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Abstract
Carbonic anhydrase IX (CAIX) is frequently expressed in human tumors and serves as a marker for
hypoxia. Further, CAIX expression is considered a predictor of poor survival in many, but not all,
cancer types. Herein, we compare the specificity of two CAIX antibodies: the M75, monoclonal
antibody which recognizes an epitope in the N-terminus and a commercially available polyclonal
antibody generated against a C-terminal peptide (NB100-417). Western blot analysis of multiple
breast cell lines revealed that the polyclonal antibody detected both membrane-bound and soluble
proteins. The M75 antibody recognized only the membrane-bound species, which is presumed to be
CAIX. These data were confirmed in an aggressive prostate cell line. We further compared these
antibodies in prostate tumors by immunohistochemistry. Staining with NB100 was comparable to
that of the M75 antibody, but only at high dilution. Otherwise, cytoplasmic staining was also noted.
Two-dimensional gel electrophoresis followed by mass spectrometric analysis revealed that the
cytoplasmic protein detected by NB100 is β-tubulin. This cross-reactivity could lead to false positives
for CAIX expression in samples where cytosolic proteins are present.
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Introduction
Carbonic anhydrase IX (CAIX) is a membrane-bound form of the carbonic anhydrase (CA)
family of zinc metalloenzymes that catalyzes the reversible conversion between carbon dioxide
and bicarbonate. The CA family members participates in the regulation of pH, CO2 and
HCO3 transport, and water and electrolyte balance [1].
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Expression of CAIX is associated with tumor cell hypoxia in a variety of human tumors [2],
including breast [3;4] and urologic cancers [5-7]. CAIX is a membrane glycoprotein in which
the catalytic domain, along with a unique N-terminal, proteoglycan domain, faces the
extracellular milieu [8]. CAIX is upregulated by hypoxia [9] and its gene is a target of hypoxia-
inducible factor-1 (HIF1α) [10]. One of the striking features of cancer cells is their ability to
acidify their environment and the orientation of CAIX suggests that it may serve as one of the
mechanisms by which cancer cells regulate extracellular pH and induce cytoplasmic
alkalinization [11]. Multiple studies have shown that the expression of CAIX in breast tumors,
as well as other solid tumors, is associated with poor prognosis [3;4;12;13] Thus, CAIX is
being used clinically as a diagnostic tool which has implications for therapy and patient
outcome. This demands the most careful analysis of CAIX expression as it may directly impact
patient care.

In the 1980’s, Oosterwijk et al. generated a monoclonal antibody (G 250) against a cell surface
protein expressed by renal carcinoma cells [6]. Using molecular cloning, this antibody was
shown to bind to CAIX [7]. Later, Pastorekova et al. developed a monoclonal antibody against
a 54/58 kDa protein called MN expressed endogenously in a human mammary tumor cell line
[14]. This antibody was also shown to target CAIX [15]. The specific epitope for the G250
antibody is unknown, but it has excellent specificity for CAIX in immunohistochemical
analysis. The M75 (considered the gold standard for CAIX identification) recognizes the
extracellular proteoglycan-like domain and is useful for western blotting,
immunoprecipitation, and immunohistochemistry. CAIX antibodies are now available
commercially. One of the first companies to offer this product was Novus Biologicals
(Littleton, CO). Their polyclonal 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. In this paper, we compare
the specificity of the polyclonal antibody from Novus Biologicals (NB100-417) with that of
the monoclonal antibody, M75. In three different breast cell lines and a prostate cell line, our
data show that NB100 recognizes a protein(s) not detected by M75. We identified the major
“non-specific” protein as the cytoskeletal protein, β-tubulin, which is not sensitive to hypoxia.
We also analyzed prostate xenograft tumor tissue by immunohistochemical analysis and found
both membrane and cytoplasmic staining with NB100, although at high dilution it has
specificity similar to the M75 antibody. Together, these data suggest that identification of
CAIX using NB100 could lead to false-positives in research samples but more importantly in
human tissue. This argues for caution with diagnostic samples.

2. Material and Methods
2.1. Cell lines and cell culture

The MDA-MB-231 cell line (Kevin Brown, University of Florida) was plated at a density of
1,000 cells/cm2 DMEM (Gibco, 12100-061) containing 10% FBS (Valley Biomedical,
#BS3033). The T47D line (Keith Robertson, University of Florida) was plated at a density of
2,000 cells/cm2 McCoy’s medium (Gibco, #16600) containing 10% FBS and 0.2 units/mL
bovine insulin (Elanco, #4020). The MCF10A line was purchased from ATCC and plated at
a density of 2,000 cells/cm2 in Mammary Epithelial Basal medium (Cambrex Bioscience,
#CC3151 ) supplemented with 0.1 ug/mL cholera toxin (Calbiochem, #227035). PC-3 human
prostate cancer cells were obtained from ATCC. The cells were maintained in Nutrient Mixture
F-12 Ham (Sigma-Aldrich, St. Louis MO) supplemented with 2 mM L-glutamine, 100 units/
ml penicillin, 100 μg/ml streptomycin, and 10% fetal bovine serum (Hyclone, Logan UT).
Normoxic and desferoxamine (DFO)- treated cells were incubated in a humidified atmosphere
at 37°C in 5% CO2. Hypoxic conditions (1% O2, 5% CO2, and balance N2) were maintained
in humidified Modulator Incubator Chambers (MIC-101, Billups-Rothenberg, Inc).
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2.2 Mouse xenograft tumors
Male athymic nu/nu mice (6-8 wks old) (Harlan, Indianapolis, IN) were maintained under
specific pathogen-free conditions in facilities approved by the AAALAC and in accordance
with current standards of the U.S. Department of Agriculture, U.S. Department of Health and
Human Services, and the National Institutes of Health. Mouse experiments were performed
with approval from the Institutional Animal Care and Use Committee of the University of
Florida. For implantation of PC-3 cancer cells, 3×106 cells suspended in 0.1 ml buffered
Matrigel (1mg/ml) were injected subcutaneously in the right lower flank area. Tumor length
(L) and width (W) were recorded twice weekly and tumor volumes calculated according to the
formula L × (W)2 × 0.523. At 7 weeks, the tumors were resected and fixed in 10% buffered
formalin for 24 hours.

2.3 Immunohistochemistry
Immunohistochemical staining on paraffin-embedded samples was performed using the mouse
monoclonal M-75 antibody (Siemens Medical Diagnostic) against CAIX or a rabbit polyclonal
against CAIX (Novus Biologicals, NB100-417). For both antibodies, tissue sections were
deparaffinized with xylene and graded ethanol, then endogenous peroxidase was blocked using
3% hydrogen peroxide in methanol for 30 min. Antigen retrieval was performed by incubating
slides in 10 mM citric acid buffer pH 6.0 for 15 min at 95°C.

For NB100, sections were blocked for 5 hours with blocking buffer (PBS with 1% BSA, 1%
goat serum and 1.5% horse serum). Sections were incubated overnight at room temperature
with primary antibody (1:1000, 1:3000 or 1:5000 in blocking buffer + 0.02% Tween 20). The
next day, sections were incubated in biotinylated anti-rabbit IgG (Vector Laboratories,
Burlingame CA, 1:400) for 3 hours at room temperature, followed by avidin-biotin complex
(Vectastain Elite ABC Kit; Vector Labs) and DAB substrate (Vector Labs).

For the M75 mouse monoclonal antibody, the M.O.M.™ Kit (Vector Labs) was used to reduce
background staining related to interactions between the mouse monoclonal and mouse cells
that might infiltrate the tumor. Briefly, sections were blocked for 1 hour with M.O.M. blocking
reagent, washed with PBS and incubated 5 minutes in M.O.M. Protein Concentrate. Sections
were then incubated for 30 minutes in primary antibody (1:5000 in Protein Concentrate),
washed with PBS, and incubated for 10 minutes in M.O.M. Biotinylated Anti-Mouse IgG
Reagent, followed by avidin-biotin complex (Vectastain Elite ABC Kit; Vector Labs) and DAB
substrate (Vector Labs).

All slides were counterstained with Gill’s hematoxylin, dehydrated and coverslips mounted
with Permount. Stained slides were photographed using a Zeiss Axioplan 2 imaging
microscope and Openlab 5.0.3 Beta Improvision® software.

2.4. Cell Lysate Preparation
Lysates were prepared after DFO or hypoxia treatment by cooling cells on ice, washing with
ice-cold PBS (10 mM phosphate salts, 120mM NaCl, pH 7.4), and extracting in lysis buffer
[1% Triton X-100, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5
mM sodium orthovanadate, 25 mM NaF, and protease inhibitor (Roche Diagnostics)]. Cell
extracts were exposed to centrifugation at 16,300 × g for 15 minutes at 4°C. The cleared
supernatants were designated as cell lysates. Protein concentration was determined using a
modification of the Lowry assay [16].

2.5. Cytoplasmic and Total Membrane Isolation
Subconfluent, MDA-MB-231 cells were washed 3 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
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Tris-based buffer (TESp) containing 20 mM Tris-HCL (pH7.4), 255 mM sucrose, 1 mM EDTA
and protease inhibitor (Roche Diagnostics). The cytoplasmic and total membrane fractions
were separated by centrifugation at 212,000 × g for 1 hour. The pellet was washed twice and
recollected by centrifugation. The final pellet was resuspended in a small volume of TESp.

2.6. Western Blot Analysis
One hundred μg of cell lysates, total membrane, or cytoplasmic fractions were loaded onto
10% polyacrylamide SDS-gels under reducing conditions. Proteins were separated by
electrophoresis and transferred to nitrocellulose. After blocking with 5% nonfat milk in TBS,
the membranes were probed with a rabbit polyclonal anti CAIX (Novus Biologicals,
NB100-417) or the mouse monoclonal antibody, M75 (E. Oosterwijk), followed by horseradish
peroxidase-linked secondary antibodies (Sigma) and detection by enhanced
chemiluminescence (Amersham).

2.7. Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis was performed as previously described by Semple-
Rowland et al. [17] Briefly, a concentrated cytoplasmic protein fraction in TES, was diluted
with an equal volume of isoelectric focusing (IEF) sample solution (6.4% NP-40, 6.5 mM
DTT). Proteins (up to 400 μg in 200 μl) were mixed with a 4% acrylamide solution containing
9M urea, 2% NP-40, and 2% carrier ampholytes (pH 3-10, Sigma). The gels were cast in glass
tubes (13×3mm). The anodic and cathodic buffers were 10 mM phosphoric acid and 20 mM
sodium hydroxide, respectively. Electrophoresis was carried out at 350 V for 18 hours and 800
V for 2 hours. The gels were removed from the tubes and either embedded in agarose on the
top of an SDS-PAGE gel for the second dimension. After the second electrophoretic step, the
slab gel were either stained with Coomassi blue (20% ethanol, 10% glacial acid, 0.2 %
Coomassi blue R-250) or processed for western blotting. The pH gradient from the first
dimension was determined by running a tube gel with 200 μl TES:IEF sample solution in place
of the protein sample. The gel was cut into 0.5 cm pieces, soaked in 1 mL dH2O for at least 2
hours, and analyzed for pH.

2.8. Mass spectrometric protein identification
The “spots” on the Coomassi-stained gel were aligned with western blots on which proteins
were identified by reaction with the NB100 antibody. These spots were excised and treated
with trypsin. The peptide fragments were identifed by LC-MS/MS on a hybrid quadrupole-
TOF mass spectrometer (QSTAR, Applied Biosystems) at the Interdisciplinary Center for
Biotechnology Research at University of Florida. Mass spectra were extracted by ABI Analyst
version 1.1. Samples were analyzed by Mascot (Matrix Science, London; version 2.0.01).

3. Results and Discussion
3.1. CAIX expression in breast cancer cell lines in response to hypoxia

Cells were grown to about 75% subconfluence. Cells were then treated with DFO (to mimic
hypoxia) or exposed to 1% oxygen for 16 hours. Cell lysates were analyzed by immunoblotting
using two different CAIX antibodies: anti-CAIX antibody from Novus (NB100) or the mouse
monoclonal, M75 antibody (a gift from E. Oosterwijk). In western blots using NB100, CAIX
was apparently detected in all three breast cell lines (Figure 1A). In the MCF10A non-
transformed epithelial breast line, we observed three protein bands. The upper band migrated
as a doublet at about 58kDa. The bottom band appeared to be a single protein, migrating at
about 54kDa. This appeared to be consistent with the description of CAIX migration from
previously published data [15]. 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
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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 reprobed 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, our data suggest that the NB100 antibody might be
interacting with a non-specific protein which overlaps with the migration of CAIX.

3.2. 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 previously that MDA-MB-231 cells do not express CAIX in the subconfluent state
[18] We felt 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. Figure 1B shows a
western blot of cytoplasmic and membrane proteins identified by NB100 and M75. 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. All
were induced by DFO or hypoxia. On re-probing, the M75 antibody did not recognize any
cytoplasmic protein. Proteins identified in the membrane fraction by M75 were clearly similar
to those identified by NB100. Taken together, these data suggested that the non-specific protein
(s) are localized to the cytoplasmic fraction and migrate at the same molecular weight as does
the 54kDa form of membrane-bound CAIX.

3.3 Identification of the non-specific protein(s)
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 2A). Immunoblotting using NB100 identified an acidic protein with a
pI of about 6.0 (Figure 2B). The corresponding protein in the Coomassie-stained gel was
excised, trypsin-treated, and applied to a mass spectrometer to identify the peptide fragments.
Twentyseven unique tryptic digest fragments matched the sequence of tubulin and
predominantly β—tubulin (Table 1).

3.4. Confirmation of identity of non-specific protein by western blotting
To confirm the identity of β-tubulin, the nitrocellulose membrane of the 2D-PAGE gel was
stripped and re-probed for β-tubulin expression using an anti-β-tubulin antibody (Sigma). The
same spot detected by NB100 was recognized by the β-tubulin antibody (data not shown). The
cytoplasmic protein detected by NB100 (Figure 1B), also tested positive when probed with the
β-tubulin antibody (data not shown).

Identification of CAIX in PC-3 prostate cancer cells—To demonstrate that the results
described above may cross cell types, we examined the expression of CAIX in the aggressive
prostate cancer cell line, PC-3 (Figure 3). Cells were exposed to normoxic or hypoxic
conditions and then lysed for western blot analysis. Detection with M75 showed strong hypoxic
induction. Identification with NB100 showed bands of similar intensity in cells from both
normoxic and hypoxic conditions. Tubulin migrated similarly to this protein. We also examined
the expression of CAIX in xenograft tumors grown from PC-3 cells in mice (Figure 4). Strong
membrane staining was observed with the M75 antibody at 1:5000 dilution. NB100 showed
both membrane and cytoplasmic staining with NB100 at 1:1000 dilution, the dilution
recommended by the manufacturer. At the higher dilution of 1:5000, specificity was similar
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to that of the M75 antibody. This suggests that background staining with the NB-100 antibody
at lower dilutions could be interpreted as a false-positive in human tissue because of non-
specific interactions.

CAIX is normally expressed in a limited number of normal tissues, primarily the epithelial
cells of the stomach and intestines [19]. However, CAIX is strongly expressed in numerous
tumors, predominantly in carcinomas that are mostly derived from tissues that do not normally
express CAIX. Recently, it has been shown that CAIX expression is associated with poor
prognosis. Thus, it is crucial in making a diagnostic prediction that an extremely specific anti-
CAIX antibody is used in immunohistochemical analysis of human tissue. A recent study has
suggested that the NB100 antibody can be used in immunohistochemical analysis in clear cell
renal cell carcinoma as a diagnostic and potentially a prognostic marker [20]. However, in our
study, we provide evidence that the NB100 anti-CAIX antibody recognizes at least one protein
in addition to CAIX. The peptide that was used to make the polyclonal antibody derives from
sequence in the C-terminus of CAIX (RGTKGGVSYR). Alignment of this sequence against
that of full length human β-tubulin selects a possible match: RGLKMAVTFI. However, it
seems unlikely that sufficient identity exists to allow cross-reactivity between the CAIX-
specific antibody and β-tubulin. In conclusion, this antibody is useful for membrane
preparations and perhaps immunohistochemistry at high dilution, but caution should still be
exercised with clinical samples.
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Figure 1. Detection of CAIX in breast cell lines using M75 and NB100 antibodies
Panel A. Subconfluent cells were lysed after exposure to DFO or hypoxia, as described in the
methods. Equal protein (100μg) was analyzed by western blot analysis using CAIX antibodies:
the M75 monoclonal antibody and NB100, the polyclonal antibody from Novus Biologicals.
Actin was used as a loading control. MCF= MCF10A cells, T47D cells, MDA=MDA-MB-231,
C=control; D=DFO, H=hypoxia. These data are representative of at least three independent
experiments. Panel B. Subconfluent MDA-MB-231 cells were collected and separated into a
total membrane and cytoplasmic fraction after exposure or not to DFO and hypoxia. Equal
protein (100μg) was analyzed by western blot analysis for CAIX using M75 or NB100.
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C=control; D=DFO, H=hypoxia. These data are representative of at least three independent
experiments.
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Figure 2. Separation of cytoplasmic proteins by two-dimensional electrophoresis
Panel A: A cytoplasmic fraction from subconfluent MDA cells was separated by two-
dimensional electrophoresis. The gel was stained with Coomassi blue. The arrow points to the
protein spot recognized by NB100. Panel B: Proteins were transferred to nitrocellulose
membranes and immunoblotted with NB100.
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Figure 3. Expression of CAIX and tubulin in PC-3 prostate cancer cells
PC-3 cells were cultured under normoxic or hypoxic conditions (1% O2 for 48 hours). Cell
lysates (15ug) were separated on 10% SDS-PAGE gels and transferred to nitrocellulose
membranes. Blots were probed with antibodies to tubulin (1:1000) and CAIX (NB100 and
M75, both at 1:5000 dilution).
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Figure 4. Detection of CAIX in xenograft tumors grown from PC-3 cells in mice
Mice were injected subcutaneously in the flank with 3×106 PC-3 prostate cancer cells and
tumors were resected on Day 39. Immunohistochemical staining of Formalin-fixed, paraffin-
embedded sections was performed using antibodies to CAIX (NB100 at 1:1000, 1:3000 and
1:5000 dilutions; M75 at 1:5000 dilution). Antigen retrieval was performed by incubating
slides in 10 mM citric acid buffer pH 6.0, as described in Methods. Stained sections were
photographed at using a Zeiss Axioplan 2 imaging microscope and Openlab 5.0.3 Beta
Improvision® software.
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Table 1
Identification of tubulin by mass spectrometry.

Protein name
Molecular

Weight
kDa

Numbers of
unique peptides

TUBB Tubulin beta chain 50 27

TUBA1C Tubulin alpha-1C chain 50 15

TUBB2C Tubulin beta-2C chain 50 5

KRT10 Keratin, type I cytoskeletal 60 2

TUBB3 Tubulin beta-3 chain1 50 8

TUBB6 46 kDa protein 46 6

EEF1A1 Elongation factor 1-alpha 50 4

KRT1 Keratin, type II cytoskeletal 1 66 1

HSP90AA1 heat shock protein 90kDa alpha (cytosolic), 98 7

TUBA4A Tubulin alpha-4A chain2 50 3

RBBP7 Histone-binding protein RBBP7 48 4

TUBB2A Tubulin beta-2A chain 50 2

TFG Protein TFG 43 3

ATP5B ATP synthase subunit beta, mitochondrial
precursor 57 2

HSP90AB1 85 kDa protein 85 2

Putative uncharacterized protein (Fragment) 17 2

PPM1F Protein phosphatase 1F 50 2
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