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Malignant brain tumors exhibit distinct metabolic char-
acteristics. Despite high levels of lactate, the intracellu-
lar pH of brain tumors is more alkaline than normal 
brain. Additionally, with increasing malignancy, brain 
tumors display intratumoral hypoxia. Carbonic anhy-
drase (CA) IX and XII are transmembrane isoenzymes 
that are induced by tissue hypoxia. They participate in 
regulation of pH homeostasis by catalyzing the revers-
ible hydration of carbon dioxide. The aim of our study 
was to investigate whether brain tumors of different 
histology and grade of malignancy express elevated 
levels of CA IX and XII as compared to normal brain. 
We analyzed 120 tissue specimens from brain tumors 
(primary and metastatic) and normal brain for CA IX 
and XII expression by immunohistochemistry, Western 
blot, and in situ hybridization. Whereas normal brain 
tissue showed minimal levels of CA IX and XII expres-
sion, expression in tumors was found to be upregulated 
with increased level of malignancy. Hemangioblasto-
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mas, from patients with von Hippel–Lindau disease, 
also displayed high levels of CA IX and XII expression. 
Comparison of CA IX and XII staining with HIF-1� 
staining revealed a similar microanatomical distribu-
tion, indicating hypoxia as a major, but not the only, 
induction factor. The extent of CA IX and XII staining 
correlated with cell proliferation, as indicated by Ki67 
labeling. The results demonstrate that CA IX and XII are 
upregulated in intrinsic and metastatic brain tumors as 
compared to normal brain tissue. This may contribute to 
the management of tumor-specifi c acid load and provide 
a therapeutic target. Neuro-Oncology 7, 465–475, 2005 
(Posted to Neuro-Oncology [serial online], Doc. 05-002, 
August 10, 2005. URL http://neuro-oncology.mc.duke
.edu; DOI: 10.1215/S1152851705000025)
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M
alignant gliomas are the most frequent intrin-
sic brain tumors in adults (Davis et al., 1999). 
They are histologically characterized as pleo-

morphic, infiltrative tumors with microvascular pro-
liferation and a high mitotic rate (Burger et al., 1985). 
Metabolically, these tumors display a distinct pattern. 
They show a high glucose utilization rate (Di Chiro et 
al., 1982), combined with excessive lactate production 
(Herholz et al., 1992), which is probably due to aerobic 
glycolysis (Imaya, 1994). Surprisingly, the intracellular 
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pH of gliomas is signifi cantly more alkaline than that of 
normal brain (Arnold et al., 1985; Cadoux-Hudson et 
al., 1989; Rottenberg et al., 1985). However, the extra-
cellular space of tumors displays an acidic pH, as demon-
strated by in vivo studies using pH microelectrodes (Jahde 
et al., 1982). Thus, the tumor cells maintain an intra/
extracellular pH gradient, although the mechanisms 
underlying this phenomenon remain unclear (Mangiardi 
and Yodice, 1990). Finally, that gliomas become increas-
ingly hypoxic is demonstrated by polarographic measure-
ments in vivo (Collingridge et al., 1999) as well as by 
PET studies using 18F-misonidazole as a hypoxia-specifi c 
tracer (Valk et al., 1992). 

Carbonic anhydrase (CA)2 IX and XII are recently 
discovered isoenzymes of the �-carbonic anhydrase 
family (Chegwidden and Carter, 2000). These enzymes 
regulate pH by the reversible hydration of CO2 to form 
HCO3

– and protons (Ulmasov et al., 2000; Wingo et 
al., 2001). As a consequence of this reaction, the cyto-
solic pH becomes more alkaline because of the increased 
intracellular HCO3

–. Simultaneously, H+ ions are trans-
ferred out of the cell and cause acidifi cation of the extra-
cellular milieu, which may facilitate tumor invasion by 
the activation of proteolytic enzymes in an acidic extra-
cellular pH (Webb et al., 1999). In addition to CA XIV, 
CA IX and XII are the only enzymes of the �-carbonic 
anhydrase family that show a transmembranous location 
(Breton, 2001). Because these isoenzymes exhibit the pH-
regulating actions on the cell membrane, they could con-
tribute to the intra/extracellular pH gradient observed in 
brain tumors. Whereas CA IX and XII are expressed at 
a very low level in normal tissue, both enzymes are over-
expressed in a variety of human tumors (Ivanov et al., 
2001; Liao and Stanbridge, 2000; Liao et al., 1997; Saa-
rnio et al., 1998a; Wykoff et al., 2000), which suggests a 
pathophysiological role in tumors. The main mechanism 
of induction of CA IX and CA XII is hypoxia (Ivanov 
et al., 2001; Olive et al., 2001; Stewart et al., 2002; 
Wykoff et al., 2000). Correspondingly, further studies 
of the CA IX promoter revealed a response element to 
hypoxia-inducible factor-1� (HIF-1�) (Wykoff et al., 
2000). Therefore, we hypothesized that CA IX and XII 
are overexpressed in malignant brain tumors as a result 
of intratumoral hypoxia. Induction of these enzymes in 
brain tumors might contribute to an aggressive pheno-
type by mediating cell proliferation, enhanced invasion 
of the normal brain, and improved acid tolerance. 

Materials and Methods

Tissue Processing

All tissue samples were obtained in accordance with 
the applicable guidelines of the National Institutes of 
Health, USA, or the University of Regensburg, Germany. 
A total of 112 tumor samples were collected from surgi-
cal specimens and quick-frozen in isopentane precooled 
on dry ice, embedded in optimal cutting temperature 
compound, and stored at –70°C. Eight normal brain tis-
sue specimens for control studies were obtained from 

autopsy material from patients without CNS disease. 
The brains were obtained maximally 6 to 10 h post-
mortem and were handled by a procedure identical to 
that used for handling the tumor specimens. Histologic 
diagnosis of the tumor samples was performed by an 
independent pathologist. The histology and grade of 
malignancy of the examined samples are described in 
Table 1. All patients with hemangioblastomas had a 
known germline mutation of the von Hippel–Lindau 
(VHL) gene. 

Immunohistochemistry

Cryosections of 14-�m thickness were collected on 
silanated slides (Digene Diagnostics, Beltsville, Md.). 
Immunohistochemistry was performed as described pre-
viously (Papavassiliou et al., 1997). In brief, sections were 
fi xed by using 1X Histochoice (Amresco, Solon, Ohio) 
containing 0.1% Triton X-100 (Sigma, St. Louis, Mo.) 
for 12 min. After washing three times in 1� phosphate-
buffered saline (PBS), endogenous peroxidase was 
quenched with 0.5% hydrogen peroxide in methanol for 
20 min. Nonspecifi c binding was blocked by incubating 
the sections in PBS containing 2% bovine serum albumin 
and either 2% horse or 2% goat serum, according to the 
primary antibody detection system. All incubations in 
the primary antibodies were performed overnight at 4˚C 
in a humidifi ed chamber. CA IX staining was performed 
by using a monoclonal mouse anti-human CA IX anti-
body at a 1:20,000 dilution as described previously (Liao 
et al., 1994). For CA XII staining, we used a polyclonal 
rabbit anti-human CA XII antibody (provided by Wil-
liam S. Sly, St. Louis University) at a 1:500 dilution. For 
HIF-1� staining, a polyclonal rabbit anti-human HIF-1� 
antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) 
was used. As a control, sections on the same slide were 
incubated with non-immune mouse IgG at identical 
protein concentrations (CMG100, Cedarlane Laborato-
ries Ltd., Hornby, Ont., Canada) or rabbit serum. Ki67 
labeling was performed by incubating the sections with 
a polyclonal rabbit anti–human Ki67 antibody (NCL-
Ki67p, Novocastra Laboratories Ltd., Newcastle upon 
Tyne, UK) at a concentration of 1:1000. Detection of 
primary antibody binding was performed by using a bio-
tinylated secondary antibody (BA-1000 and BA-2000) 

Table 1. Tissue samples of normal brain and different brain tumors 
analyzed for CA IX and XII expression by immunohistochemistry

Histology n

Normal brain 8

Pilocytic astrocytoma WHO grade I 3

Low-grade astrocytoma WHO grade II 14

Anaplastic astrocytoma WHO grade III 9

Glioblastoma multiforme WHO grade IV 29

Meningiomas WHO grade I 14

Metastases 29

Primitive neuroectodermal tumors (PNET) 4

Hemangioblastomas 10
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followed by the avidin-biotin complex method accord-
ing to the supplier’s directions (Vector Laboratories, 
Burlingame, Calif.). Ki67 labeling was performed on all 
samples of all histologies. 

Grading of Immunohistochemical Staining and 
Statistical Analyses

The extent of CA IX and XII staining was graded semi-
quantitatively by three observers who were blinded to 
the histologic diagnosis. First, the sections were scanned 
at low magnifi cation (50�) in order to localize the areas 
with the strongest staining within the tissue section. In 
this area, CA IX- and XII-positive cells were counted in 
three high-power fi elds (200�) and expressed as percent 
of the total number of cells per fi eld. The rating of the 
immunohistochemical staining was performed by using 
a four-grade, semiquantitative scale (1, no cells positive; 
2, 1%–10% positive; 3, 10%–30% positive; 4, more 
than 30% positive). Samples from the diseased brains 
(segregated by histology) were compared to the normal 
brains. Statistical analysis was performed by using the 
Wilcoxon rank sum test; P values were adjusted for mul-
tiple comparisons by using the Bonferroni inequality. In 
contrast, the Ki67 labeling index was expressed as per-
cent of Ki67-positive cells per vision fi eld. The statistical 
analysis of the CA IX and XII staining scores versus the 
Ki67 labeling index was performed by using a Spearman 
rank–based correlation analysis (SigmaStat, SPSS Inc., 
Chicago, Ill.). 

In Situ Hybridization Studies

The human cDNA encoding for CA IX and XII (Ivanov 
et al., 2001) was cloned into an SK2 Bluescript plasmid 
(Stratagene, La Jolla, Calif.) by using Apa I and EcoRI as 
restriction sites for the CA IX, which had a size of 618 bp. 
CA XII was cloned by using Bam HI and EcoRI as restric-
tion sites, with the resulting probe size of 1000 bp. The 
probes were transcribed in sense and antisense direction 
with 35S-UTP using T7 and SP6 RNA polymerase. Tis-
sue preparation and in situ hybridization were performed 
as described in detail (Wilkinson, 1992). In brief, tissue 
samples were fi xed in 4% paraformaldehyde for 10 min. 
After the sections were washed in diethylpyrocarbonate-
treated 1� PBS, they were acetylated with 0.25% acetic 
anhydride in 0.1 M triethanolamine-HCl, pH 8.0. Fol-
lowing dehydration with ethanol and delipidation with 
chloroform, radiolabeled RNA probes were applied to 
the sections at approximately 750,000 counts per minute. 
After overnight incubation at 55˚C, slides were incubated 
in RNase A solution (20 mg/ml) for 30 min and then 
washed once in 2� saline sodium citrate and two times 
in 0.2� saline sodium citrate for an hour each at increas-
ing temperatures. Finally, the slides were dehydrated by 
using increasing ethanol concentrations and air-dried. 
To study the microanatomical distribution of CA IX and 
XII expression, sections were dipped into nuclear track 
emulsion (NTB-2, Kodak, Rochester, N.Y.), exposed for 
six weeks, developed (D19, Kodak, Rochester, N.Y.) for 2 
min at 16˚C, and counterstained with cresyl violet. 

Protein Extraction and Western Blotting

From representative samples, frozen tissue was homog-
enized in a rapid immunoprecipitation assay buffer solu-
tion containing a protease inhibitor cocktail consisting 
of sodium orthovanadate (100 mM), aprotinin (1.5 mg/
ml), and phenylmethylsulfonyl fl uoride (10 mg/ml). Total 
protein assays were done by a modifi ed Lowry method. 
A 40-�g sample of each protein extract was separated 
by electrophoresis on a 12% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis gel and transferred 
to a nitrocellulose membrane. The blot was blocked for 
1 h in 5% nonfat dry milk and subsequently incubated 
in the anti-CA IX antibody at a 1:20,000 concentration 
and in the anti-CA XII antibody at a 1:5,000 concentra-
tion. After the blot was washed in Tris-buffered saline 
three times for 10 min, horseradish peroxidase–linked 
secondary antibodies were applied at a concentration of 
1:5,000 for 1 h (Cedarlane Laboratories Ltd., Hornby, 
Ont., Canada). Following three washes in Tris-buffered 
saline for 10 min each, visualization was performed 
using a chemiluminescence detection system (Pierce 
SuperSignal, Rockford, Ill.). Equal loading of the lanes 
is indicated by reprobing for �-actin.

Results

CA IX and XII Immunohistochemistry and 
Semiquantitative Scoring

Normal Brain and Gliomas. No CA IX expression was 
detected in any of the normal brain tissue specimens 
(Fig. 1A). Very limited staining in a few scattered cells 
was detected in some low-grade astrocytomas, but most 
of these samples did not show any positive staining (Fig. 
1B). In the anaplastic astrocytomas, CA IX staining was 
readily observed in several specimens (Fig. 1C). How-
ever, one of these specimens did not show any staining, 
and three samples (33%) showed only weak to mod-
erate staining. Most of the CA IX–positive cells were 
clustered around specifi c areas within the tissue section. 
The strongest and most consistent staining of all glioma 
samples was observed in the glioblastomas (Fig. 1D). 
In almost all of the samples (96.6%) CA IX expression 
was detected. Furthermore, 48.3% of samples showed 
expression in more than 30% of all cells within the 
vision fi eld. In the majority of the samples, staining was 
detected around necrotic areas (Fig. 2A). However, four 
samples (13.8%) showed a more overall diffuse stain-
ing pattern without any association to areas of obvious 
necrosis. The expression was found in almost all tumor 
cells, including those near blood vessels, which suggests 
that hypoxia is not the only mechanism of induction 
(Fig. 2B). Analogous to the CA IX results in gliomas, 
the CA XII staining showed a marked increase of the 
CA XII expression with increasing grade of malignancy 
(Figs. 1E–H). In contrast to the CA IX results, two of 
the normal brain samples (25%) showed weak CA XII 
staining, which appeared to be associated for the most 
part with small capillaries. The CA XII staining of the 
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malignant glioma samples was typically more homoge-
nous throughout the tumor sections compared to that of 
CA IX, but was also increased around areas of microne-
crosis (Fig. 1G).

Metastases. The cerebral metastases of malignant non-
CNS tumors also showed strong CA IX and XII stain-
ing (Figs. 3A and B, respectively). Most of the staining 
was observed around areas of micronecrosis. Metastatic 
tumors examined included lung, breast, kidney, and 
melanoma. There was no signifi cant difference in the 
staining scores for the different types of primary tumors, 
although the sample number within each group was not 
suffi cient to generate statistical power. 

Hemangioblastomas. The most widespread CA IX and 
XII staining of all tumors was found in the hemangio-
blastoma samples (Figs. 3C and D, respectively). Sixty 
percent of all samples were scored with the highest grade 
by all of the observers. Positive staining was distrib-
uted throughout the entire sections (Figs. 3C and D). 
No areas of necrosis were present in the hemangioblas-
tomas, and staining of cells in a clustered pattern (as 
observed around necroses) was not observed. 

Meningiomas. In the meningiomas, we consistently 
found an increased CA IX and XII expression in com-
parison to the normal brain. The staining was diffuse 
and evenly distributed throughout the tissue sections. 
Since none of the meningiomas displayed areas of necro-
sis, the clustered enhancement of the CA IX and XII 
staining as observed in the high-grade gliomas and 
metastases was not found in the meningioma sections.

Semiquantitative Scoring. The overall grades of the 
staining were comparable for CA IX and CA XII. How-
ever, the distribution of scores within the groups was 
wider in the CA XII scoring. Both isoenzymes showed a 
signifi cant (P � 0.05) increase in comparison to normal 
brain in all of the tumor groups except the grade I astro-
cytoma samples (Fig. 4). However, this tumor group had 
a very low sample size (n � 3), which is not suffi cient 
to detect a signifi cant difference. An additional analysis 
examining the correlation of CA IX and CA XII expres-
sion and tumor grade in intrinsic brain tumors (glioma 
grades I–IV) was also performed by using the rank-based 
correlation described in Materials and Methods. A sig-
nifi cant correlation between CA IX and XII expression 
and increasing grade of malignancy in primary brain 
tumors was observed (CA IX vs. tumor grade: correla-

Fig. 1. Immunohistochemical detection of CA IX and XII in normal brain and gliomas. Sections of normal brain and gliomas of increasing 

grades of malignancy were analyzed by immunohistochemistry using antibodies against CA IX (A–D) or CA XII (E–H). Staining of normal 

brain sections (A and E) did not show any CA IX and XII expression. In the low-grade gliomas (B and F), only weak and occasional staining 

was observed. Anaplastic astrocytomas (C and G) showed distinct patches of increased staining. The strongest staining was observed in 

the glioblastoma multiforme samples (D and H) and was most evident in perinecrotic areas. Bar � 100 �m. 
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tion coeffi cient � 0.464, P � 0.01; CA XII vs. tumor 
grade: correlation coeffi cient � 0.409, P � 0.01).

Correlation of Ki67 Labeling and CA IX 
and XII Expression

Tumor samples were also analyzed for Ki67-positive 
cells to determine if there was a correlation between the 
extent of CA-positive and Ki67-positive (actively divid-
ing) cells. To examine the correlation between CA IX 
and XII expression and cell proliferation as shown by 
Ki67 labeling index, we performed a rank-based cor-
relation analysis and found that both CA IX and CA 
XII expression correlated signifi cantly with the Ki67 
labeling index (CA IX vs. Ki67: correlation coeffi cient 
� 0.751, P � 0.01; CA XII vs. Ki67: correlation coef-
fi cient � 0.532, P � 0.01) (Fig. 5).

HIF-1�  Immunohistochemistry

Adjacent sections were stained for HIF-1� to examine 
the association between CA IX and XII expression and 
tissue hypoxia. HIF-1� staining was much weaker than 
the CA IX and XII labeling, but the microanatomical dis-
tribution of HIF-1�, CA IX, and CAXII staining within 
the section was similar (Figs. 6A–C). However, both the 
CA IX staining and the CA XII staining also showed 
a much larger area of distribution than the HIF-1� 
staining. The HIF-1� staining appeared to be more 
nuclear in contrast to the CA IX and XII staining, which 
for the most part was located on the cell membrane. 

Western Blotting Experiments

Western blotting for CA IX and XII from representa-
tive samples revealed a very weak signal in the nor-
mal brain and low-grade glioma samples. In contrast, 
the anaplastic astrocytoma samples showed markedly 
increased expression. The strongest upregulation of CA 
IX and XII protein expression was observed in glioblas-
toma samples (Fig. 7). Thus, the results of the CA IX 
and the CA XII Western blot were in agreement with 
the immunohistochemistry scoring, showing increased 
expression of both CA IX and XII with higher grades of 
malignancy. Although the increased expression pattern 
of CA IX and XII proteins in the malignant gliomas was 
similar, the extent of upregulation was generally higher 
for CA IX than CA XII. 

In Situ Hybridization for CA IX and XII

Corresponding to the immunohistochemical staining, 
in situ hybridization studies of adjacent tissue sections 
revealed a strong induction of the CA IX mRNA in glio-
blastoma sections compared to the normal brain sec-
tions (Figs. 8A and B). Similar results were found in the 
CA XII in situ hybridization (Figs. 8C and D), although 
the intensity of CA XII mRNA expression in the glio-
blastomas was generally lower and the distribution less 
focal in comparison to the CA IX mRNA expression. 
Control sections hybridized with the corresponding 
sense probe did not show any hybridization signal (data 
not shown). 

Discussion

We demonstrate that both CA IX and XII are overex-
pressed in primary and metastatic brain tumors as com-
pared to their expression in normal brain. The extent of 
CA IX and XII expression increased with the grade of 
malignancy, which suggests that these molecules con-
tribute to the increasingly malignant phenotype of the 
tumor. 

In 1930, Otto Warburg demonstrated that tumors 
preferentially convert glucose into lactic acid, even under 
normoxic conditions (Warburg, 1931). This metabolic 
abnormality has been confi rmed for gliomas in vitro 
(Imaya, 1994) and in vivo (Herholz et al., 1992). This 

Fig. 2. Patterns of CA IX expression in glioblastomas. A. Increased 

CA IX expression (arrows) around areas of micronecrosis (N) was 

consistently observed in glioblastoma specimens. B. In some glio-

blastoma specimens, a less intense but more widespread staining, 

in which almost all of the cells stained positively for CA IX, was 

detected throughout the entire section. Note the vessels (V) in 

the middle of the section, which suggests that hypoxic induction 

is unlikely in this case. The capillary endothelial cells (arrows) are 

not stained, indicating a tumor-cell-specifi c expression of CA IX. 

Bar � 100 �m. 
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circumstance creates a tumor-specifi c acid load, which 
should cause intracellular acidosis in brain tumors. Sur-
prisingly, PET studies (Rottenberg et al., 1984) as well 
as MR spectroscopy data (Cadoux-Hudson et al., 1989) 
indicate that the intracellular pH of gliomas is alkaline 
compared to that of normal brain. Carbonic anhydrases 
are powerful pH regulators, potentially catalyzing more 
than one million reactions per second (Sly and Hu, 
1995). Upregulation of CA IX and XII in brain tumors 
may buffer the acidic pH caused by the accumulation of 
lactic acid. Hypoxia has been shown to be a common 
environmental change in malignant tumors (Vaupel et 
al., 2001). Hypoxia normally causes apoptotic cell death 
via stabilization and accumulation of p53 (An et al., 
1998). However, this mechanism of apoptosis requires 
hypoxic acidosis and is rescued by enhanced buffering, 
which might be provided by CA IX and XII, enzymes 
that are upregulated in hypoxic regions (Schmaltz et al., 
1998). Thus, CA IX and XII may rescue the tumor cells 
from apoptotic cell death by the uncoupling of hypoxia 
and acidosis. Therefore, inhibition of CA IX and XII 
could be an effective treatment strategy for malignant 
brain tumors. In fact, Supuran et al. have shown that 
aromatic sulfonamide CA inhibitors act as efficient 
growth inhibitors for glioma cells in vitro (Supuran et 
al., 2001). 

During the reversible hydration of CO2 catalyzed by 
CAs, bicarbonate is formed and H+ ions are transferred to 
the extracellular space. This in turn causes acidifi cation 
of the extracellular milieu with activation of proteolytic 
enzymes and enhanced tumor invasiveness (Martinez-
Zaguilan et al., 1996; Webb et al., 1999). In accordance 
with this hypothesis, in vitro studies using a Matrigel 
invasion assay (BD Biosciences) showed that inhibition 
of CA activity leads to a reduced invasion rate of renal 
cancer cells (Parkkila et al., 2000). Therefore, CA IX 
and XII expression might contribute to invasion of tumor 
cells into the normal brain, one of the most fundamental 
challenges in the management of brain tumors. 

CA IX is considered to be a chimeric gene, assembled 
by gene shuffl ing (Opavsky et al., 1996). It not only con-
tains the enzymatic portion of the CA domain but also 
displays an additional portion that might contribute to 
brain tumor progression. The extracellular portion of 
CA IX contains a proteoglycan domain with homol-
ogy to the keratan sulfate attachment domain of a large 
aggregating proteoglycan, termed aggrecan (Tashian et 
al., 2000). It has been shown that these molecules medi-
ate adhesion and spreading of neuronal and glial cells by 
binding to extracellular matrix proteins like tenascin or 
to cell surface receptors such as N-CAM and Ng-CAM 
(Barnea et al., 1994; Peles et al., 1995). Subsequently, 

Fig. 3. Immunohistochemical detection of CA IX and XII in brain metastases and hemangioblastomas. Specimens from a brain metastasis 

(non-small-cell carcinoma of the lung, panels A and B) and a capillary hemangioblastoma from a patient with VHL disease (panels C and 

D), stained positively for both CA IX (A and C) and CA XII (B and D). Note the perinecrotic pattern observed in the metastatic tumor 

(A). In the VHL-associated hemangioblastoma, positive staining is observed consistently throughout the sections, even in the absence of 

necrosis. Bar � 100 �m. 
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Zavada et al. (2000) demonstrated that purifi ed CA IX 
enhances cell adhesion, spreading, and survival in vitro. 
Additionally, the biological consequences of transfec-
tion with CA IX cDNA into normal cells are quite strik-
ing. The cells exhibit a signifi cantly increased growth 
rate, enhanced DNA synthesis, and diminished contact 
inhibition (Pastorek et al., 1994). A number of studies 
suggest a relationship between CA IX expression and 
cell proliferation (Saarnio et al., 1998a, b; Vermylen et 
al., 1999), although other studies fail to demonstrate a 
clear-cut correlation between CA IX expression and cell 
proliferation (Giatromanolaki et al., 2001; Wykoff et al., 
2001). We have found a signifi cant correlation between 
CA IX and XII expression and the Ki67 labeling index. 
The strong upregulation of CA IX and CA XII may 
assist the cell in maintaining a proliferative state despite 
the presence of tissue hypoxia, which would normally 
cause growth arrest (Hockel and Vaupel, 2001).

Studies using a range of different tumor cells (Ivanov 
et al., 2001; Wykoff et al., 2000) show that both CA IX 
and CA XII are strongly induced by hypoxia. Accord-
ingly, a number of studies (Giatromanolaki et al., 2001; 
Ivanov et al., 2001; Koukourakis et al., 2001; Loncaster 
et al., 2001) show a signifi cant association of CA IX 
upregulation with areas of tumor necrosis. Olive et al. 
(2001) demonstrated, by co-labeling with the hypoxia 
marker pimonidazole and CA IX immunoreactivity, that 
cells expressing the most CA IX are located in hypoxic 
areas of cervical carcinomas. We also observed in a 
majority of the brain tumor specimens a CA IX stain-
ing pattern clustered around areas of necrosis. CA XII 

was found to be expressed more diffusely but was fur-
ther increased around hypoxic/necrotic regions, which 
confi rms the fi ndings of Wykoff et al. (2001). However, 
Wykhoff et al. (2000) also showed CA IX expression 
distant from areas of necrosis. In another study analyz-
ing cervical carcinoma specimens (Liao et al., 1994), a 
diffuse CA IX expression pattern was found in which 
80% of the tumor cells were positively stained without 
any association with areas of necrosis. In a subset of our 
specimens, we also found intense CA IX and XII expres-
sion distributed throughout the section and unrelated to 
areas of necrosis. Although we found a similar distri-
bution pattern of CA IX, CA XII, and HIF-1� expres-
sion, the extent of positive staining was much higher for 
CA IX and XII as compared to HIF-1�. This might be 
related to technical issues such as the purely intranuclear 
localization of HIF-1�, which might reduce the acces-
sibility to the antibody. Moreover, HIF-1� is known to 

Fig. 4. Semiquantitative analysis of CA staining and tumor type. 

Immunohistochemical staining (IHS) scores of the CA IX (upper 

panel) and CA XII (lower panel) sections were ranked according 

to the semiquantitative rating scale described in Materials and 

Methods. Histologic classifi cation is indicated on the x-axis (Gr. � 

glioma grade). The graph depicts the median values of the scoring 

data, and the bars indicate the 75th percentile of the data distribu-

tion. Statistical analysis (as described in Materials and Methods) 

revealed that CA IX and XII expression differed signifi cantly from 

normal brain in all but the grade I gliomas. *P � 0.05 in compari-

son to normal brain. 
Fig. 5. Analysis of CA IX and CA XII staining and cell prolifera-

tion rate. Ki67-positive cells were counted in a high-power (200�) 

vision fi eld and are expressed as percentage of the total number of 

cells per vision fi eld. All histologies were included in this analysis. 

The Ki67 data were calculated for each CA IX (upper) or XII (lower) 

staining score group (x-axis). The line within the box depicts the 

median, and the upper boundary of the box indicates the 75th 

percentile, the lower boundary the 25th percentile. Whiskers above 

and below show the 90th and 10th percentiles, respectively. Using 

a rank-based correlation analysis as described in Materials and 

Methods, we determined that both CA IX and CA XII correlate 

with the Ki67 labeling index (CA IX vs. Ki67: correlation coeffi cient 

� 0.751, P � 0.01; CA XII vs. Ki67: correlation coeffi cient � 0.532, 

P � 0.01).
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have a short half-life (Pugh and Ratcliffe, 2003), which 
might reduce the staining intensity even further. How-
ever, it is also possible that CA IX and XII might be 
induced without significant accumulation of HIF-1� 
and without any association to tissue necrosis. Recent 
reports have demonstrated that CA IX expression can 
be induced at moderate levels of hypoxia mediated by 
phosphatidylinositol 3'-kinase without accumulation of 
HIF-1� (Kaluz et al., 2002). Mutation of genes regulat-
ing expression of CA IX and XII could also underlie the 
diffuse overall expression within the tumor independent 
from necrotic areas. Normal p53 downregulates CA IX 
expression (Kaluzova et al., 2000). Mutations of the 
p53 gene are one of the most frequent genetic alterations 
in gliomas (Maher et al., 2001). The increased CA IX 
expression in malignant brain tumors might be caused 
by a loss of expression control due to a p53 mutation. 
CA IX and XII are under control of the VHL tumor 
suppressor gene (Ivanov et al., 1998). Loss of the VHL 
protein results in upregulation of HIF-1� in affected 
cells. Thus, the most widespread and consistent upregu-
lation of CA IX and XII occurs in the hemangioblasto-
mas. Interestingly, this gene locus also displays a loss of 
heterozygosity in up to 40% of all low-grade gliomas, 
although somatic mutations of the gene in gliomas are 
rare (Kanno et al., 1997). 

CA IX and XII might be attractive targets for adjuvant 
brain tumor therapy. Inhibition of the pH-regulating 

Fig. 6. Coincidence of CA IX, CA XII, and HIF-1� in a glioblas-

toma specimen. Patterns of immunohistochemical staining of CA 

IX (A), CA XII (B), and HIF-1� (C) in adjacent sections were com-

pared. The HIF-1� is weaker and more nuclear compared to CA IX 

and XII. The distribution shows a partial overlay among the three 

molecules. The region of greatest coincidence is indicated by the 

arrows. Bar � 100 �m.

Fig. 7. Western blot analysis of CA IX and XII in specimens of 

increasing malignancy. Protein extracts (40 �g) of representative 

samples from normal brain (lanes 1 and 2), low-grade astrocy-

toma (lane 3), anaplastic astrocytoma (lane 4), and glioblastoma 

multiforme (lane 5) were separated and transferred to a nitrocel-

lulose membrane. Western blotting for CA IX and CA XII was per-

formed as described in the Materials and Methods section on fi ve 

samples of each tissue class (normal brain, low-grade astrocytoma, 

anaplastic astrocytoma, and glioblastoma). Representative results 

show increased expression for both CA IX and XII in gliomas with 

higher grade of malignancy, although the extent of CA IX upregu-

lation appears stronger than that of CA XII. Note that the 54/58-kd 

double band in the CA IX results and the 43/44-kd doublet in the 

CA XII results occur only in the samples with higher expression 

(lanes 4 and 5). Relative protein loading is shown by reprobing with 

an antibody to �-actin. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
e
u
ro

-o
n
c
o
lo

g
y
/a

rtic
le

/7
/4

/4
6
5
/1

0
9
3
7
5
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Proescholdt et al.: CA IX and XII expression in brain tumors

 Neuro-Oncology ■ OCTOBER 2005 473

function could restore susceptibility to an acid load 
resulting from lactate accumulation and to hypoxia-
induced apoptosis. Concurrently, the activation of pro-
teolytic enzymes caused by acidifi cation of the extracel-
lular environment would be reduced. Absence of CA IX 
expression in normal brain, but strong expression in 
almost all (96.6%) of the glioblastomas, suggests that 
CA IX may be a tumor-specifi c, cell-membrane-associ-
ated marker. Using CA IX as a target for active immu-
notherapy could be explored in this setting. In fact, a 
similar study with kidney cancer cells in vitro using this 
approach produced a remarkable antitumor response 
(Tso et al., 2001). 

In conclusion, CA IX and XII are overexpressed in 
primary and metastatic brain tumors in comparison to 
the expression in normal brain. The extent of expres-
sion increases with the grade of malignancy. The major 

mechanism of induction appears to be hypoxia, although 
alternative pathways also seem to be important. Because 
of the observational nature of our study, we cannot con-
clude whether CA IX and XII upregulation is merely 
a reaction to the hypoxia that occurs with aggressive 
tumor growth, or whether this upregulation also con-
tributes to the aggressive phenotype. In fact, both pos-
sibilities may be true. Regardless of the function of these 
molecules in this setting, CA IX and XII might be attrac-
tive targets for adjuvant brain tumor therapy. 
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Fig. 8. Analysis of CA IX and CA XII mRNA expression by in situ hybridization. 35S-radiolabeled riboprobes complementary (antisense) to 

CA IX (A and B) and CA XII (C and D) were hybridized to normal brain (A and C) and glioblastoma multiforme (B and D) sections. After 

emulsion autoradiography and counterstaining in cresyl violet, bright fi eld photographs of representative sections were taken. A signifi cant 

upregulation of CA IX and XII mRNA in the glioblastoma samples was observed. Representative results from eight normal brains and 20 

glioblastoma specimens are shown. In accordance with the Western blot results, the extent of CA IX induction appeared to be signifi cantly 

higher than that of CA XII. Bar � 100 �m.
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