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Identification of Mouse MARVELD1 as a
Microtubule Associated Protein that Inhibits
Cell Cycle Progression and Migration
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MARVEL domain-containing 1 (MARVELD1) is a newly
identified nuclear protein; however its function has not been
clear until now. Here, we report that mouse MARVELD1
(mMARVELD?1), which is highly conserved between mice
and humans, exhibits cell cycle-dependent cellular local-
ization. In NIH3T3 cells, MARVELD1 was observed in the
nucleus and at the perinuclear region during interphase,
but was localized at the mitotic spindle and midbody at
metaphase, and a significant fraction of mMARVELD1
translocated to the plasma membrane during anaphase. In
addition, treatment of cells with colchicine, a microtubule-
depolymerizing agent, resulted in translocation of mMAR-
VELD1 to the plasma membrane, and association of
mMARVELD1 and o-tubulin was confirmed by co-immuno-
precipitation. Finally, overexpression of mMMARVELD1 re-
sulted in a remarkable inhibition of cell proliferation, G1-
phase arrest, and reduced cell migration. These findings
indicate that mMARVELD1 is a microtubule-associated
protein that plays an important role in cell cycle progres-
sion and migration.

INTRODUCTION

It is accepted that the cytoskeleton plays a crucial role in a wide
variety of cell activities, including cell division, migration and
intracellular transport. Multiple proteins associated with the
microtubule cytoskeleton are essential for microtubule assem-
bly and its biological function. Among these, microtubule-asso-
ciated proteins such as NUMA (Lydersen and Pettijohn, 1980;
Yang et al., 1992), TPX2 (Wittmann et al., 2000), NuSAP (Rae-
maekers et al., 2003), INMAP (Shen et al., 2009), and p53
(Giannakakou et al., 2000; Morris et al., 2000) have been found
to exhibit cell cycle-dependent localization, residing in the nu-
cleus at interphase but associating with the spindle during mito-
sis. These proteins shuttle between the nucleus and the micro-
tubule networks to regulate cell cycle progression, cell motility
and tumorigenesis (D’Assoro et al., 2002; Lydersen and Petti-
john, 1980; Raemaekers et al., 2003; Shen et al., 2009; Shin-
mura et al., 2007; Wittmann et al., 2000; Yang et al., 1992). The

intracellular translocation of such proteins at different stages of
the cell cycle is necessary for their function. This is the case for
p53; its multiple critical functions are tightly regulated by its
specific subcellular localization in the nucleus and microtubule
networks. Thus, cytoplasmic p53 associated with the micro-
tubule cytoskeleton regulates centrosome duplication and cell
cycle progression, while upon activation, it is imported into the
nucleus to act as a transcription factor (O’Brate and Giannaka-
kou, 2003; Shinmura et al., 2007).

We previously identified MARVELD1 as a nuclear protein
that was downregulated in multiple primary tumors (Wang et al.,
2009a). Consistent with our findings, mouse MARVELD1 ex-
pression was reported to be low in breast cancer and acute
myeloid leukemia (Kirstetter et al., 2008; Landis et al., 2005).
Interestingly, MARVELD1 was shown to interact with a-tubulin,
importin 1 and HSP70 in a pull-down assay using GST-
MARVELD1 as bait (Wang et al., 2009b), and both importin $1
and HSP70 moved between the nucleus and microtubules in a
cell cycle-dependent manner (Kahana and Cleveland, 2001;
Liang and MacRae, 1997; Nachury et al., 2001). In addition, a-
tubulin modulates microtubule dynamics and function by inter-
acting with different proteins at different stages of the cell cycle
(Downing, 2000). However, the biological significance of the
association of MARVELD1 with these proteins remains to be
clarified.

Here, we report the cloning and characterization of mouse
MARVELD1 (mMARVELD1) in NIH3T3 cells. First, mMAR-
VELD1 exhibits cell cycle-dependent localization; it is nuclear
and perinuclear at interphase, but associates with the spindle
and plasma membrane during mitosis. Second, overexpression
of MMARVELD1 in NIH3T3 cells inhibits cell proliferation by
inducing G1-phase arrest and a remarkable reduction in
chemotactic motility. We therefore hypothesized that mMAR-
VELD!1 is a candidate microtubule-associated protein that plays
an important role in cell cycle progression and migration.

MATERIALS AND METHODS

Plasmid construction
The nucleotide sequence of MMARVELD1 (NM_183195.2) was
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obtained from NCBI (http:/www.ncbi.nim.nih.gov). Total RNA
was extracted from NIH3T3 cells with TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. To obtain a
cDNA fragment containing the ORF of mMMARVELD1, mRNA
was reverse-transcribed (ThermoScript™ RT-PCR system,
Invitrogen) with random hexamer primers (reaction conditions:
25°C for 10 min, 37°C for 120 min, 85°C for 5 min) followed by
PCR using a specific pair of primers (sense primer: 5'-CGC
GGA TCC ATG CTC CCG CCG CCC CC-3', antisense primer:
5-CCG CTC GAG CAC ACC ACC TCC TCC TTG-3'). The full
length ORF (552 bp) was amplified under the following condi-
tions: 95°C for 5 min; 98°C for 10 s, 65°C for 3 min, 26 cycles;
72°C for 7 min. After purification, the product fragments were
subcloned into a pcDNA3.1/V5-His-TOPO vector, pcDNA3.1/

flag vector, pPEGFP-N1 vector or pGEX-6P-1 vector (Invitrogen).

Sequences were confirmed to be free of mutations.

Cell culture and transfection

NIH3T3 cells (ATCC, USA) were cultured in DMEM medium
supplemented with 10% FBS, 2 mM L-glutamine and 100 U/mi
penicillin/streptomycin at 37°C in 5% CO,. For cell growth
analysis, NIH3T3 cells were stably transfected with pcDNA3.1/
MMARVELD1-V5 or pEGFP-N1-mMARVELD1 constructs using
Lipofectamine (Invitrogen) according to the manufacturer's
instructions. Stably transfected clones were obtained after a 14-
day selection in DMEM complete medium supplemented with
600 pg/ml G418 (Invitrogen). For the subcellular localization
assays, NIH3T3 cells were transiently transfected with pEGFP-
N1-mMARVELD1, pcDNA3.1/Flag-mMARVELD1 or pcDNA3.1/
mMARVELD1-V5 constructs.

Treatment

To observe the translocation of MMARVELD1 into the nucleus,
NIH3T3 cells expressing mMARVELD1-EGFP or mMAR-
VELD1-V5 were treated with 2.5 uM PMA (phorbol-12-myristate-
13-acetate; Invitrogen) for 1 h, and control cells were treated
with an equal amount of DMSO, followed by confocal micros-
copy analysis. To confirm the translocation of MMARVELD1 to
the plasma membrane, NIH3T3 cells expressing mMAR-
VELD1-EGFP were stimulated with 1 mg/ml colchicine for 12 h
(or untreated as a control) before plasma membrane separation
and analysis by confocal microscopy.

Tissue extraction of mouse muscle and brain

Tissue lysates were extracted from the muscle and brain of
mice (strain B6; Beijing Laboratory Animal Research Center) at
PO. Briefly, liquid nitrogen-frozen tissues were ground thor-
oughly, followed by homogenization in RIPA buffer (150 mM
NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, 50 mM Tris pH 8.0) with protease inhibitors (0.5 mM
PMSF, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 2 pg/ml pep-
statin).

Co-immunoprecipitation

For co-immunoprecipitation, control cells or NIH3T3 cells ex-
pressing mMMARVELD1-EGFP or mMMARVELD1-V5 were lysed
in RIPA buffer with protease inhibitors as described above, and
the cleared lysates were incubated with antibodies against GFP
or V5 overnight at 4°C, followed by the addition of 20 ul protein
A-Sepharose slurry (GE Healthcare) and incubation for another
3 h with gentle agitation. The beads were then washed four
times with IP buffer (20 mM HEPES pH 7.4, 0.5 mM EDTA,
150 mM NaCl and 0.1% Triton X-100). The resulting precipi-
tated protein was analyzed by Western blot.

GST pull-down assay

The GST-mMARVELD1 construct was transformed into E. coli
BL21(DES3) strain. The GST fusion protein was purified from E.
coli following induction with 0.1 mM IPTG as described previ-
ously (Wang et al., 2009a). NIH3T3 cells were lysed and solubi-
lized on ice in cold lysis buffer (50 mM Tris-HCI, pH 8.0, 150
mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT) with protease
inhibitors. The cleared lysate was incubated with glutathione-
Sepharose 4B beads (GE Health) linked to a GST-mMARVELD1
fusion protein or GST protein as a control. After 2 h incubation
at 4°C, the samples were washed with ice-cold lysis buffer. The
samples were then boiled in 5x Laemmli buffer, separated by
SDS-PAGE and analyzed by Western blot.

Western blot analysis

For Western blot, protein samples were boiled in 2x Laemmli
buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004%
bromophenol blue, 125 mM Tris-HCI, pH 6.8), separated by
SDS-PAGE, and transferred onto a PVDF membrane. The
membranes were incubated with primary antibody for 1 h at
room temperature, washed three times with PBS buffer con-
taining 0.1% Tween 20, and incubated with secondary antibody
conjugated with horseradish peroxidase (Santa Cruz Biotech-
nology). ECL (Amersham Biosciences) was used to visualize
the immunoblot signals.

Plasma membrane separation of NIH3T3/mMARVELD1-
EGFP cells was performed according to the method of Bordier
(Bordier, 1981). Antibodies were purchased from Invitrogen
(anti-a-tubulin, anti-V5, anti-GST antibody), Santa Cruz (anti-
GFP, anti-GAPDH antibody), and BD Transduction Laborato-
ries (anti-Flag, anti-Flotillin antibody). Anti-MARVELD1 polyclo-
nal antibodies were developed in our lab (Wang et al., 2009a).

Immunofluorescence

Immunostaining experiments were performed as described
previously (Wang et al., 2009a). Briefly, NIH3T3 cells express-
ing MMARVELD1 fusion proteins were immunostained, fol-
lowed by observation by confocal microscopy. The mMAR-
VELD1-EGFP fusion protein was visualized by autofluores-
cence confocal microscopy. For wound-healing before immu-
nostaining, NIH3T3 cells overexpressing MMARVELD1-EGFP
were grown on glass coverslips until confluence, and the mono-
layer was scratched with a white pipette tip followed by a 6 h
wound-healing period. DNA was stained with DAPI and F-actin
was stained with Phalloidin-Alexa594 (Invitrogen). The secon-
dary antibody used was TRITC-conjugated goat anti-mouse
(Santa Cruz Biotechnology). Localization images of mMAR-
VELD1 were processed using a Zeiss LSM 510 META confocal
microscope with a 63x oil immersion objective (NA, 1.4).

Cell proliferation and cell cycle analysis

Cell proliferation was assessed by MTT assay. Briefly, NIH3T3
cells expressing mMMARVELD1-EGFP or control vector and
untransfected cells were seeded into 96-well plates at a con-
centration of 2.5 x 10° cells per well, each with eight replicas.
Every 2 days, MTT solution was added to the wells at a final
concentration of 1 mg/ml, followed by incubation at 37°C for 4 h.
The formazan product was then dissolved in DMSO and the
absorbance of the solution was measured at 570 nm with a
multimode microplate reader (Infinite 200 NanoQuant, TECAN).
Cells were treated and measured every 2 days for 7 days.

For cell cycle analysis, 3 x 10° NIH3T3/mMARVELD1-EGFP
cells and NIH3T3/mock cells were harvested and fixed in 70%
ethanol overnight at -20°C. The fixed cells were stained with 50
ng/ml propidium iodide (PI) for 30 min at room temperature,
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Fig. 1. Identification and characterization of mMMARVELD1. (A) MARVELD1 amino acid sequences in chimpanzee, human, rhesus monkey,
mouse, cattle, zebrafish and frog were aligned by ClustalW http://www.ebi.ac.uk/Tools/clustalw2/ with default settings. The conserved amino
acid residues are shaded in gray. The extent of conservation is indicated by the brightness of gray and labeled below according to ClustalW
definitions: identical residues (*); conservative substitutions (:); semi-conservative substitutions (.). (B) The expression of mMMARVELD1 in
NIH3T3 cells and extracts of muscle and brain from mouse strain B6 at P0. mMMARVELD1 protein was detected by Western blot with anti-
MARVELD1 antibody developed by S. Wang et al. GAPDH was used as a loading control. The molecular weight of endogenous MARVELD1

is approximately 19.

followed by flow cytometry analysis (FACSCalibur™, BD Bio-
sciences).

Transwell migration assay

Transwell migration was performed using a Millicell culture plate
with an 8.0 um PET insert (Millipore Corporation, USA). In brief,
the cells were serum-starved overnight and 5 x 10* cells were
plated into the upper chamber in 200 ul DMEM without serum.
The chambers were placed into 24-well plates, each well con-
taining 500 pl of DMEM supplemented with 10% fetal calf se-
rum. After incubation for 4 h at 37°C, the cells that had trav-
ersed the membrane were fixed and visualized by crystal violet
staining. The cells from five random fields in each transwell
chamber were counted using a phase contrast microscope.

Statistical analysis

All values were expressed as the mean + SD, and statistical
analyses were carried out using Student’s ttest. Differences
were considered to be statistically significant when p < 0.05.

RESULTS

Identification and characterization of mMMARVELD1

The mMMARVELD1 gene (GenBank: NM_183195.2) is located
on mouse chromosome 19C3 and a mRNA of 3060 bp in
length is transcribed. Bioinformatics analysis revealed that
mMARVELD1 mRNA contains a 522 bp ORF region encoding
a 173 amino acid protein with an expected molecular weight of
19.09. Membrane topology analysis with TMpred (http:/www.
ch.embnet.org/software/) and WoLF PSORT (http://wolfpsort.
org/) predicted that mMMARVELD1 is comprised of four trans-
membrane domains, with the N- and C-terminal domains
stretching into the cytosol and containing the primary structural
components of the MARVEL domain (MAL and related proteins
for vesicle traffic and membrane link) (Sanchez-Pulido et al.,

2002). Four candidate PKC phosphorylation sites (Thr15, Ser19,
Thr51, Thr120) were also predicted using http://cn.expasy.net/
and http://www.cbs.dtu.dk/.

BLAST search revealed that MMARVELD1 homologs exist in
the genomes of vertebrates such as zebrafish, frog and various
mammalian species, but not in lower eukaryotes such as fly,
worm, and yeast, indicating that it is expressed in vertebrates
only (Fig. 1A). Phylogenetic analysis suggested that it is highly
conserved between human and mouse (88% identity). This
raised the possibility that mMMARVELD1 was structurally similar
to its human counterpart and may mimic its functions.

In a previous study, mMMARVELD1 mRNA expression was
examined in mouse tissues, the results of which will be pub-
lished elsewhere. Expression of endogenous MARVELD1 pro-
tein was confirmed with rabbit polyclonal antibodies raised
against a MARVELD1 peptide (Wang et al., 2009a). Exoge-
nous MMARVELD1 protein was detected in neonatal mouse
brain and muscle, as predicted by the mRNA expression analy-
sis, but was weakly detected in NIH3T3 cells (Fig. 1B). There-
fore, to explore the subcellular localization and functions of
mMARVELD1, NIH3T3 cells were transfected with tagged
mMARVELD1.

Cell cycle-dependent localization of mMMARVELD1

Although human MARVELD1 was thought to localize to the
nucleus at interphase, its possible association with o-tubulin
suggested that MARVELD1 might have different subcellular
localizations at different phases of the cell cycle (Wang et al.,
2009a; 2009b). To explore the subcellular distribution of MMAR-
VELD1, three different expression constructs, Flag-mMARVELD1,
mMARVELD1-V5 and mMMARVELD1-EGFP, were constructed
and transiently expressed in NIH3T3 cells. The cellular localiza-
tion of MMARVELD1 was observed by confocal microscopy 24
h after transfection, and the localization patterns of the three
differentially tagged mMARVELD1 constructs are shown in
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Fig. 2. Subcellular localization and dynamic distribution of mMMARVELD1 in NIH3T3 cells. (A) mMMARVELD1 is localized to the nucleus and
perinuclear region in NIH3T3 cells at interphase. NIH3T3 cells were transfected with constructs expressing Flag-mMARVELD1, mMARVELD1-
V5 or mMMARVELD1-EGFP. The distribution of mMMARVELD1 was analyzed by immunofluorescence with anti-Flag or anti-V5 antibody, or by
autofluorescence, with confocal microscopy. (B) PMA induces the nuclear translocation of mMMARVELD1. Both mMMARVELD-V5 and mMAR-
VELD1-EGFP translocated into the nucleus from the perinuclear region upon stimulation with 2.5 uM PMA for 1 h. (C) The localization of
mMARVELD1-GFP at different mitotic stages was detected by confocal microscopy. mMMARVELD1-EGFP closely colocalizes with the mitotic
spindle (white arrows), the cytokinetic midbody (hollow arrow) and the plasma membrane as mitosis progresses.

Fig. 2A. At interphase, mMMARVELD1 was found to localize to
the nucleus and perinuclear region of NIH3T3 cells, which is
identical to the subcellular localization of human MARVELD1.
Treatment with 2.5 uM PMA, a PKC activator, resulted in fur-
ther nuclear accumulation of both mMARVELD1-V5 and
mMARVELD1-EGFP in NIH3T3 cells (Fig. 2B), suggesting that
PKC may regulate the localization of mMMARVELD1 through
phosphorylation of the predicted PKC target sites in mMAR-
VELD1. However, the predicted phosphorylation sites in
mMARVELD1 that are critical for this regulation remain un-
known. Interestingly, perinuclear nMARVELD1 showed polarity
across the cell body, consistent with the distribution pattern of
microtubules (Rosenblatt, 2005) and the microtubule-asso-
ciated proteins NuSAP (Raemaekers et al., 2003) and NuMA
(Lydersen and Pettijohn, 1980) in interphase cells.

The pattern of mMMARVELD1 localization prompted further
investigation of a possible interaction between mMMARVELD1
and microtubule networks during cell division. NIH3T3 cells
stably expressing mMMARVELD1-EGFP were immunostained
with anti-a-tubulin antibody, and colocalization of microtubules
and mMMARVELD1-EGFP was observed by confocal micros-
copy. Although mMARVELD1-EGFP localized in the nucleus
and perinuclear region during interphase (Fig. 2A), it undergoes
a cell cycle-dependent localization shift. At metaphase,
mMARVELD1 colocalized with the spindles (Figs. 2C, a-d), and
as the cell cycle progressed, a large fraction of mMMARVELD1
associated with microtubules in the midbody bundles at early
anaphase (Figs. 2C, e-h). At telophase, with the disassembly of
the mitotic spindle, the majority of the fraction of mMMARVELD1
that was localized to the microtubules became dissociated, but
the fraction of mMMARVELD1 at spindle poles remained. By
contrast, membrane-bound mMARVELD1 increased signifi-

cantly (Figs. 2C, i-l). The diverse subcellular localizations of
mMARVELD1 suggest that mMMARVELD1 may have multiple
functions or may exert its function at different sites. As the dis-
tribution of MMARVELD1 largely overlapped with the micro-
tubule networks, especially during mitosis, mMMARVELD1 may
function as a regulator of cell division.

mMARVELD1 interacts directly with o-tubulin

To confirm the interaction between mMMARVELD1 and micro-
tubules, NIH3T3 cells expressing recombinant V5-tagged or
EGFP-tagged mMMARVELD1 were lysed, and whole cell ex-
tracts were subjected to immunoprecipitation with anti-V5 or
anti-GFP antibody followed by immunoblot analysis. The results
showed that both V5- and EGFP-tagged mMMARVELD1, but not
the mock controls, immunoprecipitated a-tubulin (Fig. 3A). This
result suggests that mMMARVELD1 associates with micro-
tubules through a-tubulin.

To determine whether the mMMARVELD1 and o-tubulin inter-
action is direct or indirect, an in vitro GST-pull-down assay was
performed with purified GST-mMARVELD1 fusion protein. As
shown in Fig. 3B, a-tubulin was evident following cell extraction
using GST-mMARVELD fusion protein as bait, but not with
GST protein control, although the signal was not as strong as
from the input control. This result provides strong evidence that
mMARVELD1 associates with microtubules by direct interac-
tion with o-tubulin.

Microtubule depolymerization results in translocation of
mMARVELD1 to the plasma membrane

To understand the role of microtubule networks in the distribu-
tion of MMARVELD1 during mitosis, NIH3T3 cells stably ex-
pressing MMARVELD1-EGFP were treated with colchicine, a
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Fig. 4. Translocation of mMMARVELD1 to the plasma membrane
after treatment with colchicine. (A) NIH3T3 cells expressing mMAR-
VELD1-EGFP were treated with 1 mg/ml colchicine (right panel). 12
h after treatment, the cells were observed by confocal microscopy.
(B) The plasma membrane fraction from colchicine-treated or con-
trol NIH3T3 cells expressing mMMARVELD1-EGFP was extracted,
and the amount of MMARVELD1-EGFP in the plasma membrane
fraction was detected by Western blot using anti-GFP antibody. The
membrane protein flotillin was used as plasma membrane marker.

microtubule-depolymerizing agent. Surprisingly, treatment with
colchicine resulted in the loss of perinuclear and microtubule
localization of mMMARVELD1 (Fig. 4). Instead, the majority of
mMARVELD1-EGFP appeared to have translocated to the
plasma membrane. To confirm this, the plasma membrane was
isolated from colchicines-treated or control cells, and mem-
brane-bound mMMARVELD1 was analyzed by Western blot. As
seen in Fig. 4, colchicine treatment increased the amount of
MMARVELD1-EGFP in the membrane fraction. These results
indicate that microtubule depolymerization prevents the asso-
ciation between microtubules and mMARVELD1, inducing
translocation of MMARVELD1 to the plasma membrane. Fur-

probed with an antibody against o-tubulin.
The results show that o-tubulin co-precipi-
tates with mMARVELD1. (B) Western blot
analyses of the GST-pull-down assay. GST and
GST-mMARVELD1 fusion proteins immobi-
lized to glutathione-Sepharose 4B beads were
incubated with cleared NIH3T3 cell lysate.
GST or GST-mMARVELD1 with adsorbed
proteins was analyzed by Western blot. Up-
per panel, detection of a-tubulin; lower panel,
detection of GST or GST-mMARVELD1
fusion protein.

= GST-mMARVELD1

thermore, it confirms that mMMARVELD1 not only colocalizes
with, but also directly associates with microtubules in cells,
suggesting that it is a microtubule-associated protein. However,
the functional role of microtubule-associated mMMARVELD1
needs to be clarified.

mMARVELD1 inhibits cell proliferation

As MARVELD1 is downregulated in multiple human cancers, it
may play a role as a negative regulator of cell proliferation and
migration. Because mMMARVELD1 colocalized with the midbody,
a subpopulation of microtubules present during mitosis (Fig. 2C,
h), its effect on cell division and proliferation was investigated.
NIH3T3 cells transfected with mMMARVELD1-EGFP were cul-
tured and subjected to the MTT proliferation assay. The results
showed that the growth of NIH3T3 cells expressing mMAR-
VELD1 was markedly reduced compared to control cells (Fig.
5A). To further characterize the inhibitory effect of mMMAR-
VELD1 on cell growth, the expression levels of proliferating cell
nuclear antigen Ki-67 and cyclin D1 were analyzed. As shown
in Figure 5B, a remarkable decrease in the expression of Ki-67
and cyclin D1 is observed in NIH3T3 cells overexpressing
MmMARVELD1-EGFP. The same result was observed in cells
overexpressing mMMARVELD1-V5 (data not shown).

Because cyclin D1, the most important cell cycle progression
activator, was downregulated by overexpression of mMAR-
VELD1, it was possible that MMARVELD1 reduced cell growth
by inhibiting cell cycle progression. To explore this possibility,
flow cytometry was performed to analyze cell cycle characteris-
tics of cells overexpressing mMMARVELD1. As shown in Fig. 5C,
the expression of mMMARVELD1-EGFP in NIH3T3 cells was
associated with a significant decrease in the G2/M phase popu-
lation and a remarkable increase in the GO/G1 population com-
pared to control cells. These results indicate that mMMARVELD1
may inhibit cell proliferation by promoting G1-phase arrest.

Overexpressed mMARVELD1 localizes at the leading edge
of migrating NIH3T3 cells and inhibits cell migration

When the distribution of mMMARVELD1 during cell wound heal-
ing was investigated, overexpressed mMMARVELD1-EGFP
notably localized to the cell junction and the leading edge along
the actin cortex at the front lines of directionally migrating
NIH3T3 cells (Fig. 6A). This observation is similar to that ob-
served with occludin, which is also a MARVEL domain-con-
taining protein and was found to regulate the directional migra-
tion of epithelial cells (Du, 2010).
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Fig. 5. Overexpression of mMAR-
VELD1 inhibits NIH3T3 cell prolifera-
tion. (A) NIH3T3 cells expressing
mMARVELD1-EGFP or control vec-
tor and untransfected cells were
seeded into 96-well plates. Cell pro-
liferaton was measured by MTT
assay at days 0, 2, 4, and 6. (B) Cell
lysates from untransfected NIH3T3
cells, NIH3T3/mock and NIH3T3/
mMARVELD1-EGFP transfected cells
were analyzed by Western blot using
antibodies as shown. (C) NIH3T3
cells stably transfected with mMAR-
VELD1-EGFP or control vector were
grown to subconfluency and stained
with PI followed by cell cycle analysis
with flow cytometry. The experiment
was repeated three times. The val-
ues are expressed as the mean *
SD.

Fig. 6. Overexpressed mMMARVELD1
localizes at the leading edge of mi-
grating NIH3T3 cells and inhibits cell
migration. (A) Localization of overex-
pressed mMARVELD1 in NIH3T3
cells during wound healing. Arrows
indicate leading edge localization of
mMARVELD1-EGFP, and arrowhe-
ads indicate cell junction localization
of MMARVELD1-EGFP. (B) NIH3T3
cells expressing MMARVELD1- EGFP
or control vector and untransfected
cells were used for analysis of che-
motactic motility in response to a
serum gradient in a Transwell migra-
tion assay. Cells that traversed the
membrane were visualized by crystal
violet staining. Migrated cells in the
Millicell plate were counted and sta-
tistically analyzed. Results are the
average of three independent ex-
periments (P < 0.05).
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Since mMMARVELD1 is associated with o-tubulin and local-
ized to the leading edge of migrating cells, the effect of MMAR-
VELD1 on cell motility was examined using a Transwell migra-
tion assay. The results in Fig. 6B show that NIH3T3 cells over-
expressing MMARVELD1-EGFP migrated almost 3-fold slower
than control cells along a serum gradient, suggesting that
mMARVELD1 may negatively regulate cell migration. The
negative effects of mMMARVELD1 overexpression on cell prolif-
eration and migration support the possibility that mMMARVELD1
acts as a tumor-related factor that inhibits cell transformation.
The physiological roles of MMARVELD?1 in vivo should be clari-
fied in future studies.

DISCUSSION

MARVELD1 was first identified as a tumor-related protein, but
its cellular function had not been well characterized (Wang et al.,
2009a). Here, we report the characterization of mMMARVELD1 as
a candidate microtubule-associated protein that exhibits cell
cycle-dependent localization and can inhibit cell proliferation
and migration. The localization pattern of MMARVELD1 is simi-
lar to that of some MAPs, including NuMA (Lydersen and Petti-
john, 1980; Yang et al., 1992), TPX2 (Wittmann et al., 2000),
NuSAP (Raemaekers et al., 2003), and INMAP (Shen et al.,
2009). Like these MAPs, mMMARVELD1 localizes to the nucleus
during interphase, but associates closely with the mitotic spin-
dle poles and the midbody during mitosis. In addition, the find-
ing that mMMARVELD1 interacts directly with o-tubulin, a com-
ponent of the mitotic spindle and midbody, further supports this
association.

The cell cycle-dependent subcellular localization of mMAR-
VELD1 to the nucleus and spindles is of significant interest,
since both the nucleus and the mitotic apparatus are crucial for
cell division and other events involved in tumorigenesis. Al-
though the mechanisms involved in the regulation of this local-
ization are still unknown, widely studied tumor suppressors
such as p53 and BRCA1 have been found to exhibit a localiza-
tion pattern similar to mMMARVELD1, residing at the centro-
somes and the spindle during mitosis, but localized to the nu-
cleus during interphase (Hsu and White, 1998; Shinmura et al.,
2007). The translocation of MAPs from the cytoplasm to the
nucleus is regulated by the small GTPase Ran and the protein
importin (Dasso, 2001; Jason and Don, 2001). As mMAR-
VELD1 was predicted to contain four PKC phosphorylation
sites, and treatment of mMMARVELD1-expressing cells with the
PKC activator PMA could promote its nuclear translocation, we
hypothesized that MMARVELD1 is a substrate of PKC and that
its nuclear translocation is regulated by PKC phosphorylation.
On the other hand, MARVELD1 was also found to associate
with importin g1, the nuclear transport protein (Wang et al.,
2009a). Therefore, mMMARVELD1 may associate with MAPs
like NuUMA and TPX2a in regulation of localization. However,
details regarding the regulation of its cellular distribution await
further study.

When the association between microtubules and mMAR-
VELD1 is disrupted, mMMARVELD1 translocates to the plasma
membrane (Fig. 4). In addition, overexpressed mMMARVELD1
localizes at the leading edge of migrating cells (Fig. 6A). These
two findings suggest that an essential link may exist between
mMARVELD1 and membrane proteins. Like mMARVELD1,
several proteins, such as TRPC1 (Bollimuntha et al., 2005) and
dysferlin (Azakir et al., 2010), were recently reported to associ-
ate with both a-tubulin and the plasma membrane during multi-
ple processes. However, the molecular details of these associa-
tions remain unknown. Microtubules, dynamically organized by

a-tubulin proteins, are important structures in mitosis, cellular
motility, intracellular transport, and cell morphology. In this re-
gard, it is of interest that our study identified mMMARVELD1 as a
microtubule associated protein, since mMMARVELD1 was found
to translocate to the plasma membrane when microtubules
were destabilized. We propose that mMMARVELD1 might inter-
act with signal-transduction pathways connecting the plasma
membrane and microtubules.

When mMARVELD1 is overexpressed, it inhibits cell prolif-
eration through G1-phase cell cycle arrest. This effect of
mMARVELD1 correlates with the inhibition of cyclin D1 accu-
mulation. Cyclin D1 allows cells to pass through the cell cycle
restriction point and enter S phase. Several studies have de-
scribed the essential function of microtubules, as well as micro-
tubule-associated proteins, in regulation of the G1-S transition
(Doxsey, 2001; Khodjakov and Rieder, 2001; Sebastian et al.,
2005). Unfortunately, the molecular details of the pathways
involved in this regulation remain unclear. A better understand-
ing of this pathway is necessary, as the interaction of MAR-
VELD1 with microtubules may explain why cells over-expres-
sing MMARVELD1 arrest in G1 rather than other phases of
mitosis.

Finally, mMMARVELD1 inhibits chemotactic cell migration. It is
accepted that stabilization of microtubule plus ends towards the
membrane is necessary for cell migration during the search-
and-capture process (Mimori-Kiyosue and Tsukita, 2003). Fur-
ther work will be required to elucidate the molecular mechanism
by which mMMARVELD1 reduces cell mobility.

In conclusion, MMARVELD1 has been characterized as a
candidate microtubule-associated protein with cell cycle-depen-
dent subcellular localization. Studies on mMARVELD1, the
highly conserved mouse ortholog of human MARVELD1, will
provide important insights into the role of human MARVELD1 in
regulating proliferation and migration. Further studies are in
progress to elucidate the detailed mechanism by which
mMARVELD1 shuttles in and out of the nucleus, and regulates
cell cycle-progression and cell migration.
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