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Dynamic instability of microtubules is critical for mi-
totic spindle assembly and disassembly during cell
division, especially in rapidly dividing tumor cells.
Microtubule-associated proteins (MAPs) are a family
of proteins that influence this property. We showed
previously that MAP2, a neuron-specific protein that
stabilizes microtubules in the dendrites of postmitotic
neurons, is induced in primary cutaneous melanoma
but is absent in metastatic melanomas. We proposed
that induction of a microtubule-stabilizing protein in
primary melanoma could disrupt the dynamic insta-
bility of microtubules, inhibit cell division and pre-
vent or delay tumor progression. Here we show, by
Kaplan-Meier survival and multivariate Cox regres-
sion analysis, that patients diagnosed with MAP2�

primary melanomas have significantly better meta-
static disease-free survival than those with MAP2�

disease. Investigation of the mechanisms that under-
lie the effect of MAP2 on melanoma progression
showed that MAP2 expression in metastatic mela-
noma cell lines leads to microtubule stabilization, cell
cycle arrest in G2-M phase and growth inhibition.
Disruption of microtubule dynamics by MAP2 re-
sulted in multipolar mitotic spindles, defects in cyto-
kinesis and accumulation of cells with large nuclei,
similar to those seen in vivo in MAP2� primary mel-
anomas cells. These data suggest that ectopic activa-
tion of a neuronal differentiation gene in melanoma

during early tumor progression inhibits cell division
and correlates with inhibition or delay of metastasis.
(Am J Pathol 2005, 166:1841–1850)

Although a number of clinical and pathological factors
that influence melanoma progression have been identi-
fied, to date there is no single histological, immunohisto-
chemical, serological, or molecular marker that accu-
rately predicts aggressive behavior of melanoma.1 Tumor
thickness, which is considered the best predictor of mel-
anoma aggressiveness, is not always a reliable parame-
ter and is not relevant for more advanced primary tumors
and metastatic disease.1,2 Therefore, there is a need for
identification of molecular markers that predict biological
behavior of melanoma cells independent of tumor
thickness.

Melanoma exhibits plasticity of differentiation and is
known to differentiate along multiple, including endothe-
lial and neuronal, cellular pathways.3 However, the ef-
fects of transdifferentiation of melanoma cells on tumor
progression are not well understood. Earlier, we showed
that MAP2 (microtubule-associated protein 2), a neuron-
specific protein, is expressed abundantly in early inva-
sive primary melanoma lesions (by immunohistochemis-
try) and primary melanoma cell lines (by Northern and
western blot analyses) but is absent in metastatic mela-
nomas lesions and cell lines.4 In addition to primary
melanomas5 expression of MAP2 has been reported in
other cutaneous tumors with neuroendocrine differentia-
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tion such as Merkel cell carcinomas but not in basal or
squamous cell carcinomas.6

MAPs are a family of proteins that bind to and stabilize
microtubules (MTs). Whereas MAP4 is expressed ubiq-
uitously, isoforms of MAP1, MAP2 and tau are expressed
primarily in neurons.7 MAP2 exists in 3 alternatively
spliced isoforms that are developmentally regulated.
These are the juvenile MAP2c (70 kd) and mature MAP2a
and b (280 kd). Whereas the juvenile MAP2c form is
found in only in immature neurons, the mature MAP2ab
forms are found throughout the life of the neurons. In
postmitotic terminally differentiated neurons MAP2 is lo-
calized to the dendrites.8 Expression of MAP2 in vitro in
heterologous cells induces rapid formation of stable MT
bundles and cellular processes.9,10 Effects of ectopic
MAP2 expression in vivo have not been investigated.
Recently, other novel embryonic isoforms of MAP2 have
also been described.11,12

MTs play a critical role during mitosis. Segregation of
sister chromatids depends on spatially and temporally
coordinated polymerization/depolymerization of MTs,
and activities of MT motors and non-motor MT associated
proteins (MAPs).13 Disruption of dynamic instability of
MTs can lead to mitotic block, cell cycle arrest and cell
death. Agents (such as vinca alkaloids and taxols) that
target MTs are, therefore, ideal for treatment of can-
cer.14,15 Since the only known function of MAP2 is to
stabilize MTs, we hypothesized that ectopic induction of
MAP2 in early primary melanoma cells disrupts MT dy-
namics, and delays/arrests mitosis resulting in restricted
tumor growth, and that absence or loss of MAP2 corre-
lates with melanoma tumor progression. Thus, MAP2 ex-
pression can be an indicator of metastatic potential of
melanoma. In this paper, we show that adenoviral medi-
ated expression of the mature form of MAP2 leads to
mitotic spindle defects, cell cycle arrest and apoptosis of
metastatic melanoma cells in vitro, and that MAP2 expres-
sion in vivo in primary tumors correlates with metastatic
disease-free survival of patients diagnosed with cutane-
ous melanoma.

Materials and Methods

Materials

All tissue culture reagents were purchased from GIBCO
BRL, Grand Island, NY. Mouse pSVMAP2a was a gener-
ous gift of Dr. N. Cowan, New York University, NY16 and
pRC/CMV MAP2C plasmid17 was provided by Dr. B.
Shafit-Zagado, Albert Einstein College of Medicine,
Bronx, NY. MAP4 adenovirus and MAP4 antibody were
generous gifts from Dr. George IV Cooper, Medical Uni-
versity of South Carolina, Charleston, SC. Anti-MAP2
mAb (HM-2), anti-�-tubulin clone DM1A mAb, anti-�-tu-
bulin mAb-FITC conjugate, and propidium iodide (PI)
were purchased from Sigma, St. Louis, MO. AIM-1 (Au-
rora and Ipl1-like midbody associated protein) mIgG1,
Mad2 (mitotic arrest-deficient) mIgG2a, and anti-cyto-
chrome c mAB were purchased from BD Biosciences,
San Jose, CA. Caspase 8 mAb (1C12) and poly (ADP-

ribose) polymerase (PARP) antibody were purchased
from Cell Signaling Technology, Beverly, MA. Paclitaxel
(unlabeled, 98% purity) was purchased from Sigma, St.
Louis, MO. Fluorescent paclitaxel conjugate (BODIPY FL)
was purchased from Molecular Probes, Eugene, OR.

MAP2a Adenovirus

A 5.8 kb coding region of the MAP2a cDNA was isolated
by digesting pSVMAP2 plasmid with Ase I followed by
Klenow fill-in reaction and digestion with SalI. Gel purified
insert fragment was cloned into SalI-EcoR V digested
pShuttle-CMV (BD Biosciences, San Jose, CA). Con-
struction, preparation and titering of the adenovirus were
done as described.18

Cell Culture

Metastatic human melanoma cell lines, 451Lu and SK-
MEL-23, were grown and passaged as described
earlier.4 MAP2 stable transfectants were selected with 1
mg/ml G418, and clones were isolated and maintained in
G418-containing medium.

Flow Cytometry

451Lu cells were plated (5 � 104/well) in six-well dishes
(Fisher Scientific, Pittsburgh, PA), and incubated for 24
hours before infection with Ad-GFP and Ad-MAP2 (MOI:
200–300). At 24, 48, and 72 hours postinfection, the cells
were collected, washed, fixed and stained with of pro-
pidium iodide (PI) and analyzed using the FACS Star Plus
flow cytometry (Becton Dickinson, Mansfield, MA). Cell
cycle kinetics and DNA content were determined using
the Modfit Analysis (Verity Software, Inc).19

Cytosolic and Mitochondrial Extract Preparation

Melanoma cells were infected with Ad-GFP and Ad-
MAP2 at an MOI 200–300, and after a 48 hours of in-
cubation, cytosolic and mitochondrial fractions were
isolated,20 and analyzed by western blot using anti-cyto-
chrome c mAb.

Caspase 8 and PARP Cleavage Analysis

451Lu cells grown to 50 to 60% confluence in 100 mm
culture dishes were infected with Ad-GFP and Ad-MAP2
(MOI 200). After 48 hours of incubation, the cells were
scraped in the presence of protease inhibitors and lysed
and in detergent lysis buffer. The supernatants were col-
lected and protein concentration was determined using
BCA protein assay kit, analyzed by SDS-PAGE and west-
ern blot using anti-caspase 8 and anti-PARP antibodies.

Monomeric (Soluble) and Polymeric (Insoluble)
Tubulin

The soluble (S) and insoluble (P) fractions of cellular
tubulin were prepared and analyzed as described.21 Pro-
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tein concentration was determined and the �-tubulin in
soluble and insoluble fractions was detected by western
blotting. Tubulin P/S ratio was estimated using densito-
metric measurements of the band intensities (Scion
Corp., Frederick, MA).

Western Blot Analysis

Cells were lysed in lysis buffer, and protein concentration
was estimated using BCA protein Assay kit (Pierce, Rock-
fod, IL). Cell extracts were resolved on 9 to 12% sodium
dodecyl sulfate-polyacrylamide gels, and blotted onto
PVDF membranes (NEN Life Science Inc., Boston, MA).
The blots were blocked in 5% nonfat dry milk or BSA for
1 hour and incubated overnight at 4°C with primary anti-
bodies at dilutions recommended by the supplier, fol-
lowed by appropriate horseradish peroxidase-conju-
gated IgG at 1:5000 dilution (Amersham Biosciences,
Piscataway, NJ). Bound antibodies were detected using
an ECL chemiluminescence kit (Amersham Biosciences,
Piscataway, NJ).

Immunostaining and Microscopy

Melanoma cells grown on glass coverslips were infected
with adenoviruses. After 48 hours of incubation at 37°C,
the cells were fixed with cold methanol for 5 minutes and
nonspecific sites were blocked with 2% BSA in PBS at
37°C for 15 minutes. Cells were incubated with mouse
mAb against �-tubulin (1:500) followed by rabbit anti-
mouse IgG–FITC (1:100), and then with mouse monoclo-
nal anti-MAP2 mAb and by Alexa 647-conjugated goat
anti-mouse IgG (1:500) (Molecular Probes, Eugene, OR),
and finally with PI. Coverslips were mounted with mount-
ing medium containing anti-bleaching agent and exam-
ined with confocal laser-scanning microscope (Carl Zeiss
Laser Scanning System LSM).

Immunohistochemistry (IHC)

Paraffin-embedded tumor specimens from patients diag-
nosed with cutaneous primary melanoma at the Derma-
tology clinics of Wake Forest University School of
Medicine were obtained from the archives of the Der-
matopathology section and processed for MAP2 IHC as
described.4 MAP2 staining pattern and intensity were
evaluated independently by two pathologists and scored
as negative (0), weak heterogeneously positive (1�) and
positive (2� to 3�).

Melanoma Patients and Statistical Analysis

We evaluated all patients diagnosed with cutaneous pri-
mary melanoma at the Wake Forest University Baptist
Medical Center between 1981 and 1999. Criteria for in-

clusion for analysis were: a) availability of the original
paraffin blocks of the primary tumor specimen and b)
clinical follow up for at least 5 years with or without
diagnosis of metastatic melanoma or death due to met-
astatic disease. The frequency of follow up visits for
recurrence ranged from once every 3–6 months to once
a year depending on the thickness of the primary lesion.
Patients diagnosed with melanoma in situ, those without a
5-year follow up and those patients who died of causes
other than melanoma were not included in this study. All
human subject research protocols were approved by the
Institutional Review Board of WFUSM. We conducted
multivariate Cox proportional hazards analysis using
STATA data analysis program (STATA Corp. LP, College
Station, TX). Variables included age, sex, Breslow thick-
ness and Clark level. Kaplan-Meier survival curves and
adjusted survival curves describing the survival function
for MAP2 were plotted using GraphPad Prism software v.
3.00 for Windows (San Diego, CA).

Results

MAP2 Is a Prognostic Indicator for Melanoma
Tumor Progression

Based on immunohistochemical analysis that showed
variable expression of MAP2 in primary melanomas and
its absence in metastatic lesions, earlier we proposed
that MAP2 expression in primary tumor may have impli-
cations for progression of melanoma.4 Here, we investi-
gated the relationship between MAP2 expression and
metastatic disease free survival (DFS) of patients diag-
nosed with primary melanoma. We evaluated MAP2 ex-
pression in primary melanomas from 37 patients (Supple-
mentary data Table 1) by immunohistochemistry using a
mouse mAb M13 (Zymed) that recognizes only the ma-
ture MAP2ab (Figure 1A). Based on staining pattern
found in at least 3 sections per tumor, we scored tumors
as negative (0), weakly positive (1�), positive (2�) and
strongly positive (�3�) for MAP2 expression. Tumors
that were negative or only weakly positive for MAP2 ex-
pression were uniformly negative or homogeneously
weakly positive, respectively. MAP2-positive tumors (2�
and �3�), on the other hand, often displayed heteroge-
neity in staining intensity. Semiquantitative analyses
showed that �70% cells in these tumors showed staining
intensity of 2� or 3� (data not shown). Kaplan-Meier
survival analysis and log-rank test showed that patients
with MAP2� primary tumors had significantly better (P �
0.01) DFS than those patients with MAP2� primary mel-
anomas (Figure 1B). Multivariate Cox proportional hazard
analysis showed that MAP2 is a significant predictor (P �
0.003) of time to metastatic recurrence with a hazard ratio
of 0.18. Median DFS, adjusted to age, sex, Breslow thick-
ness and Clark level, was 32.5 months for MAP2� group
compared to �60 months for MAP2� group (Figure 1C;
and Supplementary data, Table 2). Also, there was a
statistically significant correlation (two-sided Fisher’s ex-
act test, P � 0.02) between MAP2 expression and met-
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astatic recurrence within five years. These data suggest
that MAP2 is a predictor of aggressiveness of cutaneous
primary melanomas.

MAP2 Inhibits Growth of Melanoma Cells in
Vitro

To understand the role MAP2 plays in melanoma pro-
gression, we first tested the effect of expression of MAP2
on the growth of two representative MAP2-negative met-
astatic melanoma cell lines SK-MEL-23 and 451Lu. Infec-
tion of cells growing in monolayer culture with the recom-
binant adenovirus Ad-MAP2a resulted in abundant
expression of MAP2 protein (as seen by immunofluores-
cence staining and western blot analyses with anti-MAP2
monoclonal antibody) similar to the expression observed,
by immunohistochemistry, in many primary melanomas
lesions.4 Cells transduced with Ad-MAP2a grew signifi-
cantly slowly, while cells infected with a control virus
Ad-GFP (green fluorescent protein) grew at a rate similar
to that of uninfected cells (Figure 2A). In agreement with
the role of MAP2 in formation of dendrites,9 Ad-MAP2a-
transduced cells exhibited distinct morphology with long
branched, dendritic extensions (Figure 2C).

Attempts to establish stable 451Lu melanoma cell lines
expressing MAP2 isoforms yielded, in 3 independent
transfections, relatively fewer MAP2a-expressing clones
compared to MAP2c, the juvenile form of MAP2. Stable
MAP2a clones exhibited variable growth inhibition (20 to
80%) compared to untransfected cells. On continuous
culture beyond 15 passages, MAP2a stable clones pro-
gressively lost MAP2 expression and showed normal
growth (data not shown). Since primary melanoma cells
and some metastatic melanoma cell lines in culture also
express the alternatively spliced immature isoform
MAP2c, we tested the effect of expression of MAP2c on
MAP2-negative 451Lu cells. In contrast to MAP2a, trans-
fection with MAP2c cDNA yielded several stable clones
that expressed abundant 70 kd MAP2c protein. However,
the growth rate of MAP2c-expressing clones was similar
to that of control 451Lu cells (Supplementary data, Figure
1; A to C), suggesting that MAP2a, the mature and pre-
dominant from in postmitotic neurons, but not MAP2c, the
immature form found in immature neurons inhibits mela-
noma cell growth. Interestingly, overexpression of MAP4,
which is ubiquitously expressed but not up-regulated in
melanoma, also resulted in growth inhibition at higher
MOI (Supplementary data, Figure 1D).

MAP2 Induces Cell-Cycle Arrest in Melanoma
Cells

Flow cytometric analyses of control uninfected cells, Ad-
GFP or Ad-MAP2-transduced cells showed that Ad-
MAP2a cells accumulated in G2-M phase of cell cycle
accounting for �50% of total cell population by 48 hours
postinfection, compared to �15% in control and Ad-GFP
infected cells. MAP2a expression also resulted in accu-
mulation, up to 15% by 72 hours, of cells with �4N DNA
(Figure 2B; and Supplementary data, Figure 1E). In Ad-
MAP2-transduced cells, progressive accumulation, up to
25% by 72 hours, of apoptotic subG1 population could
also be seen. These data show that MAP2a expression

Figure 1. MAP2 as melanoma prognostic indicator. A: MAP2 expression in
paraffin-embedded primary melanoma specimens was evaluated by IHC
using anti-MAP2 mAb HM-2. MAP2 expression in two representative speci-
mens is shown. Top: MAP2� primary melanoma (right back of 53-year-old
male; Breslow thickness, 0.55 mm). Bottom: MAP2� melanoma (right cheek
of 77-year-old male; Breslow thickness, 1.5 mm). Left: H&E staining; right:
MAP2 staining. B: Melanoma specimens with variable Breslow thickness (0.2
to 11 mm) from 37 individual patients (see Supplementary Information,
Table 1) with clinical follow-up of at least 5 years for recurrence were
studied.7 Kaplan-Meier analysis of 5-year DFS in patients diagnosed with
MAP2� (n � 20) and MAP2� (n � 17) primary melanoma. Data on censored
patients (ie, with follow-up beyond 5 years) are not shown. C: Estimated
survivor functions of patients diagnosed with MAP2� and MAP2� primary
cutaneous melanoma adjusted to age, sex, Breslow thickness, and Clark
level.
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arrests metastatic melanoma cells in G2-M phase of the
cell cycle, and suggest that a proportion of G2-M ar-
rested cells complete mitosis without cytokinesis to pro-
duce cells with �4N DNA, which may ultimately undergo
apoptosis.

Intracellular Distribution of MAP2 in Melanoma
Cells

In neurons, MAP2 is primarily localized in the dendrites.
This localization is achieved by targeting MAP2 mRNA
into the dendrites by a signal in the 3� untranslated region
of MAP2 mRNA and its translation in the dendrite. To test
whether MAP2 is also restricted to the dendrites in mel-
anoma cells, we examined intracellular distribution of
MAP2. Immunofluorescence staining of Ad-MAP2 in-
fected 451Lu melanoma cells showed co-localization of
MAP2 with dense arrays of cytoplasmic MTs (stained by

tubulin) adjacent nuclei (Figure 3a) and in the cytoplasm
in postmitotic cells (Figure 3d). Biochemically, altered
stability of MTs can be measured as ratio of polymerized
(P)/soluble (S) tubulin by western blotting followed by
densitometry of tubulin bands in P and S fractions (data
not shown). The P/S ratio of tubulin in Ad-MAP2 was
1.40 � 0.21 compared to 0.93 � 0.12 (P � 0.005) in
uninfected and Ad-GFP infected 451Lu cells showing
that MAP2a expression significantly increased the
amount of tubulin in the polymerized fraction. However,
MAP2 expression did not alter the total amount of cellular
tubulin (data not shown).

Nuclear Abnormalities in MAP2-Expressing
Melanoma Cells

MAP2-expressing cells were readily distinguishable by
the presence of large nuclei, both in vivo in primary mel-

Figure 2. The effect of MAP2 expression on proliferation (A), cell cycle distribution (B), and morphology (C) of human metastatic melanoma cells. A: 451Lu (5 �
104/well in triplicate in six-well plates) and SK-MEL-23.cl 22a (1 � 104/well in triplicate in 24-well plates) cells were plated and grown under routine growth
conditions (uninfected) or after transduction with control virus Ad-GFP or MAP2 virus Ad-MAP2a (200 to 300 MOI). Cells were counted by trypan blue exclusion
method. Representative data of three independent experiments are shown. Numbers shown are mean � SD. B: 451Lu cells in parallel wells as in A were
trypsinized 24, 48, and 72 hours after transduction, fixed in ethanol, stained with PI, and analyzed by flow cytometry for DNA content. Note the predominant peak
representing cells with 4 N DNA at 48 hours and appearance of population of sub-G1 DNA and �4 N DNA at 72 hours in Ad-MAP2-transduced cells. C:
Rounded-up cells and fewer attached cells remained in Ad-MAP2-transduced dishes 72 hours after transduction compared to uninfected or Ad-GFP-infected wells.
Long dendritic processes in Ad-MAP2 cells can be seen.
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anomas [mean diameter of 10.92 � 2.9 �m (n � 100) for
MAP2� melanoma cells compared to 7.39 � 1.51 �m
(n � 100) for MAP2- cells; two-tailed t-test P � 	0.0001]
and in vitro in AdMAP2-transduced melanoma cells
[mean nuclear diameter of 14.01 � 3.54 �m (n � 100) in
Ad-MAP2 cells compared to 11.54 � 2.37 �m (n � 100)
in Ad-GFP cells, P � 	0.0001; Supplementary data, Fig-
ure 2, A to C]. Ad-MAP2a cells exhibited a variety of
nuclear abnormalities including multilobed (Figure 3a) or
fragmented nuclei (Figure 3c), chromosomal bridges
(Figure 3b, arrow), lagging chromosomes (Figure 3c,
arrow) and abnormal cytokinesis (Figure 3d). The nuclear
abnormalities are consistent with the flow cytometric data
that showed accumulation of cells with �4N DNA.

MAP2 Induces Mitotic Spindle Defects

A close examination Ad-MAP2-transduced 451Lu mela-
noma cells showed that compared to uninfected or Ad-
GFP infected cells, MAP2 infected cells had fewer mito-
ses (average of 6 mitoses per 1000 cells in Ad-MAP2
cells compared to 20 mitoses per 1000 cells in controls).
Analysis of number of mitoses in primary melanoma sec-
tions showed that compared to MAP2� melanomas
MAP2� primary melanomas had fewer fields with �1
mitoses/field (two-sided Fisher’s exact test, P � 0.03).

Further, the mitoses in control uninfected cells exhibited
typical bipolar spindle morphology (Figure 4A), whereas
in Ad-MAP2a cells the majority of mitoses appeared ab-
normal, ie, misaligned, unipolar or multipolar spindles
(Figure 4, B and C). Presence of aberrant mitoses and bi-
and multinucleated cells suggests that, in MAP2a-ex-
pressing cells, spindle checkpoint fails to sustain mitotic
arrest and cells exit from mitosis without cytokinesis. To
understand the status of spindle checkpoint in MAP2a
cells, we investigated cellular localization of checkpoint
proteins Mad2 and Aurora kinase B (AIM-1) during mito-
sis (Figure 5). Mad2 protein is associated with the kinet-
ochores of chromosomes at prometaphase and its local-
ization correlates with tension. Mad2 is important for the
M phase arrest in mammalian cells in response to micro-
tubule inhibitors.22 In Ad-MAP2a 451Lu cells, Mad2
showed patchy staining near poorly formed spindle
poles, and was localized along randomly arrayed spindle
MTs (Figure 5A).

AIM-1 is involved in chromosomal segregation and
cytokinesis. It follows a typical “passenger protein” pat-
tern of distribution during mitosis, ie, it is localized to
centromere region of metaphase chromosomes, and
transferred to central spindle MTs during anaphase and
finally to the midbody.23 AIM-1 showed similar distribu-
tion on metaphase chromosomes in both control and
MAP2a melanoma cells (Figure 5B, top and bottom),
although assembly of MTs into spindle is delayed or
inhibited in MAP2a cells (compare green panels in 451Lu
and 451-MAP2). During anaphase, AIM-1 is localized to

Figure 3. Localization of MAP2 and nuclear abnormalities in Ad-MAP2 451Lu
cells. Cells on glass coverslips were fixed and stained with (in a and d)
anti-MAP2 mAb HM-2, goat anti-mouse IgG-Alexa 647, followed by �-tubulin
mAb DM1A-FITC and finally with PI (in b and c) or with anti-�-tubulin mAb
followed by PI and examined with Zeiss 310 LSM310 confocal microscope.
Arrows in b and c show chromosomal bridges and lagging chromosomes,
respectively. Scale bars: 50 �m (a, c, d); 20 �m (b).

Figure 4. Mitotic spindle defects in Ad-MAP2 451Lu cells. Control 451Lu
melanoma cells and Ad-MAP2 451Lu cells on glass coverslips were ethanol-
fixed and stained with FITC-conjugated anti-�-tubulin mAb DM1A followed
by PI (A and C), or anti-MAP2 mAb HM-2, goat anti-mouse IgG-Alexa 647
followed by anti-�-tubulin DM1A-FITC, and finally with PI (B), and exam-
ined with confocal microscope. Cells undergoing mitosis with normal ap-
pearing metaphase and anaphase in control (A), a cell with multipolar
mitotic spindle in MAP2-expressing cells (B), and several abnormal mitotic
spindles intermingled with chromosomes (C) in Ad-MAP2 451 cells can be
seen. Scale bar, 20 �m.
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the central spindle and cleavage furrow in control 451Lu
cells (Figure 5C, top), whereas in MAP2a cells the protein
displays a diffuse staining pattern and the cell appears to
fail to undergo cytokinesis (Figure 5C, bottom).

Induction of Apoptosis by MAP2

What is the consequence of G2-M arrest caused by
MAP2? Time-lapse video microscopy showed that by 72
hours post infection Ad-MAP2 infected cells round up
and detach from the dish. FACS analysis showed accu-
mulation of cells with sub G1 DNA content suggesting
induction of cell death. To determine whether these cells
are undergoing apoptosis we examined PARP cleavage
in control Ad-GFP or Ad-MAP2 infected cells. An increase

in the 85 kd PARP cleavage product could be seen 48
hours after infection in Ad-MAP2, but not in Ad-GFP, cells
(Figure 6A). Western blot analysis using anti-cytochrome
c antibody showed presence of significantly larger
amounts of this mitochondrial protein in cytosolic fraction
of MAP2a cells (Figure 6B). No significant cleavage of
caspase 8, which is activated by death receptors, could
be seen in Ad-MAP2 cells (Supplementary data, Figure
3). These data show that expression of MAP2a in mela-
noma cells causes spindle assembly defects, mitotic exit
without cytokinesis, endoreduplication and apoptosis by
mitochondrial pathway.

Discussion

Progression of cutaneous melanoma from the locally in-
vasive, but metastasis-incompetent radial growth phase
to rapidly proliferating, metastasis-competent vertical
growth phase is accompanied by invasion of tumor cells
into the dermis and subcutaneous tissue and a dynamic
interaction between tumor cells and stroma.24 This recip-
rocal interaction results in differentiation of melanoma
cells along different pathways including neuronal path-
ways.3,25,26 Our data suggest that neuronal differentia-
tion of primary melanoma cells in the dermis, as indicated
by MAP2 expression, can profoundly affect cell cycle
progression (Figure 2B), induce apoptosis (Figure 6),
and influence clinical outcome (Figure 1). Interestingly,

Figure 5. Abnormal localization of spindle checkpoint protein AIM-1in
MAP2-expressing melanoma cells. Control and MAP2-expressing cells on
coverslips were fixed and stained with abnormal localization of spindle
checkpoint protein Mad2 in MAP2-expressing melanoma cells. Control and
MAP2-expressing cells on coverslips were fixed and stained with anti-Mad2
mAb followed by anti-�-tubulin mAb DM1A-FITC and finally with PI (A) and
anti-AIM-1 mAb followed by anti-�-tubulin mAb DM1A-FITC and finally with
PI (B) and examined with confocal microscope. In A, the colors of the
images were altered, pink to red for Mad2, and red to blue for DNA in LSM
Image Browser for optimal contrast. In MAP2-expressing cells, diffuse cyto-
plasmic localization of Mad2 at metaphase can be seen (bottom left).
Bipolar spindles are absent at metaphase in MAP2 cells. Compare top
(control 451 cells) and bottom (451-MAP2 cells) panels marked �-tubulin. In
B, the colors of the images were altered, pink to red for AIM-1, and red to
blue for DNA. In MAP2-expressing cells, diffuse cytoplasmic localization of
AIM-1 at anaphase can be seen (bottom left in B). Bipolar spindles are
absent at metaphase in MAP2 cells. Compare top (control 451 cells) and
bottom (451-MAP2 cells) panels marked �-tubulin. At anaphase, whereas in
control cells localization of AIM-1 at the cleavage furrow is clearly visible, in
451-MAP2 cells absence of cleavage furrow and diffuse cytoplasmic distri-
bution of AIM-1 can be seen (compare top and bottom, left, in B).

Figure 6. Induction of apoptosis by MAP2 expression. Cleavage of PARP (A)
and release of cytochrome c into cytosol (B) in control uninfected, Ad-GFP-
transduced or Ad-MAP2-transduced (24 hours and 48 hours) cells was mon-
itored by Western blotting. Whole cell detergent lysates (for PARP) and
cytosolic fraction (for cytochrome c) were separated by SDS-PAGE, blotted
onto PVDF membrane, incubated with anti-PARP or anti-cytochrome c anti-
body, and bands were detected by chemiluminescence. Immunoblotting
with anti-�-tubulin shows protein-loading variability. A significant increase in
the release of cytochrome c into the cytosol in Ad-MAP2-transduced cells
could be seen as early as 24 hours, and PARP cleavage products, both 89- and
24-kd bands, were detectable at 48 hours. PARP cleavage induced by TNF-�
treatment is shown for comparison. Numbers on the left show molecular
weights (kd) and arrow on the right indicates a nonspecific band.
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MAP2� melanoma cells in vivo and in vitro share certain
morphological features, specifically large nuclear size
(Supplementary data, Figure 2). However, earlier investi-
gations of nuclear size as a prognostic factor for cutane-
ous melanoma have resulted in contradictory conclu-
sions.27,28 Additional features such as relative difficulty of
establishing early primary melanoma cells in vitro and
their slow growth even in growth factor-enriched me-
dia,29,30 and their dendritic appearance (data not shown)
suggest a role for MAP2 in the biology of primary mela-
noma cells.

The notion that MAPs might be involved in develop-
ment, survival and progression of tumors is supported by
the following observations. 1) pVHL protein, the product
of the tumor suppressor gene Von Hippel Lindau is a
microtubule-associated protein that can protect MT from
depolymerization in vivo. Inactivating mutations in VHL
that disrupt MT stabilizing function are associated with
the dominantly inherited cancer syndrome suggesting a
link between MT stabilizing function of pVHL and patho-
genesis of VHL disease.31 2) A somatic mutation in on-
coprotein Op18/Stathmin, a MT destabilizing protein,
identified in esophageal adenocarcinoma has been
shown to confer transforming properties to this protein32

and deletion of this region is commonly observed in
cancers including breast and colon carcinomas,33,34 and
in breast carcinomas overexpression of stathmin is asso-
ciated with highly proliferative tumors.35 3) Expression of
survivin, an inhibitor of apoptosis that also influences MT
dynamics and spindle check point,36 in tumors including
melanoma is associated with increased aggressiveness
and decreased patient survival.37–39

Induction of a MT stabilizing protein in the primary
tumor and its absence or silencing in metastatic disease
has implications for not only tumor progression but also
the sensitivity of tumors to MT agents. While drugs (such
as vinca alkaloids and taxols) that target MTs are in active
use for treatment of several cancers, toxicity and devel-
opment of drug resistance are major drawbacks associ-
ated with their use. Resistance to killing by these drugs
reflects, in part, the ability of cancer cells to activate
mechanisms that counteract the action of these drugs.40

For example, resistance of cancer cells to MT stabilizing
drug taxol has been shown to correlate with covalent
modification of tubulins or overexpression of MT disrupt-
ing proteins.41,42 Several changes in tubulin/MAPs, in-
cluding increase in MT-destabilizing form of stathmin and
decrease in MT stabilizing form of MAP4, seem to be
related to the Taxol-resistant phenotype of human lung
carcinoma cell lines.42 In a murine pancreatic ductal
adenocarcinoma model, sensitivity of the tumors to MT
targeting agent, docetaxel, appears to be determined by
proteolysis of MAP2.43 Therefore, it is possible that the
notorious unresponsiveness of metastatic melanoma to
MT targeting drugs reflects a selection process during
which cellular mechanisms that disrupt MT dynamics,
such as MAP2 expression, are silenced in primary mela-
noma cells. Intrinsic resistance of melanoma cells to
apoptosis is also thought to contribute to the poor re-
sponse of this tumor to chemotherapy.44 In this context, it

is interesting to note that re-expression of MAP2 over-
comes such resistance and induces significant apoptosis
as early as 24 hours postinfection as indicted by cyto-
chrome c release.

MAP2 is expressed mainly in neuronal dendritic exten-
sions where the protein is known to stabilize MTs and
influence the density of MTs and the length of dendrites.8

MAP2 also acts as scaffold for signaling proteins and has
a binding domain for the regulatory subunit II of cAMP-
dependent protein kinase PKA.8,45 A bulk of MAP2 ex-
pressed in melanoma remains associated with the cellu-
lar MTs and co-localizes to spindle MTs during mitosis
(Figure 2). Our observation that disruption of MT dynam-
ics by MAP2 has a profound effect on cytokinesis is
consistent with recent findings that MTs are the only
structural constituents of the spindle apparatus required
for induction of cell cleavage.46

How is MAP2 gene activated in primary melanoma?
Although early tumor development is driven for most part
by discrete genetic alteration in the transformed cells, it is
now accepted that later steps in tumor progression are
dependent on reciprocal interactions between the tumor
cells and host microenvironment.47 We find that in pri-
mary melanomas that consist of both in situ and invasive
components, MAP2 expression is mostly restricted to the
invasive cells in the dermis, suggesting a role for dermis
in MAP2 induction. The possibility that stromal response
to invading tumor cells could exert an initial inhibitory
constraint on tumor growth has been raised earlier,48,49

but the nature and mechanisms of inhibitory effects have
not been investigated. In this context, it is worth noting
that a majority of benign dermal melanocytic nevi also
express abundant MAP2 and only a small proportion of
melanomas are associated with such pre-existing ne-
vi.4,50 That tumor-stromal interactions need not always
favor tumor progression is also indicated by the obser-
vation that tumors prefer to grow and metastasize from
orthotopic sites rather than ectopic sites.51

Since, MAP2 appears to act in vivo mainly on primary
melanoma cells during early tumor progression in the
context of dermal environment, we surmised that evalu-
ating the correlation between MAP2 expression in pri-
mary melanoma and metastasis directly using human
tumors is relevant for understanding its role in melanoma
progression. Accordingly, our immunohistochemical
evaluation and survival analysis data suggest that MAP2
is a good prognostic indicator of aggressiveness of mel-
anoma. However, long term follow-up of a larger popula-
tion of melanoma patients is needed to further confirm the
utility of MAP2 in predicting clinical outcome. Addition-
ally, understanding the mechanisms of MAP2 gene reg-
ulation might allow design and development of therapeu-
tic strategies (for eg, treatment with agents such as
hexamethylene bisacetamide4) to induce/up-regulate
MAP2 expression in advanced melanomas.
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