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c-Jun N-Terminal Kinase Phosphorylation of MARCKSL1 Determines
Actin Stability and Migration in Neurons and in Cancer Cells
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Cell migration is a fundamental biological function, critical during development and regeneration, whereas deregulated migra-
tion underlies neurological birth defects and cancer metastasis. MARCKS-like protein 1 (MARCKSLI1) is widely expressed in
nervous tissue, where, like Jun N-terminal protein kinase (JNK), it is required for neural tube formation, though the mechanism
is unknown. Here we show that MARCKSLI1 is directly phosphorylated by JNK on C-terminal residues (5120, T148, and T183).
This phosphorylation enables MARCKSLI to bundle and stabilize F-actin, increase filopodium numbers and dynamics, and re-
tard migration in neurons. Conversely, when MARCKSL1 phosphorylation is inhibited, actin mobility increases and filopodium
formation is compromised whereas lamellipodium formation is enhanced, as is cell migration. We find that MARCKSLI mRNA
is upregulated in a broad range of cancer types and that MARCKSLI protein is strongly induced in primary prostate carcinomas.
Gene knockdown in prostate cancer cells or in neurons reveals a critical role for MARCKSL1 in migration that is dependent on
the phosphorylation state; phosphomimetic MARCKSL1 (MARCKSL]5'29P-T148D.T183D) iy hihits whereas dephospho-
MARCKSL]5'204-TH8ATIS3A iy dyces migration. In summary, these data show that JNK phosphorylation of MARCKSLI regulates
actin homeostasis, filopodium and lamellipodium formation, and neuronal migration under physiological conditions and that,

when ectopically expressed in prostate cancer cells, MARCKSLI again determines cell movement.

ARCKS-like protein 1 (MARCKSL1) is an actin binding
protein that is predominantly expressed in immature brain
(1, 27). The MARCKSL1 homologue MARCKS has been more
extensively studied and has been shown to bind actin with a stoi-
chiometry of 1:2, thereby facilitating cross-linking (56; reviewed
in reference 39). Binding to actin occurs via an effector domain
(ED) that is 87% identical to the corresponding domain of
MARCKSLI. Surprisingly, however, full-length MARCKSL1 does
not cross-link F-actin (49; reviewed in reference 39), although the
MARCKSLI effector domain alone interacts with actin. This in-
dicates that in a physiological context, another level of regulation
is required for MARCKSLI to regulate actin bundling. The only
known critical function of MARCKSL1 is in early development of
the nervous system, as genetic disruption of MARCKSLI results in
neural tube closure defects (5, 51), events that depend on coordi-
nated control of actin functions, cell shape, and cell migration.
MARCKSLI is also associated with cell spreading (23); however,
the mechanism whereby MARCKSLI1 regulates F-actin in a cellu-
lar context has remained obscure.
c-Jun N-terminal kinase 1 (JNK1) and JNK2, like MARCKSL1,
are required for neural tube closure (20, 36). However, the iden-
tity of the JNK effectors mediating this event remains unresolved.
JNK activity is highly elevated in neuronal cells (8, 42), and although
initially unexpected (7, 8, 53), it is now accepted that a number of
important physiological substrates for JNK exist in the brain, many of
which are microtubule regulators, including microtubule-associated
protein 2 (MAP2), DCX, and SCGI0 (3, 4, 13, 22, 42). As a conse-
quence, JNK functions in neurite growth and axonal transport (6, 30,
28, 42). However, a convincing literature also indicates that JNK ac-
tivity facilitates migration of many cell types, including epithelium-
like, fibroblast, endothelial, and glioblastoma cells (15, 17, 25, 35, 40).
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In contrast to the findings of these studies in nonneuronal cells, INK
activity retards migration of central nervous system (CNS) neurons
(48). In an effort to better understand the mechanism of JNK func-
tion in the brain, we screened for novel CNS substrates of JNK. Here
we identify MARCKSLI as a JNK substrate. We show that JNK phos-
phorylates MARCKSLLI in intact cells on sites that are not conserved
in MARCKS. When phosphorylated on these sites, MARCKSLI in-
duces F-actin bundling, reduces actin turnover in cells, and retards
cell migration. This reveals that MARCKSLLI is a newly identified
effector of JNK that links directly to the actin cytoskeleton, thereby
reducing actin plasticity and impeding forward migration of neu-
rons.

MATERIALS AND METHODS

Materials. Anti-PJNK(Thr183/Tyr185) was from Cell Signaling Technol-
ogies, and anti-SAPK1b/SAPKB/JNK3 was from Upstate Biotechnology
(Lake Placid, NY). Rabbit anti-MARCKSL! (ProteinTech Group Inc.)
was used to detect MARCKSLI1. Mouse anti-green fluorescent protein
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(anti-GFP) (clone JL-8) was from Clontech (Mountain View, CA). Antibod-
ies against glutathione S-transferase (GST) and phospho-c-Jun(Ser63) were
from Santa Cruz Biotechnology (Santa Cruz, CA). The actin antibody (clone
AC-4700) was from Sigma (St. Louis, MO). Anti-mouse -tubulin (clone
KMX-1) was from Chemicon (Temecula, CA). Alexa 568-phalloidin and sec-
ondary antibodies for immunofluorescence staining and anti-rabbit anti-
body—Alexa 546 and anti-mouse antibody—Alexa 488 and 555 as well as
Hoechst 33342 and Mowiol mounting media were from Molecular Probes
(Eugene, OR). SP600125 was from Calbiochem (San Diego, CA).

Plasmids. Mouse MARCKSLI, mouse cofilin-1, and human paxillin-3
were cloned by PCR from mouse brain and human neuroblastoma cDNA.
Genes were ligated into the EcoRI site of pXFP-N1 vectors for MARCKSLI
and pXFP-Cl1 vectors for paxillin and cofilin (Clontech) as indicated.
MARCKSLI-S120A/T148A/T183A (MARCKSL1-AAA) and MARCKSLI-
S120D/T148D/T183D (MARCKSLI-DDD) were prepared by insertional
overlapping PCR as previously described (42). Small interfering RNA
(siRNA)-insensitive mutants mouse MARCKSL1-WTi, MARCKSLI-AAAI,
and MARCKSL1-DDDi were prepared by insertional overlapping PCR
using mutagenic primers and inserted into plxCherry-N1. For expression
in  Escherichia colii MARCKSLI, MARCKSL]S!20ATI4SATISA = ond
MARCKSL15120DTHMEDTISD ere Jigated into the EcoRI site of pGEX-6P3
(Amersham Biosciences). ECFP-NES-JBD was prepared by replacing the en-
hanced GFP (EGFP) coding sequence from EGFP-NES-JBD (3) with en-
hanced cyan fluorescent protein (ECFP) using the Nhel and BsrGI cloning
sites. Rat B-actin, obtained by PCR as described previously (7), was ligated
into the EcoRI site of the pVenus vector. pcDNA3-MKK7-JNK1 and
pcDNA3-MKK7-JNK2 were gifts from R. Davis (Howard Hughes Medical
Institute [HHMI], Worcester, MA).

Mass spectrometry. (i) In vivo analysis of phosphorylation sites. The
tryptic digests were passed over a TiO, column slurry packed in an Ep-
pendorf tip and eluted with trifluoroacetic acid (TFA) as described previ-
ously (43). Samples were analyzed with an LTQ-Orbitrap instrument
(ThermoFisher, Bremen, Germany), coupled to a high-performance lig-
uid chromatography (HPLC) splitless Eksigent two-dimensional (2D)
NanoLC system (Eksigent Technologies, Dublin, CA). The HPLC auto-
sampler injected 5 .l of peptide sample, which was trapped on the pre-
column (Zorbax 300SB-C,g; Agilent Technologies, Santa Clara, CA) (5
mm by 0.3 mm; 5-pm-pore-size membrane) and washed (15 min) with
solvent A (0.1% fluorescent antibody [FA]) only. Peptides were separated
on a reverse-phase analytical column (Zorbax 300SB-C,g; Agilent Tech-
nologies) (150 mm by 75 pum; 3.5-pum-pore-size membrane) at a flow rate
0f 400 nl/min. A gradient of 5% to 40% acrylonitrite (ACN) was run from
over 55 min, held for 5 min, and then raised to 80% (over 0.1 min). The
latter concentration was kept for 15 min before a return to 5% and
reequilibration. The same protocol was used for analysis of the protein
standard except that pooled labeled ADH peptides were diluted 10-
fold before injection. Mass spectra of all samples were always acquired
in the positive-ionization mode, with an m/z scan range of 400 to 2,000
Da. After the three most intense precursor masses in mass spectros-
copy (MS) mode were selected, their tandem MS (MS/MS) scans (with
an m/z range of 50 to 2,000 Da) were performed with a dynamic ex-
clusion range of 240 s after the second peptide count. The collision-
induced dissociation (CID) and high-energy CID (HCD) collision en-
ergies were set at 35 and 45 eV, respectively.

(ii) Database analysis. All LC-MS/MS data were processed using the
Proteios2 Software Environment (version 2.10.0; available at http://www
.proteios.org) and analyzed with Mascot. The enzyme was set to trypsin
with two allowed miscleavages and the instrument to ion trap and peptide
and fragment mass tolerances of 5 ppm and 0.5 Da, respectively, with 0.01
as the false-discovery rate. Searches were done against IPI mouse database
version 3.71, including a decoy data set. Carbamidomethyl-Cys was set as
a fixed modification and oxidation of Met and phosphorylation of Ser/
Thr and Tyr as variable modifications.

In vitro analysis of phosphorylation sites. GST-MARCKSLI (1 pg)
was phosphorylated in vitro with GST-JNKlal as described previously
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(48), separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and subjected to in-gel digestion with trypsin (Pro-
mega, Madison, WI). Tryptic peptides were dissolved in 0.2 M acetic
acid—30% ACN (vol/vol) and phosphopeptides isolated using a PHOS-
Select (Sigma) iron affinity matrix. Peptide digest (1 pmol) was loaded
slowly onto a nanoscale immobilized metal affinity column (IMAC) pre-
pared in a 10-pl gel loader tip and washed 3 times with 0.2 M acetic
acid-30% ACN and 1 time with water before elution with 1.5% NH,
directly into 5% formic acid. Acidified peptides were desalted using a
nanoscale column packed with POROS oligoR3 (PerSeptive Biosystems)
chromatography material or graphite powder (Sigma). The oligoR3 ma-
terial was used for desalting the phosphopeptides at positions 111 to 144
and 167 to 200, containing phosphorylation sites S120 and T183, respec-
tively, while the hydrophilic phosphopeptide at positions 145 to 157 con-
taining phosphorylation site T148 was captured on graphite powder.
Samples were desalted by repeated washing with 0.1% formic acid and
elution with matrix solution (dihydroxybenzoic acid [DHB] 50% ACN-1%
phosphoric acid) for matrix-assisted laser desorption ionization—time of
flight (MALDI-TOF) analysis (Voyager-DE PRO; Applied Biosystems) or by
step elution with 2.5% formic acid—10% to 50% methanol for nano-liquid
chromatography—electrospray quadrupole—time of flight mass spectrometer
(nESI-qQTOF) analysis (QStar Pulsar; Applied Biosystems). Approximately
20% of the IMAC eluate was removed prior to acidification for phosphatase
treatment using 0.05 U per .l alkaline phosphatase (Boehringer Mannheim)
in 0.1 M NH,HCOj;. Analysis of fragment ion spectra was done using Analyst
QS software (Applied Biosystems) and interpreted both manually and using
MASCOT software (Matrix Science).

Phosphorylation analysis. Metabolic labeling with **P was per-
formed as previously described (48) with minor changes. HEK-293 cells
that were nearly confluent were transfected using the calcium precipita-
tion method. At 24 h later, cells were washed with phosphate-free Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco catalog no. 11971-025)
containing 0.1% fetal calf serum (FCS) and incubated for 19 h. Cells
were incubated in phosphate-free medium containing 0.5 mCi/ml
[**P]orthophosphate (MP Biomedicals) for 2 hin 5% CO, at 37°C. Where
indicated, cells were irradiated with UV (254 nm, 80 J/m?) and incubated
for 2 h before lysis in immunoprecipitation buffer (20 mM HEPES [pH
7.4], 2 mM EGTA, 50 mM [-glycerophosphate, 1 mM dithiothreitol
[DTT], 1 mM Na;VO,, 1% [vol/vol] Triton X-100, 10% [vol/vol] glyc-
erol, 0.5 mM benzamidine, 10 nM microcystin-leucine-argenine [micro-
cystin-LR], phenylmethylsulfonyl fluoride [PMSF; 100 wg/ml], and 1
pg/ml each of aprotonin, leupeptin, and pepstatin). GFP-tagged proteins
were immunoprecipitated at 4°C by overnight incubation with a poly-
clonal anti-rabbit GFP antibody (Clontech) and collected using protein
G-Sepharose (Upstate Biotechnology). Following several washes, immu-
nopurified proteins were mixed with Laemmli sample buffer and analyzed
by SDS-PAGE. Quantification of **P-labeled protein was done using a
Fuji BAS-1800 phosphorimager. Kinetic analysis of JNK substrate phos-
phorylation was performed as previously described (3, 48).

Cell culture and transfection. Cortical neurons were prepared from
PO Sprague-Dawley rats and transfected with LF2000 as previously de-
scribed (42). For cell migration analysis in Transwells (Corning Inc.),
2.2 X 10° neurons were seeded in 6.5-mm-diameter 5-um-pore-size
Transwells precoated with laminin (10 pg/ml). Mouse embryonal fibro-
blasts (MEFs) were cultured in minimal essential medium supplemented
with 10% (vol/vol) bovine calf serum, 2 mM glutamine, 50 U/ml penicil-
lin, 50 pg/ml streptomycin, and nonessential amino acids (Sigma). All
cells were cultured in a humidified 5% CO, atmosphere at 37°C. MEFs
were transfected with Lipofectamine 2000, according to the instructions of
the manufacturer (Invitrogen, Carlsbad, CA). PC-3 cells were cultured in
RPMI 1640 (Sigma) and HEK-293T cells in Dulbecco’s modified Eagle’s me-
dium (Sigma), both supplemented with 10% (vol/vol) fetal calf serum (FCS),
2 mM glutamine and 50 U/ml penicillin, and 50 wg/ml streptomycin.

Lentiviral generation of stable knockdown PC-3 cell lines. Two 19-
nucleotide sequences (for cell line 5, 5'-GAA CGG AAC AGA UGA GGC
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A-3'; for cell line 6, 5'-GGC CUG UCC UUC AAG AGA A-3') targeting
human MARCKSL1 (NM_023009) were inserted into GFP-expressing
biscistronic pGIPZ lentiviral vector. A total of 5 X 10* cells/well were
seeded on day 0 and 24 h later were transduced with lentiviral particles (at
a multiplicity of infection [MOI] of 200) in serum-free media. At 48 h
postransduction, puromycin (1 pg/ml) was added for 10 days. PC-3 cells
expressing GFP, indicative of lentiviral integration, were collected by flu-
orescence-assisted cell sorting. The extent of knockdown was confirmed
by measurement of mRNA (reverse transcription-PCR [RT-PCR]) and
protein levels (Western blot analysis).

Transwell migration assay. For PC-3 cells, 8-pm-pore-size Tran-
swells were used. PC-3 cells stably transduced with human MARCKSLI
small hairpin RNA (shRNA) or nontargeting shRNA were seeded in
RPMI 1640 medium with 1% FCS at 130,000 cells per well. The lower
chamber was filled with 500 wl RPMI 1640 containing 10% FCS. Cells
were allowed to migrate for 8 h, after which the cells that had migrated
through the filter were counted (in a blinded manner) using an Olympus
IX70 fluorescence microscope. For rescue experiments, stable knockdown
PC-3 cells were plated in plastic wells and transfected 24 h later with 0.28
g of DNA using Lipofectamine LTX (Invitrogen). Following 24 h of
expression, transfected cells were resuspended in 1% fetal calf serum—
RPMI 1640 medium and plated in Transwells. For neuronal migration
analysis, cortical neurons in Transwells (5 wm pore size) were transfected
during plating with LTX (Invitrogen). The medium was replaced after 4 h
and fixed 48 h postplating. The number of migrated cells was counted
using an Olympus IX70 fluorescence microscope.

Wound-healing assays. MEFs on coverslips, transfected at 24 h post-
plating, were grown to confluence, after which the cell layer was scored
using a sterile 0.5-to-20-pl tip. Cells were fixed and stained with Hoechst
33342 14 h later. Fluorescence images were taken using a 4X objective.
GFP-positive cells that migrated into a defined region of the scored area
were counted and expressed as a percentage of cell counts from equal-
sized neighboring regions flanking the scored area.

Actin polymerization. Pyrene-labeled G-actin (Cytoskeleton Inc.,
Denver, CO) (10 pM) was suspended in buffer containing 5 mM Tris-
HCI (pH 8.0), 0.2 mM ATP, and 0.2 mM CaCl, and incubated on ice for
10 min with GST, GST-MARCKSL1, GST-MARCKSL1-AAA, GST-
MARCKSL1-DDD, or GST-cofilin (1 or 4 uM). The reaction mixture was
placed at 24°C in a quartz cuvette and G-actin fluorescence monitored for
5 min before initiation of polymerization by addition of a 1/10 volume of
actin polymerization buffer (500 mM KCI, 20 mM MgCl,, 10 mM ATP,
100 mM Tris-HCI, pH 7.5). Fluorescence was recorded every 20 s using a
Cary Eclipse fluorescence spectrophotometer (Varian, Australia) (excita-
tion, 365 nm; emission, 407 nm; bandwidth, 5 nm).

F-actin binding assay. F-actin, prepared as described above, was in-
cubated with 4 uM recombinant protein for 50 min at room temperature.
Actin polymers were isolated by centrifugation at 150,000 X g for 2 h at
20°C. The resulting F-actin pellet was gently washed and suspended in
Laemmli buffer for analysis of F-actin binding proteins.

G-actin interaction. A solution of G-actin (1 wM) in low-salt buffer (5
mM Tris-HCI [pH 8.0], 0.2 mM CaCl2, 1 mM DTT; used to prevent actin
filament formation) was incubated with 1 pM GST or GST-tagged
MARCKSL1, MARCKSL1-AAA, MARCKSL1-DDD, or cofilin for 30
min. GST fusions were sequestered by incubation for 1 h with glutathione
(GSH)-Sepharose (Amersham Pharmacia) at 4°C. The Sepharose was
washed 5 times in low-salt buffer containing 0.1% Tween 20 before G-ac-
tin binding was assessed by immunoblotting.

Extraction of digitonin-insoluble F-actin. Transfected MEF cells
were washed briefly in permeabilization buffer (20 mM HEPES [pH 7.4],
280 mM sucrose, 200 mM KCI, 2 mM EGTA) to remove media and per-
meabilized on ice for 10 min with digitonin (0.008%) in permeabilization
buffer. Digitonin extracts were collected as described previously (48a) and
cells washed with permeabilization buffer to remove residual soluble pro-
tein. Digitonin-insoluble material was suspended in Laemmli buffer.
Fractions were analyzed by Western blotting.
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Fluorescence recovery after photobleaching (FRAP) analysis was
carried out as previously described with minor modifications (48).
MEFs on 3.5-cm-diameter glass-bottomed dishes (MatTek, Ashland,
MA) were transfected with venus-actin together with MARCKSLI-
CFP, MARCKSL1-AAA-CFP, MARCKSLI1-DDD-CFP, CFP-cofilin, or
CFP as indicated. At 24 h later, regions of interest were bleached using
300 iterations of a 488-nm laser (100% transmission) and a Zeiss 510-
META confocal microscope and environmental control (5% CO,,
37°C, humidified). Postbleach images were acquired at 6-s intervals
using 514-nm (5% transmission) and 488-nm (0.05% transmission)
lasers for excitation. Venus-actin fluorescence emission was collected
using a META detector at 529 to 593.2 nm. A 63X oil objective and
maximum scan speed and resolution (708 by 708) were used to mini-
mize fading. Background and fading correction was performed as pre-
viously described (32, 42). Data were normalized to the prebleach
baseline. Curve fitting of normalized data was performed using Frap-
Calc software (Rolf Sara; Turku Centre for Biotechnology, Finland).
Mobile fractions and half-maximum values for the fast (0 to 90 s) and
total recovery curves were calculated using the following equations:
I(t) = A(1— ¢™) and t% = (In 0.5)/—.

Time-lapse analysis of actin loss after neuronal permeabilization.
Primary neurons on glass coverslips were transfected with venus—3-actin
together with pECFP-MARCKSLI constructs or pECFP-NES-JBD as in-
dicated. At 24 h posttransfection, cells were rinsed in Mg”*-free Locke’s
buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO;, 1.3 mM CaCl,, 5.6
mM D-glucose, 5 mM HEPES [pH 7.4]). Subsequently, cells were incu-
bated in 1 ml buffer {80 mM PIPES [piperazine-N,N’-bis(2-ethanesul-
fonic acid)] (pH 6.5), 5 mM EGTA, 2 mM MgCl,, 0.1 mM 4-(2-amino-
ethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF)}. Cells were
imaged using an Olympus IX81/ZDC-CellR fluorescence microscope
with a 20X objective and CFP/yellow fluorescent protein (CFP/YFP) sig-
nals imaged using appropriate filters. Data were acquired from a region of
interest in the neuronal cell soma. Data from approximately 40 cells were
averaged and plotted as a percentage of initial fluorescence. Data analysis
was carried out using CellR-analySIS software (Olympus).

Time-lapse imaging. Cortical neurons were cultured for 6 days in
vitro in 3.5-cm-diameter glass-bottomed dishes (MatTek Corp., Ashland,
MA) and transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. After 24 h of expression of MARCKSL1-GFP
or GFP-CAAX, wide-field imaging with sequential acquisition settings
was performed using a Zeiss Axiovert 200 M microscope (Carl Zeiss AG,
Oberkochen, DE) with a Plan-Neofluar 63X/1.25-numerical-aperture
(NA) oil objective, a neutral-density ND4 filter, and an ORCA 1394 ERG
camera (Hamamatsu Photonics, Japan). Images were acquired with
Wasabi software (Hamamatsu Photonics, Japan) in continuous acquisi-
tion mode with a 1-s exposure time for 8 min.

Motility dynamics measurements. Motility of filopodia in neuronal
processes was visualized by arithmetical subtraction of consecutive images
acquired at 10-s intervals from an 8-min time-lapse recording using Image].
The subtracted images were averaged and inverted to obtain a single image
displaying motility changes as a gray scale, with darker pixels representing
higher motility (12). To quantify the degree of displacement or motility of
filopodia, the area occupied by processes was obtained using a maximal-
intensity projection and the integrated density was measured from this area.

Immunostaining. Immunocytochemical staining was carried out as
described previously. Acin was stained with Alexa 568-phalloidin (0.005
U/pl). For immunohistochemistry, 21 samples from cases of primary
prostate carcinoma were collected from the pathology archive of Turku
University Central Hospital and stained for MARCKSLI in a Lab Vision
Autostainer. The primary antibody MARCKS-like-1 (ProteinTech
Group, Chicago, IL) was diluted 1:300, and detection was performed us-
ing a BrightVision+ poly-horseradish peroxidase (poly-HRP) IgG kit
(Immunologic, Duiven, the Netherlands).

Bioinformatic analysis of MARCKSLI1 expression. To evaluate
MARCKSLI expression in various healthy and malignant human tissues, we
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FIG 1 Identification of brain-derived MARCKSLI as a JNK substrate. (A) LC-ESI-qTOF MS/MS sequencing identified this protein as a MARCKS-related
protein (MARCKSL1). Identified peptides are shown. (B) Bacterially expressed GST-MARCKSL1 was phosphorylated by active recombinant JNK1lal, JNK2al,
JNK3al, p38a, and ERK in vitro (top panel). While JNK isoforms strongly phosphorylated MARCKSLI, p38a and ERK did not. (*, degradation product). A
kinetic analysis of GST-MARCKSLI1 phosphorylation yielded K,,, values of 0.05, 0.04, and 0.02 uM for JNK1, JNK2, and JNK3, respectively. (C) In vitro kinase
assay showing the relative activity of JNKs toward c-Jun and p38a and ERK toward ATF2 and myelin basic protein (MBP). (D) To identify which sites on
MARCKSLI were phosphorylated by JNK, in vitro kinase assays using GST-MARCKSL1 were carried out and phosphopeptides identified by metal affinity
chromatography followed by mass spectrometry. S120, T148, and T183 were identified as JNK-phosphorylated sites. (E) S/T-to-A mutations of MARCKSL1
(GST-MARCKSL]31204/TH8A/TI8A) eliminated JNK-dependent phosphorylation. (F) The sites of MARCKSL1 phosphorylated in wild-type and juk1 ~/~ mouse
P7 cortex were analyzed. All three JNK-phosphorylated sites contained constitutively bound phosphate in the wild-type cortex, in addition to other phosphor-
ylated residues. Cortex from jukl '~ mice lacked phosphate on $120 and T183, confirming that these sites were phosphorylated by INK1 nonredundantly. (G)
In vitro phosphorylation of GST-MARCKSL1"'##7A148 showed 34% less phosphate incorporation than GST-MARCKSLI"?, indicating that T148 is directly
phosphorylated by JNK, but this phosphorylation is compensated in vivo in brain.

used the in silico transcriptomics database (19) containing integrated gene
expression data from 9,783 samples covering 175 types of healthy and path-
ological human tissues. The majority of samples (1 = 9,456) contained infor-
mation on MARCKSLI expression. A comparison of MARCKSLI mRNA
expression levels in healthy and malignant tissues was done using Student’s ¢

were strongly phosphorylated by recombinant JNK, as previously
described (3). We identified a prominently phosphorylated ~40-
kDa protein that migrated as distinct spots with descending pls
consistent with multisite phosphorylation (see Fig. Sla in the sup-

test (fold changes and P values are indicated in Results).

Statistical analysis. Statistical analysis of variance was done using
SPSS for Windows 11.0.1. Testing of homogeneous sample variances was
performed using Levene’s test prior to one-way analysis of variance
(ANOVA) to determine levels of statistical significance. A Fisher least-
significant-difference (LSD) post hoc test was used in cases with more than
two variable groups.

RESULTS

Proteomics screening revealed that JNK phosphorylates
MARCKSL1 on C-terminal residues $S120, T148, and T183 in
vitro and in brain ex vivo. To determine targets for JNK in the
central nervous system, we screened brain lysate for proteins that
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plemental material). Mass spectrometry sequencing identified the
protein as MARCKS-like protein 1 (MARCKSL1), also known as
MRP, MacMARCKS, and F52 (Fig. 1A). To further analyze
MARCKSLI as a potential JNK target, we prepared recombinant
MARCKSLI and studied its phosphorylation in vitro. All three
JNKs (JNK1, JNK2, and JNK3) phosphorylated MARCKSLI1 in
vitro; however, no phosphorylation was detected by p38 or extra-
cellular signal-regulated kinase (ERK) analysis (Fig. 1B), though
ERK is reported to phosphorylate the related MARCKS protein
(37). This was not due to variability in kinase activities, as ERK and
p38 both showed normal activity when tested against known sub-
strates (Fig. 1C), indicating that all kinases were similarly active. A
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kinetic analysis of MARCKSL1 phosphorylation by JNK yielded
K,, values of 0.05, 0.04, and 0.02 uM for JNK1, -2, and -3, indi-
cating high affinity for the substrate.

To determine which sites on MARCKSL1 were phosphorylated
by JNK, we analyzed in vitro-phosphorylated GST-MARCKSL1
using mass spectrometry. MS/MS sequencing of enriched phos-
phopeptides revealed the presence of phosphate on sites S120,
T148, and T183 (Fig. 1D; see also Fig. Sla in the supplemental
material). This was validated by a characteristic neutral loss of 80
Da, corresponding to the loss of a HPO; from the phosphopep-
tides upon treatment with phosphatase (see Fig. S1b in the sup-
plemental material). Mutation of all three sites to alanine
(MARCKSL1-AAA; MARCKSLS!Z0ATISATISN) - roqylted  in
complete loss of JNK-mediated phosphorylation (Fig. 1E), indi-
cating that no JNK phosphorylation sites remained unidentified.

To determine if JNK phosphorylated MARCKSLI in vivo in
brain, we made use of JNK1 ™/~ mice, in which constitutive JNK
activity is substantially reduced (42). TiO,-enriched phosphopep-
tides isolated from wild-type (WT) and JNK1 ™/~ brains were an-
alyzed by MS/MS. This analysis revealed seven sites on
MARCKSLI that were basally phosphorylated in brain (Fig. 1F).
Among these were the JNK sites S120, T148, and T183 and protein
kinase C (PKC) sites Ser-93 and Ser-104 as well as previously un-
characterized phosphorylation sites (Ser-22 and Thr-85). Nota-
bly, in JNK1~/~ brains, phosphopeptides encoding S120 and
T183 were not detected, while the PKC sites and the other unchar-
acterized phosphorylation sites remained unchanged compared
to those of wild-type brains. This result indicated that S120 and
T183 are phosphorylated by JNK1 in vivo in a nonredundant man-
ner. However, the third JNK phosphorylation site (T148) re-
mained phosphorylated in JNK1 ™/ brains, suggesting that an-
other kinase compensates for JNK in JNKI1 /= mice. To
determine whether this is the case, we measured the phosphory-
lation of MARCKSLI1-T148A, where T148 was mutated to alanine
(Fig. 1G). There was a 34% reduction in phosphate incorporation
upon mutation of this site, indicating that T148 was indeed di-
rectly phosphorylated by JNK1, though in JNK1 ™/~ brain, other
kinases, possibly JNK2 and -3, compensate for the absence of
JNKI1. These results were further supported by metabolic labeling
experiments that indicated that MARCKSL1 was phosphorylated
by JNK in intact cells (see Fig. S1b in the supplemental material).

Phosphomimetic MARCKSL]15'20P-T148D-T183D 4 qyces  F-
actin bundling but MARCKSL1-WT does not. We next asked
what could be the functional consequence of MARCKSLI1 phos-
phorylation by JNK. While the effector domain of MARCKSL1
stimulates actin polymerization in vitro, full-length MARCKSL1
does not (49, 50). This raised the possibility that full-length
MARCKSLI must be posttranslationally modified before it can
regulate actin dynamics. To test this, we used pyrene-labeled actin,
the fluorescence of which increases upon polymerization and is
proportional to actin filament length (9). While recombinant full-
length MARCKSLI1 did not alter the actin polymerization rate
compared to the GST control (Fig. 2A), phosphomimetic
MARCKSLI1-DDD markedly retarded initiation of actin polymer-
ization, as did cofilin.

It is known that delayed onset of pyrene-labeled actin filament
growth can be a result of F-actin bundling (21), and, indeed, co-
filin bundles F-actin in vitro (31). To test whether MARCKSLI1-
DDD could induce F-actin bundling, we used electron micros-
copy. F-actin polymerized in the presence of MARCKSLI-WT,
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MARCKSLI-AAA, or MARCKSL1-DDD was visualized using
negative staining, and the results revealed the formation of fine
actin filaments in control samples polymerized in the presence of
GST or MARCKSL1-WT (Fig. 2B). However, actin polymerized
in the presence of MARCKSL1-DDD produced a dense meshwork
with significantly thicker actin filaments; the actin caliber was
>100 nm in some regions (Fig. 2B). These findings suggest that
JNK phosphorylation of MARCKSLI induces bundling of F-actin,
possibly explaining the delayed filament growth.

We next tested if MARCKSL1-DDD, like cofilin (29), bound
directly to monomeric G-actin. This was done by incubating GST-
MARCKSLI variants or GST-cofilin with G-actin at a 1:1 stoichi-
ometry in low-salt buffer. As expected, GST-cofilin bound directly
to G-actin (29); however, MARCKSL1-WT, MARCKSL1-AAA,
and MARCKSL1-DDD did not (Fig. 2C). In sharp contrast,
MARCKSL1-WT, MARCKSL1-AAA, and MARCKSLI1-DDD all
bound equally well to filamentous actin (F-actin; Fig. 2D). In sum-
mary, although all MARCKSLI variants bound to F-actin, only
phosphomimetic-MARCKSL1 was able to induce actin bundling.

Expression of MARCKSL15'20P-T148DTI83D 1 5 ctive JNK sta-
bilizes cellular actin. To determine whether JNK phosphoryla-
tion of MARCKSLI influences actin dynamics in intact cells, we
expressed venus-actin in MEFs (which do not express endoge-
nous MARCKSL1; data not shown) and measured the effect of
CFP-tagged MARCKSLI and JNK-site mutants on actin mobil-
ity. Exogenously expressed venus-actin integrated into the F-
actin cytoskeleton (Fig. 3A). Regions rich in venus-actin were
photobleached, and fluorescence recovery was monitored in
the presence of MARCKSL1 phosphorylation-site mutants as
indicated (Fig. 3B). Actin turnover was increased in cells ex-
pressing MARCKSL1-AAA at both early and late time points
(Fig. 3C and D), while MARCKSL1-DDD expression led to a
decrease in actin turnover (Fig. 3E), indicating decreased dy-
namics. This was likely due to increased actin bundling in the
presence of MARCKSL1-DDD (Fig. 2).

As a complementary approach to the FRAP analysis, we used
digitonin permeabilization to quantify the effect of MARCKSL1
on actin stability. GFP-tagged MARCKSL1s were expressed in fi-
broblasts and the levels of digitonin-soluble and -insoluble actin
were measured. Notably, MARCKSL1-DDD increased insoluble
actin levels 3-fold (Fig. 4A and B). This is consistent with de-
creased actin dynamics in cells expressing MARCKSL1-DDD (Fig.
3). To determine if active JNK also stabilized actin, we expressed
dominant active JNK chimeras (MKK7-JNK1/2) together with
MARCKSLI-WT (Fig. 4C). Active JNK increased the amount of
stable actin in cells expressing MARCKSL1 (Fig. 4C). Signifi-
cantly, however, in cells lacking MARCKSLI, active JNK did not
alter actin stability (Fig. 4D). These results indicate that JNK reg-
ulation of actin is mediated by MARCKSLI.

Expression of MARCKSLI1 increases migration in MEFs, and
active JNK or MARCKSL]5'20P-T148D-T183D 4 inhibitory. Re-
modeling of actin at the leading edge of cells is a key driving force
for cell migration (47). We observed that MARCKSL1-GFP fre-
quently colocalized with F-actin at the leading edge in MEFs and
enriched at points of cell-cell contact (Fig. 5A). This prompted us
to analyze cell migration. Wound-healing assays were carried out
in cells transfected with GFP-CAAX to label the plasma mem-
brane and GFP-tagged MARCKSLI variants. Interestingly, ex-
pression of MARCKSLI1-WT increased migration and expression
of MARCKSL1-AAA induced migration even more than expres-
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MARCKSLI1-DDD, MARCKSL1-AAA, and cofilin each copelleted with F-actin.

sion of MARCKSL1-WT. Conversely, MARCKSL1-DDD signifi-
cantly reduced migration relative to MARCKSL1-WT (Fig. 5B and
C). These data indicate that MARCKSLI induces migration unless
phosphorylated on JNK sites S120, T148, and T183, where it re-
stricts cell movement. To test whether this switch was a JNK-
dependent event, we examined cells expressing the dominant
active JNK chimeras together with MARCKSL1-WT. The consti-
tutively active JNK chimeras retarded migration to almost the
same extent as MARCKSL1-DDD (Fig. 5D).

A substantial literature indicates that JNK facilitates cell migra-
tion, at least in nonneuronal cells (15, 16, and 18; reviewed in
reference 52). Similarly, in our hands, the JNK inhibitor SP600125
reduced migration of fibroblasts, while active JNK increased it, so
long as MARCKSL1 was not present (Fig. 5D and E). Likewise,
when we expressed GFP-paxillin, an alternative JNK substrate,
SP600125, slowed migration and MKK7-JNK1 increased it. Our
data show that MARCKSLYI, a protein predominantly expressed in
brain, switched the migration phenotype from one facilitated by
JNK to one inhibited by JNK, possibly contributing to the negative
role played by JNK in radial migration during cortical develop-
ment (48).

Expression of MARCKSL15'20>-T148D-T183D gtahilizes actin
and inhibits migration in neurons. MARCKSLI mRNA levels are
high in brain during early postnatal weeks and low in other organs
(24, 27). Moreover, MARCKSLI is often considered to be widely
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expressed in different cell types. To determine the status of
MARCKSLI protein in brain, we immunoblotted brain tissues,
neuronal lysates, and nonneuronal cell lines using MARCKSL1
antibody that detects both rodent and human MARCKSL1 (Fig.
6A). MARCKSLI protein levels were relatively high in brain (cor-
tex and hippocampus) and enriched in neurons isolated from
these regions (cortical neurons, hippocampal neurons). However,
we did not detect MARCKSLI in unstimulated macrophages, Ju-
rkat cells, fibroblasts, or epithelial cell lines (Fig. 6A). Given that
MARCKSLI is predominant in neuronal cells, we examined the
effect of phosphorylation site mutations on migration of neurons
in Transwells (Fig. 6B and C). MARCKSL1-DDD reduced migra-
tion relative to MARCKSL1-AAA, as observed in fibroblasts (Fig.
5C). In contrast to fibroblasts, however, neurons expressing
MARCKSLI-WT mimicked MARCKSL1-DDD. This was likely
due to phosphorylation of MARCKSL1-WT by endogenous JNK
activity that was elevated in neurons but not in other cell types (7,
8, 42). Consistent with this, inhibition of endogenous JNK with
the JNK inhibitor SP600125 or with NES-JBD, a structurally in-
dependent inhibitor, increased migration in MARCKSL1-WT-ex-
pressing neurons (Fig. 6C). Moreover, we found that pseudophos-
phorylated MARCKSL1-DDD recovered a normal migration
phenotype in cells where JNK activity was inhibited (Fig. 6D),
indicating once again that phosphorylation of MARCKSL1 by
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JNK retards migration, whereas preventing phosphorylation of
MARCKSLI on the JNK sites enhances it.

We next tested whether MARCKSLI regulated actin stability in
neurons using time-lapse fluorescence imaging. Neurons trans-
fected with venus-actin and MARCKSL1-CFP or phosphorylation
site mutants of MARCKSL1 were permeabilized using Triton
X-100. Loss of venus-actin upon plasma membrane permeabili-
zation was visualized as a loss of venus-actin fluorescence (Fig. 6E
and F). The steady-state fluorescence that ensued some minutes
after permeabilization was taken to be a representation of stable
actin, with the lost fluorescence indicating soluble actin. In con-
trol neurons expressing venus-actin only, permeabilization led to
a rapid and almost total loss of venus-actin (Fig. 6F and G). Ex-
pression of MARCKSL1-WT or MARCKSL1-DDD increased the
amount of stable actin by 2.5-fold (Fig. 6G). We then inhibited
high neuronal JNK activity by expressing the cytosolic JNK inhib-
itor (GFP-NES-JBD). Under these conditions, MARCKSL1-WT
no longer stabilized actin (Fig. 6G). These results indicate that
MARCKSLI1-WT can stabilize actin in neurons only when phos-
phorylated by JNK.

To determine if MARCKSLI is a critical player in neuronal
migration, we knocked down MARCKSLI1 expression in cortical
neurons and measured migration in Transwells (Fig. 6H; see also
Fig. 9B, where the efficiency of knockdown performed using
siRNA 5 is shown). Knockdown of neuronal MARCKSLI1 in-
creased migration. Notably, a normal migration phenotype was
recovered upon expression of iMARCKSL1 (a MARCKSL1 mu-

September 2012 Volume 32 Number 17

tant that is insensitive to siRNA 5). Together, the results in Fig. 6
show that MARCKSLI is a critical regulator of neuronal migra-
tion. The repressor function that MARCKSLI1 plays during migra-
tion is dependent on its phosphorylation by JNK.

Phosphorylation of MARCKSL1S"?*T'*®T18  determines
dendritic filopodium generation in neurons, and MARCKSL1-
AAA promotes formation of lamellae. Several actin structures
govern forward movement of cells, among these filopodia and
lamelipodia (54). We therefore examined the effect of
MARCKSLI phosphorylation variants on cell morphology in cor-
tical neurons (Fig. 7). Neurons expressing MARCKSL1-WT or
MARCKSLI-DDD generated filopodia along the dendrites that
were notably longer and more prominent than those in control
cells expressing GFP-CAAX (Fig. 7A and B). This difference can
also be observed from the time-lapse recordings (see Fig. 7; see also
movies in the supplemental material). The observation of prominent
filopodia upon expression of MARCKSL1-DDD is not surprising,
given that MARCKSL1-DDD bundles actin (Fig. 2B) and that actin
cross-linking is required for filopodium formation (38). Strikingly,
however, cells expressing MARCKSL1-AAA largely failed to generate
filopodia (Fig. 7A and B; see also movies in the supplemental mate-
rial). These cells generated tiny protrusions along the neurites, but
these protrusions remained transient and failed to develop into stable
filopodia. Instead, MARCKSL1°"204TH8ATISA expressing cells gen-
erated large, flat lamellipodial protrusions. This is consistent with the
enhanced migration observed in MARCKSL]5!204TH8ATIEN oy
pressing cells (Fig. 6).
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To quantify the extent of filopodial dynamics, we used a
method described by Fischer and Kaech wherein a sequence of
time-lapse images are sequentially subtracted, with the remaining
pixels providing a measure of global dynamics. Averaged projec-
tions of global dynamics are shown in Fig. 7C for cells expressing
GFP-CAAX and MARCKSL1 variants. MARCKSLI-WT and
MARCKSL15120PTH8D-TI8D 5 gjections reveal high pixel inten-
sity (representing high motility) in the filopodial regions, while
MARCKSL1°"20ATIHSATISEA “intensity projections show  little
filopodial movement. The integrated density quantified in Fig. 7D
illustrates the substantial difference in global dynamics
measured in the processes of MARCKSL15120D 148D T183D_ 504
MARCKSL151204TH8ATISEA ey bressing cells. Quantitation of in-
tegrated density from GFP-CAAX-expressing cells was precluded
by the large level of vesicular movements (GFP-CAAX labels cy-
tosolic vesicles in addition to the plasma membrane).

MARCKSLI gene expression is significantly deregulated in a
wide range of cancers. MARCKSLI was recently reported to be
anomalously upregulated in breast cancer (45). To determine
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whether irregular MARCKSLI expression is a feature of other can-
cers and, indeed, to determine the extent of MARCKSLI deregu-
lation in breast cancer, we searched the In Silico Transcriptomics
(IST) database. The data indicated that MARCKSLI expression is
deregulated in a wider range of cancers than previously appreci-
ated (Fig. 8A). In normal tissues, MARCKSL1 mRNA was highly
expressed in the central nervous system, testis, ovary, and lym-
phatic organs. In addition to breast cancer (fold change, 1.44; P <
0.0279), there was significant upregulation of MARCKSLI in lung
cancer (fold change, 1.729; P < 0.0001), muscle-derived cancer
(fold change, 3.312; P < 0.0001, including rhabdomyosarcoma
and leiomyosarcoma), and uterine cancer (fold change, 1.426;
P < 0.0011). In Wilms’s tumor samples, MARCKSLI was also
expressed at high levels and in prostate adenocarcinoma (fold
change, 1.444; P < 0.0001). This is consistent with reports from
others of MARCKSLI upregulation in prostate cancer (11, 34).

MARCKSLI protein expression is high and distinctly local-
ized in prostate carcinomas. Given that MARCKS] transcript is
upregulated in prostate cancer (Fig. 8), we examined whether
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MARCKSLI1 protein expression is induced in primary prostate
carcinomas (Fig. 8B). Gleason grade 3 pattern carcinomas displayed
cytoplasmic and strongly positive apical membrane staining (Fig. 8B,
panel i; arrows, large lumens) or strong basal membrane immunore-
activity for MARCKSLI (Fig. 8B, panel ii; arrows, small lumens).
Notably, the normal glands stained negative for MARCKSL1 (Fig. 8B,
panel ii; asterisk). High-grade, Gleason grade 4 prostate carcinomas
with a solid growth pattern displayed prominent MARCKSLI immu-
noreactivity in the cytoplasm (Fig. 8B, panel iii).

MARCKSLI is a critical determinant of PC3 cell migration,
and C-terminal phosphorylation is inhibitory. Having demon-
strated that MARCKSLI protein is upregulated in primary pros-
tate carcinomas, we investigated whether MARCKSLI functioned
in prostate cancer cell migration and, in particular, whether C-ter-
minal phosphorylation would influence this event. We therefore
generated two stable knockdown lines of PC-3 cells (lines 5 and 6),
showing strong and moderate knockdown, respectively, of
MARCKSLI mRNA and protein (Fig. 9A and B). With both
knockdown lines, the migration rate was significantly increased
(Fig. 9C). To determine the influence of MARCKSL1 phosphory-
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lation on migration in PC-3 cells, we used shRNA-insensitive
MARCKSLI mutants where JNK phosphorylation sites were mu-
tated to aspartate (iMARCKSL1-DDD) or alanine (iMARCKSL1-
AAA), mimicking phospho- and dephospho-MARCKSLI, re-
spectively (Fig. 9D). Readdition of iMARCKSL1-DDD reduced
migration, thereby recovering a normal migration phenotype.
These results suggest that MARCKSLLI is a critical regulator of
migration in PC3 cells. Dephosphorylated MARCKSL1
(MARCKSL1-AAA) enhances migration, while phosphorylation
on S120, T148, and T183 switches this function to a repressor role.

DISCUSSION

This report identifies MARCKSLI1 as a novel JNK substrate that
regulates the dynamics of the actin cytoskeleton in mammalian
cells. We classify three JNK phosphorylation sites in the C-termi-
nal region of MARCKSL1. Phosphomimetics of C-terminal-phos-
phorylated MARCKSLI stabilize and increase bundling of F-actin.
The functional consequences of MARCKSL1 phosphorylation for
these sites are a reduction of neuronal migration and alterations in
filopodium morphology and dynamics. We also show that
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MARCKSLI mRNA is ectopically expressed in a wide range of
cancers and that C-terminal phosphorylation of MARCKSLI reg-
ulates the migration rate in prostate cancer cells. These data pro-
vide a novel mechanism whereby phosphorylation of MARCKSL1
regulates actin bundling, leading to altered cell migration in con-
texts as divergent as neuronal and cancer cell migration.

MARCKSLI as a substrate for PKC has been well studied (44;
reviewed in reference 2). PKC phosphorylation sites are conserved
in MARCKSL1 and MARCKS and reside within the effector do-
main (ED). While PKC phosphorylation of MARCKSLI inhibits
actin cross-linking (14), we show that JNK phosphorylates
MARCKSLI1 on unique C-terminal sites and facilitates actin bun-
dling. This bundling (Fig. 2B) resembles that induced by
MARCKS (14) and cofilin (31). Phosphorylation of MARCKSL1
on S120, T148, and T183 may be necessary for bundling, as
MARCKSL15"20ATHSATIEA binds but fails to bundle F-actin.
These results may resolve the paradoxical finding that the
MARCKSL1 ED alone facilitates actin bundling whereas full-
length MARCKSLI1 does not (49, 50).
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Precisely how MARCKSLI1 facilitates actin bundling is not
clear. However, in the absence of crystallographic data, we carried
out molecular modeling, which indicated that the JNK phosphor-
ylation sites on MARCKSLI are surface accessible and surround
the ED (see Fig. S3 in the supplemental material). Upon phos-
phorylation, the negative charges introduced to these sites likely
induce a conformational change in MARCKSLI1 which may ex-
pose the polycationic ED. Unshielding of the ED would in turn
enable lateral alignment of actin filaments (i.e., bundling) due to
an electrostatic mechanism described by Tang and Janmey (41).
In support of this model (see Fig. S3 in the supplemental mate-
rial), the positively charged lysines and arginines in the N-termi-
nal, central, and C-terminal regions of the MARCKSL1 ED are
known to be essential for bundling (50). The functional conse-
quences of JNK phosphorylation of MARCKSLI are increased
rigidity in the actin cytoskeleton and retarded migration,
while MARCKSL15!204TH8ATIEA 4 creases actin dynamics
and advances migration (Fig. 2 to 6). The mechanism of
MARCKSL13120ATHSATIEA 5 ction appears to involve binding
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to actin filaments, thereby causing dispersal of the actin net-
work in a way that promotes actin plasticity and forward move-
ment of cells.

How might these changes in actin stability result in altered cell
migration? Cell motility universally requires protrusion at the
leading edge. We show that MARCKSL1%"204THSATISNA expreqs
ing cortical neurons generate unusually flat lamellipodia that are
highly motile. Lamellipodia are characterized by an actin
network consisting of short, branched actin, and protrusion force
is generated by actin treatmilling at the plasma membrane (33).
The reduced rigidity and increased actin turnover in
MARCKSL1®"204TH8ATISEA expressing cells (Fig. 3) may facili-
tate their enhanced migration. Alternatively, it may be that the
increase in numbers of dendritic filopodia, in neurons expressing
MARCKSL15120D-TH48DTI8D hin ders forward movement by am-
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plifying the number of adhesion sites. Moreover, neurons express-
ing MARCKSL1-DDD generate long filopodial extensions along
the length of the dendrites. This kind of dendritic extension of
filopodia was not observed in cells expressing GFP-CAAX or
MARCKSLI1-AAA. Thus, C-terminal-phosphorylated MARCKSL
may be necessary for initiation of new dendritic arbors. Consistent
with this, we have previously shown that JNK1 regulates the den-
dritic architecture in brain. On the other hand, these protrusions
may indicate a role for C-terminal-phosphorylated MARCKSL1
in the formation of immature dendritic spines.

We show that neurons provide the appropriate cellular envi-
ronment for MARCKSL1 regulation of actin and migration. Neu-
rons express high levels of MARCKSLI relative to other cells (Fig.
6A), and JNK activity is elevated there (8), providing a mechanism
for homeostatic regulation of actin remodeling. Interestingly,
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FIG 8 MARCKSLI expression is deregulated in a broad range of cancers, including prostate cancer, where it shows prominent apical and basal plasma membrane
staining. (A) Box-plot presentation of normalized median expression levels for MARCKSLI mRNA across major normal tissues (green) and cancers (red). The box
extends to the third quartile of the data, and the median is indicated. Whiskers extend to the extreme values unless there are outliers (data that lie >1.5X the interquartile
range lower than the first quartile or 1.5X the interquartile range higher than the third quartile), which are indicated as circles. MARCKSLI is highly expressed in the
central nervous system, testis, and ovary among normal tissues, whereas in cancers, MARCKSLI mRNA is more widely expressed. The minimum number of samples for
each group is set to 8. Abbreviations: other GI, other gastrointestinal tissues; B-ALL, precursor B acute lymphoblastic leukemia; T-ALL, adult T-cell leukemia; B-CLL,
B-cell chronic lymphocytic leukemia; AML, acute myeloid leukemia; NOS, not otherwise specified. (B) Primary prostate carcinomas were stained for MARCKSLI.
MARCKSLI displayed clear basal and apical immunoreactivity in Gleason G3 carcinomas. Noncancerous regions were negative for MARCKSLI. (i) Gleason G3 prostate
carcinoma, cytoplasmic and strong apical membrane staining; (ii) Gleason G3 prostate carcinoma, cytoplasmic and strong basal membrane staining; (iii) Gleason G4
prostate carcinoma, cytoplasmic staining; (iv) Gleason G3 prostate carcinoma, cytoplasmic staining. *, normal glands (MARCKSLI negative).

during early brain development, both MARCKSL1 and JNK
play critical roles during neurulation and mice lacking either
MARCKSLI or JNK1 and -2 fail to complete neural tube closure,
exhibiting neural tube defects that include exencephaly (5, 20, 36,
51). It is notable that among the JNK substrates reported to date,
MARCKSLI is the only example where targeted deletion of the
kinase substrate phenocopies targeted deletion of JNK1 and -2.
Cell spreading and filopodial protrusion are conserved mecha-
nisms that are known to be necessary for fusion of epithelial sheets
during dorsal closure (26) and expected to be essential during neural
tube closure. Here, we show that MARCKSLI induces migration of
fibroblasts (Fig. 5A) and alters filopodium formation and motility
when expressed in neurons (Fig. 7). The common neural tube defects
exhibited by MARCKSL1 ™/~ and JNK1~/727/" mice suggest that
these molecules share a pathway during early development of the
central nervous system. The neuronal migration phenotype observed
upon knockdown of MARCKSLI (Fig. 6G) may signify a role for
MARCKSLI also at later stages of brain development, when waves of
neurons migrate to final destinations. Certainly, JNK1 negatively reg-
ulates radial migration and multipolar stage transition, the tubulin
destabilizing factor SCG10 being an important JNK1 effector (48).
MARCKSL1 could also play a role. The MARCKSL1 homolog
MARCKS has already been implicated in regulation of cortical lami-
nation (46).
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While the physiological function of MARCKSLI has begun to
be revealed, the significance of ectopically expressed MARCKSL1
in cancers is not yet clear but may play a role in cancer cell inva-
sion, given the MARCKSLI regulation of migration (Fig. 5 and 6)
and adhesion (11). Induction of MARCKSLI in breast cancer
has been reported previously (45). Here we demonstrate that
MARCKSLI is more widely expressed in cancers than previously
appreciated (Fig. 8) and that MARCKSLI protein is ectopically
expressed in 100% of the screened high-grade primary prostate
carcinomas. We show that MARCKSLI increases migration in
PC3 cells when in the dephosphorylated form, while C-terminal
phosphorylation of MARCKSLLI is inhibitory (Fig. 9). Our data
indicate that the resultant effect of MARCKSLI on cell migration,
be it facilitatory or inhibitory, is dependent on the C-terminal
phosphorylation of MARCKSLI. This phosphorylation may be
pivotal in cancers, where MARCKSLI could theoretically enhance
or retard cell motility. Indeed, we find that increased MARCKSL1
expression in breast cancer is correlated with an increased risk for
distant metastasis (16a). Understanding the significance of
MARCKSLI upregulation in cancers naturally requires more
study; however, our data suggest that the phosphorylation status is
critical to determining the outcome in terms of migration.

An interesting outcome of this study is the demonstration that
JNK activity can either promote or hinder migration in a single
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cell type, merely by utilizing different effector proteins. Accord-
ingly, when paxillin is expressed in fibroblasts, JNK facilitates mi-
gration; however, when MARCKSLI is expressed, JNK inhibits
migration (Fig. 6). It is worth emphasizing that MARCKSL1 pro-
tein is enriched in the brain and in neurons (Fig. 7A), extending
indications that this was the case from in situ hybridization studies
(27). We recently showed that JNK1 retards migration in neurons
via the microtubule regulator SCG10 (48). Here we describe
MARCKSLI as an additional substrate that negatively regulates
migration when phosphorylated. Indeed, we find that expression
of MARCKSLI in nonneuronal cells switches the mode of migra-
tion from a nonneuronal cell phenotype (where JNK inhibits mi-
gration) to a neuronal cell phenotype (where JNK facilitates mi-
gration). We propose that the mechanism involves the acquired
capacity of MARCKSLI to fix the actin cytoskeleton once phos-
phorylated by JNK, thereby impeding the forward movement of
cells.
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