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Abstract

The expression of carbonic anhydrase I1X (CAIX), a marker for hypoxic tumors, is correlated with
poor prognosis in breast cancer patients. We show herein that the MDA-MB-231 cells, a “triple-
negative,” basal B line, express exclusively CAIX, while a luminal cell line (T47D) expresses
carbonic anhydrase XII (CAXII). CAIX expression in the basal B cells is both density-and hypoxia-
dependent and is correlated with carbonic anhydrase activity. Evidence is provided that CAIX
contributes to extracellular acidification through studies on pH, lactic acid production, and CAIX
inhibition. Together, these studies suggest that CAIX expression and activity is associated with
metabolic dysfunction in MDA-MB-231 cells.
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INTRODUCTION

Neoplastic cells undergo a metabolic transition which allows them to survive and grow in the
hostile environment created by the decreased blood flow associated with the disordered
vascularization of tumors (1,2). The most striking feature of tumor cells is the production of
excessive amounts of lactic acid, due to the increased conversion of glucose to lactic acid via
glycolysis. This occurs even in the presence of oxygen (termed “aerobic glycolysis”) as
discovered by Otto Warburg over 70 years ago [see (3)]. In part, lactic acid production is related
to the overexpression of GLUT1 in human cancer (4-6), in addition to the increased expression
of key glycolytic enzymes (6,7). While it was originally thought that the intracellular pH of
tumor cells would be reduced relative to normal cells, as is well known now, it is the pH of the
interstitial fluid that drops. This is a result of the expression of several proteins whose function
is to export protons from the cytosol to the extracellular space. These include the lactate
transporter (7), vacuolar ATPase (8,9), and Na*/H* exchanger (10). This combination of events
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leading to tumor acidification is defined as the glycolytic (metabolic) phenotype of cancer
cells. This is of great interest to cancer biologists because cancer cells are resistant to the toxic
effects of acidification (11). Further, acidification of the microenvironment of tumors alters
the efficacy of chemotherapy and radiation therapy (2) and is associated with tumor progression
and increased invasion (11).

Recent studies have shown that tumors generated from glycolysis-deficient cells still create
acidic microenvironments (12). This suggests that lactic acid is not the only cause of
acidification in vivo. In that regard, metabolic profiling of glycolysis-impaired cells compared
to parental cells revealed that CO, may be a significant source of acidity in tumors (13).
COs, 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 CO, to bicarbonate:

CO,+H,0 & HCO; +H*.

Of the 15 isoforms of CA, CAIX appears to be the best candidate for playing a role in regulating
the acidity of the tumor environment. CAIX was originally identified in HeLa cells (14),
although its normal tissue distribution is limited primarily to stomach and intestinal epithelial
cells (15,16). Further, it is induced by hypoxia (17,18) and considered a marker for hypoxic
tumors (19). CAIX is a membrane protein whose catalytic domain faces the interstitial space.
Its specific activity is similar to that of CAll (20), a cytosolic form of this enzyme whose activity
and structure have been well studied. Interestingly, ectopic expression of CAIX, alone,
enhances cellular proliferation (14), while blocking its action with derivatives of the classical
sulfonamide inhibitors (21) or by RNAI technology (22) reduces proliferation.

The number of available breast cancer cell lines is relatively small, and only a few have been
extensively studied. Yet it has been suggested that these lines are likely to reflect the features
of cancer cells in vivo (23). Based on this, we chose two widely studied lines to investigate the
hypothesis that CAIX expression in breast cancer cells contributes to metabolic dysfunction.
The T47D line is derived from a ductal carcinoma and is estrogen receptor positive (24).
Analysis of transcriptional activity reveals that these cells align with luminal markers (25).
When injected into nude mice, these cells form a solid tumor but do not readily metastasize
(23). The MDA-MB-231 line is derived from an adenocarcinoma and expresses the receptor
for EGF (24). These cells align with a group defined as basal B which represent the “triple-
negative” tumors (estrogen and progesterone receptor negative and HER2 negative) (25).
When injected into nude mice, these cells form tumors and aggressively metastasize (23). We
have also used the MCF10A line which is derived from fibrotic tissue and is frequently used
as a control for cancer cell lines. These cells are estrogen receptor negative, EGF receptor
negative, and HER2 negative but E-cadheren positive. These cells do not form tumors in
vivo. We will show that these cells are good metabolic controls but interestingly express CAIX.

The goal of the following studies was to determine if CAIX expression and activity contribute
to the cells ability to acidify their environment. We discovered that, among the cell lines tested,
the membrane-associated CA family members are differentially expressed. However, high
expression of CAIX in MDA-MB-231 cells, along with that of cytoplasmic CAll, shows strong
correlation with the ability to acidify the medium. This predicts that the most aggressive breast
cancer cells will express CALX, which is consistent with recent studies demonstrating increased
mortality of breast cancer patients with tumors that express CAIX (26). These observations
warrant further investigation in a wider sampling of cell lines.
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EXPERIMENTAL PROCEDURES

Cell culture

The MDA-MB-231 (MDA) cell line was provided by Dr. Kevin Brown (University of Florida)
and was plated at a density of 1,000 cells/cm? DMEM (Gibco, 12100-061) containing 10%
fetal bovine serum (FBS; Valley Biomedical, #BS3033). This is equivalent to plating 80,000
cells per 10-cm plate or 10,000 cells/mL. The T47D line was provided by Dr. Keith Robertson
(University of Florida) and was plated at a density of 2,000 cells/cm? McCoy’s medium (Gibco,
#16600) containing 10% FBS and 0.2 units/mL bovine insulin (Elanco, #4020). The MCF 10A
(MCF) line was purchased from ATCC and was plated at a density of 2,000 cells/cm?
Mammary epithelial basal medium (Cambrex Bioscience, #CC3151) supplemented with 0.1
pg/mL cholera toxin (Calbiochem, #227035). It should be pointed out that ~40% of the cells
fail to adhere during the first 24 hr, regardless of cell line. Thus, it is important to evaluate cell
number at the time the experiment is performed for equivalency across cell types. MDA-
MB-231 cells were provided fresh medium every 2 days. T47D and MCF10A cells were
allowed to grow for 3 days after plating before providing fresh medium and then every 2 days
thereafter. For each cell type, normoxic cells were compared to those treated with
desferroxamine mesylate (DFO; an iron chelator which mimics hypoxia) or exposed to hypoxic
conditions. Normoxic and DFO-treated cells were incubated in a humidified atmosphere at 37°
C in 5% CO,. Hypoxic conditions (1% O,, 5% CO,, and balance N») were maintained in
humidified modulator incubator chambers (MIC-101) purchased from Billups-Rothenberg,
Inc. Medium pH was determined using a handheld pH meter (IQ Instruments, model 1Q120).
Lactate and glucose concentration in the medium was determined using a VITROS DT Il
Bioanalyzer (Millipore Instruments).

Cell number determination

For determining growth curves, cells were released from plates with cell dissociation buffer
(Gibco, #13151-014). An aliquot of cells was suspended in isotonic diluent (Fisher, #H60620).
Cell number was determined using a Coulter counter (Beckman Coulter Corp., Model ZM).

Reverse transcriptase—polymerase chain reaction (RT-PCR) assay

Cells were washed with phosphate buffered saline (PBS) at room temperature, and total RNA
was isolated using a kit purchased from Qiagen (RNeasy Mini Kit, #74104). Ratios at 260/280
nm were used to evaluate quality and estimate concentration of RNA. For amplification
reactions, components for both cDNA synthesis and PCR were combined in a single reaction
(SuperScript One-Step RT-PCR with Platinum Taq, #10928-042) along with an aliquot of RNA
(0.1-0.2 pg) and gene-specific primers. RNA isolated from human tissue was purchased from
Clontech and used to verify if the PCR reactions were successful. This also revealed that the
product size from these control PCR reactions was equivalent to the predicted size for each
CA family member. Primers were designed to span intron—exon boundaries to assure that they
would not amplify genomic DNA. Forward (F) and reverse (R) primers, designed using
Primer3, are listed in Table 1.

Lysate preparation

After treatment as indicated in figure legends, cells were placed on ice, washed with cold PBS,
and lysed in lysis buffer [1% Triton X-100, 50-mM Tris-HCI (pH 7.5), 150-mM NaCl, 1-mM
EDTA, 1-mM EGTA, 0.5-mM sodium orthovanadate, 25-mM NaF]. Protease inhibitor (Roche
Diagnostics, #11836170001) was added to the solution according to the manufacturer’s
instructions. Cell lysates were clarified by centrifugation at 16,300 x g for 15 min at 4°C.
Protein concentration in the clarified lysates was determined using the bicinchoninic acid
(BCA) assay kit from Pierce (#23235).
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Membrane isolation

Cells were washed three times with 5-mL Krebs—Ringer phosphate (KRP) buffer (pH 7.4) at
37°C and incubated for 10 min. Cells were then homogenized in a Tris-based buffer (TESp)
containing 20 mM Tris—HCI (pH7.4), 255-mM sucrose, 1-mM EDTA, and protease inhibitor
(Roche Complete Mini EDTA-free, #11836 170 001). A total membrane fraction was collected
at 212,000 x g. This pellet was washed once and recollected by centrifugation. The final pellet
was resuspended in a small volume of TESp. Protein concentration was determined using a
modification of the Lowry assay (27). Subcellular fractions were collected as previously
published (28). Briefly, cells (from plates that were 5-10 cm) were washed in KRP and then
scraped into TESp buffer at 18°C. Cells were homogenized at the same temperature using a
steel block/ball bearing system as designed by Balch and Rothman (29). The homogenate was
subjected to a combination of differential and sucrose gradient centrifugation as described by
Weber et al. (30), which provided a plasma membrane fraction (PM), a high-density membrane
fraction (ER and Golgi), and a low-density fraction (endosomal). Final pellets were
resusupended in TESp and protein measured using the modified Lowry assay.

Carbonic anhydrase (CA) activity assay

An Extrell EXM-200 mass spectrophotometer was used to measure the rate of exchange
of 180 from CO, and bicarbonate to water at chemical equilibrium as previously described
(31). This exchange is catalyzed by, and is a measure of, CA activity.

Glucose transport activity assay

Uptake of [3H]-deoxyglucose to measure glucose transport rates has been previously described
(32). Briefly, cells adherent to 35-mm plates were washed in KRP at 37°C and then incubated
with 40-puM cytochalasin B or dimethyl sulfoxide (DMSO) for 10 min. This was followed by
a 10-min incubation with 0.2-mM [3H]-deoxyglucose. Cells were finally washed with ice-cold
PBS. After drying, the cells were lysed in 0.1% sodium dodecy! sulfate (SDS), and aliquots
were counted by scintillation spectrometry.

SDS polyaerylamide gel electrophoresis (SDS-PAGE) and western blot analysis

These procedures have been described in previous publications (32). Briefly, aliquots of
concentrated cytosolic fractions and/or membrane fractions were loaded onto 10% polyacry-
lamide SDS gels under reducing conditions, and proteins were separated by electrophoresis.
Proteins were transferred to nitrocellulose and detected by enhanced chemiluminescence
(Amersham, #RPN2109). Two antibodies were used to identify CAIX. For extracts containing
the cytosolic fraction (lysates), we used the mouse monoclonal antibody (M75) which
recognizes the proteoglycan domain of CAIX. This antibody was developed by Pastorek et al.
(14). The clone for this antibody was provided to one of the authors (E.O.) who expressed and
purified the antibody. For membrane fractions, we used a polyclonal antibody against a C-
terminal peptide (Novus Biologicals). The specific antibody is identified in the figure legends.
The CAXII antibody was generated in goats against a recombinant protein containing amino
acids 25-291 (R&D Systems). The CAll antibody is a polyclonal made against the entire
protein (Novus Biologicals). The GLUT1 antibody is a rabbit polyclonal that was generated
in our lab and previously characterized (32). Na*/K*ATPase a antibody, a marker for plasma
membranes, is a rabbit polyclonal antibody against an internal sequence (Santa Cruz). The
antibody to GRP78, a protein resident to ER, is a rabbit polyclonal, which was generated in
our lab and previously characterized (33). Images were captured using Adobe Photoshop (5.0
LE) and densitometric analysis was performed using Un-Scant-1t 6.1 (Silk Scientific Corp.).
Statistical differences between groups were calculated using one-way ANOVA (Sigma STAT
3.5) unless otherwise noted. For means in the graphs without a common letter, p <.05.
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RESULTS

Growth of cultured human breast cancer cells

To compare the expression of proteins potentially involved in the development of the glycolytic
phenotype, it is important to conduct experiments in which cells are at similar densities. Thus,
we first assessed the growth rate of the T47D, MDA-MB-231, and MCF10A cell lines to guide
the timing of our experiments [Figure 1(a)]. As might be expected, the MDA-MB-231 cells
grew more rapidly than either the T47D or the MCF10A cells despite their lower plating
density. These growth curves allowed us to select specific days after plating to evaluate
metabolic features. For example, we found that the density of MDA-MB-231 cells at 2 days
post plating was equivalent to the density of MCF10A and T47D cells at 3 days post plating.
In each case, this represented about 50% confluence. In the experiments that follow, cells that
are called subconfluent were analyzed on these days. Likewise, the MDA-MB-231 cells at day
4 post plating were equivalent to the density of MCF10A and T47D cells at day 7 post plating.
This stage of growth represented confluent, but not overgrown, cells.

At confluence, the MDA-MB-231 and T47D cells consumed significantly more glucose and
secreted significantly more lactate than did the MCF10A cells [Figure 1(b) and (c)]. In the
MCF10A cells, 50% of the glucose consumed was used to make lactate. It is not atypical of
cultured cells to shift glucose metabolism toward lactate production. The T47D and MDA-
MB-231 cells shifted this flux even further, as 80% and 94% of the glucose consumed,
respectively, was used to make lactate.

Density- and hypoxia-dependent expression of mRNA of different isoforms of CA

While CAIX is the most likely membrane-associated CA family member to contribute to the
regulation of extracellular pH (34), the expression of other isoforms could confound
interpretation of activity measurements. For that reason, we examined the expression of all
four of the membrane-associated CA family members (CAIV, CALX, CAXII, and CAXIV
mRNA), in each cell line, using semiquantitative RT-PCR. These data are shown in Figure 2
along with CAII, the ubiquitous cytosolic form of this family. Surprisingly, CAIX mRNA was
observed in all three cell lines and showed sensitivity to hypoxia. CAXII mRNA was not
observed in MDA-MB-231 cells but was expressed in the T47D and MCF10A lines. In the
TA47D cell line, there was no increase in CAXII mRNA in response to hypoxia, but its
expression was induced in the MCF10A line. CAIV mRNA was not detected in any of the cell
lines. CAXIV mRNA was only expressed in the T47D cells and was not sensitive to DFO or
hypoxia. The message for CAll was detected in both the MDA-MB-231 and MCF10A cells
but not T47D cells. CAIl expression was not sensitive to DFO or hypoxia.

Density- and hypoxia-dependent expression of CA protein in breast cancer cells

Ultimately, itis protein expression that will lead to a physiological change, so we next measured
CA expression by western blot analysis. In confluent cells, CAIX protein was only detected in
the MDA-MB-231 cells (Figure 3). As observed by others, CAIX migrated as a doublet of 54
kDa and 58 kDa. Each of these bands appeared to be glycosylated based on its sensitivity to
N-glycosidase F (data not shown). Both MCF10A and MDA-MB-231 cells showed enhanced
CAIX expression in response to DFO and hypoxia. Over three experiments, the fold increase
over the control in the MDA-MB-231 cellswas 1.9 in the presence of DFO and 2.4 after hypoxia
exposure. Quantification in the MCF10A cells was not possible because the control lane was
blank. T47D cells expressed no CAIX protein either constitutively or in response to DFO or
hypoxia. Yet these cells, as did the MDA-MB-231 and MCF10A cells, showed an increase in
the expression of the transcription factor, HIF1a. CAXII protein was strongly expressed in the
T47D cells and observed as three bands. Each of these bands was also sensitive to N-
glycosidase F treatment (data not shown). Again, expression of CAXII in T47D cells was not
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sensitive to DFO or hypoxia. MCF10A cells expressed less CAXII, and its expression appeared
elevated in response to hypoxia but not DFO. CAXII was not detected in the MDA-MB231
cells. CAll was strongly expressed in the MDA-MB-231 but detectable in MCF10A cells,
although in neither cell line was its expression altered by DFO or hypoxia. We did not further
explore the expression of CAIV protein, for which no message was detected in any of the cells,
or CAXIV protein, for which the message was only observed in the T47D cells.

We also examined density-dependent expression of CAIX in cell lysates (Figure 4). MCF10A
cells expressed no CAIX in subconfluent cells, and the expression was not induced by
increasing cell density [Figure 4(a)]. T47D cells showed no CAIX expression [Figure 4(b)].
In MDA-MB-231 cells, we observed little expression in subconfluent cells but a substantial
increase in response to density [Figure 4(c)]. Thus, only the MDA-MB-231 cells showed both
density- and oxygen-dependent regulation of CAIX at the protein level.

of CAIX and CAIl in MDA-MB-231 cells

Based on the RT-PCR and protein data, we conclude that the MDA-MB-231 cells express only
one of the membrane-associated CA family members. This gave us the opportunity to explore
its specific regulation and activity. Confluent MDA-MB-231 cells were separated into total
membrane and cytosolic fractions [Figure 5(a)]. CAIX was only detected in the membrane
fraction, and its expression increased significantly in response to DFO or hypoxia. CAll, as
expected, was localized to the cytoplasmic compartment and was not sensitive to DFO or
hypoxia. While there are data that show that CAll interacts with anion transporters in the plasma
membrane (35), we observed little CAll association with the total membrane fraction.

Subcellular localization and regulation of CAIX

To determine the activity of CAIX, we first isolated subcellular membrane fractions from
confluent MDA-MB-231 cells [Figure 6(a)]. We observed CAIX in two of the three membrane
fractions that were collected. The marker proteins (Na*/K*ATPase and GRP78) indicated that
there was substantial cross contamination between the plasma membrane and high-density
(ER/Golgi) fractions. While the purity of the fractions was not particularly impressive, both
pools showed enhanced expression of CAIX in response to DFO or hypoxia. We also examined
the expression of the GLUT1 glucose transporter. It is well known that the expression of
GLUT1 is sensitive to hypoxia, which was confirmed here. In two experiments, the increase
in GLUT1 expression in response to DFO ranged from a 2.6- to 5.9-fold increase over controls,
while hypoxia increased expression by 2.1- to 5.1-fold. Membranes collected at high
centrifugal force, representing an endosomal low-density fraction (LDM), showed no CAIX
or GLUT1 expression. Using the membrane fractions that did contain CAIX, we measured CA
activity using 180 isotopic exchange between CO, and water by mass spectrometry. Figure 6
(b) shows that CA activity was increased by both DFO and hypoxia (2.0-fold and 2.5-fold,
respectively) over control membranes.

Effect of hypoxia on metabolic indices

To examine the effect of DFO and hypoxia on breast cancer cell metabolism, we first looked
at glucose transport activity [Figure 7(a)]. Our results show that the rate of glucose uptake was
a direct reflection of GLUT1 expression. Thus, transport activity increased in cells exposed to
either DFO or hypoxic conditions. With increased GLUT1 in response to DFO or hypoxia, the
concentration of lactic acid increased in the medium [Figure 7(a)], although these changes did
not achieve statistical significance. Hypoxia significantly decreased extracellular pH [Figure
7(c)], which could not be accounted for by lactic acid alone.
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Effect of CA inhibition

Finally, to test the specific role of CAIX on changes in extracellular pH, we utilized both a
general CA inhibitor (chlorozolamide) and a membrane impermeant inhibitor (F-3500),
originally designed by Conroy, Wynns, and Maren (36). The membrane impermeant inhibitor
is essentially specific for CAIX, as this is the only cell surface CA expressed in the MDA-
MB-231 cells. In three independent experiments, both inhibitors blocked the decrease in pH
in response to hypoxia, as shown in Figure 8(a). The differences between the absence and
presence of inhibitors in hypoxic cells fell just short of statistical significance, although the
trend in each of the three experiments was identical. Thus, these data suggest that CAIX activity
contributes to the extracellular acidification of MDA-MB-231 cells.

DISCUSSION

Oxygen levels decrease across a tumor as distance from blood vessels increases (37). The
hypoxic microenvironment of tumors is associated with poor response to radiation and
chemotherapy, genetic instability, resistance to apoptosis, and increased risk of invasion and
metastasis (38—41). Hypoxia-inducible CAIX expression has been studied ina number of tumor
types, and its expression in many is correlated with poor clinical outcomes. In a recent
retrospective study in breast cancer tissue, it was shown that CAIX protein expression, detected
by immunohistochemistry, was associated with poor survival (42). Poor survival is generally
related to metastatic disease.

Few studies (if any) have actually examined cellular CAIX activity directly and instead use
CA inhibitors to measure its effect, indirectly, on medium pH (43,44) or invasion (45). RNAI
technology against CAIX has also been employed, successfully showing that partial CAIX
knockdown affects cell growth (22). 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 demonstrate, directly, that CAIX activity increased in response
to hypoxia and DFO. This is also the first study that directly measures the activity of
endogenous CAILX in cancer cells. The change in activity is directly correlated to the increase
in protein expression but could be inhibited by an impermeant CA inhibitor which is essentially
specific for CAIX. This indicates that not only is CAIX expressed, it is active and the only
membrane CA in the MDA-MB-231 cells that can participate in extracellular acidification.

Gillies and Gatenby (46) 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 (46), but it clearly contributes to their metastatic potential (11,47). Both GLUT1
and CAIX have the potential to regulate pH. Increased GLUT1 expression leads to increased
glucose metabolism leading to an increase in lactic acid production. In our hands, 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 anaerobic glycolysis in MDA-MB-231 cells, but the intrinsic metabolic
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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
ability of an impermeant CA inhibitor confirms this contribution. While the MCF10A cells did
show inducible expression of CAIX, they clearly did not exhibit the same intrinsic metabolic
phenotype as the MDA-MB-231 cells. Thus despite their common basal B lineage, MDA-
MB-231 cells can be distinguished metabolically from MCF10A cells in culture. This may be
a contributing factor in their in vivo behavior.

It was also surprising that the MCF10A cells showed hypoxia-dependent expression of both
CAIX mRNA and CAIX protein, as these cells are neither tumorigenic nor metastatic. The
study by Neve and colleagues (25) perhaps provides some clues for this observation, as the
MCF10A cell line, an immortal but nontransformed cell line, shares transcriptional
characteristics that define basal progenitor cells suggesting that these cells may represent a
multipotent lineage. Thus, the gene transcripts that define the basal B group are found in both
MDA-MB-231 and MCF10A cell types despite their very different in vivo behaviors. The Neve
study did not reveal that CAIX fell out as a marker for the basal B cells which is not surprising,
as CAIX expression in subconfluent cells, used for the analysis, is absent.

Another surprise was the high level of CAIl mRNA expression in the MDA-MB-231 cells,
which was verified at the protein level and which we are the first to show. It has been proposed
that CAII associates with the Cl™/bicarbonate exchanger (AE) in the plasma membrane (48)
and that together with CAIV forms a “metabolon” to accelerate the rate of AE-mediated
bicarbonate transport (49). A similar metabolon has been proposed for CAIX (50). It is
envisioned that CAll detoxifies protons generated from metabolic acids by combining them
with bicarbonate to form H,O and CO». The CO, diffuses out of the cell in which CAIX
mediates its reaction with extracellular water to reform bicarbonate and proton. The proton
contributes to extracellular acidification, and the bicarbonate is brought back into the cell
through the AE to repeat the cycle. Obviously, this model requires co-expression of CAIX and
CAILI. This condition is satisfied in the MDA-MB-231 but not in the T47D cells. The MDA-
MB-231 cells show strong acidification of the medium in response to hypoxia at either
subconfluent or confluent states, while the T47D cells do not acidify medium at subconfluence
and only weakly at confluence in response to hypoxia (data not shown).

The lack of constitutive or induced CAIX protein expression in T47D cells is consistent with
the less aggressive phenotype of these cells in vivo. However, there is an anomaly between
mRNA and protein expression in the T47D cells. The RT-PCR data reveal that CAIX mRNA
is transcribed in response to DFO and hypoxia, and yet no protein was translated. In a genomic
study across several cell lines, Ivanov et al. (51) showed that T47D cells are negative for CAIX
but positive for CAXII. Their result is consistent with our control data for this cell line. They
also showed that lobular (ductal) carcinomas (from which T47D cells derive) exhibit focal
staining for CAXII but no staining for CAIX. It might be imagined that at least some regions
of the tumor would be hypoxic, from which we infer that hypoxia does not regulate CAIX
expression, in vivo, in this type of tumor. Only a few investigators have compared CAIX
expression at both the mRNA and protein levels within the same study. Several of those showed
similar expression of CAIX mRNA and protein in response to hypoxia (18,52,53). However,
Stockwin et al. (9) showed a 36-fold induction of CAIX mRNA in hypoxia-adapted malignant
melanoma but only a 1.8-fold change in CAIX protein. On a more global level, it is also
important to point out that mMRNA expression does not necessarily lead to protein synthesis,
aswas elegantly shown by the genomic/proteomic analysis in yeast conducted by Leroy Hood’s
laboratory (54). In their experiments, the correlation (r) between transcription and translation
was only 0.61. Only 30 of 289 proteins, identified in a screening in which nutrient availability
was perturbed, showed similar induction at both gene and protein levels. Activation of 15
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“metabolic” genes led to no change in protein expression. These authors interpreted this to
mean that these genes, and probably many others, underwent posttranscriptional regulation.
Of course, the T47D cells could have a nucleotide insertion or deletion which would allow
amplification of MRNA using RT-PCR but prevent translation of that message. Certainly it is
not due to lack of HIF1a, as this transcription factor was stabilized (upregulated) in response
to hypoxia in all three cell lines that we examined.

While T47D cells do not express CAIX, they strongly express CAXII. CAXII expression, but
not that of CAIX, exhibits a positive correlation with estrogen receptor expression (55) which
is a marker for luminal breast cancer cells. Patients with luminal tumors have a more positive
prognosis than those with either HER2 or basal phenotypes. Thus CAXII activity may regulate
the tumor microenvironment in a unique manner. While these cells do not express CAll, there
are other soluble CAs that could participate in a CAXII-specific metabolon which may
contribute to a less aggressive behavior and a more positive outcome. Variation in the
expression of CAIX and CAXII across a wide range of cancer tissues (56) support the existence
of tissue-specific metabolons which may ultimately regulate tumor progression.

In summary, 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 activity is induced by
hypoxia in MDA-MB-231 cells, and its inhibition blocks the drop in extracellular pH. We also
show for the first time that MDA-MB-231 cells express high levels of CAll which may
contribute to the flux of protons and bicarbonate across the plasma membrane in concert with
CAIX, as has been hypothesized. While this suggests that CAIX and CAIl may play key roles
in acidification, a wider sampling of basal B cells will determine if this role is more generally
applicable. If so, then CAIX may offer a new target for therapeutic intervention because of its
limited tissue distribution and exofacial orientation.
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Figure 1.

Characterization of human breast cancer lines. (a) MDA-MB-231 (MDA), T47D, and
MCF10A (MCF) cells were plated and grown as described in Material and Methods. At specific
times after plating, cell number was determined using a Coulter Counter ZM. Each set of data
represent at least three independent experiments. The data are reported as the mean + SD. MDA
= MDA-MB-231 cells; T47D = T47D cells; MCF = MCF10A cells, (b) Confluent cells [MCF
cells (day 7), T47D cells (day 7), and MDA cells (day 4)] were washed and given fresh medium
containing 15-mM glucose. After 4 hr, medium was collected for determining glucose
concentration. Data represent the mean + SD of a single experiment in which n =6, p <.001
versus MCF cell line, (¢) Medium from confluent MCF, T47D, and MDA cells, treated as in

Cancer Invest. Author manuscript; available in PMC 2010 July 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 14

(b), was collected and assayed for lactate concentration. Data represent the mean + SD of a
single experiment in which n = 6, p < .003 versus MCF cells. *n = 6.
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Figure 2.

Comparison of CA mRNA expression in human breast cancer lines. RNA was isolated from
subconfluent and confluent MDA-MB-231, T47D, and MCF10A cells exposed or not to DFO
(100 uM) or to hypoxic conditions (1% oxygen) for 16 hr. RT-PCR was performed as
described. C = control; D = DFO; H = hypoxia; m = markers; St = RT-PCR of RNA isolated
from select human tissue. The standard RNA for CAIV came from heart; the standard for CAIX
came from stomach; the standard for CAXII came from kidney; the standard for CAXIV, CAll,
and GAPDH came from liver. GAPDH is used as a control for the RT-PCR reaction. These
data represent at least two independent sets of cells.
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Figure 3.

Expression of CA protein in human breast cancer lines. Confluent cells were exposed to DFO
or hypoxia as in Figure 2 and then lysed. Equal protein (100 pg) was analyzed by western blot
analysis using the M75 monoclonal antibody. Identical results were obtained in independent
duplicate experiments. MCF = MCF10A cells; T47D = T47 D cells; MDA = MDA-MB-231
cells; C = control; D = DFO; H = hypoxia.
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Figure 4.

Density-dependent expression of CAIX in breast cancer cells. Cells were collected at specific
times after plating. Cells were lysed, and equal protein was analyzed by western blot analysis
using the M75 monoclonal antibody. Identical results were obtained in independent duplicate
experiments. MCF = MCF10A cells; T47D = T47 D cells; MDA = MDA-MB-231 cells.
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Figure 5.

Expression and localization of CAIX. Confluent MDA cells were collected and separated into
total membrane and cytoplasmic fractions after exposure or not to DFO or hypoxia. Equal
protein was analyzed by western blot analysis for CAIX (using the M75 monoclonal antibody),
CAIl, and actin expression. C = control; D = DFO; H = hypoxia. These data represent two
independent experiments.
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Figure 6.

Subcellular localization and activity of CAIX. (a) Confluent MDA-MB-231 cells were
collected after treatment with either DFO or hypoxia. Subcellular fractions were collected as
described in the methods. Equal protein was separated by SDS-PAGE, transferred to
nitrocellulose, and probed for GLUT1, CAIX, Na/K-ATPase, and GRP78. In these
experiments, the CAIX antibody used in western blotting was purchased from Novus
Biologicals. These data represent two independent experiments. PM = plasma membranes;
HDM = high density membranes; LDM = low density membranes. (b) Plasma membrane (PM)
and high-density membrane (HDM) fractions isolated as in (a) were assayed for CA activity
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using 180 exchange. The data are reported as the relative total activity under each condition.
The black bars represent PM, and the gray bars represent HDM.
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Figure 7.

Effect of hypoxia on metabolic activity in MDA cells. (a) MDA-MB-231 cells, at day 3 post
plating, were exposed to DFO or hypoxia, washed, and assayed for glucose transport activity.
Each data point in a given experiment was performed in duplicate. The duplicates were then
averaged and compiled with the means of replicate experiments (n = 3). The data are reported
as the mean £ SD. (b) Lactate concentration was determined in medium that was collected from
MDA cells treated as in (a). Data are reported as the mean + SD from three independent
experiments. (c) The levels of pH measured in medium that was collected from MDA cells
treated as in (a) are shown. Data are reported as the mean + SD from four independent
experiments, (d) Protein content and cell number were determined in MDA cells treated as in
(a). Data are reported as the mean protein concentration per 10° cells + SD from four
independent experiments.
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Figure 8.

Effect of CA Inhibitors on medium pH. Cells were treated 2 days post plating with DFO, or
exposed to 1% oxygen, for 16 hr in the absence or presence of 100-uM chlorozolamide or
F3500. The pH of the medium was tested at the end of the incubation, which will be noted is
higher, overall, than that in Figure 7 because of the lower density of the cells. Data are reported
as the mean £ SD, n = 3.
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Table 1

Primers for RT-PCR

Gene
CA2
CA4
CA9
CA12
CAl14
GAPDH

Forward Primer (5’ to 3')
CAATGGTCATGCTTTCAAC AGCACAATCCAGGTCACACA
CACTGGTGCTACGAGGTTCA CAGTCCTCCTCCAGAAATGC

GTCTCGCTTGGAAGAAATCG AGAGGGTGTGGAGCTGCTTA
AGTACAAAGGCCAGGAAGCA CTTGCACTTGGGAGAAGGAG
TGGAGACTGCAGAGGGAGAT GCCCTCATACGTCCAGTGTT

GTCAGTGGTGGACCTGACCT AGGGGTCTACATGGCAACTG

Reverse Primer (5' to 3')

PCR Product
Size (bp)

450
252
200
300
359
420
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