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ABSTRACT
Liver-type glutaminase (LGA) is a glutaminase isoform
that has been implicated in transcription modulation. LGA
mRNA is absent from postoperative samples of primary
gliomas and is low in cultured astrocytes. In this study, sta-
ble transfection of T98G cells with a vector carrying human
LGA sequence increased the expression of LGA mRNA and
protein, and the ability of the cells to degrade glutamine
(Gln), as manifested by a three-fold reduction of their
steady-state Gln content and a 2.5-fold increase of their
glutamate (Glu) content. The transfected cells (TLGA cells)
showed a 40% decrease of cell survival as assessed by col-
ony formation, well correlated with significant reduction of
mitochondrial activity as demonstrated with MTT test.
Also, a 45% reduction of cell migration and a 47% decrease
of proliferation index (Ki67 immunostaining) were found as
compared with sham-transfected cells. Microarray analysis,
which included over 47,000 transcripts, revealed a signifi-
cantly altered expression of 85 genes in TLGA, but not in
sham-transfected or control cells (P < 0.005). Microarray
data were confirmed with real-time PCR analysis for eight
genes potentially relevant to malignancy: S100A16,
CAPN2, FNDC3B, DYNC1LI1, TIMP4, MGMT, ADM, and
TIMP1. Of these changes, decreased expression of S100A16
and MGMT can be best reconciled with the current views
on the role of their protein products in glioma malignancy.
Malignancy-reducing effect of newly inserted LGA mRNA
in glioblastoma cells can be reconciled with a hypothesis
that absence of such a modulatory mechanism in glia-
derived tumors deprived of LGA mRNA may facilitate some
aspects of their progression. VVC 2008 Wiley-Liss, Inc.

INTRODUCTION

Phosphate-activated glutaminase (GA, EC 3.5.1.2)
catabolizes glutamine (Gln) to glutamate (Glu). In mam-
mals, there are three major isoforms of GA: LGA, KGA,
and GAC. The KGA isoform is expressed in all the tis-
sues except liver (Curthoys and Watford, 1995), particu-
larly strongly in kidney and brain (Aledo et al., 2000;
Elgadi et al., 1999). The GAC isoform, an alternatively

spliced variant of KGA, is expressed in heart, pancreas,
kidneys, lungs, and in breast cancer cells (Elgadi et al.,
1999). LGA is expressed in liver, brain, pancreas, and in
breast carcinoma cells (Gomez-Fabre et al., 2000).

Glutaminases have long been thought to be located
exclusively in the mitochondria. However, recently LGA
has been reported to be present in brain cell nuclei
(Olalla et al., 2002). Moreover, the ability of the C termi-
nus of LGA to interact with PDZ domain-containing
proteins has been shown (M�arquez et al., 2006; Olalla
et al., 2001). These observations suggest that in addition
to its Gln-hydrolyzing function, LGA may play a role in
the regulation of transcription.

Our previous studies revealed that LGA mRNA
expression was hardly detectable or low in postoperative
samples of glia-derived human tumors (Szeliga et al.,
2005, 2008). Preliminary data indicated that a human
T98G glioblastoma cell line likewise shows no measura-
ble LGA mRNA expression by RT-PCR analysis carried
out under conditions used in the previous studies (cf.
Fig. 1). In view of the presumed role of LGA in modula-
tion of gene transcription, we hypothesized that the rel-
ative LGA mRNA deficit has implications for the physi-
ology of glia-derived tumors, perhaps driving them to-
ward malignant phenotype. To address this question, we
stably transfected T98G cells with a full cDNA sequence
coding human LGA and assessed the effects of transfec-
tion on the basic physiological parameters: Proliferation,
migration, and survival. Next, we used the microarray
technique to search for potential differences in gene
expression. The expression of genes, which revealed dif-
ferences in the microarray and whose products could
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affect physiological parameters under study, was then
analyzed using real-time PCR.

MATERIALS AND METHODS
Cell Lines and Culture Conditions

T98G human glioblastoma cell line has been pur-
chased from American Type Culture Collection (ATCC,
Rockville, MD). T98G cells were maintained in mini-
mum essential medium (MEM, Sigma-Aldrich, St Louis,
MO) supplemented with 10% FBS, 1% nonessential
amino acids, and 1% antibiotics (penicillin and strepto-
mycin) (Gibco, Carlsbad, CA). Transfected cell lines
TpcDNA and TLGA were cultured in the same medium
supplemented with 0.5 mg/mL of geneticin G418
(Sigma-Aldrich, St Louis, MO). Cultures were main-
tained at 37�C in a humidified atmosphere with 95% air
and 5% CO2.

Generation of TLGA and TpcDNA Stably
Transfected Glioblastoma Cell Lines

The full human LGA cDNA sequence (Gomez-Fabre
et al., 2000) was inserted into the EcoRI/XhoI-digested
pcDNA3 vector (Invitrogen, Carlsbad, CA) carrying the
neomycin-resistance gene (conferring resistance to
G418). The pLGA vector or the empty vector pcDNA3
was transfected into T98G cells using Lipofect-
amine2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. Positive transfectants were
selected by culture of lipofected T98G cells in complete
medium containing 0.5 mg/mL G418 for 3 weeks. Stably
transfected TLGA clones were identified by RT-PCR.

RNA Isolation and RT-PCR

Total RNA from T98G, TLGA, and TpcDNA cells was
extracted using a guanidinium-thiocyanate-based com-
mercial kit (TRI-Reagent, Sigma-Aldrich, St Louis, MO).
Two micrograms of RNA was digested with DNaseI
(Invitrogen, Carlsbad, CA) and reverse-transcribed using
a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA) according to the
manufacturer’s protocol. The cDNA fragments of LGA,
KGA, GAC, and GAPDH were amplified as described
previously (Szeliga et al., 2005). Ten microliters of the
PCR products was run on a 1% agarose gel and visual-
ized using ethidium bromide dye. Constitutively ex-

pressed glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control.

Western Blot Analysis

Cells (2 3 106) were seeded onto 10-cm plates and
were harvested 24 h later, to be homogenized and pro-
tein-extracted with RIPA buffer. Total protein was deter-
mined by the method of Bradford (1976); 40 lg were
loaded in each lane. A minigel was analyzed by SDS-
PAGE, blotted into nitrocellulose, and revealed with af-
finity-purified anti-LGA antibodies exactly as described
by Olalla et al. (2002). Densitometric analysis was done
with a Model GS-800 Calibrated Imaging Densitometer
(Bio-Rad, Hercules, CA) and Quantity One software.

Intracellular Glutamine and Glutamate Assay

After 48 h of culturing, cells were washed with PBS,
incubated in 5-sulfosalicylic acid for 5 min and centri-
fuged at 12,000g for 5 min. Gln and Glu in supernatants
were analyzed using HPLC with fluorescence detection
after derivatization in a timed reaction with o-phtalalde-
hyde plus mercaptoethanol, exactly as previously
described (Hilgier et al., 1999). Derivatized samples (50
lL) were injected on to a Hypersil BDS C18 5 lm col-
umn (150 3 4.6 mm2, Thermo Hypersil, Thermo Scien-
tific, Waltham, MA), with a mobile phase of 0.075 M
KH2PO4 solution containing 10% v/v methanol, pH 6.2
(solvent A), and methanol (solvent B). Protein content
was measured in the pellets using the method described
by Bradford (1976).

Proliferation Assay

Assessment of cell proliferation was performed by
Ki67 immunocytochemistry. Cells were grown on cover-
slips for 48 h. Cells were fixed in 4% paraformaldehyde
and incubated in 3% hydrogen peroxide to quench en-
dogenous peroxidase. The slides were blocked for 15 min
with Albumin Bovine Fraction (Sigma-Aldrich, St Louis,
MO) and incubated with the mouse monoclonal antibody
against Ki67 (Dako, Glostrup, Denmark) for 30 min. Af-
ter rinsing with PBS, cells were incubated with biotinyl-
ated goat antimouse IgG (Beckman Coulter, Fullerton,
CA) for 30 min. Then streptavidin-conjugated peroxidase
(Beckman Coulter, Fullerton, CA) was added for 45 min,
and then the reaction product was visualized by incuba-
tion with diaminobenzidine (Dako, Glostrup, Denmark).
After counterstaining with hematoxylin, the slides were
viewed under a light microscope. One thousand cells
were counted and the percentage of Ki67-labeled nuclei
was assessed.

Mitochondrial Activity Test

Mitochondrial activity was determined by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)

Fig. 1. Expression of mRNA coding for GA isoforms. 1, T98G cell
line; 2, TpcDNA cell line; 3, TLGA cell line; M, marker.
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conversion. Cells were plated onto a 24-well microplate
and were cultured for 48 h. After this time, the cells
were washed with PBS and incubated in the culture me-
dium with MTT solution at the final concentration of 0.5
mg/mL for 15 min to allow the conversion of MTT into
formazan. Then the medium was replaced with 5% so-
dium dodecyl sulfate (SDS) and absorbance was read at
570 nm using an Elisa.

Colony-Forming Assay

Cells were seeded at the density of 250 cells per 10-cm
dish. After 15 days of culture, the cells were fixed and
stained with 5% Giemsa solution, and readily visible col-
onies were counted (Lobo et al., 2000).

Migration Assay

To assess cell migration, 8-lm polycarbonate Trans-
well filter chambers (Costar Corporation, Corning, NY)
were used according to the manufacturer’s protocol.
Recently subcultured, semiconfluent cells were washed
with PBS, trypsinized, and resuspended in the serum-
free culture medium at 500,000 cells/mL. Cell aliquots
were plated on the upper filter surface. The chambers
were returned to the incubator for an overnight culture.
Filters were then washed, and cells on the upper surface
were removed using cotton swabs. Cells on the lower fil-
ter surface were fixed in 4% paraformaldehyde and
stained with 5% Giemsa solution. Ten random 1-mm2

fields were counted to determine the number of cells
that migrated.

Microarray Analysis

An aliquot of 5 lg of RNA was used for the first and
second strand cDNA synthesis, which were used for bio-
tinylated cRNA synthesis. Both cDNA and cRNA synthe-
sis was carried out using Affymetrix reagents. Products
were cleaned up with GeneChip Sample Cleanup Mod-
ule (Affymetrix, Santa Clara, CA). Fragmented cRNA
was hybridized first to a control microarray (Test3) and
then, after sample quality evaluation, to genome micro-
array HG-U133 2.0 (Affymetrix, Santa Clara, CA).
Washing, staining, and scanning of the arrays in a Gen-
eChip 3000 scanner were performed as recommended by
the Affymetrix Gene Expression Analysis Technical

Manual. Microarray data were preprocessed by GC-
RMA algorithm, using Bioconductor 1.5 gcrma package.

Real-Time PCR

Real-time PCR analyses were carried out using Taq-
Man Gene Expression Assays and TaqMan Universal
PCR MasterMix (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. The Assays
IDs are listed in Table 1. The reactions were incubated
in 96-well optical plates at 95�C for 10 min, followed by
40 cycles of 95�C for 15 s and of 60�C for 1 min using an
Applied Biosystems 7500 Sequence Detection System.
Relative expression was calculated using the DDCT

method (Livak and Schmittgen, 2001) and normalized to
the expression of b-actin.

Statistical Analysis

All experiments described above were repeated three
times. Results are reported as means and standard devi-
ations for three experiments, with the exception of real-
time analysis that was performed for five RNA isolations
from each cell line. Statistical significance of compari-
sons was based on two-sided paired Mann–Whitney test
for matched values (Figs. 4–7), or one-way ANOVA fol-
lowed by Tukey’s test (Figs. 3 and 8).

RESULTS
Expression of mRNA Coding GA Isoforms

in LGA-Transfected Cells

RT-PCR analysis of T98G cells stably transfected with
a construct carrying the full human LGA sequence
(TLGA cells) showed that mRNA for LGA was expressed
in these cells. In contrast, cells transfected with an
empty pcDNA3 vector (TpcDNA cells) and nontrans-
fected T98G cells showed no LGA expression (see Fig.
1).

Expression of LGA Protein in
LGA-Transfected Cells

At 24 h, the intensity of the LGA 66 kDa band in the
TLGA was approximately two times higher than that in
wild-type T98G cells (see Fig. 2), and the ratio remained
very similar at 48 and 72 h of culture (data not shown).

TABLE 1. TaqMan Gene Expression Assays Used for Real-Time PCR

Gene symbol Gene name Assay ID number GenBank sequence

VAMP8 Vesicle-associated membrane protein 8 Hs00186809_m1 NM_003761.2
S100A16 S100 calcium-binding protein A16 Hs00293488_m1 NM_080388.1
CAPN2 Calpain 2, (m/II) large subunit Hs00965092_m1 NM_001748.3
FNDC3B Fibronectin type III domain containing 3B Hs00224289_m1 NM_022763.2
DYNC1LI1 Dynein, cytoplasmic 1, light intermediate chain 1 Hs00211676_m1 NM_016141.1
TIMP4 TIMP metallopeptidase inhibitor 4 Hs00162784_m1 NM_003256.2
MGMT O-6-methylguanine-DNA methyltransferase Hs00172470_m1 NM_002412.2
ADM Adrenomedullin Hs00181605_m1 NM_001124.1
TIMP1 TIMP metallopeptidase inhibitor 1 Hs99999139_m1 NM_003254.2
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Effect of LGA Transfection on Glutamine and
Glutamate Content

TLGA cells showed three times lower level of Gln and
2.5 times higher level of Glu as compared with the con-
trol cells (see Fig. 3).

Growth Characteristics of LGA-Transfected Cells

The growth profiles of the TLGA and the control T98G
and TpcDNA3 cell lines were assessed using two
independent methods: Immunocytochemical analysis of
expression of a proliferation marker Ki67 and assess-
ment of the ability of the cells to form colonies. TLGA
cells exhibited a lower growth rate than both their coun-
terparts. This decrease was most pronounced in the pro-
liferation index (IP), which was 47% lower in TLGA cells
as compared with the controls (see Fig. 4). TLGA cells
showed also a 40% decrease in colony formation in com-
parison to the control cells (see Fig. 5), which can be a
measure of cell survival.

Colorimetric analysis of tetrazolium-treated cells was
used to assess mitochondrial activity. TLGA cells showed
27% decrease in MTT reduction as compared with both
control T98G and TpcDNA3 cells (see Fig. 6).

Effect of LGA Transfection on Cell Migration

To investigate the influence of LGA transfection on
the cell migration, a Transwell migration assay (modi-
fied Boyden chamber assay) was used. TLGA cells
showed a 45% inhibition in transmigration to the mem-
brane undersurface as compared with the control cells
(Fig. 7A). Figure 7B shows representative fields of cells
of each cell line that have successfully migrated across
the membrane.

Effect of LGA Transfection on Gene
Expression: Microarray Analysis

To verify the role of LGA in the regulation of tran-
scription, microarray analysis using Human Genome
U133 2.0 Array was performed. All genes significantly
differentially expressed are listed in Tables 2 and 3. Pro-
teins encoded by some of the 50 genes upregulated in
TLGA cells are associated with transcriptional activity
(GATA3, ELF1, MAX), transport (VAMP8, ATP7B,

SLC19A2, SLC30A5), protein metabolism (PARP11,
USP37) or cell communication, and signal transduction
(ADM, SOCS6). Thirty-five genes were found to be
downregulated in TLGA cells. Some of them encode
proteins involved in DNA repair and dealkylation
(MGMT), inhibition of matrix metalloproteinases
(TIMP1, TIMP4), transmembrane transport (GJA1), cell
growth and/or maintenance (COL1A2, COL8A2, DYN-
C1LI1).

Validation of Microarray Results by
Quantitative Reverse Transcription-PCR

To validate the results obtained in the microarray
analysis, the expression of a subset of genes was
assessed by real-time PCR, using RNAs different to that
applied to the microarrays. These included VAMP8, the
most differentially expressed according to the microar-
ray results, and eight genes coding proteins potentially
related to cellular proliferation, cell migration, or onco-
genesis: S100A16, CAPN2, FNDC3B, DYNC1LI1,
TIMP4, MGMT, ADM, and TIMP1. Of these, six genes
revealed statistically significant differences in expres-
sion among TLGA cells and controls (see Fig. 8). Tran-
scripts of VAMP8 and FNDC3B were upregulated,

Fig. 2. Expression of LGA protein. 1, pure recombinant KGA pro-
tein; 2, pure recombinant LGA protein; 3, T98G; 4, TLGA (Colony no.
1); 5, TLGA (Colony no. 2).

Fig. 3. Glutamine (A) and glutamate (B) content (nmol/mg of pro-
tein) in T98G, TpcDNA, and TLGA cells. The results are mean 6 SD
for three independent determinations. *P < 0.05 versus T98G and
TpcDNA as tested with the one-way ANOVA followed by Tukey’s test.
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Fig. 4. Proliferation index. A: Proliferation index (IP) assessed as a
percentage of Ki67 nuclei stained. The results are mean 6 SD for three
independent experiments. *P < 0.05 versus T98G and TpcDNA as
tested with the two-sided paired Mann–Whitney test. B: Immunocyto-

chemistry of Ki67; from left to right: T98G, TpcDNA3, and TLGA cells
(Bar 5 500 lm). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Fig. 5. Colony-forming assay. A: Number of colonies formed after 15 days of growth. The results
are mean 6 SD for three independent experiments. *P < 0.05 versus T98G and TpcDNA as tested
with the two-sided paired Mann–Whitney test. B: Representative plates with colonies formed within
15 days of growth; from left to right: T98G, TpcDNA3, and TLGA cells.
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whereas S100A16, CAPN2, TIMP4, and MGMT were
downregulated in TLGA cells. The remaining three
genes showed no significant differences in expression
levels among TLGA cells and controls (data not shown).

DISCUSSION

Gln plays a crucial role in the metabolism of neoplas-
tic tissues including gliomas, the most malignant brain
tumors (Dranoff et al., 1985; Martin et al., 1998). Gln
degradation by glutaminases is the first step of Gln me-
tabolism. Of three classes of glutaminases present in the
mammalian tissues (KGA, GAC, and LGA), glial tumors
express abundance of GAC and KGA (Szeliga et al.,
2005). This is consistent with the reported correlation of
KGA expression and high rate of cell proliferation in
peripheral tumors (P�erez-Gomez et al., 2005; Turner
and McGivan, 2003).

Glial tumors do not express, or express relatively
small amounts of LGA mRNA (Szeliga et al., 2005,
2008). We wondered whether the relative deficit of LGA
may support their malignant phenotype. To address this
question, we made use of a commercially available glio-
blastoma cell line T98G, which does not express LGA
mRNA, and we looked at the effects of stably transfect-
ing these cells with a full length LGA cDNA. Successful
transfection of the coding sequence was confirmed by
RT-PCR (see Fig. 1) and Western blot (see Fig. 2) tests.
Of note, the wild-type cells showed discernable expres-
sion of LGA protein notwithstanding the absence of
mRNA. The reasons for this apparent discrepancy are

Fig. 6. Mitochondrial activity assessed by the MTT test. The results
are mean 6 SD for three independent determinations. *P < 0.05 versus
T98G and TpcDNA as tested with the two-sided paired Mann–Whitney
test.

Fig. 7. A: Inhibition of migration of TLGA cells. The results are
mean 6 SD for three independent experiments. *P < 0.05 versus T98G
and TpcDNA as tested with the two-sided paired Mann–Whitney test.
B: Representative microscopic fields of cells that have migrated across

an 8-lm pore size filter; from left to right: T98G, TpcDNA3, and TLGA
cells (Bar 5 500 lm). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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TABLE 2. Microarray Analysis of mRNA Expression in TLGA Cells Versus Wild Type T98G Cells (controls):
Genes Upregulated in TLGA Cells in Comparison to Controls

Gene symbol Gene name Probe set
Parametric
P value

Geometric
mean of intensities

in control cells

Geometric
mean of intensities

in TLGA cells

Ratio of
geometric
means

VAMP8 Vesicle-associated membrane
protein 8 (endobrevin)

202546_at 1.18E-05 10.25 138.04 0.07

ATP7B ATPase, Cu11 transporting, beta
polypeptide

204624_at 6.20E-05 5.50 7.20 0.76

MLLT10 Myeloid/lymphoid or mixed-lineage
leukemia (trithorax homolog,
Drosophila); translocated to 10

230122_at 8.29E-05 14.94 19.69 0.76

DOPEY1 Dopey family member 1 213271_s_at 9.69E-05 14.52 24.44 0.59
HBS1L HBS1-like (S. cerevisiae) 209314_s_at 0.000149 191.98 284.32 0.68
NA NA 229928_at 0.000287 6.44 7.68 0.84
CFH Complement factor H 213800_at 0.0003978 5.58 8.87 0.63
FLJ33297 Hypothetical gene supported

by AK090616
1558308_at 0.0004165 636.89 1144.58 0.56

NA Transcribed locus 235386_at 0.0007862 6.24 7.00 0.89
C14orf100 Chromosome 14 open reading

frame 100
223547_at 0.0008146 41.21 54.77 0.75

FNDC3B Fibronectin type III domain
containing 3B

222692_s_at 0.0009537 211.67 337.12 0.63

GATA3 GATA binding protein 3 209602_s_at 0.00105 11.16 27.19 0.41
SLC19A2 Solute carrier family 19 (thiamine

transporter), member 2
209681_at 0.0010778 58.97 87.31 0.68

SKP1A S-phase kinase-associated protein 1A
(p19A)

200718_s_at 0.0012413 14765.22 16834.12 0.88

SLC30A5 Solute carrier family 30 (zinc
transporter), member 5

220181_x_at 0.0013419 11.46 13.54 0.85

ELF1 E74-like factor 1 (ets domain
transcription factor)

212418_at 0.0015208 198.62 218.59 0.91

MAX MYC-associated factor X 214108_at 0.0015276 6.00 6.46 0.93
LOC388114 Hypothetical LOC388114 225567_at 0.0017184 99.47 158.57 0.63
USP37 Ubiquitin-specific peptidase 37 226730_s_at 0.0017574 74.89 88.36 0.85
NA NA 230321_at 0.0018571 6.35 9.28 0.68
SLITRK6 SLIT and NTRK-like family, member 6 232481_s_at 0.0019195 9.03 56.73 0.16
TRIM39 Tripartite motif-containing 39 222732_at 0.0020541 79.37 109.95 0.72
FBXL14 F-box and leucine-rich repeat protein 14 213145_at 0.0021032 253.10 388.12 0.65
ELAVL2 ELAV (embryonic lethal, abnormal

vision, Drosophila)-like 2
(Hu antigen B)

228260_at 0.0021203 14.87 67.00 0.22

MAGEE1 Melanoma antigen family E, 1 1556047_s_at 0.0021365 100.28 142.00 0.71
NA NA 231184_at 0.0021522 7.62 10.19 0.75
ANKRD57 Ankyrin repeat domain 57 219496_at 0.002274 34.24 38.46 0.89
NA CDNA FLJ31889 fis, clone

NT2RP7003091
1557265_at 0.0023682 7.31 8.78 0.83

RAD52 RAD52 homolog (S. cerevisiae) 211904_x_at 0.0024573 5.38 5.44 0.99
CACNB1 Calcium channel, voltage-dependent,

beta 1 subunit
210967_x_at 0.0024753 5.10 5.19 0.98

SNAP23 Synaptosomal-associated protein, 23
kDa

209130_at 0.0025472 908.47 1076.29 0.84

C2orf10 Chromosome 2 open reading frame 10 215767_at 0.0029069 13.98 31.98 0.44
ISOC1 Isochorismatase domain containing 1 218170_at 0.0029083 607.32 838.24 0.72
NA Transcribed locus 237753_at 0.0029671 11.85 15.29 0.77
PITPNA Phosphatidylinositol transfer protein,

alpha
239124_at 0.0030821 6.64 7.73 0.86

KIAA0999 KIAA0999 protein 204157_s_at 0.0034912 67.75 84.62 0.80
SOCS6 Suppressor of cytokine signaling 6 206020_at 0.0037291 29.03 38.35 0.76
ADM Adrenomedullin 202912_at 0.0037466 4607.56 6601.44 0.70
SCC-112 SCC-112 protein 212140_at 0.003751 253.08 308.97 0.82
F3 Coagulation factor III (thromboplastin,

tissue factor)
204363_at 0.0038246 195.82 569.47 0.34

KIAA0746 KIAA0746 protein 235353_at 0.0039182 5.90 5.98 0.99
NA CDNA: FLJ22256 fis, clone HRC02860 227955_s_at 0.003969 11.21 23.12 0.48
PIN1L Protein (peptidylprolyl cis/trans-

isomerase) NIMA-interacting 1-like
207582_at 0.0040549 15.81 15.99 0.99

PARP11 Poly(ADP-ribose) polymerase family,
member 11

229138_at 0.0040751 81.70 110.28 0.74

LOC643982 Hypothetical protein LOC643982 231305_at 0.0041587 36.56 43.39 0.84
ATP4B ATPase, H1/K1 exchanging, beta-

polypeptide
1563407_x_at 0.0043037 5.07 5.12 0.99

NA Clone 114 tumor rejection antigen 226886_at 0.0043901 211.35 333.91 0.63
C10orf118 Chromosome 10 open reading frame 118 229399_at 0.0043904 6.77 7.47 0.91
CACHD1 Cache domain containing 1 243416_at 0.0045259 15.59 17.39 0.90
NA Transcribed locus, strongly similar to

NP_612442.1 hypothetical protein
BC009980 [Homo sapiens]

236285_at 0.004812 19.44 39.10 0.50

Bold values indicate genes that show significantly different expression at P < 0.001; for the remaining genes, P < 0.005.
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not clear: The most likely explanation may account for
the different half-lives of LGA mRNA and protein. In
any case, enhancement of the Gln-degrading activity in
transfected cells was strongly manifested by a consider-
able decrease of the Gln content accompanied by eleva-
tion of Glu content, respectively.

The present study tested a hypothesis that enrich-
ment of neoplastically transformed glial cells with LGA
could alter the pattern of gene transcription in these
cells, and that the altered phenotype of LGA-transfected
cells may be associated with some of these changes.
Indeed, the presence of LGA mRNA in the transfected
cells (further defined as TLGA cells) coincided with
depression of basic physiological parameters: Cell migra-
tion, proliferation, and survival as assessed with colony
formation assay and the MTT test.

Comparison of global gene expression patterns
revealed that 50 genes were upregulated and 35 genes

were downregulated in TLGA cells. Real-time PCR
analysis was carried out for nine genes, of which eight
(S100A16, CAPN2, FNDC3B, DYNC1LI1, TIMP4,
MGMT, ADM, and TIMP1) could be potentially related
to oncogenesis, and one—VAMP8—for which microarray
analysis suggested an exceptionally strong increase in
the transfected cells. Microarray data were positively
confirmed with regard to six genes: VAMP8 and
FNDC3B were upregulated, whereas S100A16, CAPN2,
TIMP4, and MGMT were downregulated in TLGA cells,
all changes having reached statistical significance. Each
of the downregulated genes deserves attention in the
context of LGA-induced phenotypic alterations. MGMT
(O6-methylguanine-DNA methyltransferase) is a DNA
repairing enzyme (Tubbs et al., 2007; Verbeek et al.,
2008), and recent data indicate that its low expression
or genetic inactivation predict a better survival of
patients with glioma (Hau et al., 2007; Idbaih et al.,

TABLE 3. Microarray Analysis of mRNA Expression in TLGA Cells Versus Wild Type T98G Cells (controls):
Genes Downregulated in TLGA Cells in Comparison to Controls

Gene symbol Gene name Probe set
Parametric
P value

Geometric mean
of intensities in
control samples

Geometric mean of
intensities in
treated samples

Ratio of
geometric
means

S100A16 S100 calcium-binding protein A16 227998_at 4.57E-05 654.51 116.50 5.62
CAPN2 Calpain 2, (m/II) large subunit 208683_at 4.60E-05 3821.29 2971.65 1.29
EFS Embryonal Fyn-associated substrate 204400_at 0.000306 76.33 11.77 6.48
CD58 CD58 molecule 216942_s_at 0.0003272 238.06 171.79 1.39
TRIM32 Tripartite motif-containing 32 203846_at 0.000575 157.54 131.70 1.20
COL8A2 Collagen, type VIII, alpha 2 52651_at 0.0008354 7.19 6.63 1.08
LPP LIM domain containing preferred

translocation partner in lipoma
233824_at 0.0010711 44.42 28.99 1.53

GJA1 Gap junction protein, alpha 1, 43 kDa
(connexin 43)

201667_at 0.0011556 637.34 27.97 22.78

DYNC1LI1 Dynein, cytoplasmic 1, light
intermediate chain 1

222479_s_at 0.0011568 593.41 444.14 1.34

MAPKAPK3 Mitogen-activated protein kinase-
activated protein kinase 3

202787_s_at 0.0012826 41.29 27.42 1.51

HOM-TES-103 Hypothetical protein LOC25900,
isoform 3

209721_s_at 0.0012976 93.66 71.47 1.31

TIMP4 TIMP metallopeptidase inhibitor 4 206243_at 0.0015049 129.61 10.11 12.82
C1orf71 Chromosome 1 open reading frame 71 225551_at 0.0017514 42.34 32.58 1.30
RYK RYK receptor-like tyrosine kinase 202853_s_at 0.001875 800.24 637.77 1.25
TAL1 T-cell acute lymphocytic leukemia 1 1561651_s_at 0.0021572 6.15 5.34 1.15
WDR6 WD repeat domain 6 217734_s_at 0.0024868 373.28 272.55 1.37
STOM Stomatin 201061_s_at 0.0026298 325.58 190.18 1.71
CD58 CD58 molecule///CD58 molecule 211744_s_at 0.0028754 147.69 105.94 1.39
FHL2 Four and a half LIM domains 2 202949_s_at 0.0029141 2227.50 1325.47 1.68
COL1A2 collagen, type I, alpha 2 202403_s_at 0.0029193 6107.40 1651.50 3.70
C21orf57 Chromosome 21 open reading frame 57 227421_at 0.0030049 175.92 140.60 1.25
LEPROTL1 Leptin receptor overlapping transcript-

like 1
202595_s_at 0.0031507 494.00 338.47 1.46

MGMT O-6-methylguanine-DNA
methyltransferase

204880_at 0.0032612 79.03 19.99 3.95

SDC2 Syndecan 2 (heparan sulfate
proteoglycan 1, cell surface-associated,
fibroglycan)

212154_at 0.0035682 92.71 36.18 2.56

TCEAL8 transcription elongation factor A (SII)-
like 8

224819_at 0.0039162 180.16 72.20 2.50

CAB39 Calcium-binding protein 39 217873_at 0.0043158 823.00 680.33 1.21
FBLIM1 Filamin-binding LIM protein 1 225258_at 0.0043575 100.50 12.09 8.32
TIMP1 TIMP metallopeptidase inhibitor 1 201666_at 0.0044154 2316.43 1730.77 1.34
FKSG49 FKSG49 211454_x_at 0.0044204 149.09 103.76 1.44
STOM Stomatin 201060_x_at 0.0045162 228.29 131.83 1.73
LOC129293 Hypothetical protein LOC129293 227867_at 0.004532 15.13 10.02 1.51
PPAPDC1B Phosphatidic acid phosphatase type 2

domain containing 1B
223568_s_at 0.0045339 174.75 148.29 1.18

TMEM153 Transmembrane protein 153 31837_at 0.0046867 483.32 356.58 1.36
PRRT3 Proline-rich transmembrane protein 3 242888_at 0.0047755 38.29 14.20 2.70
DKK3 Dickkopf homolog 3 (Xenopus laevis) 202196_s_at 0.0048392 967.41 487.58 1.98

Bold letters indicate genes that show significantly different expression at P < 0.001; for the remaining genes, P < 0.005.
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2007; Nagane et al., 2007) and is a feature distinguish-
ing low grade from high-grade gliomas (Idbaih et al.,
2007). S100A16, an astroglia-specific protein, was found
to be upregulated in tumors of different origin (Maren-
holz and Heizmann, 2004), and its blood content was
found increased in patients with cancer (Smirnov et al.,
2005), suggesting its involvement in as-yet undefined
steps of malignant transformation. Calpains coded by
CAPN1 and CAPN2 genes appear to be required for sur-
vival of cancer cells (Demarchi and Schneider, 2007),
albeit their involvement in gliomas has not been docu-
mented as yet. Decreased TIMP4 expression is difficult
to reconcile with demigration of TLGA cells, as this pro-
tein has been reported to act as an antimigratory factor

(Rorive et al., 2006). Neither of the two upregulated
genes could be directly linked to glioma phenotype in
the in vitro conditions. FNDC3B is specifically involved
in tumor angiogenesis (Castellani et al., 2002), while
VAMP8 mediates cell fusion and granule secretion in
some tissues (Lippert et al., 2007). However, the excep-
tionally strong stimulation of VAMP8 in LGA-trans-
fected cells deserves attention in further study on the
mechanism of LGA-regulated transcription.

The mechanism responsible for the described changes
in transfected cells is unclear. Increased LGA expression
could be translated to changes in gene transcription in
two mutually not exclusive ways. One possibility is that
LGA itself acts as a transcription factor. This concept

Fig. 8. Real-time PCR analysis of gene expression: Verification of selected microarray results. Rela-
tive expression of VAMP8 (A), FNDC3B (B), S100A16 (C), CAPN2 (D), TIMP4 (E), and MGMT (F)
measured versus b-actin expression. The results are mean 6 SD for five RNA isolations from each cell
line. *P < 0.05 versus T98G and TpcDNA as tested with the one-way ANOVA followed by Tukey’s
test.
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relates to the earlier observations of nuclear location of
LGA in neuronal perikarya (Olalla et al., 2002), and of
the ability of the C terminus of LGA to interact with
PDZ domain-containing proteins (M�arquez et al., 2006;
Olalla et al., 2001). Analysis of intracellular location of
transfected LGA in T98G cells is under way in our labo-
ratories. The second possibility derives from repeated
suggestions that changes in the cellular Gln level and in
Gln/Glu ratio may alter expression of certain genes—
including transcription factors—and these altered fac-
tors could in turn affect expression of many other genes
(Olalla et al., 2002; Wishmeyer, 2002).

Studies aiming at unraveling the specific effects of
altered expression of the molecules in cells transfected
with LGA mRNA are under way in our laboratories.
Further studies will have to be reconciled with observa-
tions related to the apparently contrasting roles of LGA
and KGA in establishing the tumor phenotype. Knock-
ing down KGA in the mouse mammary tumor cells
(Lobo et al., 2000), or, nonselectively, the MCF-7 breast
cancer cells (Donadio et al., 2008) led to effects similar
to those attained by overexpressing LGA in T98G cells;
that is, a reversion of the transformed phenotype (Lobo
et al., 2000). However, the underlying mechanisms
appear different. In the KGA (2) model, increased Gln
content in the cells was not accompanied by alterations
in Glu content, and lower mitochondrial Gln catabolism
was associated with decreased glutathione levels and
antioxidant capacity, which correlated with increased
apoptosis (Lora et al., 2004).
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