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Abstract: Carbonic anhydrases (CAs) are a family of enzymes involved in the pH regulation of
metabolically active cells/tissues. Upregulation of the CAIX/XII isoforms is associated with hypoxic
tumours and clinically linked with malignant progression, treatment resistance and poor prognosis.
The elucidation of the crystal structure of the catalytic domains of CAIX/XII provided the basis for
the generation of CAIX/XII selective inhibitors based on the sulfonamide, sulfamate and coumarins
chemical structures. Ureido-substituted benzenesulfonamide CAIX/XII inhibitors have shown
significant potential, with U-104 (SLC-0111) currently present in clinical Phase I/II. Ureido-substituted
sulfamate CAIX/XII inhibitors have received less attention despite encouraging preclinical test
results. In triple-negative breast cancer (TNBC), ureidosulfamates revealed a significant antitumour
(FC9-398A) and antimetastatic potential (S4). In small cell lung cancer (SCLC), a cancer cell type very
sensitive to a dysregulation in CAIX signaling, S4 treatment was particularly effective when combined
with cisplatin with no evidence of acquired cisplatin-resistance. These successful anticancer strategies
should provide a solid basis for future studies on ureido-substituted sulfamates.
Keywords: carbonic anhydrases (CAs); ureido-substituted benzenesulfonamide; ureido-substituted
sulfamate; CAIX/XII inhibitors; hypoxia; S4; U-104; SLC-0111

1. Introduction to Carbonic Anhydrase IX/XII Inhibitors
Carbonic anhydrases (CA, EC 4.2.1.1) catalyse the reversible hydration of carbon dioxide to
bicarbonate and protons [H2 O + CO2 ↔ HCO3 − + H+ ]. The human alpha carbonic anhydrase family
contains fifteen isoforms, three of which lack CA activity, of which the majority is expressed in all
tissues/cells. The expression of CA isoform IX in normal tissues is restricted to the basolateral membrane
of epithelial cells of the gastric, intestinal and gallbladder mucosa [1]. The expression of CA XII in
normal tissues is much more widespread. In solid cancers, the upregulation of CA isoforms IX and XII
is closely associated with hypoxia—the oxygen deprivation of cancer cells due to the combination of a
poor tumour vascularisation and a high proliferation rate [2,3]. The overexpression of transmembrane
proteins CAIX and CAXII in cancer tissues is associated with multiple markers of cancer progression
including high tumour growth, tumour cell migration, infiltration of surrounding normal tissues and
the formation of metastases [2–4]. There is a well-established role of CAIX in facilitating migration and
invasion of cancer cells. Conditional shRNA-mediated silencing of CA9 gene in HT-1080 (fibrosarcoma)
cells, reduced the expression of proteins such as protein kinase 1 (ROCK1) involved in focal adhesions
(FAs). Silencing of CA 9 gene affected the assembly of these highly dynamic and multicomplex
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protein structures attached to the plasma membrane, resulting in a significant reduced spreading,
migration and invasion of Matrigel [5]. In lamellipodia, membranous protrusions at the leading edge
of migrating cells that provide direction to the cell movement [6], CAIX colocalised with paxillin in
FAs [7]. CAIX is also an important component of invadopodia, F-actin-rich protrusions of the plasma
membrane involved in extracellular matrix (ECM) proteolysis and invasion [6]. Swayampakula and
colleagues demonstrated, using a proximity-dependent labelling approach in proteomics study (BiolD),
that CAIX associates with β1 integrins and matrix metalloproteinase 14 (MMP14), both components of
invadopodia. CAIX stimulated the activation of MMP14 by supplying protons required for MMP14
catalytic activity, enhancing the degradation of type I collagen and stimulating MDA-MB-231 (breast
carcinoma) invasion [8]. CAIX expression is controlled by hypoxia/Hypoxia Inducible Factor 1 (HIF-1)
via the binding of this transcription factor to the Hypoxia-Response Elements (HREs) in the 5’-upstream
genomic region of CA9 gene [3]. HIF-1 is a heterodimer that consists of a constitutively-expressed
beta subunit (HIF-1β) and a hypoxia-induced alpha subunit (HIF-1α). In hypoxic conditions, HIF-1α
is stabilised, allowing for HIF-1 activity to increase and stimulate the expression of various genes
including CAIX. CAXII expression is also associated with the hypoxic environment in solid tumours
despite the fact that HREs are essentially lacking in the 5’-upstream genomic region of CA12 gene [2].
The role of CAXII in the interaction between the tumour cell and ECM is less well known and
has not been linked with FAs. However, selective silencing of CA12 gene in MDA-MB-231 cells
(MDA-MB-231-siCAXII), interfered with the p38 mitogen-activated protein kinases (p38 MAPK)
signalling pathway, which resulted in decreased cell migration and Matrigel-invasion [9]. Orthotopic
tumours derived from MDA-MB-231-siCAXII cells were less metastatic than control cells. Silencing
of the Hedgehog signaling pathway in MDA-MB-231 cells reduced CAXII expression and migration,
which highlighted a potential role of CAXII in cancer cell migration [10].
A decade ago, the elucidation of the crystal structure of the catalytic domain of CAIX provided the
basis for the subsequent design of isoform-specific small molecular CA inhibitors based on sulfonamide,
sulfamate and coumarin chemical structures [11]. These compounds have a high affinity for the
tumour-associated CA-isoforms (CAIX/XII) over the cytosolic off-target isoforms (CAI/II). In particular,
the ureido-substituted CAIX/XII inhibitors of the benzenesulfonamide and sulfamate chemical classes
have proven effective in biological studies by different research groups. The flexibility that the ureido
linker provides in these compounds is the determining factor in controlling the inhibitory power,
allowing for the different R moieties to orientate in different subpockets of the active sites of the CA
enzyme [12]. Ureido CAIX/XII inhibitors have both been intensively validated in 2D (monolayer) and
3D (multicellular spheroids) cell cultures, tissue explants and in human tumour xenograft experiments.
Derivatives of the ureidobenzenesulfonamide and ureidosulfamate CAIX/XII chemical classes are
inhibiting tumour cell proliferation, migration and invasion when used in the low micro molar
concentration range. Studies in mice carrying either solid tumours or experimental metastases have
shown that ureidobenzenesulfonamide and ureidosulfamate CAIX/XII inhibitors are well tolerated with
no obvious negative effects on physical wellbeing and body weight. U-104 (SLC-0111), belonging to the
ureidobenzenesulfonamide class of CAIX/XII inhibitor, successfully completed clinical Phase I and is
currently in clinical Phase I/II for the treatment of metastatic pancreatic ductal cancer [13]. The chemical
structures and Ki values for CAI, CAII, CAIX and CAXII of the sulfamate and benzenesulfonamide
compounds mentioned in this review are shown in Figure 1.
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collaborative EU-financed project called METOXIA [14]. As a single drug therapy, 4-(3′-(3″,5″0 -(3”,5”-dimethylphenyl)ureido)phenyl sulfamate (S4) (10–125 mg/kg) did not reduce the growth
4-(3
dimethylphenyl)ureido)phenyl sulfamate (S4) (10–125 mg/kg) did not reduce the growth of primary
breast or laryngeal squamous cell tumours [15,16], yet significantly reduced metastatic progression
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of primary breast or laryngeal squamous cell tumours [15,16], yet significantly reduced metastatic
progression in the orthotopic MDA-MB-231 xenograft model [15]. More recently, S4 drug therapy was
validated on two different types of primary small cell lung cancer (SCLC) tumours [17]. The particular
relevance of using SCLC cells in CAIX-based therapy became evident from a study with CA9 gene
knockdown in HT-1080 cells, showing differential regulation of multiple genes associated with SCLC
signaling [5]. S4 (50 mg/kg) as a single agent reduced the growth of primary SCLC tumours derived from
DMS 79 or COR-L24 cells. 4-(30 -(4”-Chlorophenyl)ureido)phenyl sulfamate (FC9-398A), an analogue
of S4, with better stability in pharmacokinetic studies, showed a reduction in the primary growth of
subcutaneous MDA-MB-231 xenografts [18]. It was noticed that S4 therapy influences the level of CAIX
ectodomain (CAIX ECD) shedding [16]. The biological relevance of shedding CAIX ECD is still not
well understood, despite the increase in attention from different research groups over recent years. It is
thought that CAIX ECD from tumour cells in response to chemotherapy is likely to have a dual-action,
in which the effectiveness of the cytotoxic drug is reflected by an apoptosis-associated increase in
CAIX ECD shedding which can be used as an indicator for the chemotherapy response. On the
other hand, CAIX ECD may contribute to paracrine signaling implicated in cancer progression [19].
Meyer and colleagues observed a reduction in CAIX ECD shedding into serum of laryngeal squamous
cell carcinoma mice in response to S4 therapy [16]. The level of CAIX ECD shedding by colorectal
carcinoma cells (CRC) was also influenced by S4 treatment, but depended on the type of CRC cell
line used [20].
pH regulatory enzymes have a central role in maintaining a slightly alkaline intracellular pH
(pHi ) in cancer cells, as these cells rely on glycolysis for their energy supply producing large amounts
of protons and lactate [21]. There are various different types of plasma membrane-associated proteins
involved in the regulation of the pH in solid tumours. The main proteins involved are the ATPases
(in particular vacuolar type, V-ATPase) and Na+ -H+ exchangers (particular type 1, NHE1) which
are responsible for the extrusion of protons from cancer cells. In addition, the import of HCO3 −
drives the release of protons through the Na+ /HCO3 − co-transporter and Cl− /HCO3 − exchanger.
CAIX and CAXII both enhance the acidification of the extracellular environment (pHe ) through
proton production and the facilitation of HCO3 − uptake and are pivotal in maintaining a slightly
alkaline pHi through facilitation of CO2 diffusion and lactate release. Interfering with pH regulation in
LS174Tr (adenocarcinoma) spheroids by silencing of CA9 gene (LS-shCA9/ctl) reduced proliferation
and the growth was further reduced when both CA9 and CA12 genes (LS-shCA9/CA12− ) were silenced.
Xenograft tumours derived from LS-shCA9/ctl or LS-shCA9/CA12− cells showed a 40% and 85%
reduced tumour growth, successively, as compared to controls [22]. These observations highlight the
importance of targeting both CAIX and CAXII isoforms in targeted cancer therapies. Monocarboxylate
transporters (MCTs) and in particular MCT1 and MCT4 facilitate H+ -linked transport of lactate across
the plasma membrane. Cooperation between these different proteins is pivotal to the pH regulation of
hypoxic tumour cells. The proteoglycan-like (PG) domain of CAIX has a central role as facilitator of
the proton-coupled lactate transport in hypoxic cancer cells, and targeting the PG domain reduced cell
proliferation and migration [23]. Liskova and colleagues showed that CAIX binds to NHE1 and the
sodium/calcium exchanger (NCX), regulating the pHi of hypoxic cancer cells. The NCX1/CAIX/NHE1
complex enhanced the acidification of the pHe and stimulated cellular migration [24]. The clinical
importance of in particular CAIX, Na+ -H+ NHE1 and V-ATPase, made them a valid target for anticancer
therapeutic strategies. Meehan and colleagues showed that breast cancer cell lines MDA-MB-231,
MCF-7 and HBL-100 are expressing CAIX, NHE1 and V-ATPase and treatment with S4 (CAIX inhibitor),
DMA (NHE1 inhibitor) or bafilomycin A1 (V-ATPase inhibitor) reduced proliferation. Exposure to
acute hypoxia (here 24–72 hours) resulted in a resistance to the antiproliferative response of these
inhibitors [25]. The effect of S4 treatment on the level of CAIX expression was breast cancer cell line
dependent, but changes in CAIX expression did not affect the expression of NHE1 and/or V-ATPase.
S4 treatment was most effective in reducing the invasion of MDA-MB-231 and HBL-100 in collagen type
I, suggesting that of these three pH regulatory proteins, CAIX is most important in facilitating invasion

Int. J. Mol. Sci. 2019, 20, 6080

5 of 12

of breast cancer cells [25]. The acidification of the extracellular environment by the upregulation
of CAIX and NHE1 in response to hypoxia leads to protonation of their inhibitors. The binding of
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Figure 2. Summary of ureidosulfamate CAIX/XII studies to date. All data are on compound S4, or where
Figure 2. Summary of ureidosulfamate CAIX/XII studies to date. All data are on compound S4, or
indicated on FC9-398A. The effects on hypoxic cancer cells in cell culture studies and those in various
where indicated on FC9-398A. The effects on hypoxic cancer cells in cell culture studies and those in
xenograft models are either showing a reduction (↓), increase (↑) or no effects (↔). (*) Discrepancy
various xenograft models are either showing a reduction (↓), increase (↑) or no effects (↔). (*)
between two studies [15,20].
Discrepancy between two studies [15,20].
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3. Ureidosulfamate CAIX/XII Inhibitors in Preclinical Studies in Combination with
Cisplatin/Doxorubicin
Several research groups have also validated whether ureidosulfamate CAIX/XII inhibitors can
be used to enhance the effectiveness of traditional chemotherapies, reduce common side effects and
to postpone the development of chemotherapy resistance/treatment failure. These are all clinically
relevant hurdles as chemotherapies are not usually a single treatment but a course of treatment, which
includes a number of chemotherapy cycles. In this regard, whilst the use of cisplatin in patients with
SCLC tumours is standard of care, acquired resistance is a well-recognised phenomenon. A common
observation is that SCLC tumours respond well to cisplatin initially, but after several treatment cycles,
the tumour cells become cisplatin-resistant, resulting in relapse [27]. Targeting hypoxia/CAIX as an
approach to enhance the response of SCLC tumours to current treatment regimens was previously
shown to be a viable novel strategy [28]. To mimic the clinical scenario of prolonged use of cisplatin,
mice with primary DMS 79 and COR-L24 SCLC tumours received up to four cycles of either cisplatin
alone or in combination with the sulfamate CAIX/XII inhibitor S4 [17]. Cisplatin/S4 combination
therapy was more effective in inhibiting DMS 79 primary tumour growth, as compared to both agents
alone. Importantly, the tumour response to cisplatin after the end of S4 treatment mirrored the response
after a single treatment with cisplatin, indicating that repeated cisplatin doses did not result in a
cisplatin-resistant cell population [17]. The cisplatin/S4 combination reduced the CAIX-positive cells in
the DMS 79 tumours, suggesting a hypoxia-specific target.
The uptake of chemotherapeutic drugs very much depends on the pH outside of the tumour cells
(pHe). In particular, the uptake by tumour cells of weak base drugs like doxorubicin is lowered due
to the CAIX/XII-induced acidification of the extracellular environment. To combat the protonation
of doxorubicin in the extracellular environment, we previously showed that inhibiting CA activity
with acetazolamide, a non-isoform specific CA inhibitor, increased the uptake and cytotoxicity of
doxorubicin in CAIX-overexpressing MDA-MB-435 (melanoma) cells [29]. The cytotoxic effect of
combining doxorubicin with CAIX/XII inhibitor S4 in cells exposed to hypoxia is very much cell line
dependent [30]. As there are, besides carbonic anhydrase, seven other major molecules involved in
pH regulation of cancer cells (see discussion in previous paragraph), a significant level of adaptation
to keep the intracellular pH (pHi) constant is likely to occur, in cancer cells targeted with CAIX/XII
inhibitors. In line with this assumption, the combination of proton pump inhibitor (PPI) Lansoprazole,
targeting the V-ATPase ion/proton pump, with a CAIX/XII inhibitor (S4 or FC9-399A), proved to be
more effective than single treatments, in inhibiting proliferation and increasing apoptosis of Me30966
cells [26].
4. Ureidobenzenesulfonamide CAIX/XII Inhibitors in Preclinical and Clinical Studies
By means of X-ray crystallography and CA inhibition assays with hCAs I, II, IX and XII, a large
number of ureidobenzenesulfonamide derivatives incorporating different R-ureido moieties have
been tested for the selective binding to the enzyme (active site) of the tumour-associated over other
CA isoforms [31]. Biological validation in specific in vitro assays for cytotoxicity, proliferation,
migration and invasion, have identified several interesting compounds. Ureido-substituted
benzenesulfonamide Compound 25 (4-([(3’-nitrophenyl)carbamoyl]amino) benzenesulfonamide)
showed a strong anti-metastatic effect in the 4T1 (murine breast carcinoma) intravenous model [31].
Treating MDA-MB-231 and MCF-7 cells with U-104 led to a significant reduction in CAIX
expression and activity, coinciding with a reduction in clonogenic survival, migration and
cells in G0/G1 phase, and an increase in the level of apoptotic cells [32]. U-104 (SLC-0111)
(4-[[[(4-fluorophenyl)amino]carbonyl]amino]-benzenesulfonamide) significantly inhibited primary
tumour growth in the orthotopic MDA-MB-231 model and inhibited metastases formation in the 4T1
experimental metastasis model [33]. Treatment with U-104 also inhibited primary tumour growth in
the orthotopic MDA-MB-231 and 4T1 breast carcinoma models, by targeting the cancer stem cell (CSC)
population in a TORC1-dependent manner [34].
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U-104 reduced the AT-1 (rat prostate carcinoma) cancer cell growth but did not enhance the
cytotoxicity of chemotherapeutic drugs cisplatin or daunorubicin, a member of the same anthracycline
antibiotics as doxorubicin [35]. U-104 sensitised cells to conventional chemotherapeutic agents
such as dacarbazine and temozolomide (melanoma), doxorubicin (breast cancer) and 5-fluorouracil
(colon cancer) [36]. In combination with chemotherapy drug paclitaxel, U-104 was able to target
the Paclitaxel-resistant cells, reducing the primary tumour growth and metastasis formation. U-104
sensitised MDA-MB-231 and MCF-7 breast cancer cells to irradiation [32]. Carbohydrate-based
sulfamates CAXII inhibitors (here compounds 1, 2 and 4) are highly effective in human cancer cell
lines expressing different levels of CAXII and P-glycoprotein (Pgp), a drug efflux transporter which
contributes to multidrug resistance. Inhibition of CAXII reversed the resistance of Pgp-expressing
cancer cells for doxorubicin and reduced the cell viability [37]. Sulfamate FC9-403A sensitised
MDA-MB-231 spheroids to irradiation, resulting in a significantly reduced number of colonies as
compared with either drug treatment or irradiation alone [25]. Sulfamate S4 and irradiation had
no combinatorial effect in 3D clonogenic assays [25]. U-104 (SLC-0111) completed a clinical Phase I
(NCT02215850) and is currently in clinical Phase I/II trials in combination with gemcitabine in pancreatic
cancer (NCT03450018). The clinical Phase I trial was designed to obtain data on safety, tolerability
and pharmacokinetics of SLC-0111 in a single group of 24 patients with advanced or unresectable
solid tumours. The results of the Phase I trial have yet to be published. The fact that SLC-0111 is
being trialled in humans has induced the development of SLC-0111 analogues, tested for the potential
to inhibit the tumour-associated CA isoforms (CAIX/XII) over the off-target CA isoforms (CA I/II),
with the sulfanilamide ureido derivatives being highly effective and some being selective [38].
5. Carbonic Anhydrase IX/XII Inhibitor Studies and the Choice of Cancer Cell Line
A large variety of different murine and human cancer cell lines have been employed to validate the
effectiveness of ureido-substituted benzenesulfonamide and sulfamate CAIX/XII inhibitors. These cell
lines all derived from solid tumours that show upregulation of CAIX expression, associated with poor
prognosis due to the high metastatic rate and/or the acquisition of treatment resistance. What most
of these cancer cell lines have in common is no or a very low expression of CAIX in normoxic
conditions, with significantly higher expression of CAIX under hypoxic conditions. There are several
exceptions; HT29 colorectal carcinoma (CRC) cells have a high baseline expression of CAIX and both
HCT116 (CRC) and RT112 (bladder carcinoma) are negative for CAIX in both normoxic and hypoxic
conditions. Based on studies with native and CA9 gene knockout in HT-1080cells, the differential
expression of CAIX clearly affected SCLC signaling. On occasions where CAIX/XII inhibitors are used
in combination with other therapies, there is often an additional reason for the use of a particular
cell line (e.g., expression of V-ATPase on Me30966). The human MDA-MB-231 and murine 4T1 triple
negative breast cancer cell lines have been favoured for several reasons. Both cell lines are highly
metastatic, which allows study of the effectiveness of CAIX/XII inhibitors on localised cancer growth
as well as on metastases, the latter only when cancer cells are injected in the mammary fat pad
(orthotopic location) or intravenously injected (experimental metastasis). The use of MDA-MB-231 cells
tagged with enhanced green fluorescence protein (eGFP-MDA-MB-231 cells) or 4T1 cells expressing
luciferase (bioluminescence) allowed for the identification and quantification of cancer cell migration
and colony formation in vitro and metastasis formation in vivo [15,31]. One note of caution in the
use of MDA-MB-231 and MCF-7 cells in carbonic anhydrase inhibitor (CAI) studies. In addition to
the expression of CAIX activity on the plasma membrane (the default expression pattern), a robust
CAIX activity is present in the cytosol of MDA-MB-231 and MCF-7 cells [39]. In our research, confocal
microscopy analysis of CAIX expression (M75 antibody) in MDA-MB-231 and HT-1080 cells revealed
also a partial cytosolic localisation of CAIX in MDA-MB-231 cells versus a complete localisation on the
plasma membrane for the HT-1080 cells (data not shown). It is tempting to speculate that at least part
of the differences in sensitivity between cell lines for the CAIX/XII selective inhibitors is due to the
cellular localisation of the corresponding isozymes.
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6. Biological Validation of Ureido-Type Sulfamate and Benzenesulfonamide CAIX/XII Inhibitors
The mammalian alpha family of carbonic anhydrases (α-CAs) consists of 16 members, with all
except CAXV expressed in human tissues. Clinically used drugs that target α-CAs like acetazolamide,
methazolamide and dichlorophenamide are primarily used to treat glaucoma [40], and can also
be used to treat seizure disorder, acute mountain sickness and gout. The drawback of most of
these clinically available CAI is that they are not CA isoform-specific, and often target CA isoforms
expressed in healthy tissues. In the last decade or so, this recognition has triggered significant
effort towards the synthesis and biological validation of novel isoform-specific CAI, including those
selective for the tumour-associated CAIX/XII isoforms. Stopped-flow CO2 hydration assays are
used to validate the potential of CAI to inhibit the different human CA isoforms. Ureido-type
sulfamate and benzenesulfonamide CAIX/XII inhibitors are screened for the potential to inhibit
the tumour-associated hCAIX/XII isoforms over the off-target hCAI/II isoforms. The most effective
inhibitors have an inhibitory constant (Ki) for inhibition of hCAIX/XII in the low nanomolar range.
In recent years, many novel sulfamate and sulfonamide CAIX/XII inhibitors have been generated by
synthetic chemists, and in particular by the research group of Professor Supuran. Changes to the
ureido-linker, the “spacer” between the benzene sulfamate / benzenesulfonamide Zinc Binding Group
(ZBG) and the highly variable tail region included incorporating piperazinyl-ureido moieties in a
large series of sulfamate CA inhibitors [41] and sulfonamide CA inhibitors [42]. Analogues based on
SLC-0111, the single CAIX/XII inhibitor currently in clinical trial, are selective CAIX/XII inhibitors and
inhibited proliferation of HT29, MDA-MB-231 and PC-3 human cancer cell lines [43]. The validation
of novel CA inhibitors in cell-free systems, like the stopped-flow CO2 hydration assays, is normally
succeeded by biological validation in cell-based systems of the most effective CAIX/XII inhibitors.
There are several important aspects to the biological validation of sulfamate and sulfonamide CAIX/XII
inhibitors in cell-based systems. There are a range of cell viability assays used which measure different
things. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Sulforhodamine
B (SRB) assays measure effects on proliferation, whereas the CellTiter-Glo assay measures adenosine
triphosphate (ATP) levels in the cell. Cell death (apoptosis) is measured in different ways (e.g., TUNEL)
which do not always discriminate between the effects of CAIX/XII inhibitors on early and late stages of
apoptosis. It was, for instance, noticed that sulfonamide CAIX inhibitor A1 predominantly increased
the population of early-stage apoptotic HeLa (cervix carcinoma) cells or late-stage apoptotic HeLa cells
depending on the concentration of inhibitor in the culture media [44].
7. Target Cell Populations of Ureido-Type Sulfamate and Benzenesulfonamide Inhibitors
Several research papers have dealt with the question of which subpopulations of cancer cells
are targeted by sulfamate and benzenesulfonamide CAIX/XII inhibitors. In particular, therapies
to target the treatment-resistant populations associated with hypoxic niches are much sought after.
Some CAIX/XII-selective compounds based on the sulfamate or benzenesulfonamide scaffold inhibit
proliferation and increase apoptosis of different cancer cells in normoxic conditions [18,45] or more
prominent under hypoxic conditions [15,17,32,46]. The increased apoptosis is associated with a reduced
expression of CAIX, suggesting that apoptosis is induced in high CAIX expressing cells. In mouse
tumour models, the reduced growth in tumour cells targeted by selective CAIX/XII-based therapies
coincides with areas with high levels of apoptosis and necrosis [17,18]. Ferroptosis, a form of regulated
necrosis, is part of the response to blocking CAIX activity with S4 [46]. These hypoxic niches are
also home to cancer stem cells (CSCs) and mature cancer cells undergoing epithelial-to-mesenchymal
transition (EMT) which are both associated with resistance to therapy and cancer progression.
Benezenesulfonamide CAIX/XII inhibitor U-104 diminished the CSC population (EpCAM+ cells) in
primary MDA-MB-231 tumours [34]. In addition, U-104 in combination with temozolomide reduced
the number of brain tumour-initiating cells, revealed by the reduction in CD133+ expression (stem cell
marker) and the capacity of neurosphere formation [47].
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CAIX/XII-specific inhibitors target metastatic disease in the MDA-MB-231 and 4T1 breast
cancer models [15,31,33]. Circulating tumour cells (CTCs) from MDA-MB-231 tumours respond
differently to hypoxia than parental cells in the expression of specific hypoxia/HIF1-regulated genes
like CA9 [48]. A lower hypoxia-induced expression of CAIX in CTCs may help to evade recognition by
CAIX/XII-selective inhibitors. CAIX in the murine mammary (4T1) adenocarcinoma is involved in the
development of metastasis by the production of granulocyte colony secreted factor (G-CSF), which is
stimulating the recruitment of bone marrow-derived cells (BMDC), including the immunomodulatory
myeloid-derived suppressor cells (MDSCs) to the pre-metastatic niches [49].
8. Conclusions
Much of the progress on the use of CAIX/XII-selective inhibitors, both from a therapeutic and
biological mechanism point of view, comes from the class of ureidosulfonamides and in particular
from U-104/SLC-0111. However, as this review shows, preclinical work on the ureidosulfamate class of
CAIX/XII-selective inhibitors is encouraging and worthy of further investigation. In particular, a better
understanding of the relationship between cancer cell type and variable sensitivity for these inhibitors
is needed to identify the tumours most likely to benefit in clinical studies. Furthermore, which common
chemotherapeutic agents are most likely to benefit from combination therapy with the ureidosulfamate
class CAIX/XII inhibitors, and whether we are truly able to target the chemotherapy-resistant
subpopulation requires elucidation. The low bioavailability of compounds like S4 also needs further
investigation. One of the contributing factors, in the case of S4, is the insufficient solubility in aqueous
media. Formulation strategies (e.g., lipid-based carrier systems) or synthesis technology (e.g., water
soluble analogues and prodrugs) may improve the bioavailability. There may be a significant drug
candidate within the already available CAIX/XII-selective inhibitors. Cooperative working with
pharmaceutical and biotech companies may enable appropriate development of programmes towards
clinical candidate validation from the current lead preclinical ureidosulfamate CAIX/XII inhibitors.
Author Contributions: Writing—original draft preparation, R.G.G.; writing—review and editing, R.G.G. and
K.J.W.; funding acquisition, K.J.W.
Funding: The collaborative research upon which most of the work detailed was based was initially funded by
European Union Seventh Framework Programme (FP7 METOXIA, grant 222741; 2009-2014).
Conflicts of Interest: K.J.W. is one of the co-inventors on Carbonic anhydrase inhibitors. PCT/EP2011/052156,
filed Feb 2011. R.G.G has no conflict of interest.

Abbreviations
CAI
CAs
CSCs
CTCs
ECD
HIF-1
HREs
PPI
SCLC
TNBC

Carbonic anhydrase inhibitor
Carbonic anhydrases
Cancer stem cells
Circulating tumour cells
Ectodomain
Hypoxia inducible factor 1
Hypoxia-response elements
Proton pump inhibitor
Small cell lung cancer
Triple-negative breast cancer

References
1.

2.

Pastorekova, S.; Parkkila, S.; Parkkila, A.K.; Opavsky, R.; Zelnik, V.; Saarnio, J.; Pastorek, J. Carbonic
anhydrase IX, MN/CA IX: Analysis of stomach complementary DNA sequence and expression in human
and rat alimentary tracts. Gastroenterology 1997, 112, 398–408. [CrossRef] [PubMed]
Singh, S.; Lomelino, C.L.; Mboge, M.Y.; Frost, S.C.; McKenna, R. Cancer drug development of carbonic
anhydrase inhibitors beyond the active site. Molecules 2018, 23, 1045. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 6080

3.
4.
5.

6.

7.

8.

9.

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

10 of 12

Pastorek, J.; Pastorekova, S. Hypoxia-induced carbonic anhydrase IX as a target for cancer therapy:
From biology to clinical use. Semin Cancer Biol 2015, 31, 52–64. [CrossRef] [PubMed]
Gieling, R.G.; Williams, K.J. Carbonic anhydrase IX as a target for metastatic disease. Bioorg. Med. Chem.
2013, 21, 1470–1476. [CrossRef] [PubMed]
Radvak, P.; Repic, M.; Svastova, E.; Takacova, M.; Csaderova, L.; Strnad, H.; Pastorek, J.; Pastorekova, S.;
Kopacek, J. Suppression of carbonic anhydrase IX leads to aberrant focal adhesion and decreased invasion of
tumor cells. Oncol. Rep. 2013, 29, 1147–1153. [CrossRef]
Alblazi, K.M.; Siar, C.H. Cellular protrusions-lamellipodia, filopodia, invadopodia and podosomes–and
their roles in progression of orofacial tumours: Current understanding. Asian. Pac. J. Cancer Prev. 2015,
16, 2187–2191. [CrossRef] [PubMed]
Csaderova, L.; Debreova, M.; Radvak, P.; Stano, M.; Vrestiakova, M.; Kopacek, J.; Pastorekova, S.; Svastova, E.
The effect of carbonic anhydrase IX on focal contacts during cell spreading and migration. Front. Physiol.
2013, 4, 271. [CrossRef]
Swayampakula, M.; McDonald, P.C.; Vallejo, M.; Coyaud, E.; Chafe, S.C.; Westerback, A.; Venkateswaran, G.;
Shankar, J.; Gao, G.; Laurent, E.M.N.; et al. The interactome of metabolic enzyme carbonic anhydrase IX
reveals novel roles in tumor cell migration and invadopodia/MMP14-mediated invasion. Oncogene 2017,
36, 6244–6261. [CrossRef]
Hsieh, M.J.; Chen, K.S.; Chiou, H.L.; Hsieh, Y.S. Carbonic anhydrase XII promotes invasion and migration
ability of MDA-MB-231 breast cancer cells through the p38 MAPK signaling pathway. Eur. J. Cell Biol. 2010,
89, 598–606. [CrossRef]
Guerrini, G.; Criscuoli, M.; Filippi, I.; Naldini, A.; Carraro, F. Inhibition of smoothened in breast cancer cells
reduces CAXII expression and cell migration. J. Cell. Physiol. 2018, 233, 9799–9811. [CrossRef]
Alterio, V.; Hilvo, M.; Di Fiore, A.; Supuran, C.T.; Pan, P.; Parkkila, S.; Scaloni, A.; Pastorek, J.; Pastorekova, S.;
Pedone, C.; et al. Crystal structure of the catalytic domain of the tumor-associated human carbonic anhydrase
IX. Proc. Natl. Acad. Sci. 2009, 106, 16233–16238. [CrossRef] [PubMed]
Pacchiano, F.; Carta, F.; Vullo, D.; Scozzafava, A.; Supuran, C.T. Inhibition of beta-carbonic anhydrases with
ureido-substituted benzenesulfonamides. Bioorg. Med. Chem. Lett. 2011, 21, 102–105. [CrossRef] [PubMed]
Bozdag, M.; Ferraroni, M.; Ward, C.; Carta, F.; Bua, S.; Angeli, A.; Langdon, S.P.; Kunkler, I.H.; Al-Tamimi, A.S.;
Supuran, C.T. Carbonic anhydrase inhibitors based on sorafenib scaffold: Design, synthesis, crystallographic
investigation and effects on primary breast cancer cells. Eur. J. Med. Chem. 2019, 182, 111600. [CrossRef]
[PubMed]
Pettersen, E.O.; Ebbesen, P.; Gieling, R.G.; Williams, K.J.; Dubois, L.; Lambin, P.; Ward, C.; Meehan, J.;
Kunkler, I.H.; Langdon, S.P.; et al. Targeting tumour hypoxia to prevent cancer metastasis. From biology,
biosensing and technology to drug development: The METOXIA consortium. J. Enzym. Inhib. Med. Chem.
2015, 30, 689–721. [CrossRef] [PubMed]
Gieling, R.G.; Babur, M.; Mamnani, L.; Burrows, N.; Telfer, B.A.; Carta, F.; Winum, J.Y.; Scozzafava, A.;
Supuran, C.T.; Williams, K.J. Antimetastatic effect of sulfamate carbonic anhydrase IX inhibitors in breast
carcinoma xenografts. J. Med. Chem. 2012, 55, 5591–5600. [CrossRef] [PubMed]
Meijer, T.W.; Bussink, J.; Zatovicova, M.; Span, P.N.; Lok, J.; Supuran, C.T.; Kaanders, J.H. Tumor
microenvironmental changes induced by the sulfamate carbonic anhydrase IX inhibitor S4 in a laryngeal
tumor model. PLoS ONE 2014, 9, e108068. [CrossRef] [PubMed]
Bryant, J.L.; Gieling, R.G.; Meredith, S.L.; Allen, T.J.; Walker, L.; Telfer, B.A.; Supuran, C.T.; Williams, K.J.;
White, A. Novel carbonic anhydrase IX-targeted therapy enhances the anti-tumour effects of cisplatin in
small cell lung cancer. Int. J. Cancer. 2018, 142, 191–201. [CrossRef]
Ward, C.; Meehan, J.; Mullen, P.; Supuran, C.; Dixon, J.M.; Thomas, J.S.; Winum, J.Y.; Lambin, P.; Dubois, L.;
Pavathaneni, N.K.; et al. Evaluation of carbonic anhydrase IX as a therapeutic target for inhibition of breast
cancer invasion and metastasis using a series of in vitro breast cancer models. Oncotarget 2015, 6, 24856–24870.
[CrossRef]
Vidlickova, I.; Dequiedt, F.; Jelenska, L.; Sedlakova, O.; Pastorek, M.; Stuchlik, S.; Pastorek, J.; Zatovicova, M.;
Pastorekova, S. Apoptosis-induced ectodomain shedding of hypoxia-regulated carbonic anhydrase IX from
tumor cells: A double-edged response to chemotherapy. BMC Cancer 2016, 16, 239. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 6080

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

11 of 12

Hektoen, H.H.; Ree, A.H.; Redalen, K.R.; Flatmark, K. Sulfamate inhibitor S4 influences carbonic anhydrase
IX ectodomain shedding in colorectal carcinoma cells. J. Enzym. Inhib. Med. Chem. 2016, 31, 779–786.
[CrossRef]
Daniel, C.; Bell, C.; Burton, C.; Harguindey, S.; Reshkin, S.J.; Rauch, C. The role of proton dynamics in the
development and maintenance of multidrug resistance in cancer. Biochim. Biophys. Acta 2013, 1832, 606–617.
[CrossRef] [PubMed]
Chiche, J.; Ilc, K.; Laferriere, J.; Trottier, E.; Dayan, F.; Mazure, N.M.; Brahimi-Horn, M.C.; Pouyssegur, J.
Hypoxia-inducible carbonic anhydrase IX and XII promote tumor cell growth by counteracting acidosis
through the regulation of the intracellular pH. Cancer Res. 2009, 69, 358–368. [CrossRef] [PubMed]
Ames, S.; Pastorekova, S.; Becker, H.M. The proteoglycan-like domain of carbonic anhydrase IX mediates
non-catalytic facilitation of lactate transport in cancer cells. Oncotarget 2018, 9, 27940–27957. [CrossRef]
[PubMed]
Liskova, V.; Hudecova, S.; Lencesova, L.; Iuliano, F.; Sirova, M.; Ondrias, K.; Pastorekova, S.; Krizanova, O.
Type 1 sodium calcium exchanger forms a complex with carbonic anhydrase IX and via reverse mode activity
contributes to pH control in hypoxic tumors. Cancers (Basel) 2019, 11, 1139. [CrossRef]
Meehan, J.; Ward, C.; Turnbull, A.; Bukowski-Wills, J.; Finch, A.J.; Jarman, E.J.; Xintaropoulou, C.;
Martinez-Perez, C.; Gray, M.; Pearson, M.; et al. Inhibition of pH regulation as a therapeutic strategy
in hypoxic human breast cancer cells. Oncotarget 2017, 8, 42857–42875. [CrossRef]
Federici, C.; Lugini, L.; Marino, M.L.; Carta, F.; Iessi, E.; Azzarito, T.; Supuran, C.T.; Fais, S. Lansoprazole and
carbonic anhydrase IX inhibitors sinergize against human melanoma cells. J. Enzym. Inhib. Med. Chem. 2016,
31, 119–125. [CrossRef]
Raez, L.; Samuels, M.; Lilenbaum, R. Combined modality therapy for limited-disease small cell lung cancer.
Curr. Treat. Options Oncol. 2005, 6, 69–74. [CrossRef]
Bryant, J.L.; Meredith, S.L.; Williams, K.J.; White, A. Targeting hypoxia in the treatment of small cell lung
cancer. Lung Cancer 2014, 86, 126–132. [CrossRef]
Gieling, R.G.; Parker, C.A.; De Costa, L.A.; Robertson, N.; Harris, A.L.; Stratford, I.J.; Williams, K.J. Inhibition
of carbonic anhydrase activity modifies the toxicity of doxorubicin and melphalan in tumour cells in vitro.
J. Enzym. Inhib. Med. Chem. 2013, 28, 360–369. [CrossRef]
Van Kuijk, S.J.; Gieling, R.G.; Niemans, R.; Lieuwes, N.G.; Biemans, R.; Telfer, B.A.; Haenen, G.R.; Yaromina, A.;
Lambin, P.; Dubois, L.J.; et al. The Sulfamate Small Molecule CAIX Inhibitor S4 Modulates Doxorubicin
Efficacy. PLoS ONE 2016, 11, e0161040. [CrossRef]
Pacchiano, F.; Carta, F.; McDonald, P.C.; Lou, Y.; Vullo, D.; Scozzafava, A.; Dedhar, S.; Supuran, C.T.
Ureido-substituted benzenesulfonamides potently inhibit carbonic anhydrase IX and show antimetastatic
activity in a model of breast cancer metastasis. J. Med. Chem. 2011, 54, 1896–1902. [CrossRef] [PubMed]
Guttler, A.; Theuerkorn, K.; Riemann, A.; Wichmann, H.; Kessler, J.; Thews, O.; Bache, M.; Vordermark, D.
Cellular and radiobiological effects of carbonic anhydrase IX in human breast cancer cells. Oncol. Rep. 2019,
41, 2585–2594. [CrossRef] [PubMed]
Lou, Y.; McDonald, P.C.; Oloumi, A.; Chia, S.; Ostlund, C.; Ahmadi, A.; Kyle, A.; Auf dem Keller, U.; Leung, S.;
Huntsman, D.; et al. Targeting tumor hypoxia: Suppression of breast tumor growth and metastasis by novel
carbonic anhydrase IX inhibitors. Cancer Res. 2011, 71, 3364–3376. [CrossRef] [PubMed]
Lock, F.E.; McDonald, P.C.; Lou, Y.; Serrano, I.; Chafe, S.C.; Ostlund, C.; Aparicio, S.; Winum, J.Y.; Supuran, C.T.;
Dedhar, S. Targeting carbonic anhydrase IX depletes breast cancer stem cells within the hypoxic niche.
Oncogene 2013, 32, 5210–5219. [CrossRef] [PubMed]
Riemann, A.; Guttler, A.; Haupt, V.; Wichmann, H.; Reime, S.; Bache, M.; Vordermark, D.; Thews, O. Inhibition
of carbonic anhydrase IX by ureidosulfonamide inhibitor U104 reduces prostate cancer cell growth, but does
not modulate daunorubicin or cisplatin cytotoxicity. Oncol. Res. 2018, 26, 191–200. [CrossRef] [PubMed]
Andreucci, E.; Ruzzolini, J.; Peppicelli, S.; Bianchini, F.; Laurenzana, A.; Carta, F.; Supuran, C.T.; Calorini, L.
The carbonic anhydrase IX inhibitor SLC-0111 sensitises cancer cells to conventional chemotherapy. J. Enzym.
Inhib. Med. Chem. 2019, 34, 117–123. [CrossRef] [PubMed]
Kopecka, J.; Rankin, G.M.; Salaroglio, I.C.; Poulsen, S.A.; Riganti, C. P-glycoprotein-mediated chemoresistance
is reversed by carbonic anhydrase XII inhibitors. Oncotarget 2016, 7, 85861–85875. [CrossRef]
Carta, F.; Vullo, D.; Osman, S.M.; AlOthman, Z.; Supuran, C.T. Synthesis and carbonic anhydrase inhibition
of a series of SLC-0111 analogs. Bioorg. Med. Chem. 2017, 25, 2569–2576. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 6080

39.
40.
41.

42.

43.

44.

45.

46.
47.

48.

49.

12 of 12

Klier, M.; Jamali, S.; Ames, S.; Schneider, H.P.; Becker, H.M.; Deitmer, J.W. Catalytic activity of human carbonic
anhydrase isoform IX is displayed both extra- and intracellularly. FEBS J. 2016, 283, 191–200. [CrossRef]
Scozzafava, A.; Supuran, C.T. Glaucoma and the applications of carbonic anhydrase inhibitors.
Subcell. Biochem. 2014, 75, 349–359. [CrossRef]
Congiu, C.; Onnis, V.; Deplano, A.; Balboni, G.; Ceruso, M.; Supuran, C.T. Synthesis and carbonic anhydrase I,
II, IX and XII inhibitory activity of sulfamates incorporating piperazinyl-ureido moieties. Bioorg. Med. Chem.
2015, 23, 5619–5625. [CrossRef] [PubMed]
Congiu, C.; Onnis, V.; Deplano, A.; Balboni, G.; Dedeoglu, N.; Supuran, C.T. Synthesis of sulfonamides
incorporating piperazinyl-ureido moieties and their carbonic anhydrase I, II, IX and XII inhibitory activity.
Bioorg. Med. Chem. Lett. 2015, 25, 3850–3853. [CrossRef] [PubMed]
Nocentini, A.; Trallori, E.; Singh, S.; Lomelino, C.L.; Bartolucci, G.; Di Cesare Mannelli, L.; Ghelardini, C.;
McKenna, R.; Gratteri, P.; Supuran, C.T. 4-Hydroxy-3-nitro-5-ureido-benzenesulfonamides Selectively Target
the Tumor-Associated Carbonic Anhydrase Isoforms IX and XII Showing Hypoxia-Enhanced Antiproliferative
Profiles. J. Med. Chem. 2018, 61, 10860–10874. [CrossRef] [PubMed]
Koyuncu, I.; Gonel, A.; Durgun, M.; Kocyigit, A.; Yuksekdag, O.; Supuran, C.T. Assessment of the
antiproliferative and apoptotic roles of sulfonamide carbonic anhydrase IX inhibitors in HeLa cancer cell
line. J. Enzym. Inhib. Med. Chem. 2019, 34, 75–86. [CrossRef]
Winum, J.Y.; Carta, F.; Ward, C.; Mullen, P.; Harrison, D.; Langdon, S.P.; Cecchi, A.; Scozzafava, A.;
Kunkler, I.; Supuran, C.T. Ureido-substituted sulfamates show potent carbonic anhydrase IX inhibitory and
antiproliferative activities against breast cancer cell lines. Bioorg. Med. Chem. Lett. 2012, 22, 4681–4685.
[CrossRef]
Li, Z.; Jiang, L.; Chew, S.H.; Hirayama, T.; Sekido, Y.; Toyokuni, S. Carbonic anhydrase 9 confers resistance to
ferroptosis/apoptosis in malignant mesothelioma under hypoxia. Redox. Biol. 2019, 26, 101297. [CrossRef]
Boyd, N.H.; Walker, K.; Fried, J.; Hackney, J.R.; McDonald, P.C.; Benavides, G.A.; Spina, R.; Audia, A.;
Scott, S.E.; Libby, C.J.; et al. Addition of carbonic anhydrase 9 inhibitor SLC-0111 to temozolomide treatment
delays glioblastoma growth in vivo. JCI Insight 2017, 2, 92928. [CrossRef]
Ameri, K.; Luong, R.; Zhang, H.; Powell, A.A.; Montgomery, K.D.; Espinosa, I.; Bouley, D.M.; Harris, A.L.;
Jeffrey, S.S. Circulating tumour cells demonstrate an altered response to hypoxia and an aggressive phenotype.
Br. J. Cancer 2010, 102, 561–569. [CrossRef]
Chafe, S.C.; Lou, Y.; Sceneay, J.; Vallejo, M.; Hamilton, M.J.; McDonald, P.C.; Bennewith, K.L.; Moller, A.;
Dedhar, S. Carbonic anhydrase IX promotes myeloid-derived suppressor cell mobilization and establishment
of a metastatic niche by stimulating G-CSF production. Cancer Res. 2015, 75, 996–1008. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

