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Abstract

The carbonic anhydrases (CAs) catalyse the hydration of CO2 to bicarbonate at physiological pH.
This chemical interconversion is crucial since HCO3

- is the substrate for several biosynthetic
reactions. Carbonic anhydrases are involved in many physiological processes connected with
respiration and transport of CO2/bicarbonate between metabolising tissues and the lungs, pH
homeostasis and electrolyte secretion in a variety of tissues/organs. The present work was undertaken
to study the distribution and expression of CA isoenzymes in the normal and neoplastic
gastrointestinal tissues.

The expression of CA I, II, IX and XII in the human intestine and colorectal tumours was
investigated by immunohistochemistry and western blotting. In the present study,
immunohistochemical methods were also used to examine the location of CA IX and XII in the
human pancreas and pancreatic tumours. The expression of CA XIV in the murine liver and intestine
was studied using immunostaining and northern blotting.

The present results suggest that transmembrane CA XII is absent from the small intestine, but is
expressed in all segments of the normal large intestine. The positive signal for CA XII was confined
to the basolateral plasma membranes of the epithelial cells of the surface epithelial cuff. In tumours,
the signal for CA XII became stronger in the deep part of the lesion. The intensity of the
immunostaining for CA I and II was clearly found to decrease in benign lesions and became very
weak in malignant colorectal tumours. The reciprocal pattern of expression observed for membrane-
associated (CA IX and XII) and cytoplasmic (CA I and II) isoenzymes in intestinal samples suggests
that CA IX and XII may be functionally involved in tumour progression to malignancy and/or in
invasion. CA I and II, which are thought to play important physiological roles in the normal colorectal
mucosa, may not be required for growth of colorectal cancers and their expression consistently
diminishes with progression to malignancy.

In the human pancreas CA IX and XII appeared to be sporadically expressed in the basolateral
plasma membrane of the normal acinar and ductal epithelium. The increased expression of CA IX in
hyperplastic ductal epithelium may contribute to the pancreatic tumourigenesis.

CA XIV was expressed in the hepatocyte plasma membrane and its localization on both apical and
basolateral membrane domains suggests an important role for this isoenzyme in the regulation of ion
and pH homeostasis in the liver.

Keywords: bicarbonate, carcinogenesis, colon, colorectal, epithelium, hepatocyte, ion,
liver, pancreas, pH, plasma membrane
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1 Introduction 

The carbonic anhydrases (CAs) are an expanding family of zinc-containing 
metalloenzymes, which participate in the maintenance of pH homeostasis, ion transport 
and water and electrolyte balance in the human body by catalyzing the reversible 
reaction: CO2 + H2O  HCO3

− + H+ (Maren 1967, Tashian 1992, Sly & Hu 1995a). 
There are three evolutionary unrelated CA gene families entitled alpha, beta and gamma. 
In the animal kingdom, eleven enzymatically active isoenzymes have been identified so 
far, and they are all of alpha type. At least some isoenzymes of the alpha-enzyme family 
are expressed in most organs of the mammalian body (Maren 1967, Hewett-Emmet & 
Tashian 1991). 

CA is widely present in the gastrointestinal (GI) tract – from the mouth to the rectum. 
Different isoenzymes play important roles in several physiological functions such as 
production of saliva, gastric acid, bile, and pancreatic juice as well as in absorption of salt 
and water in intestine. Best characterized is the function of CA II which shows high 
enzymatic activity and is expressed in almost all epithelia of the GI tract. Discoveries of 
new CA isoenzymes has stimulated research work on this area, and especially the recent 
reports on plasma membrane-bound isoenzymes IX and XII have raised considerable 
interest since they have been reported to participate in cancer invasion and spread 
(Parkkila S et al. 2000a). CA IX and XII may also play a role in von Hippel-Lindau 
(VHL)-mediated carcinogenesis. This was indirectly supported by findings that normal 
von Hippel-Lindau protein down-regulates the expression of both CA IX and XII, while 
the mutations in the VHL gene found in renal cell carcinomas can lead to overexpression 
of the enzymes (Ivanov et al. 1998).  

The purpose of the present study was to evaluate the distribution and expression of CA 
I, II, IX, XII, and XIV in the gastrointestinal tract. The expression levels of these 
isoenzymes were investigated in both the normal and neoplastic colorectal mucosa. New 
information on the expression of CAs would help not only in understanding the role of 
each isoenzyme but also in targeting certain cell types in forthcoming physiological and 
clinical investigations. 



 

2 Review of the literature 

2.1  Carbonic anhydrases 

2.1.1  General aspects 

Carbonic anhydrases are a group of zinc-containing metalloenzymes that catalyse the 
reversible hydration of carbon dioxide, CO2 + H2O <=> HCO3

− + H+. The existence of 
CAs was found in the late 1920’s, when a red blood cell substance catalyzing the 
interconversion of carbon dioxide and bicarbonate was recognized in studies on the rate 
of escape of carbon dioxide from haemolyzed blood (Henriques 1928). A few years later 
this substance was purified from red blood cells, shown to be an enzyme, and named 
carbonic anhydrase (Meldrum & Roughton 1932, 1933, Edsall 1968, Carter 1972). Up to 
now eleven enzymatically active alpha carbonic anhydrases have been identified and 
characterized in mammals including four cytoplasmic (CA I, CA II, CA III and CA VII), 
two mitochondrial (CA VA and CA VB), one secreted (CA VI), and four membrane-
associated (CA IV, CA IX, CA XII and CA XIV) forms (Table 1, Fig. 2). 

CAs are virtually ubiquitous in living systems, having varied functions in animal, 
plant and bacterial cells. The great diversity in both cellular distribution (Fig. 1) and 
biological functions is remarkable and the catalytic activity of CAs, found in almost all 
organisms, is extremely high, placing the high-activity isoenzymes among the most 
efficient enzymes known (Tashian 1989). In addition to its role in the regulation of pH 
homeostasis, CA activity facilitates biosynthetic processes which involve an early 
carboxylation step requiring bicarbonate. These processes include gluconeogenesis and 
the synthesis of certain amino acids (pyruvate carboxylase), lipogenesis (pyruvate 
carboxylase and acetyl CoA carboxylase), ureagenesis (carbamoyl phosphate synthetase 
I) and pyrimide synthetase (carbamoyl phosphate synthetase II) (Chegwidden et al. 
2000). The possibility that carbonic anhydrase plays a role in substrate provision by 
facilitation of bicarbonate transport must also be considered, e.g. the facilitated diffusion 
of HCO3

−/CO2 through the cytosol and in the interstitial space (Longmuir et al. 1966). 
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Fig. 1. Subcellular localization of the active CA isoenzymes and a novel nonclassical form of 
CA (nonO/p54nrb). 

Fig. 2. Topography of membrane-associated CA isoenzymes. Carbonic anhydrase domain 
(CA), glycosylphosphatidylinositol link (GPI), transmembrane part (TM), cytoplasmic C-
terminal tail (CT), proteoglycan domain (PG). 
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Table 1. Immunohistochemical distribution of CAs in the human alimentary tract. 

Isoenzyme Molecular weight 
(kDa) 

Positive cell types Main references 

CA I 30 Epithelial cells of colon 

Subepithelial capillary endothelium 

α-cells of Langerhans islets 
 

Lönnerholm et al. 1985  
Parkkila S et al. 1994 

CA II 30 Epithelial cells of 
salivary glands 
oesophagus 
stomach 
duodenum 
jejunum 
colon 
biliary tract 
pancreatic duct 

Hepatocytes 

Lönnerholm et al. 1985  
Parkkila S et al. 1994 

CA III 
 

30   

CA IV 35 Epithelial cells of 
duodenum 
colon 
rectum 
biliary tract 

Subepithelial capillary endothelium 

Fleming et al. 1995  
Parkkila S et al. 1996  
Saarnio et al. 1998a 

CA V 30 β-cells of Langerhans islets 
 

Parkkila A-K et al. 1998 

CA VI 42 Epithelial cells of 
salivary glands 
von Ebner’s glands 

Parkkila S et al. 1990  
Leinonen et al. 2001 

CA VII 
 

   

CA IX 54/58 Epithelial cells of 
salivary glands 
oesophagus 
stomach 
duodenum 
jejunum 
ileum 
colon 
rectum 
biliary tract 
pancreatic duct 
 

Pastoreková et al. 1997  
Turner et al. 1997  
Saarnio et al. 1998a  
Ivanov et al. 2001 

CA XII 44 Epithelial cells of 
salivary glands 
stomach 
colon 
pancreatic acini 

Ivanov et al. 2001 

CA XIV 37.5   
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2.1.2  Membrane-associated carbonic anhydrases 

To date four membrane-associated carbonic anhydrase isoenzymes have been identified 
(Figs 1, 2). CA IV is a glycosylphosphatidylinositol-anchored CA being expressed in the 
apical plasma membrane of epithelial cells. The gene for CA IV is located on 
chromosome 17 (Okuyama et al. 1992, 1993) and the molecular weight of the human 
protein is 35 kDa (Zhu & Sly 1990). Human CA IV shows the most prominent 
immunoreaction on the apical surface of epithelial cells in the colon and is also present in 
the subepithelial capillary endothelium in all segments of the gastrointestinal canal 
(Fleming et al. 1995). It has been located in the luminal plasma membrane of the human 
gallbladder and bile duct epithelium (Parkkila S et al. 1996). In the liver, only the biliary 
epithelial cells of the intrahepatic bile ducts showed a positive signal for CA IV (Parkkila 
S et al. 1996). CA IV has been purified from bovine lung microsomes (Whitney & 
Briggle 1982), human kidney (Wistrand & Knuuttila 1989), and in a catalytically active 
form from human lung and kidney (Zhu & Sly 1990) and rat lung (Waheed et al. 1992a). 
CA IV has been located by immunohistochemistry in the plasma membranes of the 
proximal convoluted tubule and thick ascending limb of Henle in the rat kidney (Brown 
et al. 1990), endothelial cells of the choriocapillaries of the human eye (Hageman et al. 
1991), endothelial cells of rat brain capillaries (Ghandour et al. 1992), and on the plasma 
face of endothelial cells of the pulmonary microvasculature (Fleming et al. 1993). CA IV 
is expressed in the skeletal muscle and also in the apical plasma membrane of the 
epithelial cells of the human epididymis, ductus deferens and ampulla of the ductus 
deferens (Waheed et al. 1992b, Parkkila S et al. 1993a). The expression of CA IV in the 
epididymis is regulated by androgens and oestrogen (Caflisch 1990, Caflisch & DuBose 
1990, Kaunisto et al. 1998) and it is suggested to play a major role in the acidification of 
the epididymal fluid (Parkkila S et al. 1993a, Kaunisto et al. 1998). 

CA IX was first recognized as the novel tumour-associated antigen, MN, in several 
human carcinomas and in normal gastric mucosa (Liao et al. 1994, Pastorek et al. 1994). 
When the full-length cDNA for MN protein was cloned, it was found to contain a central 
part with sequence homology to the CAs (Pastorek et al. 1994, Opavský et al. 1996), on 
which basis the MN protein was named CA IX (Hewett-Emmett and Tashian 1996). 
Human CA9 gene has been mapped to chromosome 17 (Ivanov et al. 1998). CA IX is a 
glycoprotein of 54 and 58 kDa mass expressed at the basolateral plasma membrane of the 
epithelial cells and, in some cases, also in the nucleus (Figs 1, 2) (Pastoreková et al. 
1992). The molecule has been shown to consist of a signal peptide, proteoglycan-related 
sequence, CA domain, transmembrane segment, and a short intracellular tail (Pastorek et 
al. 1994). 

Expression of CA9 gene is subject to complex regulation both via promoter/enhancer 
elements at the level of transcription initiation (Kaluz et al. 1999) and via VHL tumour 
suppressor protein, possibly at the level of transcription elongation (Chen et al. 1995, 
Ivanov et al. 1998). CA IX has been linked to oncogenesis, and its overexpression has 
been observed in malignant tumour cells. CA IX expression was found to be regulated by 
cell density in HeLa cells and to correlate with tumourigenicity in HeLa cell/fibroblast 
cell hybrids (Závada et al. 1993). Moreover, transfection of NIH3T3 fibroblasts with CA 
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IX caused changes in both morphology and growth parameters that were indicative of 
transformation (Pastorek et al. 1994).  

CA IX was first found to be expressed in several human cancer cell lines, but not in 
their normal counterparts (Závada et al. 1993). Recent studies in rat and human tissues 
have revealed that CA IX is more widely expressed than initially recognized. High 
expression of CA IX has been reported in the normal epithelium of gastric, intestinal and 
gallbladder mucosa (Pastoreková et al. 1997; Saarnio et al. 1998a). In the intestine, CA 
IX is confined to the basolateral cell surface of enterocytes and the cellular distribution is 
restricted to the proliferative cryptal enterocytes, which is not seen with any other CA. 
Interestingly, its regional expression is distinctive compared with other CAs, being most 
intense in the duodenum and jejunum and decreasing distally to only weak and sporadic 
expression in the distal large intestine (Saarnio et al. 1998a). Immunohistochemical 
studies have also revealed a positive signal in basal layer of the oesophageal epithelium, 
and occasional cells in uterine cervix (Liao et al. 1994, Pastorek et al. 1994, Turner et al. 
1997). In addition, CA IX has been found in the duct cells of liver and pancreas 
(Pastoreková et al. 1997), and in the epithelial cells of efferent ducts (Karhumaa et al. 
2001). It has recently been shown that many colorectal tumours overexpress CA IX 
(Saarnio et al. 1998b). The co-occurrence of CA IX and Ki-67 at the site of rapid cell 
proliferation suggests that CA IX could be used as a biomarker of increased cell 
proliferation in the colorectal mucosa. Furthermore, its high expression in premalignant 
lesions such as adenomas suggested that it might be especially useful biomarker in early 
diagnosis of colorectal tumours. In hepatobiliary tumours the abnormal expression of CA 
IX may be linked to malignant transformation of hepatobiliary cells. This isoenzyme 
seems to be also a promising marker of biliary differentiation in hepatobiliary neoplasms 
(Saarnio et al. 2001). Some human renal cancer cell lines and renal clear cell 
adenocarcinomas have shown high expression of CA9 mRNA or CA IX protein 
(McKiernan et al. 1997, Parkkila S et al. 2000b). In addition, circulating renal carcinoma 
cells have been detected in the peripheral blood of patients by means of a RT-PCR assay 
for CA9 mRNA (McKiernan et al. 1999). Positive signal for CA IX has also been found 
in invasive non-small cell lung carcinoma, in situ carcinoma and microinvasive 
carcinoma, while pre-neoplastic lesions or normal bronchial epithelium remained 
negative (Vermylen et al. 1999). 

Based on several independent observations, it has been suggested that CA IX may 
have a role in non-malignant cell proliferation and intercellular communication. First, the 
expression of CA IX in intestine is principally restricted to the rapidly proliferating area, 
crypts of Lieberkühn (Saarnio et al. 1998a). Second, its expression is regulated by cell 
density: CA IX is inducible in dense cultures of HeLa cells but not in rapidly growing 
sparse cultures (Pastoreková et al. 1992, Zavada et al. 1993, Pastoreková et al. 1997, 
Saarnio et al. 1998a). Third, it has been also shown to have cell adhesion properties via 
the proteoglycan-related domain (Zavada et al. 1997, 2000). Fourth, the recently 
published Car9-/- mice exhibited an interesting phenotype involving hyperplasia of gastric 
epithelial cells (Ortova Gut et al. 2002). CA IX was clearly required for the normal 
gastric morphogenesis and coordination of the dynamic homeostasis within the gastric 
epithelium. 

Recently another active transmembrane CA isoenzyme, CA XII, which is over-
expressed in some human renal cancer cells (Türeci et al. 1998) and human lung cancer 
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cells (Torczynski & Bollon 1996) has also been characterized and is broadly similar in 
overall structure to CA IX. The CA12 gene is mapped to chromosome 15 (Türeci et al. 
1998). The cDNA sequence predicted a 354-amino acid polypeptide with a molecular 
mass of 39,448 Da (Ivanov et al. 1998, Türeci et al. 1998). The enzyme has features of 
type I membrane protein. Its sequence includes 29-amino acid signal sequence, 261-
amino acid CA domain, an additional short extracellular segment, a 26-amino acid 
hydrophobic transmembrane domain, and a 29-amino acid C-terminal cytoplasmic tail 
containing two potential phosphorylation sites. The extracellular CA domain has three 
zinc-binding histidine residues found in active CAs and two potential sites for asparagine 
glycosylation (Türeci et al. 1998). It has a sequence identity of 30-42 % to other CAs. 
The reported molecular weight of CA XII produced in transfected COS cells is 43-44 
kDa. It is reduced to 39 kDa by PNGase F digestion, which is consistent with the removal 
of two oligosaccharide chains (Türeci et al. 1998). Recombinant CA XII protein is an 
active isoenzyme and its catalytic properties are similar to those of the high-activity 
membrane-associated CA IV (Ulmasov et al. 2000). 

CA12 mRNA has been demonstrated by northern blotting in various tissues including 
kidney, pancreas, colon, ovary, testis, prostate, lung, and brain (Ivanov et al. 1998, Türeci 
et al. 1998). Much wider tissue distribution pattern was detected using RT-PCR analysis 
(Türeci et al. 1998). Immunohistochemical studies have shown that CA XII is also 
expressed in the reproductive tissues. Positive signal for it has been detected in the 
surface and glandular epithelial cells of the human endometrium, occasional epithelial 
cells in the uterine cervix, nonciliated cells of the efferent ducts and apical mitochondria-
rich cells of the epididymal duct (Karhumaa et al. 2000, 2001, Ivanov et al. 2001). 

The exact function of CA XII in normal and malignant tissues is so far unknown. 
Türeci et al. (1998) have shown that in 10 % of patients with renal cell carcinoma the CA 
XII transcript was expressed at higher levels in the tumour than in the surrounding 
normal kidney tissue, suggesting that it is the second catalytically active membrane-
associated CA isoenzyme that is overexpressed in certain cancers (Ivanov et al. 1998, 
2001, Türeci et al. 1998, Parkkila S et al. 2000b). Ivanov et al. (1998) have demonstrated 
that, in certain renal cell carcinoma cell lines, both CA IX and CA XII are down-
regulated by the product of the VHL tumour suppressor gene. Mutations in this gene are 
responsible for VHL disease and most sporadic renal cell carcinomas of the clear cell 
type (Latif et al. 1993). Indeed, the regulation of expression of CA IX and CA XII was 
subsequently cited as a major function of the VHL protein (Zbar et al. 1999). There is 
evidence that the extracellular pH of human tumours is generally more acidic than that of 
normal tissues (Griffiths 1991) and that this acidic pH may enhance both migratory and 
the invasive behaviour of some tumour types (Martinez-Zaguilan et al. 1996). Both CA 
IX and XII are transmembrane proteins and Ivanov et al. (1998) suggested that a high 
level of expression of these isoenzymes, which may be a consequence of inactivation of 
the VHL suppressor gene, could result in acidification of the extracellular milieu 
immediately surrounding certain cancer cells, creating a microenvironment conducive to 
tumour growth and invasion. Furthermore, the same authors mapped CA9 and CA12 gene 
loci to chromosomal regions (bands 17q21.2 and 15q22 respectively), which appear 
prone to amplification in a number of human cancers (Mitelman 1994). In addition, the 
expression of both CA XII and CA IX are induced under hypoxic conditions in tumours 
and cultured tumour cells (Ivanov et al. 2001). 
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CA XIV is a recently described transmembrane carbonic anhydrase (Mori et al. 1999), 
consisting of a putative amino-terminal signal sequence, a CA domain with high 
homology with other extracellular CAs, a transmembrane domain and a short intracellular 
C-terminal tail. A cDNA coding for human CA XIV has been reported and the CA14 gene 
has been mapped to chromosome 1q21 (Fujikawa-Adachi et al. 1999c). The northern blot 
method showed CA14 mRNA expression in human heart, brain, liver and skeletal muscle. 
RT-PCR analysis, a more sensitive technique, pointed to an intense signal in the normal 
human liver and spinal cord. RNA dot blot analysis showed weak signals in the small 
intestine, colon, kidney, and urinary bladder (Fujikawa-Adachi et al. 1999c). In situ 
hybridisation in mouse kidney showed that CA14 mRNA is expressed in the proximal 
convoluted tubule and in the outer border of the inner stripe of the outer medulla (Mori et 
al. 1999). Recently, Kaunisto et al. (2002) demonstrated by immunofluorescence 
abundant expression of CA XIV in the apical plasma membranes of the S1 and S2 
segments of mouse and rat proximal tubules, and weaker staining in the basolateral 
membranes. Also, strong staining was observed in the initial portion of the thin 
descending limb of Henle. From these results they concluded that luminal CA XIV is 
strongly expressed in regions of the rodent nephron which have been thought to be 
important in urinary acidification. CA XIV is strongly expressed also in brain. Parkkila S 
et al. (2001) have demonstrated that CA XIV is present in the neuronal membranes and 
axons in different parts of the human and mouse brain. These observations suggested that 
CA XIV might represent the extracellular CA postulated to have an important role in 
modulating synaptic transmission in brain. 

2.1.3  Other carbonic anhydrases 

CA I is a well characterized cytoplasmic low-activity isoenzyme with a molecular weight 
of about 30 kDa (Bundy 1977, Lindskog et al. 1984). It is detected in erythrocytes, 
epithelial cells of gastrointestinal tract, both capillary and corneal endothelium, lens of 
the eye, islets of Langerhans, placenta and fetal membranes (Lönnerholm et al. 1985, 
Venta et al. 1987, Mühlhauser et al. 1994, Parkkila S et al. 1994). The CA1 gene has been 
cloned from a human genomic cDNA library (Tashian 1989, Butterworth et al. 1991). 
Interestingly, CA I is not expressed in the red cells of certain species, e.g., ruminants and 
felids, and no haematological abnormalities have emerged in its absence as the result of a 
mutation, though CA I is one of the most abundant proteins in mammalian red cells. 
Thus, the assignment of a physiological role in erythrocytes is problematic (Tashian et al. 
1971, 1980, 1992). 

The presence of cytoplasmic CA I in the human alimentary tract has been located in 
the surface epithelial cells of the oesophagus and colon (Lönnerholm et al. 1985, Sasaki 
et al. 1993, Parkkila S et al. 1994, Christie et al. 1997, Saarnio et al. 1998a), and Saarnio 
et al. (1998a) have demonstrated previously that it is also present in the cryptal 
enterocytes of the small intestine. A third major CA I-positive cell type is the capillary 
endothelium (Lönnerholm et al. 1985, Saarnio et al. 1998a). One previous study showed 
that CA I is expressed in the endocrine α-cells (Parkkila S et al. 1994). Interestingly, α-
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cells are so far the only cells in the human alimentary tract that specifically express CA I 
but not CA II. 

CA II, the most widely distributed member of the CA family, was originally found and 
purified from erythrocytes where it is involved in hydration of CO2 (Meldrum & 
Roughton 1932, 1933). It is expressed in epithelial cells involved in acid or alkaline 
secretion and in some non-epithelial cells, e.g. osteoclasts, being present in virtually 
every human tissue or organ (Tashian 1992). The gene for human CA II is 17 kb long and 
is located on chromosome 8, like those for CA I and III (Nakai et al. 1987, Tashian 1989). 
The high-activity, cytoplasmic isoenzyme CA II has a turnover number of 1.3-1.9 × 106 /s 
under physiological conditions, and thus it is one of the most efficient enzymes known 
(Khalifah 1971, Sanyal & Maren 1981, Wistrand 1981). 

CA II has been found in several organs of the alimentary tract (Parkkila S & Parkkila 
A-K 1996). CA II has been suggested to participate in bicarbonate secretion in the 
exocrine glands of the alimentary tract. Immunohistochemical staining has shown CA II 
expression in the serous and ductal cells of the salivary glands (Parkkila S et al. 1990), as 
well as in the squamous epithelial cells of the oesophagus (Parkkila S et al. 1994). In the 
stomach, both the surface epithelial and parietal cells contain CA II and its main 
physiological function is to regulate the acidity of the gastric juice (Davenport & Fisher 
1938, Davenport 1939, Kumpulainen 1984, O'Brien et al. 1977, Parkkila S et al. 1994, 
Parkkila S & Parkkila A-K 1996). CA II is expressed in the surface epithelial cells of the 
duodenum, jejunum, ileum, caecum, colon, and rectum and Brunner’s glands 
(Lönnerholm et al. 1985, Sasaki et al. 1993).  

In the liver, results regarding the presence and physiological role of CA II have been 
contradictory. Spicer et al. (1982) reported that human hepatocytes are devoid of the 
isoenzyme, but Carter et al. (1989) and Parkkila S et al. (1994) later demonstrated its 
presence in rat and human hepatocytes and in the epithelium of the bile ducts. In the 
pancreas, immunohistochemical stainings have shown an intense positive signal for CA II 
in the epithelial duct cells (Kumpulainen & Jalovaara 1981, Spicer et al. 1982, 
Kumpulainen 1984). In renal tubular cells, the contribution of CA II to urinary 
acidification is well established (Wistrand 1980, Wåhlstrand & Wistrand 1980, 
Kumpulainen 1984, Sly & Hu 1995a,b, Lai et al. 1998). It contributes also to HCO3

− 
secretion by ciliary body epithelium and choroid plexus in the central nervous system 
(Kumpulainen et al. 1985, Parkkila A-K et al. 1994, 1995, 1997). In addition to the 
locations listed above, CA II is also expressed in some endocrine cells of the human 
pituitary and adrenal glands (Parkkila A-K et al. 1993, 1996, Sasano et al. 1994), the type 
II pneumocytes of the lung (Fleming et al. 1994), various cells in the tissues of the male 
reproductive tract (Kaunisto et al. 1990, 1995, Parkkila S et al. 1991a) and in the human 
placenta and foetal membranes (Mühlhauser et al. 1994). Furthermore, CA II has been 
suggested to take part in fatty acid and amino acid synthesis (Sly & Hu 1995a). 

CA II participates in the control of bone resorption. Osteopetrosis, involving renal 
acidosis and cerebral calcification, is a human recessive inherited syndrome with a 
deficiency of CA II as a primary defect (Sly et al. 1983, 1985, Sly & Hu 1995a,b). To 
date, five mutations resulting in this severe but comparatively rare disease are known 
(Venta et al. 1991, Hu et al. 1992, Strisciuglio et al. 1998). Even though CA II is the most 
abundant isoenzyme in the alimentary tract, no gastrointestinal symptoms have been 
associated to CA II-deficient patients. 
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The cytoplasmic CA III has lowest activity of the isoenzymes and is present almost 
exclusively in the skeletal muscle type I fibres (Holmes 1976, Register et al. 1978), 
where its exact physiological function has remained undefined. Immunohistochemical 
staining and biochemical studies have shown that it is expressed to lesser amounts in the 
human and rodent liver (Jeffery et al. 1980, Carter et al. 1989, Kelly et al. 1991). 
Functional studies have linked it with the oxidative processes in the liver (Cabiscol & 
Levine 1995). Also the human uterus, urine bladder, lung, cardiac muscle (Jeffery et al. 
1980), human myoepithelial cells (Väänänen & Autio-Harmainen 1987), equine thymus 
(Nishita & Matsushita 1989), guinea pig salivary glands and mouse colon (Spicer et al. 
1990) contain CA III. 

CA V is a low-activity isoenzyme located in the mitochondrial matrix (Nagao et al. 
1993). The cDNA for human mitochondrial CA V has been cloned from a human liver 
cDNA library, and its gene has been localized to chromosome 16 (Nagao et al. 1993). 
Recently, two laboratories independently characterized another mitochondrial CA and 
thereafter the two isoenzymes have been termed CA VA and CA VB (Fujikawa-Adachi et 
al. 1999a, Shah et al. 2000). The expression of human CA5A mRNA has been 
demonstrated only in liver (Fujikawa-Adachi et al. 1999a). The CA5B mRNA has been 
shown in normal human heart and skeletal muscle by northern blotting and in pancreas, 
salivary glands, kidney, and spinal cord by reverse transcription-PCR (RT-PCR) 
(Fujikawa-Adachi et al. 1999a). Previous immunohistochemical and western blotting 
data indicated that the β-cells of Langerhans islets contain high levels of mitochondrial 
CA V (Parkkila A-K et al. 1998).  

CA VI is to date the only known secretory isoenzyme of the CA gene family. It was 
initially found in the ovine parotid gland and saliva (Fernley et al. 1979), and it has 
recently been suggested that it may be present in serum (Kivelä et al. 1997) and secretory 
organs such as the lacrimal glands (Ogawa et al. 1995), pancreas (Fujikawa-Adachi et al. 
1999b) and mammary gland (Karhumaa et al. 1998). CA VI was first purified from rat 
saliva, and its amino acid composition was determined by Feldstein and Silverman 
(1984). Later, it was also purified from human saliva (Kadoya et al. 1987, Murakami & 
Sly 1987, Leinonen et al. 2001). Fernley et al. (1988) reported the amino acid sequence 
of sheep CA VI, and the cDNA sequence of human CA VI has also been determined 
(Aldred et al. 1991). This isoenzyme with a molecular weight of 39-46 kDa has several 
properties that distinguish it from the well-characterized cytoplasmic isoenzymes 
(Feldstein & Silverman 1984, Kadoya et al. 1987, Murakami & Sly 1987, Fernley 
1991a,b, Parkkila S et al. 1991b, Ogawa et al. 1992). On the other hand, the catalytic 
domain of CA VI is highly homologous to four other “extracellular” CAs (CA IV, CA IX, 
CA XII and CA XIV), which are in fact transmembrane proteins with an extracellularly 
exposed CA domain (Fujikawa-Adachi et al. 1999b, Mori et al. 1999). 

A recent study by Leinonen et al. (1999) showed that salivary CA VI is associated 
with the enamel pellicle, a thin layer of proteins located between the enamel and the 
bacterial plaque. It has also been detected in the gastric mucus, but the failure to find any 
expression of it in the gastric epithelial cells (Parkkila S et al. 1994) implies that gastric 
CA VI must be of salivary origin. CA VI may contribute to the maintenance of the pH 
gradient on the surface epithelial cells. Recent studies have shown that it is also present in 
human and rat milk (Karhumaa et al. 2001). There were several lines of evidence to 
support this conclusion. The specific antibodies to salivary CA VI recognized 
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polypeptides of similar molecular mass (42 kDa) in human and rat saliva and milk, the 
polypeptide could be purified effectively from human milk by CA inhibitor affinity 
chromatography, and the partial amino acid sequence of the purified 42-kDa polypeptide 
was identical to that of salivary CA VI. The high concentration of CA VI in colostrum 
suggested that it may play an important role in the development of the gastrointestinal 
canal during the early postnatal period. 

There are two other recent findings pointing to novel physiological roles for CA VI. 
First, gustin, a salivary factor involved in taste perception, was shown to be identical to 
CA VI (Thatcher et al. 1998), and second, identification of a novel stress-inducible 
intracellular form of CA VI (type B) suggested that the enzyme could also participate in 
intracellular pH changes induced by stress, including apoptosis (Sok et al. 1999). 

CA VII is a cytoplasmic isoenzyme, the gene for which has been isolated from a 
human genomic library (Montgomery et al. 1991, Tashian 1992). The gene is about 10 kb 
long and located on chromosome 16, and the predicted amino acid sequence of CA VII 
showed that it is the most highly conserved isoenzyme in mammals (Lakkis et al. 1997). 
Recombinant CA VII has shown high enzyme activity, but the expression of the protein in 
tissues has not yet been described (Earnhardt et al. 1998). Its mRNA has been detected in 
the human salivary gland (Montgomery et al. 1991), rat and mouse lung (Ling et al. 
1994) and mouse brain neurons (Lakkis et al. 1996, Lakkis et al. 1997). 

2.1.4  Carbonic anhydrase-related proteins 

Mammalian CA family contains three CA-related genes (CA-RP VIII, X, and XI) and 
two subtypes of receptor-type protein tyrosine phosphatases (RPTP β and γ). These 
proteins share CA-like domain but lack CA activity (Tashian et al. 2000). CA-related 
genes have been found from human and mouse cDNA libraries and named carbonic 
anhydrase-related proteins (CA-RPs) in order of their discovery. mRNA of CA-RP8 has 
been detected in mouse brain and by PCR from cDNA libraries of the human salivary 
gland, testis, placenta and lung (Skaggs et al. 1993). CA-RP X was initially identified by 
comparing overlapping, partial human cDNA sequences deposited in public databases of 
expressed sequence tag (EST) (Hewett-Emmett & Tashian 1996). Recently, Okamoto et 
al. (2001) sequenced the full-length human cDNA of CA-RP10, which appeared to 
encode a 328 amino acid polypeptide. CA-RP X lacks two out of three histidine residues, 
which are required for CA catalytic activity. RNA dot blotting showed positive signal for 
CA-RP10 mRNA in almost all parts of the human central nervous system. CA-RP10 gene 
is most probably located on chromosome 17 (Tashian et al. 2000). cDNA for CA-RP XI 
was first characterized from sheep, human and murine cDNA libraries. Sheep CA-RP11 
cDNA appeared to encode a secreted 328-residue protein (Lovejoy et al. 1998). The 
absence of all three histidine residues, known to be essential for CA activity, indicates 
that CA-RP XI is not an active CA isoenzyme (Lovejoy et al. 1998). CA-RP XI has 
several potential phosphorylation sites and binding motifs, suggesting a role in signal 
transduction. A single copy of the CA-RP11 gene is located on human chromosome 
19q13.2-3. Northern blot analysis has revealed a strong expression of CA-RP XI in the 
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human brain. Likewise, expression of its mRNA has been detected in the normal human 
pancreas, kidney, liver, salivary gland and spinal cord by using RT-PCR analysis. 
Interestingly, the signal for CA-RP XI in pancreatic cancer cell line was stronger that that 
in the normal pancreas (Fujikawa-Adachi et al. 1999b). 

The CA-like domain has also been demonstrated in a subfamily of receptor-type 
protein tyrosine phosphatases (RPTP β and γ) (Krueger & Saito 1992, Barnea et al. 1993, 
Levy et al. 1993). The extracellular region of RPTPβ has been shown to be identical to a 
chondroitin sulphate proteoglycan called phosphacan (Maurel et al. 1994), which 
provides a binding site for a cell surface signal transducing molecule (Peles et al. 1995). 
The phosphorylation of tyrosine residues plays an important role in signalling cell 
growth, differentiation and transformation. However, the exact functions of RPTPs are 
still unknown. The CA-like domains of the RPTP β showed about 30-50% amino acid 
identity to CAs, but because of only one concerved histidine residue, it is unlikely that 
RPTPs have any CA activity (Lindskog 1982, Krueger & Saito 1992). 

In addition to the members of the classical CA gene family, a 66-kDa polypeptide was 
recently purified from several rat tissues on CA inhibitor affinity chromatography 
(Karhumaa et al. 2000). Its amino acid sequence revealed that it represents the previously 
cloned and characterized nuclear protein, nonO/p54nrb, a non-POU (Pit-Oct-Unc) domain-
containing octamer-binding protein, which is homologous to the nuclear 54 kDa RNA-
binding protein (Dong et al. 1993, Yang et al. 1993). CA activity of nonO is interesting, 
because no other class of mammalian proteins except CAs have been shown to bind 
specifically to CA inhibitor affinity chromatography matrix and to contain CA catalytic 
activity. It is noteworthy that its catalytic activity is higher than determined for CA III 
(Jeffery & Carter 1980). There was significant immunological cross-reactivity between 
CA II and nonO. The predicted amino acid sequence of nonO shares no structural 
elements required for conventional CA activity. It lacks all conserved histidines, which 
are involved in zinc binding and have been considered essential for CA activity (Kannan 
et al. 1977, Eriksson & Liljas 1991). It neither showed structural similarity with β or 
γCAs (Dr. R.E. Tashian, personal communication). Since CA activity and zinc binding 
capacity of CA II is retained when His119 is substituted with glutamine (Lesburg et al. 
1997), a polyglutamine stretch, Q29-Q38 in the nonO protein is a potential site for Zn 
binding, and could also be a potential site for the CA activity of nonO. However, tertiary 
structure of nonO could give more information of the CA catalytic site in nonO. CA 
catalytic activity in nonO explains at least part of the nuclear CA activity seen in 
histochemical CA stainings (Karhumaa et al. 2000). It also suggests that CA activity is 
important factor in transcriptional regulation, which would be a novel function for CA. 
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2.2  Functions of carbonic anhydrases in the alimentary tract 

2.2.1  Carbonic anhydrases in the major digestive glands 

Two CA isoenzymes, CA II and VI, are known to be expressed in the mammalian salivary 
glands (Kivelä et al. 1997). In the serous acinar cells of the parotid and submandibular 
glands CA II has been suggested to participate in the production of bicarbonate into the 
saliva (Parkkila S et al. 1990, 1991b, 1994, Ogawa et al. 1993). CA VI is a secretory 
isoenzyme produced by the serous acinar and demilune cells of the parotid and 
submandibular glands (Parkkila S et al. 1990). CA VI and II may together form a 
complementary system regulating the acid-base balance in the mouth and upper 
alimentary tract (Parkkila S et al. 1990, 1996, Kivelä et al. 1997). CA II in the salivary 
glands may supply the saliva with HCO3

− and the CA VI secreted into the saliva would 
then accelerate the removal of bacterially produced acid in the mouth in the form of CO2. 
CA VI may protect teeth by catalyzing the bicarbonate-based buffering system in the oral 
cavity and thus accelerate the removal of acid from the local microenvironment of the 
tooth surface. It is located at the optimal site on dental surfaces for catalyzing the 
conversion of salivary bicarbonate and microbe-delivered hydrogen ions to carbon 
dioxide and water (Leinonen et al. 1999). This hypothetical model of CA VI function was 
supported by Kivelä et al. (1999), who showed that low salivary CA VI concentrations 
are associated with increased caries prevalence, particularly in subjects with neglected 
oral hygiene. 

Compared with other secretory organs, the mammalian liver contains relatively low 
levels of total CA activity. A basic physiological function of CA II in the liver is to 
produce HCO3

− for the alkalization of the bile (Swenson 1991). 
The mammalian liver expresses high levels of mitochondrial CA V. Physiologically, 

CA VA has been implicated in two metabolic processes in the mitochondria of 
hepatocytes: ureagenesis and gluconeogenesis, supplying bicarbonate for the first urea 
cycle enzyme, carbamyl phosphate synthetase I in ureagenesis and for pyruvate 
carboxylase in gluconeogenesis (Dodgson 1991). CA inhibitors have been observed to 
retard both of these processes in the livers of guinea pigs and rats (Dodgson et al. 1983, 
Metcalfe et al. 1985, Dodgson 1991). CA V is the first CA isoenzyme to be found to 
participate in intermediary metabolism, but it is conceivable that it may also have other 
functions, as it is contained in both periportal and perivenous hepatocytes, while urea and 
glucose synthesis occur only in the periportal region. 

The presence of low activity, hormonally regulated CA III in hepatocytes has aroused 
interest in its specific function. Cabiscol & Levine (1995) have demonstrated that it 
functions in an oxidizing environment and that it is the most oxidatively modified protein 
in the liver known so far. These and other recent results have suggested that CA III may 
provide protection from oxidative damage and CA III may serve as a useful marker 
protein to investigate in vivo the mechanisms, which contribute to oxidative damage in 
the liver. It has also been suggested that lower levels of free radicals in cells 
overexpressing CA III may affect growth signalling pathways (Räisänen et al. 1999). 
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Earlier studies have indicated that both CA IV and CA IX are expressed in the biliary 
epithelial cells, whereas hepatocytes are devoid of immunoreactivity for these 
isoenzymes (Parkkila S et al. 1996, Pastoreková et al. 1997). Interestingly, previous 
histochemical studies have indicated CA enzymatic activity also in the hepatocyte plasma 
membrane (Ridderstråle et al. 2000). CA XIV could be the most promising candidate 
protein to represent the hepatocyte isoenzyme, since its mRNA has recently been reported 
in both mouse and human liver (Mori et al. 1999, Fujikawa-Adachi et al. 1999c).  

In pancreas, the role of CA II in the secretion of bicarbonate into the pancreatic juice 
by the epithelial duct cells is well documented (Swenson 1991). CA I is expressed in the 
α-cells of the endocrine Langerhans islets (Parkkila S et al. 1994). However, the 
physiological role of CA I in α-cell function has remained unclear. CA V is the second 
isoenzyme described in the endocrine pancreas where its expression is solely confined to 
the β-cells (Parkkila A-K et al. 1998). The suggestion that CA V may have a role in the 
regulation of insulin secretion was based on its cellular distribution and the observation 
that the CA inhibitor acetazolamide inhibited glucose-stimulated insulin secretion 
(Parkkila A-K et al. 1998).  

2.2.2  Carbonic anhydrases in the gastrointestinal canal 

CA II has been located in the squamous epithelial cells of the oesophagus, where it may 
contribute to HCO3

− secretion (Meyers & Orlando 1992, Parkkila S et al. 1994, Christie 
et al. 1997). The presence of this isoenzyme in the oesophagus is physiologically 
important, because endogenous HCO3

− secretion is capable of raising the pH of the 
gastro-oesophageal reflux-derived residual acid from 2.5 almost to neutrality. The 
immunohistochemical evidence for the presence of CA II in the human oesophagus is 
thus in accordance with the biochemical evidence that the oesophagus disposes of an 
endogenous mechanism for protecting the mucosa against acidity, but suggests that it is 
the stratified oesophageal epithelium rather than the submucous glands that is responsible 
for HCO3

− secretion.  
Immunohistochemical techniques have revealed cytosolic CA II in the parietal cells of 

the gastric glands, where it regulates the acidity of the gastric juice by proton secretion 
(Davenport & Fisher 1938, Davenport 1939, O'Brien et al. 1977, Sato et al. 1980, 
Lönnerholm et al. 1985, Parkkila S et al. 1994, Parkkila S & Parkkila A-K 1996). On the 
other hand, in the gastric surface epithelial cells CA II is involved in the secretion of 
mucus and HCO3

− to form a bicarbonate containing mucous gel layer covering the 
epithelium and protecting it from digestion. This gastroduodenal HCO3

− secreted by the 
surface epithelial cells neutralizes the gastric acid (Richardson 1985). 

Membrane-associated CA IX is another major CA isoenzyme expressed in the gastric 
epithelium. Both parietal and surface epithelial cells contain CA IX at the basolateral 
plasma membrane (Pastoreková et al. 1997). Evolutionary conservation in vertebrates 
and the abundant expression of CA IX in the normal human gastric mucosa have 
indicated its physiological importance. CA IX may participate in physiological processes 
via the activity of its CA-like domain. On the other hand, basolateral localization of CA 
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IX suggests its possible involvement in intercellular communication and/or cell 
proliferation. 

It is widely known that both CA I and II are expressed in the non-goblet epithelial 
cells of the mammalian colon (Lönnerholm et al. 1985, Parkkila S et al. 1994), in which 
these isoenzymes have been implicated in the regulation of electroneutral NaCl 
reabsorption via the synchronous operation of apical Na+-H+ and Cl−-HCO3

− exchange 
(Charney & Egnor 1989). In addition to cytosolic CA I and II, the intestinal enterocytes 
express at least two membrane-associated isoenzymes, CA IV (Fleming et al. 1995) and 
IX (Pastoreková et al. 1997, Saarnio et al. 1998a). The location of CA IV in the apical 
brush border of the colonic epithelium has suggested a functional role in the regulation of 
colonic ion homeostasis (Fleming et al. 1995). Recent studies have demonstrated that the 
distribution of CA IX in the gut has several unique features when compared to the other 
CA isoenzymes (Pastoreková et al. 1997, Saarnio et al. 1998a). One of them was its 
localization on the basolateral surfaces of proliferating cryptal enterocytes, suggesting 
that it may serve as a ligand or receptor for another protein that regulates intercellular 
communication or cell proliferation. Furthermore, CA IX has a completely conserved 
active site domain of CAs (Opavský et al. 1996), suggesting that it could also participate 
in CO2/ HCO3

− homeostasis in the colon. 
The most novel CA isoenzymes, CA XII and XIV, may also be expressed in the gut. 

Positive signals have been obtained in the human colon using mRNA blots (Ivanov et al. 
1998, Türeci et al. 1998, Fujikawa-Adachi et al. 1999c). However, their cellular 
localisation was not reported in the gastrointestinal tract prior to the completion of the 
present study.  

2.3  Carbonic anhydrases in neoplasia 

2.3.1  Carbonic anhydrases in neoplastic tissues 

In view of the experimental data available, it seems that tumour-associated CA 
isoenzymes may play a role, as yet undefined, in cell proliferation and oncogenesis. 
Studies show an important causal link between hypoxia, extracellular acidification, and 
induction or enhanced expression of these enzymes in human tumours (Ivanov et al. 
2001). 

CA IX is a predominant isoenzyme in various tumours including those arising from 
the GI tract. It has previously been shown that many colorectal tumours overexpress CA 
IX (Saarnio et al. 1998b). The co-occurrence of CA IX and Ki-67 at the site of rapid cell 
proliferation indicates that CA IX could be used as a biomarker of increased cell 
proliferation in the colorectal mucosa. Furthermore, its high expression in premalignant 
lesions such as adenomas suggests that it might be especially useful biomarker in early 
diagnosis of colorectal tumours. 

The expression and localisation of CA IX has been examined also in head and neck 
squamous cell carcinoma (HNSCC) (Beasley et al. 2001). The enzyme was related to the 
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location of tumour microvessels, angiogenesis, necrosis and stage, and was considered a 
potential target for future therapy in HNSCC (Beasley et al. 2001). In another study, 
Turner et al. (1997) suggested that the tumour-associated CA IX may play a role in 
proliferation and regeneration in esophageal squamous epithelium, and loss of its 
expression may be related to cancer progression in Barrett's-associated adenocarcinomas. 

Recently, Saarnio et al. (2001) showed that in the biliary epithelial tumours, 
immunostaining for CA IX was mainly localised at the basolateral surface of the 
epithelial cells, as in the normal mucosa (Pastoreková et al. 1997). The presence of CA 
IX in neoplastic hepatobiliary cells and its absence in hepatocellular carcinomas 
suggested that this isoenzyme could be used as a marker for biliary differentiation in 
hepatobiliary neoplasms (Saarnio et al. 2001). 

Some human renal cancer cell lines and RCCs have shown high expression of CA9 
mRNA or CA IX protein (McKiernan et al. 1997, Parkkila S et al. 2000b). The enhanced 
RT-PCR assay for CA9 may prove useful in the diagnosis and monitoring of RCC 
(McKiernan et al. 1999). Furthermore, Li et al. (2001) showed that flow cytometry might 
serve as a fast tool of immunocytochemical detection of renal cancer cells. These results 
confirmed that CA9 antigen would be an ideal marker for RCC. 

The positive signal for CA IX has also been found in invasive non-small cell lung 
carcinoma, in situ carcinoma and microinvasive carcinoma, while pre-neoplastic lesions 
or normal bronchial epithelium remained negative (Vermylen et al. 1999). It has been 
concluded that CA IX is an important molecule in non-small cell lung cancer, the 
upregulation of which occurs in highly hypoxic/necrotic regions of the tumours 
(Giatromanolaki et al. 2001). The expression of CA IX is linked to the expression of a 
constellation of proteins involved in angiogenesis, apoptosis inhibition and cell-cell 
adhesion disruption, which explains the strong association of this enzyme with poor 
clinical outcome (Giatromanolaki et al. 2001). 

In invasive breast carcinoma, the expression of CA IX has been associated with worse 
relapse-free survival and overall survival (Chia et al. 2001). A significant association with 
necrosis also indicated the potential role of CA IX as a marker of hypoxia within breast 
carcinomas. A recent study indicated that ectopic activation of CA9 gene may be 
implicated in breast carcinogenesis and also suggested potential use of CA IX as a breast 
tumour marker (Bartošová et al. 2002). 

There is evidence to suggest that hypoxia-regulated gene expression influences tumour 
aggressiveness, contributing to the poorer outcome of patients with hypoxic tumours. 
Loncaster et al. (2001) showed clinical evidence that CA IX expression is up-regulated in 
hypoxic human cervical tumours and is associated with a poor prognosis. It may have a 
role as an intrinsic marker of tumour hypoxia and poor outcome after radiation therapy 
and the level of CA IX expression may be used to aid in the selection of patients who 
would benefit most from hypoxia-modification therapies or bio-reductive drugs 
(Loncaster et al. 2001). 

Irrespective of its function, CA IX attracts a significant interest due to the strong 
association with neoplasms and absence in corresponding normal tissues, suggesting a 
potential to serve as a tumour marker. CA IX has also been considered as an excellent 
target for immunotherapy in renal cell carcinoma (Steffens et al. 1997, Uemura et al. 
1999). The discovery of this tumour-associated protein with a central CA domain 
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(Pastoreková et al. 1992) suggests the possibility of an additional or alternative 
mechanism by which specific CA inhibitors may inhibit tumour cell growth. 

Carbonic anhydrase XII, broadly similar in overall structure to CA IX (excluding the 
proteoglycan like domain of CA IX), is also over-expressed in some human renal cancer 
cells (Ivanov et al. 1998, Türeci et al. 1998, Parkkila S et al. 2000b) and human lung 
cancer cells (Torczynski & Bollon 1996). The high expression of CA XII in some 
selected cancer cell lines suggested that it could serve as a useful biomarker of some 
malignant tumours and could also be considered as a potential target for novel therapeutic 
applications (Ivanov et al. 1998).  

In the previous literature, there are only two reports focused on the 
immunohistochemical distribution of CA I or II in colorectal tumours. Gramlich et al. 
(1990) demonstrated that adenomas and adenocarcinomas failed to stain for carbonic 
anhydrase I and II. Later, Mori et al. (1993) showed that only minority of colorectal 
cancers express CA I, and those tumours may have a more favorable outcome than CA I-
negative tumours. 

CA I has been localised in the cells expressing glucagon in malignant endocrine tissue 
(Parkkila S et al. 1995). In addition, CA II has been detected in the neoplastic ductal 
epithelium in the exocrine pancreatic tissue. The expression rate of CA II in the ductal 
cells, sustained after malignant transformation, did not correlate with the malignancy of 
the tumours, suggesting a limited value in diagnostic evaluation of pancreatic carcinoma 
(Parkkila S et al. 1995). CA II is also expressed in astrocytic tumours, 
oligodendrogliomas, ependymal and choroid plexus tumours and tumours of nerve sheath 
cell origin (Parkkila A-K et al. 1995). It has been suggested that some tumours contain 
abundant CA II, which might leak into the CSF (Parkkila A-K et al. 1995). 

Recently, Leppilampi et al. (2002) investigated the presence of CA isoenzymes in 
malignant hematopoietic cell lines and malignant blast cells of bone marrow samples. 
Three out of six malignant hematopoietic cell lines expressed CA II, whereas no 
expression was detected for CA I, IX or XII. Positive reactions were found in 62% of 
acute myeloid leukaemia samples, 73% of acute lymphoblastic leukemia, and 50% of 
chronic myelomonocytic leukemia. The results indicated that CA II expression is not 
restricted to one cell lineage only but may result from a genetic aberration that occurs in 
both myeloid and lymphatic lineages or in their progenitor cell. 

2.3.2  Regulation of CA IX and XII expression 

In 1998, Ivanov and his group (Ivanov et al. 1998) used renal cell carcinoma cell lines 
stably transfected with wild-type VHL-expressing transgenes to discover genes involved 
in VHL-mediated carcinogenesis. The involvement of CA IX and XII was indirectly 
supported by findings that normal von Hippel-Lindau protein down-regulates the 
expression of both CA IX and XII, while the mutations in the VHL gene found in renal 
cell carcinomas can lead to overexpression of the isoenzymes. 

The VHL gene is a tumour suppressor gene. This means that its role in a normal cell is 
to stop uncontrolled growth and proliferation. If the gene is deleted or mutated, its 



 32

inhibitory effect on cell growth is consequently lost or diminished, which, in combination 
with defects in other regulatory proteins, can lead to cancerous growth. VHL seems to act 
as a 'gatekeeper' to the multistep process of tumourigenesis. The molecular mechanisms 
by which product of VHL (pVHL) modulates the expression of target genes is not well 
understood. The original hypothesis based on the discovery of elongin B binding by 
pVHL assumed that VHL could negatively regulate transcription elongation of target 
genes, CA9 and CA12, by inhibiting the elonging function. Although this expectation has 
been confirmed in vitro, there is no compelling evidence to date that pVHL can exert the 
same effect in vivo (Duan et al. 1995, Ivanov et al. 1998, Zbar et al. 1999). 

The transcriptional complex hypoxia-inducible factor-1 (HIF-1) has emerged as an 
important mediator of gene expression patterns in tumours. This transcription factor 
regulates gene induction in response to hypoxia (Wenger & Gassmann 1997). HIF-1 is 
regulated by ubiquitin-mediated proteolysis and is targeted for destruction by the pVHL 
in normoxia and stabilized under hypoxia (Maxwell et al. 1999). 

Both CA9 and CA12 are strongly induced by hypoxia in a range of tumour cell lines. 
Wykoff et al. (2000) showed that in renal carcinoma cells, defective for the VHL tumour 
suppressor, up-regulation of these CAs is associated with loss of regulation by hypoxia, 
consistent with the critical function of pVHL in the regulation of HIF-1. Furthermore, 
Wykoff et al. (2000) defined a HIF-1-dependent hypoxia response element in the minimal 
promoter of CA9 and demonstrated that tight regulation by the HIF/pVHL system was 
reflected in the pattern of CA IX expression within tumours. In comparison with vascular 
endothelial growth factor (VEGF) mRNA, expression of CA IX demonstrated a similar 
pattern of expression around regions of necrosis (Wykoff et al. 2000). CA9 and CA12 
define a new class of HIF-1-responsive gene, the activation of which has implications for 
the understanding of hypoxic tumour metabolism and which may provide endogenous 
markers for tumour hypoxia (Wykoff et al. 2000). 

2.3.3  CA IX and XII in tumour growth and spread 

Both CA IX and CA XII are transmembrane proteins with catalytic domain on the cell 
exterior, suggesting that they might participate in acid-base regulation of the extracellular 
space. There is substantial evidence that extracellular pH of human tumours is generally 
more acidic than that of normal tissues (Griffiths 1991) and that this acidic pH may 
enhance both the migration and the invasive behaviour of some tumour types (Martinez-
Zaguilan et al. 1996). Acidification of the extracellular milieu of malignant tumours is 
reported to increase the invasive behavior of cancer cells. Parkkila S et al. (2000a) 
investigated the functional role of CA activity in cancer cells by analyzing the effect of 
acetazolamide, a potent CA inhibitor, on the invasive capacity of renal carcinoma cell 
lines. The results clearly showed that acetazolamide alone reduced invasiveness of these 
cancer cells in vitro and suggests that the CAs expressed in these renal cancer cells 
contribute to invasiveness. CA inhibitors may also reduce invasiveness in other tumours 
that overexpress one or more CAs (Parkkila S et al. 2000a). 
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The mechanism by which the CA inhibitors inhibit tumour growth is not known at 
present, but several hypotheses have been proposed. These compounds may reduce the 
provision of bicarbonate for the synthesis of nucleotides and other cell components. On 
the other hand, CA inhibitors could prevent the acidification of intracellular milieu. A 
combination of several mechanisms is also possible. E7070, a member of recently 
reported class of antitumour sulfonamides, blocks cell cycle progression in the G1 phase. 
It has been suggested that E7070, possessing a free SO2NH2 moiety, probably acts as a 
strong CA inhibitor. This compound demonstrates significant antitumour activity both in 
vitro and in vivo against different human tumours, e.g. human colon carcinoma. E7070 
produces not only growth suppression but also reduction in tumour size. Presently, E7070 
is in Phase II clinical trials (Casini et al. 2002.) 

2.4  Colorectal carcinogenesis 

2.4.1  General considerations 

Colorectal malignancies continue to be one of the most frequent and life-threatening 
diseases throughout the world, especially in well-developed and industrialized countries 
(Weisburger & Wynder 1987), representing one of the main causes of mortality in all 
Western countries (Levi et al. 1994). Adenomas and carcinomas of the large intestine 
show basically the same risk profile. The development of colorectal adenomas has been 
directly related to the consumption of meat and animal fat, and to low physical activity. 
In contrast, vegetables, fruit, fibre and several micronutrients (such as calcium, folate and 
antioxidant vitamins) seem to have protective effect (Kampman et al. 1994, Potter et al. 
1999). Other risk factors are age, prior colorectal cancer, ulcerative colitis and Crohn 
disease, heriditary polyposis and colorectal cancer syndromes, and genetic factor. The 
importance of environmental factors in the pathogenesis of colorectal cancer is 
emphasized by the high incidence of the disease in industrialized countries and among 
emigrants from low-risk to high-risk regions (Hamilton et al. 1998).  

Most of malignant colorectal tumours are adenocarcinomas (96%) arising from the 
columnar surface epithelium, and, in many cases (10-20%), may show a mucinous 
component. These tumours encompass a large variety of precancerous and preneoplastic 
lesions, many of which can easily be removed at endoscopy. Other malignant colorectal 
tumours are carcinoid tumours and large bowel lymphoma. The colorectal neoplasms 
might be prevented by interfering with the various steps of carcinogenesis, which begins 
with uncontrolled cell replication, continues with the formation of adenomas of various 
dimensions, and eventually evolves into malignancy (Ponz de Leon & Di Gregorio 2001). 



 34

2.4.2  Morphological pathways of colorectal cancer 

Adenomas are well demarcated lumps of epithelial dysplasia which can be classified into 
three major histological types: tubular, villous and tubulovillous. An adenoma can be 
considered “malignant” when there is evidence that neoplastic cells pass through the 
muscularis mucosae and infiltrate the submucosa (Morson et al. 1983); in this case, the 
definition of “carcinoma developed in adenoma” is appropriate. After crossing the 
submucosa, the local invasion of neoplastic cells and potential for metastasis is possible. 
Adenomas show different grades of dysplasia, degree of severity, and these abnormalities 
can be graded into “mild”, moderate” and “severe” dysplasia (Morson & Dawson 1990). 
Colorectal carcinoma can be graded into well-differentiated, moderately-differentiated 
and poorly-differentiated lesions (Bosman 1995). 

As already emphasized in the previous chapter, carcinogenesis is known to be a 
multistep process (Faeron & Volgenstein 1990) with both genetic (Faeron & Volgenstein 
1990, Kuismanen 1999) and environmental components (Ames et al. 1995, Ames & Gold 
1998, de Kok et al. 1999). The adenoma-carcinoma sequence refers to a traditional view 
that colorectal malignancies develop from adenomatous polyps and, indeed, a large 
amount of evidence has been accumulated indicating that carcinomas of the large 
intestine arise – in most if not all cases – from pre-existing, premalignant lesions, 
especially when associated with dysplastic changes (Morson et al. 1983). 

First, histological aspects of adenomas are frequently observed in specimens of 
colorectal carcinoma (Kyzer et al. 1992, Pollard et al. 1992). Second, the accurate 
surveillance with systematic removal of all newly detected polyps led to a significant 
reduction in the expected number of invasive carcinomas (Winawer et al. 1993). Third, 
there is a cumulative risk of cancer at the polyp site (Stryker et al. 1987). Fourth, 
adenomas and malignant tumours tend to have a similar distribution in the various 
segments of large intestine, with a maximum frequency in the rectosigmoid region 
(Morson et al. 1983). Fifth, the age-specific incidence rate of colorectal polyps shows an 
earlier rise than cancer, with a peak of incidence that anticipates by five years that of 
carcinomas (Ponz de Leon et al. 1987). This pattern of incidence speaks in favour of a 
sequence between adenomatous polyps and cancer, since the malignant transformation of 
a benign adenoma usually takes years (Stryker et al. 1987). Sixth, patients with with 
colorectal cancer and individuals with adenomas both share a similar increased frequency 
of site-specific tumours among first-degree relatives (Ponz de Leon et al. 1989). Seventh, 
recent observations showed that the risk of developing colorectal adenomas is associated 
with the same environmental factors (diet and lifestyle) as those related to the risk of 
colorectal malignancies (Kampman et al. 1994). Finally, adenomas and carcinomas of the 
large intestine may show similar molecular alterations (Vogelstein et al. 1988, Boland et 
al. 1995). This, however, is an oversimplification, since most polyps do not acquire 
malignant features during their natural history, and might also regress or disappear 
(Waddell et al. 1995). In addition, the earliest phases of colorectal tumourigenesis 
presumably initiate in normal mucosa, with a disorder of cell replication and renewal 
(Lipkin 1974), and with the appearance of clusters of enlarged crypts (Siu et al. 1999) 
showing proliferative, biochemical and biomolecular abnormalities. Although several 
lines of evidence indicate that carcinomas usually originate from pre-existing adenomas, 
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this does not imply that all polyps undergo malignant changes, and does not exclude “de 
novo” carcinogenesisis – i.e., the development of cancer from flat mucosa. 

Recently, distinct entity of premalignant colorectal lesions has been described and the 
traditional assumption of benign hyperplastic polyps and the adenoma-carcinoma 
sequence has been challenged. K-ras mutations and microsatellite instability have been 
described in hyperplastic polyps (Otori et al. 1997, Iino et al. 1999), and histogenetic 
continuum to serrated adenomas has been proposed (Yao et al. 1999). The malignant 
potential of serrated adenomas has been documented and progression to frank carcinoma 
has been suggested in individual cases (Mäkinen et al. 2001). In addition, recognition of 
polyps called flat adenomas is important, since the malignant potential seems to be 
considerably higher than that of common sessile or pedunculated polyps of the same size 
(Adachi et al. 1991). 

2.4.3  Molecular biology of colorectal cancer 

Many molecular abnormalities have been reported in colorectal carcinoma and it is now 
believed that accumulated alterations of suppressor genes and protooncogenes are 
required for the development of colorectal cancers (Vogelstein et al. 1988, Fearon & 
Vogelstein 1990). It has been estimated that a minimum of eight to ten mutational events 
must accumulate during multistep carcinogenesis to produce an invasive colorectal 
cancer (Hamilton et al. 1998). 

The loss of heterozygosity in a tumour suppressor gene by deletion or somatic 
mutation of the remaining normal allele predisposes to tumour development. Tumour 
suppressor genes are increasingly being incriminated in the pathogenesis of both 
hereditary and spontaneous cancers in humans (Hamilton et al. 1998). Germline 
mutations in the adenomatous polyposis coli (APC) gene, a putative tumour suppressor 
gene, are responsible for familial adenomatous polyposis. Moreover, the majority of 
sporadic colorectal cancers contain a mutation in the same gene. It has been suggested 
that APC has an important role in the early development of most colorectal neoplasms. 
DCC gene, labelled “deleted in colon cancer”, is another putative tumour suppressor 
gene. It is located on chromosome 18, and is often missing in colorectal cancers. In 
addition, p53 tumour suppressor gene is mutated or deleted in many cases of colorectal 
neoplasms. Point mutations activating the ras protooncogene are an example of mutations 
in oncogenes. It has been suggested that chromosome 3p at the von Hippel-Lindau 
disease gene locus may be implicated in the development or progression of sporadic 
colorectal carcinoma. Zhuang et al. (1996) showed that VHL disease gene deletion 
frequently occurs in sporadic colon carcinoma. Because this deletion was not present in 
adenomas, VHL gene may play a role in colonic carcinogenesis and represent a relatively 
late event in colonic neoplasia progression. However, the association of pVHL in 
colorectal carcinogenesis has not been studied extensively. The inactivation of the von 
Hippel-Lindau gene causes the VHL syndrome, associated with renal cell carcinoma and 
hemangioblastoma of the brain. The normal VHL protein complexes with and inhibits 
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elongins B and C, two factors that activate the transcription factor elongin A (Hamilton et 
al. 1998).  

Another major pathway of carcinogenesis involves defects in DNA mismatch repair, 
being present in 15%. Mutation in the group of these genes (such as MLH1 and MSH2) 
involved in the early steps of DNA nucleotide mismatch repair lead to DNA replication 
errors, including microsatellite instability and ubiquitous somatic mutations. (Vogelstein 
et al. 1988, Boland et al. 1995). Heriditary nonpolyposis colorectal cancer syndrome 
reflects a germline mutation in one of four genes involved in DNA nucleotide mismatch 
repair. 

The aspect that adenomas and carcinomas of the large intestine may show similar 
molecular alterations underscores the “evolution” of the concept of adenoma-carcinoma 
sequence, from a morphological phenomenon to a complex pathway of biomolecular 
events presumably induced by (or related to) exogenous and metabolic factors (Potter 
1999). Many of these genetic events may target the transition from normal mucosa to 
small adenomas, and from these to large adenomas and infiltrating carcinoma (Potter 
1999, Lairmore & Norton 1997, Redston 2001). 



 

3 Aims of the research 

The overall aim of this research was to elucidate the distribution and expression of CA I, 
II, IX, XII, and XIV in the gastrointestinal tract. The expression levels of these 
isoenzymes except CA XIV were investigated in both normal and neoplastic tissues. The 
specific goals were: 

− to investigate the expression of CA I, II, IX and XII in the human intestine and 
colorectal tumours 

− to investigate the location of CA IX and XII in the human pancreas and pancreatic 
tumours 

− to examine the cellular localization of CA XIV in the murine liver and intestine. 



 

4 Materials and methods 

4.1  Tissue specimens (I-IV) 

The procedures had the approval of the ethics committee of Oulu University Hospital and 
the research was carried out according to the provisions of the Declaration of Helsinki. 

The human material studied for paper I consisted of samples taken together with 
routine histopathological specimens during surgical operations carried out at Oulu 
University Hospital for gastric carcinoma (n=2), rectal carcinoma (n=1), colon polyposis 
(n=2), or colon inertia (n=1). In addition to the samples of normal human gut, 67 (I) or 69 
(II) colonic lesions from 59 (I) or 48 (II) patients were studied. Most of these tumour 
specimens contained adjacent normal tissue, which were studied for paper II. Seven 
metastases of colorectal adenocarcinomas were also analyzed, including 6 mesenteric 
lymph node metastases and 1 liver metastasis (I and II). 

The human tissue samples from pancreas (n=39) used in paper III were obtained 
during surgical operations for pancreatic tumours. Most tumour specimens contained 
adjacent normal tissue. In addition, one specimen of normal pancreas was obtained from 
a patient with traumatic laceration of the pancreas. Two ductal carcinomas showed 
divergent differentiation in separate areas, which were considered separate lesions in 
immunohistochemical analyses. The only acinar carcinoma was well differentiated. Some 
specimens showed both normal and neoplastic histology in the same section. 

The rodent tissue samples studied for paper IV consisted of samples obtained from 
three adult mice, which were anaesthetised and sacrificed by decapitation. 

Details of the tissue specimens studied for papers I-III, as shown in Table 2, are 
provided in the original papers. 
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Table 2.  Specimen types and number of samples studied in papers I-III. 

Specimen type I II III 
    
Normal gut and tumours of intestinal origin    

normal duodenum 1 1  
normal jejunum 2 2  
normal ileum 3 3  
normal cecum 3 3  
normal ascending colon 3 3  
normal transverse colon 3 3  
normal descending colon 3 3  
normal sigmoid colon 2 2  
normal rectum 4 4  
hyperplastic polyp 8 8  
juvenile polyp 1   
adenoma, low dysplasia 12 13  
adenoma, moderate dysplasia 18 18  
adenoma, high dysplasia 8 9  
adenocarcinoma, well differentiated 6 7  
adenocarcinoma, moderately differentiated 9 9  
adenocarcinoma, poorly differentiated 5 5  
mesenteric lymph node metastasis 6 1  
liver metastasis  6 1  

    
Pancreatic tumours    

microcystic adenoma   3 
mucinous cystadenoma   3 
acinar carcinoma   1 
mucinous cystadenocarcinoma   4 
ductal carcinoma, well differentiated   9 
ductal carcinoma, moderately differentiated   10 
ductal carcinoma, poorly differentiated   4 
anaplastic carcinoma   1 
endocrine tumour   6 

4.2  Preparation of tissues (I-IV) 

Tissue samples were divided into several small pieces about 5 mm thick. The specimens 
were fixed either in Carnoy’s fluid (absolute ethanol + chloroform + glacial acetic acid 
6:3:1) for 6 hr (samples of the normal human gut (I) and pancreas (III)) or in 4% neutral-
buffered formaldehyde for 24-48 hr (normal gut (II), tumour samples (I-III)). The 
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samples were then dehydrated, embedded in paraffin in a vacuum oven at 58°C, and 
sections of 5 µm were placed on gelatin-coated microscope slides. 

The rodent liver for paper IV was perfused in situ through the abdominal aorta with 
3% paraformaldehyde in phosphate-buffered saline (PBS), removed, and cut into slices. 
The slices were further immersion-fixed in 3% paraformaldehyde for 2 h at room 
temperature, cryoprotected overnight in 20% sucrose-PBS, and rapidly frozen in liquid 
nitrogen-cooled isopentane. Sections were cut at 5 µm using a Microm Cryo-Star 
microtome (Microm, Walldorf, Germany) amd dried onto Superfrost Plus microscope 
slides (Menzel, Braunschweig, Germany). 

4.3  Antibodies against CA isoenzymes (I-IV) 

Details of the production and characterisation of the antisera for the CA isoenzymes, as 
shown in Table 2, are provided in the original papers. 

Table 3. CA isoenzyme antisera used in papers I-IV. 

Antiserum Paper (I-IV) Reference 
Anti-HCA I II Parkkila A-K et al. 1993 
Anti-HCA II II Parkkila A-K et al. 1993 
Anti-RCA II IV Fleming et al. 1994 
Anti-MCA IV IV Brion et al. 1992 
Anti-HCA IX II, III Pastorekovà et al. 1992 
Anti-HCA XII I, II, III Karhumaa et al. 2000 
Anti-MCA XIV IV Parkkila S et al. 2001 

4.4  Other antibodies (III) 

In paper III, immunostaining for Ki-67 was performed to demonstrate the proliferative 
activity of the epithelial cells expressing CA IX. The rabbit antibody for human Ki-67 
was purchased from Zymed Laboratories, San Francisco, CA (III). Monoclonal 
antibodies against human pVHL have been characterized previously by Sakashita et al. 
(1999). Some sections were immunostained using monoclonal mouse anti-human p53 
antibody (DO-7) purchased from Novocastra Laboratories (Newcastle upon Tyne, United 

Kingdom).  
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4.5  Immunoperoxidase and immunofluorescence  
staining methods (I-IV) 

The CA isoenzymes were immunostained by the biotin-streptavidin complex method, 
employing the following steps: 

I Pre-treatment of the sections with undiluted cow colostral whey (Biotop Oy, Oulu, 
Finland) for 30 min and rinsing in PBS 

II Incubation for 1 hr with the primary anti-HCA XII serum diluted 1:100 in 1% bovine 
serum albumin (BSA-PBS), the M75 hybridoma medium (anti-HCA IX) diluted 
1:10, anti-VHL antibodies diluted 50 µg IgG/ml or normal rabbit serum diluted 
1:100 in 1% BSA-PBS. In paper II, anti-HCA I and II sera and normal rabbit serum 
were diluted 1:100 in 1% BSA-PBS and the samples were incubated for 12 hr at 
+4ºC. 

III Incubation for 1 hr with biotinylated swine anti-rabbit IgG (Dakopatts, Glostrup, 
Denmark) or goat anti-mouse IgG (Dakopatts) diluted 1:300 in 1% BSA-PBS. 

IV Incubation for 30 min with peroxidase-conjugated streptavidin (Dakopatts) 
V Incubation for 2 min in DAB solution containing 9 mg 3,3’-diaminobenzidine 

tetrahydrochloride (Fluka, Buchs, Switzerland) in 15 ml PBS + 5 µl 30% H2O2. The 
sections were washed three times for 10 min in PBS after incubation steps 2 and 3, 
and four times for 5 min in PBS after step 4. 

VI All the incubations and washings, except the first incubation (step 2) with anti-HCA 
I or II, were carried out at room temperature. After the immunostaining, the tumour 
sections were counterstained with hematoxylin. The stained sections were examined 
and photographed with Leitz Aristoplan (Wetzlar, Germany), Olympus BH (Tokyo, 
Japan) or Nikon Eclipse E600 (Tokyo, Japan) microscope. 

To examine the subcellular localization of CA XII in the human colonic epithelium, tissue 
sections were stained by an immunofluorescence method and analyzed by confocal laser 
scanning microscopy in paper I. The steps in the immunofluorescence were as follows: 
(a) pre-treatment of the sections with 1% BSA-PBS for 40 min, (b) incubation for 1 hr 
with 1:100 diluted anti-HCA XII serum in 1% BSA-PBS, (c) washing three times for 5 
min in PBS, (d) incubation for 1 hr with 1:30 diluted fluorescein-conjugated goat anti-
rabbit IgG (Dakopatts) in 1% BSA-PBS, and (e) washing three times for 5 min in PBS. 
The sections were examined with a confocal laser scanning microscope (Leitz CLSM; 
Leica Microsystems, Heidelberg, Germany). 

In paper IV, sections on Superfrost Plus microscope slides (Menzel, Braunschweig, 
Germany) were incubated with PBS containing 20% cow colostral whey for 40 min. The 
sections were then incubated for 2 h with polyclonal anti-MCA XIV or preimmune 
serum, diluted 1:200 in 1% BSA-PBS, washed three times for 5 min in PBS and 
incubated for 1 h with Alexa 568-coupled goat anti-rabbit IgG, diluted 1:200 in BSA-
PBS. After four 5-min washes in PBS, slides were mounted in Immu-mount (Shandon, 
Pittsburgh, PA). The sections were examined with a conventional epifluorescence 
microscope (Nikon Corporation, Tokyo, Japan) or a confocal laser-scanning microscope 
(Zeiss, Göttingen, Germany). 
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4.6  Evaluation of immunoreactivity (I-III) 

For papers I and II the intensity of the immunoreactions were scored on semiquantitative 
scales of 0 to 4 as follows: 0, no reaction; 1, occasional positive cells; 2, weak reaction; 3, 
moderate reaction; 4, strong reaction. The distribution of immunoreactivity between the 
superficial and deep parts of the mucosa was recorded separately. 

In paper III, the extent and intensity of the staining reaction for CA IX and CA XII 
were scored in the central area of the tumour on a scale of 0 to 4. In terms of the staining 
intensity, the scores were assessed as follows: 0, no reaction; +/-, very weak reaction; +, 
weak reaction; ++, moderate reaction; +++, strong reaction. The extent of the positive 
signal was scored as follows: no positive cells, <25% positive cells, 25-<50% positive 
cells, 50-<75% positive cells, and 75-100% positive cells. 

4.7  SDS-polyacrylamide gel electrophoresis (SDS-PAGE)  
and western blotting (I, IV) 

For paper I, samples containing 25 µg of protein from homogenized human transverse 
colon were analyzed by SDS-PAGE under reducing conditions according to Laemmli 
(1970). All the reagents for SDS-PAGE were from Bio-Rad Laboratories (Richmond, 
CA) or Sigma (St. Louis, MO). The electrophoreses were performed in a Mini-Protean 
electrophoresis unit (Bio-Rad Laboratories) using a 10% acrylamide separating gel and a 
4% acrylamide stacking gel. The proteins were transferred electrophoretically from the 
gel to a PVDF membrane (Millipore; Bedford, MA) in a Novex Blot Module (Novex; 
San Diego, CA). After the transblotting, the sample lanes were first incubated with TBST 
buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20) containing 10% cow 
colostral whey (Biotop Oy) for 30 min and then with the first antibody diluted 1:2000 in 
TBST buffer for 1 hr. The membranes were washed five times for 5 min with TBST 
buffer and incubated for 30 min with alkaline phosphatase-conjugated goat anti-rabbit 
IgG (Bio-Rad Laboratories) diluted 1:3000 in TBST buffer. After washing four times for 
5 min in TBST buffer, the polypeptides were visualized by means of a 
chemiluminescence substrate (Bio-Rad Laboratories). All the steps were carried out at 
room temperature. 

For paper IV, mice were sacrificed by decapitation, and the liver and colon were 
removed. 20 µg of total cell protein per lane from homogenized tissue samples or stably 
transfected CHO cells expressing wild-type mouse CA XIV (Parkkila S et al. 2001) was 
subjected to SDS-PAGE under reducing conditions. Protein standards for SDS-PAGE 
were from Bio-Rad Laboratories (Richmond, CA). The electrophoreses were performed 
in a Novex XCell SureLock electrophoresis unit (Invitrogen Corp/NOVEX, Carlsbad, 
CA) using a Novex NuPAGE 10% Bis-Tris gels. The proteins were transferred 
electrophoretically from the gel to a nylon membrane (Millipore; Bedford, MA) in a 
Novex Blot Module. The further procedures were the same as described above. 
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4.8  Extraction of RNA and reverse transcription-polymerase  
chain reaction (RT-PCR) (IV) 

In paper IV, the liver, colon, jejunum, and kidneys were removed from mice and the 
samples were used for RT-PCR analysis. Epithelial cells of the intestinal mucosa were 
obtained by using a scraping technique as described (Waheed et al. 1999). Total cellular 
RNA was extracted from the cell or tissue samples using TRIzol reagent (Gibco-BRL, 
Gaithersburg, MD), according to the manufacturer’s instructions. The concentration and 
purity of RNA was determined by spectrophotometer at 260 and 280 nm. Reverse 
transcription (RT) and polymerase chain reaction (PCR) amplification were performed 
using a single-step method (Aatsinki et al. 1994). Two primers for amplifying CA XIV 
were chosen based on the published mouse CA XIV sequence (Mori et al. 1999). Primers 
for rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Holappa et al. 1999) were 
used to monitor the quality of the RNA samples. 

Ten micrograms of total RNA was used as a template for subsequent RT and PCR 
reactions. Reverse transcription was performed at 42°C for 1 hr followed by denaturation 
at 95°C for 2 min. The PCR cycling protocol consisted of 30 cycles of denaturation at 
95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min, followed 
by final extension at 72°C for 5 min. The PCR products were analyzed by electrophoresis 
on 1.5% agarose gels containing ethidium bromide. 

4.9  Statistical methods (II, III) 

In paper II, the statistical evaluations were performed by one-way analysis of variance 
and Bonferroni’s t-test. The correlation between staining intensity and extent was 
analysed using Spearman’s correlation analysis (III). 



 

5 Results 

5.1  Expression of CA I, II, IX, XII, and XIV in normal 
gastrointestinal tract (I-IV) 

The immunoperoxidase technique was used to study the distribution of CAs in the human 
alimentary tract. Cellular and subcellular localisation of CA XII, in human intestine and 
CA XIV in murine hepatocytes were demonstrated by immunofluorescence technique. 

CA XII showed a characteristic staining pattern in human gut (I). First, it was highly 
expressed in the cecum, ascending colon, transverse colon, descending colon, sigmoid 
colon, and rectum, but absent from the small intestine. Second, the staining for CA XII 
was most intense in the surface epithelial cuff region of the large intestine. Third, the 
positive signal for CA XII was clearly confined to the basolateral plasma membrane in 
the enterocytes. In large intestine, both CA I and II were abundant in the normal 
epithelium of the surface epithelial cuff region as described previously by Parkkila S et 
al. 1994. In contrast, CA IX was confined to the crypt enterocytes while it was absent in 
the superficial part of the mucosa. This finding was originally reported by Pastoreková et 
al. (1997). Our results have further indicated that CA XIV is another CA isoenzyme 
expressed in the mouse colonic enterocytes (IV). The positive signal was mainly located 
in the apical plasma membrane and it was found both in the crypts and the surface 
epithelial cuff region. CA XIV was also expressed in the smooth muscle cells of the 
muscularis propria locating beneath the mucosa and submucosa layers of the 
gastrointestinal canal. The positive signal showed a somewhat patchy staining pattern, 
which is consistent with the typical caveolar structure of the plasma membrane in those 
cells.  

Isoenzymes CA IX and XII appeared to be expressed in the acinar and ductal 
compartments of the human pancreas, but not in the endocrine glands (III). Epithelial 
cells of some intra- and interlobular ducts in the human pancreas showed positive 
staining for CA IX. In addition, sporadic expression of CA IX was observed in some acini 
of the exocrine pancreas. The positive signal was clearly confined to the basolateral 
plasma membranes in the acinar and ductal cells. The staining for CA XII was most 
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intense in the acinar cells. A faint but distinct staining was also found in the ductal 
epithelium. In both places, the positive signal was confined to the basolateral plasma 
membrane. 

In paper IV, the mouse liver was analyzed for CA XIV protein expression using a 
specific antibody raised against the recombinant mouse CA XIV. The isoenzyme was 
expressed at the plasma membrane of all hepatocytes. The staining intensity showed no 
apparent zonal variation within a hepatic lobule. Both the apical (canalicular) and 
basolateral (sinusoidal) plasma membrane domains were positive. In western blotting, 
anti-MCA XIV serum recognized a faint 44/46-kDa doublet band in the liver. It is notable 
that the western blotting reaction was stronger in the liver than in the colon, which was 
also in line with the immunostaining results. The mouse colon, jejunum, and liver were 
also analyzed for CA XIV mRNA expression. Strong 434-kb bands were observed in the 
liver and kidney. Weak CA XIV mRNA expression was detected in the colon, while the 
jejunum remained totally negative. 

5.2  Expression of CA I, II, IX, and XII in  
gastrointestinal tumours (I-III) 

In most specimens of the large intestine, the positive staining for CA I decreased in 
hyperplastic areas compared to the normal epithelium. The hyperplastic mucosa usually 
showed a weak reaction for CA I in the enterocytes of the surface epithelial cuff region, 
whereas the signal was barely apparent in the deep parts of the cryptal epithelium. The 
intensity of the immunoreaction for CA I was mostly similar in the adenomatous surface 
epithelium and hyperplastic polyps. In malignant colorectal tumours, the positive 
immunoreaction for CA I was restricted to occasional epithelial cells, being present in 
both the superficial and deep parts of the lesions. The mean intensity of the 
immunostaining was significantly decreased in the superficial malignant mucosa when 
compared to adenomas (II). 

A moderate reaction for CA II was observed in the enterocytes of the normal surface 
epithelial cuff region, while the deep parts of the mucosa remained negative. CA II-
positive staining was further decreased from moderate reaction in hyperplastic polyps to 
weak in adenomas. The positive immunoreaction for CA II in the deep parts of the 
adenomatous mucosa was restricted to a few occasional epithelial cells. The staining 
intensity for CA II in the upper parts of the lesions became weaker with a more severe 
grade of dysplasia, while the immunoreaction for CA I in the same region remained weak 
in all adenoma dysplasia categories. In the deep parts of the lesions, faint positive 
immunostaining appeared only in a few epithelial cells for both isoenzymes as is true for 
normal mucosa. Both CA I- and II-positive adenomas were evenly distributed along the 
cranial-caudal axis of the large intestine. Compared to adenomas, superficial malignant 
mucosa showed significantly weaker immunostaining for CA II (II). 

The data related to CA IX was extracted from studies replicating previous results 
(Saarnio et al. 1998a,b), in which CA IX expression was evaluated in the same tumour 
samples. In striking contrast, the staining intensity for CA IX was clearly higher in 
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adenomas and carcinomas (more so in the superficial part) compared to the normal 
mucosa and hyperplastic lesions as described previously by Saarnio et al. 1998b. 

CA XII was highly expressed in the surface epithelial cuff region of the normal large 
intestinal mucosa, but expressed extremely weakly in the lower parts of the mucosa (I). 
Also the hyperplastic polyps generally showed a moderate reaction in the enterocytes of 
the surface epithelial cuff region, whereas the signal for CA XII was barely apparent in 
the deep parts of the cryptal epithelium. The CA XII-positive adenomas were evenly 
distributed along the cranial-caudal axis of the large intestine and the reaction became 
more diffusely spread in the lower parts of the lesion in the adenomas with a more severe 
grade of dysplasia. In the colorectal carcinomas the immunoreaction was generally 
diffuse, being present in both the superficial and deep parts of the mucosa (I). 

The staining reaction for CA IX and XII in the hyperplastic epithelium in pancreatic 
tumour specimens generally showed a stronger basolateral immunoreaction for CA IX 
compared to the normal epithelial cells (III). Immunostaining for Ki-67 was performed in 
parallel sections to demonstrate the proliferative activity of the epithelial cells expressing 
CA IX. 10 out of 29 malignant tumours of exocrine pancreas showed moderate or strong 
immunoreaction for CA IX. The staining extent or intensity did not correlate with the 
grade of differentiation. Interestingly, desmoplastic connective tissue in the malignant 
lesions occasionally showed prominent immunostaining for CA IX. All mucinous 
cystadenocarcinomas showed weak to strong immunoreaction that was present in <75% 
of malignant cells and all mucinous cystadenomas showed strong immunostaining, 
suggesting that CA IX expression is characteristic for these tumours. The benign 
microcystic adenomas showed weak to strong immunoreaction, whereas all endocrine 
tumours were negative for CA IX. The expression of CA XII was very weak or weak in 
most pancreatic carcinomas. In the ductal carcinomas, the positive signal for CA XII was 
present in 0-75% of the epithelial cells. From the benign tumours of exocrine pancreas, 
only one mucinous cystadenoma and one microcystic adenoma showed strong positive 
signal for CA XII. Three endocrine tumours remained unstained and one glucagonoma 
showed a weak positive reaction. 

5.3  Expression of von Hippel-Lindau protein in normal 
gastrointestinal tract and colorectal tumours 

Expression of pVHL was examined in series of 18 samples of histologically normal 
human colon or rectum and 23 colorectal tumours. These included 7 adenomas and 16 
adenocarcinomas. The adenomatous lesions included 6 tubular and 1 tubulovillous 
tumours and the group of 16 malignant colorectal tumours consisted of 6 well 
differentiated, 9 moderately differentiated, and 1 poorly differentiated adenocarcinomas. 
Immunohistochemical staining for pVHL showed positive epithelial staining in all 
normal and adenomatous tissue specimens. All malignant tumours except one rectum 
carcinoma were positive. Figure 3B demonstrates a representative example of 
immunostaining of pVHL in normal colonic mucosa. Almost all enterocytes showed 
positive cytoplasmic signal. Similarly, adenomatous and malignant lesions were positive 
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for pVHL (Figs 4B, 5B, F). Figure 4F shows pVHL immunostaining results in normal 
and adjacent transitional epithelium. There was no distinct difference in the staining 
intensity or extent between these two regions. 
 

Fig. 3. Immunohistochemical staining for pVHL, CA IX, and CA XII in normal colon. 
Arrows in panel C indicate CA IX positive staining in the enterocytes. Hematoxylin-eosin 
(H&E) counterstaining in panel A. 
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Fig. 4. Examples of immunohistochemical staining for pVHL, CA IX, and XII in serial 
sections of moderate (lower part in panels A-D) and grave (upper part in panels A-D) adenoma 
and transitional epithelium (adenoca gr I) (small arrows) (E-H) adjacent to normal tissue 
(arrowhead). Hematoxylin-eosin (H&E) counterstaining in panels A and E. 
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Fig. 5. Immunohistochemical staining for pVHL, CA IX, and XII in serial sections of 
adenocarcinoma (gr II) with (A-D) or without (E-H) mucinous component. Hematoxylin-
eosin (H&E) counterstaining in panels A and E. 



 

6 Discussion 

6.1  Carbonic anhydrases in the gastrointestinal tract 

Carbonic anhydrases are evolutionarily ancient enzymes, which are expressed in all 
mammalian tissues and they are found along the entire GI tract, from the mouth and 
salivary glands to the rectum (Parkkila et al. 1994, Saarnio et al. 1998a, Leinonen et al. 
2001). However, there is a considerable heterogeneity between different organs with 
respect to CA enzymatic activity, isoenzyme content, and their cellular localization. It is 
also notable that CAs of the GI tract can serve several functions such as regulation of 
acid-base homeostasis, neutral salt absorption and cell volume (Parkkila S & Parkkila A-
K 1996). 

The new evidence that at least seven enzymatically active CA isoenzymes (CA I, II, 
IV, V, IX, XII, and XIV) are expressed in the mammalian large intestine indicates the 
complexity of the physiological processes occurring in the GI tract. In addition, the CA 
isoenzymes are differentially expressed along the intestinal segments and also between 
cryptal and villal enterocytes. Finally, it is a matter of debate whether the regulatory 
mechanisms could be different depending on the species studied. Even though some of 
these isoenzymes have heretofore been demonstrated only in rodents or humans, it is 
conceivable that general transport and pH regulation mechanisms are qualitatively similar 
in various species (Wills 1985, Dawson 1991). Based on the previous and the present 
data, there are four membrane-bound isoenzymes in the colonic enterocytes (Fleming et 
al. 1995, Saarnio et al. 1998a, I, IV). The transmembrane forms, CA IX and XII are 
located on the basolateral surfaces and CA XIV predominantly in the apical brush border 
membrane. The fourth membrane-associated isoenzyme is GPI-linked CA IV which is 
restricted to the brush border membrane.  
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Fig. 6. Schematic model of the cellular absorption and secretion of electrolytes and water in 
the mammalian colon. Examples of ion transport mechanisms are demonstrated in a single 
enterocyte. Na+/H+ exchangers type 1, 2, and 3 (NHE1/2/3), proteins downregulated in 
adenoma (DRA), anion exchangers type 1, 2, and 3 (AE1/2/3), aquaporin 3, 4, and 8 
(AQP3/4/8), cystic fibrosis transmembrane conductance regulator (CFTR), short-chain fatty 
acids (SCFA-), KCl cotransporter (KCC1), carbonic anhydrase (CA). (Dawson 1991, Alrefai 
et al. 2001, Flemström & Isenberg 2001, Seidler et al. 2001, Kunzelmann & Mall 2002.) 
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CA function is ultimately linked to certain transport proteins in both apical and 
basolateral cell membranes. In a recent article Kunzelmann and Mall (2002) have 
thoroughly reviewed these ion transport mechanisms in both colonic absorption and 
secretion. Identification of various ion transport proteins in colon had made it possible to 
build schematic models for ion movement in different segments of the colon. Figure 6 
represents a model for colonic ion and water transport that incorporates current 
knowledge regarding membrane transport processes (Dawson 1991, Alrefai et al. 2001, 
Flemström & Isenberg 2001, Seidler et al. 2001, Kunzelmann & Mall 2002). It is 
important to emphasize that it is still a matter of discussion whether some of the proposed 
ion transport proteins are functional in human colon. The absorption of NaCl can be 
electrogenic or electroneutral depending on the site of the process. In the proximal colon 
the absorption is primarily due to an electroneutral process via parallel luminal Na+/H+ 
and Cl−/HCO3

− exchange (Rajendran & Binder 2000). The electroneutral luminal Na+ 
uptake is driven by the basolateral Na+-K+-ATPase lowering intracellular Na+ 
concentration. Na+ and Cl− transport is coupled via changes in intracellular pH and Cl− 
concentration (Geibel et al. 2001). Electroneutral NaCl absorption is also stimulated by 
short-chain fatty acids (SCFA), which are produced by colonic bacteria. The absorbed 
SCFA can stimulate both apical Na+/H+ and Cl−/HCO3

− exchangers, and thus, have a 
significant impact also on the regulation of colonic fluid balance and luminal as well as 
cytosolic pH (Kunzelmann & Mall 2002). The electrogenic absorption of NaCl mainly 
occurs in the distal colon via the luminal epithelial Na+ channels (ENaC) and 
transcellular/paracellular absorption of Cl− (Greger et al. 1997).  

The participation of the colonic CA in the electroneutral NaCl reabsorption is well 
established. Studies with acetazolamide suggest that CA is involved in the absorption of 
NaCl via the synchronous operation of apical Na+/H+ and Cl−/HCO3

− exchange processes. 
CAs are also shown to participate in the alkalinization of the luminal contens by 
generating HCO3

− for apical Cl−/HCO3
− exchange (Feldman 1994). Recent results from 

Casey’s laboratory have indicated that CAs can physically and functionally associate with 
Cl−/HCO3

− (AE1) and Na+/H+ exchangers (Sterling et al. 2001, 2002, Li et al. 2002). So 
far, CA IV is the only known membrane-bound CA isoenzyme which interacts with AE1 
protein (Sterling et al. 2002). It would be tempting to hypothesize that CA IX, XII and 
XIV could also drive ion exchange across the plasma membrane via a direct link with 
transport protein. The location of the membrane-associated isoenzymes CA IV, IX, XII 
and XIV in the surface epithelium of the colon place them in a strategic position for the 
regulation of luminal and extracellular acid-base homeostasis and microclimate (Fleming 
et al. 1995, Saarnio et al. 1998a, I, IV).  

The net movement of water in colon is driven osmotically. Water is transported via 
both paracellular and transepithelial routes (Spring 1998). Although the proteins involved 
in NaCl absorption have been studied for decades, the exact molecular mechanisms of 
water absorption have remained largely unresolved. Recently, new information on water 
channel proteins, aquaporins (AQP), has opened new avenues to explore this 
understudied area of physiology. From different isoforms of AQPs, at least AQP3, AQP4, 
and AQP8 are expressed in the colonic epithelial cells (Hasegawa et al. 1994, Ishibashi et 
al. 1995, Frigeri et al. 1995, Koyama et al. 1997). AQP3 and AQP4 are expressed at the 
basolateral plasma membrane like CA XII. AQP8 is confined to the apical plasma 
membrane like CA IV and CA XIV. Interestingly, Nakhoul et al. (1998) have shown in 
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Xenopus oocytes that CO2 flux can be mediated by AQP1, and therefore, AQPs could act 
as a gas channel even though CO2 has ealier been believed to diffuse freely across the cell 
membranes. Even though there is no experimental evidence yet available, one could 
speculate that AQPs would be an interesting target when searching protein interactions of 
membrane-bound CAs. By analogy to ion exchangers, AQPs are typically expressed in 
tissues expressing high levels of CAs such as colon, liver, pancreas, kidney, salivary 
gland, and stomach (Ma & Verkman 1999). 

Ion transport mechanisms similar to those described above for the colonic epithelium 
are common in epithelial cells of other GI organs. The best characterized are probably 
those transport proteins and CAs that are expressed in the gastric mucosa. In addition to 
the colonic mucosa, our studies were focused on the two major digestive organs, pancreas 
and liver, in which the role of different CAs has remained a matter of debate. For 
example, expression of CA III is well documented in the rat hepatocytes where it has 
been linked to protection against oxidative damage (Cabiscol & Levine 1995, Mallis et 
al. 2000, 2002). The oxidative modification of CA III was earlier associated to loss of 
phosphatase activity demonstrated in CA III enzyme preparation under the oxidative 
stress (Cabiscol & Levine 1995, 1996). However, more detailed studies showed evidence 
that the phosphatase activity of CA III was due to a contamination of the enzyme (Kim et 
al. 2000).  

In addition to CA III, hepatocytes are known to contain three other CAs, namely CA 
II, VA and XIV (Parkkila S et al. 1994, Dodgson 1991, IV). From these isoenzymes, CA 
XIV is the only membrane-bound form which most probably regulates pH and ion 
transport between the hepatocytes, bile canaliculi and hepatic sinusoids. Even though CA 
XIV showed positive signal in both domains of the plasma membrane, i.e. basolateral and 
apical (canalicular), the apical membrane was more strongly labelled (IV). It is well 
known that bile acids are effectively transported across the apical plasma membrane of 
the hepatocyte into the bile canaliculi (Erlinger 1996). Even though the previous studies 
have shown that Na+/H+ exchanger, Na+-HCO3

− cotransporter and Cl−/HCO3
− exchanger 

are expressed in hepatocytes (Gleeson et al. 1989, Renner et al. 1989, Muller & Jansen 
1997, Strazzabosco et al. 1997, Furimsky et al. 2000), there is no precise information on 
the subcellular localization of these transport proteins. Interestingly, AQP0 and AQP8 
have been demonstrated in the canalicular plasma membrane, suggesting a role for these 
AQPs in regulation of hepatocyte volume and bile secretion (Calamita et al. 2001, Tani et 
al. 2001, Huebert et al. 2002). However, it has been proposed that the major fraction of 
water and electrolyte tranportation into bile takes place at a more distal (ductular) level in 
part under the control of secretin (Erlinger 1996). In either case, we will need to 
reconsider the localization and function of CAs in the entire biliary system using novel 
approaches such as analysis of different knockout animal models. 

The third major area of the present investigation was pancreas, which contains two 
morphologically and functionally different elements: endocrine and exocrine 
compartments. Our studies did not reveal any novel findings related to the endocrine part. 
In the exocrine pancreas, however, both CA IX and XII were found to be expressed in the 
ductal and acinar cells (III). Functionally, the pancreatic epithelial cells have several 
similar features with colonic epithelium in terms of the maintenance of ion and pH 
homeostasis. In this context, it is important to recall that the physiological outcome of the 
pancreatic and colonic function are very different: secretion of bicarbonate-rich fluid in 
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pancreas and absorption of water and electrolytes in colon. The mechanisms involved in 
the pancreatic duct cell ion transport have been recently reviewed by Ishiguro et al. 
(2001). They presented a model where the basolateral plasma membrane contained Na+-
HCO3

− cotransporter and Cl−/HCO3
− exchanger. The bicarbonate secretion across the 

apical plasma membrane was proposed to occur by exchange for Cl− ions on Cl−/HCO3
− 

exchanger working in parallel with the cystic fibrosis transmembrane conductance 
regulator (CFTR) Cl− channel. Solving the question of how different CAs can function in 
pancreatic duct and acinar cells will be a challenging task, not least technically. The 
knockout mouse models will hopefully provide invaluable information on the role of each 
isoenzyme. It is noteworthy, however, that recent studies on CA IX-deficient mice did not 
reveal any pancreatic phenotype (Ortova Gut et al. 2002).  

6.2  Carbonic anhydrases in neoplastic gastrointestinal tissues 

Besides the role of different CA isoenzymes in the normal physiology of the colon, liver 
and pancreas, we also studied the distribution and expression of CAs in GI tumours. 
During the last decade the CA research field gained a lot of attraction as CA IX and XII 
were found to be associated with neoplastic processes. A direct link was obtained by the 
discovery that both isoenzymes are down-regulated by wild-type VHL tumour suppressor 
protein (Ivanov et al. 1998).  

It has recently been demonstrated that CA IX is expressed in the proliferating 
enterocytes of the human colon and it showed a distinct increase in the expression level 
in most adenomas and primary colorectal carcinomas (Saarnio et al. 1998a,b). Expression 
of CA XII was up-regulated in the deep parts of the tumours where it was normally 
weakly expressed (I). In contrast, CA I and II showed maximal immunoreactions in the 
normal colorectal mucosa declining in adenomas and carcinomas (II). Based on the 
immunostaining patterns, these four CA isoenzymes expressed in colon can be considered 
promising tumour markers, which might be utilized as diagnostic tools to assess tumour 
progression to malignancy. 

The reciprocal changes in the expression of the soluble cytoplasmic isoenzymes (CA I 
and II) and the membrane-associated forms (CA IX and XII) observed in colorectal 
tumours are probably due to different mechanisms. Loss of expression of the closely 
linked CA1 and 2 genes could result from loss of alleles specifying these genes. As a 
second option, the down-regulation of CA I and II could also result from reduced levels 
of a common transcription factor. The latter is strongly supported by a recent finding that 
a reduced expression of CA II in colorectal cancer is due to disruption of β-catenin/TCF-4 
activity (van de Wetering et al. 2002). Up-regulation of CA IX and XII could also be 
explained by two different mechanisms. First, contribution of microenvironmental stress 
to development of tumor phenotype has become an increasingly accepted explanation. 
Indeed, Wykoff et al. (2000) have demonstrated a close connection between tumour 
hypoxia and the expression of CA IX and XII. In the same study they showed that up-
regulation of CA IX occurs at the level of transcriptional activation via HIF-1 
transcriptional complex, the critical mediator of hypoxic responses. Second, 
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overexpression of CA IX and XII has been associated with loss of expression of the VHL 
tumour suppressor gene. Our preliminary studies indicated that pVHL is, indeed, 
expressed in the normal and neoplastic colorectal mucosa (Figs 3, 4, 5). Therefore, future 
studies should be aimed to investigate VHL mutations or deletions in the colorectal 
tumours. This would strengthen the hypothesis that loss of this gene product underlies the 
observed up-regulation of CA IX and XII in colorectal tumours.  

Ivanov et al. (1998) hypothesized that CA XII may be involved in tumour invasion by 
acidifying the extracellular milieu surrounding the cancer cells. This acidification would, 
in turn, contribute to activation of enzymes involved in extracellular matrix degradation. 
This hypothesis has been supported by more recent findings that the invasive capacity of 
renal cancer cells is markedly reduced by treating them with acetazolamide, a potent 
inhibitor of CA activity (Parkkila S et al. 2000a). Even more interesting from our point of 
view is the finding that a similar effect was described in cells derived from colorectal 
cancer (Supuran et al. 2001). It is of considerable interest that some other CA inhibitors 
also show substantial antitumour activity and are in phase II clinical trials for treatment of 
different types of cancer (Casini et al. 2002). These trials may turn out to be successful, 
because Teicher et al. (1993) reported that acetazolamide is useful in anticancer therapies 
in combination with cytotoxic agents. Based on the previous and present findings, CA II 
seems to be the major isoenzyme expressed in pancreatic tumours (Parkkila S et al. 1995, 
III). As a high activity isoenzyme it may play a key role in regulating the pH in the 
vicinity of cancer cells, and therefore, it would be the major target in pharmacological 
studies on pancreatic CAs. 



 

7 Conclusions 

− CA XII is absent from the small intestine, but is expressed in all segments of the 
normal large intestine. The positive signal for CA XII is confined to the basolateral 
plasma membranes of the epithelial cells of the surface epithelial cuff. 

− The reciprocal pattern of expression observed for membrane-associated (CA IX and 
XII) and cytoplasmic (CA I and II) isoenzymes in intestinal samples suggests that CA 
IX and XII may be functionally involved in tumour progression to malignancy and/or 
in invasion. 

− CA I and II, which are felt to play important physiological roles in the normal 
colorectal mucosa, may not be required for growth of colorectal cancers and their 
expression consistently diminishes with progression to malignancy. 

− In the human pancreas CA IX and XII appear to be sporadically expressed in the 
basolateral plasma membrane of the normal acinar and ductal epithelium. 

− The increased expression of CA IX in hyperplastic ductal epithelium may contribute to 
the pancreatic tumourigenesis. 

− CA XIV is expressed in the hepatocyte plasma membrane and its localization on both 
apical and basolateral membrane domains suggests an important role for this 
isoenzyme in the regulation of ion and pH homeostasis in the liver. 
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