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ABSTRACT 

 

Brain tumors are the second most common tumor type in children after leukemia. The outcome of 

the patients has become more favorable over the past few decades due to improved treatment 

modalities. Nowadays, the 5-year prognosis is from less than 60% to 90% depending on the tumor 

type. Nevertheless, the tumor itself and its treatment reduce quality of life, increase the risk of being 

handicapped, and raise expenses. Novel treatment modalities are under intense investigation, 

although a major breakthrough has yet to be discovered.  

 

The aim of this thesis was to find new molecules to be used in the process of diagnosing and 

evaluating the predictivity, prognosis and follow-up of children with the most common pediatric 

brain tumors, including pilocytic astrocytomas, ependymomas, medulloblastomas (MBS), and 

primitive neuroectodermal tumors (PNETs). In this thesis, antioxidative enzymes were investigated 

in pilocytic astrocytomas and ependymomas, as well as peroxiredoxins in pilocytic astrocytomas. In 

addition, the role of carbonic anhydrases was studied in medulloblastomas and PNETs. Finally, 

claudins were analysed in ependymomas. 

 

The first study analysed the antioxidative enzymes (AOEs), including manganese superoxide 

dismutase (MnSOD), gamma glutamyl cysteinyl synthetase catalytic and regulatory subunits 

(GLCL-C, GLCL-R), thioredoxin (Trx), thioredoxin reductase (TrxR) and peroxiredoxins (Prx) I-

VI in a series of 105 pilocytic astrocytomas. All of them were expressed in pilocytic astrocytomas, 

suggesting that oxidative damage and consequent defence take place during the progression of the 

tumors. AOEs correlated with the degenerative features and angiogenesis, possibly associating with 

reactive oxygen species-derived cellular damage. Moreover, the expression of the AOEs was 

associated with each other in terms of concurrent activation of the enzymes. With the exception of 

MnSOD, a strong expression of AOEs was generally associated with higher cell proliferation. Prx 

VI seemed to have a positive association with a longer recurrence-free interval.  

 

The second study investigated the relationship between AOE (MnSOD, GLCL-C, GLCL-R, Trx, 

TrxR) expression and clinicopathological features in 67 ependymal tumors. Most of the tumors 

expressed AOEs. Lower GLCL-C and GLCL-R expression was associated with higher tumor grade. 

MnSOD, GLCL-C and TrxR expressions were significantly higher in tumors located in the spinal 

cord compared with those in the brain. Interestingly, decreased expression of Trx predicted worse 
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outcome for the patients. This finding may have clinical relevance when planning treatment 

modalities and follow-up for patients. 

 

The aim of the third study was to analyse the expression of carbonic anhydrases (CAs) II, IX, and 

XII in a set of 39 medulloblastomas and PNETs. Interestingly, CA II was expressed in both the 

neovessel endothelium and tumour cell cytoplasm. CA IX was mainly expressed in the tumor cells 

located in perinecrotic areas. CA XII showed the most homogenous distribution within the tumors. 

Importantly, CA IX expression predicted poor prognosis in both univariate and multivariate 

analyses. CA IX has been previously found to be a promising target molecule for anticancer 

treatment in other tumors. The results suggest that this could also be the case for medulloblastomas 

and PNETs. 

 

In the fourth study, expression of claudins (CLDNs) 2-5, 7, and 10 was investigated in a set of 61 

ependymomas. According to the results, all CLDNs except for CLDN4 were expressed in these 

tumors. CLDN5 was related to more aggressive tumors compared with CLDN2 and 10. Tumors 

expressing these two claudins displayed a better degree of differentiation and a better prognosis. 

There were also differences in the expression of claudins associated with location of the tumor and 

between primary and recurrent tumors, CLDNs 3 and 5 were more often found in the cerebrum than 

in other sites and CLDN7 in primary tumors compared with recurrent ones. Evidently claudins 

influence the growth and differentiation in ependymomas.  

 

In summary, the studied antioxidative enzymes, peroxiredoxins, carbonic anhydrases, and claudins 

were expressed in the most common pediatric brain tumors, including pilocytic astrocytomas, 

ependymomas, medulloblastomas, and PNETs. Prx VI was associated with longer recurrence-free 

interval in patients with pilocytic astrocytoma, whereas decreased Trx expression predicted worse 

prognosis of patients with ependymoma. CA IX correlated with worse outcome in patients with 

medulloblastoma or PNET. Claudins had no significant association with prognosis, nevertheless 

CLDN5 was related to more aggressive ependymomas. 
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TIIVISTELMÄ 

 

Aivokasvaimet ovat lasten toiseksi yleisin kasvaintyyppi leukemian jälkeen. Erityisesti hoitojen 

kehityttyä lasten ennuste on parantunut selvästi viime vuosikymmenten aikana. Nykypäivänä 5-

vuotisennuste vaihtelee kasvaimesta riippuen alle 60%:sta 90%:iin. Tauti ja hoidot aiheuttavat 

kuitenkin elämänlaadun heikkenemistä, vammautumisia, sekä myös kustannuksia. Uusia 

hoitokeinoja tutkitaan jatkuvasti, mutta selviä läpimurtoja ei ole toistaiseksi saavutettu. 

Väitöskirjani tavoitteena oli etsiä uusia molekyylejä, joita voitaisiin hyödyntää lasten yleisimpien 

aivokasvainten diagnostiikassa, ennusteen arvioimisessa sekä seurannassa. Kirjassa läpikäydään 

antioksidatiivisten entsyymien esiintymistä pilosyyttisissä astrosytoomissa sekä ependymoomissa. 

Lisäksi väitöskirjassani käsitellään peroksiredoksiineja pilosyyttisissä astrosytoomissa, 

hiilihappoanhydraaseja medulloblastoomissa ja primitiivisissä neuroektodermaalisissa tuumoreissa 

(PNET:ssa), sekä klaudiineja ependymoomissa. 

 

Ensimmäisessä osajulkaisussa tutkittiin antioksidatiivisten entsyymien (AOE; MnSOD, GLCL-C, 

GLCL-R, Trx, TrxR), sekä peroxiredoksiinien (Prx I-VI) esiintymistä 105 pilosyyttisessä 

astrosytoomassa. Kaikki ilmentyivät laajasti kyseisissä kasvaimissa. Tämä viittaa oksidatiivisen 

vaurion ja sen korjausmekanismien osallisuuteen pilosyyttisen astrosytooman kehittymisessä. 

Lisäksi AOE:t ilmentyivät kasvaimissa samanaikaisesti viitaten mahdolliseen yhteiseen 

aktivoitumiseen. Kaikilla AOE:lla oli yhteys korkeaan proliferaatioasteeseen, lukuun ottamatta 

MnSOD:ia. Prx VI oli tilastollisesti merkittävä tekijä arvioitaessa kasvaimen uusiutumista.  

 

Toisessa osajulkaisussa tutkittiin AOE:n (MnSOD, GLCL-C, GLCL-R, Trx, TrxR) yhteyttä 67 

ependymooman kliinispatologisiin muuttujiin. Useimmat kasvaimet ilmensivät entsyymejä. GLCL-

C:n ja GLCL-R:n vähäisyys oli yhteydessä korkeampaan gradukseen. MnSOD, GLCL-C ja TrxR 

värjäytyminen oli voimakkaampaa selkäytimen kuin aivojen ependymoomissa. Kiinnostava löytö 

oli Trx:n vähäisyyden yhteys huonoon ennusteeseen. Tällä havainnolla voi olla kliinistä merkitystä 

potilaiden hoidon ja seurannan suunnittelussa. 

 

Kolmas osatyö käsitteli hiilihappoanhydraasien (CA) II, IX ja XII esiintymistä 39 

medulloblastoomassa ja PNET:ssa. CA II esiintyi uudisverisuonten endoteelissä sekä 

sytoplasmassa, kun taas CA IX värjäytyi voimakkaimmin nekroottisten alueiden reunoilla. CA XII 

esiintyvyys oli tasaisempaa. CA IX oli huonon ennusteen merkki sekä yksimuuttuja, -että 

monimuuttujamalleissa. CA IX on osoittautunut lupaavaksi syövänhoidon kohdemolekyyliksi 
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muissa kasvaimissa ja osatyön perusteella näin voisi olla myös medulloblastoomien ja PNET:n 

kohdalla. 

 

Neljännessä osajulkaisussa tutkittiin klaudiinien (CLDN 2-5,7 ja 10) esiintymistä 61 

ependymoomassa. Lukuunottamatta CLDN4, kaikki klaudiinit esiintyivät ependymoomissa. 

CLDN5:llä oli yhteys kasvaimen aggressiivisuuteen, kun taas CLDN2:llä ja 10:llä oli trendi 

parempaan erilaistumiseen ja ennusteeseen. Klaudiinit ilmentyivät erilailla kasvaimen sijainnista 

riippuen; CLDN3 ja 5 värjäytyivät voimakkaammin isojen aivojen ependymoomissa. CLDN7 

värjäytyvyys oli voimakkaampaa primaarikasvaimissa. Tuloksista voi päätellä, että klaudiinit 

vaikuttavat ependymoomien kasvuun ja erilaistumiseen.  

 

Tutkitut antioksidatiiviset entsyymit, mukaanluettuna peroxiredoksiinit, sekä hiilihappoanhydraasit 

ja klaudiinit esiintyivät lasten yleisimmissä aivokasvaimissa (pilosyyttisissä astrosytoomissa, 

ependymoomissa, medulloblastoomissa sekä PNET:ssa). Prx VI oli yhteys pilosyyttisen 

astrosytooman uusiutumiseen, kun taas Trx:n väheneminen ennusti ependymooma-potilaiden 

huonompaa ennustetta. CA IX sen sijaan oli huonon ennusteen merkki medulloblastooma ja PNET 

–potilailla. Klaudiineilla ei ollut yhteyttä potilaiden ennusteeseen, mutta CLDN5 assosioitui 

ependymooman aggressiivisuuteen. 
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1 INTRODUCTION 

 

Pediatric brain tumors are the most common solid tumors and the second most common tumors 

after leukemia in children. Although the prognosis has improved over the past few decades, 

children still have severe side effects from the treatment; they may be handicapped, and 5-year 

survival varies from less than 60% to 90% (Louis et al. 2007).  

 

There are several types of pediatric brain tumor. Pilocytic astrocytoma (PA), is a grade I glial tumor 

arising mostly in the cerebellum of children (Ohgaki and Kleihues 2005). It is histologically benign 

but may present a clinical challenge to neurosurgeons due to its location. Nevertheless, the 

prognosis remains good and the 5-year survival rate is 80-90% (Watson et al. 2001, Mueller and 

Chang 2009).  

 

Another tumor entity is grade I-III ependymoma, which originates from ependymal cells or their 

stem cells. The typical location is the 4th ventricle, though ependymomas may occur at any site 

along the ventricular system and in the spinal cord (Schiffer et al. 1991, Prayson 1999). The 

outcome of the patients depends mainly on age, tumor location, extent of resection, and 

histopathological grading (Jayawickreme et al. 1995, Ernestus et al. 1996, Horn et al. 1999, Louis et 

al. 2007). Children with intracranial ependymoma have a 50% 5-year progression-free survival rate 

(Robertson et al. 1998, Venkatramani et al. 2011).  

 

The most common malignant brain tumor in children is grade IV medulloblastoma (MB). 

Embryonal MB locates in the vermis and 4th ventricle, and it may metastasize via cerebro-spinal 

fluid (Louis et al. 2007). The 5-year survival rate for patients with MB is 60-70%. The 

improvement compared to previous survival rate is mainly due to better treatment modalities 

(Ellison et al. 2003). Central nervous system (CNS) primitive neuroectodermal tumors (PNETs) are 

a group of tumors recently reclassified (Louis et al. 2007). PNET is a grade IV embryonal tumor 

with early onset and aggressive behavior. The prognosis is worse than with medulloblastoma 

(Geyer et al. 2005) and younger children have the worst outcome (Geyer et al. 1994). 

 

The standard of care for brain tumors is neurosurgical gross total resection (GTR) and it is applied 

where possible. Adjuvant therapy, including chemo- and radiotherapy, is being used in selected 

cases (Mueller and Chang 2009). In addition, novel treatment modalities and prognosticators have 

been under intense investigation. Nevertheless, comprehensive and clinically valid tools have yet to 
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be developed. The blood-brain barrier (BBB) is a challenge for anticancer treatment.  Most 

molecules are not capable of penetrating the BBB. In order to penetrate, the molecule should be 

electrically neutral, lipid-soluble, and small. The neural tissue is very sensitive to damage and this is 

another challenge for anticancer treatment.  

 

Accurate knowledge of tumor biology is the basis for studying and diagnosing brain tumors. 

Genetic analyses give novel information and may lead to more individual treatments. This is 

unfortunately still not cost-effective for clinical use. The present study was conducted to establish 

new tools for clinical screening, diagnosis, as well as prognostic markers and methods for 

monitoring and predicting the outcome for patients with pediatric brain tumors. The study results 

may facilitate future research strategies for the field of brain tumors in children.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 16 

In
ci

d
en

ce
 p

er
 1

 m
ill

io
n

 
2 REVIEW OF THE LITERATURE 

 

2.1. PEDIATRIC BRAIN TUMORS 

 

Brain tumors are the second most common tumor type in children after leukemia. Typical pediatric 

type brain tumors are pilocytic astrocytomas, ependymomas, medulloblastomas and PNETs (Louis 

et al. 2007). Although most of the tumors can occur in any age group, the aforementioned tumors 

are typically seen in children or young adults (Figure 1) (Kieran et al. 2010). The biology of the 

tumors differs to some extent between age groups and thus, the following text concentrates on 

pediatric brain tumors.  

 

 

 

Figure 1. Incidence of pilocytic astrocytoma, ependymoma, medulloblastoma, and PNET in 

different age groups. Modified from Kieran et al. (2010). 
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2.1.1. Pilocytic astrocytoma 

Pilocytic astrocytoma (PA) is the most common astrocytoma of children, comprising 21% and 16% 

of all CNS tumors for age groups 0-14 years and 15-19 years, respectively (Central Brain Tumor 

Registry 2006). In children, the tumor arises mostly in the cerebellum (Ohgaki and Kleihues 2005), 

though other sites include optic chiasm, hypothalamus, thalamus, basal ganglia, cerebral 

hemispheres, brain steam and spinal cord (Louis et al. 2007).  Although the tumor corresponds to 

World Health Organization (WHO) grade I and the 5-year overall survival is good, 80-90%, 

patients with pilocytic astrocytoma may have poor outcome owing to localisation (Watson et al. 

2001, Mueller and Chang 2009) (Table 1). Patients can suffer from headache, visual loss, 

hydrocephalia, hemiparesis or may even die of the disease. Most frequently, pilocytic astrocytoma 

of patients less than 20 years old presents as clumsiness, worsening headache, nausea and vomiting.  

 

The radiological diagnosis of pilocytic astrocytomas is made by computer tomography (CT) or 

magnetic resonance imging (MRI), in which it is present as a circumscribed and contrast enhancing 

tumor (Lee et al. 1989, Fulham et al. 1993). The tumor has typical cysts, which are an important 

detail when evaluating the tumor grade (Palma et al. 1983). 

 

The histolopathology of pilocytic astrocytoma is heterogenous. The cells are bipolar piloid with 

Rosenthal fibers and multipolar with microcysts and granular bodies. Pilocytic astrocytomas have a 

low mitotic index, nuclei are hyperchromatic and pleomorphic. Although pilocytic astrocytomas 

often have vascular proliferation, the tumor is still of a benign type. Endothelial proliferation and 

necrosis, typically seen in high-grade astrocytomas, are rarely seen in PAs (Louis et al. 2007).   In 

the literature, there are few examples of pilocytic astrocytoma undergoing malignant 

transformation, but the tumor should not be confused with glioblastoma because it is then an 

anaplastic pilocytic astrocytoma (Dirks et al. 1994, Tomlinson et al. 1994).  

 

Pilocytic astrocytoma is associated with neurofibromatosis 1(NF1). Patients with NF1 usually have 

PA in the optic nerve and thus, about 30% of patients with optic nerve PAs have NF1. NF1-

associated tumors grow slowly or remain stable (Hoyt and Baghdassarian 1969). Although the 

cause of PA remains uncertain, people with NF1, Li-Fraumeni syndrome and prior radiation to the 

brain carry a higher risk of PA development (Mueller and Chang 2009).   

 

Patients with PA undergo radical resection where possible. The extent of resection is strongly 

associated with survival (Laws et al. 1984). New operation techniques have enabled the most 
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eloquent brain areas accessible. Recurrences do occur and are often a reflection of cyst reformation. 

Nevertheless, recurrence-free survival is greater than 95% at 10 and 20 years in patients with 

radical resection (Watson et al. 2001).  

 

If complete resection is possible, it is rare for patients to undergo additional adjuvant therapy, 

unless there is evidence of recurrence or progression from MRI (Table 1). Typical genetic 

alterations seen in diffusively infiltrating astrocytomas are rarely seen in PAs (Cheng et al. 2000) 

and thus, similar future treatment modalities can not be used. Previous studies show that there is 

trisomy of chromosome 5 and 7 or gain of 1q (Jones et al. 2006). In addition, several studies have 

shown a mitogen-activated protein kinase pathway activation in PAs and duplication of the v-raf 

murine sarcoma viral oncogene homolog B1 (BRAF) gene locus (Pfister et al. 2008).  

 

2.1.2. Ependymoma 

Ependymoma is mainly a tumor of children and young adults, though it may occur in all age groups 

(Central Brain Tumor Registry 2006). The age distribution depends on the histological type and 

location, younger patients having mostly an infratentorial tumour and 30-40 year olds mostly a 

spinal tumor (Waldron and Tihan 2003). Otherwise, the tumor may occur at any site in the CNS, 

but mostly in the fourth ventricle, in the spinal cord and the lateral and third ventricles (Schiffer et 

al. 1991, Prayson 1999). One third of ependymomas are localised supratentorially and two thirds 

infratentorially (Zacharoulis and Moreno 2009) (Table 1). 

 

Most ependymomas are considered to be WHO histological grade II. Other ependymomas include 

anaplastic ependymoma (grade III) and rare entities: grade I myxopapillary ependymoma and 

subependymoma, grade I. Grade II ependymoma consists of four variants, such as cellular 

ependymoma (the most common), papillary, clear cell, and tanycytic ependymoma. The tumor cells 

are usually round or oval and may contain eosinophilic cytoplasmic granules and dense chromatin 

material. Grade III ependymoma has a higher proliferation and mitotic index, though distinction of 

grade II from grade III can be rather difficult (Louis et al. 2007) (Table 1).  

 

Symptoms and signs are dependent on location. Typically the symptoms are caused by mechanical 

compression of the cerebral fluid circulation leading to hydrocephalus, headache, nausea, vomiting, 

dizziness and, with very young children, head enlargement (Duncan and Hoffman 1995). 
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The tumor is initially diagnosed with gadolinium-enhanced MRI, in which ependymoma is well 

circumscribed and shows varying degrees of contrast enhancement (Furie and Provenzale 1995). 

About half of the patients have multifocal calcification, and some of these tumors are hemorrhagic 

(Zacharoulis and Moreno 2009). 

 

The molecular basis of ependymoma remains uncertain. Chromosome 22 mutations are the most 

frequent finding, and about 30% of cases have monosomy or translocation in this chromosome 

(Reni et al. 2007). Additionally, anaplastic ependymoma has an association with gain in 

chromosome 1q and this chromosomal change is also correlated to a worse outcome (Rand et al. 

2008). Comparative genomic hybridisation has revealed a variable number of genetic imbalances. 

Added to this, abnormal Notch and Sonic Hedgehog (Shh) signaling have been reported in 

ependymomas (Modena et al. 2006). Similarly to other brain tumors, the pathogenesis of 

ependymomas may include neural cancer stem cells (Taylor et al. 2005). 

 

Surgical resection is the standard of care for patients with ependymoma. Gross total resection 

(GTR) can be applied in about 40-60% of cases, and is obviously more common with a 

supratentorial location (Zacharoulis and Moreno 2009). Even children with a metastatic tumor 

benefit from GTR (Zacharoulis et al. 2008). Chemotherapy has only a minor role in the treatment of 

ependymomas. Evans et al. (1996) have shown in a randomised study that adding vincristine and 

lomustine after radiotherapy does not improve survival. Infants may be the only patient group who 

may benefit from chemotherapy. In contrast, focal radiotherapy is an important treatment modality 

for children with ependymoma. Approximately half of the patients will experience relapse, typically 

locally in the first two years, though late recurrences are also seen (Zacharoulis and Moreno 2009). 

The most common treatment for patients with a relapse is re-operation and this increases 

progression-free survival (Vinchon et al. 2005). Adjuvant chemotherapy has a modest effect on 

survival (Zacharoulis and Moreno 2009) whereas radiotherapy is beneficial for patients with 

relapsed ependymoma (Combs et al. 2006) (Table 1). 

 

The prognosis of the patients relies mainly on four different clinical features.  First, tumor location 

is the main feature determing patient survival. Posterior fossa tumors are usually more aggressive 

than supratentorial tumors. Ependymoma in the spinal cord tend to have late recurrences, but still 

have a better prognosis compared to cerebral neoplasms (Ernestus et al. 1996). Second, the extent 

of the resection is an independent prognosticator as well (Jayawickreme et al. 1995). Third, there 

are many histopathological features indicating patient outcome. Patients have a worse prognosis 
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when ependymoma shows anaplasia, e.g. tumor cells are less differentiated and show a high mitotic 

index and enhanced proliferation (Schiffer and Giordana 1998, Korshunov et al. 2004, Kurt et al. 

2006). Fourth, children under three years of age seem to have a worse outcome compared to the 

elderly (Horn et al. 1999).   

 

2.1.3. Medulloblastoma 

Medulloblastoma (MB) is a malignant, WHO grade IV brain tumor occuring mainly in children 

(Arseni and Ciurea 1981). The peak age is seven years, and 70% of the patients are less than 16 

years of age (Roberts et al. 1991). There is a male predominance (65%). Medulloblastomas are 

usually located in the cerebellar vermis and the fourth ventricle. Older patients usually have 

desmoplastic/nodular subtypes, which locate mainly in the cerebellar hemipheres (Louis et al. 2007) 

(Table 1). In addition, desmoplastic MB occurs at a high frequency among infants (Ellison 2010). 

 

According to the WHO classification MB is separated into classic tumor and four variants: 

desmoplasmic/nodular (D/N), MB with extensive nodularity (MBEN), anaplastic and large cell 

MB. Classic MB is the most common medulloblastoma. Large cell and anaplastic MB are 

aggressive tumors, whereas MBENs and D/N MBs in infants have better outcome than classic MB. 

(Louis et al. 2007) D/N and MBEN typically have nodules of differentiated neurocytic cells and 

internodular desmoplasia (Giangaspero et al. 1999). Large cell MB contains groups of uniform 

large cells with round nuclei and a single nucleus. Both large cell MB and anaplastic MB show a 

high mitotic activity and apoptosis. Anaplastic MB is dominated by nuclear pleomorphism 

(Eberhart et al. 2002). Many studies combine D/N MB and MBEN as desmoplastic tumors, and 

large cell and anaplastic MB as large cell/anaplastic (LC/A) tumors (Table 1). Classic 

medulloblastoma has monotous small cells and the nuclei may be either round or oval. Some 

tumors show rosettes and palisades (Ellison 2010). 

 

The molecular pathology of MBs is under extensive research. There is evidence of abnormalities in 

Shh pathway through mutations in patched homolog 1 (PTCH1), smoothened homolog (SMOH) 

and suppressor of fused homolog (SUFU) genes in 25% of medulloblastomas. This works as a 

stimulator to cerebellar granule cell precursors (CGNPs) and Purkinje cells to release Shh during 

CNS development, a phenomenon which has been shown in several genetically engineered mouse 

(GEM) models. Another pathway is the Wnt pathway comprising 15% of MBs. In this pathway, 

there are mutations in cadherin- associated protein), beta 1 (CTNNB1), adenomatous polyposis coli. 

(APC), and axis inhibitor (AXIN)1/2. The pathway produces nuclear accumulation of -catenin, 
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which acts as a transcriptional activator (Ellison 2010). In addition to the two signaling pathways, 

there are two non-Shh/Wnt subgroups, which are associated with up-regulation of specific gene 

classes, but not with aberrant activation of signaling pathways (Northcott et al. 2011). The non-

Shh/Wnt tumors account for 60% of medulloblastomas (Ellison 2010). Isochromosome 17q (i17q) 

is the most frequent structural aberration in medulloblastomas, found in 30–40% of cases (Northcott 

et al. 2009). V-myc myelocytomatosis viral related oncogene, neuroblastoma derived (N-MYC) 

gene amplification has also been identified in up to 10% of medulloblastoma specimens and, like v-

myc myelocytomatosis viral oncogene homolog (C-MYC), is often found in tumors with large 

cell/anaplastic features (Aldosari et al. 2002). 

 

Patients with medulloblastoma often have mechanical obstruction of cerebro-spinal fluid (CFS-) 

flow, and this is usually the reason for typical symptoms. These include increased intracranial 

pressure, headache, vomiting and nausea. Patients may also have excessive lethargy and ataxia. CT-

scans or MRI reveal a solid, intensely contrast-enhancing mass (Louis et al. 2007).  

 

The prognosis of young patients has increased over the past few decades, and nowadays the 5-year 

survival rate is 60-70%. This improvement is mainly due to better treatment modalities. The most 

important treatment is surgical resection, but perioperative chemo- and radiation therapy are also 

applied (Ellison et al. 2003). MBs are very radiosensitive tumors, so children over three years of 

age have radiation therapy. Side effects of the treatment have led to a reduction in the amount of 

radiation (Deutsch et al. 1996). The problem is that lowering the radiation dose without adding 

chemotherapy leads to a worse outcome and thus, chemotherapy is a standard choice for children 

with MB (Mueller and Chang 2009) (Table 1). The patients are divided into low and high risk 

(age<3 years, incomplete resection or metastatic disease) groups (Packer 1999, Jakacki 2005).  

 

Though younger children have a worse prognosis, the impact of age is difficult to assess due to 

different treatment modalities between age groups. It has been shown that one third of patients less 

than four years old have disseminated disease compared to 14% of children over four years of age 

(Evans et al. 1990). It is clear that the evolving brain is sensitive to side effects of the treatment. 

Nevertheless, when treating aggressive tumors, the priority is to improve survival.  
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2.1.4. Primitive neuroectodermal tumor 

Central nervous system primitive neuroectodermal tumors (PNETs) are rare embryonal, WHO 

grade IV tumors of the young (less than 20 years old). The tumor is mostly located in the cerebrum, 

though it has also been found in the spinal cord and suprasellar regions (Table 1). Once again, 

location is the main reason for different symptoms. Cerebral tumors cause seizures, increased 

intacranial pressure, motor deficit and disturbances of the consciousness. Visual and endocrine 

problems are typical for suprasellar tumors (Louis et al. 2007).  

 

PNETs consist of poorly differentiated, small, monomorphic round cells (Mueller and Chang 2009). 

They are divided into supratentorial (sPNET) and infratentorial (iPNET) tumors based on their 

location (Table 1). Medulloblastoma is an infratentorial PNET located in the posterior fossa. 

However, studies have shown that there are gene expression and chromosomal differences between 

PNETs and MBs (Kagawa et al. 2006). According to the WHO classification, this heterogeneous 

group of tumors may be subdivided into CNS (ganglio-) neuroblastoma, medulloepithelioma, and 

ependymoblastoma (Louis et al. 2007). Calcification is a relatively constant feature in degenerative 

regions. About 30% of tumors show cerebrospinal dissemination (Horten and Rubinstein 1976). 

PNETs have a tendency to metastasize outside the CNS, but the phenomenon is rare, occuring in 

only 0.5% of the patients (Johnston et al. 2008).  

 

PNETs are radically resected where possible. The prognostic value of the extent of resection 

remains surprisingly controversial. Radiation therapy is a standard treatment for children of more 

than three years of age (Mueller and Chang 2009). Patients receiving upfront radiotherapy have a 

better overall survival and progression free survival (McBride et al. 2008). PNETs are chemo-

sensitive tumors and high-dose chemotherapy enhances the prognosis of patients if given in newly 

diagnosed PNETs (Table 1). The therapy is especially efficient with children less than three years 

of age (Fangusaro et al. 2008). 

 

A common feature to all CNS PNETs is an early onset and aggressive behavior. The prognosis is 

worse than with medulloblastoma (Geyer et al. 2005) and younger children have the worst outcome 

(Geyer et al. 1994) (Table 1). Young age and dissemination are, indeed, considered as 

prognosticators of worse outcome (Mueller and Chang 2009). 
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Table 1. Typical clinical and histopathological features of pediatric brain tumors. 

 

D/N = desmoplasmic/nodular 

MBEN = MB with extensive nodularity 

sPNET = supratentorial PNET 

iPNET = intratentorial PNET 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 PA Ependymoma MB PNET 

WHO grade I I-III IV IV 

subgroups a) PA 

b) anaplastic PA 

a) subependymoma 

b) myxopapillary  

c) ependymoma 

d) anaplastic 

 

a) classic MB 

b) D/N MB 

c) MBEN 

d) anaplastic MB 

e) large cell MB 

a) sPNET 

b) iPNET 

location cerebellum, 

optic chiasm, 

hypothalamus, 

thalamus, 

basal ganglia, 

cerebral 

hemispheres, 

brain stem, 

spinal cord 

any site along the 

ventricular system, 

spinal canal 

vermis, 

4th ventricle 

cerebrum, 

spinal cord, 

suprasellar region 

peak age 7 years 6.4 years and 

30-40 years 

7 years 5.5 years 

treatment surgery surgery, chemo- and 

radiation therapy 

surgery, chemo- and 

radiation therapy 

surgery, chemo- and 

radiation therapy 

5-year 

survival 

80-90% 24-75% 60-70% <60% 
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2.2. ANTIOXIDANT ENZYMES 

 

Reactive oxygen species (ROS) are a consequence of aerobic respiration and substrate oxidation 

(Jornot et al. 1998). Low levels of ROS are indispensable for cell differentation, progression and 

arrest of growth, apoptosis (Ghosh and Myers 1998), immunity (Yin et al. 1995), and defence 

against micro-organisms (Lee et al. 1998). High doses and inadequate removal of ROS result in 

oxidative stress. ROS resulting from ionizing radiation are formed from direct interactions with 

cellular targets or radiolysis of water, leading to deoxyribonucleic acid (DNA) damage and 

eventually cell death (Mettler and Upton 2008). Ionizing radiation can have deleterious 

consequences days, months and even years after exposure due to chronic oxidative stress (Halliwell 

and Gutteridge 2007). There are several studies indicating that ROS induced oxidative stress is 

linked to the pathogenesis of age-related and chronic diseases, including cancer (Trush and Kensler 

1991, Witz 1991, Guyton and Kensler 1993) (Figure 2). 

 

Mammalian cells have developed many enzymatic and nonenzymatic antioxidative systems in 

various cellular compartments to maintain an appropriate level of ROS and regulate their action. 

Antioxidant enzymes (AOEs) protect cells from free radicals, especially ROS, which can cause 

damage to the cells (Figure 2). AOEs and related compounds include superoxide dismutases 

(SODs), catalase, glutatione-associated enzymes, such as glutatione peroxidase (GPX) and –

glutamylcysteine (-GC) synthetases, thioredoxins (Trx), thioredoxin reductases (TrxR) and 

peroxiredoxins (Prx) (Halliwell 1991). 
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Figure 2. The protective role of antioxidative enzymes in the development of chronic diseases, 

including tumors. If AOEs fail to protect the cells, cell damage or carcinogenesis follows, otherwise 

they convert ROS to water. Modified from Halliwell (2007). 
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2.2.1. Manganese superoxide dismutase 

Superoxide dismutase (SOD) is an antioxidant enzyme that catalyses the dismutation of the highly 

reactive superoxide anion (O 2
−) to O2 and to less reactive species H2O2 (Noor et al. 2002). Humans 

have three different forms of SOD: cytosolic copper-zinc superoxide dismutase (Cu/Zn-SOD), 

mitochondrial MnSOD, and extracellular SOD (EC-SOD) (McCord and Fridovich 1969, Sandström 

et al. 1994). 

 

 

       SOD 

    O 2
− + O 2

− +2H
+
  H2O2 + O 2 

 

 

MnSOD is a homotetramer (96kDa). The gene encoding MnSOD is located at 6q25.3 (Church et al. 

1992) (Table 2). MnSOD is induced in hyperoxide conditions. In addition, radiation, tumor necrosis 

factor-alpha (TNF-), interleukin-1, lipopolysaccharides, and interferon- induce MnSOD (Kinnula 

et al. 1995). MnSOD knock-out mice die within 21 days with cardiovascular and neuronal 

manifestations (Li et al. 1995b). 

 

It has been reported that in many tumors, chromosome 6, particularly 6q25, the region to which 

MnSOD maps, is often lost (Zhong et al. 1997). Low expression of MnSOD has often accounted for 

different types of cancer formation, whereas overexpression of this enzyme has been linked with 

inhibition of cancerous growth in humans, implicating it as a tumor suppressor gene (Tamimi et al. 

2004). In vitro overexpression of the MnSOD gene reverses the transformed phenotype by 

increasing apoptosis, preventing neoplastic transformation, and reducing metastatic potential in a 

number of cell types including breast cancer (Li et al. 1995a, Zhong et al. 1997, Kinscherf et al. 

1998, Xu et al. 1999). In contrast, increased expression of MnSOD has been reported in several 

malignancies, including astrocytic tumors, breast, gastric, lung cancers, and mesotheliomas (Kahlos 

et al. 2000, Soini et al. 2001, Haapasalo et al. 2003, Svensk et al. 2004, Monari et al. 2009) (Table 

2). Monari et al. (2009) found that MnSOD activity was increased in gastric adenocarcinoma, 

chronic gastritis and Helicobacter pylori (HP) infected tissues, while Cu/ZnSOD was significantly 

lower in adenocarcinoma and HP tissues compared to the healthy control. Similarly, MnSOD and 

CuZnSOD are elevated in lung adenocarcinoma and squamous cell carcinoma, whereas EC-SOD is 

remarkably lower in lung carcinoma than in the nonmalignant lung (Svensk et al. 2004). This 

implicates that different SODs have different roles in tumorigenesis, and that the same SOD can 

have multiple functions within tumors.  
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2.2.2. Glutamate cysteine ligase, catalytic and regulatory subunit 

Glutathione (GSH) is a small molecule consisting of three amino acids. GSH participates in the 

scavenging of H2O2 in cytosol and mitochondria and has a role in transporting toxic metabolites 

through cell membrane. Glutatahione peroxidase (GPX) uses GSH as a co-factor in a reaction 

where two molecules of oxidized glutathione (GSSG) are produced for every single molecule of 

H2O2. GSSG is then re-reduced to GSH by glutathione reductase, with nicotinamide adenine 

dinucleotide phosphate-oxidase (NADPH) as a co-factor. GSH is synthesized in a two-step process. 

The first and rate-limiting step is the joining of glutamate and cysteine by glutamate cysteine ligase 

(GLCL) to form γ-glutamylcysteine (γ-GC). The second step is carried out by GSH synthetase 

which catalyzes the addition of glycine to γ-GC to form GSH.  

 

 

              gpx 

    ROOH + 2GSH  ROH + GSSG + H2O 

 
                           GLCL            GSH synthetase 

glutamate + cysteine  γ-GC + glysine  GSH  

 

 

GLCL is composed of two subunits, a catalytic subunit (GLCL-C, 73 kDa, heavy subunit) and a 

regulatory subunit (GLCL-R, 30kDa, light subunit). GLCL-C and GLCL-R are encoded by separate 

genes, but under certain conditions can be regulated in an apparently coordinate manner. GLCL-C 

alone catalyses the formation of L-glutamyl-L-cysteine, but the activity of GLCL-C is increased by 

GLCL-R. GLCL is induced by a number of agents that induce oxidative stress (Griffith 1999, 

Griffith and Mulcahy 1999). Human GLCL (hGLCL-C and hGLCL-R) are located on 

chromosomes 1p6 and 21 respectively (Sierra-Rivera et al. 1995 and 1996) (Table 2). 

 

GLCL-C knockout mice die soon after birth (Dalton et al. 2000). Shepherd et al. (2000) have shown 

that induction of GLCL is likely to contribute to a mechanism for enhanced detoxification and 

resistance to carcinogens. The expression of GLCL in malignant tumors is largely unstudied. Both 

GLCL-C and –R are found in breast carcinomas, and more intense expression is seen in lobular 

invasive and in-situ carcinomas (Soini et al. 2004) (Table 2). There are also studies showing 

expression of GLCL-C messenger-ribonucleic acid (mRNA) in several tumor cell lines such as 

human leukaemia cells, HeLa cells, prostate cancer cells, and A549 lung adenocarcinoma cells 

(Bailey et al. 1992, Ishikawa et al. 1996, Tipnis et al. 1999, Järvinen et al. 2000). Glutathione 

depletion represents a potentially important strategy to sensitize tumors to cytotoxic drugs (Rappa et 

al. 2003). 



 28 

2.2.3. Thioredoxin and thioredoxin reductase 

Originally discovered in E. coli, thioredoxin (Trx) was later found in many prokaryotic and 

eukaryotic cells (Powis and Montfort 2001). The major Trx isoforms are cytosolic Trx1 and 

mitochondrial Trx2. Moreover, there is the known Trx1-like protein (named p32TrxL) and recently 

found Trx2-like protein (Trl2) associated with cytoskeleton microtubules (Sadek et al. 2003). The 

Trx family now includes more than ten proteins. Thioredoxin system comprises thioredoxin (Trx) 

and NADPH plus thioredoxin reductase (TrxR). In mammals, both Trx and TrxR are expressed 

predominantly cytosolic or mitochondrially, and TrxR has mainly two different isoforms TrxR1 and 

TrxR2. Interestingly, there is a third form of TrxR found mainly in the testis, where it reduces 

glutathione disulfide in addition to Trx. This enzyme is named thioredoxin glutathione reductase 

(TGR) (Sun et al. 2001). Trx is 12kDa protein and the encoding gene is located at 9q32. Trx and 

TrxR knock-out mice die early during embryogenesis (Matsui et al. 1996) (Table 2).  

 

 

              TrxR      

        NADPH + H
+
 + Protein-S2   NADP

+
 + Protein-(SH)2  

               Trx 

    

 

Trx1 seems to play a role in the development of inflammatory response. The level in blood plasma 

increases in many diseases such as Aquired Immune Deficiency Syndrome (AIDS) (Nakamura et 

al. 2001), rheumatoid arthritis (Jikimoto et al. 2002), asthma (Yamada et al. 2003), and hepatitis C 

(Sumida et al. 2000). The secreted Trx1 acts as a chemotactic factor for neutrophils, monocytes, and 

T-cells (Bertini et al. 1999), but at the same time it expresses an inhibitory effect on the endotoxin-

initiated chemotaxis of neutrophils (Nakamura et al. 2001). It is known that Trx1 serves as a 

cofactor for a series of enzymes, such as peroxiredoxins, ribonucleotide reductases, and methionine 

sulfoxide reductases (Arnér and Holmgren 2000), and is involved in DNA repair (Powis and 

Montfort 2001). It induces several transcription factors such as AP1, p53 and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-). 

 

According to the literature, the Trx system may be involved in several steps of tumorigenesis, 

though the exact mechanism is still unclear. The Trx system supports cell growth, though there is 

no clear evidence of Trx as an oncogene. Mutations of the Trx system have not been linked to 

cancinogenesis (Arnér and Holmgren 2006). Nevertheless, studies have shown that Trx is involved 

in several cancers, including cervical, colorectal, hepatic, lung, and pancreatic cancer, which is 

likely related to changes in protein structure and function (Choi et al. 2002, Han et al. 2002, Kim et 
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al. 2003, Raffel et al. 2003, Hedley et al. 2004) (Table 2). TrxR seems to be essential for 

propagation of tumor development, including sustained progression through the cell cycle and thus 

evasion of growth-inhibitory signals (Yoo et al. 2006).  

 

Several studies show that the Trx system plays an important role in counteracting apoptosis. The 

Trx system supports peroxiredoxin activity and thus inhibits apoptosis through oxidative stress 

(Zhang et al. 1997). Another pathway is the TrxR dependent activity of mitochondrial glutaredoxin 

2, which can counteract apoptosis induced by oxidative stress inducing agents (Enoksson et al. 

2005). Cell divisions are essential in cancer development and telomeres and telomerases are 

important factors in determining cell death. TrxR antisense RNA could significantly reduce the 

telomere fluorescence in human hepatocellular carcinoma (Gan et al. 2005). 

 

The Trx system is linked to angiogenesis through the induction of hypoxia-inducible factor 1 (HIF-

1) and vascular endothelial growth factor (VEGF) by Trx overexpression as well as by TrxR 

inhibition (Welsh et al. 2002, Streicher et al. 2004), though the exact mechanisms are still not clear. 

Trx may allow tumor cells to invade by reducing disulfides in extracellular matrix proteins (Farina 

et al. 2001). 

 

 

Table 2. Antioxidative enzymes and chromosomal location, cellular location, outcome of AOE 

knockout mice and typical expression of AOEs in most tumors. 

 

 

 
gene locus cellular 

location 

knockout 

mice 

expression in 

most tumors 

MnSOD 6q25.3 mitochondrial † within 21 

days 
 

GLCL-C 1p6 mitochondrial 

cytosol 

† after birth  

GLCL-R 1p21 mitochondrial 

cytosol 

???  

Trx 9q32 cytoplasm 

mitochondrial 

† 

embryogenesis 
 

TrxR 12q23 cytoplasm 

mitochondrial 

† 

embryogenesis 
 

 
† die 

 higher expression 
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2.2.4. Peroxiredoxins 

Peroxiredoxins (Prxs) are a family of peroxidases that reduce hydrogen peroxide and organic 

peroxides using the thioredoxin system as the electron donor. They are highly expressed in various 

cellular compartments, accounting for about 0.8 % of total cytoplasmic protein content (Link et al. 

1997, Rabilloud et al. 2002). Oxidation of peroxiredoxins makes them more able to oligomerise, 

which increases their chaperonic activity (Lim et al. 2008). Peroxide degradation can also occur via 

several routes including direct reaction with glutathione, breakdown by catalase (free H2O2) or 

glutathione peroxidases (H2O2 and lipid hydroperoxides), or reaction with vitamins and other non-

enzymatic antioxidants (Valko et al. 2007). Mammalian tissues express Prx isoforms, and their 

overexpression prevents intracellular accumulation of H2O2, inhibiting apoptosis (Kang et al. 

1998b). A member of the Prx family has previously been known as thioredoxin peroxidase (Zhang 

et al. 1997). Some members of the Prx family do not require thioredoxin as an electron donor; 

therefore, they are not termed thioredoxin peroxidase (Kang et al. 1998b). Six different Prx genes 

have been identified (Knoops et al. 1999, Seo et al. 2000). Members of this family can be divided 

into three subgroups: typical 2-cysteine (2-CYS) peroxiredoxins (Prx I-IV); atypical 2-CYS 

peroxiredoxins (Prx V) and 1-CYS peroxiredoxins (Prx VI) (Table 3). The division is based on the 

presence and reactivity of active cysteine groups in the molecules (Knoops et al. 1999, Yamashita et 

al. 1999, Okado-Matsumoto et al. 2000). Hyperoxidised forms of 2-CYS peroxiredoxins are 

oxidised back to a functional form by sulforedoxin (Wood et al. 2003). Thus overexpression of 

sulforedoxin leads to a better tolerance of oxidative stress (Chang et al. 2004). Sulforedoxin is 

induced by nuclear factor 2 (Nrf2), a protein sensing oxidative stress in cells. In conditions with a 

high oxidative or xenobiotic stress, Nrf2 is activated and stimulates synthesis of several antioxidant 

enzymes, such as peroxiredoxins (Ishii et al. 2000). 
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Table 3. Location, genetic site and type of different peroxiredoxin subtypes. 

    

Prx Chromosome 

site 

Location Type Knockout 

mice 

Expression in 

normal brain 

Expression 

in most 

tumors 

I 1p34.1 cytoplasm, 

nuclei 

typical 2-Cys 

Prx 

hemolytic 

anemia 

oligodendrocytes, 

microglia 

↑ 

II 19p13.2 cytoplasm, 

nuclei 

typical 2-Cys 

Prx 

anemia, die 

early 

cytosol and nuclei 

of neurons 

↑ 

III 10q25-26 mitochondria typical 2-Cys 

Prx 

viable, no 

obvious gross 

pathology 

hippocampus ↑ 

IV 10p22.11 endoplasmic 

reticulum, 

nuclei 

typical 2-Cys 

Prx 

elevated 

spermatogeni

c cell death 

cytoplasm of 

neurons, 

oligodendrocytes 

↑ 

V 

 

11q13 mitochonria, 

peroxisomes, 

cytosol, 

nuclei 

atypical 2-

Cys Prx 

??? neural tissue ↑ 

VI 1q25.1 cytoplasm, 

lysosomes, 

lamellar 

bodies 

1-Cys Prx organ injury 

and high 

mortality 

astrocytes, 

oligodenrdrocytes 

↑ 

 

 

 

 

 

2.2.4.1. Peroxiredoxin I 

Cytosolic Prx I is present at high levels in most tissues. Prx I is also known as natural killer 

enhancing factor A (NKEF-A) (Shau et al. 1994). It may bind to heme, though the significance of 

this binding remains uncertain. Prx I-transfected cell exhibit resistance to apoptosis caused by 

hydrogen peroxide (Kang et al. 1998a). The gene expression is altered by oxidative stress and under 

other physiological and non-physiological conditions, and is induced by oxygen in the lung (Das et 

al. 2005). Prx I gene knockout mice develop hemolytic anemia and are also susceptible to cancer 

development and oxidative stress (Neumann et al. 2003). In the normal mouse brain, Prx I is found 

dominantly in oligodendrocytes and rarely in microglia (Kim et al. 2008). As far as human tumors 

are concerned, Prx I expression is high in brain, breast, colon, lung, oral, ovarian and thyroid 

cancers (Yanagawa et al. 1999, Kim et al. 2007, Cha et al. 2009, Demasi et al. 2010, Järvelä et al. 

2010, Wu et al. 2010) (Table 3). In breast cancer, Prx I is clearly associated with increasing tumor 

grade, and normal breast tissue express very low Prx I staining (Cha et al. 2009). Prx I binds to the 

phosphatase and tensin homolog (PTEN) tumor suppressor gene, influencing its lipidphosphatase 

activity. This results in decreasing AKT activity, with a consequence that RAt Sarcoma (RAS) and 
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Human Epidermal growth factor Receptor 2 (HER2) mediated oncogenesis decreases (Cao et al. 

2009). Cytoplasmic Prx I hinders NF-kB activation and translocation to the nucleus, whereas 

nuclear Prx I does not have such an effect (Hansen et al. 2007). Trx seems to be co-expressed with 

Prx I in breast cancer and it has been hypothesized that they could be used as potential breast cancer 

markers (Cha et al. 2009). 

 

2.2.4.2. Peroxiredoxin II 

Cytosolic Prx II has also been known as natural killer enhancing factor B (NKEF-B) (Shau et al. 

1993, Shau et al. 1994). As with Prx I, Prx II gene knockout mice develop anemia, and additionally 

have a significant decrease in lifespan. In both cases, the knockout of the corresponding gene causes 

a significant elevation of ROS in erythrocytes (Lee et al. 2003). In the normal brain, Prx II is 

principally expressed in the cytosol of neurons of grey matter and also in the nuclei of medial 

habenular neurons (Sarafian et al. 1999, Jin et al. 2005, Lee et al. 2003). Prx II is also upregulated 

in Alzheimer’s disease and in Down’s syndrome (Kim et al. 2001). The expression of Prx II is 

elevated in tumors, including brain, breast and colon cancer, as well as mesothelioma (Noh et al. 

2001, Kinnula et al. 2002, Järvelä et al. 2010, Wu et al. 2010) (Table 3). Interestingly, Prx II is 

known to affect radiation sensitivity (Park et al. 2000), and the expression causes cells to be 

resistant to the anti-cancer agent cisplatin (Chung et al. 2001). It also has an anti-apoptotic function 

(Zhang et al. 1997).  

 

2.2.4.3. Peroxiredoxin III 

Prx III is present in mitochondria. The gene expression is induced by oxidative stress and appears to 

function as an antioxidant in cardiovascular systems (Araki et al. 1999). Prx III is concentrated in 

neurons in the hippocampal area in the normal brain and has a protective role against excitotoxic 

injuries (Hattori et al. 2003, Jin et al. 2005). Contrary to Prx II, low levels are found in Alzheimer’s 

disease and Down’s syndrome (Kim et al. 2001). Interestingly, overexpression of Prx III is also 

found in astrocytomas (Järvelä et al. 2010). In addition to the previous Prxs, high expression of Prx 

III is also associated with breast cancer (Noh et al. 2001), and elevated Prx III expression is 

detected in colon cancer and mesothelioma (Kinnula et al. 2002, Wu et al. 2010) (Table 3). In breast 

cancer, Prx III is associated with proliferation. Silencing of the encoding gene inhibits proliferation 

(Chua et al. 2010). C-myc regulates Prx III expression and C-myc-/- mice display a lowered 

expression of Prx III (Wonsey et al. 2002).  
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2.2.4.4. Peroxiredoxin IV 

Prx IV is found in endoplasmic reticulum and lysosomes but is also secreted into extracellular space 

(Kang et al. 1998b, Okado-Matsumoto et al. 2000). In the cells it acts as a regulatory factor for NF-

B (Jin et al. 1997). Prx IV is a homodimer in the plasma. Reduced Prx IV present in plasma can 

bind heparan sulfate on endothelial cells of blood vessels. Oxidation releases Prx IV from the cell 

surface by introducing conformational change via disulfide formation (Okado-Matsumoto et al. 

2000). In addition to the peroxidase activity, Prx IV may have a role in spermatogenesis (Sasagawa 

et al. 2001). High expression of the PRDX4 gene is characteristic of the liver, testes, ovaries, and 

muscles, whereas low expression is observed in the small intestine, placenta, lung, kidney, spleen, 

and thymus (Jin et al. 1997). In the normal brain, moderate Prx IV has been reported in the 

cytoplasm of neurons, and strong nuclear expression has been found in oligodendrocytes (Jin et al. 

2005). Prostate cancer shows elevated expressions of both Prx III and IV (Basu et al. 2010) (Table 

3). Prx IV induces proliferation mediated by estrogen in breast cancer. The expression of TNF-

Related Apoptosis-Inducing Ligand (TRAIL) ligand diminishes transcription of Prx IV. Prx IV 

overexpression, on the other hand, protects from TRAIL mediated apoptosis (Wang et al. 2009). 

 

2.2.4.5. Peroxiredoxin V 

Prx V was the last member to be identified of the six mammalian peroxiredoxins. Like the five 

other members, Prx V is widely expressed in tissues but differs with its surprisingly large 

subcellular distribution, structure, and reaction mechanism. Prx V is a peroxidase that can use 

cytosolic or mitochondrial thioredoxins to reduce alkyl hydroperoxides or peroxynitrite. Prx V is 

subcellularly located in peroxisomes and mitochondria, as well as in cytosol and nucleus. It inhibits 

the p53-induced generation of ROS and apoptosis (Knoops et al. 1999, Seo et al. 2000). So far, Prx 

V has mainly been viewed as a cytoprotective antioxidant enzyme acting against endogenous or 

exogenous peroxide attacks rather than as a redox sensor. Accordingly, overexpression of the 

enzyme in different subcellular compartments protects cells against death caused by nitro-oxidative 

stress, whereas gene silencing makes them more vulnerable. Additionally, Prx V is found in normal 

neural tissue in the mouse brain (Jin et al. 2005) and has a protective role against excitotoxic brain 

lesions in newborn mice (Plaisant et al. 2003). Prx V has been detected in colon cancer and 

mesothelioma (Kinnula et al. 2002, Wu et al. 2010) (Table 3). 
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2.2.4.6. Peroxiredoxin VI 

Prx VI is a bifunctional enzyme, with phospholipase A2 (PLA2) and peroxidase activity. It probably 

has multi-catalytic centers. Prx VI is also referred to as open reading frame 6 (ORF6) and 

antioxidative protein 2 (AOP2). Prx VI has only one conserved cysteine (Kang et al. 1998a). The 

encoding gene comprises 5 exons and two related genes,”pseudogenes”. The encoding gene is 

induced by oxidative stress, keratinocyte growth factor, and lens epithelium-derived growth factor 

(Frank et al. 1997, Fatma et al. 2001, Fujii et al. 2001). It is highly expressed in the lungs, eye, 

olfactory region, and epithelia (Peshenko et al. 1996, Peshenko et al. 1998, Novoselov et al. 1999, 

Kim et al. 2002). The PRDX6 gene knockout mice have high levels of protein oxidation, and 

significant injury to kidneys, liver, and lungs, and thus have high mortality (Eismann et al. 2009). 

Though Prx VI is considered as cytosolic in mammalian cells, it is found in the nuclei of astrocytes 

and oligodendrocytes, and thus may have a different role in the brain than in other organs (Fujii et 

al. 2001, Jin et al. 2005). Overexpression of Prx VI has been detected in patients with Alzheimer´s 

and Pick’s diseases (Power et al. 2008) as well as with tumors, including breast, colon, and lung 

cancers (Chang et al. 2007, Lee et al. 2009, Wu et al. 2010) (Table 3). Interestingly, Prx VI has 

been found to be elevated in the serum of patients with lung squamous cell carcinoma (Zhang et al. 

2009). 

 

   

2.3. CARBONIC ANHYDRASES 

 

Carbonic anhydrases (CAs) have been extensively investigated over 70 years (Meldrum and 

Roughton 1933). The human -CA family comprises at least 15 members which can be divided 

into: intracellular or extracellular, catalytically active or inactive, and wide-spread or restricted to 

few tissues. Five active family members are cytosolic (CA I-III, VII, and XIII), four are membrane-

associated (CA IV, 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). The active enzymes catalyze the reversible conversion of carbon dioxide to 

carbonic acid by a zinc-activated hydroxide mechanism (Christianson and Cox 1999, Supuran 

2004). 

 
              CA 

    CO2 + H2 O  HCO3
-
 + H

+ 
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CAs are multifunctional enzymes and participate in respiration, bone resorption, production of 

gastric acid and other body fluids, and many other biological processes. Acidic extracellular pH is 

associated with tumor progression via multiple effects, including upregulation of angiogenic factors 

and proteases, increased invasion, impaired immune functions, as well as modulating the effect of 

anticancer therapy (Kato et al. 1992, Gerweck 1998, Fischer et al. 2000, Fukumura et al. 2001). 

CAs influence intra- and extracellular pH and ion transport, as well as water and electrolyte balance 

(Sly and Hu 1995, Parkkila and Parkkila 1996). Thus, they can be involved in the pathogenesis of 

various diseases, such as neurological disorders, oedema, and cancer (Pastoreková et al. 2004). 

Clinically used sulfonamides, such as acetazolamide and dorzolamide, are efficient inhibitors of 

CAs (Supuran et al. 2003). 

 

2.3.1. Carbonic anhydrase II 

CA II was the first isoform purified, initially from bovine sources (Lindskog 1960). Cytosolic CA II 

is expressed in epithelial cells involved in acid or alkaline secretion and in some non-epithelial cells 

including osteoclasts (Sly et al. 1983) (Table 4). Thus, CA II is found almost in every human tissue 

(Tashian 1992). The encoding gene, CA2, is located at 8q22 (Nakai et al. 1987).  

 

The CA II expression pattern in the brain shows some variation in different animal species. In the 

normal human brain, oligodendrocytes express CA II at midgestation and abundantly so in 

varicosities during myelinogenesis, whereas the enzyme is more weakly expressed in adult compact 

myelin (Kida et al. 2006) (Table 4). CA II is necessary for human vasculogenesis and formation of 

the blood-brain barrier (Kida et al. 2006). The genetic defect of CA II is a rare autosomal-recessive 

disorder with osteopetrosis, renal tubular acidosis, and cerebral calcification (Sly et al. 1983).  

 

Previous studies have shown that antibodies for CA II are prevalent is some autoimmune diseases 

(Kino-Ohsaki et al. 1996). CA II has not been regarded as a tumor-associated protein due to the fact 

that it is so widely distributed in normal tissues. However, it is ectopically expressed in the 

endothelial cells of tumor neovessels (Yoshiura et al. 2005). Previous reports have indicated high 

CA II expression in a few cancer types including brain tumors (Parkkila et al. 1995, Haapasalo et al. 

2007) and leukemia (Leppilampi et al. 2002). Patients with melanoma have been treated with 

elicitation of serum anti–CA II antibody by dendritic cell therapy with promising results (Yoshiura 

et al. 2005).  
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2.3.2. Carbonic anhydrase IX 

CA IX is one of the most studied CA isoenzymes. It is also known as G250 (Grabmaier et al. 2000) 

and is a distinct member of the -CA family (Hewett-Emmett and Tashian 1996). The encoding 

gene, CA9, is located at 9p13 (International Human Genome Sequencing Consortium 2001) (Table 

4). Initially, CA IX was described as a tumor-associated protein, MN, and was detected in HeLa 

cells (Pastorek et al. 1994). CA IX is a transmembrane isoenzyme with a short cytoplasmic tail and-

, extracellularly exposed catalytic CA domain, which is N-terminally extended with proteoglycan 

region (Pastorek et al. 1994, Opavsky et al. 1996, Hilvo et al. 2008). Therefore, CA IX is a unique 

enzyme among all other CAs. CA IX is expressed in few normal tissues. It is found principally in 

the epithelia of the gastrointestinal tract involving organs, such as the stomach and gallbladder 

(Pastorekova et al. 1997), intestine (Saarnio et al. 1998), and pancreas (Kivelä et al. 2000a). In 

addition, CA IX expression has been reported in the male reproductive organs (Karhumaa et al. 

2001), and lining cells of the body cavity (Ivanov et al. 2001) (Table 4).  

 

In addition to its function as an enzymatically active CA, CA IX is a cell adhesion molecule (CAM) 

(Závada et al. 2000) and seems to play a role in intercellular adhesion with its proteoglycan-like 

region (Svastová et al. 2003). CA IX can perturb E-cadherin-mediated cell-cell adhesion via 

interaction with –catenin and thereby potentially contribute to tumor invasion (Svastová et al. 

2003) (Figure 3). It also has a role in cellular proliferation (Pastorek et al. 1994, Saarnio et al. 

1998). 

 

HIF-1 is stabilized under hypoxic conditions and binds to hypoxia-responsive elements in many 

genes, such as erythropoietin, VEGF, and glucose transporter leading to the induction of 

erythropoiesis, angiogenesis, and glycolysis (Carmeliet et al. 1998). HIF-1 also activates CA9 gene 

and, thus CA IX expression level increases dramatically in hypoxic conditions. Consequently, the 

protein is often found in perinecrotic regions (Wykoff et al. 2000) (Table 4). Under normoxia, CA 

IX expession is maintained low by the product of the wild-type von Hippel-Lindau (vHL)gene, 

which targets HIF-1 to proteosomal degradation (Ivanov et al. 1998) 

 

Pastorek et al. (1994) have shown by transfecting mouse 3T3 cells with CA9 complementary DNA 

(cDNA) that CA IX has a role in tumorigenesis. Ectopic expression is induced in various tumors, 

such as breast, cervix uteri, esophagus, kidney, and lung carcinomas (Liao et al. 1994, McKiernan 

et al. 1997, Liao et al. 1997, Turner et al. 1997, Vermylen et al. 1999, Bartosová et al. 2002), where 

CA IX is absent in the corresponding normal tissue. Conversely, CA IX expression is usually absent 
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or reduced in tumors which have originated from CA IX-positive tissues, such as the stomach and 

gallbladder, and the expression is reduced/absent where tumors are concerned (Saarnio et al. 2001, 

Leppilampi et al. 2003). The clear division of CA IX expression in normal and neoplastic cells 

makes it a promising diagnostic and prognostic tool in various tumors. For example, in breast 

tumors, high expression of CA IX is associated with a higher grade, necrosis, and worse outcome 

(Chia et al. 2001, Wykoff et al. 2001). Similar correlations have been reported in head and neck 

(Beasley et al. 2001, Koukourakis et al. 2001), astrocytomas (Haapasalo et al. 2006), bladder 

(Hoskin et al. 2003), and cervix carcinomas (Loncaster et al. 2001). In contrast, reduced CA IX 

expression has shown correlation with poor prognosis in renal cell carcinoma (RCC) (Bui et al. 

2003 and 2004).  

 

2.3.3. Carbonic anhydrase XII 

CA XII is also a transmembrane protein with an extracellularly exposed enzyme domain and 

catalytic activity (Ivanov et al. 1998, Türeci et al. 1998). The encoding gene, CA12, is located at 

15q22 (Türeci et al. 1998). CA XII was initially identified in renal carcinoma (Türeci et al. 1998). 

Türeci et al. (1998) and Ivanov et al. (1998) have identified that CA12 mRNA is expressed in the 

adult kidney, brain, colon, lung, ovary, pancreas, prostate, and testis. CA XII protein has been found 

in the normal endometrium, pancreas, and colon (Karhumaa et al. 2000, Kivelä et al. 2000a, Kivelä 

et al. 2000b) (Table 4).  

 

In the brain, CA XII has been found at the corpus striatum. The normal glial tissues of the human 

brain have shown no expression of either CA IX or CA XII protein. In contrast, CA XII is highly 

expressed in low-grade gliomas of the brain, and CA IX in high-grade gliomas (Ivanov et al. 2001). 

Others have found that CA IX and XII are overexpressed in primary and metastatic brain tumors in 

comparison to the expression in the normal brain (Proescholdt et al. 2005) (Table 4). Interestingly, 

CA XII predicts worse outcome in diffusely infiltrating astrocytic gliomas (Haapasalo et al. 2008). 

 

Similarly to CA IX, CA XII is also hypoxia-inducible and tumor-associated (Wykoff et al. 2000). 

Wild-type pVHL inhibits CA12 gene expression (Ivanov et al. 1998). Some tumors have 

coexpression of CA IX and XII. Though, it seems that CA XII is not as tightly regulated by HIF-1 

and pVHL and does not have as strong a cancer-association as CA IX (Ivanov et al. 1998, Wykoff 

et al. 2000). The main difference between the two CAs is the unique proteoglycan (PG)-like region 

at the N-terminus of CA IX, which is not present in CA XII (Supuran 2004). 
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Table 4. Summary on carbonic anhydrases II, IX, and XII and their gene localization, and 

expression pattern in different human tissues. 

 

 gene locus protein 

expression 

expression in 

normal tissue 

expression in the 

normal brain 

typical 

expression 

pattern in brain 

tumors 

CA II 8q22 cytosol in almost  every 

human tissue 

oligodendrocytes 

myelin 

choroid plexus 

cytoplasmic 

endothelial 

CA IX 9p13 transmembrane GI-tract, 

male 

reproductive 

organs, 

lining cells of 

body cavity 

choroid plexus near necrosis 

CA XII 15q22 transmembrane GI-tract, 

kidney, 

female/male 

reproductive 

organs 

corpus striatum 

choroid plexus 

homogenous 
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2.4. CLAUDINS 

 

2.4.1. Tight junctions 

Tight junctions (Tjs) comprise complex systems in order to maintain cell-cell adhesion. Tight 

junctions have both a proteinaceous (van Meer et al. 1986) and lipidic (Grebenkämper and Galla 

1994) nature. It was not until the 1990´s that studies identified transmembrane components of the 

tight junction, occludin and claudin 1 and 2 (Furuse et al. 1993 and 1998, Ando-Akatsuka et al. 

1996). Importantantly, tight junction proteins have an ability to recruit signaling proteins, and thus, 

may regulate proliferation, differentation, and other cellular functions (Mitic and Anderson 1998). 

Tight junctions are extremely important also in the blood-brain barrier (BBB), but differ in structure 

and sensitivity to some extent from that of epithelial and especially from endothelial tight junctions 

(Kniesel and Wolburg 2000). These barriers are critical for neurological function, as they maintain 

a stable environment with the regulation of ionic balance and nutrient transport and blockage of 

potentially toxic molecules. The BBB consist of endothelial BBB on one side and the blood-

cerebrospinal fluid barrier on the other (Reese and Karvovsky 1967).  

 

2.4.2. The blood-brain barrier 

The BBB is the most complex form of tight junction (Nagy et al. 1984). Early embryonic brain 

capillaries are permeable to subtances excluded from the neuronal milieu in the adult (Johanson 

1980). During the development of the rat, tight junctional membrane domains of pial microvessels 

narrow (Cassella et al. 1997). Several in vitro models have been established to investigate the 

induction and regulation of the BBB. Astrocytes and related neuroepithelial cells participate in the 

induction of the BBB (Risau and Wohlburg 1990). Additionally, astrocytes have been  

found to release humoral factors to contribute to the formation of the BBB (Arthur et al. 1987), 

whereas others have shown that formation is dependent on direct contact between astrocytes and 

endothelial cells (Tao-Cheng et al. 1987). 

 

 

 

 

 

 

 

 

 

 



 40 

Figure 4. Claudins are essential in the formation of tight junctions (dark grey oval circle in the 

figure). Claudins are transmembrane proteins with domains 1 to 4 (TMD-1, TMD-2, TMD-3, and 

TMD-4) and extracellular loops. Other transmembrane proteins include e.g. connexins, integrins, 

and E-cadherin. 

 

 
 

 

 

 

 

2.4.3. Claudin expression in normal tissue  

Claudins (CLDNs) consist of 27 proteins that participate in the formation of tight junctions, which 

are essential in paracellular transport, maintenance of cell polarity and segregation of the apical part 

of cell membrane form other parts, eg. fence function (Tsukita and Furuse 2000, Krause et al. 2008, 

Mineta et al. 2011) (Figure 4). Claudins are expressed in cells and tissues where there are tight 

junctions, such as epithelial, mesothelial and endothelial cells (Soini 2005, Krause et al. 2008). 

Claudins are responsible for the integrity of tight junctions (Furuse et al. 1998) and seem to form 

the backbone of the tight junctional adhesion molecules (Tsukita et al. 2001). Most tissues express 

multiple claudins (Soini 2005). Claudins can interact in homotypic and heterotypic ways to form the 

tight junction strands. The exact combination of claudins determines the selectivity and strength of 

the tight junctions (Furuse et al. 1998, Morita et al. 1999a, Morita et al. 1999b, Krause et al. 2008).  
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There are, however, differences in claudin expression between different tissues and between cells 

within the same tissue which affect the function and permeability of the tight junctions, (Rahner et 

al. 2001, Reyes et al. 2002), Table 5. In the kidney, for instance, tubular cells vary in their 

expression of different claudins, leading to differences in the absorption of electrolytes and solutes 

in different parts of the tubular segments and a similar situation exists in the gut (Reyes et al. 2002, 

Holmes et al. 2006). In the lung alveolar and bronchial cells, claudins 1-8 and 18 have been 

detected (Coyne et al. 2003, Daugherty et al. 2004, Mazzon and Cuzzocrea 2007, Kaarteenaho-

Wiik and Soini 2009, Kaarteenaho et al. 2010). Expression may, however, be modified in different 

lung diseases such as acute respiratory distress disease, idiopathic lung fibrosis and lung 

inflammation which is due to expression of growth factors or activation of kinases such as protein 

kinase C (PKC) (Mazzon and Cuzzocrea 2007, Kaarteenaho-Wiik and Soini 2009, Cohen et al. 

2010). CLDN5 is apparently restricted to endothelial cells of most tissues, except for the kidneys, 

where it is expressed in the arterial endothelium and in podocytic cells of the glomeruli (Morita et 

al. 1999b, Koda et al. 2011). CLDN5 has also been found in the dermal vascular endothelium in 

mouse and human skin cells (Morita et al. 2003). It is also overexpressed in several epithelial 

neoplasms, such as ovarian carcinoma (Turunen et al. 2009). Interestingly, CLDN5 knock-out mice 

exhibit permeability of brain vessels (Nitta et al. 2003). CLDN6 is mainly expressed in embryonic 

stem cells, whereas CLDN17 is detected only in the normal kidney. CLDN18 is expressed in the 

gastrointestinal cells (Niimi et al. 2001). It consists of two splice variants, one being expressed in 

lung carcinoma and the other in gastrointestinal tissues and tumors, like pancreatic carcinoma 

(Niimi et al. 2001). Claudin 22 is not found in normal tissue, but is seen in various cancers (Hewitt 

et al. 2006). 

 

2.4.4. Claudin expression in neoplasms 

Many CNS disorders, such as brain tumors, stroke, trauma, multiple sclerosis and 

neurodegenerative diseases, are associated with a dysfunction of the BBB (Abbott et al. 2006). The 

high degree of cellular organization seen in normal differentiated tissues is often lost in cancer. 

Dysfunction of the tight junctions and BBB has a role in tumorigenesis, and tumor cells frequently 

show decreased differentation and cell polarity (Weinstein et al. 1976, Soler et al. 1999). Nutrients 

and other necessary factors for the survival of tumor cells demand loss of tight junction integrity 

(Mullin 1997). In addition, decreased polarity and differentation may be linked to metastatic 

phenotype (Martin and Jiang 2001). Several claudins are involved in tumorigenesis, especially 

CLDN 1, 3, 4, 5, 7, 10 and 16 which have been found altered in various cancers (Morin 2005). 
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Claudins may affect tight junction function in cancer (Li and Mrsny 2000). CLDNs have variable 

expression pattern in different types of epithelial malignancies. Phosphorylation of claudin 5 has 

been reported to change tight junctions by cyclic AMP-dependant protein kinase (Ishizaki et al. 

2003, Soma et al. 2004) and phosphorylation of CLDN 3 and 4 disrupt tight junctions in ovarian 

cancer cells (D´Souza et al. 2005). Interestingly, there is evidence that CLDNs may be up-regulated 

in some cancers, such as CLDN 3 and 4 in ovarian (Hough et al. 2000), breast (Kominsky et al. 

2004) and prostate cancers (Long et al. 2001). Added to this, CLDN4 has been found to be 

overexpressed in pancreatic cancer (Michl et al. 2001, Nichols et al. 2004, Hewitt et al. 2006). 

Hewitt et al. (2006) also found CLDN 3 and 4 mRNA in tumors of the bladder, thyroid, fallopian 

tubes, stomach, colon, and uterus, Table 5. Dramatic loss of CLDN 1 expression has been identified 

in glioblastoma multiforme, suggesting its supporting role as a tumor suppressor (Liebner et al. 

2000). Loss of claudins is associated with metastatic behavior (Takala et al. 2007) and diffuse 

subtype in gastric carcinomas (Soini et al. 2006b). Claudins can be used as a diagnostic tool to 

distinguish between different tumor types, including mesothelioma/pleura carcinoma, ovarian 

tumors, gastric carcinoma, and renal cell tumors (Soini et al. 2006a, Soini et al. 2006b, Zhu et al. 

2006, Lechpammer et al. 2008). They can also be used as a prognosticator with patients with 

various tumors e.g. renal cell tumors, tongue carcinoma, and gastric adenocarcinoma (Lee et al. 

2005, Bello et al. 2008, Lechpammer et al. 2008). 
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Table 5. Claudins (CLDNs) studied in this thesis. Gene localization, outcome of knockout mice, 

and typical expression pattern in normal tissue and in tumors.  

 

 gene locus knockout 

mice 

expression in 

normal 

tissue 

expression / 

in tumors 

CLDN 2 10q22.3-q23 leaky 

proximal 

tubules of the 

kidneys, 

normal 

lifespan 

Lung breast, 

prostate 

CLDN 3 7q11 ??? Lung breast, 

ovarian, 

prostate 

CLDN 4 7q11.23 ??? Lung breast, 

ovarian, 

prostate, 

squamous cell 

ca, 

pancreatic,  

gastric,  

renal, 

CLDN 5 22q11.2 leaky brain 

vessels 

lung, kidney, 

skin 
ovarian, 

angiosarcoma, 

hepatocellular, 

renal 

CLDN 7 17 renal salt 

wasting and 

hydration, die 

within 12 

days 

lung Colorectal, 

hepatocellular, 

breast, 

esophagus, 

head and neck 

CLDN 10     13q31-q34 ???  hepatocellular, 

thyroid 

papillary 

    = elevated expression;  = diminished expression.   
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2.4.5. Epithelial-mesenchymal transition 

In cancer, deregulation of claudins and dysfunction of these proteins cause changes in the 

microenvironment of the cells and loss of cell-cell adhesion, leading to disturbances in cellular 

differentiation, uncontrolled cell proliferation, loss of cohesion and increased invasiveness (Oliveira 

and Morgado-Diaz 2007) (Figure 3). The pathway involves changes in markers associated with 

epithelial-mesenchymal transition (EMT). EMT produces cancer cells that are invasive, migratory, 

and exhibit stem cell characteristics, hallmarks of cells that have the potential to generate 

metastases. Additionally, EMT is critical in early embryogenic morphogenesis and is reversible; 

mesenchymal cells may revert back to an epithelial state via mesenchymal-to-epithelial transitions 

(Thiery et al. 2009). EMT is involved in wound healing and tissue remodeling. Many EMT 

biomarkers have been characterized and classified into functional categories (i.e., extracellular 

proteins, cell surface molecules, cytoskeletal markers, transcriptional factors, and, recently, micro 

RNAs). Every EMT-inducing pathway will activate any of the E-cadherin transcriptional repressors 

(ZEB1, ZEB2, TWIST, Snail or Slug) (Krasnapolski et al. 2011). Zinc-finger E-box binding 

homeobox 1 (ZEB1) and TWIST regulate expression of genes which take part in EMT (Taube et al. 

2010).  

 

 

Figure 3. Loss of cell-cell adhesion has a critical role in tumorigenesis. Both CLDNs and CA IX 

affect adhesion stability. 
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3 AIMS OF THE STUDY 

 

The objective of the present study was to develop new, clinically-relevant methods and markers to 

improve detection and prognostic evaluation of pediatric brain tumors. In addition, the aim was to 

find a promising target for therapy.   

 

There was special emphasis on the following aims: 

 

1. Study the expression of antioxidative enzymes and peroxiredoxins in pilocytic astrocytomas 

and the clinicopathological relevance of these tumors (study I) 

 

2. Analyse the expression of antioxidative enzymes within ependymomas (study II) 

 

3. Study the expression of carbonic anhydrases II, IX, and XII in medulloblastomas and 

PNETs. Additionally, to evaluate the molecular pathology and prognostic significance of 

carbonic anhydrases in these tumors (study III) 

 

4. Study the expression of claudins and their clinicopathological features in ependymomas 

(study IV) 
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4 MATERIALS AND METHODS 

 

4.1. Patients 

 

4.1.1. Pilocytic astrocytomas were obtained from 105 patients, including 49 females and 56 males 

(study I). The patients were operated on at the University Hospitals of Tampere, Helsinki, Kuopio, 

and Turku, Finland from 1980-1999. The age of the patients varied from newborn to 66 years 

(median = 10 years, mean ± SD = 15 ± 15 years). The material comprised 96 primary tumors and 9 

recurrences. The tumor location varied as follows: cerebellar tumors 85%, 5% in the cerebrum, 3% 

in the brainstem and spinal cord, and 7% in the optic nerve. The follow-up period was 0.5-19.5 

years (mean ± SD = 7.0 ± 4.1 years). No perioperative adjuvant therapy was given.  

 

4.1.2. Ependymomas were analysed in two studies (II and IV). In the first one (study II), the 

material included 59 patients (29 females, 30 males) with ependymal tumors (46 patients with 

primary ependymomas, eight of them showing recurrence during follow-up, and 13 patients with 

recurrence only). Neurosurgical operations were performed between January 1979 and May 1999 at 

Tampere University Hospital, Kuopio University Hospital and Turku University Hospital, Finland. 

The median age of the patients was 36 years (mean 32.6±21.4 years, range 3.5 months to 77 years) 

at the time of operation. The median follow-up period was 7.8 years. Primary tumors were located 

in the brain (57%) or in the spinal cord (43%). Primary tumors comprised 10 grade I, 30 grade II 

and 6 grade III ependymomas, whereas for 21 recurrent tumors, the division between grades was: 3 

grade I, 12 grade II and 6 grade III. All grade I tumors were myxopapillary ependymomas and 

grade III tumors were classified as anaplastic ependymomas. The detailed (radio- or chemo-) 

therapy was known in 29 cases, of which 19 were primary tumors (11 patients received 

radiotherapy and one patient chemotherapy). In addition, seven recurrences received radiotherapy 

and two recurrences chemotherapy. 

 

In the other study (study IV), ependymoma patient and tumor material was mostly the same. Tumor 

samples were gathered from 57 patients who underwent neurosurgical operation between January 

1979 and May 1999 at Tampere University Hospital, Kuopio University Hospital and Turku 

University Hospital, Finland. The median age of the 44 patients (19 females, 25 males) with 

primary tumors was 33 years (mean 30.9+20.2 years, range 3.5 months to 67 years) at the time of 

diagnosis. A tumour re-occurred in four of the cases, and 13 patients had recurrence only. Thus, the 

total tumor material comprised 61 tumor samples. The median follow-up period was 6.4 years. The 
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topography of the primary tumors was: the cerebrum (14%), the cerebellum (27%), and the spinal 

cord (41%). Among the 44 primary tumors, there were nine grade I, 28 grade II, and seven grade 

III. Of the total of 17 recurrent tumors, two were grade I, 11 grade II, and four grade III. As with the 

first ependymoma study, all grade I tumors were myxopapillary ependymomas and grade III tumors 

were classified as anaplastic ependymomas. 

 

4.1.3. Medulloblastomas and PNETs 

In study III, there were 35 patients with MB or sPNET, who were operated on at the University 

Hospitals of Tampere and Turku, Finland, during 1989-2005. Our material included 15 females and 

20 males. MBs were observed in 28 patients and supratentorial PNETs in seven patients. Recurrent 

tumor was found in four cases (two MBs; two supratentorial PNETs, respectively). Taken together, 

our material included 39 surgical tumor samples. The age of the patients varied from newborn to 68 

years (median = 7.4 years, mean ± SD = 14.4 ± 17.2 years). Of the 35 patients, four patients with 

recurrence received preoperative chemotherapy and/or radiation therapy. The tumors were radically 

resected if possible, and most patients were also treated with postoperative chemo- and/or 

radiotherapy; three patients received surgery only, five patients were post-operatively treated with 

chemotherapy, four underwent radiotherapy and twenty-three patients received both postoperative 

chemotherapy and radiotherapy. 

 

4.2. Tumor tissue samples 

All the tumor samples were immediately fixed in 4% phosphate-buffered formaldehyde and 

thereafter processed into paraffin blocks. Haematoxylin and eosin-stained slides of the tumors were 

evaluated by two experienced neuropathologists, and the histopathological typing and grading were 

carried out according to WHO criteria (Louis et al. 2007). In addition, the neuropathologist 

pinpointed the most representative tumor area, with a high cellular proliferation index (as assessed 

by Ki-67/MIB-1 staining) (Sallinen et al. 1994), from which a sample was chosen for multitissue 

microarray processing. The microarray blocks were constructed with a custom-built instrument 

(Beecher Instruments, Silver Spring, MD, USA). The sample diameter of the tissue core in the 

microarray block was 600 m. 
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4.3. Immunohistochemistry 

 

4.3.1. Antioxidative enzymes and peroxiredoxins 

Four-micrometer thick sections were cut from representative multitissue array (TMA) paraffin 

blocks. After deparaffinizing in xylene and rehydration in descending ethanol series, the sections 

were incubated in 10mM citrate buffer (pH 6.0), boiled in a microwave oven at 850W for 2 min and 

then 8 min in 350W in order to enhance the immunoreactivity. Endogenous peroxidase activity was 

eliminated by incubation in 0.1% hydrogen peroxidase in absolute methanol for 10 min.  

 

The antibodies used in the study were as follows: a polyclonal rabbit antibody to human MnSOD 

(dilution 1:1000) (donated by prof. James Crapo, Jewish Medical and Research Center, Denver, 

CO, USA); rabbit polyclonal antibodies to human GLCL-C and GLCL-R peptides (dilution 1:1000 

for both) (donated by T. Kavanagh, University of Washington, Seattle, WA, USA); an affinity 

purified polyclonal goat antibody to human Trx (dilution 1:200) (American Diagnostica, 

Greenwich, CT, USA). The antibody to TrxR was a polyclonal rabbit anti-rat antibody directed 

against cytosolic TrxR in rat liver (dilution 1:1000) (donated by prof. A. Holmgren, Karolinska 

Institutet, Stockholm, Sweden). The polyclonal anti-Prx-antibodies were donated by Dr. Kang (The 

Center for Cell Signalling Research and Division of Molecular Sciences, Ewha Womans 

University, Seoul, South Korea). Dilutions of the primary antibodies were 1:1500 for Prx I, 1:1000 

for Prx II, 1:500 for Prx III, 1:1000 for Prx IV and 1:2000 for Prxs V and VI.  

 

Immunostaining of Prxs I-VI, MnSOD, GLCL-c, GLCL-r and TrxR was carried out using 

Histostain-Plus Kits (Zymed Laboratories Inc., South San Francisco, CA) and the chromogen was 

aminoethyl carbazole (AEC) (Zymed Laboratories Inc.). For Trx, a biotinylated secondary anti-goat 

antibody was applied, followed by avidin-biotin-peroxidase complex (both from Dakopatts, 

Glostrup, Denmark). Colour was developed using 3,3´-diaminobenzidine, and the sections were 

lightly counterstained with haematoxylin and mounted in Eukitt (Kindler, Freiburg, Germany). 

Replacement of the primary antibody with phosphate-buffered saline (PBS) at pH 7.2, or with goat 

immunoglobulin G isotype (Zymed Laboratories, Inc., San Francisco, CA), was carried out for 

negative controls.  

 

The intensity of the immunostainings with all the antibodies was evaluated by dividing the positive 

staining reaction into three groups: 1 = weak staining intensity, 2 = moderate staining intensity, 3 = 

strong staining intensity. The quantity of the immunostaining was evaluated as follows; 0 = no 
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positive immunostaining, 1 = < 25 % of tumor cells showing positivity, 2 = 25-50 % of tumor cells 

showing positivity, 3 = > 50 % of tumor cells showing positivity. In the study on claudins in 

ependymomas, negative immunostaining was regarded as less than 5% tumor positivity, 1 = 5-25% 

of tumor cells showing positivity, 2 = of tumor cells showing positivity, and 3 > 75% of tumor cells 

showing positivity. In addition to the researcher, two experienced pathologists analyzed the staining 

results, and a consensus meeting was held in the case of a disagreement. 

  

4.3.2. Carbonic anhydrases 

Parkkila et al. (1993) have produced and characterised rabbit antiserum against human CA II. The 

previously described monoclonal antibody M75, recognising the N-terminal domain of human CA 

IX, was used in the CA IX immunostaining procedure (Pastorekova et al. 1992, Chrastina et al. 

2003). Rabbit anti-human CA XII antiserum against the secretory form of CA XII has been 

previously characterised (Karhumaa et al. 2000) and was used in this study. The detailed staining 

protocol is described in study III. 

 

The staining reactivities for CA II, CA IX and CA XII were scored from multitissue- blocks on a 

scale from 0 to 3 as follows: 0 = no reaction, 1 = weak reaction (< 10% positive cells), 2 = moderate 

reaction (10-30% positive cells), 3 = strong reaction (>30% positive cells). Due to the sample size, 

staining results were categorised into two groups: negative staining was considered as CA-negative 

and weak, moderate and strong staining were considered as CA-positive. 

 

4.3.3. Claudins 

The primary antibodies for the detection of claudins 2-5, 7, and 10 in formalin-fixed paraffin-

embedded tissues were purchased from Zymed Laboratories Inc (South San Francisco, CA). The 

antibodies included polyclonal rabbit anti-claudin 2 (clone JAY.8), polyclonal rabbit anti-claudin 3 

(clone Z23.JM), monoclonal mouse anti-claudin 4 (clone 3E2C1), monoclonal mouse anti-claudin 5 

(clone 4C3C2), polyclonal rabbit anti-claudin 7 (clone ZMD.241) and polyclonal anti-rabbit claudin 

10 (Ca N:o 38-8400).  

 

Immunostaining of claudins was carried out as follows. The microarray sections were first heated in 

a microwave oven in 10 mM citrate buffer (pH 6.0) for 10 minutes. After a 60-minute incubation 

with the primary antibody (dilution 1:50 for anti-claudin 1, 3, 4, 5 and 7, 1:100 for claudin 10), a 

biotinylated secondary anti-rabbit or anti-mouse antibody and Histostain-SP kit (Zymed Laboratoris 

Inc) were used. The bound antibodies were demonstrated with diaminobenzidine as a chromogen. 
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The sections were then lightly counterstained with haematoxylin and mounted with Eukitt (Kindler, 

Freiburg, Germany). Positive controls included non-neoplastic kidney, breast, skin and liver 

samples. Non-immune rabbit or mouse serum were used as substitutes for the primary antibodies to 

act as the negative control. 

 

Two neuropathologists analyzed the staining results, and a consensus meeting was held in the case 

of a disagreement. Membrane bound immunoreactivity was considered significant, although 

cytoplasmic expression was also detected to be present. The immunoexpression of claudins was 

assessed as follows; negative = < 5% of cells positive, weak = 5-25 % of cells positive, moderate = 

25-75 % of cells positive, strong = 75-100 % of cells positive. Due to the sample size, the tumors 

were recorded as CLDN-negative or CLDN-positive (from weak to strong staining) for statistical 

analyses.  

 

4.3.4. Other immunohistochemistry and TUNEL 

Analysis of cell proliferation was carried out using a mouse monoclonal antibody MIB-1 (Ki-67 

antigen, dilution 1:40, Immunotech, S.A. Marseille, France). The tissue sections were 

counterstained with methyl green. The proliferative activity was reported as a percentage of nuclei 

with positive immunoreaction. The analysis of Ki-67/MIB-1 positive nuclei in tissues was evaluated 

quantitatively using a computer-assisted image analysis system (CAS-200 TM Software). 

Immunohistochemical analysis for p53 status was performed as described earlier (Haapasalo et al. 

2003). Apoptosis was detected using ApopTagTM In Situ Apoptosis Detection Kits (Oncor Inc., 

Gaithersburg, MD) as described previously (Haapasalo et al. 1999). 

 

The mouse monoclonal TWIST (ab50887, Abcam, Cambridge, UK) and ZEB1 (clone 416A7H10, 

GenWay, San Diego, CA, USA) antibodies at a 1:500 dilution with the microarray sections were 

incubated overnight at 4°C. The slides were then stained using a standard avidin-biotin-enhanced 

immunoperoxidase technique (ABC Vectastain Elite Kit, Vector Laboratories, Burlingame, CA, 

USA). Diaminobenzidine tetrahydrocloride (DAP, in phosphate-buffered saline) (Sigma, St. Louis, 

MO, USA) was used as chromogen. The sections were counterstained with Mayer's haematoxylin, 

washed, dehydrated, cleared and mounted with Depex (BDH, Poole, UK). Ovarian tumor tissue, 

known to be positive for TWIST and ZEB1 expression, was used as a positive control. Nuclear 

immunoreactivity for TWIST and ZEB1 was considered significant. Tumors with widespread 

staining (over 5% positivity) were recorded as TWIST/ZEB1-positive. 
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4.4. Histopathological features 

The presence of the following histological features was recorded for further statistical analyses in 

case of ependymomas: atypia, endothelial proliferation, necrosis, mitosis, hypercellularity, and 

pseudorosettes, true rosettes, and papillarity. In pilocytic astrocytomas and ependymomas, 

calcification and myxoid change were recorded.  

 

4.5. Statistical methods 

All statistical analyses were performed using SPSS for Windows 11.0 (Chicago, IL). The 

significance of the associations was defined using the chi-square test, the Mann-Whitney test and 

the Kruskal-Wallis test. A log-rank test, Kaplan-Meier curves and Cox multivariate regression 

analysis were used in the survival analysis. 

 

4.6. Ethics 

The study designs for all the original publications were approved by the Ethics committee of 

Tampere University Hospital and the National Authority for Medicolegal Affairs. 
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5 RESULTS 

 

5.1. Immunohistochemical expression 

 

5.1.1. Antioxidative enzymes  

Antioxidative enzymes, including MnSOD, Trx, TrxR, GLCL-C, and GLCL-R, were studied in 105 

pilocytic astrocytomas (96 primary and 9 recurrent tumors) and in 67 ependymomas (46 primary 

and 21 recurrent tumors). Pilocytic astrocytomas showed mainly cytoplasmic AOE immunostaining 

pattern.  

 

In primary ependymomas, AOE immunoreactivity was as follows. 87% showed immunoreactivity 

for MnSOD. Positive immunoreactivity for GLCL-C was found in 74% of the cases and 89% for 

GLCL-R. Trx immunoreactivity was seen in 72%. 54% of primary tumors were TrxR 

immunoreactive (Table 6). 

 

The correlations between AOEs in ependymomas were as follows (unpublished data): negative 

MnSOD expression was associated with TrxR negativity, (p = 0.017, chi-square test). Similarly, 

GLCL-C negativity correlated with negative expressions of GLCL-R, Trx, and TrxR (p = 0.002, p = 

0.023, p < 0.001, chi-square test, respectively). GLCL-R was more often negative when there was 

negative TrxR expression (p = 0.005, chi-square test). As expected, Trx and TrxR were expressed 

simultaneously (p = 0.003, chi-square test).  

 

5.1.2. Peroxiredoxins I-VI  

Peroxiredoxins (Prxs) were analysed in 105 pilocytic astrocytomas. In the tumor cells the 

immunostaining was cytoplasmic, but Prxs I, II, IV, V and VI also showed variable nuclear 

positivity. For Prx I, 98 % of cases were positive). All tumors were Prx II positive and also Prx III. 

Most (92%) of all tumors expressed positivity for Prx IV, (13 % strongly, 49 % moderately, 30 % 

weakly) and 87% were positive for Prx V. Prx VI expression was found in 97 %, of all tumors 

(Table 6). 

 

In the further statistical analysis, the tumors were recorded Prx-negative (no and weak 

immunostaining) or Prx-positive (moderate and strong immunopositivity). Co-expression was 

found between different Prxs as follows. Prx I was associated with Prx II, Prx IV, and Prx VI (p < 

0.001, p = 0.010, p < 0.001, chi-square test, respectively). Prx II was associated with Prx IV and Prx 
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VI (p = 0.002, p < 0.001, chi-square test, respectively). Similarly, Prx III was associated with Prx 

IV (p = 0.004, chi-square test). Prx IV was associated with all other Prxs (Prx V, p = 0.007; Prx VI, 

p = 0.010, chi-square test, respectively). 

 

5.1.3. Carbonic anhydrases II, IX, and XII 

Carbonic anhydrases were investigated in 39 medulloblastomas and PNETs. CA II was found in the 

endothelium of neovessels and the cytoplasm of MB/PNET cells. Endothelial CA II expression was 

detected in 49% of all tumors, whereas, cytoplasmic CA II was found in 73% of the cases. CA IX 

and CA XII were less frequently expressed than CA II in the tumor samples: CA IX positivity was 

found in 23% of tumors, and 11% of the tumors were positive for CA XII (Table 6). Similar to 

previous studies, CA IX expression was linked to necrosis, while CA XII was more homogenously 

stained. 

In further analysis, the tumors were recoded as CA-negative and CA-positive (weak, moderate and 

strong staining combined). The co-expression of CA II, IX and XII in the subgroups of MBs and 

PNETs or in the total tumor material did not reach statistical significance (chi-square test).  

 

5.1.4. Claudins 2-5, 7, and 10 

Claudins were analysed in a group of 61 ependymoma samples. CLDNs were rather widely 

expressed, except for CLDN4 which was not expressed in our tumor material. CLDN2 -positivity 

was found in forty-two percent of all), and 23% of the tumors were positive for CLDN3. For 

CLDN5, 26% of ependymomas showed positive immunostaining). Most (81%) of the tumors 

expressed CLDN7, and 11% of cases were positive for CLDN10 (Table 6).  

 

There was an association between negative CLDN3 and negative CLDN5 (p = 0.010, chi-square 

test). None of the other claudins had correlations with each other. 
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Table 6. Expression of peroxiredoxins, antioxidative enzymes, claudins, and carbonic anhydrases in 

pediatric brain tumors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intensity of expression negative weak moderate strong 

Pilocytic astrocytomas     

Prx I 2% 3% 11% 84% 

Prx II 0% 76% 20% 4% 

Prx III 0% 27% 47% 26% 

Prx IV 82% 30% 49% 13% 

Prx V 13% 35% 23% 29% 

Prx VI 3% 15% 37% 45% 

Ependymomas     

MnSOD 13% 46% 30% 11% 

GLCL-C 26% 30.5% 17.5% 26% 

GLCL-R 11% 41% 33% 15% 

Trx 28% 35% 33% 4% 

TrxR 46% 17% 26% 11% 

CLDN2 58% 14% 16% 12% 

CLDN3 77% 9% 7% 7% 

CLDN5 74% 5% 5% 16% 

CLDN7 19% 45% 31% 5% 

CLDN10 89% 7% 4% 0% 

Medulloblastomas/PNETs     

CA II endothelial 51% 6% 11% 32% 

CA II cytoplasmic 27% 24% 38% 11% 

CA IX 77% 7% 13% 3% 

CA XII 89% 5% 3% 3% 



 55 

5.2. Clinicopathological features 

Various clinicopathological features were tested in statistical analysis. The features were divided as 

patient dependent, including patient age and sex, or tumor dependent (location, and molecular 

pathological features).  

 

5.2.1. AOEs and Prxs in pilocytic astrocytomas 

The pilocytic astrocytomas of the older patients had more intense staining for MnSOD and GLCL-

C (p = 0.022 and p = 0.010, respectively, Mann-Whitney test). In addition, recurrent tumors had a 

significantly lower MnSOD staining pattern (p = 0.019, Mann-Whitney test). No such differences 

were seen as regards Prxs. Additionally, there was no association between location of tumors and 

enzyme expression (chi-square test). 

 

Expression of Prx II, Prx III, Prx IV, GLCL-C and TrxR were associated with vascular pathology in 

pilocytic astrocytomas. Positive Prx II and Prx III expressions had an association with higher 

endothelial proliferation (p = 0.046, p = 0.023, chi-square test, respectively). In addition, cells with 

less immunopositivity for GLCL-C also had less vascular hyalinisation (p = 0.013, chi-square test), 

and similarly lower levels of TrxR had less perivascular lymphocytes (p = 0.006, chi-square test). 

We analysed AOEs’ relationship with degenerative features and found that Prx I, Prx II and TrxR 

had significant correlations: Prx I, Prx II, and TrxR were more positive in tumors with cystic pattern 

(p < 0.001, p = 0.002, p = 0.027, chi-square test, respectively). Expression of GLCL-R and TrxR 

correlated significantly with an aggressive tumor growth pattern. Positivity for TrxR was associated 

with a higher atypia rate (p = 0.004, chi-square test), whereas tumors with negative staining pattern 

for GLCL-R were less necrotic (p = 0.008, chi-square test).  

 

Proliferation index (Ki-67/MIB-1) was also studied in pilocytic astrocytomas. We found that Prx VI 

and TrxR positive tumors had a higher proliferation rate (Prx VI: negative tumors, 1.8 ± 3.1 

(mean±sd), positive tumors 3.0 ± 3.1, p = 0.037; TrxR: negative tumors, 2.2 ± 3.1, positive tumors, 

3.5 ± 3.0, p = 0.028, Mann-Whitney test, respectively). However, MnSOD -positivity was 

associated with lower proliferative activity (negative tumors, 3.3 ± 3.2, positive tumous 2.2 ± 2.9, p 

= 0.039, Mann-Whitney test). AOE -status and p53 immunopositivity or terminal deoxynucleotidyl 

transferase dUTP nick end labeling (terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL), apoptosis) positivity (Mann-Whitney test) were not associated with AOEs.  
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5.2.2. AOEs in ependymomas 

In ependymomas, GLCL-C and GLCL-R expression was linked to tumor aggressivity in such a way 

that the expression decreased significantly as the grade increased (p = 0.047 and 0.049, chi-square 

test). When the recurrent tumors were included in the analysis, GLCL-C expression was even more 

significantly different (p = 0.026, chi-square test). 

 

When tumor site (spinal vs. brain) and AOE expression were compared, tumors were divided into 

AOE-negative and AOE-positive groups; negative and faint staining was considered as a negative 

group and moderate and strong staining as a positive group. In the total tumor material, all AOEs 

were even more intensely stained in spinal tumors than in the intracranial tumors. This difference 

was statistically significant for MnSOD, GLCL-C and TrxR expression (p = 0.044, 0.046 and 

0.004, respectively, chi-square test).  

 

We did not find associations between AOEs and tumor proliferation rate (Ki-67/MIB-1), nor with 

p53. In contrast, B-cell lymphoma 2 (Bcl-2) –positivity correlated significantly with MnSOD, 

GLCL-C, Trx and TrxR expression (p = 0.049, p = 0.037, p = 0.024 and p = 0.022, respectively, 

chi-square test). Though p53 had no significant association to other clinicopathological features, 

higher proliferation correlated to higher tumor grade (p = 0.033, Kruskal-Wallis test). In addition, 

lower grade tumors were linked to Bcl-2 positivity (p < 0.001, chi-square test), higher patient age (p 

= 0.029, Kruskal-Wallis test) and spinal tumor location (p < 0.001, chi-square test). 

 

5.2.3. CAs in medulloblastomas and PNETs 

CA II, IX and XII expression were also analysed in corcondace with various clinical features and 

molecular markers. Proliferation (Ki-67/MIB-1), apoptosis (chi-square and Mann-Whitney test) or 

expression of Bcl-2, p53 or c-erbB-2 were not associated with CAs in any of the groups except for 

the correlation between positive c-erbB-2 and positive CA IX expression in PNETs (p = 0.047, chi-

square test). Interestingly, the tumors of young patients had more CA XII-positivity (total material p 

< 0.001, MBs p < 0.001, chi-square test).  CA IX was also positivitely associated with female 

gender (total material p = 0.048, MBs p = 0.023, chi-square test). There was no significant 

difference in the expression of CAs between primary and recurrent tumors in any of the groups 

(chi-square test). Moreover, there were no correlation between tumor type (MBs/PNETs) and CA 

intensity (chi-square test). 
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5.2.4. CLDNs in ependymomas 

The association between claudins and several clinicopathological features were analysed in 

ependymomas. We found that different claudins had particular effects on tumor behavior. When 

tumor grade and claudins were compared, we found that tumors with high grade were often CLDN5 

immunopositive (p = 0.049, chi-square test), whereas CLDN10 positive ependymomas were more 

often low grade tumors (p = 0.039, chi-square test). Ependymomas with different locations also had 

different CLDN expression. CLDN5 and CLDN3 were more often found in the cerebrum than in 

the cerebellum or the spinal cord (p = 0.036, p = 0.007, chi-square test, respectively). When primary 

and recurrent tumors were compared with their claudin expression, only CLDN7 had significant 

association, as CLDN7 immunoreactivity was more often found in primary than in recurred 

ependymomas (p = 0.041, chi-square test).  

 

Typical histopathological features of ependymomas were also linked to claudin expression. This 

was the case especially with CLDN5, which was more often positively expressed in tumors with 

increased nuclear atypia, endothelial proliferation, mitotic rate and hypercellularity (p = 0.007, p = 

0.018, p = 0.041, p = 0.010, respectively, chi-square test). CLDN5 positive tumors also showed 

higher Ki-67/MIB-1 cell proliferation rate than CLDN5 negative tumors (p = 0.015, Mann-Whitney 

test). The immunoexpression of the other claudins was not associated with histological features or 

cell proliferation index of ependymomas.    

 

When EMT associated transcription factors ZEB1 and TWIST were analysed in ependymomas we 

found that tumors positive for ZEB1 were often negative for CLDN2 (p = 0.031, chi-square test). 

Negative expression of TWIST was also associated with negative expression of CLDN5 and 

CLDN10 (p = 0.013, p = 0.017, chi-square test, respectively). Neither ZEB1 nor TWIST was 

associated with tumor grade, cell proliferation rate, or histological features. 

 

5.3. Prognosis 

 

5.3.1. Patients with pilocytic astrocytoma 

All 96 patients with primary pilocytic astrocytomas were included in the survival analysis. None of 

the studied AOEs or Prxs had an association with overall survival, whereas tumors immunopositive 

for Prx VI seemed to be associated with significantly better recurrence-free survival when 

compared with immunonegative tumors (p = 0.032, log-rank test) (Table 7). However, when patient 

age, Ki-67/MIB-1, location (cerebellum versus other location) and Prx VI –immunopositivity were 
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included in multivariate analysis, none of these factors independently predicted recurrence-free 

survival (Cox multivariate analysis).  

 

5.3.2. Patients with ependymoma 

Patients with primary ependymoma (N = 46 in study II, and N = 44 in study IV) were included in 

the survival analysis. Among the studied AOEs, only Trx had statistical significance for patient 

survival; tumors that did not express Trx had worse survival in follow-up than patients whose 

tumors were Trx-positive (p = 0.045, log-rank test). Curiously, we found that with adults (age >19 

years), Trx acted as a prognosticator of better outcome and all whose tumors expressed Trx were 

alive at the end of the follow-up period (p = 0.011, log-rank test). Younger patients did not have a 

similar effect. In Cox multivariate analysis, Trx was the only independent prognosticator (Odds 

ratio 7.30, 95% confidence interval 0.93-55.56, p = 0.059), whereas WHO grade, location (spinal 

vs. brain) and patient age (child vs. adult) were not included in the Cox model (Table 7).  

 

When prognosis of the patients with primary ependymoma (N = 44) was analysed with a log rank 

test, we found that CLDNs were not associated with patient prognosis. Nevertheless, it seems that 

patients whose tumors express CLDN2, 5, or 10 may have better clinical outcome than those with 

CLDN3 or 7 positivity. Interestingly, all the patients with CLDN10 positive tumors or CLDN7 

negative tumors were alive at the end of follow-up. TWIST and ZEB1 had no effect on patient 

outcome.  

 

5.3.3. Patients with MB or PNET 

All 35 patients with primary MB/PNET were included in the survival analysis. CA IX-positivity 

was a marker of worse outcome in patients with MB/PNET (all tumors p = 0.041, MBs p = 0.030, 

PNETs p = n.s.; log-rank test). In addition, patients with medulloblastoma had worse prognosis 

when their tumors showed CA XII positivity (p = 0.010, log-rank test). When the prognostic value 

of CAs was tested in the multivariate analysis, we included the following prognostic indicators: 

patient age, Ki-67/MIB-1 proliferation index, apoptosis index and expression of p53, c-erbB-2 and 

Bcl-2. In addition, the histopathological type (MB vs. supratentorial PNET), CA II, CA IX and CA 

XII were used in the analysis. Interestingly in our material, only expression of CA IX (odds ratio 

4.31; 95% confidence interval (CI) 1.31 - 14.11; p = 0.016) and the apoptosis index (odds ratio 

3.29; 95% CI 1.05 - 10.31, p = 0.041) were independent prognostic factors (Table 7). The 

expression of neither CA II nor CA XII showed a significant association with survival. 

 



 59 

Table 7. Association between the studied enzymes and the prognosis of the patients with pediatric 

brain tumors. 

 

Pilocytic astrocytoma 

Prx VI+  recurrences  

 

Ependymoma 

Trx-  prognosis  

 

Medulloblastoma/PNET 

CA IX+  prognosis  

CA XII+  prognosis  (medulloblastoma) 

Apoptosis+  prognosis  

+/- = positive/negative immunostainig 

 = better prognosis 

 = less recurrences/worse prognosis 
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6 DISCUSSION  

 

6.1. Current state of 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 2003-2009). Brain tumors are the second largest tumor group 

in children after leukemia and the current 5-year survival rate for patients with brain tumor is 

approximately 60-70% in Nordic countries (Gatta et al. 2005), including Finland (Pokhrel and 

Hakulinen 2009). 

 

The evolving brain is vulnerable. Even though patients survive, the brain tumor itself and its 

treatments can cause side effects. The majority of children with a brain tumor live an active life 

with only minor disabilities. Unfortunately, about a half of the patients do have neurological motor 

disabilities, and even more patients have an abnormal neurological status. Supratentorial tumors, 

tumor reoperations, shunt revisions and chemotherapy increase the risk of these problems 

(Lannering et al. 1990, Ilveskoski et al. 1996, Reimers et al. 2003). There is only a limited scope for 

improvement with conventional chemotherapy and thus, there is an urgent need for novel, 

therapeutic agents for these patients.  

 

6.2. AOEs in pediatric brain tumors 

Our aim was to study the expression of different AOEs in pilocytic astrocytomas and 

ependymomas. In addition, we analysed the expression of related Prxs in pilocytic astrocytomas. 

 

AOEs and Prxs were widely expressed in pilocytic astrocytomas. According to our study, Prxs and 

other AOEs were commonly expressed simultaneously. This suggests that the neoplastic tissue 

suffers from a constant oxidative load, leading to simultaneous up-regulation of these enzymes. Co-

expression and a relationship between Prxs have also been observed in previous studies of other 

neoplasms (Kinnula et al. 2002, Karihtala et al. 2003). An increased oxidative load may lead to 

degenerative features and cellular destruction in tumor tissue. Prx enzymes and other antioxidant 

enzymes were usually associated with an elevated proliferation rate, but MnSOD seemed to depress 

proliferative activity. This is in line with its putative tumor suppressor function, which is further 

supported by the fact that in the recurrences the expression of MnSOD was significantly decreased. 

Isolated over-expression of MnSOD decreases the growth, proliferation and invasion of cultured 

malignant cells (Bravard et al. 1992, St Clair et al. 1992, Yan et al. 1996, Zhong et al. 1997, 

reviewed by Kinnula and Crapo 2004). Some AOEs have a role as tumor suppressors, and thus, we 
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included proliferation index (Ki-67/MIB-1), the apoptosis regulating Bcl-2 and p53 in the studied 

variables.  

 

Although there was no association between apoptosis rate and AOEs, histopathologically 

degenerative and regressive features were often associated with Prx expression. Cystic degeneration 

with Rosenthal fibres (often seen in pilocytic astrocytomas) and calcification implies cell death, 

which may be a sign of previous hypoxic periods. Elevated levels of AOEs in pilocytic 

astrocytomas with such degenerative features indicate the tendency of these tumors to suffer from 

oxidative stress and increased defence against ROS- mediated tissue damage. Prx II, Prx III, Prx IV, 

GLCL-c and TrxR were associated with vascular pathology, e.g. endothelial proliferation as a sign 

of angiogenesis. Hypoxia and ROS induce HIF-alpha, which stimulates angiogenic factors such as 

VEGF (Kinnula and Crapo 2004). In diffuse astrocytomas it is most probably hypoxia that induces 

the expression of VEGF in tumor cells. This binds to VEGF receptors (VEGFRs) in endothelial 

cells, leading to endothelial vascular proliferation. In pilocytic astrocytomas endothelial vascular 

proliferation is also a common feature and could be a consequence of ROS and AOE induction, but 

without such a sinister implication as in diffuse astrocytomas.  

 

Furthermore, many AOEs, such as MnSOD and Prxs, increase chemo- and radio-resistance of 

tumor cells. Contrary to diffuse astrocytomas, pilocytic astrocytomas are treated by surgery alone. 

This might partly explain the differences in AOEs/Prxs and association with tumor behavior. Even 

though Prx VI was associated with higher cell proliferation, it seemed to be associated with 

significantly better recurrence-free survival. This might be due to an association between Prx VI 

expression and young patient age.  

 

The majority of 67 ependymomas expressed MnSOD, GLCL-C, GLCL-R, Trx and TrxR. However, 

the intensity of immunoreactivity had a decreasing trend as the tumor grade increased. This is the 

opposite phenomenon to diffusively infiltrating astrocytomas or oligodendrogliomas (Haapasalo et 

al. 2003, Järvelä et al. 2006). Lack of antioxidant protection would render tumor cells more 

vulnerable to DNA damage, which during the development and growth of higher-grade 

ependymomas might be expressed as higher aneuploidy and higher malignancy.  

 

Furthermore, AOE expression (for MnSOD, GLCL-C and TrxR) depended on the location of the 

tumor, as spinal tumors showed more intense staining patterns than tumors of the brain. The reason 

for this remains obscure, but may indicate either biologic differences between the tumors of these 
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two sites or alternatively, there may be some fundamental differences in the oxidative milieu 

between different compartments of the central nervous system. Furthermore, grade I myxopapillary 

ependymomas differ from grade II and III tumors in their typical conus- cauda filum terminale 

location which makes it possible to resect the tumor radically.  

 

Positive AOE (except for GLCL-R) expression had correlation with a well-known inhibitor of 

apoptosis, Bcl-2. ROS induce apoptosis and AOEs counteract apoptosis and cell damage by 

neutralizing ROS. It seems interesting that those AOEs that affect apoptotic activity have upstream 

regulatory steps to that of Bcl-2. One theoretical explanation would be that when oxidative stress is 

below a critical threshold, AOEs are expressed to protect the cell from irreversible damage and 

immediate apoptosis is not appropriate. Finally, we discovered that there is an association between 

higher Trx expression and longer survival, as discussed later.  

 

6.3. Carbonic anhydrases in pediatric brain tumors 

We found that several MBs and supratentorial PNETs in a group of 39 tumor samples express the 

CA isozymes CA II, CA IX and CA XII. The expression of CA II, CA IX and CA XII in the normal 

nervous system has been investigated in several previous studies. The localization of CA II is well 

documented in the normal human oligodendrocytes (Kumpulainen et al. 1983). Based on our 

previous studies, CA IX is not present in the normal human brain, except for choroids plexus 

(Haapasalo et al. 2006). CA XII mRNA expression has been shown to be very weak in the human 

brain by RT-PCR analysis (Haapasalo et al. 2008). In the mouse, immunohistochemistry has shown 

that CA XII is in the choroid plexus (Kallio et al. 2006). A recent study by Chiche et al. (2009) 

provided clear evidence that both CA IX and CA XII are functionally involved in tumor growth, 

including in renal cell cancer. In vivo experiments showed that CA9 gene silencing alone led to a 

40% reduction in xenograft tumor volume, and the silencing of both CA9 and CA12 resulted in an 

85% reduction in tumor volume. In medulloblastomas and PNETs we found that CA IX was found 

in the perinecrotic areas of the tumors whenever necrosis was present. Similar findings have been 

reported in astrocytomas (Haapasalo et al. 2006). 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. Interestingly, CA II was, once again, found in 

the endothelium of neovessels. Thus, CA II may play an important functional role in tumor 

metabolism. The expression of CA XII in the tumor cells was associated with patient age, as 

previously reported for the expression of CA XII in patients with diffuse astrocytomas (Haapasalo 

et al. 2008). These findings reflect the fact that patient age is a significant factor that contributes to 
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carcinogenesis by several mechanisms, including CA expression, and that tumor phenotypes are 

different depending on the age of the patient. The expression of CA IX and apoptotic activity were 

associated with a poor prognosis, as discussed later. Although in the total tumor material CA II and 

CA XII did not reach statistical significance for use as prognostic indicators, CA II had a similar 

trend to that of CA IX. Furthermore, CA XII showed a significant correlation with survival in MBs. 

 

6.4. Claudins in pediatric brain tumors 

In our material, claudins 2,3,5,7, and 10 were widely expressed in 61 ependymomas. CLDN4 was 

not expressed in our material. CLDNs seemed to be even more highly expressed than in the 

previous study (Hewitt et al. 2006). We found differences associated with location of the tumor and 

between primary and recurrent tumors in the expression of claudins. CLDNs 3 and 5 were more 

often found in tumors of the cerebrum than in the cerebellum or the spinal cord. Such regional 

variation in their expression may originate from the expression pattern of parental ependymal cells 

in the liquor space which may vary as has been shown in other tissues (Rahner et al. 2001, Kiuchi-

Saishin et al. 2002). In addition, primary tumors showed more intense CLDN7 staining patterns 

compared with recurrent ones. Our results showed claudin 7 downregulation in the progression of 

ependymoma, but curiously, all patients with CLDN7 negative tumors survived compared to the 

positive group. CLDN 7 is a member of the family which is abundantly present in epithelial tumors 

(Soini 2005). However, depending on tumor type, claudin 7 expression may be over- or 

underexpressed. Downregulation in malignant melanoma, head and neck cancer and in breast 

cancer is reasonable considering the disruption of tight junctions leading to loss of cohesion and 

invasiveness (Krämer et al. 2000, Kominsky et al. 2003). Interestingly, CLDN7 is upregulated in 

hepatocellular carcinoma, ovarian epithelial cell carcinoma, prostate carcinoma or renal 

chromophobe carcinoma (Singh et al. 2010).  

 

CLDN5 immunoreactivity in ependymomas associated with increased nuclear atypia, endothelial 

proliferation, mitotic rate and hypercellularity, higher proliferation, and tumor grade. Our study 

indicates that CLDN5 tends to be related to more aggressive tumors. In contrast, CLDN2 and 10 

tend to display a better degree of differentiation and a better prognosis. Claudin 2 tended to be 

expressed in ependymomas with a better prognosis, even though no significant association was 

found. Claudin 2 is commonly present in epithelial tumors and, as with claudins 7 and 10, its 

presence has been associated with leakiness of the tight junctions (Soini 2005, Krause et al. 2008). 

Our study showed claudin 10 to be expressed in 11 % of cases, and expression tended to be located 
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in low grade tumors with a better prognosis. Evidently claudins influence the growth of and 

differentiation in ependymomas.  

 

The expression of claudins is partly regulated by epithelial-mesenchymal transition (EMT) 

associated transcription factors, such as snail1, slug, ZEB1 or TWIST (Martinez-Estrada et al. 

2006). An inverse association between ZEB1 and claudins 1 and 2, and TWIST and claudin 5 has 

been shown in lung carcinoma (Merikallio et al. 2011). ZEB1 was inversely associated with claudin 

2 in ependymoma, whereas claudins 5 and 10 showed a positive correlation with TWIST. Indeed, 

ependymomas contained a high frequency of ZEB1 expression compared to lung carcinomas, for 

instance (Merikallio et al. 2011). This may be due to the importance of ZEB1 in neural 

development. In mice, activation of ZEB1 mRNA expression is found in cells of the periventricular 

area (Yen et al. 2001). Thus, ZEB1 might serve other functions in ependymoma, not necessarily 

related to invasion type features like EMT which is actually a phenomenon related to epithelial 

tumors. TWIST expression was found in ependymomas with a lesser frequency. In glioblastoma 

cells, TWIST expression has been found to be related to a more aggressive behaviour and 

mesenchymal change (Mikheeva et al. 2010). Such a discrepancy may be due to the special nature 

of the ependymal cells and neoplasias which do not straightforwardly correspond to epithelial 

tumors. 

  

6.5. The relationship between claudins and carbonic anhydrases 

Previous studies show that both claudins and carbonic anhydrases participate in the formation of 

tight junctions and the BBB. CA II is necessary for human vasculogenesis and formation of the 

BBB (Kida et al. 2006). Like claudins, CA IX is a cell adhesion molecule (CAM) (Závada et al. 

2000) and seems to play a role in intercellular adhesion with its proteoglycan-like region (Svastová 

et al. 2003). CA IX can perturb E-cadherin-mediated cell-cell adhesion via interaction with β–

catenin and potentially contribute to tumor invasion (Svastová et al. 2003).  

 

Furthermore, CA IX is known to be hypoxia-inducible (Wykoff et al. 2000). Hypoxia has also been 

shown to regulate the barrier function of neural blood vessels by reducing the expression of claudin 

5 in endothelial cells (Koto et al. 2007). This could indigate that claudins and carbonic anhydrases 

may be connected in multiple ways. AOEs and related Prxs are induced in hyperoxic conditions and 

protect cells from ROS. (Halliwell 1991, Rabilloud et al. 2002). Hypoxia is known to be one of the 

causes of treatment failure and poor outcome in a variety of adult malignancies by increasing 

resistance to radiotherapy and to cytotoxic agents (Teicher 1994, Brown et al. 2006). In addition, 
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hypoxia increases invasion, angiogenesis and metastasis (Tatum et al. 2006). Resistance to drug-

induced apoptosis in hypoxia has been found in pediatric tumors, e.g. neuroblastoma (Das et al. 

2005, Hussein et al. 2006). Tyrosine kinase inhibitor, AZD 2171, has been studied initially in 

children with tumors including medulloblastoma, and one third of the patients showed growth delay 

of the tumor (Maris et al. 2008). Interestingly, CA IX inhibitors have been under intense 

investigation and promising results have been published in tumors like breast cancer (Robertson et 

al. 2004). In children, possible side-effects 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.  

 

6.6. Limitations of the study 

Small sample size is probably the major limitation of the study. Fortunately, children with brain 

tumors are not very common in Finland. This has necessitated certain procedures in our study, 

including recording different diagnostic and prognostic markers in statistical analyses. Additionally, 

there were disparate treatment modalities in the different hospitals, heterogeneous age variation and 

a rather long time interval between the first and last patients brain tumor operations. 

 

Technical limitations included complex staining methods with numerous laboratory steps. It would 

be of interest to stain the tumors with different antibodies and verify the staining results of the 

thesis. Although staining protocols and TMA system have been widely and repeatedly used, one 

could utilize different laboratory steps and thus study the repeatability. 

 

Despite small sample size, the thesis reached many statistically significant results concerning 

essential features of brain tumors, such as tumor behavior, diagnostics, and prognosis. In order to 

assess the clinical value of our findings, larger clinical trials with patients receiving standardised 

brain tumor treatments are required. This may, however, be a challenge since treatments are 

expected to develop when new data based on genetic profiling of individual patients is available. 

 

6.7. Future prospects 

It is clear that brain tumors of children are rare, and thus collaboration is needed between 

reseachers. Others have found interesting and novel possible diagnostic and prognostic tools for 

patients with pilocytic astrocytoma, ependymoma, medulloblastoma, or PNET. The main question 

is which tool is clinically valid and cost-effective for clinical use.  

 



 66 

According to our study, Prx VI is a marker of recurrence-free survival in pilocytic astrocytomas. 

This is probably a result of the fact that Prx VI over-expression in pilocytic astrocytomas without 

the bias produced by radio- or chemotherapy decreases ROS activity and in this way might abrogate 

genomic instability and tumor progression. The tumor is histologically benign but the clinical 

outcome may sometimes be poor and thus, Prx VI negativity could be used to define patients with 

higher risk and could indicate that these patients should have a closer follow-up. There are only a 

few prognosticators found for patients with pilocytic astrocytoma (Haapasalo et al. 1999).  In earlier 

studies, univariate statistical analyses found that partial resection, older patient age, and histology 

(Haapasalo et al. 1999), especially pilomyxoid tumor variant, (Fernandez et al. 2003) were 

associated with a worse prognosis. 

 

According to our study, decreased Trx-expression in ependymomas is associated with worse 

outcome. Interestingly, a similar association between high AOE expression and better prognosis has 

been shown in breast cancer where peroxiredoxins III and IV expression was associated with better 

survival (Karihtala et al. 2003). Furthermore, in oligodendroglial or diffuse astrocytic brain tumors, 

high Trx was associated with a worse prognosis of the patients (Haapasalo et al. 2003, Järvelä et al. 

2006), whereas in ependymomas it was associated with an improved prognosis. Such a 

phenomenon could also be ascribed to the protective function of Trx and other AOEs against 

oxidant damage which, in the case of AOE expressing ependymomas, would mean a higher genetic 

stability and less aggressive behavior. In addition, there are differences between the treatment of 

different tumor types and this might be one reason for the opposite relationship between AOEs and 

tumor behavior. Accordingly, AOEs have been shown to have an effect on anti-cancer drug 

resistance (Tew 1994, Kinnula and Crapo 2004). The stem cell/progenitor cell origin of ependymal 

cells is also different from that of astrocytes and oligodendrocytes (Linskey and Gilbert 1995), 

which might be one reason for differences, as well. Embryonic radial glia (RG) are neural 

progenitor cells that are likely to be the source of ependymomas independent of patient age. 

Astroglial cells with functional and molecular characteristics of RG persist in the supraventricular 

zone of the lateral ventricles and possibly the spinal cord, suggesting that some RG give rise to 

adult neural stem cells (Merkle et al. 2004, Barry and McDermott 2005). RG-derived stem cells 

may be the cells of origin of adult ependymomas. 

 

In our study on medulloblastomas and PNETs, we found that CA II was, once again, found in the 

endothelium of neovessels. Thus, CA II may play an important functional role in tumor metabolism. 

CA II has been found to be a target molecule for dendritic cell therapy in melanoma patients 
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(Yoshiura et al. 2005). Further studies are, therefore, clearly warranted to evaluate the role of CA II 

as a possible therapeutic target not only in melanoma but also in other forms of cancer, including 

MBs/PNETs. 

 

CA IX was found to be of prognostic value in medulloblastomas in our material. Similar findings 

have been reported previously in other tumors as well. The clear division of CA IX expression in 

normal and neoplastic cells makes CA IX a promising diagnostic and prognostic tool in various 

tumors. CA IX is associated with higher grade, necrosis, and worse outcome in breast tumors (Chia 

et al. 2001, Wykoff et al. 2001). A similar effect is seen in head and neck cancer (Beasley et al. 

2001, Koukourakis et al. 2001), in bladder cancer (Hoskin et al. 2003), in cervix carcinoma 

(Loncaster et al. 2001), and in in RCC (Bui et al. 2003 and 2004). CA IX seems to have several 

inductors. It has also been shown that higher CA IX expression is associated with a more favourable 

overall survival in some tumors, such as RCC and in acute myeloid leukemia (AML). In RCC, the 

CA IX induction is associated with VHL-mutation and not with hypoxia as in most brain tumors 

(Patard et al. 2008). In AML the association is thought to be involved with immune system and T-

cell response (Greiner et al. 2006).  

 

Claudins did not reach statistically significant correlations with patient prognosis, but there were 

interesting trends between CLDNs and outcome of patients with ependymoma. Previous studies 

have shown that CLDNs have potential as prognosticators as well. Due to high specificity of CLDN 

expression in cancer, it has been suggested that claudins may represent useful molecular markers 

for many different cancers, such as CLDN3 in ovarian cancer (Lu et al. 2004) and CLDN10 as an 

independant prognosticator for recurrence of hepatocellular carcinoma (Cheung et al. 2005). 

CLDN5 expression is high in brain cancer in vascular endothelial cells, and thus may represent a 

target for antiangiogenic therapy (Hewitt et al. 2006). In addition, Nitta et al. (2003) have shown 

that knockout of CLDN5 results in a selective increase in paracellular permeability of small 

molecules, and thus makes CLDN5 a possible target for the development of drugs for this purpose.  

 

In the future, children diagnosed with brain tumor will be more accurately stratified based on a 

combination of clinical variables and molecular profiles. Improved risk stratification will enable 

individualised therapies, which could be a combination of conventional treatment modalities and 

novel, targeted therapeutic approaches. These changes will hopefully result in improved survival 

without detriment to the quality of life.  
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7 SUMMARY AND CONCLUSIONS 

 

 

1. Altogether eleven different antioxidative enzymes were studied in pilocytic astrocytomas. 

All AOEs (MnSOD, GLCL-C, GLCL-R, Trx, TrxR, and Prx I-VI) were expressed in 

pilocytic astrocytomas suggesting that oxidative damage and consequent defence take place 

during the progression of the tumors. AOEs correlated with degenerative features and 

angiogenesis, possibly associating with reactive oxygen species derived cellular damage. 

Moreover, the expression of the AOEs was associated with each other in terms of concurrent 

activation of the enzymes. With the exception of manganese superoxide dismutase 

(MnSOD), a strong expression of AOEs was generally associated with higher cell 

proliferation. Prx VI seemed to have a positive association with a longer recurrence-free 

interval.  

 

 

2. When five AOEs (MnSOD, GLCL-C, GLCL-R, Trx, TrxR) were studied in ependymomas, 

some AOEs seemed to be associated with tumor grade and location in ependymomas. Lower 

GLCL-C and GLCL-R expression was associated with higher tumor grade. MnSOD, GLCL-

C and TrxR expressions were significantly higher in tumors located in the spinal cord 

compared to those in the brain. Interestingly, decreased expression of Trx predicted worse 

outcome for the patients. This finding may have clinical relevance when planning the 

treatment modalities and follow-up for the patients.  

 

 

3. Carbonic anhydrases II, IX, and XII were widely expressed in medulloblastomas and 

PNETs. CA XII was associated with young patient age. Interestingly, CA IX was found to 

be of prognostic importance in medulloblastomas and PNETs. Previous studies have shown 

that CA IX is an attractive target molecule for anticancer treatment. Additional studies will 

be needed to analyse whether CA IX could also be used in practice in the case of 

medulloblastomas and PNETs. 
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4. Claudins 2, 3, 5, 7, and 10 were widely expressed in ependymomas. CLDN5 tends to be 

related to more aggressive tumors compared with CLDN2 and 10, which tend to display a 

better degree of differentiation and a better prognosis. There were also differences 

associated location of the tumor and between primary and recurrent tumors in the expression 

of claudins; CLDNs 3 and 5 were more often found in the cerebrum than in other sites and 

CLDN7 in primary tumors compared with recurrent ones. Evidently claudins influence the 

growth of and differentiation in ependymomas.  
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Peroxiredoxins in pilocytic astrocytomas

Ab stract. Ob jec tive: Peroxiredoxins are
an ti ox i dant en zymes (AOEs), which are re -
dox-reg u lated thiol pro teins with po ten tial ef -
fects on the growth, in va sion and drug re sis -
tance of neo plas tic cells. In this study, their
bi ol ogy and clin i cal sig nif i cance were ex am -
ined in pilocytic astrocytomas (PAs). Ma te -
rial and meth ods: The ex pres sion of peroxire -
doxins (Prx I-VI) was in ves ti gated in 105 PAs 
by the means of immunohistochemistry and
com pared with the ex pres sion of se lected
other an ti ox i dant en zymes, cell pro lif er a tion,
angiogenesis, apoptosis, p53, histopathology
and pa tient sur vival. Re sults: Peroxiredoxins
were strongly ex pressed in gen eral sug gest -
ing that ox i da tive dam age and con se quent de -
fense takes place dur ing the pro gres sion of
pilocytic astrocytomas. In agree ment with this
hypothe sis, sev eral other AOEs cor re lated with
the de gen er a tive fea tures and angio ge nesis
pos sibly as so ci ated with re ac tive ox y gen spe -
cies-de rived cel lu lar dam age. More over, the
ex pres sion of the AOEs was as so ci ated with
each other in di cat ing a con cur rent ac ti va tion
of the en zymes. With the ex cep tion of man ga -
nese superoxide dismutase (MnSOD), a strong 
ex pres sion of AOEs was gen er ally as so ci ated
with higher cell pro lif er a tion. Prx VI seemed
to have a pos i tive as so ci a tion with a lon ger re -
cur rence-free in ter val while other AOEs had
no as so ci a tion with pa tient sur vival. Many
AOEs, such as MnSOD, in duce chemo- and
radioresistance and are highly el e vated in ag -
gres sive ma lig nan cies. PAs lack this con found -
ing fac tor, and these tu mors are treated only by
sur gery. Con clu sions: Taken to gether, the re -
sults of this study on pilocytic astro cy tomas
sug gest that the lev els of Prxs and other AOEs
and their re lated thiol pro teins are gen er ally
strongly ex pressed in these tu mors. At least Prx
VI can con trib ute to tu mor be hav ior which can
make it a po ten tial prog nos tic fac tor.

Introduction

An ti ox i dant en zymes (AOEs) reg u late the 

cellular re dox state and con sti tute the ma jor cel -

lular protection fac tors against re ac tive oxy gen 

species (ROS). These (e.g. O2
–, H2O2, OH–)

are harm ful, since they cause ox i da tive dam -

age to cel lu lar pro teins, lipids and ge netic ma -

te rial. Low lev els of ROS also mod u late cell

pro lif er a tion and apoptosis, and ac ti vate/in -

duce the syn the sis of growth fac tors [Kinnula

et al. 2004]. Superoxide dismutases (SODs),

glutathione-re lated en zyme sys tems such as

glu ta mate cysteine ligase and catalase are the

ma jor an ti ox i dant en zymes in mammalian

cells. In addition to these, other ma jor reg u la -

tors of the cel lu lar re dox state in clude the thio -

redoxin (Trx) and peroxiredoxin (Prx) sys -

tems. These en zymes are also found in ma lig -

nant tu mors, in duc ing re sis tance of tu mor

cells to cyto toxic drugs and ra di a tion [Kin -

nula and Crapo 2004], but pos si bly also in de -

pend ently con trib ut ing to tu mor growth and

in va sion.

Prxs oc cur in a wide va ri ety of or gan isms

from prokaryotes to mam mals. They are pres -

ent in var i ous cel lu lar com part ments and re -

duce per ox ides to the cor re spond ing al co hol

(or wa ter), just like the other peroxidases.

How ever, the Prx fam ily dif fers in some re -

spects from other groups of peroxidases and

other an ti ox i dant en zymes. Peroxiredoxins act 

both as a cosubstrates and peroxidases. Each

Prx has a unique func tion and also in ter acts

with other fam ily mem bers. They are ex -

pressed in dif fer ent cell com part ments in -
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clud ing the cytosol, nu cleus and mi to chon -

dria and also extracellularly [Fujii and Ikeda

2002]. Prx I and II are cytosolic pro teins, Prx

III is pres ent in mi to chon dria and Prx IV in

lysosomes, endoplasmic re tic u lum and extra -

cellularly. Prx V is lo cated in peroxisomes

and mi to chon dria, and be cause of its lo ca tion

it is thought to have a more im por tant role in

pro tec tion against ROS than other Prxs. Prx

VI is found at high con cen tra tions, es pe cially

in the lung [Kinnula et al. 2002a].

Prxs are also ex pressed in the brain. In

nor mal brain tis sue, Prx I is ex pressed pri mar -

ily in astrocytes and Prx II in neu rons [Sara -

fian et al. 1999]. There are changes of Prx II

ex pres sion, e.g. in Par kin son’s and Alz hei -

mer’s dis eases and in Down’s syn drome

[Basso et al. 2004, Kim et al. 2001, Krapfen -

bauer et al. 2003]. Prx III has been found to

pro tect hippocampal neu rons from excito -

toxic in jury in vivo [Hattori et al. 2003].

Our pre vi ous study sug gested that man ga -

nese SOD (MnSOD), thioredoxin (Trx), thio -

redoxin reductase (TrxR) and the cat a lytic

(GLCL-c) and reg u la tory (GLCL-r) sub units

of glu ta mate cysteine ligase (g-glu ta myl cy -

steinesynthetase) play an im por tant role in the 

pathogenesis of dif fusely in fil trat ing astro -

cytomas [Haapasalo et al. 2003]. In that pa -

per, we com pared the ex pres sion of these

enzymes in a large se ries of dif fuse astro cy -

tomas and in a small se ries of pilocytic astro -

cytomas. In the pres ent study, we prin ci pally

in ves ti gate the ex pres sion of Prx I – VI in pi -

lo cytic astrocytomas in cen tral ner vous sys -

tem. Pilocytic astrocytomas are one of the

most com mon tu mors in chil dren, and in con -

trast to dif fuse supratentorial astrocytomas in

adults, they are of ten lo cated in the cer e bel -

lum. They also have a to tally dif fer ent mo lec -

u lar ge netic back ground. Our prin ci pal aim

was to study the bi ol ogy of peroxiredoxins in

pilocytic astrocytomas, and our hy poth e sis

was that they have a role in the pathogenesis

of be nign tu mors. This has not been pre vi -

ously thor oughly ex am ined. In ad di tion, pilo -

cytic astrocytomas of fer a model with out the

bias pro duced by ra di a tion or che mo ther apy.

We eval u ated Prxs in as so ci a tion with age,

sur vival, histopathological and mo lec u lar

patho logical fea tures, in clud ing other an ti ox -

i dant en zymes, in a se ries of 105 pilocytic

astrocytomas.

Methods

Immunohistochemistry of Prxs

and other AOEs

The immunostaining pro ce dure was as

fol lows. 4 m thick sec tions were cut from the

microarray blocks, which were then deparaf -

finized in xylene and rehydrated in a de scend -

ing eth a nol se ries. In or der to en hance im -

munoreactivity, the sec tions were in cu bated

in 10 mM ci trate buffer (pH 6.0), boiled in a

mi cro wave oven for 2 min at 850 W, and af ter

that for 8 min at 350 W. En dog e nous per -

oxidase ac tiv ity was elim i nated by in cu ba tion 

in 0.1% hy dro gen per ox ide in ab so lute meth -

a nol for 10 min. The polyclonal anti-Prx-an ti -

bod ies were a gift from Dr. Kang (The Cen ter

for Cell Sig nal ling Re search and Di vi sion of

Mo lec u lar Sci ences, Ewha Womans Uni ver -

sity, Se oul, South Ko rea). Di lu tions of the pri -

mary an ti bod ies were 1 : 1,500 for Prx I, 1 :

1,000 for Prx II, 1 : 500 for Prx III, 1 : 1,000

for Prx IV and 1 : 2,000 for Prxs V and VI.

An ti bod ies against other AOEs were as

fol lows: polyclonal rab bit anti-hu man an ti -

body to MnSOD (a gift from Pro fes sor J.D.

Crapo, Na tional Jew ish Med i cal Cen ter, Den -

ver, CO, USA, di lu tion 1 : 1,000), rab bit poly -

clonal anti-hu man an ti bod ies to GLCL-c and

GLCL-r (a gift from Dr. Kavanagh, Uni ver -

sity of Wash ing ton, Se at tle, WA, USA, di lu -

tion 1 : 1,000 for both), an af fin ity-pu ri fied

goat-polyclonal hu man Trx an ti body (Amer i -

can Diagnostica, Green wich, CT, USA, di lu -

tion 1 : 200) and an ti body to TrxR (a gift from

Dr. Arne Holmgren, Karolinska Institutet,

Stock holm, Swe den, di lu tion 1 : 1,000), which

was the gammaglobulin frac tion of a poly clo -

nal rab bit anti-rat an ti body di rected against

cytosolic TrxR in rat liver [Mustacich and

Powis 2000, Nakamura et al. 1996].

Immunostaining of Prxs I – VI, MnSOD,

GLCL-c, GLCL-r and TrxR was car ried out

us ing Histostain-Plus Kits (Zymed Lab o ra to -

ries Inc., South San Fran cisco, CA, USA) and

the chromogen was aminoethyl carbazole

(AEC) (Zymed Lab o ra to ries Inc.). For Trx, a

biotinylated sec ond ary anti-goat an ti body

was ap plied, fol lowed by avidin-bi o tin per -

oxidase com plex (both from Dakopatts, Glo -

strup, Den mark). Color was de vel oped us ing

3,3’-diaminobenzidine, and the sec tions were 

lightly counter stained with hematoxylin and
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mounted in Eukitt (Kin dler, Freiburg, Ger -

many). Re place ment of the pri mary an ti body

with phos phate-buf fered sa line (PBS) at pH

7.2, or with goat IgG im mu no glob u lin iso -

type (Zymed Lab o ra to ries, Inc., San Fran -

cisco, CA, USA) was carried for negative

controls.

The in ten sity of the immunostainings with

all the an ti bod ies was eval u ated by di vid ing

the stain ing re ac tion in 3 groups: 1 = weak

stain ing in ten sity, 2 = mod er ate stain ing in -

tensity, 3 = strong stain ing in ten sity. The quan -

tity of the immunostaining was eval u ated as

follows: 0 = no pos i tive immunostaining, 1 =

< 25% of tu mor cells show ing positivity, 2 =

25 – 50% of tu mor cells show ing positivity,

3 = > 50% of tu mor cells show ing positivity.

A com bined score for the immunostaining,

based on both qual i ta tive and quan ti ta tive im -

munostaining was com posed by add ing both

the qual i ta tive and quan ti ta tive score which

was then di vided in 4 main groups: – = no

immunostaining; score 0, + = weak im muno -

staining; scores 1 – 2, ++ = mod er ate im -

muno staining, scores 3 – 4, +++ = strong im -

muno staining, scores 5 – 6.

Proliferation index, p53 and

apoptosis

Ki-67MIB-1 and p53 were immuno stained 

by us ing a stan dard streptavidin-bi o tin im -

munoperoxidase tech nique and scored as pre -

vi ously de scribed [Haapasalo et al. 1999].

Apoptosis was de tected by us ing ApopTagTM 

In Situ Apoptosis De tec tion Kits (Oncor Inc.,

Gaithersburg, MD, USA) as de scribed pre vi -

ously [Haapasalo et al. 1999]. The micro -

scope- based im age anal y sis sys tem (CAS-

 200 Soft ware, Becton Dickinson and Co., San 

Jose, CA, USA), equipped with 2 cam eras for

im ages of immunopositive (brown) and im -

muno negative (green) ar eas in nu clei, com -

puted the pro lif er a tion in di ces from whole

sec tions and the Ki-67MIB-1 la bel ling in dex

(LI) [Haapasalo et al. 1999, Sallinen et al.

1994].

Tis sues with un equiv o cal p53 stain ing of

neo plas tic nu clei (> 1/10 high power fields)

were re garded as immunopositive [Haapa -

salo et al. 1993]. Apoptotic in dex was scored

as per cent ages of ApopTag-immunoreactive

can cer cell nu clei [Haapasalo et al. 1999].

Statistical analysis

SPSS for Win dows soft ware (Chi cago,

IL, USA) was used for sta tis ti cal anal y sis.

The sig nif i cance of as so ci a tions was de ter -

mined us ing Chi-square and Mann-Whit ney

tests. Kaplan-Meier curves and the log rank

test were used in sur vival analysis.

Material

The tu mor spec i mens had been fixed in

4% phos phate-buf fered form al de hyde, af ter

which they had been pro cessed into par af fin

blocks. First, all HE-stained slides of the tu -

mors were eval u ated by two neuro-

pathologists (HH to gether with HK, AP or

LP), and histo pathological typ ing and grad -

ing were car ried out ac cord ing to WHO cri te -

ria [WHO 2000]. Two neuropathologists (HH

and HK) eval u ated the pres ence or ab sence of

the ma jor histolo gi cal fea tures of pilocytic

astro cyto mas: atypia, necrosis, en do the lial

pro lif er a tion, vas cu lar hyalinization,

perivascular lympho cytes, cys tic pat tern,

gran u lar bod ies and cal ci fi ca tion.

One neuropathologist (HH) pin pointed

one histologically rep re sen ta tive tu mor re -

gion in each pilocytic astrocytoma. From this

tu mor re gion a sam ple was in cluded in

multi-tis sue microarray blocks rep re sent ing

105 astro cy tic tu mors [Kononen et al. 1998].

The micro array blocks were con structed with

a cus tom-built in stru ment (Beecher In stru -

ments, Sil ver Spring, MD, USA). The di am e -

ter of the tis sue core in the microarray block

was 600 mm.

Patients

Brain tu mor sam ples were ob tained from

105 pa tients (49 fe males and 56 males) op er -

ated on be cause of pilocytic astrocytomas at

the Uni ver sity Hos pi tals of Tampere, Hel -

sinki, Kuopio and Turku, Fin land, dur ing

1980 – 1999. Age var ied from new born to 66

(me dian = 10, Mean ± SD = 15 ± 15) years.

None of the pa tients re ceived pre op er a tive ra -

di a tion and/or che mo ther apy. The to pog ra -

phy of the tu mors was as fol lows: 85% were

in the cer e bel lum, 5% in the ce re brum, 3% in

the brainstem and spi nal cord, and 7% in cra -
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nial nerves (mostly the op tic nerve). There

were 96 pa tients with pri mary tu mors avail -

able and 9 pa tients with re cur rences. Fol -

low-up time of pri mary tu mors var ied from

0.5 – 19.5 (Mean ± SD = 7.0 ± 4.1) years.

Results

The dis tri bu tion of immunostaining (no

immunostaining (0), weakly (1), mod er ately

(2), strongly (3) pos i tive) of Prxs in 96 pri -

mary and 9 re cur rent tu mors is shown in Ta -

ble 1. In an area ad ja cent to tu mor mod er ate

ex pres sion of MnSOD was seen. Also weak

positivity for Prx II was ob served while other

AOEs were neg a tive. In tu mor cells the im -

munostaining was cy to plas mic, but Prxs I, II,

IV, V and VI also showed vari able nu clear

posi tivity. Most (98%) of all tu mors ex pressed

positivity for Prx I (84% strongly, 11% mo -

derately and 3% weakly). All tu mors showed

positivity for Prx II (4% strongly, 20% mod -

er ately and 76% weakly) and also for Prx III

(26% strongly, 47% mod er ately, 27% weakly).

For Prx IV, 92% of cases were pos i tive (13%

strongly, 49% mod er ately, 30% weakly) and

87% were pos i tive for Prx V (29% strongly,

23% mod er ately and 35% weakly). Strong

Prx VI ex pres sion was found in 45%, mod er -
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Fig ure 1. A: Prx I stain ing show ing mod er ate cy to plas mic positivity in pilocytic astrocytoma with mi -

crocystic de gen er a tion (× 630). B: Strong cy to plas mic Prx II positivity in densely packed astrocytic cells

(× 630). C: Strong, dot-like Prx III cy to plas mic immunopositivity prob a bly due to the mi to chon drial lo ca tion

(× 630). D: MnSOD stain ing show ing strong cy to plas mic immunopositivity (× 630).

Ta ble 1. Peroxiredoxin ex pres sion in pilocytic astrocytomas (96 pri ma ries and 9 residives). 0 = neg a tive, 1,2,3 = weak, mod er ate and

strong immunopositive, re spec tively (p = n.s., c2  test).

Prx I Prx II  Prx III Prx IV Prx V Prx VI

Ex pres sion Prim Resid Prim Resid Prim Resid Prim Resid Prim Resid Prim Resid

0 1 0 0 0 0 0 7 0 12 0 1 1

1 2 1 3 0 26 2 29 1 35 1 14 2

2 9 2 20 1 47 1 45 5 20 3 36 2

3 81 6 70 8 20 6 10 3 25 5 43 4



ate ex pres sion in 37% and weak ex pres sion in 

15% of all tu mors. The immunoreactivity pat -

terns of Prxs in pilocytic astrocytomas are

shown in Fig ure 1A,B,C and in Fig ure 2. An

ex am ple of MnSOD immunoreactivity in a

pilocytic astrocytoma is shown in Fig ure 1D.

The ex pres sion pat terns of Prxs, con sid -

ered in the fol low ing anal y ses as ei ther neg a -

tive (no and weak immunostaining) or pos i -

tive (mod er ate and strong immunopositivity)

were next cor re lated with each other. When

com pared with each other there were as so ci a -

tions be tween Prx I ex pres sion and that of Prx

II (p < 0.001), Prx IV (p = 0.010) and Prx VI

(p < 0.001, c2 test). In ad di tion to Prx I, Prx II

was as so ci ated with Prx IV (p = 0.002) and Prx 

VI (p < 0.001). Sim i larly, Prx III cor re lated

with Prx IV (p = 0.004). Prx IV cor re lated

with all other Prxs (Prx V, p = 0.007; Prx VI, p

= 0.010).

Ex pres sion of Prx II, III, IV, GLCL-c and

TrxR was as so ci ated with vas cu lar pa thol ogy

(en do the lial pro lif er a tion, vas cu lar hyaliniza -

tion and perivascular lym pho cytes), whereas

Prx I, II and TrxR cor re lated with de gen er a -

tive fea tures (cys tic pat tern, gran u lar bod ies,

calcification) (Ta ble 2). Ex pres sion of GLCL- r 

and TrxR cor re lated sig nif i cantly with an ag -

gres sive tu mor growth pat tern (atypia and ne -

cro sis) (Ta ble 2).

Pro lif er a tion by MIB-1 was greater in Prx

VI- and TrxR-pos i tive tu mors (Prx VI: neg a -

tive tu mors, 1.8 ± 3.1 (Mean ± SD), pos i tive

tu mors 3.0 ± 3.1, p = 0.037, TrxR: neg a tive

tu mors, 2.2 ± 3.1, pos i tive tu mors, 3.5 ± 3.0,

p = 0.028, Mann-Whit ney test). How ever,

MnSOD positivity was as so ci ated with lo -

wer proliferative ac tiv ity (neg a tive tu mors,

3.3 ± 3.2, pos i tive tu mors 2.2 ± 2.9, p = 0.039,

Mann-Whit ney test). There was no cor re la -

tion be tween AOE sta tus and p53 immuno -

positivity or TUNEL (apoptosis) positivity

(Mann-Whitney test).

When clin i cal fea tures were com pared

with the ex pres sion of Prx and other AOEs,

MnSOD and GLCL-c positivity in creased

sig ni ficantly with in creas ing pa tient age (p =

0.022 and p = 0.010, re spec tively, Mann-

 Whitney test). In ad di tion, the ex pres sion of

MnSOD was sig nif i cantly lower in re cur -

rences (p = 0.019, Mann-Whit ney test). No

such dif fer ences were seen as re gards Prxs.

Ad di tion ally, there was no as so ci a tion be -

tween the lo ca tion of the tu mors and the en -

zyme ex pres sion (c2 test). All 96 pa tients

with pri mary pilocytic astrocytomas were in -

cluded in sur vival anal y sis. In fre quent en -

zyme negativity of Prx I and II did not al low

the pos si bil ity of sur vival anal y sis as re gards

these en zymes. Tu mors immuno posi tive for

Prx VI seemed to be as so ci ated with sig nif i -

cantly better re cur rence-free sur vival when

com pared with immunonegative tu mors (p =

0.032, log-rank test) (Fig ure 3). How ever,

when pa tient age, Ki-67 (MIB-1), lo ca tion

(cer e bel lum ver sus other lo ca tion) and Prx VI 

immunopositivity were in cluded to

multivariate anal y sis, none of these fac tors

pre dicted in de pend ently re cur rence-free sur -
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Fig ure 2. The dis tri bu tion of Prx immunostaining

in 105 pilocytic astrocytomas. 0 = no immuno stain -

ing pres ent; 1 = weak immunostaining; 2 = mod er -

ate immunostaining; 3 = strong immunostaining.

Fig ure 3. Kaplan-Meier curve show ing recurrence-

 free sur vival in re la tion to Prx VI immuno staining in

pilocytic astrocytomas (p = 0.032, log-rank test).



vival (Cox multivariate anal y sis). In over all

sur vival anal y sis none of the en zymes was of

prog nos tic sig nif i cance.

Discussion

There is com pel ling ev i dence that ROS

are linked to the pathogenesis and be hav ior of 

hu man ma lig nan cies [Kinnula and Crapo

2004, Kinnula et al. 2004]. A ma jor hy poth e -

sis ex plain ing the im por tance of ox i dants and

im bal ance of the cel lu lar re dox state is an al -

tered pro-ox i dant intracellular en vi ron ment

that fa cil i tates mu ta tions and/or in ac ti va tion

of tu mor sup pres sor genes and ac ti vates on -

co genes. This leads to changes in cell growth

and apoptosis, and fi nally the de vel op ment of

neo pla sia [Burdon 1995, Osada and Taka -

hashi 2002]. For ex am ple, it has been shown

that the cel lu lar re dox state reg u lates sev eral

path ways im por tant in carcino genesis, includ -

ing cMyc-, p53- and FAS-me di ated apop tosis

and ras-me di ated epi der mal growth fac tor

(EGF) re cep tor-de pend ent angiogenesis [Ca -

sa nova et al. 2002, Kasahara et al. 1997,

Suhara et al. 1998]. It has also been shown

that H2O2 pro duced in EGF-stim u lated cells

gov erns both the ac cu mu la tion of PI 3,4,5-

 triphosphate and ac ti va tion of pro tein kinase

Akt. It also ap pears that Prx II par tic i pates in

growth fac tor sig nal ling by re mov ing H2O2
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Ta ble 2.  Peroxiredoxins and other an ti ox i dant en zymes by his tol ogy in pilocytic astrocytomas (N=65, p = p-value, c2). neg = en -

zyme-neg a tive; pos = en zyme-pos i tive.

Prx I Prx II Prx III Prx IV Prx V Prx V

neg pos p neg pos p neg pos p neg pos p neg pos p neg pos p

atypia

– 0 5 0 5 2 3 3 2 34 13 2 3

+ 1 59 n.s. 2 58 n.s. 16 44 n.s. 26 33 n.s. 13 4 n.s. 10 51 n.s.

ne cro sis

– 1 60 2 59 18 43 28 32 45 15 11 51

+ 0 4 n.s. 0 4 n.s. 0 4 n.s. 1 3 n.s. 2 2 n.s. 1 3 n.s.

en do the lial pro lif er a tion

– 1 20 2 20 10 12 12 9 30 10 4 18

+ 0 44 n.s. 0 43 0.046 8 35 0.023 17 26 n.s. 17 7 n.s. 8 36 n.s.

vas cu lar hyalinization

– 1 42 1 41 10 32 19 23 38 14 10 33

+ 0 22 n.s. 1 22 n.s. 8 15 n.s. 10 12 n.s. 9 3 n.s. 2 21 n.s.

perivascular lym pho cytes

– 1 54 2 53 16 39 28 26 43 15 12 44

+ 0 10 n.s. 0 10 n.s. 2 8 n.s. 1 9 0.015 4 2 n.s. 0 10 n.s.

cys tic pat tern

– 1 2 1 2 1 2 2 1 4 4 1 2

+ 0 62 0.000 1 61 0.002 17 45 n.s. 27 34 n.s. 43 13 n.s. 11 52 n.s.

gran u lar bod ies

– 0 5 0 2 1 1 0 1 6 3 0 2

+ 0 74 n.s. 1 22 n.s. 10 13 n.s. 13 10 n.s. 11 4 n.s. 5 19 n.s.

cal ci fi ca tion

– 1 53 1 53 13 41 23 30 42 15 11 44

+ 0 11 n.s. 1 10 n.s. 5 6 n.s. 6 5 n.s. 5 2 n.s. 1 10 n.s.



[Kwon et al. 2004]. Sev eral AOEs, in clud ing

Prxs, also in flu ence tu mor re sis tance by in -

duc ing chemo- and ra dio re sis tance of tu mor

cells [Chung et al. 2001].

Nor mal tis sue is pro tected against ROS by 

AOEs, in clud ing Prxs. We and oth ers have

shown that Prx pro teins are ex pressed in neo -

plasms, e.g. in follicular thy roid car ci noma

[Chung et al. 1999], ma lig nant me so the li oma

[Kinnula et al. 2002b], lung [Leh tonen et al.

2004] and breast can cer [Karihtala et al. 2003]. 

How ever, the ex pres sion of Prx en zymes has

not pre vi ously been stud ied in pilocytic astro -

cytomas. These tu mors usu ally have, if prop -

erly treated, a be nign clin i cal course show ing

many histological fea tures of de gen er a tion/re -

gression in ad di tion to proliferative ac tiv ity

[Haapasalo et al. 1999], and in their treat ment

no ra di a tion or che mo ther apy is used. Con se -

quently, in flu ence of an ti ox i dant en zymes on

tu mor be hav ior can be stud ied in these tu mors 

with out the bias pro duced by such treat ments.

Ac cord ing to our data, peroxiredoxin ex -

pres sion is a com mon phe nom e non in pilo -

cytic astrocytomas. Prx en zymes and other

anti oxidant en zymes are closely as so ci ated

with tu mor cell pro lif er a tion, immuno posi -

tive tu mors usu ally hav ing a greater prolifer -

ation rate. Al though there was no as so ci a tion

be tween apoptosis rate and AOEs, histo patho -

logically de gen er a tive and re gres sive fea tures 

were of ten as so ci ated with Prx ex pres sion.

The same was true for vas cu lar pa thol ogy, e.g.

en do the lial pro lif er a tion as a sign of angio ge -

ne sis. Some AOEs were as so ci ated with histo -

logically ag gres sive tu mor fea tures. Even

though Prx VI was as so ci ated with higher cell 

pro lif er a tion, it seemed to be as so ci ated with

sig nif i cantly better re cur rence-free sur vival.

This might be due to as so ci a tion be tween Prx

VI ex pres sion and young pa tient age.

In the pres ent study of pilocytic astrocyto -

mas, Prxs and other AOEs were com monly

ex pressed si mul ta neously. This sug gests that

the neo plas tic tis sue suf fers from a con stant

oxidative load, lead ing to si mul ta neous upre -

gulation of these en zymes. Co-ex pres sion and

a relationship be tween Prxs have also been

ob served in pre vi ous stud ies of other neo -

plasms, in di cat ing that such a phe nom e non is

com mon in tu mors [Karihtala et al. 2003,

Kinnula et al. 2002b]. An in creased ox i da tive

load may lead to de gen er a tive fea tures and

cel lu lar de struc tion in tu mor tis sue.

Some de gen er a tive fea tures, es pe cially a

cys tic pat tern, were closely as so ci ated with

the ex pres sion Prx I, Prx II and TrxR. Cys tic

de gen er a tion with Rosenthal fibres and cal ci -

fi ca tion (of ten seen in pilocytic astrocytomas) 

im plies cell death, which may be a sign of pre -

vi ous hypoxic pe ri ods. El e vated lev els of

AOEs in pilocytic astrocytomas with such de -

gen er a tive fea tures in di cate the ten dency of

these tu mors to suf fer from ox i da tive stress

and in creased defence against ROS-mediated 

tissue damage.

We also found a sig nif i cant as so ci a tion be -

tween AOE ex pres sion (Prx II, III, IV, GLCL -c

and TrxR) and vas cu lar pa thol ogy, e.g. en do -

the lial vas cu lar pro lif er a tion. Hypo xia and

ROS in duce HIF-a, which stim u lates angio -

ge nic fac tors such as vas cu lar en do the lial

growth fac tor (VEGF) [Kinnula and Crapo

2004]. In dif fuse astrocytomas it is most prob -

a bly hypoxia that in duces the ex pres sion of

VEGF in tu mor cells. This binds to VEGF re -

cep tors (VEGFRs) in en do the lial cells, lead -

ing to en do the lial vas cu lar pro lif er a tion. In

pilocytic astrocytomas en do the lial vas cu lar

pro lif er a tion is also a com mon fea ture and

could be a con se quence of ROS and AOE in -

duc tion, but with out such a sin is ter im pli ca -

tion as in dif fuse astrocytomas.

In the pres ent study, with 105 tu mors, Prx

VI and TrxR were sig nif i cantly as so ci ated

with higher pro lif er a tion in di ces. MnSOD, a

pu ta tive tu mor sup pres sor in the group of

AOEs, has been widely in ves ti gated in malig -

nant cells. Iso lated overexpression of MnSOD

de creases the growth, pro lif er a tion and in va -

sion of cul tured ma lig nant cells [Bravard et

al. 1992, Li et al. 1995, St Clair et al. 1992,

Yan et al. 1996, Zhong et al. 1997] (re viewed

by [Kinnula and Crapo 2004]). In ter est ingly,

in the pres ent study, MnSOD was over ex -

pressed in those pilocytic astrocytomas that

had a sig nif i cantly de creased pro lif er a tion

rate. This is in line with its pu ta tive tu mor

sup pres sor func tion, which is fur ther sup -

ported by the fact that in the re cur rences the

ex pres sion of MnSOD was sig nif i cantly de -

creased. In con trast to this, in our pre vi ous

study, MnSOD positivity was as so ci ated with 

a sig nif i cantly higher pro lif er a tion rate in 380

dif fusely in fil trat ing astrocytomas [Haapa -

salo et al. 2003]. In that study, we con cluded

that down-reg u la tion of MnSOD might be an

event in the pro gres sion of dif fusely in fil trat -
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ing astrocytomas. This might be a re sult of the 

loss of chro mo some re gion 6q, the lo cus of

the MnSOD gene, which fre quently takes

place in dif fuse astrocytomas [Sallinen et al.

1997]. Such ge netic changes do not oc cur in

pilocytic astrocytomas, which gen er ally have

ei ther a nor mal karyotype or only a few ma jor

cytogenetic ab er ra tions.

Many AOEs, such as MnSOD and Prxs,

in crease chemo- and ra dio re sis tance of tu mor 

cells. Thus, in this con text, ther apy may also

in flu ence tu mor be hav ior. Pilocytic astrocy -

to mas are treated by sur gery alone, while dif -

fuse astrocytomas are also treated by means

of ra dio ther apy and oc ca sion ally by means of

che mo ther apy. In dif fuse astrocytomas the

ex pres sion of AOEs may thus, in the late pro -

gres sion of the dis ease, in duce more ag gres -

sive be hav ior. This phe nom e non could also

partly ex plain the fact that dif fuse astrocy to -

mas ex press ing MnSOD or Trx are as so ci ated 

with worse prog no sis than pilocytic astrocy -

to mas ex press ing the same mol e cules. In con -

trast, Prx VI was linked to sig nif i cantly better

re cur rence-free sur vival in pilocytic astrocy -

tomas. This is prob a bly a re sult of the fact that 

Prx VI overexpression in pilocytic astrocy -

tomas with out the bias pro duced by ra dio- or

che mo ther apy de creases ROS ac tiv ity and in

this way might ab ro gate genomic in sta bil ity

and tu mor pro gres sion. Prx VI could be used

as a prog nos tic marker when plan ning ther -

apy or fol low-up for pa tients with pilocytic

astrocytomas. Pre vi ously, only a few fac tors

have been shown to be of prog nos tic sig nif i -

cance in this dis ease [Haapasalo et al. 1999].

In ear lier stud ies univariate sta tis ti cal anal y -

ses re vealed that par tial re sec tion, older pa -

tient age and his tol ogy [Haapasalo et al.

1999], especially pilomyxoid tumor variant

[Fernandez et al. 2003] were associated with

a worse prognosis.

Over all, the role of an ti ox i dant en zymes

es pe cially MnSOD and peroxiredoxins in hu -

man tu mors is poorly un der stood and partly

con tro ver sial. Our study sug gests that sev eral

AOEs and Prxs, at least Prx VI prob a bly play a

role in tu mor growth/in va sion and, thus, in

prog nos ti ca tion. How ever, an immuno histo -

chemical study cannot give any sug ges tion

about the func tional ac tiv ity or pos sible over -

oxidation of these pro teins. In ad di tion, the

prog nos tic value of Prx VI needs to be eval u -

ated with a large num ber of recur rent pilocytic

astrocytomas, per haps with more thor ough

MRI and clin i cal anal y sis to dif fer en ti ate the

re cur rent and re sid ual tu mors.

Conclusion

In con clu sion, our study shows that per -

oxiredoxins and other an ti ox i dant en zymes

are ex pressed in pilocytic astrocytomas and

may mod u late their be hav ior. Co-ex pres sion

of sev eral an ti ox i dant en zymes was com mon

in these tu mors. An ti ox i dant en zymes had a

con nec tion with angiogenesis and cell pro lif -

er a tion. They were usu ally as so ci ated with an

el e vated pro lif er a tion rate, but the pu ta tive tu -

mor sup pres sor MnSOD de pressed prolifer -

ative ac tiv ity. Most in ter est ingly, de gen er a -

tion and re gres sive fea tures were as so ci ated

with AOEs but seemed not to be as so ci ated

with p53-me di ated apoptotic ac tiv ity. El e -

vated lev els of AOEs in pilocytic astro cy -

tomas with de gen er a tive fea tures in di cate the

ten dency of these tu mors to suf fer from

oxida tive stress and in creased de fence against

ROS-me di ated tis sue dam age.

Acknowledgments

We thank Mrs Reija Randen, Mrs Riitta

Koivisto, Mr Jorma Lampinen, Mrs Päivi

Koukkula and Mr Manu Tuovinen for skill ful

tech nical as sis tance. This work was sup ported

by grants from the Can cer So ci ety of Fin land

and the Med i cal Re search fund of Tampere

Uni ver sity Hos pi tal.

References

Basso M, Giraudo S, Corpillo D, Bergamasco B,

Lopiano L, Fasano M. Proteome anal y sis of hu man

sub stan tia nigra in Par kin son’s dis ease. Proteomics.

2004; 4: 3943-5392.

Bravard A, Sabatier L, Hoffschir F, Ricoul M, Luccioni

C, Dutrillaux B. SOD2: a new type of tu mor-sup pres -

sor gene? Int J Can cer. 1992; 51: 476-480.

Burdon RH. Superoxide and hy dro gen per ox ide in re la -

tion to mam ma lian cell pro lif er a tion. Free Radic Biol

Med. 1995; 18: 775-794.

Casanova ML, Larcher F, Ca sa nova B, Murillas R,

Fernandez- Acenero MJ, Villanueva C, Martinez-

 Palacio J, Ullrich A, Conti CJ, Jorcano JL. A crit i cal role 

for ras-me di ated, epi der mal growth fac tor re cep tor-de -

pend ent angiogenesis in mouse skin carcinogenesis.

Can cer Res. 2002; 62: 3402-3407.

Nordfors, Haapasalo, Helén  et al. 8

NP-6036 / 22.03.2007



Chung YM, Yoo YD, Park JK, Kim YT, Kim HJ. In creased

ex pres sion of peroxiredoxin II con fers re sis tance to

cisplatin. Anticancer Res. 2001; 21: 1129-1133.

Chung YM, Yoo YD, Park JK, Kim YT, Kim HJ. Per -

oxiredoxin I ex pres sion in hu man thy roid tu mors.

Can cer Lett. 1999; 145: 127-132.

Fernandez C, Figarella-Branger D, Gi rard N, Bouvier-

 Labit C, Gouvernet J, Paz Paredes A, Lena G. Pilo -

cytic astrocytomas in chil dren: prog nos tic fac tors – a

ret ro spec tive study of 80 cases. Neu ro sur gery. 2003;

53: 544-553.

Fujii J, Ikeda Y. Ad vances in our un der stand ing of per -

oxiredoxin, a multifunctional, mam ma lian re dox pro -

tein. Re dox Rep. 2002; 7: 123-130.

Haapasalo H, Isola J, Sallinen P, Kalimo H, Helin H,

Rantala I. Ab er rant p53 ex pres sion in astrocytic neo -

plasms of the brain: as so ci a tion with pro lif er a tion. Am 

J Pathol. 1993; 142: 1347-1351.

Haapasalo H, Kylaniemi M, Paunu N, Kinnula VL, Soini

Y. Ex pres sion of an ti ox i dant en zymes in astrocytic

brain tu mors. Brain Pathol. 2003; 13: 155-164.

Haapasalo H, Sallinen S, Sallinen P, Helen P, Jaas kelainen

J, Salmi TT, Paetau A, Paljarvi L, Visakorpi T, Kalimo H.

Clinicopathological cor re la tion of cell pro lif er a tion,

apoptosis and p53 in cer e bel lar pilocytic astrocytomas.

Neuropathol Appl Neurobiol. 1999; 25: 134-142.

Hattori F, Murayama N, Noshita T, Oikawa S. Mi to chon -

drial peroxiredoxin-3 pro tects hippocampal neu rons

from excitotoxic in jury in vivo. J Neurochem. 2003;

86: 860-868.

Karihtala P, Mantyniemi A, Kang SW, Kinnula VL, Soini

Y. Peroxiredoxins in breast car ci noma. Clin Can cer

Res. 2003; 9: 3418-3424.

Kasahara Y, Iwai K, Yachie A, Ohta K, Konno A, Seki H,

Miyawaki T, Taniguchi N. In volve ment of re ac tive ox y -

gen in ter me di ates in spon ta ne ous and CD95 (Fas/APO -

1)-me di ated apoptosis of neu tro phils. Blood. 1997; 89:

1748-1753.

Kim SH, Fountoulakis M, Cairns N, Lubec G. Pro tein

lev els of hu man peroxiredoxin sub types in brains

of pa tients with Alz hei mer’s dis ease and Down

syn drome. J Neu ral Transm. 2001; 61 (Suppl):

223- 235.

Kinnula VL, Crapo JD. Superoxide dismutases in ma lig -

nant cells and hu man tu mors. Free Radic Biol Med.

2004; 36: 718-744.

Kinnula VL, Lehtonen S, Kaarteenaho-Wiik R, Lakari

E, Paakko P, Kang SW, Rhee SG, Soini Y. Cell-spe -

cific ex pres sion of peroxiredoxins in hu man lung and 

pul mo nary sarcoidosis. Tho rax. 2002a; 57: 157-164.

Kinnula VL, Lehtonen S, Sormunen R, Kaarteenaho-Wiik 

R, Kang SW, Rhee SG, Soini Y. Overexpression of

peroxiredoxins I, II, III, V and VI in ma lig nant me so -

the li oma. J Pathol. 2002b; 196: 316-323.

Kinnula VL, Pääkko P, Soini Y. An ti ox i dant en zymes and

re dox-reg u lat ing thiol pro teins in ma lig nan cies of hu -

man lung. FEBS Lett. 2004; 569: 1-6.

Kononen J, Bubendorf L, Kallioniemi A, Barlund M,

Schraml P, Leighton S, Torhorst J, Mihatsch MJ, Sauter

G, Kallioniemi OP. Tis sue microarrays for high-through -

put mo lec u lar pro fil ing of tu mor spec i mens. Nat Med.

1998; 4: 844-847.

Krapfenbauer K, Engidawork E, Cairns N, Fountoulakis

M, Lubec G. Ab er rant ex pres sion of peroxiredoxin

sub types in neurodegenerative dis or ders. Brain Res.

2003; 967: 152-160.

Kwon J, Lee SR, Yang KS, Ahn Y, Kim YJ, Stadtman ER,

Rhee SG. Re vers ible ox i da tion and in ac ti va tion of the

tu mor sup pres sor PTEN in cells stim u lated with pep -

tide growth fac tors. Proc Natl Acad Sci. 2004; 101:

16419-16424.

Lehtonen ST, Svensk AM, Soini Y, Paakko P, Hirvikoski P,

Kang SW, Saily M, Kinnula VL. Peroxiredoxins, a

novel pro tein fam ily in lung can cer. Int J Can cer. 2004; 

111: 514-521.

Li JJ, Oberley LW, St Clair DK, Ridnour LA, Oberley TD.

Phenotypic changes in duced in hu man breast can cer

cells by overexpression of man ga nese-con tain ing super -

oxide dismutase. Onco gene. 1995; 10: 1989-2000.

Mustacich D, Powis G. Thioredoxin reductase. Biochem

J. 2000; 346: 1-8.

Nakamura M, Watanabe T, Klangby U, Asker C, Winman

K, Yonekawa Y, Kleinhues P, Ohgaki O’Brien ML, Tew

KD. Glutathione and re lated en zymes in multidrug re -

sis tance. Eur J Can cer. 1996; 32: 967-978.

Osada H, Takahashi T. Ge netic al ter ations of mul ti ple tu -

mor suppressors and onco genes in the carcinogenesis

and pro gres sion of lung can cer. Onco gene. 2002; 21:

7421-7434.

Sallinen PK, Haapasalo HK, Visakorpi T, Helen PT,

Rantala IS, Isola JJ, Helin HJ. Re la tion of Ki-67

(MIB-1), PCNA and S-phase frac tion with pa tient sur -

vival in for ma lin-fixed, par af fin-em bed ded astrocy -

toma ma te rial. J Pathol. 1994; 174: 275-282.

Sallinen SL, Sallinen P, Haapasalo H, Kononen J, Karhu

R, Helen P, Isola J. Ac cu mu la tion of ge netic changes

is as so ci ated with poor prog no sis in Grade II astrocy -

tomas. Am J Pathol. 1997; 151: 1799-1807.

Sarafian TA, Ver ity MA, Vinters HV, Shih CC, Shi L, Ji XD,

Dong L, Shau H. Dif fer en tial ex pres sion of per oxi -

redoxin sub types in hu man brain cell types. J Neurosci

Res. 1999; 56: 206-212.

St Clair DK, Wan XS, Oberley TD, Muse KE, St Clair WH.

Sup pres sion of ra di a tion-in duced neo plas tic trans for ma -

tion by overexpression of mi to chon drial superoxide dis -

mutase. Mol Carcinog. 1992; 6: 238-242.

Suhara T, Fukuo K, Sugimoto T, Morimoto S, Nakahashi

T, Hata S, Shimizu M, Ogihara T. Hy dro gen per ox ide

in duces upregulation of Fas in hu man en do the lial

cells. J Immunol. 1998; 160: 4042-4047.

Yan T, Oberley LW, Zhong W, St Clair DK. Man ga nese-con -

tain ing superoxide dismutase overex pres sion causes

phenotypic re ver sion in SV40-trans formed hu man lung

fibroblasts. Can cer Res. 1996; 56: 2864-2871.

Zhong W, Oberley LW, Oberley TD, St Clair DK. Sup -

pres sion of the ma lig nant phe no type of hu man glioma

cells by overexpression of man ga nese superoxide dis -

mutase. Onco gene. 1997; 14: 481-490.

Peroxiredoxins in pilocytic astrocytomas 9

NP-6036 / 22.03.2007



Nordfors et al. BMC Cancer 2010, 10:148
http://www.biomedcentral.com/1471-2407/10/148

Open AccessR E S E A R C H  A R T I C L E
Research articleThe tumour-associated carbonic anhydrases CA II, 
CA IX and CA XII in a group of medulloblastomas 
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Abstract
Background: Medulloblastomas (MBs) and supratentorial primitive neuroectodermal tumours (PNETs) are the most 
common highly aggressive paediatric brain tumours. In spite of extensive research on these tumours, there are only 
few known biomarkers or therapeutic target proteins, and the prognosis of patients with these tumours remains poor. 
Our aim was to investigate whether carbonic anhydrases (CAs), enzymes commonly overexpressed in various tumours 
including glioblastomas and oligodendrogliomas, are present in MBs and PNETs, and whether their expression can be 
correlated with patient prognosis.

Methods: We determined the expression of the tumour-associated carbonic anhydrases CA II, CA IX and CA XII in a 
series of MB/PNET specimens (n = 39) using immunohistochemistry.

Results: Endothelial CA II, cytoplasmic CA II, CA IX and CA XII were expressed in 49%, 73%, 23% and 11% of the 
tumours, respectively. CA II was detected in the neovessel endothelium and the tumour cell cytoplasm. CA IX was 
mainly expressed in the tumour cells located in perinecrotic areas. CA XII showed the most homogenous distribution 
within the tumours. Importantly, CA IX expression predicted poor prognosis in both univariate (p = 0.041) and 
multivariate analyses (p = 0.016).

Conclusions: We suggest that CA IX should be considered a potential prognostic and therapeutic target in MBs and 
PNETs.

Background
Medulloblastomas (MBs) and primitive neuroectodermal
tumours (PNETs) are classified as embryonal tumours of
the central nervous system (CNS) and histologically cor-
respond to WHO grade IV [1]. One viewpoint postulates
that these tumours show a common ontogeny, arising
from related progenitor cells that have the potential for
divergent neuroepithelial differentation. However, in
recent years molecular genetic analyses have demon-
strated different genetic profiles for these tumours [1]. It

has been proposed that MBs originate from the neoplas-
tic transformation of granule cell precursors in the cere-
bellum via deregulation of molecular pathways involved
in normal cerebellar development [2,3]. Correspondingly,
PNETs arise in the cerebral hemispheres, brain stem or
spinal cord. The neuroepithelial tumour cells of a PNET
may be undifferentiated or poorly differentiated. In addi-
tion, the tumour cells may have aberrant differentiations,
including neuronal, astrocytic and ependymal lines.

MB is the most common childhood malignant tumour
of the central nervous system and accounts for 12-25% of
all paediatric CNS tumours. It is very rare in adults,
accounting for only 0.5-1% of brain tumours [4]. The
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main defective cell signalling pathways involved in the
development of MB include the Hedgehog and Wnt path-
ways, but the exact molecular mechanisms contributing
to tumourigenesis in both MB and PNET are still poorly
understood [5].

MBs are sensitive to chemotherapy and radiation, but
surgical resection continues to be the most effective
treatment [6,7]. Patients with PNET undergo a similar
treatment process to patients with MB [8]. There has
been a marked improvement in the 5-year survival rate in
MB patients, as the survival percentage has improved
from 2-30% in the 1970s to 60-70% currently [1,4]. Unfor-
tunately, the current clinical staging does not effectively
identify the patients whose tumours will be resistant to
chemotherapy and radiation. To individualise therapies
and minimise side-effects of aggressive treatments, we
need to overcome the major challenge of identifying the
high- and low-risk patients. While the prognosis for
patients with MB has improved, children with PNET have
an even worse prognosis than patients with MB. Cur-
rently, the 5-year survival rate for patients with PNET is
24-38% [9,10].

The carbonic anhydrases (CAs) are zinc-containing
metalloenzymes that catalyse the reversible hydration of
carbon dioxide (CO2 + H2O ? HCO3

- + H+), and, thus,
participate in the maintenance of pH homeostasis in the
body [11-14]. The mammalian α-CA gene family encodes
at least thirteen enzymatically active isoforms with differ-
ent structural and catalytic properties, and twelve of
these are expressed in human tissues [15]. CA isozymes
II, IX and XII have been associated with neoplastic pro-
cesses, and they are potential histological and prognostic
biomarkers of certain tumours, including diffuse astrocy-
tomas [12,16,17]. CA II is the most widely distributed
member of the CA gene family, being present in virtually
every human tissue and organ. It is catalytically one of the
most efficient enzymes known [18]. It is present to some
extent in malignant cells, and, interestingly, it has been
recently shown to be ectopically expressed in the
endothelial cells of tumour neovessels [17,19]. Trans-
membrane enzyme, CA IX, was first recognised as a
novel tumour-associated antigen expressed in several
types of human carcinomas as well as in normal gastroin-
testinal tissue [12,20,21]. It has been functionally linked
to cell adhesion, differentiation, proliferation and onco-
genic processes [12,22], and its enzymatic activity is com-
parable to CA II [23]. Another transmembrane CA
isozyme, CA XII, was first found in normal kidney tissue
and renal cell carcinoma [24,25]. Later studies have
shown that it is expressed in several other tumours, but
also in some normal organs such as the colon and uterus
[26,27].

CA IX and XII seem to be regulated by similar mecha-
nisms, as transcription of these isozymes is induced in

tumours under hypoxic conditions through hypoxia
inducible factor-1 alpha (HIF-1α)-mediated pathways
[28]. Even though very little is known about the regula-
tion of CA II expression, it is unlikely that HIF-1α is
involved. High expression of CA II, IX and XII in certain
tumours, such as astrocytomas and oligodendrogliomas
[16,17,29,30], has suggested that these enzymes may
functionally participate in the invasion process, which is
facilitated by acidification of the extracellular space [31].
In favour of this hypothesis, it has been shown in vitro
that CA inhibitors can reduce the invasion capacity and
proliferation of cancer cells [32-34].

To our knowledge, this is the first study to assess the
expression of tumour-associated CAs in MBs and PNETs.
Here we evaluate the expression of CA II, IX and XII in
association with the patient age, survival and molecular
pathologic features such as apoptosis and expression of c-
erbB2, MIB-1 and bcl-2.

Methods
Study material
Brain tumour samples were obtained from 35 patients (15
females and 20 males) with either MBs or supratentorial
PNETs who were operated on at the University Hospitals
of Tampere and Turku, Finland, from1989-2005. The
term supratentorial PNET is used as a synonym for CNS
PNET, not otherwise specified [1]. MBs were observed in
28 patients and supratentorial PNETs in 7 patients. In
addition, there were four patients with a recurrent
tumour (two MBs: recurrence after 8 and 29 months in
the cerebellum; two supratentorial PNETs: recurrences
after 9 and 71 months in the brain stem and left frontal
lobe, respectively). Taken together, our material included
39 surgical tumour samples. The age of the patients var-
ied from newborn to 68 years (median = 7.4, mean ± SD =
14.4 ± 17.2), Table 1.

In the early nineties eight-drugs-in-one -protocol and
later vincristine, lomustine and prednisolon were widely
used also for MB and PNETs [35]. Later the treatment in
older children (over three years of age) started with radia-
tion therapy with weekly vincristin doses (craniospinal
dose 36 Gy and total tumor dose 54-55 Gy), and after
irradiation a chemotherapy protocol using cisplatin,
CCNU and vincristine was applied [36]. The later proto-
col is still in use. Children under three years of age have
been treated with multidrug chemotherapy protocols
from Childrens Cancer Group (USA) or German HIT-
SKK-group generally without radiation therapy. Of the 35
patients, 4 received preoperative chemotherapy and/or
radiation therapy, and these four patients all had a recur-
rent tumour. The tumours were radically resected if pos-
sible, and most patients were also treated with
postoperative chemo- and/or radiotherapy as follows:
three patients received surgery only, five patients were
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post-operatively treated with chemotherapy, four under-
went radiotherapy and twenty-three patients received
both postoperative chemotherapy and radiotherapy,
Table 1.

The overall survival was known for 35 patients, and 17
patients were alive and 18 patients dead at the end of the
follow-up period. The 5-year survival for our patients was
46% in the total tumour material, 39% in MBs and 71% in
PNETs.

All the material was gathered from surgical operations.
For immunohistochemistry, the brain tumour specimens
were fixed immediately in 4% phosphate-buffered formal-
dehyde and processed into paraffin blocks. Haematoxylin
and eosin-stained slides of the tumours were evaluated by
two experienced neuropathologists, and the histopatho-
logical typing and grading were carried out according to
WHO criteria [1]. Following the typing and grading of the
specimens, a neuropathologist (HH) pinpointed one his-
tologically representative area from each tumour with a
high cellular proliferation index (as assessed by Ki-67
(MIB-1) staining) [37], and this area was then inserted
into a multitissue block. The blocks were constructed
with a custom-built instrument (Beecher Instruments,
Silver Spring, MD) and the diameter of the tissue cores
was 2 mm.

Immunohistochemistry
The monoclonal antibody M75, recognising the N-termi-
nal domain of human CA IX, has been described previ-
ously [20,21]. The rabbit anti-human CA XII antiserum
against the secretory form of CA XII has been character-
ised by Karhumaa et al. [27]. Rabbit antiserum against
human CA II has also been produced and characterised
previously [38]. Normal rabbit serum (NRS) was used for
control staining.

Immunohistochemical staining for CA II, CA IX and
CA XII were performed using an automated immunos-
taining system with the Power Vision+ Poly-HRP IHC Kit
reagents (ImmunoVision Technologies, Burlingame, CA).
Briefly, the sections were: (a) rinsed in a wash buffer; (b)
treated with 3% H2O2 in ddH2O for 5 min and rinsed in a
wash buffer; (c) blocked with the Universal IHC Block-
ing/Diluent for 30 min and rinsed in a wash buffer; (d)
incubated for 30 min with the rabbit anti-human CA II
serum, rabbit-anti human CA XII serum, monoclonal
M75 antibody or NRS diluted 1:2000 (rabbit sera) or
1:1000 (M75) in Universal IHC Blocking/Diluent; (e)
rinsed in a wash buffer for 5 min three times; (f ) incu-
bated in Poly-HRP-conjugated anti-rabbit/mouse IgG for
30 min and rinsed in a wash buffer for 5 min three times;
(g) incubated in a DAB (3,3' diaminobenzidine tetrahy-
drochloride) solution (one drop DAB solution A and one
drop DAB solution B with 1 ml ddH2O) for 6 min; (h)
rinsed with ddH2O; (i) treated with CuSO4 for 5 min to
enhance the signal and (j) rinsed with ddH2O. All proce-
dures were carried out at room temperature. The sections
were finally examined and photographed with a Zeiss
Axioskop 40 microscope (Carl Zeiss; Göttingen, Ger-
many).

The staining reactivities for CA II, CA IX and CA XII
were scored from the multitissue- blocks on a scale from
0 to 3 as follows: 0, no reaction; 1, weak reaction (< 10%
positive cells); 2, moderate reaction (10-30% positive
cells); 3, strong reaction (>30% positive cells). Due to the
sample size, the staining results were categorised into two
groups: negative staining was considered as CA-negative
and weak, moderate and strong staining were considered
as CA-positive.

Table 1: Patient characteristics in different tumour subtypes and the correlation between them.

MB PNET All primary tumours p-value

Age (mean, years) 15.0 ± 17.3 11.9 ± 17.8 14.4 ± 17.2 0.343*

Sex

Females 10 5 15

Male 18 2 20 0.088**

Therapy

Surgery only 3 2 3

Surgery +radiation 3 1 4

Surgery+chemotherapy 3 0 5

Surgery+radiation+chemo 19 4 23 0.540**

* Mann-Whitney test
** chi-square test
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The section preparation, immunostaining and analysis
of apoptosis (TUNEL-labelling) [39] and the expression
of c-erbB-2, p53 [40] and bcl-2 [41] were done as previ-
ously described.

Statistical analysis
All statistical analyses were performed using SPSS 15.0
for Windows (Chicago, IL). The significance of the asso-
ciations was defined using the chi-square test, the Mann-
Whitney test and the Kruskal-Wallis test. A log rank test,
Kaplan-Meier curves and Cox multivariate regression
analysis were used in the survival analysis.

Ethics
The study design was approved by the Ethics committee
of Tampere University Hospital and the National Author-
ity for Medicolegal Affairs.

Results
Immunohistochemical staining of CA II, CA IX and CA
XII in tumour specimens is shown in Figure 1. CA II
showed two distinct staining patterns: the endothelium of
neovessels and the cytoplasm of MB/PNET cells. Of all
tumours, 49% (n = 18, 12 MBs/6 PNETs) stained posi-
tively for CA II in the tumour endothelium (32% strong,
11% moderate and 6% weak staining). Positive cytoplas-
mic CA II staining in tumour cells was found in 73% (n =
27, 20 MBs/7 PNETs) of the cases (11% strong, 38% mod-
erate and 24% weak staining).

CA IX and CA XII were less frequently expressed than
CA II in the tumour samples: 23% (n = 9, 8 MBs/1 PNET)
of the tumours were positive for CA IX (3% strong, 13%
moderate and 7% weak staining), and only 11% (n = 4, 3
MBs/1 PNET) of the tumours were positive for CA XII
(3% strong, 3% moderate and 5% weak staining). The CA
IX-specific antibody stained perinecrotic areas in most of
the tumours in which necrosis was visible. The CA XII
was more homogenously distributed than CA IX, consis-
tent with the results obtained previously in other
tumours such as ovarian tumours [42].

Since MBs/PNETs are rare tumours and the availability
of the specimens was limited to 39, the positively stained
tumours (scores 1-3) were pooled for most statistical
analyses, including the studies on patient survival. There
was no significant correlation in the co-expression of CA
II, IX and XII in the subgroups of MBs and PNETs nor
did we found a correlation in the group of all tumours
(chi-square test). We also compared CA II, IX and XII
expression with various clinical features and molecular
markers (Table 2). The expression of the CAs did not cor-
relate with proliferation (MIB-1), apoptosis (chi-square
and Mann-Whitney test) or expression of bcl-2, p53 or c-
erbB-2 in any of the groups except for the correlation
between c-erbB-2 and CA IX in PNETs (p = 0.047, chi-

square test). Interestingly, CA XII-positive staining corre-
lated with younger patient age (total material p < 0.001,
MBs p < 0.001, chi-square test, Table 2). Added to this,
CA IX positivity associated with female gender (total
material p = 0.048, MBs p = 0.023, Table 2, chi-square
test). There was no significant difference in the expres-
sion of CAs between the primary and recurrent tumours
in any of the groups (chi-square test). Moreover, there
were no correlation between the tumour type (MBs/
PNETs) and CA intensity (chi-square test).

All 35 patients with primary MB/PNET were included
in the survival analysis (Figure 2). The patients with a CA
IX-positive MB/PNET had a worse prognosis than those
who had a CA IX-negative tumour (all tumours p = 0.041,
MBs p = 0.030, PNETs p = n.s.; log-rank test; Figure 2).
We also found a correlation between survival and CA XII
staining in patients with MB. The patients with CA XII-
positive tumours showed significantly worse prognosis (p
= 0.010, log-rank test). There was no significant differ-
ence in survival time between the histological subgroups
(p = 0.463, log-rank test). Of the prognostic indicators
used for MBs in the current WHO classification, (2007)
the following variables were included into the Cox multi-
variate survival analysis: patient age, MIB-1 proliferation
index, apoptosis index and expression of p53, c-erbB-2
and bcl-2. In addition, the histopathological group (MB
vs. supratentorial PNET), CA II, CA IX and CA XII were
used in the analysis. These variables were grouped as pre-
sented in Table 2. In the Cox analysis, only expression of
CA IX (odds ratio 4.31; 95% confidence interval (CI) 1.31
- 14.11; p = 0.016) and the apoptosis index (odds ratio
3.29; 95% CI 1.05 - 10.31, p = 0.041) were independent
prognostic factors. The expression of either CA II and
CA XII failed to show any significant association with
survival.

Discussion
In the present study, we demonstrate that several MBs
and supratentorial PNETs express the CA isozymes CA
II, CA IX and CA XII. According to the univariate sur-
vival analysis, expression of CA IX was found to be asso-
ciated with poor prognosis. Most importantly, the Cox
multivariate analysis, which included patient age, tumour
cell proliferation, apoptosis rate and several other molec-
ular factors, demonstrated that CA IX expression and
apoptotic activity were the only independent prognostic
factors. The expression of CA XII in the tumour cells was
associated with patient age, as previously reported for the
expression of CA XII in patients with diffuse astrocy-
tomas [29]. These findings reflect the fact that patient age
is a significant factor that contributes to carcinogenesis
by several mechanisms and that tumour phenotypes are
different depending on the age of the patient.
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The expression of CA II, CA IX and CA XII in the nor-
mal nervous system has been investigated in several pre-
vious studies. The localization of CA II is well
documented in the normal human oligodendrocytes [43].
Based on our previous studies, CA IX is not present in
the normal human brain [16]. RT-PCR analysis has
shown very weak CA XII mRNA expression in the human
brain [29], and in mouse, immunohistochemical staining
has located CA XII to the choroid plexus [44].

CA IX has several functions in tumour progression. It
has been proposed to have a capacity to modulate E-cad-
herin-mediated cell adhesion, thus leading to a more
aggressive phenotype of malignant cells. In intercellular
junctions, CA IX may be linked to the E-cadherin/β-
catenin complex, because CA IX co-immunoprecipitated
with β-catenin in cultured MDCK cells, a kidney cell line
[45]. It is also noteworthy that β-catenin is mutated in
some sporadic cases of MB [46]. The presence of CA IX

in the E-cadherin/β-catenin complex might contribute by
an unknown mechanism to increased invasion and
spread of tumour cells. Indeed, embryonal tumours differ
from other brain tumours by their tendency to metasta-
sise. In addition, our previous findings in diffusely infil-
trating astrocytomas are also in line with the suggested
role of CAs in the invasion process. Typically, CA IX-pos-
itive astrocytic tumours are highly invasive tumours with
an extremely poor prognosis [16]. A recent study by
Chiche et al. [47] provided clear evidence that both CA
IX and CA XII are functionally involved in tumour
growth. In vivo experiments showed that CA9 gene
silencing alone led to a 40% reduction in xenograft
tumour volume, and the silencing of both CA9 and CA12
resulted in an 85% reduction in tumour volume.

In this study, CA IX was found in the perinecrotic areas
of the tumours whenever necrosis was present. A similar
hypoxia-associated pattern of CA IX expression has been

Figure 1 Representative immunostaining of CA enzymes in MBs. Panel A shows no immunoreaction for CA IX, whereas the tumour in panel B is 
strongly positive. Panel C demonstrates CA XII-positive immunoreactivity in tumour cells. In panel D, CA II-positive immunostaining is confined to the 
endothelium of small blood vessels (arrows). All magnifications ×400.
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Table 2: Association of endothelial and cytoplasmic CA II, CA IX and CA XII immunostaining with clinicopathologic 
variables in medulloblastomas (MB) and primitive neuroectodermal tumours (PNET).

endothelial CA II positivity 
N

cytoplasmic CA II positivity 
N

CA IX positivity N CA XII positivity N

Primary tumors All MB PNET All MB PNET All MB PNET All MB PNET

33 27 6 33 27 6 35 28 7 34 27 7

Age

< 3 years 5 2 3 5 3 2 1 1 0 4* 3+ 1

> 3 years 12 10 2 18 15 3 7 6 1 0 0 0

Gender

-female 6 3 3 10 7 3 1** 0++ 1 1 0 1

-male 11 9 2 13 11 2 7 7 0 3 3 0

Localization

-cerebellum 12 18 7 3

-cerebrum 5 5 1 1

Total material

MIB-1 36 28 8 36 28 8 37 29 8 36 28 8

-below median 9 6 3 13 10 3 5 4 1 1 1 0

-above median 9 6 3 13 9 4 4 4 0 2 1 1

Apoptosis 37 29 8 37 29 8 39 30 9 38 29 9

-below median 8 5 3 15 11 4 5 5 0 1 1 0

-above median 10 7 3 12 9 3 4 3 1 3 2 1

Bcl-2 37 29 8 37 29 8 39 30 9 38 29 9

-negative 6 4 2 13 9 4 3 2 1 1 0 1

-positive 12 8 4 14 11 3 6 6 0 3 3 0

P53 37 29 8 37 29 8 39 30 9 38 29 9

-negative 15 6 1 23 9 1 7 4 0 3 0 0

-positive 3 6 5 4 11 6 2 4 1 1 3 1

ErbB2 37 29 8 37 29 8 39 30 9 38 29 9

-negative 8 10 5 11 10 5 6 7 0Ψ 0 2 1

-positive 10 2 1 16 2 2 3 1 1 4 1 0

The total number of tumours analysed in each category is in bold.
* p < 0.001, chi-square test
** p = 0.048, chi-square test
+ p < 0.001, chi-square test
++ p = 0.023, chi-square test
Ψ p = 0.047, chi-square test
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previously detected in astrocytic tumours [16]. Hypoxia
triggers architectural and phenotypic rearrangements of
tumour tissue, resulting in the development of necrotic
areas surrounded by zones of surviving hypoxic cells.
Importantly, these cells often become the most aggressive
tumour cells [48], in which CA IX expression is induced
by HIF1-α-regulated pathway [28]. Because necrosis is an
uncommon feature and is not considered to be a signifi-
cant prognostic factor in MBs, the induction of CA IX in
MBs/PNETs may also involve hypoxia-independent
mechanisms. Similarly, in previous studies on gliomas,
CA IX expression was seen in tumour cells located in
close proximity to the blood vessels [49], and it has been
shown that acidosis induces CA IX independently of peri-
cellular hypoxia in glioblastoma cell lines [31]. Based on
the previous studies, it has become clear that although
hypoxia is the key factor for CA IX induction, there may
be other important factors involved. Our text already
pointed out that tumor cell acidosis seems to contribute
to the expression level [31]. There are several studies
where CA IX expression has been correlated to pimo-
nidazole accumulation. The results have shown slightly
conflicting results, which may reflect to biological varia-
tion between different tumor types and dynamics of
tumor hypoxia. However, most results give support for
the idea that CA IX follows the pattern of pimonidazole
binding [50,51].

We have previously studied the expression of tumour-
associated CAs in other types of brain tumours. Endothe-
lial CA II was expressed in the neovessels of astrocytic
tumours, in which it was associated with poor prognosis
[17]. In addition, we have shown that both CA IX and CA
XII are independent prognostic factors in glial tumours
[16,29,30]. Based on these findings, CAs may play a cen-
tral role in the pathogenesis of malignant brain tumours
and may represent potential biomarkers for histopatho-
logical diagnosis of brain tumours. Although in the total
tumour material CA II and CA XII did not reach statisti-
cal significance in for use as prognostic indicators, CA II
had a similar trend to that of CA IX. Furthermore, CA XII
showed a significant correlation with survival in MBs. As
discussed above, these differences may be partly
explained by regulatory mechanisms. It has been also
shown that higher CA IX expression is associated with a
more favourable overall survival in some tumours, such
as in renal cell carcinoma (RCC) and in acute myeloid
leukemia (AML). In RCC the CA IX induction is associ-
ated with VHL-mutation and not with hypoxia as in brain
tumours [52]. In AML the association has been discussed
to be involved with immune system and T-cell response
[53]. Hypoxia-induced CA XII is less frequently
expressed in MBs/PNETs than in gliomas. Interestingly,
CA II was, once again, found in the endothelium of

neovessels and, thus, may play an important functional
role in tumour metabolism. In melanoma patients,
endothelial CA II represents a major target antigen in
dendritic cell therapy [19]. Further studies are, therefore,
clearly warranted to evaluate the role of CA II as a possi-
ble therapeutic target not only in melanoma but also in
other forms of cancer, including MBs/PNETs.

CA IX-specific inhibitors would represent ideal candi-
date molecules for cancer therapy, because CA IX is
highly expressed in several cancers while it shows a very
limited distribution in normal tissues [22]. Design of
isozyme-specific inhibitor has proved to be a great chal-
lenge, because the CA active site is quite similar in all
active alpha CA isoforms. The recently published crystal
structure of CA IX was certainly a major breakthrough
that will help to design novel inhibitors with higher speci-
ficity [54].

According to our results, apoptosis was another inde-
pendent prognostic factor in MBs/PNETs, although its
role seems to be controversial. On one hand, as we show
in this study, a higher apoptotic index is associated with
better prognosis [55]. On the other hand, previous stud-
ies in which the degree of apoptosis was categorised as
'focal', 'diffuse' or 'extensive' demonstrated a correlation
only between survival and focal apoptosis [6]. In addition,
it is known that bcl-2 is an inhibitor of apoptosis. In our
tissue samples, however, immunoreactivity for bcl-2 did
not correlate with better prognosis; although similar
results have been reported by others [56]. In our study,
apoptosis was an independent prognostic indicator of
MBs/PNETs. However, the study material was rather lim-
ited due to the fact that MBs and PNETs are rare
tumours, and studies will be needed to clarify the associa-
tion between apoptosis and survival. Added to this, the
time period in which the patients were treated, was rather
long and treatment protocols varied.

In the future, children diagnosed with MB/PNET will
be more accurately stratified based on a combination of
clinical variables and molecular profiles. Improved risk
stratification will enable individualised therapies, which
could be a combination of conventional treatment modal-
ities and novel, targeted therapeutic approaches. These
changes will hopefully result in improved survival with-
out a detriment in the quality of life. Several molecular
alterations have already been identified in MBs, many of
which appear to have prognostic significance.

Conclusions
Based on our results, CA IX seems to be a promising
prognostic marker that should be tested in a larger cohort
of MB/PNET patients. The expression of CA IX in some
MBs/PNETs suggests that it could be considered a poten-
tial therapeutic target, similar to other tumours including
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acute myeloid leukemia [53] and renal cancer [57]. Fur-
thermore, CA IX could be used for in vivo imaging and as
a target molecule for CA inhibitors [12,22].
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