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Abstract

Carbonic anhydrase X (CAIX) and XII (CAXII) are transmembrane proteins that are associ-
ated with cancer progression. We have previously described the catalytic properties of CAIX
in MDA-MB-231 breast cancer cells, a line of cells that were derived from a patient with triple
negative breast cancer. We chose this line because CAIX expression in breast cancer is a
marker of hypoxia and a prognosticator for reduced survival. However, CAXII expression is
associated with better survival statistics than those patients with low CAXII expression. Yet
CAIX and CAXII have similar catalytic activities. Here we compare the potential roles of
CAIX and CAXIl in the context of TNBC and estrogen receptor (ER)-positive breast cancer.
In tumor graft models, we show that CAIX and CAXII exhibit distinct expression patterns
and non-overlapping. We find the same pattern across a panel of TNBC and luminal breast
cancer cell lines. This affords an opportunity to compare directly CAIX and CAXII function.
Our data suggest that CAIX expression is associated with growth potentiation in the tumor
graft model and in a TNBC line using knockdown strategies and blocking activity with an
impermeant sulfonamide inhibitor, N-3500. CAXII was not associated with growth potentia-
tion. The catalytic activities of both CAIX and CAXII were sensitive to inhibition by N-3500
and activated at low pH. However, pH titration of activity in membrane ghosts revealed sig-
nificant differences in the catalytic efficiency and pKa values. These features provide evi-
dence that CAIX is a more efficient enzyme than CAXII at low pH and that CAIX shifts the
equilibrium between CO, and bicarbonate in favor of CO, production by consuming protons.
This suggests that in the acidic microenvironment of tumors, CAIX plays a role in stabilizing
pH at a value that favors cancer cell survival.

Introduction

There is a strong correlation between lactic acid production and metastatic incidence [1]. Yet,
glycolysis-deficient cancer cells still generate “acidic” tumors when injected into nude mice [2,
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3]. With lactic acid reduced by 30% in these tumors, metabolic profiling revealed that CO,
may be an additional source of acidity [4]. These data imply a contribution by carbonic anhy-
drase (CA) which catalyzes the reversible hydration of CO, to bicarbonate and a proton. In
humans, there are 13 active members in this group that differ in their kinetic and inhibitory
properties, cell and tissue distribution, and function [5, 6]. The focus of this study is on two
membrane-bound CAs (CAIX and CAXII).

We, and others, have shown that CAIX is a homodimeric transmembrane glycoprotein ori-
ented with the catalytic domains facing the extracellular milieu [7-9]. The domain structure of
mature CAIX contains a proteoglycan-like domain (PG-like), a catalytic domain (CA), a trans-
membrane domain (TM), and a cytoplasmic tail (CT) [7]. CAIX is normally expressed in gut
epithelial tissue [10, 11] but is upregulated in several forms of cancer, including breast cancer.
Indeed, CAIX is a marker for hypoxic regions of breast tumors [12] and elevated expression is
associated with poor prognosis [13-15] and high-grade, ER-negative breast tumors [13]. The
only tumor type in which CAIX expression is an indicator of more favorable patient outcome
is in renal clear cell carcinoma [16] although this view is controversial [17].

CAXII has a secondary structure and orientation similar to that of CAIX, but lacks the PG-
like domain. In breast cancer cells, CAXII expression is regulated by estrogen [18, 19]. All of
the clinical breast cancer studies to date have shown a correlation between CAXII expression
and better survival statistics for patients [18-21]. Indeed, these later studies show a strong asso-
ciation between luminal cancers and CAXII expression. CAXII is also a biomarker of favorable
prognosis in lung [22] and brain [23] tumors, but is associated with poor prognosis in colorec-
tal cancer [24]. Despite these obvious differences, CAIX and CAXII have similar activities sug-
gesting that their native environments may influence their activities and/or biochemical
function.

Because the catalytic domains of CAIX and CAXII are oriented to the extracellular milieu,
both could serve as therapeutic targets. However, CAIX has received more attention because
of its expression in aggressive cancers, including triple negative breast cancer. Here we present
a comparative study of CAIX and CAXII to understand better the roles of CAIX and CAXII in
breast cancer. We show that CAIX and CAXII exhibit differential expression in tumor graft
models of the three major subtypes of breast cancer and that expression of CAIX and CAXII
are mutually exclusive. Studies in breast cancer cells confirm this observation. In addition, our
data show that only CAIX expression is associated with cell growth and migration. Finally, we
present data that confirms that the activity profile of CAIX over CAXII is favored at pH values
associated with acidic tumors.

Materials and methods
Animal ethics statement

After cell/tissue implantation to initiate tumor growth, Carprofen (5mg/kg) was injected sub-
cutaneously every 24 h for 3 days to ameliorate pain and suffering when necessary. For tumor
excision, animals were provided isoflurane (2% inhalant with O,) as an anesthetic. At the end
of tumor excision, animals were euthanized by CO, inhalation from a compressed gas cylin-
der. The animals were placed in a cage/chamber and then CO, was slowly added to the cham-
ber until the animal ceases to breathe. The animal underwent cervical dislocation to assure
death.

Cell culture

Triple negative breast cancer (TNBC) cell lines: UFH-001 cells were established in our lab [25],
MDA-MB-231-LM2 cells were gift from Dr. Dietmar Seimann (University of Florida), HBL-
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100 and BT549 cells were gifts from Dr. Brian Law (University of Florida), and SUM159 cells
were purchased from Asterand Bioscience. UFH-001, MDA-MB-231-LM2, HBL100, and
BT549 cells were plated and maintained in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich #F2442). SUM159 cells were
cultivated in Ham’s F-12 medium (Corning Cellgro, #10-080-CM) supplemented with 10%
FBS, 5ug/mL insulin (Gibco, A1138211), 100ng/mL dexamethasone (Sigma Aldrich, #D4902)
and 10mM HEPES (Sigma Aldrich, #H-4034).

ER positive (ER") cell lines: T47D, MCF7 and SKBR cells were gifts from Dr. Brian Law
(University of Florida), and SUM52 cells were from Asterand Bioscience. T47D and SKBR
cells were plated and maintained in McCoys 5A medium (Fisher #16-600-108), supplemented
with 10% FBS and 10ug/mL insulin. MCF-7 cells were plated and maintained in DMEM sup-
plemented with 10% FBS and 0.01uM estrogen (Sigma Aldrich, #E8875). SUM 52 cells were
cultivated in Ham’s F-12 medium supplemented with 10% FBS, 5pg/mL insulin, 100ng/mL
dexamethasone and 10mM HEPES. Cancer-associated fibroblasts (CAFs) were provided by
Dr. Song Han (University of Florida). CAFs were plated and maintained in DMEM/Ham’s
F12 medium supplemented with 10% FBS. All cell lines were maintained at 37°C in humidified
air with 5% CO2.

Co-culture of CAFs and breast cancer cell lines (HBrCs)

To avoid direct cell-cell contact, CAFs were first plated in 6-well plates at a density of 3x10°
cells/well. Within 1 hour of CAFs plating, UFH-001 or T47D cells were plated on 6-well
Trans-well inserts (0.4um) at a density of 3x10* cell/insert and 6x10* cell/insert respectively.
CAFs and breast cancer cells were co-cultured at 37°C in 5% CO, for 5 days.

Knockdown of CAIX and CAXII by shRNA lentiviral particles

Knockdown of CAIX and CAXII expression in UFH-001 and T47D cells was performed by
transfection of short hairpin RNA (shRNA) lentiviral particles (Thermo scientific) against
CAIX and CAXIL In brief, breast cancer cells were seeded at 5x10* cells/well in 24-well plates
and grown for 24 hours. Then, cells were infected with lentivirus in serum-free medium for 6
hours. The shRNA target sequences for CAIX and CAXII are shown in S1. The cells were fur-
ther incubated with normal growth medium for 24 h. GFP expression was monitored to con-
firm the efficiency of transduction. Stable cells were established by puromycin (2 pg/mL)
selection (Sigma Aldrich #P-7255). CAIX and CAXII knockdown was confirmed by western
blotting.

CAIX deletion by CRISPR/Cas9

LentiCRISPR v2 was a gift from Dr. Feng Zhang (Addgene plasmid #52961) and was used to
knockout CAIX in UFH-001 cells. Guide RNA sequences within the first coding exon were
identified downstream of the CAIX translational start site using an online design tool (crispr.
cos.uni-heidelberg.de) and three non-overlapping gRNAs were chosen within this region of
the CA9 gene (S2 Table). Complementary double-stranded oligonucleotides were cloned into
BsmBI digested plentiCRISPR v2, recombinant clones identified by restriction analysis and
confirmed by automated Sanger sequencing. Lentivirus were formed from these CAIX sgRNA
plasmids and empty lentiCRISPR v2 plasmid as previously outlined [26]. UFH-001 cells were
transduced and selected with puromycin selection for 3 weeks. Stably transduced cells were
harvested and CAIX depletion was confirmed by western blotting.
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Tumor graft models (PDX)

Frozen and cryo-preserved PDX tissues, originally isolated from human breast tumor tissue,
were provided by Dr. Alana Welm (Huntsman Cancer Institute, University of Utah). These
samples were provided after multiple passages of tissue across mice and do not require an IRB.
The description by which the tissues were collected and serially transferred in mice, along with
their molecular characterization, has been previously published [27]. Subsequently, we have
generated our own PDXs, on site. For the TNBC PDX model (HCI-001), a single fragment of
cryopreserved tumor tissue (~8 mm®) was implanted into the 4" mammary fat pad of 10-
12-week-old female NOD-SCID mice (Jackson Laboratory, ME, USA). For ER-positive PDX
(HCI-011), estrogen pellets were implanted into the 4™ mammary fat pad of female NOD-S-
CID mice to provide estrogen supplementation just prior to tissue transplantation. When the
tumor volume reached 500 mm?, the mice were sacrificed and dissected tumor was used for
immunohistochemistry. All procedures were conducted in accordance with the National Insti-
tutes of Health regulations and approved by the University of Florida Institutional Animal
Care and Use Committee (IACUC # 201603567). Frozen PDX samples were homogenized in
RIPA buffer containing protease inhibitor (Sigma # P8340) using an Omni homogenizer. Pro-
tein concentrations were determined by the Markwell modification [28] of the Lowry method
[29] and used to determine protein loading for SDS-PAGE analysis.

Xenograft models

All procedures were conducted in accordance with the National Institutes of Health regula-
tions and approved by the University of Florida Institutional Animal Care and Use Committee
(IACUC protocol # 201603567). For mouse xenografts, a total of 3x10° UFH cells (EV con-
trols, CAIX-KO #3 and CAIX-KO #4) was suspended in culture medium was injected into the
fourth left mammary fat pad of NOD/SCID mice (Jackson Laboratory, ME, USA), aged
around 10-12 weeks old. Tumor sizes were measured with a digital caliper (Fisher Scientific,
MA, USA), and calculated volume was calculated using the formula: 0.5 x L x W? (L- length,
W-width). The Xenogen IVIS Spectrum system (Caliper Lifesciences, MA, USA) was used for
in vivo imaging to track tumor growth and metastasis.

Western blot analysis

Western blot analysis was performed as previously described [25]. In brief, cultured cells were
washed with ice-cold PBS and lysed in RIPA buffer at 4°C containing a cocktail of protease
inhibitors (Sigma-Aldrich, P8340). Lysates were clarified by centrifugation. The supernatants
were collected and total protein concentration was determined [28]. After SDS-PAGE, pro-
teins were transferred onto nitrocellulose membranes for western blot analysis. Membranes
were incubated with specific antibodies: CAIX (M75 monoclonal, gift from Dr. Egbert Ooster-
wijk), CAII (Novus, #NB600-919), CAXII (R&D, # AF2190), estrogen receptor (Santa Cruz, #
sc-8002), E-cadherin (BD biosciences, #610181), GAPDH (Cell Signaling, #5174), and actin
(Abcam, #ab8226) followed by incubation with horseradish peroxidase-conjugated secondary
antibodies (Sigma-Aldrich). The secondary antibodies were detected by enhanced chemilumi-
nescence (GE Healthcare Biosciences, #RPN2106).

Immunohistochemistry

Samples of PDX tissue were fixed in 4% paraformaldehyde and embedded in paraffin. Immu-
nohistochemistry was performed on sectioned paraffin-embedded tumor tissue. After de-par-
affination and rehydration, slides were blocked with a mouse IgG then were incubated with
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primary antibodies to CAIX, CAXII, ER or Ki67 (Dako #M?7240) followed by the application
of peroxidase-conjugated secondary antibody. Detection of CAIX, CAXII, ER and Ki67 was
achieved by incubating slides in 3’ 3’ diaminobenzidine for 1 minute at RT. Slides were coun-
terstained with hematoxylin for 30 s and mounted with Cytoseal XYL.

Mass spectrometry and '°0 exchange analysis

CA catalyzes the reversible hydration of CO, to bicarbonate and a proton. We used an Extrel
EXM-200 mass spectrophotometer to measure the rate of exchange of '*O from CO, and
bicarbonate to water at chemical equilibrium [30-33]. Cells were collected from culture plates
using cell release buffer (Gibco, #13151-014). Cells were extensively washed with bicarbonate-
free DMEM buffered with 25 mM Hepes (pH 7.4) and counted. Then, cells (5 x10° cells/mL)
were added to a reaction vessel containing 2 mL of buffered, bicarbonate-free DMEM at 16°C
in which was dissolved '®0-enriched *CO,/H"*CO; at 25 mM total *CO, species. The atom
fraction of '®0 in extracellular '*CO, was detected by the membrane inlet mass spectrometry.
Loss of %0 in CO, species is a specific reflection of CA activity. The impermeant sulfonamide
CA inhibitor, N-3500, was used to demonstrate specificity of the exofacial CA activity. The
properties of this inhibitor and a detailed description of this technique, including the calcula-
tions of kinetic values, has been published previously [34, 35]. Enzyme concentration was esti-
mated using the tight binding sulfonamide inhibitor, ethoxzolamide.

Cell proliferation assays

UFH-001 parental cells and CAIX-KO UFH-001 cells were plated at a density of 1500 cells/
well into 96-well plates. T47D parental cells and CAXII-KO T47D cells were plated at a density
of 5000 cells/well into 96-well plates. UFH-001 and T47D cells were treated with N-3500. Cell
growth was determined by using a standard tetrazolium bromide (MTT) assay on sequential
days after plating.

Cell migration and invasion assays

Empty vector and CAIX knockdown UFH-001 cells, empty vector and CAXII knockdown
T47D cells were exposed to serum-free medium for 24 h. Cells were released from plates with
enzyme-free cell dissociation buffer. They were then plated in serum-free medium (specific for
cell type) at a density of 50,000 cells/300 pL/insert in 24-well cell migration and invasion plates
(Cell Biolabs, CBA-100-C-5). The cells were allowed to migrate (24 h) or invade (48 h) across
the insert towards the bottom well, which had medium containing 10% FBS. The assay was ter-
minated after the appropriate time point. Cells were fixed, stained, and photographed for
image analysis. All cell lines were maintained at 37°C in humidified air with 5% CO, for the
duration of the experiment.

Statistical evaluation

Student’s t test was used to compare the properties of CA activities, cell growth, migration, and
invasion within and across cell lines. All p values were based on two-tailed analysis and

p < 0.05 was considered as statistically significant. Statistical analysis was performed using
Prism software.
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Results
CA expression in breast cancer as a survival predictor

To examine the association of CA gene expression on patient survival, we used the publically
available Kaplan-Meier database (kmplot.com/analysis/) which is comprised of information
downloaded from GEO (Affymetrix microarrays only, EGA, and TCGA). The web tool that is
used to query these databases was developed by Lanczky et al. [36]. Breast cancer patients that
have high expression of CAIX mRNA have lower disease-free survival (RFS) rates than those
with low expression (p = 0.00032) (Fig 1A). The subpopulation that has the greatest risk are
those associated with the TNBC phenotype (p = 4e-04) (Fig 1B). In contrast, breast cancer
patients that show high expression of CAXII mRNA show higher RFS rates relative to those
with low expression (p = 8.3e-13) (Fig 1C). This holds true for the estrogen receptor positive
patients (p = 0.0056) (Fig 1D), although surprisingly not as impressive as for all breast cancer
patients. While these data suggest a fairly clear association between CAIX and CAXII mRNA
with specific subtypes of breast cancer, the survival data vary significantly when other subtypes
are evaluated for CAIX or CAXII mRNA expression (S1 Fig and S2 Fig). Because TNBC
patients (Fig 1B) are usually the basal subtype, CA9 mRNA expression in the basal breast can-
cer patients predicts reduced survival (S1A Fig). However, for luminal A or luminal B subtype
(S1B-S1D Fig), elevated CAIX mRNA expression is actually a more positive prognosticator
for RFS. CAIX mRNA expression in patients with HER2 expression is also associated with
improved survival, but did not reach statistical significance. Surprisingly, CAXII mRNA
expression is associated with reduced RFS in patients with the basal phenotype (S2A Fig).
While the same trend is observed for HER2 positive patients (S2B Fig), the numbers of patients
are low and the difference in survival fails to reach significance. The survival curves of luminal
A and B patients expressing CAXII mRNA (S2C and S2D Fig) resemble the survival curves for
ER-positive patients (Fig 1D) and predict extended survival. The question that remains is
whether changes in the mRNA pool leads to changes in protein expression, which ultimately
might change the physiology of the tumor.

CAIX and CAXII expression in the PDX model

To further explore CA protein expression in breast cancer patients, we utilized the tumor
grafting model (PDX) developed in the Welm lab [27]. We evaluated 13 samples of frozen tis-
sue which were derived from patients diagnosed with ER-positive, HER2-positive or triple
negative breast cancers. Only two of the tissue samples (HCI-003 and HCI-011) were derived
from ER/PR positive patients (Fig 2A). Both samples expressed CAXII. These samples had lit-
tle or no CAIX expression. Three additional patient-derived samples also expressed CAXII
(HCI-005, HCI-006, and HCI-007). These were isolated from ER/PR- and HER2-positive
patients. These tissue samples also show CAXII expression but not CAIX. Of the six triple neg-
ative samples (HCI-001, HCI-002, HCI-004, HCI-009, HCI-010 and HCI-014), three showed
strong expression of CAIX (HCI-001, HCI-002 and HCI-010) (Fig 2A). No CAXII was detected
in these samples. Two other samples were derived from HER2-positive patients (HCI-008 and
HCI-012). Only one of these showed strong expression of CAIX and in neither sample was
there CAXII expression. While these data sets are small, they suggest that there is no co-expres-
sion of CAIX with CAXII in breast cancer tumors. If this holds true, then the better predictor
for patient outcome will come from protein expression arrays (vs RNAseq or microarrays).
The well-studied cytosolic CA, CAIL, is expressed in all tissue samples except HCI-007,
although the level of expression appears to vary across samples. This may be related to contam-
ination of tumor tissue with red blood cells, which contain substantive amounts of CAII.
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Fig 1. Kaplan-Meier plots in breast cancer patients. Panel A. mRNA from all breast cancer patients (unrestricted analysis) was probed for the CA9 gene
expression (CAIX-mRNA) using Affimetrix ID 205199_at. Panel B. nRNA expression in triple negative breast cancer patients was probed for CAIX
mRNA using Affimetrix ID, 205199. Panel C. mRNA from all breast cancer patients (unrestricted analysis) was probed for the CA12 gene expression
(CAXII mRNA) using Affimetrix ID, 215867_at. Panel D. mRNA from all ER-positive breast cancer patients was probed for the CAXII mRNA using

Affimetrix ID, 215867 _at.
https://doi.org/10.1371/journal.pone.0199476.9001

We also used cryopreserved tissue provided by the Welm lab to generate our own PDX
mice. The growth potential of tumors derived across breast cancer phenotypes is shown in Fig
2B. It is clear that the tissue derived from the triple negative sample HCI-001 supported tumors
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Fig 2. Differential expression of CAIX and CAXII in patient-derived tumor grafts. Panel A. Frozen tissue samples from PDX tumors were homogenized in
RIPA buffer containing protease inhibitor. Western blots were probed with antibodies for CAIX, CAXII, CAIIL ER, E-cadherin, actin, and GAPDH. Panel B.
Tumor growth rates of orthotopically implanted, cryo-preserved tumor tissue was evaluated in NOD/SCID mice. Panel C. Immunohistochemistry was utilized
to evaluate expression of CAIX, CAXII, ER, and Ki67 in TNBC (HCI-001) and ER/PR-positive (HCI-011) tumors from Panel B. Magnification: primary

objective magnification, 10x.

https://doi.org/10.1371/journal.pone.0199476.9002

that grew considerably faster than those from an ER/PR positive (HCI-011), an ER/PR and
HER2-positive (HCI-005), or a HER2 positive (HCI-012) patient.

Immunohistochemistry of the triple negative tumor tissue (HCI-001) and the ER/PR-posi-
tive tissue (HCI-011) is shown in Fig 2C. This reveals that the status of CAIX and CAXII
expression, along with ER status, was preserved across multiple transfers in tumor grafts. The
marker for mitosis, Ki67, is significantly higher in tumors generated with HCI-001 tissue vs
HCI-011 tissue (Fig 2C) in agreement with the rapid growth of tumors generated with the
TNBC cells. Previous studies showed that CAIX expression in cancer-associated fibroblasts
(CAFs) actually enhances expression of CAIX in PC3 prostate cells which drives the metastatic
phenotype [37]. It is noteworthy that CAIX was not detected in the stromal tissue surrounding
tumor cells in the immunohistochemistry images. To further explore the influence of CAFs on
CAIX (or CAXII) expression in breast cancer cells, we co-cultured CAFs to represent stroma
with UFH-001 and T47D cells (S3 Fig). The results indicate that the “mixing” of the environ-
ments of UFH-001 and T47D cells with CAFs (separately) does not influence the expression of
CAIX or CAXI], in either breast cancer cells or CAFs. If CAIX (or CAXII) influence the pH of
the tumor microenvironment, as has been hypothesized by us [35] and others [38-40], it does
so through expression within the breast cancer cells themselves, and not through interactions
with the tumor stroma.

Cell-specific CA expression in breast cancer cells

In order to learn more about the function of CAIX and CAXII in breast cancer, we sought
human breast cancer cell (hBrC) lines that replicated the tumor-specific expression of these
proteins. In Fig 3, we demonstrate differential expression of CAIX and CAXII in TNBC and
ER-positive breast cancer cells. Like the tumor grafts, not all TNBC breast cancer cells express
CAIX, but none of the TNBC cells express CAXII (Fig 3A). Likewise, not all of the luminal
lines express CAXII, yet none of them express CAIX (Fig 3B). This supports the idea that there
is strong segregation of CAIX and CAXII expression in TNBC and luminal phenotypes,
respectively. Surprisingly, the major cytosolic CA, CAIIL, was expressed only in the UFH-001
cells, a new TNBC line described in detail elsewhere [25]. Also surprising was the expression
of E-cadherin in the UFH-001 cells (Fig 3A) which is normally a marker for the epithelial phe-
notype, as indicated in Fig 3B. However, E-cadherin expression has been observed in breast
cancer cells at metastatic sites, suggesting that the “reappearance” of E-cadherin denotes a
more aggressive phenotype [41]. Thus, the UFH-001 cells may represent these more aggressive
cells that are able to colonize metastatic sites. These experiments also explored the hypoxic-
dependent expression of the CAs. CAIX, but not CAXII (or CAII) was regulated by hypoxia.

Knockdown of CAIX, but not CAXII, decreases proliferation

We used an shRNA lentiviral strategy to knockdown CAIX expression in UFH-001 cells and
CAXII in T47D cells (Fig 4). S1 Table shows the targeting sequences for both genes. CAIX
expression in UFH-001 cells transfected with empty vector was compared with that of knock-
down cells, exposed or not to hypoxia for 16 h (Fig 4A, insert). While CAIX expression fell
below detectable levels in UFH-001 cells exposed to normoxic conditions, hypoxic cells
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Fig 3. Differential expression of CAs in TNBC and luminal breast cancer cells. Cell were grown to 70% confluence
and then exposed to normoxic (N) or 1% oxygen (H), hypoxic conditions. After 16 h, cells were washed with PBS and
extracted in RIPA buffer containing protease inhibitors. Equal protein was loaded onto SDS PAGE gels, and then
transferred to nitrocellulose for western blot analysis. Panel A. CA expression in TNBC cells: UFH = UFH-001,

MDA = MDA-MB-231-LM2, HBL = HBL-100, S159 = Sum 159, BT = BT-549 cells. Panel B. CA expression in luminal
breast cancer cells: T47D, MCF7 = MCF-7, SKBR = SKBR-3, 52 = SUM-52 cells.

https://doi.org/10.1371/journal.pone.0199476.g003

showed some induced CAIX expression. Yet, cells in which CAIX was undetectable grew more
slowly in culture than the empty vector control (Fig 4A). We also observed a significant reduc-
tion in growth of UFH-001 cells in culture in the presence of N-3500, an impermeant sulfon-
amide inhibitor of carbonic anhydrases whose characteristics are described elsewhere [34, 35]
(Fig 4B). CAXII expression was completely ablated in T47D cells, whether or not exposed to
hypoxia (Fig 4C, insert). However, knockdown of CAXII expression did not affect prolifera-
tion (Fig 4C), nor was the growth of T47D cells in culture sensitive to N-3500 (Fig 4D).
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Fig 4. CAIX expression, but not that of CAXII, is important in breast cancer proliferation. Cell growth was monitored by the MTT assay in which CAIX and CAXII
were knocked-down in UFH-001 and T47D cells using shRNA or activity was blocked using the impermeant sulfonamide inhibitor, N-3500 (1mM). Panels A and B.
UFH-001 cells. Panels C and D. T47D cells. Asterisks denote statistical significance (* p < 0.05, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0199476.9004

We also used a CRISPR/CAS9 strategy for CAIX knockout in UFH-001 cells (Fig 5). We
generated three clones using three independent sets of sgRNAs (S2 Table). One of those sets
(#1) did not reduce CAIX expression (data not shown). Set 3# cells showed diminished expres-
sion of CAIX, while CAIX expression was undetectable in set #4 cells even under hypoxic con-
ditions. In both cases, these were polyclonal populations which may explain the limited
expression of CAIX in set #3 cells while set #4 cells represent complete knockout cells. Despite
this difference in CAIX expression, both #3 and #4 cells exhibited reduced cell growth in cul-
ture compared to empty vector controls (Fig 5B). UFH-001 cells (controls and CRISPR knock-
outs) were then injected into mammary fat pads and evaluated for tumor growth (Fig 5C).
Only RNA sgRNA #4 significantly reduced tumor growth compared to empty vector controls
(p < 0.01), and only at the longest time point after implantation. We did not observe meta-
static lesions under our conditions. We were unable to establish tumors with parental T47D
cells (data not shown) so did not pursue xenografts with cells in which CAXII was ablated.
Because the CRISPR strategy (sgRNA #4) was a complete knockout, we chose to use these cells
in migration and invasion assays (Fig 6). These data show that CAIX knockdown led to a
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Fig 5. CAIX ablation decreases UFH-001 cell and tumor growth. CAIX was ablated using CRISPR/Cas9. Two probe
sets are shown compared to the empty vector control. Panel A. Western blots were probed for CAIX and GAPDH.
Panel B. Cell growth of knockdown cells and empty vector controls was evaluated using the MTT assay. Panel C.
Orthotopically implanted cells (empty vector controls and knockdown cells) were monitored for tumor growth in
NOD/SCID mice. Asterisks denote statistical significance (** p < 0.01).

https://doi.org/10.1371/journal.pone.0199476.g005
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Fig 6. CAIX expression affects migration and invasion of breast cancer cells. Cell migration and invasion were determined using trans-well chambers. Panel A.
UFH-001 cells (empty vector and CRISPR-CAIX knockdown cells from Fig 5) were plated in the upper transwell chambers and allowed to migrate or invade across
the membrane for 24 h (upper images) or 48 h (lower images), respectively. Tabulation of results is shown to the right (p < 0.05). Panel B. T47D cells (empty vector
or CAXII knockdown cells from Fig 4) were plated in the upper transwell chambers and allowed to migrate or invade across the membrane for 24 h (upper images)
or 48 h (lower images), respectively. Tabulation of results is shown to the right.

https://doi.org/10.1371/journal.pone.0199476.9006

PLOS ONE | https://doi.org/10.1371/journal.pone.0199476  July 2, 2018 13/25


https://doi.org/10.1371/journal.pone.0199476.g005
https://doi.org/10.1371/journal.pone.0199476.g006
https://doi.org/10.1371/journal.pone.0199476

@° PLOS | ONE

Carbonic anhydrase in breast cancer

significant reduction in migration (p < 0.05) (Fig 6A) and a downward trend in invasion (Fig
6B), although not statistically significant (p = 0.08). T47D cells exhibited neither migratory nor
invasive properties so the CAXII knockdown using cells were not informative in that regard.

CA activity in TNBC and luminal breast cancer cells

Because of the unique expression patterns of CAIX and CAXII in TNBC and luminal cells,
respectively, this provided an opportunity to measure specifically the catalytic activity associ-
ated with these isoforms (Fig 7). Toward that end, we have employed the '*O exchange method
to assess CA activity. The catalytic progress curve is observed as a loss of '*0 from >CO,, spe-
cies, i.e., a negative slope. We chose two lines from each of our hBrC panels (see Fig 3). Because
the UFH-001 cells express intracellular CAII activity, the progress curves are biphasic (Fig 7A).
After addition of cells, the first phase (between ~ 130-180 sec into the progress curve) is repre-
sentative of intracellular CAII activity [32]. The second phase (between 250-450 sec) measures
exofacial CA activity [34, 42], in this case CAIX. The first order rate constants for the second
phase of hypoxic versus normoxic cells differs by about 1.6-fold (1.17 x 107s™" vs 0.70 x 10™%s°
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Fig 7. CAIX and CAXII activity in TNBC and luminal breast cancer cells. HBrCs were exposed to hypoxic conditions (or not) for 16 h. Cells were released form plates
and suspended in bicarbonate-free medium and analyzed for carbonic anhydrase activity using the '*0 exchange assay in the absence or presence of the impermeant
sulfonamide inhibitor, N-3500. Data are representative of 3 independent biological replicates. Activity data for UFH-001 (Panel A), HBL-100 (Panel B), T47D (Panel C),
and MCF7 (Panel D) cells are described in the text.

https://doi.org/10.1371/journal.pone.0199476.9007
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"), the small difference of which is related to the strong constitutive expression of CAIX at the
time of assay (4 days after plating). To demonstrate specificity of this activity, we have used N-
3500 to block exofacial CA activity [34, 35]. Activity in both normoxic and hypoxic cells was
completely blocked (Fig 7A) in the presence of inhibitor. HBL-100 cells lack CAII, so the prog-
ress curves are linear which reflects only exofacial CAIX activity (Fig 7B). First order rate con-
stants for hypoxic vs normoxic cells are 0.88x 10s ™' and 0.43 x 107", respectively. These
values are lower than those of UFH-001 cells, reflecting the reduced expression of CAIX
between HBL-100 and UFH-001 cells (Fig 3A). Once again, N-3500 inhibited activity (Fig 7B).
In the luminal T47D line, which also lacks CAII expression, the progress curves are also linear
(Fig 7C). First order rate constants for hypoxic vs normoxic cells are 3.97 x 107%s" and 4.32 x
107" respectively, reflecting CAXII activity, alone. This activity is significantly higher than
that in UFH-001 (or HBL-100 cells), suggesting a higher level of expression of CAXII in T47D
cells relative to CAIX in UFH-001 cells. Hypoxia did not enhance activity, but both normoxic
and hypoxic cells were sensitive to inhibition by N-3500 (Fig 7C). Progress curves for MCF7
cells, which also express CAXII, were linear but revealed lower levels of activity than T47D
cells (first order rate constants were 1.97 x 10~s™ vs 3.40 x 10”s™": hypoxia vs normoxia) (Fig
7D). In these cells, hypoxia actually decreased exofacial CA activity, even though CAXII
expression did not appear to change (see Fig 3B). Again, the activity in both normoxic and
hypoxic cells was inhibited by N-3500 (Fig 7D).

We also examined the effect of CAIX and CAXII knockdown (using the shRNA strategy)
on CA activity in UFH-001 and T47D cells, respectively (Fig 8). In the empty vector UFH-001
cells, hypoxia increased catalytic activity compared to the normoxic empty vector control (Fig
8A), as in the parental line (Fig 7A). Surprisingly, only the hypoxic CAIX knockdown cells
showed a decrease in catalytic activity. This contrasts to the strong effect of N-3500 on activity
in parental UFH-001 (Fig 7A), where activity of both hypoxic and normoxic cells was reduced
relative to controls. In addition, the shape of the progress curves were substantially different
between the knockdown experiments and the N-3500 inhibited UFH-001 cells. Catalytic activ-
ity in CAXII-knockdown T47D cells is substantially reduced under both normoxic and hyp-
oxic conditions (Fig 8B), resembling the effect of N-3500 on CA activity in the parental T47D
cells (Fig 7C).

CA activity increases in response to acidity

Cancer cells exist in acidic microenvironments that can go as low as pH 6.5 [43, 44]. Here, we
have evaluated the effect of pH on CA activity in UFH-001 and T47D cells (Fig 9). CAIX activ-
ity in normoxic UFH-001 cells increases by about 3-fold in response to an acute change in pH
from 7.4 to 6.8 (Fig 9A and 9B). We also see a difference in activity in hypoxic cells between
these two pH values, but detect an additional increase in activity reflecting the increase in
CAIX protein. At pH 7.9, CAIX activity is equally reduced in normoxic and hypoxic UFH-001
cells relative to values determined at pH 7.4. CAXII activity in T47D cells also increases in
response to reduced pH but is not responsive to hypoxia (Fig 9C and 9D). Once again, higher
pH decreases CAXII activity.

Catalytic activity of membrane associated with carbonic anhydrase

Carbonic anhydrases catalyze a reversible reaction. To determine the direction that is
favored by reduced pH (i.e. hydration or dehydration), we isolated membrane ghosts from
hypotonically-treated UFH-001 and T47D cells to perform pH titrations (Fig 10). CAIX
showed higher catalytic activity per mole of enzyme over the entire pH range relative to
CAXII, but especially at lower pH. The catalytic rate constants for the interconversion of
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CO; and bicarbonate by CAIX and CAXII, R1/E, was determined directly from the rates
of '®0 depletion from bicarbonate (Fig 10A). Fitted data revealed a catalytic efficiency
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Fig 9. CA activity increases in response to low pH in UFH-001 and T47D cells. '*0 exchange was used to measure CA activity in cells at pH 6.8, 7.4, and 7.9. Panels A
and B. A representative plot of CAIX activity in response to pH is shown for UFH-001 cells exposed to normoxic or hypoxic conditions. Three independent biological
replicates were used to quantify the first order rate constants. Panels C and D. A representative plot of CAXII activity in response to pH is shown for T47D cells exposed to
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*p <0.05,* p<0.01, " p < 0.0001.

https://doi.org/10.1371/journal.pone.0199476.9009

(keat™P/K 4 ©©,) for CAIX of 3.8 x 107 M 's”! with an apparent pKa 0f 6.2 + 0.1 (n = 4) in
the hydration direction, similar to the values we have previously calculated [35] and compa-
rable to values determined for the recombinant CAIX catalytic domain [9, 45, 46]. For
CAXII, the kcat™®/K ¢ ©©, was 1.0 x 10" M's”! with an apparent pKa of 7.0 + 0.1 (n = 3).
This is the first time that these values have been determined in isolated membranes,
although these values are also similar to those published for the recombinant catalytic
domain of CAXII [9, 45, 46]. The hydration reaction catalyzed by CAIX in UFH-001 mem-
branes (favoring proton production) is less responsive to pH (Fig 10B) than is the hydration
reaction in CAXII in T47D membranes (Fig 10C). By contrast, the dehydration reaction
(favoring proton consumption) mediated by CAIX is significantly more sensitive to pH
than that of CAXII. Overall, these data indicate that CAIX is more catalytically active than
CAXII at low pH, an environment that typifies that of aggressive breast cancers.
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Fig 10. pH profile of activity by membrane-associated CAIX and CAXII. Membrane ghosts were prepared from
hypoxic UFH-001 and normoxic T47D cells. Panel A. '®0 exchange data is reported as the rate of activity divided by
the enzyme concentration in a pH-dependent manner. The concentration of CAIX in the membrane suspension was
estimated at 4.1 nM. The concentration of CAXII in the membrane suspension was estimated at 31.4 nM. Panel B. The
kcat™ /K (kcat/Km) with units, M's™, is shown for the hydration of CO, and dehydration of bicarbonate catalyzed
by CAIX. Panel C. the keat™"/K ¢ (kcat/Km) with units, M's™, is shown for the hydration of CO, and dehydration
of bicarbonate catalyzed by CAXII.

https://doi.org/10.1371/journal.pone.0199476.g010

Discussion

Researchers often depend on mRNA expression patterns to address associations between gene
transcription and disease states. Here, we show that across all types of breast cancer, elevated
expression of CAIX mRNA is associated with lower patient survival compared to breast cancers
with low expression (Fig 1A) but especially those with the TNBC phenotype (Fig 1B). In con-
trast, breast cancer patients whose tumors express high levels of CAXII mRNA have signifi-
cantly better survival statistics than those with low expression of CAXII (Fig 1C). Surprisingly,
the link between to ER-positive patients and CAXII expression at the mRNA level was not as
impressive as expected (Fig 1D), based on the fact that CAXII protein is associated with the
luminal phenotype [18-21] and is regulated by estrogen [18, 19]. Additional analysis mRNA
expression in other subtypes (Supplemental data) revealed “mixed messages”. Here, high CAIX
expression, associated with the luminal subtypes, suggested increased survival statistics while
high CAXII expression in basal and HER?2 positive breast cancers was associated with reduced
survival statistics. This raised questions as to the value of mRNA expression, which may not
reflect protein expression. In looking for model systems that could be utilized to examine the
expression and function of CAIX and CAXII, individually but in the context of their native
environments, we have now shown that CAIX and CAXII are differentially expressed across the
subtypes of breast cancer using both PDXs (Fig 2) and cultured cells (Fig 3). In particular, these
data confirm clinical data that CAIX protein expression is associated with the basal/TNBC phe-
notype while CAXII expression is associated with the luminal subtypes.

Because of the specificity of expression of CAIX and CAXII in TNBC and luminal breast
cancer cells, we were able to further examine properties particular to CAIX and CAXII. These
data show that CAIX, but not CAXII, plays some role in cell growth as only knockdown of
CAIX leads to growth inhibition in cell culture (Figs 4A and 5B). Inhibition of CAIX activity
also leads to cell growth reduction (Fig 4B). In addition, ablation of CAIX reduces the ability
of UFH-001 cells to migrate in vitro (Fig 6) with a trend toward loss of invasiveness, implicat-
ing CAIX in these processes. Surprisingly, CAIX knockdown in the xenograft model (Fig 5C)
shows only modest inhibition of tumor growth (CAIX-KO#4). The partial knock out, with
greater than 90% loss of CAIX protein expression (CAIX-KO #3), showed no significant
reduction in tumor volume compared to control. This appears to conflict with prior xenograft
studies [47, 48]. Do our results bring into question CAIX as a therapeutic target? Based on our
data, one could argue that any potential drug targeting CAIX might have to inhibit activity by
nearly 100% to have an effect. While this is a difficult drug discovery hurdle, the strategy for
designing new inhibitors include both greater efficacy and specificity. Yet, there are other
explanations why we see only a small effect on tumor growth in CAIX-KO cells. The UFH-001
cell line is a very aggressive triple negative line, used specifically for its strong expression of
CAIX. These cells expand so rapidly into xenograft tumors that we must sacrifice the mice ear-
lier than indicated in other studies. So if the time of tumor burden could be extended, we
might see greater inhibition of tumor growth. We also see strong central necrosis, suggesting
the signals emanating from these tumors to activate angiogenesis is insufficient. While we did
not observe metastatic lesions from the primary tumor, we do see brain metastases when cells
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are injected under the front arm and lymphatic invasion when injected into the tail vein
(unpublished data). We are currently testing whether CAIX ablation affects these metastatic
events. Perhaps CAIX ablation will have a greater affect on metastasis compared to tumor
growth. Indeed, it has been suggested that CAIX is part of the migration apparatus in lamelli-
podia serving as a “catalyst” for cell migration [49]. These structures are interesting because
they exhibit intense glycolysis in the absence of mitochondria at the leading edge of the cell in
motion [50, 51]. In this context, CAIX is likely to participate in a functional metabolon (along
with AE2, NHEI and CAII) that leads to pH regulation of both the intra and extracellular
space [52-55].

In UFH-001 cells, knockdown of CAIX reduces CA activity in hypoxic cells (Fig 8) although
the loss of activity is significantly less than in the presence of the inhibitor, N-3500 (Fig 7). Yet,
inhibition of catalytic activity also reduces UFH-001 cell growth (Fig 4B), even though high
concentrations of the N-3500 inhibitor (1 mM) are required relative to the Ki value for inhibi-
tion of activity (12.6 + 3.3 pM [35]). One explanation for this disconnect between growth and
activity could be the presence of another CA isoform. However, there is no CAXII in UFH-001
cells, and little evidence that either of the other membrane bound CAs, CAIV or CAXIV, is
expressed in breast cancer cells [56, 57]. An alternative possibility could be that CAIX has
other properties that could regulate cell growth independent of its activity. In this context,
there is evidence that the intracellular tail is critical to CAIX function [58]. Specifically, Thr
443 in the cytoplasmic tail is susceptible to phosphorylation by PKA [59]. This could lead to
down-stream signaling that may be important for CAIX-dependent cell growth. This is further
supported by our observation that UFH-001 cells lacking expression of CAIX (CRISPR strat-
egy) reduce tumor growth compared to empty vector controls, but again not to the expected
extent based on published data in other TNBC xenograft models as discussed above [47]. By
comparison, proliferation of T47D cells is unaffected by N-3500, although activity is
completely blocked by N-3500 and knockdown of CAXII. CAXII does not have a consensus
sequence for PKA-mediated phosphorylation, which perhaps implicates further a PKA-depen-
dent signaling system in CAIX-regulated cell growth.

Both CAIX activity (in UFH-001 cells) and CAXII activity (in T47D cells) are sensitive to
pH. This is expected for a bicarbonate-based reaction. At low pH, the activity of CAIX and
CAXII (in cells) increases but experiments with membrane ghosts reveal that the dehydration
activity (consumption of protons) drives the increase in overall activity. And clearly, the dehy-
dration activity of CAIX is significantly higher than that of CAXIL Further, the dehydration
activity of CAIX continues to increase below pH 6.8, relative to CAXII, which is typical of pH
in the tumor microenvironment. This may be due in part to the stability of CAIX relative to
CAXII at low pH [60]. Together, these data suggest that CAIX is more efficient than CAXII at
low pH and that it shifts the equilibrium between CO, and bicarbonate to favor CO, produc-
tion (and proton consumption). This may provide a mechanism for stabilizing pH at values in
the tumor microenvironment of TNBC that favor cancer cell survival.

CAIX and CAXII expression are diagnostic for breast cancer subtype and prognosticators
of patient survival. Overall, we show that CAIX but not CAXII drives growth, migration, and
metastasis consistent with its expression in more aggressive breast cancers. That they are
affected by pH in such different ways may underlie the properties of these proteins. While the
work with breast cancer cells has allowed an appreciation of these differences, the PDX models
may ultimately provide more physiological relevance in understanding the role of CAIX and
CAXII in the context of breast cancer. Future studies using PDX models combined with CA
inhibitors should be revealing in differentiating the role of CAIX and CAXII in vivo. Because
CAXII is found in normal breast tissue, new inhibitors with higher efficacy for CAIX vs CAXII
may allow specific targeting to avoid losing the potential beneficial effects of CAXII.
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Supporting information

S1 Fig. Role of CA9 gene expression in breast cancer patient survival. nRNA from breast
cancer patients (unrestricted analysis) was probed for the CA9 gene expression (CAIX-
mRNA) using Affimetrix ID 205199_at. Panel A represents the data from Basal breast cancers;
Panel B represents data from HER?2 positive breast cancers; Panel C represents Luminal A
breast cancers; and Panel D represents Luminal B breast cancers.

(PPTX)

S2 Fig. Role of CA12 gene expression in breast cancer patient survival. nRNA from breast
cancer patients (unrestricted analysis) was probed for the CA12 gene expression (CAIX-
mRNA) using Affimetrix ID 215867_at. Panel A represents the data from Basal breast cancers;
Panel B represents data from HER?2 positive breast cancers; Panel C represents Luminal A
breast cancers; and Panel D represents Luminal B breast cancers.

(PPTX)

$3 Fig. Co-culture of breast cancer cells with cancer-associated fibroblasts. Cancer-associ-
ate fibroblasts (CAFs) were first plated in 6-well plates at a density of 3x10° cells/well. Within 1
hour of CAFs plating, UFH-001 (empty vector or CAIX-KO cells) or T47D cells (empty vector
or CAXII-KO cells) were plated on 6-well Trans-well inserts (0.4um) at a density of 3x10% cell/
insert and 6x10* cell/insert respectively. CAFs and breast cancer cells were then co-cultured at
37°Cin 5% CO, for 5 days. Cells were lysed and analyzed for protein expression by western
blot analysis. Panel A. Extracts from normoxic (N) or hypoxic (H) UFH-001 cells (empty vec-
tor or CAIX-KKO) were probed for CAIX or GAPDH expression in the absence or presence
(+) of CAFs. Panel B. Extracts from CAF cells, co-cultured or not with UFH-001 cells (empty
vector or CAIX KO) under normoxic (N) or hypoxic (h) conditions, were probed for CAIX or
GAPDH expression. Panel C. Extracts from normoxic (N) or hypoxic (H) T47D cells (empty
vector or CAXII KO) were probed for CAXII or GAPDH expression in the absence or pres-
ence (+) of CAFs. Panel D. Extracts from CAF cells, co-cultured with T47D cells (empty vector
or CAXII-KO) under normoxic (N) or hypoxic (H) conditions, were probed for CAXII or
GAPDH expression.

(PPTX)

S1 Table. Gene targeting sequences used in GIPZ lentiviral ShRNA particles. Clone ID and
gene targeting sequences are provided for construction of lentivirus shRNA particles to deplete
expression of the CA9 (CAIX-mRNA) and CAI12 (CAXII-mRNA)

(PPTX)

$2 Table. Primer sequences for guide RNA expression plasmids for CAIX knockout. Clone
ID and gene targeting sequences are provided for crispr knockout of the CA9 gene (CAIX-
mRNA).

(PPTX)

Acknowledgments

The authors would like to thank Xiao Wei Gu for her excellent technical skills in cell culture.

Author Contributions
Conceptualization: Zhijuan Chen, Mam Y. Mboge, Coy D. Heldermon, Susan C. Frost.
Formal analysis: Zhijuan Chen, Mam Y. Mboge, Chingkuang Tu, Susan C. Frost.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199476  July 2, 2018 21/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199476.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199476.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199476.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199476.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0199476.s005
https://doi.org/10.1371/journal.pone.0199476

@° PLOS | ONE

Carbonic anhydrase in breast cancer

Funding acquisition: Susan C. Frost.

Investigation: Zhijuan Chen, Lingbao Ai, Mam Y. Mboge, Chingkuang Tu, Kevin D. Brown.

Methodology: Zhijuan Chen, Lingbao Ai, Mam Y. Mboge, Kevin D. Brown.

Project administration: Susan C. Frost.

Supervision: Robert McKenna, Coy D. Heldermon, Susan C. Frost.

Writing - original draft: Zhijuan Chen, Lingbao Ai, Mam Y. Mboge, Susan C. Frost.

Writing - review & editing: Mam Y. Mboge, Robert McKenna, Kevin D. Brown, Susan C.

Frost.

References

1.

10.

1.

12

13.

14.

Schwickert G, Walenta S, Sundfor K, Rofstad EK, Mueller-Klieser W. Correlation of High Lactate Levels
in Human Cervical Cancer with Incidence of Metastasis. Cancer Res. 1995; 55:4757-9. PMID:
7585499

Yamagata M, Hasuda K, Stamato T, Tannock IF. The Contribution of Lactic Acid to Acidification of
Tumours: Studies of Variant Cells Lacking Lactate Dehydrogenase. Br J Cancer. 1998; 77:1726-31.
PMID: 9667639

Newell K, Franchi A, Pouyssegur J, Tannock |. Studies with Glycolysis-deficient Cells Suggest that Pro-
duction of Lactic Acid is not the Only Cause of Tumor Acidity. Proc Natl Acad Sci USA. 1993; 90:1127—
31. PMID: 8430084

Helmlinger G, Sckell A, Dellian M, Forbes NS, Jain RK. Acid Production in Glycolysis-impaired Tumors
Provides New Insights into Tumor Metabolism. Clin Canc Res 2002; 8:1284-91.

Frost SC. Physiological functions of the alpha class of carbonic anhydrases. Subcell Biochem. 2014;
75:9-30. https://doi.org/10.1007/978-94-007-7359-2_2 PMID: 24146372.

Hilvo M, Salzano AM, Innocenti A, Kulomaa MS, Scozzafava A, Scaloni A, et al. Cloning, Expression,
Post-Translational Modifications and Inhibition Studies on the Latest Mammalian Carbonic Anhydrase
Isoform, CA XV. J Med Chem. 2009; 52:646—54. https://doi.org/10.1021/jm801267¢c PMID: 19193158

Opavsky R, Pastorekova S, Zelnjk V, Gibadulinov A, Stanbridge EJ, Z vada J, et al. Human MN/CA9
Gene, A Novel Member of the Carbonic Anhydrase Family: Structure and Exon to Protein Domain Rela-
tionships. Genomics. 1996; 33:480-7. PMID: 8661007

Li'Y, Wang H, Tu C, Shiverick KT, Silverman DN, Frost SC. Role of Hypoxia and EGF on Expression,
Activity, Localization, and Phosphorylation of Carbonic Anhydrase IX in MDA-MB-231 Breast Cancer
Cells. Biochim Biophys Acta. 2011; 1813:159-67. https://doi.org/10.1016/j.bbamcr.2010.09.018 PMID:
20920536

Hilvo M, Baranauskiene L, Salzano AM, Scaloni A, Matulis D, Innocenti A, et al. Biochemical Characteri-
zation of CA IX, One of the Most Active Carbonic Anhydrase Isozymes. J Biol Chem. 2008; 283:27799—
809. https://doi.org/10.1074/jbc.M800938200 PMID: 18703501

Saarnio J, Parkkila S, Parkkila AK, Waheed A, Casey MC, Zhou XY, et al. Inmunohistochemistry of
Carbonic Anhydrase Isozyme IX (MN/CA IX) in Human Gut Reveals Polarized Expression in Epithelial
Cells with the Highest Proliferative Capacity. J Histochem Cytochem1998; 46:497-504. https://doi.org/
10.1177/002215549804600409 PMID: 9524195

Pastorekova S, Parkkila S, Parkkila A, Opavsky R, Zelnik VV, Saarnio J, et al. Carbonic Anhydrase IX,
MN/CAIX: Analysis of Stomach Complementary DNA Sequence and Expression in Human and Rat Ali-
mentary Tracts. Gastroenterology. 1997; 112:398—-408. PMID: 9024293

Wykoff CC, Beasley NJP, Watson PH, Turner KJ, Pastorek J, Sibtain A, et al. Hypoxia-inducible
Expression of Tumor-associated Carbonic Anhydrase. Cancer Res. 2000; 60:7075-83. PMID:
11156414

Span PM, Bussink J, Manders P, Beex LVAM, Sweep CGJ. Carbonic Anhydrase-9 Expression Levels
and Prognosis in Human Breast Cancer: Association with Treatment Outcome. Brit J Cancer. 2003;
89:271-6. https://doi.org/10.1038/sj.bjc.6601122 PMID: 12865916

Generali D, Fox SB, Berruti A, Brizzi MP, Campo L, Bonardi S, et al. Role of Carbonic Anhydrase IX
Expression in Prediction of the Efficacy and Outcome of Primary Epirubicin/Tamoxifen Therapy for

Breast Cancer. Endocr Relat Cancer. 2006; 13:921-30. https://doi.org/10.1677/erc.1.01216 PMID:
16954440

PLOS ONE | https://doi.org/10.1371/journal.pone.0199476  July 2, 2018 22/25


http://www.ncbi.nlm.nih.gov/pubmed/7585499
http://www.ncbi.nlm.nih.gov/pubmed/9667639
http://www.ncbi.nlm.nih.gov/pubmed/8430084
https://doi.org/10.1007/978-94-007-7359-2_2
http://www.ncbi.nlm.nih.gov/pubmed/24146372
https://doi.org/10.1021/jm801267c
http://www.ncbi.nlm.nih.gov/pubmed/19193158
http://www.ncbi.nlm.nih.gov/pubmed/8661007
https://doi.org/10.1016/j.bbamcr.2010.09.018
http://www.ncbi.nlm.nih.gov/pubmed/20920536
https://doi.org/10.1074/jbc.M800938200
http://www.ncbi.nlm.nih.gov/pubmed/18703501
https://doi.org/10.1177/002215549804600409
https://doi.org/10.1177/002215549804600409
http://www.ncbi.nlm.nih.gov/pubmed/9524195
http://www.ncbi.nlm.nih.gov/pubmed/9024293
http://www.ncbi.nlm.nih.gov/pubmed/11156414
https://doi.org/10.1038/sj.bjc.6601122
http://www.ncbi.nlm.nih.gov/pubmed/12865916
https://doi.org/10.1677/erc.1.01216
http://www.ncbi.nlm.nih.gov/pubmed/16954440
https://doi.org/10.1371/journal.pone.0199476

@° PLOS | ONE

Carbonic anhydrase in breast cancer

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chia SK, Wykoff CC, Watson PH, Han C, Leek RD, Pastorek J, et al. Prognostic Significance of a Novel
Hypoxia-Regulated Marker, Carbonic Anhydrase IX, in Invasive Breast Cancer. J. Clin Oncol. 2001;
19:3660-8. https://doi.org/10.1200/JC0O.2001.19.16.3660 PMID: 11504747

Stillebroer AB, Mulders PF, Boerman OC, Oyen WJ, Oosterwijk E. Carbonic anhydrase IX in renal cell
carcinoma: implications for prognosis, diagnosis, and therapy. Eur Urol. 2010; 58(1):75-83. https://doi.
org/10.1016/j.eururo.2010.03.015 PMID: 20359812.

Zhang BY, Thompson RH, Lohse CM, Dronca RS, Cheville JC, Kwon ED, et al. Carbonic anhydrase IX
(CAIX) is not an independent predictor of outcome in patients with clear cell renal cell carcinoma
(ccRCC) after long-term follow-up. BJU Int. 2013; 111(7):1046-53. https://doi.org/10.1111/bju.12075
PMID: 23551810.

Creighton CJ, Cordero KE, Larios JM, Miller RS, Johnson MD, Chinnaiyan AR, et al. Genes Regulated
by Estrogen in Breast Tumor Cells In Vitro are Similarly Regulated In Vivo in Tumor Xernografts and
Human Breast Tumors. Genome Biol. 2006; 7:R28:1-13.

Barnett DH, Sheng S, Charn TH, Waheed A, Sly WS, Lin CY, et al. Estrogen Receptor Regulation of
Carbonic Anhydrase XlI through a Distal Enhancer in Breast Cancer. Cancer Res. 2008; 68:3505—15.
https://doi.org/10.1158/0008-5472.CAN-07-6151 PMID: 18451179

Wykoff CC, Beasley N, Watson PH, Campo L, Chia SK, English R, et al. Expression of Hypoxia-Induc-
ible and Tumor-Associated Carbonic Anhydrases in Ductal Carcinoma in Situ of the Breast. Am J
Pathol. 2001; 158:1011-9. https://doi.org/10.1016/S0002-9440(10)64048-5 PMID: 11238049

Watson PH, Chia SK, Wykoff CC, Han C, Leek RD, Sly WS, et al. Carbonic Anhydrase Xll is a Marker
of Good Prognosis in Invasive Breast Carcinoma. Brit J Cancer. 2003; 88:1065-70. https://doi.org/10.
1038/sj.bjc.6600796 PMID: 12671706

llie MI, Hofman V, Ortholan C, El Ammadi R, Bonnetaud C, Havet K, et al. Overexpression of Carbonic
Anhydrase Xl in Tissues from Resectable Non-small Cell Lung Cancers is a Biomarker of Good Prog-
nosis. IntJ Cancer. 2011; 128:1614-23. https://doi.org/10.1002/ijc.25491 PMID: 20521252

Nordfors K, Haapasalo J, Korja M, Niemela A, Laine J, Parkkila A, et al. The Tumour-associated Car-
bonic Anhydrases CA I, CA IX and CA Xll in a Group of Medulloblastomas and Supratentorial Primitive
Neuroectodermal Tumours: An Association of CA IX with Poor Prognosis. BMC Cancer. 2010; 10:148.
https://doi.org/10.1186/1471-2407-10-148 PMID: 20398423

Kivela A, Parkkila S, Saarnio J, Karttunen TJ, Kivela J, Parkkila A, et al. Expression of a Novel Trans-
membrane Carbonic Anhydrase Xll in Normal Human Gut and Colorectal Tumors. Am J Pathology.
2000; 156:577-84.

Chen ZA L.; Mboge M.Y.;McKenna R.;Frost C.J., Heldermon C.D.; Frost S.C. UFH-001 cells: A novel
triple negative, CAIX positive, human breast cancer model system. Cancer Biol Ther. 2018. https://doi.
org/10.1080/15384047.2018.1449612 PMID: 29561695

AiL, KimWJ, Alpay M, Tang M, Pardo CE, Hatakeyama S, et al. TRIM29 suppresses TWIST1 and inva-
sive breast cancer behavior. Cancer Res. 2014; 74(17):4875-87. https://doi.org/10.1158/0008-5472.
CAN-13-3579 PMID: 24950909; PubMed Central PMCID: PMCPMC4329918.

DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MTW, et al. Tumor Grafts Derived from
Women with Breast Cancer Authentically Reflect Tumor Pathology, Growth, Metastasis and Disease
Outcomes. Nat Med. 2011; 17:1514—20. https://doi.org/10.1038/nm.2454 PMID: 22019887

Markwell MAK, Haas SM, Lieber LL, Tolbert NE. A Modification of the Lowry Procedure to Simplify Pro-
tein Determination in Membrane and Lipoprotein Samples. Anal Biochem. 1978; 87:206—10. PMID:
98070

Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ. Protein Measurement with the Folin Phenol Reagent.
J Biol Chem. 1951; 193:265—70. PMID: 14907713

Silverman DN. Carbonic Anhydrase: Oxygen-18 Exchange Catalyzed by an Enzyme with Rate-contrib-
uting Proton-transfer Steps. Methods Enzymol. 1982; 87:732-52. PMID: 6294458

Silverman DN. New Approach to Measuring Rate of Rapid Bicarbonate Exchange Across Membranes.
Mol Pharmacol. 1974; 10:820-36.

Tu C, Wynns GC, McMurray RE, Silverman DN. CO 2 Kinetics in Red Cell Suspensions Measured by
18 O Exchange. J Biol Chem. 1978; 253:8178-84. PMID: 711742

Silverman DN, Tu CK, Roessler N. Diffusion-limited Exchange of 18 O between CO 2 and Water in Red
Cell Suspensions. Respir Physiol. 1981; 44:285-98. PMID: 6791257

Delacruz J, Mikulski R, Tu C, Li Y, Wang H, Shiverick KT, et al. Detecting Extracellular Carbonic Anhy-
drase Activity Using Membrane Inlet Mass Spectrometry. Anal Biochem. 2010; 403:74-8. https://doi.
org/10.1016/j.ab.2010.04.019 PMID: 20417171

PLOS ONE | https://doi.org/10.1371/journal.pone.0199476  July 2, 2018 23/25


https://doi.org/10.1200/JCO.2001.19.16.3660
http://www.ncbi.nlm.nih.gov/pubmed/11504747
https://doi.org/10.1016/j.eururo.2010.03.015
https://doi.org/10.1016/j.eururo.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20359812
https://doi.org/10.1111/bju.12075
http://www.ncbi.nlm.nih.gov/pubmed/23551810
https://doi.org/10.1158/0008-5472.CAN-07-6151
http://www.ncbi.nlm.nih.gov/pubmed/18451179
https://doi.org/10.1016/S0002-9440(10)64048-5
http://www.ncbi.nlm.nih.gov/pubmed/11238049
https://doi.org/10.1038/sj.bjc.6600796
https://doi.org/10.1038/sj.bjc.6600796
http://www.ncbi.nlm.nih.gov/pubmed/12671706
https://doi.org/10.1002/ijc.25491
http://www.ncbi.nlm.nih.gov/pubmed/20521252
https://doi.org/10.1186/1471-2407-10-148
http://www.ncbi.nlm.nih.gov/pubmed/20398423
https://doi.org/10.1080/15384047.2018.1449612
https://doi.org/10.1080/15384047.2018.1449612
http://www.ncbi.nlm.nih.gov/pubmed/29561695
https://doi.org/10.1158/0008-5472.CAN-13-3579
https://doi.org/10.1158/0008-5472.CAN-13-3579
http://www.ncbi.nlm.nih.gov/pubmed/24950909
https://doi.org/10.1038/nm.2454
http://www.ncbi.nlm.nih.gov/pubmed/22019887
http://www.ncbi.nlm.nih.gov/pubmed/98070
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://www.ncbi.nlm.nih.gov/pubmed/6294458
http://www.ncbi.nlm.nih.gov/pubmed/711742
http://www.ncbi.nlm.nih.gov/pubmed/6791257
https://doi.org/10.1016/j.ab.2010.04.019
https://doi.org/10.1016/j.ab.2010.04.019
http://www.ncbi.nlm.nih.gov/pubmed/20417171
https://doi.org/10.1371/journal.pone.0199476

@° PLOS | ONE

Carbonic anhydrase in breast cancer

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

LiY, Tu C, Wang H, Silverman DN, Frost SC. Catalysis and pH Control by Membrane-associated Car-
bonic Anhydrase IX in MDA-MB-231 Breast Cancer Cells. J Biol Chem. 2011; 286:15789-96. https://
doi.org/10.1074/jbc.M110.188524 PMID: 21454639

Lanczky A, Nagy A, Bottai G, Munkacsy G, Szabo A, Santarpia L, et al. miRpower: a web-tool to vali-
date survival-associated miRNAs utilizing expression data from 2178 breast cancer patients. Breast
Cancer Res Treat. 2016; 160(3):439—46. https://doi.org/10.1007/s10549-016-4013-7 PMID: 27744485.

Fiaschi T, Giannoni E, Taddei ML, Cirri P, Marini A, Pintus G, et al. Carbonic anhydrase IX from cancer-
associated fibroblasts drives epithelial-mesenchymal transition in prostate carcinoma cells. Cell Cycle.
2013; 12(11):1791-801. Epub 2013/05/10. https://doi.org/10.4161/cc.24902 PMID: 23656776; PubMed
Central PMCID: PMC3713137.

Potter C, Harris AL. Hypoxia Inducible Carbonic Anhydrase X, Marker of Tumor Hypoxia, Survival
Pathway and Therapy Target. Cell Cycle. 2004; 3:164—7. PMID: 14712082

Chiche J, lic K, Laferriere J, Trottier E, Dayan F, Mazure NM, et al. Hypoxia-Inducible Carbonic Anhy-
drase IX and XII Promote Tumor Cell Growth by Counteracting Acidosis through the Regulation of the
Intracellular pH. Cancer Res. 2009; 69:358—68. https://doi.org/10.1158/0008-5472.CAN-08-2470
PMID: 19118021

Swietach P, Wigfield S, Cobden P, Supuran CT, Harris AL, Vaughan-Jones RD. Tumor-Associated
Carbonic Anhydrase 9 Spatially Coordinates Intracellular pH in Three-Dimensional Multicellular
Growths. J Biol Chem. 2008; 283:20473—-83. https://doi.org/10.1074/jbc.M801330200 PMID: 18482982

Nakagawa M, Bando Y, Nagao T, Morimoto M, Takai C, Ohnishi T, et al. Expression of p53, Ki-67, E-
cadherin, N-cadherin and TOP2A in triple-negative breast cancer. Anticancer Res. 2011; 31(6):2389—
93. PMID: 21737670.

LiY, Wang H, Oosterwijk E, Tu C, Shiverick KT, Silverman DN, et al. Expression and Activity of Car-
bonic Anhydrase IX Is Associated with Metabolic Dysfunction in MDA-MB-231 Breast Cancer Cells.
Cancer Invest. 2009; 27:613-23. https://doi.org/10.1080/07357900802653464 PMID: 19367501

Helmlinger G, Yuan F, Dellian M, Jain RK. Interstitial pH and pO 2 Gradients in Solid Tumors In Vivo:
High-resolution Measurements Reveal Lack of Correlation. Nat Med. 1997; 3:177-82. PMID: 9018236

Gatenby RA, Gillies RJ. Why Do Cancers Have High Aerobic Glycolysis? Nat Rev Cancer. 2004;
4:891-9. https://doi.org/10.1038/nrc1478 PMID: 15516961

Supuran CT. Carbonic anhydrases—an overview. Curr Pharm Des. 2008; 14(7):603—14. Epub 2008/
03/14. PMID: 18336305.

Supuran CT. Carbonic Anhydrase: Novel Therapeutic Applications for Inhibitors and Activators. Nat
Rev Drug Discov. 2008; 7:168-81. https://doi.org/10.1038/nrd2467 PMID: 18167490

Lou Y, McDonald PC, Oloumi A, Chia S, Ostlund C, Ahmadi A, et al. Targeting Tumor Hypoxia: Sup-
pression of Breast Tumor Growth and Metastasis by Novel Carbonic Anhydrase IX Inhibitors. Cancer
Res. 2011; 71:3364-76. https://doi.org/10.1158/0008-5472.CAN-10-4261 PMID: 21415165

Pacchiano F, Carta F, McDonald PC, Lou Y, Vullo D, Scozzafava A, et al. Ureido-substituted benzene-
sulfonamides potently inhibit carbonic anhydrase IX and show antimetastatic activity in a model of
breast cancer metastasis. J Med Chem. 2011; 54(6):1896—902. Epub 2011/03/03. https://doi.org/10.
1021/jm101541x PMID: 21361354.

Svastova E, Patorekova S. Carbonic anhydrase IX: A Hypoxia-controlled "catalyst" of cell migration.
Cell Adh Migr. 2013; 7:226-31. https://doi.org/10.4161/cam.23257 PMID: 23302955

Jia Z, Barbier L, Stuart H, Amraei M, Pelech S, Dennis JW, et al. Tumor cell pseudopodial protrusions.
Localized signaling domains coordinating cytoskeleton remodeling, cell adhesion, glycolysis, RNA
translocation, and protein translation. J Biol Chem. 2005; 280(34):30564—73. https://doi.org/10.1074/
jbc.M501754200 PMID: 15985431.

Nguyen TN, Wang HJ, Zalzal S, Nanci A, Nabi IR. Purification and characterization of beta-actin-rich
tumor cell pseudopodia: role of glycolysis. Exp Cell Res. 2000; 258(1):171-83. https://doi.org/10.1006/
excr.2000.4929 PMID: 10912799.

Sterling D, Reithmeier RAF, Casey JR. A Transport Metabolon: Functional Interaction of Carbonic
Anhydrase |l and Chloride/Cicarbonate Exchangers. J Biol Chem. 2001; 276:47886—94. https://doi.org/
10.1074/jbc.M105959200 PMID: 11606574

Sterling D, Alvarez BV, Casey JR. The Extracellular Component of a Transport Metabolon: Extracellular
Loop 4 of the Human AE1 CI—/HCO 3- Exchanger Binds Carbonic Anhydrase IV. J Biol Chem. 2002;
277:25239-46. https://doi.org/10.1074/jbc.M202562200 PMID: 11994299

Becker HM, Deitmer JW. Carbonic anhydrase Il increases the activity of the human electrogenic Na
+/HCO83- cotransporter. J Biol Chem. 2007; 282(18):13508—21. Epub 2007/03/14. https://doi.org/10.
1074/jbc.M700066200 PMID: 17353189.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199476  July 2, 2018 24/25


https://doi.org/10.1074/jbc.M110.188524
https://doi.org/10.1074/jbc.M110.188524
http://www.ncbi.nlm.nih.gov/pubmed/21454639
https://doi.org/10.1007/s10549-016-4013-7
http://www.ncbi.nlm.nih.gov/pubmed/27744485
https://doi.org/10.4161/cc.24902
http://www.ncbi.nlm.nih.gov/pubmed/23656776
http://www.ncbi.nlm.nih.gov/pubmed/14712082
https://doi.org/10.1158/0008-5472.CAN-08-2470
http://www.ncbi.nlm.nih.gov/pubmed/19118021
https://doi.org/10.1074/jbc.M801330200
http://www.ncbi.nlm.nih.gov/pubmed/18482982
http://www.ncbi.nlm.nih.gov/pubmed/21737670
https://doi.org/10.1080/07357900802653464
http://www.ncbi.nlm.nih.gov/pubmed/19367501
http://www.ncbi.nlm.nih.gov/pubmed/9018236
https://doi.org/10.1038/nrc1478
http://www.ncbi.nlm.nih.gov/pubmed/15516961
http://www.ncbi.nlm.nih.gov/pubmed/18336305
https://doi.org/10.1038/nrd2467
http://www.ncbi.nlm.nih.gov/pubmed/18167490
https://doi.org/10.1158/0008-5472.CAN-10-4261
http://www.ncbi.nlm.nih.gov/pubmed/21415165
https://doi.org/10.1021/jm101541x
https://doi.org/10.1021/jm101541x
http://www.ncbi.nlm.nih.gov/pubmed/21361354
https://doi.org/10.4161/cam.23257
http://www.ncbi.nlm.nih.gov/pubmed/23302955
https://doi.org/10.1074/jbc.M501754200
https://doi.org/10.1074/jbc.M501754200
http://www.ncbi.nlm.nih.gov/pubmed/15985431
https://doi.org/10.1006/excr.2000.4929
https://doi.org/10.1006/excr.2000.4929
http://www.ncbi.nlm.nih.gov/pubmed/10912799
https://doi.org/10.1074/jbc.M105959200
https://doi.org/10.1074/jbc.M105959200
http://www.ncbi.nlm.nih.gov/pubmed/11606574
https://doi.org/10.1074/jbc.M202562200
http://www.ncbi.nlm.nih.gov/pubmed/11994299
https://doi.org/10.1074/jbc.M700066200
https://doi.org/10.1074/jbc.M700066200
http://www.ncbi.nlm.nih.gov/pubmed/17353189
https://doi.org/10.1371/journal.pone.0199476

@° PLOS | ONE

Carbonic anhydrase in breast cancer

55.

56.

57.

58.

59.

60.

Morgan PE, Pastorekova S, Stuart-Tilley AK, Alper SL, Casey JR. Interactions of Transmembrane Car-
bonic Anhydrase, CAIX, with Bicarbonate Transporters. Am J Physiol. 2007; 293:C738—-C48.

Parkkila S, Parkkila AK, Rajaniemi H, Shah GN, Grubb JH, Waheed A, et al. Expression of membrane-
associated carbonic anhydrase XIV on neurons and axons in mouse and human brain. Proc Natl Acad
SciU S A. 2001; 98(4):1918-23. https://doi.org/10.1073/pnas.98.4.1918 PMID: 11172051; PubMed
Central PMCID: PMCPMC29357.

Shah GN, Ulmasov B, Waheed A, Becker T, Makani S, Svichar N, et al. Carbonic anhydrase IV and XIV
knockout mice: roles of the respective carbonic anhydrases in buffering the extracellular space in brain.
Proc Natl Acad Sci U S A. 2005; 102(46):16771-6. https://doi.org/10.1073/pnas.0508449102 PMID:
16260723; PubMed Central PMCID: PMCPMC1283849.

Hulikova A, Zatovicova M, Svastova E, Ditte P, Brasseur R, Kettmann R, et al. Intact Intracellular Tail is
Critical for Proper Functioning of the Tumor-associated, Hypoxia-regulated Carbonic Anhydrase IX.
FEBS Lett. 2009; 583:3563-8. https://doi.org/10.1016/j.febslet.2009.10.060 PMID: 19861127

Ditte P, Dequiedt F, Svastova E, Hulikova A, Ohradanova-Repic A, Zatovicova M, et al. Phosphoryla-
tion of Carbonic Anhydrase IX Controls its Ability to Mediate Extracellualr Acidification in Hypoxic
Tumors. Cancer Res. 2011.

Mahon BP, Bhatt A, Socorro L, Driscoll JM, Okoh C, Lomelino CL, et al. The Structure of Carbonic

Anhydrase IX Is Adapted for Low-pH Catalysis. Biochemistry. 2016; 55:4642-53. https://doi.org/10.
1021/acs.biochem.6b00243 PMID: 27439028.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199476  July 2, 2018 25/25


https://doi.org/10.1073/pnas.98.4.1918
http://www.ncbi.nlm.nih.gov/pubmed/11172051
https://doi.org/10.1073/pnas.0508449102
http://www.ncbi.nlm.nih.gov/pubmed/16260723
https://doi.org/10.1016/j.febslet.2009.10.060
http://www.ncbi.nlm.nih.gov/pubmed/19861127
https://doi.org/10.1021/acs.biochem.6b00243
https://doi.org/10.1021/acs.biochem.6b00243
http://www.ncbi.nlm.nih.gov/pubmed/27439028
https://doi.org/10.1371/journal.pone.0199476

