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Glycosylation is a posttranslational modification of proteins affecting numerous cellular functions. A growing amount 
of evidence confirms that aberrant glycosylation is involved in pathophysiological processes, including tumor develop-
ment and progression. Carbonic anhydrase IX (CAIX) is a transmembrane protein whose expression is strongly induced in 
hypoxic tumors, which makes it an attractive target for anti-tumor therapy. CAIX facilitates the maintenance of intracellular 
pH homeostasis through its catalytic activity, which is linked with extracellular pH acidification promoting a more aggres-
sive phenotype of tumor cells. The involvement of CAIX in destabilizing cell-cell contacts and the focal adhesion process 
also contributes to tumor progression. Previous research shows that CAIX is modified with N-glycans, O-glycans, and 
glycosaminoglycans (GAG). Still, the impact of glycosylation on CAIX functions has yet to be fully elucidated. By preparing 
stably transfected cells expressing mutated forms of CAIX, unable to bind glycans at their defined sites, we have attempted 
to clarify the role of glycan structures in CAIX functions. All three types of prepared mutants exhibited decreased adhesion 
to collagen. By surface plasmon resonance, we proved direct binding between CAIX and collagen. Cells lacking glycos-
aminoglycan modification of CAIX also showed reduced migration and invasion, indicating CAIX glycosaminoglycans’ 
involvement in these processes. Analysis of signaling pathways affected by the loss of GAG component from CAIX molecule 
revealed decreased phosphorylation of c-Jun, of p38α kinase, focal adhesion kinase, and reduced level of heat shock protein 
60 in cells cultured in hypoxia. Cells expressing CAIX without GAG exhibited increased metabolon formation and increased 
extracellular pH acidification. We also observed reduced CAIX GAG glycans in the inflammatory environment in hypoxia, 
pathophysiological conditions reflecting in vivo tumor microenvironment. Understanding the glycan involvement in the 
characteristics and functions of possible targets of cancer treatment, such as cell surface localized CAIX, could improve the 
therapy, as many drugs target glycan parts of a protein.

Key words: glycan; glycosaminoglycan; carbonic anhydrase IX; hypoxia; signaling pathways; inflammation

Cancer progression is associated with a range of altera-
tions in extracellular and intracellular signaling that promote 
cell proliferation, dissociation of malignant cells from the 
primary tumor, intravasation and adhesion to vascular 
endothelium that finally enables metastases. Altered glyco-
sylation is one of the common features of tumor tissues and 
plays a vital role in the functional changes of many glyco-
proteins. It contributes to higher metastatic potential and 
poor prognosis [1]. All glycosylated molecules displaying 
alterations during the malignant transformation have poten-
tial application as cancer biomarkers [2, 3]. Mucins repre-
sent a prime example of glycoproteins expressing abnormal 
glycosylation pattern in cancer, particularly O-linked Tn 

(GalNacα-Ser/Thr) and T (Galβ1-3GalNAc) antigens and 
their sialylated forms that were suggested as targets for the 
design of anti-cancer immunotherapies [4]. Elevated expres-
sion of membrane-bound mucins MUC1, 4, and 16 was 
observed in various cancers [5]. Loss of branched glycans at 
MUC1 and MUC4 molecules leads to changes in intracellular 
signaling, impacting multiple processes, including prolif-
eration and migration, mediated through modulation of 
ligand-receptor interactions. Glycans associated with mucins 
expressed by tumors can bind to receptors on the surface 
of dendritic cells, NK cells, and macrophages, which leads 
to immunosuppression [6]. The involvement and impact 
of glycosylation in cancer immunology are still somewhat 
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overlooked. The body of evidence suggests that glycosylation 
forms an important part of the protein molecule which may 
contribute, even in a decisive way, to its functions.

Carbonic anhydrase IX (CAIX) is an important trans-
membrane carbonic anhydrase isoenzyme predominantly 
expressed in tumors. Its transcription is induced by hypoxia-
inducible factor HIF-1, and CAIX is widely expressed in 
many different carcinomas [7]. CAIX is considered a hypoxia 
biomarker and a prognostic indicator of specific cancer types 
[8]. CAIX molecule consists of extracellular catalytically 
active CA domain N-terminally elongated by proteoglycan-
like (PG) domain. The remaining parts of the molecule 
are a transmembrane domain and a short intracellular tail. 
Hilvo et al. describe two sites of the glycan attachment for 
the CAIX molecule. The N-glycosylation site in the CA 
domain (Asn346) bears a high-mannose glycan structure 
and O-glycosylation at Thr115 conjugated with O-linked di-, 
tri-, or tetra-saccharide [9]. Described O-glycosylation site 
lies in close proximity to the PG domain.

Except for those two short glycan chains, CAIX is 
modified by glycosaminoglycan polysaccharide chains 
(GAG) at Serine54 (Ser54), specifically chondroitin and 
heparan sulfate, forming a high-molecular weight CAIX 
variant HMW-CAIX [10]. This glycosylation makes CAIX 
a part-time proteoglycan that can exist in the HMW-CAIX 
form, typically in the 70–100 kDa size range (under reducing 
conditions) with GAG modification or in 54/58 kDa form 
without it. Combined enzymatic digestion of HS and CS 
chains led to the complete disappearance of the HMW-CAIX 
form with increased 54/58-CAIX form. The presence of 
GAG chains on CAIX stimulates cell aggregation as demon-
strated by the formation of tight 3D cell aggregates. GAG 
conjugation negatively regulates CAIX internalization by the 
caveolin route due to the increased association of CAIX with 
attached GAG chains with membrane lipid rafts stabilized by 
caveolin-1 [10].

In cancer progression, CAIX plays an important role as 
it is involved in the regulation of pH homeostasis, which is 
essential for the survival of cancer cells with changed metab-
olism producing more acidic products [11]. Through inter-
actions with β-catenin, CAIX disrupts E-cadherin-mediated 
adhesion contacts and reduces intercellular adhesion [12]. 
CAIX translocates to the leading edge of lamellipodium 
during the migration of cancer cells and participates through 
cooperation with bicarbonate transporters in the genera-
tion of the pH gradient necessary for cell migration [13]. 
CAIX is also involved in focal adhesion in migrating as well 
as non-migrating cells, which is important in metastatic 
processes including intravasation and extravasation [14].

Despite all the information covering various aspects of 
CAIX features and functions, the data on the contribution of 
glycan structures to CAIX properties and functions still need 
to be completed. The main focus of the present study is to 
investigate the role of glycans in the known CAIX functions. 
The glycosylation process is often changed during cancer 

progression and under hypoxic conditions, and attached 
glycans often endow such modified proteins with new abili-
ties for interaction, growth factor sequestration, adhesion, etc. 
As CAIX presents an important hypoxia marker, promising 
prognostic marker, and possible therapeutic target, it is 
critical to understand how glycan structures attached to CAIX 
modify its properties and functions. We intend to provide 
insights into the impact of glycan modifications of CAIX on 
pro-survival and pro-metastatic processes in which CAIX 
protein is involved. GAG chains are characterized by a larger 
size in comparison to N- or O-glycans and their effect on the 
functional characteristics of a protein is dominant, therefore, 
we are particularly focused on differences between GAG 
modified and core CAIX protein abilities. Our results show 
that various cell lines derived from different, or even the same, 
tumor type express the HMW form of CAIX to a different 
degree while the core protein form always prevails. However, 
data gained from C33 and MDCK transfectants unable to 
attach GAG chains prove the importance of this modification 
for metabolon formation, adhesion, migration, and signaling.

Materials and methods

Cell cultures. MDCK, C33 cells, and their transfected 
derivatives were grown in a DMEM medium supplemented 
with 10% fetal calf serum (Lonza BioWhittaker) and 40 µg/ml 
gentamicin (Lek Slovenia) at 37 °C in the air with 5% CO2. 
The same cultivation conditions were applied to tumor cell 
lines (RKO, HT29, SW620, BxPC3, JIMT-1, 8-MG-BA, 
42-MG-BA, A549, HCT116, BT20, HeLa, SiHa). Hypoxic 
treatments were performed in an anaerobic workstation 
(Ruskinn Technologies) in 2% O2 (1% or 0.5% O2), 2% H2, 
5% CO2, 91% N2 (92% or 92.5% N2) at 37 °C.

Cloning and transfection. In vitro mutagenesis of CAIX 
at the site of N-, O-, and GAG glycosylation was performed 
by PCR using pSG5C-CAIX plasmid and following 
primers: N346S 5´-tggactgtgtttgcccagacagtg-3´, N346A 
5´-cactgtctgggcaaacacagtcca-3´, T115S 5-gatctacctgctgttgag-
gctcct-3´, T115A 5´-aggagcctcaacagcaggtagatc-3´, SS-AA 
53-54S 5´-ggaggaggcgctgctggggaagatg-3´, SS-AA 53-54A 
5´-catcttccccagcagcgcctcctcc-3´. C33 and MDCK cells 
constitutively expressing CAIX or its mutated variants were 
prepared by co-transfection of pSG5C-CAIX, pSG5C-N346, 
pSG5C-T115, or pSG5C-53-54 plasmids and pSV2neo in a 
ratio 10:1 using TurboFect™ in vitro Transfection Reagent 
(Fermentas). A mixture of clones was obtained by Dynabeads 
M-450 Tosylactivated (Invitrogen) as described previously 
[14]. CAIX expression was analyzed by flow cytometry, 
western blotting, and immunofluorescence.

Western blotting. Western blotting was performed 
as described earlier [15]. Membranes were probed with 
following antibodies: M75 hybridoma medium (1:3 in 5% 
non-fat dry milk with 0.2% Nonidet P40 in PBS, 1 h, RT) 
[16]; anti-β-actin (#3700S, Cell Signaling, 1:5000 in 3% 
BSA in TBS-T buffer, 1 h, RT); FAK (#3285, Cell Signaling, 
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1:1000 in 1% BSA in TBS-T buffer, 1 h, RT); pFAK (#8556, 
Cell Signaling, 1:500 in 1% BSA in TBS-T buffer, 1 h, RT); 
pJNK1/JNK2 (#44-682G, Invitrogen, 1:500 in 1% BSA 
in TBS-T buffer, 1 h, RT); polyclonal goat anti-mouse 
immunoglobulins/HRP or polyclonal goat anti-rabbit 
immunoglobulins/HRP (PO447, PO448, DAKO, Denmark, 
1:5000 in 5% non-fat dry milk with 0.2% Nonidet P40 in 
PBS, 1 h, RT ).

Enzyme-linked immunosorbent assay (ELISA). For an 
assessment of membrane and total CAIX, the cells seeded in 
a 96-well plate were allowed to adhere overnight. After 48 h 
cultivation in normoxia or 2% hypoxia, half of the wells with 
cells was fixed with ice-cold methanol for 5 min at –20 °C 
and afterward, all of the cells were incubated in peroxi-
dase-conjugated anti-CAIX antibody M75 diluted 1:10000 
in 10% DMEM for 3 h. Incubation in peroxidase substrate 
ortho-phenylene diamine followed by spectrophotometric 
measurement was used to determine the amount of bound 
antibody.

Detection of CAIX in culture media was performed 
by sandwich ELISA using V/10 [17] capture monoclonal 
antibody (10 μg/ml) specific for the CA domain [18]. For 
shedding activation, cells were treated with 20 μM phorbol-
12-myristate-13-acetate (Sigma-Aldrich, MO, USA) for 4 h 
at 37 °C [19] after their prior cultivation in normoxia or 2% 
hypoxia.

Flow cytometry for determination of the CAIX inter-
nalization. Cells seeded on 6 cm Petri dishes were incubated 
in 1% hypoxia for 48 h. Afterward, cells were rinsed with PBS 
and incubated with antibody VII/20 for 30 min at 4 °C. One 
set of Petri dishes with the cells was then rinsed two times 
with PBS and a part of them was incubated in an acid strip 
solution for 10 min at RT and rinsed two times in PBS. After-
ward, all the cells of the set were trypsinized, centrifuged for 
10 min at 415×g, and resuspended in PBS. Consequently, 
cells were fixed by the gradual addition of 70% ice-cold 
ethanol, while stirring and incubated at –20 °C for 1 h. After 
the fixation step, the cells were centrifuged at 740×g for 
10 min, resuspended in PBS, and rehydrated for 5 min at RT. 
After another centrifugation step at 740×g for 10 min, cells 
were incubated in secondary anti-mouse antibody Alexa-
Fluor 488 for 30 min. Afterward, cells were washed with PBS 
three times and analyzed by Guava EasyCyteHT (Millipore). 
After incubation in antibody VII/20 at 4 °C, the second set of 
Petri dishes with the cells was rinsed two times in PBS, and 
incubated for 3 h at 37 °C with a fresh 10% DMEM. Conse-
quently, cells were treated similarly to the first set of Petri 
dishes with the cells. Data were analyzed by Cytosoft 5.2 
software Guava ExpressPro.

Measurement of extracellular pH. pH of a culture media 
was measured after 24 and 48 h of hypoxic incubation by 
a special microelectrode (Mettler Toledo, InLab® Micro) 
designed for small volumes. Changes in pH were determined 
as ΔpH per 24 h and normalized to the concentration of 
proteins.

Immunofluorescence assay. Cells grown on glass cover-
slips were gently washed with PBS and fixed in ice-cold 
methanol at –20 °C for 5 min. Nonspecific binding was 
blocked by incubation with PBS containing 1% BSA for 
30 min at 37 °C. Cells were then incubated with M75 
antibody (5 μg/ml) diluted in a cultivation medium for 1 h 
at 37 °C followed by anti-mouse Alexa Fluor® 488-conju-
gated antibody (Invitrogen, CA, USA) diluted 1:1000 in 
the blocking buffer for 1 h at 37 °C. The nuclei were stained 
with DAPI (Sigma-Aldrich, MO, USA). Finally, the cover-
slips were mounted onto slides in the Fluorescent Mounting 
Media (Sigma-Aldrich, MO, USA), and analyzed by the 
confocal laser scanning microscope Zeiss LSM 510 Meta. 

Adhesion assay. Cells (8×105) were seeded, allowed to 
adhere overnight, and incubated in 2% hypoxia for 48 h. 
24-well plates were pre-coated with collagen (isolated from 
rat tails, diluted to 10 µg/ml, incubated at 4 °C overnight) 
and fibronectin (Sigma, isolated from human plasma, diluted 
1:100 in PBS, incubated for 1 h at RT). After pre-coating, all 
the plates were washed firmly with PBS and blocked with 
1% BSA diluted in PBS for 1.5 h at 37 °C. During a blocking 
process, a fresh medium with DiO-C18 (7.5 µg/ml, Invit-
rogen) was substituted into cells for 45 min incubation at 
37 °C. Cells were then washed four times with PBS, trypsin-
ized, and seeded on washed and blocked pre-coated plates 
(2.5×105/well). Cells were allowed to adhere for 20 or 40 min, 
washed three times with PBS, and analyzed for fluorescence 
signal intensity.

To study the process of cell spreading hypoxically 
pre-incubated (2% O2, 48 h) MDCK-CAIX, MDCK-T115, 
and MDCK-N346 cells in 10% DMEM were seeded in 
collagen pre-coated 12-well plate. After placing the plate 
into the incubation chamber (37 °C, 21% O2, 5% CO2) only 
single unspread and round cells were selected and monitored 
with a Zeiss Cell Observer System. Time-lapse imaging was 
managed by Axiovision 4.8 software, using the multidimen-
sional acquisition.

Surface plasmon resonance assay. Protein-protein inter-
action analysis was carried out at 25 °C with the BIAcore 
2000 system (Biacore™ T200, GE Healthcare) using HBS-EP 
buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, pH 7.4, 
0.05% v/v Tween). Rat tail collagen I at the concentration 
of 100 µg/ml in 10 mM sodium acetate buffer, pH 5.0, was 
covalently coupled to a CM5 chip (Biacore) using an Amine 
Coupling Kit (Biacore) at a flow rate of 10 µl/min according 
to the manufacturer’s protocol. Purified and concentrated 
CAIX-SBP [20] was used for single-cycle mode analysis. 
A solution of 21.88 nM CAIX-SBP (streptavidin binding 
protein) was perfused over the immobilized collagen at a flow 
rate of 10 µl/min in HBS-EP running buffer (contact time 
2 min), and the resonance changes were recorded. Regen-
eration of the collagen surface was achieved by running 4 M 
MgCl2 at the flow rate of 30 µl/min, 30 s with a stabiliza-
tion period of 3 min. The sensorgrams were obtained and 
normalized by subtracting the background signals from the 
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on the basic characteristics of CAIX protein and cell proper-
ties, we prepared cells MDCK and C33 stable transfected with 
wild type CAIX (denoted MDCK-CAIX or C33-CAIX) and 
CAIX with mutations in glycosylation sites Asn346 (MDCK-
N346 or C33-N346) and Thr115 (MDCK-T115 or C33-T115) 
using pSG5C plasmids and magnetic beads-coupled with 
CAIX-specific antibody M75 for the selection of CAIX 
positive cells and maintained at above 90% of CAIX positive 
cells. Immunofluorescence analysis (Figure 1B) showed that 
plasma membrane localization of CAIX is also maintained 
in cells expressing mutated variants of CAIX protein. This 
result was confirmed by ELISA assay comparing the total 
CAIX signal in fixed cells to the membrane-bound CAIX 
signal in live cells (Figure 1C). We determined a comparable 
ratio of the membrane-localized CAIX protein in wild type 
and mutated CAIX-expressing cells, in both cell types. To 
evaluate the ability of CAIX protein variants to form oligo-
mers, we performed the western blot analysis (Figure 1D). 
Oligomerization in native (non-reducing) conditions as well 
as the typical two-band pattern of molecular weight 54/58 
kDa was maintained in all of the transfected cell lines. We 
also observed an expected shift of a monomeric form of 
CAIX protein in MDCK-N346 and C33-N346 cell lysates in 
reducing as well as non-reducing PAGE (Figure 1D), which 
corresponds to the loss of N-glycan structure in MDCK/
C33-N346 mutated cells. Membrane localization is the main 
prerequisite for the involvement of CAIX in the regulation of 
tumor cell pH, which belongs to the key factors contributing 
to tumor cell survival and metastasis. As the CAIX activity is 
linked to the acidification of the extracellular environment, 
we measured the pH of a culture media of cell monolayers 
cultured in 2% hypoxia for 24 h and 48 h. The ability of trans-
fected MDCK cells to acidify culture media was assessed as 
a difference in media pH (ΔpH) during 24 h normalized to 
the total protein concentration. We observed no significant 
changes in ΔpH among the studied samples (Figure 1E).

In our previous works, we described the involvement of 
CAIX in the process of focal adhesion of cells to a substrate 
and in the spreading of quiescent cells. As glycans are among 
the most important structures involved in the adhesion 
processes, we studied the capacity of our transfectants to 
adhere to selected components of the extracellular matrix - 
collagen and fibronectin. We employed MDCK cells which 
are more suitable for studying the initial adhesion of cells 
to a substrate. We observed no significant changes in the 
adhesion of CAIX-expressing MDCK cells to fibronectin but 
in the case of collagen, both of the transfectants expressing 
mutated CAIX forms (MDCK-N346 and MDCK-T115) 
showed a reduced adhesion capacity in comparison to 
MDCK-CAIX cells (Figures 1F, 1G). Figure 1H shows repre-
sentative pictures of the morphology of MDCK-CAIX, 
MDCK-N346, and MDCK-T115 cells during the steps of 
adhesion and spreading at given time points. In timepoint 
0 at the beginning of the experiment, all analyzed cells were 
round. Morphology analysis at the later time points showed 

collagen. Sensorgrams were analyzed using BIAcore 2000 
evaluation software 3.0.

Migration and invasion assay. The xCELLigence cell 
index impedance measurements were performed using the 
CIM-Plate (Accela) placed in a humidified incubator at 
37 °C or in an anaerobic work-station (Ruskinn Technolo-
gies) in a humidified atmosphere containing 1% O2 at 37 °C 
according to the instructions of the supplier (Roche, Basel, 
Switzerland). Cells were preincubated in hypoxia and starved 
overnight in DMEM with 0.5% FCS. Cells (4×105/well) were 
seeded in quadruplicates and their cell index was monitored 
every 15 min for 100 h. Invasion assay was done similarly 
using the Matrigel coating in the top chamber.

Wound healing assay. Cells (8×104/well) were seeded in 
ImageLock 96-well plates (Essen BioScience, UK), allowed to 
adhere, and then transferred to 1% hypoxia. After starvation 
in DMEM with 0.5% FCS overnight, confluent layers were 
wounded with a wound-making tool (Essen Bio-Science, 
UK) and washed twice with PBS. The migration was 
run in 0.5% FCS/DMEM with/without HGF (20 ng/ml). 
Images were taken every two hours for the next 48 h in the 
IncuCyte ZOOM™ Kinetic Imaging System (Essen BioSci-
ence, UK). Migration was evaluated by IncuCyte ZOOM™ 
2013A software (Essen BioScience, UK) based on the relative 
wound density measurements and expressed as means of two 
independent experiments performed in sextaplicates ± SD.

Proteome Profiler™ Array, Human Phospho-Kinase 
Array Kit. This array (R&D systems) was conducted on 
stable transfected C33 cells expressing wild type CAIX and 
CAIX GAGm. Cells were cultured under the same cultivation 
conditions (48 h, 1% hypoxia). Cell lysates were prepared and 
subsequently applied to Kinase Array membranes. Proteins 
were quantified by measuring the accumulated pixel density 
of the individual spots and adjusted based on reference spots 
using the ImageJ software. The whole procedure and analysis 
were performed according to the manufacturer’s instructions.

Quantitative PCR (qPCR). Total RNA was isolated 
using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), 
and reverse transcription of 1 μg RNA for each sample was 
performed with the High-Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems, CA, USA). qPCR was carried 
out using Maxima SyberGreen PCR Master mix (Thermo 
Fisher Scientific, MA, USA), gene-specific primers listed in 
Supplementary Table S1 and ran for 10 min at 95 °C for initial 
denaturation followed by 40 cycles of 95 °C for 15 s and 60 °C 
for 1 min. Sample CT values were normalized to β-actin. 
Relative expression was calculated using the ΔΔCT method. 
All amplifications were performed in triplicates. Results were 
calculated from two independent experiments.

Results

Basic characterization of CAIX protein without N or 
O-linked glycosylation and the impact of lost glycans on 
CAIX function. To study the effect of glycosylation changes 
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Figure 1. Impact of N or O-linked glycosylation loss on CAIX function. A) Schematic picture of CAIX molecule, which is composed of signaling pep-
tide (SP), proteoglycan-like (PG) domain, catalytic (CA) domain, transmembrane (TM) region, and intracellular (IC) tail. Sites of glycan modification 
are displayed in amino acid positions 115 and 346. The site of GAG modification is shown at Ser54. B) Immunofluorescence analysis of MDCK/C33 
cells expressing wild type CAIX and CAIX with mutations at T115 and N346 (CAIX-green, DAPI stained nuclei-blue), images were acquired by Zeiss 
LSM 510, 40× objective. C) ELISA comparing the membrane-bound amount of CAIX in live cells and the total amount of CAIX in fixed cells. The graph 
gives means ± SD of membrane/total CAIX ratio measured in pentaplicates. Possible differences were evaluated by ANOVA and found non-significant. 
D) Representative western blot analysis of MDCK/C33 cell lysates from cells expressing wild type (wt), T115, and N346-mutated CAIX separated un-
der non-reducing (-ME) and reducing (+ME) conditions. Neo denotes cells transfected with an empty plasmid. E) Acidification of extracellular pH by 
MDCK cells expressing wild type, N346, and T115-mutated CAIX cultured in 2% hypoxia for 48 h. Acidification of the media was expressed as ΔpH 
during 24 h and the results were normalized to total protein concentration. The experiment was repeated 4 times in triplicates. The graph displays 
means ± SD. No significant changes in ΔpH were observed among tested cell lines. F, G) Adhesion of MDCK cells expressing wild type, N346, and 
T115-mutated CAIX to fibronectin and collagen. Cell adhesion is expressed as a percentage of adhered cells when compared to MDCK-CAIX cells 
(set as 100%). Values are expressed as mean ± SD of two independent experiments performed in duplicates, **p<0.01. H) Representative pictures of 
the morphology of selected MDCK cells expressing wild type, N346, and T115-mutated CAIX during the process of adhesion and spreading at chosen 
time points. Images were acquired by Zeiss Cell Observer microscope, 10× objective. I, J) Transwell migration and invasion assay performed using the 
xCELLigence system with MDCK cells expressing wild type, N346, and T115-mutated CAIX. Representative graphs give mean ± SD of the slopes, mea-
sured in quadruplicates, reflecting the migration/invasion rate of the cells during the chemotactic assay. The significance of differences was assessed by 
one-way ANOVA with Dunnett’s multiple comparison post-hoc test, ***p<0.001.
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that MDCK-N346 and MDCK-T115 cells spread more 
slowly in comparison to MDCK-CAIX cells. CAIX is impli-
cated in the migration and invasion processes of tumor cells, 
but the role of glycans has not yet been investigated. Using 
the xCELLigences system, the Transwell migration assay 
showed that the loss of glycan structure at N346 and T115 
in both cell types led to increased migration in comparison 
to the controls (Figure 1I). The loss of glycosylation in N346 
and T115 also increased the invasion of MDCK transfectants 
through Matrigel-coated porous membrane in the invasion 
assay detected by the xCELLigence system (Figure 1J). 
Similar results were obtained for C33 cells (Supplementary 
Figure S1).

Based on our adhesion experiments results, we inves-
tigated the possibility of interaction between CAIX and 
collagen. Single cycle (yes/no) binding assay of purified CA 
IX-SBP (streptavidin binding protein) and collagen type I 
was performed by the SPR method. Collagen was immobi-
lized on a CM5 sensor chip under acidic conditions (Supple-
mentary Figure S2), and the interactions between flowing 
CA IX-SBP and immobilized collagen type I were measured 
under physiological conditions. The sensorgram in Figure 2 
shows the direct binding between purified CA IX-SBP 
protein (21.88 nM, pink line) and collagen type I. SBP alone 
(20 µg/ml, green line) displays no binding capacity. Interac-
tion analysis of CAIX-SBP with collagen after regeneration 
with 4 M MgCl2 showed almost the same binding effectivity 
of CA IX-SBP with collagen as before chip-regeneration 
(Supplementary Figure S2 lower panel). Dissociation of CA 
IX-SBP from the collagen was rather slow indicating stable 
interaction between these two proteins.

Basic characterization and the level of GAG-modified 
CAIX in tumor cell lines. The PG domain of CAIX includes 
the site of GAG binding at Ser54 (Figure 1A) where the HS 
or CS chain can be attached to the molecule [10]. CAIX was 
confirmed as a “part-time” proteoglycan that can exist in the 
form with or without GAG modification. To assess the level 

of GAG-modified CAIX molecule, we analyzed tumor cell 
lines with various characteristics ranging from less aggressive 
to very aggressive and metastatic in normoxic and hypoxic 
conditions. The level of CAIX without GAG was higher in 
all of the tested cell lines (Figure 3A). For this reason, the 
parts of the films with high molecular weight CAIX forms 
were exposed for a longer time in order to enable a compar-
ison of the levels of GAG-modified CAIX in the various cell 
lines. The ratio between 54/58 kDa CAIX form and HMW 
GAG-modified CAIX form differed considerably among 
compared tumor cell lines (Figures 3A, 3B). We observed 
a high level of GAG modification in glioblastoma cell lines 
42-MG-BA and 8-MG-BA, as well as in breast cancer cell line 
JIMT-1, colorectal cancer cell lines RKO, HT29, and SW620, 
and pancreatic cell line Colo357. Moderate GAG modifi-
cation was exhibited by cervical cancer cell lines SiHa and 
HeLa, as well as lung adenocarcinoma cells A549. The lowest 
level of GAG modification was displayed by breast carcinoma 
cell line BT20, pancreatic BxPC3, PaTu, and colorectal carci-
noma cell line HCT116. All tumor cell lines, except HT29, 
display a strong hypoxic induction of CAIX. We can conclude 
that the rise of HMW CAIX in hypoxia is connected to the 
increase of the synthesis of core CAIX protein and the level 
of GAG modified form is cell-type dependent.

Impact of the GAG modification on protein functions. 
To investigate the role of GAG modification of CAIX protein, 
we also prepared MDCK and C33 cells stably transfected 
with pSG5C-CAIX plasmid carrying mutations in Ser53-54 
that causes a loss of HS/CS glycan structure from the CAIX 
molecule (denoted as MDCK-GAGm and C33-GAGm, 
Figure 4A). Immunofluorescence analysis of prepared 
mutants confirmed that the loss of GAG structure does not 
influence membrane localization of CAIX protein (Figure 4B) 
[10]. The level of membrane-localized protein in both types 
of transfectants is comparable (Supplementary Figure S3).

Measurements of the extracellular pH of culture media 
showed increased acidification of MDCK-GAGm cell 
monolayer in comparison to MDCK-CAIX cells (Figure 4C) 
cultured in 2% hypoxia for 48 h. During pH regulation and 
subsequent extracellular acidification, CAIX cooperates with 
bicarbonate transporters, forming a transport metabolon 
that enhances the transport of bicarbonate ions through the 
cell membrane and increases the production of protons in 
the extracellular space. Using proximity ligation assay which 
enables in situ detection of protein interactions, we detected 
an increased formation of a metabolon between CAIX 
without HS/CS chains and anion exchanger AE2 (encoded 
by SLC4A2 gene), which is involved in bicarbonate transport, 
in C33-GAGm cells compared to control C33-CAIX cells 
(Figures 4D, 4E).

As proteoglycans are involved in the formation of inter-
cellular contacts, we tested the ability of MDCK-CAIX and 
MDCK-GAGm cells to form cell-cell contacts and subse-
quently aggregates during their culture in a suspension at 
a rotational shaker. The aggregation assay showed that cells 

Figure 2. Sensorgram showing the direct binding between CA IX-SBP 
and collagen type I immobilized on CM5 sensor chip (pink line). Protein-
protein interaction analysis was performed at the BIAcore 2000 system.
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expressing CAIX without GAGs exhibited diminished cell-
cell contacts and formed smaller aggregates than MDCK-
CAIX cells (Figure 4F; Supplementary Figure S4) in accor-
dance with the results of 3D formation assay with U87-MG 
cells without GAG modification due to the mutation at Ser54 
[10]. It indicates that GAG bound to CAIX enhances cell-
cell adhesion to form cellular aggregates. Interactions of 
chondroitin sulfate and heparan sulfate chains with collagen 

and other ECM proteins were described, hence we investi-
gated the impact of missing GAG at the involvement of CAIX 
in the process of cell adhesion to a substrate. When compared 
to MDCK-CAIX cells, we observed decreased adhesion of 
MDCK-GAGm cells to collagen (Figure 4G), which was also 
confirmed in C33 cells (Supplementary Figure S5).

The effect of GAG modification of CAIX on the migra-
tion process was evaluated in the wound healing assay using 

Figure 3. GAG-modified CAIX expression in tumor cell lines. A) Western blot analysis of 54/58 kDa form and high molecular weight forms (70–150 
kDa, HMW) of CAIX protein expressed in cell lines derived from carcinoma of various origins cultured under normoxic and hypoxic conditions. B) 
Graph of the ratio between the HMW form of CAIX and the core form of CAIX (54/58 kDa) without the GAG modification. The ratio does not provide 
absolute values but serves as a tool for comparing the share of GAG-modified HMW forms of CAIX among different cell lines. Western blots were 
analyzed by the ImageJ program (Analyze Gels tool).

▶ Figure 4. Impact of the GAG modification on CAIX functions. A) Western blot analysis showing the loss of the high molecular weight (HMW) form 
of CAIX in GAGm cells. B) Immunofluorescence analysis of C33 cells expressing wild type and GAGm variant of CAIX (CAIX-green, DAPI stained 
nuclei-blue), images were acquired by Zeiss LSM 510, 40× objective. C) Measurement of the ability of MDCK cells expressing wild type and GAGm 
CAIX cultivated in 2% hypoxia for 48 h to acidify the culture media. Acidification of the media was expressed as ΔpH during 24 h and the results were 
normalized to total protein concentration. The experiment was repeated 4 times in triplicates. The graph gives the values of means ± SD (**p<0.01). D) 
In situ detection of interaction between CAIX and AE2 in C33 cells expressing wild type CAIX (C33-CAIX) and CAIX-GAGm cells using the Proxim-
ity ligation assay. An increased formation of metabolon, which is visualized as white dots on cellular membranes, was observed in C33-GAGm cells in 
comparison to control cells. Nuclei were stained with DAPI (blue). Images were taken at Zeiss LSM 510, 40× objective. E) Graph quantifying the PLA 
signal. F) Representative images of cell aggregates. MDCK-GAGm cells exhibited diminished cell-cell contacts and formation of smaller aggregates 
in comparison to MDCK wild type cells. Images were taken at Zeiss Axiovert 40 CFL, 10× objective. G) Adhesion of MDCK cells expressing wild type 
and CAIX-GAGm to collagen. Cell adhesion is expressed as a percentage of adhered cells when compared to MDCK-CAIX (set as 100%). Values are 
expressed as mean ± SD of two independent experiments performed in duplicates. H) Representative images of the wound healing assay performed 
using the IncuCyte system with MDCK wild type and GAGm cells in hypoxic conditions (+DMOG). I) The graphs of the wound confluence at selected 
time points. The confluence of 100% MDCK means that the wound was healed, i.e., completely covered by cells. J, K) Transwell migration and invasion 
assay performed using the xCELLigence system with C33 cells expressing wild type and CAIX-GAGm. Particular slopes in representative graphs from 
one experiment illustrate the migration rate of the cells. C, E, J, K) Significance of differences was evaluated by Student’s t-test in comparison to control 
MDCK-CAIX or C33-CAIX cells, and in the case of panels G, I at separate time points, *p<0.05, **p<0.01, ***p<0.001.
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the IncuCyte system (Figure 4H). We noticed the decreased 
migration of MDCK-GAGm cells pre-incubated in 1% 
hypoxia. Migration of MDCK-GAGm cells was reduced in 
comparison to MDCK-CAIX cells during wound closure 
in normoxic conditions (data not shown), as well as in 
hypoxia (DMOG treated cells) in the presence or absence 
of hepatocyte growth factor (Figure 4I). As expected, cells 
treated with HGF migrated faster but a difference in migra-
tion rate of cells with CAIX with and without GAG modifi-
cation was preserved. The difference in cell migration rate 
was also confirmed by the Transwell migration assay using 
the xCELLigence system when cells migrate through a 
porous membrane towards a chemoattractant. The migra-
tion of C33-GAGm cells was reduced (Figure 4J). Similar 
results were obtained in the invasion assay in which the top 
of a porous membrane was coated with Matrigel and the 
cells have to proteolytically cleave the ECM layer to be able 
to migrate towards chemoattractant in the lower chamber 
(Figure 4K). The results of migration and invasion assays 
employing MDCK-GAGm and MDCK-CAIX are presented 
in Supplementary Figure S6.

Loss of the GAG modification reduces phosphoryla-
tion of selected protein kinases and transcription factors 
and leads to downregulation of the EMT signature. In 
order to identify possible changes in signaling pathways due 
to the loss of CAIX GAG structures, we used the Proteome 
Profiler Array, Human Phospho-Kinase Array Kit that 
enables the determination of the phosphorylation level of 
various protein kinases and their substrates. C33 cells were 
cultured in hypoxic conditions (1% O2) for 48 h and protein 
lysates were used for the determination of CAIX-dependent 
differences between phosphorylation profiles of C33-CAIX 
and C33-GAGm cells. A comparison of the phosphoryla-
tion level of selected kinases and their substrates (Figure 
5A) showed the most prominent reduction in phosphoryla-
tion of c-Jun at S63 (to 52%) in C33-GAGm cells compared 
to C33-CAIX cells. A relevant decrease was observed 
also in phosphorylation of p38α kinase at T180/Y182 (to 
65%), focal adhesion kinase (FAK) at Y397 (to 72%), and 
a reduced protein level of HSP60 (to 62%) in C33-GAGm 
cells (Figure 5B). Immunoblotting of protein lysates of 
hypoxically cultured C33 cells expressing CAIX without 
GAG chains confirmed reduced phosphorylation of FAK 
kinase. Phosphorylation of FAK-Y397 was reduced to 30% 
of the control cells evaluated by densitometry of western 
blotting (Figure 5C). Further, we investigated the expres-
sion of EMT-associated genes whose expression is regulated 
by the c-Jun transcription factor. The strong reduction was 
proved for Snail and Twist as direct downstream targets 
of c-Jun (Figure 5D). Importantly, MMP14, another c-Jun 
target gene was substantially downregulated, as well.  The 
most profound reduction of mRNA level was observed for 
fibronectin, whose transcription is regulated by all three 
transcription factors c-Jun, Snail, and Twist the levels of 
which were decreased in C33-GAGm cells.

Internalization and ectodomain shedding. Immuno-
fluorescence analysis of the internalization induced by 
VII/20 antibody, which proceeds by the clathrin endocytic 
pathway [21] in MDCK-GAGm and C33-GAGm cells, 
showed a similar pattern when compared to control cells 
(Figure 6A). This result was also confirmed by flow cytom-
etry analysis of CAIX internalization. Loss of the GAG 
structure has no impact on CAIX internalization induced 
by VII/20 antibody (Figure 6B). Another post-translational 
process regulating the membrane level of CAIX protein is 
the shedding of the extracellular part of the CAIX molecule 
mediated by enzymes – metalloproteases. Shed CAIX 
ectodomain is detectable in the fluids of cancer patients 
and acts as a promising tumor marker, and this soluble 
form of the protein may play a role in paracrine signaling. 
Using a sandwich-type ELISA, we found out that the level of 
CAIX ectodomain in culture media of MDCK-GAGm cells 
was higher in hypoxia in basal (by 80%), as well as PMA 
(phorbol-12-myristate-13-acetate)-activated conditions (by 
18%). PMA is used as a shedding inducer acting through 
the protein kinase C pathway and it was also identified as a 
strong inducer of ADAM17, a disintegrin and metallopro-
teinase 17 responsible for the cleavage of CAIX from the 
cell surface [19, 22]. In normoxia, the level of ectodomain 
shedding of MDCK-GAGm cells was similar to MDCK-
CAIX (Figure 6C). These findings were also confirmed in 
C33 transfectants (Supplementary Figure S7).

Discussion

Glycosylation is the most frequent post-translational 
modification providing a very diverse and complex way of 
altering protein structure. Glycan synthesis does not follow 
a strict template. It depends on the wide range of nucleo-
tide sugar transporters, glycosyltransferases, glycosidases, 
and enzymes that further modify glycan chains, such as 
sialylation, fucosylation, and sulfation. Cancer cells display 
alterations in the glycosylation pattern of proteins, which 
respond to microenvironmental conditions and contribute 
to tumor growth and metastasizing. Glycans affect cellular 
signaling, cell-cell, cell-matrix adhesion, and migration 
processes, and directly mediate interactions between recep-
tors and their ligands [23].

Carbonic anhydrase IX belongs among the key enzymes of 
the adaptive microenvironmental machinery of tumor cells. 
Its expression in tumor tissues is linked to poor prognosis, 
tumors’ aggressive character, and radio- and chemo-resis-
tance. Despite its involvement in several processes supporting 
tumor growth and metastasizing, the role of glycan structures 
of CAIX in cellular processes has yet to be fully elucidated, 
and publications concentrated mainly on the identification 
of glycan attachment sites and types of attached glycan struc-
tures [9, 10, 24].

To examine CAIX glycan functions, we prepared MDCK 
and C33 cells stably expressing the CAIX protein with 
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Figure 5. Impact of the GAG modification on 
phosphorylation levels of selected protein ki-
nases and EMT-related genes. A) Protein ki-
nases and their targets with the most changed 
phosphorylation profiles in C33-CAIX and 
C33-GAGm cell lysates, determined by the 
Proteome Profiler Array, Human Phospho-
Kinase Array Kit: p38α T180/Y182, c-Jun S63 
FAK Y397, HSP60. B) Quantification of Pro-
teome Profiler Array results. The experiment 
was performed in duplicates. Data normal-
ized on protein concentration are expressed 
as mean ± SD, levels measured in control 
C33-CAIX cells were set as 100%. C) West-
ern blot of phosphorylation and total levels 
of FAK kinase of C33-CAIX and C33-GAGm 
cells cultured in hypoxia. D) Evaluation of 
mRNA levels of selected EMT-related genes 
in C33-CAIX and C33-GAGm cells cultured 
in hypoxia.

Figure 6. Internalization and ectodomain 
shedding of GAGm cells. A) Representative 
images of CAIX internalization induced by 
antibody VII/20 in MDCK-CAIX and GAGm 
cells. Cells were incubated with antibody 
VII/20 for 4 h at 37 °C to allow internalization. 
The images show the internalized intracellu-
lar CAIX, acid strip before fixation was used 
to remove the extracellular antibody. CAIX 
signal is green, nuclei were stained with DAPI 
(blue). Zeiss LSM 510, 40× objective. B) Flow 
cytometry analysis of the CAIX internaliza-
tion induced by antibody VII/20 in MDCK-
CAIX and GAGm cells. The experiment was 
repeated three times. Data represent means 
± SD. C) Levels of shed CAIX ectodomain in 
MDCK-CAIX and GAGm cells determined by 
ELISA. Data were normalized on total protein 
concentration and concentration of CAIX. 
For shedding activation, cells were treated 
with 20 μM phorbol-12-myristate-13-acetate 
for 4 h at 37 °C after their prior cultivation in 
normoxia or 2% hypoxia. The experiment was 
repeated twice in quadruplicates. All data rep-
resent means ± SD, *p<0.05 in comparison to 
control MDCK-CAIX cells evaluated by Stu-
dent’s t-test.
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the mutations in glycan-binding sites, leading to a loss of 
attached glycans. We can conclude that CAIX proteins 
without glycan attachment at N346 or T115 sites form oligo-
mers and maintain membrane localization, a prerequisite 
of CAIX function, and its involvement in pH regulation, 
adhesion, and migration. The loss of N-glycan and O-glycan 
structures on N346 and T115 of CAIX in MDCK and C33 
cells led to their increased migration rate as well as enhanced 
invasion ability of mutated cells through Matrigel-coated 
porous membrane. Adhesion of cells to extracellular matrix 
or other substrates is a necessary step involved in migra-
tion and invasion, which are integral parts of the process of 
metastasizing. CAIX has been implicated in the adhesion 
process in quiescent, spreading, and migrating cells [14]. 
CAIX localizes directly to focal adhesion plaques, where it 
colocalizes with paxillin, and is also involved in regulating 
focal contact turnover during migration. Our results show 
that the loss of CAIX glycan structures at T115 and N346 
leads to reduced adhesion of cells to collagen but not to fibro-
nectin. Our measurement using plasmon surface resonance 
for the first time showed a direct binding between CAIX and 
collagen, and a relatively slow dissociation of CAIX from the 
collagen surface indicates a rather strong interaction between 
these two proteins.

Recently, the protein CAIX was described as a hypoxia-
regulated part-time proteoglycan that can exist without 
GAG chains and in the form containing GAG modification 
when HS or CS chains are attached at Ser54 [10]. This high 
molecular weight form of CAIX protein was reported to have 
70–100 kDa in two human glioma cell lines, U87-MG and 
U251-MG. Our data show significant variability in the extent 
of GAG modification in various tumor cell lines of different 
origins. However, the core protein without GAG modifica-
tion always prevails. We can confirm hypoxic induction of 
the HMW form of CAIX. The composition of GAG chains is 
cell type-specific depending on the sum of glycosyltransfer-
ases and glycosidases involved in their synthesis [25].

To assess the contribution of GAG structures attached 
to CAIX in cellular processes in which the role of CAIX 
had been described, we used MDCK and C33 transfec-
tants expressing CAIX protein without the GAG modifi-
cation. Acidification of the extracellular environment is 
linked with the pH-regulating function of CAIX and its 
cooperation with bicarbonate transporters. According to 
our results, hypoxically preincubated MDCK-GAGm cells 
showed more acidic extracellular pH of culture media than 
control MDCK-CAIX cells. Correspondingly, we detected 
the increased formation of a transport metabolon between 
CAIX and AE2 in C33-GAGm cells. Metabolon formation 
increases the ion flux through the plasma membrane and 
contributes to lower extracellular pH by proton production. 
Although most CAIX molecules expressed in control cells 
naturally lack the GAG structure, high molecular weight 
GAG chains may affect metabolon formation by presenting 
spatial obstacles.

Heparan and chondroitin sulfate proteoglycans (HSPGNS, 
CSPGNs) are also implicated in tumor proliferation, migra-
tion, invasion, angiogenesis, and metastasis, and CS chains 
can bind various humoral factors, including fibroblast growth 
factor, hepatocyte growth factor, brain-derived growth factor 
[26]. For example, chondroitin chains of melanoma-specific 
CS proteoglycan (MCSP) in tumor cells bind catalyti-
cally inactive matrix metalloproteinase 2 (pro-MMP2) and 
membrane-type 3 matrix metalloproteinase (MT3-MMP), 
facilitating their interaction. Removing the pro-MMP2 
prodomain by MT3-MMP leads to the generation of active 
MMP2 necessary for tumor invasion and metastasis [27, 28]. 
In some cases, HSPGNs and CSPGNs have an opposing roles 
and act as tumor suppressors. Whether the effect is tumor-
promoting or suppressing depends on the cell type and 
a set of growth factors, and the enzymatic modification of 
HS/CS chains [29]. In our experiments, the absence of HS 
and CS chains resulted in a decreased migration of MDCK-
GAGm compared to MDCK-CAIX cells pre-incubated in 
hypoxia in a wound healing test. Similarly, MDCK-GAGm 
and C33-GAGm cells showed reduced chemotactic migra-
tion and invasion through Matrigel. These results indicate 
that GAG glycosylation promotes CAIX’s role in migration 
and invasion processes. Svastova et al. (2012) demonstrated 
CAIX-mediated enhancement of cell migration. In addition, 
the expression of CAIX decreased the required concentration 
of HGF needed to facilitate migration speed [13]. It is possible 
that through HS/CS chains, CAIX can sequester HGF and 
present it to its receptor c-Met, thereby participating in the 
stimulation of migration and c-Met downstream signaliza-
tion.

The proteoglycan domain of the CAIX protein is also 
involved in the process of cell spreading as the addition of 
the M75 antibody, which binds to a linear epitope in the 
PG domain, as well as deletion of the CAIX-PG domain 
[30] resulted in decreased cell spreading [14]. Our findings 
indicate that HS/CS chains attached to the site in the 
CAIX-PG domain participate in the adhesion of CAIX-
expressing cells to collagen as the number of adhered cells 
decreased in MDCK-GAGm cells compared to MDCK-
CAIX. It is known that pre-incubation of the matrix by HS 
and CS led to the inhibition of ovarian cancer cells’ adhesion 
to type I and type II collagens [31]. Enzymatic removal of 
HS and CS chains also reduced cell adhesion. Breast carci-
noma cells were sensitive to exogenous heparan sulfate and 
heparin, which led to increased focal adhesion and spreading 
of cells to collagen and, at the same time, reduced invasion 
and matrix degradation [32].

HS and CS chains can influence cell signaling by acting 
as co-receptors, sequestering growth factors, and interacting 
directly or indirectly with proteins involved in signaling 
pathways. Their role as co-receptors for receptor tyrosine 
kinases (RTKs) in promoting proliferation and tumor 
growth was documented in carcinoma cell lines originating 
from ovaries, breast, pancreas, kidney, and liver [33, 34]. 
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Our results of the phosphokinase protein array showed that 
removing GAG glycosylation from CAIX protein caused a 
reduction in the phosphorylation of c-Jun, p38α kinase, and 
FAK in C33-GAGm cells cultured in hypoxic conditions. 
Activation of these pathways is associated with migration 
and invasion processes, which were reduced in cells with the 
removal of CAIX-GAG glycosylation. Further, phosphopro-
teins significantly changed in CAIX-GAGm cells are crucial 
regulators of the EMT phenotype. Actually, EMT markers 
like Snail 1, Slug, Twist, and Fibronectin were diminished in 
C33-GAGm cells. Specifically, the expression of Snail, Twist, 
and MMP14 is directly regulated by the c-Jun transcription 
factor, whose phosphorylation at Ser63 is reduced to 52%. 
It is the c-Jun activation via p38a-dependent phosphoryla-
tion at Ser63 that leads to its binding to the Snail promoter 
thereby inducing Snail expression and Snail-dependent 
migration and invasiveness [35]. Also, c-Jun phosphoryla-
tion/activation and dimerization with c-Fos form an active 
AP1 transcription complex driving Twist gene expression 
and EMT [36]. Subsequently, a decrease in Snail 1 and Twist, 
two TFs regulating fibronectin expression [37, 38], detected 
in CAIX-GAGm cells probably led to dramatic fibronectin 
downregulation. Another downregulated signaling mediated 
by the removal of GAG chains from CAIX protein is tyrosine 
phosphorylation of FAK. It is known that CAIX inter-
acts with collagen-binding integrins (β1 and α2 subunits) 
[39]. Integrin binding to collagen increases FAK recruit-
ment and phosphorylation. In addition to the observation 
of CAIX-promoting adhesion to collagen, we also proved 
a direct binding of purified CAIX to collagen matrix using 
the surface plasmon resonance method. We suggest that 
reduced tyrosine phosphorylation of Tyr397-FAK in CAIX-
GAGm cells can be the consequence of reduced interaction 
between CAIX-GAGm and its integrin partners. Interest-
ingly, another protein markedly reduced in CAIX-GAGm 
cells was HSP60 that, when localized on the membrane, is 
able to interact with α3β1 integrin and activate it [40]. This 
interaction was necessary for the adhesion of breast cancer 
cells metastasizing into lymph nodes.

A common stress phenomenon of the tumor microenvi-
ronment is inflammation. In our experiments, the amount of 
GAG chains on the CAIX molecule decreased in response to 
the inflammatory environment (Supplementary Figure S8). 
Cytokines like IFN-γ, IL-1α, and TNFα significantly affect 
cancer-associated mucins MUC1, MUC5AC, and MUC16 
glycosylation across different pancreatic cancer cell lines 
and the response is cell-type specific. Generally, inflam-
matory cytokines/chemokines can lead to an increase or 
decrease of glycan levels [41]. Underglycosylation of MUC1 
is the early hallmark of tumorigenesis and is associated with 
cellular invasion, and immune tolerance e.g., by inhibiting 
T-cell activation or with the differentiation of macrophages 
to immunosuppressive M2 phenotype [42, 43, 44]. Inflam-
matory cytokines/chemokines, a source of external signaling 
from the tumor microenvironment that can alter glycosyl-

ation, could belong to important physiological modulators of 
CAIX-GAG glycosylation. We also observed that cells adapted 
to extracellular acidosis (pHe 6.7) reduced GAG glycans on 
CAIX molecules (Supplementary Figure S9). Through alter-
nating the level of GAG modification on CAIX molecules, 
cells could react to acidosis, which is another tumor-related 
phenomenon, and tune pH-regulating activity, as the 
absence of GAG chains on CAIX increases the formation 
of CAIX-bicarbonate transporter metabolon, which facili-
tates intracellular pH buffering (Supplementary Figure S9).

A vital role of CAIX-GAG modification was recently 
shown by Christianson et al. (2017), who demonstrated that 
the presence of GAG chains negatively regulates CAIX inter-
nalization induced by M75 antibody through an increased 
association with caveolin-1 stabilizing proteins in lipid rafts 
[10]. On the other hand, clathrin-mediated internaliza-
tion of specific anti-CAIX antibody VII/20, which binds to 
the CA domain is not disrupted by the loss of GAG struc-
tures, which can be critical during antibody-mediated drug 
delivery to CAIX-expressing hypoxic tumors. This different 
effect on CAIX-antibody complex internalization may be 
caused by the fact that the M75 antibody has a binding site in 
close proximity to the GAG glycan region, while the VII/20 
antibody binds to the CAIX protein in the catalytic domain 
far away from the GAG attachment [45, 46].

Our article discusses yet unexplored roles of glycosylation 
in CAIX functions. As heparan sulfate and chondroitin sulfate 
proteoglycans are known to play an essential role in growth 
factor sequestration, we suppose that glycosaminoglycan 
structures in CAIX molecules containing HS/CS chains 
can also bind extracellular ligands, such as growth factors 
and cytokines, present them to their receptors and thereby 
stimulate downstream signaling pathways. This assumption 
is consistent with our results indicating the role of glycos-
aminoglycan structure in cell migration/invasion and EMT. 
As CAIX protein is localized on the plasma membrane and 
associated with tumors, it can be utilized as a promising 
therapeutic target. Our findings indicate that glycosylation of 
CAIX could be an integral part of the mechanisms by which 
cancer cells are able to adapt and respond to changing micro-
environmental stimuli.

Supplementary information is available in the online version 
of the paper.
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Supplemetary Figure S2. Protein-protein interaction analysis with the BIAcore 
2000 system. Collagen was immobilized on CM5 sensor chip under acidic condi-
tions (upper panel). Interaction analysis of CAIX-SBP to collagen after regenera-
tion with 4M MgCl2 (lower panel).

Supplemetary Figure S1. Transwell migration (left) and inva-
sion assay (right) performed at xCELLigence system with C33 
cells expressing wild type, N346, and T115-mutated CAIX. 
Representative graphs give mean±SD of the slopes, measured 
in quadruplicates, reflecting the migration/invasion rate of the 
cells during chemotactic assay. The significance of differences 
was assessed by one-way ANOVA with Dunnett’s multiple com-
parison post-hoc test, denotes ***p<0.001.

  

Supplemetary Figure S3. ELISA comparing membrane-bound 
amount of CAIX in live cells and the total amount of CAIX in 
fixed cells. The graph gives means±SD of membrane/total CAIX 
ratio measured in three independent experiments in pentapli-
cates. Possible differences were evaluated by Student´s t-test and 
found non-significant.
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Supplemetary Figure S4. Representative images of cell aggregates. MDCK-GAGm cells (lower panel) exhibited diminished cell-cell contacts and forma-
tion of smaller aggregates in comparison to MDCK-CAIX cells (upper panel). Images were acquired at Zeiss Axiovert 40 CFL, 10× objective.

Supplementary Table S1. List of the primers used for RT–PCR analysis of the gene 
expression associated with epithelial-mesenchymal transition.

mRNA sense primer antisense primer

Snail1 5’-caactgcaaatactgcaacaagga-3’ 5’-acttcttgacatctgagtgggtctg-3’

Twist1 5’-catcctcacacctctgcattct-3’ 5’-actatggttttgcaggccagtt-3’

MMP14 ‘-gcaaattcgtcttcttcaaagg-3’ 5’-tgttcttggggtactcgctatc-3’

VEGFA 5’-cttgctgctctacctccaccat-3’ 5’-cacacaggatggcttgaagatg-3’

Slug 5’-tgatgaagaggaaagactacartcc-3’ 5’-cttctccccmgtgtgagttctaat-3’

Fibronectin 5’-ttacagttcagggttcctgg-3’ 5’-cccacttctctccaatcttg-3’

β-actin 5’-tcctccctggagaagagcta-3’ 5’- acatctgctggaaggtggac-3’

 

MDCK-CAIX 

MDCK-GAGm 

 

MDCK-C
A IX

MDCK-G
AGm

Supplemetary Figure S5. Adhesion of C33 cells expressing wild type 
and CAIX-GAGm to collagen. Cell adhesion is expressed as percent-
age of adhered cells when compared to C33 CAIX (set as 100%). Values 
are expressed as mean±SD, significance of differences was evaluated by 
Student´s t-test in comparison to control C33-CAIX cells, ***p<0.001.

Supplemetary Figure S6. Transwell migration (left) and invasion assay 
(right) performed at xCELLigence system with MDCK cells expressing 
wild type and CAIX-GAGm. Slopes illustrate the migration rate of the 
cells. Values are expressed as mean±SD, significance of differences was 
evaluated by Student´s t-test in comparison to control C33-CAIX cells, 
***p<0.001.
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Supplemetary Figure S7. Shedding of CAIX ectodomain in the culture 
media of C33-CAIX and GAGm cells determined by ELISA. Data were 
normalized on total protein concentration and concentration of CAIX. 
All data represent means±SD, *p<0.05, **p<0.01, ***p<0.001 in compari-
son to control C33-CAIX cells under the same conditions evaluated by 
Student´s t-test.

Supplemetary Figure S8. Impact of inflammatory environment on GAG 
glycosylation of CAIX. Western blot analysis of CAIX in pancreatic 
cell lines BxPC3 and Colo357 and C33-CAIX transfectants cultured in 
inflammatory medium from MUF fibroblasts (+C.M.) and in control 
DMEM medium (-C.M.). Inflammatory media reduced the amount of 
GAGs on CAIX protein in hypoxic pancreatic cancer cells BxPC3 (re-
duction by 15%) and COLO357 (by 45%) compared to their cultivation 
in DMEM media. Importantly, C33 cells with ectopic CAIX expression 
show reduced GAG structures on CAIX under hypoxic (reduction by 
50%) but not in normoxic conditions.
Human dermal fibroblasts (MUF) were kindly provided by Dr. Jozef Bi-
zik, and inflammatory conditioned media were prepared according to 
the protocol published in Bizik et al. 2004 [47]. BxPC3, COLO357, and 
C33 CAIX cells were seeded in DMEM media (600,000 cells/3.5 cm Petri 
dish), and 24 h after seeding in selected samples control media was ex-
changed for inflammatory media for 32 h.

 Supplemetary Figure S9. Western blot analysis of 54/58 kDa form and 
HMW form CAIX in control fibrosarcoma HT1080 cells (routinely cul-
tured under pH 7.4) and HT1080 cells adapted to low pH of 6.7 cultured 
in hypoxia for 24 h and 48 h. The blot shows reduced amount of GAG 
modification in cells cultured under low pH conditions.


