
Carbonic Anhydrases | Encyclopedia.pub

https://encyclopedia.pub/entry/9452 1/7

Carbonic Anhydrases
Subjects: Biology

Contributor: Holger Becker

Carbonic anhydrases are of fundamental importance for dynamics of both intracellular and extracellular pH in

tumors.
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1. Introduction

Intra- and extracellular pH regulation is a pivotal function of all cells and tissues. Net outward transport of H  is a

prerequisite for normal physiological function, since a number of intracellular processes, such as metabolism and

energy supply, produce acid. In tumor tissues, distorted pH regulation results in extracellular acidification and the

formation of a hostile environment in which cancer cells can outcompete healthy local host cells. Cancer cells

employ a variety of H /HCO -coupled transporters in combination with intra- and extracellular carbonic anhydrase

(CA) isoforms, to alter intra- and extracellular pH to values that promote tumor progression. Many of the

transporters could closely associate to CAs, to form a protein complex coined “transport metabolon”. While

transport metabolons built with HCO -coupled transporters require CA catalytic activity, transport metabolons with

monocarboxylate transporters (MCTs) operate independently from CA catalytic function.

2. Carbonic Anhydrases in Cancer Cells

Out of the 15 human Carbonic Anhydrases (CA) isoforms, CAIX and CAXII have received most attention in cancer

tissue, both as diagnostic markers and potential drug targets. CAIX and CAXII can be highly overexpressed in

many tumors and are, therefore, often regarded as tumor-associated carbonic anhydrases . While CAXII is

highly expressed in many healthy tissues, including kidney, prostate, pancreas, intestine and lymphocytes,

expression of CAIX in healthy tissue is believed to be restricted largely to stomach and gut epithelial tissues 

. Due to this limited expression in healthy cells and the strong upregulation in many aggressive tumors, the CAIX

isoform is the preferred isoform for pharmacological intervention. Expression of CAIX is controlled by the hypoxia-

inducible factor HIF1α. Therefore, the enzyme is often upregulated in hypoxic tumor regions . Under normoxia

HIF1α is constantly hydroxylated at conserved proline residues and marked for ubiquination and proteosomal

degradation by the von Hippel–Lindau tumor suppressor (pVHL). Hypoxia stabilizes HIF1α which could form a

complex with HIF1β in the nucleus.

The HIF1 complex binds to the hypoxia responsive element (HRE) in the CA9 promotor to induce gene

transcription and increase the expression level of CAIX . Under chronic and mild hypoxia, CAIX expression can
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also be regulated by components of the mitogen-activated protein kinase (MAPK) pathway . Furthermore,

expression of CAIX can be induced by inactivation mutations of the von Hippel–Lindau tumor suppressor (VHL)

gene, which leads to constitutive activation of HIF . Expression of CAIX is often associated with

chemoresistance and an overall poor prognosis in most cancers . In contrast to CAIX, overexpression

of CAXII has been linked to both good and bad tumor prognosis. In colorectal and kidney cancer as well as in oral

squamous carcinoma, CAXII was found to correlate with poor prognosis . In breast, lung and cervical cancer,

however, CAXII was shown to correlate with good outcome . Even though CAIX and CAXII are considered

to be the most important CA isoforms in development of tumors, other CA isoform may also play a role in cancer

progression. CA isoform I, for example, contributes to microcalcification, tumorigenesis and migration of breast

cancer cells . Like CAIX and CAXII, expression of CAII is upregulated in a variety of cancers. However, in the

majority of the investigated tumors, a down-regulation of CAII is associated with poor prognosis . For a

comprehensive review about CA isoforms in cancer see .

Carbonic anhydrases are of fundamental importance for dynamics of both intracellular and extracellular pH in

tumors. Thereby, a central role is attributed to CAIX, which was suggested to function as a “pH-stat”, which sets

tumor pH  to a tightly controlled acidic value. Tumors display considerable metabolic heterogeneity and produce a

considerable fraction of their energy not only by glycolysis, but also from oxidation in the TCA (for review see 

). Therefore, CO  is a significant source of metabolic acid production also in cancer cells . However, the mere

release of metabolic acids alone does not suffice to fully describe the low pH  values found in solid tumors. First

evidence for a role of CAIX in pH  control was provided by Svastova and colleagues , who showed that ectopic

expression of CAIX in hypoxic MDCK canine kidney epithelial cells in culture leads to an acidification of the

extracellular medium. Furthermore, they could show that inhibition of CAIX catalytic activity as well as

overexpression of a catalytically inactive CAIX mutant reduced extracellular acidification in hypoxic HeLa cells .

A later study by Switach et al  showed that expression of CAIX in spheroids of HCT116 human colon carcinoma

cells results in a higher pH  (6.6 with CAIX vs. 6.3 without CAIX) and a more acidic pH  (6.6 vs. 6.9). The results

were confirmed by a study in HCT116 tumor xenografts, which showed that expression of exofacial CAIX results in

a slight extracellular acidification (6.71 vs. 6.86) without changing pH  . The ability of CAIX to set pH  precisely to

these values might arise from the enzyme’ unique catalytic kinetics. Measurements of CAIX catalytic activity with

gas-analysis mass spectrometry revealed that at a pH of 7.4, the enzyme’s rate constant for hydration was faster

than for dehydration . At pH values below 6.8, however, the rate of dehydration exceeded the hydration rate. For

pH 6.8, the rate constants for hydration and dehydration were essentially the same . CAIX displays an apparent

pK of 6.84 and is inhibited at lower pH values . Therefore, a low pH  could limit further H -production by CAIX in

the extracellular space. In other words, at pH values below 6.8, CAIX favors the dehydration reaction, while at pH

values above 6.8 the hydration reaction is preferred . Taken together, these observations indicate that CAIX

functions as a pH-stat that sets tumor pH  to an acidic value of around 6.8 . This more acidic pH

value can be regarded as an evolutionary strategy of cancer cells (“niche engineering”) to create an environment

that promotes tumor growth and tumor invasion. In addition, hydrolysis of cell-derived CO  by CAIX, allows the

parallel diffusion of CO , HCO  and H  to the blood capillaries, thereby speeding up CO  venting from the cell 

(Figure 1).
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Figure 1. Tumor pH regulation by carbonic anhydrase and acid/base transporters. In tumor cells, metabolic acids

are produced primarily by glycolysis and subsequent hydrolysis of ATP (lactate  + H ), and mitochondrial

respiration (CO ). At the outer face of the cell membrane, CO  is hydrated by CAIX to form HCO  and H . This

allows the parallel diffusion of all three ion species through the extracellular space accelerating CO  removal to the

blood capillary. Furthermore, the hydration of CO  by CAIX sets extracellular pH to a more acidic value. A fraction

of the HCO  is reimported into the cell by Na /HCO  cotransporters (NBC). In the cytosol, HCO  reacts with H

to form new CO , which can leave the cell by diffusion. Thereby, NBC supports the venting of H  from the cell and

contributes to cytosolic pH regulation. Protons are also removed from the cell by Na /H  exchangers (NHE) and in

cotransport with lactate by monocarboxylate transporters (MCT). In the figure, solid arrows symbolize catalytic

reactions or ion transport. Dotted arrows symbolize ion diffusion.

Besides controlling acidity of the extracellular environment, CAs have also been attributed a central function in the

regulation of intracellular pH. Heterologous expression of exofacial CAIX in spheroids of RT112 bladder carcinoma

cells induces a near uniform pH , while spheroids of WT RT112 cells not expressing CAIX, or spheroids in which

CAIX was pharmacological inhibited with acetazolamide, exhibited an acidic core . The study concluded that

CAIX coordinates the spatial pH  spectrum by facilitating CO  diffusion in the extracellular space. Interestingly,

catalytic activity of intracellular CA seems to be of minor importance as compared to extracellular CA catalytic

activity. Indeed, it was demonstrated that in cancer cells with high intracellular CA activity, fluctuations in the

extracellular CO  concentration (which can occur in poorly vascularized tumors) evoked faster and larger pH

oscillations . These pH  oscillations increased Ca  oscillations, as well as inhibited the mTORC1 pathway,

which is a common driver for tumor progression. These findings might explain why low expression of intracellular

CAII is associated with good prognosis in various cancer types .

3. Conclusions
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Mechanisms of pH regulation belong to a number of unique adaptations of cancer cells to allow tumor tissue to

grow and migrate in spite of unfavorable conditions such as hypoxia and the production of large amounts of acid. In

order to avoid severe acidosis, expression of CA isoform IX in tumor tissue, in addition to other intra- and

extracellular CA isoforms, supports proton translocation. In particular, the formation of transport metabolons with

acid/base and metabolite transporters, whereby CAs operate as proton antennae, can promote survival and growth

of tumors. Such transport metabolons may well serve as specific targets for therapeutic interventions to derange

proton transport and pH regulation in cancer cells.
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