5 uCi *H-Norepinephrine (NE) in the presence of 0.5 mM of
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ascorbic acid for 12-16 h. The labeled PC12 cells were incubated with the fresh
complete DMEM for 1-5 h to remove unincorporated [*H]NE. The cells were
washed once with physiological saline solution (PSS) containing 145 mM
NaCl, 5.6 mM KCl, 2.2 mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose, and 15 mM
HEPES, pH 7.4, and NE secretion was stimulated with 200 ul of PSS, high
K™*-PSS (containing 81 mM NaCl and 70 mM KCl) or PSS containing 3 nM of
a-latrotoxin (a-LTx; Alomone Labs, Jerusalem, Israel). Secretion was termi-
nated after a 15-min (high K*) or 10-min (a-Ltx) incubation at 37°C by chilling
to 0°C, and samples were centrifuged at 4°C for 3 min. Supernatants were
removed, and the pellets were solubilized in 0.1% Triton X-100 for liquid
scintillation counting.

Electron Microscopy and Analysis of Docking of
Dense-Core Vesicles

The initial fixation was performed within the 10-cm dishes for 1 h using a
3.2% glutaraldehyde, and 2.5% paraformaldehyde fixative mixture in 0.1 M
cacodylate buffer (pH adjusted to 7.6). Cells were then pelleted in microcen-
trifuge tubes and fixed overnight with new fixative. The following day, the
pellets were fixed in 1 mg/ml osmium tetroxide for 2 h and uranyl acetate for
1 hin dark conditions. Washed pellets were incubated successively in increas-
ing concentrations of ethanol for dehydration purposes and then infiltrated
with EPONAraldite plastic resin. The capsules containing the pellets were
incubated for 48 h at 60°C, and the plasticized pellets were then sliced to
ultrathin 80-nm sections, which were then mounted on copper grids for
subsequent staining and viewing.

Grids mounted with the ultrathin cell sections were first etched by exposing
the grids to uranyl acetate for 15 min at room temperature. Grids were then
washed and stained with lead citrate for 20 min. Grids were washed and
dried once again before loading onto Hitachi H7000 transmission electron
microscope for viewing. Electron micrographs were taken of individual cells
within each type of control or Muncl8-1 knockdown clone. These images
were then used for analyzing the docking of dense-core vesicles in the control
or the Munc18-1 knockdown PC12 cells. Dense-core vesicles were identified
within the single-cell electron micrographs as dark spots of radius between 60
and 120 nm. The distance of each vesicle from the plasma membrane was then
calculated for each individual cell. The data from multiple single cell images (n =
14-46) within each control or Munc18-1 knockdown subclone has been collated.

Cell Preparation for Confocal Immunofluorescence
Microscopy

Sterilized circular glass coverslips (0.25-mm width, 1.8-cm diameter) were
placed in 2.2-cm wells within 12-well cell culture plates. The coverslips were
then coated for 1 h with poly-p-lysine (0.1 mg/ml, Sigma) at room tempera-
ture. Both Munc18-1 knockdown and control PC12 cells were split onto the
coated glass coverslips within each well. Cells were allowed to adhere to
the coverslips overnight. In some cases, the PC12 cells were differentiated on
the coverslips for 3-4 d in DMEM that contained 100 ng/ml nerve growth
factor (NGF; Sigma), 1% horse serum, 1% calf serum, and penicillin/strepto-
mycin. The cells were washed with phosphate-buffered saline (PBS), fixed for
15 min with PBS containing 4% paraformaldehyde, and permeabilized with
PBS containing 0.2% Triton X-100 and 0.3% bovine serum albumin (BSA) for
5 min or PBS containing 0.05% Triton X-100 and 3% goat serum for 1 h.
Nonspecific sites were blocked for 1 h at room temperature in PBS containing
0.3% BSA or PBS containing 0.05% Triton X-100 and 3% goat serum. Primary
antibodies against syntaxinl (HPC-1 diluted 1:500), SNAP-25 (Cl71.1 diluted
1:500), Secretogranin II (rabbit polyclonal antiserum diluted 1:1000), or Calnexin
(rabbit polyclonal antiserum diluted 1:1000) were diluted in blocking buffer and
applied to the permeabilized cells for 1 h at room temperature or overnight at
4°C. After three washes in blocking buffer, Alexa 488—conjugated goat anti-
mouse antibodies (diluted 1:1000), Alexa 568—conjugated goat anti-rabbit anti-
bodies (diluted 1:1000; both from Invitrogen) or red-x—conjugated anti-mouse
antibodies (diluted 1:1000; Jackson ImmunoResearch, West Grove, PA) were
diluted in blocking buffer and applied for 1 h at room temperature. Samples were
washed again three times in blocking buffer and mounted in Fluoromount-G
reagent (Southern Biotechnology Associates, Birmingham, AL). Immunofluores-
cence staining was recorded with a Zeiss laser confocal scanning microscope
(LSM 510; Thornwood, NY) with an oil immersion objective lens (63X).

Confocal Microscope Image Acquisition and Data
Analysis

Images were taken from undifferentiated single cells at an appropriate scale to
allow the subsequent numerical analysis. The images of single cells were split
into two regions during the analysis representing the plasma membrane and
intracellular compartments of the cell. The regional split was attained through
tracing the outlines of the plasma membrane on either side of the cell. Such
tracings were possible as both syntaxinl and SNAP-25 have plasma mem-
brane localization within the cells. The intensity of all pixels within each
region was summed to obtain a net intensity for each region. To accommodate
differences in cell sizes within the samples, the net intensity of both regions
were divided by the area of the respective regions. The area of a region was
estimated by calculating the net number of pixels within that region. This
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area-normalized intensity then allowed an analysis of the localization of the
different proteins studied. In representing localization the following localiza-
tion ratio was calculated as follows: Area — Normalized Intensity of Plasma
Membrane Compartment/Area — Normalized Intensity of Intracellular Com-
partment. The magnitude of the localization ratio represents the strength of
the plasma membrane localization relative to intracellular regions for specific
proteins analyzed.

Equilibrium Sucrose Density Gradient

Two dishes each of control (C1) and Munc18-1 knockdown (KD43) cells were
detached from the dishes by a 3-min incubation with 1 ml Hanks” buffer
containing 1 mM EDTA at 37°C. Seven milliliters of complete growth medium
was added, and the cells were harvested in a 15-ml tube. The harvested cells
were pelleted by centrifugation, resuspended in 1 ml of homogenization
buffer (250 mM sucrose, 1 mM MgCl,, 0.005% DNAse, 4 mM HEPES-NaOH,
pH 7.4, and the following protease inhibitors: 0.4 mM PMSF, 10 mM benza-
midine, 4 ug/ml each of pepstatin A, leupeptin, antipain, and aprotinin; Reetz
et al.,, 1991). The resuspended cells were passed 10 times through a ball
homogenizer (clearance: 0.0004 inches = ~10 um). The homogenized cells
were centrifuged by 5000 X ¢ for 10 min, and the supernatant (PNS, post
nuclear supernatant) was recovered. EDTA was added to PNS to a final
concentration of 1.5 mM. The PNS was loaded onto the top of a 3.2 ml of
continuous sucrose gradient (0.60-2 M sucrose) in a SW60Ti rotor and cen-
trifuged at 32,900 rpm for 18 h at 4°C. Fractions (257 ul each) were collected
from the top of the gradient and mixed with one-fifth volume of 6 X Laemmli
sample buffer. Fractions (20 ul) were then analyzed by SDS-PAGE and im-
munoblotting.

Munc18-1 Expression Constructs

To protect the mRNA transcripts transcribed from the Munc18-1 expression
plasmid from being degraded by the anti-Munc18-1 RNA interference ma-
chineries already induced within the Munc18-1 knockdown cells, we intro-
duced six silent nucleotide mutations (SNMs; GTCCGTGCACAGCCTGATC;
underlines indicate SNM) within the target sequence in the Munc18-1 gene.
The resulting Munc18-1 gene was subcloned within pCMV5 plasmid (Sugita
et al., 1999). The Munc18-1 gene was also attached to the sequence of IRES
(internal ribosome entry site) enhanced green fluorescent protein (EGFP). The
IRES allows EGFP to be produced from the same mRNA transcript as
Muncl8-1, therefore serving as a reporter to indicate transfected cells that
could then be imaged. This construct, named pCMV-Munc18-1(SNM)-IRES-
EGFP, was made by subcloning the Sall-Xbal fragment from pBluescript-
IRES-EGFP into the same site in pCMV-Munc18-1(SNM). We also generated
the construct that expresses Munc18-1(SNM) as an Emerald GFP fusion
protein. This construct, pPCMV-Munc18-1(SNM)-Emerald GFP, was made as
follows: 0.7-kb BglII/BamHI fragment of pCMV-Emerald GFP was subcloned
into BamHI site of pPCMV5 generating pCMV-Emerald GFP-2. A 1.8-kb PCR
product containing full-length Munc18-1(SNM) without a stop codon was
digested with EcoRI/HindIIl and subcloned into the same site of pCMV-
Emerald GFP-2.

Munc18-1 Transfection to Rescue Syntaxinl
Mislocalization

The Muncl8-1 knockdown cells were transfected with pCMV-Muncl8-
1(SNM)-IRES-EGFP by electroporation and stained with anti-syntaxinl anti-
body, followed by red-x—conjugated goat anti-mouse antibodies. The syn-
taxinl localization analysis protocol was then applied to these single cell
images, and the localization ratios obtained for the cells expressing EGFP
were compared with that of cells not expressing EGFP. We also differentiated
Munc18-1 knockdown cells transfected with pCMV-Munc18-1(SNM)-IRES-
EGFP or pCMV-Munc18-1(SNM)-Emerald GFP by NGF. These cells were
stained with anti-syntaxinl or SNAP-25 antibody followed by red-x—conju-
gated goat anti-mouse antibodies. Images that contain both transfected and
untransfected cells were acquired to allow the direct comparison of sytaxinl
or SNAP-25 staining between the transfected and untransfected cells.

hPLAP Secretion Assay from PC12 Cells

We constructed a reporter plasmid (pCMV-NPY-hLAP) that enables the
expression of neuropeptide-Y fused with a soluble domain of human placen-
tal alkaline phosphatase (residues 18-506). This plasmid was generated by
replacing the Venus sequence of pVenus-N1-NPY (Nagai ef al., 2002) with
c¢DNA, which encodes the soluble domain of hPLAP that was amplified by
PCR. PC12 cells at 70-80% confluency in 10-cm dishes were cotransfected
with 3 ug of pPCMV-hPLAP and 10 ug of empty pCMV5 (for control) or
PCMV-Muncl8-1(SNM,; for rescue) using electroporation. After 48 h, the cells
were harvested and replated in 24-well plates. Six or 7 d after electroporation,
the plated cells were washed once with PSS, and NPY-hPLAP secretion was
stimulated with 200 ul of PSS or high K*-PSS. Secretion was terminated after
a 20-min incubation at 37°C by chilling to 0°C, and samples were centrifuged
at 4°C for 3 min. Supernatants were removed, and the pellets were solubilized
in 200 ul PSS containing 0.1% Triton X-100. The amounts of NPY-hPLAP
secreted into the medium and retained in the cells were measured by the
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Phospha-Light Reporter Gene Assay System (Applied Biosystems). We
treated the samples at 65°C for 30 min to inactivate nonplacental alkaline
phosphatases and assayed an aliquot (10 ul) for placental alkaline phospha-
tase activity with the kit. The total volume of the assay was 120 ul. After 5-10
min, chemiluminescence was quantified by FB12 luminometer (Berthold De-
tection Systems, Zylux Corporation, Oak Ridge, TN).

RESULTS

Generation of Stable Munc18-1 Knockdown Cells

To examine the function of Munc18-1, including its role in
syntaxinl trafficking, we generated stable PC12 cell lines in
which the expression of Munc18-1 was strongly down-reg-
ulated by RNA interference. Highly significant reductions in
Munc18-1 levels within knockdown cells were crucial to-
ward the establishment of such knockdown cells as possible
replacements to the knockout cell models. We cotransfected
PC12 cells with the plasmid that expresses a short-hairpin
RNA against rat Munc18-1 mRNA (pSuper-rMunc18-1-3)
and a plasmid that confers puromycin resistance (pBabe-
puro). Independent colonies of stable transfectants of PC12
cells were isolated after incubation with puromycin for over
a month. Clones isolated from selection plates were subse-
quently analyzed for their effectiveness in knocking down
Muncl8-1. Western blots revealed a variation in the
Munc18-1 levels among different knockdown clones. Con-
trol clones were similarly isolated by using an empty pSuper
plasmid (instead of pSuper-rMunc18-1-3) that was cotrans-
fected with pBabe-puro. At no time did we observe a reduc-
tion of Munc18-1 expression in the control clones. Eight of
the Munc18-1 knockdown clones with the lowest levels of
Munc18-1 expression paired with control clones are shown
in the immunoblot in Figure 1A. The levels of Munc18-1
expression within the knockdown clones were decreased by
approximately more than 90% when compared with
Munc18-1 levels within control cells.

We also examined the expression level of isoforms of
Munc18-1, namely Munc18-2 and -3 (Hata and Stidhof, 1995;
Katagiri et al., 1995; Tellam et al., 1995; Halachmi and Lev,
1996; Riento et al., 1996; Figure 1A). Interestingly, we not
only detected the expression of Munc18-2 in the control and
knockdown PC12 clones but also the apparent up-regulation
of Munc18-2 in the knockdown clones for six of the eight
pairs (Figure 1A). We quantified the difference in Munc18-2
protein expression for each pair using VCP/p97, a ubiqui-
tous membrane-trafficking protein (Peters et al., 1990) as a
loading control. We found an increase of 27.2 = 12.5%
(mean = SEM, n = 8) in Muncl8-2 protein expression for
Muncl8-1 knockdown cells, but this up-regulation was not
statistically significant due to some variability between cell
lines (paired Student’s f test, t, = 2.19, p = 0.065; Figure 1B).
This potential up-regulation of Munc18-2 may be a compen-
satory response to the knockdown of Muncl8-1. A similar
compensatory increase was previously observed in the ex-
pression of cellubrevin, a close isoform of synaptobrevin 2,
in the synaptobrevin 2 knockout chromaffin cells (Borisovska et
al., 2005). The expression of Muncl8-3 was so low that we
could not clearly detect its presence by the antibody used,
but the expression level appeared to be unaffected by
Munc18-1 knockdown (data not shown).

We then examined the expression of syntaxinl, a SNARE
protein that interacts with Munc18-1 (Hata et al., 1993; Gar-
cia et al., 1994; Pevsner ef al., 1994), along with SNAP-25,
another t-SNARE protein (Sollner et al., 1993). As was the
case in the neurons and chromaffin cells from Muncl8-1
knockout mice (Verhage et al., 2000; Voets et al., 2001;
Toonen et al., 2005), a decrease in syntaxinl levels was
consistently observed within our Muncl8-1 knockdown
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PC12 cells albeit to a much lesser extent (14.0 = 3.7% de-
crease, n = §; Figure 1, A and B). This decrease was statis-
tically significant when quantified using VCP/p97 as a load-
ing control (t, = 3.89, p < 0.01; Figure 1B). The more modest
reduction of syntaxin1 in the knockdown cells is presumably
because the residual expression of Munc18-1 is sufficient to
support better expression of syntaxinl than in the knockout
cells. Significant expression and compensatory up-regula-
tion of Munc18-2 in the knockdown cells may also support
the better expression of syntaxinl. The plasticity in syn-
taxinl expression is an indication of the strong physiological
significance of the functional interaction between Munc18-1
and syntaxinl. This establishes the functional comparability
between our Muncl8-1 knockdown PC12 model and the
secretory cells from Munc18-1 knockout mice. No decrease
in SNAP-25 expression was detected for Munc18-1 knock-
down cells (Figure 1, A and B), thereby warranting the
specificity in the reduction of syntaxinl.

Significant decreases in syntaxinl expression and poten-
tial increases in Muncl8-2 expression in the Muncl8-1
knockdown cells could be mediated at the transcription level
or at the posttranslational level. To detect any regulation of
protein expression at the transcriptional level, we quantified
mRNA of syntaxinlA, syntaxin1B, and Munc18-2, as well as
Munc18-1 in Munc18-1 knockdown (KD43) and control (C1)
cells using quantitative real-time RT-PCR. We originally
thought that down-regulation of syntaxinl is mediated at
the posttranscriptional level. That is, syntaxinl would be
generated normally but be degraded more rapidly in the
absence of Muncl8-1. Unexpectedly, however, we found
decreases in mRNA of syntaxinlA and 1B in the knockdown
cells. On the other hand, there was an increase in mRNA of
Muncl8-2 in these cells (Table 1). These results suggest that
changes in expression level of these proteins are regulated at
least in part at the transcription level. mRNA of Munc18-1 is
down-regulated by >95% in the knockdown cells confirm-
ing our efficient knockdown of Munc18-1 (Table 1).

Secretion Defects and Reduction in Docking of Dense-Core
Vesicles in the Munc18-1 Knockdown Cells

As was the case in the chromaffin cells from Muncl8-1
knockout mice, we found that the secretory ability of the
Munc18-1 knockdown cells was significantly diminished in
comparison to control cells. Secretion analyses were per-
formed on the eight Munc18-1 knockdown clones and their
paired controls shown in Figure 1A. Figure 1B shows the
average of multiple (n = 9) secretion assays for each pairs of
the clones stimulated by 70 mM KCl. Figure 1C shows the
average of multiple (n = 9) secretion assays for the same
clones; however, in this case the cells were stimulated using
3 nM a-LTx. All secretion percent values shown were nor-
malized to that of the average secretion of the paired control
cells under high K* (Figure 1C) or a-LTx (Figure 1D). Se-
cretion was consistently decreased in knockdown clones by
40-70% in both the high K* and a-LTx induction experi-
ments when compared with control clones. The results
clearly indicate that the defects in high K*-induced secretion
are not the result of defects upstream of Ca?*-influx after
high K*-induced depolarization but rather are due to de-
fects in the secretion machineries themselves.

We also examined the docking of dense-core vesicles
through electron microscopy. Here we use the term “dock-
ing” as the anatomical definition to refer to the phenomenon
of secretory vesicles in close apposition (within 50 nm) to the
plasma membrane. We found a significant decrease in the
proportion of docked dense-core vesicles within the Munc18-1
knockdown PC12 cells. Such vesicle docking defects have in
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fact been already observed in both Munc18-1 knockout mice
chromaffin cells (Voets et al., 2001) and unc-18 null-mutant C.
elegans (Weimer et al., 2003). Representative electron micro-
graph for a Munc18-1 knockdown (KD43) cell is shown in
Figure 2A along with that of a control (C9) PC12 cell (Figure
2B). Docked dense-core vesicles are indicated by open ar-
rowheads and undocked dense-core vesicles are indicated
by closed arrows. A summary of the dense-core vesicle dock-
ing analysis is represented in Figure 2C. In both knockdown
clones there is ~50% decrease in the proportion of docked
vesicles (found within 50 nm of the plasma membrane) when
compared with control clones. This difference was statistically
significant based on one-way ANOVA (F = 17.7, p < 0.01)

726

Ttk kbt — bt —F—t =t -+
KD5 C11 KD25 C13 KD101 C102

-t -t -t —F—F —t—F —t—F -+ —+— 1
KD5 C11 KD25 C13KD101 C102

SNAP-25

Figure 1. Down-regulation of Munc18-1 re-
sults in secretion defects. (A) Immunoblot
analysis of multiple Munc18-1 knockdown
cells. Thirty micrograms of total homogenates
from the Munc18-1 knockdown (KD) and con-
trol (C) cells were analyzed by SDS-PAGE and
immunoblotting using anti-Munc18-1, -2, syn-
taxinl, SNAP-25, and antibodies. The signal
was detected with enhanced chemilumines-
cence detection system. The membranes used
for the analysis of Munc18-2, syntaxinl, and
SNAP-25 were reprobed with polyclonal anti-
body against VCP/p97 (used as a loading con-
trol). Numbers on the left indicate positions of
molecular-weight markers. (B) Quantification
of changes in protein expression of Munc18-2,
syntaxinl, and SNAP-25 between control and
Munc18-1 knockdown cells. Images of these
proteins on the film were quantified with Lu-
minescent Image Analyzer (Fuji Film, Tokyo,
Japan; LAS-3000) and normalized with the
signals of VCP. The protein expression in the
knockdown cells was further normalized with
that in paired control cells (n = 8). *p < 0.01;
a statistically significant difference. (C) NE re-
lease was stimulated by 70 mM KCl for 15
min. Eight pairs of knockdown and control
clones were examined. Error bars, SEM (n =
9). (D) NE release was stimulated by 3 nM
a-latrotoxin for 10 min. Eight pairs of knock-
down and control clones were examined. Er-
ror bars, SEM (n = 9).

followed by post hoc test. This lack of proximity between the
dense-core vesicles and the plasma membrane suggests defi-
ciencies in vesicle docking among the Munc18-1 knockdown
clones. Although we found considerable variation in the total
number of dense-core vesicles per cell among clones, no con-
sistent differences were noted between the knockdown and
control populations (Figure 2D).

Syntaxinl, But Not SNAP-25, Is Mislocalized in the
Munc18-1 Knockdown Cells

To elucidate the role for Munc18-1 in syntaxin1 localization,
we examined syntaxinl immunostaining using monoclonal
anti-syntaxinl antibody (HPC-1; Barnstable et al., 1985) in
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Table 1. Analysis of fold change expression of mRNA by real-time quantitative RT-PCR, calculated by the AAC} method

Fold difference in

Protein GAPDH AC; Protein — AAC AC protein — Protein relative
Sample Gene name average Cp average Cp GAPDH AC control to control
Control 1 SyntaxinlA 29.91 = 0.01 18.73 = 0.02 11.32 = 0.00 0.00 = 0.00 1(1-1)
KD43 SyntaxinlA 29.45 * 0.06 18.13 = 0.07 11.18 = 0.00 0.14 = 0.00 0.9 (0.9-0.9)
Control 1 Syntaxin1B 30.90 £ 0.11 18.73 = 0.02 12.17 = 0.07 0.00 = 0.07 1(1-1)
KD43 Syntaxin1B 30.89 = 0.17 18.13 = 0.07 12.77 = 0.07 0.60 = 0.07 0.6 (0.6-0.6)
Control 1 Munc18-2 30.08 = 0.03 18.73 = 0.02 11.35 = 0.00 0.00 = 0.00 1(1-1)
KD43 Munc18-2 29.17 = 0.05 18.13 = 0.07 11.04 = 0.01 —0.31 = 0.01 1.2 (1.2-1.2)
Control 1 Munc18-1 24.31 = 0.02 18.73 = 0.02 5.58 = 0.00 0.00 = 0.00 1(1-1)
KD43 Munc18-1 28.53 = 0.14 18.13 = 0.07 10.40 = 0.06 4.82 = 0.06 0.03 (0.03-0.03)

the knockdown and control cells. A representative image of
syntaxinl staining from four pairs of knockdown and con-
trol clones is presented in Figure 3, A and B. In control cells,
strong syntaxinl staining at the plasma membrane was de-
tected (Figure 3B). A more significant staining of intracellu-
lar organelles and the concomitant reduction in plasma
membrane staining was observed in all the Munc18-1 knock-
down PC12 cells (Figure 3A). We then quantified the syn-
taxinl mislocalization through pixel intensity localization
analysis (see Materials and Methods). A summary of the syn-
taxinl localization analysis for four different pairs of knock-
down and control clones are shown in Figure 3C. We noted
a significant decrease (by ~30-50% compared with control)
in the localization ratio of plasma membrane syntaxinl ver-
sus syntaxinl in the cytoplasm of the cells among the
Munc18-1 knockdown clones in comparison to control
clones (Student’s t test, t, = 7.78, p < 0.01). This would
indicate that Munc18-1 knockdown caused significant mis-
localization of syntaxinl in intracellular compartments away
from the plasma membrane.

The localization of SNAP-25 was also analyzed similarly
and was found to be no different in Munc18-1 knockdown

A

Figure 2. Electron microscopy of the Munc18-1
knockdown cells reveals abnormalities in the
docking of dense-core vesicles. (A and B) Elec-
tron micrograph of single cell from Munc18-1
knockdown (KD43) clone (A) and control (C9)
clone (B). Docked dense-core vesicles are indi-
cated by open arrowheads and undocked
dense-core vesicles are indicated by closed ar-

cells compared with controls. Examples of individual con-
focal images of the knockdown and control clones are shown
in Figure 4, A and B. A summary of SNAP-25 localization
analysis for the same four Munc18-1 knockdown clones and
control clones are shown in Figure 4C. The lack of SNAP-25
mislocalization within Muncl8-1 knockdown clones (Stu-
dent’s t test, t, = 0.34) confirms the specific mislocalization
of syntaxinl alone rather than a general mislocalization of
plasma membrane proteins. The specific syntaxinl mislocal-
ization upon Muncl8-1 knockdown suggests a role for
Munc18-1 in the proper localization of syntaxinl.

Syntaxinl Resides in the Perinuclear Region in

Undifferentiated and NGF-differentiated Knockdown Cells
We attempted to identify the precise localization of mis-
placed syntaxinl in Munc18-1 knockdown PC12 cells. For
this purpose, we first conducted three-dimensional analyses
of syntaxinl staining in the Munc18-1 knockdown (KD43)
and control (C1) cells. Multiple confocal images along Z-axis
were captured and stacked together to reconstitute three-
dimensional images of syntaxinl staining. Such an example

rows. Scale bar, 1 um. (C) The graph shows the C D

mean percentage distribution of dense-core ves- g Oct et
icles within individual PC12 cells, calculated 50 Oce
from multiple single-cell electron micrographs 40 Ml co 0 45 KD43
from four different clones. Dense-core vesicles 35 M KD43 _8 40 u KD5
were classed as being located within 50, 50-100, _§ 30 W KDs1 § 35 u !
100-200, 200-500, and 500-1000 nm, as well as 325 5 30

farther than 1000 nm from the plasma mem- 3,4 3 25

brane. *p < 0.01; a statistically significant differ- O €20

ence. Error bar, SEM (n = 14-26). (D) The graph ® 15 215

shows mean number of vesicles present in each 10 § 10

single-cell electron micrograph from the four 5 =5

different clones (two Muncl8-1 knockdown 0 T T . T T 0

clones and two control clones). Error bar, SEM x<50  50<x<100  100<x<200 200<x<500 500<x<1000 x>1000

(n = 14-26).

Vol. 19, February 2008

Distance from cell membrane (x/nm)

727



L. Arunachalam et al.

A

T

n
L

b
o

Plasma membrane syntaxin1
Intracellular syntaxint
o

0" K43 KD51 KD39 KD5 c1 c9 c14 cii

Figure 3. Confocal immunofluorescence microscopy reveals syn-
taxin mislocalization in Munc18-1 knockdown cells. (A and B) Rep-
resentative single-cell confocal images of cells from four pairs of
knockdown (A) and control (B) that were stained by anti-syntaxinl
antibodies (HPC-1) followed by Alexa 488—conjugated anti-mouse
antibodjies. Scale bar, 5 um. (C) The graph shows the proportion of
syntaxinl found in the plasma membrane to that found inside the
cell for four pairs of knockdown clones and their paired controls.
Error bar, SEM (n = 14-26). *p < 0.01; a statistically significant
difference.

for KD43 and C1 cells are presented as Supplementary Ma-
terials (Supplementary Movies 1 and 2). As shown in these
images, syntaxinl staining was accumulated near the pe-
rinuclear region in the knockdown cell. In contrast, anti-
syntaxin antibody stained the surface of the control cells.

The size of undifferentiated PC12 cells is relatively small
(<10 um in diameter) and this makes it difficult to identify
the exact localization of each organelle. To better localize
each organelle, we differentiated PC12 cells using NGF. The
cell bodies of differentiated PC12 cells enlarge and become
flatter, which allows us to better examine colocalization of
misplaced syntaxinl with organelle marker proteins. After a
4-d treatment with NGF (100 ng/ml), both the knockdown
and control cells exhibited normal neurite outgrowth. In the
differentiated Munc18-1 knockdown (KD43) cells, staining
with syntaxinl antibody showed marked perinuclear stain-
ing (Figure 5A), whereas in control (C1) cells, it showed clear
plasma membrane staining (Figure 5B). Because differenti-
ated cells become flatter, the optical sectioning by confocal
microscopy is more consistent among many cells, and we
could observe very consistent phenotypic differences be-
tween knockdown and control cells under NGF-differenti-
ated conditions.

We then analyzed the localization of misplaced syntaxinl in
the somata with higher magnifications and examined its colo-
calization with the three marker proteins: GM130 (a marker
protein for the cis-Golgi), Calnexin (a marker protein for the
ER), and Secretogranin II (a marker protein for dense-core
vesicles; Figure 6). Calnexin staining was reduced at the pe-
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Figure 4. Unchanged SNAP-25 localization in Muncl8-1 knock-
down cells. (A and B) Representative single-cell confocal images of
cells from four pairs of knockdown (A) and control (B) cells that
were stained with anti-SNAP-25 monoclonal antibodies (Cl171.1),
followed by red-x-conjugated goat anti-mouse antibodies. Scale
bar, 5 um. (C) The figure shows the proportion of SNAP-25 found in
the plasma membrane to that found inside the cell for two different
knockdown clones and their paired controls. Error bar, SEM (n =
12-19).

Figure 5. Mislocalized syntaxinl accumulates in the perinuclear
region of the cells in NGF-differentiated Munc18-1 knockdown cells.
NGF-differentiated Munc18-1 knockdown (KD43; A) cells and con-
trol (C1; B) were stained with anti-syntaxinl monoclonal antibodies
followed by Alexa 488-conjugated goat anti-mouse antibodies.
Scale bar, 10 pwm.
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Figure 6. Misplaced syntaxinl is enriched on the dense-core ves-
icles in the perinuclear region of the cells in the somata of NGF-
differentiated Muncl8-1 knockdown cells. NGF-differentiated Munc18-1
knockdown (KD43) cells were costained with anti-syntaxinl mono-
clonal antibodies (A1-C1) followed by Alexa 488—conjugated goat
anti-mouse antibodies, and anti-GM-130 rabbit polyclonal antibody
(A2), anti-calnexin rabbit polyclonal antibody (B2), or anti-Secre-
togranin II rabbit polyclonal antibodies (C2) followed by Alexa
568 —-conjugated goat anti-rabbit antibodies. Light panels (A3-C3)
are merged pictures. Note the highest colocalization was observed
between sytaxinl and Secretogranin II (C3). Scale bar, 10 pum.

rinuclear region (Figure 6B2) and showed a marked contrast to
the syntaxinl staining (Figure 6B1), indicating that syntaxin1 is
not on the ER. In contrast, the perinuclear enrichment was
observed in the staining with anti-GM130 (Figure 6A2) and
anti-Secretogranin II (Figure 6C2) antibodies. Different from
GM-130 staining, which exhibited Golgi-ribbon patterns, the
syntaxinl staining showed punctuate patterns, which was
more similar to Secretogranin II staining (Figure 6C). Thus, at
least a portion of the misplaced syntaxinl appeared to be
localized on dense-core vesicles in the perinuclear region. Con-
sidering the fact that the biogenesis of dense-core vesicles is
initiated in the trans-Golgi network (Tooze, 1998), our results
suggest that misplaced syntaxinl is stuck on the membrane
structures between the Golgi and the plasma membrane, which
include dense-core vesicles. Thus, without Munc18-1, the traf-
ficking of syntaxinl from the trans-Golgi to the plasma mem-
brane is severely perturbed.

We also examined the localization of SNAP-25 in the NGF-
differentiated PC12 cells. Plasma membrane staining is simi-
larly prominent both in the knockdown and control cells (Fig-
ure 7), confirming that down-regulation of Munc18-1 did not
affect SNAP-25 localization in the differentiated PC12 cells. We
suggest that without Muncl8-1, syntaxin1 trafficking from the
ER to the plasma membrane is rendered inefficient, whereas
the trafficking of SNAP25 remains unaffected.

Subcellular Fractionation Reveals Changes in Distribution
of Syntaxinl in Munc18-1 Cells

Although we found very consistent mislocalization of syn-
taxinl in Munc18-1 knockdown cells by immunofluores-
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Figure 7. Unchanged plasma membrane localization of SNAP-25
in NGF-differentiated Munc18-1 knockdown cells. Munc18-1 knock-
down (KD43; A) and control (C1; B) cells were stained with mono-
clonal anti-SNAP-25 antibody followed by Alexa 488-conjugated
goat anti-mouse antibody. Scale bar, 10 um.

cence confocal microscopy, we wanted to confirm the above
using an independent approach. Toward this end, we per-
formed subcellular fractionation using equilibrium sucrose
gradients. Postnuclear supernatants from control (C1) and
knockdown (KD43) cells were loaded onto the top of a
continuous sucrose density gradient and centrifuged. In
Western blotting analyses, we found that in control cells,

(Top) Fractions (Bottom)
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Figure 8. Fractionation of control (C1) cells and Munc18-1 knock-
down (KD43) cells reveals changes in distribution of syntaxinl.
Postnuclear supernatants of total homogenates of C1 and KD43 cells
were loaded onto a continuous 0.60-2 M sucrose gradient. Fractions
were collected from the top and equal volumes of such fractions were
analyzed by SDS-PAGE and immunoblotting with anti-Secretogra-
nin II, syntaxinl, and SNAP-25 antibodies. The number on the blots
indicates the position of fractions. Molecular weights in kDa are
indicated in the left.
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dense-core vesicle marker Secretogranin II shows highest
level of presence in fractions 8 and 9, whereas syntaxinl and
SNAP25 are in fractions 5 and 6 (Figure 8). These results
suggest that syntaxinl and Secretogranin II fractions can be
largely separable using this technique. Furthermore, the co-
fractionation of syntaxinl and SNAP-25 in control cells con-
firms the data that show their colocalization in the plasma
membrane. In Munc18-1 knockdown cells, fraction patterns
were the same as in control cells for Secretogranin II (fractions
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Figure 9. Rescue of Syntaxinl localization upon rein-
troduction of Munc18-1 into KD43 cells. (A and B) Rep-
resentative single-cell confocal images of KD43 cells that
were transfected with pCMV-Munc18-1(SNM)-IRES-
EGFP (A) as well as untransfected KD43 cells (B), both
stained for anti-syntaxinl antibodies followed by red-
x—conjugated anti-mouse antibodies. Transfected cells
were identified through the expression of IRES-EGFP.
Scale bar, 5 um. (C) Summarized figure shows the
proportion of syntaxinl found in the plasma mem-
brane to that found inside the cell for KD43 cells
transfected with pCMV-Munc18-1(SNM)-IRES-EGFP
as well as untransfected KD43 cells. Error bar, SEM
(n = 16). *p < 0.01; a statistically significant difference.
(D) Confocal images of NGF-differentiated multiple KD43
cells transfected with pCMV-Munc18-1(SNM)-IRES-EGFP
that were stained with anti-syntaxinl monoclonal anti-
bodies followed by red-x—conjugated goat anti-mouse
antibodies. (E) Confocal images of NGF-differentiated
KD43 cells transfected with pCMV-Munc18-1(SNM)-
Emerald GFP that were stained with anti-syntaxinl
monoclonal antibodies followed by red-x-conjugated
goat anti-mouse antibodies. Scale bar, 10 um.

8 and 9) and SNAP-25 (fractions 5 and 6). However, in these
cells syntaxin1 distribution changed and in addition to fraction
5 stronger signals appeared in fractions 8 and 9 (Figure 8). The
change in syntaxin1 fractions was confirmed through indepen-
dent blots. Thus, in Muncl8-1 knockdown cells, syntaxinl
shows better cofractionation with Secretogranin II, whereas in
control cells it demonstrates a better cofractionation with
SNAP-25. These results strongly support the finding obtained
using immunofluorescence microscopy.

Control  Munc18-1

Figure 10. Secretion defects are rescued upon
reintroduction of Munc18-1 by transfection. (A)
Immunoblot analysis of transfected Munc18-1
in the knockdown (KD43) cells. Thirty micro-
grams of total homogenates from KD43 cells
transfected with the empty plasmid (control) or
the Muncl8-1 expression plasmid (Muncl8-
1(SNM)) were analyzed by SDS-PAGE and im-
munoblotting using anti-Munc18-1. (B) Secre-
tion of NPY-hPLAP from the knockdown
(KD43) cells that were transfected with the con-
trol plasmid or the Muncl8-1 expression plas-
mid. *p < 0.01; a statistically significant differ-
ence. Error bar, SEM (n = 9). (C) Secretion of
NPY-hPLAP from the control (C1) cells that
were transfected with the control plasmid or the
Muncl8-1 expression plasmid. Error bar, SEM
(n=9).
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Expression of Munc18-1 Restores Plasma Membrane
Localization of Syntaxinl

To examine whether mislocalized syntaxinl is truly attrib-
utable to down-regulation of Munc18-1, we conducted res-
cue experiments. Muncl8-1 reintroduction was accom-
plished through the transfection of the Munc18 knockdown
(KD43) cells with the Munc18-1 expression constructs. To
allow Muncl8-1 to be expressed in the KD43 cells, these
expression constructs contain SNMs within the sequence
region of rat Munc18-1 targeted by the knockdown plasmid
(see Materials and Methods). We prepared two different
Munc18-1 expression constructs: the first being the pCMV-
Munc18-1(SNM)-IRES-EGFP construct that expresses Munc18-1
and EGFP as separate proteins where EGFP works as a
marker of successful transfection. The other is the pCMV-
Muncl8-1(SNM)-Emerald GFP construct that expresses
Munc18-1 as an Emerald GFP-fusion protein. We found that
remarkably the syntaxinl mislocalization was almost com-
pletely rescued upon reintroduction of Muncl8-1 into
knockdown cells by these constructs (Figure 9). Figure 9A
shows representative images of undifferentiated KD43 cells
successfully transfected with pCMV-Munc18-1 (SNM)-IRES-
EGEFP along with untransfected KD43 cells in Figure 9B. The
same pixel intensity analysis of syntaxinl localization used
in Figure 3 was repeated on this group of cells and the
results are summarized in Figure 9C. As shown in the figure
there is a significant increase in syntaxin localization ratios
(Student'’s t test, t;, = 8.56, p < 0.01) indicating the ability of
transfected Munc18-1 to rescue the syntaxin mislocalization
phenotype within Munc18-1 KD43 cells.

We also differentiated the transfected KD43 cells and
found the dramatic disappearance of the perinuclear stain-
ing of syntaxinl together with concomitant elevations in
plasma membrane staining in the transfected KD43 cells.
However, nearby untransfected cells still showed the pe-
rinuclear accumulation of syntaxinl (Figure 9D). Virtually
identical results were obtained upon transfection of
Munc18-1 fused with Emerald GFP (Figure 9E). One notable
difference was that unfused GFP was expressed everywhere
in the cell including the nucleus, whereas Munc18-1 fused
GFP was only expressed in the cytoplasm. This rescue of
syntaxinl mislocalization upon reintroduction of Munc18-1
confirms a critical role for Muncl8-1 in facilitating the
plasma membrane localization of syntaxinl.

Expression of Munc18-1 Restores Secretion Defects

We also examined whether Muncl8-1 expression by trans-
fection can restore secretion. When we transfected the
Muncl8-1 knockdown (KD43) cells with pCMV-Muncl8-
1(SNM), we could detect the expression of transfected
Munc18-1(SNM) by immunoblot, whereas the KD43 cells
transfected with empty plasmid (pCMV5) did not show
significant immunoreactivity of Muncl8-1 (Figure 10A).
Nevertheless, the transfection rate judged by GFP expres-
sion from the Munc18-1-Emerald GFP construct was only
~5-40% (data not shown), not 100%. Therefore, we relied on
a cotransfection assay using a reporter plasmid for transfec-
tion. This assay originally used human growth hormone
expression plasmid as a reporter (Wick et al.,, 1993; Sugita,
2004). We have recently developed a new plasmid that al-
lows the expression of neuropeptide Y (NPY) fused with a
soluble domain (residues 18-506) of human placental alka-
line phosphatase (hWPLAP; Fujita et al., 2007; Li et al., 2007).
NPY-hPLAP is secreted in a Ca®>*-dependent manner, and
both the levels of NPY-hPLAP secreted from the cells as well
as that retained in the cells are easily quantified by measure-
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ments of the heat-stable (65°C) alkaline phosphatase activity
of hPLAP using the quantitative secretory alkaline phospha-
tase assay kit (see Materials and methods). Thus, NPY-hPLAP
can be an ideal reporter for transfection to examine the effect
of the transfected protein on secretion. We found that trans-
fection with pCMV-Munc18-1(SNM) enhanced the secretion
of cotransfected NPY-hPLAP by ~100% (Figure 10B), which
was statistically significant (t,, = 11.8, p < 0.01). Consider-
ing that knockdown of Munc18-1 decreased NE secretion by
40-70% (Figure 1), this enhancement is close to the full
recovery of secretion. Thus, the secretion defects in
Munc18-1 knockdown cells are truly attributable to the re-
duction of Munc18-1, not the reduction of unrelated pro-
teins. Nevertheless, the secretion level (~30% by high K~
stimulation) of the rescued KD43 cells still appeared to be
lower than the level (~35-50% secretion) exhibited by wild-
type PC12 cells in response to the same stimulation. This
could be due to the fact that although Munc18-1 transfection
rescued the syntaxinl mislocalization, it did not appear to
recover (increase) the reduced expression level of syntaxin1,
judged from the comparison of syntaxinl immunofluores-
cence intensity between Munc18-1 transfected and untrans-
fected KD43 cells (Figure 9, A and B). Alternatively, the
slightly lower secretion level may also be explained by the
fact that the coexpression rate of transfected Munc18-1 and
NPY-hPLAP is not 100%. In contrast to the knockdown cells,
transfection of control (C1) cells with pCMV-Muncl8-
1(SNM) did not affect the secretion of NPY-hPLAP (Figure
10C; t;4 = 098, p = 0.34), which reconfirms results from
previous Muncl8-1 overexpression studies in wild-type
PC12 cells (Graham et al., 1997; Schutz et al., 2005), thereby
suggesting that Munc18-1 is at saturated levels in control
PC12 cells.

DISCUSSION

Regardless of their crucial roles for vesicle trafficking and
exocytosis, it remains a mystery how the SM proteins, such
as Muncl8-1, -2, and -3, contribute to these processes. We
addressed this issue by generating stable Munc18-1 knock-
down cells. The reproduction of secretion defects and dense-
core vesicle docking defects in our Munc18-1 knockdown
cells (Figures 1 and 2) establishes the credibility of our
model system. It proves that the trace levels of residual
Munc18-1 left in the Munc18-1 knockdown cells is incapable
of fully performing the functional role of Munc18-1 in mam-
malian cells. Unlike neurons from knockout animals, our
Muncl8-1 knockdown PC12 cells had no problems in sur-
vival or growth. By taking advantage of this relatively
healthy condition of the knockdown cells, we could conduct
detailed analyses of the localization of syntaxinl at strongly
reduced levels of Munc18-1. We found the dramatic mislo-
calization of syntaxinl in both undifferentiated and NGF-
differentiated knockdown cells (Figures 3-6). Under NGF-
differentiated conditions, clear accumulation of syntaxinl
immunoreactivity in the perinuclear region of the cell was
detected (Figures 5 and 6). The finding of mislocalized syn-
taxinl by immunofluorescence microscopy was confirmed
by subcellular fractionation using equilibrium sucrose den-
sity gradient (Figure 8). Furthermore, mislocalized syntaxinl
and reduced secretion were both rescued by the transfec-
tion-mediated expression of Muncl8-1 (Figures 9 and 10).
Thus our work is the demonstration that loss-of-function of
endogenous Muncl8-1 causes mislocalization of syntaxinl
and supports the previously unconfirmed hypothesis that
Munc18-1 is critical for proper trafficking of syntaxinl (Rowe
et al., 1999, 2001).
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In previous studies demonstrating the defects in dense-
core vesicle docking, the authors implicated Munc18-1 to
play a direct functional role in promoting vesicle docking
(Voets et al., 2001). The docking defects can now be ex-
plained alternatively at least in part by the mislocalized
syntaxinl. Such mislocalized syntaxinl may interact with
vesicle SNARE proteins, most likely synaptobrevin/cel-
lubrevin, thereby causing the mislocalization of vesicles as
well. Because its discovery, syntaxinl has been a major
candidate responsible for docking of secretory vesicles (Ben-
nett et al., 1992). Although recent analysis of docking of
dense-core vesicles in chromaffin cells from SNAP-25 knock-
out mice (Sorensen et al., 2003) and synaptobrevin/cellubre-
vin double knockout mice (Borisovska et al., 2005) excluded
these two SNARE proteins from their roles in docking of
dense-core vesicles, the role for syntaxinl in docking re-
mains untested. Recently, syntaxinlA knockout mice have
been generated but however they failed to reveal any obvi-
ous phenotypes in neurotransmitter release (Fujiwara et al.,
2006) presumably because of the sustained expression of its
close isoform, syntaxinlB, as well as syntaxin2, 3, and 4
(Bennett et al., 1992; Quinones et al., 1999) in these cells. Null
mutation of the syntaxinlA orthologue in Drosophila causes
complete absence of neurotransmitter release and embry-
onic lethality (Schulze et al., 1995), but it is not known
whether synaptic vesicles or dense-core vesicles are docked
in these mutants. Nevertheless, we suggest that mislocalized
syntaxinl is the potential cause for the undocking of vesicles
in Munc18-1 knockdown cells. However, further work is
required to precisely determine whether defects in the dock-
ing of vesicles are attributable to mislocalized syntaxinl or
to the absence of Munc18-1.

In addition to localizing syntaxinl to the plasma mem-
brane, other functional roles for Muncl8-1 have been sug-
gested. Studies on the function of the Drosophila Munc18-1
orthologue, Rop, using a quantitative overexpression system
(Schulze et al., 1994; Wu et al., 1998), found that overexpres-
sion of Rop resulted in reduced neurotransmitter release. In
addition, they found that overexpression of syntaxinl also
reduced neurotransmitter release, whereas overexpression
of both Rop and syntaxin together resulted in almost normal
neurotransmitter release. From these results, they proposed
the importance of a balance in expression of syntaxin and
Rop. As a possible reason for the inhibitory effects observed
upon overexpression of Rop, it has been suggested that
overexpressed Rop sequesters syntaxins, thereby reducing
the amount available to form SNARE complexes with syn-
aptobrevin and SNAP-25. Nonetheless, the loss of function
of Munc18-1 or its orthologues have clearly showed that
they are required for neurotransmitter release (Hosono et al.,
1992; Harrison ef al., 1994; Verhage et al., 2000).

Recent biochemical studies suggest that Munc18-1 not
only binds to syntaxinl but also binds the SNARE complex
(Zilly et al., 2006; Dulubova et al., 2007). Furthermore,
Munc18-1 potently facilitated SNARE-mediated lipid fusion
reactions in vitro (Shen et al., 2007). Therefore, Munc18-1 can
function as an accelerator of membrane fusion by directly
interacting with the SNARE complex. Similarly, Munc18-3
not only interacts with syntaxin4, but also binds to the
SNARE complex composed of syntaxin4/SNAP-23/synap-
tobrevin2 (Latham et al., 2006; Hu et al., 2007). Thus it ap-
pears to be a universal feature that the SM proteins interact
with the SNARE complexes as well as the specific syntaxins.
It is however important to note that the loss-of-function of
Muncl8-1 affects syntaxinl (expression level and/or local-
ization) but not SNAP-25 or synaptobrevin2 (Voets et al.,
2001; this study). Similarly, knockout of Munc18-3 resulted
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in a strong reduction in syntaxin4 expression but not in
SNAP-23 or synaptobrevin2 (Kanda et al., 2005). Thus at
least a component of SM functions is selectively related to
syntaxins and not to SNARE proteins in general. It has not
been demonstrated that syntaxin4 is mislocalized in
Munc18-3-deficient cells. Thus it remains to be seen
whether the Muncl8 family proteins are universally in-
volved in the trafficking of syntaxins.

Interestingly, we detected substantial expression of
Munc18-2 (Hata and Stidhof, 1995; Katagiri et al., 1995; Tel-
lam et al., 1995; Halachmi and Lev, 1996; Riento et al., 1996)
in PC12 cells, and in addition its expression seemed to be
notably elevated in Munc18-1 knockdown cells. Although
the expression of Munc18-2 in chromaffin cells has not been
examined, it is reasonable to expect its expression based on
the similarity between PC12 cells and chromaffin cells. In
contrast, the expression of Munc18-2 is undetectable in neu-
rons (Hata and Stidhof, 1995). This difference in the expres-
sion of Muncl8-2 may in fact explain the differences ob-
served in the severity of the release phenotype between
neurons and chromaffin cells from Munc18-1 knockout mice.
In neurons, neurotransmitter release was completely blocked
(Verhage et al., 2000), whereas in chromaffin cells 10-20% of
secretion was still detectable (Voets ef al., 2001). In fact, it is
known that Munc18-2, but not Munc18-3, can bind to syn-
taxinl (Hata and Stidhof, 1995; Tellam et al., 1995, 1997;
Halachmi and Lev, 1996; Riento ef al., 1998, 2000; Kauppi et
al., 2002).

Although our results clearly establish the importance of
Munc18-1 in trafficking syntaxinl to the plasma membrane,
whether the secretion and dense-core vesicle docking defi-
ciencies observed are entirely the result of syntaxinl mislo-
calization still remains speculative. However, the viability of
the knockdown cells in our model allows us to conduct
further experiments that would elucidate the importance of
plasma membrane syntaxinl localization in vesicle docking
and subsequent exocytosis. In the case that dense-core ves-
icle docking and syntaxinl localization are the result of
independent actions of Munc18-1, it would almost certainly
be that such independent functions of Munc18-1 are regu-
lated by different domains within the protein. In the case
that both dense-core vesicle docking deficiency and syn-
taxinl mislocalization are simultaneously rescued by the
reintroduction of the syntaxinl binding domain of Munc18-1
or various Munc18-1 mutants, it would strongly suggest that
the dense-core vesicle docking defects observed were the
direct result of syntaxinl mislocalization.
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