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ABSTRACT

In many solid tumors the rapidly proliferating
cancer cells create an environment with insufficient
oxygen supply. In response to this tumor hypoxia,
cancer cells adapt gene expression to thrive
in the altered microenvironment. One of these
adaptations is the shift towards anaerobic glycolysis.
Lactic acid accumulates hand-in-hand with carbon
dioxide, leading to acidification of the extracellular
environment. Carbonic anhydrase IX (CAIX) is
one of the expressed genes required in response to
hypoxia for cell survival, as its role in intracellular
pH maintenance allows the cancer cells to adapt to
the extracellular environment. In addition, CAIX
stimulates the migratory pathways of cancer cells
and the aggressive/invasive phenotype of tumors,
and has been shown to play a key role in signaling
cascades acting similar to a feed-forward regulator
of its own expression. Hence CAIX expression in
several tumor tissues indicates its relevance as a
general marker of tumor hypoxia. Moreover, its
expression is correlated to poor clinical outcome
in several tumor types. In this review we describe
the biochemical characteristics of CAIX and the
regulatory pathways of its production. In addition
we summarize the CAIX expression patterns in
normal and cancerous tissues. Lastly, we discuss
the physiological role of CAIX in the tumor
microenvironment in terms of pH regulation,
proliferation, cell motility, adhesion, invasiveness,
and signaling, and how this identifies CAIX as an
anti-cancer target.
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INTRODUCTION

It has been well established that hypoxia in various
solid tumors is associated with poor prognosis and
survival rates in cancer patients [1]. Hypoxia in
the tumor milieu is typically defined by a reduction
in overall O, content (< 1.0%) and a decrease in
extracellular pH (~6.5) [1, 2]. This microenvironment
acidification alters the tumor milieu resulting in a
resistance to common anti-cancer treatments such
as radiation and chemotherapy. This occurs due to
a lack of available ionizable oxygen species and
reduced permeability of chemotherapeutics into
avascular areas [1, 2]. Furthermore, induction of
hypoxia in tumor cells has been associated with
tumor cell proliferation, angiogenesis, cell motility,
invasiveness and overall tumor cell survival, which
ultimately lead to malignancy [1]. The induction
of hypoxic conditions in tumor cells has been
classified by a phenomenon known as the Warburg
effect, where by proliferating cancer cells utilize
glycolysis as the predominant mode of energy
production resulting in an increased cellular
export of lactic acid and protons thus attributing
to a reduction in extracellular pH (pHe) [3, 4]. It
has been shown that this modulation of tumor cell
metabolism is directly associated with upregulation
of hypoxia-inducible factors (HIFs) [5]. Specifically,
HIF-1 upregulation induces activation of genes
associated with glycolytic metabolism, angiogenesis,
cell motility, and also inflammation [5, 6].
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A major aspect of tumor cell survival is the
ability to thrive in the hypoxic-stress induced
microenvironment. To do so, tumor cells must
maintain an intracellular pH (pHi) at near
physiological levels in order to continue essential
metabolic functions allowing for proliferation.
Furthermore, tumor cells can utilize the acidic pHe,
to induce cell migration and invasive properties, a
key characteristic of tumor metastasis [6, 7].
Maintenance of pH homeostasis in tumor cells is
complex with several mechanisms regulating the
differential pHi/pHe gradient. Arguably the most
important is carbonic anhydrase (CA) activity [6, 7].
In mammals 16 different isoforms of carbonic

Eq 1.

Eq 2.

Of the 16 mammalian isoforms of CA, human
isoforms 1X and XIl (CAIX, and CAXII) have
been identified as tumor associated. Both CAIX
and CAXII are extracellular membrane-bound
isoforms of CA and show relatively high-expression
in solid tumors with contrasting low expression in
normal tissues [7, 11]. Additionally, CAIX and
CAXII have been found to contribute to tumor
metastasis, therapeutic resistance, and overall bad
prognosis in cancer patients [6, 7]. However
CAIX has been determined to be more prevalent
in terms of expression in hypoxic tumors, such
that its expression levels show strong correlation
with HIF elements [11-13]. As such CAIX has
also shown to play a critical role in metabolic
modulation of tumor cell growth, proliferation,
migration, adhesion, and cell survival [7, 14, 15].
CAIX has also shown to have a functional role in
cell-signaling pathways in tumor cells [16]. High
levels of CAIX in aggressive cancerous tissue in
combination with identification of its essential
roles in various physiological processes of tumor
cells have defined CAIX as an important
biomarker and therapeutic target.

In this review we describe the biochemical
characteristics of CAIX and regulatory pathways

anhydrase have been identified and categorized as
the a-class [8, 9]. All isoforms in the a-class are
homologous metalloenzymes that catalyze the
reversible hydration of CO,to HCOj3 [8, 9]. This
occurs by way of a double-displacement mechanism
initiated by nucleophillic attack of CO, (Eq.1)
via a tetrahedrally coordinated zinc-hydroxide
[9, 10]. Upon conversion of CO, an H" is
released into the cellular environment (B) via a
transferring mechanism (Eq. 2) between the active
site solvent and the imidazole group of a proton
shuttling histidine residue towards the surface of
the enzyme [10].

H,O

E:Zn-OH + CO; <» EZNHCO;3 <« E:Zn-H,0 + HCO3

E:Zn-H,0 + B <> E:ZnOH + BH"

of its production [6, 7]. In addition we discuss
CAIX expression patterns in normal tissue and
cancers, and how this relates to poor prognosis in
cancer patients [6, 7, 17-19]. Lastly, we describe
the physiological role of CAIX in the tumor
microenvironment in terms of pH regulation,
proliferation, cell motility, adhesion, invasiveness,
and signaling, and how this identifies CAIX as an
anti-cancer target.

Biochemical and biophysical characterizations
of CAIX

CAIX is a transmembrane glycoprotein that was
first discovered in HelLa cells. Initially CAIX was
labeled as a MN-protein despite showing CA activity
[20]. The CA9 gene encoding for the enzyme is
10.9 kb in length, and has been mapped to
chromosome 9p12-13 [21, 22]. Full-length CA9
contains 11 exon-coding regions that translate to
459 aa [21, 22]. The construct of CAIX (Figure 1A)
can be divided into a 414 aa N-terminal extracellular
domain, a 20 aa transmembrane domain (TM),
and a 25 aa C-terminal intracellular domain (1C)
[23, 24]. The extracellular domain consists of a 37
aa signal peptide, a 59 aa proteoglycan-like
domain (PG), and a 257 aa catalytic domain (CA)
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that is structurally homologous to the other isoforms
in the mammalian CA class [21, 24]. Variations of
the CA9 gene exist due to alternative splicing
mechanism that have been shown to produce a
truncated version (lacking TM and IC domains) of
CAIX implicating its importance in signaling
[25]. The presence of the PG domain (59 aa),
which has been named due to its resemblance to
the keratin sulfate attachment domain of human
aggrecan, is a unique feature of CAIX compared
to other isoforms. The PG domain has been proposed
to play a crucial role in cell adhesion and catalytic
activity in vitro [26, 27]. Mass spectroscopic analysis
of mature CAIX indicates that the enzyme is
stabilized by an intramolecular disulfide bond
between Cys119-Cys299, and also contains two
unigue N-linked and O-linked glycosylation sites
at Asn309 and Thr78, respectively [27]. The total
MW of monomeric CAIX has been estimated at
49.7 kDa, but migrates in sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
(non-reducing conditions) and western blots as a
double band between 54/58 kDa. This effect is
most likely due to glycosylation and/or equivalent
populations of mature and pro-forms of the
enzyme with both possessing a propensity to
oligmerize in non-reducing conditions [20, 23, 24,
27]. Alternatively, a soluble form of CAIX that
consist of the PG and CA domains only (s-CAIX)
has been observed in culture medium and in the
sera of various cancer patients [28]. This s-CAIX
has been shown to migrate at 50/54 kDa on
western blots and has been proposed to form via
proteolytic cleavage of the extracellular domains,
or as per the alternative splicing mechanism
mentioned previously [25, 28]. It has further been
established by MS and X-ray crystallography data
of the CA domain, that CAIX exists as a homodimer
(Figure 1B) with intermolecular disulfide bridges
forming between adjacent Cys137 of the mature
enzyme [23, 24, 27].

Structural alignments between the CAIX CA domain
and CA Il display high structural conservation
between catalytic sites with only slight differences
occurring between the hydrophobic, and hydrophilic
clefts [24-27]. This high homology between
isoforms leads to difficulties when designing
CAIX specific inhibitors, as CA Il is ubiquitously
expressed in normal tissue [6-9]. Naturally, due to
the high conservation between active sites, the

catalytic efficiencies between CAIX and CA Il are
comparable. O-exchange measured by mass
spectrometry show that CA 1l and the CA domain
of CAIX have similar ke./Ky values of 100 uM™ s
and 55 uM™ s, respectively [10, 29]. In addition
the CA domain of CAIX also exhibits a similar
pH profile as that of other CA isoforms. This is
deduced from an inflexion point with a pKa value
of 7.01 for CAIX compared to that of 6.90 and
7.10 for CA | and I, respectively [23-30].
Alternatively, when CAIX contains both PG and
CA domains there is a shift in pKa to 6.49, which
is consistent with the typical pH of the hypoxic
tumor milieu [5, 23, 24]. This observation has led
to the hypothesis that the PG domain acts as an
internal buffer, such that the catalytic efficiency
of CAIX is not hindered from the low pHe of
the hypoxic tumor microenvironment [23, 24].
However this observation has only been seen
in vitro, and recent data obtained from measuring
CAIX activity in breast cancer cells show that the
kinetic profiles of native CAIX in vivo compared
to the truncated form of CAIX (CA domain only)
are indistinguishable, hence disputing the PG
domain’s influence on catalytic efficiency [30, 31].
Phosphorylation sites have also been identified on
the IC domain of CAIX corresponding to Thr443,
Ser448, and Tyr449 of the full length species that
have been shown to modulate catalytic activity
and also play a role in the PI-3K/Akt signaling
cascade [32, 33].

Hypoxia-inducible factors modulate CAIX
expression

Hypoxia-inducible factors (HIFs) are major regulators
of tumor biology and are directly associated with
increased metastatic potential and chemo- and
radio-insensitivity in solid tumors [5, 33]. HIF-1,
which is predominantly associated with aggressive
tumor cells, consists of a heterodimeric complex
of ubiquitously expressed a- and B-subunits (HIF-a
and HIF-B) [33]. Formation of the HIF-1 complex
mediates a transcriptional response to hypoxic
stress in both normal and neoplastic tissue by
interacting with target genes known as hypoxia-
response elements (HREs) [5]. HIF-B, also known
as aryl hydrocarbon receptor nuclear translocator
(ARNT), is maintained at a constant level in both
normal and neoplastic tissue [5]. Alternatively,
HIF-a expression is strictly regulated and hence the
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Figure 1. CAIX Structure. A) Schematic diagram of the structural arrangement of the CAIX domains. These include
the signal peptide (SP, brown) that is not present in mature CAIX, a proteoglycan-like domain (PG, green), catalytic
domain (CA, pale cyan) that displays high homology with other mammalian isoforms, a transmembrane anchor
(TM, red), and intracellular domain (IC, purple). B) Structural model of the homodimeric CAIX as it is located in the
cell membrane. The extracellular facing CA and PG domains (pale cyan and green, respectively) are anchored by a
~20 residues TM domain (red) that is predicted to form a helix-helix interaction within the lipid-bilayer. The
existence of an N-terminally linked proteoglycan-like extension is a unique feature of CAIX that is predicted to be
involved in catalysis and cellular adhesion. In this model the PG domain exhibits no secondary structure and is
displayed as a random coil (as predicted by Robetta). Also, unlike several mammalian isoforms of CA, CAIX
contains both N- and O-linked glycosylation sites at Asn309 (shown as spheres) and Thr78 (not shown),
respectively. The IC domain of CAIX has been proposed to be involved in cell signaling pathways and is predicted
to exist as an unstructured loop. (The CA domain of model was made using coordinates from PDB: 3IAl. The PG
domain was created using structure prediction server Robetta, and Chimera and COOT software packages were
utilized for generation of the lipid bilayer, TM and IC domains, and positioning of each domain to obtain rigid body
coordinates for the final model. The final figure was made using Pymol. This model was generated based on
observations from [23, 24, 26, 27, 32, 33]).
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mediating step in HRE activation [5]. HIF-a
subunits exist as three isoforms 1, 2 and 3 with
HIF-1o predominantly associated with hypoxia
mediated cell proliferation, angiogenesis, chemo-
and radiation resistance, and inflammation in tumor
cells [34, 35]. HIF-1a is positively regulated by
environmentally low levels of O, [36]. In
normoxic conditions HIF-1o. subunits are
hydroxylated at two proline residues by HIF-
specific prolyl hydroxylase (PDH) [5, 37]. Proline
hydroxylation by PDH induces HIF-1o ubiquitination
by von Hippel Lindau tumor suppressor protein
(VHL) that leads to proteosomal degradation
[38]. HIF-1a expression is also mediated by
hypoxia-independent oncogenic signaling via
phosphoinositide-3 kinase (PI-3K) Akt-mammalian
target of rapamycin (mTOR) pathway [37-39].
Alternatively, this process is down regulated by
ADK/AMPK-dependent inactivation of the mTOR
signaling pathway [37-39].

HIF-1o mediated HRE binding causes activation
of >800 genes [40]. The activated genes include
vascular epidermal growth factor (VEGF) which
induces angiogenesis, glucose transporter-1
(GLUT-1), which increases glycolytic metabolism
via import of usable glucose, insulin-like growth
factor-2 (IGF2) that provides apoptotic resistance,
ATP-binding cassette transporter B1 (ABCB1),
which causes chemotherapeutic resistance, and
CAIX [5, 40-44]. Additionally, activation of HRE
causes an upregulation of migratory and invasive
elements that contribute to metastatic behavior of
tumor cells. Contributing factors to this specific
phenotype are collagen type V-al (COL5A1) that
regulates the formation of extracellular matrix
(ECM), and several elements that degrade the
ECM including metalloproteinases (MMPSs),
urokinase-type plasminogen-activator receptor
(SUPAR), and cathepsins [40-45]. CAIX, which is
mediated via HIF-1a, has shown to be directly
correlated and play an essential role in the
aforementioned functions in the tumor cell [7, 45].

Normal and neoplastic expression patterns of
CAIX

As mentioned previously CAIX expression is
directly dependent on HIF-1 activation [5, 45]. As
such CAIX expression has been observed to be
regulated by variations in this pathway relative to

certain normal and neoplastic tissues [5-7, 46].
More importantly CAIX expression in normal
tissue remains limited to certain epithelial tissues
of the gut, and reproductive tracts, whereas its
expression is ubiquitous in a range of highly
metastatic tumor tissues [6, 46]. As a result CAIX
has been established as a prognostic biomarker for
various malignancies [6, 46]. In the next section
we explore the expression patterns of CAIX in
normal and neoplastic tissues relating to its
significance as a prognostic tool, and provide a
brief overview of some of the regulatory mechanisms
that induce expression in each tissue type.

Normal tissue

Immunohistochemical analysis shows that normal
expression of CAIX is localized in the human gut.
Specifically CAIX expression is observed in the
basolateral surfaces of enterocytes of the duodenum,
jejunum, and also the ileal mucosa [46]. The most
prominent levels of CAIX were shown to be in the
proliferating crypt enterocytes, a major component
of the intestinal stem cell niche [46, 47].
Proliferation in enterocyte crypts is induced by
Whnt-signaling, which is positively correlated with
HIF-1a expression. This hints at the possibility of
CAIX functioning in intestinal stem cell proliferation
and regulation [47-49]. CAIX is also seen in
higher abundance in developing embryonic tissues
of the lung, gut epithelium, and skeletal muscle,
all of which, other than gut epithelium, show
decreasing CAIX levels in adult tissue [50]. CAIX
expression has also been measured by northern
blot and immunohistochemical staining in
pancreatobilary epithelium, mesothelial cells,
ovarian surface epithelium, choroid plexus basal
cells of hair follicle, and also fetal rete testis
[50, 51]. This observation indicates that the
majority of CAIX expression is associated with
microenvrionments of low pH or high rates of cell
proliferation suggesting a possible functionality of
CAIX as regulatory element in these normal
tissues. However there is limited data available to
conclude these remarks.

Breast cancer

High levels of CAIX expression have been
routinely found in highly aggressive breast cancer
tissue despite normal breast epithelium null of CAIX.
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In addition benign neoplasms show very low
levels (<11%) of expression [52]. High levels of
CAIX expression are found in ~50% of all in situ
breast cancer cases, with the majority being
associated with poor prognosis patients [52, 53].
When observing invasive breast mucinous carcinoma
cells, CAIX expression is shown to positively
correlate with GLUT1 and monocarboxylate
transporter-1 (MCT-1) expression, both of which
are up-regulated by way of HIF-1a for induction
of glycolysis and further establish the hypoxic
tumor milieu [54]. This observation typically
translates to areas of tumor necrosis in breast
cancer patients, which further acts as a key
indicator for poor prognosis [55]. In vivo activity
assays in MDA-MB-231 cells show that CAIX
expression and activity can be modulated upon
induction of hypoxia. This provides additional
evidence that hypoxia-induced CAIX levels are
associated with metastatic proliferating tumor
cells [31]. In addition high levels of CAIX occur
in fibrotic focus points, or scar-like areas consisting
of cancer associated fibroblasts (CAFs), that have
begun to replace necrotic cells, and act as a
predominant marker for invasive cancerous tissue
in breast carcinomas [54]. Given that CAIX displays
no expression in normal breast epithelium, low
levels in benign breast tumors, and high levels in
malignant tumors, CAIX has been proposed as
marker for both tumor hypoxia, and as a prognostic
indicator in breast cancer patients [53-55].

Lung cancer

Similar to cases of breast cancer CAIX expression
levels are linked to poor prognosis in lung
adenocarcinoma patients. High levels of CAIX
expression have shown to be directly correlated
with tumor necrosis observed in patients with
early-stage non-small cell lung cancer (NSCLC)
[56]. Specifically, increased levels of CAIX
expression were seen in 72% of NSCLC patients,
with the majority showing tumors with increased
malignant potential or a high risk of reoccurrence
[56]. Also alike breast carcinoma expression
patterns of CAIX, lung adenocarcinoma cases
show the majority of CAIX expression associated
with CAFs [56, 13]. CAIX has also been observed
to be positively correlated with MMP-9, VEGF,
and SDF-1, common positive indicators of hypoxia

and metastatic tumor cells [13, 57]. However
expression studies in tumors from stage I/l
NSCLC patients have indicated that, in comparison
to levels of VEGF and MMP-9, levels of CAIX
display the highest dependency on the presence of
HIF-1o [57]. This further facilitates the notion that
CAIX is tightly regulated by HIF-1a expression and
can be exploited as an independent marker for
predicting areas of tumor aggressiveness in
NSCLC patients [56]. Alternatively, it was shown
that CAXIIl expression, which was previously
believed to be associated with highly metastatic
lung tumors, was observed to be less prevalent
[13, 57]. Interestingly, the results from analyzing
NSCLC patients indicated that high CAIX/low
CAXII expression was more associated with a
high cumulative incidence of relapse and poor
overall survival [13]. In essence, this result suggests
a reciprocal relationship between the expression
of CAIX and CAXII, such that high CAXII levels
in NSCLC patients may transition to a more
favorable prognosis [13]. The results obtained
from these studies poise CAIX to be a valuable
and reliable prognostic indicator in lung
adenocarcinoma.

Kidney cancer

CAIX levels in Renal Cell Carcinoma (RCC) are
tightly regulated by HIF-1a expression [17, 58].
This has been determined by observing that CAIX
expression levels are suppressed in the presence of
VHL, which negatively regulates HIF-1a levels, to
an even greater extent than VEGF [17, 58]. The
presence of VHL however, had little effect on
CAXII expression, which exhibits intrinsically
low levels of expression in normal kidney [58].
Once present, CAIX expression levels can be
maintained in RCC tumors at pericellular or
mildly hypoxic regions through participation of
the EGF stimulated P1-3-Kinase pathway [17]. In
this particular case CAIX can act similar to a
feed-forward regulatory element of HIF-la
expression through the activation of Akt [17, 36].
As a result CAIX has found direct use as an
independent reliable prognostic marker in metastatic
RCC patients and has been utilized in Phase Il
efficacy studies of the anti-cancer drug sorafenib
[59, 60]. The capability CAIX has to predict
prognosis in progressive metastatic RCC patients
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has further prompted the development of a
WX-G250, a chimeric monoclonal anti-body specific
for CAIX that is combined with low-dose interferon-
o (marketed as RENCAREX®, Wilex AG, Munich
Germany) to act as an anti-cancer therapeutic [61].
Currently, RENCAREX® has just completed
clinical Phase Ill trials as an adjuvant therapy
against clear-cell RCC patients (ccRCC) with results
awaiting publication (http://Awww.wilex.de/portfolio-
english/rencarex/phase-iii-ariser/) [61]. In addition,
s-CAIX levels have shown promise as a prognostic
marker in RCC patients as they have been correlated
to tumor progression [28, 62]. Measurements of s-
CAIX are attractive as a prognostic indicator to
measure post-treatment efficacy since they can be
obtained with less invasive techniques [62].
However, s-CAIX levels only remain in the blood
within a few days post-treatment and therefore
only serve useful if measured within this time
frame [28, 62]. Despite the promise CAIX has
shown as an independent prognostic marker of
RCC, it has been suggested that, CAIX is unable
to predict prognosis after long-term follow up in
ccRCC patients [63]. Alternative to this data
however, the majority of evidence contradicts this
observation; hence, CAIX is still considered as an
invaluable prognostic indicator.

Colorectal cancer

Transcriptional analysis of colorectal carcinomas
(CRC) indicates CAIX expression is directly
correlated with a poor grade of tumor differentiation
[64]. Furthermore, CAIX expression has been
linked to survival rates and poor disease outcome
in CRC patients [65]. Not surprisingly, CAIX
expression was coupled to that of HIF-1a and
positively correlated with GLUT-1 and VEGF
expression levels [65, 66]. Similar to the expression
patterns in cases of RCC, CAIX expression is
equally regulated by both hypoxic-stress induction,
and PI-3-Kinase signaling with Akt activation
occurring downstream [36, 65]. Akt signaling is a
key regulator in tumor progression in CRC and
therefore indicates that CAIX may have important
functionality in this signaling cascade [17, 36, 65].
It has been shown via utilization of the monoclonal
anti-body G250 (derived from RENCAREX®)
that CAIX can be used for clinical detection of
hypoxia in CRC patients [67]. This result is very

promising as it increases the repertoire of the
utility of CAIX as a prognostic marker.

Cervical and vulvar cancer

Clinical observations regarding CAIX levels in
advanced-staged cervical cancer patients indicate
that overexpression of CAIX is directly correlated
with aggressive tumor characteristics and disease-
specific survival [68, 69]. In relation to HIF-1a
expression CAIX was weakly, but statistically
related in tumors with reduced oxygen-tension
(pO,) levels [68, 69]. As a result CAIX proved to
be a better prognostic marker compared to HIF-1a
[68]. Interestingly, it has been shown that in certain
cases of advanced uterine cervical cancer, CAIX
expression remained high even in the absence (or
low levels) of HIF-1a expression [68]. HIF-1la
expression corresponded very well to the level of
pO, present in the tumor microenvironment as per
pimonidazole binding assays, a method for
measuring hypoxia in tumors [69, 70]. CAIX
levels however, once initiated by hypoxic-stress
and upregulation of HIF-1a, were not reduced
once pO, levels were raised to normoxic conditions
[68]. In fact, CAIX levels remained high in
perinecrotic regions even after reoxygenation
[69-71]. It has been proposed that this effect is a
direct result of CAIX’s in vivo half-life that has
been reported between 2 to 3 days [71]. The
extended half-life of CAIX in progressing tumor
tissue of the cervix emphasizes its benefit as a
prognostic marker over other hypoxic-stressed
induced factors such as HIF-1a [69, 70]. It should
be noted however that this effect of high levels of
CAIX during reoxygenation of the tumor
microenvironment might be visible in other cancer
forming tissues. In addition tumor progression has
been observed to proceed in perinecrotic regions
even after reoxygenation. This effect may be
linked to CAIX function suggesting that it is a key
factor in the metabolic and invasive pathways that
contribute to aggressive tumor behavior [69-72].

Similar trends of CAIX expression levels in cases
of vulvar cancer have been observed [73]. Recent
evidence suggests that CAIX expression in solid
tumors of vulvar cancer is directly associated with
poor outcomes in patients [73]. In addition,
measurements of preoperative s-CAIX levels were
linked to poor prognosis in these same patients [73].
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This outcome resembles those seen in RCC
patients mentioned previously [28, 61]. Despite
the lack of information available for s-CAIX and
characterization of its role in tumor progression, it
still provides use as a prognostic indicator and
potential therapeutic target in both vulvar cancer
and RCC patients [28, 61, 73].

Head and neck cancer

Head and neck squamous cell carcinoma (HNSCC)
is typically described as carcinomas occurring in
the oral cavity, esophageal, and laryngeal tissues
[19, 74-76]. Cases of HNSCC are usually attributed
with hypoxic tumors often making treatment with
chemotherapy or radiation therapy challenging [74].
As such CAIX expression has been largely
associated with several cases of HNSCC [74]. As
we have seen previously, the regulation of CAIX
expression is coupled with levels of HIF-1a [74,
75]. Furthermore, in cases when observing oral-
cavity squamous cell carcinomas, high CAIX/HIF-1a
was associated with tumor necrosis, hypoxia, and
microvessel density in tumors of patients [75].
CAIX expression levels were also found to be a
useful indicator of reoccurrence predictability in
oral squamous cell carcinoma patients that were
surgically treated [77].

Similar results were seen in cases of esophageal
cancers where high CAIX expression associated
to diminished prognosis, therapeutic resistance,
and more aggressive tumor states in patients [19].
It has also been shown that CAIX expression is
associated with lymph node metastases indicating
that CAIX-induced alterations of the tumor milieu
caused by the “hypoxic phenotype” may be
preserved during migration of tumor cells [19].
Interestingly, CAIX expression was positively
regulated by the tyrosine kinase Her-2 indicating a
potential alternative activation pathway of CAIX
expression [19]. Laryngeal carcinoma, which often
originates in the glottis, with rare cases arising in
the supraglottis, displays the same relationship
between CAIX expression and prognosis in glottis
laryngeal carcinomas [76]. CAIX expression
however was absent when laryngeal carcinoma is
derived from the supraglottis [76]. As a result
expression levels of CAIX/HIF-1a shows a
similar correlation in glottis derived laryngeal
carcinomas but did not correlate to prognostic

factors of supraglottic laryngeal carcinoma [76].
Overall CAIX expression has been associated
with poor prognosis in HNSCC patients indicating
potential as a biomarker in these cancers [19, 74-76].

Brain and astrocytoma cancer

Malignant glioblastomas are often linked to
increased glycolytic metabolism and often display
a high degree of intratumural hypoxia [15]. This
effect is directly coupled to levels of CAIX, which
exhibits no expression in normal brain tissues
[15]. Interestingly, glioblastomas show no association
with CAIX expression level between low-grade
and high-grade gliomas [15]. CAIX was also
observed to express in high levels in astrocytomas,
which are highly malignant tumors derived from
glial cells [78]. In addition there was no observable
co-expression of CAIX with EGFR, which can
upregulate HIF-la mediated gene expression
independent of hypoxia in astrocytomas [78]. Instead,
similar to glioblastomas, malignant astrocytomas
are strictly regulated by hypoxic-induced stress
[15, 78]. Alternatively, CAIX knockdown in both
tumor types resulted in reduced proliferation and
migratory rates in tumor cells, and overall reduced
tumor size [15, 78]. In cases of medulloblastomas
(MBs), and supratentorial primitive neuroectodermal
tumors (PNETS), the most common and aggressive
pediatric brain tumors, high levels of CAIX
expression was observed in perinecotic regions
[79]. Furthermore, CAIX was able to predict
prognosis in patients as per multi- and univariate
analysis [79]. This result is very promising as
these types of pediatric tumors usually have a low
survival rate resulting in a max life span of <5
years post-diagnosis [79]. Overall CAIX is shown
to be a useful prognostic indicator in both
adult and pediatric brain tumors [15, 78, 79].
Furthermore, the close relationship of CAIX to
metastatic behavior of each brain tumor type,
coupled with the minimal CAIX expression found
in normal brain tissue, presents CAIX as a
promising anti-cancer target [78, 79].

Gallbladder, liver and bone-marrow cancers

Urothelial carcinoma of the bladder, which
encompasses roughly 90% of all bladder cancer
cases, exhibits differential expression of CAIX
[80]. Specifically, CAIX is widely expressed in
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low-grade invasive tumors and has shown to
correlate directly to patient prognosis [80].
Integration of CAIX into prognostic models has
presented to be an accurate biomarker and also a
strong predictor of reoccurrence in post-operative
patients [80]. In general it has been shown that the
most invasive tumors that exhibit CAIX expression
are of regions of necrosis indicating a hypoxic
tumor microenvironment [80, 81]. In addition the
presence of CAIX was shown to be necessary for
metastatic characteristics of these tumors [81].
Therefore a reduction in CAIX activity may correlate
to a reduction in invasive tumor behavior.
Furthermore, normal urothelial tissue is null of
CAIX expression making it ideal as a prognostic
marker [80, 81].

Recent clinical and in vitro studies utilizing
Hep3B, Huh-7 and HepG2 cell lines show that
CAIX is expressed in aggressive cases of
hepatocellular carcinoma and hepatoblastoma
[82, 83]. Specifically, CAIX expression was shown
to be induced via introduction of hypoxic-stress
and/or transforming-growth factor-pl (TGF-B1)
[83]. TGF-B1 has routinely been observed in cases
of human hepatocellular carcinoma (HCC), and
has also been associated with tumor progression via
immune-suppression and activation of angiogenesis
[84]. An interesting observation in HCC is that
inhibition of hypoxia-induced CAIX enhances the
effect of chemotherapeutics that target hexokinase 11
[83]. Also, CAIX expression was inversely related
to E-cadherin levels, an important mediator of cell
adhesion [83]. This suggests CAIX may function
in liver cancer cell migration and invasion. These
data provide evidence that CAIX inhibition may
therefore be a useful combinatorial therapy against
HCC and also as a prognostic indicator.

Clinical studies involving patients with epithelial
bone-marrow metastases displayed slight CAIX
expression, mostly related to focal membranous-
points, or areas of invading tumor cells [85]. This
result however, due to the low levels of observable
CAIX expression, is not significant enough to
conclude CAIX to be a good prognostic or
therapeutic marker for epithelial bone-marrow
metastases [85]. In contrast the relation of CAIX
expression to malignant tissues in bone-marrow
tumors does display similarities to observations of

CAIX expression profiles in other aggressive
tumor tissues [85]. It should also be noted that this
study also evaluated CAIX expression in cases of
hematological metastases and observed absolutely
no CAIX expression. This indicates CAIX may
not be directly involved with hematological tumor
function [85].

Gastric cancer

Unlike the previously mentioned cases, CAIX
exhibits differential expression pattern in types of
gastric cancer. Moreover, gastric epithelium is
indicative of intrinsic CAIX expression and
therefore it could be postulated that expression
profiles of CAIX in cancerous forms of this tissue
might not follow the trends previously observed
[6, 45]. In fact, when regarding levels of CAIX in
small intestinal carcinoma (SIC), which is a
relatively rare but often an aggressive type of
carcinoma, high CAIX levels have been shown to
correlate more readily with a good prognosis in
patients [86]. Good prognostic factors in this case
are associated with reduced areas of moderately
differentiated tumor cells, and no observable lymph
node metastasis [86]. This result contrasts that
which has typically been observed in other
carcinomas, and hence a reduced value of CAIX
as a prognostic marker in cases of SIC. Alternatively,
when observing epigenetic regulations of the CA9
promoter, it has been shown that methylation of
the CpG site, responsible for CA9 activation,
occurs predominantly in cases of diffuse-type
gastric cancers rather than interstitial [18]. Diffuse-
type gastric carcinomas usually demonstrate highly
migratory and invasive qualities [18]. Interestingly,
CAIX expression in both interstitial and diffuse-
type carcinomas was not regulated by hypoxia.
This indicates alternative mechanisms occurring
in gastric mucosa that regulate CAIX levels.
Insights into this thought can be deduced via a
recent study correlating suUPAR levels with CAIX
expression [87]. SUPAR is found in a plethora of
cells including vascular endothelial cells, monocytes,
and neutrophils, and is thought to be associated
with inflammatory response elements [87, 88].
Furthermore suPAR has shown to mediate
angiogenesis, adhesion, migration, and cell
proliferation during inflammation, and has also been
utilized as a prognostic marker of gastric cancer [88].
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The relation between suPAR and CAIX expression,
and suPARs association with immuno-driven cell
proliferation, migration, and adhesion, may suggest
CAIX is regulated by immune response elements
in gastric tissues rather than hypoxic-induced
stress similar to that seen in HCC [87]. However,
much more research on this relationship will need
to be presented to truly make this conclusion.

In summary CAIX expression patterns display a
relatively common motif between solid tumors of
various tissues. As such, one can postulate the
modes of expression, with the exception being
cases of gastric and bone-marrow cancers and
slight derivations in cases of liver, kidney, and
cervical cancers, this mechanism is relatively
conserved [6, 7, 17-19, 45]. Furthermore, high
CAIX expression levels have been determined to
be associated with more aggressive tumor tissues
[17-19]. Specifically, the presence of CAIX has
displayed properties as a modulator of the hypoxic
tumor milieu, which ultimately translates to a tumor
cells ability to rapidly breakdown glucose, prompt
an acidic pHe and more neutral pHi, contribute to
a tumor cell adhesion, invasion, and migration,
and attribute to radiation and chemotherapeutic
resistance [6-9, 17-19, 45]. It was also observed
that CAIX was still present even after reoxygenation
of hypoxic tumor regions, which ultimately
contributed to overall poor outcomes in patients
[28, 62, 63]. As we can see, CAIX has become
regarded as a key mediator of the tumor milieu
that equates to aggressive tumor behavior [6-10,
17-19]. In the next section we will review the role
of CAIX in the tumor microenvironment and
highlight its contribution to the metastatic cascade.

CAIX is essential for tumor metabolism and
function

pH regulation and the metastatic cascade

The acidic extracellular pH (6.0-6.8) of metastatic
tumor tissues is postulated to be directly attributed
to lactic acid production by way of an increase in
anerobic glycolysis, and carbonic acid produced
through the pentose phosphate pathway [88].
Alternatively, the intracellular pH of tumor cells
remains close to physiological levels enabling
for proper mediation of metabolic and signaling
pathways [4, 88]. As such, this acidic pHe and neutral

pHi is established via a network of transporters
and pumps allowing exchange of glucose, and
glycolytic bi-products of lactate, H" and HCO3
[4, 88]. H™ and lactate produced by glycolysis is
transported out of the cell by Na'/H" exchangers
(NHE), H*-ATPase, the H'-lactate co-transporter
(HCLT), and monocarboxylate transporters (MCTS)
[89]. In addition, CO, produced in the pentose
phosphate pathway readily diffuses through the
tumor cell membrane where it can be converted to
H*and HCO;3 by CAIX [14, 29, 88]. In contrast,
HCOj3; produced from CAIX interconversion of
CO, at the extracellular surface can be imported
into the tumor cell by Na'-HCO; co-transporters
(NBC) and CI/HCO;" exchangers (AE) resulting
in the buffering of neutral pHi (Figure 2A)
[14, 88]. This balance between high intracellular
HCO; and high extracellular H* is critical in
biological functions of tumor cells wherein + 0.1 pH
units in the cytosol of the tumor cell can disrupt
ATP production, protein synthesis, cell proliferation,
migration and apoptosis [14]. It has been shown in
CAFs that the balance between pHe and pHi is
critical for tumor cells to maintain high rates of
proliferation [89]. In a paradoxical sense nevertheless,
acidic extracellular tumor milieus actually
produce a negative effect on proliferating rates;
this attribute is overcome by the presence of high
HCOj3 concentrations in the cytosol of tumor cells
[89]. The same result was observed in glioblastoma
cells whereas the presence of CAIX mediated
both influx and efflux rates of HCO; and H",
respectively [15]. Proper mediation of this transport
mechanism occurs via the juxtamembranous position
of the enzyme allowing positional control of the
products in CAIX catalysis and contributing to the
overall acidic phenotype [15]. The pKa of CAIX
at 6.49 is postulated to be a critical evolutionary
trait, such that it is able to contribute to the
proton/bicarbonate efflux/influx gradient in the
acidic extracellular environment without losing
activity [90, 24, 31]. It has been suggested that
this occurs via the carboxy-rich PG domain of the
enzyme acting as an internal buffer for CAIX
allowing it to uphold its high catalytic efficiency
in the environment in order to mirror the
increased rate of glycolysis [24]. However this
notion has been challenged via in vivo studies
that show equivalent catalytic efficiency of both
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full-length (containing PG and CA domains) and
truncated (CA Domain only) forms of CAIX [30,
31]. In addition, CAXII, which is also a
homodimeric tumor associated CA, has shown its
capability of establishing an acidic tumor milieu
in both breast and lung cancer cell lines [14, 90].
Interestingly CAXII, an enzyme that lacks the PG
domain extension, maintains its activity in the acidic
tumor microenvironment allowing for maintenance
of the proton/bicarbonate efflux/influx gradient
[14, 90].

Overall, the establishment of the differential pHe
and pHi associated with hypoxic and aggressive
tumor cells will ultimately set the stage for metastatic
cascade events [88, 90]. Acidic extracellular pH
results in necrosis or apoptosis of adjacent normal
cells by p53- and caspase-3-dependent mechanisms
[91]. This effect, coupled with tumor cells ability
to up-regulate transporters and exchangers to
maintain neutral pHi, provides a variable environment
for tumor invasiveness while maintaining proliferative
properties [88, 91]. This effect also constitutes to
the secretion of lysosomal enzymes that are
optimally active in more acidic pH [88]. Specifically,
MMPs and cathepsins are released, which act to
degrade ECM and adjacent bone matrix, to prompt
the environment for cell migration and invasion
[13, 88, 90]. Alternatively, the acidic pHe also
contributes to focal adhesion kinase (FAK) activity,
which plays a major role in cellular motility by
regulating plasma membrane localization [92].
This effect is coupled with activation of proangiogenic
factors such as VEGF, which leads to increased
tumor cell survival and enhanced tumor proliferation
rates [39, 88]. Low pHe has also shown to induce
an inflammatory response thus contributing to the
pathological trigger for both inflammation and pain
in cancer patients [88]. In essence this occurs by
way of proton sensing GPCR activity that
stimulates cyclooxygenase-2 (COX-2) expression
and prostaglandin-E, (PGE,) production [93]. This
particular response becomes enhanced further by
succinate-induced activation of HIF-1a, which
therefore stimulates IL-1p [34]. The final facet
that represents the metastatic cascade is the
overall resistance to radiation and chemotherapies
[94]. Specifically, alterations in compounds
permeability, as with VEGF and EGF targeted
inhibitors, show a significant decrease in efficacy

in colon cancer treatments [1, 2, 94]. Alternatively,
the increase in CO, in the hypoxic niche, followed
by its rapid conversion to HCO3 by CA activity,
contributes greatly to a reduction in ionizable
free-oxygen species resulting in a decreased
radiotherapeutic response [1, 2, 15]. Therefore,
differential pHe and pHi modulations, aided by
CAIX activity, establish the adaptive environment
which ultimately contributes to therapy resistant
malignant tumor formation.

Cell migration, invasion, and adhesion

Hypoxia, as discussed previously, is interconnected
to cancer cell migration and invasive potential
[95]. In addition HIF-1a mediated CAIX expression
is directly correlated to these properties, as is lysyl
oxidase (LOX), an enzyme that catalyzes crosslinking
of collagens or elastins [95]. Typically, cell-cell
mediated adherens junctions hold cells together
with glycoproteins playing a key role in the
process [96]. Cadherins, which are transmembrane
Ca®*-dependent homophillic adhesion receptors,
induce the ubiquitous adhesive interactions required
for maintenance of solid tissues [96]. Of the sort is
the well characterized epithelial associated E-cadherin
[96, 97]. E-cadherin has been associated with
suppression of epithelial tumor invasiveness and
metastasis with a loss in function equating to
enhancing these aforementioned properties
[96, 97]. A key regulator of E-cadherin-mediated
adhesion is p-catenin [97, 98]. B-catenin is activated
via stimulation from a-catenin binding [98]. Loss
of B-catenin activity negatively affects E-cadherin
ultimately resulting in reduced cell-cell adhesion
[98]. CAIX has shown to compete with a-catenin
for p-catenin binding [98, 99]. This leads to the
suppression of E-cadherin leading to the unstable
cell-cell interactions typically seen in metastatic
tumor cells [98, 99]. Alternatively, when CAIX
expression was decreased, cell adhesive properties
were restored [99].

MMPs and cathepsins induce cell motility by way
of matrix remodeling [88, 100]. MMP and cathepsin
activity leads to extracellular matrix (ECM)
degradation of parenchyma encapsulating primary
tumors [100]. As in glioma cells, migration and
invasion induced by MMPs occurs in essentially
two phases [101]. Glioma cells attach to ECM
proteins via cell adhesion receptors; this is followed
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by proteolytic degradation of the ECM by MMPs
and serine proteases, and followed by adhesion
protein degradation by cathepsins that result
in increased cell motility [101]. All of the
aforementioned proteases are secreted and activated
by a reduction in extracellular pH induced by
CAIX activity [101]. In contrast protease activity
(and extracellular expression) is reduced upon
CAIX inhibition [101]. Similarly the same effect
is seen in colorectal cancer cells facilitated by
stimulation of an inflammatory response; hence
upregulation of COX-2 and CAIX activation
induces MMP activity [102].

CAIX has been shown to hold a critical role in
focal adhesion, a necessary step accompanying
the migration and invasive behavior of tumor cells
that leads to metastasis [103]. CAIX has been
shown to co-localize at focal contacts of the ECM
with paxillin, a common ECM scaffolding protein
activated by FAK [104]. It has also been observed
that CAIX, by utility of its PG domain, can adhere
to cells via an interaction with ECM components
hyaluronan and collagen [26, 104]. CAIX loses
this ability upon binding of the monoclonal antibody
M75, which translates into a reduction in focal
adhesion abilities of tumor cells [26]. CAIX has
also been proposed to play a more general role in
tumor migration/adhesion/invasion phenomenon
by directly interacting with the Rho/ROCK pathway
that stimulates cytoskeletal rearrangement [101,
104]. It has been shown that reduced levels of
CAIX correlate to suppression of Rho/ROCK
pathways and FAK activation of paxiilin, both of
which mediate cell motility and focal contact
formation [101, 104]. Overall, the importance of
CAIX in the tumor cell migration/adhesion/invasion

phenomenon increases its physiological importance
and thus contributes to its value as an anti-cancer
target [105].

Signaling

As discussed previously, CAIX has garnered attention
as not only a mediator of cell motility and pH
regulation of the tumor milieu, but more recently
as an important signaling molecule (Figure 2B)
[17, 36]. Three phosphorylation sites have been
observed within the IC domain of CAIX at Thr443,
Ser448, and Tyr449, all of which are phosphorylated
by protein kinase A (PKA) [34, 105]. In contrast it
has been observed that de-phosphorylation
of CAIX at these specific locations occurs by
protein phosphatase 2 (PP2A) activity [34, 105].
Different phosphorylation combinations have
been demonstrated to influence catalytic and
signaling potential of CAIX [105]. It has been
observed that ligand induced EGFR signaling can
prompt activation of cAMP/PKA phosphorylation
of Tyr449, which in turn induces activation of
P1-3K signaling cascade further facilitating Akt
activation [105]. This Akt activation as we have
seen corresponds to an upregulation of HIF-1a. in
non-hypoxic conditions. This mechanism of p-
CAIX mediated activation of the PI1-3K pathway
exhibits properties similar to a feed-forward regulator
of its own expression and also other HREs that
contribute to metastatic tumor cell behavior [17,
32, 36]. The other two-phosphorylation sites,
Thr443 and Ser448, contribute directly to CAIX
activity [105]. It has been observed that optimum
CAIX activity (even more so than CA II) is
achieved when Thr443 is phosphorylated by PKA.
Alternatively, when Ser448 is phosphorylated

Legend to Figure 2. CAIX Functions in Tumor Microenvironment. A) The acidic extracellular pHe and near
physiological intercellular pHi is established via a network of transporters and pumps in the tumor milieu. H* and
lactate produced by glycolysis is transported out of the cell by Na*/H* exchangers (NHE), H*-ATPase (not shown),
the H*-lactate co-transporter (HCLT), and monocarboxylate transporters (MCTs). CO, produced in the pentose
phosphate pathway readily diffuses through the tumor cell membrane where it is converted to H" and HCO3 by
CAIX. The HCO3 produced from CAIX catalysis is imported into the tumor cell by Na"™-HCO; co-transporters
(NBC) and CI'/HCOj3; exchangers (AE) in order to buffer the cytosol. B) EGFR signaling can induce activation of
CcAMP/PKA activation, which thus acts to phosphorylate CAIX at Tyr449 of the IC domain. Phosphorylated CAIX
can further activate PI-3K signaling cascade leading to Akt activation. Furthermore, Akt activation corresponds to an
upregulation of HIF-1a independent of O, concentration and thus upregulate CAIX expression. This mechanism
suggests CAIX can act as a feed-forward regulator of HRE activation and thus its own expression (Figures A and B
were generated based on observations seen in [4, 14, 17, 29, 32, 36, 88, 89, 105]).
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catalytic activity is reduced [105]. Thus, the
combination of PKA induced phosphorylation of
Thr443, coupled with dephosphorylation of Ser448
by PP2A proposes a regulatory mechanism of
CAIX activity in the tumor milieu [17, 105]. This
phospho-regulated mechanism suggests that levels
of CAIX activity are dependent on the flux of
metabolic activity of the tumor cell. Additionally,
this observation coupled with the fact that in vivo
catalytic activity is not dependent on the presence
of the PG domain, suggests that CAIX activity in
the acidic microenvironment is most likely regulated
by alterations in metabolic flux rather than
buffering capabilities of the PG domain [31, 105].
Therefore, the unique attribute of the PG domain
of CAIX may strictly be utilized in the enzyme’s
adhesion capabilities [26].

As discussed previously, CAIX also exists as the
soluble s-CAIX [25, 28]. Recently, an intriguing
observation has been made regarding s-CAIX in
that it has potential to internalize into the cytoplasm
and traffic to the nucleus [106, 28]. It has been
shown that CAIX can co-localize with exportins
and importins, which are important for nucleo-
cytoplasmic trafficking [28]. This relationship
between CAIX and importin and exportin molecules
was heightened in the presence of IC domain
phosphorylation at Thr443 and Tyr439 [106].
Despite this unique observation seen regarding
CAIX function, trafficking of CAIX to the nucleus
has so far not been directly linked to specific gene
activation [106]. It can be postulated, with CAIX
possessing an important role in the Rho/ROCK
pathways, the FAK signaling cascade, and PI-
3K/Akt activation of HIF-1q, that this internalization
mechanism acts as a mediator for these pathways
although this has not been observed [17, 32, 105,
106]. Furthermore, this signaling event might be a
direct consequence of altered metabolic flux seen
in the tumor cell such that PKA phosphorylation
of Thr443 may influence this internalization. In
addition dephosphorylation of this same residue
may in turn reduce these signaling events resulting
in a more static tumor environment. However, to
fully conclude these remarks more research must be
done to characterize this mechanism. In summary
these observations suggest a broader physiological
role of CAIX in normal tissue than previously
determined [46-48].

CAIX as an anti-cancer target

As we have seen CAIX plays an important role in
tumor biology, specifically in pH regulation,
proliferation, cell motility, adhesion, and signaling
[6, 7]. As a result CAIX has shown increased
potential as not only a prognostic marker for
aggressive cancers but also as an anti-cancer
target [7]. In addition, CAIX has several physical
characteristics that make it an optimal therapeutic
target. The extracellular facing catalytic domain
of CAIX eliminates drug delivery complications
often exhibited by internalized or cytosolic targets
[7, 23, 24]. Furthermore, intrinsic CAIX expression
has shown to be limited to specific tissues reducing
the potential for off-target effects seen with several
anti-cancer drugs [46-48]. More importantly,
knockdown or inhibition of CAIX has resulted in
the decrease of both primary tumor growth and
metastatic potential, and also an increase in tumor
susceptibility to radiation treatment [19, 58, 66,
75, 78, 107, 108]. As a result, the interest in
developing novel inhibitors of both small-molecular
and biologic derivation against CAIX has arisen
[6, 7]. To date, several inhibitors for CAIX
have been developed. These inhibitors include
sulfonamides, which are common potent CA
inhibitors, coumarins, monoclonal antibodies and
even peptide-based ligands (two of which are in
Phase Il and Il clinical trials in indisulam and
RECENARAX®, respectively) [6, 7, 60, 109, 110].
Despite some recent success in the development
of CAIX inhibitors, the most challenging aspect
has been the development of compounds with
high isoform specificity. [6, 7, 111].

Utilization of structure-based drug design has been a
hallmark technique to exploit the subtle differences
between the active site of CAIX in comparison to
other human CAs. However difficulties regarding
expression and crystallization of wild-type CAIX
have resulted in limited structural information
as per one X-ray crystal structure (PDB: 3IAl)
deposited to the Protein Data Bank (PDB) to date
[24, 111]. To overcome this hindrance a pseudo-
CAIX, or CAIX mimic has been developed by
using the easily crystallized CA 1l as a template
(Figure 3A) [111]. The CAIX mimic has proven
useful for determining modes of binding of certain
drugs, specifically sulfonamide based derivatives
[111, 112]. Superposition of acetazolamide (AZM)
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Figure 3. CAIX and CAIX mimic active site comparisons. A) Specific point mutations made in the active site of
CAIl (green) designed to mimic the active site of CAIX. The amino acid differences are represented as a
superposition of the CAIl active site residues with that of CAIX (pale cyan) (PDB 3HS4 and 3IAl, respectively),
these include: A65S, N67Q, E69T, 191L, F130V, K169E, and L203A. The CAIX mimic has shown to be a valuable
model for structural targeting of wild-type CAIX. B) The active site of CAIX with an overlay of acetazolamide
(AZM) from 3IAI (white) and 3HS4 (green). Note that the sulfonamide group binding to the zinc is conserved,
between both structures. Variations occur in the binding of the “tail-like” extension of AZM most likely due to
difference in active site cleft regions located radially outward from the catalytic zinc. In addition the reduced steric
hindrance from the absence of F130 (not shown) in CAIX may allow for more Van der Waals interactions in the
hydrophobic cleft and might contribute to a more favorable binding of steroidal based compounds. Exploiting these
slight differences between active sites of each isoform is essential when designing isoform specific inhibitors.

(Figures were created in Pymol using coordinates from PDBs 31Al, 3HS4, and 3DC3 from [24, 111, 112]).

from crystal structures of CA 1l (PDB: 3HS4),
CAIX and CAIX mimic (PDB: 3DC3) shows that
the sulfa-group extension binds to the zinc in a
conserved manner with the amide interacting
directly to the catalytic zinc (Figure 3A) [24,
113]. Alternatively, variations in binding are
observed in the backbone of AZM due to the
differences between CA Il and CAIX hydrophobic
and hydrophilic clefts [24]. This suggests that the
R-groups of sulfonamide-based compounds can
be manipulated to interact with small changes
between the hydrophobic and hydrophilic clefts
while maintaining a strong association with the
active site zinc. One example of this can be seen in
estradiol-derived sulfonamides, which have been
designed based on previously seen anti-mitotic
inhibitors [114, 115]. Structural and kinetic studies
of these compounds indicate that steroidal based
sulfonamide compounds are able to exploit the
larger hydrophobic pocket of the CAIX active-site
via an increase in Van der Waals contacts of the
steroidal backbone [24, 114, 115]. The same trend
was shown using energy calculations from

molecular docking studies of each compound with
wild-type CAIX, which also predicted similar
modes of binding to that observed in the CAIX
mimic [115]. Alternatively, S-glycosyl primary
sulfonamides have been developed in attempts to
exploit the extracellular facing catalytic domain of
CAIX [116]. These particular compounds contain a
hydrophilic sugar moiety, which shows limited
cell permeability, adjacent to a sulfonamide group
[116, 117]. In addition, the carbohydrate moiety
allows for a potential increase in oral bioavailability
that, when compared to current available anti-
cancer therapeutics, would make delivery far less
invasive [117]. More recently, notions to combine
both properties of compounds with both high
isoform specificity and limited membrane
permeability in the form of a pro-drug have been
implemented [118]. Gluco-sulfonamide based
conjugates have been designed to have favorable
membrane permeability and poor CA inhibitory
properties until unmasked in circulation. At this
point, the compounds exhibit the opposing
characteristics making for a robust orally delivered
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pro-drug against that specifically targets CAIX [118].
Similarly a series of carbamoylphosphonates, initially
designed to inhibit MMPs, was serendipitously
discovered to inhibit CAIX activity [119]. These
compounds had already shown promise as non-
toxic, orally administered anti-cancer therapeutics
and when introduced to an acidic pH (<7.0) they
become ionized and are unable to cross the cell
membrane [119]. This feature resembles the
properties exhibited by the aforementioned gluco-
sulfonamide pro-drug approach. In this particular
case drug efficacy becomes dependent on the acidic
tumor milieu [118, 119]. Therefore by combining
both structural and pharmacokinetic approaches it
might be possible to develop CAIX specific drugs.

In addition to the development of small-molecule
inhibitors of CAIX, there is also a demand to
engineer biologic-based (antibody or peptides)
inhibitors for CAIX. Utilization of the ability of
monoclonal antibodies, such as M75 and G250, to
recognize the PG domain of CAIX has shown
effectiveness in disrupting the ability of CAIX to
function in tumor cell adhesion and motility [26,
31]. This becomes promising as such monoclonal
antibodies exhibit high binding affinity to the
distinctive PG domain of CAIX thus circumventing
the potential of non-specific CA targeting [94]. In
addition peptide based inhibitors for CAIX have
also been discovered utilizing a phage-display
library [113]. However the benefit of this type of
ligand is still unclear. There is postulation that the
specific binding region of such peptides can
further be exploited for the development of a
peptide-based inhibitor that is specific for CAIX
targeting [109].

CONCLUSION

Since its discovery, CAIX has gained a large
amount of attention in terms of its role in tumor
biology [6, 7, 17-19]. Furthermore, characterization
of the physiological properties of CAIX proposes
it to be an essential regulator of metabolism, cell
motility, and overall metastatic behavior in solid
tumors [5-7, 44]. Additionally the inhibition or
knockdown of CAIX in several cancers has proven
detrimental to overall tumor growth and metastatic
properties [19, 58, 66, 73-75, 78, 107, 108].
Therapeutic targeting of CAIX has presented to be
advantageous in terms of increasing radiation and
chemosensitivity in certain cancers [120]. As such,

CAIX still remains an elusive drug target bearing
its high level of homology between other ubiquitously
expressed isoforms of CA [5-7, 24]. However recent
developments in engineering CAIX specific inhibitors
have shown great promise in overcoming this
challenge [5-7, 62, 109, 110]. Despite such progress
however, very few inhibitors have been used in a
clinical setting. Moreover, structural information
for wild-type CAIX still remains limited [24]. In
summary CAIX has revealed great potential as a
prognostic marker and as a therapeutic target for
several cancers. Thus, the development of potent
CAIX specific inhibitors will enhance current
anti-cancer treatment.
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