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Abstract
Doublecortin (DCX) is a microtubule binding protein that induces growth arrest at the G2-M phase
of cell-cycle in glioma and suppresses tumor xenograft in immunocompromised hosts. DCX
expression was found in neuronal cells, but lacking in glioma cells. We tested the hypothesis that
DCX inhibits glioma U87 cell mitosis and invasion. Our data showed that DCX synthesizing U87
cells underwent mitotic microtubule spindle catastrophe in a neurabin II dependent pathway.
Synthesis of both DCX and neurabin II were required to induce apoptosis in U87 and HEK 293T
cells. In DCX expressing U87 cells, association of phosphorylated DCX (P-DCX) with protein
phosphatase-1 (PP1) in the cytosol disrupted the interaction between kinesin-13 and PP1 in the
nucleus and yielded spontaneously active kinesin-13. The activated kinesin-13 caused mitotic
microtubule catastrophe in spindle checkpoint. P-DCX induced depolymerization of actin filaments
in U87 cells, downregulated matrix metalloproteinase -2 (MMP-2) and MMP-9, and inhibited glioma
U87 cell invasion in a neurabin II dependent pathway. Thus, localization of the DCX-neurabin II-
PP1 complex in the cytosol of U87 tumor cells inhibited PP1 phosphatase activities leading to anti-
glioma effects via 1) mitotic microtubule spindle catastrophe that blocks mitosis, and 2)
depolymerization of actin that inhibits glioma cell invasion.

Keywords
Doublecortin; glioma; mitotic catastrophe; mitosis; actin; invasion

Introduction
Gliomas, the most malignant intracranial tumors rapidly invade the brain. All treatments for
glioma such as surgery, radiotherapy, and chemotherapy fail (Reviewed in ref. Demuth and
Berens 2004). We therefore seek agents that suppress glioma tumor growth as well as inhibit
glioma cell invasion into the brain. Doublecortin (DCX), a gene that is absent from glioma
cells, suppresses glioma (Santra et al., 2006a). DCX interacts with spinophilin/neurabin II, a
tumor suppressor, and PP1, one of the key eukaryotic serine/threonine protein phosphatases.
These interactions lead to inhibition of proliferation and anchorage independent growth of
glioma cells (Santra et al., 2006a). Inactivation of PP1 by okadaic acid blocks mitosis
(Yamashita et al., 1990). The microtubule (MT) associated proteins (MAPs) such as DCX,
Von Hippel Lindau (pVHL) and MAP2 are either absent or mutated in many tumor cells
including glioma and function as tumor suppressor genes (Soltani et al., 2005, Santra et al.,
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2006a). The dynamic instability of MTs in mitotic spindle checkpoint is a critical step during
mitosis and is regulated by kinases and phosphatases (reviewed in ref. Gadde and Heald
2004). To our knowledge, there is no report regarding the effect of DCX on the dynamic
instability of MTs in mitotic spindle checkpoint in glioma cells and on glioma invasion.

DCX is expressed in clusters of neuroblasts in the area between the subventricular zone (SVZ)
and the tumor and expression is highest in proximity to the SVZ (Bexell et al., 2007). DCX
synthesis induces expression of neuronal markers such as nestin and MAP-2 at the protein and
mRNA levels in glioma U87 cells, as previously reported (Santra et al., 2006b). In our present
study, we found that DCX is absent in human and rodent glioma, but is expressed in the
peritumor region of human and rodent glioma. DCX blocked mitosis by inducing catastrophe
of MTs in mitotic spindle checkpoint and inhibited glioma cell invasion by inducing actin
depolymerization via a novel neurabin II/PP1 dependent pathway.

Materials and Methods
Cell cultures

Human glioblastoma U87, human embryonic kidney 293T (HEK 293T), rat astrocytes, PC-12,
mouse Cath.a neurons and mouse cerebral endothelial were obtained from American Type
Culture Collection (ATCC), Manassas, VA. Human primary glioblastoma multiforme (PGM-
YU) were generously provided by Dr. Anthony N. van den Pol, Department of Neurosurgery,
Yale University School of Medicine, New Haven, Connecticut (Ozduman et al., 2008). Human
low grade astrocytoma (HF29), human primary glioblastoma multiforme (HF66) and human
anaplastic astrocytoma (HF69) cells were obtained from Dr. Thomas Mikkelsen, Henry Ford
Hospital, Detroit, MI. Mouse oligodendrocytes were provided by Dr. Anthony Campagnoni,
University of California, Los Angeles, CA (Zhang et al., 2008). Rat subventicular zone (SVZ)
cells were prepared and maintained including all cells, as previously described (Santra et al.,
2006b, 2006c). The DCX expressing U87 and 293T clones were generated, as previously
reported (Santra et al., 2006a). Commercially available plasmids containing either neurabin II
siRNA or MMP2siRNA or MMP9siRNA cassettes (Santa Cruz Biotechnology, Santa Cruz,
CA) were transiently transfected in control and DCX synthesizing U87 and HEK293T cells,
as previously described (Santra et al., 2006a). Preparation of DCXsiRNA with targeted
sequences in lentiviral vectors containing green fluorescent protein (GFP) expression cassette
and treatment of DCXsiRNAs in control and DCX synthesizing U87 and HEK293T cells were
previously described (Santra et al., 2006b).

U87 cell implantation
U87 and Discosoma red fluorescent protein-2 (DsRed-2) expression vector pIRES2-DsRed-2
(Clontech Laboratories, Inc. Mountain View, CA) stably transfected U87 cells were implanted
into the striatum of male nude rats (250–300 g) (5×105cells/rat) at the following location:
bregma +1 mm; lateral +3 mm; ventral −4 mm on day 1, as previously described (Santra et
al., 2006a; Zhang et al. 2006). The rats were sacrificed on day 14 after tumor implantation.
Each forebrain from animals was cut into 7 coronal blocks. Brains were snap frozen and
sectioned at a thickness of 8 microns into ~10 slides for each adjacent coronal block as
previously described (Ahn et al., 1999).

Preparation of paraffin-embedded section
Nude rats were anesthetized, the vascular system transcardially perfused with heparinized
saline followed by 4% paraformaldehyde and sacrificed. Each forebrain from animals was cut
into 7 coronal blocks and then embedded with paraffin. A series of adjacent 6 μm-thick sections
(~20) were cut from each block and one section from each block stained with hematoxylin and
eosin (H&E), as previously described (Santra et al., 2006a; Zhang et al., 2004).
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Immunohistochemistry
The immunohistochemistry of paraffin-embedded sections was performed by conventional
deparaffinization and dehydration sequence, as previously described (Santra et al., 2006a;
Zhang et al., 2004). The cells were seeded in 8-well chamber slides (Lab-Tek, Nunc, Inc.,
Naperville, IL) and immunostained, as previously described (Santra et al., 2008, 1997). The
slides from frozen sections, deparaffinized paraffin sections and cells in culture were blocked
with normal serum, incubated with primary antibodies for 1 hr, washed for several times and
incubated with secondary antibodies labeled with either 3,3′-Diaminobenzidine (DAB) (brown
staining), fluorescein isothiocyanate (FITC) (green fluorescence) or cyanine fluorophore (Cy3)
(red fluorescence) for 1 hr. The slides were counterstained with 4′, 6-diamidino-2-phenylindole
(DAPI) (blue fluorescence) and examined under Fluorescent Illumination Microscope
(Olympus IX71/IX51, Tokyo, Japan).

Goat antiserum for DCX (1:500; Santa Cruz Biotechnology, Santa Cruz, CA), polyclonal rabbit
anti-class III β-tubulin (TUJ1) and mouse polysialic acid on neural cell adhesion molecule
(PSA-NCAM) (1:500, Chemicon, Temecula, CA), monoclonal antibodies for MAP2 (1:1000),
α-tubulin (1:500; Sigma, Saint Louis, Missouri), kinesin-13 and PP1 (1:1,000; Santa Cruz
Biotechnology, Santa Cruz, CA) were used as primary antibodies, and labeled with either anti-
goat or anti-mouse secondary antibodies (1:5,000) conjugated with either FITC or Cy3
(1:5,000; Santa Cruz). The slides were counterstained with or without DAPI and examined by
using a Fluorescent Illumination Microscope (Olympus IX71/IX51, Tokyo, Japan). The actin
stress fibers were stained with fluorescein isothiocyanate-phalloidin (Fl-phalloidin) according
to the manufacturer’s protocol (Sigma). Each experiment was repeated at least three times.

Quantitative real time PCR
Absolute quantitative real time PCR (qrtPCR) was performed to measure mRNA transcripts
according to method of Garzon et al. (Garzon and Fahnestock 2007). Standard curves for DCX,
neurabin II, green fluorescence protein (GFP) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) transcripts were made from their cDNA inserted into plasmids (Santra et al.
2006a–c, Santra et al. 1997) with ten 10-fold serial dilutions starting at 1.0×103 copies of
cDNAs. In the standard curve, the primers without templates and templates without primers
were used as negative controls. The copies of cDNAs were calculated based on Avogadro’s
number according to Monnet et al. (Monnet et al. 2006). The 1.0×10−3 copies was the detection
limit for each primer set used in qrtPCR for all plasmid templates and the copies of transcripts
evaluated by linear standard curve. The transcripts are not detectable for the templates
containing less than 1.0×10−3 copies. Total RNA extraction and cDNA synthesis were
performed and all DNA primers used, as previously described (Santra et al., 2006a–c). Total
RNA from HEK 293T cells was used as a negative control for DCX expression (Shmueli et
al., 2006). For PCR amplification, the 40 cycles had the following thermal profile: 95°C for
30 s, 58°C for 30 s, and 72°C for 45 s. After PCR, dissociation curves and agarose gel
electrophoresis were performed to verify the quality of the PCR products. There were no
secondary products. Results were expressed as copies per nanogram (ng) of total RNA.
Expression of matrix metalloproteinase 2 (MMP2), MMP9, MMP14 and β-actin were analyzed
by relative qrtPCR based on the comparative threshold cycle (ct) method also referred to as
the 2−ΔΔCT method in five independent experiments (Livak and Schmittgen 2001).

Fluorescence-activated cell sorting (FACS) analysis
In order to estimate what percentage of total brain cells expressed DCX, FACS analysis of
DCX expressing cells in total brain cells from nude rat (n=4) was performed according to
method of Liu et al. with slight modification (Liu et al. 2006). The brain cells were prepared
by using the protocol for subventical zone cell preparation, as previously described (Santra et
al. 2006b, 2006c). The brain cells were immunostained with goat antiserum for DCX (1:1,000;
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Santa Cruz Biotechnology) for 2h, washed the cells with PBS for 5 times and labeled with anti-
goat secondaryantibody (1:5,000) conjugated with FITC for 1h. The cells were washed the
cells with PBS for 5 times. In order to investigate the cell cycle, fluorescence-activated cell
sorting (FACS) analysis was performed by dual labeling the cells with bromodeoxyuridine
(BrdUrd) and propidium iodide in BD FACSCalibur Flow Cytometer (BD Bioscience, Qume
Drive, San Jose, CA), as previously described (Santra et al. 2006a).

TUNEL assay and Cell proliferation assay
TUNEL stains were performed by using the Apoptosis Detection Kit, ApopTag Fluorescein
according to the manufacturer’s protocol (Intergen Company, Purchase, NY, USA), as
previously described (Santra et al., 2006b, c). The CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega Corporation, Madison, WI, USA) was used to determine the
number of viable cells in the proliferative phase, according to the manufacturer’s protocol
(Santra et al., 1995).

Immunochemical procedures
Total brain tissue extracts from the normal nude rat brain were prepared according to method
of Romanic et al. (Romanic et al., 1998). The protein extracts were separated by SDS-PAGE
for Western blot analysis. Immunoprecipitation, Western blot analysis, calf intestinal alkaline
phosphatase (Promega, Madison, Wisconsin, USA) treatment at dose of 1U/μg of protein for
30 min, treatment with c-jun NH2-terminal kinase (JNK) specific inhibitor II (SP600125)
(Calbiochem, San Diego, CA, USA) at the dose of 1 μM for 3h were performed, as previously
described (Santra et al., 2006a; 2000; 1997; 1995). For Western blot analysis, goat antiserum
for DCX (1:1,000), monoclonal antibodies (1:1,000) for kinesin-13 and PP1, rabbit anti-
neurabin-II polyclonal antibody (1:1,000; Upstate, Charlottesville, VA), mouse monoclonal
MMP2, MMP9, β-actin (1:1,000–5,000; Santa Cruz Biotechnology), MMP14 (1:1000;
Chemicon, Temecula, CA) and rabbit anti-JNK1 polyclonal antibody (1:2,000; Promega,
Madison, WI) were used. Donkey anti-goat, antirabbit and antimouse horseradish peroxidase
(1:10,000; Jackson ImmunoResearch Labs, West Grove, PA) were used as secondary
antibodies. Each experiment was repeated at least three times. Zymography of MMP2 and
MMP9 was performed, as previously described (Santra et al., 2008).

Matrigel invasion assay
Matrigel invasion assay was performed in the presence of serum according to the method of
Jiang et al. (Jiang et al., 2002). Briefly, 105 cells were seeded on the upper well of Biocoat
Matrigel chambers (8 μm pore size; Becton Dickinson). After 24 h for U87 cells and 72 h for
HEK 293T cells, the invading cells on the underside of the filters were stained with DAPI, and
four fields were counted for each of the replicate membranes. Each experiment was repeated
at least three times.

Quantitative scrape migration assay
Quantitative scrape migration assay was performed, as previously described (Santra et al.,
2006b), with slight modification. The 6 scrapes were made at random by scratching with a
sterile 1000 μl microliter pipette tip. Photographs of 6 scrapes were taken at 0, 6 and 12 hours
after scraping. Each experiment was repeated at least three times.

Statistical analysis
One-way ANOVA followed by Student-Newman-Keuls test was used. The values were the
mean of 5 to 10 independent experiments for real-time PCR data and three independent
experiments for Western blot analysis. The data are presented as mean ± SD. P < 0.05 is
considered as significant.
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Results
DCX expression is lacking in glioma tumor

DCX expression was not detected in different glioma cell lines, as previously reported (Santra
et al., 2006a). However, DCX mRNA was determined by relative qrtPCR in different glioma
cell lines. In relative qrtPCR, 2−ΔΔCT value was arbitrarily accepted as 1 for glioma cells
indicating reproducibly detected delta CT value. However, undetected PCR products in
Agarose gel and undetected DCX protein in Western blot analysis indicate that DCX expression
is absent in glioma cell lines (Santra et al., 2006a). The actual ct values for glioma cells were
of undermined range (>38). In order to avoid confusion in DCX mRNA expression in glioma
cells, absolute qrtPCR was performed instead of relative qrtPCR. To investigate DCX
expression, normal human brain RNA samples (20–50 years old donors; Cat. 540135, 540143,
540137; Stratagene, La Jolla, CA) and primary human brain tumor RNA samples from PGM-
YU, HF66, HF69 and HF29 cells grown in culture up to 30 passages in order to minimize or
eliminate normal cells were analyzed by absolute qrtPCR (Fig. 1a). DCX mRNA transcripts
were not detected in primary glioma PGM-YU, HF66, HF69 and HF29 cells. In contrast, DCX
mRNA transcripts were detected in normal human brain RNA samples (Fig. 1a). GAPDH
mRNA transcripts were consistently detected both in normal human brain and primary glioma
cells. For Western blot analysis, normal human brain protein extract (Cat. 635301, Clontech
Laboratories, Inc. Mountain View, CA) was intentionally loaded 10 times lower protein
concentration (20μg) than each primary human brain tumor cells (200 μg) in order to avoid
antibody sensitivity and exposure discrimination and exposed for overnight (Fig. 1b). None of
the primary glioma cells showed any protein band (Fig. 1b). DCX protein bands were quantified
by histogram analysis of Western blot in Photoshop for 100μg proteins from control and the
primary glioma cells in three independent experiments (Santra et al. 2006c). These primary
human brain tumors PGM-YU, HF66, HF69 and HF29 cells did not express DCX at the mRNA
and protein levels (Fig. 1a, b and c). In contrast, DCX was detected in normal human brain. In
order to estimate what percentage of total brain cells express DCX, FACS analysis was
performed in total brain cells from nude rat according to method of Liu et al. (Liu et al.
2006). We found that 1.17± 0.11% cells were DCX positive in total brain cells. To identify
where DCX is expressed in brain, paraffin sections of normal nude rat brain were
immunostained with DCX antibody labeled with DAB. The sub-ventricular zone (SVZ) lining
the lateral ventricle (LV) was the only region stained for DCX (Fig. 2a). To confirm DCX
expression in the SVZ, SVZ cells were isolated, extracted for proteins and analyzed by Western
blot including whole brain, astrocytes, mouse oligodendrocytes, PC-12, CATH.a neurons and
mouse cerebral endothelial cell protein extracts, as previously described (Santra et al.,
2006b; 2006c). DCX expression was detected only in whole brain and SVZ cell protein extracts
(Fig. 2b). SVZ cells expressed DCX at a higher level than whole brain (Fig. 2b). To detect cell
types, double immunofluorescence stainings were performed in the SVZ region of paraffin
sections of nude rat brain with the neuronal markers MAP2, TUJ1 and PSA-NCAM (Santra
et al. 2006b; Corbo et al. 2002; Bexell et al. 2007). The alternate slides corresponding to
immunostaining regions were also stained with H&E (Fig. 2c). Double immunofluorescence
stainings revealed that DCX was co-expressed with all three neuronal markers MAP2, TUJ1
and PSA-NCAM (Fig. 2c). These data indicate that DCX was highly expressed in neuronal
SVZ cells. To examine DCX expression in human glioma tissue, we immunostained the
paraffin embedded sections of human glioblastoma multiforme (14 slides), astrocytomas (8
slides) and oligodendrogliomas (15 slides) (obtained from Dr. T. Mikkelsen, Henry Ford
Hospital, Detroit, MI) with DCX antibodies. DCX was only detected in peri-tumor region of
human glioblastoma multiforme (4 slides), astrocytomas (2 slides) and oligodendrogliomas (8
slides) in 14 out of 37 slides and also in peritumor region of implanted U87 tumor in nude rats
(Fig. 3). Double immunofluorescence stainings demonstrated cellular co-localization of the
neuronal markers MAP2, TUJ1 and PSA-NCAM with DCX in peritumor region of glioma
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(Fig. 3). To analyze whether glioma tumor cells express DCX in vivo, U87 cells were labeled
with DsRed-2 and implanted in nude rats. The rats were sacrificed on day 14 after tumor
implantation. The frozen sections were analyzed by immuno fluorescence staining for DCX
expression. There were no DCX positive cells detected within the tumor. In contrast, there
were some DCX expressing cells residing just outside of the tumor (Fig. 4). These data indicate
that glioma tumor cells did not express DCX.

DCX synthesis induces microtubule catastrophe in mitotic spindle checkpoint in vitro
DCX is a MT binding protein (Taylor et al., 2000). MTs are essential for a wide variety of
cellular functions including mitosis and cell motility (Reviewed in ref. Jackson et al., 2007,
Bruce Bowerman 2004). DCX synthesis causes growth arrest in the G2-M phase of cell cycle
progression (Santra et al., 2006a). Ionizing radiation, pharmaceutical agents- okadaic acid,
geldanamycin, temozolomide and tumor suppressor gene - p53 induce growth arrest in G2-M
phase of cell cycle and mitotic catastrophe in cancer cells including glioma by interfering MTs
(Eriksson et al., 2007; Yamashita et al., 1990; Nomura et al., 2004; Hirose et al., 2005; Ianzini
et al., 2007). We therefore studied the effect of DCX on mitotic catastrophe in glioma U87 and
HEK 293T cells, as described (Nomura et al., 2004). To examine mitotic catastrophe, the cells
were grown to mitotic stage on glass coverslips for 30 hours, fixed and immunostained for the
mitotic tubulins of mock and DCX transfected glioma U87 cells to visualize the pattern of
microtubules, spindles and centrosomes, as previously described (Santra et al., 2006b). These
data were quantified by counting the dividing cells with classic bipolar spindle poles for mitosis
as well as multinuclear giant cells in 3 independent experiments. We found that the mock-
transfected glioma U87 and HEK293T cells, and DCX transfected neurabin II null HEK293T
cells showed that nearly all cells contained a nucleus with mitotic MTs and classic bipolar
spindle poles (Fig. 5a,b, 7). In contrast, the majority of DCX transfected U87 cells were large
multinucleated cells with multipolar spindle poles (Fig. 5a, 7). Synthesis and knock down of
DCX and neurabin II, and GFP expression were confirmed by absolute qrtPCR and Western
blot in U87 and HEK 293T cells (Fig. 6a, b). The formation of multinuclear giant cells or cells
with several micronuclei is referred to as a “mitotic catastrophe” (Eriksson et al., 2007;
Yamashita et al., 1990; Nomura et al., 2004; Hirose et al., 2005; Ianzini et al., 2007). These
data suggested that DCX and neurabin II expressing cells underwent mitotic catastrophe. To
confirm the involvement of neurabin II on mitotic catastrophe, re-expression of neurabin II in
HEK 293T cells by transiently transfecting with neurabin II expression vector (Santra et al.,
2006a) and knock down of neurabin II by siRNA transfection in U87 cells were performed.
DCX or neurabin II synthesis alone had no effect on mitotic MTs catastrophe in U87 and HEK
293T cells (Fig. 5a,b, 7). In contrast, synthesis of both DCX and neurabin II induced mitotic
MTs catastrophe in U87 and HEK 293T cells (Fig. 5a,b, 7). These data demonstrated that both
DCX and neurabin II were required to induce mitotic MTs catastrophe in the mitotic spindle
checkpoint and to block the mitosis of the U87 and HEK 293T cells.

DCX and neurabin II synthesis induce apoptosis in U87 and HEK 293T cells
Mitotic catastrophe is the modality of apoptosis leading to the formation of large non-viable
cells with several micronuclei containing uncondensed chromosomes (Reviewed in ref.
Castedo et al., 2002). We therefore investigate the effect of DCX and neurabin II synthesis on
apoptosis by TUNEL staining, cell cycle by FACS analysis and proliferation assay in U87 and
HEK 293T cells. DCX transfection had no significant effect on TUNEL staining in U87 and
HEK 293T cells (Fig. 8a). Double transfection with DCX and neurabin II induced apoptosis
in U87 and HEK 293T cells (Fig. 8a). Either DCX or neurabin II transfection significantly
induced growth arrest in G2-M phase of cell cycle progression and also significantly suppressed
proliferation in U87 cells (Fig. 8b, c). Combined transfection of DCX and neurabin II
influenced the effect on growth arrest in G2-M phase of cell cycle and growth suppression in
U87 cells (Fig. 8b, c). In contrast, DCX and neurabin II combined transfection was required
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for significant effect on growth arrest in G2-M phase of cell cycle and on growth suppression
in HEK 293T cells (Fig. 8b, c). These data indicate that synthesis of both DCX and neurabin
II induced apoptosis in U87 and HEK 293T cells.

DCX synthesis inhibits association and activity of protein phosphatase type-1 (PP1) for
kinesin-13

Activation of depolymerizers causes catastrophe of mitotic spindle and blocks the G2-M phase
in the cell cycle progression (Gadde and Heald 2004). DCX bound MTs are substrates for
depolymerising kinesins such as kinesin-13 (Moores et al., 2006a). To determine the
mechanism of DCX induced MT catastrophe, we performed a sequential immuno precipitation
(IP) and Western blot analysis from total cell lysates of the same cells that were used for
catastrophe analysis (Fig. 5, 6). Interaction of DCX with kinesin-13 (a major MT
depolymerizer) (Moores et al., 2006b), PP1 (a key inactivator of MT depolymerizer) (Alphey
et al. 1997, Bruce Bowerman 2004) and neurabin II was analyzed. To analyze the effect of
phosphorylation in DCX on protein-protein interaction, the cells were treated with a JNK
specific inhibitor, as previously described (Santra et al., 2006a). The cell lysates were treated
with an alkaline phosphatase to dephosphorylate DCX, as previously described (Santra et
al., 2006a). Sequential IP and Western blot analysis for PP1 and kinesin-13 revealed that
kinesin-13 did not interact with PP1 in DCX transfected U87 cells (Fig. 9a). In contrast,
kinesin-13 interacted with PP1 either in DCX negative or neurabin II negative or DCX positive
but neurabin II negative U87 and HEK 293T cells (Fig. 9a). The dephosphorylated DCX
samples showed interaction of kinesin-13 and PP1 in U87 and HEK 293T cells (Fig. 9a).
Phosphorylated DCX (P-DCX) was also associated with neurabin II and PP1 in DCX
synthesizing U87 cells (Fig. 9a). P-DCX therefore acted as a competitive inhibitor of PP1 for
interaction between kinesin-13 and PP1. To study involvement of DCX phosphorylation in
protein-protein interaction, U87 and HEK 293T cells were transiently transfected with
expression vectors containing dominant negative acting mutants of JNK1 (generously provided
by Dr. Roger Davis, Biochemistry and Molecular Pharmacology, University of Massachussets
Medical School, Worcester, Massachusetts; ref. Raingeaud et al., 1995) as well as
constitutively active expression vector of JNK 1 fused with MKK7 (Santra et al., 2006a). To
confirm whether neurabin II was required for protein/protein interaction, neurabin II was
overexpressed in U87 cells and re-expressed in HEK 293T cells by transfection with neurabin
II expression vector. Expression of dominant negative JNK1 mutant, active JNK 1 fused with
MKK7, neurabin II and DCX were analyzed by Western blot in U87 and HEK 293T cells (Fig.
9b). The dephosphorylation of DCX by dominant negative JNK1 mutant transfection induced
interaction of kinesin-13 and PP1 in DCX and neurabin positive U87 and HEK 293T cells (Fig.
9b). The phosphorylation of DCX by active JNK 1-MKK7 transfection induced association of
PP1 with neurabin II and DCX and abolished interaction of PP1 with kinesin-13 in DCX and
neurabin II synthesizing U87 and HEK 293T cells (Fig. 9b). In DCX and neurabin II
synthesizing U87 and HEK 293T cells, kinesin-13 remained phosphorylated as an active form
and caused catastrophe in the mitotic spindle checkpoint leading to growth arrest in the G2-M
phase of the cell cycle progression in a novel neurabin II dependent pathway.

PP1 localizes in the cytosol of DCX transfected U87 cells
Physical interaction between kinesin-13 and PP1 is necessary to inactivate kinesin-13 (Alphey
et al. 1997, Bruce Bowerman 2004). The cellular localization of PP1, therefore, plays an
important role in regulation of kinesin-13. In DCX synthesizing cells, PP1 is associated with
neurabin II and DCX, and colocalized in the cytosol (Shmueli et al., 2006). To confirm the
cellular localization of PP1 and kinesin-13, the mock and DCX transfected U87 and HEK293T
cells were immunostained for PP1, kinesin-13 and DCX. We found that PP1 colocalized with
kinesin-13 in the nucleus of control U87 cells (Fig. 10a). In contrast, PP1 mostly localized in
the cytosol and kinesin-13 localized in the nucleus of DCX transfected U87 cells (Fig. 10a).
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PP1 and kinesin-13 were colocalized in the nucleus of control and DCX transfected HEK 293T
(neurabin II null) cells (Fig. 10a). PP1 colocalized with DCX in the cytosol of DCX transfected
U87 cells (Fig. 10b). PP1 is therefore not available to interact and dephosphorylate (inactivate)
kinesin-13 localized in the nucleus. Thus, kinesin-13 remains active and induces catastrophe
in mitotic spindles that leads to growth arrest in G2-M phase of cell cycle.

DCX synthesis induces actin depolymerization in DCX transfected U87 Cells
As PP1 also plays a major role in actin polymerization (Gu et al., 2003; Oliver et al., 2002)
and colocalizes with two actin binding proteins DCX and neurabin II (Bielas et al., 2007;
Tsukada et al., 2006) in the cytosol, we therefore investigated the effect of DCX on actin
dynamics by utilizing the mock and DCX transfected U87 and HEK293T cells (shown in Fig.
6a,b) for actin staining. Actin filaments disappeared and underwent degradation in DCX
synthesizing U87 cells (Fig. 11a). In contrast, control U87 cells and HEK293T cells transfected
with or without DCX contained actin filaments (Fig. 11a). DCXsiRNA transfection reversed
the DCX effect on actin degradation in U87 cells (Fig. 11a). To confirm the involvement of
neurabin II in actin degradation, knockdown of neurabin II by neurabin II siRNA transfection
in DCX synthesizing U87 cells and re-expression of neurabin II in DCX synthesizing HEK
293T cells shown in Fig. 6a,b were utilized for actin staining. The neurabin II siRNA
transfection in DCX synthesizing U87 cells reversed DCX mediated actin degradation and re-
established actin filament (Fig. 11a). The re-expression of neurabin II in DCX synthesizing
HEK 293T cells induced actin filament degradation (Fig. 11a). To determine whether DCX
phosphorylation plays a role in actin filament degradation, DCX expressing U87, and DCX
and neurabin II overexpressing HEK 293T cells were transfected either with constitutively
active JNK1-MKK7 expression vector or dominant negative acting JNK1 mutant expression
vector (Fig. 9b). We found that JNK1-MKK7 transfection increased the degradation of actin
filaments in DCX and neurabin II synthesizing U87 and HEK 293T cells (Fig. 11a). In contrast,
the dominant negative acting JNK1 mutant transfection inhibited the degradation of actin
filaments and re-formed actin filaments in DCX and neurabin II positive U87 and HEK 293T
cells (Fig. 11a). These data indicated that phosphorylated DCX induces actin depolymerization
in the presence of neurabin II in U87 cells.

DCX synthesis suppresses expression and activation of MMP2 and MMP9
Dynamic alterations in the organization of the actin cytoskeleton play a critical role in tumor-
associated progression such as invasion and metastasis (Chintala et al., 1999; 1997). Inhibition
of phosphatase activities induces actin depolymerization, reduces invasion of glioma cells and
decreases matrix metalloproteinase (MMP) expression (Chintala et al., 1999; 1997). MMPs
promote tumor cell invasion (Blázquez et al., 2008). To determine the involvement of DCX
in glioma cell invasion, we analyzed the effect of DCX on expression and activation of known
glioma invasion associated MMPs such as MMP2, MMP9 and MMP14 in glioma U87 and
HEK 293T cells including a known player CD44 involved in glioma invasion (Blázquez et
al., 2008; Reviewed in ref. Bellail et al., 2004). We found that DCX transfection reduced
expression of MMP2 and MMP9 at the mRNA and protein levels (Figure 11b). In contrast,
DCX had no effect on expression of MMP14 and CD44 at mRNA level (Fig. 11b). DCX
synthesis also inhibited the activation of MMP2 and MMP9 based on zymography analysis
(Figure 11c). In contrast, DCX transfection had no effect on activation of MMP14 in U87 cells
(Fig. 11c).

DCX synthesis inhibits U87 cell invasion in neurabin II dependent and independent pathways
To study the role of DCX on glioma cell invasion, U87 and HEK293T cells subjected to
sequential DCX, neurabin II and their siRNAs transfections (Fig. 6a,b) were utilized for
matrigel invasion assay. As U87 and HEK 293T cells showed different rate of invasion, we
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therefore performed invasion assay in U87 cells for 24h and HEK 293T cells for 72h. DCX
synthesis significantly reduced cell invasion in HEK 293T and U87 cells (Fig. 12). To
investigate the involvement of MMP2 and MMP9 in DCX mediated inhibition of U87 cell
invasion, MMP2siRNA and MMP9siRNA transfected U87 cells (Fig. 11c) were utilized for
matrigel invasion assay. Single and combined MMP2siRNA and MMPsiRNA treatments were
less efficient than DCX mediated inhibition of U87 cell invasion (Fig. 12). The absence of
neurabin II did not reverse DCX inhibitory effect on cell invasion (Fig. 12). To study the
importance of phosphorylation of DCX in glioma invasion, DCX synthesizing cells treated
with JNK1 inhibitor, transfected with dominant negative mutant of JNK1 and constitutively
active JNK1-MKK7 (Western blot analysis shown in Fig 9a,b) were used for matrigel invasion
assay. We found that inhibition of phosphorylation on DCX reversed the inhibitory effect of
DCX on U87 cell invasion (Fig. 12). In contrast, activation of phosphorylation on DCX induced
the inhibitory effect of DCX on U87 cell invasion (Fig. 12). These data demonstrate that
phosphorylation on DCX was required for DCX mediated U87 cell invasion. The scrape
migration assay and its quantitative analysis based histogram (Santra et al., 2006b) indicated
that migration of DCX synthesizing U87 cells stopped after 6h, while control U87 cells
continued migrating and filled the scrape by 12h (Fig. 13, 14). DCX siRNA transfection in
DCX synthesizing U87 cells reversed the inhibitory effect of DCX on U87 cell migration (Fig.
13, 14). These data indicated that DCX suppresses U87 cell invasion.

Discussion
Our present data showed that both human primary glioma cell culture and human glioma tissue
were DCX deficient. DCX suppressed U87 glioma tumor in nude rats, as previously reported
(Santra et al., 2006a). Here, we demonstrated that DCX significantly inhibited U87 cell
invasion in vitro. We identified a novel mechanistic link to DCX mediated U87 tumor
suppression and inhibition of U87 cell invasion via phosphorylation of DCX and DCX-PP1
interaction in the cytosol. Phosphorylated DCX blocked mitosis in U87 cells by inducing
catastrophe of mitotic spindles via DCX-PP1 interaction in the cytosol. The phosphorylation
of DCX and DCX-PP1 interaction also enhanced actin depolymerization that led to inhibition
of U87 cell invasion.

We found DCX expression in peritumor regions of human and rat U87 glioma tumor. DCX is
a member of an expanding family of MAPs, a class of MT polymerizers such as MAP2/tau
and XMAP215. However, DCX has no sequence or structural homology with other MAPs. In
contrast, DCX bound MTs are substrates for kinesin-13, a major MT depolymerizer (Moores
et al., 2006a). Kinesin is activated by kinesin-associated phosphoprotein (KAPP) upon
phosphorylation in vivo and in vitro, and inactivated by a major dephosphorylating enzyme,
protein phosphatase type 1 (PP1) upon dephosphorylation (Moores et al., 2006b; Alphey et al.
1997, Bruce Bowerman 2004). To complete mitosis in the cell cycle, the level of expression,
activation and inactivation of MT polymerizers and depolymerizers are required to be balanced
(Gadde and Heald 2004). Therefore, a series of phosphorylation and dephosphorylation
reactions are intimately involved with the regulation of mitotic processes such as spindles
breakdown and re-formation (Gadde and Heald 2004). Here, we demonstrated that
phosphorylated DCX being a substrate of PP1 interacts with PP1, colocalizes in the cytosol
and prevents association between kinesin-13 and PP1 in the nucleus. As a result, kinesin-13
remains active and induces MT catastrophe in the mitotic spindle check point in a novel
neurabin II dependent pathway. DCX synthesis induced mitotic spindle catastrophe. However,
the multi-nucleated giant cells indicate that such cells with mitotic catastrophe may result from
failure of cytokinesis without spindle defects (Huang et al. 2008). Alternatively, cell fusion
may produce the multinucleated cells upon DCX synthesis (Reviewed in ref. Vile RG 2006).
These data also warrant further investigation on effect of DCX synthesis on the failure of
cytokinesis and induction of cell fusion. MT is one of the major targets of drug development.

Santra et al. Page 9

J Neurochem. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Consequently, MT inhibitors have attracted great attention as anticancer agents for
chemotherapeutic use (Reviewed in ref. Jackson et al., 2007). DCX as an agent that targets
MTs, may be a potential treatment for glioma. The distinct mechanism in which DCX interferes
with mitosis provides the potential to overcome certain limitations of current tubulin-targeted
anti-mitotic drugs and also to expand the scope of clinical efficacy that those drugs have
established. DCX also serves as a unique tool to dissect the molecular mechanisms of the
mitotic-checkpoint response. This finding of DCX action on mitosis could be the advent of
molecularly targeted drug discovery for a new generation of anti-mitotic therapies that target
proteins with specific functions in mitosis.

DCX is expressed in migrating neuroblasts (Francis et al., 1999; Gleeson et al., 1999).
However, the function of DCX in migrating neuroblasts is not known. Mutations in the human
doublecortin gene (DCX) cause profound defects in cortical neuronal migration, although
genetic deletion of DCX in mice produces a milder defect (Corbo et al., 2002). SVZ cells
express DCX and migrate toward tumor, as previously reported (Santra et al., 2006a, 2006b,
Glass et al,. 2005, Zhang et al., 2004). Interestingly, we were unable to detect DCX expression
in any brain cell lines except SVZ cells. These data are also consistent with recently published
data indicating that DCX is not detected in nonneoplastic glial cells in the adult brain, including
astrocytes, oligodendrocytes, and microglia (Masui et al., 2008). Masui et al. and Daou et al.
suspected that glioma cells express DCX (Masui et al., 2008; Daou et al., 2005). However,
they did not use any marker for neuron or glioma to confirm these DCX positive cells (Masui
et al., 2008, Daou et al., 2005). To address this discrepancy of DCX expression in glioma, we
immunostained paraffin sections of glioma tumor tissues with three neuronal markers MAP2,
TUJ1 and PSA-NCAM along with DCX. Our data strongly indicate that DCX positive cells
in peritumor region were neuronal cells expressing all three neuronal markers MAP2, TUJ1
and PSA-NCAM. Our data are also consistent with Bexell et al. indicating that PSA-NCAM
expressing neuroblasts sparsely infiltrate into the tumor and are DCX positive (Bexell et al.,
2007). DCX positive and PSA-NCAM positive cells are present at the highest density in
proximity to the SVZ and in the area between the SVZ and the tumor. In contrast, lower
numbers of DCX and PSA-NCAM synthesizing cells with migratory morphology appear in
the corpus callosum and on the lateral side of the tumor (Bexell et al., 2007). To investigate
DCX expression in glioma, we analyzed DCX expression in human primary glioma cells from
different patients and from different grades, and in implanted DsRed-2 labeled U87 glioma
tumor in nude rat. Our data demonstrate that glioma cells are DCX deficient. These DCX
positive cells in glioma are either infiltrated neuroblasts or pre-existing neuronal cells. The
migrating neuroblasts constitute the source for neuronal replacement in the striatum following
tumor induced neuronal cell death (Bexell et al., 2007). Thus, glioma cell invasion does not
depend on DCX. In contrast, we demonstrated that DCX suppressed glioma cell invasion. Actin
depolymerization appears to mediate DCX inhibition of glioma cell invasion. Cell migration
depends on the actin dynamics, in which the rate of actin polymerization and depolymerization
are important (Reviewed in ref. Ridley et al., 2003). Actin polymerization influences cell
migration and MMP expression. In contrast, actin depolymerization inhibits cell migration
(Ridley et al., 2003; Chintala et al., 1999; 1997). Actin polymerization is regulated by
phosphatase activity (Gu et al., 2003; Oliver et al., 2002). Our data demonstrated that DCX
interacts with PP1, competes with actin polymerization reactions, suppresses specifically
expression and activities of MMP2 and MMP9 and reduces glioma cell migration in vitro.
However, MMP14 and CD44 that are known to be involved in glioma invasion (Bellail et
al., 2004, Shalinsky et al., 1999) remained unaffected by DCX. DCX transfection induces
migration for 3h in U87 cells, as previously reported (Santra et al., 2006b). This apparent
discrepancy in data can be resolved by analysis of the experimental conditions of both sets of
experiments. When the scrape migration assay as in the present study, was performed for a
longer period of time (6 and 12h) and a wider scrape of 1000 μl instead of 200 μl micro-pipette
tip was employed, we found that DCX significantly inhibited U87 cell migration. DCX inhibits
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phosphatase activity of PP1. DCX mediated depolymerization of actin inhibits glioma U87
cell invasion and reduces MMP2 and MMP9 expression. As neurabin II siRNA, MMP2siRNA
and MMP9siRNA treatment does not completely reverse the DCX mediated suppression of
glioma cell invasion, these data indicate that another mechanism, possibly induction of E-
cadherin, a negative marker of tumor invasion (Xu and Yu 2003) by DCX transfection in U87
cells (Santra et al., 2006b), may also be involved.

In conclusion, DCX reduces glioma cell invasion. A novel mechanism is also linked to DCX
mediated glioma tumor suppression and inhibition of glioma cell invasion via PP1 pathway.
DCX is phosphorylated by JNK in DCX synthesizing glioma U87 tumor cells (Santra et al.,
2006a). Phosphorylated DCX interacts with neurabin II and PP1 in the cytosol. Localization
of DCX-Neurabin II-PP1 complex in the cytosol causes inhibition of phosphatase activities of
PP1 that are involved in two mechanistic links of reduction of glioma tumor-associated
progressions- 1) catastrophe in mitotic spindle checkpoint that leads to growth arrest in G2-M
phase in cell cycle progression and 2) depolymerization of actin that leads to inhibition of
glioma cell invasion.
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Fig. 1.
DCX expression is absent in glioma cells. (a) Absolute quantitative real time PCR was
performed for DCX and GAPDH expression in total RNA extracted from 20, 30 and 50 years
old normal human brains (1–3) and from human primary brain tumor cells such as primary
glioblastoma multiforme, Yale University (PGM-YU) (4), primary glioblastoma multiforme
(HF66) (5), anaplastic astrocytoma (HF69) (6), low grade astrocytoma (HF29) (7) and HEK
293T cells (8) cells. ND indicates not detectable. (b) Western blot was analyzed for DCX
expression in normal human brain protein lysates (20μg) as positive control and 200μg protein
lysates each from primary glioblastoma PGM-YU, HF66, HF69 and HF29 cells. Protein lysates
were immunoblotted with DCX antibodies. DCX protein bands were detected by enhanced
chemiluminescent (ECL) coupled to autoradiography. The loading of samples was normalized
with β-actin. Migrations of DCX (DCX), phosphorylated DCX (P-DCX) and β-actin protein
bands are marked in left. (c) DCX protein bands in three independent Western blots were
quantified. ND indicates not detectable.
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Fig. 2.
DCX expression in rat brain. (a) Paraffin sections of nude rat were immunostained with DCX
antibody labeled with DAB. The arrows indicate DCX expression in the sub-ventricular zone
lining the lateral ventricle (LV) wall. Scale bar of image = 250μm. (b) DCX expression in rat
brain extracts, SVZ cells, rat astrocytes, mouse oligodendrocytes (o-dendrocyte), PC-12,
mouse Cath.a neurons (C-neuron) and mouse cerebral endothelial (MCE) cells was analyzed
by Western blot. (c) Paraffin sections of LV wall region of nude rat brain were double
immunostained with FITC labeled neuronal markers such as MAP2, TUJ1 and PSA-NCAM,
and Cy3 labeled DCX (DCX-Cy3) and counterstained with DAPI. Images are merged
(Merged). Arrows indicate merged DCX and neuronal markers (MAP2, TUJ1 and PSA-
NCAM) into yellow fluorescence. Alternate H&E staining of the corresponding images were
shown at the bottom. Scale bar of images = 25μm.
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Fig. 3.
DCX positive neuroblasts are present in human and rat peritumor region of glioma. Paraffin
sections of rat and human glioma tissues were double immunostained with FITC labeled neuron
specific markers such as MAP2, TUJ1 and PSA-NCAM, and Cy3 labeled DCX and
counterstained with DAPI. Images are merged. Asterisks indicate tumor (dense counterstained
nuclei with DAPI). Arrows indicate the merged images of MAP2, TUJ1 and PSA-NCAM with
DCX at the boundary of tumors. Alternate H&E staining of the corresponding images were
shown at the bottom. Scale bar of images = 25μm.
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Fig. 4.
DCX positive cells are present in peritumor region of DsRed-2 labeled U87 glioma implanted
in nude rat. The frozen brain sections (8 μm) were immunostained with FITC labeled DCX
and counterstained with DAPI. Arrows indicate DCX expressing cells present in peritumor
region of DsRed-2 labeled U87 glioma implanted in both nude rats. Alternate H&E staining
of the corresponding images were shown at the left. Scale bar of images = 100μm.
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Fig. 5.
DCX induces mitotic spindle catastrophe. Mitotic tubulins were immunostained with
monoclonal α-tubulin antibodies followed by antimouse IgG–FITC and counterstained with
DAPI in mock (Control), DCX (DCX) transfected, DCXsiRNA lentivirus infected DCX
synthesizing (DCX+DCXsiRNA), transiently neurabin II siRNA transfected DCX positive
(DCX+ NrbIIsiRNA), NrbII transiently transfected DCX synthesizing, neurabin II siRNA
treated DCX+Nrb II transfected (DCX+Nrb II+NrbIIsiRNA) U87 cells (a), and mock
(Control), DCX (DCX), NrbII (NrbII) transfected, NrbII transiently transfected DCX
synthesizing (DCX+NrbII), DCXsiRNA treated DCX+NrbII synthesizing (DCX+NrbII
+DCXsiRNA) and NrbIIsiRNA treated DCX+NrbII synthesizing (DCX+NrbII+NrbIIsiRNA)
HEK 293T cells (b). Scale bar of images = 5μm.
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Fig. 6.
Analysis mRNA and proteins in transfected cells. Expression and knockdown of DCX, NrbII
and GFP are analyzed by absolute qrtPCR in the transfected cells (shown at the bottom) (a).
‘n’ indicates that copies of mRNA are not detected. In Western blot, the transfected cells are
shown at top (b), top and bottom (c) of the gel. Migration of protein bands are marked in right.
The loading of samples was normalized with β-actin.
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Fig. 7.
DCX transfection inhibits mitosis in U87 cells. Mitotic and catastrophic cells were quantified
by counting the dividing cells with classic bipolar spindle poles/mm2 area and multinucleated
non-dividing cells/mm2 area respectively. The percentages of normal mitotic and catastrophic
cells were analyzed in U87 and HEK 293T cells transfected with plasmids conataining no insert
(−), DCX insert (DCX), NrbII insert (NrbII), DCXsiRNA cassette (DCXsiRNA) and neurabin
II siRNA cassette (NrbIIsiRNA) shown at the bottom. Asterisk indicates significance values.
P < 0.05 was considered as significant.
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Fig. 8.
DCX synthesis and NrbII induces apoptosis. (a) TUNEL assay was performed in control, DCX
(DCX), NrbII (NrbII), transiently (DCX+NrbII) transfected U87 and HEK 293T cells and
examined under phase contrast (Phase) and fluorescence microscope for TUNEL staining
(TUNEL). Scale bar of images = 20μm. (b) Bar graph represents the cells in G2-M phase of
cell cycle quantified by FACS analysis. The proliferation assays were performed in control,
DCX (DCX), NrbII (NrbII), transiently (DCX+NrbII) transfected U87 (c) and HEK 293T (d)
cells.
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Fig. 9.
DCX interacts with PP1 in the cytosol. (a) Protein lysates extracted from mock transfected U87
cells (U87Cont.), DCX transfected U87 cells (U87DCX), DCX synthesizing U87 (U87DCX)
cells either transiently transfected with plasmid containing neurabin II siRNA cassette (+NrbII
siRNA) or treated with JNK specific inhibitor (+JNK inh.) or treated with alkaline phosphatase
(+AP), mock transfected HEK293T cells (293T Cont.) and DCX transfected HEK293T (293T
DCX) cells were analyzed by Western blot of input control cell lysates and immunoprecipitated
(IP) with antibodies (indicated by arrow) against either kinesin-13 or PP1 or neurabin II (NrbII).
(b) Western blot was analyzed in protein lysates extracted from JNK1 dominant negative
expression vector transfected (JNK-D-ve) and JNK1-MKK7 expression vector transfected U87
and HEK 293T cells and transiently NrbII transfected DCX synthesizing HEK 293T cells.
Equal amount (2.5 mg) of protein lysates were IP with antibodies (indicated by arrow) against
either kinesin-13 or PP1 or neurabin II (NrbII). Amount of immunoprecipitation and protein-
protein interaction were evaluated by sequential western blotting (WB) with antibodies
(indicated by arrow) against PP1, kinesin-13, NrbII and DCX. Enhanced chemiluminescence
(ECL) coupled to autoradiography detected protein bands. Note that there are no protein bands
in both DCX and NrbII expressing U87 and HEK 293T cells for blotting with PP1 in IP with
kinesin-13 and blotting with kinesin-13 in IP with PP1 indicating that PP1 does not interact
with kinesin-13.
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Fig. 10.
DCX induces localization of PP1 in the cytosol. (a) Nuclear staining with DAPI (DAPI),
immunofluorescence staining of PP1 labeled with FITC (PP1-FITC), kinesin-13 labeled with
CY3 (kinesin-CY3), and merged images (Merged) of the nuclear staining, PP1 and Kinesin-13
are indicated in mock (U87Control), DCX transfected U87 (U87DCX), mock (293T Cont.)
and DCX transfected HEK 293T (293T DCX) cells. The white arrows indicate the merged
images of nuclei, PP1 and Kinesin-13 (the mixture of blue, green and red fluorescence) as
nuclear localization of PP1 and kinesin-13 in control U87, 293T and DCX transfected 293T
cells. The yellow arrows indicate the merged images of nuclei and kinesin-13 (the mixture of
blue and red fluorescence) as nuclear localization of kinesin-13 only in DCX transfected U87
cells. (b) In DCX transfected U87 (U87DCX) cells, nuclear staining with DAPI (DAPI), double
immunofluorescence of PP1 labeled with FITC (PP1-FITC) and DCX labeled with CY3 (DCX-
CY3), and merged images of PP1 and DCX, and counterstaining with DAPI are shown. The
arrows indicate yellow fluorescence (the mixture of green and red) and merged images of PP1
and DCX as localization of DCX and PP1 in the cytosol of DCX transfected U87 cells. Scale
bar of images = 20μm.
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Fig. 11.
DCX synthesis induces actin depolymerization, suppresses the expression and activation of
MMP2 and MMP9 in U87 cells and inhibits glioma cell invasion. (a) Actin filaments were
stained with isothiocyanate-Phalloidin in control (U87-Cont.), DCX transfected (U87-DCX)
cells, D CXsiRNA and NrbIIsiRNA transfected DCX synthesizing U87 cells (U87DCX
+DCXsiRNA and U87DCX+NrbIIsiRNA) as well as control (293T-Cont.), DCX (293T-
DCX), NrbII (293T-NrbII), DCX+NrbII (293T-DCX+NrbII) and NrbII+JNK1-MKK7 (293T-
DCX+NrbII+JNK1-MKK7) transfected HEK 293T cells. Arrows indicate actin
depolymerization both in DCX and NrbII synthesizing cells. Scale bar of images = 3μm. (b)
Bar graph indicates relative qrtPCR analysis for mRNA expression of MMP2, MMP9, MPP14
and CD44 in mock transfected U87 cells (control) relative to their expression in DCX
transfected U87 cells (DCX). Asterisk indicates significance values (P < 0.001). (c) Gels
indicate the Western blot (Western blot) and zymography analysis (zymography) of MMP2,
MMP9 and MMP14 in mock transfected (control), DCX transfected U87 (DCX),
corresponding siRNA transfection in control (siRNA-C) and DCX synthesizing U87 (siRNA-
D) cells. Equal amount of proteins (100 μg) was utilized for analysis. Notice that both
expression and activation of MMP2 and MMP9 were significantly reduced in DCX transfected
U87 cells in compared to control.
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Fig. 12.
DCX inhibits glioma cell invasion in matrigel cell invasion analysis. In bar graph, matrigel cell
invasion was analyzed in mock (293T control) and DCX transfected HEK293T (293T DCX)
cells for 72h incubation, and in control (U87 control) and DCX transfected U87 (U87DCX)
for 24h incubation. U87 cells transfected either with MMP2siRNA or MMP9siRNA (U87C
+MMP2siRNA or U87C+MMP9siRNA), U87 cells transfected both with MMP2siRNA and
MMP9siRNA (U87C+MMP2&9siRNA), DCX synthesizing U87 cells transfected either with
MMP2siRNA or MMP9siRNA (U87D+MMP2siRNA or U87D+MMP9siRNA), DCX
synthesizing U87 cells transfected both with MMP2siRNA and MMP9siRNA (U87D
+MMP2&9siRNA) were examined for matrigel cell invasion assay for 24h incubation. In DCX
synthesizing U87 cells, the effect of JNK1 inhibitor treatment (U87D+ JNK1 inhibitor), JNK1
dominant negative mutant transfection (U87D+ JNK1-D-ve) and constitutively active JNK1-
MKK7 transfection were analyzed by matrigel cell invasion assay for 24h incubation. Asterisk
indicates significance values. P < 0.05 was considered as significant.

Santra et al. Page 26

J Neurochem. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 13.
DCX synthesis reduces U87 cell migration in scrape migration assay. Scrape migration of
control U87 (U87 control), DCX synthesizing U87 (U87DCX) and DCXsiRNA transfected
DCX synthesizing U87 cells (U87DCX+DCXsiRNA) were analyzed at 0h, 6h and 12h
incubations. Scale bar of images = 150μm.
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Fig. 14.
Quantitative analysis of scrape migration. Bar graph indicates quantitative analysis of scrape
migration of control U87 (Control), DCX transfected U87 (DCX) and DCXsiRNA transfected
DCX synthesizing U87 cells (DCXsiRNA) from 0h to 12h incubations.
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