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Carbonic anhydrase (CA) IX is over-expressed in glio-
blastoma; however, its functions in this context are
unknown. Metabolically, glioblastomas are highly gly-
colytic, leading to a significant lactic acid load.
Paradoxically, the intracellular pH is alkaline. We hy-
pothesized that CAIX contributes to the extrusion of hy-
drogen ions into the extracellular space, thereby
moderating intra- and extracellular pH and creating an
environment conductive to enhanced invasion. We in-
vestigated the role of CAIX as a prognostic marker in pa-
tients with glioblastoma and its biological function in
vitro. CAIX expression was analyzed in 59 patients
with glioblastoma by immunohistochemistry. The ex-
pression levels were correlated to overall survival. In
vitro, U251 and Ln 18 glioblastoma cells were incubated
under hypoxia to induce CAIX expression, and RNA in-
terference (RNAi) was used to examine the function of
CAIX on cell attachment, invasion, intracellular energy
transfer, and susceptibility to adjuvant treatment. High
CAIX expression was identified as an independent
factor for poor survival in patients with glioblastoma.
In vitro, cell attachment and invasion were strongly
reduced after knockdown of CAIX. Finally, the effects
of radiation and chemotherapy were strongly augmented
after CAIX interference and were accompanied by a
higher rate of apoptotic cell death. CAIX is an indepen-
dent prognostic factor for poor outcome in patients with
glioblastoma. Cell attachment, invasion, and survival
during adjuvant treatment are significantly influenced
by high CAIX expression. These results indicate that in-
hibition of CAIX is a potential metabolic target for the
treatment of patients with glioblastoma.
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G
lioblastoma multiforme is the most frequent
primary brain tumor in adults1 and has an excep-
tionally poor prognosis. Despite optimal treat-

ment consisting of maximal resection followed by
radiation and chemotherapy, virtually all tumors recur
with a median time to progression of 6.9 months.2 In
the search for novel treatment strategies, tumor-specific
metabolism has recently become a target of intense in-
vestigation.3 Malignant gliomas are biochemically char-
acterized by increased glycolytic metabolism causing
high glucose consumption rates and a significant lactic
acid load.4 Despite the accumulation of lactic acid, the
intracellular pH of malignant gliomas has been found
to be alkaline, compared with the normal brain,5

whereas the extracellular compartment is highly
acidic.6 In addition to specific genomic alterations7,8

leading to enhanced glycolysis, malignant gliomas
display a high degree of intratumoral hypoxia,9,10

which also contributes to activation of glycolysis-related
genes through the HIF-1a pathway.11 Of all the genes
regulated by hypoxia, carbonic anhydrase IX (CAIX),
which catalyzes the reaction CO2 + H2O to HCO3

2 +
H+, shows the strongest transcriptional activation.12

The molecule is composed of 4 domains, the
N-terminal proteoglycan domain moderating cell at-
tachment,13 the catalytic domain, a transmembrane
region, and a cytoplasmic tail.14 CAIX has the highest
catalytic activity among all human a-carbonic anhy-
drases,15 and the enzymatic domain is exposed to the
extracellular space, which may contribute to the intra-
extracellular pH gradient observed in malignant
gliomas.16 Whereas CAIX is virtually absent in normal
brain,17 the molecule has been found to be overex-
pressed in a number of different brain tumors.18

However, the functions of CAIX in malignant gliomas
are unknown. The goal of our study was to determine
whether there is a correlation between high CAIX
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expression and the prognosis in patients with glioblasto-
ma multiforme and to determine whether CAIX contributes
to cell attachment, invasion, and susceptibility to chemo-
therapy and radiation treatment in glioblastoma cells.

Materials and Methods

Patient Population

The study was approved by the University of Regensburg
Ethics Committee (protocol 11-101-0179) and conduct-
ed in accordance with the ethical standards of the
Helsinki Declaration. Patient’s written consent was ob-
tained whenever possible; all study results were stored
and analyzed in an anonymous fashion. We investigated
a cohort of 59 adult (.18 years of age) patients (20
female, 39 male) who were consecutively treated
for glioblastoma multiforme at the University of
Regensburg Medical Center during 2001–2009
(Table 1). The mean age was 59.5 years (range, 33.6–
82.5), and the median Karnofsky score was 90%,
(range, 50–100). All patients underwent craniotomy
for tumor resection; 32.2% of all patients received a
gross total resection; and 63.8% received a subtotal re-
section, as demonstrated by postoperative MRI scanning
obtained within 72 h after surgery. All patients received
adjuvant treatment consisting of external beam radia-
tion and chemotherapy with alkylating agents.
Follow-up was completed up to March 2011 by review-
ing outpatient records and contacting the patient, a
family member, or the patient’s primary physician. The
median overall survival was 18.9 months; tumor pro-
gression was the cause of death in all cases. No patient
was lost to follow-up.

Tissue Processing

All tissue samples were obtained in accordance with
the ethical guidelines of the University of Regensburg
Medical Center. The tissue samples were collected
from surgical specimens and quick-frozen in precooled
isopentane, embedded in optimal cutting temperature
compound, and stored at 2808C. Histologic diagnosis
of the tumor samples was performed by an independent
pathologist. A region that was pinpointed by the pathol-
ogist as representative for the tumor was chosen for
CAIX expression analysis. Cryosections were immunos-
tained using a CAIX-specific antibody (polyclonal rabbit
anti-human CAIX, Novus Biologicals; 1:1000) as previ-
ously described.18 As a control, sections on the same
slide were incubated with nonimmune rabbit IgG at
identical protein concentrations. CAIX-positive cells
were counted and calculated as percentage of all cells
visible in at least 4 different high power fields (200x).
The rating of the immunohistochemical staining was
performed by 3 observers blinded to the clinical course
with use of a 4-grade, semiquantitative scale (1, no
cells positive; 2, 1%–10% positive; 3, 10%–30% posi-
tive; 4, .30% positive). For the survival studies, a mean
rating of .3 was defined as high CAIX expression.

Cell Culture/In Vitro Hypoxia

U251 and Ln 18 glioblastoma cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% FCS, 50 U/mL penicillin, and 50 mg/
mL streptomycin in a humidified atmosphere of 5% CO2

and 95% air. To induce CAIX expression, cells were
changed into serum-free medium 24 h before the exper-
iment and subsequently incubated for 24 h in a sealed,
humidified 5% CO2 module with either 21% oxygen
and 25 mM glucose in the culture medium (normoxia)
or 0% oxygen (hypoxia) plus 125 mM glucose to
further enhance the glycolytic metabolism, as described
previously.19

Gene Silencing by RNA Interference

The siRNA sequence (siCAIX) was chosen by searching
the coding sequence of CAIX for 2 adenines followed by
16 nucleotides that had a GC content ,50% and did not
contain .2 thymidines or adenines in a row (Eurofins
MWG Operon). The sequence was tested for possible
homology to other human genes by searching the
National Center for Biotechnology Information data-
base. A scrambled sequence with the identical GC
content was used as nonspecific control (NSC). The con-
structs were transfected into U251 and Ln 18 cells with
use of lipofectamine 2000 (Invitrogen) as transfection
reagent in serum-free Optimem (Invitrogen) for 4 h at
37 8C. Cells were changed into DMEM with 10% FCS
and incubated overnight for recovery.

Table 1. Characteristics of patients treated for glioblastoma
stratified by high and low CAIX expression.

Characteristic CAIX
high

CAIX
low

P

Number of patients 37 22

Female/Male 10/27 10/12 .245

Mean age 59.2 59.9 .835

Median KPS 90 90 .298

Extent of resection (gross total/
subtotal)

10/27 9/13 .415

Location .356

Frontal 18 8

Temporal 11 11

Parietal 6 3

Occipital 2 0

Side (left/right) 13/24 10/12 .612

Median overall survival (mts.) 15.2 34.1 .001

Note: Statistical testing expressed by the P values revealed equal
distribution of the parameters between the groups except for
median overall survival.
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CAIX Expression Studies

Hypoxic induction of CAIX mRNA expression and the
effects of RNA interference were verified by quantitative
reverse-transcription polymerase chain reaction
(RT-PCR). In brief, total RNA was isolated using an
RNeasy mini kit (Qiagen) and quantified. SuperScript
II Reverse Transcriptase kit (Invitrogen) was used ac-
cording to the manufacturer’s instructions to obtain
single-stranded cDNA. The resulting first-strand cDNA
was used as a template for SYBR Green real-time PCR
(QuantiFast SYBR Green PCR-Mix; Qiagen) using
sequence-specific primers (forward primer: 5′-CCG
AGC GAC GCA GCC TTT GA-3′; reverse primer:
5′-GGC TCC AGT CTC GGC TAC CT-3′) and
GAPDH as internal standard (forward primer: 5′-GGT
CGG TGT GAA CGG ATT TG-3′; reverse primer:
5′-GTG AGC CCC AGC CTT CTC CAT-3′).

Western Blot

Western blotting for CAIX protein expression was per-
formed as described earlier.18 Cells were lysed in a
RIPA buffer containing a protease inhibitor cocktail. A
20-mg sample of each protein extract was separated by
electrophoresis on a 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and transferred to a nitro-
cellulose membrane. After blocking for 1 h in 3% nonfat
dry milk, the blot was incubated in the anti-CAIX
antibody (Novus Biologicals) at a 1:5000 concentration.
Antibody binding was detected by a horseradish perox-
idase–linked secondary antibody at a concentration of
1:20 000 for 1 h (Bio Source). Visualization was per-
formed using a chemiluminescence detection system
(Pierce SuperSignal). Equal loading was verified by
reprobing the blot for b-actin.

Attachment Assay

U251 and Ln 18 cells were seeded at a density of 5 ×
103 cells/well in a 96-well dish plate. After allowing
the cells to attach for 4 h, the plates were placed on a
horizontal shaker for 5 min and washed 3 times with
phosphate buffered saline (PBS). Subsequently, 100 mL
DMEM supplemented with 10% FCS was added, and
the cells were incubated for 4 h. Cells remaining in the
96-well dish plate were quantified using a colorimetric
assay (AQ assay; Promega).

Invasion Assay

Invasion chambers (Becton Dickinson Biosciences) con-
taining a matrigel (Trevigen) coated polycarbonate
membrane (8 mm pore size) were placed into a 24-well
dish plate. After transfection with siCAIX or NSC
siRNA, cells were seeded (2 × 105 cells/well) into the
invasion chamber and incubated under different meta-
bolic conditions for 48 h. Invasion was quantified by
counting the cells remaining on the upper compartment
and the cells that invaded through the matrigel layer.

Subsequently, a ratio of invading to noninvading cells
was calculated.20

Adjuvant Treatment

Influence of CAIX expression on the efficacy of chemo-
therapy was investigated by temozolomide treatment
(MSD) at a concentration of 50 mM over 6 days.
Radiation effects were studied by irradiating U251
cells with sublethal doses of 10 Gy with use of a 6-MV
linear accelerator (Primus, Siemens).21 Cell toxicity
was measured using a colorimetric assay (AQ assay,
Promega). Apoptotic cell death was investigated by
annexin V labeling (Roche). In brief, 20 mL annexin V
solution was mixed with 1 mL of incubation buffer
plus 50 mL propidium iodide solution and mixed thor-
oughly. Subsequently, 120 mL of the reaction mix was
added to the cells, which were incubated for 60 min on
a horizontal shaker at low speed at room temperature.
Annexin V labeling was observed with a fluorescent
microscope using the appropriate filters.

ATP Assay

Cells were seeded in serum-free DMEM at a density of
5 × 103 cells/well into a 96-well dish and incubated at
different metabolic conditions for 24 h, as described
above. ATP levels were measured using a Cell Titer
Glo kit (Promega) according to the manufacturer’s
instructions.

Statistics

Survival time was measured from the date of resection
to death of the patient. Survival rate was calculated
using the Kaplan-Meier method, and comparisons of sur-
vival between the different groups were estimated using
the generalized Wilcoxon test for univariate analysis.
For multivariate analysis, Cox’s proportional hazards
model (forward stepwise procedure) was used. In addi-
tion to CAIX expression, age, Karnofsky score, and the
extent of resection were analyzed as potential prognostic
factors. Significance was defined as P , .05 (SPSS,
version 17.0; SPSS). Two- and multiple-group compari-
son was performed by computing Mann-Whitney
rank-sum tests and ANOVA on ranks, respectively.
Rates and proportion analysis were calculated using
the Fisher exact test (SigmaStat, version 3.5; Systat
Software).

Results

CAIX Expression in Glioblastoma Specimen
and Survival Analysis

CAIX expression was found in all glioblastoma cases in-
vestigated. A subgroup of 22 patients (37.3%) showed
low to moderate CAIX expression, whereas 37 patients
(62.7%) displayed high to very high CAIX expression
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levels. Survival analysis revealed that high CAIX expres-
sion was associated with significantly worse outcome,
with a median survival time of 15.2 months, compared
with 34.1 months in patients with low CAIX expression
(P , .001, Fig. 1). Multivariate analysis using the Cox’s
proportional hazards model revealed that high CAIX ex-
pression is an independent prognostic factor indicating
shorter overall survival (P ¼ .006). In addition to
CAIX expression, older age and low Karnofsky score
were factors associated with poor prognosis, whereas
the extent of resection was not found to be a significant
prognostic factor in this patient population.

CAIX Expression, Attachment, Cell Invasion

Both U251 and Ln 18 cells showed a low baseline CAIX
mRNA expression under normoxic conditions that was
further decreased by siRNA transfection; however, this
difference was not statistically significant. Hypoxia re-
sulted in a significant increase of CAIX mRNA expres-
sion in both cell lines; however, the relative increase
of CAIX expression was higher in the Ln 18 cells.

Transfection with a CAIX-specific siRNA construct sig-
nificantly reduced the CAIX expression levels (P , .001,
Fig. 2A). Western blotting experiments revealed a detect-
able CAIX protein expression under normoxic condi-
tions in both cell lines, which was strongly enhanced
by hypoxia (Fig. 2B). Of interest, only the hypoxic
expression of CAIX showed a double band, which has
been observed by other investigators.22,23 In vitro
expression studies revealed that CAIX predominantly
exists as a dimeric, high-mannose N-linked glycoprotein
that is stabilized by intermolecular sulfur bonds.24,25

However, there is no clear explanation for the relative
increase of the 54 kDa protein after both hypoxia and
desferrioxamine treatment; transfection with siRNA
against CAIX resulted in a marked reduction of the
CAIX expression. Of interest, the CAIX siRNA-trans-
fected cells displayed a changed morphology, compared
with the nonspecific control siRNA (NSC) transfected
cells characterized by a small, round cytoplasm,
shorter cell processes, and reduced focal adhesion
areas (Fig. 3B). Accordingly, CAIX knockdown caused
a significant reduction of cell attachment in U251 and

Fig. 1. Examples of glioblastomas exhibiting high (A) or low (B) levels of CAIX immunohistochemical staining (100X original magnification).

The distribution of CAIX expression was found mostly adjacent to necrotic areas (arrows), the staining was distinctly localized at the cell

surface. (C) Kaplan-Meier survival curves of patients with glioblastoma, stratified by high and low CAIX expression. The low CAIX

expression group (blue line) has a significantly better overall survival compared to the high CAIX expression group (red line; P , .001).
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Ln 18 cells, compared with the NSC siRNA-transfected
cells (P , .001, Fig. 3A), both under normoxic and
hypoxic conditions; however, the impact of CAIX
knockdown was significantly higher in hypoxic cells.
Matrigel invasion assay revealed a significant influence
of metabolic conditions on cell invasion. Hypoxia signif-
icantly increased matrigel invasion in U251 cells, which
was further augmented by high glucose concentration (P
, .001, Fig. 4). CAIX knockdown significantly reduced
the invasive capacity in all metabolic conditions except
for normoxia with low glucose (P , .001).

Adjuvant Treatment

Knockdown of CAIX without any additional treatment
caused only moderate cell toxicity (�10% reduction of
cell viablility) in U251 glioblastoma cells under hypoxic

and glycolytic conditions (data not shown). In contrast,
radiation caused significant toxicity in U251 cells under
normoxia, compared with the untreated control;
however, this effect was markedly reduced under
hypoxic conditions. CAIX knockdown did not induce
significant effects under normoxic conditions;
however, the cell viability was reduced under hypoxia
by 33% in low- and 44% in high-glucose conditions
(P , .001, Fig. 5A). Treatment with temozolomide
induced significant effects, compared with the untreated
control, in all metabolic conditions. CAIX interference
augmented the susceptibility to temozolomide signifi-
cantly in all conditions except for normoxia with
low glucose. The strongest effect of CAIX knockdown
on cell toxicity was observed under hypoxia with
high glucose, with an additional reduction of cell
viability by 77% (P , .001, Fig. 5B). This effect was

Fig. 2. (A) Quantitative RTPCR demonstrates a significantly increased CAIX mRNA expression after hypoxia in U251 and Ln 18 glioblastoma

cells compared to normoxia after transfection with nonspecific control siRNA (NSC) (*P , .001, 12 data points per condition). Transfection

with sequence specific siRNA targeting CAIX causes a 98% reduction of the CAIX expression under hypoxia (**P , .001). (B) CAIX protein

expression tested by Western blot also increases under hypoxia in both cell lines tested and is strongly suppressed by CAIX specific siRNA

transfection. Equal loading of the lanes is demonstrated by reprobing the blot with b-Actin. The mRNA and protein samples were harvested

at identical time points.
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accompanied by a significant reduction of ATP levels
under hypoxic conditions with high glucose, which
was further decreased after CAIX knockdown by
57% and 61% with low- and high-glucose conditions,
respectively (P , .001, Fig. 5C). Finally, annexin V la-
beling revealed a significantly higher number of apopto-
tic cells under hypoxia and high glucose after both
radiation and temozolomide treatment (Fig. 6A and B).

Discussion

CAIX, which is virtually absent in the normal brain,17

has been found to be overexpressed in 100% of the

analyzed glioblastoma samples. The CAIX expression
was detected exclusively in tumor tissue, whereas in
the adjacent normal brain no CAIX expression was
found. This tumor-specific expression pattern suggests
this molecule as a feasible treatment target. Although
CAIX-knockout mice have developed vacuolar degener-
ation of the brain at older age,26 indicating some regula-
tory role of CAIX in the brain; treatment with specific
CAIX inhibitors did not show any toxicity.27 In addi-
tion, we have found a strong association of high CAIX
expression and poor overall survival among patients
with glioblastoma. In a multivariate analysis of
hypoxia-related gene expression in glial tumors of differ-
ent malignancy grades, Flynn et al.28 found that GLUT-1
and VEGF but neither HIF-1a nor CAIX expression was

Fig. 3. (A) Cell attachment is significantly reduced after transfection with CAIX-specific siRNA in U251 and Ln 18 glioblastoma cells

compared to the nonspecific control siRNA (NSC) control both under normoxia and 24 h of hypoxia (*P , .001, 32 data points per

condition, bar graph shows mean value + STD). (B) The morphology of U251 and Ln 18 cells changed upon CAIX specific siRNA

transfection as shown by phase contrast microscopy. Cells with CAIX knockdown showed a small, round cytoplasm; shorter cell

processes; and reduced focal adhesion areas.
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associated with survival among patients with glioblastoma.
Of interest, in this study also, no difference in CAIX
expression was detected between low-grade and high-
grade gliomas. This is in contrast to a series of investiga-
tions showing both a significantly stronger CAIX expres-
sion in high-grade gliomas and a clear association
between CAIX expression and survival.29–33 The
results of these studies indicated that treatment strategies
for gliomas targeting CAIX are required.33 A possible
explanation for this controversy is the relatively small
sample size combined with the multivariate setting in
the study of Flynn et al., which may not allow to
detect the significant impact of CAIX on patient’s
survival in this circumstance. Because CAIX gene
expression is strongly induced by hypoxia, it can be
viewed as an endogenous hypoxia marker that identifies
particularly aggressive tumors characterized by fast pro-
liferation and high metabolic activity.34 Alternatively,
CAIX may have important functions in the biology of
glioblastoma. Because the CAIX gene consists of
unique N- and C-terminal domains, it is considered to
be a chimeric gene assembled by exon shuffling.35 The
extracellular domain of CAIX mediates cells attach-
ment,13 which plays an important role in cancer cell sur-
vival.36 Accordingly, we have detected a profound
reduction of cell attachment after CAIX knockdown in
glioblastoma cells. The highly active catalytic domain
of CAIX converts cell-generated carbon dioxide into
protons and bicarbonate ions. The juxtamembranous
position of the enzyme causes the efflux of
protons into the extracellular environment inducing

pericellular acidification, which leads to acid-mediated
tumor cell invasion.20 Simultaneously, the bicarbonate
ions are transported back into the cytosol, possibly by
direct interaction with anion exchangers,37 thus pro-
viding high pH buffering power.38,39 In our study,
CAIX knockdown results in a significantly reduced
cell invasion and decreased ATP levels under hypoxic
and glycolytic conditions. In addition, the susceptibil-
ity of U251 glioblastoma cells to chemotherapy and
radiation treatment was strongly enhanced after
CAIX interference, which is in accordance to a
recent in vivo study.40 In an earlier study, Schmaltz
et al. have demonstrated that the induction of apopto-
tic cell death under hypoxia requires a transient acid-
ification of the intracellular pH.41 The continuous
supply of bicarbonate ions by the tumor-associated
CAIX may therefore antagonize adjuvant treatment
by sustaining an alkaline intracellular environment.38

In fact, we have observed a significantly increased
number of apoptotic cells after CAIX knockdown,
both after chemotherapy and after radiation treatment
under glycolytic conditions.

In conclusion, CAIX was overexpressed in all of the
glioblastoma samples in our study group. High CAIX
expression is an independent prognostic marker for
poor survival among patients with glioblastoma.
Selective gene silencing of CAIX in U251 glioblastoma
cells resulted in reduced attachment and invasion and
enhanced susceptibility to adjuvant treatment. Because
new, isoform specific inhibitors of CAIX have
been recently synthesized,42 this could provide a new

Fig. 4. Cell invasion was strongly enhanced under hypoxic and glycolytic conditions in U251 glioblastoma cells (comparison normoxia vs

hypoxia, *P , .001, 32 data points per condition, bar graph shows mean value + STD). CAIX knockdown caused a significant reduction

of the invasive behavior under normoxia with high glucose, hypoxia and glycolysis (comparison nonspecific control siRNA (NSC) vs CAIX

knockdown, **P , .001).
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Fig. 5. (A) Sublethal radiation caused toxicity under normoxic conditions in U251 glioblastoma cells (comparison to untreated control

*P , .001, 24 datapoints per condition, bar graph shows mean value + STD), which was markedly reduced under hypoxia. CAIX

knockdown resulted in a significantly enhanced toxicity in hypoxic and glycolytic cells (comparison nonspecific control siRNA (NSC) vs

CAIX knockdown, **P , .001). (B) Susceptibility to chemotherapy with temozolomide (50 mM) was significantly higher after CAIX

knockdown in all metabolic conditions except for normoxia with low glucose (**P , .001). Analysis was performed using a colorimetric

assay (AQ assay, Promega) and expressed as absorbance at 490 nm (see materials and methods). (C) Glycolysis induced by hypoxia

combined with high glucose concentrations caused a significant reduction of ATP levels (comparison normoxia vs glycolysis

*P , .001). In addition, CAIX knockdown resulted in a significant decrease of ATP levels, compared with the nonspecific control siRNA

(NSC) control (comparison nonspecific control siRNA (NSC) vs CAIX knockdown **P , .001). Analysis was performed using a Cell Titer

Glo kit (Promega) and expressed as relative units according to the manufacturer’s instructions.
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adjuvant treatment form targeting the metabolism of
glioblastoma multiforme.

Conflict of interest statement. All authors: No
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