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Abstract
AIM: To systematically study the expression of carbonic
anhydrase (CA) isozymes IX and XII in gastric tumors.

METHODS: We analyzed a representative series of
specimens from non-neoplastic gastric mucosa and from
various dysplastic and neoplastic gastric lesions for the
expression of CA IX and XII. Immunohistochemical staining
was performed using isozyme-specific antibodies and biotin-
streptavidin complex method.

RESULTS: CA IX was highly expressed in the normal gastric
mucosa and remained positive in many gastric tumors. In
adenomas, CA IX expression significantly decreased towards
the high grade dysplasia. However, the expression resumed
back to the normal level in well differentiated adenocarcinomas,
while it again declined in carcinomas with less differentiation.
In comparison, CA XII showed no or weak immunoreaction in
the normal gastric mucosa and was slightly increased in tumors.

CONCLUSION: These results demonstrate that CA IX
expression is sustained in several types of gastric tumors.
The variations observed in the CA IX levels support the concept
that gastric adenomas and carcinomas are distinct entities
and do not represent progressive steps of a single pathway.
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INTRODUCTION
The carbonic anhydrases (CAs) catalyze the reversible
hydration of carbon dioxide, CO2 + H2O ⇔ HCO3

- + H+, and
participate in various physiological processes, including
respiration, bone resorption, renal acidification, gluconeogenesis,
and formation of cerebrospinal fluid and gastric acid. At
present, 11 functionally active CA isozymes, differing in their
tissue distribution and enzymatic activity, have been identified
in mammals[1-3].
     CA IX was initially described as a tumor-associated integral
plasma membrane antigen (MN)[4]. It has been reported to
contain an extracellular domain with the essential structural
features and high activity of CAs[5-7]. CA IX has been detected
in the normal gastric, intestinal, and biliary mucosa[8]. Because
CA IX is more strongly expressed in the proliferating cryptal
epithelium than in the upper part of the mucosa, it may play a
role in the control of proliferation and differentiation of
intestinal epithelial cells[9]. Cell proliferation is abnormally
increased in premalignant and malignant lesions, and therefore
CA IX has been considered as a potential biomarker for tumor
progression[10]. Previous studies have shown that CA IX is
expressed in a high percentage of human epithelial tumors,
including carcinomas of uterine cervix, lung, kidney, biliary
tract, colon, and breast[11-20]. Most of these tumors arise from
tissues with no or low CA IX expression. On the other hand, it
has been proposed that CA IX is absent or reduced in most
tumors originating from CA IX-positive tissues[8].
    CA XII is another transmembrane CA isozyme, whose
expression has been demonstrated in normal human kidney,
colon, prostate, pancreas, ovary, testis, lung, and brain[21, 22].
By immunohistochemistry, CA XII has been detected at the
basolateral plasma membrane of the superficial epithelial cells
of the colon and rectum, while the small intestine has remained
negative[23]. CA XII protein has also been located in the
epithelial cells of endometrium[24], renal tubules[25], and efferent
ducts[26]. CA XII shows a clear association with some tumors,
which was first reported by Türeci et al.[27]. They showed that
in 10 % of patients with renal cell cancer, the CA XII transcript
was expressed at much higher levels in the tumor than in the
surrounding normal kidney tissue. These results have been
recently confirmed by immunohistochemical staining showing
CA XII expression in most cases of clear cell carcinomas and
oncocytomas[25]. In addition to renal tumors, CA XII is
expressed in a number of colorectal tumors[23] and in ductal
carcinomas of the breast[19].
      CA IX and XII seem to be regulated by similar mechanisms.
First, Ivanov et al.[21] identified the CA9 and CA12 genes as
von Hippel-Lindau (VHL) target genes. They observed that
the wild-type VHL protein down-regulated the transcription
of CA IX and XII mRNA, indicating that these isozymes may
have a potential role in VHL-mediated carcinogenesis. Second,
both isozymes have been induced under hypoxic conditions
in tumors and cultured tumor cells[22,28]. Hypoxia activates
transcription through hypoxia inducible factor-1 (HIF-1),
which is composed of two subunits (HIF-1α and HIF-1α)[29].
It is also known that VHL gene product (pVHL) interacts with
HIF-1α and is required for the destruction of HIF-1α under
normoxic conditions[30]. Taken together, it seems plausible that



CA IX and XII are functionally connected to neoplastic
processes controlled by HIF-1 and pVHL[22]. Furthermore, high
expression of CA IX and XII in tumors has suggested that
they may functionally participate in the invasion process,
which is facilitated by acidification of extracellular space. In
favor of this hypothesis, it has been shown in vitro that CA
inhibitors can reduce the invasion capacity and/or
proliferation of cancer cells[31-34].
     The present study was designed to examine the expression
of CA IX and XII in gastric tumors. Even though gastric mucosa
is known to be the predominant site of CA IX expression, tumors
originating from this area have not been comprehensively studied
for the expression of these isozymes.

MATERIALS AND METHODS

Antibodies
The polyclonal rabbit antibodies against human CA XII have
been produced earlier[24]. The monoclonal antibody M75
against human CA IX has also been described earlier[4]. Both
antibodies have been characterized for specificity and they have
shown no cross-reactivity with other CAs[9,24].

Immunocytochemistry
The tissue samples from the non-neoplastic gastric mucosa
and the corresponding benign and/or malignant neoplastic
samples were obtained alongside routine histopathological
specimens collected at Oulu University Hospital (Oulu,
Finland). The numbers of samples in each histological
category are shown in Table 1. The study was approved by
the Ethics Committee of Oulu University Hospital and
performed according to the guidelines of the Declaration of
Helsinki.

Table 1  Number of gastric specimens analyzed for CA IX and
XII expression

Diagnosis CA IX (n) CA XII (n)

Nonneoplastic cardia        7        5
Nonneoplastic corpus      21      15
Nonneoplastic antrum      26      17
Hyperplasia      13        3
Adenoma, slight dysplasia      11        4
Adenoma, moderate dysplasia        8        3
Adenoma, severe dysplasia        3        1
Adenocarcinoma, grade I      11        8
Adenocarcinoma, grade II      16      15
Adenocarcinoma, grade III      16      15
Diffuse carcinoma      18      15
Metastasis of gastric carcinoma      13      13
Intestinal metaplasia      33      20

   The specimens were fixed in 4 % neutral-buffered
formaldehyde for 24-48 h. Then they were dehydrated,
embedded in paraffin in a vacuum oven at 58 , and 5 µm
sections were placed on Superfrostä microscope slides (Menzel
Gläser, Braunschweig, Germany). The CA isozymes were
immunostained by the biotin-steptavidin complex method,
employing the following steps: (a) Pretreatment of sections
with undiluted cow colostrum (Biotop Ltd, Oulu, Finland) for
30 min and rinsing in phosphate-buffered saline (PBS). (b)
Incubation for 1 h with anti-CA XII serum (1:100), normal
rabbit serum (1:100) or hybridoma medium with M75 antibody
(1:10) in 1 % BSA-PBS. (c) Incubation for 1 h with biotinylated
swine anti-rabbit IgG (Dakoplatts, Glostrup, Denmark) or goat

anti-mouse IgG (Dakopatts) diluted 1:300 in 1 % BSA-PBS.
(d) Incubation for 30 min with peroxidase-conjugated
steptavidin (Dakoplatts) diluted 1:500 in PBS and (e)
incubation for 2 min in DAB solution containing 9 mg 3,3’-
diaminobenzidine tetrahydrochloride (Fluka, Buchs,
Switzerland) in 15 ml PBS and 5 µl 30 % H2O2. The sections
were washed 3 times for 10 min in PBS after incubation steps
b and c, and 4 times for 5 min after step d. All the incubations
and washings were carried out at room temperature. After the
immunostaining, the tumor sections were counterstained with
hematoxylin. The stained sections were examined and
photographed with Zeiss Axioplan 2 microscope (Zeiss,
Göttingen, Germany).
    The immunohistochemical results were semiquantitative
based on the percentage of the positive cells and on the intensity
of the epithelial staining evaluated in a total field of a single
section. The extent of staining (EXT) was scored by four
investigators (M.L., J.S., T.J.K., and S.Par.) as 1 when 1-10 %
of the cells stained, 2 when 11-50 % of the cells stained, and 3
when 51-100 % of the cells stained. A negative score (0) was
given to tissue sections which had no evidence of specific
immunostaining. The intensity of staining (INT) was scored on a
scale of 0 to 3 as follows: 0, no reaction; 1, weak reaction; 2,
moderate reaction; 3, strong reaction. In the normal and
hyperplastic gastric mucosa, the scores were first counted in the
luminal surface, proliferative zone and glands, and relative staining
indices (on the scale 0-3) were calculated separately for each
histological layer using the following formula: ⌡(EXT×INT). In
the adenomas and metaplasias, the EXT and INT scores were
counted separately in the deep and superficial parts of the
mucosa, and the relative staining indices were calculated
accordingly for both regions. Finally, the staining indices
obtained in each region were used to calculate the mean values
for each normal sample or lesion. The principle of these
calculations is shown in Figure 1.

Figure 1  The principle for calculation of the relative staining
index in one normal gastric sample (LS=luminal surface,
PZ=proliferative zone, G=gastric glands).

Statistical analysis
Statistical analysis of the results was performed using SPSS
for Windows software (SPSS Inc.). One-way analysis of
variance was used to compare the staining for CA isozymes
in different lesions. The pairwise comparisons between group
means were performed using multiple comparison tests:
Bonferroni, Tukey’s honestly significant difference test,
Sidak, Gabriel, Hochberg, and LSD (least significant
difference).

RESULTS

Expression of CA IX
One intriguing finding of the present study was that the CA
IX expression was sustained at relatively high level in many
gastric tumors. Figure 2 shows some examples of CA IX
immunostaining in the normal gastric mucosa (A) and different
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gastric lesions (B-F). In the normal mucosa, CA IX was
localized in all major cell types including parietal cells, chief
cells, and mucus producing surface epithelial cells as described
previously by Pastoreková et al.[8]. The positive staining
covered all epithelial types of the gastric mucosa including
glands, proliferative zone and the superficial epithelium of the
mucosa. The staining was observed to be slightly weaker in
the proliferative zone (data not shown) that contrasted with
previous staining results in intestine where CA IX was mainly
confined to the proliferative enterocytes[9]. Figure 2B
demonstrates a typical distribution pattern of CA IX in intestinal
metaplasia. It was notable that it was expressed in the crypts
of metaplastic epithelium which was in line with its high
expression in Lieberkühn crypts of the normal gut. Figure 3
demonstrates the mean staining indices for CA IX in the
samples of normal gastric mucosa, hyperplasia, adenoma,
adenocarcinoma, diffuse carcinoma, metastasis of gastric
cancer, and metaplasia. The results demonstrated that the
average staining reactions were quite similar in normal and
hyperplastic gastric mucosa, while they became significantly
weaker in dysplastic and malignant lesions. Figure 4 shows
CA IX staining indices in gastric lesions grouped according to

the stages of dysplasia and grades of malignancy. This analysis
surprisingly revealed that adenomas and carcinomas formed
two distinct entities based on the CA IX immunostaining. In
adenomas, CA IX staining indices declined from 1.3-1.4 in
lesions with slight or moderate dysplasia to 0.3 in those with
severe dysplasia. In grade I adenocarcinomas, the staining
index remained at the same level with normal and hyperplastic
mucosa, while it again declined in carcinomas with higher
malignancy grades.

Expression of CA XII
Figure 5 shows examples of CA XII immunostaining in the
normal gastric mucosa and different lesions. Figures 6 and 7
show the staining indices for CA XII. In the non-neoplastic
gastric mucosa, CA XII showed no or weak immunoreactions.
The staining indices appeared to be significantly increased in
hyperplastic and adenomatous lesions as well as in grades I
and II adenocarcinomas and metastases, although they did not
reach the values observed with CA IX. The indices were only
very slightly increased in grade III adenocarcinomas and
diffuse carcinomas, but the difference was not statistically
significant.

Figure 2  Immunohistochemical staining of CA IX in normal gastric mucosa (A), metaplasia (B), adenoma with moderate dyspla-
sia (C), adenocarcinoma grade II (D), adenocarcinoma grade III (E), and diffuse carcinoma (F). In the normal mucosa, CA IX was
expressed in all histological layers covering the luminal surface (LS), proliferative zone (PZ), and gastric glands (G). It was notable
that CA IX was confined to deep crypts in metaplastic epithelium. The adenoma sample and all malignant lesions shown in this
figure were positive for CA IX. (Original magnifications ×200).
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Figure 3  The mean staining indices for CA IX in the normal gastric mucosa and different gastric lesions (P=0.002, normal vs
dysplasia, adenocarcinoma, and metaplasia).
Figure 4  The mean staining indices for CA IX in the normal gastric mucosa and lesions grouped according to the stages of
dysplasia and grades of malignancy (P<0.05, normal vs gd, gr. II and gr. III).
Figure 5  Immunohistochemical staining of CA XII in normal gastric mucosa (A), metaplasia (B), adenoma with moderate dyspla-
sia (C), adenocarcinoma grade II (D), adenocarcinoma grade III (E), and diffuse carcinoma (F). From these samples, CA XII was
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DISCUSSION
CA IX is present in several types of human tumors, whereas it
is usually absent in the normal tissues from which these tumors
originate. For example, it is expressed in neoplasias of uterine
cervix and renal cell carcinomas, but not in the normal cervix
or kidney[12,13,15,35]. On the other hand, there are only a few non-
cancerous tissues expressing MN/CA IX, including epithelia
of stomach, intestine, and gallbladder[8]. The present study was
focused on the tumors arising from the gastric mucosa, which
is normally the predominant site of CA IX expression. One
interesting finding of the present study was that CA IX
expression was sustained in most cases of gastric neoplasias,
even though the expression indices declined compared to the
normal and hyperplastic gastric mucosa.
     The exact molecular mechanisms of gastric tumorigenesis
are still under discussion. Some investigators have postulated
that differentiated adenocarcinoma may arise from pre-existing
adenoma, following a similar adenoma-carcinoma sequential
axis as described for colorectal tumors[36]. However, when
gastric adenomas and adenocarcinomas were examined for loss
of heterozygosity using microsatellite markers or MUC gene
expression, the results suggested that the adenoma-carcinoma
sequence was not a major pathway in gastric carcinogenesis[37-41].
Since CA IX expression levels seemed to be very low in
adenomas with severe dysplasia and normal in grade I
adenocarcinoma, the present findings could support the concept
that these tumor types are usually distinct entities and do not
represent progressive steps from one to the other. In this respect,
CA XII did not show any prominent changes in different tumor
categories, although its expression was slightly increased in
all pathological lesions compared to the nonneoplastic gastric
mucosa.
     CA IX differs from the other CA isozymes in that it has a
proposed dual function as an efficient enzyme[7] and as an
adhesion molecule[42,43]. This dual function appears to be related
to the structure of CA IX molecule that consists of an
extracellularly exposed N-terminal proteoglycan-like region
and a CA domain. The CA domain may contribute to the
regulation of acid-base homeostasis on the basolateral surfaces
of the gastrointestinal epithelial cells. In tumors, CA activity
has been suggested to participate in acidification of an
extracellular microenvironment facilitating tumor invasion[21].
On the other hand, the adhesion properties of CA IX may be
involved in the maintenance of mucosal integrity contributing
to proper intercellular contacts and communication[42,43]. Recent
studies in CA9 knockout mice have indicated that CA IX is,
indeed, an important factor in gastric morphogenesis and
homeostasis of the gastric epithelium possibly acting through
the control of cell differentiation and proliferation[44]. The
proposed involvement of CA IX in cell differentiation agrees
with our observation that high expression of CA IX was
associated with a differentiated phenotype of gastric epithelial
cells. However, this fact is in contrast to data from other types
of tumors, e.g. breast carcinomas, where CA IX expression is
increased in tumors with less differentiation, while the opposite
is true for CA XII[19].
     Even though the present results indicated that CA IX and
XII were not specific biomarkers for any categories of gastric
tumors, and thus their clinical significance may be limited in
this area, they have already revolutionized the field of the CA
research in terms of the proposed functions. CA IX and XII

are not only enzymatically active isoforms, but also play several
important roles in biological processes such as malignant cell
invasion[31], cell adhesion[42,43], and cell proliferation[9,10]. These
“cancer-associated CAs” are also considered as potential targets
in cancer therapy[21,35,45] and a number of promising anticancer
therapeutic agents directed to inhibition of CA activity have
already been developed and await further evaluation[32-34].

ACKNOWLEDGMENT
The technical assistance of Lissu Hukkanen is gratefully
acknowledged.

REFERENCES
1 Sly WS, Hu PY. Human carbonic anhydrases and carbonic an-

hydrase deficiencies. Annu Rev Biochem 1995; 64: 375-401
2 Hewett-Emmett D,  Tashian RE. Functional diversity,

conversation, and convergence in the evolution of the α-, β-, and
γ-carbonic anhydrase gene families. Mol Phylogenet Evol 1996; 5:
50-77

3 Hewett-Emmett D. Evolution and distribution of the carbonic
anhydrase gene families. In: Chegwidden WR, Carter ND,
Edwards YH, eds. The carbonic anhydrases. New Horizons. Basel:
Birkhäuser Verlag 2000: 29-76

4 Pastoreková S, Závadová Z, Kost’ál M, Babusiková O, Závada J.
A novel quasi-viral agent, MaTu, is a two-component system.
Virology 1992; 187: 620-626

5 Pastorek J, Pastorekovà S, Callebaut I, Mornon JP, Zelnìk V,
Opavský R, Zatòvilovà M, Liao S, Portetelle D, Stanbridge EJ,
Zàvada J, Burny A, Kettman R. Cloning and characterization of
MN, a human tumor-associated protein with a domain homolo-
gous to carbonic anhydrase and a putative helix-loop-helix DNA
binding segment. Oncogene 1994; 9: 2877-2888

6 Opavský R, Pastorekovà S, Zelník V, Gibadulinovà A, Stanbridge
EJ, Zàvada J, Kettman R, Pastorek J. MN/CA9 gene, a novel
member of the carbonic anhydrase family: structure and exon to
protein domain relationships. Genomics 1996; 33: 480-487

7 Wingo T, Tu C, Laipis PJ, Silverman DN. The catalytic proper-
ties of human carbonic anhydrase IX. Biochem Biophys Res Commun
2001; 288: 666-669

8 Pastoreková S, Parkkila S, Parkkila AK, Opavský R, Zelnik V,
Saarnio J, Pastorek J. Carbonic anhydrase IX, MN/CA IX: analy-
sis of stomach complementary DNA sequence and expression
in human and rat alimentary tracts. Gastroenterology 1997; 112:
398-408

9 Saarnio J, Parkkila S, Parkkila AK, Waheed A, Casey MC, Zhou
ZY, Pastoreková S, Pastorek J, Karttunen T, Haukipuro K,
Kairaluoma MI, Sly WS. Immunohistochemistry of carbonic an-
hydrase isozyme IX (MN/CA IX) in human gut reveals polar-
ized expression in the epithelial cells with the highest prolifera-
tive capacity. J Histochem Cytochem 1998; 46: 497-504

10 Saarnio J, Parkkila S, Parkkila AK, Haukipuro K, Pastoreková S,
Pastorek J, Kairaluoma MI, Karttunen TJ. Immunohistochemical
study of colorectal tumors for expression of a novel transmem-
brane carbonic anhydrase, MN/CA IX, with potential value as a
marker of cell proliferation. Am J Pathol 1998; 153: 279-285

11 Závada J, Závadová Z, Pastoreková S, Ciampor F, Pastorek J,
Zelník V. Expression of MaTu-MN protein in human tumor cul-
tures and in clinical specimens. Int J Cancer 1993; 54: 268-274

12 Liao SY, Brewer C, Zàvada J, Pastorek J, Pastorekovà S, Manetta
A, Bermann ML, DiSaia PJ, Stanbridge EJ. Identification of the
MN antigen as a diagnostic biomarker of cervical intraepithelial
squamous and glandular neoplasia and cervical carcinomas. Am
J Pathol 1994; 145: 598-609

13 McKiernan JM, Buttyan R, Bander NH, Stifelman MD, Katz AE,

not expressed in the normal epithelium and showed weak expression in metaplastic epithelium and diffuse carcinoma. The signal
was stronger in adenoma and adenocarcinoma samples.
Figure 6  The mean staining indices for CA XII in the normal gastric mucosa and different gastric lesions (P<0.05, normal vs
adenocarcinoma).
Figure 7  The mean staining indices for CA XII in the normal gastric mucosa and lesions grouped according to the stages of
dysplasia and grades of malignancy (P=0.003, normal vs gr. II).

1402                 ISSN 1007-9327          CN 14-1219/ R          World J Gastroenterol     July 15, 2003   Volume 9   Number 7



Chen MW, Olsson CA, Sawczuk IS. Expression of the tumor-as-
sociated gene MN: a potential biomarker for human renal cell
carcinoma. Cancer Res 1997; 57: 2362-2365

14 Vermylen P, Roufosse C, Burny A, Verhest A, Bosschaerts T,
Pastorekova S, Ninane V, Sculier JP. Carbonic anhydrase IX an-
tigen differentiates between preneoplastic malignant lesions in
non-small cell lung carcinoma. Eur Respir J 1999; 14: 806-811

15 Liao SY, Stanbridge EJ. Expression of the MN antigen in cervical
papanicolau smears is a diagnostic biomarker of cervical
dysplasia. Cancer Epidemiol Biomarkers Prev 1996; 5: 549-555

16 Saarnio J, Parkkila S, Parkkila AK, Pastoreková S, Haukipuro K,
Pastorek J, Juvonen T, Karttunen TJ. Transmembrane carbonic
anhydrase, MN/CA IX, is a potential biomarker for biliary
tumours. J Hepatol 2001; 35: 643-649

17 Giatromanolaki A, Koukourakis MI, Sivridis E, Pastorek J,
Wykoff CC, Gatter KC, Harris AL. Expression of hypoxia-induc-
ible carbonic anhydrase-9 relates to angiogenic pathways and
independently to poor outcome in non-small cell lung cancer.
Cancer Res 2001; 61: 7992-7998

18 Chia SK, Wykoff CC, Watson PH, Han C, Leek RD, Pastorek J,
Gatter KC, Ratcliffe P, Harris AL. Prognostic significance of a
novel hypoxia-regulated marker, carbonic anhydrase IX, in in-
vasive breast carcinoma. J Clin Oncol 2001; 19: 3660-3668

19 Wykoff CC, Beasley N, Watson PH, Campo L, Chia SK, English
R, Pastorek J, Sly WS, Ratcliffe P, Harris AL. Expression of the
hypoxia-inducible and tumor-associated carbonic anhydrases in
ductal carcinoma in situ of the breast. Am J Pathol 2001; 158: 1011-
1019

20 Bartošová M, Parkkila S, Pohlodek K, Karttunen TJ, Galbavý S,
Mucha V, Harris AL, Pastorek J, Pastoreková S. Expression of
carbonic anhydrase IX in breast is associated with malignant tis-
sues and related to overexpression of c-erbB2. J Pathol 2002; 197:
314-321

21 Ivanov SV, Kuzmin I, Wei MH, Pack S, Geil L, Johnson BE,
Stanbridge EJ, Lerman MI. Down regulation of transmembrane
carbonic anhydrases in renal cell carcinoma cell lines by wild-
type von Hippel¯Lindau transgenes. Proc Natl Acad Sci USA 1998;
95: 12596¯12601

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

23 Kivelä A, Parkkila S, Saarnio J, Karttunen TJ, Kivelä J, Parkkila
AK, Waheed A, Sly WS, Grubb JH, Shah G, Türeci Ö, Rajaniemi
H. Expression of a novel transmembrane carbonic anhydrase
isozyme XII in normal human gut and colorectal tumors. Am J
Pathol 2000; 156: 577¯584

24 Karhumaa P, Parkkila S, Türeci Ö, Waheed A, Grubb JH, Shah
G, Parkkila AK, Kaunisto K, Tapanainen J, Sly WS, Rajaniemi H.
Identification of carbonic anhydrase XII as the membrane isozyme
expressed in the normal human endometrial epithelium. Mol Hum
Reprod 2000; 6: 68-74

25 Parkkila S, Parkkila AK, Saarnio J, Kivelä J, Karttunen TJ,
Kaunisto K, Waheed A, Sly WS, Türeci Ö, Virtanen I, Rajaniemi
H. Expression of the membrane-associated carbonic anhydrase
isozyme XII in the human kidney and renal tumors. J Histochem
Cytochem 2000; 48: 1601-1608

26 Karhumaa P, Kaunisto K, Parkkila S, Waheed A, Pastoreková S,
Pastorek J, Sly WS, Rajaniemi H. Expression of the transmem-
brane carbonic anhydrases, CA IX and CA XII, in the human
male excurrent ducts. Mol Hum Reprod 2001; 7: 611-616

27 Türeci Ö, Sahin U, Vollmar E, Siemer S, Göttert E, Seitz G,
Parkkila AK, Shah GN, Grubb JH, Pfreundschuh M, Sly WS.
Human carbonic anhydrase XII, cDNA cloning, expression, and
chromosomal localization of a carbonic anhydrase gene that is

overexpressed in some renal cell cancers. Proc Natl Acad Sci USA
1998; 95: 7608-7613

28 Wykoff CC, Beasley N, Watson PH, Turner KJ, Pastorek J, Sibtain
A, Wilson GD, Turley H, Talks K, Maxwell PH, Pugh CW,
Ratcliffe PJ, Harris AL. Hypoxia inducible expression of tumor
associated carbonic anhydrases. Cancer Res 2000; 60: 7075-7083

29 Semenza GL. Hypoxia, clonal selection, and the role of HIF-1 in
tumor progression. Crit Rev Biochem Mol Biol 2000; 35: 71-103

30 Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC,
Cockman ME, Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ. The
tumour suppressor protein VHL targets hypoxia-inducible fac-
tors for oxygen-dependent proteolysis. Nature 1999; 399: 271-275

31 Parkkila S, Rajaniemi H, Parkkila AK, Kivelä J, Waheed A,
Pastoreková S, Pastorek J, Sly W. Carbonic anhydrase inhibitor
suppresses invasion of renal cancer cells in vitro. Proc Natl Acad
Sci USA 2000; 97: 2220-2224

32 Supuran CT, Scozzafava A. Carbonic anhydrase inhibitors. Curr
Med Chem 2001; 1: 61-97

33 Supuran CT, Briganti F, Tilli S, Chegwidden WR, Scozzafava A.
Carbonic anhydrase inhibitors: Sulfonamides as antitumor
agents? Bioorg Med Chem 2001; 9: 703-714

34 Supuran CT, Scozzafava A. Applications of carbonic anhydrase
inhibitors and activators in therapy. Expert Opin Ther Patents 2002;
12: 217-242

35 Uemura H, Nakagawa Y, Yoshida K, Saga S, Yoshikawa K, Hirao
Y, Oosterwijk E. MN/CA IX/G250 as a potential target for im-
munotherapy of renal cell carcinomas. Br J Cancer 1999; 81: 741-
746

36 Uchino S, Noguchi M, Ochiai A, Saito T, Kobayashi M, Hirohashi
S. p53 mutation in gastric cancer: a genetic model for carcino-
genesis is common to gastric and colorectal cancer. Int J Cancer
1993; 54: 759-764

37 Maesawa C, Tamura G, Suzuki Y, Ogasawara S, Sakata K,
Kashiwaba M, Satodate R. The sequential accumulation of ge-
netic alterations characteristic of the colorectal adenoma-carci-
noma sequence does not occur between gastric adenoma and
adenocarcinoma. J Pathol 1995; 176: 249-258

38 Tamura G, Sakata K, Maesawa C, Suzuki Y, Terashima M, Satoh
K, Sekiyama S, Suzuki A, Eda Y, Satodate R. Microsatellite alter-
ations in adenoma and differentiated adenocarcinoma of the
stomach. Cancer Res 1995; 55: 1933-1936

39 Tamura G. Molecular pathogenesis of adenoma and differenti-
ated adenocarcinoma of the stomach. Pathol Int 1996; 46: 834-841

40 Semba S, Yokozaki H, Yamamoto S, Yasui W, Tahara E.
Microsatellite instability in precancerous lesions and adenocar-
cinomas of the stomach. Cancer 1996; 77: 1620-1627

41 Tsukashita S, Kushima R, Bamba M, Sugihara H, Hattori T. MUC
gene expression and histogenesis of adenocarcinoma of the
stomach. Int J Cancer 2001; 94: 166-170

42 Závada J, Závadová Z, Machon O, Kutinova L, Nemeckova S,
Opavský R, Pastorek J. Transient transformation of mammalian
cells by MN protein, a tumor-associated cell adhesion molecule
with carbonic anhydrase activity. Int J Oncol 1997; 10: 857-863

43 Závada J, Závadová Z, Pastorek J, Biesová Z, Jezek J, Velek J.
Human tumor-associated cell adhesion protein MN/CA IX: iden-
tification of M75 epitope and of the region mediating cell
adhesion. Br J Cancer 2000; 82: 1808-1813

44 Gut MO, Parkkila S, Vernerová Z, Rohde E, Závada J, Höcker
M, Pastorek J, Karttunen T, Gibadulinová A, Závadová Z,
Knobeloch KP, Wiedenmann B, Svoboda J, Horak I, Pastoreková
S. Gastric hyperplasia in mice with targeted disruption of the
carbonic anhydrase gene Car9. Gastroenterology 2002; 123: 1889-
1903

45 Uemura H, Kitagawa H, Hirao Y, Okajima E, Debruyne FMJ,
Oosterwijk E. Expression of tumor-associated antigen MN/G250
in urologic carcinoma: potential therapeutic target. J Urol Suppl
1997; 157: 377

Edited by Xu XQ

Leppilampi M et al. Carbonic anhydrase in gastric tumors          1403


