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Abstract. Carbonic anhydrase IX (CA IX) is a well-recognized 
hypoxia marker with promising diagnostic and therapeutic 
value. CA IX regulates the pH in hypoxic tumor cells and, 
thereby, contributes to microenvironmental acidosis and cell 
migration. To gain a better insight into the molecular processes 
driven by CA IX, we performed gene expression profiling of 
HT-1080 fibrosarcoma cells subjected to CA IX depletion by 
shRNA silencing. We identified the focal adhesion pathway 
as being significantly inhibited in the absence of CA IX and 
confirmed this finding by functional assays. Thus, we obtained 
the first direct evidence for the role of CA IX in focal adhesion.

Introduction

Growing tumors often develop areas of hypoxia due to an 
insufficient supply of oxygen as a consequence of irregular 
and functionally defective vasculature. Hypoxia then creates 
selective pressure resulting in the expansion of adaptable cells 
with a more aggressive phenotype and increased metastatic 
potential. The primary molecular response to low oxygen is 
stabilization and activation of an α subunit of hypoxia-induc-
ible factor (HIF), a key transactivator of genes involved in the 

adaptation to hypoxia, including genes participating in growth 
arrest, apoptosis, anaerobic glycolysis, angiogenesis, acidosis, 
cell adhesion and cell proliferation (1). Carbonic anhydrase 
IX (CA IX) is one of the most prominent hypoxia-inducible 
HIF-target molecules (2-4). It belongs to the family of carbonic 
anhydrases, which are zinc-binding enzymes that catalyze the 
reversible conversion of carbon dioxide to bicarbonate and 
protons in a reaction that involves facilitated hydration of CO2 
to H2CO3 followed by spontaneous dissociation of H2CO3 to 
bicarbonate and protons (2). Via this catalytic activity, carbonic 
anhydrases significantly contribute to the modulation of ion 
transport and maintenance of an acid-base balance in cells and 
tissues of virtually all living organisms. The CA IX isoform 
is a highly active transmembrane glycoprotein, which differs 
from other carbonic anhydrases by a predominant association 
with various types of tumors, including carcinomas of the 
cervix uteri, kidney, lung, colon, breast, brain and ovary (5).

A high catalytic performance predisposes CA IX to 
function in ion transport and pH control, and tumor cells 
efficiently utilize this ability of CA IX to resist a hostile 
microenvironment. Indeed, CA IX helps to maintain intra-
cellular pH of cancer cells within the physiological range, 
while simultaneously contributing to the acidification of the 
extracellular space (6,7). This has important implications for 
cancer progression since a neutral intracellular pH is vital for 
cell proliferation and survival, whereas microenvironmental 
acidosis contributes to an aggressive tumor phenotype by 
promoting invasion and metastasis (8). In addition, CA IX 
decreases E-cadherin-mediated cell-cell adhesion through the 
competitive binding to β-catenin (9), and increases cell migra-
tion via physical interaction and functional cooperation with 
bicarbonate transporters in lamellipodia of moving cells (10). 
This further supports the pro-metastatic propensity of tumor 
cells.

To better understand the role of CA IX in tumor cells and 
disclose the underlying molecular mechanisms, we developed 
a CA9 mRNA-targeting shRNA inducible system and studied 
changes in the gene expression profile connected with CA IX 
protein deficiency in the HT-1080 tumor cell line. Using this 
approach, we identified a number of potential CA IX down-
stream targets belonging to several cancer-related pathways. 
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Among them, the focal adhesion pathway was one of the most 
prominent, and thus, we focused on CA IX involvement in 
focal adhesion-associated phenomena.

Materials and methods

Cell culture. HT-1080, HEK 293T and HeLa cells were 
cultivated in DMEM with 10% FCS (Lonza BioWhittaker) 
at 37˚C in humidified air with 5% CO2. Hypoxic experi-
ments were performed in an anaerobic workstation (Ruskinn 
Technologies) in a 2% O2, 2% H2, 5% CO2, 91% N2 atmosphere 
at 37˚C. The conditional shRNA system in HT-1080 cells was 
activated with 0.5 µg/ml doxycycline (Clontech, Mountain 
View, CA, USA) in cultivation medium.

Antibodies and plasmids. Anti-CA IX mouse monoclonal 
antibody M75 was characterized elsewhere (3). Additional 
antibodies were as follows: goat polyclonal anti-actin anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
mouse monoclonal anti-HIF-1α antibody (BD Transduction 
Laboratories), anti-mouse peroxidase-conjugated antibody 
(Sigma-Aldrich, St. Louis, MO, USA) and anti-goat peroxi-
dase-conjugated antibody (Dako, Carpinteria, CA, USA).

CA9-specific shRNA oligonucleotides were first cloned 
into the pSUPER plasmid, which was then digested with ClaI 
and EcoRI. The resulting 300-bp fragment was excised, gel-
purified and ligated into the EcoRI/ClaI-digested pLVTHM 
lentiviral vector to replace the pLVTHM H1 promoter with the 
H1 promoter and shRNA from pSUPER-shCA9. Recombinant 
pLVTHM-shCA9 was digested with FspI and MscI, and the 
2.5-kb fragment was excised, purified and ligated into the 
inducible pLVET-tTR-KRAB lentiviral vector digested with 
FspI and MscI. Plasmids pSPAX2 and pMD2G encoded 
packaging and envelope genes, respectively. A control plasmid 
bearing nonsense scramble shRNA (Scr) was constructed 
using the same method. All plasmids were obtained from the 
plasmid repository Addgene.com.

Production and titration of CA9-specific lentiviral particles. 
Lentiviral particles were produced in HEK 293T cells by 
co-transfection of the packaging plasmid (2.9 µg), the virus 
envelope encoding plasmid (1.2 µg), and the vector carrying 
both CA9-shRNA (pLVET-shCA9, 4  µg) and the GFP 
transduction marker, using the GenePorterII transfection 
kit (Genlantis). Supernatant from the transfected cells was 
collected, filtered through a 0.22-µm filter and either used 
directly for transduction or stored in aliquots at -80˚C.

The virus was titrated by transducing HeLa cells with 
aliquots of viral stock in cultivation medium mixed with Poly-
brene (5 µg/ml). The transduced cells were incubated for 3 days 
in the presence of doxycycline and analyzed on the EasyCyte 
6HT flow cytometer (Millipore) for expression of the GFP 
transduction marker. The titer was calculated from the number 
of plated cells multiplied by the proportion of transduced cells 
and divided by the volume of added viral stock.

Transduction of HT-1080 cells. The HT-1080 cells were mixed 
with the lentivirus particles at MOI of 10 and plated into 
96-well plates. On the next day, the medium with doxycycline 
was replaced. Two days later, the cells were examined for 

GFP expression and then seeded at a density of 500 cells per 
100-mm dish to form colonies in the presence of doxycycline. 
The colonies expressing GFP were picked up, expanded and 
used for further study.

Reverse transcription PCR. Total RNA was extracted using a 
GeneJET RNA Purification kit (Fermentas) and transcribed to 
cDNA using a High Capacity cDNA Reverse Transcription kit 
(Applied Biosystems). Quantitative PCR was performed with 
Power SYBR® Green PCR Master Mix on a StepOne Real-
Time PCR system (Applied Biosystems). Real-time PCR was 
performed using the following primers: MMP9 S, atcttccaa 
ggccaatcctact and A, ctatccagctcaccggtctc; MMP3 S, gtttgt-
taggagaaaggacagtgg and A, tatgagcagcaacgagaaataa; Col4A1 
S, ggacaaaagggtgatactgga and A, gccattgcatcctggaatac; 
Col4A2 S, agggtgaaaagggtgacgta and A, tgcctcttattcctggttcc; 
Itg β3 S, acagtctgtgatgaaaagattgg and A, cagccccaaagagggataat 
β-actin S, ccaaccgcgagaagatgacc and A, gatcttcatgaggtagtcagt.

Immunoblotting. The cells were grown for 3 days in medium 
containing doxycycline to induce CA9 silencing. On the fourth 
day, the cells were moved into hypoxia for 24/48 h to induce 
expression of the CA IX protein. After incubation in hypoxia 
samples were lysed. Samples consisting of 100 µg total proteins 
were separated in 10% SDS-PAGE and immunoblotting was 
performed as described elsewhere (11).

Immunofluorescence. Cells grown on glass coverslips 
with or without collagen coating were fixed in 4% para-
formaldehyde and permeabilized with 0.1% Triton X-100. 
Immunofluorescence staining and confocal microscopy were 
carried out as previously described (10).

Microarray analysis. Affymetrix GeneChip Human Gene 
1.0 ST (Affymetrix) was used for the microarray analysis 
following the standard protocol (starting with 100 ng of total 
RNA). The analysis was performed in three replicates. The 
raw data were analyzed with Partek Genomics Suite (Partek 
Inc.). All hybridizations passed quality control. The data 
were background-corrected by the GC Robust Multi-Array 
Average (GC-RMA) algorithm, variance-stabilized by loga-
rithmic transformation and normalized with the probeset level 
quantile method. One-way analysis of variance (ANOVA) was 
performed to identify genes varying significantly across two 
compared groups. Signaling Pathway Impact Analysis (SPIA) 
was performed using SPIA package of the Bioconductor 
within the R environment (http://www.r-project.org).

Spreading assay, wound healing assay and Matrigel invasion. 
Following treatment with doxycycline and exposure to hypoxia, 
HT-1080 cells were seeded on collagen-coated coverslips and 
left to attach for 15 and 30 min, respectively. The cells were 
then fixed with 2% paraformaldehyde in PBS for 10 min at 
room temperature (RT), washed with PBS, stained with 0.5% 
Coomassie blue for 5 min at RT and washed 3 times with PBS. 
Images of the fixed cells were analyzed using ImageJ software 
(http://rsb.info.nih.gov/ij/). At least 500 cells were analyzed 
for each sample, and cell-spreading areas of CA9-silenced 
HT-1080 cells and relevant control samples were calculated 
and compared using the t-test.
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For the wound healing assay, HT-1080 cells were pre-
cultivated in hypoxia for 24 h with or without doxycycline. 
On the following day, the confluent monolayer was wounded 
with a sterile micropipette tip. The wound healing assay was 
performed in DMEM with 1% FCS containing 20 ng/ml HGF 
in normoxic conditions, without the presence of doxycycline. 
The cells were photographed at 20 positions for each sample 
immediately after wound initiation and after 8 h using an 
inverted Zeiss microscope (Axiovert 40 CFL), 10x objec-
tive. Wound healing was quantified using ImageJ software 
(mean ± standard deviation) and results were compared by the 
t-test (**P<0.01).

Matrigel invasion was performed using BD Falcon HTS 
FluoroBlok 8.0-µm colored PET membrane inserts for 24-well 
plates (BD Biosciences) using HT-1080 cells labeled with a 
lipophilic fluorescent dye DiO (Invitrogen) as previously 
described (10).

Results 

Silencing of CA9. The CA IX protein plays an important 
role in hypoxic tumor cells as it helps them survive hostile 
conditions through efficient buffering of intracellular pH 
coupled with excretion of protons to the extracellular space. 
To elucidate CA IX-regulated molecular pathways, we inves-
tigated the effects of CA IX deficiency in tumor cells using 
an HT-1080 human fibrosarcoma model. These cells display 
hypoxia-inducible and density-dependent expression of CA IX 
(Fig. 1A), similarly as it was shown for many other tumor cell 
lines (12,13). Conditional shRNA-mediated silencing of CA9 
was achieved using a tightly regulated pLVET-tTR-KRAB 
lentiviral vector, in which shRNA expression from the wild-
type H1 promoter is governed by tTR-KRAB protein that 
epigenetically silences the integrated lentivirus in the absence 
of doxycycline (14). Several clonal cell lines targeting CA9 
were selected according to immunoblotting analysis and 
were further studied in comparison with the scrambled (Scr) 
shRNA clones (Fig. 1C). Compared to the control Scr cells, 
the CA9-silenced cells exposed to hypoxia showed a decreased 
extracellular acidification capacity (Fig. 1B), suggesting that 
they lost the pH-regulating function of CA IX and that our 
shRNA system was functional. 

Gene expression profiling of the control vs. the CA9-silenced 
cells. To search for molecular signatures and pathways affected 
by CA IX protein deficiency, we performed pairwise gene 
expression profiling of the hypoxic cells bearing nonsense 
Scr shRNA vs. CA9 shRNA on the HT-1080 cell line back-
ground. Microarray experiments were carried out using three 
independent clones established from each of the CA9 shRNA 
and Scr shRNA cells. Differential gene expression analysis 
was performed by filtering the microarray data for genes that 
showed at least a 2-fold change in gene expression levels in 
silenced vs. control cells (P<0.05).

By applying such selection criteria, the expression levels of 
109 genes were found to be significantly altered. Among them, 
62 genes were downregulated and 47 genes were upregulated 
in the CA9-silenced cells compared to the Scr controls. The list 
of the 22 most highly differentially expressed genes is shown 
in Fig. 2A. Presence of CA9 among them confirms efficiency 

of silencing. Quantitative RT-PCR performed on two members 
of the matrix metalloproteinase family (MMP3 and MMP9) 
and collagen type IVα2, which are frequently associated with 
tumor phenotype, confirmed the microarray results (Fig. 2B). 
To identify molecular pathways deregulated upon CA9 knock-
down, we analyzed the microarray data using the Signaling 
Pathway Impact Analysis (SPIA) linked to KEGG (15). The 
analysis revealed inhibition of the pathways designated as 
small-cell lung cancer, focal adhesion and regulation of actin 
cytoskeleton in the CA9-silenced cells. In contrast, pathways 
involved in cell cycle, RNA transport and protein processing 
in endoplasmic reticulum were found to be activated. SPIA 

Figure 1. (A) Expression of endogenous CA IX and HIF-1α proteins in 
HT-1080 cells grown at high and low density and under normoxic (20% O2) 
and hypoxic conditions (2% O2, 24 h). Increasing cell density induced CA IX 
expression while the hypoxic induction was associated with HIF-1α protein 
accumulation. (B) Suppression of CA IX protein in HT-1080 CA9 shRNA 1, 
CA9 shRNA 2 and CA9 shRNA 3 clonal cell lines was activated in the pres-
ence of doxycycline (dox, 0.5 µg/ml). Extracellular pH measured in two 
parallel dishes of each CA9 shRNA clone was increased in the CA9-silenced 
cells. (C) Control clones of HT-1080 Scr shRNA 1, Scr shRNA 2 and Scr 
shRNA 3 bearing nonsense shRNA incubated in hypoxia with doxycycline 
(dox, 0.5 µg/ml) or without displayed no change in CA IX protein level nor a 
change in extracellular pH.

https://www.spandidos-publications.com/10.3892/or.2013.2226
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two-way evidence plot based on combining pPERT and 
pNDE indicated that the small-cell lung cancer, cell cycle and 
focal adhesion pathways were the most significantly affected 
(Fig. 2C).

Focal adhesion pathway is inhibited in the CA9-depleted 
cells. The ability of cells to form focal adhesions (FAs) as 
components of cell motility and migration represents an 
important early event in the development of metastasis. CA 
IX was previously shown to facilitate cell migration through 
its participation in the pH-regulating machinery driving 

lamellipodial extensions of moving cells (10). HT-1080 fibro-
sarcoma cells exhibited similar distribution of CA IX protein 
as in epithelial/carcinoma cells indicating that it might play 
an analogous role in the migration of tumor cells derived 
from fibrosarcoma (Fig. 3A). Importantly, microarray analysis 
revealed that the loss of CA IX resulted in downregulation of 
several molecules implicated in the interaction of cells with 
the extracellular matrix, such as integrin β3, collagen type 
IV α2 and α1, dedicator of cytokinesis 9 (DOCK9), fermitin 
family member 2 (FERMT2), Rho-associated, and coiled-coil 
containing protein kinase 1 (ROCK1) (Fig. 3B). This finding 

Figure 2. (A) Differential transcription of selected genes in Scr shRNA cells (light gray) and CA9 shRNA cells (dark gray). (B) Microarray results were 
confirmed by real-time PCR of the selected genes. Relative expression of genes related to the focal adhesion pathway in CA9-silenced compared to Scr cells 
was verified by real-time PCR. β-actin was used as an internal reference control. (C) SPIA analysis of differentially expressed genes. Analysis was performed 
on a set of differentially expressed genes with P<0.05, x-axis indicates enrichment of genes and y-axis represents perturbation of genes within the pathway. 
Pathways above the gray line are significant at 0.05 after FDR correction and those above the black line at 0.05 after Bonferroni correction.
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suggests that CA IX affects additional aspects of cell migra-
tion, including FA assembly.

Therefore, we decided to further explore this assumption. 
We showed that CA IX-deficient cells were less capable of 
spreading on the support independently of collagen coating 
compared to control cells (Fig. 3C and D). In the wound healing 
assay, decreased expression of CA IX led to a significant 

reduction (P<0.01) in the migration rate to 61% in comparison 
to control cells (Fig. 4A). There was no significant difference 
in migration of scrambled cells with or without doxycycline, 
and between Scr and CA9 shRNA cells incubated without 
doxycycline. To assess the migratory and invasive abilities of 
the HT-1080 cells upon knockdown of CA9, we performed a 
Matrigel invasion assay that mimics invasion of cells through a 

Figure 3. Loss of CA IX affects the focal adhesion pathway and reduces the spreading of HT-1080 cells. (A) Immunofluorescence analysis of wild-type HT-1080 
fibrosarcoma cells exposed to hypoxia shows that CA IX is localized in lamellipodia. (B) Selection of cell-matrix interaction-associated genes deregulated 
by CA9 silencing. (C) Spreading of scrambled and CA9 shRNA-transfected cells pre-incubated under hypoxia without (-dox) or with (+dox) doxycyclin and 
seeded in 0.5% FCS medium on a 12-well plate for 1 h. Majority of CA IX-positive cells exhibited spreading while CA IX-deficient cells remained rounded. 
Nuclei of the cells were stained with DAPI. (D) Identically pre-incubated cells were plated on a collagen-coated surface and spreading was determined by 
measuring the increase in the cell area. Graph clearly shows the diminished spreading capacity of CA9-silenced cells. 

Figure 4. (A) Representative images of the wound healing assay captured immediately after scratching and after 8 h. The cells were pre-incubated in hypoxia 
for 24 h with (+dox ) or without dox (-dox) as indicated. After scratching and HGF addition, the experiment was run in normoxia. A significant reduction in 
the migration rate (indicated by arrows) to 61% was noted in CA9 shRNA cells and no significant decrease was evident in the scrambled cells (as evaluated by 
t-test, n=20, P<0.01). The effect of CA IX on the migration rate was further demonstrated; no visible difference was noted among the CA9 shRNA cells without 
dox and the Scr shRNA cells with or without dox, all expressing a similar level of CA IX. (B) Effect of CA9 silencing on in vitro invasion through Matrigel. 
HT-1080 cells pre-incubated as described in Fig. 3C and D were plated on Matrigel-coated filters and allowed to invade in hypoxia for 72 h. Knockdown of CA 
IX led to decreased invasive ability of HT-1080 cells.

https://www.spandidos-publications.com/10.3892/or.2013.2226
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basement membrane. We observed reduced invasion/migration 
of CA IX-depleted cells (Fig. 4B). This could be related to the 
diminished level of MMP9, which is essential for invadopodia 
formation and cleavage of the basement membrane.

Altogether, these experiments confirmed the microarray 
predictions and further underlined the importance of CA 
IX in adhesion, migration and invasion of tumor cells under 
conditions of limited oxygen tension typical of the tumor 
microenvironment.

Discussion

Due to its tight transcriptional control by HIF-1α, CA IX is 
frequently used as a favored hypoxia marker in many types of 
tumors, where it can serve as a prognostic indicator and predic-
tive factor (5,16). Moreover, accumulating evidence suggests 
that CA IX plays an active role in tumor physiology princi-
pally through its catalytic activity-mediated control of pH and 
cell adhesion/migration (6,7). This evidence is mostly based 
on functional studies of various cellular models with CA IX 
overexpression, mutagenesis or suppression (6,9,10,17‑19). To 
date, only one study has reported the gene profiling of carci-
noma cells with forced constitutive overexpression of CA IX. 
This study showed the involvement of CA IX in aberrant 
Rho-GTPase signal transduction leading to decreased cell 
adhesion and augmented cell motility (20).

In the present study, we employed a different approach, using 
inducible CA9 mRNA silencing in HT-1080 fibrosarcoma cells. 
Efficiency of silencing was demonstrated by the abrogation of 
the capacity of CA IX to acidify culture media, in line with the 
data obtained in a colon adenocarcinoma cell model (17). 

Gene expression profiling of hypoxic HT-1080 cells 
revealed that 109 genes were significantly deregulated as a 
result of the loss of CA IX. These genes were members of 
several cancer-related pathways, with the prominent pathway 
designated as ‘focal adhesion’ that involves components of cell 
adhesion-migration-invasion machinery which was inhibited 
in CA IX-depleted cells. 

Focal adhesion mediates cell-extracellular matrix interac-
tions, which are essential for migration and invasion of tumor 
cells of both epithelial and fibroblast origin. It is a complex 
process that comprises more than 50 proteins from the inner 
and outer side of the cell membrane  (21). Two members 
of the type IV collagen gene family namely COL4A1 and 
COL4A2 were among the most downregulated genes within 
the identified FA pathway. Both are structural constituents of 
the extracellular matrix (ECM) important for proper ECM 
assembly. Integrin β3, a receptor for fibronectin, fibrinogen, 
plasminogen, prothrombin, thrombospondin and vitronectin, 
was also downregulated in the CA9-silenced HT-1080 cells. 
One of the FA family members downregulated in our study 
was FERMT2, which functions in cell shape modulation (22). 
Regulation of FA is also mediated by intracellular signaling 
from the Rho family of small GTPases to ROCK-I/ROCK-II 
kinases (23). Both molecules are responsible for actomyosin 
contractility, which is important for cellular movement. 
It is notable that both kinases were downregulated in the 
CA9-silenced cells. Another signaling molecule negatively 
affected by CA IX deficiency was DOCK9 also known as 
Zizimin1 (24). It is a member of the DOCK family of guanine 

nucleotide exchange factors (25). DOCK9 is an activator of 
Cdc42 which regulates the actin cytoskeleton, cell migration 
and several other cellular activities.

Downregulation of the above-mentioned genes was clearly 
mirrored by significantly reduced adhesion and spreading of 
CA IX-deficient HT-1080 cells. This resembles formation of 
aberrant FA in cells expressing the inactive NHE1 transporter 
(normally responsible for export of protons) as well as in cells 
lacking an MCT4 lactate transporter (26,27). All of these three 
proteins are known to support cell migration by ensuring a 
proper pH gradient across the membranes of lamellipodia (28). 
It seems plausible that the pH-regulating function is important 
also for assembly and/or disassembly of FAs, which is a rate-
limiting process for efficient cell migration accompanying 
lamellipodial extension and retraction.

CA IX-deficient cells also exhibited reduced capacity for 
invasion and migration through Matrigel. This could be due 
to the fact that several FA-related genes, downregulated in the 
absence of CA IX, also participate in cell invasion, such as 
integrin subunits β3 and α6 (29), and matrix metalloproteinase 
MMP9 (30). In contrast, MMP2 and MMP3 were upregulated 
in the CA9-silenced cells. It is well known that protonation of 
MMP3 itself and protonation of fibrinogen as a substrate for 
MMP2 influence their activity and proteolysis (31-33). Since 
CA IX contributes to acidic pericellular pH by generation of 
extracellular protons, its loss may lead to reduced MMP2 and 
MMP3 activity despite their increased levels. Furthermore, 
MMP2-mediated collagenolysis depends on MMP2 interac-
tion with β3 integrin (34,35), and thus lower β3 integrin subunit 
expression can contribute to MMP2 inactivation and reduced 
invasion of CA IX-deficient cells. An additional molecule 
downregulated in the CA9-silenced HT-1080 cells poten-
tially affecting their adhesion and invasion was ADAM10, 
which acts through shedding of many cell surface molecules 
including the key cell-cell adhesion molecule E-cadherin (36).

Altogether, our study provided the first molecular insight 
into downstream signal transduction pathways driven by 
CA  IX in tumor cells using an inducible shRNA-based 
silencing approach. In accordance with independent functional 
studies, CA IX-emitted signaling was found to be important 
in several key aspects of cell adhesion, migration and inva-
sion mediated by molecules that are central players in these 
phenomena. In addition to the known CA IX effects on desta-
bilization of cell-cell contacts and stimulation of epithelial cell 
motility/migration, we demonstrated here for the first time its 
direct role in focal adhesion and invasion of tumor fibroblasts. 
This suggests that CA IX operates at different stages of the 
metastatic cascade and in various cell types. Notably, both 
direct and indirect evidence supports the view that CA IX acts 
at each stage via its catalytic activity-mediated pH regulatory 
capacity, suggesting that pH regulation is a critical facet of the 
cancer phenotype. Thus, our observation that CA IX has an 
impact on the pro-metastatic behavior of tumor cells supports 
recent efforts to explore its suppression or pharmacologic 
inhibition for anticancer therapy.
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