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1. Introduction

Carbonic anhydrases (CAs) are zinc-containing metalloenzymes present in prokaryotes and
eukaryotes (Sly and Hu 1995). CAs have been investigated since 1930's (Meldrum and
Roughton 1933). They are important in normal human physiology, e.g., in gluconeogenesis,
lipogenesis, ureagenesis, bone resorption, and formation of gastric juice and cerebrospinal
fluid (Sly and Hu 1995, Pastorekova et al. 2004). There are at least 15 members in human alpha-
CA family: Five active family members are cytosolic (CA I-III, VII, and XIII), four are membrane
associated (CA 1V, IX, XII, and XIV), two are mitochondrial (CA VA and VB), and one is a
secretory form (CA VI). In addition, there are three acatalytic forms, which are called CA-
related protein (CARPs). CAs can be categorized to catalytically active or inactive, intracellular
or extracellular, and wide-spread or restricted to few tissues.

Their main physiological fuction is to catalyze the conversion of CO2 to bicarbonate ion and
proton, as described by the following reaction:

CA
CO,+H,0O — HCO,+H"

In addition to their functions in normal physiology, the roles of CAs in different diseases have
been extensively investigated during the last decades. They are involved in certain neurolog-
ical and hereditary disorders, oedema, and most importantly, in cancer. There are at least three
tumor associated isoforms; CA II, IX and XII. Especially carbonic anhydrase IX (CA IX) has
been associated to neoplastic growth and cancer. The following chapter will discuss the role
of CA IX in brain tumors.
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2. Carbonic anhydrase IX

Carbonic anhydrase IX was first found by Pastrorekova et al. (1992) and the CA9 gene was
cloned by the Pastrorek et al. (1994). Previously, a research group from Netherlands described
a monoclonal antibody, named G250, which stained cell membranes of renal cell carcinoma,
but did not stain normal epithelium (Oosterwijk et al. 1986). They continued their studies to
establish G250 as a tool in cancer diagnostics and treatment. Afterwards, the protein recog-
nized by the G250 antibody was characterized to be CA IX (Grabmaier et al. 2000).

CA 9 gene was originally located to the chromosome 17q21.2 by fluorescence in situ hybridi-
zation (Opavsky et al. 1996), but it was later localized to the chromosome 9p13-p12 by radiation
hybrid mapping (http://www.ncbi.nlm.nih.gov/gene/768). CA9 gene consists of eleven exons
and ten introns (Opavsky et al. 1996), and encodes a protein containing 466 amino acids. It has
a proteoglycan (PG) domain, central catalytic (CA) domain, transmembrane anchor, and short
COOH- terminal cytoplasmic tail. CA IX was initially called MN, found from human carcino-
ma cell line, and later associated to neoplastic growth in carcinomas of ovary, uterine cervix
and endometrium (Zavada et al. 1993). A detailed characterisation of human CA IX protein
has has shown that the recombinant CA IX protein exhibits the highest catalytic activity ever
measured for any CA isozyme (Hilvo et al. 2008).

3. Carbonic anhydrase IX in normal tissue

The expression of CA IX in normal tissues has been thoroughly investigated. In mouse
tissues, the highest expression has been detected in gastric mucosa, moderate expression in
colon and brain, whereas low expression has been reported in pancreas and small intes-
tine (Hilvo et al. 2004). The similar distribution pattern has been detected in human tissues;
high CA IX staining has been discovered in Gl-tract, especially in the epithelia of the
gallbladder and gastric mucosa (Pastorek et al. 1994, Pastorekova et al. 1997, Saarnio et al.
1998a). Furthermore, Saarnio et al. (1998b) have reported the most intensive signals of CA
IX in the epitelium of the duodenum and jejunum, whereas the expression diminishes
towards the large intestine. Mesothelium, epithelial cells of the esophagus, and pancreatic
and biliary ducts express CA IX (Turner et al. 1997, Pastorekova et al. 1997, Kivela et al.
2000, Ivanov et al. 2001). CA IX has been detected in the male reproductive organs, whereas
the female reproductive tract express only low amounts of CA IX (Liao et al. 1994; Karhumaa
et al. 2001). Generally, expression of CA IX is generally low in the human brain, although
positive signal has been reported in the epithelial cells of the choroid plexus (Ivanov et al.
2001, Proescholdt et al. 2005). Similarly, lower levels of CA IX mRNA have been reported
in the normal brain as compared to brain neoplasms (Said et al. 2007a).
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4. Carbonic anhydrase IX in neoplastic tissue

The von Hippel-Lindau (VHL) tumor suppressor gene was the first link to the major pathway
controlling CA IX expression (Wykoff et al. 2000). Importantly, CA IX turned out to be one of
the enzymes regulated by the hypoxia pathway, in which hypoxia inducible factor 1 (HIF-1)
plays a role as a key transcription factor, especially in hypoxic tumors. Under normoxia, the
encoded VHL protein (pVHL) binds to hydroxylated hypoxia inducible factor 1 — alpha and
causes degradation by the ubiquitin-mediated proteasome system, inactivating the down-
stream target genes. (Ivanov et al.1998). HIF-1 is stabilized under hypoxic conditions and binds
to hypoxia-responsive elements in many genes, e.g VEGF, erythropoietin, and glucose
transporter. This leads to the induction of erythropoiesis, angiogenesis, and glycolysis
(Carmeliet et al. 1998). HIF-1 also activates CA9 gene and CA IX expression level increases
dramatically in hypoxic conditions. In line with this, high CA IX expression is often found in
perinecrotic regions of tumors (Wykoff et al. 2000). The similar induction of CA IX has been
proposed to take place in brain tumors. CA IX mRNA has been studied in human malignant
glioma cell lines and distinct patterns of hypoxic expression of CA IX have been observed (Said
etal. 2007b). The finding indicated that low oxygen concentration is probably the driving force
for the increased CA IX expression due to the presence of a hypoxia responsive element (HRE)
in the CA9 promoter (Wykoff et al. 2000). The activation of hypoxia-inducible genes is
illustrated in Figure 1.
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Figure 1. Activation of hypoxia-inducible genes. Under normoxia, HIFa is degraded by ubiquitin-proteasome system.
Prolyl-4-hydroxylases (PHD) hydroxylate two conserved proline residues of HIF-1a, then von Hippel-Lindau protein
(VHL) binds to the hydroxylated HIF-1a. Under hypoxia, PHDs are inactive in the absence of dioxygen, and HIF-1a is not
recognized by VHL protein. HIF-1a accumulates and is translocated to the nucleus. HIF-1f constitutive subunit dimeriz-
es with HIF-1q, resulting in the active transcription factor, which binds to hypoxia response element (HRE). Therefore
the transcription of target genes, such as CA9 and GLUTT, is induced. Adapted from Pastorekova et al. (2008) and
Haapasalo (2011).
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The overexpression of CAIX in majority of renal cell carcinomas (RCCs) is due to the loss of
functional VHL protein, which causes the stabilization of HIF-1. (Gnarra et al. 1994, Wykoff et
al. 2000). In other words, the CAs are no longer regulated by hypoxia. On the contrary, the
majority of tumors do not contain VHL mutations, and in these, CA IXis usually found in focal
perinecrotic areas, supporting the role of hypoxia in CA IX regulation (Wykoff et al. 2000).
Furthermore, it has been suggested that HIF activates genes that change the expression profile
of tumor cells suffering from hypoxia; thus, either leading to adaptation to the hypoxic stress
or resulting in cell death. If this adaptation is successful, the surviving tumor cell population
is associated with increasingly aggressive behaviour involving invasion and metastases,
resistance to anti-cancer treatment, and finally, worse patient prognosis. (Harris 2002). This
mechanism is supported by various immunohistochemical studies in which the CA IX
expression is located in in the perinecrotic regions of solid tumors.

The mechanisms behind the role of CA IX in cancer have been studied widely. The hypoxia,
measured by needle electrores, has been shown to correlate with CA IX expression in cervical
cancer (Loncaster et al. 2001). This finding has been further clarified in genetic analysis,
showing that CA9 was the most induced gene among the 32 identified hypoxia responsive
genes, which included VEGF, in human solid tumors (Lal et al. 2002). In vitro, CA9 has been
shown to be hypoxia-regulated in glioblastoma cells (Said et al. 2008).

The pivotal feature of the malignant tumor cells is their capability to maintain the normal
intracellular pH, whereas the extracellular pH is significantly acidic. CA IX increases the
extracellular acidification by shifting the site of CO, hydration from intra- to extracellular
(Svastova et al. 2004). This in turn increases the capability of tumor cells to survive and invade,
and the selective sulfonamide inhibitors disturb this process. Acetazolamide, a potent CA
inhibitor, has been shown to suppress the invasion of renal cancer cells in vitro (Parkkila et al.
2000Db). Interestingly, CA IX has an optimal catalytic activity for CO, hydration to bicarbonate
and proton in acidic pH (Innocenti et al. 2009). Furthermore, when studied in cancer-derived
cell lines, CA IX diminishes the intracellular pH gradient in the hypoxic core of three-dimen-
sional tumor spheroids (Swietach et al. 2008). These findings support the theory that CA IXis
an essential factor for tumor cells in adaptation to hypoxia and their survival, and is illustared
in Figure 2.

Even though the expression of CA IX is mainly regulated by hypoxia, it has been shown that
acidosis increases CA IX expression via a hypoxia-independent mechanism (Ihnatko et al.
2006). CA IX has been proposed to be regulated by low oxygen concentrations or constitutive,
oncogene-related mechanisms (Said et al. 2007a). Furthermore, CA IX modulates E-cadherin
mediated cell adhesion by decreasing the binding of this cell adhesion molecule to beta-catenin
(Svastova et al. 2003). This, in turn, could possibly benefit the cancer cells by an increase in cell
motility and invasion. As mentioned before, acetazolamide can suppress the invasion of renal
cancer cells in vitro (Parkkila et al. 2000b). However, the inhibition of CA IX in RNAi-treated
breast cancer cells reduced the invasion capacity only slightly (Robertson et al. 2004). There is
also evidence that CA IX expression is a negative predictive factor when evaluating the
treatment efficacy in oestrogen receptor-positive tumors treated with adjuvant tamoxifen after
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Figure 2. Example of pH regulation in a cancer cell under hypoxia. This is controlled by HIF-1 mediated gene activa-
tion. The rapid metabolic rate requires glucose which is transported to the cell by the glucose transporter (GLUT1).
Glycolysis produces lactate and protons, which are transported to extracellular space by the H*/monocarboxylate
transporter 4 (MCT4). The transmebrane CA IX (and Xll), and cytosolic CA Il prevent intracellular acidification and
maintain the physiological pH. Anion exchangers (AE) transport bicarbonate to cytosol, which then buffers the pro-
tons produced by the active metabolism. Resulting CO, is secreted from the cell by diffusion. The Na*/H* exchanger 1
(NHE1) participates in the secretion of proton. The HIF-mediated machinery and oncogenic pathways result in secre-
tion of protons and CO, to extracellular space, thus promoting the breakdown of the extracellular matrix and invasion
of tumor cells. Adapted from Pastorekova et al. (2008) and Haapasalo (2011).

primary chemo-endocrine therapy (Generali et al. 2006). The role of CA IX in resistance to
chemotherapy could be explained by the effects of pH on tamoxifen uptake.

Ectopic expression of CA IX is induced in various tumors. These include the malignancies of
breast, cervix uteri, esophagus, kidney, and lung (Liao et al. 1994, McKiernan et al. 1997, Liao
et al. 1997, Turner et al. 1997, Vermylen et al. 1999, Bartosova et al. 2002). When these tumors
are considered, CA IX is absent in the corresponding normal tissue. Conversely, CA IX
expression is usually absent or reduced in tumors which have originated from CA IX-positive
tissues. These include carcinomas of stomach and gallbladder (Saarnio et al. 2001, Leppilampi
et al. 2003). This makes the CA IX a promising molecule as a prognostic factor as well as a
potential target for therapeutic methods.

In cervical cancer, the CA IX expression correlates to tumor hypoxia and poor patient prog-
nosis, and could be used in the selection of suitable patients for hypoxia-modification therapies
(Loncaster et al. 2001). In lung cancer CA IX is a marker of poor prognosis (Swinson et al.
2003, Kim et al. 2004), and it has been associated to proteins linked to angiogenesis, disruption
of cell-cell adhesion and inhibition of apoptosis (Giatromanolaki et al. 2001). CA IX could also
been used as a differentiation tool between preneoplastic lesions and lung cancer (Vermylen
et al. 1998) and a high concentration of CA IX in plasma serves as a independent prognostic
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biomarker in patients with non-small cell lung cancer (Ilie et al. 2010). CA IX expression is
sensitive for diagnostics of mesothelioma and metastatic clear cell renal cell carcinoma of the
lung (Ramsey et al. 2012). Furthermore, CA IX expression has been associated with poor
prognosis for patients with head and neck cancer (Beasley et al. 2001, Koukourakis et al.
2001), esophageal cancer (Birner et al. 2011), ovarian cancer (Hynninen et al. 2006, Choschzick
et al. 2011), soft tissue sarcoma (Maseide et al. 2004), and bladder carcinoma (Hoskin et al.
2003). It has been confirmed in several studies that CA IX correlates with poor prognosis in
breast cancer (Chia et al. 2001, Brennan et al. 2006, Hussain et al. 2007) and is related to
overexpression of c-erbB2 (Bartosova et al. 2002).

The most widely investigated tumor type, considering CA IX, is renal cell carcinoma (RCC) in
which CA IX represents a useful marker (Liao et al. 1997, McKiernan et al. 1997, Parkkila et al.
2000a). In its most common subtype, clear cell carcinoma, CA IX expression is higher than in
other renal cell cancer types (Sandlund et al. 2007). In addition, patients with both conventional
renal cell cancer and low CA IX expression had a less favourable prognosis. In renal cancer
CA IX is a promising therapeutic target for novel oncological applications, including immu-
notherapy and radioisotopic methods (Pastorekova et al. 2006, Bleumer et al. 2006). CA IX and
CA XII are functionally involved in tumor growth (Chiche et al. 2009). Renal cell cancer in
vivo experiments showed that CA9 gene silencing alone led to a 40% reduction in xenograft
tumor volume, and silencing of both CA9 and CA12 resulted in an 85% reduction in tumor
volume.

5. Carbonic anhydrases in adult brain tumors

The incidence of brain tumors is similar in different countries and rather stable over the past
two decades (Pollack et al. 2011). There are about 50 new pediatric and 1000 adult brain tumors
every year in Finland with five million habitants (Statistics Finland 2011). The etiology of brain
tumors has been under intense investigation but no clear evidence between different environ-
mental, nutritional or lifestyle and carcinogenesis have been found (Baldwin et al. 2004). Most
common primary CNS tumors of the adult are gliomas and meningiomas. Glioblastoma is a
highly malignant and unfortunately common, glial tumor and the 5-year survival of the
patients is less than 10 % (Stupp et al. 2009). On the other hand, almost all (90-98%) patients
with meningioma are alive after five years (Statistics Finland 2011).

The expression of carbonic anhydrases in brain tumors has been previously reported (Parkkila
AK et al. 1995). The first findings assessed CA II, which was stained positively by immuno-
histochemistry in astrocytic tumors, oligodendrogliomas and medulloblastomas. The expres-
sion of CA IX was first reported by Ivanov et. al (2001). In this first study, they screened tumors
of different genetic background as well as several malignant cell lines for the expression of CA
IX. mRNA analysis revealed high-to-moderate levels of expression of CA9 and CA12 in glioma
cell lines. Immunolocalization of CA IX was further studied in 11 gliomas; low-grade gliomas
were not stained for CA IX, whereas grade III-IV gliomas were all CA IX positive. In addition,
3 oligodendrogliomas were included in the analysis and they failed to express CA IX. Fur-
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thermore, all hemangioblastomas (3 tumors), meningiomas (5 tumors), and two out of three
choroid plexus tumors were positive for CA IX.

This overview of different tumors was followed by a study of Proescholdt et al. (2005) on CA
IX and CA XII, which combined brain tumors of different histology and grade of malignancy.
The material consisted of total of 112 tumor samples (grade I-IV astrocytomas, meningiomas,
metastases, primitive neuroectodermal tumors (PNETs), and hemangioblastomas). Generally,
low-grade astrocytomas did not show any positive staining for CA IX and the expression
increased with increasing WHO grade. The strongest staining of all glioma samples was
observed in the glioblastomas, and almost all of the samples (97%) were positive. In these, the
staining was detected around necrotic areas. However, more diffuse staining pattern without
any association to necrosis was detected and CA IX expression was found in almost all tumor
cells, including those near blood vessels, suggesting the induction also without the hypoxia-
inducible mechanism. In the meningiomas, increased CA IX staining, with diffuse and evenly
distributed pattern, was found in comparison to the normal brain. The authors found the most
widespread CA IX and XII staining of all tumors in hemangioblastoma samples.

As to brain tumors, the first large study to describe the expression of CA IX in human diffusely
infiltrating astrocytomas was published year after (Haapasalo et al. 2006). The study material
consisted of 362 diffusely infiltrating astrocytoma samples (grades II-IV), which were obtained
from surgically operated patients. Cellular CA IX immunopositivity was observed in 78% of
diffusely infiltrating astrocytomas and the percentages according the WHO grade were as
follows; 65% of grade II astrocytomas, 73% of grade 3 astrocytomas, and 82% of grade 4
astrocytomas. The immunohistochemial results were verified by mRNA analysis. The
statistical comparison of cytoplasmic CA IX intensity and tumor grade revealed significantly
higher CA IX intensity in tumors of higher malignancy grade. Again, CA IX was expressed in
areas close to the necrotic regions and cytoplasmic staining was seen in the neoplastic cells of
the infiltrative zone. When important clinicopathologial features were assessed, CA IX showed
no association with p53 expression nor did it correlate with epidermal growth factor receptor—
amplification, apoptosis, or cell proliferation by Ki-67/MIB-1. There was a significant correla-
tion between increasing CA IX intensity and increasing patient age. For the first time, CA IX
positivity was associated to shortened patient survival in univariate analysis: CA IX intensity
divided the tumors into four significantly differing prognostic subsets (Figure 3). The survival
difference was even significant within grade II and grade IV tumors separately. Most impor-
tantly, statistical analysis of the data revealed that the patient age, tumor grade, and CA IX
intensity all had independent prognostic value when evaluated by Cox multivariate analysis.

The finding that CA IX predicts poor prognosis has been confirmed by others. Korkolopoulou
et al. (2007) showed that increasing CA IX immunopositivity was associated with a shortened
survival in univariate analysis. Furthermore, they reported similar independent prognostica-
tors in multivariate analysis including CA IX, tumor grade and patient age. The perinecrotic
distribution of CA IX immunostaining was detected and intensity increased in parallel with
the extent of necrosis and histological grade. In concordance, Sathornsumetee et al. (2008)
conducted a trial, in which patients with recurrent malignant astrocytomas treated with a
combination of VEGF -neutralizing antibodies were retrospectively evaluated. Survival
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Figure 3. Prognostic significance of CA IX in diffusely infiltrating astrocytomas (grades II-1V). Kaplan-Meier curves are
shown (p =0.0011, log-rank test). Haapasalo J et al. (2006)

analysis revealed that high CA IX expression was associated with poor survival outcome.
VEGF was associated with radiographic response but not with survival. Interestingly, they
tested both CA IX and HIF simultaneously in a Cox model as separate factors, and only CA IX
remained as a statistically significant factor. One opposite result has been published in glioma
patient cohort (Flynn et al. 2008). In this study, no significant correlations between the CA IX
expression and patient survival or tumor grade were found, although the patients with CA
IX-positive tumors seemed to have a trend towards a worse prognosis. This might be due to
different immunostaining method used. The most reliable method for CA IX immunostaining
having no cross-reactivity with other CAs (Saarnio et al. 1998b), is based on M75 antibodies
used by us and e.g. Korkolopoulou et al. (2007). Flynn et al. (2008) had also smaller number of
patients. Yoo et. al (2010) assessed the issue again, and showed that CA IX expression was a
predictive factor for poor survival and correlated positively with increasing WHO grade.

The expression of CA IX has been studied in other gliomas as well. Jarvela et al. (2008) showed
by immunohistochemistry that 80% of studied 86 oligodendroglial tumors stained positively
for CA IX. In addition, CA IX predicted poor prognosis in univariate analysis and in multi-
variate analysis CA IX expression, patient age and histological component (pure oligoden-
droglioma vs. mixed oligoastrocytoma) showed independent prognostic values. Abraham et
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al. (2012) have recently assessed the expression of all hypoxia related molecules HIF-1, VEGF,
Glut-1, and CA IX, in oligodendrogliomas. They found that all these proteins were statistically
significantly different between grade II and III oligodendrogliomas, anaplastic oligodendro-
gliomas having stronger expression. Ingterestingly, low CA IX expression predicted better
prognosis in anaplastic oligodendrogliomas but not in grade II oligodendrogliomas, whereas
the prognostic significance was not reported in the whole tumor material.

As for mostly benign tumors, Yoo et al. (2007) showed that 50% of all meningiomas contained
regions of hypoxia as judged by expression of CA IX. CA IX expression was significantly
associated with higher-grade histology and tended to be more common in recurrent tumors.
Futhermore, Korhonen et al. (2009) reported 11.6% cytosolic CA IX expression in meningiomas.
CA IX positivity was neither associated with the studied clinicopathological factors nor
survival.

Recently, Jensen et al. (2012) assessed the molecular markers of hypoxia, vascularity, and
proliferation in meningeomas, including CA IX. As expected, VEGF, HIF, CA IX, and Glut-1
were positively correlated. There was an association between higher-grade tumors with higher
scores for CA IX, VEGF, and HIF-1alpha, but CA IX was not associated to overall survival.

CA IXis also significantly upregulated in craniopharyngiomas and is associated with increased
cyst size (Proescholdt et al. 2011). The mechanisms of CA IX regulation remain unknown, since
neither hypoxia nor p53 appear to play a role in these tumors. The authors state, that inhibition
of CA IX may be a potential target for the adjuvant treatment in patients with cystic cranio-
pharyngiomas.

6. CA IX in pediatric brain tumors

Pediatric cancers are still the main cause of death in children aged 1-14 years in the UK and
Finland (Gatta et al. 2005, Statistics Finland 2011). After leukemia brain tumors are the second
most common tumor group. Approximately 60-70% of the patients with brain tumors are alive
five years from the diagnosis (Pokhrel and Hakulinen 2009). The most common pediatric brain
tumors are pilocytic astrosytoma, medulloblastoma and ependymoma. Neurosurgical
operation is the most important treatment modality. Inoperable or highly malignant tumors
are treated also with radio- and chemotherapy. CNS is vulnerable, especially when evolving.
Most of the patients do survive but the tumor and the different treatment modalities can cause
side effects that reduce the quality of life. Supratentorial tumors, tumor reoperations, shunt
revisions and chemotherapy increase the risk of these problems (Reimers et al. 2003, Pietila et
al. 2012). There is only a limited scope for improvement with conventional chemotherapy and
thus, there is an urgent need of therapeutic agents for these patients. CA IX is one novel
molecule that might serve as a prognostic/diagnostic tool, and perhaps, a target for various
therapeutic methods.

Some publications have assessed the CA IX expression in pediatric brain tumors. Ivanov et al.
(2001) screened a small amount of brain tumors and found the following inmmunohistochem-
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istry results: most of the 7 central/peripheral PNETs expressed the CA IX, all of 6 studied
epedymomas were posivive. Preusser et al. (2005) assessed the CA IX in intracranial ependy-
momas: 84 out of 100 tumors expressed CA IX, and it was associated with a bizarre angiogen-
esis and necrosis. However, CA IX failed to reach a prognostic significance in univariate
analysis. The most common, solid, extracranial pediatric nervous tumor is neuroblastoma.
Dungwa et al. (2012) found positive membranous/cytoplasmic CA IX expression in 21 (23%)
of 91 neuroblastomas but was absent in ganglioneuromas. Neuroblastomas with 1p deletion
and MYCN amplification had even stronger membranous expression. 18% of the neuroblas-
tomas showed nuclear CA IX expression in 10% or more tumoral cells. Nuclear CA IX
expression associated with worse overall —and event-free survival.

We have previously studied CA IX in 39 medulloblastomas and PNETs (Nordfors et al. 2010).
CA IX positivity was found in 23% of tumors and the expression was linked to necrosis. CA
IX expression was analysed in concordance with various clinical features and molecular
markers. Proliferation (Ki-67/MIB-1), apoptosis or expression of Bcl-2, p53 or c-erbB-2 were
not associated with CA IX in any of the groups except for the correlation between positive c-
erbB-2 and positive CA IX expression in PNETs. CA IX was also positively associated with
female gender. There was no significant difference in the expression of CA IX between primary
and recurrent tumors in any of the groups. Moreover, there was no correlation between the
tumor type (MBs/PNETs) and CA IX intensity. Interestingly, CA IX-positivity was a marker
of worse outcome in patients with MB/PNET in univariate and multivariate analyses (Figure
4). Generally, CA IXis associated with higher grade, necrosis, and worse CA IX seems to have
several inductors. CA IXis often found in perinecrotic areas. Because necrosis is an uncommon
feature and is not considered to be a significant prognostic factor in MBs, the induction of CA
IX in MBs/PNETs may also involve hypoxia-independent mechanisms. In addition, there is
the evidence that CA IX is expressed in grade I pilocytic astrocytomas, and the immunoposi-
tivity for CA IX is associated to histopathological features of degeneration and increased
proliferation (our unpublished results).

In children, possible side-effects of therapeutic interventions may be more severe and the exact
biology of hypoxia and its clinical relevance in childhood tumors is still unclear. Thus, further
studies will be needed before novel agents concerning hypoxia can be introduced into pediatric
oncology.

7. Future aspects

The tumor tissue specific CA IX expression has led researchers to propose several novel
treatment strategies. A promising treatment strategy is to use CA selective inhibitors
(Pastorekova et al. 2004). Tumor cells probably use CAs as key enzymes to adapt to the hostile
environment caused by metabolic stress of cancer cells, and thus, acidification facilitates the
spread and invasion of cancer cells (Svastova et al. 2004). High CA IX expression might increase
the capability of cells to infiltrate the neighboring tissue. The inhibition of this process would
potentially disturb the invasion processes of cancer cells.
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Figure 4. Prognostic significance of CA IX in medulloblastomas/PNETs. Kaplan-Meier curves are shown (P =0.041, log-
rank test). Nordfors et al. (2010)

Another possible treatment option is to use cancer-specific antibodies. The CA and proteo-
glycan domains give the molecule a unique extracellular structure. CA IX expression is high
in renal cell carcinoma (Liao et al. 1997) and this has enabled therapeutic trials with high-dose
radiolabeled CA IX antibody (cG250) and CA IX-loaded dendritic cells. Unfortunately, a
significant breakthrough in clinical trials remains to be achieved and in RCC trials are still in
phase II (Stillebroer et al. 2010).

CA IX could also be used as a potential target for immune therapy. Greiner et al. (2006)
found a significant correlation between high mRNA levels of CA IX and a longer overall
survival in acute myeloid leukemia. This might be due to the induction of a strong
antileukemic immune response by CA IX. Similar findings have been found in metastatic
RCC patients (Uemura et al. 2006). Vaccination with tumor-RNA pulsed dendritic cells led
to increased numbers of CA IX peptide-specific cytotoxic T76 lymphocytes and IgG levels
without any major adverse event. Metastasis of three patients shrank or even disappeared
and the overall survival was longer for six patients. However, further studies are re-
quired to confirm these findings in larger study cohorts.

Bevacizumab, an anti-VEGF antibody, inhibits the developing vasculature of tumors, but
resistance is common. Antiangiogenic therapy induces hypoxia and thus, CA IX. Curious-
ly, McIntyre et al. (2012) knocked down CAIX expression in a colon cancer and a glioblas-
toma cell lines and combined the results with bevacizumab. They found that CAIX
expression was associated with increased necrosis and apoptosis in vivo and in vitro. Added
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to this, acidity seemed to inhibit CAIX activity, and this may be the mechanism whereby
excess acid self-limits the build-up of extracellular acid. It seems that inhibition of the
hypoxic adaptation to antiangiogenic therapy enhances bevacizumab treatment and
highlights the value of developing small molecules or antibodies which inhibit CAIX for
combination therapy.

8. Conclusions

CA IX has been linked to several cancer tissues, whereas the normal tissue is mostly negative.
This seems to be the case also when different brain tumors are concerned. Malignant astrocy-
tomas and oligodendrogliomas express CA IX and it has been shown as a useful prognostica-
tor. Being a hypoxia/necrosis marker, CA IX can be used as a diagnostic tool in the grading of
astrocytomas and oligodendrogliomas. Tumor biopsies containing a small amount of tissue
for diagnosis, are especially good targets. In addition, CA IX is associated to more malignant
phenotype in meningiomas and some other mostly benign brain tumors.

CA IX is present in the most common malignant brain tumor of children, medulloblastoma,
as well as in PNETs. Interestingly, in these tumors CA IX predicts poor prognosis and could
be used as a marker when planning the cancer therapy. Added to this, CA IX has been shown
to be expressed in other pediatric brain tumors, such as ependymomas and pilocytic astrocy-
tomas, where it is linked to degenerative histopathological features.

CA IXis associated with hypoxia, necrosis, and angiogenesis — features traditionally linked to
the tumorigenesis of brain tumors. Several studies show that CA IX could be used as a target
molecule in adult and pediatric brain tumors. Further clinical trials for cancer treatment are
needed aiming to either eradicate the tumor cell population or turn the tumor into a more
chronic and stable disease.

Author details

Kristiina Nordfors!, Joonas Haapasalo?, Hannu Haapasalo® and Seppo Parkkila*

1 Department of Pediatrics, Tampere University Hospital, Tampere, Finland

2 Unit of Neurosurgery, Tampere University Hospital, Tampere, Finland

3 Department of Pathology, Fimlab Ltd and Tampere University Hospital, Tampere, Finland

4 Department of Anatomy, Tampere University, Fimlab Ltd and Tampere University Hospi-
tal, Tampere, Finland



Carbonic Anhydrase IX in Adult and Pediatric Brain Tumors
http://dx.doi.org/10.5772/52358

References

[1]

(2]

[5]

[6]

9]

Abraham S, Hu N, Jensen R (2012); Hypoxia-inducible factor-1-regulated protein ex-
pression and oligodendroglioma patient outcome: comparison with established bio-
markers and preoperative UCSF low-grade scoring system. ] Neurooncol. 108:459-68.

Baldwin RT, Preston-Martin S (2004); Epidemiology of brain tumors in childhood - a
review. Toxicol Appl Pharmacol 199:118-31.

Bartosova M, Parkkila S, Pohlodek K, Karttunen TJ, Galbavy S, Mucha V, Harris AL,
Pastorek J, Pastorekova S (2002); Expression of carbonic anhydrase IX in breast is as-

sociated with malignant tissues and is related to overexpression of c-erbB2. J. Pathol.
197:314-21.

Beasley NJ, Wykoff CC, Watson PH, Leek R, Turley H, Gatter K, Pastorek ], Cox GJ,
Ratcliffe P, Harris AL (2001); Carbonic anhydrase IX, an endogenous hypoxia mark-
er, expression in head and neck squamous cell carcinoma and its relationship to hy-
poxia, necrosis, and microvessel density. Cancer Res. 61:5262-7.

Birner P, Jesch B, Friedrich J, Riegler M, Zacherl J, Hejna M, Wrba F, Schultheis A,
Schoppmann SF (2011); Carbonic Anhydrase IX Overexpression is Associated with
Diminished Prognosis in Esophageal Cancer and Correlates with Her-2 Expression;
Ann. Surg. Oncol. 18:3330-7.

Bleumer I, Oosterwijk E, Oosterwijk-Wakka JC, Voller MC, Melchior S, Warnaar SO,
Mala C, Beck J, Mulders PF (2006); A clinical trial with chimeric monoclonal antibody

WX-G250 and low dose interleukin-2 pulsing scheme for advanced renal cell carcino-
ma. J. Urol. 175:57-62.

Brennan D], Jirstrom K, Kronblad A, Millikan RC, Landberg G, Dufty MJ, Rydén L,
Gallagher WM, O'Brien SL (2006); CA IX is an independent prognostic marker in pre-
menopausal breast cancer patients with one to three positive lymph nodes and a pu-
tative marker of radiation resistance. Clin. Cancer Res. 12:6421-31.

Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, Nee-
man M, Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, Moons L, Jain RK,
Collen D, Keshert E, Keshet E (1998); Role of HIF-1alpha in hypoxia-mediated apop-
tosis, cell proliferation and tumour angiogenesis. Nature 394:485-490.

Chia SK, Wykoff CC, Watson PH, Han C, Leek RD, Pastorek J, Gatter KC, Ratcliffe P,
Harris AL (2001); Prognostic significance of a novel hypoxia-regulated marker, car-
bonic anhydrase IX, in invasive breast carcinoma. J. Clin. Oncol. 19:3660-8.

Chiche J, Ilc K, Laferriere ], Trottier E, Dayan F, Mazure NM, Brahimi-Horn MC,
Pouysségur ] (2009); Hypoxia-inducible carbonic anhydrase IX and XII promote tu-
mour cell growth by counteracting acidosis through the regulation of the intracellu-
lar pH. Cancer Res. 69:358-68.

545



546

Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

Choschzick M, Oosterwijk E, Miiller V, Woelber L, Simon R, Moch H, Tennstedt P
(2011); Overexpression of carbonic anhydrase IX (CAIX) is an independent unfavora-
ble prognostic marker in endometrioid ovarian cancer. Virchows Arch. 459:193-200.

Dungwa JV, Hunt LP, Ramani P (2012); Carbonic anhydrase IX up-regulation is asso-
ciated with adverse clinicopathologic and biologic factors in neuroblastomas. Hum
Pathol. 43:1651-60.

Flynn JR, Wang L, Gillespie DL, Stoddard GJ, Reid JK, Owens ], Ellsworth GB, Salz-
man KL, Kinney AY, Jensen RL (2008); Hypoxia-regulated protein expression, pa-
tient characteristics, and preoperative imaging as predictors of survival in adults
with glioblastoma multiforme. Cancer 113:1032-42.

Gatta G, Capocaccia R, Stiller C, Kaatsch P, Berrino F and Terenziani M; EUROCARE
Working Group (2005); Childhood cancer survival trends in Europe: a EUROCARE
Working Group study. ] Clin Oncol 23:3742-3751.

Generali D, Fox SB, Berruti A, Brizzi MP, Campo L, Bonardi S, Wigtfield SM, Bruzzi
P, Bersiga A, Allevi G, Milani M, Aguggini S, Dogliotti L, Bottini A, Harris AL (2006);
Role of carbonic anhydrase IX expression in prediction of the efficacy and outcome of

primary epirubicin/tamoxifen therapy for breast cancer. Endocr. Relat. Cancer
13:921-30.

Giatromanolaki A, Kukourakis MI, Sivridis E, Pastorek ], Wykoff CC, Gatter KC,
Harris AL (2001); Expression of hypoxia-inducible carbonic anhydrase-9 relates to
angiogenic pathways and independently to poor outcome in non-small cell lung can-
cer. Cancer Res. 61:7992-8.

Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li H, Latif F, Liu S, Chen F, Duh
FM, et al. (1994); Mutations of the VHL tumour suppressor gene in renal carcinoma.
Nat Genet. 7:85-90.

Grabmaier K, Vissers JL, De Weijert MC, Oosterwijk-Wakka JC, Van Bokhoven A,
Brakenhoff RH, Noessner E, Mulders PA, Merkx G, Figdor CG, Adema GJ, Ooster-
wijk E (2000); Molecular cloning and immunogenicity of renal cell carcinoma-associ-
ated antigen G250. Int ] Cancer. 85:865-70.

Haapasalo J (2011); Carbonic Anhydrases II, IX and XII in Astrocytic Gliomas: Their
relationship with clinicopathological features and proliferation. PhD thesis. Acta
Universitatis Tamperensis; 1647, Tampere University Press, Tampere.

Haapasalo JA, Nordfors KM, Hilvo M, Rantala IJ, Soini Y, Parkkila AK, Pastorekova
S, Pastorek J, Parkkila SM, Haapasalo HK (2006); Expression of carbonic anhydrase
IX in astrocytic tumours predicts poor prognosis. Clin Cancer Res. 12:473-7.

Harris AL (2002); Hypoxia—a key regulatory factor in tumour growth. Nature Rev.
Cancer. 2: 38-47.

Hilvo M, Baranauskiene L, Salzano AM, Scaloni A, Matulis D, Innocenti A, Scozzafa-
va A, Monti SM, Di Fiore A, De Simone G, Lindfors M, Janis ], Valjakka J, Pastoreko-



[23]

[24]

[25]

[26]

[27]

[29]

[30]

[31]

Carbonic Anhydrase IX in Adult and Pediatric Brain Tumors
http://dx.doi.org/10.5772/52358

va S, Pastorek ], Kulomaa MS, Nordlund HR, Supuran CT, Parkkila S. (2008);
Biochemical characterization of CA IX: one of the most active carbonic anhydrase iso-
zymes. J. Biol. Chem. 283:27799-809.

Hoskin PJ, Sibtain A, Daley FM and Wilson GD (2003); GLUT1 and CAIX as intrinsic
markers of hypoxia in bladder cancer: relationship with vascularity and proliferation
as predictors of outcome of ARCON. J Cancer 89:1290-1297.

Hussain SA, Ganesan R, Reynolds G, Gross L, Stevens A, Pastorek J, Murray PG, Pe-
runovic B, Anwar MS, Billingham L, James ND, Spooner D, Poole CJ, Rea DW, Palm-
er DH (2007); Hypoxia-regulated carbonic anhydrase IX expression is associated with
poor survival in patients with invasive breast cancer. Br. J. Cancer 96:104-9.

Hynninen P, Vaskivuo L, Saarnio ], Haapasalo H, Kivela ], Pastorekova S, Pastorek J,
Waheed A, Sly WS, Puistola U, Parkkila S (2006); Expression of transmembrane car-
bonic anhydrases IX and XII in ovarian tumors. Histopathology 49:594-602.

Ihnatko R, Kubes M, Takacova M, Sedlakova O, Sedlak ], Pastorek ], Kopacek J, Pas-
torekova S (2006); Extracellular acidosis elevates carbonic anhydrase IX in human

glioblastoma cells via transcriptional modulation that does not depend on hypoxia.
Int. J. Oncol. 29:1025-33.

Ilie M, Mazure NM, Hofman V, Ammadi RE, Ortholan C, Bonnetaud C, Havet K,
Venissac N, Mograbi B, Mouroux ], Pouysségur J, Hofman P (2010); High levels of
carbonic anhydrase IX in tumour tissue and plasma are biomarkers of poor prognos-
tic in patients with non-small cell lung cancer. Br ] Cancer. 102:1627-35.

Innocenti A, Pastorekova S, Pastorek J, Scozzafava A, De Simone G, Supuran CT
(2009); The proteoglycan region of the tumor-associated carbonic anhydrase isoform
IX acts as anintrinsic buffer optimizing CO2 hydration at acidic pH values character-
istic of solid tumors. Bioorg Med Chem Lett. 19:5825-8.

Ivanov SV, Kuzmin I, Wei M-H, Pack S, Geil L, Johnson BE, Stanbridge EJ, Lerman
MI (1998); Down-regulation of transmembrane carbonic anhydrases in renal cell car-

cinoma cell lines by wild-type von Hippel-Lindau transgenes. Proc Natl Acad Sci
USA 95:12596-12601.

Ivanov S, Liao SY, Ivanova A, Danilkovitch-Miagkova A, Tarasova N, Weirich G,
Merrill MJ, Proescholdt MA, Oldfield EH, Lee ], Zavada ], Waheed A, Sly W, Lerman
MI and Stanbridge EJ (2001); Expression of hypoxia-inducible cell-surface transmem-
brane carbonic anhydrases in human cancer. Am ] Pathol 158:905-919.

Jensen R, Lee J (2012); Predicting outcomes of patients with intracranial meningio-
mas using molecular markers of hypoxia, vascularity, and proliferation. Neurosur-
gery. 71:146-56.

547



548

Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

[32]

[33]

[34]

[36]

[38]

[39]

[40]

[41]

[42]

Jarvela S, Parkkila S, Bragge H, Kdhkonen M, Parkkila AK, Soini Y, Pastorekova S,
Pastorek J, Haapasalo H (2008); Carbonic anhydrase IX in oligodendroglial brain tu-
mors. BMC Cancer. 4;8:1.

Karhumaa P, Kaunisto K, Parkkila S, Waheed A, Pastorekova S, Pastorek ], Sly WS,
Rajaniemi H (2001); Expression of the transmembrane carbonic anhydrases, CA IX
and CA XII, in the human male excurrent ducts. Mol Hum Reprod. 7:611-6.

Kim SJ, Rabbani ZN, Vollmer RT, Schreiber EG, Oosterwijk E, Dewhirst MW, Vujas-
kovic Z, Kelley MJ (2004); Carbonic anhydrase IX in early-stage non-small cell lung
cancer. Clin. Cancer Res. 10:7925-33.

Kivela A]J, Parkkila S, Saarnio J, Karttunen TJ, Kivela J, Parkkila A-K, Pastorekova S,
Pastorek J, Waheed A, Sly WS, Rajaniemi H (2000); Expression of transmembrane
carbonic anhydrase isoenzymes IX and XII in normal human pancreas and pancreatic
tumours. Histochem. Cell Biol. 114: 197-204.

Korhonen K, Parkkila AK, Hélen P, Vilimaki R, Pastorekova S, Pastorek J, Parkkila S,
Haapasalo H (2009); Carbonic anhydrases in meningiomas: association of endothelial
carbonic anhydrase II with aggressive tumor features. ] Neurosurg. 111:472-7.

Korkolopoulou P, Perdiki M, Thymara I, Boviatsis E, Agrogiannis G, Kotsiakis X, An-
gelidakis D, Rologis D, Diamantopoulou K, Thomas-Tsagli E, Kaklamanis L, Gatter
K, Patsouris E (2007); Expression of hypoxia-related tissue factors in astrocytic glio-
mas. A multivariate survival study with emphasis upon carbonic anhydrase IX.
Hum. Pathol. 38:629-38.

Koukourakis MI, Giatromanolaki A, Sivridis E, Simopoulos K, Pastorek J, Wykoff
CC, Gatter KC and Harris AL (2001); Hypoxia-regulated carbonic anhydrase-9 (CA9)
relates to poor vascularization and resistance of squamous cell head and neck cancer
to chemoradiotherapy. Clin Cancer Res 7:3399-3403.

Lal A, Peters H, St Croix B, Haroon ZA, Dewhirst MW, Strausberg RL, Kaanders JH,
van der Kogel AJ, Riggins GJ (2001); Transcriptional response to hypoxia in human
tumors. ] Natl Cancer Inst. 93:1337-43.

Liao SY, Brewer C, Zavada ], Pastorek ], Pastorekova S, Manetta A, Berman ML, DiS-
aia PJ, Stanbridge E]J (1994); Identification of the MN antigen as a diagnostic bio-
marker of cervical intraepithelial squamous and glandular neoplasia and cervical
carcinomas. Am. J. Pathol. 145:598-609.

Liao SY, Aurelio ON, Jan K, Zavada ], Stanbridge EJ (1997); Identification of the
MN/CAD9 protein as a reliable diagnostic biomarker of clear cell carcinoma of the kid-
ney. Cancer Res 57:2827-31.

Loncaster JA, Harris AL, Davidson SE, Logue JP, Hunter RD, Wycoff CC, Pastorek ],
Ratcliffe PJ, Stratford IJ, West CM (2001); Carbonic anhydrase (CA IX) expression, a
potential new intrinsic marker of hypoxia: correlations with tumor oxygen measure-



[43]

[44]

[46]

[50]

[51]

Carbonic Anhydrase IX in Adult and Pediatric Brain Tumors
http://dx.doi.org/10.5772/52358

ments and prognosis in locally advanced carcinoma of the cervix. Cancer Res.
61:6394-9.

Liao SY, Brewer C, Zavada ], Pastorek J, Pastorekova S, Manetta A, Berman ML, DiS-
aia PJ, Stanbridge EJ (1994); Identification of the MN antigen as a diagnostic bio-
marker of cervical intraepithelial squamous and glandular neoplasia and cervical
carcinomas. Am. J. Pathol. 145:598-609.

Liao SY, Aurelio ON, Jan K, Zavada ], Stanbridge EJ (1997); Identification of the
MN/CAY protein as a reliable diagnostic biomarker of clear cell carcinoma of the kid-
ney. Cancer Res 57:2827-31.

Loncaster JA, Harris AL, Davidson SE, Logue JP, Hunter RD, Wycoff CC, Pastorek J,
Ratcliffe PJ, Stratford IJ, West CM (2001); Carbonic anhydrase (CA IX) expression, a
potential new intrinsic marker of hypoxia: correlations with tumor oxygen measure-

ments and prognosis in locally advanced carcinoma of the cervix. Cancer Res.
61:6394-9.

Mclntyre A, Patiar S, Wigfield S, Li JL, Ledaki I, Turley H, Leek R, Snell C, Gatter K,
Sly WS, Vaughan-Jones RD, Swietach P, Harris AL. Carbonic Anhydrase IX Pro-

motes Tumor Growth and Necrosis In Vivo and Inhibition Enhances Anti-VEGF
Therapy (2012); Clin Cancer Res. 18:3100-11.

McKiernan JM, Buttyan R, Bander NH, Stifelman MD, Katz AE, Chen MW, Olsson
CA, Sawczuk IS (1997); Expression of the tumor-associated gene MN: a potential bio-
marker for human renal cell carcinoma. Cancer Res. 57:2362-5.

Meldrum NU and Roughton FJW (1933); Carbonic anhydrase. Its preparation and
properties. ] Physiol (London) 80:113-142.

Maseide K, Kandel RA, Bell RS, Catton CN, O'Sullivan B, Wunder ]S, Pintilie M,
Hedley D, Hill RP (2004); Carbonic anhydrase IX as a marker for poor prognosis in
soft tissue sarcoma. Clin. Cancer Res. 10:4464-71.

Nordfors K, Haapasalo J, Korja M, Niemeld A, Laine J, Parkkila AK, Pastorekova S,
Pastorek J, Waheed A, Sly WS, Parkkila S, Haapasalo H (2010); The tumour-associat-
ed carbonic anhydrases CA II, CA IX and CA XII in a group of medulloblastomas
and supratentorial primitive neuroectodermal tumours: an association of CA IX with
poor prognosis. BMC Cancer. 18;10:148.

Oosterwijk E, Ruiter D], Hoedemaeker PJ, Pauwels EK, Jonas U, Zwartendijk J, War-
naar SO (1986); Monoclonal antibody G 250 recognizes a determinant present in re-
nal-cell carcinoma and absent from normal kidney. Int ] Cancer 38:489-94.

Opavsky R, Pastorekova S, Zelnik V, Gibadulinova A, Stanbridge EJ, Zavada J, Kett-
mann R, Pastorek ] (1996); Human MN/CA9 gene, a novel member of the carbonic

anhydrase family: structure and exon to protein domain relationships. Genomics.
33:480-7.

549



550

Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

[53]

[54]

[55]

[56]

[57]

[58]

[61]

[62]

Parkkila AK, Herva R, Parkkila S, Rajaniemi H (1995); Immunohistochemical demon-
stration of human carbonic anhydrase isoenzyme II in brain tumours. Histochem ]J.
27:974-82.

Parkkila S, Parkkila AK, Saarnio J, Kiveld J, Karttunen TJ, Kaunisto K, Waheed A, Sly
WS, Tiireci O, Virtanen I, Rajaniemi H (2000a); Expression of the membrane-associat-
ed carbonic anhydrase isozyme XII in the human kidney and renal tumors. ] Histo-
chem Cytochem. 48:1601-8.

Parkkila S, Rajaniemi H, Parkkila AK, Kivela ], Waheed A, Pastorekova S, Pastorek J,
Sly WS (2000b); Carbonic anhydrase inhibitor suppresses invasion of renal cancer
cells in vitro. Proc. Natl. Acad. Sci. U S A 97:2220-4.

Pastorek J, Pastorekova S, Callebaut I, Mornon JP, Zelnik V, Opavsky R, Zat'ovicova
M, Liao S, Portetelle D, Stanbridge EJ, Zavada J, Burny A, Kettman R (1994); Cloning
and characterization of MN, a human tumor-associated protein with a domain ho-
mologous to carbonic anhydrase and a putative helix- loop-helix DNA binding seg-
ment. Oncogene 9: 2877-2888.

Pastorekova S, Parkkila S, Parkkila A-K, Opavsky R, Zelnik V, Saarnio J, Pastorek ]
(1997); Carbonic anhydrase IX, MN/CA IX: Analysis of stomach complementary
DNA sequence and expression in human and rat alimentary tracts. Gastroenterology
112:398-408.

Pastorekova S, Parkkila S, Pastorek ], Supuran CT (2004); Carbonic anhydrases: cur-
rent state of the art, therapeutic applications and future prospects. J. Enzyme Inhib.
Med. Chem. 19:199-229.

Pastorekova S, Parkkila S, Zavada ] (2006); Tumor-associated carbonic anhydrases
and their clinical significance. Adv. Clin. Chem. 42:167-216.

Pastorekova S, Ratcliffe PJ, Pastorek J (2008); Molecular mechanisms of carbonic an-
hydrase IX-mediated pH regulation under hypoxia. BJU Int. 101:8-15.

Pastorekova S, Zavadova Z, Kost'al M, Babusikova O, Zavada ] (1992); A novel qua-
si-viral agent, MaTu, is a two-component system. Virology 187:620-626.

Pietila S, Korpela R, Lenko HL, Haapasalo H, Alalantela R, Nieminen P, Koivisto
AM, Makipernaa A (2012); Neurological outcome of childhood brain tumor survi-
vors. ] Neurooncol. 108:153-61.

Pokhrel A and Hakulinen T (2009); Age-standardisation of relative survival ratios of
cancer patients in a comparison between countries, genders and time periods. Eur ]|
Cancer 45:642-647.

Pollack IF, Jakacki RI (2011); Childhood brain tumors: epidemiology, current man-
agement and future directions. Nature Rev Neurol 7:495-506.

Preusser M, Wolfsberger S, Haberler C, Breitschopf H, Czech T, Slavc I, Harris AL,
Acker T, Budka H, Hainfellner JA. Vascularization and expression of hypoxia-related



[66]

[68]

[69]

[72]

[74]

Carbonic Anhydrase IX in Adult and Pediatric Brain Tumors
http://dx.doi.org/10.5772/52358

tissue factors in intracranial ependymoma and their impact on patient survival
(2005); Acta Neuropathol. 109:211-6.

Proescholdt MA, Mayer C, Kubitza M, Schubert T, Liao SY, Stanbridge EJ, Ivanov S,
Oldfield EH, Brawanski A, Merrill M] (2005); Expression of hypoxia-inducible car-
bonic anhydrases in brain tumors. Neuro Oncol. 7:465-75.

Proescholdt M, Merrill M, Stoerr EM, Lohmeier A, Dietmaier W, Brawanski A. Ex-
pression of carbonic anhydrase IX in craniopharyngiomas (2011); ] Neurosurg.
115:796-801.

Ramsey ML, Yuh BJ, Johnson MT, Yeldandi AV, Zynger DL. Carbonic anhydrase IX
is expressed in mesothelioma and metastatic clear cell renal cell carcinoma of the
lung (2012); Virchows Arch;460:89-93.

Reimers TS, Ehrenfels S, Mortensen EL, Schmiegelow M, Senderkaer S, Carstensen
H, Schmiegelow K and Miiller ] (2003); Cognitive deficits in long-term survivors of
childhood brain tumors: Identification of predictive factors. Med Pediatr Oncol
40:26-34.

Robertson N, Potter C, Harris AL (2004); Role of carbonic anhydrase IX in human tu-
mor cell growth, survival, and invasion. Cancer Res. 64:6160-5.

Saarnio J, Parkkila S, Parkkila A-K, Haukipuro K, Pastorekova S, Pastorek ], Kaira-
luoma MI, Karttunen TJ (1998a); Immunohistochemical study of colorectal tumors
for expression of a novel transmembrane carbonic anhydrase, MN/CA IX, with po-
tential value as a marker of cell proliferation. Am. J. Pathol. 153: 279-285.

Saarnio J, Parkkila S, Parkkila A-K, Waheed A, Casey MC, Zhou ZY, Pastorekova S,
Pastorek J, Karttunen T, Haukipuro K, Kairaluoma MI, Sly WS (1998b); Immunohis-
tochemistry of carbonic anhydrase isozyme IX (MN/CA IX) in human gut reveals po-
larized expression in the epithelial cells with the highest proliferative capacity. J.
Histochem. Cytochem. 46: 497-504.

Saarnio J, Parkkila S, Parkkila A-K, Pastorekova S, Haukipuro K, Pastorek J, Juvonen
T, Karttunen TJ (2001); Transmembrane carbonic anhydrase, MN/CA IX, is a poten-
tial biomarker for biliary tumours. J. Hepatol. 35:643-649.

Said HM, Hagemann C, Staab A, Stojic ], Kiithnel S, Vince GH, Flentje M, Roosen K,
Vordermark D (2007a); Expression patterns of the hypoxia-related genes osteopontin,
CA9, erythropoietin, VEGF and HIF-lalpha in human glioma in vitro and in vivo.
Radiother Oncol. 83:398-405.

Said HM, Staab A, Hagemann C, Vince GH, Katzer A, Flentje M, Vordermark D
(2007b); Distinct patterns of hypoxic expression of carbonic anhydrase IX (CA IX) in
human malignant glioma cell lines. ]J. Neurooncol 81:27-38.

551



552

Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

[76]

[77]

[78]

[79]

[80]
[81]

[82]

[84]

[85]

[86]

Said HM, Polat B, Staab A, Hagemann C, Stein S, Flentje M, Theobald M, Katzer A,
Vordermark D (2008); Rapid detection of the hypoxia-regulated CA-IX and NDRG1
gene expression in different glioblastoma cells in vitro. Oncol Rep. 20:413-9.

Sandlund ], Oosterwijk E, Grankvist K, Oosterwijk-Wakka J, Ljungberg B, Rasmuson
T (2007); Prognostic impact of carbonic anhydrase IX expression in human renal cell
carcinoma. BJU Int. 100:556-60.

Sathornsumetee S, Cao Y, Marcello JE, Herndon JE 2nd, McLendon RE, Desjardins A,
Friedman HS, Dewhirst MW, Vredenburgh JJ, Rich JN (2008); Tumor angiogenic and
hypoxic profiles predict radiographic response and survival in malignant astrocyto-
ma patients treated with bevacizumab and irinotecan. J. Clin. Oncol. 26:271-8.

Sly WS, Hu PY (1995); Human carbonic anhydrases and carbonic anhydrase deficien-
cies. Annu. Rev. Biochem. 64:375-401.

Statistics Finland (2011); Statistical databases for cause of death in years 2003-2009.

Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, Ludwin
SK, Allgeier A, Fisher B, Belanger K, Hau P, Brandes AA, Gijtenbeek ], Marosi C,
Vecht CJ, Mokhtari K, Wesseling P, Villa S, Eisenhauer E, Gorlia T, Weller M, La-
combe D, Cairncross JG, Mirimanoff RO; European Organisation for Research and
Treatment of Cancer Brain Tumour and Radiation Oncology Groups; National Can-
cer Institute of Canada Clinical Trials Group (2009); Effects of radiotherapy with con-
comitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC
trial. Lancet Oncol. 10:459-66.

Svastova E, Zilka N, Zat'ovicova M, Gibadulinova A, Ciampor F, Pastorek J, Pastore-
kova S (2003); Carbonic anhydrase IX reduces E-cadherin-mediated adhesion of
MDCK cells via interaction with beta-catenin. Exp. Cell. Res. 290:332-45.

Swietach P, Wigfield S, Supuran CT, Harris AL, Vaughan-Jones RD (2008); Cancer-
associated, hypoxia-inducible carbonic anhydrase IX facilitates CO2 diffusion. BJU
Int. 101:22-4.

Swinson DE, Jones JL, Richardson D, Wykoff C, Turley H, Pastorek J, Taub N, Harris
AL, O'Byrne KJ (2003); Carbonic anhydrase IX expression, a novel surrogate marker
of tumor hypoxia, is associated with a poor prognosis in non-small-cell lung cancer. J
Clin Oncol. 21:473-82.

Turner JR, Odze RD, Crum CP, Resnick MB (1997); MN antigen expression in nor-
mal, preneoplastic, and neoplastic esophagus: a clinicopathological study of a new
cancer-associated biomarker. Hum. Pathol. 28: 740-744.

Vermylen P, Roufosse C, Burny A, Verhest A, Bosschaerts T, Pastorekova S, Ninane
V, Sculier JP (1999); Carbonic anhydrase IX antigen differentiates between preneo-
plastic malignant lesions in non-small lung carcinoma. Eur Respir J. 14:806-11.



[87]

[88]

[90]

Carbonic Anhydrase IX in Adult and Pediatric Brain Tumors
http://dx.doi.org/10.5772/52358

Wykoff CC, Beasley NJ, Watson PH, Turner KJ, Pastorek ], Sibtain A, Wilson GD,
Turley H, Talks KL, Maxwell PH, Pugh CW, Ratcliffe PJ, Harris AL (2000); Hypoxia-
inducible expression of tumor-associated carbonic anhydrases. Cancer Res.
60:7075-83.

Yoo H, Baia GS, Smith JS, McDermott MW, Bollen AW, Vandenberg SR, Lamborn
KR, Lal A.Expression of the hypoxia marker carbonic anhydrase 9 is associated with
anaplastic phenotypes in meningiomas (2007); Clin Cancer Res. 13:68-75.

Yoo H, Sohn S, Nam BH, Min HS, Jung E, Shin SH, Gwak HS, Lee SH (2010); The
expressions of carbonic anhydrase 9 and vascular endothelial growth factor in astro-
cytic tumors predict a poor prognosis. Int ] Mol Med. 26:3-9.

Zavada ], Zavadova Z, Pastorekova S, Ciampor F, Pastorek J, Zelnik V (1993); Ex-
pression of MaTu-MN protein in human tumor cultures and in clinical specimens.
Int ] Cancer. 54:268-74.

553



ntechOpen

ntechOpen



