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An acidic extracellular pH is a fundamental property

of the malignant phenotype. In von Hippel-Lindau

(VHL)-defective tumors the cell surface transmem-

brane carbonic anhydrase (CA) CA9 and CA12 genes

are overexpressed because of the absence of pVHL.

We hypothesized that these enzymes might be in-

volved in maintaining the extracellular acidic pH in

tumors, thereby providing a conducive environment

for tumor growth and spread. Using Northern blot

analysis and immunostaining with specific antibodies

we analyzed the expression of CA9 and CA12 genes

and their products in a large sample of cancer cell

lines, fresh and archival tumor specimens, and nor-

mal human tissues. Expression was also analyzed in

cultured cells under hypoxic conditions. Expression

of CA IX and CA XII in normal adult tissues was de-

tected only in highly specialized cells and for most

tissues their expression did not overlap. Analysis of

RNA samples isolated from 87 cancer cell lines and 18

tumors revealed high-to-moderate levels of expres-

sion of CA9 and CA12 in multiple cancers. Immuno-

histochemistry revealed high-to-moderate expression

of these enzymes in various normal tissues and mul-

tiple common epithelial tumor types. The immuno-

staining was seen predominantly on the cell surface

membrane. The expression of both genes was mark-

edly induced under hypoxic conditions in tumors and

cultured tumor cells. We conclude that the cell surface

trans-membrane carbonic anhydrases CA IX and CA

XII are overexpressed in many tumors suggesting that

this is a common feature of cancer cells that may be

required for tumor progression. These enzymes may

contribute to the tumor microenvironment by main-

taining extracellular acidic pH and helping cancer

cells grow and metastasize. Our studies show an im-

portant causal link between hypoxia, extracellular

acidification, and induction or enhanced expression

of these enzymes in human tumors. (Am J Pathol

2001, 158:905–919)

The development of solid human tumors may be approx-

imated by a two-stage model. In stage one, the malignant

cells grow into small tumors, which then stop growing

because of an inadequate supply of oxygen (hypoxia). In

stage two, hypoxia triggers a drastic change in gene

expression, followed by clonal selection within the tumor

cell population for cells with increased adaptation to hyp-

oxia.1 This leads to angiogenesis2 and a fundamental

switch in energy metabolism, replacing respiration with

glycolysis.3–5 These changes further lead to a new com-

promised microenvironment within and around the tumor

mass, characterized by low oxygen tension, high hydro-

static pressure, and an acidic extracellular pH (pHe).6,7

The hypoxia-inducible transcription factor (HIF1) controls

the expression of several dozen target genes, including

those involved in energy metabolism (glucose transport-

ers, glycolytic enzymes), angiogenesis [vascular endo-

thelial growth factor (VEGF) and VEGFR-1], and surface

transmembrane carbonic anhydrases (CAs).1,2,8–11 HIF1

is considered to be a master regulator gene that inte-

grates pathways regulating physiological responses to

acute and chronic hypoxia.1,11–15 pVHL is an integral part

Supported in part by National Cancer Institute, National Institutes of

Health, contract no. NO1-CO-56000 and CA19401 from the National

Cancer Institute.

S. I. and S.-Y. L contributed equally to this work.

Accepted for publication November 17, 2000.

Address reprint requests to Dr. Sergey Ivanov, Science Application

International Corp., Frederick Laboratory of Immunology, Bldg. 560, NCI-

FCRDC, P. O. Box B, Frederick, MD 21702. E-mail: ivanov@ncifcrf.gov.

American Journal of Pathology, Vol. 158, No. 3, March 2001

Copyright © American Society for Investigative Pathology

905



of a novel multiprotein ubiquitin ligase complex, termed

VBC (VHL/Elongin B/Elongin C), that recruits important

cellular proteins for rapid degradation by the ubiquitin-

proteasome proteolysis system. The most plausible can-

didate targets for this proteolytic degradation include

HIF1-a and HIF2-a.8,16–18 Both HIF-a subunits are pVHL-

binding proteins that are targeted by pVHL, presumably

via the VBC complex, for degradation in normoxic but not

hypoxic conditions.8 Therefore, pVHL is responsible for

control of the hypoxia-driven changes in gene expression

in tumors, thereby initiating and augmenting the second

stage of tumor development. In VHL-defective tumors,

curiously enough, the two fundamental stages of tumor

development occur either simultaneously or in reverse,

first triggering the hypoxia-cellular response, followed by

proliferation of transformed cells, consistent with the an-

giogenic phenotype of tumors seen in the VHL syndrome.

Previously, we discovered that in VHL patients the CA9

and CA12 genes are overexpressed in tumors because

of the absence of pVHL, and argued that these CA en-

zymes might be involved in sensing and maintaining the

acidic tumor microenvironment.10 We have now ex-

tended these observations by analyzing the expression

of CA IX and CA XII in a large sample of cancer cell lines

and fresh or archival tumor specimens. Here we show

that either one or both genes are overexpressed in many

tumor types, suggesting that this is a common feature of

cancer cells, consistent with the fundamental role of VHL

in tumor development. We believe that overexpression of

these enzymes contributes to the acidic tumor microen-

vironment and helps the cancer cells to grow and metas-

tasize.

Materials and Methods

Cancer Cell Line RNA Collection

We used 45 mRNA samples isolated from cancer cell

lines provided by the Developmental Therapeutics Pro-

gram, Frederick Cancer Research and Development

Center, National Cancer Institute. Additional mRNA sam-

ples from central nervous system (CNS) tumor cell lines

U105MG, U251MG, U373MG, and G4; leukemia cell lines

U937 and HL60; the renal cell carcinoma cell line UM-

RC-29; and the monocyte cell line THP-1 were kindly

provided by Dr. Teizo Yoshimura (NCI-Frederick, Freder-

ick, MD). Non-small cell carcinoma (H1373, H1264,

H1693, H1944, H838, H1299, H157, H1466, H460, H727,

and H28), small-cell carcinoma cell lines (H1184, H2081,

H2227, H1086, H841, H69, H1820, H660, H1769, H446,

H1238, H748, and H2552), cancer cell lines SCC-35,

MCF-7-adr, SQ-20B, 510-HPV-18, and Scid (5020) were

kindly provided by Dr. Bruce Johnson (NCI, Bethesda,

MD). The human glioblastoma cell line, U87, was pur-

chased from ATCC (Manassas, VA). RNA samples from

other cancer cell lines were available on the Clontech

MTN blot no. 7757-1, and samples from normal tissues on

MTE Array no. 7775--1 blot (Clontech, Palo Alto, CA).

Molecular Techniques

Total RNA and mRNA isolation from cell lines and tumor

tissues was done using commercially available kits (In-

vitrogen, Carlsbad, CA; Life Technologies, Inc., Grand

Island, New York). Electrophoresis in formaldehyde gels

and Northern blot analysis were performed according to

published procedures.10,19 Quantification of Northern hy-

bridization signals was done as described previously10

or using a VE-1000 Video Camera System (Dage-MTI,

Inc., Michigan City, IN) and NIH Image Version 1.6.1

software.

Tissue Specimens

The normal adult tissues from all organ sites and the

corresponding benign and/or malignant neoplastic tis-

sues were obtained from routine pathology specimens at

St. Joseph Hospital (Orange, CA). These organs include

the brain (cerebrum, cerebellum, ventricle, pons, pituitary

gland), eyes, nose, throat, upper and lower respiratory

system, heart, upper and lower gastrointestinal system

(esophagus, stomach, small and large intestine), pan-

creas, liver, biliary system including gallbladder, female

and male urogenital system (kidney, ureter, bladder, tes-

ticle, cervix, uterus, fallopian tube, ovary), adrenal gland,

thyroid, parathyroid, salivary gland, spleen, bone, mus-

cle, cartilage, skin, and the body cavity. All tissue sam-

ples were processed within 6 hours of surgical resection

and fixed in 10% neutral-buffered formalin or snap-fro-

zen. The formalin-fixed tissues were paraffin-embedded,

sectioned, and stained with hematoxylin and eosin (H&E)

for light microscopic examination.

Immunohistochemical Studies

The mouse monoclonal antibody (MN75) used to detect

the MN/CA IX protein and the rabbit polyclonal antibody

to CA XII protein have been described previously.20,21

Immunohistochemical staining of tissue sections with an-

ti-CA IX and anti-CA XII antibodies was done using a

peroxidase technique with microwave pretreatment, as

described previously.22 Known positive and negative tis-

sue specimens were included in each run. For CA IX

immunostaining, the primary antibody was used at a

1:10,000 dilution and the CA XII at a 1:500 dilution. The

immunohistochemical results were semiquantitative

based on the percentage of the positive cells seen in a

total field of a single section. The pattern of staining was

scored as diffuse when $40% of the cells stained and

focal when ,40% of the cells stained. A negative score

was given to tissue sections that had no evidence of

specific immunostaining.

pH Determination, Glucose Uptake, and

Hypoxia Conditions in Cell Culture

Renal clear-cell carcinoma cell line 786-0 and its deriva-

tive, expressing the wtVHL transgene, were described

earlier.10 They were grown to confluence in Dulbecco’s
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modified Eagle’s medium (cat. no. 11965-084; Life Tech-

nologies, Inc.) with 10% bovine fetal serum (Sigma, St.

Louis, MO). Three independent experiments on pH and

glucose measurements in the media were done using a

Hanna Instruments microcomputer pH meter (model

HI931000) and Infinity Glucose Reagent (Sigma Diagnos-

tics, cat. no. 18-20). U87 cell culture and maintenance of

hypoxia were performed as previously described.19

Results

Northern Blot Analysis of CA9 and CA12 in

Normal/Tumor Tissues, and Tumor Cell Lines

Using MTE array blots containing 68 different mRNAs

from a variety of normal adult tissues, we observed that

the CA12 gene was highly expressed in kidney, colon

and rectum, esophagus, brain, and the pancreas,

whereas the mammary gland, bladder, uterus, trachea,

and aorta showed low levels of expression. In the brain,

only the corpus striatum [caudate nucleus (E2) and pu-

tamen (H2)] produced strong hybridization signals with

the CA12 probe (Figure 1). Moderate expression of CA9

was observed in a limited number of tissues that included

stomach and, to an even lesser extent, heart, liver, pan-

creas, and salivary gland (Figure 1). These data were

consistent with hybridization results obtained with the

MTN blots. In addition, low signals were also observed in

brain and placenta (data not shown). We detected no

significant differences in the distribution of CA12 expres-

sion in a variety of fetal tissues compared to normal adult

tissues (Figure 1, column 11; and data not shown). In the

case of CA9, however, fetal lung and muscle demon-

strated high levels of expression whereas adult lung and

muscle were negative (data not shown).

Northern blot analyses of mRNAs obtained from a

large number of cancer cell lines and freshly excised

tumors are summarized in Table 1 and Table 2, and an

example of a Northern blot is given in Figure 2. Among 87

RNA samples, representing tumors of the head and neck,

lung, kidney, cervix, ovary, prostate, breast, colon, skin,

and several leukemias, 50 (57%) expressed either one or

Table 1. Expression of CA9/CA12 mRNA in Human Cancer Cell Lines

Tumor type CA12-positive CA9-positive CA9/CA12-negative

Head and Neck not done SCC-35(2), SQ-20B(2)
Lung non-small cell

carcinoma
NCI-H1264(1), NCI-

J460(3), NCI-H1944(1),
NCI-H157(1), NCI-
H28(1), A549(10),
EKVX(1), HOP62(1),
HOP92(2)

NCI-H1373(1), NCI-
H1264(1), NCIH1466(1),
NCI-H460(1), NCI-
H727(2)

NCI-H1693, NCI-H838,
NCI-H1299, NCI-
H226, NCI-H23, NCI-
H522

Lung small cell
carcinoma

NCI-H2081(1), NCI-H69(1),
NCI-H1769(1)

NCI-H1184, NCI-
H2227, NCI-H1086,
NCI-H660, NCI-
H1820, NCI-H841,
NCI-H446, NCI-
H1238, NCI-H748,
NCI-H2552

Renal clear cell
carcinoma

UM-RC-6(3), UM-RC-
29(2*), 786-0 (2),
ACHN(1), RXF-393(3),
TK-10(1)

786-0 (3), A498(1), RXF-
393(2)

CAKI-1 (VHL†), UO-31

CNS tumors U105MG(1), U373MG(2),
G4(2), SF-295(1), SF-
539(2), SNB75(2)

U105MG(2), U373MG(3),
U251MG(2), G4(1), SF-
539(1), SNB19(2),
SNB75(2)

SF-268

Leukemia MOLT-4(1), K-562(1*),
SR(3)

K-562(1) HL60, U937, CCRF-
CEM, Burkitt’s
lymphoma Raji

Colon tumors HT29(2), KM12(1) COLO 205(2), HCC-
2998(1), HCT-15(3),
HT29(3), KM12(1),
SW480(1)

HCT-116

Cervix tumors HeLa S3(2) HeLa S3(2)
Mammary tumors T 47D(2) MDA-N, MDA-MB-435,

MDA-MB-231, MCF-
7, NCI/ADR-RES, HS
578T

Ovary tumors OVCAR-5 (1), SK-OV-3 (2) SK-OV-3 (1) OVCAR-3, OVCAR-4,
OVCAR-8

Prostate tumors PC-3(1) PC-3(1) DU-145
Melanoma MALME-3M (1) LOX IMVI, M14, SK-

MEL-2

Expression intensity in arbitrary units (in parentheses).
*In these cell lines truncated mRNA was observed.
VHL†, this cell line expresses active pVHL.
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both genes at variable intensity, whereas 37 were negative

(Table 1 and Figure 2). Non-small cell lung cancer, colon

and renal cell carcinoma cell lines, and tumors of the CNS

showed the highest proportion of specimens expressing

CA9 or CA12 (68, 78, 89, and 78%, respectively). Fourteen

of the 18 tumors (78%) of the CNS and spinal cord showed

expression of the genes (Table 2). Among these tumors 11

expressed both genes and three expressed either CA9 or

CA12. It was previously shown and extensively docu-

mented in this study that expression of CA IX protein may

serve as a diagnostic biomarker for clear cell renal cell

carcinoma22–24 and colorectal tumors,25,26 whereas CA XII

has been identified as a biomarker for non-small-cell lung

cancer (10; US patent no. 5,589,579).

CA IX/CA XII Expression in Normal Adult Human

Tissues Analyzed by Immunohistochemistry

High levels of CA IX expression were consistently ob-

served in the basal cells in and near the infundibulum and

medulla of the hair follicle, mesothelial cells, and coelo-

mic epithelium of the body cavities. In the visceral or-

gans, high levels of CA IX expression in the epithelium

were identified but limited to rete ovarii, rete testis, ductu-

lar efferens, bile ducts, pancreatic ducts, and gallblad-

der. In the gastrointestinal tract, diffuse CA IX immunore-

activity was observed in the gastric mucosa, ductal cells

of Brunner’s glands, and crypt cells of the duodenum,

jejunum, and, to a lesser degree, in the terminal ileum

and appendix. In the peripheral and central nervous sys-

tems, CA IX expression was limited to the ventricular

lining cells and the choroid plexus. Interestingly, meso-

dermal cells of the amniotic/chorionic plate of the pla-

centa and cartilaginous tissues from joint spaces also

showed variable degrees of CA IX protein expression.

CA XII was variably expressed in mesothelial cells and

the coelomic epithelium of the body cavity. In general,

high levels of CA XII expression were found in certain

tissues that were CA IX-negative. These tissues were the

distal convoluted tubules and the intercalated cells of the

collecting duct of the kidney, sweat glands of the skin, the

epithelium of the breast, some of the proliferative endo-

metrial glands, and seminal vesicles. Low levels of CA XII

expression were also found focally in ductal cells and

mucous cells of the salivary glands and submucosal

glands of the upper respiratory system, epithelial cells of

Schneider’s membrane of the nose, and acinar cells of

the pancreas. Limited numbers of positive epithelial cells

were also found in the prostate, vas deferens, and tran-

sitional mucosa of the renal pelvis. In the gastrointestinal

tract, CA XII expression was observed, but was limited to

the surface glands of the large intestine only. Very weak

immunoreactivity of CA XII was also found in the gastric

glands. In the peripheral and central nervous system, the

CA XII immunoreactivity was restricted to the posterior

lobe of the pituitary glands, remnant of Rathke’s pouch,

the choroid plexus and limited numbers of ganglion cells

in the cortex. In the placenta, limited numbers of syncy-

tiotrophoblasts were immunoreactive. The only normal

tissues co-expressing CA IX and CA XII were mesothelial

cells, ductular efferens, and, to a lesser degree, the

choroid plexus and gastric glands. A summary of the

distribution of expression in normal tissues is given in

Table 3, and selected normal tissues with high expres-

sion of CA IX and/or CA XII are illustrated in Figure 3.

CA IX/CA XII Expression in Different Tumors

Analyzed by Immunohistochemistry

We surveyed a large number of benign and malignant

human tissues by immunostaining with specific antibod-

ies. The results are summarized in Table 4 and Figures 3

to 5. With a few exceptions, a wide variety of tumors

examined showed plasma membrane, or both plasma

membrane and cytoplasmic immunoreactivity for CA IX

and CA XII. The frequency of co-expression, the distribu-

tion of staining (focal or diffuse), and the intensity of

staining varied considerably even within a single tumor

type. For example, CA IX protein was expressed in 99%

of cervical carcinomas tested (n 5 77), and 68% of these

tumors showed diffuse and strong staining, whereas CA

Figure 1. Transcription analysis of CA9/CA12 genes in normal tissues. Two identical membranes (No. 7775-1, Multiple tissue expression array; Clontech)
contained human poly-A1 RNA samples extracted from 68 different normal tissues, eight cancer cell lines, and control samples of DNA and RNA. CA12 mRNA
is expressed predominantly in the kidney (A7) and colon (H5), whereas CA9 is expressed mainly in the stomach (B5), liver (A9), pancreas (B9), salivary gland
(E9), and heart (A4).

Figure 2. Activation of CA9 and CA12 transcription in cell lines derived from
CNS and lung tumors. A typical Northern blot analysis of mRNA samples
isolated from cultured cells is shown. Both probes were used together in the
same hybridization experiment. Loading was monitored by staining the
membranes with methylene blue10 and hybridization with an actin probe.
The data extracted from different membranes are summarized in Table 1.

CA IX and CA XII in Human Cancers 909
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XII was expressed in only 33% of cases tested (n 5 24)

and the positive staining was focal and weak. When a

comparison of the distribution of CA IX and CA XII ex-

pression in normal tissues (Table 3) and the correspond-

ing neoplastic tissues (Table 4) was made, the expres-

sion of CA IX and CA XII could be grouped into two

categories as follows.

Persistent Co-Expression of CA IX/CA XII Proteins in
Normal Tissues and the Corresponding Neoplastic Tissues

Examples of co-expression of CA IX/CA XII in normal

and neoplastic tissues are mesothelium/mesotheliomas

and choroid plexus/choroid plexus tumors (Figure 3, E–

L). Expression of CA XII was seen in ductal breast epi-

thelium and ductal breast carcinoma (Figure 3, C and D),

and expression of CA IX was observed in the biliary duct

and carcinomas derived from the epithelium of the biliary

tract (data not shown).

Ectopic Expression of CA IX/CA XII

In general, most tumors ectopically expressed these

proteins. The ectopic or enhanced expression may have

clinical implications, especially in areas of tumor diagno-

sis and tumor immunotherapy, when applied to specific

organ sites. The best examples were the expression of

CA IX/CA XII proteins in gliomas (Figure 4, C–E), and CA

IX in cervical intraepithelial neoplasia and carcinomas,22

and in renal cell carcinomas.23 In all of these tumors CA

IX immunoreactivity was not seen in the corresponding

normal or reactive tissues, whereas diffuse immunoreac-

tivity was present in the tumors.

Association of CA IX/CA XII Expression with

Tumor Type and Degree of Differentiation

Within a given organ, in particular breast, kidney, and

brain, CA IX and CA XII expression was closely related to

a specific cell type and a given degree of differentiation.

High levels of CA XII expression were primarily observed

in low-grade ductal carcinoma and lobular carcinoma of

the breast, and low-grade glioma of the brain (Figure 3D

and Figure 4C). In contrast, strong CA IX immunoreac-

tivity was limited to high-grade glioma, including glioblas-

toma multiforme (Figure 4, D and E) and high-grade

ductal breast carcinoma with necrosis (Figure 4F).

Expression of CA IX and CA XII Are Diagnostic

for Renal Cell Carcinomas

CA IX is not expressed in normal adult kidney (Figure 5A),

whereas CA XII is expressed in the distal convoluted

tubules and the intercalated cells of the collecting duct

(Figure 5B). We had originally shown that ectopic CA IX

protein expression is diagnostic for renal cell clear-cell

carcinomas (Figure 5C).23 We now show that CA XII is

also expressed in these tumors (Figure 5D). Furthermore,

CA XII is also expressed in chromophobe cell carcino-

mas (Figure 5F) and oncocytic tumors (Figure 5H),

whereas CA IX is not expressed in either type of tumor

(Figure 5, E and G). Co-expression of CA IX and CA XII is

also seen in papillary type tumors and collecting duct

carcinomas (data not shown). Thus, the combination of

CA IX and CA XII immunostaining essentially diagnoses

all forms of renal cell cancers.

Induced or Enhanced Expression of CA IX and

CA XII in Association with Hypoxia

We observed a strong association between induced or

enhanced expression of CA IX and CA XII proteins and

tumor necrosis and hypoxia. High levels of CA IX protein

were expressed by those neoplastic cells located in and

adjacent to the necrotic foci, irrespective of whether the

tumor cells in the absence of necrosis were CA IX immu-

noreactive or not. A similar phenomenon was also ob-

Table 2. CA9/CA12 mRNA Expression in CNS and Spinal Cord Tumors, Based on Northern Blot Analysis

Sample
number Tumor diagnosis VHL status

CA12
expression*

CA9
expression*

1 Meningioma wt — 1
2 Anaplastic astrocytoma wt — —
3 Meningioma wt 1 2
4 Meningioma wt 1 2
5 Glioblastoma wt 4 10
6 Glioblastoma wt — —
7 Glioblastoma wt — —
8 Astrocytoma wt 1 4
9 Glioblastoma wt 2 —

10 Cerebellar hemangioblastoma wt — —
11 Meningioma wt 1 —
12 Hemangioblastoma mut 2 2
13 Cerebellar hemangioblastoma (VHL-) mut 6 4
14 Cerebellar hemangioblastoma (VHL-) mut 6 3
15 Spinal hemangioblastoma (VHL-) mut 2 1
16 Spinal hemangioblastoma (VHL-) mut 3 4
17 Cerebellar hemangioblastoma (VHL-) mut 5 4
18 Hemangioblastoma (VHL-) mut 5 6

*Intensity of expression is shown in arbitrary units and based on b-actin calibration.
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Table 3. The Distribution of CA IX and CA XII Protein Expression in Normal Adult Human Tissues

CA IX CA XII

Lining cells of body cavity
Mesothelial cells (serous membrane) Diffuse Focal
Coelomic epithelium (surface of the ovary) Diffuse Focal
Reactive mesothelial cells Diffuse Diffuse
Underling stellate stromal cells Focal Focal

Oral cavity/upper respiratory system
Ductal and mucous cells of submucosal glands Negative Focal
Ductal cells of salivary glands Focal Focal
Mucous cells of salivary glands Negative Focal
Epithelial cells of Schneider’s membrane Negative Focal
Reactive reserve cells of respiratory epithelium Rare Rare

Lower respiratory system
Reactive reserve cells of respiratory epithelium Rare Rare

Gastrointestinal system
Gastric pits Focal Negative
Gastric fundus/pyloric glands Diffuse Focal
Ductal cells of the Brunner’s glands of the
duodenum

Diffuse Negative

Crypt cells of duodenum, small intestine, appendix Diffuse/Focal Negative
Crypt cells of large intestine Rare Negative
Surface glandular cells of large intestine Negative Focal

Pancreas
Ductal cells Focal Negative
Acinar cells Negative Focal

Gallbladder/biliary tract Diffuse Negative
Genito-urinary system

Kidney
Distal convoluted ducts Negative Diffuse
Intercalated cells of the collecting duct Negative Diffuse

Renal pelvis
Transitional cells Negative Focal

Prostate gland
Ducts and glands Negative Rare
Seminal vesicles Negative Focal

Testis
Ductular efferens Diffuse Diffuse
Rete testis Diffuse Negative

Uterine cervix
Basal cells of squamous mucosa Negative Focal
Reactive Reserve cells of the glands Rare Rare

Uterine endometrial glands
Proliferative phase Negative Focal
Secretory phase Negative Negative

Ovary
Surface coelomic epithelium Diffuse Focal
Rete ovarii Diffuse Negative

Breast
Lobular and ductal units Negative Focal

Skin
Basal cells of epidermis Negative Focal
Basal cells of hair follicle Diffuse Negative
Sweat glands Negative Diffuse

Skeletal system
Cartilaginous tissues near joint spaces Focal Negative
Skeletal muscle Focal Negative

Central nervous system
Neuron of the cerebellum and cerebrum Negative Rare
Choroid plexus Diffuse Diffuse
Lining cells of the ventricle Focal Negative
Posterior lobe of pituitary gland Negative Diffuse
Remnant of Rathke’s pouch Negative Diffuse

Placenta
Mesodermal cells of amniotic/chorionic plate Focal Negative
Syncytiotrophoblasts Negative Focal

All normal adult human tissues were examined. Those not listed in the table were negative for both CA IX and CA XII protein expression.
Diffuse, $40% of cells within a field stain positively.
Focal, ,40% of cells within a field stain positively.
Rare, ,5% of cells within a field stain positively.
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served in cells expressing CA XII in areas adjacent to

necrosis, but was less predictable compared to CA IX

expression. The most predominant examples were in-

duced expression of CA IX protein in hypoxic/necrotic

regions of melanoma, and enhanced expression in ne-

crotic/hypoxic regions of meningiomas, glioblastoma

multiforme, anaplastic ependymoma, and comedo type

of breast carcinomas. The latter three tumors are shown

in Figure 4;D, E, and F. CA IX was predominantly ex-

pressed in the areas of necrosis and hypoxia. The tumor

cells that were more distal to the necrotic/hypoxic areas

showed little or no immunoreactivity.

Effect of Hypoxia on CA 9 and CA12 mRNA

Expression in a Glioblastoma Cell Line

To directly examine the effect of hypoxia on the expres-

sion of CA9 and CA12 mRNA we analyzed an established

glioblastoma cell line, U87, expressing a normal VHL

message (M Merrill and M Proescholdt, unpublished ob-

servations). The cells were grown under normoxic condi-

tions and then maintained under hypoxic conditions for 6

and 12 hours as previously described.19 Northern blot

hybridization (Figure 6) revealed that 6 hours of hypoxia

resulted in approximately fourfold and 1.6-fold up-regu-

lation of CA9 and CA12 expression, respectively, while

12 hours of hypoxia induced expression of both genes

;11-fold to 13-fold, compared to control.

Media Acidification in Confluent Renal

Carcinoma 786-0 Cells

We next investigated the correlation of CA9 and CA12

mRNA expression with the dynamics of extracellular pH

changes under cell culture conditions. Acidification of the

bicarbonate-buffered media at the late confluent stage

was much more pronounced in 786-0 cells (lacking

wtVHL), as compared to the same cell line expressing

Figure 3. Examples of diffuse immunostaining of CA IX and CA XII proteins in normal and neoplastic tissues. Immunostaining for CA IX is illustrated in A, E, F, G, and
H. Immunostaining for CA XII is illustrated in B, C, D, I, J, K, and L. In normal adult tissues, diffuse plasma membrane immunostaining for both CA IX and CA XII is
seen in the ductular efferens (A and B), mesothelial cells of the body cavity (E and I), and the choroid plexus of brain ventricles (G and K). Variable degrees of expression
of CA XII but not CA IX are also observed in the epithelium of the breast (C). Persistent expression of CA IX and CA XII proteins is also seen in tumors derived from
the normal tissues that express these proteins. For example, a lobular-type breast carcinoma expressing CA XII is shown in D, mesotheliomas of the pleura in F and J,
and choroid plexus papillomas in H and L. Original magnifications, 3200 (A, B, G, and K) and 3400 (D–F, H–J, and L).
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wtVHL transgenes (DpHe, ;0.4). Thus, the increased

acidification clearly correlates with the up-regulation of

the CA9 and CA12 mRNA expression (Figure 7). Elevated

uptake of glucose at this stage in the 786-0 cells (15%

increase compared to the wtVHL expressing 786-0, data

not shown) suggests that altered glucose uptake and

metabolism may be responsible, at least partially, for the

media acidification.

Table 4. Expression of CA IX/CA XII in Benign and Malignant Human Tumors

No. of cases studied
Total no.

(positive rate in %)

Degree of staining %
of cases

with diffuse staining

No. of cases with
coexpression

(no./total cases
tested)

CA IX CA XII CA IX CA XIII CA IX and CA XII

Cervix
Carcinoma (Ca) 77 (99) 24 (33) 68 0 8/24
Squamous cell Ca 54 (100) 14 (25) 74 0 4/14
Adenocarcinoma 15 (93) 8 (50) 80 0 4/8
Cervical intraepithelial Neoplasia (CIN I–III) 129 (91) 6 (50) 80 0 3/6
Adenocarcinoma in-situ 20 (100) 4 (75) 90 0 3/4

Uterine corpus
Endometrial Ca 27 (89) 12 (67) 30 50 8/12
Endometrial hyperplasia 7 (100) 3 (100) 14 67 3/3

Ovary
Epithelial Ca of all types 41 (37) 16 (44) 67 0 6/16
Cystadenoma of LMP 10 (100) 6 (100) 67 0 6/6
Sex-Cord Tumor 5 (40) 3 (0) 0 0 0/0

Germ cell tumor 10 (40) 6 (50*) 0 0 2/6
Breast

Ductal Carcinoma 31 (26) 22 (55) 50 67 4/22
Lobular Carcinoma 7 (14) 7 (86) 100 83 1/7

Kidney/urinary tract
Renal cell carcinoma 57 (89) 29 (100) 86 76 25/29
Clear cell/papillary 49 (100) 23 (100) 90 78 23/23
Chromophobe cell 4 (0) 4 (100) 0 100 0/4
Collecting duct 4 (100) 2 (100) 0 0 2/2

Oncocytoma/adenoma
Usual type 5 (0) 5 (0) 0 0 0/5
Oncocytic cell 4 (0) 4 (75) 0 100 0/4
Renal cysts 7 (0) 3 (100) 0 100 0/3
Wilm’s tumor 4 (75) 3 (0) 0 0 0/3
Transitional cell Ca 42 (91) 14 (86*) 32 0 12/14

Prostate
Adenocarcinoma 19 (0) 5 (80*) 0 0 0/5

Gastrointestinal
Carcinoma
Stomach/duodenum 15 (100) 6 (0) 0 0 0/6
Colon 43 (100) 20 (11) 47 50 2/20
Adenoma of colon 22 (91) 14 (100) 10 93 14/14

Liver
Hepatoma/hepatoblastoma 6 (50) 6 (0) 0 0 0/6

Pancreas/gallbladder
Adenocarcinoma 6 (100) 6 (50*) 30 0 3/6

Lung
Non-small cell carcinoma 29 (72) 9 (11) 31 100 1/9
Small cell carcinoma 15 (73) 6 (0) 40 0 0/6

Head and neck
Squamous cell Ca 12 (92) 4 (50) 71 100 2/4

Salivary gland
Pleomorphic adenoma 6 (100) 3 (100*) 0 0 3/3

Salivary gland
Papillary and follicular Ca 11 (14*) 11 (27*) 0 0 1/11

Tumors with secretory granules
PNET (central/peripheral) 7 (86) 4 (0) 43 0 0/4
Pheochromocytoma 2 (0) 2 (0) 0 0 0/2
Paraganglioma 2 (0) 2 (0) 0 0 0/2
Neuroblastoma 4 (0) 4 (0) 0 0 0/4
Carcinoid/islet cell tumor 6 (0) 6 (0) 0 0 0/6

Central nervous system
Glioma

Low grade (grade I–II) 6 (0) 6 (80) 0 0 0/6
Anaplastic/Glioblastoma 5 (100) 5 (40) 20 0 2/5
Oligodendroglioma 3 (0) 1 (100) 0 0 0/1

Meningioma 5 (100) 4 (0) 0 0 0/4
Choroid plexus tumor 3 (67) 3 (67) 0 0 2/3
Ependymoma 6 (100) 2 (50) 33 0 1/2
Hemangioblastoma 3 (100) 3 (0) 100 0 0/3

Body cavity
Mesothelioma 8 (100) 6 (33) 100 50 2/6

Skin
Squamous/Basal cell Ca 10 (100) 7 (71*) 50 0 5/7
Melanoma 18 (0) 5 (0) 0 0 0/5

Diffuse, $40% of the cells in the section show positive staining; PNET, Primitive neuroectodermal tumor; LMP, Low malignant potential.
*The immunostaining seen in these tumors is very weak.
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Discussion

This study demonstrates, for the first time, high levels of

expression of cell-surface CAs (CA IX/CA XII) in a large

sample of cancer cell lines, fresh and archived tumor

tissues. This was shown by Northern blot hybridization

with mRNAs and immunohistochemistry of tissue/tumor

sections with specific antibodies. Most common tumors

originating from many different sites expressed either

both genes or one of them. For many tumors there was no

detectable expression in corresponding normal adult tis-

sues (Tables 3 and 4), indicating tumor-specific activa-

tion of these genes. Other investigators, in less extensive

screenings, have reported expression of CA IX or CA XII

in some common tumors.27,28 To our knowledge this is

the first extensive comparative analysis of the combined

expression of these genes and proteins. Cumulatively,

the data presented here and published before by

us10,22,23 and others21,27,28 firmly establish high expres-

sion of CA9/CA12 genes in a large number of common

human malignancies, suggesting an important role for

them in tumor development.

Figure 4. Examples of ectopic expression of CA IX and CA XII proteins in various tumors, including regions of necrosis/hypoxia. The glandular cells of the colon
are normally CA IX-negative but diffuse immunoreactivity is seen in colon carcinoma (A). The normal glial tissues of the brain show no expression of either CA
IX or CA XII protein (B). However, variable degrees of positive staining for CA XII are seen in low-grade glioma (C). In contrast, high levels of CA IX protein
expression are observed in glioblastoma multiforme (D) and anaplastic ependymoma (E). Expression of the CA IX protein is seen in necrotic/hypoxic regions
of the tumors. This induced expression associated with necrotic/hypoxic regions is also seen in high-grade ductal breast carcinoma (F). The symbol n 5 area of
necrosis. Original magnifications, 3200 (A, D–F) and 3400 (B and C).
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Figure 5. Immunostaining of normal kidney and renal cell tumors for CA IX/CA XII expression. The normal kidney is negative for CA IX (A) whereas CA XII is
expressed in the distal convoluted tubules (arrow) and intercalated cells of the collecting ducts (arrowhead) (B). Co-expression of CA IX and CA XII is seen
in renal cell carcinomas of the clear cell type (CA IX 5 C; CA XII 5 D). However, chromophobe cell carcinomas (E) and oncocytomas (G) do not express CA
IX whereas they exhibit diffuse expression of CA XII (F and H, respectively). Original magnifications, 3200 (A and B) and 3400 (C–H).
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Tumor growth involves complex interactions between

cells and their unique microenvironment, that is charac-

terized by low acidic pHe and altered hydrostatic and

oxygen pressures.6,7 Tight control of pH homeostasis in

tumors is achieved by using proton extrusion mecha-

nisms that include plasma membrane proton pumps,29,30

proton channels/proton wires,31 sodium/proton exchang-

ers,32 and monocarboxylic acid transporters.33 Some

mechanisms involved in proton extrusion and mainte-

nance of pH homeostasis in and around tumor cells are

depicted in Figure 8. The extremely efficient cell surface

CAs34,35 may play an important role in controlling the

levels of protons and bicarbonate in the immediate vicin-

ity of the tumor cells by sensing pH and tipping the proton

balance across the cell membrane. The hypothetical pH

sensing function(s) of CA enzymes may be associated

with histidine residues in their catalytic center outside the

cells as well as with internal histidines in the cytoplasmic

domains. The fact that CA IX and CA XII proteins are

localized normally on differentiated cells specialized in

acid/base homeostasis (ie, intercalated cells and collect-

ing ducts of the kidney, gastrointestinal gland cells, and

so forth), supports the proposed role for them in main-

taining extracellular acidity in tumors.

Expression of the CA9/CA12 genes are negatively con-

trolled by pVHL, presumably via proteasomal degrada-

tion of HIF, and up-regulated in tumors associated with

VHL disease,10 which include a variety of benign cysts

and malignant tumors.36 However, in most common tu-

mors, the VHL gene is intact, implying that mechanisms

other than mutational inactivation of the VHL gene must

operate in cancer cells to activate overexpression of

these enzymes. We have shown in this study (Figure 6)

that glioblastoma cells expressing a normal VHL mes-

Figure 6. Up-regulation of CA IX/CA XII expression by hypoxia in the
glioblastoma cell line, U87. Levels of transcripts under normoxic (N) and
hypoxic (H) conditions at different time points were assessed by Northern
blot analysis with total RNA samples. After 6 hours of hypoxia an ;4- and
1.6-fold increase in CA IX and CA XII mRNA expression, respectively, was
observed. Twelve hours of hypoxia caused ;13- and 11-fold up-regulation
of CA IX and CA XII, respectively.

Figure 7. Up-regulation of CA9 and CA12 mRNA expression correlates with
media acidification. 786-0 cells were harvested at different stages of the
growth curve and levels of CA9 and CA12 transcripts were assessed by
Northern hybridization. In parallel, glucose consumption (not shown) and
changes in media pH were monitored. The onset of confluent stage (day 2)
is indicated by an arrow. Enhanced acidification of the media by the
VHL-deficient cell line 786-0 is pronounced at the late confluent stage (day 7,
boxed) and is paralleled by up-regulation in CA9 and CA12 mRNA expres-
sion.

Figure 8. Molecular mechanisms of proton extrusion/secretion from cancer
cells. To maintain intracellular neutrality excessive protons are extruded from
the cancer cell by several protein machines, including plasma membrane
proton pump (H1-ATPase, no. 1), proton channels (no. 2), sodium/proton
exchangers (no. 3), and monocarboxylate carriers (no. 4). CA IV, CA IX, or
CA XII (no. 5) may produce bicarbonate ions outside the cell that are
transported inside by bicarbonate/chloride exchangers (no. 6) and used by
the cytosolic CA II to titrate protons. Buffering protons facilitates proton
secretion and protects the cell from intracellular acidification. Water and
carbon dioxide then are transported out through aquaporins (no. 7) and used
by cell-surface CAs to produce bicarbonate.
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sage when maintained for 12 hours under hypoxic con-

ditions overexpress the CA9/CA12 genes, indicating a

role for hypoxia in this induction. It is established that in

hypoxic cells the proteolytic function of pVHL is abro-

gated, resulting in the overexpression of the HIF1-a pro-

tein and other VHL target genes.8,18 The transcriptional

trans-activator HIF1 controls the expression of several

dozen target genes including those involved in energy

metabolism (glucose transporters, glycolytic enzymes)

and angiogenesis (VEGF and its receptors), and is con-

sidered a master regulator gene that orchestrates phys-

iological responses to acute and chronic hypoxia.1,12–14

Thus, loss of pVHL function(s) results in the stabilization

of HIF and transactivation of its target genes. Therefore,

presence or absence of the VHL protein seems to be

responsible for fundamental metabolic changes in tumor

cells. The ultimate consequences of these changes in

gene expression in the absence of a functional VHL

protein (because of mutation, epigenetic silencing, or

localized hypoxic conditions) are compromised tumor

microenvironment, a powerful, albeit faulty, disorganized

process of angiogenesis, increased glycolysis, and in-

duction of expression of transmembrane CA. The fre-

quent, widespread overexpression of the CA9/CA12

genes in human tumors has several important implica-

tions in the clinical setting.

Implications for Tumor Growth and Spread

On the basis of the above considerations, it would seem

that tumor microenvironmental acidity could play a pre-

dominant promoting role in tumor growth and metastasis

and also could underlie resistance to radiotherapy, che-

motherapy, and other nonsurgical treatments.6,7 The ex-

tracellular matrix metalloproteinases, which are activated

by acidic pH, are involved in remodeling stromal and

tumor cell surface proteins, thereby promoting tumor cell

motility, and contributing to tumor growth and metasta-

sis.37 However, synthesis of matrix metalloproteinases

may have opposite effects on tumor angiogenesis, pro-

moting extracellular matrix degradation and new blood

vessel formation on the one hand37 and, on the other,

blocking angiogenesis by producing angiostatin, a cleav-

age product of plasminogen.2 Most tumors have been

shown to exhibit high vascular permeability and high

interstitial fluid pressure.6,7 These may result from activa-

tion, as a consequence of the acidic tumor microenviron-

ment, of trans-membrane water channel proteins (aqua-

porins) that are widely distributed in tumors.38

Aquaporins are known to play a major role in trans-cellu-

lar and trans-epithelial water movements in many normal

tissues.39,40 The expression of CA IX/CA XII in cystic

tumors is an indication that their activity in promoting

acidity might facilitate the activity of aquaporins ex-

pressed on tumor and endothelial cells, leading to high

interstitial fluid pressure and high vascular permeability in

tumors.6,7

Implications for Diagnosis

The fact that CA IX/CA XII are expressed in many tumor

types may lead one to conclude that they have limited

utility in cancer diagnosis. However, for selected can-

cers, they may prove to be powerful diagnostic biomar-

kers. We have already shown the utility of CA IX as a

biomarker for cervical dysplasia and carcinoma.22,41 Fur-

thermore, we have recently shown its utility in identifying

those patients who receive a Pap smear diagnosis of

“atypical glandular cells of undetermined significance”

and harbor a significant lesion in their cervix.42 We and

others have also shown that expression of CA IX is an

excellent diagnostic biomarker for renal cell carcino-

ma.23,24,43 The studies described here, in which we show

that CA XII is expressed in chromophobe tumors,

whereas CA IX is not (Figure 5), suggests that the com-

bined detection of CA IX and CA XII expression will

identify all renal cell carcinomas. This also has important

implications for therapy.44–47 Other investigators have

identified the expression of CA IX in esophageal48 and

lung carcinomas49 Finally, our studies here also suggest

that CA XII and/or CA IX may have utility in diagnosis of

brain tumors.

Implications for Tumor Treatment

The CA IX/CA XII enzymes ectopically expressed on the

surface of cancer cells provide an excellent target for

tumor treatment modalities, including development of

highly specific humanized antibodies, antibodies armed

with toxins,46 and specific inhibitors of these en-

zymes.50–52 Antibodies to CA IX have also been devel-

oped in Europe and are being successfully used to treat

renal cancer.43,47 Dr. Neal Bunder is developing human-

ized antibodies at the Memorial Sloan-Kettering Cancer

Center (personal communication). In addition, antibodies

to CA XII were recently patented for treatment of lung

cancer (US patent no. 5,589,579). On the other hand,

highly specific inhibitors of CA IX/CA XII enzymes tailored

to their catalytic centers, could be also used to treat

cancer and should be developed. Two of us (AW and

WS), with others,50 have shown that acetazolamide, a

potent inhibitor of CAs, suppressed invasion of renal

cancer cells in vitro. It took Professor T. Maren and the

Merck Company 20 years to develop such inhibitors for

topical treatment of glaucoma.51,52 Establishing the crys-

tal structures of CA IX and CA XII should take less time

and will result in designing more effective specific drugs

to manipulate tumor pH, and possibly provide a mecha-

nism for inhibiting tumor growth and tumor spread.
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