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with doxorubicin on self-renewal was assessed by sphe-
roid-forming assay.
Results  High CAIX mRNA expression was significantly 
associated with poor survival in patients with basal-like, 
luminal B and triple-negative breast cancer, but not lumi-
nal A and HER+ subtypes. Silencing of CAIX expression 
had no significant effect on the cell proliferation or viabil-
ity upon treatment with doxorubicin in any of the cell lines 
studied, while it inhibited spheroid formation in hypoxic 
conditions. Furthermore, pharmacological inhibition of 
CAs using acetazolamide had a synergistic effect with dox-
orubicin on decreasing the spheroid-forming efficiency in 
MDA-MB-231 cells.
Conclusions  Inhibition of CAIX reduces the self-renewal 
capacity of breast cancer cells, and the combination of 
doxorubicin and CAIX inhibition is an attractive therapeu-
tic strategy in basal-like and triple-negative breast cancer, 
which warrants further investigations.

Keywords  Carbonic anhydrase IX · Hypoxia · Breast 
cancer · Spheroid-forming assay · Self-renewal

Introduction

Hypoxia and extracellular acidosis are common features 
of the vast majority of solid cancers that not only provide 
selective advantages for cancer cells, which are better 
adapted for survival in such conditions, but also promote 
cancer progression. Hypoxia signalling has been found to 
enhance cancer cell survival, chemoresistance, motility, 
tumour angiogenesis as well as self-renewal capacity and 
proliferation of putative cancer stem cells [1–3]. Extracel-
lular acidosis arises by switching metabolism to glycolysis 
resulting in increased production and excretion of acidic 

Abstract 
Purpose  Carbonic anhydrase IX (CAIX) is a hypoxia-
inducible enzyme with extracellular catalytic domain that is 
overexpressed in a variety of cancers including breast can-
cer and plays a crucial role in maintaining favourable intra-
cellular pH and reducing extracellular pH. The purpose of 
the current study was to elucidate the prognostic signifi-
cance of CAIX in the intrinsic subtypes of breast cancer 
and to characterise CAIX as a drug target in breast cancer.
Methods  The prognostic significance of CAIX mRNA 
expression was interrogated in a cohort of 3,455 breast 
tumours by using an online tool, Kaplan–Meier plotter. The 
functional effects of stable CAIX depletion by shRNA in 
three breast cancer cell lines—MDA-MB-231, MCF7 and 
SKBR-3, representing basal-like, luminal A and HER2+ 
subtypes, respectively—were studied by proliferation, 
invasion, clonal spheroid formation and chemosensitivity 
assays under normoxia and hypoxia. Finally, the effect of 
pharmacological CA inhibition alone or in the combination 
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metabolites, such as lactic and carbonic acids. Extracellu-
lar pH (pHe) in tumour tissues can be as low as 5.9 with a 
mean around 6.8, whereas in normal tissues under physi-
ological conditions, it is around 7.2–7.4 [4, 5]. Acidic pHe 
of peritumoural tissues has been found to drive local inva-
sion [6] and to promote the expression of stem cell mark-
ers, self-renewal and growth of glioma [7].

Carbonic anhydrase IX (CAIX) is a hypoxia-inducible 
enzyme with extracellular catalytic domain that plays a 
crucial role in the maintaining favourable (neutral to alka-
line) intracellular pH (pHi) and reducing pHe [8]. CAIX 
catalyses are the reversible hydration of carbon dioxide to 
bicarbonate and protons in the extracellular space. Bicarbo-
nate ions are transported into the cytoplasm by Cl−/HCO3

− 
exchangers and Na+/HCO3

− co-transporters resulting in 
the alkalinisation of pHi, while the proton remains in the 
extracellular space [8, 9].

According to Oncomine data, CAIX expression in nor-
mal tissues is limited to the intestinal and stomach mucosa, 
gallbladder and testis (www.oncomine.org; Shyamsundar 
and Roth Normal tissue datasets), while it is overexpressed 
in a wide variety of cancers, including breast cancer (BC) 
[8, 9]. Essentially, transcription of the CA9 gene is induced 
by binding of HIF-1α to the hypoxia-responsive element in 
the core promoter of CA9 [10]. However, at least in breast 
cancer, the expression of CAIX was found to be dependent 
on the interaction between HIF-1α and Notch3 intracellular 
domain, thus suggesting that Notch3 signalling may serve 
as a link between the regulation of hypoxia response and 
the maintenance of stem cell phenotype [11]. Furthermore, 
CAIX expression in cancers can be induced by the hypo-
methylation of the CA9 promoter or by inactivating muta-
tions in the VHL gene that may drive the overexpression of 
CAIX independently of hypoxic conditions [12–14]. Most 
of the studies show that its overexpression in BC is a poor 
prognostic marker for distant metastasis and survival [15–
17]; however, several other studies did not find a signifi-
cant association with relapse-free or overall survival [18, 
19]. It seems likely that these contradictory findings at least 
partially may be explained by its differential expression in 
various subtypes of BC [16, 20]; however, the prognostic 
significance of CAIX expression within the subtypes has 
not been systematically studied so far.

CAIX has recently emerged as a very attractive thera-
peutic target due to the following features: (1) CAIX shows 
tissue-restricted pattern and low expression level in normal 
tissues while it is induced in a broad range of cancers [8, 9]; 
(2) it is located on the surface of cells [21, 22]; (3) CAIX-
knockout mice show only a mild phenotype related to gas-
tric pit cell hyperplasia and glandular atrophy [23]; and (4) 
its overexpression in cancers confers a survival advantage 
in hypoxia and facilitates cell migration and metastasis 

[16, 24–26]. Depletion of CAIX in cancer cell lines has 
been shown to result in attenuated growth of tumour xen-
ografts and inhibition of spontaneous metastasis forma-
tion [16, 26]. Interestingly, CAIX was found to contribute 
to cell migration and invasion by facilitating formation of 
focal adhesions, ion transport and pH control at the leading 
edge of lamellipodia of moving cells [27, 28]. Currently, 
substantial effort is devoted to the development of potent, 
cancer-selective CAIX inhibitors, including monoclonal 
antibodies [29] and small molecule inhibitors [30–32].

In the current study, we assessed the prognostic and pre-
dictive relevance of CAIX mRNA expression in intrinsic 
subtypes of BC by a meta-analysis of gene expression pro-
files from 3,455 breast tumours using Kaplan–Meier plot-
ter [33] and investigated the biological effects of genetic 
silencing and pharmacological inhibition of CAIX in three 
breast cancer cell lines representing basal-like, luminal A 
and HER2+ subtypes.

Materials and methods

Reagents

Doxorubicin was purchased from MP Biomedicals (Carls-
bad, CA, USA), and acetazolamide was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Both reagents were 
dissolved in dimethyl sulfoxide (DMSO) and the final con-
centration of DMSO in the medium never exceeded 0.1 %.

Meta‑analysis by Kaplan–Meier Plotter

The prognostic significance of CAIX mRNA expression 
levels in breast cancer subtypes was evaluated using an 
online tool—Kaplan–Meier Plotter (http://kmplot.com/
analysis/) that integrates gene expression and clinical data 
on 3,455 breast cancer patients. Relapse-free survival 
(RFS) and overall survival (OS) were selected as survival 
endpoints. For CAIX expression, Affymetrix ID 205199_at 
probe set was used. The probe set quality was estimated as 
intermediate—i.e. average expression between 100 and 500 
expression units. Patient samples were split into two groups 
according to upper quartile of CAIX expression level. This 
cut-off was selected as it more closely matches to the over-
expression rates observed in immunohistochemical studies 
[15, 16, 19]. The patient groups were compared by Kaplan–
Meier survival plots, and the hazard ratio (HR; 95 % con-
fidence intervals) and log-rank P values were calculated. 
Biased arrays (i.e. those with two or more parameters out 
of the 95  % range of all arrays) were excluded from the 
analysis. No cut-offs were applied for the duration of the 
patient follow-up.

http://www.oncomine.org
http://kmplot.com/analysis/
http://kmplot.com/analysis/
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Cell culture, stable transfection and exposure to hypoxia

The human breast cancer cell lines MDA-MD-231, MCF7 
and SKBR-3 were purchased from European Collection 
of Cell Cultures (ECACC, UK) and maintained as recom-
mended by the manufacturer. To generate stable CAIX-
silenced cells, all three cell lines were transfected with a 
pool of three plasmids each encoding CAIX-specific shRNA 
(1 µg) and a negative control (NC) plasmids encoding scram-
bled shRNAs (1 µg) (Santa Cruz Biotechnology, TX, USA) 
using shRNA transfection medium and shRNA transfection 
reagent (Santa Cruz Biotechnology, USA) according to the 
manufacturers’ protocol. For selection of stably transfected 
cells, puromycin dihydrochloride (Santa Cruz Biotechnol-
ogy, USA) was added to medium 48  h post-transfection 
(6 µg/ml for MCF7, 2 µg/ml for MDA-MB-231 and 1 µg/ml  
for SKBR-3 cells). The efficiency of CAIX silencing was 
assessed by qRT-PCR and immunocytochemistry. The 
obtained stable transfectants with depleted CAIX expression 
were designated as MDA-MD-231-shCAIX, MCF7-shCAIX 
and SKBR-3-shCAIX and the respective negative controls 
as MDA-MD-231-shNC, MCF7-shNC and SKBR-3-shNC. 
The cells were either incubated at 37 °C with 5 % CO2 in 
a humidified incubator (normoxia) or exposed to hypoxia at 
1 % oxygen, 94 % N2 and 5 % CO2 at 37  °C in a tightly 
sealed chamber (Billupus-Rothemberg Inc., USA).

For the growth curve analysis, the cells were seeded at 
a density 0.5  ×  104  cells per well in 24-well plates and 
cultured for 7 days under hypoxia or normoxia. Triplicate 
wells were trypsinised and the cells were counted using 
hemocytometer every 24 h.

RNA isolation and quantitative RT‑PCR

Total RNA was isolated using TRI reagent (Sigma-Aldrich, 
USA) according to the manufacturers’ protocol. RNA was 
treated with DNAse I (Ambion, Life Technologies, USA) 
prior to cDNA synthesis and quantified by NanoDrop 
ND-100 spectrophotometer. cDNA was synthesised by 
random hexamer priming from 2 µg of total RNA by using 
RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific, MA, USA) according to the manufactur-
ers’ instructions. Quantitative RT-PCRs (qRT-PCR) were 
performed using 2 µl of 1:10 diluted cDNA reaction mix-
tures, ABSolute Blue™ SYBR green Low ROX (Thermo 
Fisher Scientific, USA), and ViiA 7 real-time PCR system 
(Applied Biosystems, Life Technologies, USA). The primer 
sequences used for CAIX amplification were as follows: 
5′-GAAGAAATCGCTGAGGAAGG-3′ (forward) and 
5′-CTGTCTGGTTAAACACAGTCC-3′ (reverse). To nor-
malise the expression data, normalisation factor was calcu-
lated for each cDNA from the expression values of three 
most stable reference genes (ACTB, PGK1, and YWHAZ; 

the primer sequences are available upon request) selected 
among seven frequently used housekeeping genes by using 
geNorm software.

Immunofluorescence analysis

Spheroids were deposited on poly-l-lysine-coated slides by 
centrifuging at 800  rpm for 5 min using a Shandon cyto-
spin, fixed in ice cold methanol/acetone (1:1) for 20 min, 
washed in PBS and blocked with 3  % BSA in PBS for 
30 min. Slides were incubated with rabbit anti-CAIX pri-
mary antibody (clone H120, Santa Cruz Biotechnology, 
USA) (1:50) in PBS, 1 % BSA 14 h at +4 °C, washed in 
PBS 3 ×  5  min, and incubated with goat anti-rabbit sec-
ondary antibody conjugated with FITC (Jacksons Immu-
noresearch, USA) at a dilution 1:100 in PBS, 1 % BSA for 
1 h at room temperature. Slides were mounted with Prolong 
Gold antifade reagent with DAPI (Invitrogen, Life Technol-
ogies, USA). Images were captured using Leica TCP SP2 
SE confocal microscope (Leica Microsystems, Germany) 
using the same exposure time to capture images.

Cytotoxicity assay

The effect of CAIX silencing on sensitivity to doxorubicin 
was assessed by MTT (3-[4,5–dimethylthiazol–2–yl]-2,5-di-
phenyltetrazolium bromide) assay (Cayman Chemicals, Ann 
Arbor, MI, USA). MDA-MD-231-shCAIX, MCF7-shCAIX 
and SKBR-3-shCAIX and the respective negative control 
cells were seeded at density 5 × 103 cells per well in 96-well 
plates with doxorubicin at six concentrations ranging from 
0.05 to 50  µM or DMSO as the solvent control in tripli-
cates. After 72 h of incubation under hypoxia or normoxia, 
MTT reagent was added to a final concentration of 1  mM 
and incubated for 4  h. The formazan crystals were solubi-
lised using DMSO, and the concentration was determined by 
measuring optical density at 540 nm using Anthos HTII plate 
reader. Half-maximal inhibitory concentrations (IC50 values) 
were calculated using Graph Pad Prism 5 software (Graph-
Pad Software, Inc, USA).

Spheroid‑forming assay

For spheroid cultures, single-cell suspensions of MDA-
MD-231-shCAIX, MCF7-shCAIX and SKBR-3-shCAIX 
and the respective negative control cells were plated at 
density 2 ×  103 cells per ml in 96-well ultra-low attach-
ment plates (Corning, NY, USA) in serum-free DMEM/F12 
medium containing 1X B-27 supplement Minus AO (Life 
Technologies, Carlsbad, CA, USA), EGF (20 ng/ml, R&D 
Systems, MN, USA), bFGF (10 ng/ml, R&D Systems, MN, 
USA) and 1 % methylcellulose (Sigma-Aldrich, St. Louis, 
MO, USA). After 7 days in culture, the tumour spheroids 
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containing at least 16 cells were counted under an inverted 
microscope. For subsequent passages, the spheroids were 
dissociated enzymatically with 1× trypsin and mechani-
cally by passing through a 21G needle and re-plated at den-
sity 2 × 103 cells per ml.

To evaluate the effects of drugs, the cells were treated 
with doxorubicin and/or acetazolamide at various concen-
trations or with DMSO as the solvent control in six rep-
licate wells and the spheroids were counted as described 
above. IC50 values for spheroid-forming ability were calcu-
lated using Graph Pad Prism 5 software (GraphPad Soft-
ware, Inc, USA). The drug interaction was evaluated by 
determining the combination index (CI) using the Com-
puSyn software (ComboSyn, Inc. Paramus, NJ, USA).

Invasion assay

The invasive potential of MDA-MD-231-shCAIX, MCF7-
shCAIX and SKBR-3-shCAIX and the respective nega-
tive control cells was assessed using fluorimetric QCM 

ECMatrix Cell Invasion Assay with ECM-coated inserts, 
8 μm pore size (Merck Millipore, USA) according to the 
manufacturers’ instructions. The lower chamber was filled 
with DMEM/F12 with 10 % FBS. Cells were seeded in the 
upper chamber at density of 0.5 × 106 cells/ml in serum-
free medium and maintained in hypoxia for 48 h. The cells 
that migrated through the ECM layer were dissociated 
from the membrane, subsequently lysed and detected by 
CyQuant GR dye using Victor 3 V 1420 Multilabel Counter 
(Perkin Elmer, CA, USA).

Statistical analysis

Sphere-forming efficiency was calculated as the num-
ber of spheroids formed per 1,000 single cells seeded. 
All experiments in sphere-forming assays were per-
formed twice with six replicate wells. The concentra-
tion of drugs that inhibited the sphere-forming efficiency 
by 50  % (IC50) was calculated using GraphPad Prism 
software version 5 (GraphPad Software, Inc, USA). All 

Fig. 1   Kaplan–Meier plots showing the association between CAIX 
mRNA expression and relapse-free survival or overall survival in 
various subtypes of breast cancer. a–e Kaplan–Meier relapse-free 
survival (RFS) curves stratifying patients with different breast cancer 
subtypes by CAIX expression; f Kaplan–Meier overall survival (OS) 

curve stratifying luminal B breast cancer patients by CAIX expres-
sion. Black lines patients with low CAIX mRNA levels, red patients 
with high CAIX mRNA levels (cut-off: upper quartile of CAIX 
expression level); vertical lines censored events
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qRT-PCR experiments were performed in duplicates, 
and the data are represented in graphs as means ± SD. 
All experiments in growth curve, cytotoxicity and inva-
sion assays were performed in triplicates. The data are 
represented as means ± SD. Statistical significance was 
determined by the nonparametric Mann–Whitney U 
test, and differences were considered to be significant at 
P < 0.05.

Results

High CAIX mRNA expression is associated with poor 
survival in basal‑like, luminal B and triple‑negative but not 
luminal A and HER2+ breast cancer

In order to evaluate the prognostic relevance of CAIX 
mRNA expression in patients with different breast can-
cer subtypes, we exploited an online tool, Kaplan–Meier 
plotter, interrogating microarray-based gene expres-
sion and survival data in a large cohort of breast cancer 
patients (n = 3,455). Tumour samples were classified into 
the following subtypes according to their gene expres-
sion signature: basal-like, luminal A, luminal B, HER2+ 
and triple-negative breast cancer (TNBC) that was defined 
as a subset of basal-like cancers negative for the proges-
terone receptor expression (Table  1) [33]. Kaplan–Meier 
analyses showed that high CAIX mRNA expression was 
significantly associated with shorter RFS in patients with 
the basal subtype (HR = 1.65, P = 3.5 × 10−4) and TNBC 
(HR = 2.54, P = 1.7 × 10−4), while no association with 
RFS was found in luminal A and B subtypes, and HER2+ 
subtype even showed an inverse correlation, yet it did not 
reach a statistical significance (Fig. 1; Table 1). However, 
when OS was used as the endpoint, only luminal B sub-
type showed an association between high CAIX expres-
sion and worse OS (HR =  1.85, P =  0.0058). The same 
tendency was present in basal-like cancers; however, it did 
not achieve statistical significance, whereas CAIX expres-
sion was not associated with OS in luminal A and HER2+ 
subtypes.

When the cases were further subdivided according to 
the treatment they received (chemotherapy vs endocrine 
therapy vs systemically untreated patients), high CAIX 
expression was significantly associated with shorter RFS 
in patients with basal-like BC who were systemically 
treated with chemotherapy (HR  =  2.2, P  =  0.014), but 
not in patients without systemic treatment, luminal A or B 
subtypes receiving endocrine therapy or HER2+ subtype 
receiving chemotherapy. On the contrary, in TNBC cases, 
stronger association between CAIX expression and RFS 
was observed in systemically untreated patients than in 
chemotherapy-treated patients (Table 1).

Genetic silencing of CAIX in breast cancer cells reduces 
spheroid‑forming ability and invasiveness

To interrogate the functional role of CAIX in breast can-
cer, three cell lines—MDA-MD-231, MCF7 and SKBR-3 
cells representing basal-like, luminal A and HER2+ sub-
types, respectively— were selected for the study. All cell 
lines expressed low levels of CAIX mRNA under nor-
moxia, while it was strongly upregulated under hypoxia 
(Fig.  2a). The cell lines were stably transfected with a 
pool of three plasmids encoding CAIX-specific shRNAs 
or with a plasmid encoding scrambled shRNAs. qRT-PCR 
analysis demonstrated that CAIX mRNA expression was 
decreased by 98 and 81 % in MDA-MD-231 cells, by 93 
and 86 in MCF7 cells and 90 and 84 % in SKBR-3 cells 
under normoxia and hypoxia, respectively (Fig.  2b).  
Figure  2c shows that hypoxia-induced CAIX protein 
expression was efficiently decreased in CAIX-shRNA-
transfected cells compared with NC-shRNA-transfected 
cells grown as spheroids.

The growth curve analysis showed that CAIX silencing 
did not affect the proliferation rate and/or cell death rate 
in all three CAIX-shRNA-transfected cell lines compared 
with the control cells grown in a monolayer under hypoxia 
(Fig. 2d) or normoxia (not shown).

The effect of CAIX silencing on the invasive potential 
under hypoxia was assessed by the transwell invasion assay 
through ECM-coated membranes. The number of inva-
sive cells was decreased by 21.5 % in the MDA-MD-231-
shCAIX cells compared with MDA-MD-231-shNC cells 
(P = 0.03), while no significant differences were observed 
between MCF7-shCAIX, SKBR-3-shCAIX and the respec-
tive control cells (Fig. 2e).

Fig. 2   Effects of CAIX silencing by shRNA in breast cancer cells. 
a qRT-PCR analysis of CAIX mRNA expression in MDA-MD-231, 
MCF7 and SKBR-3 cells under normoxia and hypoxia. b qRT-PCR 
analysis of CAIX mRNA silencing by shRNA in MDA-MD-231, 
MCF7 and SKBR-3 cells. c Immunofluorescence analysis of CAIX 
silencing in MDA-MD-231, MCF7 and SKBR-3 cells cultured as 
spheroids in serum-free medium under hypoxia (scale bar 37.6 µm). 
d Growth curves for MDA-MD-231-shCAIX, MCF7-shCAIX and 
SKBR-3-shCAIX and the respective negative control cells under 
hypoxia. e Invasion assay: the cells that migrated through the ECM-
coated membrane with 8 μm pore size in the transwell invasion assay 
were dissociated, lysed and quantified by staining with CyQuant 
GR dye. Each bar represents the mean from three replicates ±  SD. 
f Spheroid formation assay: CAIX-shRNA- and NC-shRNA-trans-
fected cells were grown as spheroids under normoxia or hypoxia for 
7 days, and multicellular spheroids containing at least 16 cells were 
counted and expressed as a number of spheroids per 1,000 single 
cells plated. Each bar represents the mean from six replicates ± SD. 
g Passaging of spheroids: primary spheroids were dissociated and re-
plated at density 2 ×  103  cells/ml; the secondary and tertiary sphe-
roids were counted after 7 days

▶
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To assess the spheroid-forming ability, the cells were 
plated at low density in methylcellulose-containing serum-
free medium in ultra-low attachment plates. In these con-
ditions, cells grew as non-adherent, 3D multicellular sphe-
roids. Clonal origin of the spheroids was confirmed by 

co-culture of DiD-labelled and DiO-labelled cells (data not 
shown). This assay showed that MDA-MD-231-shCAIX 
and SKBR-3-shCAIX cells had significantly decreased 
number of spheroid-forming cells compared with the con-
trol cells both under normoxia and hypoxia, while the 
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spheroid-forming ability of MCF7-shCAIX cells was 
decreased only in hypoxia (Fig. 2f). Moreover, secondary 
and tertiary spheroid formation was significantly decreased 
in MDA-MD-231-shCAIX cells, and they were not able to 
survive beyond third passage, indicating their reduced self-
renewal capacity in vitro, while it was only slightly lower 
in MCF7-shCAIX cells (Fig. 2g).

Genetic silencing and pharmacological inhibition 
of CAIX synergises with doxorubicin to reduce the 
spheroid‑forming ability

To examine the effect of CAIX silencing on the survival of 
cells upon treatment with a conventional chemotherapeu-
tic drug—doxorubicin—the viability of MDA-MD-231-
shCAIX, MCF7-shCAIX and the respective control cells 
was tested by MTT assay in the presence of 0.05–50 µM 
doxorubicin. The dose–response curves were generated 
under normoxia and hypoxia, and the doxorubicin concen-
tration that inhibited their growth by 50 % (IC50) was cal-
culated (Table 2). This demonstrated that CAIX depletion 
did not have a significant effect on the growth inhibition by 
doxorubicin in both cell lines under hypoxic and normoxic 
conditions.

Given that CAIX depletion did not affect the cell pro-
liferation, while it reduced the spheroid-forming ability, 
thus suggesting that it specifically affects a cell population 
with the stem cell properties, we next examined how the 

Table 2   Growth inhibition of CAIX-depleted and control BC cell 
lines by doxorubicin analysed by MTT assay

IC50 hypoxia (µM) IC50 normoxia (µM)

MCF7 NC shRNA 5.90 3.56

MCF7 CAIX shRNA 5.94 3.70

MDA-MB-231 NC shRNA 5.89 2.71

MDA-MB-231 CAIX 
shRNA

5.89 2.82

Fig. 3   Effects of genetic silencing and pharmacological inhibi-
tion of CAIX on sensitivity of breast cancer cells to doxorubicin. a 
Spheroid-forming ability of MDA-MD-231-shCAIX, MCF7-shCAIX 
and SKBR-3-shCAIX and the respective control cells treated with 
doxorubicin (DOX) under hypoxia for 7 days. The spheroid-forming 
efficacy is calculated relatively to DMSO control for each cell line. 
b Spheroid-forming ability of MDA-MD-231 cells under co-treat-

ment with doxorubicin and acetazolamide (AZM) under hypoxia 
for 7  days. The spheroid-forming efficacy is calculated relatively 
to DMSO-treated cells. c Calculation of CI values for the DOX and 
AZM combinations demonstrates synergistic interaction for reducing 
spheroid-forming ability. CI < 1—synergism, CI = 1—additive effect 
and CI > 1—antagonism
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combination of CAIX depletion and treatment with doxo-
rubicin affects the sphere-forming efficiency under hypoxia 
(Fig.  3a). In MDA-MD-231 cells, silencing of CAIX 
remarkably reduced the number of sphere-forming cells 
in the presence of doxorubicin under hypoxia (by fivefold 
at 10nM doxorubicin and sixfold at 100nM doxorubicin, 
P  <  0.005). The same tendency was observed in MCF7-
shCAIX and SKBR-3-shCAIX cells; however, the effect 
was less prominent (<2-fold).

Finally, we examined whether the same effect can be 
achieved via pharmacological inhibition of carbonic anhy-
drases. The MDA-MD-231 cells were treated with doxoru-
bicin and a non-selective CA inhibitor acetazolamide either 
alone or in the combination. Co-treatment with doxorubicin 
(10, 50, 100 nM) and acetazolamide (100, 500, 1,000 nM) 
inhibited spheroid formation more efficiently than either 
drug alone (Fig.  3b). In the presence of 100 nM aceta-
zolamide, IC50 of doxorubicin for the spheroid formation 
decreased from 19.82 to 6.57, and in the presence of 500 
nM acetazolamide—to 3.78. To evaluate the mode of drug 
interaction, the combination index (CI) was calculated for 
each of the drug combination using the CompuSyn soft-
ware (Fig. 3c). A CI ranged from 0.21 to 0.87 for various 
dose combinations indicating strong to moderate synergism 
[34, 35].

Discussion

Several previous immunohistochemical studies have dem-
onstrated that high CAIX expression level is significantly 
associated with poor survival in breast cancer patients 
[15–17, 20, 36]. In the current study, we used an online 
tool, Kaplan–Meier Plotter [33], to evaluate the prognos-
tic and predictive significance of CAIX mRNA expres-
sion in various intrinsic subtypes of BC and showed that 
high CAIX mRNA expression is significantly associated 
with worse RFS in the basal-like and triple-negative BC 
and with worse OS in luminal B subtype, while no asso-
ciation was found in the luminal A and HER2+ subtypes. 
In the basal-like BC cases, the association was stronger in 
chemotherapy-treated patients than in a cohort of systemi-
cally untreated patients suggesting that CAIX is a predic-
tive rather than prognostic biomarker in the basal-like BC 
and the measurement of CAIX mRNA level could be used 
to predict effectiveness of chemotherapy. This is in agree-
ment with previous IHC studies showing that high CAIX 
expression correlates with chemoresistance in basal-like 
BC [20] and serves as a predictive marker of doxorubicin 
resistance [37]. Whereas in TNBC, CAIX mRNA expres-
sion appeared to be a truly prognostic marker as it shows 
stronger correlation with RFS in systemically untreated 
patients than in chemotherapy-treated patients. However, 

the sample size in these cohorts is relatively small that pre-
cludes drawing conclusions about prognostic versus predic-
tive relevance of CAIX in TNBC and potentially different 
roles of CAIX in basal-like BC and TNBC.

The lack of association with the survival in luminal A 
and HER2+ subtypes at least partially may be due to lower 
rate of CAIX overexpression, distinct activation mecha-
nisms and biological roles of CAIX in these subtypes. 
Although in this study, we could not carry out a statistical 
analysis of the CAIX expression levels in various subtypes, 
we observed that the median expression values tended to be 
lower in luminal A and HER2+ subtypes compared with 
basal-like BC and TNBC. This is in line with the studies 
by Lou et al. [16] reporting that 51 % of basal breast can-
cers are CAIX positive by IHC, while only 8 % of lumi-
nal A, 11  % luminal B and 33  % of HER2+ cancers are 
CAIX positive, and by Tan et al. [20] showing that basal-
like tumours were nine times more likely to be associated 
with CAIX expression and that patients with CAIX-posi-
tive tumours had significantly worse prognosis. On the 
other hand, increasing evidence suggest that the response 
to hypoxia and activation of HIF-dependent gene networks 
is particularly robust in TNBC and may represent a distinc-
tive molecular feature of TNBC [38]. In TNBC, HIF-1α 
has been shown to be activated not only by the conven-
tional pathway —local intratumoural hypoxia— but also 
by downregulation of SHARP1 [39] and by unfolded pro-
tein response mediated by XBP1 [40]. Interestingly, silenc-
ing of SHARP1 in TNBC cells has been shown to result in 
the increase in CAIX expression, and SHARP1 expression 
level in TNBC tissues was shown to inversely correlate 
with the number of CAIX-positive cells [39]. This shows 
that the mechanisms leading to the CAIX overexpression 
can be distinct in TNBC compared with other subtypes 
of breast cancer; however, whether or not CAIX by itself 
plays distinct functional roles in various subtypes remains 
to be determined.

Furthermore, the differences in the prognostic and pre-
dictive significance of CAIX in various BC subtypes may 
also arise from different patterns of cell types that produce 
CAIX. Although in tumours, CAIX is expressed predomi-
nantly by cancer cells, it has been found in adjacent stroma 
too [41]. Moreover, the proportion of CAIX-positive 
stroma cells has been found to differ among BC subtypes 
[42]. Interestingly, CAIX expression by cancer-associated 
fibroblasts has been found to be a better predictor of out-
come than its expression by cancer cells in patients with 
lung cancer [43], while in prostate cancer, it has been found 
to drive epithelial-mesenchymal transition in cancer cells 
[44].

CAIX has been previously proposed to serve as a thera-
peutic target in breast [16, 45] and renal cancer [46–48]. 
Depletion of CAIX expression in mouse and human breast 
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cancer cells has been found to attenuate tumour growth 
and inhibited formation of spontaneous lung metastasis in 
mouse models [16]. However, at least in renal cancer, clini-
cal trials with a monoclonal antibody G250 that binds to 
CAIX so far have shown only moderate success [47]. Here, 
we show that depletion of CAIX expression did not affect 
the proliferation rate and survival of breast cancer cells, 
while it significantly reduced the spheroid-forming effi-
ciency under hypoxia. Formation of clonal spheroids is a 
characteristic of breast cancer stem cells (CSCs) and cor-
relates with the tumourigenicity and therefore has been 
used as a measure of self-renewal capacity [49, 50]. Hence, 
these results suggest that inhibition of CAIX is unlikely to 
result in a rapid regression of a tumour mass, whereas it 
may play a role in regulating cancer stem cell population 
and prevent the emergence of cells with CSC phenotype in 
the hypoxic niche.

Furthermore, the genetic silencing of CAIX expres-
sion significantly decreased the spheroid-forming capacity 
of BC cells upon treatment with doxorubicin. This effect 
was more prominent in the MDA-MD-231 cells compared 
with MCF7 and SKBR3 cells. At least partially, this dif-
ference could be attributed to the distinct expression pat-
tern of the CA family members in these cells. CAIX has 
been shown to be the only membrane-associated CA in 
the MDA-MD-231 cells, while MCF cells also express 
CAXII that may compensate the effects of CAIX depletion 
[51]. This suggests that in some cancers, inhibiting CAIX 
alone would not be sufficient to achieve a therapeutic ben-
efit and that this would require the development of dual 
CAIX and CAXII inhibitors. Finally, we showed that the 
pharmacological inhibition of CAs by a non-selective CA 
inhibitor acetazolamide has a synergistic effect with doxo-
rubicin on reducing the number of spheroid-forming cells. 
The molecular mechanism underlying the synergistic drug 
interaction is not known. However, a recent study by Lock 
et al. [24] showed that CAIX is required for mTOR expres-
sion, thereby modulating mTORC1 signalling, which has 
been suggested to play a crucial role in the maintenance of 
cancer stem cell phenotype in colorectal cancer [52, 53]. 
Hence, it seems likely that the synergistic effect on inhibit-
ing the spheroid-forming ability is achieved by simultane-
ous targeting of mTORC1 pathway by CAIX inhibition and 
eliciting DNA damage by doxorubicin.

Interestingly, high CAIX expression has been found to 
predict doxorubicin resistance in breast cancer patients 
[37]. Doxorubicin is a highly active anthracycline drug 
that is frequently used for the treatment of advanced BC, 
in particular TNBC; however, a major limitation for its use 
is severe toxicity, including cardiotoxicity and hepatotox-
icity [54]. Taken together, our study suggests that combin-
ing CAIX inhibition with doxorubicin could be a promis-
ing therapeutic strategy for the treatment of TNBC patients 

with high CAIX expression. We speculate that this would 
increase the therapeutic efficacy and would allow decreas-
ing the dosage of doxorubicin, thus allowing to avoid the 
toxic side effects.
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