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Profiling of Differentially Expressed Genes in LRRC4 Overexpressed
Glioblastoma Cells by cDNA Array
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Abstract        Our previous study has shown that LRRC4 is a novel member of the leucine-rich repeat (LRR)
superfamily and has the potential to suppress brain tumor growth. In order to further analyze the functions
of LRRC4 on the maintenance of normal function and suppression of tumorigenesis in the central nervous
system, we investigated alterations in gene expression related to neurobiology by the Atlas array in two
inducible dual-stable LRRC4-overexpressing cell lines. Seventeen of 588 genes spotted on the Atlas membrane
showed altered expression levels in LRRC4 transfected U251MG Tet-on cells, which are involved in cell
proliferation and cell cycle progression, tumor invasion and metastasis, and neurotransmitter synthesis and
release. In addition, cell invasion assay results showed that LRRC4 can inhibit the U251MG cell migration.
These studies represent the first cDNA array analysis of the effects of LRRC4 on the involvement of
different neurobiological genes in U251MG glioblastoma cells and provide new insights into the function of
LRRC4 in glioma.
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The leucine-rich repeat (LRR) superfamily is composed
of a very heterogeneous group of proteins containing
leucine-rich motifs, thought to be involved in highly specific
protein-protein interactions or cell adhesion. Many LRR
proteins are involved in the differentiation and development
of normal nervous tissues [1,2]. LRRC4 (GenBank
accession number AF196976) was recently identified and
characterized as a novel member of this family, which
displayed significant downregulation in primary brain
tumor biopsies [3], and could inhibit tumorigenesis and
cell proliferation of U251MG glioblastoma cells [4,5]. Its
predicted protein shares high homology with nervous
system-expressed LRR proteins such as NGL-1 [6,7] and
LRRN6A [7], which suggests that LRRC4 is a novel gene
of relevance in the molecular and cellular neurobiology of

vertebrates, and may play an important role in the
maintenance of normal function and the inhibition of
tumorigenesis in the nervous system. However, the
molecular mechanism by which LRRC4 suppresses glioma
tumorigenesis and cell proliferation has not been fully
explained. Gliomas are the most common primary brain
tumors, which occur at any age, but especially in young
to middle-aged people, and are comparatively more
common in men [8]. Thus, it is critical to systemically
examine the molecular changes related to neurobiology
and to illuminate the LRRC4 mechanism involved in glioma
tumorigenesis.

The microarray technique first reported in 1995 by
Schena et al. [9] allows simultaneous parallel expression
analysis of thousands of genes. Information provided by
cDNA microarray analysis might be useful for tumor
classification, elucidation of the key factor in tumors, and
identification of genes that might be applied to diagnostic
purposes or as therapeutic targets [10−12]. The Atlas
human cDNA expression system provides a convenient
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and quick method for profiling the expression of many
hundreds of genes at the same time.

In order to gain insights into the mechanism by which
LRRC4 acts on glioma and to further unveil the function
of LRRC4, this study represents the first cDNA array
analysis of the effects of LRRC4 on the neurobiological
genes differentially expresssed in U251MG glioblastoma
cells.

Materials and Methods

Cell culture

U251MG Tet-on-LRRC4 cell lines (P27, P28) were
constructed by our own laboratory [13]. U251MG Tet-
on-LRRC4 cells were cultured in RPMI 1640 (Gibco BRL,
Grand Island, USA) containing 10% doxycycline-free fetal
bovine serum (BD Biosciences Clontech, Palo Alto, USA)
at 37 ºC in an incubator (Thermo Forma Scientific,
Philadelphia, USA) with 5% CO2.

Atlas human neurobiology array

Atlas human neurobiology array 7736-1 was
purchased from BD Biosciences Clontech. The
membrane contained 10 ng of each gene-specific cDNA
from 588 known genes and 9 housekeeping genes.
Several plasmid and bacteriophage DNAs and blank
spots were also included as negative and blank controls
to confirm hybridization specificity. The 588 known
genes spotted on the Atlas membrane consisted of
cDNAs for cell-cycle control proteins, neurotrophic
factor receptors, neurotransmitter-associated proteins,
DNA transcription factors, extracellular cell signaling
and communication proteins, and stress response
proteins. A complete list of the genes with their array
positions and GenBank accession numbers is available
at http://www.clontech.com.

RNA extraction

Total RNA was extracted from the cell by the standard
Trizol method (Invitrogen, Carlsbad, USA). The RNA
sample was digested with DNase I (10 U/µg) to remove
DNA contamination which might lead to false positives
during hybridization. After digestion, DNase I was
removed from the sample by phenol-chloroform
extraction, followed by ethanol precipitation. The RNA
sample was stored at −70 ºC till use. The quantity and
quality of the purified total RNA was estimated in a UV
spectrophotometer.

cDNA probe synthesis

cDNA was synthesized using a coding DNA sequence
(CDS) primer mix (Atlas human neurobiology CDS primer
mix 7736-CDS; BD Biosciences Clontech). [α-32P]2'-
deoxyadenosine 5'-triphosphate was included in the cDNA
synthesis reaction to facilitate probe labeling. The labeled
cDNA was column-purified using the Atlas nucleospin
extraction kit. The purified labeled probes were stored at
−20 ºC till use.

Hybridization

The labeled cDNA probes were hybridized to the
microarray nylon membrane (Atlas human neurobiology
array 7736-1) according to the manufacturer’s protocol.
ExpressHyb solution was used for hybridization, with
sheared salmon testes DNA as the blocking agent. Along
with the probe, Cot-1 DNA was added to block hybridization
to repetitive DNA, which might be present in the array.
Hybridization was carried out at 68 ºC for 20 h. Following
hybridization, the membrane was washed three times in
washing solution I [2×standard saline citrate (SSC), 1%
sodium dodecyl sulfate (SDS)], and once in washing
solution II (0.1×SSC, 0.5% SDS). All the washings were
carried out at 68 ºC for 30 min. The membrane was finally
rinsed in 2×SSC, wrapped in a Saran wrap and exposed to
a phosphor imager screen. The membrane was exposed
overnight at –70 ºC. Two independent experiments were
performed.

Image analysis

The resultant microarray spots were normalized by a
two step normalization process in order to control the
background and have uniform signal intensity. Background
normalization was done by checking the signal intensities
of negative controls; normalization for uniform signal
intensity was evaluated against known “housekeeping
genes” in the expression array that have a known and
stable binding efficiency. Expression uniformity among
the housekeeping genes was observed in all hybridization
experiments. The qualitative scores of differential
expression assigned to each transcript measurement were
according to the following system: the fold increase (+)
or decrease (−) in the range of (+/−) 0−0.5 were considered
as No Change (NC); (+/−) 0.6−2.0 as Marginally Increased
(MI) or Marginally Decreased (MD); and (+/−) 2.0 and
above as Increased (I) or Decreased (D).

Western blot analysis

Cells were collected by centrifugation at 12,000 g for



682                                                                                   Acta Biochim Biophys Sin                                                              Vol. 37, No. 10

©Institute of Biochemistry and Cell Biology, SIBS, CAS

10 min, then the pellet was resuspended in lysis buffer
(1% Nonidet P-40, 40 mM Tris hydrochloride, pH 8.0,
150 mM NaCl) at 4 ºC for 30 min. Protein concentrations
were determined using the bicinchoninic acid (BCA)
protein assay (Pierce, Rockford, USA) examined with a
microplate reader (Elx800; Bio-Tek Instruments Inc.,
Winooski, USA) at 570 nm. Cell lysates were added to
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer with complete protease
inhibitors (Roche Applied Science, Indianapolis, USA),
separated by SDS-PAGE and transferred to polyvinylidene
fluoride (Amersham Biosciences, Piscataway, USA). The
blots were incubated with goat anti-RAP1GAP (V-19,
sc-10331) and anti-CD44 (N-18, sc-7051) (Santa Cruz
Biotechnology, Santa Cruz, USA), rabbit anti-ephrin-B3

(H-170, sc-20724) and anti-Rab5A (S-19, sc-309) (Santa
Cruz Biotechnology), and mouse anti-β-actin (Sigma-
Aldrich, St. Louis, USA) antibody, followed by a horse-
radish peroxidase conjugated anti-goat, anti-rabbit or
anti-mouse antibody (Santa Cruz Biotechnology), developed
using Supersignal chemiluminescence reagents (Pierce),
and exposed to X-ray film.

In vitro cell invasion assay

The invasion assay of tumor cells was performed
using a Transwell cell culture chamber (Corning Costar
No. 3422; Cambridge, USA). Polyvinylpyrrolidone-free
polycarbonate filters with 8 µm pore size were precoated
with 1 µg/40 µl of Matrigel (BD Biosciences Clontech,
Palo Alto, USA) containing fibronectin (FN) on the lower
surface, then 2 µg/10 µl of Matrigel containing FN was
applied to the upper surface of the filters. After the filters
were dried at room temperature, they were washed gently

with phosphate-buffered saline. The U251MG Tet-on-
LRRC4 cells induced with or without doxycycline were
removed from the culture flask with 0.1% EDTA and
suspended in RPMI 1640 with 0.1% bovine serum
albumin at a concentration of 2×106 cells/ml. Cell suspen-
sion (100 µl) was added to the upper compartment of the
chamber and incubated for 20 h at 37 ºC in air atmos-
phere containing 5% CO2. After the cells on the upper side
of the filters were gently wiped off, the filters were fixed
in methanol, stained with hematoxylin and eosin, and
mounted on glass slides. The cells that had migrated to
the lower side of the filters were counted under a light
microscope. The numbers of cells in five defined high
power fields (magnification, 200×) were counted, and the
average was determined.

Results

Identification of differentially expressed genes by
LRRC4 regulation

To identify changes in gene expression related to
neurobiology, the Atlas human cDNA array membranes
were hybridized with cDNA derived from U251MG Tet-
on-LRRC4 cell lines (P27, P28) in the absence (Dox−) or
presence (Dox+) of doxycycline (2 µg/ml) (Fig. 1). No
signals were visible in the blank spots and negative control
spots, indicating that hybridization was highly specific.
Following normalization of the hybridization levels with
the housekeeping gene GAPDH and the β-actin gene,
pairwise comparison was conducted using AtlasImage
software (BD Biosciences Clontech). There were 17 genes

Fig. 1        Parallel analysis of gene expression profiles in U251MG Tet-on-LRRC4 cells before or after LRRC4 overexpression
Dox−, without doxycycline; Dox+, with doxycycline.
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altered in terms of their expression levels, of which 6 were
upregulated (Table 1) and 11 were downregulated (Table
2) following overexpression of LRRC4 in U251MG cells
(Fig. 2). Interestingly, genes involved in cell proliferation
inhibition and cell cycle arrest, such as the Rap1 GTPase
activating protein 1 (RAP1GAP) gene, the ephrin-B3 gene,
the somatostatin receptor genes, the protein tyrosine
phosphatase N (PTPN) gene and the neurotrophin-3 (NT-3)
gene, were upregulated. Conversely, the genes involved
in tumor invasion and metastasis, and neurotransmitter
synthesis and release, including CD44, MMP16, the
thymosin β-10 (TB-10) gene, the annexin A2 and Rab
protein genes, the glutamate receptor metabotropic 5
(mGlu5) gene, were downregulated.

Confirmation of differential expression

To confirm and validate the results obtained by cDNA
array, we analyzed the expression of selected differentially

expressed genes by conventional molecular methods. Four
genes were measured by reverse transcription-polymerase
chain reaction (RT-PCR) and Western blot analysis to
verify the accuracy and the universality of the hybridization
data. The RT-PCR (data not shown) and Western blot
results were consistent with the hybridization data in each
of the genes measured (Fig. 3). With the induction of
doxycycline (2 µg/ml), it presented an increase in the
expression levels of RAP1GAP and ephrin-B3, and a
reduction in those of Rab5A and CD44 following LRRC4
overexpression.

LRRC4-mediated tumor cell invasion suppression

Because the LRRC4 overexpression resulted in the
downregulation of genes involved in tumor invasion and
metastasis, such as CD44, MMP16, thymosin β-10 and
annexin A2 genes, we next examined whether LRRC4
might affect the migration of U251MG cells. We used a

Table 1        Upregulated genes in LRRC4-transfected U251MG Tet-on cells

GenBank No.

L18983
U66406
M64788

M81829
D16826
X53655

Protein

Protein tyrosine phosphatase N
Ephrin-B3

Rap1 GTPase activating protein 1
(RAP1GAP)

Somatostatin receptor 1
Somatostatin receptor 4
Neurotrophin-3 (NT-3)

Classification

Protein phosphatases
Intracellular tranducers/Effectors/Modulators
GTP/GDP exchangers/G-protein GTPase

activity modulators
Hormone receptors/G protein coupled
G protein coupled/Hormone receptors
Neuropeptides

Induction fold
(Dox+ vs. Dox–)

11.3
4.4
5.3

3.2
2.1
2.8

Dox–, without doxycycline; Dox+, with doxycycline. GDP, guanosine diphosphate; GTP, guanosine triphosphate.

Table 2        Downregulated genes in LRRC4-transfected U251MG Tet-on cells

GenBank No. Protein Classification Induction fold
(Dox− vs. Dox+)

D00017 Annexin A2 Other cytoskeleton or motility proteins/Exocytosis −2.9
M28209 Ras-related protein Rab1A Other trafficking or targeting proteins/G-proteins −5.1
X94703 Ras-related protein Rab28 Other trafficking or targeting proteins/G-proteins −5.9
M28210 Ras-related protein Rab3A G-proteins/General trafficking −4.0
M28214 Ras-related protein Rab3B G-proteins/General trafficking −3.5
M28215 Ras-related protein Rab5A G-proteins/General trafficking −12.1
U18420 Ras-related protein Rab5C General trafficking −3.1
D28538 Glutamate receptor metabotropic 5 G protein coupled/Neurotransmitter receptors −5.0
M59040 CD44 Cell-cell adhesion receptors −3.9
D50477 Matrix metalloproteinase 16 (MMP16) Metalloproteinases −6.1
M92381 Thymosin β-10 Growth factors, cytokines and chemokines −4.9

Dox–, without doxycycline; Dox+, with doxycycline.
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Transwell chamber in which the upper and lower wells
were separated by a filter coated with Matrigel containing
FN. As shown in Fig. 4, U251MG cells that had not been
treated with doxycycline migrated efficiently (P<0.05, t-
test); this migration was almost completely blocked

following LRRC4 overexpression after the addition of
doxycycline, indicating that LRRC4 overexpression may
suppress U251MG cell invasion.

Discussion

Cell proliferation, differentiation, apoptosis, migration
and interaction are controlled by tightly regulated programs
of differential gene expression. Disturbances in the gene
expression profiles occur in both tumor initiation and
progression [14].

In this study, we concentrated on the differentially
expressed genes that might be involved in LRRC4
suppressing glioma occurrence and progression in two
inducible U251MG Tet-on-LRRC4 cell lines using an Atlas
human cDNA array.

We presented evidence that overexpression of LRRC4
can elevate the expression levels of certain cell cycle
progression regulators, such as RAP1GAP, ephrin-B3,
somatostatin receptors, PTPN and NT-3, by cDNA array
analysis. RAP1GAP is a specific inactivator regulator of
Rap1 which is a small GTPase involved in the regulation
of cell proliferation, differentiation and morphology [15].
Alterations in the Rap1 signaling pathway are important in
the development of human gliomas [16,17]. It was

Fig. 2        Upregulated and downregulated transcripts of expression in neurobiology genes in U251MG Tet-on-LRRC4 cells before
or after induction with doxycycline

Fig. 3        Western blot analysis of RAP1GAP, ephrin-B3, Rab5A
and CD44 before or after LRRC4 overexpression

β-actin was also tested as an internal control. Dox, doxycycline.
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demonstrated that the majority of sporadically occurring
astrocytomas display either loss of tuberin (RAP1GAP)
or overexpression of Rap1B [18]. Also, ephrin-B3, a
membrane-bound ligand for the EphB receptor family, plays
a critical role in cell cycle arrest by upregulating the
expression of p27 and downregulating the expression of
p19, PCNA and Stant2 [19]. Similar to RAP1GAP and
ephrin-B3, somatostatin receptor expression is a favorable
prognostic factor in human neuroblastoma [20,21]. The
Sst2 somatostatin receptor can inhibit cell proliferation
through Ras-, Rap1-, and B-Raf-dependent ERK2 activation
[22]. It was identified that there is a correlation between
the expression of dep-1/PTPeta and the somatostatin
antiproliferative effects: the expression and activation of
dep-1/PTPeta is required for somatostatin inhibition of
glioma proliferation [23]. In addition, the elevated
expression of the NT-3 receptor TrkC by childhood
medulloblastomas is associated with a favorable clinical
outcome of inhibiting tumor growth through the promotion
of apoptosis [24]. Our previous study verified that LRRC4
mediates a delay of the cell cycle, possibly through
upregulating the expressions of p21waf1/cip1 and
p27kip1, and downregulating the expressions of CDK2,
pRb, EGFR, PCNA and the ERK1/2 phosphorylation state
[5,7]. This evidence suggested that LRRC4 may have an
effect on suppressing cell cycle progression by impacting
on Raf/Rap/Ras pathways.

Among the genes differentially expressed, we also
focused our attention on the diminution of the expression
of cell adhesion molecules including CD44, MMP16, TB-
10 and annexin A2 involved in tumor invasion and
metastasis. CD44 and MMP are key factors in the
migration and invasion of deadly tumors. Glioma invasion
in vitro is also mediated by CD44-hyaluronan interaction
[25−27] and MT1-MMP/CD44/caveolin interaction [28],

which could represent a potential target for anticancer
therapies. Thymosin β-10 has an identified presence in a
number of human tumor cell lines derived from the
nervous system [29] and plays a critical role in the
regulation of the anchorage-independent growth and
assembly of actin filaments [30,31]. Annexin A2, a calcium
and phospholipid binding protein and a substrate for
protein-tyrosine kinases, is highly expressed in glioblastoma
multiforme [32], and is a likely second messenger in the
mitogenic pathways known to be important for the growth
of these tumors [33]. Increased levels of annexin II have
been observed in various cancer cells and tissues, and
have been proposed as a marker of malignancy in vivo
[34]. In addition, the annexin II tetramer can serve as a
binding protein for procathepsin B and can cause tumor
cell invasion and metastasis [35]. These findings indicated
that LRRC4 might act as a receptor for a certain trophic
factor or for an adhesion molecule participating in the
maintenance of normal brain function and the inhibition
of tumorigenesis, like the other LRR superfamily
members. Furthermore, cell invasion assay verified LRRC4
overexpression could markedly suppress the migration and
invasion capabilities of U251MG cells. These findings imply
that LRRC4 may inhibit the glioma tumor cell invasion
and metastasis through regulating the expression of the
above-mentioned invasion-related molecules.

The cDNA array analysis also revealed a panel of
neurobiological molecules associated with neurotransmitter
synthesis and release, which can be downregulated by
LRRC4 overexpression. These kinds of molecules included
a set of Rab proteins and mGlu5. Rab proteins are mem-
bers of the superfamily of monomeric GTPase, which
belongs to the Ras superfamily of small GTPase. Rab
proteins have emerged as central regulators of vesicle
budding, motility and fusion [36,37]. Most are expressed

Fig. 4        Inhibition of cell invasion by LRRC4 overexpression in U251MG cells by cell invasion assay
The cell count and invasion capability of all of the U251MG Tet-on-LRRC4 positive clones (P27 and P28) with doxycycline were less than the same clones without
doxycycline (P<0.05, t-test). These results were represented as mean±SD (n=3). Dox−, without doxycycline; Dox+, with doxycycline.
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ubiquitously, such as Rab1A, Rab1B [38−40] and Rab5A
[41,42], but Rab3 showed restricted tissue distributions
and appeared to play specialized roles in regulated secretion
or protein sorting in nerve terminals or endocrine cells
[43−46]. Glutamate is an important nutritional amino acid
involved in a number of biochemical pathways and is the
main excitatory amino acid transmitter in the mammalian
central nervous system. Glutamate excitotoxicity has been
proposed to be the final common pathway in a number of
nervous system diseases [47−49]. Glioma cells were
shown to be impaired in their ability to remove glutamate
from the extracellular space. Moreover, the tumor may
actively induce neuronal death and allow tumor cells to
grow by releasing glutamate at concentrations that can
induce widespread neurotoxicity [50]. The alterations of
these molecules indicated LRRC4 may protect nervous
system normal function and suppress glioma tumorigenesis
by preventing the synthesis and release of toxic
neurotransmitters.

In conclusion, we have identified functionally-related
groups of genes differentially expressed in two dual-stable
cell lines overexpressing LRRC4 derived from glioblastoma
using a 588-gene cDNA microarray. The observations
made in the present study reveal that LRRC4 possesses at
least three characteristics that impact on the maintenance
of normal function and the inhibition of glioma
tumorigenesis in the nervous system. These studies
represent the first cDNA array analysis of the effects of
LRRC4 on the involvement of different neurobiological
genes in U251MG glioblastoma cells and provide new
insights into the function of LRRC4 in glioma. Such
investigations should be performed in further studies to
elucidate the possible relationship between LRRC4-
regulated genes and LRRC4’s precise role in glioma.

References

1 Kobe B, Deisenhofer J. The leucine-rich repeat: A versatile binding motif.
Trends Biochem Sci 1994, 19: 415−421

2 Kobe B, Kajava AV. The leucine-rich repeat as a protein recognition motif.
Curr Opin Struct Biol 2001, 11: 725−732

3 Wang JR, Qian J, Dong L, Li XL, Tan C, Li J, Zhang BC et al. Identification
of LRRC4, a novel member of leucine-rich repeat (LRR) superfamily, and its
expression analysis in brain tumor. Prog Biochem Biophys 2002, 29: 233−
239

4 Wang JR, Li XL, Fan SQ, Tan C, Xiang JJ, Tang K, Li GY et al. Expression
of LRRC4 has the potential to decrease the growth rate and tumorigenesis of
glioblastoma cell line U251. Ai Zheng 2003, 22: 897−902

5 Zhang QH, Wang LL, Cao L, Peng C, Li XL, Tang K, Li WF et al. Study
of a novel brain relatively specific gene LRRC4 involved in glioma tumori-
genesis suppression using the Tet-on system. Acta Biochim Biophys Sin

2005, 37: 532−540
6 Lin JC, Ho WH, Gurney A, Rosenthal A. The netrin-G1 ligand NGL-1

promotes the outgrowth of thalamocortical axons. Nat Neurosci 2003, 6:
1270−1276

7 Zhang Q, Wang J, Fan S, Wang L, Cao L, Tang K, Feng C et al. Expression
and functional characterization of LRRC4, a novel brain-specific member of
the LRR superfamily. FEBS Lett 2005, 579: 3674−3682

8 Kleihues P, Soylemezoglu F, Schauble B, Scheithauer BW, Burger PC.
Histopathology, classification, and grading of gliomas. Glia 1995, 15: 211−
221

9 Schena M, Shalon D, Davis RW, Brown PO. Quantitative monitoring of
gene expression patterns with a complementary DNA microarray. Science
1995, 270: 467−470

10 Selaru FM, Zou T, Xu Y, Shustova V, Yin J, Mori Y, Sato F et al. Global
gene expression profiling in Barrett’s esophagus and esophageal cancer: A
comparative analysis using cDNA microarrays. Oncogene 2002, 21: 475−478

11 Rew DA. DNA microarray technology in cancer research. Eur J Surg Oncol
2001, 27: 504−508

12 Rich JN, Guo C, McLendon RE, Bigner DD, Wang XF, Counter CM. A
genetically tractable model of human glioma formation. Cancer Res 2001, 61:
3556−3560

13 Zhang Q, Wang L, Peng C, Cao L, Wang J, Li XL, Li G. Establishment of
brain relatively specific gene LRRC4 with doxycycline induced Tet regulating
system in U251 glioblastoma cell line. Prog Biochem Biophys 2005, 32:
325−330

14 Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000, 100: 57−70
15 Bos JL, de Rooij J, Reedquist KA. Rap1 signalling: Adhering to new

models. Nat Rev Mol Cell Biol 2001, 2: 369−377
16 Lau N, Uhlmann EJ, von Lintig FC, Nagy A, Boss GR, Gutmann DH,

Guha A. Rap1 activity is elevated in malignant astrocytomas independent
of tuberous sclerosis complex-2 gene expression. Int J Oncol 2003, 22:
195−200

17 Gutmann DH, Saporito-Irwin S, DeClue JE, Wienecke R, Guha A.
Alterations in the rap1 signaling pathway are common in human gliomas.
Oncogene 1997, 15: 1611−1616

18 Woods SA, Marmor E, Feldkamp M, Lau N, Apicelli AJ, Boss G, Gutmann
DH et al. Aberrant G protein signaling in nervous system tumors. J Neurosurg
2002, 97: 627−642

19 Ricard J, Salinas JA, Liebl DJ. Ephrin-B3 controls proliferation in the
adult subventricular zone. In: Proceedings of the 2004 Miami Nature
Biotechnology Winter Symposium, G1/S Regulation and Cancer. Miami,
2004

20 Albers AR, O’Dorisio MS, Balster DA, Caprara M, Gosh P, Chen F,
Hoeger C et al. Somatostatin receptor gene expression in neuroblastoma.
Regul Pept 2000, 88: 61−73

21 O’Dorisio MS,  Chen F,  O’Dorisio TM, Wray D,  Qualman SJ.
Characterization of somatostatin receptors on human neuroblastoma tumors.
Cell Growth Differ 1994, 5: 1−8

22 Lahlou H, Saint-Laurent N, Esteve JP, Eychene A, Pradayrol L, Pyronnet
S, Susini C. Sst2 somatostatin receptor inhibits cell proliferation through
Ras-, Rap1-, and B-Raf-dependent ERK2 activation. J Biol Chem 2003,
278: 39356−39371

23 Massa A, Barbieri F, Aiello C, Arena S, Pattarozzi A, Pirani P, Corsaro A
et al. The expression of the phosphotyrosine phosphatase DEP-1/PTPeta
dictates the responsivity of glioma cells to somatostatin inhibition of cell
proliferation. J Biol Chem 2004, 279: 29004−29012

24 Kim JY, Sutton ME, Lu DJ, Cho TA, Goumnerova LC, Goritchenk L,
Kaufman JR et al. Activation of Neurotrophin-3 receptor TrkC induces
apoptosis in medulloblastomas. Cancer Res 1999, 5: 711−719

25 Merzak A, Koocheckpour S, Pilkington GJ. CD44 mediates human glioma



Oct., 2005              Qiu-Hong ZHANG et al.: Profiling of Differentially Expressed Genes in LRRC4 Overexpressed Glioblastoma Cells              687

http://www.abbs.info; www.blackwellpublishing.com/abbs

cell adhesion and invasion in vitro. Cancer Res 1994, 54: 3988−3992
26 Radotra B, McCormick D. Glioma invasion in vitro is mediated by CD44-

hyaluronan interactions. J Pathol 1997, 181: 434−438
27 Hur JH, Park MJ, Park IC, Yi DH, Rhee CH, Hong SI, Lee SH. Matrix

metalloproteinases in human gliomas: Activation of matrix metalloproteinase-
2  (MMP-2) may be  corre la ted  wi th membrane-type-1  mat rix
metalloproteinase (MT1-MMP) expression. J Korean Med Sci 2000, 15:
309−314

28 Annabi B, Thibeault S, Moumdjian R, Béliveau R. Hyaluronan cell sur-
face binding is induced by type I collagen and regulated by caveolae in
glioma cells. J Biol Chem 2004, 279: 21888−21896

29 Hall AK, Hempstead J, Morgan JI. Thymosin beta 10 levels in developing
human brain and its regulation by retinoic acid in the HTB-10 neuroblastoma.
Brain Res Mol Brain Res 1990, 8: 129−135

30 Santelli G, Bartoli PC, Giuliano A, Porcellini A, Mineo A, Barone MV,
Busiello I et al. Thymosin β-10 protein synthesis suppression reduces
the growth of human thyroid carcinoma cells in semisolid medium.
Thyroid 2002, 12: 765−772

31 Weterman MA, van Muijen GN, Ruiter DJ, Bloemers HP. Thymosin β-
10 expression in melanoma cell lines and melanocytic lesions: A new
progression marker for human cutaneous melanoma. Int J Cancer 1993,
53: 278−284

32 Reeves SA, Chavez-Kappel C, Davis R, Rosenblum M, Israel MA.
Developmental regulation of annexin II (lipocortin 2) in human brain
and expression in high grade glioma. Cancer Res 1992, 52: 6871−6876

33 Roseman BJ, Bollen A, Hsu J, Lamborn K, Israel MA. Annexin II
marks astrocytic brain tumors of high histologic grade. Oncol Res
1994, 6: 561−567

34 Nygaard SJ, Haugland HK, Kristoffersen EK, Lund-Johansen M, Laerum
OD, Tysnes OB. Expression of annexin II in glioma cell lines and in
brain tumor biopsies. J Neurooncol 1998, 38: 11−18

35 Mai J, Finley RL Jr, Waisman DM, Sloane BF. Human procathepsin B
interacts with the annexin II tetramer on the surface of tumor cells. J
Biol Chem 2000, 275: 12806−12812

36 Stenmark H, Olkkonen VM. The Rab GTPase family. Genome Biol
2001, 2: 3007.1−3007.7

37 Novick P, Zerial M. The diversity of Rab proteins in vesicle transport.
Curr Opin Cell Biol 1997, 9: 496−504

38 Nuoffer C, Balch WE. GTPases: Multifunctional molecular switches

regulating vesicular traffic. Annu Rev Biochem 1994, 63: 949−990
39 Tisdale EJ, Bourne JR, Khosravi-Far R, Der CJ, Balch WE. GTP-

binding mutants of rab1 and rab2 are potent inhibitors of vesicular
transport from the endoplasmic reticulum to the Golgi complex. J Cell
Biol 1992, 119: 749−761

40 Nuoffer C, Davidson HW, Matteson J, Meinkoth J, Balch WE. A GDP-
bound form of Rab1 inhibits protein export from the endoplasmic reticu-
lum and transport between Golgi compartments. J Cell Biol 1994, 125:
225−237

41 Bucci C, Parton RG, Mather IH, Stunnenberg H, Simons K, Hoflack B,
Zerial M. The small GTPase rab5 functions as a regulatory factor in the
early endocytic pathway. Cell 1992, 70: 715–728

42 Rybin V, Ullrich O, Rubino M, Alexandrov K, Simons I, Seabra MC,
Goody R et al. GTPase activity of Rab5 acts as a timer for endocytic
membrane fusion. Nature 1996, 383: 266−269

43 Fischer von Mollard G, Stahl B, Khokhlatchev A, Sudhof TC, Jahn R.
Rab3C is a synaptic vesicle protein that dissociates from synaptic vesicles
after stimulation of exocytosis. J Biol Chem 1994, 269: 10971−10974

44 Holz RW, Brondyk WH, Senter RA, Kuizon L, Macara IG. Evidence for the
involvement of Rab3A in Ca2+-dependent exocytosis from adrenal chromaffin
cells. J Biol Chem 1994, 269: 10229−10234

45 Weber E, Jilling T, Kirk KL. Distinct functional properties of Rab3A and
Rab3B in PC12 neuroendocrine cells. J Biol Chem 1996, 271: 6963−6971

46 Valentijn JA, Gumkowski FD, Jamieson JD. The expression pattern of rab3D
in the developing rat exocrine pancreas coincides with the acquisition of
regulated exocytosis. Eur J Cell Biol 1996, 71: 129−136

47 Choi DW. Glutamate neurotoxicity and diseases of the nervous system.
Neuron 1988, 1: 623−634

48 Lipton SA, Rosenberg PA. Excitatory amino acids as a final common pathway
for neurologic disorders. N Engl J Med 1994, 330: 613−622

49 Battaglia G, Busceti CL, Molinaro G, Biagioni F, Storto M, Fornai F,
Nicoletti F et al. Endogenous activation of mGlu5 metabotropic glutamate
receptors contributes to the development of nigro-striatal damage induced by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in mice. J Neurosci 2004, 24:
828−835

50 Ye ZC, Rothstein JD, Sontheimer H. Compromised glutamate transport in
human glioma cells: Reduction-mislocalization of sodium-dependent glutamate
transporters and enhanced activity of cystine-glutamate exchange. J Neurosci
1999, 19: 10767−10777

Edited by
Yao LI


