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Abstract: Tumor-associated carbonic anhydrases IX (CAIX) and XII (CAXII) have long been in the
spotlight as potential new targets for anti-cancer therapy. Recently, CAIX/CAXII specific inhibitor
SLC-0111 has passed clinical phase I study and showed differential response among patients with
colorectal cancer (CRC). CRC can be classified into four different consensus molecular subgroups
(CMS) showing unique expression patterns and molecular traits. We questioned whether there is a
CMS-related CAIX/CAXII expression pattern in CRC predicting response. As such, we analyzed
transcriptomic data of tumor samples for CA9/CA12 expression using Cancertool. Protein expression
pattern was examined in preclinical models comprising cell lines, spheroids and xenograft tumors
representing the CMS groups. Impact of CAIX/CAXII knockdown and SLC-0111 treatment was
investigated in 2D and 3D cell culture. The transcriptomic data revealed a characteristic CMS-
related CA9/CA12 expression pattern with pronounced co-expression of both CAs as a typical
feature of CMS3 tumors. Protein expression in spheroid- and xenograft tumor tissue clearly differed,
ranging from close to none (CMS1) to strong CAIX/CAXII co-expression in CMS3 models (HT29,
LS174T). Accordingly, response to SLC-0111 analyzed in the spheroid model ranged from no (CMS1)
to clear (CMS3), with moderate in CMS2 and mixed in CMS4. Furthermore, SLC-0111 positively
affected impact of single and combined chemotherapeutic treatment of CMS3 spheroids. In addition,
combined CAIX/CAXII knockdown and more effective treatment with SLC-0111 reduced clonogenic
survival of CMS3 modelling single cells. In conclusion, the preclinical data support the clinical
approach of targeted CAIX/CAXII inhibition by showing linkage of expression with response and
suggest that patients with CMS3-classified tumors would most benefit from such treatment.

Keywords: carbonic anhydrases; colorectal cancer; consensus molecular subtypes; CMS; SLC-0111;
targeted inhibition of carbonic anhydrases; chemotherapy

1. Introduction

Hypoxia in solid tumors has long been established as an essential factor for tumor
progression and tumor malignancy and, therefore, presents a promising strategy in tumor
therapy [1]. As intratumoral hypoxia leads to severe metabolic reprogramming, e.g., in
pathways such as the Krebs cycle, fatty acid synthesis and the respiratory chain, a metabolic
shift towards anaerobic glycolysis and excessive production of acidic metabolites such as
lactate and protons (H+) is commonly observed in many different tumors in order to meet
the energy demands of the fast-growing tumor tissue, even in low-oxygen environments [2].
This metabolic reprogramming is partly induced via the hypoxia-inducible factor 1 alpha
(HIF1α) pathway, which supports the shift towards glycolysis but also plays a role in
several other key factors of tumor progression, e.g., invasion and metastasis, genomic
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instability and pH homeostasis [3]. Due to this metabolic shift, physiological homeostasis
between intracellular and extracellular space changes drastically inside the tumor as the
extracellular pH (pHe) is acidified towards a pH of below 7 while the intracellular pH (pHi)
slightly alkalinizes [4]. Alteration in pH, especially in the tumor microenvironment (TME),
is further supported by loss of tumor suppressor genes and overexpression of oncogenes,
inhibiting the physiological mechanism of pH homeostasis even further [2]. This disruption
in pH homeostasis is not exclusively found in highly hypoxic tissue as tumor cells in close
proximity to blood vessels exposed to only moderate levels of hypoxia also show strong
imbalance in pH homeostasis, therefore solidifying acidosis as a hypoxia-independent
factor driving tumor progression [5]. Tumor cells greatly benefit from this pH alteration as
an acidified pHe inhibits immune functions [6], supports selection of more malignant tumor
cells [7], supports degradation of the extracellular matrix [8], supports angiogenesis [9] and
inhibits efficacy of anti-tumor therapy as many drugs have pH-titrable groups [10–12]. Due
to the permanently slightly alkaline pHi, intracellular energy production remains largely
unaffected by excessive production of acidic metabolites, which aids tumor growth and
cell survival [13].

The dysregulated balance between pHi and pHe is maintained by complex machinery
consisting of several membrane transporters, e.g., Na+/H+-exchangers (NHEs) or sodium
bicarbonate cotransporters (NBCs), as well as membrane-associated carbonic anhydrases
IX and XII (CAIX/CAXII) and intracellular carbonic anhydrase II. Both the membrane
transporters and CAIX/CAXII are upregulated via HIF1α and form a functional complex,
a so called “Metabolon”, which facilitates extrusion of acidic metabolites, such as lactate,
in highly hypoxic and CO2 in moderately hypoxic tumor tissue and ensures uptake of
bicarbonate (HCO3

−), which is used to buffer intracellular protons [14–16]. As both
hypoxia and acidosis are essential factors driving tumor progression, both have already
been discussed as potential targets for anti-tumor therapy [9,17]. HIF1α especially has long
been a gene of interest as it is induced by both hypoxia and acidosis [18] and plays a role in
many aspects of tumor development. However, due to its physiological functions, direct
inhibition of HIF1α is impossible. Therefore, inhibition of HIF1α target genes seems to be a
better approach for anti-tumor therapy.

Two of those genes are CA9 [19,20] and CA12 [21,22], both zinc metalloenzymes
catalyzing reversible hydration of CO2 to H+ and HCO3

−. In comparison to other carbonic
anhydrases, especially, expression of CAIX is low in healthy tissue but high in several
carcinomas, including carcinomas of the colon [23,24], breast [25], head and neck [26],
kidney [27] and bladder [28], making them an interesting target for anti-tumor therapy [29].
Aside from their described role in pH-regulation, CAIX and CAXII also play an important
role in chemotherapeutic resistance [30,31], tumor cell migration [32], tumorigenesis [33],
cell adhesion [34,35] as well as tumor growth and survival [36,37]. Furthermore, CAIX and
CAXII are prognostic markers in several carcinomas [38–45]. Due to their many functions
in cancer, several studies on inhibition of CAIX and CAXII have been conducted so far,
including development of monoclonal antibodies [46] and small-molecule inhibitors [47],
some of which have already entered clinical trials. One small-molecule inhibitor, SLC-
0111, an ureido-substituted benzenesulfonamide, has recently passed clinical phase I dose
escalation study and showed a promising safety and tolerability profile in patients with
previously treated advanced solid tumors [48]. Interestingly, one among four patients with
colorectal cancer exhibited stable disease for prolonged time.

Colorectal cancer (CRC) represents a heterogeneous disease both from a molecular and
clinical perspective. With the establishment of consensus molecular subtypes (CMS) by an
international consortium, CRC was classified into four different molecular subgroups and
an unclassified/mixed group showing distinguishing features: CMS1 (MSI immune, 14%),
hypermutated, microsatellite unstable and strong immune activation; CMS2 (canonical,
37%), epithelial, marked WNT and MYC signaling activation; CMS3 (metabolic, 13%),
epithelial and evident metabolic dysregulation; and CMS4 (mesenchymal, 23%), prominent
TGF-beta activation, stromal invasion and angiogenesis [49]. As the different subgroups
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are very much distinct from each other, several studies were conducted examining the dif-
ferences between those subgroups regarding different pathophysiological traits, including
chemotherapeutic efficacy [50], tumor location [51], local anti-tumor immune response [52],
tumor budding [53] and regarding their clinical predictive and prognostic value [54,55].
Notably, the CMS classification of CRC is recapitulated in preclinical model systems, en-
abling investigations to uncover new targets and test new therapy approaches [56–58].
Accordingly, we used our preclinical CRC models comprising cell lines, spheroids and
xenograft tumors, which were classified into the four different CMS groups by applying
the CMScaller [59].

The aim of this study was to analyze expression of CAIX and CAXII with special
respect to CMS classification of CRC and investigate their specific role regarding differential
tumor biological and therapeutic aspects.

2. Results
2.1. Differential Molecular-Subtype-Associated Expression of CA9 and CA12 in Colorectal Cancer

Based on the data of the phase 1 study showing differential response to CAIX/XII
specific inhibitor SLC-0111 among patients with colorectal cancer [48], we questioned
whether there is a characteristic differential expression pattern of both CAs in colorectal
tumors, which could explain the differential response. To this end, we used Cancertool [60]
to investigate gene expression of CA9 and CA12 in patient tumor samples. Cancertool is an
online bioinformatics platform performing expression-, correlation- and gene-enrichment
analyses based on seven different colorectal cancer transcriptomic datasets. Three of
the seven datasets also contain normal tissue. The summarized data established with
Cancertool are depicted in Figure 1. Compared to normal or normal-adjacent tissue, CA9
expression is increased in tumors, whereas CA12 is decreased, which were significant
in all three datasets (Figure 1a). In addition, CA9 expression positively correlated with
HIF1α expression in all seven datasets, although reaching statistical significance in only
one dataset (Figure 1b). Correlation analysis of CA12 with HIF1α showed a more varying
pattern among datasets yet with an overall positive correlation and with statistically
significant correlations in two datasets. This suggests, that not only CA9-, but also CA12
expression is associated with hypoxia in colorectal tumors. Analyzing the relationship of
both CAs directly revealed an overall positive correlation, reaching statistical significance
in three datasets (Figure 1b). Thus, CA9 and CA12 seem to have no complementary roles
in colorectal tumors but rather can also occur in a co-expressed manner.

To investigate CA9/CA12 expression depending on the molecular subtype, we em-
ployed the same CRC datasets and applied the CMScaller [59] to classify tumor samples
according to the CMS classification system. This resulted in a characteristic pattern of
expression, which was observed in all seven CRC datasets, exemplarily represented by two
datasets in Figure 1c (see Figure S1 in Supplementary Materials for the other five datasets).
CA9 was more expressed in CMS1/CMS3 tumors compared to CMS2/CMS4 tumors. CA12
showed the highest expression in CMS3 tumors, followed by CMS1 tumors. Thus, the
transcriptomic data revealed pronounced co-expression of both CAs as a typical feature of
CMS3- and CMS1 tumors. In addition, the characteristic relation between CA expression in
tumors versus normal tissue was reproduced (Figure 1c).
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Figure 1. Analyses of expression and correlation of CA9, CA12 and HIF1α on transcriptomic levels 
in patient tumor samples using Cancertool [60]. (a): Expression of CA9 and CA12 in relation to nor-
mal or normal-adjacent tissue in 3 out of 7 CRC datasets. Other 4 datasets did not contain normal 
tissue and could, therefore, not be included for this analysis. (N = normal tissue; N Adj = normal 
tissue adjacent to tumor; CRC = colorectal carcinoma) (b): Heat maps of correlation analyses based 
on HIF1α (left) and CA9 (right) in 7 datasets showing overall positive correlation of both CAs to 
HIF1α and both CAs to each other with different stringency depending on datasets. (c): CMS-related 

Figure 1. Analyses of expression and correlation of CA9, CA12 and HIF1α on transcriptomic levels in
patient tumor samples using Cancertool [60]. (a): Expression of CA9 and CA12 in relation to normal
or normal-adjacent tissue in 3 out of 7 CRC datasets. Other 4 datasets did not contain normal tissue
and could, therefore, not be included for this analysis. (N = normal tissue; N Adj = normal tissue
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adjacent to tumor; CRC = colorectal carcinoma) (b): Heat maps of correlation analyses based on HIF1α
(left) and CA9 (right) in 7 datasets showing overall positive correlation of both CAs to HIF1α and
both CAs to each other with different stringency depending on datasets. (c): CMS-related expression
of CA9 and CA12. Depicted are 2 representative datasets (Colonomics, GSE44076; Marisa, GSE39582).
The other 5 datasets can be found in Figure S1 (Supplementary Materials). Tumor samples of each
dataset were classified using the CMScaller [59]. Schemes of (a,b) were created by Cancertool and
modified to improve the lettering. Heat maps: in every cell, the corresponding R and p-values of the
analysis are shown. The color of each cell represents its correlation R value, being red towards 1 and
blue towards −1. Correlations with p-value ≤ 0.05 and |R| ≥ 0.2 are indicated with (*).

2.2. Differential Expression of CAIX and CAXII in Preclinical Models Representing CMSs

To investigate CAIX/XII expression in tumor tissues on a protein level, we employed
our established preclinical CRC model comprising luciferase-expressing cell-line-derived
nude mouse xenograft tumors and spheroids representing the four molecular subtypes
according to the CMS classification system. Detailed characterization of the model, includ-
ing generation of the luciferase-expressing variants of cell lines, transcriptomic data and
CMS classification using the CMScaller [59], will be published in a separate paper. The
results of CMS classification were in accordance with wild-type CRC cell lines, which were
previously characterized in the study by Berg et al. [56]. Immunohistochemical analyses of
both CAs and hypoxia (pimonidazole) showed a characteristic expression pattern among
xenograft tumors of different CMSs. Figure 2 shows examples featuring each xenograft
tumor type (see Figure S2 in Supplementary Materials for original pictures with higher
quality, including additional images and selected images with higher magnification). In
tumors derived from cell line LOVO representing CMS1, expression of CAIX was low in
all examined tumors, and, if positive cells were found, they were associated with hypoxic
areas, especially in perinecrotic tissue. CAXII was found more frequently; however, in
contrast to CAIX, CAXII expression also occurred outside of hypoxic tissue, even adjacent
to vessels. In SW48 tumors (CMS1), CAIX expression was found in even fewer cells than in
LOVO tumors in three out of four tumors, while, in one of the four tumors, much stronger
expression of CA9 was found. If found, CAIX expression was associated with hypoxic
tissue. CAXII expression was not observed in any of the SW48 tumors. Overall, CMS1
tumors showed an undifferentiated phenotype and large portions of the tumors were
hypoxic, yet expression of CAIX was rare. CAXII expression occurred in one CMS1 tumor
but was not necessarily bound to hypoxic tissue. The rare CAIX protein expression was in
contrast to the transcriptomic data obtained from tumor samples (Figure 1c), whereas a
differential CAXII protein expression pattern among CMS1 tumors could be expected.

CMS2 tumors represented by xenografts from cell lines SW1463 and LS1034 frequently
showed a colonic-epithelium-like differentiation pattern and were overall less hypoxic
compared to the other tumor types, with hypoxic areas observed in some distance to the
blood vessels. CAIX staining in SW1463 tumors revealed nearly ubiquitous expression as
even tissue adjacent to vessels showed positive staining. Therefore, expression of CAIX
was not necessarily bound to hypoxic areas but was also found in non-hypoxic tissue.
CAXII-stained cells could be frequently found; however, the signal was confined to the
cytoplasmic compartment and was typically observed in colonic epithelial cells’ building
ducts. In LS1034 tumors, CAIX expression was frequent but rarer when compared to
SW1463 as association of CAIX expression to hypoxia was stronger in LS1034 tumors. For
CAXII, we observed the same phenomenon as described for SW1463. Together, CMS2
tumors showed very frequent expression of CAIX, with expression being more spread
in SW1463 than in LS1034 tumors. Expression of CAIX can be associated with hypoxia,
but both tumors also expressed CAIX in non-hypoxic tissue. Regarding CAXII, the clear
cytoplasmic signal exclusively observed in distinct cell types in CMS2 tumors might be
due to unspecific staining but could also be a specific feature of those cells. Otherwise,
cytoplasmic expression of CAXII is probably less relevant regarding the therapeutic impact
of CAIX/XII specific inhibitors. Strikingly, the overall strong CAIX protein expression
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in CMS2 xenograft tumors, in particular when compared to CMS1 tumors, was in clear
contrast to the transcriptomic data of tumor samples (Figure 1c).
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Figure 2. Immunohistochemical analyses of expression of CAIX and CAXII and presence of hypoxia 
(Hypoxyprobe, pimonidazole) in xenograft tumors representing different CMS. Staining was per-
formed on direct following slides to capture the same tumor areas for analyses. Original pictures 
with higher quality, including selected images with higher magnification, can be found in Figure S2 
(Supplementary Materials). LOVO (CMS1): CAIX expression is rare; positive cells are associated 
with hypoxic perinecrotic areas (arrow). CAXII is more frequently found and can occur outside of 
hypoxic tissue, even adjacent to vessels (arrows). SW48 (CMS1): CAIX is rare or absent despite hy-
poxia. CAXII is not found. SW1463 (CMS2): CAIX is nearly ubiquitously expressed and is found 
bound to hypoxic areas (arrow below) as well as independent of hypoxia (upper arrow). CAXII-
positive cells can be found, but the signal is confined to the cytoplasmic compartment of colonic 
epithelial-like cells building ducts (inserted picture). LS1034 (CMS2): CAIX expression is frequent 
but rarer compared to SW1463 and more associated to hypoxia in comparison to SW1463 tumors. 
CAXII expression shows the same phenomenon as described for SW1463 (not shown). HT29 

Figure 2. Immunohistochemical analyses of expression of CAIX and CAXII and presence of hypoxia
(Hypoxyprobe, pimonidazole) in xenograft tumors representing different CMS. Staining was per-
formed on direct following slides to capture the same tumor areas for analyses. Original pictures
with higher quality, including selected images with higher magnification, can be found in Figure S2
(Supplementary Materials). LOVO (CMS1): CAIX expression is rare; positive cells are associated with
hypoxic perinecrotic areas (arrow). CAXII is more frequently found and can occur outside of hypoxic
tissue, even adjacent to vessels (arrows). SW48 (CMS1): CAIX is rare or absent despite hypoxia.
CAXII is not found. SW1463 (CMS2): CAIX is nearly ubiquitously expressed and is found bound to
hypoxic areas (arrow below) as well as independent of hypoxia (upper arrow). CAXII-positive cells
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can be found, but the signal is confined to the cytoplasmic compartment of colonic epithelial-like cells
building ducts (inserted picture). LS1034 (CMS2): CAIX expression is frequent but rarer compared to
SW1463 and more associated to hypoxia in comparison to SW1463 tumors. CAXII expression shows
the same phenomenon as described for SW1463 (not shown). HT29 (CMS3): CAIX expression is
nearly ubiquitous and is found in hypoxic and perinecrotic areas as well as in non-hypoxic areas,
even adjacent to vessels (inserted picture). CAXII expression is rarer than CAIX expression but is still
found widespread around the tumor mass and is particularly associated with morphological features
of goblet cells. Large areas with co-expression of both CAs occur frequently. LS174T (CMS3): CAIX
expression is widespread but rarer compared to HT29 tumors and is more associated to hypoxic
areas. CAXII is frequently expressed and especially found in tumor areas showing morphological
features of goblet cells. Areas with combined CAIX/CAXII expression are frequently found. HCT116
(CMS4): CAIX expression is strong, clearly associated with hypoxia and almost exclusively found
in perinecrotic tissue. CAXII expression is missing completely. SW480 (CMS4): CAIX expression is
exclusively found in hypoxic tissue. There is no CAXII expression. (Scale bar: 100 µm).

CMS3 tumors represented by xenografts from cell lines HT29 and LS174T showed
pronounced differentiation propensity towards goblet-cell-like structures and were overall
more hypoxic compared to CMS2 tumors. In HT29 tumors, CAIX expression was nearly
ubiquitous. Most areas with expression of CAIX were also hypoxic, but expression of CAIX
was also found in non-hypoxic areas. CAXII expression was rarer than CAIX expression
but was still found widespread around the tumor mass. Expression of CAXII was almost
exclusively found in hypoxic tissue, especially in areas showing morphological features of
goblet- and secretory cells. Notably, in hypoxic areas, co-expression of both CAs could be
observed. In LS174T tumors, CAIX expression was widespread but rarer compared to HT29
tumors. Most of the CAIX-positive cells were found in hypoxic areas, although expression
was also found in non-hypoxic regions. In contrast to HT29, some areas, especially around
blood vessels, showed no CAIX expression at all. CAXII expression was rarer than CAIX
and almost exclusively found in tumor areas showing morphological features of goblet
cells. Some of the cells in those regions showed unclear CAXII signals, similar to the
phenomenon described for CMS2 tumors. Hypoxic areas were widespread but rarer than
in HT29 tumors. CAIX/CAXII co-expression occurred in hypoxic areas in accordance with
HT29 tumors. Thus, as a whole, CMS3 tumors showed the strongest expression of CAIX
and CAXII compared to all other types and were particular characterized by occurrence of
co-expression of both CAs in same areas and cells, a feature that could not be observed in
any tumor outside of the CMS group. Interestingly, the strong combined protein expression
of both CAs completely reflected the transcriptomic data (Figure 1c).

CMS4 tumors represented by xenograft tumors from cell lines HCT116 and SW480
showed an undifferentiated phenotype, and large portions of the tumors were hypoxic. In
HCT116 tumors, CAIX expression was strong but almost exclusively found in perinecrotic
tissue and, therefore, clearly associated with hypoxia. CAXII expression was not found
in any of the examined tumors. The tumors were also non-hypoxic apart from the areas
adjacent to necrosis. In SW480 tumors, CAIX expression was exclusively found in hypoxic
tissue. In contrast to HCT116, some of the perinecrotic tissue showed no expression of
CAIX. There was no CAXII expression in any of the examined tumors. Overall, CMS4
tumors showed strong and hypoxia-associated expression of CAIX on a protein level,
although lack of CAIX in some hypoxic areas could also be observed. The partly strong
expression of CAIX on the protein level in CMS4 tumors was not to be expected based on
the transcriptome data, especially when compared to CMS1 tumors (Figure 1c).

To summarize the data obtained in the preclinical CRC tumor models, it can be stated
that the models overall do reflect the specific characteristics of CRC regarding expression
of CAs and hypoxia provided by the transcriptomic data (Figure 1b); i.e., CAIX and CAXII
expression is largely positively correlated to hypoxia, even if not stringent, and both
CAs can be occur in a co-expressed manner (Figure 1b). However, considering molecular-
subtype-associated expression, there were clear differences between expression on a protein
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level in preclinical tumors and expression on a transcriptome level in the patient tumor
samples. This could be explained by the known fact that transcriptomic expression levels
must not necessarily be directly linked to proteomic expression levels and, as such, the high
CAIX gene expression level in CMS1 tumors does not necessarily need to translate into high
CAIX expression on a protein level. On the other hand, CA expression on transcriptome
level does clearly vary among each group and show overlapping areas. Therefore, some
of the used preclinical CMS-classified CRC tumor models probably do not reflect the
most typical CA expression pattern of the respective group, assuming that each CMS
group can be characterized by a specific CA protein expression pattern after all. Strikingly,
CMS3 xenograft tumors completely reflected a CAIX/XII expression pattern, which was
expected based on the transcriptomic data; hence, they are useful models representing
CMS3 group tumors.

2.3. CAIX/CAXII Expression Is Associated with Response to SLC-0111 in Tumor Spheroids

Next, we questioned whether the CAIX/XII protein expression patterns observed
in xenograft tumors are reproduced in their respective CMS-classified tumor spheroids
in vitro. Tumor spheroids are useful in vitro models representing several important aspects
of real tumor tissues, i.e., three-dimensional growth with structural organization and
physiologically relevant cell–cell and cell–matrix interactions, establishment of tumor
microenvironmental characteristics, such as nutrient gradients, hypoxia and acidosis, as
well as drug resistance mechanisms [61,62]. Immunohistochemical analyses of tumor
spheroid tissues largely reflected characteristics of xenograft tumors, except few variations.
For example, in LOVO spheroids (CMS1), CAXII expression was hardly found, while CAIX
was rare or absent in accordance with xenografts. In SW48 spheroids (CMS1), neither
CA was observed, nearly reflecting xenografts. Thus, these spheroids represent models
with rare or no CAIX/XII expression. Spheroids of SW1463 and LS1034 (CMS2) showed
CAIX expression, and the phenomenon of specific differentiated cells with cytoplasmic
CAXII signal could also be observed. Strong and combined expression of both CAs was
the typical feature of HT29 and LS174T spheroids (CMS3), clearly reflecting characteristics
of xenograft tumors. HCT116 spheroids (CMS4) showed typical strong CAIX expression
bound to hypoxia and adjacent to the core necrotic area. In SW480 spheroids (CMS4), CAIX
was ubiquitously expressed throughout the tissue; thus, the relation of CAIX expression
and tumor mass was much higher compared to xenograft tumors.

Using these representative models, we tested the impact of specific CAIX/XII inhibitor
SLC-0111 on tumor spheroid growth. To this end, we performed our established spheroid
cytotoxicity assay, which is based on stable luciferase expression of tumor cells, enabling
monitoring of spheroid growth and response to therapy. Calculated IC50 values derived
from dose–response curves are summarized in Table 1. There was a differential response
among models, reaching from completely insensitive (CMS1 spheroids) to clearly respond-
ing (CMS3 spheroids) when exposed to the reported peak plasma levels of SLC-0111 of
around 20 µM [48]. Differential response was clearly associated with differential CA expres-
sion. Interestingly, the SW480 model (CSM4) was almost as sensitive as our CMS3 models.
Together, the data obtained in spheroid models clearly suggest a CMS-related propensity to
respond to CA inhibition, with no (CMS1), moderate (CMS2), clear (CMS3), and moderate
to clear (CMS4) response. In addition, considering the ability of our preclinical CMS3
models to reflect transcriptomic pattern of CMS3 tumor samples, it can be assumed that
patients with CMS3 tumors would most benefit from treatment with CAIX/XII-specific
inhibitors such as SLC-0111. Conclusions with regard to the other CMS groups are not
possible at this point. It remains to be investigated whether they can also be characterized
by specific CA protein expression patterns. Nevertheless, based on the data obtained
in these preclinical models, response to CA inhibitors can be assumed in tumors with
substantial CAIX expression independent of the CMS.
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Table 1. Response of tumor spheroids to SLC-0111. IC50 values (µM) ± SD (n ≥ 3).

LOVO SW48 SW1463 LS1034 HT29 LS174T HCT116 SW480

>100 98 ± 12 48 ± 12 56 ± 18 21 ± 4 19 ± 4 57 ± 7 23 ± 4

CMS1 CMS1 CMS2 CMS2 CMS3 CMS3 CMS4 CMS4

2.4. Role of CAIX/CAXII Expression for Clonogenic Survival in CMS3 Modeled Cells

The monolayer cultures of our models, analyzed by immunocytochemistry, largely
reflected the specific CAXII expression pattern observed in xenograft tumors and spheroids
as some LOVO cells and virtually all cells of HT29 and LS174T were positively stained.
As expected, the CAIX expression pattern was different. In CMS1 and CMS4 cell lines,
CAIX-positive cells were hardly found. HT29 (CMS3) and SW1463 (CMS2) showed strong
and ubiquitous expression of CAIX, whereas it was far less in LS174T (CMS3) and LS1034
(CMS2). Notably, HT29 cells were characterized by virtually ubiquitous co-expression of
both CAs (Figure 3a), reflecting the most typical feature of CMS3 tumors already on the
monolayer level of cell culture. Therefore, it represents a sufficient model to study the
importance of expression and activity of both CAs for different tumor functions.

To this end, we analyzed the impact of knockdown or inhibition of CAs on ability
of cells to build colonies from single cells under adherent and non-adherent conditions,
i.e., colony-forming in six-well plates and single-spheroid-forming in 96-well plates. After
establishing stable knockdowns of each CA and of both combined, successful depletion was
controlled by means of Western blot analysis of protein lysates prepared from monolayer-
and spheroids culture (Figure 3b). Aside from the impact of knockdowns, treatment
of HT29 mock cells with CAIX/XII inhibitor SLC-0111 slightly reduced CAIX level but
showed no influence on CAXII levels. In the colony-forming assay, only small effects but
no significant changes in colony numbers could be observed in any of the knockdown
variants (Figure 3d). However, treatment with SLC-0111 resulted in significant decrease in
colony number in mock cells (Figure 3d). Mock cells treated with SLC-0111 also showed a
significant decrease in colony size, while none of the other knockdown variants showed
significant reduction in colony size (Figure 3e). The amount of spheroids formed from
single cells was significantly decreased in cells with combined CAIX/CAXII knockdown
as well as in mock cells treated with SLC-0111 (Figure 3c). Thus, combined reduction in
CAIX/CAXII expression affected clonogenic survival in part, whereas combined inhibition
of activity of CAs led to effective reduction in cell survival in each condition.
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Figure 3. Impact of CAIX/CAXII expression on tumor biological functions of HT29 cells (a): im-
munocytochemistry of monolayer culture showing ubiquitous expression of both CAIX (left) and 
CAXII (right) (scale bar: 100 µm). (b): Western blot analyses of CAIX/CAXII expression in mock and 
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Figure 3. Impact of CAIX/CAXII expression on tumor biological functions of HT29 cells (a): im-
munocytochemistry of monolayer culture showing ubiquitous expression of both CAIX (left) and
CAXII (right) (scale bar: 100 µm). (b): Western blot analyses of CAIX/CAXII expression in mock
and knockdown cells. Two different shRNAs were used for each CA. (c): Spheroid forming from
single-cell level was significantly reduced in cells with the combined CAIX/CAXII knockdown
and mock cells treated with SLC-0111 (mean with SD, n ≥ 3). (d): Significant reduction in colony
number in mock cells treated with SLC-0111 (mean with SD, n ≥ 3). (e): Significant reduction in
colony size in mock cells treated with SLC-0111 (median with range, n ≥ 3). The clonogenicity assay
and single-cell spheroid assay were repeated three or more times per condition in separate trials.
(*: p ≤ 0.05, **: p ≤ 0.01).

2.5. Impact of CAIX/CAXII Expression on Chemotherapy in CMS3 Spheroids

Using the HT29 spheroid model, we investigated the impact of different knockdowns
and inhibition of CAIX/CAXII by means of co-treatment with SLC-0111 on efficacy of
chemotherapeutic drugs 5-fluorouracil (5-FU), irinotecan and oxaliplatin. There were no
significant differences in IC50 between mock cells and knockdown variants, although a
tendency of sensitization towards 5-FU and oxaliplatin could be concluded from slight
shifting of knockdown curves, in particular of the combined knockdown. The rather small
effects of knockdowns, already observed in the single-cell assays, could be explained by
probably sufficient residual expression of CAIX and CAXII despite knockdown resulting in
no substantial alteration of the microenvironment.

Co-treatment with SLC-0111 led to clear sensitizing effects towards chemotherapy
(Figure 4). For both oxaliplatin and irinotecan, a significant reduction in IC50 was achieved
by adding SLC-0111. Furthermore, analyses of selected and clinically relevant concen-
trations around the IC50 values revealed a significant reduction in spheroid viability at
0.1 µM of oxaliplatin and at 0.1 µM as well as 1 µM of irinotecan. Clear, but not significant,
reduction in spheroid viability could also be observed at 1 µM of oxaliplatin. Together, this
showed that additional SLC-0111 treatment is capable of increasing cytotoxicity, especially
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at low concentrations of the chemotherapeutic agents (Figure 4a,b). Sensitizing effects
were also observed with regard to 5-FU, but the characteristic flattened course of curves
precluded clear calculation of IC50 values and their comparison.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 13 of 25 
 

 

 
Figure 4. Impact of SLC-0111 co-treatment on chemotherapy in HT29 spheroids. (a): Co-treatment 
of oxaliplatin and SLC-0111 results in significant decrease in IC50 value (µM, median with range, n 
≥ 3) and cell viability at oxaliplatin concentration of 0.1 µM (mean with SD, n ≥ 3). (b): Co-treatment 
of irinotecan and SLC-0111 results in significant decrease in IC50 value (µM, median with range, n ≥ 
3) as well as cell viability at irinotecan concentrations of 0.1 µM and 1 µM, respectively (both mean 
with SD, n ≥ 3). (c): Additional treatment with 20 µM SLC-0111 results in significant decrease in cell 
viability in spheroids treated with 0.1 µM irinotecan and 0.1 µM oxaliplatin as well as spheroids 
treated with combinations of chemotherapeutic agents reflecting the FOLFOX (1 µM 5-FU; 0.1 µM 
Oxaliplatin) or FOLFIRI (1 µM 5-FU; 0.1 µM irinotecan) regimens (all mean with SD, n ≥ 3). (*: p ≤ 
0.05, ***: p ≤ 0.001.)  

Figure 4. Impact of SLC-0111 co-treatment on chemotherapy in HT29 spheroids. (a): Co-treatment
of oxaliplatin and SLC-0111 results in significant decrease in IC50 value (µM, median with range,
n ≥ 3) and cell viability at oxaliplatin concentration of 0.1 µM (mean with SD, n ≥ 3). (b): Co-
treatment of irinotecan and SLC-0111 results in significant decrease in IC50 value (µM, median with
range, n ≥ 3) as well as cell viability at irinotecan concentrations of 0.1 µM and 1 µM, respectively
(both mean with SD, n ≥ 3). (c): Additional treatment with 20 µM SLC-0111 results in significant
decrease in cell viability in spheroids treated with 0.1 µM irinotecan and 0.1 µM oxaliplatin as well as
spheroids treated with combinations of chemotherapeutic agents reflecting the FOLFOX (1 µM 5-FU;
0.1 µM Oxaliplatin) or FOLFIRI (1 µM 5-FU; 0.1 µM irinotecan) regimens (all mean with SD, n ≥ 3).
(*: p ≤ 0.05, ***: p ≤ 0.001).
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As standard protocols for chemotherapy of CRC consist of combination schemes
(FOLFOX: 5FU + oxaliplatin; FOLFIRI: 5FU + irinotecan), we furthermore investigated
impact of co-treatment with SLC-0111 on combination chemotherapy. For this purpose,
we used defined drug concentrations and analyzed dual and triple combinations of drugs
(Figure 4c). Co-treatment with SLC-0111 led to significant improvement in chemother-
apeutic efficacy in the dual therapy scheme, except for 5-FU, which was in accordance
with results obtained from calculations of dose–response curves. As expected, the triple
therapy regimens were also clearly more effective. Notably, a significant sensitizing effect
resulted from addition of SLC-0111. Together, this suggests that inhibition of CAIX/CAXII
by co-treatment with specific inhibitors can improve efficacy of chemotherapy independent
of the used therapy protocols.

3. Discussion

With the recent introduction of consensus molecular subgroups (CMS), the focus on
developing treatment strategies for a more individual and specific therapy for each patient
in addition to the already existing therapies is as urgent as ever before. Therefore, new
therapeutic targets have to be found and already existing ones have to be reexamined
for their usefulness for individual therapy. Two proteins belonging to the second of the
aforementioned categories are carbonic anhydrase IX and carbonic anhydrase XII. It is well
documented in the literature that cancer cells modify their tumor microenvironment as a
result of their otherwise unsustainable growth by changing extracellular pH values, leading
to several effects benefiting the tumor and hindering the anti-cancer therapy [2,5,9,10,14],
e.g., inhibition of immune function [6], selection of more malignant tumor cells [7], degrada-
tion of the extracellular matrix [8], angiogenesis [9] and reduction in efficacy of chemother-
apy [10]. Tumor-associated carbonic anhydrases CAIX and CAXII were discovered over
two decades ago [19,21]. Their unique niche in the enzyme family of the carbonic anhy-
drases has long made them interesting targets for anti-cancer therapy as their expression
in healthy tissue is by far not as widespread as the expression of other members of their
enzyme family, e.g., carbonic anhydrase II or IV. Their importance in creation and retention
of this unique microenvironment has already been reported on [14–16]. As such, our goal
in this study was to examine the potential of CAIX/CAXII inhibition for treatment of CRC.
In order to examine the expression patterns of CAIX/CAXII in the different CMS groups,
we analyzed the expression of the CAs in transcriptome data of human tumor samples and
standardized cell-line-derived preclinical models of the different CMS groups.

Analyzing the transcriptome data of both CA9 and CA12 in both healthy and cancerous
human tissue, we observed that CA12 was downregulated in CRC compared to healthy
tissue. This finding was consistent with previous literature [24,63]. The opposite was
observed for CA9 as CA9-expression increased in cancer tissue when compared to healthy
tissue [23,24]. It is important to note that expression of both CAs was highest in CMS3
compared to the other CMS groups. It is known that CMS3 tumors show an increase in
gene expression of goblet cell marker genes and show the highest amount of goblet cells
out of all CMS groups [64]. The goblet cells, along with other cells involved in secretion and
water absorption, also make up a large part of the cells showing CA expression in healthy
tissue of the large intestine [65]. Several authors have previously stated that expression of
tumor-associated CAs was likely to be linked to the origin of the cancer cell itself, among
other factors, which might also explain why expression of CAIX in both the models of
CMS2 and CMS3 was not exclusively found in hypoxic tissue [65,66].

While the transcriptome data were consistent with positive correlation of hypoxia
to CA expression, there were also significant differences in our findings between protein
and transcriptome level, as mentioned above: While patient tumor samples classified
into the CMS1 group showed the highest expression of CA9 and CA12 (together with
CMS3) on a transcriptome level, neither our immunohistochemical analysis of spheroid
and xenograft tumor tissue nor our analyses in the 2D models showed any abundance
of CA expression close to that of the CMS3 group. Aside from CMS1, the transcriptome
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data for CMS2 tumors showed less expression of CA9, while the xenograft tumors showed
high abundance of expression of CAIX. This indicates that there is a complex multifactorial
mechanism behind regulation of CAIX and CAXII expression. Although HIF-1 plays
the major role in regulation of expression of CAIX and CAXII, it is far from the only
protein involved as other mechanisms, including MORC2 and non-coding RNA, were
reported on recently [66–70]. Additionally, di Fiore et al. recently reported on the currently
known posttranslational modification mechanisms of CAIX and CAXII and stated that
these modifications partly have a yet unknown impact on the function of CAIX/CAXII,
indicating that there may also be fluctuation in CAIX/CAXII efficacy present on a protein
level [71].

To our knowledge, no work has been published yet in which expression of CAIX
and CAXII in the different CMS groups of CRC was systematically analyzed by means
of immunohistochemistry. As described above, the individual strength of expression of
CAIX/CAXII varied from cell line to cell line, yet the pattern in which CAIX and CAXII
were expressed was close to the same when comparing the two cell lines of each CMS group
with each other. However, expression patterns greatly varied between the different CMS
groups, thus suggesting that the distinct molecular features that lead to classification of
CRC into different CMS groups also play a huge part in expression of carbonic anhydrase
IX and XII. We further validated our findings of differentiated expression with the help of
the 3D spheroid model, in which we were able to show that: (1) close to no differences in
expression patterns exist between the spheroid and xenograft model and (2) the spheroid
model itself as a basic 3D model already shows distinction from the results of our 2D models.
As such, the spheroid model proved to be a sufficient 3D model to assess the importance of
CAIX and CAXII for tumor function. It is important to note that this distinction is also due
to the different conditions the cancer cells are exposed to as, e.g., there is an abundance of
oxygen and nutrients in the 2D-models, which are not present in our 3D-models. Therefore,
the 2D- and 3D-models are to be compared with caution.

As described above, the effect of sole SLC-0111 treatment on spheroid viability differed
between the different cell models of CRC depending on the CMS group. While SLC-0111
treatment of SW48 and LOVO of CMS1 had no effect on spheroid viability, HT29 and LS174T
spheroids of CMS3 showed clear response to treatment with SLC-0111. The cytotoxic effects
on spheroid models of CMS2 and CMS4 were stronger than in CMS1 but weaker than
in CMS3. These findings led us to the conclusion that efficacy of SLC-0111 is very much
dependent on the expression status of CAIX and CAXII in the tumor mass as LOVO and
SW48 cells showed little to no expression of neither CAIX nor CAXII in both spheroids and
xenograft tumors. The findings in CMS1 also proved that SLC-0111 itself probably has no
effect on cell viability of cancer cells outside of inhibition of CAIX and CAXII. The IC50
value for these two models was outside the used concentrations in our assay, which already
far exceeded the dosage previously tested as safe for humans in a phase 1-study conducted
on SLC-0111 [48]. In sharp contrast, the HT29 and LS174T models, which we identified as
the tumor models with the strongest expression of CAIX and CAXII, showed the strongest
reduction in spheroid viability and, therefore, clear response to treatment with SLC-0111.
This further proved that SLC-0111 efficacy is closely linked to the CAIX/XII expression
status of the tumor.

These findings suggest that SLC-0111 could be a potent weapon for treatment of CRC,
but its usage is limited to tumors with high expression of CAIX and CAXII. Therefore,
a histopathological examination of the patient’s tumor or other procedures, such as PET
imaging [72,73], are necessary in order to deduce if therapy with a CAIX/XII inhibitor
such as SLC-0111 will be beneficial for the patient due to high expression of CAIX and/or
CAXII. These findings may explain the results of the CRC patients in the phase 1 study
for SLC-0111, in which only one of the enrolled CRC patients showed a period of stable
disease upon treatment with SLC-0111 [48], which could be due to a tumor with high
expression of CAIX and CAXII, most probably a CMS3 tumor. As such, our preclinical data
demonstrate the benefit of SLC-0111 treatment but also suggest that far from all patients
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would benefit from additional therapy with such a CA inhibitor. The findings also revealed
very differentiated expression of CAIX and CAXII in the different CMS groups, further
confirming that assessing the CMS groups in CRC patients is very important to provide
the patient with the most beneficial additional anti-tumor treatment, e.g., in the form of
SLC-0111 if the CAIX/CAXII expression in the tumor mass is high, as in a CMS3 tumor.
Interestingly, the described “metabolic dysregulation” signature of CMS3 tumors [49] could
explain the importance of CAIX/CAXII for these tumor types, resulting in pronounced
sensitivity towards inhibition of both CAs.

Aside from the aforementioned 3D models, we also used immunocytochemistry in
order to examine the expression status of CAIX and CAXII in the different CMS groups
on a 2D monolayer level. In these models, HT29 was the only cell line to show strong
staining for both CAIX and CAXII. Further, we observed several differences between our
2D- and 3D models. The most striking difference was observed for the LS174T cell line,
which showed only little expression of CAIX compared to HT29 in our monolayer models
but showed widespread expression in xenograft tumors. CAIX expression in the LS174T
cell line was mostly found in hypoxic tissue, and the monolayer model does not provide
a severely hypoxic environment; however, this alone cannot be the reason for the lack
of CAIX expression as HT29 cells showed a high abundance of CAIX in the 2D models
although also exhibiting a strong association between CAIX and hypoxic tissue. In addition,
both cell lines of CMS 4 showed close to no CAIX expression in our 2D models, although
expression was present in a moderate and sometimes even high abundance in both the
xenograft tumors and spheroids. We observed the opposite trend in the LOVO cell line
as we observed less expression of CAXII in 3D models but more expression of CAXII in
the monolayer culture. Therefore, we assume that expression of CAIX/CAXII is not only
influenced by oxygenation of the tissue but also relies on other factors, such as tumor
architecture, cell differentiation and cell–cell-interaction. These examples show that a 2D
approach of analyzing expression of CAIX and CAXII does not necessarily reflect the real
expression status in a tumor and that 3D models, therefore, appear to be more realistic
models of CA expression in the tumor mass.

As described above, HT29 cells were found to have the highest expression of CAIX
and CAXII in both our 2D- and 3D models; thus, they represent the most typical feature
of CMS3 tumors in vitro already. Therefore, we decided to use HT29 cells as our model
to examine the importance of CAIX and CAXII for tumor function. The effects of the
knockdowns of CAIX and CAXII were not significant in any of our trials. It is important
to note, however, that these knockdowns did have a negative effect on the tumor cells
in our single-cell spheroid assay and our clonogenicity assay, respectively. Therefore, we
concluded that reducing the expression of these genes by a certain amount had a negative
impact on tumor function, but not a significant one. Treating HT29 cells with CA inhibitor
SLC-0111, however, showed a significant impact on a variety of tumor functions. The ability
of HT29 cells regarding clonogenic survival on a monolayer level was impaired severely as
both number and size of the colonies were reduced by over 90%. Similar findings were also
reported by Parks et al., who showed that disruption of CAIX severely reduced clonogenic
proliferation in LS174T cells [13]. SLC-0111 treatment also resulted in a significant reduction
in spheroid forming in our single-cell spheroid assay. The assay was designed in order
to simulate metastasis at a single-cell stage, shortly after a cell implanted itself into the
new tissue. It is important to note that HT29 cells, in which both CAs were knocked down,
also showed significant reduction in ability of spheroid forming. This indicates that CIX
and CAXII may be especially important for cancer cells in the very early stages of cancer
development, in which cell–cell-interaction and surrounding soft tissue are limited or not
yet present and decreased protein expression or protein inhibition of CAIX/CAXII hinders
the cancer cell’s survival in that early stage. CRC is a special type of cancer regarding
metastasis as the latency between the diagnosis of the primary tumor and the appearance
of metastasis is relatively small [74]. Therefore, it is very important to further understand
the mechanisms behind the metastatic process and to continue to find marker and target
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proteins for metastasis in order to prevent the cancer from spreading out of its organ of
origin [75].

One of the largest challenges in the medicamentous approach of cancer treatment is
the resistance of tumors towards chemotherapeutic agents. Cancer cells are capable of
several mechanisms that can reduce chemotherapeutic efficacy. Alteration in extracellular
pH to more acidic values is commonly observed in chemotherapy-resistant tumors and
leads to reduced intracellular accumulation of the chemotherapeutic agent due to a shift in
the concentration gradient between the acid and base form of the drug [5,76]. The literature
has already reported on pH-dependent uptake of irinotecan, a drug commonly used in
medicamentous therapy of CRC [77]. Tumor-associated carbonic anhydrase IX and XII
play a major role in establishing this pH disbalance by forming a functional complex, a so
called “Metabolon”, which facilitates extrusion of acidic metabolites created in the cellular
metabolism to the extracellular space [5,15,16,78,79]. The literature has already shown that
disruption of the CAIX pathway leads to a reversal of the described pH-altering effect [80].
P-glycoprotein-mediated extrusion of chemotherapeutic agents has long been established
to be a mechanism by which tumor cells are able to avoid otherwise lethal concentrations
of chemotherapeutic therapy. Interestingly, CAXII has been reported to be associated
with p-glycoprotein (Pgp) in several tumors, and it was shown that chemotherapeutic
efficacy can be increased by means of CAXII inhibition [30,81–83]. Although HT29 cells
show high expression of CAXII, expression of Pgp in this cell line is low [81]. As such,
this manner of chemotherapeutic resistance plays a minor role at best in our HT29 model
but may play a major role in other tumors expressing CAXII, on which the literature has
already reported before [84,85]. Aside from the aforementioned mechanisms, there are
many more ways described in the literature by which CRC cells may be able to become
resistant against basic chemotherapeutic drugs 5-FU, irinotecan and oxaliplatin [86]. Our
findings in the co-treatment trials suggest that a combined treatment of SLC-0111 plus the
conventional chemotherapeutic agents could be beneficial in treating CRC if the tumor
presents itself with a high expression status of the tumor-associated carbonic anhydrases.
The increase in cytotoxicity was especially strong in the HT29 cells treated with irinotecan
and oxaliplatin as, without SLC-0111, both irinotecan and oxaliplatin only showed little
effect on cell viability in concentrations that might be administered to humans. These
findings proved that the combination of the normally used chemotherapeutic agents and
SLC-0111 is superior to chemotherapy alone in our model. Additive effects were observed
for 5-FU. Therefore, treatment with the commonly used FOLFOX or FOLFIRI regimens
in combination with SLC-0111 is entirely viable and showed a significant decrease in
spheroid viability in our combination treatment trials and might, therefore, be an option
for chemotherapeutic treatment of CRC if expression of CAIX and CAXII is high in the
patient’s tumor.

4. Materials and Methods
4.1. Transcriptomic Analyses of CRC Samples

In order to assess transcriptomic data of CA9 and CA12, as well as HIF1α in human
tumor samples we used the platform Cancertool [60]. Cancertool is an online bioinformatic
platform performing expression-, correlation- and gene-enrichment analyses based on seven
different colorectal cancer transcriptomic datasets: Colonomics, GSE44076; Jorissen et al.,
GSE14333; Kemper et al., GSE33113; Laibe et al., GSE37892; Marisa et al., GSE39582;
Roepman et al., GSE42284; TCGA, cBioPortal. Detailed information about the data sources
and methods used by Cancertool can be found on the website: http://genomics.cicbiogune.
es/CANCERTOOL/index.html (accessed on 13 March 2023). In addition, using these
datasets, the patient’s tumor data were classified and separated into the CMS groups using
the CMScaller [59], in order to gain differentiated analysis on the expression patterns of both
CA9 and CA12 in the different CMS groups. The classification was performed accordingly
to the instructions provided on https://github.com/peterawe/CMScaller (accessed on
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13 March 2023). Boxplots were generated with BoxPlotR (http://shiny.chemgrid.org/
boxplotr/, (accessed on 13 March 2023)).

4.2. Preclinical Tumor Models

The preclinical CRC model used in this study was established in the context of a
separate study and comprises luciferase-expressing variants of the cell lines SW48, LOVO,
SW1463, LS1034, HT29, LS174T, HCT116 and SW480, derived nude mouse xenograft
tumors and spheroids representing the four molecular subtypes according to the CMS
classification system. Detailed characterization of the model including generation of the
luciferase-expressing variants of cell lines, transcriptomic data and CMS classification
using the CMScaller [59] will be published in a separate paper. CMS classification was
in accordance to the wild-type CRC cell lines, which were previously characterized by
Berg et al. [56]. The new generated luciferase-expressing cell lines were re-authenticated at
the DSMZ-German Collection of Microorganisms and Cell Cultures GmbH (Braunschweig,
Germany) in 2020/2021.

The monolayer cells were cultivated in RPMI1640 medium (Sigma-Aldrich, St. Louis,
MO, USA), to which 10% fetal bovine serum (Biowest, Nuaillé, France) and 1% penicillin-
streptomycin (Sigma-Aldrich) was added. For generation of single tumor spheroids, tumor
cells resuspended in culture medium were seeded into 96-well plates, which were coated
before with 0.7% agarose (SeaKem® GTG™ Agarose, Lonza, Basel, Switzerland). Cell
lines HT29-Luc, DLD-1-Luc, LS174T-Luc, LS1034-Luc and SW1463-Luc were able to form
compact spheroids within 2 days. For the cell lines LOVO -Luc, SW48-Luc, COLO205-
Luc, HCT116-Luc and SW480-Luc, culture medium was supplemented with 10 µg/mL
collagen I (Ibidi GmbH, Gräfelfing, Germany) to support spheroid formation. Completely
compacted spheroids were formed within 7 days.

Stable knockdowns of CA9 and CA12 in HT29 cells were generated by lentiviral
transduction using ready-to-use prepared virus particles from Sigma-Aldrich. The single
knockdowns KD 9.2”, ”KD 9.5”, ”KD 12.3”, ”KD 12.4”were obtained with puromycin
selection. As a control for the puromycin-based vectors, HT29 cells were transduced with
an empty puromycin vector (“Mock”). The vectors of the more potent knockdown of
CA9 (KD 9.2) and CA12 (KD 12.4) were chosen to be combined to double to generate a
combined CA9/CA12 knockdown. While the aforementioned KD 9.2 vector was used, for
the KD 12.4 knockdown a GFP labelled vector was used. FACS sorting was carried out at
the local facility (Core facility, Center for Basic Medical Research (ZMG) of the Medical
Faculty, Martin Luther University). As a control for the GFP-generated double-knockdown,
HT29 mock cells were also transduced with the KD 12.4/GFP-vector (“Mock + KD 12.4”).
Therefore, in both the “KD9.2 + KD12.4”, as well as the “Mock + KD12.4” samples, CA12
was knocked down using the same GFP-vector. For the Mock + SLC-0111 group, the
aforementioned, puromycin-selected “Mock” cells were used.

4.3. Immunohistochemistry of Xenograft Tumors and Spheroids

The xenograft tumors samples used in this study for immunohistochemical analyses
were prepared in the context of a separate study during the generation of our preclinical
CRC model (see above). In order to be able to analyze intratumoral hypoxia, the mice
were treated with Hypoxyprobe™ (Hypoxyprobe, Inc., Burlington, MA, USA) 90 min
prior to tumor extraction. After extraction, the tumors/organs were fixated in formalin,
before they were processed using the Microm STP120 and then embedded in paraffin
using the Microm EC350-1 (both Thermo Fischer Scientific, Waltham, MA, USA). For
immunohistochemical analyses, the tumors were cut into 4 µm wide samples. Following
deparaffinization and rehydration, the samples were first subjected to peroxidase-blocking
and then to protein-blocking. The used reagents were, if not stated otherwise, obtained
from Dako (Agilent Technologies, Santa Clara, CA, USA). For the latter a 3% BSA (Carl
Roth, Karlsruhe, Germany) in PBS solution was used. The samples were treated with
anti-CAIX, anti-CAXII (AB184006 1:1000 and AB195233 1:100; both Abcam, Cambridge,
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UK) or anti-PAb2627AP (1:200, Hypoxyprobe, Inc.) primary antibodies, diluted in a 1%
BSA in PBS solution, for three hours. They were then treated with biotinylated secondary
antibodies (SC-2491, diluted 1:800 in PBS; Santa Cruz Biotechnology, Dallas, TX, USA)
for one hour. After treatment with a Streptavidin-HRP-conjugate for 30 min, the samples
were exposed to the chromogen 3,3′-diaminobenzidine (DAB) for five minutes, before all
samples were stained with hematoxylin for one minute and then dehydrated. Images of
the samples were taken on an Axiolab microscope equipped with Axiocam 503 color (Zeiss
Group, Oberkochen, Germany).

4.4. Immunocytochemistry on Monolayer Culture

The used cells were seeded onto one well of a chamber slide (Nunc™ Lab-Tek™ II
Chamber Slide™ System, Thermo Fischer Scientific). After 24 h of incubation the medium
was removed and the plates were rinsed twice with PBS for two minutes each. The cells
were then fixated using methanol (Sigma-Aldrich) for 15 min. The methanol was then
washed away using PBS three times for 10 min, before the cells were treated with the
same 3% BSA in PBS to achieve protein blocking. After that the cells were incubated with
primary antibody (CAIX, AB184006 1:000 and CAXII, AB195233 1:175; both Abcam) diluted
in a 1% BSA in PBS solution for two hours at room temperature. Following the incubation
with the primary antibody, the plates were washed with a 1% BSA in PBS trice for 10 min
each to remove excess antibodies. In the following step the plates were incubated with
the secondary antibody (A-11036, 1:800, Thermo Fischer Scientific) diluted in PBS at room
temperature in the dark for one hour. Excess antibody was then removed by washing
the plates with PBS trice for 10 min each. During the washing steps, the plates were kept
in the dark. In the next step the cells were stained with 4′,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich, stock solution 1mg/mL), which was diluted 1:1000 in PBS before,
for three minutes. Following the staining process, the cells were washed twice with PBS for
5 min each in the dark. The plates were coated with mounting medium (Fluoromount-G™
Mounting Medium, Thermo Fischer Scientific) and then covered with a coverslip. Images
of the samples were taken using the BioRevo BZ-9000 (Keyence Deutschland GmbH,
Neu-Isenburg, Germany).

4.5. Protein isolation/Western Blot Analysis

Protein lysates of monolayer cells and spheroids were prepared using RIPA buffer. The
RIPA buffer further contained 100mM phenylmethylsulfonyl fluoride, 10mM dithiothreitol
(Bio-Rad Laboratories, Hercules, CA, USA), Protease-Inhibitor-Cocktail and Benzonase
(both Sigma-Aldrich). After incubation on ice for 45 min, the lysates were then centrifuged
at 15,000× g for 15 min at 4 ◦C. The protein concentration of the probes were then measured
using the Bio Photometer D30 (Eppendorf SE, Hamburg, Germany) via Bradford method.
The used Bradford reagent was obtained from Bio-Rad. The probes were adjusted to get
equal concentrations.

The used Western blot equipment was, if not stated otherwise, obtained from Bio-
Rad. Protein samples were separated using SDS-PAGE and subsequently transferred on
a nitrocellulose blotting membrane for overnight blotting. Blocking of the membranes
was accomplished using a 5% powdered milk (Carl Roth) in phosphate buffered saline
(PBS) with 0.1% Tween (Sigma-Aldrich) solution, which was also used for dilution of the
primary antibodies. The membranes were then treated with either anti-CAIX (M75 1:2000
(Bioscience Slovakia, Bratislava, Slovak Republic), anti-CAXII (AB195233 1:5000, Abcam)
or anti-GAPDH (14C10, 1:5000, Cell Signaling Technology, Danvers, MA, USA) primary
antibodies for two hours, before treatment with a horseradish-peroxidase (HRP) conjugated
secondary antibody (SC-2357 or SC-516102; Santa Cruz Biotechnology) took place for one
hour. The secondary antibodies were diluted 1:5000 in a 0.1% Tween in PBS solution, the
same solution, which was also used to wash the membranes between and after antibody
exposure. After treatment with a chemiluminescence detection reagent (ECL™ Western
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Blotting Detection Reagent, Sigma-Aldrich), images of the membranes were taken using
the ImageQuant LAS 4000 (Cytiva Europe GmbH, Freiburg, Germany).

4.6. Clonogenicity Assay

Cell suspensions were first diluted to 500 cells in 5 mL of RPMI medium. The cells
were then seeded onto six-well-plates. Ten days after seeding, the medium was removed
and the plates were rinsed with PBS. The colonies were then fixated for 10 min using
ethanol and afterwards stained with a 1% crystal violet (Sigma-Aldrich) in PBS solution
for 10 min as well. The number and size of the colonies were analyzed using ImageJ (8-bit
image; subtract background: 100 pixel, threshold: 212, analyze 3 particles: 40-3000, display
results, summarize, add to manager, exclude on edges).

4.7. Single-Cell Spheroid Assay

Cell suspension were diluted to 100 cells in 20 mL of RPMI-medium and then seeded
onto 96-well-plates (200 µL per well), which were previously coated with an 0.7% agarose
(SeaKem GTG Agarose, Lonza Group, Basel, Switzerland) in PBS solution, in order to
inhibit adhesion and therefore guarantee spheroid forming starting at a single-cell level.
The formed spheroids were counted after 15 days.

4.8. Spheroid Cytotoxicity Assay

The cells were seeded onto a 0.7% agarose-coated, 96-well-plates and were incubated
for two or seven days, depending on the model, to allow the undisturbed forming of
compact spheroids, before treatment with chemotherapeutic agents/SLC-0111 was carried
out. For the SLC-0111 response trial, the different spheroid models were exposed to the
carbonic anhydrase inhibitor SLC-0111 (SLC-0111, Hycultec GmbH, Beutelsbach, Germany)
at increasing concentrations (0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0 µM). For the co-
treatment trials, spheroids were treated with SLC-0111 and one chemotherapeutic agent.
Both drugs were diluted in 50 µL RPMI, and, while the chemotherapeutic agent was
used in increasingly high concentrations (0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0 µM
for oxaliplatin and irinotecan; 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0, 300.0, 1000.0 µM for 5-
fluorouracil (5-FU)), SLC-0111 was used in a concentration of 20 µM for all wells. Spheroids
only treated with SLC-0111 served as a control to examine the sole efficacy of the CA
inhibitor. The control group was treated with RPMI, in which DMSO was diluted, so that it
could serve as a negative control for the effect of DMSO on cell viability. For the combination
treatment with single doses, chemotherapeutic agents were used in a concentration of 1 µM
for oxaliplatin and irinotecan or 10 µM for 5-FU. Spheroids were either treated with a
monotherapy of one chemotherapeutic agent or a dual-therapy consisting of both agents
(FOLFOX/FOLFIRI regiment). Each of the treatments served as an individual control group
for the spheroids treated with the monotherapy/dual-therapy plus 20 µM of SLC-0111.

To measure and quantify the viability of the treated spheroids, 20 µL of D-luciferin
(PerkinElmer, Waltham, MA, USA), diluted 1:1000 in RPMI-medium, was added to all wells
7 days after start of treatments. After 15 min of incubation in the dark, measurements were
carried out on a Microplate Reader Tecan Spark (Tecan Group, Männedorf, Schwitzerland)
using luminescence measurement with an exposure time of 1000 ms/well. The mean value
of the eight values of each column was calculated and all values are given as % of untreated
control. At least 3 independent experiments were performed and summarized as mean
values with standard deviation.

4.9. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism 8. The used p-value format
for all analyses was NEJM. For the clonogenicity assay, the absolute values of colony
numbers and colony size were examined for statistical significance by means of ordinary
one-way ANOVA (assumed Gaussian distribution; assumed equal SDs) using the mock
group as control for follow-up testing for statistical significance. Ordinary one-way ANOVA
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(assumed Gaussian distribution; assumed equal SDs) was also used for the single-cell
spheroid assay, comparing the absolute values of each treatment to the control group
mock. For the SLC-0111 response trial, an extrapolated curve was calculated via equation:
[inhibitor] vs. response - variable slope to calculate the different IC50 values of each trial.
The mean values and the SD of all measured IC50 values were then calculated for each
spheroid model. For the co-treatment trials, IC50 values in both the control and the inhibitor
group were calculated via equation: [inhibitor] vs. normalized response - variable slope.
The IC50 values of both groups (Gaussian distribution assumed) were then compared using
a Welch test or an unpaired t-test, depending if the variances were significantly different or
not. Additionally, the relative viability of the spheroids in the control and inhibitor groups
were compared at two different chemotherapeutic concentrations. The concentration was
chosen closest to the peak plasma concentration of the respective agent in vivo (10 µM
5-FU; 1 µM irinotecan/oxaliplatin) and the second concentration was chosen at 10% of
the first concentration (1 µM 5-FU; 0.1 µM irinotecan/oxaliplatin). The relative spheroid
viability was compared using a Welch test or an unpaired t-test, as described above. For
the combination treatment, the control groups and their respective inhibitor groups were
compared to each other using traditional one-way ANOVA (assumed Gaussian distribution;
assumed equal SDs).

5. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24065797/s1.

Author Contributions: Conceptualization, T.M.; investigation, A.R., S.B., M.S.S., J.L. and T.M.; formal
analysis, A.R. and M.S.S.; writing—original draft preparation, A.R. and T.M.; writing—review and
editing, L.P.M. and T.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The xenograft tumor materials investigated in this study
were generated in the context of an animal study, which was approved by the Laboratory Animal
Care Committee of Sachsen-Anhalt, Germany (approval code: 203.h-42502-2-1250 MLU).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed in the current study are available
from the corresponding author upon reasonable request.

Acknowledgments: We thank Franziska Reipsch for her excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bosco, M.C.; D’Orazi, G.; Del Bufalo, D. Targeting hypoxia in tumor: A new promising therapeutic strategy. J. Exp. Clin. Cancer

Res. 2020, 39, 8. [CrossRef] [PubMed]
2. Chiche, J.; Brahimi-Horn, M.C.; Pouyssegur, J. Tumour hypoxia induces a metabolic shift causing acidosis: A common feature in

cancer. J. Cell. Mol. Med. 2010, 14, 771–794. [CrossRef]
3. Nakazawa, M.S.; Keith, B.; Simon, M.C. Oxygen availability and metabolic adaptations. Nat. Rev. Cancer 2016, 16, 663–673.

[CrossRef] [PubMed]
4. Swietach, P. What is pH regulation, and why do cancer cells need it? Cancer Metastasis Rev. 2019, 38, 5–15. [CrossRef] [PubMed]
5. Corbet, C.; Feron, O. Tumour acidosis: From the passenger to the driver’s seat. Nat. Rev. Cancer 2017, 17, 577–593. [CrossRef]

[PubMed]
6. Lardner, A. The effects of extracellular pH on immune function. J. Leukoc. Biol. 2001, 69, 522–530. [CrossRef]
7. Fang, J.S.; Gillies, R.D.; Gatenby, R.A. Adaptation to hypoxia and acidosis in carcinogenesis and tumor progression. Semin. Cancer

Biol. 2008, 18, 330–337. [CrossRef]
8. Glunde, K.; Guggino, S.E.; Solaiyappan, M.; Pathak, A.P.; Ichikawa, Y.; Bhujwalla, Z.M. Extracellular acidification alters lysosomal

trafficking in human breast cancer cells. Neoplasia 2003, 5, 533–545. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24065797/s1
https://www.mdpi.com/article/10.3390/ijms24065797/s1
http://doi.org/10.1186/s13046-019-1517-0
http://www.ncbi.nlm.nih.gov/pubmed/31924239
http://doi.org/10.1111/j.1582-4934.2009.00994.x
http://doi.org/10.1038/nrc.2016.84
http://www.ncbi.nlm.nih.gov/pubmed/27658636
http://doi.org/10.1007/s10555-018-09778-x
http://www.ncbi.nlm.nih.gov/pubmed/30707328
http://doi.org/10.1038/nrc.2017.77
http://www.ncbi.nlm.nih.gov/pubmed/28912578
http://doi.org/10.1189/jlb.69.4.522
http://doi.org/10.1016/j.semcancer.2008.03.011
http://doi.org/10.1016/S1476-5586(03)80037-4


Int. J. Mol. Sci. 2023, 24, 5797 21 of 24

9. Peppicelli, S.; Bianchini, F.; Calorini, L. Extracellular acidity, a “reappreciated” trait of tumor environment driving malignancy:
Perspectives in diagnosis and therapy. Cancer Metastasis Rev. 2014, 33, 823–832. [CrossRef]

10. Barar, J.; Omidi, Y. Dysregulated pH in Tumor Microenvironment Checkmates Cancer Therapy. Bioimpacts 2013, 3, 149–162.
[CrossRef]

11. Taylor, S.; Spugnini, E.P.; Assaraf, Y.G.; Azzarito, T.; Rauch, C.; Fais, S. Microenvironment acidity as a major determinant of tumor
chemoresistance: Proton pump inhibitors (PPIs) as a novel therapeutic approach. Drug Resist. Updat. 2015, 23, 69–78. [CrossRef]
[PubMed]

12. Wojtkowiak, J.W.; Verduzco, D.; Schramm, K.J.; Gillies, R.J. Drug resistance and cellular adaptation to tumor acidic pH microenvi-
ronment. Mol. Pharm. 2011, 8, 2032–2038. [CrossRef]

13. Parks, S.K.; Cormerais, Y.; Durivault, J.; Pouyssegur, J. Genetic disruption of the pHi-regulating proteins Na+/H+ exchanger 1
(SLC9A1) and carbonic anhydrase 9 severely reduces growth of colon cancer cells. Oncotarget 2017, 8, 10225–10237. [CrossRef]
[PubMed]

14. Asgharzadeh, M.R.; Barar, J.; Pourseif, M.M.; Eskandani, M.; Jafari Niya, M.; Mashayekhi, M.R.; Omidi, Y. Molecular machineries
of pH dysregulation in tumor microenvironment: Potential targets for cancer therapy. Bioimpacts 2017, 7, 115–133. [CrossRef]
[PubMed]

15. Becker, H.M.; Deitmer, J.W. Transport Metabolons and Acid/Base Balance in Tumor Cells. Cancers 2020, 12, 899. [CrossRef]
16. Morgan, P.E.; Pastorekova, S.; Stuart-Tilley, A.K.; Alper, S.L.; Casey, J.R. Interactions of transmembrane carbonic anhydrase, CAIX,

with bicarbonate transporters. Am. J. Physiol. Cell Physiol. 2007, 293, C738–C748. [CrossRef]
17. Kroemer, G.; Pouyssegur, J. Tumor cell metabolism: Cancer’s Achilles’ heel. Cancer Cell 2008, 13, 472–482. [CrossRef]
18. Mekhail, K.; Gunaratnam, L.; Bonicalzi, M.E.; Lee, S. HIF activation by pH-dependent nucleolar sequestration of VHL. Nat. Cell

Biol. 2004, 6, 642–647. [CrossRef]
19. Pastorek, J.; Pastorekova, S.; Callebaut, I.; Mornon, J.P.; Zelnik, V.; Opavsky, R.; Zat’ovicova, M.; Liao, S.; Portetelle, D.; Stanbridge,

E.J.; et al. Cloning and characterization of MN, a human tumor-associated protein with a domain homologous to carbonic
anhydrase and a putative helix-loop-helix DNA binding segment. Oncogene 1994, 9, 2877–2888.

20. Pastorekova, S.; Gillies, R.J. The role of carbonic anhydrase IX in cancer development: Links to hypoxia, acidosis, and beyond.
Cancer Metastasis Rev. 2019, 38, 65–77. [CrossRef] [PubMed]

21. Tureci, O.; Sahin, U.; Vollmar, E.; Siemer, S.; Gottert, E.; Seitz, G.; Parkkila, A.K.; Shah, G.N.; Grubb, J.H.; Pfreundschuh, M.; et al.
Human carbonic anhydrase XII: cDNA cloning, expression, and chromosomal localization of a carbonic anhydrase gene that is
overexpressed in some renal cell cancers. Proc. Natl. Acad. Sci. USA 1998, 95, 7608–7613. [CrossRef] [PubMed]

22. Waheed, A.; Sly, W.S. Carbonic anhydrase XII functions in health and disease. Gene 2017, 623, 33–40. [CrossRef] [PubMed]
23. Saarnio, J.; Parkkila, S.; Parkkila, A.K.; Haukipuro, K.; Pastorekova, S.; Pastorek, J.; Kairaluoma, M.I.; Karttunen, T.J. Immunohis-

tochemical study of colorectal tumors for expression of a novel transmembrane carbonic anhydrase, MN/CA IX, with potential
value as a marker of cell proliferation. Am. J. Pathol. 1998, 153, 279–285. [CrossRef] [PubMed]

24. Kivela, A.J.; Parkkila, S.; Saarnio, J.; Karttunen, T.J.; Kivela, J.; Parkkila, A.K.; Bartosova, M.; Mucha, V.; Novak, M.; Waheed, A.;
et al. Expression of von Hippel-Lindau tumor suppressor and tumor-associated carbonic anhydrases IX and XII in normal and
neoplastic colorectal mucosa. World J. Gastroenterol. 2005, 11, 2616–2625. [CrossRef]

25. Wykoff, C.C.; Beasley, N.; Watson, P.H.; Campo, L.; Chia, S.K.; English, R.; Pastorek, J.; Sly, W.S.; Ratcliffe, P.; Harris, A.L.
Expression of the hypoxia-inducible and tumor-associated carbonic anhydrases in ductal carcinoma in situ of the breast. Am. J.
Pathol. 2001, 158, 1011–1019. [CrossRef]

26. Beasley, N.J.; Wykoff, C.C.; Watson, P.H.; Leek, R.; Turley, H.; Gatter, K.; Pastorek, J.; Cox, G.J.; Ratcliffe, P.; Harris, A.L. Carbonic
anhydrase IX, an endogenous hypoxia marker, expression in head and neck squamous cell carcinoma and its relationship to
hypoxia, necrosis, and microvessel density. Cancer Res. 2001, 61, 5262–5267. [PubMed]

27. Liao, S.Y.; Aurelio, O.N.; Jan, K.; Zavada, J.; Stanbridge, E.J. Identification of the MN/CA9 protein as a reliable diagnostic
biomarker of clear cell carcinoma of the kidney. Cancer Res. 1997, 57, 2827–2831. [CrossRef] [PubMed]

28. Wang, J.; Fang, R.; Wang, L.; Chen, G.; Wang, H.; Wang, Z.; Zhao, D.; Pavlov, V.N.; Kabirov, I.; Wang, Z.; et al. Identification of
Carbonic Anhydrase IX as a Novel Target for Endoscopic Molecular Imaging of Human Bladder Cancer. Cell. Physiol. Biochem.
2018, 47, 1565–1577. [CrossRef]

29. Mboge, M.Y.; Mahon, B.P.; McKenna, R.; Frost, S.C. Carbonic Anhydrases: Role in pH Control and Cancer. Metabolites 2018, 8, 19.
[CrossRef] [PubMed]

30. Kopecka, J.; Campia, I.; Jacobs, A.; Frei, A.P.; Ghigo, D.; Wollscheid, B.; Riganti, C. Carbonic anhydrase XII is a new therapeutic
target to overcome chemoresistance in cancer cells. Oncotarget 2015, 6, 6776–6793. [CrossRef]

31. Koukourakis, M.I.; Giatromanolaki, A.; Sivridis, E.; Simopoulos, K.; Pastorek, J.; Wykoff, C.C.; Gatter, K.C.; Harris, A.L. Hypoxia-
regulated carbonic anhydrase-9 (CA9) relates to poor vascularization and resistance of squamous cell head and neck cancer to
chemoradiotherapy. Clin. Cancer Res. 2001, 7, 3399–3403. [PubMed]

32. Yang, J.S.; Lin, C.W.; Chuang, C.Y.; Su, S.C.; Lin, S.H.; Yang, S.F. Carbonic anhydrase IX overexpression regulates the migration
and progression in oral squamous cell carcinoma. Tumor Biol. 2015, 36, 9517–9524. [CrossRef] [PubMed]

33. Nasu, K.; Yamaguchi, K.; Takanashi, T.; Tamai, K.; Sato, I.; Ine, S.; Sasaki, O.; Satoh, K.; Tanaka, N.; Tanaka, Y.; et al. Crucial role of
carbonic anhydrase IX in tumorigenicity of xenotransplanted adult T-cell leukemia-derived cells. Cancer Sci. 2017, 108, 435–443.
[CrossRef]

http://doi.org/10.1007/s10555-014-9506-4
http://doi.org/10.5681/bi.2013.036
http://doi.org/10.1016/j.drup.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26341193
http://doi.org/10.1021/mp200292c
http://doi.org/10.18632/oncotarget.14379
http://www.ncbi.nlm.nih.gov/pubmed/28055960
http://doi.org/10.15171/bi.2017.15
http://www.ncbi.nlm.nih.gov/pubmed/28752076
http://doi.org/10.3390/cancers12040899
http://doi.org/10.1152/ajpcell.00157.2007
http://doi.org/10.1016/j.ccr.2008.05.005
http://doi.org/10.1038/ncb1144
http://doi.org/10.1007/s10555-019-09799-0
http://www.ncbi.nlm.nih.gov/pubmed/31076951
http://doi.org/10.1073/pnas.95.13.7608
http://www.ncbi.nlm.nih.gov/pubmed/9636197
http://doi.org/10.1016/j.gene.2017.04.027
http://www.ncbi.nlm.nih.gov/pubmed/28433659
http://doi.org/10.1016/S0002-9440(10)65569-1
http://www.ncbi.nlm.nih.gov/pubmed/9665489
http://doi.org/10.3748/wjg.v11.i17.2616
http://doi.org/10.1016/S0002-9440(10)64048-5
http://www.ncbi.nlm.nih.gov/pubmed/11431368
http://doi.org/10.1097/00005392-199805000-00146
http://www.ncbi.nlm.nih.gov/pubmed/9230182
http://doi.org/10.1159/000490875
http://doi.org/10.3390/metabo8010019
http://www.ncbi.nlm.nih.gov/pubmed/29495652
http://doi.org/10.18632/oncotarget.2882
http://www.ncbi.nlm.nih.gov/pubmed/11705854
http://doi.org/10.1007/s13277-015-3692-8
http://www.ncbi.nlm.nih.gov/pubmed/26130414
http://doi.org/10.1111/cas.13163


Int. J. Mol. Sci. 2023, 24, 5797 22 of 24

34. Zavada, J.; Zavadova, Z.; Pastorek, J.; Biesova, Z.; Jezek, J.; Velek, J. Human tumour-associated cell adhesion protein MN/CA IX:
Identification of M75 epitope and of the region mediating cell adhesion. Br. J. Cancer 2000, 82, 1808–1813. [CrossRef] [PubMed]

35. Svastova, E.; Zilka, N.; Zat’ovicova, M.; Gibadulinova, A.; Ciampor, F.; Pastorek, J.; Pastorekova, S. Carbonic anhydrase IX reduces
E-cadherin-mediated adhesion of MDCK cells via interaction with beta-catenin. Exp. Cell Res. 2003, 290, 332–345. [CrossRef]

36. Robertson, N.; Potter, C.; Harris, A.L. Role of carbonic anhydrase IX in human tumor cell growth, survival, and invasion. Cancer
Res. 2004, 64, 6160–6165. [CrossRef] [PubMed]

37. 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]

38. Korkeila, E.; Talvinen, K.; Jaakkola, P.M.; Minn, H.; Syrjanen, K.; Sundstrom, J.; Pyrhonen, S. Expression of carbonic anhydrase IX
suggests poor outcome in rectal cancer. Br. J. Cancer 2009, 100, 874–880. [CrossRef]

39. Kim, J.I.; Choi, K.U.; Lee, I.S.; Choi, Y.J.; Kim, W.T.; Shin, D.H.; Kim, K.; Lee, J.H.; Kim, J.Y.; Sol, M.Y. Expression of hypoxic
markers and their prognostic significance in soft tissue sarcoma. Oncol. Lett. 2015, 9, 1699–1706. [CrossRef]

40. Furjelova, M.; Kovalska, M.; Jurkova, K.; Horacek, J.; Carbolova, T.; Adamkov, M. Carbonic anhydrase IX: A promising diagnostic
and prognostic biomarker in breast carcinoma. Acta Histochem. 2014, 116, 89–93. [CrossRef]

41. Chen, Y.; Li, X.; Wu, S.; Xu, G.; Zhou, Y.; Gong, L.; Li, Z.; Yang, D. Expression of HIF-1alpha and CAIX in nasopharyngeal
carcinoma and their correlation with patients’ prognosis. Med. Oncol. 2014, 31, 304. [CrossRef] [PubMed]

42. Yoo, C.W.; Nam, B.H.; Kim, J.Y.; Shin, H.J.; Lim, H.; Lee, S.; Lee, S.K.; Lim, M.C.; Song, Y.J. Carbonic anhydrase XII expression is
associated with histologic grade of cervical cancer and superior radiotherapy outcome. Radiat. Oncol. 2010, 5, 101. [CrossRef]
[PubMed]

43. Du, Y.; Xin, Z.; Liu, T.; Xu, P.; Mao, F.; Yao, J. Overexpressed CA12 has prognostic value in pancreatic cancer and promotes tumor
cell apoptosis via NF-kappaB signaling. J. Cancer Res. Clin. Oncol. 2021, 147, 1557–1564. [CrossRef] [PubMed]

44. Chia, S.K.; Wykoff, C.C.; Watson, P.H.; Han, C.; Leek, R.D.; Pastorek, J.; Gatter, K.C.; Ratcliffe, P.; Harris, A.L. Prognostic
significance of a novel hypoxia-regulated marker, carbonic anhydrase IX, in invasive breast carcinoma. J. Clin. Oncol. 2001, 19,
3660–3668. [CrossRef]

45. Giatromanolaki, A.; Koukourakis, M.I.; Sivridis, E.; Pastorek, J.; Wykoff, C.C.; Gatter, K.C.; Harris, A.L. Expression of hypoxia-
inducible carbonic anhydrase-9 relates to angiogenic pathways and independently to poor outcome in non-small cell lung cancer.
Cancer Res. 2001, 61, 7992–7998.

46. Divgi, C.R.; Bander, N.H.; Scott, A.M.; O’Donoghue, J.A.; Sgouros, G.; Welt, S.; Finn, R.D.; Morrissey, F.; Capitelli, P.; Williams,
J.M.; et al. Phase I/II radioimmunotherapy trial with iodine-131-labeled monoclonal antibody G250 in metastatic renal cell
carcinoma. Clin. Cancer Res. 1998, 4, 2729–2739.

47. Angeli, A.; Carta, F.; Nocentini, A.; Winum, J.Y.; Zalubovskis, R.; Akdemir, A.; Onnis, V.; Eldehna, W.M.; Capasso, C.; Simone, G.;
et al. Carbonic Anhydrase Inhibitors Targeting Metabolism and Tumor Microenvironment. Metabolites 2020, 10, 412. [CrossRef]

48. McDonald, P.C.; Chia, S.; Bedard, P.L.; Chu, Q.; Lyle, M.; Tang, L.; Singh, M.; Zhang, Z.; Supuran, C.T.; Renouf, D.J.; et al. A Phase
1 Study of SLC-0111, a Novel Inhibitor of Carbonic Anhydrase IX, in Patients With Advanced Solid Tumors. Am. J. Clin. Oncol.
2020, 43, 484–490. [CrossRef]

49. Guinney, J.; Dienstmann, R.; Wang, X.; de Reynies, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P.; et al. The consensus molecular subtypes of colorectal cancer. Nat. Med. 2015, 21, 1350–1356. [CrossRef]

50. Okita, A.; Takahashi, S.; Ouchi, K.; Inoue, M.; Watanabe, M.; Endo, M.; Honda, H.; Yamada, Y.; Ishioka, C. Consensus molecular
subtypes classification of colorectal cancer as a predictive factor for chemotherapeutic efficacy against metastatic colorectal cancer.
Oncotarget 2018, 9, 18698–18711. [CrossRef]

51. Lee, M.S.; Menter, D.G.; Kopetz, S. Right Versus Left Colon Cancer Biology: Integrating the Consensus Molecular Subtypes.
J. Natl. Compr. Canc. Netw. 2017, 15, 411–419. [CrossRef] [PubMed]

52. Li, X.; Ling, A.; Kellgren, T.G.; Lundholm, M.; Lofgren-Burstrom, A.; Zingmark, C.; Rutegard, M.; Ljuslinder, I.; Palmqvist, R.;
Edin, S. A Detailed Flow Cytometric Analysis of Immune Activity Profiles in Molecular Subtypes of Colorectal Cancer. Cancers
2020, 12, 3440. [CrossRef] [PubMed]

53. Trinh, A.; Ladrach, C.; Dawson, H.E.; Ten Hoorn, S.; Kuppen, P.J.K.; Reimers, M.S.; Koopman, M.; Punt, C.J.A.; Lugli, A.;
Vermeulen, L.; et al. Tumour budding is associated with the mesenchymal colon cancer subtype and RAS/RAF mutations: A
study of 1320 colorectal cancers with Consensus Molecular Subgroup (CMS) data. Br. J. Cancer 2018, 119, 1244–1251. [CrossRef]

54. Lenz, H.J.; Argiles, G.; Yoshino, T.; Tejpar, S.; Ciardiello, F.; Braunger, J.; Salnikov, A.V.; Gabrielyan, O.; Schmid, R.; Hofler, J.;
et al. Association of Consensus Molecular Subtypes and Molecular Markers with Clinical Outcomes in Patients with Metastatic
Colorectal Cancer: Biomarker Analyses from LUME-Colon 1. Clin. Color. Cancer 2021, 20, 84–95.e8. [CrossRef] [PubMed]

55. Stintzing, S.; Wirapati, P.; Lenz, H.J.; Neureiter, D.; Fischer von Weikersthal, L.; Decker, T.; Kiani, A.; Kaiser, F.; Al-Batran, S.;
Heintges, T.; et al. Consensus molecular subgroups (CMS) of colorectal cancer (CRC) and first-line efficacy of FOLFIRI plus
cetuximab or bevacizumab in the FIRE3 (AIO KRK-0306) trial. Ann. Oncol. 2019, 30, 1796–1803. [CrossRef]

56. Berg, K.C.G.; Eide, P.W.; Eilertsen, I.A.; Johannessen, B.; Bruun, J.; Danielsen, S.A.; Bjornslett, M.; Meza-Zepeda, L.A.; Eknaes,
M.; Lind, G.E.; et al. Multi-omics of 34 colorectal cancer cell lines—A resource for biomedical studies. Mol. Cancer 2017, 16, 116.
[CrossRef] [PubMed]

http://doi.org/10.1054/bjoc.2000.1111
http://www.ncbi.nlm.nih.gov/pubmed/10839295
http://doi.org/10.1016/S0014-4827(03)00351-3
http://doi.org/10.1158/0008-5472.CAN-03-2224
http://www.ncbi.nlm.nih.gov/pubmed/15342400
http://doi.org/10.1158/0008-5472.CAN-08-2470
http://www.ncbi.nlm.nih.gov/pubmed/19118021
http://doi.org/10.1038/sj.bjc.6604949
http://doi.org/10.3892/ol.2015.2914
http://doi.org/10.1016/j.acthis.2013.05.009
http://doi.org/10.1007/s12032-014-0304-1
http://www.ncbi.nlm.nih.gov/pubmed/25377659
http://doi.org/10.1186/1748-717X-5-101
http://www.ncbi.nlm.nih.gov/pubmed/21040567
http://doi.org/10.1007/s00432-020-03447-9
http://www.ncbi.nlm.nih.gov/pubmed/33387040
http://doi.org/10.1200/JCO.2001.19.16.3660
http://doi.org/10.3390/metabo10100412
http://doi.org/10.1097/COC.0000000000000691
http://doi.org/10.1038/nm.3967
http://doi.org/10.18632/oncotarget.24617
http://doi.org/10.6004/jnccn.2017.0038
http://www.ncbi.nlm.nih.gov/pubmed/28275039
http://doi.org/10.3390/cancers12113440
http://www.ncbi.nlm.nih.gov/pubmed/33228141
http://doi.org/10.1038/s41416-018-0230-7
http://doi.org/10.1016/j.clcc.2020.09.003
http://www.ncbi.nlm.nih.gov/pubmed/33041226
http://doi.org/10.1093/annonc/mdz387
http://doi.org/10.1186/s12943-017-0691-y
http://www.ncbi.nlm.nih.gov/pubmed/28683746


Int. J. Mol. Sci. 2023, 24, 5797 23 of 24

57. Linnekamp, J.F.; Hooff, S.R.V.; Prasetyanti, P.R.; Kandimalla, R.; Buikhuisen, J.Y.; Fessler, E.; Ramesh, P.; Lee, K.; Bochove, G.G.W.;
de Jong, J.H.; et al. Consensus molecular subtypes of colorectal cancer are recapitulated in in vitro and in vivo models. Cell Death
Differ. 2018, 25, 616–633. [CrossRef]

58. Sveen, A.; Bruun, J.; Eide, P.W.; Eilertsen, I.A.; Ramirez, L.; Murumagi, A.; Arjama, M.; Danielsen, S.A.; Kryeziu, K.; Elez, E.; et al.
Colorectal Cancer Consensus Molecular Subtypes Translated to Preclinical Models Uncover Potentially Targetable Cancer Cell
Dependencies. Clin. Cancer Res. 2018, 24, 794–806. [CrossRef]

59. Eide, P.W.; Bruun, J.; Lothe, R.A.; Sveen, A. CMScaller: An R package for consensus molecular subtyping of colorectal cancer
pre-clinical models. Sci. Rep. 2017, 7, 16618. [CrossRef]

60. Cortazar, A.R.; Torrano, V.; Martin-Martin, N.; Caro-Maldonado, A.; Camacho, L.; Hermanova, I.; Guruceaga, E.; Lorenzo-Martin,
L.F.; Caloto, R.; Gomis, R.R.; et al. CANCERTOOL: A Visualization and Representation Interface to Exploit Cancer Datasets.
Cancer Res. 2018, 78, 6320–6328. [CrossRef]

61. Costa, E.C.; Moreira, A.F.; de Melo-Diogo, D.; Gaspar, V.M.; Carvalho, M.P.; Correia, I.J. 3D tumor spheroids: An overview on the
tools and techniques used for their analysis. Biotechnol. Adv. 2016, 34, 1427–1441. [CrossRef] [PubMed]

62. Nunes, A.S.; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, I.J. 3D tumor spheroids as in vitro models to mimic in vivo human
solid tumors resistance to therapeutic drugs. Biotechnol. Bioeng. 2019, 116, 206–226. [CrossRef] [PubMed]

63. Kivela, A.; Parkkila, S.; Saarnio, J.; Karttunen, T.J.; Kivela, J.; Parkkila, A.K.; Waheed, A.; Sly, W.S.; Grubb, J.H.; Shah, G.; et al.
Expression of a novel transmembrane carbonic anhydrase isozyme XII in normal human gut and colorectal tumors. Am. J. Pathol.
2000, 156, 577–584. [CrossRef] [PubMed]

64. Miller, S.A.; Ghobashi, A.H.; O’Hagan, H.M. Consensus molecular subtyping of colorectal cancers is influenced by goblet cell
content. Cancer Genet. 2021, 254–255, 34–39. [CrossRef]

65. Liao, S.Y.; Lerman, M.I.; Stanbridge, E.J. Expression of transmembrane carbonic anhydrases, CAIX and CAXII, in human
development. BMC Dev. Biol. 2009, 9, 22. [CrossRef]

66. Kaluz, S.; Kaluzova, M.; Liao, S.Y.; Lerman, M.; Stanbridge, E.J. Transcriptional control of the tumor- and hypoxia-marker carbonic
anhydrase 9: A one transcription factor (HIF-1) show? Biochim. Biophys. Acta 2009, 1795, 162–172. [CrossRef]

67. Franke, C.M.; Gu, V.W.; Grimm, B.G.; Cassady, V.C.; White, J.R.; Weigel, R.J.; Kulak, M.V. TFAP2C regulates carbonic anhydrase
XII in human breast cancer. Oncogene 2020, 39, 1290–1301. [CrossRef]

68. Shao, Y.; Li, Y.; Zhang, J.; Liu, D.; Liu, F.; Zhao, Y.; Shen, T.; Li, F. Involvement of histone deacetylation in MORC2-mediated
down-regulation of carbonic anhydrase IX. Nucleic Acids Res. 2010, 38, 2813–2824. [CrossRef]

69. Shen, T.; Xia, W.; Min, S.; Yang, Z.; Cheng, L.; Wang, W.; Zhan, Q.; Shao, F.; Zhang, X.; Wang, Z.; et al. A pair of long intergenic
non-coding RNA LINC00887 variants act antagonistically to control Carbonic Anhydrase IX transcription upon hypoxia in
tongue squamous carcinoma progression. BMC Biol. 2021, 19, 192. [CrossRef]

70. Vergara, D.; Ravaioli, S.; Fonzi, E.; Adamo, L.; Damato, M.; Bravaccini, S.; Pirini, F.; Gaballo, A.; Barbano, R.; Pasculli, B.; et al.
Carbonic Anhydrase XII Expression Is Modulated during Epithelial Mesenchymal Transition and Regulated through Protein
Kinase C Signaling. Int. J. Mol. Sci. 2020, 21, 715. [CrossRef]

71. Di Fiore, A.; Supuran, C.T.; Scaloni, A.; De Simone, G. Post-translational modifications in tumor-associated carbonic anhydrases.
Amino Acids 2022, 54, 543–558. [CrossRef]

72. Lau, J.; Zhang, Z.; Jenni, S.; Kuo, H.T.; Liu, Z.; Vullo, D.; Supuran, C.T.; Lin, K.S.; Benard, F. PET Imaging of Carbonic Anhydrase
IX Expression of HT-29 Tumor Xenograft Mice with (68)Ga-Labeled Benzenesulfonamides. Mol. Pharm. 2016, 13, 1137–1146.
[CrossRef] [PubMed]

73. Zhang, Z.; Lau, J.; Zhang, C.; Colpo, N.; Nocentini, A.; Supuran, C.T.; Benard, F.; Lin, K.S. Design, synthesis and evaluation of
(18)F-labeled cationic carbonic anhydrase IX inhibitors for PET imaging. J. Enzyme Inhib. Med. Chem. 2017, 32, 722–730. [CrossRef]
[PubMed]

74. Nguyen, D.X.; Bos, P.D.; Massague, J. Metastasis: From dissemination to organ-specific colonization. Nat. Rev. Cancer 2009, 9,
274–284. [CrossRef]

75. Stein, U.; Walther, W.; Arlt, F.; Schwabe, H.; Smith, J.; Fichtner, I.; Birchmeier, W.; Schlag, P.M. MACC1, a newly identified key
regulator of HGF-MET signaling, predicts colon cancer metastasis. Nat. Med. 2009, 15, 59–67. [CrossRef] [PubMed]

76. Webb, B.A.; Chimenti, M.; Jacobson, M.P.; Barber, D.L. Dysregulated pH: A perfect storm for cancer progression. Nat. Rev. Cancer
2011, 11, 671–677. [CrossRef] [PubMed]

77. Kobayashi, K.; Bouscarel, B.; Matsuzaki, Y.; Ceryak, S.; Kudoh, S.; Fromm, H. pH-dependent uptake of irinotecan and its active
metabolite, SN-38, by intestinal cells. Int. J. Cancer 1999, 83, 491–496. [CrossRef]

78. Deitmer, J.W.; Becker, H.M. Transport metabolons with carbonic anhydrases. Front. Physiol. 2013, 4, 291. [CrossRef]
79. Svastova, E.; Hulikova, A.; Rafajova, M.; Zat’ovicova, M.; Gibadulinova, A.; Casini, A.; Cecchi, A.; Scozzafava, A.; Supuran, C.T.;

Pastorek, J.; et al. Hypoxia activates the capacity of tumor-associated carbonic anhydrase IX to acidify extracellular pH. FEBS Lett.
2004, 577, 439–445. [CrossRef]

80. Chafe, S.C.; Vizeacoumar, F.S.; Venkateswaran, G.; Nemirovsky, O.; Awrey, S.; Brown, W.S.; McDonald, P.C.; Carta, F.; Metcalfe,
A.; Karasinska, J.M.; et al. Genome-wide synthetic lethal screen unveils novel CAIX-NFS1/xCT axis as a targetable vulnerability
in hypoxic solid tumors. Sci. Adv. 2021, 7, eabj0364. [CrossRef]

81. 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] [PubMed]

http://doi.org/10.1038/s41418-017-0011-5
http://doi.org/10.1158/1078-0432.CCR-17-1234
http://doi.org/10.1038/s41598-017-16747-x
http://doi.org/10.1158/0008-5472.CAN-18-1669
http://doi.org/10.1016/j.biotechadv.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27845258
http://doi.org/10.1002/bit.26845
http://www.ncbi.nlm.nih.gov/pubmed/30367820
http://doi.org/10.1016/S0002-9440(10)64762-1
http://www.ncbi.nlm.nih.gov/pubmed/10666387
http://doi.org/10.1016/j.cancergen.2021.01.009
http://doi.org/10.1186/1471-213X-9-22
http://doi.org/10.1016/j.bbcan.2009.01.001
http://doi.org/10.1038/s41388-019-1062-5
http://doi.org/10.1093/nar/gkq006
http://doi.org/10.1186/s12915-021-01112-2
http://doi.org/10.3390/ijms21030715
http://doi.org/10.1007/s00726-021-03063-y
http://doi.org/10.1021/acs.molpharmaceut.5b00934
http://www.ncbi.nlm.nih.gov/pubmed/26866675
http://doi.org/10.1080/14756366.2017.1308928
http://www.ncbi.nlm.nih.gov/pubmed/28385087
http://doi.org/10.1038/nrc2622
http://doi.org/10.1038/nm.1889
http://www.ncbi.nlm.nih.gov/pubmed/19098908
http://doi.org/10.1038/nrc3110
http://www.ncbi.nlm.nih.gov/pubmed/21833026
http://doi.org/10.1002/(SICI)1097-0215(19991112)83:4&lt;491::AID-IJC10&gt;3.0.CO;2-M
http://doi.org/10.3389/fphys.2013.00291
http://doi.org/10.1016/j.febslet.2004.10.043
http://doi.org/10.1126/sciadv.abj0364
http://doi.org/10.18632/oncotarget.13040
http://www.ncbi.nlm.nih.gov/pubmed/27811376


Int. J. Mol. Sci. 2023, 24, 5797 24 of 24

82. Parkkila, S.; Parkkila, A.K.; Saarnio, J.; Kivela, J.; Karttunen, T.J.; Kaunisto, K.; Waheed, A.; Sly, W.S.; Tureci, O.; Virtanen, I.; et al.
Expression of the membrane-associated carbonic anhydrase isozyme XII in the human kidney and renal tumors. J. Histochem.
Cytochem. 2000, 48, 1601–1608. [CrossRef] [PubMed]

83. Podolski-Renic, A.; Dinic, J.; Stankovic, T.; Jovanovic, M.; Ramovic, A.; Pustenko, A.; Zalubovskis, R.; Pesic, M. Sulfocoumarins,
specific carbonic anhydrase IX and XII inhibitors, interact with cancer multidrug resistant phenotype through pH regulation and
reverse P-glycoprotein mediated resistance. Eur. J. Pharm. Sci. 2019, 138, 105012. [CrossRef] [PubMed]

84. Salaroglio, I.C.; Mujumdar, P.; Annovazzi, L.; Kopecka, J.; Mellai, M.; Schiffer, D.; Poulsen, S.A.; Riganti, C. Carbonic Anhydrase
XII Inhibitors Overcome P-Glycoprotein-Mediated Resistance to Temozolomide in Glioblastoma. Mol. Cancer Ther. 2018, 17,
2598–2609. [CrossRef]

85. Von Neubeck, B.; Gondi, G.; Riganti, C.; Pan, C.; Parra Damas, A.; Scherb, H.; Erturk, A.; Zeidler, R. An inhibitory antibody
targeting carbonic anhydrase XII abrogates chemoresistance and significantly reduces lung metastases in an orthotopic breast
cancer model in vivo. Int. J. Cancer 2018, 143, 2065–2075. [CrossRef]

86. Hammond, W.A.; Swaika, A.; Mody, K. Pharmacologic resistance in colorectal cancer: A review. Ther. Adv. Med. Oncol. 2016, 8,
57–84. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1177/002215540004801203
http://www.ncbi.nlm.nih.gov/pubmed/11101628
http://doi.org/10.1016/j.ejps.2019.105012
http://www.ncbi.nlm.nih.gov/pubmed/31330259
http://doi.org/10.1158/1535-7163.MCT-18-0533
http://doi.org/10.1002/ijc.31607
http://doi.org/10.1177/1758834015614530
http://www.ncbi.nlm.nih.gov/pubmed/26753006

	Introduction 
	Results 
	Differential Molecular-Subtype-Associated Expression of CA9 and CA12 in Colorectal Cancer 
	Differential Expression of CAIX and CAXII in Preclinical Models Representing CMSs 
	CAIX/CAXII Expression Is Associated with Response to SLC-0111 in Tumor Spheroids 
	Role of CAIX/CAXII Expression for Clonogenic Survival in CMS3 Modeled Cells 
	Impact of CAIX/CAXII Expression on Chemotherapy in CMS3 Spheroids 

	Discussion 
	Materials and Methods 
	Transcriptomic Analyses of CRC Samples 
	Preclinical Tumor Models 
	Immunohistochemistry of Xenograft Tumors and Spheroids 
	Immunocytochemistry on Monolayer Culture 
	Protein isolation/Western Blot Analysis 
	Clonogenicity Assay 
	Single-Cell Spheroid Assay 
	Spheroid Cytotoxicity Assay 
	Statistical Analysis 

	Conclusions 
	References

