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One of the hallmarks of malignant tumors is the switch from aerobic to anaerobic glucose 

metabolism, where the glycolytic pathway provides the energy required for cell survival and 

growth.  The expression of carbonic anhydrase IX (CAIX), a marker for hypoxic tumors, is 

significantly associated with tumor grade, reduced survival, and poor prognosis in breast cancer.  

 In the studies that follow, the role of CAIX in metabolic function was assessed in breast 

cancer cells.  We first demonstrated that MDA-MB-231 cells, which is an aggressive, “triple-

negative,” basal B line, have high rates of glycolysis compared with a luminal cell line (T47D) 

and an immortalized normal epithelial cell line, MCF10A.  MDA-MB-231 cells expressed 

exclusively CAIX, while T47D cells expressed carbonic anhydrase XII (CAXII).  CAIX 

expression in MDA-MB-231 was both density and hypoxia-dependent.  We provided evidence 

that CAIX contributes to metabolic dysfunction through studies on pH, lactic acid production, 

glucose uptake, and CAIX inhibition.  We showed that an impermeant CA inhibitor, N3500, 

prevented the acidification of the medium, but only under hypoxic conditions.  However, among 

the several CA inhibitors investigated, only chlorzolamide significantly reduced cell viability, 

migration, and invasion.  Together, these studies suggest that CAIX expression and activity are 
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associated with metabolic dysfunction in MDA-MB-231 cells.  In the course of these studies we 

discovered that the commercially available CAIX antibody from Novus Biologicals, NB-100, 

recognizes a beta-tubulin by using 2-dimensional gel electrophoresis and mass spectrometry.  

This observation was significant because recent publications suggest that this antibody was being 

considered in the clinical diagnosis of CAIX expression in breast patient patients, which could 

lead to false positive, based on our results. 

The biochemical properties of CAIX were also investigated.  CAIX primarily exists as a 

dimer (90%) with only 10% appearing as monomers in hypoxic MDA-MB-231 cells.  CAIX 

migrates as a doublet and both forms are glycosylated, each containing high mannose structures.  

Additional studied focused on CAIX association with lipid rafts which are microdomains in 

plasma membranes involved in signal transduction. While there is some evidence that the 

dimeric form of CAIX resides specifically in lipid rafts in renal carcinoma cells, we found little 

evidence to support this hypothesis in MDA-MB-231 cells.  In hypoxic cells, only 1% of the 

CAIX pool is localized to lipid raft.  While EGF treatment stimulated a 5-fold increase in CAIX 

translocation to lipid rafts, EGF did not tyrosine phosphorylate CAIX under normoxic or hypoxic 

conditions, although EGFR and down-stream signaling pathways were activated by EGF.   

Hypoxia also activated Akt independent of EGF action.  Together, these data demonstrate that 

the active form of CAIX in the MDA-MB-231 breast cancer cell line is dimeric and that neither 

lipid raft localization nor its phosphorylation status are likely required for its dimerization or 

activity. 

A technique called membrane inlet mass spectrometry (MIMS) was utilized to directly 

measure native CAIX activity in membrane ghosts and intact MDA-MB-231 cells.  Hypoxic 

cells showed substantially higher exofacial CA activity than normoxic cells and was associated 
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with elevated levels of CAIX.  This activity could be blocked by impermeant CA inhibitors.  

Data from membrane ghosts showed that the kinetic constants of CAIX in the membrane 

environment were very similar to those measured for purified, recombinant, truncated forms.  

Hence, activity of CAIX is not affected by the proteoglycan extension or membrane environment.  

Zinc did not activate CAIX activity in the membrane although previous data suggested that zinc 

activated soluble forms of CAIX.  In addition, the catalytic activity of CAIX in the 

interconversion of CO2 and bicarbonate increases as pH was decreased from pH 9 reaching a 

maximum at approximately pH 6.5.  Importantly, these data indicate that CAIX may contribute 

to both the development and maintenance of the new pH set-point of cancer cells in response to 

the proton load from intracellular metabolism.  In this manner, CAIX contributes to the survival 

fitness of tumor cells.   

Physical and functional interaction of CAIX and the AE anion exchangers was assessed 

through co-precipitation assays and MIMS.  Although AE2 was expressed in MDA-MB-231 

cells, interaction of CAIX and AE2 was not observed.  While activity studies with inhibitors of 

the AE transporters were initially encouraging, we later demonstrated that these inhibitors 

directly blocked purified CAII activity and very likely CAIX activity in MDA-MB-231 cells. 

In conclusion, we have shown CAIX expression and activity are well correlated and 

associated with metabolic dysfunction in an aggressive breast cancer cells MDA-MB-231 cells.   

Characterization of CAIX in MDA-MB-231 cells confirms that CAIX is an N-linked 

glycoprotein containing high mannose structures.  Lipid raft localization is not required by CAIX 

dimerization and activity.  Further, catalysis and inhibition studies on CAIX in membrane ghost 

and intact MDA-MB-231 cells by MIMS suggest CAIX contributes to both the development and 
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maintenance of the new pH set-point of cancer cells in response to the proton load from 

intracellular metabolism, indicating CAIX may offer a new target for therapeutic intervention.     
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CHAPTER 1 

OVERVIEW 

Introduction 

Cancer is one of the most dangerous threats to human health causing about 13% of all 

human deaths.  According to the American Cancer Society, 7.6 million people died, world-wide, 

from cancer during 2007.  Breast cancer, particularly, represents a major public heath problem 

with more than one million new cases reported yearly around the world.  A U.S. study conducted 

in 2005 by the Society for Women's Health Research indicates that breast cancer remains one of 

the most feared diseases.  Among women in the U.S., breast cancer is the second-most common 

cause of cancer death (after lung cancer).  Women in the U.S. have a 1 in 8 lifetime chance of 

developing invasive breast cancer and a 1 in 33 chance of breast cancer causing their death.  In 

2009, 193,370 new cases of breast cancer were predicted causing about 40,170 deaths (American 

Cancer Society 2009) which equates to about one death every 13 minutes.   Breast cancer can 

metastasize to the lungs, liver, brain, and most commonly to the bones by transport of metastatic 

cells via blood vessels or the lymphatic system.   

One of most striking features of cancer cells is their high glycolytic rate and acidification 

of the extracellular milieu which together is known as the glycolytic phenotype of cancer cells, 

discussed in the following section. 

Glycolytic Phenotype of Cancer Cells 

Cancer is a class of diseases in which a group of cells display uncontrolled growth, 

invasion, and sometimes metastasis.  Development of cancers is a multi-stage, multi-step process 

of genetic and epigenetic changes which promote the emergence of an increasingly aggressive 

phenotype (1).  Malignant tumors invariably switch from oxidative metabolism to anerobic 

glycolysis for producing the necessary energy for their survival and growth (2).  This switch is 
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attributed to the abnormal vascular system in these tumors (3).   The vascular system develops in 

an organism to deliver and distribute oxygen and nutrients to normal tissues.  However, solid 

tumors arise without an existing vascular system but stimulate the formation of new blood 

vessels that are invariably inadequate and dysfunctional which results in hypoxia in most tumor 

beds (4).  Hypoxic regions in tumors undergo, on average, 1-20 cycles of fluctuation in 

oxygenation per hour.  This means that oxygen delivery to the tumors is extremely unreliable.  

The tumor hypoxic microenvironment selects cells in which anaerobic glucose metabolism is 

constitutively unregulated, which appears to assure their survival.  Therefore the key adaptation 

to hypoxia by cancer cells is the switch from oxidative phosphorylation to anaerobic glycolysis.  

Ultimately cancer cells become insensitive to oxygen.  Thus, even in the presence of O2, cancer 

cells favor the glycolytic pathway for energy production as discovered by Warburg over 80 years 

ago (5).  This phenomenon is actually termed “aerobic glycolysis”.   Thus, on one hand, the 

glycolytic phenotype is selected early in in situ cancers because they are faced with intermittent 

hypoxia.  On the other hand,  aerobic glycolysis is also necessary for cancer progression, because 

glucose metabolism generates several important by-products, including ATP, NADH, NADPH, 

lactate and other metabolic acids any of which may contribute to increased cancer progression 

and metastasis (6).  Indeed, preventing the Warburg effect by inhibition of lactate dehydrogenase 

attenuates tumor growth, suggesting that aerobic glycolysis might be essential for cancer 

progression (7;8).  Overall, cancer cells undergo a metabolic transition which allows them to 

survive and grow in the hostile environment created by the decreased blood flow associated with 

disordered vascularization of tumor (9;10).    

The most striking feature of tumor cells is the production of excessive amount of lactic 

acid due to the increased glycolysis.  Upregulation of glycolysis in cancer cells is regulated by 
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the transcription factor hypoxia inducible factor 1 (HIF-1) which is a heterodimer consisting of 

an inducible subunit (HIF-1α) and a constitutively expressed subunit (HIF-1β) (11).  Under 

normoxic conditions, HIF-1α is hydroxylated at P402 or P564 by a set of HIF 

prolylhydroxylases, followed by polyubiquination, and eventually degradation in proteosomes.  

Under hypoxic conditions, the lack of hydroxylation prevents HIF1α degradation.  This allows 

interaction with the β subunit, translocation into nucleus, and activation of its 40 or so target 

genes (12).  GLUT1 is one of the key target genes of HIF-1, and mediates the transport of 

glucose into the cells.  Upregulation of GLUT1 allows cancer cells to take up glucose more 

efficiently (13).  Lactate dehydrogenase (LDH5) is also a target of HIF1.  Upregulation of LDH 

allows enhanced conversion of pyruvate to lactate (13;14;15).  Increased production of lactic 

acid creates the potential for low intracellular pH (pHi).  However, NMR technology revealed 

that the range of pHi in the cytoplasmic compartment in tumor cells is between 7.1-7.4 which is 

similar to normal cells.  However, extracellular pH (pHe) is reduced to 6.8-7 (16).   

Multiple membrane transport mechanisms have been proposed to explain the extrusion of 

protons from the cytoplasm into the extracellular environment in order to maintain a pHi of 

around 7.2.  First, the Na
+
-H

+
 exchanger (NHE) is required for intracellular alkalization of cancer 

cells and is an essential component of the glycolytic phenotype of cancer cells (17).  The 

monocarboxylate transporter (MCT), which co-transports lactate and a proton, is a target of 

HIF1α and upregulated in cancer cells (18).  Vacuolar ATPase (vATPase) has also been shown 

to be upregulated and targeted to the plasma membrane in cancer cells, where it plays a major 

role in pumping protons (19).  Each of these mechanisms stabilizes the pHi and reduces pHe.  

Increased extracellular acidity is not permissive to normal cell growth and leads to apoptosis 

(20).  Cancer cells appear to establish a new “set-point” which allows them to tolerate an 
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interstitial pH of around 6.8 (21).  Work by Gatenby and Gillies suggest that this change in set 

point is critical to tumor biology because acid will flow along concentration gradients from the 

tumor to adjacent normal tissue causing normal cell death, disruption of the extracellular matrix, 

promotion of angiogenesis, and loss of immune response to tumor antigens, and resistance to 

therapeutic drugs (1;22).  Tumor cells are readily able to colonize this adjacent damaged normal 

tissue providing a mechanism for continued invasion and growth.  Therefore, low pHe appears to 

give selective advantage for tumor growth and development.  The coincidence of high lactic acid 

out put and low pHe has led to a popular belief that lactic acid is the source of the acidosis in the 

tumor microenvironment.  This concept has been challenged by experiments performed on 

tumors with impaired glycolytic ability.  In these experiments, Chinese hamster overy cells with 

reduced lactate dehydrogenase (LDH) activity showed considerably lower glucose utilization and 

lactic acid output, but still produced an acidic extracellular microenvironment when transplanted 

into mice (7).  Also, glycolysis deficient Chineses hamster lung fibroblasts (lacking 

phosphoglucose isomerase activity), when transfected into mice, produced an acidic extracellular 

milieu of pH 6.7 despite negligible in vitro lactic acid production (23).  These findings suggest 

that the acid responsible for the low pHe could be volatile.  In healthy tissue at rest, the majority 

of cellular acid is extruded as CO2.  Recent work has also suggested a dominance of CO2 over 

lactic acid as an acid generator in tumors (24;25) and studies in spheroids have shown that lactic 

acid efflux does not contribute greatly toward establishing an acidic pHe (26).  It is therefore 

hypothesized that the majority of anaerobically produced protons exits cells as CO2.  If CO2 is a 

significant source of acidity in tumors, this implies a contribution by the carbonic anhydrase 

(CA) family which catalyzes the reversible conversion of CO2 to bicarbonate and a proton in the 

development of glycolytic phenotype of cancers.  
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Carbonic Anhydrase Family 

Carbonic anhydrase (CA) is a family of zinc metalloenzymes that catalyze the hydration 

of CO2 and the dehydration of HCO3
- 
: CO2 + H2O ↔ HCO3

- 
+ H

+
.  This  reaction is involved in 

many physiological and pathological processes, including respiration and transport of CO2 and 

bicarbonate between metabolizing tissues and lungs; pH and CO2 homeostasis; electrolyte 

secretion in various tissues and organs; biosynthetic reactions (such as gluconeogenesis, 

lipogenesis, and ureagenesis); bone resorption, and calcification (27;28).  The active site of most 

CAs contains a zinc ion, which is essential for catalysis. 

There are at least four distinct CA families from human to plants to bacteria: the α-CAs 

(present in vertebrates, bacteria, algae and cytoplasm of green plants); the β-CAs (predominantly 

in bacteria, algae and plant chloroplast), the γ-CAs (mainly in archaea and some bacteria); and 

the δ-CA (present in some marine diatoms).  To date, 16 α-CA isoforms have been identified in 

mammals of which three are not catalytically active, including CAVIII, X, and XI (29).  The 13 

catalytically active isoforms are further divided into 4 groups based on tissue distribution and 

subcellular localization.  CAI, II, III, VII, and XIII are expressed in cytosol.  CAV is expressed 

in mitochondria, but has two homologs, CAVA and CAVB that show unique tissue distribution.  

CAVI is the only secreted CA and found in salivary gland of a number of mammalian species.  

There are five membrane-associated CA isoforms, three of which (CAIX, CA XII and CA XIV) 

are transmembrane proteins.  CAIV and the closely related CAXV are attached to the outer 

leaflet of the plasma membrane through a GPI anchor.  CAXV is not founds in humans.  Kinetic 

properties for these CAs are different.  Among them, cytosolic CAII has the highest catalytic 

efficiency displaying a Kcat/Km of 1.5 x 10
8  

M
-1

s
-1

.  CAIII exhibits the lowest hydratase activity 

(Kcat/Km = 3 x 10
5  

M
-1

s
-1

)
 
of the CA isoforms.  CAI, CAIV and CAVI have Kcat/Km values of 

5.0 x 10
7 
M

-1
s

-1
.
   
Kcat/Km of CAXII, CAXIV and CAXV are lower than other isoforms, at about 
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3.5 x 10
7 
M

-1
s

-1
.
   
The catalytic domain of CAIX (CA) was first cloned into bacteria and analyzed 

for its kinetic properties by the Silverman group, establishing a Kcat/Km of 5.5x10
7
 M

-1
s

-1
 (30).  

Subsequently, the catalytic and catalytic domain with thePG extension (PG + CA form ) were 

cloned into E. coli and an insect expression system and measured for CO2 hydration activity (31).  

The catalytic domain, regardless of expression system, was determined to have similar catalytic 

efficiency as that originally reported for CAIX.  However, the addition of the PG domain 

appeared to contribute to an increase in the CO2 hydration activity of CA domain.  Together, 

these data suggest that CAIX belongs to the highly active human α-CAs and that its catalytic 

properties for the CO2 hydration reaction are comparable to those of CAII, the most active CA 

isoform.       

Carbonic Anhydrase IX Expression and pH Regulation in Cancer 

Among the CA isoforms, two CA isoforms (CAIX and CAXII) are associated with, and 

overexpressed in, many solid tumors and cancer cell lines (32;33).  CAIX, originally named MN 

protein, was identified using the M75 monoclonal antibody in HeLa cells by Pastorekova et al. 

(34).  Subsequently, analysis of the encoded cDNA revealed its sequence and domain positioning 

(35).  Mature MN/CAIX is a transmembrane N-linked glycoprotein that contains 422 amino 

acids (aa) and four distinct domains: a 59 aa N-terminal proteoglycan-like domain (PG domain), 

a highly conserved extracellular catalytic domain (CA domain) consisting of 259 aa, a 20 aa 

transmembrane region, and an 25 aa intracellular C-terminal, cytoplasmic domain (Figure 1-1).  

The extracellular N-terminal PG domain appears to play a role in cell adhesion (36).  The 

catalytic domain includes 3 zinc-binding histidine residues (His 189, His 191, and His 214) at the 

active site (Figure1-1).  One study suggests that the cytoplasmic domain of CAIX possesses a 

tyrosine target for the EGF receptor kinase and may be involved in amplifying EGF receptor 

signaling in a unique signaling pathway in renal carcinoma cells (37).   
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CAIX is overexpressed in many types of cancer such as renal, lung, colon, brain, cervix, 

ovarian, esophagus, and breast carcinoma, but is absent in the corresponding normal tissues 

(33;38;39).  Its expression, which is regulated by the HIF-1 transcription factor complex, is 

strongly induced by hypoxia and considered as a marker for hypoxia (40).  CAIX expression is 

significantly associated with high tumor grade, reduced survival, and poor prognosis in breast 

cancer (38;41).  Thus, in contrast to the other CA isozymes, CAIX has been implicated in 

playing a role in the regulation of cell proliferation, adhesion, and malignant cell invasion.  

Although CAIX is overexpressed in many solid tumors, it is expressed only in a limited number 

of normal tissues such as epithelial cells of the proximal gastrointestinal tract including the 

stomach and gall bladder (42;43).  Normal expression of  CAIX is also seen in the basolateral 

membranes of enterocytes in the duodenum and jejunum, with most abundant expression 

occurring in the crypts, the region where epithelial cells exhibit high proliferative capacity (43).  

CAIX also shows low expression in pancreatic ducts and epididymis (28).  Notably, strong 

expression of CAIX in numerous tumors is predominantly found in carcinomas that are derived 

from tissues that do not normally express CAIX.  In contrast, tumors originating from CAIX-

positive tissues, such as stomach, tend to have lowered expression of CAIX (28). 

 Expression pattern of CAIX is principally determined by a strong activation of CA9 gene 

transcription via a hypoxia-inducible factor (HIF1), which binds to the hypoxia response element 

(HRE) localized in the CA9 promoter.  As mentioned earlier, HIF-1 is a heterodimer consisting 

of an inducible subunit (HIF-1α) and a constitutively expressed subunit (HIF-1β).  HIF-1α 

becomes active under conditions of hypoxia.  Hypoxia usually occurs at a distance of 100-200 

μm from blood vessels in tumors (44) and seems to be strongly associated with tumor 

proliferation, malignancy, and resistance to radiation and chemotherapy (45;46).  Expression of 
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CAIX is highly correlated with the level of hypoxia measured in different tumors, including 

breast tumor, and makes it a reliable intrinsic marker of tumor hypoxia (47).  Also, it has been 

demonstrated that in cultured cells, CAIX expression is density-dependent and requires PI-3-

kinase activity (48).  CAIX is proposed to play a major role in regulating hydrogen ion flux, and 

inhibition of CAIX results in increased cell death under hypoxic conditions, indicating that its 

expression provides a mechanism for hypoxic adaptation (33;49). 

Basolateral expression of CAIX suggests a role in facilitating chloride/bicarbonate 

exchange resulting in bicarbonate extrusion across the basolateral membrane (42).  Thus, CAIX 

may promote H
+
/HCO3

-
 transport to maintain cellular pH in gastric and duodenal epithelial cells 

and is involved in gastric acid secretion.  The role of CAIX in promoting extracellular acidosis  

was first demonstrated by the Pastorekova group (50).  In their study, MDCK epithelial cells 

overexpressing with CAIX were shown to acidify culture medium when exposed to periods of 

hypoxia, and acidification was slowed in the presence of sulfonamide inhibitors of CA.  A study 

by Swietach  et al. showed ectopically expressed CAIX in human bladder carcinoma RT112 

cells was able to spatially coordinate pH, but only when cells were cultured as three-dimension 

structures (24).  Chiche et al. found that CAIX expression affected pHi in isolated cells only 

when cells were exposed to bicarbonate-free buffer in an acidic milieu (51).  Another very 

important example of CAIX-dependent pH regulation comes from the work done by Swietach 

and his colleagues (26).  These investigators made CA9-expressing spheroids of human colon 

carcinoma cells and imaged the intracellular and extracellular pH in these spheroids using 

membrane-impermeant fluorescent pH-reporter dyes.  With CAIX expression, spheroid core pHi 

was higher (pHi=6.6) than that in control spheroids (pHi=6.3) and pHe was decreased (pHe= 6.6) 

compared to control spheroids (pHe=6.9).  These data suggested that CO2 producing tumors may 
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express CAIX to facilitate CO2 excretion.  These observations support the mechanism that Harris 

and colleagues proposed earlier in which CAIX participates in the acidification of the tumor 

microenvironment.  In this model, pHe is reduced through the coupled activity of CAII, CAIX 

and bicarbonate transporters in cancer cells (Figure 1-2) (40).  Intracellular protons
 
produced by 

glucose metabolism react with HCO3
- 
to form CO2.  The CO2 diffuses to the extracellular milieu 

and is catalytically hydrated to bicarbonate with the production of a proton by membrane-bound 

CAIX.  This would enable the anion exchanger (AE) to transport the newly generated HCO3
-
 

back into the cytoplasm to provide a buffer for pHi.  This proposal illustrates only one aspect of 

CAIX regulation of pH.  We propose that CAIX could also neutralize protons ejected from the 

cells by catalyzing their reaction with bicarbonate to form CO2 and H2O.  Thus, CAIX function 

in the regulation of pHi and pHe will likely depend on the proton and CO2 concentration in the 

extracellular space.  CAIX is a bidirectional enzyme that could accelerate both extracellular CO2 

hydration and the dehydration reaction depending on the concentration of the reactants.  

Therefore, in the extracellular space, CAIX may actually be responsible for stabilizing pHe at a 

value that favors cancer cell survival compared to the surrounding normal cells.  At 

physiological pHe (or as lactic acid production is increasing in response to hypoxia), CAIX 

activity favors the CO2 hydration and contributes to the acidification of tumor microenvironment.  

When pHe approaches 6.8, CAIX activity will favor dehydration of bicarbonate which consumes 

protons.  Either way, CAIX would effectively protect the cancer cells either from over 

acidification of intra- or extra-cellular space, favoring cell survival and promoting the metastatic 

phenotype. 

CAIX Inhibitors and CAIX Target Therapy  

Given that CAIX expression is associated with high tumor grade, tumor necrosis, and poor 

prognosis in breast cancer (41;52), it becomes a potential target for cancer therapy.  There are 



 

25 

several reasons to consider CAIX as a suitable target molecule for cancer therapy.  First, CAIX is 

expressed in commonly occurring carcinomas, which are relatively resistant to conventional 

therapy.  Second, its normal expression is restricted to the luminal epithelia of the alimentary 

tract, with limited accessibility to immune cells, antibodies, and many drugs.  

CA isoforms are inhibited by several classes of inhibitors: inorganic anions, sulfonamides, 

and phenols (53).  The best investigated CA inhibitors are the sulfonamides.  Some sulfonamide 

CA inhibitors are already in use in the clinical setting such as acetazolamide (AZA), 

methazolamide (MZA) and ethoxzolamide (EZA) (Figure 1-3A, B).  To date, many CA 

inhibitors have been synthesized from these standard compounds and shown to inhibit to various 

degrees the growth of tumor cells expressing tumor-associated CAs (CAIX , CAXII) both in 

vitro and in vivo (54;55).  Many sulfonamides possess low nanomolar Ki values against CAIX 

activity (Table 1-1).  These sulfonamide inhibitors interact with the Zn
+
 ion directly and 

participate in various interactions with amino acids in the active site to block the activity of CA 

(56).  This implies that CAIX represents a new pharmacologic target for hypoxic tumors that are 

non-responsive to classical chemo- and radio-therapy.  

Recently, several membrane impermeable and specific CAIX inhibitors have been shown 

to work at μmolar/nanomolar levels with therapeutic implications (50;55).  Among these, the 

PEGylated inhibitor (F3500), a pyridinium derivative, and Compound 5c (Cpd 5c) are among the 

most interesting.  F3500 is a compound that was synthesized by Conroy et al. (57).  It was 

designed to be impermeant through covalent attachment to polyethylene glycol bisacetic acid.  

These investigators also showed that this compound was soluble, non-toxic, and selectively 

blocked cell surface CAIV activity in the kidney.  The F3500 polymer inhibits CAIX activity 

with a binding constant of 3 μM (Ki = 3 μM).  The PEGpAMBS inhibitor (N3500) is also a 
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PEGylated compound displaying similar inhibitory activity (Ki = 3.4 M against CAII) (58) 

(Figure 1-3D).  Like F3500, N3500 is impermeant as demonstrated in red blood cells (58).  The 

pyridinium derivative is a strong CAIX inhibitor (Ki = 14 nM) which belongs to a class of 

positively charged sulfonamides and possesses in vivo selectivity for membrane-bound (CAIV) 

versus the cytosolic isoform (CAII) (59).  Cpd 5c is a fluorescent sulfonamide investigated by 

Svastova et al. in which the sulfonamide is linked to fluorescein (Figure 1-3C).  This inhibitor 

has high affinity for CAIX (Ki = 9 nM) so has high potential for use as a fluorescent probe for 

CAIX expression.  Several studies have suggested that this inhibitor binds to CAIX only under 

conditions of hypoxia in vitro and in vivo (50;60;61).  The impermeable feature of all of these 

inhibitors is highly attractive for targeting CAIX at it active site and separates that inhibition 

from CAII.  In this study, I utilize a variety of sulfonamide inhibitors such as AZA, EZA, N3500 

and Cpd 5c to characterize CAIX activity in breast cancer cells.  

Metabolon Theory: Interaction of CAs with Bicarbonate Transporter 

While under intensive study, the mechanism of CAIX regulation of tumor pH is still 

undetermined.  One hypothesis is the bicarbonate transport metabolon theory.  A metabolon is a 

complex of proteins that physically interact to enhance the channeling of substrates between 

enzymes involved in a pathway to improve metabolic rate.  A bicarbonate transport metabolon 

refers to the complex of carbonic anhydrase(s) with a bicarbonate transporter to coordinate pH 

regulation (62).  In the bicarbonate transport metabolon, CAs may physically and functionally 

interact with anion exchangers (AE) to facilitate proton extrusion.  The AE group of bicarbonate 

transporters facilitates the movement of HCO3
-
 across biological membranes.  In mammals, 

about 13 different genes encode the bicarbonate transporters, which functions through a range of 

mechanisms, including Cl
-
/HCO3

-
 exchange, Na

+
/HCO3

-
 co-transport, and Na

+
-dependent Cl

-
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/HCO3
-
 exchange (63-65).  These bicarbonate transporters cluster into 3 separate branches upon 

phylogenetic analysis: Cl
-
/HCO3

-
 exchangers of the AE family, Na

+
/HCO3

-
 co-transporter of the 

NBC family, and members of the SLC 26 (solute carrier subfamily 26) family.  Cl
-
/HCO3

-
 

exchangers include three isoforms (AE1, AE2 and AE3) that differ in their tissue distribution 

(65).  AE1 is restricted to erythrocytes, intercalated cells of renal collecting duct, heart and 

colon, whereas AE2 is widely distributed in basolateral membranes in most epithelial cells.  AE3 

is expressed in brain, retina, heart and smooth muscle, epithelial cells of the kidney and GI tract.  

Many studies have been performed to investigate the interaction of CAs with AEs.  These studies 

have shown that many CA isoforms are associated with AEs.  For example, CAII binds to the C-

terminus of human AE1.  The binding site of CAII in AE1 had been identified as the acidic 

LDADD motif (amino acids 886-890).  Sequence alignment of  the C-termini of AEs indicate 

that a similar CAII binding site exists in the C-terminus of AE2 (LDANE) and AE3 (LDSED) 

(66).  Truncation and mutagenesis of the basic N-terminus region of CAII showed that the AE1-

binding site in CAII is a histidine-rich region (MSHHWGYGKHNGPEHWHK) (67).  The 

binding of CAII and AEs accelerates the respective transport rates of bicarbonate transporters.  

The GPI-linked enzyme CAIV also binds AE1, AE2, and AE3 specifically within the fourth 

extracellular loop of AEs.  Co-expression of CAIV and AEs restores the reduction of bicarbonate 

transport rate by the mutant of CAII in HEK 293 cells.  Acetazolamide  inhibited the effect of 

CAIV co-transfection on bicarbonate transport rate demonstrating that CAIV activity is required 

for increased bicarbonate transport (68).  Recently, Morgan et al. have shown that CAIX binds to 

each of the AE isoforms and the catalytic domain of CAIX mediates the interaction with AE2 in 

HEK 293 cells (69).  These interactions increased bicarbonate transport mediated by AEs.  The 

co-localization of AE2 and CAIX in the parietal cells of stomach suggested that CAIX and AE 
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interaction may play a fundamental role in the gastric acid secretion (69).  Localization CAIV or 

CAIX with CAII and a bicarbonate transporter at the membrane may maximize the rate of 

bicarbonate transport by enhancing the transmembrane gradient local to the bicarbonate 

transporter.  The interaction between CAs and bicarbonate transporter may be critical to the 

bicarbonate flux in differentiated cells.   Assembly and activation of such a metabolon would be 

especially meaningful in the low oxygen environment in cancer cells.  Hypoxia may stimulate 

the assembly of this metabolon to enhance bicarbonate flux.  As CAIX is induced by hypoxia in 

many types of tumor, CAIX might work as an extracellular component of the metabolon to 

regulate pH of tumor microenviroment.  Harris and colleagues have suggested this mechanism 

for reducing extracellular pH (32;40;70), although it is still not clear that the interaction between 

CAIX, CAII and the bicarbonate transporter is merely functional or requires a physical union 

between CAs and bicarbonate transporter in cancer cells.  Therefore, the study of a functional 

and physical interaction of AE with CAIX, and CA II in cancer cells under hypoxic conditions 

will be important in understanding extracellular acidification and the role of CAIX in the 

development of the glycolytic phenotype of breast cancer cells. 

Model System: Human Breast Cancer Cells (HBCs) 

In the present study, I utilize breast cancer cells (HBCs) as models to study the role of 

CAIX in the development of glycolytic phenotype of breast cancer.  Breast cancer cell lines have 

been the most widely used models to investigate the events leading to breast cancer progression 

because most features of breast cancer are preserved in the breast cancer cell lines from which 

they derive (71).  Recent studies divide breast cancer cells into two branches based on 

transcriptional activity (71;72).  These two branches are known as the luminal group which is 

estrogen receptor (ER)- and ERBB3-positive and the basal-like group which is estrogen receptor- 

negative and caveolin-positive.  Basal-like cells further are separated into two groups, Basal A 
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and Basal B.  Luminal cells are related to a more differentiated and non-invasive phenotype.   

Basal B cells are associated with a more metastatic phenotype and represent “triple negative” 

tumors [estrogen receptor-negative (ER
-
), progesterone receptor-negative (PR

-
), and HER2 

 

negative].  The number of available breast cancer cell lines is relative small and only a few of 

them have been extensively studied.  Among these, the MCF-7, T47D and MDA-MB-231 

account for more than two-thirds of all of the published studies, and they are likely to reflect the 

features of cancer cells from which they are derived (72).  The T47D cell line is derived from a 

ductal carcinoma and is an estrogen receptor-positive cell line (73).  Analysis of transcriptional 

activity reveals that these cells align with luminal markers (72). When injected into nude mice; 

these cells form a solid tumor but do not metastasize (71).  The MDA-MB-231 line is derived 

from an adenocarcinoma and is an ER
-
, PR

-
, HER2 negative, but EGF receptor-positive cell line 

(73).  When injected into nude mice, these cells form tumors and aggressively metastasize.  

MDA-MB-231 cells belong to the Basal B branch and are representative of triple negative  

tumors (72).  MCF10A line is derived from fibrotic tissue and is frequently used as a control for 

breast cancer cells. These cells are ER-negative, EGF receptor-negative, and HER2 negative but 

E-cadheren positive.  This is an immortal but non-transformed cell line, so MCF10A cells do not 

form tumors in vivo.  MDA-MB-231 cells and MCF10A cells have similar transcriptional 

profiles, ones that define the Basal B group, despite their very different in vivo behaviors (72).   

The goal of this study is to determine if CAIX expression and activity contribute to the 

development of the glycolytic phenotype of breast cancer cells.  We discovered, among the cell 

lines tested, that the membrane-associated CA family members are differentially expressed.  

However, high expression of CAIX in the aggressive breast cancer MDA-MB-231 cells, along 

with that of cytoplasmic CAII, shows strong correlation with the ability to acidify the medium.  



 

30 

We demonstrate that CAIX expression and activity is associated with metabolic dysfunction in 

MDA-MB-231 cells concluding that CAIX contributes to the development of glycolytic 

phenotype of these breast cancer cells.  This predicts that the most aggressive breast cancer cells 

will express CAIX, which is consistent with studies demonstrating increased mortality of breast 

cancer patients with tumors that express CAIX.  We also show that CAIX is the only membrane 

CA expressed in MDA-MB-231 cells, which provide advantage for characterize CAIX activity.  

Using 
18

O exchange technique, we show that CAIX activity is increased by hypoxic treatment.  

We also show that low pH, adjusted to mimic the tumor microinviroment, increases CAIX 

activity in the direction of CO2 production.  Further, we demonstrate that CAIX activity is further 

enhanced by the anoxic condition.  Finally, we show that CAIX activity can be blocked by 

sulfonamide inhibitors including the impermeant inhibitor N3500 and fluorescent inhibitor Cpd 

5c in MDA-MB-231 cells.  Together, these data indicates that CAIX expression and activity are 

involved in the development of glycolytic phenotype of breast cancer cells.  Inhibition of CAIX 

activity by sulfonamide may be a potential therapeutic tool for invasive breast cancers. 
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Figure 1-1. Secondary structure of carbonic anhydrase IX (CAIX).  The mature form of CAIX 

consists of four domains: PG-like domain (proteoglycan-like domain), CA domain 

(carbonic anhydrase domain), TM domain (transmembrane domain), and the 

cytoplasmic domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Potential mechanism of proton extrusion and the role of CAIX in the regulation of 

pH.  GLUT1: glucose transporter, LT: lactate transporter, VA: vacuolar ATPase 

(vATPase): AE: anion exchanger, CAIX and CA II collaborate to extrude proton.  

See text for details. 
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Figure 1-3.  Structure of acetazolamide, ethoxzolamide, cpd 5c and N3500.  A)  Acetazolamide: 

semi-diffusible sulfonamide.  B) Ethoxzolamide: rapidly diffuses across cell 

membranes. C)  Cpd 5c: small molecular weight sulfonamide linked to fluorescein. 

D)  N3500: impermeant CA inhibitor in which aminobenzolamine is attached to 

polyethylene glycol bisacetic acid. 

 

Table 1-1.  Ki values of CA inhibitors for CAIX 

CA inhibitor Ki for CAIX 

AZA 3.0 nM 

CZA 1.0 nM 

EZA  <1 nM 

F3500 3.4 μM 

N3500 4.0 μM   

Cpd 5c 9.0 nM 
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CHAPTER 2 

MATERIALS AND METHODS 

Materials 

Dulbecco’ Modified Eagle Medium (DMEM) powder was obtained from Invitrogen 

(#12100-61).  Fetal bovine serum (FBS) was obtained from Atlanta Biologicals (s11450).  

McCoy’s medium was purchased from Gibco (#16600), bovine insulin was purchase from 

Elanco (#4020), and Mammary Epithelial Basal Medium (MEBM) was purchased from Cambrex 

Bioscience, (#CC3151).  Cholera toxin was purchased from Calbiochem, (#227035).  The MDA-

MB-231 (MDA-MB-231) cell line was provided by Dr. Kevin Brown (University of Florida).  

The T47D line was provided by Dr. Keith Robertson (Medical College of Georgia).  The MCF 

10A (MCF) line was purchased from ATCC. 

In this study, I have used 4 antibodies against carbonic ahydrase IX (CAIX).  NB-100 was 

generated in rabbits against a C-terminal peptide (Novus Biologicals).  M75 is a monoclonal 

antibody originally developed by Pastorekova (34)  and is considered the “gold standard” for 

CAIX.  This reagent was provided by Dr. Egbert Osterwijk from University Hospital Nijmegen 

in the Netherlands.  AF2188 is a goat polyclonal antibody made against a peptide including 

amino acids 59-419 from the CAIX sequence (R&D system).  sc-25599 (Santa Cruz) is a rabbit 

polyclonal antibody raised against a peptide which includes amino acids 41-160 of CAIX.  The 

caCAII antibody (NB600-919) is a polyclonal made against the entire protein (Novus 

Biologicals).  The glucose transporter 1 (GLUT1) antibody is a rabbit polyclonal generated in 

our lab and previously characterized (74).  The anion exchange 2 (AE2) antibody (N-12) was 

purchased from Santa Cruz Biotechnology and is a goat polyclonal antibody against a peptide 

mapping at the N-terminus of human AE2.  Anti-rabbit IgG-conjugated horseradish peroxidase, 

anti-mouse IgG-conjugated horseradish peroxidase, and anti-goat IgG-conjugated horseradish 
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peroxidase were obtained from Sigma-Aldrich.  The Enhanced Chemiluminescence kit was 

obtained from GE Healthcare (#RPN2106).  The following antibodies were also used: EGFR 

(Cell Signaling Technology #2232); pEGFR (Y1173) (Santa Cruz Biotechnology #sc-101668); 

Akt1 (Sigma-Aldrich #p1601); pAkt (S473) (Cell Signaling Technology (#D9E); Map 

kinase/Erk2 (Calbiochem #442700); and pErk1/2 (Biolabs #9106). 

The carbonic anhydrase (CA) inhibitors, acetezalomide and Chlorzolamide, were provided 

by Dr. David Silverman (University of Florida).  The PEGylated CA inhibitor, N3500, was 

synthesized by Dr. Nicole Horenstein in the Department of Chemistry at University of Florida.  

Details of its synthesis are described elsewhere (58).  The fluorescent CA inhibitor, Cpd 5c, was 

originally designed by Dr. Claudiu Supuran (75).  This reagent was synthesized at UF by Dr. 

Rachel Witek in the laboratory of Dr. Carrie Haskell-Luevano in the Department of 

Pharmacodynamics.  Three anion exchange (AE) inhibitors were used: 4,4'-

diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) was purchased from Sigma-Aldrich; 4-

acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid (SITS) and 4,4'-dinitro stilbene-2,2'-

disulfonate (DNDs) were provided by Dr. David Silverman (University of Florida).  The iron 

chelator and hypoxic mimic, desferoxamine mesylate (DFO), was obtained from Sigma-Aldrich.  

Protein A argarose and protein A/G argarose were purchased from Invitrogen.  Ampholytes for 

two-dimensional gel electrophoresis (pH3-10) were purchased from Sigma-Aldrich.  

Nitrocellulose membrane was purchased from BioRad Laboratories.  Cell dissociation buffer 

(CBS) (# 13151-014) was purchased from Invitrogen.  Proteinase inhibitor cocktail (Mini 

complet) was obtained from Roche Diagonostic. 

2-Deoxy-D-[2, 6-
3
H] glucose (45 Ci/mol) was purchased from GE Healthcare (Amersham 

Life Sciences).  [
14

C]-benzoic acid glucose (61 mCi/mol) and [
14

C] 3–O-methylglucose glucose 
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(45 mCi/mol) were purchased from MP and Perkin Elmer, respectively.  All other reagents were 

of analytical grade from commercial sources.  

 

Methods 

Human Breast Cancer Cells (HBCs) Culture and Exposure to Reduced Oxygen 

MDA-MB-231 (MDA-MB-231) cells were plated in 10 cm plates at a density of 10,000 

cell/mL in DMEM containing 10% FBS.  T47D cells were plated at a density 20,000 cells /mL in 

McCoy’s medium containing 10% FBS and 0.2 unit /mL bovine insulin.  The MCF10A (MCF) 

cells were plated in Mammary Epithelia Basal Medium (MEBM) at a density of 20,000 cells/mL 

supplemented with 0.1 μg/mL cholera toxin.  The medium overlaying MDA-MB-231 cells was 

changed two day after plating and then every other day.  Medium overlaying the T47D and MCF 

10A cells was changed three days post-plating and then every two days.  All three cell lines were 

cultured in an humidified atmosphere at 37°C in 5% CO2.  Experiments were conducted when 

cells achieved 75% confluence (day three post-plating for MDA-MB-231 cells and day 6 post 

plating for MCF and T47D cells).  Desferoxamine mesylate (DFO) is an iron chelator which 

mimics hypoxia.  For DFO treatment, a 10 mM stock was prepared in sterile water and added to 

medium at a final concentration of 100 μM and incubated at 37°C for 16 hours.  For exposure to 

reduced oxygen, cells were transferred to humidified Modulator Incubator Chambers (MIC-101) 

purchased from Billups-Rothenberg, Inc. and flushed with 1% O2, 5% CO2 and balanced N2 for 5 

min and incubated at 37°C for 1 hour.  After 1 hour incubation, the chambers were re-flushed 

with 1% O2  to purge the gases that remained trapped in the medium.  Cells were then incubated 

at 37°C for an additional 15 hours. 



 

36 

Cell Growth Assay 

The growth rate of MDA-MB-231, T47D, and MCF cells were assessed by counting cell 

numbers at different day after plating.  The cells were cultured as described above for a specific 

number of days as annotated in the figure legends.  Cells were washed twice with warmed PBS 

(120 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, and 10 mM NaH2PO4, pH 7.4) and dissociated 

from plates by incubation with cell dissociation buffer for 10 min at 37°C.  After triturating, an 

aliquot of cell solution was suspended in isotone in an Accuvet chamber.  Cell number was 

quantitated by a Coulter Counter (Beckman).  Cell number in each plate was calculated from the 

average of five counts. 

Glucose Transport Assay 

Glucose transport activity was measured according by previously published methods (76).  

Briefly, MCF, T47D, and MDA-MB-231 cells were plated in 35 mm plates.  At 75% confluence, 

the cells were divided into three groups.  The control group was incubated in a CO2 incubator 

with 5% CO2 at 37°C.  The second group was treated with DFO at final concentration of 100 μM 

and maintained in 5% CO2 at 37°C.   The metabolic chamber was used to maintain a third group 

at reduced oxygen.  After 16 hours, cells were washed three times with Krebs Ringer Phosphate 

(KRP) buffer (128 mM NaCl, 4.7 mM KCl, 1.25 mM MgSO4.7H2O, 1.25 mM CaCl2.2H2O, 5.0 

mM sodium phosphate salts, pH 7.4).  The plates were equilibrated in 950 μl of the same buffer 

for 10 minutes at 37°C.  Cells were then incubated with or without 40 μM of cytochalasin B 

(from a stock dissolved in DMSO) for 10 min.  Cytochalasin B is a mycotoxin which inhibits 

facilitated glucose transport.  This was followed by 10 min incubation with 0.2 mM [
3
H]-

deoxyglucose.  To terminate the reaction, cells were finally washed with ice-cold PBS and dried 

at room temperature.  To quantify radioactivity, the cells were lysed in 1 ml of 0.1% SDS and an 
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aliquot was counted by scintillation spectrometry.  The glucose transport rate was represented by 

the mass of [
3
H]-deoxyglucose uptake per min per plate. 

Lactic Acid Assay 

MCF10A, T47D, and MDA-MB-231 cells were plated in 35 mm plates and grown to 75% 

conflucence.  Cells were fed with fresh medium and then exposed to DFO or hypoxia for 16 

hours.  Medium was collected from each plate at the end of the exposure and assayed for lactate 

concentration using a VITROS DT60 II Bioanalyzer (Ortho-Clinical Diagnostics, Rochester, 

NY).  The fresh medium for each of the cell lines was also assayed for the lactate concentration 

to determine background levels.  Rates of lactate production were calculated from the change in 

the amount of lactate during the 16 hours incubation.  For samples exposed to DFO or hypoxia, 

medium was diluted to 1:10 or 1:15 to maintain the value of lactic acid in the linear range of the 

assay.  

Measurement of Extracellular pH  

MCF10A, T47D, and MDA-MB-231 cells were plated in 35mm plates.  At 75% 

confluence, cells were exposed to hypoxia or DFO for 16 hours.  Medium pH was measured 

immediately with a portable pH meter.  In some experiments, CA inhibitors were added to the 

medium of MDA-MB-231 cells at a final concentration 100μM.  After 24 or 48 hours, pH of the 

medium was assessed. 

Measurement of Intracellular pH  

Uptake of [7-
14

C] benzoic acid  

Intracellular pH was determined using the method published by L’Allemain G et al. (77).  

Briefly, pHi was measured based on the distribution of [7-
14

C] benzoic acid in the intracellular 

and extracellular space.  Distribution of this weak acid in the intracellular space is correlated 

with intracellular pH.  The MDA-MB-231 cells were grown in 35 mm plate for 3 days and then 
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exposed to hypoxia for 16 hours.  Cells were placed in the 37°C water bath and washed 2 times 

with warm KRP.  Cells were equilibrated for 15 min in HCO3
-
 -free solution [130 mM NaCl, 

5mM KCl, 2mM CaCl2, 1 mM MgCl2, 5mM glucose, and 20mM each of MES for (pH 6.6) and 

Hepes for (pH 7.4)] or a HCO3
-
 -containing solution [130 mM NaCl, 5mM KCl, 2mM 5mM 

CaCl2, 1 mM MgCl2 glucose and 25mM  HCO3
-
].  Cells were then shifted to the same solution 

described above containing 1μCi/mL of [
14

C] benzoic acid.  After incubation at 37°C for 15 min, 

the plates were washed four times, very rapidly, with ice cold PBS, pH 7.4 (the four washes and 

aspirations lasted 6-8s).  After air drying, cells were solubilized in 0.1 % SDS and radioactivity 

was measured by liquid scintillation spectrometry. 

Calculating intracellular water space 

The intracellular water space was calculated from the equilibrated uptake of 3-O-methyl-

D-[1-
3
H] glucose.  Uptake of 3-O-methyl-D-[1-

3
H] glucose into the cells reaches a plateau after 

40-50 min and remains constant for up to at least 120 min.  The cells were incubated with 

5μCi/mL of this nonmetabolized hexose in glucose-free solution, pH 7.4 for 60 minutes at 37°C.  

The cells were then washed and assay for radioactivity as described above.  Intracellular water 

space = cpm inside of cells/cpm in 1 μL of external medium. 

Calculation of pHi 

The intracellular pH was calculated according to the formula: pHi = pHo + log (Bi/Bo). Bo 

= cpm/µL of [7-
14

C]benzoic acid in the external medium. Bi = cpm of [7-
14

C] benzoic acid inside 

the cell/intracellular water space.  pHo = pH of external medium.  

Isolation of Total Membrane 

A total membrane fraction was isolated based on previously published methods (76).  

Briefly, cells were washed 3 times with 5 mL KRP and incubated for 10 min.  The cells were 

then scraped into a Tris-based buffer (TES1p) containing 20 mM Tris-HCl, 25 mM sucrose, 1 
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mM EDTA and protease inhibitor and homogenized by 10 stokes in a 10 mL Potter- Elvejhem 

flask with a Teflon pestle.  Membranes were collected at 212,000 x g for 1 hour in a Beckman 

L8-70 ultracentrifuge.  The pellet was washed once with TES1 by repeating the homogenization 

and centrifugation mentioned above.  The final membrane pellet was then homogenized with 10 

strokes using a 2 mL Potter-Elvehjem flask and resuspended in TES1p.  Total membrane protein 

was stored at -20°C.  Aliquots were assayed for protein concentration.  

Protein Determination 

All protein concentrations were determined  using a modification of the Lowry procedure (78).  

This assay uses the color–generating reaction of the Folin-Ciocalteu phenol reagent with the tyrosyl and 

tryptophan residues of proteins in solution and compares the absorbance measurement of the sample 

against a standard curve.  The standard curve is prepared in duplicate using a 1mg/mL stock solution of 

bovine serum albumin (BSA) to create a curve ranging from 0 to 100 μg.  Each standard is brought to a 

total volume of 100 μl with H2O.  The buffers in which the experimental samples are suspended are 

added to the standards.  Aliquots of the experimental samples (usually 5-10 μl) are diluted with 100 μL 

of dH2O so that the volume of all samples and standards is equal.  One mL of a mixture of 100 parts of 

solution A (2.0% Na2CO3, 0.4% NaOH, 0.16% NaK tartrate, 1.0% SDS ) and 1 part of solution B ( 4% 

CuSO4) was added to each sample, mixed well, and incubated for 10 minutes at room temperature.  

Diluted Folin-Ciocalteu phenol reagent was then added (0.1 ml) to each sample, mixing immediately 

after addition.  The samples were incubated for 45 min at room temperature to develop color.  A 

spectrophotometer was then used to measure the absorbance of the samples in the visible spectrum at a 

wavelength of 650 nm. 

Lipid Raft Isolation 

The isolation of lipid rafts takes advantage of the resistance to protein extraction within 

rafts by non-ionic detergents, such as Triton X-100 or Brij-98, at low temperatures.  Lipid rafts 
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are also called detergent-insoluble glycolipid-enriched complexes (GEMs) or detergent-resistant 

membranes (DRMs).  Lipid rafts were isolated as described by Kumar  et al. with some 

modification  (76).  Five mg of total membrane were extracted in 1.0 mL MBS buffer (25 mM 

MES and 150 mM NaCl, pH 6.5) containing 1% Triton X-100 (TX-100), supplemented with 

protease inhibitor mix at 4°C.  The samples were mixed end over end for 20 min at 4°C and then 

homogenized with 10 strokes in a Dounce homogenizer.  The homogenizing flask was rinsed 

with 0.5 mL MBS/TX-100 and added to the extracted sample.  The sample was mixed with 1.5 

mL of 80% sucrose.  The samples, now at 40% sucrose, were placed at the bottom of centrifuge 

tubes and overlaid with 6 mL of 30% sucrose in MBS and 3.5 mL of 5% sucrose in MBS.  After 

centrifugation at 240,000 x g in a Beckman SW41 rotor for 18h, 13-1.0 mL fractions were 

collected at 4°C by upward displacement using 60% sucrose as the displacement fluid.  The 

fractions were mixed with 500 μL of ice-cold, 30% tricholoroacetic acid (TCA).  The samples 

were then incubated on ice for 30 minutes.  The protein precipitate was collected at 16,000 x g 

for 15 min in a microcentrifuge.  After that, protein pellets were washed 2 times in 1 mL of cold 

acetone to remove TCA.  The precipitate was then dissolved in 65 μl of 0.1% SDS.  Total 

membrane protein (100 μg) and proteins from 12 fractions (2-13 fractions) of sucrose gradients 

were resolved on a 10% SDS-PAGE gel under reducing conditions.  The proteins were 

transferred to nitrocellulose membrane and immunoblotted for CAIX, GLUT1, raft, and non-raft 

markers. 

Cell Lysate Preparation 

 Cells were first washed three times with cold PBS and then exposed to 1 mL per plate of  

lysis buffer [1% Triton X-100, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, 1 mM sodium orthovanadate, 25 mM NaF] supplemented with protease inhibitor for 15 

minutes on ice.  Cell lysates were then scraped from plates and clarified by centrifugation at 
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16,100 x g for 15 minutes at 4°C in a microcentrifuge.  Clarified supernatants were collected and 

aliquots were stored for protein analysis.  Proteins were separated by SDS-PAGE and visualized 

using immunoblotting. 

Endoglycosidase Digestion 

Endoglycosidase refers to a class of enzymes that catalyze the cleavage of oligosaccharide 

chains at specific sugar residues. These enzymes are often useful for the characterization of 

oligosaccharide structure on glycoprotein.  N-Glycosidase F is an amidase that cleaves between 

the inner most N-acetylglucosamine (GlcNAc) and asparagine residue of high mannose, hybrid, 

and complex oligosaccharides of N-linked glycoproteins.  This enzyme can be used to determine 

if a protein is post-translationally modified with an N-linked oligosaccharide.  The second 

glycosidase, endoglycosidase H (endo H), cleaves between the two GlcNAc residues directly 

proximal to the asparagine residue in only high mannose type, N-linked oligosaccharides.  High 

mannose glycoproteins are characteristic of proteins within the endoplasmic reticulum (ER). 

To determine the extent of CAIX glycosylation, 50 µg of total membrane protein (or cell 

lysates) from hypoxic MDA-MB-231 or MCF10A cells were denatured in 40 mM DTT/ 0.5 % 

SDS in a final volume of 30 µL for 10 min at 100ºC.  For N-glycosidase F digestion, the samples 

were brought to 60 μL in  50 mM sodium phosphate, pH 7.5, 1% NP-40, 1000 U N-glycosidase 

F ( Biolabs) and then incubated at 37°C for 2 hours.  For endoglycosidase H digestion, denatured 

protein samples were brought to 60 μL in 50 mM sodium citrate, pH 5.5, 1000 U 

endoglycosidase (Biolabs) and then incubated at 37°C for 2 hours.  Twenty L of 4X sample 

dilution buffer (SDB) was added to each of the samples which were then loaded onto a 10% 

SDS-PAGE gel for protein separation followed by western blot analysis for CAIX expression.  
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CAXII glycosylation was accessed by same procedure as CAIX except total membrane was from 

T47D which expresses only CAXII. 

CAIX Oligomerization Analysis  

To determine the oligomerization of CAIX, MDA-MB-231 cells were exposed to hypoxia 

for 16 hours.  Fifty μg of total membrane protein from hypoxic cells were denatured in 0.5 % 

SDS in a final volume of 30 µL for 10 min at 100ºC.  The samples were brought to 60 µL with 

50 mM sodium phosphate buffer, pH 7.5, 1% NP-40 and incubated at 37 °C for 2 hours.  

Proteins were mixed with an equal volume of 2X Sample dilution buffer (SDB) (20% glycerol, 

120 mM Tris-HCl, pH 6.8, 4% SDS, 0.05% bromophenal blue) with or without 2% ß-

mercaptoethanol.  Then, proteins were separated on 10% polyacrylamide gels and transferred to 

nitrocellulose and probed for CAIX using the M75 monoclonal antibody. 

Gel Electrophoresis 

One-dimensional gel electrophoresis 

One-dimensional SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

essentially as described by Laemmli et al. (79).  Protein samples were mixed with a small 

volume of 4 X SDB.  Gels were typically run at room temperature overnight at approximately 

45V using an electrophoresis unit. 

Two-dimensional gel electrophoresis 

The advantage of two-dimensional (2D) over one dimensional SDA-PAGE is that proteins 

are separated not just by molecular weight, but by isoelectric point as well.  The isoelectric point 

of a protein is defined as the pH at which the protein has a net charge of zero.  At this pH, the 

protein is immobile in an electric field.  In 2D gel electrophoresis, the first dimension allows 

isoelectric focusing (IEF) which makes use of a stable pH gradient to focus proteins by 
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electrophoresis to their respective isoelectric points.  This procedure was performed as 

previously described by Semple Rowland et al. (80).   

First dimension: Cytosolic proteins were isolated from sub-confluent MDA-MB-231 cells 

and concentrated using a 30 kDa cut-off centrifugal filter (Millipore) to 400 μg in 200 μL in 

TES.  Concentrated protein was diluted with an equal volume of IEF sample solution (6.4% NP-

40, 6.5 mM DTT).  Protein was mixed with a 4% acrylamide solution containing 9 M urea, 2% 

NP-40, and 2% carrier ampholytes (pH3-10).  To initiate polymerization, 2 μL N, N, N’, N’-

tetramethylethylenediamine (TEMED) and 2 μL of 10% ammonium persulfate (APS) were 

added.  Gels were cast 11 cm long in 3 mm diameter glass tubes.  The anodic and cathodic 

buffers were 10 mM phosphoric acid and 20 mM sodium hydroxide, respectively.  Gels were run 

at 350V for 18 hours followed by 800V for 2.5 hours.  The gels were then extruded using a 

water-filled syringe fitted with tubing and incubated in equilibration buffer (62.5 mM Tris-HCl, 

pH 6.8, 5% β-mercaptoethonal, 2.3 % SDS, and 10 % glycerol) for 30 min.  The pH gradient was 

determined by running an identical gel with 200 μL TES: IEF sample solution in place of 

protein, cutting it into 0.5 cm pieces, soaking each piece in 1 mL distilled water for at least 2 

hours, and measuring each pH.  

Second dimension:  One SDS-PAGE gel was poured for each tube gel, which was 

layered onto the stacking gel using embedding agarose (1% agarose in SDS-PAGE Stacking gel 

buffer).  Molecular weight standards were prepared by mixing 10 μL of low molecular standards 

(BioRad) with 300 μL 1% agarose in equilibration buffer and allowing it to solidify in a tube, 

which was then cut and placed beside the sample gel.  The marker gel and sample gel were then 

overlaid with more embedding solution which contained bromophenol blue to allow the gel to be 
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tracked while running.  The second dimension was run overnight as described above for one–

dimensional gel electrophoresis.  

Electrotransfer and Immunoblotting 

For immunoblotting, or Western blot analysis, protein samples were electrotransferred 

from SDS-PAGE gels to a nitrocellulose membrane which had been previously soaked for 30 

minutes in transfer buffer (25 mM Tris-base, 192 mM glycine, 20% methanol).  The protein was 

transferred to nitrocellulose at 200 mA for 2 hours at 4°C.  To visualize proteins after transfer, 

the nitrocellulose was stained with amido black [0.2% amido black (w/v) in 40% methanol, 10% 

acetic acid], destained (40% methanol, 10% acetic acid), and washed in distilled water.  The 

blots were then blocked to inhibit non-specific antibody interactions in 5% Carnation non-fat dry 

milk dissolved in Tris-buffered saline (20 mM Tris, 137 mM NaCl, 0.1% Tween-20) (TBST) for 

1 hour at room temperature with agitation on an orbital shaker.  A washing step followed which 

consisted of 3 washes in TBST for 5 minutes each.  The primary antibody was then added to 

fresh blotting solution (5 % non-fat dry milk or 5% BSA in some experiments) in TBST for an 

overnight incubation at 4 °C with agitation.  After this, the blot was washed as described above.  

The blot was then incubated with the secondary antibody, an anti-IgG linked to horseradish 

peroxidase (HRP), for an hour in TBST.  The blot was finally washed 3 times in TBST for 5 

minutes each, to remove the non-reacted IgG-HRP.  The Enhanced Chemiluminescence (ECL) 

detection method was used according to manufacturer’s direction, followed by to exposure 

Amersham Hyperfilm.  Band intensity was quantitated using Un-Scan-It (Silk Scientific, Inc.) in 

the linear range of the film. 

EGF-Dependent Phosphorylation of the EGF-Receptor, Akt, and Erk 

MDA-MB-231 cells, grown to day 3 in 10 cm culture dishes, were exposed to serum-free 

medium overnight under normoxic or hypoxic conditions.  Recombinant epidermal growth factor 
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(rEGF Santa Cruz) was dissolved in 10 mM acetic acid containing 0.1% BSA at a stock 

concentration of 10 µg/ mL.  One hundred ng /mL of rEGF (16 nM) were added to the serum-

starved, control and hypoxic cells for specific times as indicated in the figure legends.  

Immediately after treatment, cells were placed on ice, washed with ice-cold PBS, and lysed in 

RIPA buffer [1% NP-40, 10mM phosphate buffer, 0.1% SDS, 150 mM NaCl, 0.5% sodium 

deoxycholate, 1 mM sodium orthovanadate, 0.5 mM phenylmethyl sulfonyl fluoride (PMSF) and 

protease inhibitor (Roche Diagnostics), pH, 7.4].  Cell lysates were clarified at 16,100 x g for 15 

minutes at 4°C.  Protein concentration of the clarified supernatants was determined as described 

above.  Proteins were separated on an 8% SDS-PAGE gel and transferred to nitrocellulose 

membranes for Western blot analysis.  

Immunoprecipitation of CAIX 

Immunoprecipitation (IP) with a specific antibody is a widely used and effective technique 

for separating a target protein from a crude mixture of protein.  Once an immunocomplex of 

protein and antibody is formed, it is captured on a matrix, commonly protein A/G Sepharose or 

agarose, so that it is can be removed from solution.  Protein associated in a non-specific manner 

can then be removed by washing the protein A/G beads-immunocomplex.  Finally, the 

immunoprecipted protein can be released by interfering with the interaction between the 

antibody and the matrix by a denaturing solution such as, SDS and β-mercaptoethanol.  

CAIX were immunoprecipitated from total membranes in the following manner.  MDA-

MB-231 cells were treated with serum-free medium under normoxic or hypoxic conditions 

overnight as described above.  Cells were then exposed to rEGF (16 nM) for 30 minutes.  Total 

membranes were prepared from these cells.  One mg of total membrane protein from each 

sample was adjusted to equal volume with TES1, and then lysed in RIPA buffer on ice for 15 

minutes.  Any insoluble material was then removed by centrifugation at 16,100 x g in a 
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microcentrifuge for 15 minutes at 4°C.  Supernatants were then processed for 

immunoprecipitation.  First, to eliminate non-specific protein binding, the supernatants were 

incubated with 50 μL of a 50% suspension of protein A/G plus-agarose (Santa Cruz) for 1 hour 

at 4°C.  Samples were exposed to brief centrifugation in a microcentrifuge to collect the protein 

A/G beads.  The pre-cleared supernatant was transferred to a new microcentrifuge tube.  To the 

pre-cleared supernatants, 50 μL of a 50% solution of protein A/G plus-agarose beads and 3 μg of 

a goat polyclonal antibody against CAIX (R&D Systems) or a rabbit polyclonal antibody against 

CAIX (Santa Cruz) were added and subjected to gentle end-over-end mixing overnight at 4°C.  

The immune complexes were collected by centrifugation at 3000 x g for 5 minutes.  The beads 

were washed 3 times with 1 mL RIPA buffer.  The washed pellet was then incubated in 50 μl of 

2 X SDS-PAGE sample dilution buffers at 100°C for 5 minutes.  The beads were then collected 

by centrifugation and supernatants were subjected to gel electrophoresis.  Proteins were then 

transferred to nitrocellulose membranes.  Phosphorylated CAIX was detected with an antibody 

against phosphotyrosine (Santa Cruz Biotechnology, #sc-7020).  Total CAIX was detected with 

the M75 monoclonal antibody. 

CA Activity Assay 

CA activity was assayed by Membrane Inlet mass spectromety (MIMS) which was 

developed by Dr. David Silverman (81).  This method uses 
18

O exchange between CO2 and 

bicarbonate into water which is caused by repeated hydration /dehydration cycles, catalyzed by 

carbonic anhydrase.  The depletion of 
18

O in CO2 is catalyzed by carbonic anhydrase according 

to Equation 2-1 below and is irreversible since H2
18

O is greatly diluted in H2
16

O.  This technique 

is well suited to measure extracellular and intracellular CA activity, along with the flux rate of 

bicarbonate into cells.  It has been applied to the red blood cell system in which flux rate of CO2 

across the plasma membrane has been examined (82). 
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CO
18

O+H2O  HCO
18

O 
16

O
- 
+ H

+
 → COO +H2

18
O        (2-1) 

In a suspension of cells, such as the red blood cells in which there is no extracellular CA 

activity, depletion of 
18

O from CO2 and bicarbonate depends on several processes 1): the flux of 

CO2 across the cell membrane providing access of CO
18

O to catalysis by intracellular CA II, 2): 

the flux of H C
18

O
18

O 
16

O
-
 across the cell membrane providing access to intracellular CA II.  

This latter step is slow relative to CO2 diffusion.  In the red blood cell suspension, 

interconversion in solution (extracellular face of cells) between CO2 and HCO3
-
 occurs rather 

slowly because red blood cells lack exofacial CA activity (Figure 2-1).  However, in a 

suspension of hypoxic MDA-MB-231 cells in which CAIX expression is induced, the presence 

of extracellular CA activity speeds up the reaction in the solution (Figure 2-2).  CAIX competes 

for the extracellular pool of CO
18

O resulting in the diverted depletion of 
18

O that can be 

measured by MIMS.  The 
18

O exchange apparatus uses a membrane permeable to CO2 as an inlet 

to the mass spectrometer, and hence provides a continuous measure of 
18

O content in CO2 in a 

reaction vessel.  The rate of depletion or decrease in atom fraction of 
18

O from CO2 is a measure 

of carbonic anhydrase activity (81).  This technique is very sensitive in measuring purified CA at 

concentrations in the low nanomolar range and can also be used distinguish external and internal 

CA activity (58). 

Plasma membrane isolation 

The plasma membranes were isolated by Dr. Hai Wang using a modification of the method 

published by Sennoune et al. (83).  Briefly, control or hypoxic MDA-MB-231 cells were washed 

three times with Buffer A (10 mM Tris, 1 mM  EDTA, 150 mM NaCl, 1 mM PMSF, pH 7.4) and 

then scraped into the same buffer.  After centrifugation at 1000 × g for 7 minutes, the supernatant 

was removed and the pellet was resuspended in 3 mL of Buffer B (10 mM Tris, 1 mM EDTA, 5 
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mM NaCl, pH 7.4) and incubated on ice for 10 min.  The cell suspension was then homogenized 

in a Potter Elvehjem homogenizer with 15 strokes of the Teflon pestle.  Cell debris was collected 

by centrifugation at 500 × g for 5 minutes.  The supernatant was removed and kept on ice.  Two 

mL of Buffer B was added to the pellet which was then re-homogenized.  After centrifugation at 

250,000 × g for 5 min, this second supernatant was combined with the first supernatant.  Five 

mL of Buffer C (160 mM Tris, 20mM EDTA, 2 M NaI, 5 mM MgCl2, pH 7.4) was added to the 

combined supernatants and stirred on ice for 10 min.  Twenty mL of Buffer D (10 mM Tris, 1 

mM  EDTA, pH 7.4) was then added to the solution.  After mixing, the solution was exposed to 

ultracentrifugation at 105,000 × g for 45 minutes at 4 ºC.  The pellet was washed 3 times with 

Buffer D.  After resuspending the pellet with homogenizing buffer (50 mM Tris, 1 mM EGTA, 

250 mM sucrose, pH 7.4),  the solution was loaded onto a step gradient of 20% and 40% sucrose 

(20% or 40% sucrose, 10 mM Tris, 1 mM EDTA, pH 7.4) and exposed to centrifugation at 

200,000 × g for 1 hour at 4ºC.  The membranes at the interface between the steps (i.e., the 

plasma membranes) were collected and resuspended in Buffer D.  After centrifugation at 

100,000 × g for 30 minutes at 4ºC, the pellet was resuspended in homogenizing buffer and kept 

at -80ºC.  Protein concentration was determined as described above. 

Preparing intact MDA-MB-231 cells 

Control or hypoxic MDA-MB-231 cells were washed 3 times with warm PBS.  Cells were 

released from plates by exposure to Cell Release Buffer (GIBCO) at 37°C for 15 minutes.  Cells 

were gently triturated and collected by centrifugation at 1000 × g for 5 minutes.  Cell pellets 

were washed multiple times with warm HCO3
-
 free DMEM containing 10% FBS and 25 mM 

Hepes (pH 7.4).  After washing, cells were then resupended in HCO3
-
 free DMEM containing 

10% FBS and 25 mM Hepes (pH 7.4).  Cell number was determined using a Coulter Counter.  

Cells (1 x 10
6
) were assayed for CA activity using MIMS in the presence or absence CA 
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inhibitors at concentrations indicated in the figure legends.  In the assays to study anoxic 

conditions, cells were isolated in medium flushed with nitrogen.  In addition, nitrogen was blown 

on the surface of the cell suspensions and then capped to avoid the introduction of O2.  Other 

procedures were same as decribed above.    

Membrane ghost preparation   

MDA-MB-231 cells on day 3 after plating were exposed to hypoxia for 16 hours.  Cells 

were washed 3 times with cold PBS (2.7 mM KCl, 10 mM phosphate salts, 120 mM NaCl, pH 

7.4) and then exposed to hypotonic buffer (1 mL/plate of a solution containing 2.7 mM KCl, 10 

mM phosphate salts, pH 7.4) in the presence of protease inhibitor (Roche Diagnostics) for 15 

minutes at 4°C.  Cells were scraped from plates and collected by centrifugation at 10,000 x g for 

15 minutes at 4°C in a microcentrifuge.  Membrane ghosts were collected and washed 4 times 

with hypotonic buffer and twice with cold PBS.  After washing, the ghosts were resuspended in 

PBS and assayed for CA activity.  Membrane aliquots were stored at -20°C for protein analysis.  

18
O depletion from CO2 measured by MIMS 

The MIMS assay was performed by Dr. Chingkuang Tu in Dr. David Silverman’s 

laboratory to assay CA activity in intact MDA-MB-231 cells, membrane ghosts, or isolated 

plasma membranes.  To decrease inaccuracies arising from 
12

C-containing CO2 in the cell 

preparations, 
13

C- and 
18

O-enriched CO2/HCO3
-
 were used to measure the rate of depletion of 

18
O in 

13
C-containing CO2.  Thus, the atom fraction of 

18
O in 

13
C-containing CO2 was 

determined by MIMS in the suspension of membrane or suspensions of cells.  The atom fraction 

of 
18

O in extracellular 
13

C-containing CO2 was specifically measured using peak heights from the 

mass spectrometer: 
18

O atom fraction = [(47) + (49)]/ [(45) + (47) + (49)].  Here the numbers in 

parentheses represent the peak heights of the corresponding masses.  Mass spectra were obtained 

on an Extrel EXM-200 mass spectrometer using electron impact ionization (70 eV) at an 
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emission current of 1 mA.  Source pressures were approximately 1 x 10
-6

 torr.  The resulting 

mass scans were well resolved with a return of ion current (detector response) to the baseline 

separating each mass unit.  
18

O-labeled CO2 and bicarbonate was prepared by dissolving KHCO3 

in 
18

O enriched water and distilling the water off 24 hours later using a vacuum line.   

Cells (ghosts or membranes) were added to a reaction vessel containing 2 mL of PBS or 

medium in which was dissolved 
18

O-enriched CO2/HCO3
-
 at 25 mM total CO2 species.  The 

membrane inlet was immersed in the suspension in this vessel and used to detect the atom 

fraction of 
18

O in extracellular CO2.  This activity was measured after addition of cells (ghosts or 

membranes) to solutions containing different concentrations of selected inhibitors, including N-

3500, ethoxzolamide, acetazolamide and Cpd 5c.  There was no pre-incubation of inhibitors with 

cells prior to activity measurements.  In some assays, the activity was measured after addition of 

cells to medium at specific pH values (pH 7.9, 7.4, or 6.8).  These assays were performed in 

DMEM containing 10% FBS and 25 mM concentration of a buffer: Hepes for pH7.9, MOPS for 

pH 7.4, and MES for pH 6.8.   For the assay in anoxic condition, cells were isolated in the 

medium flushed with nitrogen and assayed for the CA activity in the medium that was flushed 

with helium.  Zinc was pre-incubated with cells, or not, prior to activity measurements as 

indicated in the figure legend.   Anion exchange inhibitors SITs, DIDs or DNDs were used in a 

fashion similar to the CA inhibitors.  

Cell Viability Analysis Using the MTT Assay 

The MTT cell Viability assay is a colorimetric assay system which measures the reduction 

of a tetrazolium component [MTT: 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide, a yellow tetrazole] into an insoluble formazan product by the mitochondria of viable 

cells.  After incubation of the cells with the MTT reagent for approximately 2 to 4 hours, DMSO 

is added to lyse the cells and solubilize the colored crystals. The samples are read at a 



 

51 

wavelength of 570 nm.  The amount of color produced is directly proportional to the number of 

viable cells.  To investigate if the optical density at 570 nm is proportional to cell density, MDA-

MB-231 cells were seeded in 24 well plates at a different densities (1000, 2,000, 4,000, 6,000, 

8,000, or 10,000 cells per well).  Cells were incubated in the 37°C for 48 hours to allow the cells 

to attach and initiate growth in the wells.  Fifty μL of MTT (5mg/mL) was added to each well 

and incubated at 37°C in an environment of 5% CO2 for 2 hours to allow the MTT to be 

metabolized.  Medium was aspirated in each well and 1 mL DMSO was added to each well to 

dissolve formazan.  Optical density was read at 570 nm.  OD was also measured at 650nm for 

background subtraction.  In order to determine the effect of CA inhibitors on cell growth, MDA-

MB-231 cells were seeded in 24 well at density of 2,000 cells /per well in 24 well plates.  Cells 

were incubated in the 37°C for 24 hours to allow the cells to attach to the wells.  Then the 

medium were replaced with 500 μL of medium containing 100 μM of CAIX inhibitors: 

acetazolamide, chlorzalomide, or N3500, in each well.  Cells were either incubated under 

normoxic (5% CO2, 20% O2) or hypoxic (5% CO2, 1% O2) conditions for 24 hours or 48 hours.  

Fifty μL of the MTT reagent (5mg/mL) was added to each well and incubated at 37°C in an 

environment of 5% CO2 for 2 hours to allow the MTT to be metabolized.  Each reaction was 

stopped with 1mL DMSO.  Optical density was read at 570 nm and 650 nm.  

Cell Migration and Cell Invasion Assays 

Cell migration and invasion assays were performed using 12 μm pore size transwell 

polycarbonate membrane insert (Millipore) in 24 well plates.  In the migration assay, confluent 

MDA-MB-231 cells were trypsinized and suspended in FBS-free DMEM.  Cell number in the 

suspension was counted and adjusted to 1 x 10
6
/mL.  Six hundred μL of DMEM containing 10% 

FBS was added to the lower chamber.  A 100 μL aliquot of the cell suspension (1 x 10
5 
cells) 

containing 100 μM of each CAIX inhibitor (acetazolamide, chlorzolamide, or N3500) was 
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placed in the upper chamber.  Cells were cultured at 37C° under hypoxic conditions for 24 hours.  

The inserts were then removed and cells on the upper side of the insert membrane were carefully 

removed by scraping the membrane with cotton q-tip.  The cells on the underside of the 

membrane were incubated with MTT in medium for 2 hours at 37°C.  After incubation, cells on 

the underside of membrane were lysed with DMSO and absorbance was read at 570 nm and 650 

nm. 

For the cell invasion assay, 100 µL of cold Matrigel (BD Bioscience), diluted 1:5 with cold 

serum-free DMEM, was placed on the 12 µm pore size membrane insert to mimic the basement 

membrane.  Matrigel was incubated at 37°C for 4 hours to solidify.  MDA-MB-231 cells were 

then seeded onto the Matrigel.  The subsequent procedures were the same as described in the cell 

migration assay. 

Co-Immunoprecipitation  

Co-immunoprecipitation is a powerful tool for identifying protein-protein interactions by 

precipitating one protein, believed to be in a complex, with antibody specific for another protein 

in the complex.  The complex is captured on a protein A sepharose/agarose, so that it is can be 

removed from solution.  Additional members of the complex are captured as well and can be 

identified by gel electrophoresis and Western blotting.  Co-immunoprecipitation of CAIX, CAII, 

and AE were performed based on previous published methods by our lab (76).  First, CAIX was 

immunoprecipitated from total cell lysates.  MDA-MB-231 cells grown in DMEM supplemented 

with 10% FBS were exposed to hypoxia for 16 hours to induce CAIX expression.  Cells were 

washed with PBS and detergent-solubilized by immunoprecipitation buffer (IPB) (1% Igepal, 5 

mM EDTA, 0.15 M NaCl, 0.15 % deoxycholate, 10 mM Tris, pH 7.4), supplemented with 

protease inhibitor cocktail.  Extracted proteins were clarified by centrifugation at 16,100 x g for 

15 minutes at 4°C.  Protein concentration was determined as described earlier.  Cell lysates 
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containing equal protein (1.5 mg) were incubated with Protein A agarose beads for 1 hour at 4°C 

to eliminate non-specific interactions.  After incubation, Protein A beads and non-specific 

proteins were removed by centrifugation.  Fifty μl of a 50% solution of Protein A-agarose beads 

and 5 μg of the M75 antibody were added to the pre-cleared cell lysates and incubated overnight 

at 4°C by end-over-end rotation.  Beads were then collected and washed 3 times with buffer 1 

(0.1% Igepal, 1 mM EDTA, 0.15 M NaCl, 10 mM Tris, pH 7.4), buffer 2 (2 mM EDTA, 0.05% 

SDS , 10 mM Tris, pH 7.4) and buffer 3 (2 mM EDTA,10 mM Tris, pH 7.4) once each.  Proteins 

were released from the immune complex in 50 μL of a 2X SDS-PAGE sample dilution buffer.  

After brief centrfugation, eluted proteins were separated on SDS-PAGE gels and transferred to 

nitrocellulose membrane.  Antibodies specific for AE2 or CAII were used in Western blotting, 

along with CAIX to determine if CAIX had been immunoprecipitated.  Furthermore, since AE2 

and CAIX are membrane proteins, CAIX was immunoprecipitated from total membrane fraction 

to increase enrichment in the following manner.  A total membrane fraction was obtained by the 

methods described earlier and suspended in TES1 supplemented with protease inhibitor cocktail, 

and stored in -20°C.  One mg total membrane protein was then extracted in IPB buffer.  Any 

insoluble material was then removed by centrifugation in a microcentrifuge for 15 min at 4°C.  

Clarified extracts were used for immunoprecipitation of CAIX as described above.  

AE2 was immunoprecipitated from total membranes as described above except that an 

AE2  antibody was used for the immunoprecipitation.  Further, Protein A/G argarose beads were 

used to collect immune complex instead of Protein A beads.  All other steps were the same as 

described above.  

Protein Crosslinking 

Interaction of CAIX and AE2 or CAII might be transient; therefore the interactions may be 

disrupted by extraction of proteins from cells by detergent.  To potentially stabilize these 
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interactions, chemical crosslinking before immunoprecipitation was performed.  The crosslinker  

dithiobis[succinimidylpropionate] (DSP) was used to create covalent bonds between interacting 

proteins.  DSP is homobifunctional N-hydroxysuccimide ester.  This crosslinker is thiol-

cleavable, primary amine reactive, and forms covalent amide bonds between two proteins.  The 

space arm length of this crosslinker is 12 Å.  MDA-MB-231 cells were treated with hypoxia for 

16 hours to induce CAIX expression. To crosslink the proteins with DSP, cells were washed 3 

times with PBS (0.15 M NaCl, 0.1 M phosphates salts, pH 7.2) and incubated with 2 mM freshly 

made DSP in PBS at 4ºC for 30 minutes.  Reactions were quenched by addition of TES1.  Total 

membranes were isolated as described earlier and suspended in TES1 supplemented with 

protease inhibitor.  This membrane fraction was then used for co-immunoprecipitation 

experiments described above. 

 Statistical Analysis   

 Data, where appropriate, are reported as the mean ± S.D.  The statistical significance of 

the difference in the means throughout this study was calculated by one way ANOVA 

(SigmaStat 3.5) with P < 0.05 being regarded as statistically significant. 
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Figure 2-1.   Diagram of 
18

O exchange in cell suspensions without exofacial CA activity.  The 

mass spectrometer measures 
18

O atom fraction in CO2 in the extracellular solution.  

The rate of depletion or decrease in atom fraction of 
18

O from CO2 is a measure of 

carbonic anhydrase activity.  Once cells are added to the solution, dissolved CO2 

species rapidly cross the membrane into the intracellular space and depletion of 
18

O 

from CO2 is a measure of catalysis by the intracellular CA.  Without exofacial CA, 

interconversion between CO2 and HCO3
-
 in solution occurs rather slowly. The slow 

flux of H C
18

O
18

O 
16

O
-
 across the cell membrane also provides access to intracellular 

CAII. 

 

 

 

 

 

 

 

 

 

 

Figure 2-2.. Diagram of 
18

O exchange in the cell suspensions with exofacial CA activity. When 

cell are added to the solution, dissolved CO2 species rapidly cross the membrane into 

the intracellular space and catalysis by intracellular CA leads to the depletion of 
18

O 

from CO2.  Extracellular CA speeds up interconversion between CO2 and HCO3
-
 in 

extracellular solution and competes for the CO2 in the solution, resulting in diversion 

of CO2 from the intracellular compartment. 

13C18O18O

H13CO18O18O-

whole cell

k’ k

ke

ki

k’c kc

ke’

ki’

H2O

H+

H2O

H+

13C18O18O

mass spec

HCO18O18O-

13C18OO

13COO

H2
18O

FAST

SLOW

INTRACELLULAR

CA (CAII)

13C18OO

13COO

SLOW

(49)

(47)

(45)

13C18O18O

H13CO18O18O-

whole cell

k’ k

ke

ki

k’c kc

ke’

ki’

H2O

H+

H2O

H+

13C18O18O

mass spec

HCO18O18O-

13C18OO

13COO

H2
18O

FAST

SLOW

INTRACELLULAR

CA (CAII)

13C18OO

13COO

SLOW

(49)

(47)

(45)

13C18O18O

H13CO18O18O-

whole cell

k’ k

ke

ki

k’c kc

ke’

ki’

H2O

H+

H2O

H+

13C18O18O

mass spec

HCO18O18O-

13C18OO

13COO

H2
18O

SLOW

INTRACELLULAR

CA (CAII)

13C18OO

13COO

SPEEDs

UP

(49)

(47)

(45)

CAIX

DIVERTED

13C18O18O

H13CO18O18O-

whole cell

k’ k

ke

ki

k’c kc

ke’

ki’

H2O

H+

H2O

H+

13C18O18O

mass spec

HCO18O18O-

13C18OO

13COO

H2
18O

SLOW

INTRACELLULAR

CA (CAII)

13C18OO

13COO

SPEEDs

UP

(49)

(47)

(45)

CAIX

DIVERTED



 

56 

CHAPTER 3 

GLYCOLYTIC PHENOTYPE OF BREAST CANCER CELLS 

Introduction 

Tumor cells undergo metabolic transitions which allow them survive and grow in the 

hostile environment created by inadequate oxygen delivery associated with the disordered 

vascularization of tumors (9;10).  One of striking features of tumor cells is the shift of their 

metabolism toward glycolysis, which is less efficient in energy yield compared to oxidative 

phosphorylation (producing only 2 mol of ATP vs. a possible 38 mol of ATP per mol of 

glucose).  However, enhanced glycolysis is often sustained even in the presence of oxygen 

(aerobic glycolysis) as discovered by  over 70 years ago (84).  Even though glycolysis is a less 

efficient energy production process, its metabolic intermediates can be utilized for biosynthesis 

of certain amino acids, nucleotides, and lipids, providing selective advantage to proliferating 

tumor cell.  Increased glycolysis is related to the overexpression of GLUT1 in human cancers 

(13;85;86) in addition to the increased expression of key glycolytic enzymes (87). 

As a major product of glycolysis, lactic acid production is increased in tumor cells.  In 

addition, cells generate an excess of protons and carbon dioxide through metabolic activity.  

Together, these catabolites make intracellular pH (pHi) more acidic, which is toxic to the cells.   

While it was originally thought that the pHi of tumor cells would be reduced relative to normal 

cells, it is the pH of the interstitial fluid that drops.  In order to preserve the neutral pHi that is 

optimum for cell proliferation and survival, tumor cells extrude the acidic catabolites to the 

extracellular space.  This is a result of the expression of several proteins whose function is to 

export protons from the cytosol to the extracellular space.  As discussed earlier, these includes 

the lactate transporter (18), vacuolar ATPase (19;83), and Na
+
/H

+
 exchanger (88).  Acid export 

leads to a reduction of extracellular pH (pHe).  The combination of increased glycolysis and 
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acidification in the tumor microenvironment is defined as “the glycolytic (or metabolic) 

phenotype” of cancer cells.  It appears that acidosis of tumors provides an advantage for tumor 

progression as cancer cells are resistant to the toxic effects of acidification (21).  However 

normal cells, which lack mechanisms to adapt to extracellular acidosis, are unable to survive 

under such conditions.  Further, acidification of the microenvironment of tumors alters the 

efficacy of chemo- and radiation therapy.  Finally, low pH stimulates in vitro invasion and in 

vivo metastasis (1;2).   

Lactic acid was previously considered the sole reason for extracellular acidification.  An 

early study indicated that tumors generated from glycolysis-deficient cells still create acidic 

microenvironments which suggested that lactic acid is not the only cause of acidification in vivo 

(23).  In that regard, metabolic profiling of glycolysis-impaired versus parental cells revealed 

that CO2   may be a significant source of acidity in tumors as CO2 concentration increases in the 

tumor microenvironment (7;23).  It is believed that this is not a result of oxidative metabolism 

but rather a byproduct of an increase in the activity of the pentose phosphate pathway (89).  CO2  

is an acidic oxide that reacts with water to form carbonic acid.  In vivo, this reaction is catalyzed 

by members of the carbonic anhydrase (CA) family of enzymes that mediate the reversible 

hydration of CO2  to bicarbonate: CO2 + H2O ↔ HCO3

 + H

+
. Therefore, CA has the potential of 

producing the acid oxide, CO2, and protons, either of which reduced pH although the proton is 

more acidic than is CO2.
 

To study the glycolytic phenotype of breast cancer, we used human breast cancer cell lines 

(HBCs) as our model.  Breast cancer cell lines have provided an important tumor model system 

because most features of breast cancer are preserved in the cell line from which they derive and 

reflect the characteristics of cancer cells in vivo as discussed in Chapter 1.  Two widely studied 
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lines, the MDA-MB-231 and T47D cell lines were chosen to represent highly invasive and non-

invasive tumors, respectively.  The T47D cell line is derived from a ductal carcinoma and is 

estrogen receptor-positive.  Analysis of transcriptional activity reveals that these cells align with 

luminal markers.  When injected into nude mice, cells form a solid tumor but do not readily 

metastasize.  The MDA-MB-231 line is derived from an adenocarcinoma and expresses the 

receptor for EGF.  These cells align with a group defined as basal B which represents the “triple-

negative” tumors (estrogen and progesterone receptor negative, and HER2 negative).  When 

injected into nude mice, these cells form tumors and aggressively metastasize.  The MCF10A 

line which is derived from fibrotic tissue is used as a control for cancer cell lines.  These cells are 

estrogen receptor negative, EGF receptor negative, HER2 negative, but E-cadheren positive 

cells.  The goal of this section is first to examine the glycolytic rate of the three cell lines under 

normoxic and hypoxic conditions, and then to determine if the glycolytic rate in cultured cell 

lines reflects the intrinsic features of the cancer cells. 

Results 

Growth Rate of Cultured Human Breast Cancer Cells 

One important feature of invasive breast tumors is increased growth rate.  To compare the 

rate of glycolysis in different breast cell lines, it is important to conduct experiments in which 

cells are at similar densities.  Thus, we first assessed the growth rate of the MCF10A, T47D, and 

MDA-MB-231 cell lines. 

Aggressive cancer cells proliferate more rapidly than non-invasive and normal epithelia 

cells (1).  Those data were confirmed here with cell number determination over 10 days in 

culture using the Coulter Counter (Figure 3-1).  As might be expected, the MDA-MB-231 cells 

grew more rapidly than either MCF10A or T47D cells, although MDA-MB-231 cells were 

seeded at half the density of the other two cell lines.  At day 2 after plating, the number of MDA-
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MB-231 cells was equivalent to that of MCF10A and T47D at day 3 after plating.  At this point 

in their growth curve, each cell line is 50% confluent.  We refer to cells at this stage as 

subconfluent cells in subsequent experiments.  MDA-MB-231 cells attained confluence at day 4 

after plating, whereas MCF10A and T47D attained confluence at day 7.  T47D cells grew at 

same rate as MCF 10A cells, even though they are tumor cells.  These data indicate that MDA-

MB-231 cells have a more robust proliferative capability compared to the other two cell lines.  

This feature is consistent with their more aggressive phenotype. 

Glucose Consumption and Lactate Production in Breast Cancer Cells 

Cancer cells have high glycolytic rates even in the presence of O2 which is known as 

aerobic glycolysis.  This means that cancer cells shift their energy production from oxidative 

phosphorylation to glycolysis which results in significant lactic acid production.  This was 

confirmed here by measuring the loss of glucose and secretion of lactate into the culture medium 

under normoxic conditions.  At confluence, the MDA-MB-231 and T47D cells consumed 

significantly more glucose and secreted significantly more lactate than did the MCF10A cells 

(Figure 3-2A, B).  In glycolysis, metabolism of 1 mole of glucose can produce 2 moles of lactate.  

Thus, the lactate produced in MCF10A cells accounts for 50% of the glucose consumed.  In the 

T47D and MDA-MB-231 cells, the lactate produced accounts for 80% and 94% of the glucose 

consumed, respectively.  Our data provide evidence to support the Warburg effect in the breast 

cancer cells.  

Extracellular pH of Breast Cancer Cells 

Acidification of the tumor microenvironment is another typical feature of the glycolytic 

phenotype of cancers cells.  Thus, extracellular acidification was investigated in the three breast 

cell lines.  Surprisingly, the pH of the medium overlaying normoxic cells was the same for each 

of the three lines after 24 hours of culture (Figure 3-2C).  This raised our awareness of the 
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buffering capacity of the different media in which the cells are grown.  The content of 

bicarbonate and phosphate in the cell-specific medium is listed in Table 3-1.  DMEM, in which 

MDA-MB-231 cells are cultured, has a high bicarbonate concentration, which suggests DMEM 

has the highest buffering ability.  At lower bicarbonate, we would predict that the MDA-MB-231 

cells would acidify the medium to a greater extent than we have actually observed with normal 

DMEM.  Such would fit with our observations that both glucose metabolism and lactate 

production are highest in the MDA-MB-231 cells.  

Glucose Uptake in Breast Cancer Cells 

Cancer cells have increased glucose utilization and lactate production when measured by 

direct analysis as described above.  Another characteristic of cancer cells is upregulated GLUT1 

which increases glucose uptake (86).  Thus, we sought to determine if enhanced glycolysis was 

in part due to increase glucose uptake.  In the following experiments, we have measured the 

uptake of [
3
H] deoxyglucose in the presence or absence of cytochalasin B, a specific inhibitor of 

facilitated glucose uptake.  [
3
H] deoxyglucose is not metabolized once transported into cells and 

accumulates as the 2-deoxy 6-phosphoglucose.  Figure 3-3A demonstrates that the capacity of 

MDA-MB-231 cells to transport glucose was substantially greater than that of either MCF10A or 

T47D cells.  These data are consistent with those previously published evidence which showed 

that the aggressive MDA-MB-231 cell line has much greater glucose transport activity than the 

non-invasive MCF7 cell line (1), a luminal line with properties similar to the T47D line. 

Glucose Uptake and Lactate Production in Response to DFO or hypoxia 

In the above experiments, we compared the glycolytic phenotype in the three breast cell 

lines under normoxic conditions.  These data showed that the aggressive MDA-MB-231 cells 

have a high growth rate and high glycolytic rate in agreement with previously published 

observations.  Yet, the tumor microenvironment is hypoxic.  Therefore, we were also interested 
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in determining whether hypoxia could enhance the glycolytic phenotype of cancer cells 

compared to controls.  In these experiments, we used cells that had achieved confluence (day 4 

after plating for the MDA-MB-231 cells, and day 7 for the MCF10 and T47D cells).  At this 

point, cell number per plate for each of the cell lines is comparable (Figure 3-1).  DFO and 

hypoxia-induced changes in glucose transport activity is illustrated in Figure 3-3A.  After 

exposure to DFO and hypoxia, glucose uptake increased in all three cell lines to varying degrees.  

In the MCF10A cells, DFO and hypoxia increased glucose uptake by 20%.  In T47D, this 

increase was about 2-fold.  While the intrinsic capacity of MDA-MB-231 cells to transport 

glucose is already about 3-fold higher than the MCF10A and T47D cells, DFO and hypoxia 

stimulated by an additional 50%  the ability of MDA-MB-231 cells to increase glucose uptake.  

As indicator of the glycolytic rate, lactic acid production in three cell lines in response to 

DFO and hypoxia were also investigated.  Figure 3-3B shows that lactate production in MCF10A 

and T47D cells was significantly less than observed in MDA-MB-231 cells.  DFO and hypoxia 

increased lactace production in T47D cells and MDA-MB-231 cells but the increasing was not 

significant.  Coupled with much greater glucose uptake (Figure 3-3A), we conclude that MDA-

MB-231 cells have both a higher intrinsic glycolytic phenotype (i.e., in the presence of O2) and a 

greater capacity to respond to oxygen stress than do the MCF10A and T47D cells.  Again, this is 

consistent with the aggressive nature of the MDA-MB-231 cell line. 

Effect of DFO and Hypoxia on Extracellular pH in Breast Cancer Cells 

To further assess metabolic changes in response to DFO and hypoxia, pHe of MCF10A, 

T47D, and MDA-MB-231 cells was examined in response to DFO and hypoxia.  After 16 hours 

of exposure, DFO and hypoxia decreased pHe in all three cell lines (Figure 3-4).  Particularly 

striking is the decrease in pHe of the MDA-MB-231 cells.  The small changes in lactic acid 

production in these cells (Figure 3-3B) do not account for the observed acidification and suggest 
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lactic acid is not only cause for the acidification, thus provide evidence for a role for CO2 in pH 

regulation.   

Conclusions 

Cancer cells and normal cells show different metabolic features and respond differently to 

hypoxia.  Gillies and Gatenby (1) have argued that intermittent hypoxia leads to upregulation of 

glycolysis in early in situ cancers and that this feature is further selected for because it provides 

some advantage to cancer progression.  This glycolytic phenotype is more complex than just 

upregulation of the enzymes that control glycolytic rate.  Rather it is a series of events (often 

heterogenous in nature) that lead to permanent changes in protein expression that drives both 

glycolysis and the upregulation of proton exporters.  Enhanced glycolytic activity results in 

intracellular acidification while upregulation of the proton export machinery contributes to 

extracellular acidification avoiding intracellular proton toxicity.  It is not really understood why 

cancer cells are able to adjust their sensitivity to low pH while normal cells surrounding cancer 

cells die off,  but it clearly contributes to their metastatic potential (1).   Elevated GLUT1 

expression leads to increased glucose metabolism leading to an increase in lactic acid production.  

In the normoxic environment, MDA-MB-231 cells grow faster than T47D or MCF10A cells, 

which is consistent with their aggressive phenotype.  In addition, MDA-MB-231 cells show 

greater glucose uptake and lactic acid production than the other two cell lines.  However, pHe of 

the three cell lines are the same at 24 hours after giving fresh medium.  This may be related to 

the enhanced buffering capacity of the DMEM which bathes the MDA-MB-231 cells.  Hypoxia 

and DFO strongly enhanced glucose uptake in MDA-MB-231 and T47D cells, but not in MCF 

cells.  Again, the MDA-MB-231 cells have the highest growth rate and the highest rate of lactic 

acid production among the cells that were tested.  In terms of glycolysis, 94% of the glucose 

consumed was converted to lactic acid.  By comparison, the MCF10A cells converted only about 
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50% of the glucose to lactic acid.  Thus, not only was glucose uptake increased in MDA-MB-231 

cells relative to MCF10A cells but there also was a shift in metabolic flux which typifies cancer 

cells.  Metabolic activity in T47D cells was intermediate between these cell types.  Hypoxia 

further enhanced glucose uptake and anaerobic glycolysis in MDA-MB-231 cells, but the 

intrinsic metabolic behavior of these cells was pre-established.  Interestingly, the drop in medium 

pH in response to hypoxia could not be accounted for by lactic acid production alone.  This lends 

to the possibility that the induction of CO2 contributes to acidification.  Although MCF10A cells 

and MDA-MB-231 cells belong to the same basal B group, MCF10A cells clearly did not exhibit 

the same intrinsic metabolic phenotype as the MDA-MB-231 cells.  MDA-MB-231 cells can be 

readily distinguished metabolically from MCF10A cells in culture.  This may be a contributing 

factor in their in vivo behavior. 

Overall, results in this section demonstrate that aggressive cells, like the MDA-MB-231 

cells, have high rate of glycolysis compared to non-invasive cells T47D cells and normal 

epithelial cells MCF10A cells.  In addition, hypoxia significantly enforces the already high 

glycolytic rate of MDA-MB-231 cells, resulting in increased lactic acid production and 

acidification of extracellular pH.   However, the changes in lactic acid, does not account for the 

observed acidification induced by hypoxia, which provides evidence for CO2 in the development 

of glycolytic phenotype of MDA-MB-231 cells in hypoxic environment.  The contribution by 

carbonic anhydrase IX to this phenotype will be considered in Chapter 4. 
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Table 3-1.  Concentration of bicarbonate and phosphate salt in cell culture medium 

Cell lines Medium Bicarbonate  Phosphate salt  

MCF10A MEBM 13 mM 0.58 mM 

T47D McCoy 26 mM 4.2 mM 

MDA-MB-231 DMEM 44 mM 0.9 mM 
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Figure 3-1.  Growth curves of three human breast cell lines (HBCs).  MDA-MB-231, T47D, and 

MCF10A cells were plated in 10 cm plates.  At specific time points, cells were 

released from plates by cell dissociation buffer.  Cell aliquots were resuspended in 

isotone.  Cell number was determined by Coulter Counter.  Data represent the mean ± 

S.D. of three independent experiments. 
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Figure 3-2.   Comparision of glucose uptake, lactate production, and pH in HBCs. A) Confluent 

cells [MCF10A cells (day 7), T47D cells (day 7), and MDA-MB-231 cells (day 4)] 

were washed and given fresh DMEM containing 15 mM glucose.  After 4 h, medium 

was collected for determining glucose concentration. Data represent the mean ± S.D. 

of a single experiment where n = 6. (*, P < 0.001 vs MCF10A cells).    B) Medium 

collected as in panel A and used for determining lactate production.  Data represent 

the mean ± S.D. of a single experiment where n = 6 (*, P < 0.003 vs MCF10A cells).   

C)  Cells were fed with fresh medium and after 24 hours were analyzed for pH.  Data 

represent the mean ± S.D. of two independent experiments, each of which evaluated 

triplicate samples.   
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Figure 3-3.  Effect of DFO or hypoxia on deoxyglucose uptake and lactate production in HBCs. 

A) Cells were grown in 35 mm plates and exposed to 100 M DFO or hypoxia for 16 

hours.  Subsequently, cells were washed with KRP buffer and then incubated with or 

without 40 M of cytochalasin B for 10 minutes. Transport of deoxyglucose was 

assayed for 10 min.  The rates, reported as nmol/plate/min, are for duplicate assays 

and are the average of two independent experiments ± S.D. (*, P < 0.05 vs control 

cells).  B) Cells [MCF cells (day 6), T47D cells (day 6), and MDA-MB-231 cells (day 

3)] were given fresh medium and then exposed to DFO or hypoxia for 16 hours.  

Medium was collected and lactate concentration was measured.  Data in MCF and 

T47D represent a single experiment, which evaluated duplicate samples.  Data in 

MDA represent two independent experiments, each of which evaluated duplicate 

samples.   
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2D Graph 1
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Figure 3-4.  Effect of DFO or hypoxia on medium pH in HBCs.   Cells [MCF cells (day 6), 

T47D cells (day 6), and MDA-MB-231 cells (day 3)] were given fresh mediumand 

then exposed to DFO or hypoxia for 16 hours.  Medium pH was measured 

immediately with a hand-held pH meter.   Data are the average of two independent 

experiments ± S.D, each of which evaluated duplicate samples. (* P < 0.05). 



 

68 

CHAPTER 4 

CHARACTERISTICS OF CAIX IN BREAST CANCER CELLS 

Introduction 

Carbonic anhydrases (CAs) are ubiquitous metalloenzymes that catalyze the hydration of 

CO2 and the dehydration of HCO3
-
 : CO2 + H2O ↔ HCO3

-
+ H

+
.  All human CAs belong to the α-

class.   There are 16 isoforms in this group that differ in their kinetic and inhibitory properties, 

cell and tissue distribution, and function (29).   Two of the catalytically active members of this 

family, CAIX and CAXII, are associated with and overexpressed in tumors (28;42).  CAIX is 

abundant in several tumors, such as renal, cervical, lung and breast carcinomas (33;90), but  is 

absent or reduced in normal corresponding tissues.  High expression of CAIX is also associated 

with poor prognosis and poor radio- and chemo-therapy in several carcinomas including breast 

cancer (38;41;91).  As shown by Hussain et al. in 2007 (41), CAIX expression is associated with 

poor survival in patients with invasive breast cancer.  CAIX expression is also significantly 

associated with tumor grade and tumor necrosis in breast cancer patients (52).  The expression 

pattern of CAIX is principally determined by a strong activation of CA9 gene transcription via a 

hypoxia-inducible factor (HIF1), which binds to the hypoxia response element (HRE) localized 

in the CA9 promoter.  CAIX is induced by hypoxia in wide range of malignant cells (49).  Tumor 

hypoxia is an important phenomenon with dramatic implications for cancer development and 

therapy.  Therefore, CAIX offers significant potential as an intrinsic hypoxic marker with 

prognostic/predictive value and as a promising therapeutic target (92).  A recent study 

demonstrates that CAIX expression is an independent prognosticator in oligodendroglial brain 

tumors, and inversely correlates with cell proliferation (93).  Therefore, CAIX function in tumors 

may depend on the specific tumor type in which it is expressed and needs further investigation.  
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In addition to the potential clinical exploitation of CAIX in cancer, there is increasing 

interest in resolving many basic molecular and functional aspects of the protein as its precise role 

in cancer cells is still not clear.  CAIX is an integral plasma membrane protein that consists of 

the following four domains: An N-terminal proteoglycan-like domain (PG), the CA catalytic 

domain (CA), a transmembrane domain, and a short cytoplasmic tail.  It was originally reported 

that CAIX is able to form disulfide-linked homotrimers (34).  More recently, Hilvo et al. (31) 

showed that recombinant CAIX (constructed with the soluble PG + CA domains or the CA 

domain alone and produced in insect cells) consist of a mixture of monomeric (34%, 46%, 

respectively) and disulfide-linked dimeric species (60%, 54%, respectively).  While the catalytic 

domain construct could adapt both trimeric and dimeric structures, the proteoglycan domain 

construct preferred the dimer configuration (31).  This suggests that the presence of the 

proteoglycan domain favors dimerization.  These investigators also identified two sets of specific 

sulfhydryl groups that participate in forming intermolecular disulfide bridges. 

Lipid rafts are cholesterol- and sphingomyelin-enriched microdomains in the plasma 

membrane.  These domains comprise a select set of proteins which reside in or transiently 

associate with lipid rafts.  Lipid rafts are involved in signal transduction and intracellular 

trafficking (94).  Evidence has shown that GLUT1 is transiently associated with rafts which 

affects GLUT1 activity (76).  Dorai and coworkers have suggested that CAIX may translocate to 

lipid rafts and form oligomers in an EGF-dependent manner in renal carcinoma cancer cells (37). 

They also demonstrated that EGF stimulated CAIX phosphorylation on tyrosine 412 in the 

cytoplasmic domain in a renal carcinoma cell line, SKRC-01.  This phosphorylation led to a 

direct interaction between CAIX and PI3-kinase.  In a similar line that does not express CAIX, 

SKRC-17, the authors demonstrated that EGF action leading to phosphorylation of Akt was more 
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robust when CAIX was ectopically expressed.  This infers that EGF stimulates CAIX 

phosphorylation which independently activates the EGF signaling path.  The EGFR is known to 

reside in lipid rafts in both normal cells and cancer cells (95;96) and to mediate the activation of 

down-stream signaling pathways in cancer cells when recruited to lipid rafts (97).  In addition, 

cholesterol levels change EGFR function, trafficking, and activation (98;99).  Thus, Dorai et al. 

demonstrated, indirectly, that phosphorylated CAIX was present in lipid rafts which imply that 

EGF stimulation causes the recruitment of CAIX to lipid rafts.   

In this section, expression of CA isoforms such as CAII, CAIX and CAXII are first 

investigated in MCF10A, T47D, and MDA-MB-231 cells, collectively called human breast cells 

(HBCs).  CAIX is further characterized using the MDA-MB-231 cells as our model.  In these 

studies, we sought to determine some specific characteristics of CAIX including its expression, 

oligomerization, glycosylation, and localization.  Next, we determined if DFO exposure or 

hypoxic treatment of MDA-MB-231 cells enhanced the distribution of GLUT1 and CAIX to 

lipid raft.  CAIX localization and its phosphorylation in response to EGF were also investigated.  

The overall goal of these studies was to correlate the characteristics of CAIX expression with the 

metabolic features described in Chapter 3.   

Results 

Hypoxia-dependent Expression of CA Proteins in HBCs 

While CAIX is the most likely membrane-associated CA family member to contribute to 

the regulation of extracellular pH in tumors, the expression of other membrane isoforms (CAIV, 

CAXII, and CAXIV) could confound interpretation of CAIX function.  Using RT-PCR, we have 

shown that there is no message for CAIV in MCF10A, T47D, or MDA-MB-231 cells (100) and 

thus did not pursue the identification of this isoform at the protein level.  Message for CAXIV 

was only observed in T47D cells (100). We were unable to confirm its expression at the protein 
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level for lack of an appropriate antibody.  Commercially available antibodies did allow us to 

initiate studies to evaluate the expression of CAIX and CAXII in HBCs in response to hypoxia.  

As the project proceeded, we were also able to obtain the M75 monoclonal antibody specific for 

CAIX.  The ubiquitous cytosolic CA isoform, CAII, and HIF1α were also examined.  Western 

blotting using the M75 antibody showed that CAIX protein was only detected in confluent 

MDA-MB-231 cells.  CAIX migrated as a doublet of 54 kDa and 58 kDa (Figure 4-1), as 

observed by others (42).  DFO and hypoxic treatment induced CAIX expression by 3-5 folds.  

While CAIX expression was not observed in confluent MCF10A cells, DFO and hypoxia 

exposure induced CAIX expression.  T47D expressed no CAIX protein either constitutively or in 

response to DFO or hypoxia.  While only MCF10A and MDA-MB-231 cells showed enhanced 

expression of CAIX in response to DFO and hypoxia, all three cell lines showed an increased 

expression of the transcription factor, HIF1α after exposure to DFO or hypoxia.  These data 

suggest that CAIX expression is cell-type specific and its regulation may be at the post-

transcriptional level in the different cell lines.  Although CAIX expression was not observed in 

T47D cells, CAXII protein expression was robust.  However, CAXII expression in T47D cells 

was not sensitive to DFO and hypoxia.  CAXII expression was not detected in MDA-MB-231 

cells.  MCF10A cells expressed less CAXII than observed in T47D cells but its expression 

appeared elevated in response to hypoxia, although not to DFO.  CAII was strongly expressed in 

the MDA-MB-231 cells, detectable in MCA10A cells, but not observed in T47D cells.   From 

these studies, it became clear that the MDA-MB-231 cells exclusively express only one member 

of the membrane-bound forms of the CA family (CAIX) and that its expression is induced by 

hypoxia.  This is an obvious advantage for the characterization of cell surface CA activity in 

response to hypoxia or in the presence of CA inhibitors as described in Chapter 5.   
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Cell Density-dependent Expression of CAIX  

The following experiment was conducted by Dr. Hai Wang in our laboratory to examine 

the expression of CAIX in response to density (time in culture) across the three cell lines.  Cell 

lysates were isolated from the three cell lines at appropriate days after seeding cells.  Figure 4-2 

shows a Western blot identifying CAIX using the M75 antibody.  MCF10A cells expressed no 

CAIX in subconfluent cells and expression was not induced by increasing cell density.  CAIX 

was not expressed in T47D cells and showed no response to increasing density.  In MDA-MB-

231 cells, CAIX expression was low in subconfluent cells and substantially increased in response 

to cell density.  Thus, only the MDA-MB-231 cells showed both density and oxygen-dependent 

regulation of CAIX at protein level. 

Oligomerization State of CAIX 

To investigate the oligomerization status of CAIX in hypoxic MDA-MB-231 cells, total 

membranes of hypoxic MDA-MB-231 cells were analyzed by SDS-PAGE under reducing and 

non-reducing conditions (Figure 4-3).  Under reducing conditions (in the presence of β-

mercaptoethanol), CAIX migrated as a 54/58 kDa doublet which has been observed previously.  

Under non-reducing conditions (in the absence of β-mercaptoethanol), CAIX migrated as a 

single, high molecular weight band at 119 kDa which represented about 90% of the CAIX pool.  

These data demonstrate that the majority of CAIX in the membrane exists as dimers in MDA-

MB-231 cells.  Taking into consideration the activity data, which will be described in Chapter 5, 

we conclude that the dimeric form of CAIX represents most of the CA activity in the membrane 

of MDA-MB-231 cells. 

Glycosylation of CAIX and CAXII 

Glycosylation state of CAIX was detected through endoglycosidase digestion.  N-

glycosidase F (PNGF) releases the entire N-linked glycan attached to a protein, while 
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endoglycosidase H (endo H) cleaves the glycan only if the structure is high mannose or a hybrid 

form, but not a complex structure.  Total membrane protein (50 μg) from hypoxic MDA-MB-231 

cells was subjected to PNGF or endo H digestion.  The 54/58 kDa doublets of CAIX were both 

sensitive to PNGF showing more rapid migration of these species in SDS-PAGE gels (Figure 4-

4A).  This indicates that the 54 kDa species is not a deglycosylated form of the 58 kDa protein.  

In other words, the 54 kDa species may be a truncated isoform of CAIX or the 58 kDa form may 

be post-translationally modified by mechanisms other than but in addition to glycosylation.  To 

follow up on this, we investigated CAIX ubiquitination.  CAIX were first immunoprecipitated 

using a CAIX antibody, and then ubiquitination status was analyzed by Western blotting.  Our 

data showed that CAIX was not ubiquitinated (data not shown) indicating that the 58 kDa form is 

not an ubiquitinated form of 54 kDa form.  As will be shown below, neither is phosphorylation 

and underlying cause of the slower migration of the 58kDa form. 

Total membrane protein from hypoxic MDA-MB-231 cells was also digested with endo H 

to determine glycan structure.  Figure 4-4B shows that both the 54 and 58 kDa forms of CAIX 

were completely sensitive to endo H.  This result indicates that the attached glycans were of high 

mannose character.  

To confirm that CAIX induced by hypoxia in MCF10A cells displays the same 

characteristic as that in MDA-MB-231 cells, cell lysates from MCF10A were treated with PNGF 

or endo H.  Both bands of CAIX migrated to lower molecular weights after digestion with these 

two glycosidases.  This provides evidence that the glycan attached to CAIX in MCF10A cells 

has a high mannose structure although at this point we do not know if this glycan is exactly the 

same as that in the MDA-MB-231 cells (Figure 4-4D).  
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We also investigated the glycosylation state of CAXII in T47D cells.  Total membranes 

from T47D cells were treated with PNGF.  After treatment, CAXII migration was observed as a 

single band, collapsing from the three bands of CAXII (Figure 4-4C).  This indicates that each 

species of CAXII is glycosylated but has same core protein.  Unlike CAIX glycosylation in 

MDA-MB-231 cells, the identification of three species of CAXII is due to differences in 

glycosylation.  In other words, each species of CAXII possesses a different size oligosaccharide 

or more likely that there is differential glycosylation at the two potential N-linked glycosylation 

sites (101). 

CAIX and GLUT1 Localization in Lipid Rafts 

  Lipid rafts are microdomains within the plasma membrane that serve as signaling 

platforms.  They are enriched in specific lipids and are comprised of a select set of proteins that 

reside in, or transiently associate with, these domains.  The goal of this set of experiments is to 

determine the localization of CAIX in MDA-MB-231 cells.  It has been suggested that CAIX in 

renal carcinoma cells is translocated to lipid rafts where it forms an oligomeric structure (37).  

GLUT1, the constitutive glucose transporter, is also known to associate with lipid rafts (76;102).  

CAIX and GLUT1 are both induced by hypoxia (103) and have been used as markers of hypoxia 

tumors (104;105) and of poor outcome in a variety of cancer, including breast cancer (106).   

Lipid raft fractions were isolated as described in Chapter 2.  The proteins in each fraction were 

resolved by SDS-PAGE and transferred to nitrocellulose.  The response of CAIX and GLUT1 to 

DFO and hypoxia was measured by immunoblotting with antibodies specific for each antigen 

(Figure 4-5).  Fractions 3 and 4 from sucrose density gradients represent membrane vesicles 

derived from lipid rafts.  These vesicles are resistant to disruption by Triton X-100 (TX-100) 

because of the high cholesterol and sphingolipid content of the lipid raft membranes.  The 

fractions that are labeled as “TX-100 Soluble” represent membrane proteins that were not 
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protected from detergent extraction.  Thus, these proteins were not in lipid rafts to begin with and 

were dissolved by detergent treatment.  We have used the identification of caveolin as a marker 

of lipid rafts and the transferrin receptor as a protein excluded from lipid rafts and thus 

solubilized by TX-100 exposure.  Neither caveolin nor transferrin receptor expression or 

localization was influenced by DFO or hypoxia (Figure 4-5 A to C).  The localization of GLUT1 

to lipid rafts in both control and hypoxic cells represents about 25% of the total pool despite a 

significant 6-fold increase in expression in response to hypoxia.  We interpret this to mean that 

hypoxia does not have a specific influence on GLUT1 localization within the plasma membrane.  

CAIX was not detected in lipid rafts in control cells (Figure 4-5A), perhaps a result of low total 

CAIX expression.  Hypoxia or DFO increased the total expression of CAIX by 5-fold in this 

experiment  with only a small  increase in the amount of CAIX associated with lipid rafts, about 

1.1% of the total CAIX pool.  As 90% of the CAIX pool in the membrane are dimers (Figure 4-

3), it is unlikely that the small shift of CAIX to lipid rafts influences dimerization of CAIX, 

which means that dimerization of CAIX does not require the lipid raft environment.   

Phosphorylation of EGFR, AKT and, ERK in Response to EGF Stimulation  

 Recent data suggest that EGF stimulates CAIX tyrosine phosphorylation in the 

cytoplasmic domain in renal carcinoma cells which leads to down-stream activation of the PI3-

kinase pathway (37).  To investigate the possibility of CAIX phosphorylation in response to EGF 

in MDA-MB-231 cells, EGF-dependent autophosphorylation of the EGF receptor (EGFR) was 

first examined.  MDA-MB-231 cells were serum-starved under hypoxic or normoxic conditions 

for 16 hours and then stimulated with EGF (16 nM) for specific times from 10 min to 40 min.  

Under these conditions, phosphorylation of EGFR on Tyr1173 was biphasic.  There was a time-

dependent increase in EGFR phosphorylation during the first 20 to 30 min but by 40 min 

phosphorylation was attenutated (Figure 4-6A).  The extent of EGFR phosphorylation was 
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similar under both normoxic and hypoxic conditions.  Activation of EGFR led to down-stream 

phosphorylation of both Akt and Erk1/2 (Figure 4-6B, C).  Interestingly, Akt phosphorylation 

was relatively strong in hypoxic cells even in the absence of EGF suggesting that hypoxia 

induces Akt activation independent of EGF stimulation.  Under the conditions of the experiment, 

EGF treatment did not influence CAIX expression (Figure 4-6D).    

Localization of CAIX in Response to EGF Stimulation 

We next determined the effect of EGF on CAIX distribution within the plasma membrane.  

In Figure 4-7A, we showed CAIX expression in total membranes, lipid raft fractions, and TX-

100 solublized fractions from each sample.  Consistent with data in Figure 4-5A, little CAIX was 

detected in lipid rafts from control cells.  EGF, under normoxic conditions, did not cause any 

translocation of CAIX to lipid rafts.  Hypoxia increased the amount of CAIX, again by only a 

small amount, while the combination of hypoxia and EGF stimulation increased the amount of 

CAIX by 5-fold relative to hypoxia alone.  This increase was observed in at least four separate 

experiments even though the amount of total CAIX did not change between hypoxia and hypoxia 

plus EGF-treated samples.  This implies that EGF induces CAIX translocation to lipid rafts but 

only under hypoxic conditions, although the pool associated with lipid rafts is relatively small 

(about 5%) compared to the total.  This was re-affirmed in Figure 4-7B, which shows the 

expression of CAIX in total membranes and the lipid raft fractions in hypoxic cells treated with 

or with not EGF.  EGF clearly increased CAIX association with lipid rafts in the context of 

hypoxia.  As the association of signaling proteins with lipid rafts is important for their function, 

the EGF-dependent increase in CAIX associated with lipid rafts in hypoxic MDA-MB-231 cells 

may provide some significant cellular function, although that function is yet to be identified. 
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Phosphorylation of CAIX in Response to EGF Stimulation  

To examine EGF-dependent phosphorylation of CAIX, cells were exposed to hypoxia for 

16 hours and then 30 minutes with EGF.  CAIX was then immunoprecipitated with a CAIX-

specific polyclonal antibody and then analyzed by Western blotting using an antibody against 

phosphorylated tyrosine.  While there appeared to be several phosphorylated proteins in the cell 

extracts (input) including those that were EGF-dependent, there were no phosphorylation signals 

in the CAIX-immunoprecipitated samples (Figure 4-8).  The non-specific detection of the heavy 

chain IgG (arrow) should be noted.  The presence of CAIX protein in the immunoprecipitates 

was verified by Western blot using the M75 antibody.  These results indicate that CAIX is not 

phosphorylated on tyrosine under hypoxic conditions or in an EGF-dependent manner in MDA-

MB-231 breast cancer cells.   

Antibody Specific Detection of CAIX in Breast Cancer Cells 

Detection of CAIX by two different CAIX antibodies 

 Several antibodies have been generated against CAIX.  In the 1980’s, Oosterwijk et al. 

created a monoclonal antibody (G250) against a cell surface protein expressed in renal 

carcinoma cells (107).  Using molecular cloning, this antibody was shown to recognize CAIX 

(108).  Later, Pastorekova et al. developed a monoclonal antibody M75 against a 54/58 kDa 

protein called MN expressed endogenously in a human mammary tumor cell line (34).  This 

antibody was also shown to target CAIX (42).  The specific epitope for the G250 antibody is 

unknown, but it has excellent specificity for CAIX in immunohistochemical analysis.  The M75 

(often considered the gold standard for the identification of CAIX) recognizes the extracellular 

proteoglycan domain and is useful for Western blotting, immunoprecipitation, and 

immunohistochemistry.  CAIX antibodies are also now commercially available.  One of the first 

companies to offer this product was Novus Biologicals (Littleton, CO).  Their polyclonal 
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antibody was generated against a peptide in the C-terminus, a domain which faces the 

cytoplasmic compartment.  R&D Systems (Minneapolis, MN) also has a number of monoclonal 

and polyclonal antibodies available.  Santa Cruz has CAIX antibodies against different regions of 

CAIX. 

In our initial experiments, we used anti-CAIX antibody purchased from Novus Biologicals 

(NB100) to detect CAIX expression in MCF10A, T47D, and MDA-MB-231 cells.  Cell lysates 

from control, DFO, or hypoxia-treated cells were loaded on gels and analyzed by Western 

blotting.  CAIX was apparently detected in all three breast cell lines (Figure 4-9).  In the 

MCF10A cells, we observed three protein bands. The upper band migrated as a doublet at about 

58 kDa.  The bottom band appeared to be a single protein, migrating at about 54 kDa.  This 

appeared to be consistent with the description of CAIX migration from previously published data 

(42).   However, only the upper doublet appeared to be responsive to DFO and hypoxia.  In the 

T47D cells, only two bands were observed, neither of which showed response to DFO or 

hypoxia.  In the MDA-MB-231 cells, three bands were once again detected.  Again, only the 

upper doublet appeared to show a response to DFO and hypoxia.  After stripping, the membrane 

was re-probed with M75. The difference in the results was striking.  In MCF10A cells, no 

protein was observed in controls, but three bands were detected in response to DFO and hypoxia. 

No protein was recognized by M75 in T47D cells, under any condition.  In MDA-MB-231 cells, 

there was little M75-reactive protein in controls, but expression was significantly enhanced by 

DFO treatment or hypoxia.  Because of the responsiveness to hypoxia and the high specificity of 

M75 for CAIX, these data suggest that the NB100 antibody might be interacting with a non-

specific protein which overlaps with the migration of CAIX. 
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Sub-cellular localization of the non-specific protein(s)  

CAIX is a transmembrane protein and well recognized as a hypoxia-inducible protein.  We 

have shown that MDA-MB-231 cells express little CAIX in the subconfluent state (Figure 4-2).  

It is obvious that the lack of CAIX expression would be an advantage in identifying the non-

specific protein(s), so we used subconfluent MDA-MB-231 cells to determine sub-cellular 

localization of the apparent non-specific protein(s) identified by NB100.  Cytoplasmic and 

membrane protein from subconfluent control or MDA-MB-231 cells were separated and 

analyzed by Western blotting.  Figure 4-10 shows a western blot of cytoplasmic and membrane 

proteins identified by NB100 and M75 (top and middle panels).  NB100 recognized a 54 kDa 

cytoplasmic protein that did not respond to DFO or hypoxia.  However, both the 58 kDa doublet, 

and a 54 kDa protein could be detected in the membrane fraction and both were induced by DFO 

and hypoxia.  The cytoplasmic protein was not detected by the M75 antibody upon reprobing.  

Proteins identified in the membrane fraction by M75 were clearly similar to those identified by 

NB100.  Taken together, these data suggest that the non-specific protein(s) are localized to the 

cytoplasmic fraction and migrate at the same molecular weight as does the 54 kDa form of 

membrane-bound CAIX.   

Isolation and identification of the non-specific protein 

To provide better resolution of the non-specific protein(s), we isolated cytoplasmic 

proteins from subconfluent MDA-MB-231 cells and separated them using two-dimensional gel 

electrophoresis (Figure 4-11A).  Immunoblotting using NB100 identified an acidic protein with a 

pI of about 6.0 (Figure 4-11B).  The corresponding protein in the Coomassie-stained gel was 

excised, trypsin-treated, and applied to a mass spectrometer to identify the peptide fragments.  

Twenty-seven unique tryptic digest fragments matched the sequence of tubulin, predominantly β 

-tubulin (Table 4-1). 
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Confirming the identity of β -tubulin  

To confirm the identity of β-tubulin, the nitrocellulose membrane from the 2D-PAGE gel 

was stripped and re-probed for β-tubulin expression using an anti-β-tubulin antibody.  The same 

spot detected by NB100 was recognized by the β-tubulin antibody (Figure 4-11B).  The 

cytoplasmic protein detected by NB100, also tested positive when probed with the β-tubulin 

(Figure 4-10, bottom panel).  

Conclusions 

In this chapter, we first investigated the expression of selected CA isoforms in response to 

DFO or hypoxia in three breast cell lines: MDA-MB-231, T47D, and MCF10A.   We found that 

expression of these CA isoforms was cell-specific.  In confluent cells, only MDA-MB-231 cells 

expressed CAIX, and its expression was strongly induced by DFO and hypoxia.  MCF10A cells 

had no detectable CAIX in confluent cells, but showed enhanced CAIX expression in response to 

DFO and hypoxia.  T47D cells expressed no CAIX either constitutively or in response to DFO or 

hypoxia.  Yet, HIF1α was induced in each of these cells by DFO and hypoxia suggesting that the 

hypoxic response is intact in each line.  T47D strongly expressed another membrane CA, CAXII, 

which was not responsive to DFO or hypoxia.  However, CAXII was not expressed in the MDA-

MB-231 cells.  The cytosolic CA, CAII, was expressed in MCF10A and MDA-MB-231 cells, 

but not in T47D cells.  CAIX expression was also induced by cell density in MDA-MB-231 

cells, but not in MCF10A or T47D.  Taken together, these data provide evidence that only MDA-

MB-231 cells show both density and oxygen-dependent regulation of CAIX at the protein level.  

Cell density induced-hypoxia occurs frequently in tumor (3).  Our data imply that the expression 

of CAIX might offer an advantage for cancer cell proliferating in the tumor microenvironment.  

Importantly, MDA-MB-231 cells express only one of the membrane-bound CA family members, 
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CAIX, which provides an advantage for analyzing specifically CAIX activity which will be 

documented in Chapter 5. 

The oligomerization status of CAIX is unclear because of contradictory data.  It was 

originally proposed that CAIX could form trimers (34).  More recent characterization of CAIX 

reveals that CAIX can exist as a dimer.  Approximately 50% of the CAIX catalytic domain 

constructs form dimers.  In constructs containing both the proteoglycan-like domain and the 

catalytic domain, dimers comprised about 60% of the pool (31).  Crystal structure of the soluble 

form of CAIX has confirmed that the two catalytic domains associate to form a dimer, stabilized 

by the formation of a single intermolecular disulfide bond (109;110).  In the MDA-MB-231 

cells, dimers comprise 90% of the CAIX pool.  The equal intensity of the 54/58 kDa doublet, 

which we observed on reducing gels, might suggest that the doublet pair is linked by a disulfide 

bond in the dimer as the dimeric species that we observed migrated as a single band at about 119 

kDa.  While the TM domain does not appear to be required for dimerization, we believe that our 

data show that the extent of dimerization is affected by its presence. 

CAIX migrated as a doublet of 58/54 kDa proteins.  Each of these bands appeared to be 

glycosylated based on their individual sensitivity to the N-glycosidase, PNGF.  These data are 

consistent with  previously published data in HeLa cells (35) and reaffirms that the protein 

sequence differs between the 58 and 54 kDa species.  Also, the oligosaccharides in CAIX were 

of high mannose structure because CAIX was sensitive to endoglycosidase H which only cleaves 

high mannose structures from the N-linked consensus site.  It is atypical for plasma membrane 

proteins to retain endo H sensitivity in normal cells but not uncommon in cancer cells (111) and 

specifically in breast cancer cells as was shown recently (112).  Like CAIX, GLUT1 has a single 

N-linked glycosylation site but migrates as a broad band suggesting heterogeneous, complex 
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glycosylation which is resistant to endo H digestion (113).  Both GLUT1 and CAIX are up-

regulated by hypoxia but appear to be differentially processed in the same cell.  This preference 

for high mannose glycans may be an intrinsic feature of the CAIX structure as recombinant 

CAIX (constructs containing either the catalytic domain, alone, or in combination with the 

proteoglycan domain) expressed in a baculovirus-insect cells or in murine cells also exhibit high 

mannose glycan structures (31).  Unlike CAIX, the three protein bands identified as CAXII 

collapsed to one band after N-glycosidase treatment, which suggests that the three species of 

CAXII contain the same core protein but are differentially glycosylated. 

Previous data suggests that CAIX can translocate to lipid rafts and in that process form 

oligomers.  In our hands, CAIX was not detected in lipid rafts isolated from normoxic MDA-

MB-231 cells but hypoxia increased CAIX in lipid rafts to a measureable level (estimated as 1% 

of total pool).  Given that the majority of CAIX (90% of the pool) exists in the membrane as is 

dimers, it is not likely that lipid raft localization is required for CAIX dimerization.  

Dorai et al. demonstrated that EGF stimulates CAIX phosphorylation on tyrosine 412 in the 

cytoplasmic domain in a renal carcinoma cell line, SKRC-01 (37).  However, we were unable to 

demonstrate EGF-dependent CAIX phosphorylation in the MDA-MB-231 cells.  Clearly, the 

EGFR was expressed in MDA-MB-231 cells, was phosphorylated in the presence of EGF, and 

initiated down-stream activation of Akt and Erk (Figure 4-6).  There are several reasons why we 

may not have observed phosphorylation of CAIX.  The EGFR is known to reside in lipid rafts in 

both normal cells and cancer cells (95;96) and to mediate the activation of down-stream 

signaling pathways in cancer cells when recruited to lipid rafts (97).  Dorai et al. indirectly 

demonstrated that phosphorylated CAIX was present in lipid rafts which imply that EGF 

stimulation causes the recruitment of CAIX to lipid rafts.  We were unable to detect any CAIX in 
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lipid rafts in normoxic cells in the presence or absence of EGF but the overall levels of CAIX are 

quite low in normoxic cells.  On the other hand, if EGFR is localized to lipid rafts, then the 

interaction between EGFR and CAIX might not occur.  We did observe an EGF-dependent 

increase in the content of CAIX in lipid rafts under hypoxic conditions which represented about 

5% of the total CAIX pool.  If this particular pool was phosphorylated, admittedly, it might go 

undetected.  Further, we must also consider the differences between MDA-MB-231 breast cancer 

cells and the renal cell carcinoma that were used to demonstrate CAIX phosphorylation.  CAIX 

in renal cell carcinoma is not upregulated by the condition of hypoxia, as it is in MDA-MB-231 

cells.  Rather a mutation in von Hippel-Lindau tumor suppress gene (VHL) which regulate the 

HIF1drive the CAIX expression.  Thus the envionment surrounding renal carcinoma cells and 

breast cancer cells is quite different.  Further, CAIX expression in renal carcinoma is a positive 

predictor of survival (114) while CAIX expression in breast cancer is an indicator of poor 

prognosis (41).  How these differences play out with respect to EGF action is not known at this 

point.  

There is substantial evidence that CAIX expression coincides with hypoxia and is 

considered a marker for hypoxia (47;115;116).  Detection of CAIX using the M75 has been 

suggested as a diagnostic and prognostic marker (60;117) for immunohistochemistry of renal cell 

carcinoma, in which hypoxia is not the driver of CAIX expression.  Our data suggest extreme 

caution be used with clinical samples. When we utilized the NB100 and M75 antibodies to 

examine CAIX expression in our three breast cell lines, they detected different proteins.  In 

addition to CAIX, NB100 recognized a protein localized to the cytosol which did not respond to 

hypoxia.  Using two-dimensional analysis, we separated this protein from other cytosolic 
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proteins and identified it by LC-MS/MS as β-tubulin.  Thus, use of such an antibody in clinic 

samples could lead to false positives which could have a significant impact on patient diagnosis. 

In summary, we have described the characteristics of CAIX in breast cancer cell lines, 

including expression, oligomerization, glycosylation, and localization.  We show for the first 

time that the MDA-MB-231 cells, which represent the triple-negative breast cancer phenotype, 

show inducible expression of CAIX, while the less aggressive luminal line, T47D cells, 

expresses primarily CAXII.  CAIX expression is induced by hypoxia in MDA-MB-231 cells.  As 

described earlier in Chapter 3, the MDA-MB-231 cells had the highest growth rate and the 

highest rate of lactic acid production among the cells that were tested.  In terms of glycolysis, 

94% of the glucose consumed was converted to lactic acid.  By comparison, the MCF10A cells 

converted only about 50% of the glucose to lactic acid.  Thus, not only was glucose uptake 

increased in MDA-MB-231 cells relative to MCF10A cells but there also was a shift in 

metabolic flux which typifies cancer cells.  Metabolic activity in T47D cells was intermediate 

between these cell types.  Hypoxia further enhanced glucose uptake and glycolysis in MDA-MB-

231 cells, but the intrinsic metabolic behavior of these cells was preestablished.  Interestingly, 

the drop in medium pH in response to hypoxia could not be accounted for by lactic acid 

production alone.  This lends credence to the possibility that the induction of CAIX contributes 

independently to acidification.  The lack of constitutive or induced CAIX protein expression in 

T47D cells is consistent with the less aggressive phenotype of these cells in vivo.  Thus, our data 

suggest that CAIX expression is associated with metabolic dysfunction in MDA-MB-231 cells.  

In addition, our data are important in that we show for the first time that the MDA-MB-231 cells 

express only one of the membrane associated CA family members, CAIX, allowing us to 
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demonstrate, directly, that CAIX activity changes in response to hypoxia.   Data in this section 

provide basic work for analysis of CAIX activity which is described in next chapter.   
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Table 4-1.  Identification of tubulin by mass spectrometry.  

Protein name 

 

Molecular 

Weight 

kDa  

Numbers of  

unique 

peptides 

TUBB Tubulin beta chain  

TUBA1C Tubulin alpha-1C chain 

TUBB2C Tubulin beta-2C chain 

KRT10 Keratin, type I cytoskeletal 

TUBB3 Tubulin beta-3 chain1 

TUBB6 46 kDa protein 

EEF1A1 Elongation factor 1-alpha  

KRT1 Keratin, type II cytoskeletal 1   

HSP90AA1 heat shock protein 90kDa alpha(cytosolic) 

TUBA4A Tubulin alpha-4A chain2  

RBBP7 Histone-binding protein RBBP7  

TUBB2A Tubulin beta-2A chain 

TFG Protein TFG  

ATP5B ATP synthase subunit beta,  

HSP90AB1 85 kDa protein 

Putative uncharacterized protein (Fragment)  

PPM1F Protein phosphatase 1F 

50 

50 

50 

60 

50 

46 

50 

66 

98 

50 

48 

50 

43 

57 

85 

17 

50 

27 

15 

5 

2 

8 

6 

4 

1 

7 

3 

4 

2 

3 

2 

2 

2 

2 
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Figure 4-1.  Expression of CAs in response to DFO or hypoxia in breast cancer cell lines.  Cells 

at 75% conflucence were exposed to 100 M DFO or 1% oxygen for 16h after which 

they were lysed.  Equal protein (100 μg) was analyzed by western blot analysis using 

antibodies for CAII, CAIX (M75), CAXII, and HIF1α.  Identical results were 

obtained in two independent experiments.  MCF = MCF10A cells; T47D = T47D 

cells; MDA = MDA-MB-231 cells; C = control, D = DFO, H = Hypoxia. 
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Figure 4-2.  Density-dependent expression of CAIX in breast cancer cell lines.  Cells were 

collected at specific times after plating.  Cells were lysed, and equal protein was 

analyzed by western blot analysis using the M75 antibody.  Identical results were 

obtained in independent duplicate experiments. MCF = MCF10A cells; T47D = 

T47D cells; MDA = MDA-MB-231 cells. 
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Figure 4-3.  Oligomerization of CAIX.  Total membranes were isolated from MDA-MB-231 

cells exposed to hypoxia for 16 h. Total membrane proteins (50 µg) were separated 

on SDS-PAGE gel in the presence or absence of 1% β-mercaptoethanol (β-ME).  

CAIX expression was detected by western blotting using the M75 monoclonal 

antibody. 
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Figure 4-4.  Glycosylation of CAIX and CAXII.   A) Total membranes were isolated from MDA-

MB-231 cells exposed to hypoxia for 16 h.  Fifty µg of protein was digested with 2 

µL N-glycosidase F (PNGF) in the presence or absence of protease inhibitor (PI) for 

2 hours at 37ºC.  B)  Cell lysates were isolated from MDA-MB-231 cells exposed to 

hypoxia for 16 h.  Fifty μg of protein was treated with 2 µL endoglycosidase H (endo 

H) in the presence or absence of protease inhibitor (PI) for 2 hours at 37ºC.  CAIX 

expression was detected by western blotting using the M75 antibody.  C) Total 

membranes were isolated from T47D cells.  Fifty µg of protein was digested with 2 

µL N-glycosidase F (PNGF) in the presence or absence of protease inhibitor (PI) for 

2 hours at 37ºC.  D) Cell lysates were isolated from MCF10A cells exposed to 

hypoxia for 16 h.  Fifty μg of protein was treated with 2 µL N-glycosidase F (PNGF) 

or 2 µL endoglycosidase H (endo H) in the presence or absence of protease inhibitor 

(PI) for 2 hours at 37ºC.  CAIX expression was detected by western blotting using the 

M75 antibody.  These blots represent duplicate experiments.  
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Figure 4-5.  Localization of CAIX and GLUT1 in lipid rafts.  Total membranes were collected 

from MDA-MB-231 cells after exposure to DFO or hypoxia.  The Triton X-100-

resistant membranes were separated from extracted protein by flotation in sucrose 

gradients.  CAIX, GLUT1, caveolin (which is consistently found in lipid rafts) and 

transferrin receptor (which is excluded from lipid rafts) were detected by immunoblot 

analysis.  These data represent three independent experiments.  TM = total 

membranes; rafts = lipid raft-containing membranes; TX-100 Soluble = membrane 

proteins extracted by 1% TX-100.  A) Control.  B) DFO.  C) Hypoxia. 
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Figure 4-6.  EGF-dependent activation of EGFR, Akt, and Erk.  MDA-MB-231 cells were 

exposed to normoxic (C) or hypoxic (H) conditions for 16 h in the absence of serum 

and then stimulated with 16 nM EGF for specific times.  Proteins (100 μg) from cell 

lysates were separated on SDS-PAGE gels and analyzed by western blotting.  A)  

Total and phosphorylated pools of EGFR.  B)  Total and phosphorylated pools of Akt.  

C)  Total and phosphorylated pool of Erk.  D)  Total pool of CAIX. 
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Figure 4-6  Continued 
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Figure 4-7.  EGF-dependent localization of CAIX.  MDA-MB-231 cells were serum-starved 

overnight under normoxic or hypoxic conditions and then stimulated with EGF (16 

nM) for 30 min. Total membranes were collected and then lysed with TX-100.  

Detergent resistant proteins (lipid rafts) were separated from extracted proteins.  A)  

CAIX expression in each fraction was detected by western blotting using the M75 

monoclonal antibody.  TM = total membrane fraction; Rafts = lipid raft-containing 

membranes; TX-100 Soluble = membrane proteins extracted by TX-100. C = control, 

C+EGF = control cells treated with EGF, H = hypoxia, H+EGF = hypoxic cells 

treated with EGF.  B) MDA-MB-231 cells were exposed to hypoxia for 16 hours and 

then treated with EGF (16 nM) for 30 min. Total membranes were prepared from 

which lipid rafts were isolated. CAIX and caveolin expression were detected by 

western blotting. TM = total membrane proteins; LR = lipid raft containing 

membranes. 
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Figure 4-8.  CAIX phosphorylation in response to EGF stimulation.  MDA-MB-231 cells were 

exposed to hypoxia or not for 16 h in the absence of serum.  EGF (16 nM) was added 

for 30 min after which total membranes were isolated.  CAIX was 

immunoprecipitated with an antibody generated in goat (R&D Systems, # AF2188) 

followed by western blotting with an anti-phosphotyrosine antibody or the M75 

mouse monoclonal antibody.  C = control, H = hypoxia.  These data represent 

triplicate experiments. 
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Figure: 4-9.  Detection of CAIX in breast cell lines using M75 and NB100 antibodies. 

Subconfluent cells were lysed after exposure to DFO or hypoxia, as described in the 

Materials and methods.  Equal protein (100 μg) was analyzed by western blot analysis 

using CAIX antibodies: CAIX monoclonal antibody M75 and polyclonal antibody 

NB100 (Novus Biologicals).  Actin was used as a loading control.  C = control, D = 

DFO, H = hypoxia.  These data are representative of at least three independent 

experiments.  

 

66

45

EGF
kDa

66

45

C H C H

-

INPUT(10%) IP (CAIX)

+ - + - + - +

p-tyr Ab

CAIX

IgG



 

95 

 

58

54

58

54

54

C      D    H      C    D    H

Cyto TM  

kDa

CA IX (NB100)

CA IX (M75)

β-Tubulin

 

Figure 4-10. Localization of CAIX detected by NB100 and M75.  Subconfluent MDA-MB-231 

cells were collected and separated into a total membrane (TM) and cytoplasmic 

fraction (Cyto) after exposure or not to DFO and hypoxia.  Equal protein (100 μg) 

was analyzed by western blot analysis for CAIX using M75, NB100.  β-Tubulin 

expression was analyzed.  C= Control; D= DFO; H= hypoxia. These data are 

representative of at least three independent experiments.  
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Figure 4-11. Separation of cytoplasmic proteins by two-dimensional electrophoresis. A) A 

cytoplasmic fraction from subconfluent MDA-MB-231 cells was separated by two 

dimensional electrophoresis. The gel was stained with Coomassie blue. The arrow 

points to the protein spot recognized by NB100.  B) Proteins were transferred to 

nitrocellulose membranes and immunoblotted for CAIX by NB100 and β-Tubulin. 
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CHAPTER 5 

CATALYSIS AND INHIBITION OF CAIX IN BREAST CANCER CELLS 

Introduction 

Carbonic anhydrase IX (IX) expression is associated with high tumor grade, tumor 

necrosis and poor prognosis in breast cancer (38;118).  CAIX contributes to the tumor 

progression and the poor response to traditional chemo-and radio-therapies by regulation of pH 

balance during tumorigenesis (10).  CAIX is an integral plasma membrane protein with a large 

exofacial domain that contains the catalytic pocket.  Thus, CAIX in tumor cells may be 

accessible to a variety of targeting tools, including CA inhibitors.  In this regard, CAIX has 

become a potential and novel target for cancer therapy and specifically represents a new 

pharmacologic target for hypoxic tumors that are non-responsive to classical chemo- and radio-

therapy.  We have shown in previous chapters that CAIX expression is strongly induced by 

hypoxia and cell density in MDA-MB-231 breast cancer cells and has been linked to the basal, 

triple-negative phenotype (100), an aggressive cancer for which there are few treatment options.   

Several groups have utilized soluble forms of CAIX to gain insight into catalysis.  For 

example, the catalytic domain (CA) of CAIX was first cloned and analyzed for its kinetic 

properties by Wingo et al. (30).  Their data indicate that the catalytic efficiency (Kcat/Km) for 

CO2 hydration by CAIX, produced in a bacterial expression system, is 5.5 x10
7 
M

-1
s

-1
.  This 

value is similar to the catalytic efficiency of CAII (1.0 x 10
8 
M

-1
s

-1
), which indicates that CAIX 

belongs to the group of CAs that have high catalytic activity (30).  Other groups have compared 

the kinetic properties of the CA domain with the CA domain containing the proteoglycan (PG) 

extension (CA + PG) when expressed in bacterial and insect cell lines (31).  Recombinant protein 

containing CA domain and the CA + PG domains shows a Kcat/ Km value of 5.5 x 10
7 
M

-1
s

-1
 

and 1.5 x 10
8 
M

-1
s

-1
, respectively, the later of which is more

 
similar to that of CAII.  The pH 
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dependence of CAIX activity (for the CO2 hydration) for the CA and the CA + PG protein 

fragments has also been reported (109).  Protein constructs containing just the CA domain has a 

pKa of 7.01, which is similar to that observed for CAII.  In contrast, the pKa for the protein 

fragment containing CA + PG is 6.49, which is within a typical pH range of solid and hypoxia 

tumors.  These investigators suggested that the CA + PG domain construct acts as a better 

catalyst for CO2 hydration at more acidic pH value.  As CAIX is the only membrane-associated 

CA to contain a PG domain, they propose that this evolved through evolutionary adaptation to its 

environment providing increased buffering efficiency which makes the catalyst more efficient at 

pH values of 6.5, typical of the solid tumor.  Earlier data, reported by Wingo et al. (30), 

contradict this notion as they reported a pKa value of 6.4 for the CA domain of CAIX.   In all of 

these experiments, CAIX activity was determine using purified soluble protein fragments.  Yet, 

CAIX is a membrane protein which includes the transmembrane and cytoplasmic domains, 

beside PG domain and CA domains.  These domains and/or the transmembrane environment 

might affect its activity.  Thus, in this chapter, we first assayed CAIX activity in intact MDA-

MB-231 breast cancer cells.  In addition, CAIX activity was characterized in its native state by 

membrane inlet mass spectrometry (MIMS).   

The inhibition of CAIX by sulfonamides is well studied in term of its biochemical, 

physical, and medical aspects (54;119).  To be of use in CAIX-specific inhibition in its normal 

cellular environment, CA inhibitors must be impermeant.  Several such inhibitors have been 

designed and studied, and shown to be effective at umolar/nanomolar concentrations (39;57;58).  

Such low Ki values are promising for therapeutic applications.  Our group has designed a 

pegylated sulfonamide in collaboration with Dr. Nicole Hornstein’s laboratory in the Department 

of Chemistry at the University of Florida.  This compound has a structure similar to F3500 which 
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was described in Chapter 1.  N3500 is comprised of p-aminomethylbenzenesulfonamide 

chemically attached to polyethylene glycol biacetic acid resulting in PEGpAMBS (58).  This 

inhibitor has a high-molecular weight (average MW 3548) and abbreviated as N3500.  N3500 

was determined to be membrane impermeant in red blood cells which express only CAII (58).  

Specifically the addition of 4 M N3500  to a suspension of red blood cells for 2 hours has no 

effect on 
18

O depletion from CO2 determined by MIMS (58).  In vitro, the binding constant (Ki) 

of this inhibitor for CAII was estimated at 3.4 μM.  Because of the similarity of sulfonamide 

inhibition for CAII and CAIX (30;31), we assume that this value is applicable to CAIX 

inhibition.  The impermeable feature of this inhibitor makes it attractive for targeting CAIX at 

the cell surface distinguishing its inhibition from that of CAII.  A second inhibitor of interest is 

Cpd 5c.  This is a fluorescent sulfonamide investigated by Svastova et al. in which the 

sulfonamide is linked to fluorescein.  These investigators reported that Cpd 5c has high affinity 

for CAIX (Ki = 24 nM), although the value is about 9.0 nM determined by Dr. Silverman group 

(unpublished data).   The Pasterekova group reported that this inhibitor binds only CAIX 

expressed MDCK epithelia cells and reduced extracellular acidity induced by CAIX expression 

in hypoxia but not in normoxia. (50).   In vivo studies show that this inhibitor binds to tumor 

cells expressing CAIX in hypoxic conditions and reoxygenation of tumors significantly reduce 

the binding (60;61).   These data suggest that CAIX activity is regulated not only by its 

expression but also by hypoxia.  However, direct measurement of CAIX activity in response to 

changes in O2 contents has not been explored.        

In chapter 4, we have shown that aggressive breast cancer cells, MDA-MB-231, have both 

hypoxia- and density-dependent CAIX expression and that CAIX is the only membrane-

associated CA expressed in the MDA-MB-231 cells.  This provides an opportunity to measure 
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CAIX activity directly in these cells.   In this chapter, CAIX activity was examined in intact cells 

and in the plasma membranes from control and hypoxia-induced MDA-MB-231 cells by MIMS.  

This method has been previously utilized to analyze purified CAII and CAIX catalytic domain 

activity (30;120).  Using MIMS, we also examined inhibition of CAIX activity by a number of 

CA inhibitors.  Moreover, we characterized CAIX activity in response to pH, Zn
2+

 and O2 

deprivation.  Finally, the effect of CAIX inhibition on cell viability, migration and invasion was 

assessed to determine if inhibition of CAIX affects these phenotypic features of MDA-MB-231 

cells in culture.   

Results 

CA Activity in Response to Hypoxia  

Using MIMS, CA activity in intact cell of MDA-MB-231 cells was directly measured.  

The rationale and methodology for this approach was described in Chapter 2.  To better illustrate 

the biphasic feature of 
18

O depletion and distinguish the intracellular and extracellular CA 

activity, the rate of loss of 
18

O from CO2 in red blood cell suspensions was first assayed by Dr. 

Chingkuang Tu in the Department of Pharmacology and shown in Figure 5-1.  Red blood cells 

express CAII in the intracellular comparment, but do not express any extracellular carbonic 

anhydrase.  In this experiment, red blood cells were added at time zero to a solution containing 

13
C

18
O2/H

13
C

18
O3¯.  The rate of change in the atom fraction of 

18
O in CO2 in red blood cells 

displayed a biphasic pattern, with a steep loss of 
18

O from CO2 in the initial 25 seconds (Phase 1) 

and  followed by a  phase of much slower depletion of 
18

O from CO2 (Phase 2) (Figure 5-1A).  

The initial rapid decreased in isotopic enrichment of CO2 upon addition of cells is dominated by 

flux of C
18

O2 into the cells where it reacts with CAII to produce bicarbonate.  The bicarbonate is 

quickly dehydrated (also by CAII) and the resulting C
18

O
16

O and C
16

O2 (after two dehydration 

cycles) is released back into the extracellular medium where the loss of 
18

O from CO2 is detected 
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by the mass spectrometer.  The second slower phase that is observed between 100 and 500 

seconds is dominated by the depletion of 
18

O from bicarbonate, which is carried by the anion 

exchanger across the membrane, resulting in a slower loss of 
18

O from CO2.  Addition of 

acetazolamide showed little effect on either phase 1 or phase 2 of the progress curve, suggesting 

that acetazolamide is impermeant over the time course of the experiments.  To determine the 

effect of extracellular CA activity on the biphasic depletion, Dr. Chingkuang Tu established a 

model to mimic external CA activity by adding purified human CAII (hCAII) to the reaction 

vessel containing red blood cells.  hCAII, the soluble and wide-spread CA isozyme, does not 

enter the cells.  Figure 5-1B demonstrates that the presence of hCA II in the extracellular 

solution altered the slopes in the biphasic depletion.  Specifically, the slope of the second phase 

became greater.  That is, as the concentration of extracellular hCAII increased, the pattern of 
18

O 

depletion approached the monophasic rate observed in solutions of cell free carbonic anhydrase 

(81).  These data suggest that the slope of the second phase can also provide data about external 

CA activity and in fact is a linear function of the concentration or activity of extracellular CA 

(see insert).    

These examples with red blood cells help to understand the biphasic 
18

O depletion in a 

suspension of MDA-MB-231 cells, the data for which is shown in Figure 5-2.  We used MDA-

MB-231 cells exposed or not to hypoxic conditions.  The progress curve in normoxic or hypoxic 

cells is represented by a biphasic depletion of 
18

O in from 
13

C
18

O2.  Under normoxic conditions, 

MDA-MB-231 cells express little external CAIX but substantial intracellular CAII.  As in the red 

blood cell system, the steep phase 1 is due to the rapid flux of C
18

O2 into cells and the 

subsequent loss of 
18

O to H2O catalyzed by intracellular CAII.  The second and slower phase is 

predominately due to the dehydration/hydration reaction in the extracellular solution, mediated 
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by CAIX.  Addition of an impermeant sulfonamide (N-3500) showed a limited effect on either 

phase 1 or phase 2 of the progress curve.  First order of rate constant of the second phase in 

normoxic cells is 1.1x 10
-3

 s
-1 

and which decreased to 0.4x10
-3

 s
-1

 in the presence of N3500.
 
 
 

This can be explained by the limited expression and activity of exofacial CA in normoxic MDA-

MB-231 cells.  Hypoxic cells showed a substantially different pattern.  The rate of phase 2 was 

accelerated compared to normoxic cells, dominated by CAIX activity.  The rate constant is 2.5 x 

10
-3

 s
-1

.  Addition of N-3500 reduced the rate constant of phase 2 in hypoxic cells to 0.5x10
-3

 s
-1

, 

which is equal that of the inhibited state in normoxic cells (0.4 x10
-3

 s
-1

).  Thus, compared with 

normoxic cells, the progress curve for the hypoxic MDA-MB-231 cells show little change in 

phase 1, while in phase 2, hypoxic cells show significant acceleration due to elevated CAIX 

activity.  These data are unique in that they have allowed an assessment of the contribution of 

CAIX and CAII independently to total CA activity in MDA-MB-231 cells.   

 CA activity in the plasma membrane from normoxic and hypoxic MDA-MB-231 cells was 

also measured using MIMS.  Given that CAIX is the only membrane-bound isoform in MDA-

MB-231 cells, this activity reflects CAIX activity.  Membranes isolated from hypoxic cells 

exhibited about 7-fold more CA activity than did membranes from control cells (Figure 5-2C), 

which is consistent with the difference its expression in normoxic and hypoxic cells (Figure 5-

2B). 

Inhibition of CAIX Activity by Sulfonamides 

To analyze the inhibition of CAIX activity by sulfonamides, we tested a variety of CA 

inhibitors using the 
18

O exchange strategy in MDA-MB-231 cells.  Acetazolamide is a potent  

(Ki = 3-10 nM) inhibitor of CAIX and CAII (and many other isozymes of CA) with only 

moderate diffusability across membrane.  N3500 specifically blocks exofacial activity (CAIX) 

because the sulfonamide is covalently attached to a polyethylene glycol moiety.  Ethoxzolamide 
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is completely permeable and rapidly enters the cells.  Consistent with earlier data, in the absence 

of CA inhibitors, hypoxic MDA-MB-231 cells displayed biphasic depletion of 
18

O from CO2 

(Figure 5-3A).  In the presence of ethoxzolamide, the progress curve was flat and did not display 

a biphasic characteristic, suggesting it rapidly enters into cells where it blocks intracellular CA 

along with extracellular CA activity.  The progress curve after addition of acetazolamide or 

N3500 was more strongly biphase than in the absence of the inhibition.  N3500 at 100 μM was 

sufficient to completely inhibit exofacial CAIX but had no effect on intracellular CA (CAII) 

activity.  Acetazolamide displayed the same characteristic as it only blocked exofacial activity 

during time course of experiment.  Acetazalomide, at 50 nM, completely inhibited the 

extracellular CA activity. 

To determine the Ki of N3500 for CAIX activity, we examined dose-dependent inhibition 

of CAIX activity in hypoxic MDA-MB-231 cells.   The phase 2 slope in the progress curves 

decreased with increasing of concentration of N3500 (Figure 5-3B).  The apparent Ki of N3500 

(for phase 2) was about 13 μM (Figure 5-3C).   

Cecchi et al. have described the synthesis of a fluorescent sulfonamide (Cpd 5c) that can be 

used to probe CAIX expression and activity (75).  While these authors reported similar inhibition 

constants for purified hCAII and the soluble catalytic domain of hCAIX (Ki = 45 and 24 nM, 

respectively), Cpd 5c was characterized as impermeant and thus specific for cell surface CA 

activity.  They suggested that this inhibitor binds to CAIX only under hypoxic conditions, both 

in vitro and in vivo  (50;60;61).  To confirm this, we assessed the effect of Cpd 5c on CA activity 

in hypoxic MDA-MB-231 cells (Figure 5-4).  Cpd 5c significantly affected the progress curves 

for the exchange of 
18

O in 
13

CO2.  Indeed, the shape of the progress curves in the presence of 

Cpd 5c suggested that it was impermeant over the course of the experiment, as the biphasic 
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depletion was more exaggerated upon addition of the inhibitor.  The apparent Ki of Cpd 5c (for 

phase 2) was about 85 nM.    

Estimation of CAIX Activity in MDA-MB-231 Cells 

 In Figure 5-1, we have shown that the slope of phase 2 of the progress curve is a linear 

function of the external carbonic anhydrase activity in the red blood cell system.  In order to 

estimate the contribution of CAIX activity in MDA-MB-231 cells suspensions, a similar 

experiment was performed, except that hCAII was added to suspensions of normoxic and 

hypoxic cells.  Addition of hCAII increased the slope of second phase in both normoxic or 

hypoxic cells (Figure 5-5A, B).  This change was observed as a linear function of the hCAII 

activity (Figure 5-5C).   To attempt to be more quantitative, we have established the rate (value 

of the slope) at zero exofacial activity by treating both sets of cells with N-3500.  Then, the 

actual values of added CAII were modified to include the exofacial activity.  This was estimated 

by extending the lines for each data set in Figure 5-5C to the negative X-axis.  That intercept was 

then added to the slope value for each of the concentrations of added CAII.  A new plot was 

generated with these data (Figure 5-5D) including the slope values in the presence of N-3500 (at 

zero added CAII).  The regressions were then used to quantify the relative values of CAIX 

activity in control and hypoxic cells.  This scaling process revealed that the concentration of 

CAIX in the control cells was equivalent to approximately 2 nM hCAII and for hypoxic cells 

was about 8 nM hCAII.  While this difference is similar to the difference in protein expression 

between these conditions, we are using CAII activity as a measure of CAIX activity.  This is not 

totally accurate because the catalytic efficiency of CAII is about twice that of CAIX.  Further, 

there is likely a difference in enzyme behavior in the environment close to the membrane versus 

in a soluble form. 



 

104 

Regulation of CAIX Activity by pH 

Several published studies show that CAIX plays a role in regulating intracellular and 

extracellular pH (26;50).  However, direct effect of pH on CAIX activity in the membrane 

environment has not been studied.  Therefore, CAIX activity in response to pH was measured in 

the following experiments (Figure 5-6).  To mimic changes of CAIX activity in 

microenvironment of normal and tumor, we measured CAIX activity at pH 6.8, the pH typical to 

the tumor microenvironment, pH 7.4 (more typical of normal tissue), and basic pH 7.9 (which 

probably has little physiological relevance) in normoxic and hypoxic cells.  While control cells 

have low expression of CAIX, they did show sensitivity to pH (Figure 5-6A).  The steep slopes 

of phase 1 were largely unaffected by pH.  However, the slopes of phase 2 in the progress curves 

showed higher exofacial activity (accelerated 
18

O depletion from 
13

CO2) at pH values that 

resemble the tumor microenvironment (pH 6.8) than either physiological (pH 7.4) or even higher 

values (pH 7.9).  Because the MIMS assay measures the synthesis of CO2, this means that at low 

pH, CAIX activity favors CO2 production.  In hypoxic cells, the effect of pH was exaggerated 

(Figure 5-6B).  Again, phase 1 was essentially unaffected by pH.  While hypoxia, itself, 

increased the rate of 
18

O depletion from 
13

CO2 (phase 2) relative to normoxic cells, this was 

amplified by reducing pH (Figure 5-6C).  The final conclusion is the same as in normoxic cells: 

low pH increases CAIX activity in the direction of CO2 production. 

 We further studied this pH sensitivity in membrane ghosts, i.e., hypotonically-treated 

MDA-MB-231 cells.  These membrane ghosts were extensively washed to remove cytosolic CA 

to eliminate the contribution to CA activity by CAII (Figure 5-6D).  Shown in Figure 5-6E is the 

catalytic efficiency in the hydration versus dehydration reaction.  These data confirmed that low 

pH significantly increases the rate of the dehydration reaction indicating that CAIX prefers to 

consume protons instead of generates protons at a typical tumor pH. 
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Anoxia Activates CAIX  

Svastova et al. have suggested that hypoxia not only induces the expression of CAIX, but 

also activates CAIX through studying cpd5c binding to the CAIX under hypoxic re-oxegenation  

conditions (50;60;61).  The MIMS assay traditionally uses buffers or media that is exposed to 

normal atmospheric oxygen.  If hypoxia is required for maximal CAIX activity, then the 

exposure to oxygen both during the isolation of cells and assay for CA activity might diminish 

the activity that we observe.  To test this, we isolated cells in medium that was flushed with 

nitrogen and assayed for CA activity in medium that was flushed with helium.  In Figure 5-7A, 

we show that CAIX activity in hypoxic MDA-MB-231 cells was indeed significantly higher in 

the anoxic environment.  However, dose response curves with cpd5c show little difference in 

inhibitor effectiveness (cpd 5c: Ki = 91.6 ± 35.1  vs 85.3 ± 19.8 nM, anoxic vs normoxic 

medium) (Figure 5-7B).  This is also true for N3500 ( Ki = 13.2 ± 3.6  vs 12.6 ± 3.3 μM anoxic 

vs normoxic medium).  This signifies that the intrinsic activity of CAIX is unchanged, 

suggesting that other factors have affected fluxes of CO2 species and hence 
18

O exchange in 

intact cells.  

Effect of Zinc on CAIX Activity in MDA-MB-231 Cells  

The αcarbonic anhydrase family members are zinc metalloenzymes.  Zinc is found in the 

active site of CAIX where it coordinates with 3 histidine residues (as is true for other family 

members).  It has been demonstrated that the catalytic activity of soluble constructs of CAIX is 

stimulated by low concentrations of zinc (31).  In this study, the presence of 50 μM ZnCl2 

increased the catalytic efficiency of CAIX by 10-fold in fragments of the soluble catalytic 

domain and by 20-fold in fragments of the catalytic domain with the proteoglycan extension.  

Zinc also caused a 150-fold increasing in the Ki value of acetazolamide for the soluble catalytic 

domain with the proteoglycan extension.  We sought to determine if this effect was preserved in 
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intact cells.  When MDA-MB-231 cells were added directly to assay medium containing zinc, 

there was not observed effect on CAIX activity.  When cells were pre-incubated with different 

concentration of zinc at the indicated times (Figures 5-8), zinc concentration less than 300 M  

had little effect on CAIX activity (Figure 5-8 A,B).  Only at 500 M zinc (Figure 5-8C) was 

there a significant on CAIX activity.  This insensitivity to zinc may be related to non-specific 

binding in the intact cell system which lowers the effective concentration seen by CAIX.   

Effect of CAIX Inhibition on Cell Viability, Migration and Invasion     

In this section, we examined the effect of CAIX inhibition on MDA-MB-231 cell viability.  

The MTT assay was used for this purpose and was described in Chapter 2.  Figure 5-9A 

illustrates that the value of OD570 –OD650 in the range of 0-1.6 reflects cell number, suggesting 

that the method is reliable for assessing cell viability.   MDA-MB-231 cells were seeded in 24-

well plates in equal number, followed by inhibitor treatment for 24 hours (Figure 5-9B) or 48 

hours (Figure 5-9C) under hypoxic or normoxic conditions.  Hypoxia slowed cell growth. 

Surprisingly, Chlorzolamide was the only CA inhibitor to reduce cell viability.  Chlorzolamide is 

a strong inhibitor  for CAIX mimic designed by the McKenna group (121).  The other three 

inhibitors, including acetazolamide and N3500, had no effect on cell viablity.   

The migration and invasion of MDA-MB-231 cells in response to CAIX inhibitors were 

also performed across PMVEC monolayers using Transwell plates.  Likewise, only 

chlorzolamide decreased the migration and invasion under hypoxic conditions (Figure 5-10). 

Effects of CAIX Inhibition on Acidification of Extracellular Environment 

The role of CAIX in regulation of pH has been evident in several studies.  In MDCK 

epithelial cells which overexpress the human CAIX protein, the presence of CAIX is associated 

with a decrease in pHe in response to hypoxia, but not in normoxia (50).  In this section, we 
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intended to verify CAIX-dependent regulation of pHe in breast cancer cells.  We applied three 

CA inhibitors to the MDA-MB-231 cells under hypoxia or normoxia.  Consistent with data 

described in Chapter 3, hypoxia led to extracellular acidification as expected.  The inhibitors 

reduced the ability of cells to acidify the medium of hypoxic cells, but not in normoxic cells 

when incubated for 24 hours (Figure 5-11).   

Conclusions 

In this Chapter, we have taken advantage of a unique mass spectrometer technique, 

specifically developed to measure CA activity, to measured directly the enhanced activity of 

CAIX in response to hypoxia in MDA-MB-231 breast cancer cells.  MDA-MB-231 cells, in our 

hands, do not express other forms of membrane-bound CAs which allows us to draw a direct 

correlation between the increase in exofacial CA activity and the induced expression of CAIX. 

To better estimate the external CA activity assayed by MIMS, we first compared the 
18

O 

depletion in CO2 in red blood cells and hypoxic MDA-MB-231 cells.  Red blood cells have high 

internal CA, CA II, expression but no external CA expression.  Deletion of 
18

O from CO2 in 

these two types of cells displays different patterns although they both have biphasic features.  

The biphasic feature of the progress curve in hypoxic cells is not as apparent as in red blood 

cells.   Acetazolamide had no effect on the biphasic feature of progress curve in red blood cells, 

which demonstrates that acetazolamide does not inhibit intracellular CA activity.  However,   

acetazolamide makes the biphasic nature of progress curve stronger in hypoxic cells, which more 

closely resembles the progress curve with red blood cells.  These results demonstrate that MIMS 

is able to detect extracellular CA activity in the intact cells and can efficiently distinguish the 

intracellular and extracellular CA activity.   In addition, a pegylated compound, PEGpAMBS (N-

3500) (58) which  is impermeant in red blood cells and an inhibitor of CA (CAII, Ki = 3.4 ± 1 

M), blocks CA activity induced by hypoxia in MDA-MB-231 cells but has limited effect on CA 
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activity in normoxic MDA-MB-231 cells.  We interpret this to mean that N-3500 specifically 

blocks exofacial CAIX.  

Earlier, the Stanbridge group had suggested that CAIX may regulate the levels of protons 

and bicarbonate in the microenvironment by “sensing” pH (33).  Our data provide the first 

evidence to support this hypothesis.  At physiological extracellular pH, CAIX activity favors the 

hydration reaction and thus could potentially contribute to acidification.  However, as the pH 

drops toward 6.8, the dehydration reaction is favored which utilizes protons to produce water and 

CO2.  We found this to be true whether we assayed intact hypoxic MDA-MB-231 cells or 

membrane ghosts made from hypoxia cells.  This also supports earlier studies from the 

Silverman laboratory showing that CAIX catalysis (the soluble catalytic domain) is more 

efficient in the reaction that consumes protons at pH 6.8 than at higher values of pH (30).   These 

data indicate that at acidic pH, protons are being consuming rather being produced.  In the 

context of the tumor microenvironment, this mean CAIX is responsible for consuming protons at 

acidic pH which provides a more stabilized environment for the tumor.  Thus, our data provide 

evidence that hypoxia-induced CAIX expression is a mechanism by which a specific pH value 

may be maintained which is advantageous to cancer cells.  Together, these data suggest that 

CAIX contributes to the development and maintenance of the “set-point” of cancer cells in 

response to the proton load from intracellular metabolism.   

The Supuran group has synthesized a number of sulfonamides that were designed to be 

impermeant (56;59;122).  Cpd 5c, the fluorescently labeled sulfonamide also called CAI, seemed 

to have substantial advantages.  It was shown to be a very efficient inhibitor (better than N-3500) 

and could be used to localize exofacial CAs while blocking activity.  Indeed, we have shown that 

in the short term, Cd5c is impermeant which allowed us to demonstrate specific inhibition of 
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CAIX in MDA-MB-231 cells.  The Ki for Cpd5c obtained with intact MDA-MB-231 cells is 

about 10 fold higher than the Ki obtained for soluble CAs.  This suggests that the environment 

within the membrane and/or the structure of full length CAIX influences the ability of Cpd5c to 

bind CAIX.    

Hilvo et al. showed that 50 M ZnCl2 increased the catalytic efficiency of the soluble 

CAIX catalytic domain by an order of magnitude and similarly for the construct expressing both 

the catalytic domain and the proteoglycan-like domain.  While CAIX activity (along with other 

CAs) requires zinc, zinc-induced activation was unique to CAIX.  In our hands, only pre-

incubation with a zinc concentration that was 10 times that used by Hilvo el al. showed any 

significant effect on CAIX activity in intact MDA-MB-231 cells.  While these data indicate the 

membrane environment might have an influence over CAIX function, it may also be true that the 

membrane provides many non-specific binding sites which reduces the effective concentration of 

free zinc. 

Data published by Svastova et al. also suggest that hypoxia directly regulates the activity 

of CAIX.  To follow up on this point, we have shown that maintaining an anoxic environment 

during the preparation and assay of the MDA-MB-231 cells does significantly increase CAIX 

activity.  This suggested that the catalytic pocket was in some way better exposed in the anoxic 

environment than under normoxic conditions.  These data have been supported by Dubois et al. 

who showed that hypoxic HeLa cells, but not briefly re-oxygenated hypoxic HeLa cells, were 

able to bind Cpd5c (60;61).  A change in CAIX expression was eliminated as an underlying 

mechanism as CAIX content was essentially identical in the hypoxic and re-oxygenated cells.  

However, we were unable to demonstrate any difference in efficacy of CAIX inhibition in 

hypoxic MDA-MB-231 cells assayed under anoxic versus normoxic conditions by either N-3500 
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or Cpd5c.  Taken together, our data would suggest that the catalytic site is functional in the 

presence or absence of oxygen.  

Recently, CA inhibitors have been proposed as a potential new class of antitumor agents  

(53;54).  Some CA inhibitors with a high affinity for the CAIX isoform have been shown to 

decrease tumor cell proliferation, migration and invasion (123;124).  However, the only CA 

inhibitor effective in reducing viability, migration, and invasion in either normoxic or hypoxic 

cells is chlorzolamide.  Frankly, we believe that this inhibitor is killing cells.  Thus, in our hands, 

sulfonamides that only block CAIX activity do not have anti-growth properties.    

In summary, we directly measured the activity of endogenous CAIX in cancer cells by 

MIMS.  This is a major contribution to the field because it is the first study to determine kinetic 

properties of CAIX in the membrane environment of intact cells and membrane ghost.  We show 

that the change in CAIX activity is directly correlated to the increase in protein expression which 

could be inhibited by an impermeant CA inhibitor which is essentially specific for CAIX.  This 

indicates that not only is CAIX expressed, but CAIX activity at the cell surface is induced by 

hypoxia.  We also show that sulfonamide inhibitors block CAIX activity in cancer cells.  The 

impermeant CA inhibitor, N3500, reduces acidification induced by the hypoxia in MDA-MB-

231 cells, suggesting that CAIX is involved in the regulation of pH in MDA-MB-231 cells.  

CAIX activity is also influenced by the O2 level as we demonstrated that anoxia activates CAIX.   

CAIX activity is influenced by the pH and low pH substantially increases the dehydration 

activity.  These data are important because it provides direct envidence for the hypothesis that 

hypoxia-induced CAIX expression senses the pH of microenviroment and maintain a specific pH 

which is detrimental to normal cells but advantageous to cancer cells.  Together this suggests that 
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CAIX can contribute to the development and maintenance of the “set-point” of cancer cells in 

response to the proton load from intracellular metabolism. 
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Figure 5-1.  Progress curve for atom fraction of 
18

O in CO2 in the suspension of human red 

blood cells (RBCs at 6.0x10
4
 cells/ml).  Human blood was freshly obtained and red 

cells were washed in isotonic buffer [sodium phosphates (50 mM), sodium chloride 

(78 mM), and potassium chloride (2.7mM) at pH 7.4.  Red blood cells were added to 

reaction chamber containing 2 mL of buffer in which was dissolved 
18

O enriched 

CO2/HCO3
-
 at 25 mM total CO2 species. The membrane inlet was immersed in the 

suspension in this vessel and used to detect the atom fraction of 
18

O in the 

extracellular CO2 of the membrane-inlet mass spectrometer.   A) Progress curve of 

red blood cells exposed or not to acetazalomide (AZA) in the mixing chamber of the 

membrane-inlet mass spectrometer.  Solid line: RBC alone; short dashes: RBC in the 

presence of AZA.  B) The progress curve for atom fraction of 
18

O in 
13

 CO2 in 

suspensions of human red blood cells to which is added purified human CAII 

(hCAII). Solid line:  RBCs with no extracellular hCA II; long dashes: RBC 

suspension containing 1.0 nM purified HCA II in the external solution; short dashes: 

RBC suspension containing 2.0 nM hCA II in the external solution; dotted line: RBC 

suspension containing 3.0 nM hCA II in the external solution.  The suspending 

solution contained 78 mM NaCl, 50 mM sodium phosphate at pH 7.4 with initial 

concentrations of all species of CO2 at 25 mM and 25 °C.  RBCs were added at time 

zero.  Inset: a plot of the catalyzed portion of the slope in the slow second phase (50 

to 300 sec) versus the concentration of extracellular hCA II.  The MIMS assay was 

performed by Dr. Chingkuang Tu. 
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Figure 5-1.   Continued. 
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Figure 5-2.   Hypoxia increases CAIX activity in plasma membranes and intact MDA-MB-231 

cells.  A) MDA-MB-231 cells were grown for three days at which point they were 

exposed to normoxic or hypoxic conditions for 16 hours.  Cells were harvested and 

assayed for carbonic anhydrase activity using the MIMS method in the presence or 

absence of 25 M N-3500.  Each progress curve was generated using 1 x 10
6
 cells.  

While data is collected continuously, for ease of representation, only data points at 25 

second intervals are shown.  Data are representative of at least three independent 

experiments.  B) Total membranes were collected from control cells or cells exposed 

to DFO or hypoxia for 16 hours.  Western blot analysis of CAIX expression was 

performed using the NB100 antibody.  C = Control, D = DFO, H =  Hypoxia.  C)  

Plasma membranes was isolated from control or hypoxic cells and CA activity was 

measured by MIMS.  These data represent duplicate experiments.  The plasma 

membrane isolation was performed by Dr. Hai Wang and the MIMS assay was 

performed by Dr. Chingkuang Tu.   
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Figure 5-3.  Inhibition of CAIX activity by sufonamides.  A) MIMS data was collected for 

suspensions of hypoxic MDA-MB-231 cells (8.3 x 10
5
 cells/ml) to which were added 

inhibitors of carbonic anhydrase.  B) CA activity was monitored by MIMS in the 

absence or presence of N3500 at the indicated concentrations.  C)  Phase 2 slopes for 

data in panel B are plotted against N3500 concentration to determine Ki.  Other 

conditions were same as described in Figure 5-1.  MDA-MB-231 cells were added at 

as indicated by the arrow.  The MIMS assay was performed by Dr. Chingkuang Tu. 
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Figure 5-3.  Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4.  CA activity is inhibited by Cpd 5c in hypoxic MDA-MB-231 cells.  Carbonic 

anhydrase activity was analyzed in hypoxic MDA-MB-231 cells in the presence of 

Cpd 5c at indicated concentration or in the presence of 1μM acetazolamide.  The 

apparent Ki for cpd5c was 85.3 nM.  The MIMS assay was performed by Dr. 

Chingkuang Tu who also calculated the Ki. 
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Figure 5-5.  Estimation of CAIX activity in MDA-MB-231 cells by addition of hCAII.  A) A 

progress curve for the atom fraction of 18O in CO2 in a suspension of normoxic cells 
was generated by the MIMS assay in the presence of increasing concentrations of 
hCAII.  B) The enrichment of 18O in CO2 in suspensions of hypoxic cells was 
measured using the MIMS assay in the presence of increasing concentrations of 
hCAII.  C) Phase 2 slopes (x 10-3 s-1) are plotted against hCAII concentrations for 
data from panels A and B.  D) Slopes of phase 2 versus the adjusted concentration of 
extracellular hCAII were calculated for normoxic and hypoxic MDA-MB-231 cells. 
The MIMS assay was performed by Dr. Chingkuang Tu. 
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Figure 5-5.     Continued. 
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Figure 5-6. Extracellular pH influences CAIX activity.  A) Normoxic MDA-MB-231 cells were 

assayed for CA activity at pH 6.8, 7.4, and 7.9.  B) Hypoxic MDA-MB-231 cells 

were assayed for CA activity at pH 6.8, 7.4, and 7.9.  C) Comparision of CA activity 

at pH 6.8 and pH 7.9.  D) Membrane ghosts were analyzed by SDS-PAGE and 

western blotting to determine CAIX and CAII expression. C = cytosol; S = Na2CO3 

(50 mM, pH 11.5)-washed membrane ghosts, P = PBS-washed membrane ghosts.  E)  

Membrane ghosts were prepared from hypoxic MDA-MB-231 cells.  Catalytic 

efficiency of membrane ghost was determined in both the hydration and dehydration 

directions of catalysis.  The MIMS assay was performed by Dr. Chingkuang Tu.  Dr. 

David Silverman performed the modeling to separate the hydration and dehydration 

reactions.  
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Figure 5-6.   Continued. 
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Figure 5-7.  In vitro anoxic conditions increase CAIX activity without altering inhibitor 

sensitivity.  A) Hypoxic MDA-MB-231 cells were prepared and assayed in normoxic 

or anoxic buffer.  Data are the average ± SD of three independent experiments.  B) 

Phase 2 slopes for progress cuves in the absence or presence of cpd 5c are plotted 

against cpd 5c concentration to determine Ki in normoxic or anoxic buffer.  The 

MIMS assay was performed by Dr. Chingkuang Tu. 
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Figure 5-8.  Effect of Zinc on CAIX activity in intact MDA-MB-231 cells.   Hypoxic MDA-MB-

231 cells were incubated with specific concentrations of zinc for the times indicated 

in parentheses.  CA activity was then measured using the MIMS assay.   A)  Cells 

were preincubated with 100 M zinc.  B) Cells were pre-incubated with 300 M zinc. 

C) Cells were pre-incubated with 500 M zinc.  The MIMS assays were performed 

by Dr. Chingkuang Tu. 
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Figure 5-8.  Continued. 
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Figure 5-9.  Effect of CA inhibitors on cell growth and viability in MDA-MB-231 cells.  A) 

MDA-MB-231 cells were seeded in each well at the indicated density in 24 well 

plates. Cells were incubated in 37°C for 24 hours to allow the cells to attach to the 

wells.  Fifty μL of the MTT reagent (5 mg/ml) was added to each well and incubated 

in CO2 incubator held at 5% CO2 at 37°C for 2 hours.  Optical density was read at 

570 nm from which the background OD at 650 nm was subtracted.  B) MDA-MB-

231 cells were seeded in 24 well at density of 2,000 /per well in 24 well plates.  Cells 

were incubated in 37°C for 24 hours to allow the cells to attach to the wells.  Then 

medium was replaced with 500 μL of the medium containing 100 μM of CA 

inhibitors: acetazolamide, chlorzolamide, and N3500.  Cells were either incubated 

under normoxic (5% CO2, 20% O2) or hypoxic (1% O2) conditions for 24 hours (B) 

or 48 hours (C).  Data represent the mean ± S.D. of 3 independent experiments, each 

of which evaluated duplicate samples.  (* P < 0.05, vs normoxic control or hypoxic 

control). 
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Figure 5-9.  Continued. 
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Figure 5-10.  Effect of CA inhibitors on the cell migration and invasion in MDA-MB-231 cells. 

A)  MDA-MB-231 cells (1 x 10
5
) in FBS-free DMEM containing 100 μM CA 

inhibitor was plated onto Millipore 12 μm cell culture inserts.  DMEM containing 

10% FBS was placed in the lower chamber. Cells were exposed to hypoxia for 24 

hours. Migration was measured after 24 hours using MTT staining.  B)  Cell culture 

inserts were first covered with Matrigel and overlayed with 1×10
5
 cells in FBS-free 

DMEM containing 100 μM CA inhibitors.  Cells were then exposed to hypoxia for 24 

hours.  Migration was measured after 24h using MTT staining. The experiments were 

repeated twice, each in duplicate.  Data represented mean ± S.D. with that of control 

being 100%. (* P < 0.05 vs control). 
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Figure 5-11. Effect of CA inhibitors on medium pH in MDA-MB-231 cells.  MDA-MB-231 cells 

were cultured in 35 mm plates.  At 75% confluence, CA inhibitors were added to the 

medium at a final concentration 100 μM.  Cells were then exposed to DFO or hypoxia 

for 24 hours.  Medium pH was measured immediately after removing the plates from 

the incubator with a portable pH meter.  Data represent the mean ± S.D. of 3 

independent experiments where each experimental point was conducted in triplicate.   
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CHAPTER 6 

THE PHYSICAL AND FUNCTIONAL COUPLING OF CAIX AND BICARBONATE 

TRANSPORTER 

Introduction 

Bicarbonate transporters are widely expressed and involved in the regulation of 

intracellular pH, cell volume, and transepithelial acid/base and Cl
-
 secretion (63;65).  The anion 

exchange (AE) family of proteins is comprised of AE1, AE2, and AE3.  AE1 is expressed 

abundantly in erythrocytes and a trucated form is also present in the kidney and heart.  AE1 

transports anions over a broad pH range (pH 5-11) (125).  AE2 is almost ubiquitous and is most 

abundant in the stomach.  AE2 is thought to be responsible for basolateral uptake of Cl
-
 in 

parietal cells destined for HCl secretion and the extrusion of HCO3
-
 generated for intracellular 

acid secretion AE2, on the other hand, is negatively regulated by acidic pH, consistent with its 

role in cellular acidification (126).  In HEK 293 cells, AE2 was active at pH 7.3 and activity was 

reduced to 37% of maximum at pH 6.0.  AE3 expression is restricted to the brain, heart, and 

retina.  Its activity is insensitive to change of intracellular pH (125). 

Gastric parietal cells are one cell type where there is a functional link between CAs and 

bicarbonate transport proteins in faciliating transepithelial bicarbonate transort, in some cases 

through direct interaction.  Several lines of evidence have demonstrated an interaction between 

cytosolic CAII and AE1, AE2, and AE3.  Bicarbonate transport proteins are closely associated  

with CA and together they eliminate metabolic waste, CO2, from the body.  For example, CAII 

has been shown not only to bind to the AE family of Cl
-
/ HCO3

- 
anion exchang proteins, but also 

to potentiate their transport activity by formation of a transport metabolon (62;68;127).  A 

metabolon is a complex of interacting proteins involved in a metabolic pathway.  Formation of a 

metabolon allows metabolites to move rapidly from one active site to the next.  Association of 

CAII with AE localizes HCO3
-
  to the transport site accelerating bicarbonate flux.  The basic N-
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terminal region of CAII has been shown to interact with the acidic LDADD motif of AE1 and 

increase CAII activity upon its interaction with the binding site on AE (62).  In addition, it has 

been demonstrated that CAIV, which is anchored to the extracellular surface, interacts with 

extracellular loop four of AE1 (68).  Localization of CAs immediately adjacent to a bicarbonate 

transporter in the metablon may maximize the transmembrane bicarbonate concentration gradient 

in the immediate locale of the transport polypeptide thus increasing the bicarbonate transport 

rate.  A recent study provides evidence that another membrane CA, CAIX, when coexpressed 

with different AE family members in HEK 293 cells, increased AE2  transport activity, and also 

activated the transport mediated by AE1 and AE3.  Under these circumstances, CAIX is 

coimmunoprecipitated with the coexpressed AE.  GST pull-down assay with a series of domain 

deletions of CAIX revealed that catalytic domain mediates the interaction with AE2 (128).             

However, evidence  against direct interaction of CAII and C-terminal domain of 

bicarbonate transporters has recently been presented  (129).   In this study,  investigators 

examined the interaction of CAII and a C-terminal domain of AE1.  When expressed as GST 

fusion proteins, GST-AE1 C-terminal domain binds to CAII better than does pure GST.  

However, the pure AE peptides do not bind to GST-CAII.  Moreover, the investigators were not 

able to detect binding of CAII to the immobilized pure AE1 C-terminal domain.  Also, they 

found that more CAII binds to GST than to GST-AE fusion proteins.  Importantly, using surface 

plasmon resonance, they detected no binding of CAII to immobilized AE1 C-terminal or vice 

versa.  In an earlier study, Lu et al. argued that it was unlikely that the catalytic activity of CAII 

would substantially enhance the activity of an HCO3
-
 transporter (130).  Because of these 

contradictory data, our question was to ask whether CAIX and/or CAII interact  with one of the 

AE transporters under physiological conditions creating a metabolon? Thus, in this chapter we 
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attempt to investigate whether CAIX and/or CAII physically and functionally interacted with AE 

to influence bicarbonate transport, further influenced by the intracellular pH in hypoxic MDA-

MB-231 cells.  Which AE isoform is expressed in breast tumors even in breast cancer cells is 

unknown.  So we first attempted the detection of individual AE family members in MDA-MB-

231 cells.  Next, we  investigated the possibility for physical and functional interactions between 

AE and CAIX. 

Results 

Expression of AE in MDA-MB-231 cells 

While we have shown that hypoxia stimulates the expression of CAIX in MDA-MB-231 

cells and that CAII has high expression in this cell line, the endogenous expression of AE in 

breast cancer cells has not yet been reported.  Thus, we first sought to identify the expression 

pattern of AE family members, AE1, AE2 and AE3 in MDA-MB-231 cells at the mRNA and 

protein level.  Detecting AE expression in MDA-MB-231 cells is obviously a prerequisite for 

detecting interactions between AE, CAIX, and CAII.   

Using semiquatitative RT-PCR, the expression of the three AE family members in MDA-

MB-231 cells was examined (data not shown).  AE1 was not expressed, whereas AE2 was 

constitutively expressed and not affected by exposure to DFO or hypoxia.  On the other hand, 

AE3 expression was induced by both DFO and hypoxia.  To verify these data at the protein level, 

AE2 expression was evaluated by Western blotting using an AE2 specific antibody recognizing 

the N-terminal region.  Consistent with RT-PCR data, AE2 was present in MDA-MB-231 cells, 

and unaffected by DFO or hypoxia (Figure 6-1).  AE3 expression was examined using the 

commercially available antibody against AE2 which was raised against a rat AE3 peptide.  We 

hoped that the 95% sequence similarity between the rat and human AE3 peptide would be 

sufficient for detection of AE3 in MDA-MB-231 cells.  However, AE3 protein expression was 
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not detected in MDA-MB-231 cells.  While AE3 may be the most interesting of the AE family 

members because of its hypoxic regulation, we pursued the interaction of AE2 and CAIX for 

lack of a suitable AE3 antibody. 

Detection of Physical Interaction of AE2 and CAIX 

To investigate the physical interaction between AE2 and CAIX, immunoprecipitation of 

CAIX using a CAIX-specific antibody was performed.  MDA-MB-231 cells were exposed to 

hypoxia for 16 hours to induce CAIX expression.  Extracts of cells were prepared using RIPA 

buffer and IPB buffer containing 1% detergent Igapel.  The M75, CAIX antibody was used for 

immunoprecipitation.  Immuno-complexes were collected and then run on the 10% SDS-PAGE 

gels.  The proteins were transferred to nitrocellulose membranes and probed for CAIX by the 

rabbit polyclonal CAIX antibody NB100.  Figure 6-2 shows that we were able to detect CAIX 

but not AE2 in the immuno-complex.  While these data would suggest that CAIX is not 

interacting with AE2 under our experimental conditions,  little AE2 detected in the lysates.  

Thus, it is possible that the AE2 antibody was not of sufficient titer to detect AE2 in the cell 

lysates resulting in the negative result.  

AE2 and CAIX are both membrane proteins and AE2 expression was detectable in a total 

membrane fraction from MDA-MB-231 cells (Figure 6-1).  To enrich for AE2, total membrane 

extracts were used for imunoprecipitation experiments.  Total membrane were extracted in the 

buffer containg detergent 1% Igepal and immunocomplexes were washed with a series of wash 

buffers which contained reduced amount of detergent Igepal,  making the washing process a 

more gentle process than that with the lysis buffer alone.  AE2 was detected in the total 

membrane extracts but not in immunocomplexes with CAIX.  Interestingly, a small amount of 

CAII was associated with total membrane extracts in both control and hypoxic MDA-MB-231 

cells.   However, there was no CAII associated with CAIX (Figure 6-3A).  To confirm this result, 
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AE2 was immunoprecipated using AE2 antibody from membrane extracts.  The AE2 antibody 

was able to pull down AE2.  However, there was no CAIX found in AE2 antibody 

immunoprecipitates, confirming the lack of interaction between CAIX and AE2 (Figure 6-3B).  

Again, these data provide evidence that CAIX does not form a stable complex with either AE2 or 

CAII under our experimental conditions.  This suggests that there is no physical interaction 

between CAIX, CAII with AE2 in hypoxic MDA-MB-231 cells.   

While our data suggest that AE2 does not interact with CAIX, it is possibile that the 

interaction is transient and thus difficult to detect.  To capture or freeze these momentary 

contacts, we used cross-linking reagents to create covalent bonds between proteins that are in 

close proximity.  The rapid reactivity of the common functional groups in crosslinkers allow 

even transient interactions to be “frozen” in place or weakly interacting molecule to be seized in 

a complex stable enough for isolation and characterization.  We chose a membrane permeant 

crosslinker, dithiobis (succinimidyl propionate) (DSP), which allows conjugation of both 

intracellular and intramembrane interactions.  The spacer arm for DSP is 12.0 Å (8 atoms).  After 

crosslinking the protein, immunoprecipitation of CAIX using the M75 antibody was performed.  

AE2 was not detected in the crosslinked complex (Figure 6-4A). While CAIX monomer 

disappeared after crosslinking, crosslinked structure differed from CAIX dimer which suggests 

that an unidentified protein may interact with CAIX (Figure 6-4B). 

Detection of Functional Interactions of AEs and CAs  

The preceding experiments show that there is no physical interaction between AE2 and 

CAIX.  Thus, we sought to determine if there was a functional interaction between these two 

proteins.  That is, we thought that by inhibiting the function of one of the presumed partners, we 

might affect the function of the other.  In Chapter 5, we demonstrated that 
18

O exchange 

technique allowed us to evaluate CAIX activity in MDA-MB-231 cells.  To take advantage of 



 

133 

this technique, we utilized the anion exchange inhibitors, SITs (4-acetamido-4’-

isothiocyanostilbene-2, 2’-disulfonic acid) and DIDs (4, 4’-diisothiocyanostilbene-2, 2’-

disulfonic acid) to block AE activity.  Our goal was to compare CAIX activity in the presence or 

absence of these inhibitors.  In the red blood cell system, the IC50 of DIDs for AE1 is between 

80 nM and 2 M.  For overexpressed AE2 and AE3, the IC50’s of DIDs varies (142 M and 430 

μM, respectively) perhaps indicating structural differences in the ectodomains of AE2 and AE3.  

The IC50 values for SITs range from 20 M–80 M.  Most investigators use 500 M for SITs 

and 100 M for DIDs.  Using MIMS assay, CA activity was measured in the presence or absence 

of DIDs or SITs in MDA-MB-231 cells (Figure 6-5).  Figure 6-5A shows that SITs at 100 M 

inhibited CAIX activity as observed by a decrease in the phase 2 slope of the progress curve 

when compared to the absence of SITs.  This was also true for DIDs at 1 mM (Figure 6-5B), 

while 100 M DIDs increased slope of phase 2 (data not shown).   AE inhibitors had no effect on 

the phase 2 progress curves in the presence of acetazolamide, which blocks exofacial CA during 

the time frame of the experiment (Figure 6-5).  To distinguish between inhibitory effects of AE 

inhibitors on AE transporters versus CAIX,   Dr. Chingkuang Tu tested the effect of SITs and 

DIDs on the activity of purified hCAII activity using MIMS.  Figure 6-6 shows a plot of CAII 

activity relative to the concentration of DIDs or SITs.  With increasing of concentration of DIDs, 

CAII activity was reduced.  The Ki value of DIDs for purified CAII was 180 M (Figure 6-6A).  

A similar value was determined for SITS (Ki = 160 M) (Figure 6-6B).  By inference, this 

suggests that AE inhibitors have a direct effect on CAIX activity at elevated concentrations. 

To reduce the possibility of direct inhibition of CAIX activity, we repeated the above 

experiment at concentrations of SITs and DIDs (50 M) at which only 20% of purified CAII 

activity is blocked.  Under these conditions, neither DIDs, SITs, nor DNDs (4, 4'-dinitrostilbene-
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2, 2'-disulfonfonic acid) had an effect on CAIX activity (Figure 6-7).  These results indicate that 

AE inhibitors, at high concentrations, directly inhibit CAIX activity, while at low concentrations 

they have no effect on CAIX activity.  This suggests that the AE bicarbonate transporters play 

only a small role in CO2 transport in hypoxic MDA-MB-231 cells. 

Conclusions 

In this chapter, we investigated the physical and functional interaction between CAIX, 

CAII and the bicarbonate transporters in MDA-MB-231 cells.  Several studies have reported that 

the C-terminal domain of AEs may directly associate with carbonic anhydrases.  In a recent 

study using overexpression of AE and CAIX in HEK 293 cells, it was shown that CAIX 

interacted with AEs suggesting that these two partners functionally and physically interact with 

each other (69).   We were interested in the interaction of these partners under physiological 

conditions.  Thus, we used hypoxic MDA-MB-231 cells as our model to study the interaction of 

AEs and CAIX, as we have demonstrated that CAIX is induced by hypoxia in these cells.  

Because it is unclear which AE isoforms are expressed in MDA-MB-231 cells, we first 

determined the expression pattern of AE1, AE2, and AE3 in these cells.  Immunoblotting and 

RT-PCR showed that AE2 was expressed in MDA-MB-231 cells, but did not respond to hypoxia.  

RT-PCR showed that AE1 was not expressed in MDA-MB-231 cells.  AE3 showed hypoxia-

dependent expression by RT-PCR, but no suitable antibody was available to assess protein 

expression.  Therefore, we focused on the interaction of AE2 and CAIX.  Yet, 

immunoprecipitation using antibodies against either CAIX or AE2 were unsuccessful at pulling 

down their potential partner.  Thus, we were unable to detect a physical interaction between AE2 

and CAIX.  In addition, interaction was not observed even after proteins in the presumed 

complex were chemically cross-linked.  Given that CAIX-AE2 interaction might be sensitive to 

the detergent in RIPA buffer, we used different detergents in the immunoprecipitation assay, 
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such as NP40 or Igapel.  However, with neither detergent did we detect any interaction between 

CAIX and AE2.  We can not rule out the possibility, however, that interactions between AE2 and 

CAIX were not detected because of low efficiency (titer) of the AE2 antibody.    

In the absence of a physical interaction, it is possible that there is a functional relationship 

between CAIX and AE2.  The MIMS assay, however, provided evidence that bicarbonate 

transporters play only a small role in CAIX function.  Also revealed by our studies is the direct 

inhibition of CAII (and presumably CAIX) by bicarbonate transport inhibitors.  Some 

sulfonamide CA inhibitors also inhibit Cl
-
/HCO3

-
 exchange.  Interestingly, in a study of 26 

sulfonomide CA inhibitors, acetazolamide is the only sulfonamide that did not inhibit Cl
-
/HCO3

-
 

exchange directly (131).  Therefore, acetazolamide is particularly useful in the 
18

O exchange 

assay as used in this and previous Chapters (the impermeant sulfonamides have not been tested).  

While 1 mM DIDs partially inhibited CAIX activity, acetazolamide proved to be a very effective 

inhibitor with complete inhibition of CAIX with 0.5 μM acetozolamide which is consistent with 

our early studies (Figure 5-3A).  In the presence of acetazolamide, DIDs did not alter the phase 2 

progress curves.  Similar phenomena were observed in CA activity assay by SITs.  SITs at 0.1 

mM, partially block CAIX activity.  There are two interpretations for these data.  DIDs and SITs 

affect CAIX activity through inhibition of bicarbonate transport across the cell membrane.  If 

this is true, these data will prove that our hypothesis that CAIX and AE functionally interact with 

each other.   It is also possible that DIDs and SITs directly bind to CAs and inhibit its activity.  

To test this possibility, purified CAII was used in the 
18

O exchange assay since the catalytic 

domain is conserved in CA family members and Kcat/Km of CAIX is very close to that of CAII 

as was described in Chapter 1.  Our results show that purifed CAII activity is inhibited by DIDs 

and SITs with Ki 160 M and 180 M, respectively.  Inhibitors of bicarbonate transporter, such 
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as DIDs and SITs also inhibit CAII activity directly.  We presume that AEs inhibitors also inhibit 

CAIX activity.  Thus it is not feasible to use these inhibitors at high concentration to assess 

CAIX function.  At low concentrations of the AE inhibitors, there was essentially no effect on 

either intracellular or extracellular CA 

In this chapter, we have examined the physical and functional relationship between CAIX, 

and AE2 in the breast cancer cells under conditions in which both proteins are endogenously 

expressed/induced.  In other words, we have studied these proteins in a physiologically relevant 

manner.   On the basis of our results, we conclude that there is no physical interaction that occurs 

between CAIX and AE2 in hypoxic MDA-MB-231 cells.  It would not be unusual for only a 

small pool of either CAIX or AE2 to interact.  Thus, we can not exclude the possibility that the 

AE2 antibody has a sufficient titer to AE2 under conditions where a limited number of 

interactions are likely.  DIDs and SITs can not be used in the detection of the functional 

interaction of CAs and AE2 due to direct inhibition of CA activity.  This result might represent 

an interesting topic for further study. 
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Figure 6-1  Expression of AE2 in response to hypoxia in MDA-MB-231 cells. MDA-MB-231 

cells were exposed to 100 M DFO or to 1% oxygen for 16 hours.  Total membranes 

were isolated and proteins (100 μg) were separated by SDS-PAGE.  Shown is a 

western blot using an antibody specific for human AE2.  These represent two separate 

(but identical) experiments.  C = control; D = DFO; H= hypoxia. 
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Figure 6-2.  Detection of interactions between AE2 and CAIX by co-immunoprecipitation. 

MDA-MB-231 cells were exposed to hypoxia for 16 hours. Cells were lysed by either 

RIPA buffer (A) or IPB buffer (B).  Cell lysates were immunoprecipitated (IP) with 

anti-CAIX (M75), resolved by SDS/PAGE, blotted and probed with anti-AE2 

antibodies.  Samples of the lysate (Input Lysate) from control or hypoxic cells were 

probed to show the relative amount of CAIX and AE2 in each sample. The amount of 

material loaded from lysate samples is 10% that for the immunoprecipitated samples. 
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Figure 6-3.  Detection of interaction between AE2 and CAIX from membrane lysates by co-

immunoprecipitation.  MDA-MB-231 cells were exposed to hypoxia or not for 16 

hours. Total membranes were isolated from cells and lysed by IPB buffer. A) 

Membrane lysates were immunoprecipitated (IP) with anti-CAIX (M75), resolved by 

SDS/PAGE, blotted and probed with an anti-AE antibody and anti-CAII antibodies.  

Total membrane  from control or hypoxic cells were probed to indicate the relative 

amount of input CAIX, AE2 and CAII in each sample.  B) Membrane extracts were 

immunoprecipitated with anti-AE2 antibody and probed for CAIX and CAII by 

Western blotting.  Membrane lysate (EX) and total membrane (TM) from hypoxic 

cells were probed to indicate the relative amount of AE2, CAIX, and CAII in each 

sample.  
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Figure 6-4.  Detection of interaction between AE2 and CAIX by immunoprecipitation after 

chemical crosslinking.  A) Hypoxic MDA-MB-231 cells were treated with DSP. 

Total membrane was isolated from cells and lysed by IPB buffer.  Membrane extracts 

from hypoxic cells were used for immunoprecipitation (IP) with the anti-CAIX 

antibody M75, and blotted and probed with AE2 antibody and CAIX antibody NB-

100.  Membrane lysate (EX) and total membrane(TM) from hypoxic cells were 

probed to indicate the relative amount of AE2 and CAIX in each sample.  B) Hypoxic 

MDA-MB-231 cells were treated with DSP or not.  Total membrane proteins were 

resolved by non reducing PAGE, blotted and probed with anti-CAIX antibody M75.   
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Figure 6-5.  DIDs and SITs reduce CAIX activity in MDA-MB-231 cells.  Cells were exposed to 
hypoxia for 16 h and released from plates by cell dissociation buffer.  Cells (5.9 x 
105/mL) were added to the mixing chamber.  Carbonic anyhydrase activity was then 
measured using the MIMS assay in the presence or absence of SITs (A) or DIDs (B) 
at 0.1mM and 1 mM respectively.  The MIMS assay was performed by Dr. 
Chingkuang Tu.
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Figure 6-6.  DIDs and SITs inhibit purified hCAII activity.  Purified hCAII activity was assayed 

by MIMS for activity in the presence of DIDs or SITs at the indicated concentration.  

(A) CAII activity was plotted against concentrations of DIDs. (B) CAII activity was 

plotted against concentrations of SITs.  The MIMS assay was performed by Dr. 

Chingkuang Tu who also determined the Ki value for each inhibitor. 
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A Effect of DIDsS to CAIX activity
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Figure 6-7  AE inhibitors at concentrations with limited CAII inhibitory activity have no effect 

on CAIX activity.  MDA-MB-231 cells were exposed to hypoxia for 16 h and 

released from plates by cell dissociation buffer.  Cells (1x10
6
) were added to the 

mixing chamber in the presence or absence of 50 μM of DIDs (A), SITs (B) and 

DNDs (C). Carbonic anyhydrase activity was then measured using the MIMS assay.  

The MIMS assay was performed by Dr. Chingkuang Tu. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

This work examines the role of carbonic anhydrase IX (CAIX) in the development and 

maintenance of the glycolytic phenotype in breast cancer cells.  CAIX expression is observed in 

many tumors including breast cancer.  Compared to normal tissue, solid tumors have high 

glycolytic activity and create an acidic environment, which favors tumor cell growth and 

apoptosis of normal cells.  This glycolytic phenotype (creating an acidic microenvironment 

through elevated glucose metabolism) contributes to the metastatic potential of tumors cells.  To 

study the role of CAIX in breast cancer, we used breast cancer cell lines as the model.  Many 

breast cancer cell lines reflect the feature of cancers from which they derived from.  We focused 

on three cell lines, the MCF10A, T47D and MDA-MB-231 which represent normal breast cells, 

non-invasive breast cancer cells and highly invasive breast cancers cells, respectively.  We have 

demonstrated that the MDA-MB-231 cells grow faster than MCF10A and T47D cells in culture, 

which is consistent with their invasive phenotype.  Comparision of glucose uptake and 

production of lactic acid in these three cell lines proved that at confluence, MDA-MB-231 cells 

consume significantly more glucose and secrete significantly more lactic acid than do the T47D 

and MCF10A cells.  These data provide evidence that tumor cells upregulate glycolysis to 

provide the energy and metabolic acid and invasive tumor cells have greater glycolytic capatity 

than do normal or non-invasive cancer cells.  Because abnormal vascular system and rapid tumor 

growth lead to insufficient O2 in the tumors, we cultured cells in low oxygen to mimic the tumor 

microenviroment.  Under hypoxic conditions, each of these three cell lines exhibits a more acidic 

medium (lower pH) than under normoxic conditions.  While this observation is not new for 
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cancer cells, the comparison across these lines in a single study is unique and established the 

conditions for subsequent experiments.                

In evaluating the expression of several membrane-associated carbonic anhydrase family 

members in these three breast cell lines in response to hypoxia and density, we have 

demonstrated the CAIX expression is induced by hypoxia and density only in MDA-MB-231 

cells.  In fact, CAIX is only membrane-associated CA expressed in the MDA-MB-231 cell line, 

in our hands.  T47D cells do not express CAIX but instead express CAXII whose expression is 

also associated with tumors.  Surprisingly, CAIX expression in MCF10A cells is also induced by 

hypoxic conditions but not in response to higher densities in cell culture, as is the case in the 

MDA-MB-231 cells.  Given that there is evidence that the MCF10A cells arise from a basal B 

cell progenitor, this observation is perhaps not that unexpected.  Yet, the MCF10A cells do not 

form tumors when injected into nude mice nor do they have a robust glycolytic signature in cell 

culture.  With this in mind, we have focused much of our attention on the MDA-MB-231 cells to 

understand the role of CAIX in controlling the microenvironment. 

The tools by which we examine CAIX expression are critical and we found at the outset 

that the commercially available CAIX antibody (NB-100, Novus Biologicals) recognized a 

cytoplasmic protein that co-migrated with cellular lysates of CAIX.  This protein was not 

detected by the M75 antibody which is considered the gold standard for detection of CAIX.  

Using 2-dimensional SDS-PAGE gel, we isolated this protein and subjected it to mass 

spectrometry.  The protein was identified as beta-tubulin.  Therefore, the NB-100 antibody 

recognizes at least one protein in addition to CAIX.  CAIX is a marker for hypoxic tumors and is 

being used in the clinic as an indicator of poor prognosis.  Clearly, this cross-reactivity could 

lead to false-positives for CAIX expression in samples where cytosolic proteins are present.  
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This non-specific interaction with -tubulin had not been shown before which is of concern as 

NB-100 antibody has been touted for use in the clinical setting.  Thus, this simple observation 

provides a cautionary note to the use of the NB-100 antibody as a diagnostic tool. 

We also have investigated several physical features of CAIX in the MDA-MB-231 cells.  

In our hands, CAIX migrated as a 54/58 kDa doublet in agreement with previous work (34).  We 

have provided evidence that both forms of CAIX are N-glycosylated and contain high mannose 

glycans by sensitivity to two diagnostic glycosidases: N-glycosidase F and endoglycosidase 

(endo H) H.  The former enzyme specifically removes the entire N-linked glycan in the protein, 

while endo H removes the glycan only if it is of high mannose structure.  We also established 

that majority CAIX (90%) in the membrane exists as a dimer.  While there is a single study that 

provides indirect evidence that CAIX localizes to lipid rafts (37), we saw very little distribution 

of CAIX to this compartment in the MDA-MB-231 cells.  In fact, it has been proposed that 

CAIX monomers translocate to lipid rafts where they form dimers (37).  Our data provide 

evidence against this proposal as the 90% of CAIX pool exists in dimeric form while only a 

small amount of CAIX (1% or less) resides in lipid rafts.  Thus it is unlikely that lipid rafts play a 

major role in the regulation of CAIX dimerization or activity.   It has also been shown that EGF 

mediates CAIX phosphorylation on tyrosine 412, which contributes to activation of Akt via the 

PI3 kinase pathway in renal carcinoma cells.  Although we observed EGF-dependent activation 

of EGFR and downstream activation of molecular targets like Akt and Erk, CAIX 

phosphorylation on tyrosine was not detected in immunoprecipitation assays.  Interestingly, 

hypoxia activated Akt independent of EGF exposure.  In MDA-MB-231 cells, neither hypoxia 

nor EGF increased the lipid raft content of CAIX.  However, the combination of EGF and 

hypoxia increased the amount of CAIX recruited to lipid raft by about 5-fold.  
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With some understanding of the physical characteristics of CAIX in breast cancer cells, our 

next focus was on the analysis of CAIX function. The general role of carbonic anhydrase is in 

regulation of acid and base balances.  In tumor cells, CAIX is proposed to reduce extracellular 

pH, maintain the intracellular pH at about 7.2, and adapt tumor cells to hypoxic conditions.  Our 

strategy was to use some general CA inhibitors and CAIX specific inhibitors to assess CAIX 

activity in the MDA-MB-231 cells.  A mass spectrometric method was used to assess and 

quantitate CAIX activity based on the biphasic depletion of 
18

O from CO2 measured by 

membrane inlet mass spectrometry (MIMS) in collaboration with Dr. David Silverman and Dr. 

Chingkuang Tu.  We found that CAIX activity is increased by hypoxia either in intact cells or in 

membrane preparations isolated from MDA-MB-231 cells.  Activity correlated well with its 

expression.  Sulfonamides are well studied CA inhibitors (54).  In our work, CAIX inhibition by 

a number of sulfonamides in the MDA-MB-231 cells was determined.  Ethoxzolamide, which 

rapidly diffuses into cells, blocks intracellular CA (CAII) and exofacial CA (CAIX) activity 

simultaneously.  N3500,  an impermeant inhibitor, inhibits only CAIX activity.  Acetazolamide, 

the classical CA inhibitor, is selective for CAIX since it only slowly diffuses into cells.  The 

fluorescent CA inhibitor, Cpd 5c, also inhibits CAIX activity at nanomolar concentrations.  It has 

been suggested that this inhibitor only binds to hypoxia-activated CAIX (50) although our data 

does not support this hypothesis.  Using 
18

O exchange measured by MIMS, we quantified the 

catalytic activity of CAIX in membrane ghosts and intact cells.  Data from membrane ghosts 

showed that the the catalytic efficiency of CAIX in the membrane environment is 62 M
-1

s
-1

,
 

which is very similar to that measured for the purified, recombinant, truncated form (55 M
-1

s
-1

) 

(30).  Hence, activity of CAIX is not affected by the proteoglycan extension or membrane 

environment.   
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In addition to the induction of expression and activity by hypoxia, CAIX activity is also 

regulated by the other factors.  In this study, we also investigated effect of O2, pH and Zn ion on 

the CAIX activity in MDA cells.  Using MIMS, we provide the first direct evidence that catalytic 

activity is regulated by oxygen availability which is in agreement with earlier studies (60;61).  

However, the efficacy for inhibitors does not change which is interpreted to mean that the 

intrinsic activity of CAIX is not altered.  Further, we have shown that the dehydration activity of 

CAIX increases as pH is decreased from pH 7.9, reaching a maximum at approximately pH 6.5.  

The typical tumor pH (pH 6.8) increases CAIX dehydration activity, indicating that CAIX 

prefers to consume protons at the pH maintained in the tumor microenvironment.  This suggests 

that CAIX plays a role in the maintenance of the tumor microenvironment to the advantage of 

cancer cells, but to the detriment to surrounding of normal cells.  Last, CAIX activity in response 

to zinc was investigated.  Previous work showed that recombinant proteins containing the CAIX 

CA domain or the CA domain with the proteoglycan extension, were activated by 50 μM Zn ion 

(31).  However, we demonstrated that native CAIX in the context of the cell membrane is 

unaffected by Zn ion concentrations lower than 500 M.  It is perhaps likely, that non-specific 

Zn binding sites lowers the effective concentration of free Zn which limits its ability to stimulate 

CAIX. 

After confirming that sulfonamide inhibitors block exofacial CAIX activity in MDA-MB-

231 cells, we further explored effects of CAIX inhibition on the acidification of medium induced 

by hypoxia.  Hypoxic conditions reduce medium pH in MDA-MB-231 cells in culture and 

incubation with CA inhibitors partially abrogated this acidification.  These data suggest that 

CAIX is involved in the acidification of the tumor microenviroment.  Recent published data 

indicates that the selective inhibition of CAIX decreases cell proliferation and induces apoptosis 
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in CAIX-positive cells but not in CAIX-negative cells (132).  We demonstrated that among the 

CAIX inhibitors tested; only Chlorzolamide significantly reduced MDA-MB-231 cell growth.  

Likewise, only chlorzolamide decreased cell migration under hypoxic conditions.  Although 

acetazolamide, N3500, and Cpd 5c blocked acidification of medium pH, they had no impact on 

the cell growth, migration, or invasion in MDA-MB-231 cells in culture.  One possible 

explanation for this latter result is the time course (20 hours) over which the experiment was 

conducted.  Decreasing the acidification through blocking CAIX may be insufficient to affect the 

cellular phenotype during this time frame.  Thus, we can not rule out that CAIX activity alters 

this specific behavior in MDA-MB-231 cells.  Further studies are necessary in this regard, which 

are discussed in the next section.   

Last, we have examined the physical and functional relationship between CAIX and AE2 

in the breast cancer cells under physiological condition.   On the basis of our results, we believe 

that there is no physical interaction between CAIX and AE2 in hypoxic MDA-MB-231 cells.  

Indeed, we have little evidence that there is a functional relationship between CAIX and the 

bicarbonate transporters because it appears that there are only minor contributions to CAIX 

activity from bicarbonate pools.  However, we are mindful of the fact the bicarbonate transport 

inhibitors are of limited use because they appear to inhibit CA activity, directly.  Thus this area 

requires further study, as well, which will be discussed in future directions.   

Future Directions 

This research is primarily focused on the characterization of CAIX in breast cancer cells 

and demonstration of its role in the development of the glycolytic phenotype.  Among the breast 

cells we studied, aggressive breast cancer cell line MDA-MB-231 cells display high glucose 

uptake and more acidic medium pH even in normoxic condition. Corresponding to its glycolytic 

phenotype, MDA-MB-231 cells have hypoxia-and density-induced CAIX expression. Also, we 
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have established CAIX activity is induced by hypoxia and its activity can be blocked by some 

inhibitors.  Inhibition of CAIX activity partially blocks the acidification of extracellular 

environment. 

Both our inhibition studies and pH dependency provide evidence that CAIX is involved 

in the development of the glycolytic phenotype, additional evidence could be provided by CAIX 

gene silencing studies.  So, establishing a CAIX knockdown in MDA-MB-231 cells is an 

important future direction for this work.  CAIX ablation can be established using transient or 

stable transfection of RNAi or shRNAs.  We would like to approach this by using shRNA 

technology taking advantage of retroviral expression systems.  We have designed three shRNAs 

targetting different sequences of CAIX using shRNA tool developed in Hannon laboratory in 

Cold Spring Harbor (Table 7-1).  The Phoenix retroviral expression system is a highly efficient 

system for delivery of genes into cells.  After establishing stable ablation of CAIX in MDA-MB-

231 cells, CAIX activity can be monitored in control and knockdown cells.  This selective 

knockdown in MDA-MB-231 cells is advantageous in that all hypoxia-induced mechanisms 

remain intact, other than CAIX.  Thus changes that we observe will be directly related to CAIX 

ablation.  In other systems that investigators have explored, CAIX is overexpressed or not in 

systems that do not necessarily have the additional components that contribute to the glycolytic 

phenotype, like the proton transporters that are upregulated by hypoxia.  Thus, we will be able to 

provide specific information regarding the function of CAIX (or lack of function) in a system 

that replicates the true hypoxic environment.   

Next, the fluorophore carboxy-SNARR-1 could be utilized to assay intracellular pH in 

these cells.  This method would be more accurate and sensitive than method we used in this 

study by measurement of the benzoic acid uptake which is discussed in Appendix B.  Apart from 
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the determination of the phenotype in CAIX knock down cell lines, mechanisms by which the 

CAIX interference phenotype (if any) will be important.  Regulation of p38 MAPK, Erk, and Akt 

signaling pathways in the CAIX knockdown cell line could also be determined.  Understanding 

changes in these pathways will help to define CAIX signaling properties, if they exist, and how 

these pathways affect cellular phenotype.      

In addition to in vitro studies, we could test the effect of CAIX knockdown in in vivo 

studies.  This would allow us to determine if CAIX ablation affects tumor growth and metatasis.  

CAIX knockdown cells or parental MDA-MB-231 cells will be inoculated into the mammary fat 

pad of nude mice.  Tumor size can be monitored by a GFP signal since transected tumor cells 

will have GFP expression.  Metastasis could be analyzed by sacrificing mice and counting the 

number of lung metastases.  Ultimately, this set of experiments will allow us to understand the 

role of CAIX in the maintainence of the tumor microenvironment, in vivo.  With that 

understanding, we can envision that CAIX inhibitors might provide useful tools for modifying 

that environment. 

With respect to our proposed mechanism for CAIX and AEs metabolon theory in cancer 

cells, we were unable to detect interactions between AE2 and CAIX perhaps due to low 

expression of AE2 or inefficient commercially-available AE2 antibodies.  To avoid this question, 

we could transfect AE2 tagged with HA into MDA-MB-231 cells and then use and antibody 

recognizing HA to detect AE2 expression to better understand possible interactions between 

CAIX and AE2.   

In summary, several important facets of CAIX expression and activity required for 

development of glycolytic phenotype elaborated in this work.  Further analysis of the CAIX 
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knockdown cell line will enhance our understanding in the role of CAIX in the development of 

glycolytic phenotype in breast cancer cells. 
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Table 7-1. shRNA targetting sequence in CAIX   

shRNA   shRNA targetting sequence Position in CAIX 

shRNA1 TACACACCGTGTGCTGGGACAC 5-27 

shRNA2 GACAGTGATGCTGAGTGCTAAG 1082-1104 

shRNA3 TGCTGAGCCAGTCCAGCTGAAT 1241-1263 
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APPENDIX A 

CAIX EXPRESSION AND PHOSPHORYLATION IN SKRC-01 CELLS 

In the chapter 4, we have investigated CAIX phosphorylation in response to EGF 

stimulation in MDA-MB-231 cells.  Our data showed that CAIX was not phosphorylated in 

response EGF stimulation in MDA-MB-231 cells.  This result was different from a previous 

study by Dorai and his co-workers.  In this studiy, they examined CAIX phosphorylation in 

SKRC-01 cells, a renal carcinoma cell line.  They found phosphorylation of CAIX in response to 

EGF stimulation (37).  Therefore, we utilized same cell line to verify this data.  SKRC-01 cells 

were obtained from Dr. Gerd Ritter at the Ludwig Institute, Sloan Kettering.  To be consistent 

with conditions used in the Dorai paper, SKRC-01 cells were grown in Minimal Essential 

Medium (MEM) supplemented with 10% FBS and 1% non-essential amino acids (NEAA) to 50 

% confluence in 10 cm plates.  The cells were then serum starved by growing in MEM 

supplemented with 0.1 % FBS and 1% NEAA overnight and in serum-free medium for a further 

2 hours.  Serum-starved cells were stimulated with 50 ng/mL (8 nM) or 100 ng/ml (16 nM) EGF 

for 30 minutes.  RIPA buffer extracts were made from these cells. CAIX was then 

immunoprecipitated with CAIX-specific polyclonal antibody (R&D system) and then analyzed 

by Western blotting using an antibody against phosphorylated tyrosine (pY-20).  CAIX 

phosphorylation was not observed in cells treated with EGF or without EGF (Figure A-1).  

Interestingly, CAIX expression in the input was very low in this cell line.  Note that the strong 

band detected by the NB-100 antibody is likely beta tubulin.  To confirm CAIX expression in 

this celll line, cell lysates from subconfluent, confluent and overconfluent SKRC-01 cells were 

run on PAGE gels and blotted for CAIX expression using M75.  CAIX expression level was very 

low in SKRC-01 cells compared to hypoxic MDA-MB-231 cells (Figure A-2).  As CAIX 

expression in these cells was incredibly low in our hands, it was not surprisly that we did not 
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observed CAIX phosphorylation in this “positive” cell line.  However, Dorai and colleagues 

showed that SKRC-01 cells have strong endogenous CAIX expression.  So the question arises as 

to how the same cell line shows different expression for specific proteins.  It is appreciated that 

cancer arises from a stepwise accumulation of genetic changes that afford an incipient cancer cell 

the properties of unlimited, self-sufficient growth and resistance to normal homeostatic 

regulatory mechanisms(133).  This genetic instability is considered to play a key role in the 

generation of genetic and phenotypic heterogeneity in cancer cells.  Recently, Masramon et al. 

have demonstrated genetic drift in clonal lines originating from isolated (colon) cancer 

cells(134).  This indicates that genetic instability is not lost in cultured cells and can continue to 

contribute to genetic and phenotypic differences.  It is logical to assume that this genetic drift is 

responsible for the protein expression differences in the SKRC-01 cells used in our studies and 

those used by Dorai et al.   Another example for this genetic drift is the MDA-MB-231 used in 

our study and same cell lines used by Heish et al (135).  In their study, the expression of CAXII 

appeared to be significantly higher than CAIX.  Further, the authors showed that knocking down 

expression of CAXII decreased the invasion and migration capability of the cells.  However, in 

our hand, CAIX is the only membrane CA isoform expressed in MDA-MB-231 cells.  There is 

no CAXII expression in these cells.  The different CAIX and CAXII expression pattern in MDA-

MB-231 cells could also be attributed to genetic drift.   
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Figure A-1.  CAIX phosphorylation in response to EGF stimulation in SKRC-01 cells.  SKRC-

01 cells were serum starved overnight and exposed to EGF (50 ng/mL or 100 ng/mL)  

for 30 min. RIPA extracts were made from these cells.  CAIX was 

immunoprecipitated with an antibody generated in goat (R&D Systems, # AF2188) 

followed by western blotting with an anti-phosphotyrosine antibody (PY20) or  the 

polyclonal CAIX antibody NB100 antibody.   
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Figure A-2.  CAIX expression in SKRC-01 cells and hypoxic MDA-MB-231 cells.  SKRC-01 

cells were serum starved overnight and exposed to EGF for 30 min from which RIPA 

extracts were made.  Forty μg proteins were loaded on 10% SDS-PAGE gels and 

followed by Western blotting with the M75 antibody.  Top panel: The same Western 

blot was exposed for 1.5 minutes or 5 minutes.  Bottom panel: This represents the  

amido black staining of the nitrocellulose membrane to indicate equal protein loading. 

M: molecular weight marker lane. Lane: 1: hypoxic MDA-MB-231 cells. 2: 50% 

confluent SKRC-01 cells, no EGF.  3: 50% confluent SKRC-01 cells, 50 ng/mL EGF, 

30’.  4: 50% confluent SKRC-01 cells, 100 ng/mL EGF, 30’. 5: 50% confluent 

SKRC-01 cells, 100 ng/mL EGF, 30’, washed out 30’. 6: 100% confluent SKRC-01 

cells, no EGF. 7: Overconfluent SKRC-01cells, no EGF. 8: hypoxic MDA-MB-231 

cells.  
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APPENDIX B 

INTRACELLULAR PH IN MDA-MB-231 CELLS 

  

CAIX has been proposed to contribute the regulation of cytoplasmic pH and to maintain it 

at 7.2, similar to normal cells.  Chiche et al. found that CAIX expression affected pHi in isolated 

cells only when cells were exposed to bicarbonate-free buffer in an acidic milieu (51).  The goal 

of this set of experiments was to examine if hypoxia-induced CAIX expression is responsible for 

maintaining intracellular pH (pHi) in acidic environment in MDA-MB-231 cells.  The pHi was 

measured using the distribution of the weak acid [7-
14

C] benzoic acid as described in in Chapter 

2.   The pHi of hypoxic MDA-MB-231 cells was more alkaline compared with that of control 

MDA-MB-231 cells when incubated in HCO3
-
 /CO2 free solution set at a pHe of 6.6 and 7.4 

(Figure B-1).  Hypoxic cells have higher pHi in buffer without bicarbonate, either in an 

extracellular environment of pH 6.6 or 7.4.  There was a difference of 0.15 units in either case, 

but the difference was not significant.  In the presence of 25 mM bicarbonate-containing buffer, 

there was no difference in pHi between hypoxic MDA-MB-231 cells and control cells.  These 

data suggest that CAIX expression might be associated with intracellular alkalinization in the 

bicarbonate-free solution, which requires further studies using more accurate methods to measure 

pHi as discussed in future directions.  
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Figure B-1.  CAIX expression increases pHi. The pHi was determined in control and hypoxic 

MDA-MB-231 cells with [
14

C] benzoic acid.  MDA-MB-231 cells at 75 % 

confluence were exposed to hypoxia for 16 hours.  Normoxic or hypoxic cells were 

equilibrated for 15 min in a 25 mmol/L HCO3
-
 solution (7.4), a HCO3

-
 free MES, or 

Hepes-buffered solution adjusted to 6.6 or 7.4, respectively.  Cells were then shifted 

for 15 min to the same solution containing [
14

C] benzoic acid at a specific activity of 

1 Ci/mL.  pHi was calculated as described under Materials and Methods.  Data are 

for duplicate assays and are the average of three independent experiments ± S.D.
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