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Abstract. Carbonic anhydrase IX (CA IX) is a transmem‑
brane enzyme participating in adaptive responses of tumors 
to hypoxia and acidosis. CA IX regulates pH, facilitates meta‑
bolic reprogramming, and supports migration, invasion and 
metastasis of cancer cells. Extracellular domain (ECD) of CA 
IX can be shed to medium and body fluids by a disintegrin and 
metalloproteinase (ADAM) 17. Here we show for the first time 
that CA IX ECD shedding can be also executed by ADAM10, 
a close relative of ADAM17, via an overlapping cleavage 
site in the stalk region of CA IX connecting its exofacial 
catalytic site with the transmembrane region. This finding is 
supported by biochemical evidence using recombinant human 
ADAM10 protein, colocalization of ADAM10 with CA IX, 
ectopic expression of a dominant‑negative mutant of ADAM10 
and RNA interference‑mediated suppression of ADAM10. 
Induction of the CA IX ECD cleavage with ADAM17 and/or 
ADAM10 activators revealed their additive effect. Similarly, 
additive effect was observed with an ADAM17‑inhibiting 
antibody and an ADAM10‑preferential inhibitor GI254023X. 
These data indicated that ADAM10 is a CA IX sheddase 
acting on CA IX non‑redundantly to ADAM17.

Introduction

Ectodomain (ECD) shedding is an important regulatory 
mechanism, which controls spectrum and abundance of cell 
surface proteins mediating cellular responses to molecular 
and physiological signals (1). Concurrently, it generates 
soluble protein variants executing autocrine and/or paracrine 
signaling. Proper ECD shedding is essential for diverse biolog‑
ical processes, including cell fate decisions, proliferation, 
migration, metabolism, tissue and organ development, and 
its dysregulation contributes to various pathologies including 
cancer (2).

ECD shedding occurs via proteolytic cleavage of the 
extracellular portions of type I or II transmembrane proteins, 
or GPI‑anchored proteins. It can be accomplished by various 
proteinases, among which a disintegrin and metalloproteinase 
(ADAM) family members have a prominent position (3,4). 
Out of 22 ADAM family members, ADAM17 and ADAM10 
attract a lot of attention due to their functional implications 
in key signaling pathways. ADAM17, originally identified as 
TNFα‑converting enzyme (TACE), is primarily related to 
EGFR signaling and represents a major sheddase for proin‑
flammatory cytokines, whereas ADAM10 has been implicated 
mainly in Notch1 signaling and cleaves mostly cell adhesion 
molecules (5). However, ADAM17 and ADAM10 can also 
share several substrates (such as CD44, APP, DLL1, Notch, 
HB‑EGF and TNFβ) suggesting that their complementary 
and/or compensatory activities are needed in certain cell or 
tissue contexts (6,7).

It was previously demonstrated by the authors that 
ADAM17 cleaves the ECD of carbonic anhydrase IX (CA 
IX) (8‑11). CA IX is a cancer‑associated, hypoxia‑induced 
type I transmembrane protein participating in pH regulation, 
metabolic adaptation to hypoxia/acidosis and in cell migra‑
tion‑invasion‑metastasis (12‑17). CA IX ECD consists of two 
structural components: a highly active enzyme domain (CA) 
catalyzing the reversible conversion of carbon dioxide to bicar‑
bonate and proton, and an N‑terminal proteoglycan‑like region 
(PG). While the CA domain catalytic activity participates in 
the control of tumor pH (14,15,18,19), the PG region mediates 
non‑catalytic proton extrusion across the plasma membrane 
and is implicated in cell adhesion (20‑24). A short stalk 
connecting the CA IX ECD to a single‑pass transmembrane 
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region contains the ADAM17 cleavage site. Deletion of 10 
amino acids from the stalk completely prevents CA IX ECD 
shedding and reinforces the tumorigenic phenotype of CA 
IX‑expressing cells (11).

However, neither silencing nor inhibition of ADAM17 are 
sufficient to fully block CA IX ECD release suggesting that an 
additional protease can participate in this process (8,11). As 
ADAM10 is structurally and functionally related to ADAM17, 
its possible involvement in CA IX ECD shedding was inves‑
tigated. In the present study, the first experimental evidence 
was provided using biochemical and molecular/cell biology 
approaches that ADAM10 can cleave the CA IX ECD via an 
overlapping cleavage site with ADAM17 and it was showed 
that both proteinases contribute to CA IX ECD shedding in a 
non‑redundant manner.

Materials and methods

Cell culture. Wild‑type hamster ovary CHOwt cells and 
human cervical carcinoma C33a cells were transfected with 
the full‑length (FL) human CA9 cDNA and its non‑shed (NS) 
deletion mutant (del393‑402 aa) using TurboFect™ transfec‑
tion reagent (Thermo Fisher Scientific, Inc.) as previously 
described (11). The cells were routinely cultured in DMEM 
medium with 10% FCS (BioWhittaker; Lonza Group, Ltd.) in 
a humidified atmosphere of 5% CO2 at 37˚C. Cell lines have 
been authenticated using STR profiling within the past 3 years. 
All experiments were performed with mycoplasma‑free cells. 

rhADAM10 cleavage activity assays. Catalytic activity 
of recombinant rhADAM10 encompassing the catalytic 
domain (100 ng/ml, R&D Systems, Inc.) was verified by 
hydrolytic processing of Fluorogenic Peptide Substrate IX 
Mca‑K‑P‑L‑G‑L‑Dpa‑A‑R‑NH2 (10 µM; R&D Systems, Inc.) 
followed by monitoring of increasing fluorescence intensity at 
excitation and emission wavelengths of 320 and 405 nm (top 
read), respectively, in kinetic mode for 30, 40, 50 and 120 min 
at 37˚C using a Synergy H4 plate reader (BioTek Instruments, 
Inc.). All reactions were performed in a fluorogenic buffer 
containing 25 mM Tris pH 9, 150 mM NaCl, 2.5 µM ZnCl2 
and 0.005% Brij‑35.

For the evaluation of ADAM10 cleavage of the cell 
membrane‑bound CA IX, CHOwt cells transiently transfected 
with the FL human CA9 cDNA (CHOwt‑FL‑CA IX) and its 
deletion mutant NS CA IX (del393‑402) (CHOwt‑NS‑CA IX), 
respectively, were treated with rhADAM10 (500 ng/ml) added 
to culture medium for 24 h. Thereafter, cell culture medium 
was harvested and CA IX ECD level was determined by 
ELISA.

Enzyme‑linked immunosorbent assay (ELISA). For the CA 
IX ECD quantification, 1x105 cells per well were seeded and 
cultured in a 24‑well plate for 24 h. After medium exchange, 
the cells were incubated with either inhibitors or activators 
of shedding (as described below) and all supernatants were 
subsequently analyzed using in‑house developed sandwich 
ELISA as previously described (8). The capture monoclonal 
antibody (Mab) V/10 specific for the catalytic domain of CA 
IX [10 µg/ml, generated in‑house, (25)] was immobilized on 
the surface of microplate wells overnight at room temperature. 

After blocking and washing, diluted samples were added to 
the coated wells at room temperature for 2 h. The attached CA 
IX ECD was then allowed to react with the mixture of the PG 
domain‑specific biotinylated Mabs [M75 and IV/18, generated 
and biotinylated in‑house, (25)] diluted 1:7,500 (200 ng/ml) in 
the blocking buffer. The amount of bound detector antibodies 
was determined with peroxidase‑conjugated streptavidin 
(Pierce; Thermo Fisher Scientific, Inc.) using the peroxidase 
substrate orthophenylene diamine (MilliporeSigma) after 
incubation for 1 h.

Indirect immunofluorescence. For detection of ADAM10, cells 
cultured on glass coverslips were incubated with anti‑human 
ADAM10 ECD mouse Mab IgG2B Clone 163003 (R&D 
Systems, Inc.; cat. no. MAB1427, 1:100 in cultivation medium) 
for 1 h at 37˚C, gently washed with PBS and fixed with meth‑
anol for 5 min at ‑20˚C. Non‑specific binding was blocked by 
incubation with PBS containing 1% BSA (MilliporeSigma) 
for 30 min at 37˚C. Cells were then incubated with secondary 
donkey anti‑mouse IgG Alexa Fluor®488‑conjugated antibody 
(Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. A‑21202) 
diluted 1:1,000 in the blocking buffer for 1 h at 37˚C. Finally, 
the coverslips were mounted onto slides in the Mounting 
Media with DAPI (cat. no. ab104139; Abcam), and analyzed by 
the confocal laser scanning microscope Zeiss LSM 510 Meta.

Proximity ligation assay (PLA). PLA was performed in a 
humid chamber at 37˚C according to the manufacturer's 
instructions (Olink) (26). Cells were seeded on glass cover‑
slips and allowed to attach for 24 h. Then they were fixed with 
methanol, blocked with blocking buffer for 30 min and incu‑
bated with a mixture of antibodies against the ECDs of human 
CA IX (Abcam; rabbit, cat. no. ab15086) and ADAM10 (R&D 
Systems, Inc.; mouse MAB1427) each in 10 µg/ml concentra‑
tion for 1 h. Following the incubation with plus and minus 
PLA probes for 1 h, a ligation mixture containing connector 
oligonucleotides and an amplification mixture containing fluo‑
rescently labeled DNA probe was added for 40 and 100 min, 
respectively. Samples were analyzed using a Zeiss LSM 510 
Meta confocal microscope.

Internalization analyses. C33a‑FL‑CA IX (300,000 cells/dish) 
were plated on glass coverslips placed in Petri dishes of 3.5 cm 
diameter 24 h before the experiment. To analyze ADAM10 
internalization induced by its inhibition, live cells were 
pre‑incubated with anti‑ADAM10 mouse MAB1427 from 
R&D Systems, Inc. (diluted 1:100 in culture medium) at 
4˚C for 30 min. Then the culture medium was removed, 
replenished by the medium containing preferential ADAM10 
inhibitor GI254023X (GI; 10 µM; MilliporeSigma) in DMSO 
at 0.1 % (v/v) final concentration and the cells were incubated 
for additional 2, 4, 8 or 24 h at 37˚C. Control samples were 
incubated without GI in medium containing DMSO at 0.1% 
(v/v) final concentration. After each incubation time point, 
parallel GI‑treated and control samples were fixed for 5 min in 
ice‑cold methanol at ‑20˚C and stored for subsequent immu‑
nofluorescence. All samples were then subjected to indirect 
immunofluorescence using secondary donkey anti‑mouse 
Alexa Fluor®488‑conjugated antibody (Invitrogen; Thermo 
Fisher Scientific, Inc.; cat. no. A‑21202) diluted 1:1,000 in 
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blocking buffer containing 1% BSA for 1 h at 37˚C. Finally, 
the coverslips were mounted onto slides in the Mounting 
Media with DAPI, and analyzed by a confocal laser scanning 
microscope Zeiss LSM 510 Meta.

To analyze the ADAM10 subcellular localization 
in response to internalization of CA IX, live cells were 
pre‑incubated with anti‑ADAM10 mouse MAB1427 from 
R&D Systems, Inc. (diluted 1:100 in culture medium) simul‑
taneously with anti‑CA IX humanized CA9hu‑1 Mab capable 
of stimulating CA IX internalization [50 µg/ml; provided by 
Professor J. Pastorek, MABPRO, a.s. (27)] at 4˚C for 30 min. 
Control samples were pre‑incubated with anti‑ADAM10 
mouse MAB1427 only. Immediately after removal from 4˚C, 
samples were transferred to 37˚C to allow for internalization 
and then incubated for additional 2, 4, 8 and 24 h. After each 
incubation time point, parallel samples were fixed with meth‑
anol and stored as aforementioned. Fixed and blocked control 
samples that were not pre‑treated with the CA9hu‑1 antibody 
at the beginning of the experiment were post‑ incubated with 
that antibody, for 1 h at 37˚C. All samples were then incu‑
bated with the mixture of secondary donkey anti‑mouse 
Alexa Fluor®488‑conjugated antibodies and goat anti‑human 
Alexa Fluor®555‑conjugated antibodies (Invitrogen; Thermo 
Fisher Scientific, Inc.; cat. no. A‑21433) diluted 1:1,000 in the 
blocking buffer containing 1% BSA for 1 h at 37˚C. Finally, 
the coverslips were mounted onto slides in Mounting Media 
with DAPI, and analyzed by the confocal laser scanning 
microscope Zeiss LSM 510 Meta.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated using RNeasy Plus Mini Kit (Qiagen) 
and reverse transcription of 1 µg RNA for each sample 
was performed with the High‑Capacity cDNA Reverse 
Transcription kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
qPCR was carried out using Maxima SYBR Green PCR 
Master mix (Thermo Fisher Scientific, Inc.) with the following 
gene‑specific primers: ADAM10 sense, 5'‑GAC CAC AGA 
CTT CTC CGG AAT‑3' and antisense 5'‑TGA AGG TGC TCC 
AAC CCA AG‑3'; ADAM17 sense, 5'‑TGG ATG AAG GAG 
AAG AGT GTG A‑3' and antisense, 5'‑AAG ATC CAA GCA 
AAC AGT GTC AT‑3'; and β‑actin sense, 5'‑TCC TCC CTG 
GAG AAG AGC TA‑3' and antisense, 5'‑ACA TCT GCT GGA 
AGG TGG AC‑3'. qPCR was performed for 10 min at 95˚C for 
initial denaturation followed by 40 cycles of 95˚C for 15 sec 
and 60˚C for 1 min. Sample CT values were normalized to 
β‑actin. Relative expression was calculated using the 2‑ΔΔCq 
method (28). All amplifications were performed in triplicates.

RNA interference. For siRNA‑mediated silencing of de novo 
ADAM10 synthesis, C33a‑FL‑CA IX cells were seeded at 
8x104 cells/cm2. One day later, cells were transfected with 1 µg 
of either MISSION® enzymatically‑prepared small interfering 
RNA (esiRNA) human ADAM10 (Sigma‑Aldrich; Merck 
KGaA; cat. no. EHU129311) or control esiRNA targeting 
RLUC (Sigma‑Aldrich; Merck KGaA; cat. no. EHURLUC) 
using Attractene transfection reagent (Qiagen) according to the 
manufacturer's recommendations. Briefly, esiRNA was diluted 
in serum‑free DMEM medium and Attractane Transfection 
Reagent in a total volume of 100 µl, and incubated for 15 min at 

room temperature. Following the medium exchange, the trans‑
fection reagent/esiRNA mixture was added drop‑wise onto 
C33a‑FL‑CA IX cells. The day after transfection, cells were 
incubated with fresh cultivation medium either with or without 
10 µM GI inhibitor for 24 h [as previously described (29)] and 
subsequently processed for ELISA analysis. Effect of 
ADAM10 silencing was evaluated by RT‑qPCR in transfected 
versus control cells.

Expression of dominant‑negative mutant of ADAM10 (ΔMP). 
C33a‑FL‑CA IX cells were plated into 35‑mm Petri dishes 
to reach ~70% monolayer density on the next day. Transient 
transfection was performed with 6 µg of pcDNA3‑Delta 
(Pro‑MP) ADAM10‑HA plasmid encoding a ΔMP mutant 
lacking prodomain and metalloprotease domain, a gift 
from Axel Ullrich (Addgene, Inc; plasmid cat. no. 65107; 
http://n2t.net/addgene:65107; RRID: Addgene_65107) 
using TurboFect™ reagent according to the manufacturer's 
recommendation. Briefly, plasmid DNA (6 µg) was diluted 
in serum‑free DMEM medium and TurboFect Transfection 
Reagent in a total volume of 200 µl, and incubated for 15 min 
at room temperature. The transfection reagent/plasmid DNA 
mixture was added drop‑wise to each dish without medium 
exchange. Cells transfected with empty vector served as nega‑
tive control. One day later, transfected cells were trypsinized 
and plated in six‑well plates. Half of the transfected cells were 
incubated in the presence of GI inhibitor diluted in DMEM to 
working concentration of 10 µM. As a negative control, DMSO 
was added in a volume corresponding to the concentration of 
the inhibitor. After 24 h, proteins from transfected cells were 
extracted and cell culture medium was collected for ELISA.

Western blotting. Western blotting was performed as previ‑
ously described (8). In brief, C33a‑FL‑CA IX and C33a‑NS‑CA 
IX cells were lysed in ice‑cold RIPA buffer (150 mM NaCl, 
1% Triton X‑100, 0.05% NaDOC, 1 mM EDTA, 0.1% SDS, 
50 mM Tris‑HCl pH 7.4) containing inhibitors of proteases 
(Roche Applied Science). Cell lysates were collected and 
cleared by centrifugation at 10,000 x g for 15 min at 4˚C. Total 
protein concentration was determined using the BCA protein 
assay reagent (Thermo Fisher Scientific, Inc.) and 50 µg/ml 
of total proteins mixed with Laemmli buffer were loaded 
per lane, separated in 10% SDS‑PAGE and transferred onto 
PvDF membrane (Macherey‑Nagel GmbH; cat. no. 741260). 
The membranes were treated with blocking buffer containing 
5% (w/v) non‑fat milk with 0.2% Nonidet P40 for 1 h and 
probed with the following primary antibodies: in‑house 
generated anti‑CA IX M75 Mab (hybridoma medium 1:3 
in 5% non‑fat dry milk with 0.2% Nonidet P40 in PBS, 1 h, 
room temperature); anti‑ADAM17 (cat. no. 3976; 1:1,000 in 
3% BSA in TBS‑T buffer, overnight, 4˚C), anti‑ADAM10 
(cat. no. 14194; 1:1,000 in 3 % BSA in TBS‑T buffer, over‑
night, 4˚C); anti‑β‑actin (cat. no. 3700) 1:5,000 in 3% BSA 
in TBS‑T buffer (0,1% Tween‑20), 1 h, room temperature; 
all from Cell Signaling Technology, Inc). After washing 
with 0.1% Tween‑20 in PBS, the membranes were incubated 
for 1 h at room temperature, with the secondary antibodies: 
HRP‑conjugated goat anti‑mouse IgG (Sigma‑Aldrich; Merck 
KGaA; cat. no. A0168) or HRP‑conjugated goat anti‑rabbit 
IgG (Bio‑Rad Laboratories, Inc.; cat. no. 1721019) diluted 
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1:5,000 in blocking buffer for 1 h at room temperature. Protein 
bands were detected using enhanced chemiluminescence kit 
(GE Healthcare Bio‑Sciences).

Activation and inhibition of CA IX ECD shedding. For the 
activation of shedding, treatment of cells with phorbol‑12‑ 
myristate‑13‑acetate (PMA; MilliporeSigma) at 20 µM final 
concentrations, and/or ionomycin (IONO; MilliporeSigma) 
at final concentration of 1 µg/ml was performed for 3 h. For 
the inhibition of shedding, cells were treated with serum‑free 
medium containing preferential ADAM10 inhibitor GI (1 µM), 
and/or ADAM17‑inhbiting antibody D1(A12) (200 nM; 
Abcam; cat. no. ab215268) for 3 h at 37˚C. 

Bioinformatics. In silico analysis of the ADAM10 and 
ADAM17 promoters was performed using MatInspector 
(https://www.genomatix.de) (30,31). The promoter sequences 
with the overall length of 1,418 and 1,643 bp were extracted 
directly from the ElDorado genome database for the ADAM10 
and ADAM17 genes, respectively. Transcription factors 
(TFs) were selected according to the core (0.75) and matrix 
(optimized) similarity. The accurate position of predicted 
binding elements was calculated according to the transcrip‑
tion start site. Phenotype heatmaps containing comparisons 
of relative transcriptional patterns of CA9, ADAM10, and 
ADAM17 in tumor tissue specimens from glioblastoma 
and colorectal carcinoma patients were generated through 
IST (in silico transcriptomics) online Medisapiens database 
(https://ist.medisapiens.com, accessed on March 10, 2021, 
currently available at https://tracxn.com/d/companies/
medisapiens.com).

Statistical analysis. Data were analyzed using unpaired 
two‑tailed Student's t‑test or one‑way ANOVA with Dunnett's 
multiple comparison test using GraphPad Prism 9 (GraphPad 
Software, Inc.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

CA IX cleavage by recombinant human ADAM10. It was first 
aimed to gain biochemical evidence that CA IX is an ADAM10 
substrate. Therefore, a recombinant human ADAM10 catalytic 
domain (rhADAM10) was used, the activity of which was 
proven by the cleavage of a commercial fluorogenic peptide 
(Fig. 1A). RhADAM10 was then shown to cleave a tran‑
siently expressed full‑length (FL) CA IX from the surface of 
transfected wild‑type CHOwt cells, that express a functional 
ADAM17 proteinase, but lack an endogenous ADAM10 
proteinase (Fig. 1B). In line with this finding, incubation 
of CHOwt‑FL‑CA IX cells with ADAM17 activator PMA 
resulted in shedding of CA IX ECD, while ADAM10 activator 
IONO had no effect (Fig. 1C). However, CA IX ECD was 
shed to culture medium upon external addition of rhADAM10 
(Fig. 1C).

Moreover, rhADAM10 was used to treat transiently 
transfected CHOwt‑NS‑CA IX cells expressing the NS CA 
IX variant generated by the deletion of 10 amino acids from 
the stalk region (11). As recently demonstrated, the NS CA 
IX variant exhibits cell surface expression similar to FL CA 

IX (11). Even though rhADAM10 was able to significantly 
increase the level of ECD shed from FL CA IX, it could not 
cleave the NS CA IX variant (Fig. 1B). These findings demon‑
strated that CA IX is a direct ADAM10 substrate and that the 
ADAM10 cleavage site is localized in the fragment deleted 
from the NS variant, which also contains the cleavage site for 
ADAM17 (11).

Colocalization and proximity of ADAM10 and CA IX. The 
role of endogenous ADAM10 in ECD shedding from the CA 
IX protein expressed on the surface of human cancer cells 
was next examined. For this purpose, stably transfected C33a 
cervical carcinoma cells constitutively expressing FL CA 
IX were employed. C33a‑FL‑CA IX cells express ADAM10 
at the mRNA and protein levels and subcellular localization 
similar to control C33a‑neo cells, as demonstrated by indirect 
immunofluorescence using the MAB1427 antibody specific 
for human ADAM10 (Fig. 2A and B). To further explore 
the spatial relationship between ADAM10 and CA IX, PLA 
was performed, which visualizes protein‑protein interactions 

Figure 1. Biochemical evidence for ADAM10‑mediated CA IX ECD 
cleavage. (A) Verification of the cleavage activity of rhADAM10 catalytic 
domain towards the fluorogenic peptide Mca‑K‑P‑L‑G‑L‑Dpa‑A‑R‑NH2. 
The peptide was used at the final concentration of 10 µM in a total of 100 µl 
reaction mixture with 10 ng of the rhADAM10. The cleavage was allowed to 
proceed for 30, 40, 50 and 120 min. Time‑related increase of the fluorescence 
emitted from the peptide proves that rhADAM10 was active in comparison 
to negative control without rhADAM10. (B) ELISA analysis of CA IX ECD 
in culture medium obtained from CHOwt‑FL‑CA IX and CHOwt‑NS‑CA 
IX cells transiently expressing FL‑CA IX and NS‑CA IX, respectively. 
Transfected cells were treated with rhADAM10 (500 ng/ml) for 24 h (Data 
were analyzed by Student's t‑test). (C) Incubation of CHOwt‑FL‑CA IX 
cells with ADAM17 activator PMA (20 µM, 3 h), ADAM10 activator IONO 
(1 µg/ml, 3 h) or rhADAM10 (500 ng/ml, 24 h). Data were analyzed using 
one‑way ANOVA followed by Dunnett's test. Experiments were performed in 
triplicates and repeated twice. The results were expressed as the mean ± SD. 
**P<0.01 and ***P<0.001. ADAM, a disintegrin and metalloproteinase; CA 
IX, carbonic anhydrase IX; rhADAM10, recombinant human ADAM10; 
ECD, ectodomain; FL, full‑length; NS, non‑shed; IONO, ionomycin; PMA, 
phorbol 12‑myristate 13‑acetate; ns, non‑significant.
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in situ. This in‑cell co‑immunoprecipitation represents 
an alternative to conventional co‑immunoprecipitation of 
extracted proteins while preserving the natural context of the 
analyzed interactors (26). PLA was executed with the primary 
antibodies binding to the N‑terminal regions of ADAM10 and 
CA IX. Results revealed a clear fluorescent signal suggesting 
that ADAM10 is in close proximity and can interact with 
CA IX (Fig. 2C). No PLA signal was observed in the control 
C33a‑neo cells (Fig. 2D).

Co‑internalization of ADAM10 and CA IX. It was next aimed 
to determine whether ADAM10 remains co‑distributed 
with CA IX during internalization induced by the specific 
CA9hu‑1 Mab directed to the CA IX catalytic domain (27). 
For that purpose, C33a‑FL‑CA IX cells were first incubated 
at 4˚C with both anti‑ADAM10 and anti‑CA IX antibodies to 
enable their binding only to the subpopulation of ADAM10 
and CA IX molecules present on the cell surface. Control 
samples were pre‑treated only with ADAM10 antibody, which 
is unable to trigger internalization. The pre‑bound antibodies 
could enter the cells together with their antigens only via 
active endocytosis (i.e. internalization), which was facilitated 
by transferring the cells to 37˚C. This approach allowed us 
to observe the endocytosis and recycling of the complexes of 
the primary antibodies bound to their antigens throughout the 
experimental period and detect them with the corresponding 

secondary antibodies at different time points. In the absence 
of internalization‑inducing CA9hu‑1 antibody, both CA IX 
and ADAM10 displayed plasma membrane localization 
(Fig. 3A‑D). By contrast, CA9hu‑1 antibody‑induced inter‑
nalization of CA IX was clearly visible already after 2 h and 
was accompanied by internalization of ADAM10 as indicated 
by their overlapping fluorescence signals (Fig. 3E‑G). Later 
on, both molecules recycled back to the plasma membrane 
(Fig. 3G and H).

Effect of molecular targeting of ADAM10 on CA IX ECD 
shedding. Based on the aforementioned observations, it was 
aimed to directly target ADAM10 expression in C33a‑FL‑CA 
IX cells by RNA interference and follow its impact on CA 
IX ECD shedding. The initial attempts to suppress ADAM10 
were not fully satisfactory despite the clear downregulation of 
ADAM10 transcription (Fig. S1A), possibly due to the fact that 
the reduced de novo synthesis of ADAM10 protein remained 
unrecognized within the large pool of existing ADAM10 
molecules. To solve this problem, an approach inspired by the 
study of Seifert et al (29) was chosen, where it was revealed 
that exposing cells to GI, a preferential ADAM10 inhibitor 
that binds to the protease active‑site, leads to its internaliza‑
tion followed by lysosomal degradation of mature ADAM10 
molecules. Therefore, it was assumed that inactivation linked 
to a reduction in the pool of existing mature ADAM10 
molecules would enhance the effect of ADAM10 suppression. 
We first verified that GI causes the ADAM10 internalization 
also in C33a‑FL‑CA IX cells (Fig. 4). This was performed 
by pre‑incubation of live cells with anti‑ADAM10 antibody 
to allow for its binding only to the molecules exposed on the 
cell surface. Then the cells were incubated with or without 
GI at 37˚C to enable endocytosis. Afterwards, the cells were 
fixed and stained with the secondary antibody. The cells 
without added GI inhibitor displayed ADAM10 on the plasma 
membrane (Fig. 4A‑D). By contrast, exposure of cells to 
10 µM GI at 37˚C led to a reduced membrane localization of 
ADAM10 apparently due to its internalization (Fig. 4E‑H).

Then, transient esiRNA‑mediated ADAM10 silencing was 
performed, followed by 24 h incubation of the transfected cells 
with and without GI inhibitor at 10 µM concentration (Fig. 4I). 
Rather than using a single chemically‑synthesized siRNA, it 
was decided to employ an esiRNA made up of a diverse pool 
of siRNA that all target the same mRNA sequence. Each indi‑
vidual siRNA has a lower concentration in the pool, leading 
to lower off‑target effects while producing an efficient knock‑
down. Alternatively, transient expression of a ∆MP lacking 
the pro‑ and metalloprotease domains was accomplished 
(Figs. 4j and S1B) (32) again followed by the 24 h treatment 
with or without 10 µM GI. As recently demonstrated, the 
long‑term effect (24 h) of 10 µM GI is limited to ADAM10 
and not observed for ADAM17, which is not a primary target 
of this inhibitor (29). Culture media from cells subjected to 
esiRNA or ∆MP transfections incubated with and without GI 
were then analyzed for CA IX ECD by ELISA (Fig. 4I and j).

Both approaches led to similar effects on CA IX ECD 
shedding (Fig. 4I and j). Targeting of ADAM10 alone reduced 
CA IX ECD release to medium by 9% for esiRNA and 18% for 
∆MP. Silencing of de novo synthesis was inferior compared 
with the ∆MP expression as ∆MP protein could potentially 

Figure 2. Co‑localization of ADAM10 and CA IX in C33a‑FL‑CA IX cells. 
Immunofluorescence of (A) C33a‑FL‑CA IX cells expressing CA IX, and 
(B) control C33a‑neo cells using ADAM10‑specific antibody. Nuclei were 
counterstained with DAPI. PLA performed in (C) C33a‑FL‑CA IX and 
(D) C33a‑neo cells using rabbit anti‑human CA IX‑specific antibody and 
mouse anti‑human ADAM10 antibody. Red PLA signal indicating the 
interaction of CA IX with ADAM10 was clearly visible only in C33a cells 
expressing FL CA IX. Experiment was performed in triplicates and repeated 
twice. Magnification, x630. Scale bar, 10 µm. ADAM, a disintegrin and 
metalloproteinase; CA IX, carbonic anhydrase IX; PLA, proximity ligation 
assay; FL, full‑length.
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dimerize with existing ADAM10 molecules and perturb 
their function. Inhibition of mature ADAM10 by GI in non‑ 
transfected cells decreased CA IX ECD shedding by 15% for 
esiRNA and 28% for ∆MP. However, simultaneous targeting 
and inhibition of ADAM10 resulted in 37% (esiRNA) and 41% 
(∆MP) reduction of CA IX ECD release to the culture medium. 
These data are in line with the aforementioned biochemical 
and co‑localization experiments and further support the view 
that ADAM10 is involved in the CA IX ECD shedding.

Additive effects of ADAM10 and ADAM17 activators and 
inhibitors on CA IX ECD shedding. Since C33a cells express 
both ADAM10 (Fig. 2A) and ADAM17 (11), they represent a 
suitable cell model to investigate possible relationship between 
these two ADAMs in CA IX ECD shedding. qPCR analysis 
of C33a cells revealed that the level of ADAM10 transcript is 
significantly higher (~2.5‑times) than the level of ADAM17 in 
these cells irrespectively of whether they express FL CA IX 
or NS CA IX (Fig. 5A). Expression of both metalloproteinases 
in C33a cells was also revealed by Western blotting (Fig. 5B). 
Although the intensity of protein bands appeared to be similar, 
these two results cannot be directly compared due to the fact 
that the antibodies specific for ADAM10 and ADAM17, 
respectively, may differ in the binding properties. As revealed 
in the present study for ADAM10 (Figs. 2 and 3) and recently 
for ADAM17 (11) by indirect immunofluorescence of live 

cells, both metalloproteinases are localized on the cell surface 
in CA IX proximity where they can accomplish CA IX ECD 
cleavage.

C33a‑FL‑CA IX cells were treated either with IONO that is 
known to activate primarily ADAM10 or with PMA predomi‑
nantly activates ADAM17 (33), or simultaneously with both 
activators to find out their individual and combined effect on 
activated CA IX ECD shedding. Medium was harvested from 
the cells treated with activators for 3 h and analyzed for CA IX 
ECD by ELISA. As revealed in Fig. 5C, each activator was able to 
significantly increase the level of CA IX ECD from C33a‑FL‑CA 
IX cells and moreover, they showed an additive effect when used 
together. No basal ECD shedding and no activation was observed 
in C33a‑NS‑CA IX cells (data not shown).

C33a‑FL‑CA IX cells were then treated with inhibitors 
(Fig. 5D), namely the ADAM17‑inhibiting antibody D1(A12) 
that binds to a conformation‑sensitive cross‑domain epitope on 
ADAM17 molecule (34) and GI at 1 µM concentration that is 
fully specific for ADAM10 and not sufficient for inhibition of 
ADAM17 in this experimental setting (35) (Fig. S1D). D1(A12) 
Mab was used because it is specific only for ADAM17, whereas 
other known ADAM10 inhibitor, a hydroxamate‑based 
TAPI‑0, can inhibit not only ADAM17 but also MMP metallo‑
proteinases and potentially also carbonic anhydrases (36). GI 
was used at 1 µM concentration, since at 10 µM concentration 
it could slightly reduce shedding of CA IX from the surface of 

Figure 3. Localization of ADAM10 (green) in response to CA9hu‑1 antibody‑induced CA IX internalization (red). C33a‑FL‑CA IX cells were pre‑incubated 
either with anti‑ADAM10 antibody alone (ctrl, A‑D) or with anti‑ADAM10 antibody together with the internalization‑inducing anti‑CA IX antibody CA9hu‑1 
(E‑H) 30 min at 4˚C. Plasma membrane staining signal for ADAM10 and CA IX was observed at all time points in the absence of CA9hu‑1 pre‑treatment. On 
the other hand, CA9hu‑1‑induced internalization of CA IX as well as ADAM10 was visible after 2 and 4 h at 37˚C (E and F), while both molecules showed 
recycling to plasma membrane after 8 and 24 h. Overlapped staining signals were evident in all samples. Magnification, x630. Scale bar, 20 µm. Experiment 
was performed in triplicates and repeated twice. ADAM, a disintegrin and metalloproteinase; CA IX, carbonic anhydrase IX.
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live CHO cells that express only ADAM17 but not ADAM10 
(Fig. S1C and D). In the internalization experiments, slight 
inhibition of ADAM17 alongside full inhibition of ADAM10 
did not interfere with the ADAM10 endocytosis. However, in 

the experiments aimed at CA IX ECD shedding from C33a 
cells that express both sheddases, it was required to be certain 
that GI specifically inhibits only ADAM10. Importantly, 
a significant additive effect of inhibitors was observed on 
constitutive CA IX shedding from C33a‑FL‑CA IX (Fig. 5D), 
suggesting contribution of both ADAM17 and ADAM10.

Collectively, these data suggested that CA IX ECD 
shedding is mediated not only by ADAM17, as previously 
described (8,11), but also by ADAM10, as demonstrated in the 
present study.

Discussion

CA IX is a cancer‑associated carbonic anhydrase isoform 
expressed in a broad range of tumor types, where it is primarily 
localized on the surface of cells exposed to chronic hypoxia 
and/or cells with oncogenic mutation(s) leading to activa‑
tion of the hypoxia‑inducible factor (HIF) pathway. The cell 
surface position allows CA IX to use the exofacial catalytic 
domain to regulate tumor pH via reversible conversion of CO2 
generated by oncogenic metabolism to bicarbonate ions and 
protons. Bicarbonate ions are imported into the cytoplasm by 

Figure 4. GI‑induced internalization of ADAM10 and targeting of ADAM10 
by RNA interference or by a dominant‑negative ADAM10 mutant ∆MP. 
(A‑H) C33a‑FL‑CA IX cells were pre‑incubated with anti‑ADAM10 anti‑
body at 4˚C. (A‑D) Cells showed the plasma membrane staining signal for 
ADAM10 (green) in absence of GI at 37˚C. (E‑H) GI‑induced internaliza‑
tion of ADAM10 was clearly visible as cytoplasmic staining signal in all 
incubation periods at 37˚C. (I) Direct targeting of ADAM10 was performed 
by RNA interference and (J) expression of a dominant‑negative mutant ∆MP 
with and without GI treatment. Control cells were transfected with either 
an esiRNA targeting RLUC or an empty vector (pcDNA3.1). Culture media 
collected from transfected cells incubated in presence and absence of GI for 
24 h were collected and subjected to ELISA analysis for detection of CA IX 
ECD. Experiment was performed in triplicates and repeated six times. Data 
were analyzed by one‑way ANOVA followed by Dunnett's test. Results were 
expressed as the mean percentage of CA IX ECD shedding with control cells 
set as 100% ± SD. ***P<0.001. GI, GI254023X; ADAM, a disintegrin and 
metalloproteinase; ∆MP, dominant‑negative mutant of ADAM10; esiRNA, 
enzymatically‑prepared small interfering RNA; CA IX, carbonic anhydrase 
IX; ECD, ectodomain.

Figure 5. Additive effect of ADAM10 and ADAM17 activation/inhibition. 
(A) Quantitative PCR analysis of ADAM10 and ADAM17 mRNA levels in 
C33a‑FL‑CA IX and C33a‑NS‑CA IX cells normalized to the level of β‑actin 
mRNA. (B) Western blot analysis of ADAM10, ADAM17 and CA IX protein 
in C33a‑FL‑CA IX and C33a‑NS‑CA IX cells. The anti‑actin antibody was 
used as a loading control. (C and D) ELISA analysis of CA IX ECD in culture 
medium collected from C33‑FL‑CA IX cells after the treatment with IONO 
(1 µg/ml), PMA (20 µM), IONO + PMA (1 µg/ml; 20 µM), D1(A12) anti‑
body (200 nM), GI inhibitor (1 µM) or D1(A12) + GI (200 nM; 1 µM) for 
3 h in comparison to non‑treated cells (CTRL). Experiment was performed 
in triplicates and repeated two times. Data were analyzed by (A) Student's 
t‑test and (C and D) one‑way ANOVA followed by Dunnett's test. Results 
were expressed as the mean relative levels of mRNA or CA IX ECD ± SD. 
***P<0.001. ADAM, a disintegrin and metalloproteinase; FL, full‑length; CA 
IX, carbonic anhydrase IX; NS, non‑shed; ECT, ectodomain; IONO, iono‑
mycin; PMA, phorbol 12‑myristate 13‑acetate; GI, GI254023X.
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bicarbonate transporters to maintain slightly alkaline intracel‑
lular pH, which is crucial for cell survival and proliferation, 
whereas protons remain in pericellular space and contribute 
to extracellular acidosis, which supports invasiveness and 
metastasis. The N‑terminal proteoglycan‑like region of the 
extracellular domain of CA IX mediates cell adhesion and 
participates in a non‑catalytic export of protons in co‑operation 
with lactate transporters [reviewed in (13,37)].

It was previously demonstrated by the authors that CA IX 
is a highly stable protein with a half‑life close to 40 h (38). 
However, ~10% of the CA IX molecules undergo constitutive 
shedding of their ECD, which is sensitive to metalloproteinase 
inhibitor batimastat (8). Even though hypoxia increases the 
level of the shed ECD, the fraction of the soluble CA IX 
ECD is proportional to the hypoxia‑induced expression of the 
cell‑associated protein. Nevertheless, it was identified that CA 
IX ECD shedding can be increased by PMA, which activates 
ADAM17 through the PKC pathway, and both biochemical and 
molecular evidences were provided for the ADAM17‑mediated 
CA IX shedding via the cleavage site localized in the stalk 

region proximal to the transmembrane region of the CA IX 
molecule (8,11). 

In the present study, it was shown for the first time that CA 
IX ECD can be also cleaved by ADAM10. In addition, it was 
demonstrated that CA IX and ADAM10 are localized in close 
proximity. This is further supported by the finding that the 
antibody‑triggered internalization of CA IX is associated with 
the internalization of ADAM10. Both molecules exhibit over‑
lapping subcellular distribution not only during endocytosis, 
but also during recycling to the plasma membrane indicating 
that they remain associated throughout the intracellular path. 
Thus, the co‑localization of ADAM10 with CA IX fulfils 
the spatial prerequisite for their interaction and CA IX ECD 
cleavage.

The data obtained with the NS CA IX variant suggested 
that ADAM10 can mediate CA IX ECD shedding via the 
cleavage site overlapping with that of ADAM17. Based on 
comparison of the sequence of amino acids deleted from 
the NS mutant with the predicted cleavage sites for dual 
ADAM10&17 substrates (39), it can be deduced that the 

Figure 6. Scheme illustrating CA IX ECD shedding by ADAM10 and ADAM17 proteinases. Picture depicts differences in regulatory components that 
differentially affect ADAMs biosynthesis and processing at various levels of their expression and activation and thereby can potentially influence CA IX ECD 
cleavage. Based on (33,40‑51). CA IX, carbonic anhydrase IX; ADAM, a disintegrin and metalloproteinase; ECD, ectodomain.
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cleavage site may be localized on the CA IX molecule between 
the positions 402*403 corresponding to PRAAE*PvQ 
sequence. Moreover, data obtained in the present study 
supported the view that ADAM10 and ADAM17 proteinases 
are involved in both constitutive shedding (as demonstrated 
by inhibitors) and activated shedding (as demonstrated by 
activators) of CA IX.

ADAM10 is regulated by different pathways and can 
cleave a spectrum of molecular targets only partially overlap‑
ping with targets of ADAM17 (5,33). Thus, ADAM10 appears 
to facilitate CA IX ECD shedding in additional signaling 
and physiological contexts, and thereby can affect responses 
mediated by soluble CA IX also in the absence of ADAM17. 
Based on previous data by the authors, soluble CA IX appears 
to interfere with the local functions of the cell‑tethered CA IX 
protein that are required for tumorigenic and metastatic pheno‑
type, including proper execution of the pH‑regulatory and 
adhesion functions, presumably via competitive interactions 
with CA IX partner proteins in the plasma membrane or in the 
extracellular space (11).

When looking more closely at the regulation and effector 
functions of ADAM10 versus ADAM17, a large diversity of 
molecular events can be observed, that play a role in distinct 
expression patterns as well as activities of these two related 
proteinases, which execute CA IX ECD shedding (Fig. 6).

Data from the literature and from in silico analysis of 
ADAM10 and ADAM17 promoters using the MatInspector 
tool (Fig. S2) suggested involvement of the general TF SP1 
through multiple binding sites in transcription of both 
ADAM10 and ADAM17 genes (40,41). Both genes were also 
shown to be transcriptionally activated by hypoxia (42,43). 
Typical hypoxia‑response element sequences recognized by 
the HIF TF were found and functionally proven in ADAM17 
promoter, while ADAM10 promoter appears to contain 
just a HIF‑ancillary sequence and two ARNT (i.e. HIF‑β) 
binding sequences. In addition, both ADAM10 and ADAM17 
promoters include several binding sites for ETS1 factor, which 
can cooperate with other TFs, including CREB, SP1 and HIF. 
Notably, while ADAM10 seems to respond also to moderate 
hypoxia (0.5‑5% of oxygen), ADAM17 is transcriptionally 
induced by severe hypoxia (below 0.1% O2) (42,43). Moreover, 
transcription of ADAM10 was shown to be induced by retinoic 
acid (RA) through its binding to RA receptor and retinoid 
receptors to RXR motifs in the ADAM10 promoter (40). 
ADAM10 (but not ADAM17) is also regulated by paired 
box 2 TF, particularly in WT1‑mutated kidney cancers 
through multiple promoter binding sites and by XBP1 factor 
involved in response to DNA damage (44‑46). On the other 
hand, ADAM17 transcription is regulated by forkhead box 
M1 (47). Both ADAM10 and ADAM17 can be also regulated 
post‑transcriptionally by distinct sets of miRNAs (48).

Another level of expression diversity is given by the 
post‑translational regulation. Maturation of ADAM10 
depends on tetraspanins (TSPANC8), whereas maturation 
of ADAM17 is driven by rhomboid chaperones iRhom1 and 
iRhom2 encoded by RHBDF1 and 2 genes (49,50). Moreover, 
ADAM10 can be inhibited by tissue inhibitor of metallo‑
proteinase (TIMP) 1 and TIMP3, whereas ADAM17 can be 
inhibited by the TIMP3 and TIMP4 molecules, which are 
expressed in various tumor types at various levels and can 

locally impair the cleavage of ADAMs' substrates including 
CA IX (51). Finally, activation of shedding can be mediated 
either by release of Ca2+ ions through ADAM10 or by pathways 
involving PKC, EGFR/PI3K, ERK, TNFα or NF‑κB signaling 
through ADAM17 (33).

All these circumstances create specific tumor tissue contexts, 
where the shedding of CA IX ECD may depend on multiple 
factors such as those driving the expression of CA IX, expression 
of ADAM10 and ADAM17, or on their inhibitors and activators 
(Fig. 6). This complex picture is evident from the phenotype 
heatmap generated by IST Medisapiens (https://ist.medisapiens.
com) analysis of the RNA‑seq metadata for glioblastoma and 
colorectal carcinoma, illustrating expression of selected genes in 
tumor tissues of individual patients (Fig. S3A and B). The analysis 
showed distinct transcription patterns of CA IX, ADAM17 and 
ADAM10, suggesting that in certain CA IX‑expressing tumors 
lacking ADAM17, CA IX ECD shedding can be potentially 
executed by ADAM10. This renders CA IX shedding possible 
in a broader range of tumor tissues. Similarly, distinct expression 
patterns can be observed also in other tumor types.

Accumulating experimental and clinical studies demon‑
strate correlations of CA IX expression in cancer or stromal 
cells to aggressive tumor phenotype, poor patient prognosis and 
resistance to therapy. However, potential clinical value of CA 
IX ECD shedding remains unclear despite numerous efforts 
to exploit soluble CA IX as non‑invasive tumor biomarker. 
While certain studies support its prognostic and/or predictive 
value, others do not show any significant relationship between 
the CA IX ECD levels and clinical parameters. This can be 
at least in part due to complex regulation of the CA IX ECD 
shedding. Uncovering the involvement of ADAM10 in the CA 
IX ECD cleavage sheds a new light on this intricate phenom‑
enon and represents an important step towards its improved 
understanding in terms of both tumor biology and clinical 
applications.
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