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ABSTRACT 

Carbonic anhydrase IX (CA IX) is a transmembrane protein affecting pH regulation, cell migration/invasion and 

survival in hypoxic tumors. Although the pathways related to CA IX have begun to emerge, molecular partners 

mediating its functions remain largely unknown. Here we characterize the CA IX interactome in hypoxic HEK-293 

cells. Most of the identified CA IX-binding partners contain the HEAT/ARM repeat domain and belong to the 

nuclear transport machinery. We show that the interaction with two of these proteins, namely XPO1 exportin and 

TNPO1 importin, occurs via the C-terminal region of CA IX and increases with protein phosphorylation. We also 

demonstrate that nuclear CA IX is enriched in hypoxic cells and present in renal cell carcinoma tissues. These 

data place CA IX among the cell-surface signal transducers undergoing nuclear translocation. Accordingly, CA 

IX interactome involves also CAND1, which participates in both gene transcription and assembly of SCF 

ubiquitin ligase complexes. Noteworthy, down-regulation of CAND1 leads to decreased CA IX protein level 

apparently via affecting its stability. Our findings provide the first evidence that CA IX interacts with proteins 

involved in nuclear/cytoplasmic transport, gene transcription and protein stability, and suggest the existence of 

nuclear CA IX protein subpopulations with a potential intracellular function, distinct from the crucial CA IX role at 

the cell surface.     

 

 

ABBREVIATIONS 

CA, carbonic anhydrase; DAPI, 4',6-diamidino-2-phenylindole; IC, intracytoplasmic; nLC-ESI-LIT-MS/MS, nano-

liquid chromatography coupled to electrospray-linear ion trap tandem mass spectrometry; PG, proteoglycan; 

PTM, post-translation modification; SCF, Skp, Cullin, F-box. 
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INTRODUCTION 

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous Zn-binding enzymes acting as catalysts in the reversible 

hydration of CO2 to HCO3
- and H+. There are 15 human CA isoforms that differ in catalytic activity, subcellular 

localization and tissue distribution 1. CA IX is a transmembrane, multi-domain isoenzyme consisting of a N-

terminal proteoglycan (PG)-like region, a carbonic anhydrase catalytic domain, a transmembrane segment, and 

an intracellular (IC) tail 2, 3. Biochemical characterization of CA IX demonstrated that it forms dimers through a 

symmetrical inter-molecular disulfide bond involving C137 localized on the backbone of the catalytic domain 4. 

This study also showed that CA IX contains an intra-molecular disulfide bond (C119-C299), a unique N-linked 

glycosylation site in the catalytic domain, and an O-linked glycosylation site next to the PG domain. The recently 

reported crystal structure of the CA domain of this enzyme confirmed its dimeric nature and enabled to propose 

a reliable model of the full-length protein, compatible with its known biological functions 5. 

CA IX is a peculiar member of the CA family, also because of its tissue distribution. It is a tumor-associated 

protein, since it is expressed in limited amount within normal tissues (essentially in the gastrointestinal tract), 

whereas it is over-expressed on the surface of solid tumor cells, where it is linked with the hypoxic phenotype. Its 

expression is principally mediated by the HIF-1 transcription factor 6, and connected to a poor responsiveness to 

classical radio/chemo-therapy 7. Several studies reported the functional involvement of CA IX in pH regulation, 

proliferation, adhesion/migration and aggressiveness of tumor cells 8-10. Thus, CA IX has been widely recognized 

as a valuable target for cancer diagnosis and treatment 1, 11, 12. 

A wealth of data report on the potential roles of the different CA IX domains 5, 9, 13. Catalytic CA domain has been 

implicated in the growth and survival of tumor cells 12, whereas PG domain has been related to cell adhesion 

and intercellular communication 14-16. The IC tail is essential for proper enzyme function and correct plasma 

membrane localization. Mutations of several residues in the sub-membrane IC region abolish both cell adhesion 

capacity and extracellular acidification potential 17. The IC tail contains three phosphorylation sites, namely T443, 

S448 and Y449; the first two modulate CA IX catalytic activity, while the latter is involved in EGFR-induced signal 

transduction to PI3/Akt kinase pathway 18, 19. 

Altogether, these data highlight a very complex scenario, which contemplates multiple functions for each CA 

domain and may involve interactions with other protein partners. Nevertheless, except for earlier data on CA IX 

interaction with β-catenin 14 and bicarbonate transporters 9, no systematic analysis has been performed to 

characterize protein complexes involving CA IX. Here, we report on the characterization of the human CA IX 
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interactome. Our data unveils the protein machinery that assists CA IX stabilization and re-distribution in nuclear 

compartments following hypoxic stimulation, and molecular targeting of which may have potential impact on 

future therapeutic developments. 

 

 

EXPERIMENTAL SECTION 

DNA constructs, cell lines and treatments  

The expression construct encoding the full-length CA IX protein was obtained by RT-PCR amplification of mRNA 

isolated from non-small cell lung cancer explanted tumors with ImProm-II Reverse transcriptase (Promega) and 

Pfu DNA polymerase. The primers for cDNA amplification were: ca9for: 5’-

cacaagcttagccgccatggctcccctgtgccccagc-3’; ca9rev: 5’-

cactctagattatcctcctcctttttgaactgcgggtggctccaggctccatctcggctacctc-3’, synthesized at CEINGE oligonucleotide 

facility. The reverse primer contained additional bases for the incorporation of the Strep-tag II sequence, i.e. 

WSHPQFEK, into the final protein construct. The PCR product was cloned in the pRcCMV vector (Invitrogen). 

cDNA was fully sequenced for verification. 

HEK-293, SH-SY5Y and BJ5a cells were obtained from ATCC. HEK-293-CA9 cell line constitutively expressing 

the full-length human CA IX protein was obtained by stable transfection with pSG5C-CA9 plasmid. Cells were 

cultured in DMEM supplemented with 10% fetal bovine serum (Euroclone) and penicillin/streptomycin, at 37°C, 

in 5% CO2 humidified atmosphere. HEK-293 cells were transfected with the empty pRcCMV vector, or with the 

Strep-tag CA IX vector by using the calcium phosphate method. Forty-eight h after transfection, cells for hypoxic 

treatments were moved to an incubator with N2 atmosphere containing 2% O2 and 5% CO2 for the last 16 h. The 

shRNA-expressing plasmids sh2555 and sh2562 targeting CAND1 and the non-silencing shNS construct were 

selected from a collection of constructs in the retroviral pS2 vector (Open Biosystems). Cellular pools of HEK-

293 clones were selected in the presence of puromycin (2 µg/ml) (Sigma) for two weeks. After selection, cells 

were propagated in the presence of culture medium containing puromycin (0.25 µg/ml). 

 

Protein extracts preparation and interactome analysis 

Protein extracts were generated as already described 20. Each protein extract (2 mg) was challenged with 250 µl 

of Strep-tactin resin (IBA), and incubated for 12 h, at 4°C. After washing, proteins were eluted with 100 mM Tris-
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HCl, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 2 mM D-biotin, pH 8. Bound proteins from different cell 

preparations were analyzed by 12% SDS-PAGE (14 cm × 16 cm × 0.75 mm) in an SE600 vertical 

electrophoresis system (Hoefer, USA), at 18°C, using a constant current setting of 25 mA and a maximum of 

150 V. All electrophoretic reagents were from BioRad (USA). Proteins were visualized by silver nitrate staining 

21. Digitalized gel images were acquired by using an Image Scanner III (GE Healthcare, USA) apparatus and 

analyzed by the Image Master 2D Platinum 6.0 software (GE Healthcare, USA), according to the manufacturer’s 

instructions. 

Independent lanes from SDS-PAGE were cut separately and each subdivided into 21 similar gel portions, which 

were then independently triturated, washed with water, in gel-reduced, S-alkylated and digested with trypsin 

(Sigma, sequencing grade) 22. Resulting peptide mixtures were desalted by µZip-TipC18 (Millipore, USA) using 

50% (v/v) acetonitrile, 5% (v/v) formic acid as eluent 23.  

To isolate glycopeptides, digest aliquots from CA IX-containing gel portion were solved in 80% (v/v) acetonitrile, 

2% (v/v) formic acid and loaded on GELoader tips (Eppendorf, Germany), which were plugged with 3M Empore 

C8 extraction disk material (3M Bioanalytical Technologies, MN) and packed with ZIC-HILIC (200 Å, 10 µm, 

zwitterionic sulfobetaine functional groups) resin (Sequant, Sweden) 24. Loaded microcolumns were washed 

twice with 15 µl of 80% (v/v) acetonitrile, 2% (v/v) formic acid. Glycopeptides were first eluted with 10 µl of 2% 

(v/v) formic acid and then with 5 µl of 50% (v/v) acetonitrile, 2% (v/v) formic acid; pooled fractions were analyzed 

by MALDI-TOF-MS and nLC-ESI-LIT-MS/MS for PTMs characterization, as described below. All solvents were 

LC/MS grade (Baker, USA). To confirm the nature of glycopeptides (N- or O-linked), enriched peptide mixtures 

were deglycosylated by mixing 3 µL of each sample solved in 50 mM NH4HCO3, pH 8, with 0.2 U of PNGase F 

(Roche) solved in 2 µl of the same buffer 25. Reaction mixtures were then incubated for 2 h, at 37°C, followed by 

addition of 1 µl of 10% (v/v) formic acid. Peptide mixtures were eventually desalted on µZipTipC18 pipette tips 

(Millipore) before MALDI-TOF-MS and nLC-ESI-LIT-MS/MS analysis. 

To isolate phosphopeptides, digest aliquots from CA IX-containing gel portion were solved in 80% (v/v) 

acetonitrile, 0.1% (v/v) TFA, containing 2,5-dihydroxy-benzoic acid (20 mg/ml) and loaded on GELoader tips 

(Eppendorf, Germany), which were plugged with 3M Empore C8 extraction disk material (3M Bioanalytical 

Technologies, MN) and packed with TitanSphere TiO2 resin 5 µm (GL Science Inc, Japan) 25. Loaded 

microcolumns were washed at first with 10 µl of 80% (v/v) acetonitrile, 0.1% (v/v) TFA, containing 2,5-dihydroxy-

benzoic acid (20 mg/ml) and then with 20 µl of 80% (v/v) acetonitrile, 0.1% (v/v) TFA. Phosphopeptides were 
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 6

finally eluted with 10 µl of NH4OH, pH 10.5 and directly analyzed by MALDI-TOF-MS and nLC-ESI-LIT-MS/MS, 

as described below. 

 

Mass spectrometry and bioinformatic analysis of the CA IX interactome 

Peptide digests were analyzed for protein identification by nLC-ESI-LIT-MS/MS, using an LTQ XL mass 

spectrometer (ThermoFisher, USA) equipped with a Proxeon nanospray source connected to an Easy-nanoLC 

(Proxeon, Denmark) 26. Peptide samples were separated on an Easy C18 column (10 × 0.075 mm, 3 µm) 

(Proxeon, Denmark). Mobile phases were 0.1% (v/v) formic acid (solvent A) and 0.1% (v/v) formic acid in 

acetonitrile (solvent B), running at total flow rate of 300 nl/min. Linear gradient was initiated 20 min after sample 

loading; solvent B ramped from 5% to 35% over 45 min, from 35% to 60% over 10 min, and from 60% to 95% 

over 20 min. Spectra were acquired in the range m/z 400-2000. Each sample was analyzed on the same LC 

column in duplicate under collision-induced dissociation (CID)-MS/MS data acquisition conditions, enabling 

dynamic exclusion (repeat count 1 and exclusion duration 60 s). Acquisition methods were the following: (i) data-

dependent product ion scanning procedure over the three most abundant ions; (ii) as the previous method, with 

exclusion of the peptides confidently identified in the first run, in order to increase the number of identified 

peptides/protein coverage. In both acquisition methods, mass isolation window and collision energy were set to 

m/z 3 and 35%, respectively. 

Raw data files from nLC-ESI-LIT-MS/MS experiments were searched by MASCOT search engine (version 

2.2.06, Matrix Science, UK) within the Proteome Discoverer software package (Thermo Fisher, USA, version 1.0 

SP1) against an updated UniProtKB non-redundant (2010/09/11) database containing 515,203 sequence entries 

to identify proteins from gel slices. Database searching was performed by using Cys carbamidomethylation and 

Met oxidation as fixed and variable modifications, respectively, a mass tolerance value of 2.0 Da for precursor 

ion and 0.8 Da for MS/MS fragments, trypsin as proteolytic enzyme, and a missed cleavage maximum value of 

2. Other Proteome Discoverer parameters were kept as default. Candidates with at least 2 unique assigned 

peptides with an individual MASCOT score > 25 (corresponding to an ion score above a confidence level of 

95%) were considered confidently identified. Definitive peptide assignment was always associated with manual 

spectra visualization and verification. Identification results from nLC-ESI-LIT-MS/MS analyses are reported in 

Supplementary Information Table S1. Gel portions containing proteins with similar electrophoretic mobility are 

numbered from 1 to 21. 
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Enriched glycopeptide mixtures from CA IX-containing gel portions were loaded on a MALDI-TOF instrument 

target together with 2,5-dihydroxy-benzoic acid (10 mg/ml) in 70% (v/v) acetonitrile, 0.06% (v/v) trifluoroacetic 

acid, as matrix, by using the dried droplet technique. Samples were analyzed with a Voyager-DE PRO 

spectrometer (Applera, USA), operating with a 337 nm laser 23, 25, 26. Mass spectra were acquired in positive 

polarity, using the instrument in linear mode. Internal mass calibration was performed with peptides from CA IX 

autoproteolysis. MALDI data were elaborated using the DataExplorer 5.1 software (Applera, USA). Enriched 

glycopeptide mixtures were also analyzed by nLC-ESI-LIT-MS/MS, as described above for protein identification. 

MALDI-TOF spectra were assigned by using the GPMAW 4.23 software (Lighthouse Data, Denmark). This 

software generated a mass/fragment database output, based on CA IX sequence, protease selectivity, nature of 

the amino acid susceptible to eventual PTMs and molecular mass of the modifying groups. Mass signals were 

matched to CA IX regions by using a mass tolerance value of 0.02%. PTMs assignment was confirmed by 

additional nLC-ESI-LIT-MS/MS experiments and MALDI-TOF-MS analysis on CA IX samples subjected to 

PNGase F treatment. 

Functional interaction analysis between the proteins identified by nLC-ESI-LIT-MS/MS was performed using the 

String v. 9.0 database (http://string-db.org/) 27. Gene ontology classification of the identified proteins was 

performed through the web-accessible DAVID (v 6.7) annotation system (http://david.abcc.ncifcrf.gov/home.jsp) 

28, 29.  

 

Antibodies, interaction assays and western blot analysis 

Antibodies used in this study were the following: CA IX VII/20 and M75 mouse monoclonals 30; CA IX (H-120, 

Santa Cruz Biotechnology) rabbit polyclonal; XPO1 (CRM1 C-20, Santa Cruz Biotechnology), goat polyclonal; 

TNPO1 (karyopherin β2 F-6, Santa Cruz Biotechnology), mouse monoclonal; CAND1 (TIP120A 48, Santa Cruz 

Biotechnology), mouse monoclonal. 

Co-precipitation experiments were performed on protein lysates (1 mg) on Strep-tactin resin for 2 h, at 4°C. 

Samples were washed 5 times with lysis buffer, and analyzed by 10% SDS-PAGE. Pull-down assays were 

performed with synthetic peptides as obtained by solid phase synthesis following standard Fmoc chemistry 

protocols 31 and purified by reversed-phase LC on an ONYX monolithic C18 column (100 x 10 µm ID). Peptides 

(0.5 nmol each) were bound to 10 µl of Strep-tactin resin; binding reactions with protein cell lysates (500 µg 

each) were performed at 4°C, followed by washes in lysis buffer, elution, and analysis by western blots from 
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 8

10% SDS-PAGE. After blotting on PVDF membranes (Millipore), filters were probed with the XPO1, TNPO1 and 

CAND1 antibodies, as needed. Co-immunoprecipitation analysis of endogenous proteins was carried out on 

protein lysates (3 mg) with anti-CA IX antibody VII/20 for 16 h, at 4°C. Protein A/G plus agarose (Santa Cruz 

Biotechnology) was used to capture immunocomplexes. The latter were washed 5 times with lysis buffer, and 

analyzed by 10% SDS-PAGE.   

  

Immunofluorescence analysis and immunohistochemistry 

Cells for immunofluorescence were grown on glass slides, fixed with 3% (w/v) paraformaldehyde, 1% (w/v) 

sucrose in PBS for 15 min, and permeabilized with 0.3% (w/v) Triton X-100 in PBS for 3 min, at 4°C. Incubations 

were performed with appropriate dilutions of the primary antibodies (CA IX, mouse monoclonal VII-20; XPO1, 

goat polyclonal). The secondary antibodies (Texas Red-conjugated donkey anti-goat; Alexa-488-conjugated 

rabbit anti-mouse, Jackson Laboratories) were incubated for 1 h, at 25°C. The slides were observed on a Zeiss 

LM510 confocal microscope. For immunofluorescence analysis on isolated nuclei, HEK-293-CA9 cells were 

resuspended in 0.1% Tween-20 in PBS and spun at 13,000 x g for 15 min, at 4°C. The pellet was washed twice 

in PBS, the isolated nuclei were fixed on polylysine slides (Thermo Scientific) with ice-cold methanol, and used 

for immunofluorescence with anti-CA IX antibody VII/20 followed by Alexa Fluor 488 donkey anti-mouse IgG 

(invitrogen), Finally, the nuclei were stained with DAPI and analyzed by the Zeiss LSM510 laser scanning 

confocal microscopy. 

For immunohistochemical analysis, 5 µm-thick sections were cut from archived formalin-fixed tissue blocks, 

dewaxed and re-hydrated with graded ethanol concentrations. Before staining, sections were incubated in citrate 

buffer pH 6, for 45 min, at 97°C, and endogenous peroxidase activity was blocked in 3% H2O2/methanol for 10 

min. Non-specific sites were blocked by background reducing components (DAKO), for 30 min, at room 

temperature. Tissue sections were incubated at room temperature with primary antibody (CA IX H-120) at 1:50 

dilution, for 1 h. Staining was performed with LSAB+System-HRP (DAKO) and diaminobenzidine chromogen 

(DAKO). Tissue sections were counterstained with Mayer’s hematoxylin and cover-slipped. 
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 9

RESULTS 

CA IX protein in normoxic and hypoxic HEK-293 cells 

To capture possible interacting partners of human CA IX, a sequence encoding the C-terminal Strep-tag was 

fused to the full-length human CA IX cDNA. The tagged CA IX, over-expressed in normoxic HEK-293 cells, 

produced the typical two bands profile in SDS-PAGE (Figure 1A, lane 1) 4. Identical CA IX pattern was present in 

transfected cells subjected to hypoxia (Figure 1A, lane 2), with a significant up-regulation of both protein 

components. Transfected cells were also stained with anti-CA IX antibodies and analyzed by confocal 

immunofluorescence microscopy. The Strep-tagged CA IX protein was clearly present at the plasma membrane 

of normoxic and hypoxic HEK-293 cells (Figure 1B). Intracellular and a diffuse nuclear signals were also 

observed both in control cells expressing low CA IX levels and in transfected cells over-expressing CA IX. 

Diffuse nuclear staining was interrupted at the nucleoli. A more pronounced staining was visible in hypoxic cells, 

in agreement with the higher protein expression levels. In this case, a similar pattern of subcellular distribution 

was observed, although nuclear and perinuclear staining was more abundantly represented, and nucleolar 

exclusion was decreased.  

Tagged CA IX from transfected cells grown under normoxic or hypoxic conditions was co-purified with bound 

interactors on Strep-tactin columns. Figure 1C shows the corresponding SDS-PAGE after silver staining. 

Extracts from mock-transfected cells were also loaded on the column to identify the non-specifically bound 

proteins (data not shown). nLC-ESI-LIT-MS/MS- and MALDI-TOF-MS-based peptide mapping experiments were 

performed to confirm the correct structure of the ectopically expressed CA IX protein (arrows in Figure 1C). They 

provided evidence of the expected processing at protein N- and C-terminus (93% sequence coverage). Since 

CA IX is known to present glycosylated and phosphorylated amino acids 4, 18, dedicated enrichment procedures 

for glycopeptides and phosphopeptides were used 25. However, MALDI-TOF-MS and nLC-ESI-LIT-MS/MS 

spectra revealed no signals related to phosphorylated peptides in eluted fractions from TiO2 resin. Conversely, 

clear signals associated with glycopeptides were observed within MALDI-TOF mass spectra of eluted fractions 

from HILIC resin (Supplementary Figure S1), which allowed defining the expected occurrence of N- and O-

glycosylation at N309 and T78, respectively 4. Signal assignment to glycopeptides was definitively demonstrated 

by independent nLC-ESI-LIT-MS/MS experiments. Since both analyses were performed on non-fractioned 

peptide mixture and in positive polarity, no eventual signals previously associated with negatively charged 

glycopeptides were detected 4. 
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 10

 

CA IX interactome in normoxic and hypoxic HEK-293 cells 

The gel image of Figure 1C highlights significant differences in the co-purified, potential CA IX interactors under 

normoxic and hypoxic conditions, with the affinity-purified material from the latter one being clearly more 

abundant. Each gel lane was cut into 21 slices for nLC-ESI-LIT-MS/MS-based protein identification. Results from 

each analysis are reported in Supplementary Information Table S1. In particular, 29 (112 spectra), 45 (427 

spectra) and 72 (286 spectra) proteins were identified in the normoxic, hypoxic and mock samples, respectively. 

Table 1 summarizes the putative interacting partners of human CA IX, which were identified by subtracting data 

obtained for each gel slice (Figure 1C, lanes N and H) with the corresponding ones from the mock sample. To 

further investigate physical and functional association of the 25 potential CA IX-binding partners, their list was 

submitted to the STRING database of protein interactions 27 (Figure 2A). CA IX interactors identified from 

normoxic cells comprise the mitochondrial ATP synthase α/β subunits (ATP5A1 and ATP5B), and Ras GTPase-

activating protein-binding protein 2 (G3BP2), a scaffold component for mRNA transport. This protein is linked via 

exportin XPO132 to the main network of CA IX-interacting proteins identified under hypoxia (Figure 2A). 

Interestingly, most of the proteins of this network belong to the nucleo-cytoplasmic transport machinery, 

including several members of the importin-α (KPNA2), -β (IPO4, IPO5, IPO7, IPO9, TNPO1, TNPO3), and 

exportin (XPO1, XPO2/CSE1L, XPO5, XPOT) families. STRING also highlighted connection of the signal 

recognition particle receptor subunit β (SRPRB) with the ribosomal protein RPS5 and the catalytic subunit of the 

tRNA-splicing ligase complex (C22orf28). The latter two CA IX interactors were also found under normoxia. 

Proteins not connected in the network included the acetyl-CoA carboxylase 1 enzyme (ACACA), the HEAT 

repeat-containing protein 3 (HEATR3), the mitochondrial trifunctional enzyme subunit alpha (HADHA), the 

protein SAAL1, and the cullin-associated NEDD8-dissociated proteins 2 and 1 (CAND2 and CAND1), the latter 

being also found under normoxic conditions.  

To get more information on the CA IX interacting partners, the identified proteins were classified in the David 

database 28, 29 (Figure 2B). Besides the obvious descriptions related to nucleo-cytoplasmic transport of proteins 

and RNA and nuclear pore/envelope localization, a striking feature of 13 out of the 25 identified proteins was 

their relationship to the family of the ARM and HEAT-repeat containing proteins. Members of this family are 

characterized by the presence in their structure of α-helical domains (HEAT and ARM motif), which are generally 

known to mediate protein-protein interactions 33. Identified proteins with HEAT/ARM-repeats included members 
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of the nucleo-cytoplasmic transport machinery and additional components, such as CAND1, CAND2 and 

HEATR3.  

To confirm identified CA IX-binding partners, co-precipitation experiments were performed for representative 

proteins. Figure 3A shows that XPO1, TNPO1 and CAND1 actually co-precipitated with Strep-tagged CA IX in 

transfected HEK-293 cells. In agreement with the results obtained by proteomic analysis (Table 1), XPO1 and 

TNPO1 were only represented in immunoprecipitates from the hypoxic condition. On the contrary, although more 

abundantly represented in the sample from hypoxic cells, CAND1 was detected also under normoxia. Since 

western blotting of the input samples clearly showed that endogenous XPO1, TNPO1 and CAND1 levels do not 

vary in hypoxia, it can be postulated that the increased levels of the endogenous proteins interacting with Strep-

tagged CA IX may be dependent on the observed over-production of the CA IX protein in hypoxic cells. 

 

C-terminal region of CA IX is required for the interaction with XPO1, TNPO1 and CAND1 

Most of the proteins identified as CA IX-interacting partners are presumed to be intracellular. Thus, considering 

the membrane topology of CA IX, we assumed that these interactions could involve the C-terminal, cytosolic 

region of the protein (a.a. 434-459). Thus, peptides reproducing the cytosolic portion of CA IX were used in pull-

down assays with cellular lysates from normoxic and hypoxic HEK-293 cells. Surprisingly, these peptides were 

unable to capture endogenous XPO1, TNPO1 and CAND1 irrespective of their phosphorylation status (Figure 

3B, lanes 3 and 4). However, with longer peptides, encompassing CA IX portion 418-459, interaction with 

endogenous XPO1, TNPO1 and CAND1 from both normoxic and hypoxic cells was observed (Figure 3B, lanes 

5-7). Noteworthy, peptides phosphorylated at residues T443 and Y449 (lanes 5-6) showed a more efficient 

binding than the non-phosphorylated counterpart (Figure 3B, lanes 7). The specificity of the binding was verified 

by a scrambled C-terminal sequence peptide (Figure 3B, lanes 2). These experiments defined the CA IX C-

terminal region 418-459 as the minimal sequence required for protein interaction with endogenous XPO1, 

TNPO1 and CAND1. Surprisingly, this region encompasses part of the membrane-spanning sequence of CA IX, 

i.e. region 418-433. A bioinformatic analysis of this sequence highlighted the existence of both a hydrophobic 

region and a basic motif. The first one could putatively act as a Leu-rich nuclear export signal (NES) for 

interaction with exportins 34 (Supplementary Figure S2), while the basic motif resembles a nuclear localization 

signal (NLS) 35.  
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CA IX accumulates in the nuclei of hypoxic HEK-293 cells and in kidney neoplasms 

The reported data identify the nucleo-cytoplasmic trafficking machinery as a distinctive feature of the CA IX 

interactome. CA IX has been occasionally described as a nuclear protein in human cells 36-38. To evaluate 

whether endogenous CA IX participates to molecular complexes with the nucleocytoplasmic transport proteins in 

vivo, we performed co-immunoprecipitation analysis with XPO1, chosen as a representative member of CA IX 

interactome. Figure 4A shows that XPO1 is detected in complexes with CA IX in hypoxic HEK-293 cells, while 

the complex was undetectable in normoxic cells.  Next, we evaluated CA IX subcellular localization in human cell 

lines by confocal immunofluorescence analysis (Supplementary Figure S3). In colorectal carcinoma GEO cells, 

the strong expression of CA IX did correlate to prominent membrane staining and faint perinuclear or nuclear 

staining in selected cells. HEK-293, SH-SY5Y (neuroblastoma) and  BJ-5ta (fibroblasts) exhibited a wider 

distribution of CA IX, characterized by a decreased membrane staining and an evident nuclear protein 

accumulation (Supplementary Figure S3). We then explored in detail the CA IX and XPO1 subcellular 

distribution in HEK-293 cells under normoxic and low-oxygen conditions. Figure 4B illustrates the staining for CA 

IX (green) and XPO1 (red); CA IX was expressed in several cellular compartments under normoxia. The diffuse, 

punctate CA IX staining (green, upper panel) finely delineated cellular shape, indicating limited membrane 

accumulation of the protein, in contrast with cells expressing high levels of endogenous CA IX (GEO, 

Supplementary Figure S3) or ectopically expressed strep-tagged CA IX (transfected HEK293, Figure 1B), where 

the membrane staining was intense. The dispersed, homogeneous intracellular staining of normoxic cells was 

often interrupted at nucleoli. The latter feature became more evident in the red channel (middle panel) and in the 

merged image (lower panel), where nuclear membranes are highlighted by the perinuclear and in some cases 

nucleolar XPO1 staining. In addition, several cells showed bright fluorescence enrichment in close proximity to 

the nuclei, compatible with centrosome staining (Supplementary Figure S4). Centrosome localization of CA IX 

was similarly found in hypoxic and normoxic cells. Thus, CA IX is diffusely represented in normoxic HEK-293 

cells, and it seems highly enriched in centrosomes. Nuclear occurrence of CA IX increased in hypoxic cells (right 

column, Figure 4B). Such feature can be appreciated by a major contrast of the stained nuclei, in comparison to 

the cytosolic signal. An additional feature of hypoxic cells was the striking re-distribution of XPO1 to the nuclear 

envelope and to nucleoli. In fact, XPO1 did accumulate to low levels in most nucleoli of normoxic cells (Figures 

4B and Supplementary Figure S5), while the majority of nucleoli in hypoxic cells showed intense XPO1 staining 

(Figure 4B). Comparative analysis of the profiles of XPO1 and CA IX levels between normoxic and hypoxic 
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conditions showed that CA IX is down-represented in the nucleoli of normoxic cells, compared to nuclear districts 

external to nucleoli (see profiles in Figure S6). On the contrary, the intensity of CA IX signals was significantly 

represented throughout the nuclear profile, including co-localization areas with XPO1 in nucleoli.  

Nuclear localization of CA IX and its re-distribution in nuclear compartments under hypoxia was also confirmed 

by confocal microscopy experiments on isolated nuclei from normoxic, hypoxic and DMOG-treated HEK-293-

CA9 cells constitutively expressing the full-length CA IX protein (Figure 4C); the latter being an example for a 

chemically-induced hypoxia. Isolated nuclei were highlighted by DAPI. CA IX staining (green) appeared with a 

punctuate pattern in perinuclear compartments of normoxic cells; conversely, strong CA IX signals were easily 

appreciated in hypoxic cells, both in DAPI-stained nuclear compartments and in DAPI-excluded nucleoli. Under 

chemical hypoxia, an evident CA IX staining was also represented in the DAPI-excluded nucleoli. In all tested 

conditions, the isolated nuclei showed perinuclear enrichments of CA IX staining compatible with centrosome 

localization. Altogether, these results support the existence of a hypoxia-driven molecular mechanism regulating 

the increased expression of CA IX and its enriched presence in nuclear, nucleolar and perinuclear 

compartments.  

Given the observed nuclear localization of CA IX in HEK-293 cells, as well as its functional interaction with the 

nucleo-cytoplasmic transport machinery, and with nuclear protein CAND1, we analyzed the distribution of CA IX 

in kidney neoplasms. Seven randomly selected renal cell carcinomas, clear cell type were analyzed. 

Immunohistochemical detection of CA IX was clearly evident throughout the samples (Figure 5 for representative 

samples). In particular, CA IX was mainly detected at the cell membrane and often co-detected in the cytosol 

(Figure 5 A-D). Two out of the seven specimens also showed a nuclear localization for CA IX (Figures 5C and 

5D). Nuclear reactivity for CA IX was not associated with necrotic/inflammatory areas, but rather with cancer 

tissue districts containing tightly linked neoplastic cells and a limited fibrovascular network, suggesting its 

possible relationship to physiological hypoxia. 

 

Down-regulation of CAND1 cells reveals a functional interaction with CA IX 

CAND1 is a nuclear protein involved in gene transcription and assembly of SCF ubiquitin ligase complexes. In 

the current paradigm, CAND1 binds to CUL1 in an inactive complex, inhibiting the assembly of the SCF 

complexes, thus preventing protein ubiquitylation and degradation. In order to evaluate whether CAND1 down-

regulation is associated to CA IX protein stability, we generated stable pools of HEK-293 clones with decreased 

Page 13 of 33

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 14

CAND1 expression via shRNA-mediated interference. The pools of cellular clones sh2555 and sh2562 actually 

showed down-regulated CAND1 protein levels, compared to cellular pools expressing a non-silencing shRNA 

construct (shNS) (Figure 6). Despite similar levels of cellular actin, CA IX levels in the sh2555 and sh2562 

clones clearly paralleled the decreased CAND1 expression. Thus, besides the occurrence of a physical 

interaction, CA IX and CAND1 show functional interaction that is required for stabilization of CA IX protein.  

 

 

DISCUSSION 

CA IX is a promising marker and target for anticancer therapy not only because of the hypoxia-induced cancer-

related expression pattern, but also because of the active involvement in tumor biology. So far, the main 

attention has been paid to functional aspects of CA IX linked with its enzyme activity and plasma membrane 

position, namely to the ability to regulate pH and facilitate cell migration. However, our interactomic analysis 

disclosed a collection of CA IX partners belonging to different intracellular compartments, thus suggesting that 

CA IX might cross-talk with several signaling pathways and play additional roles inside tumor cells. The list of 

identified partners includes the signal recognition particle receptor subunit β (SRPRB) mediating transit of 

nascent proteins through endoplasmic reticulum, mitochondrial ATPase subunits (ATP5A1, ATP5B) involved in 

respiratory chain, cytosolic Ras-GTPase activating SH3 domain-binding protein G3BP2 participating in Wnt 

signaling 39, 40S ribosomal subunit protein RPS5 implicated in ribosome maturation 40, as well as 

cytoplasmic/nuclear proteins CAND1 and CAND2 regulating protein degradation and gene transcription 41. 

Noteworthy, the majority of the proteins interacting with CA IX represents components of the nucleo-cytoplasmic 

trafficking machinery, such as importin TNPO1 and exportin XPO1, which facilitate active import and export of 

proteins and/or mRNA through nuclear pores. These data strongly imply that CA IX is a protein with complex 

subcellular distribution, having the ability to transit through nuclear compartment. Although the nuclear 

localization would appear unusual for a cell surface protein, literature contains several paradigms of 

transmembrane receptors that enter the nucleus via the transportin-dependent pathway and function as nuclear 

signal transducers, such as c-Erb-B2, EGFR, FGFR, and CD44 42-44.  

Complex subcellular distribution including nuclear localization of CA IX was proven here to occur in living cells by 

confocal immunofluorescence analysis in several cell lines of different tissue origin. Since the cells were stained 

with the antibody against the extracellular portion of CA IX, it was apparently the full-length protein present in the 
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nucleus, similarly to other receptors undergoing nuclear import. This is compatible with the ability of CA IX to 

internalize, a feature that appears essential for nuclear import of proteins derived from the cell surface 42-45. 

Importantly, hypoxic treatments led to increased CA IX protein accumulation within nuclei and its co-localization 

with XPO1 in nucleoli, where XPO1 itself was enriched as a consequence of limited oxygen availability. 

Accordingly, our biochemical data on the CA IX interaction with the components of the nucleo-cytoplasmic 

shuttling machinery, namely XPO1 and TNPO1, revealed an increased formation of protein complexes under 

low-oxygen conditions. The same effect was observed in case of co-precipitation of CAND1 protein with CA IX. 

Thus co-precipitation data obtained with a Strep-tagged, ectopically expressed CA IX bait are fully compatible 

with the co-immunoprecipitation and immunofluorescence results obtained in non-transfected cells. Accordingly, 

it can be suggested that mammalian cells should present molecular mechanisms involved in the shuttling of CA 

IX towards, and from the nucleus. The increased presence of CA IX in stable complexes with XPO1 in nucleoli 

may be then linked to a decreased nuclear export of the protein during hypoxia. We assume that these findings 

may reflect a higher abundance of CA IX under hypoxic conditions and/or the occurrence of specific hypoxia-

related post-translational modification (PTMs). Indeed, the in vitro association assays with synthetic peptides 

encompassing the C-terminal region of CA IX showed that phosphorylation at either T443 or Y439 residues 

results in a more efficient co-precipitation of CA IX with XPO1, TNPO1 and CAND1.  

Interaction of CA IX with nucleo-cytoplasmic transport proteins enriched in the inner (XPO1) and outer (TNPO1) 

perinuclear compartments, and its participation in molecular complexes with CAND1 and CAND2, strongly 

suggest a role for CA IX within the nucleus and/or cytoplasm. In fact, CAND1 and CAND2 have been already 

associated with basal transcription 46 and transcription activation 47; furthermore, both proteins participate in the 

assembly and function of the SCF ubiquitin ligase complexes, as negative regulators of protein degradation 48, 49. 

The latter evidence is of particular relevance in light of our data that show the increased abundance of 

ectopically expressed CA IX in hypoxic cells. Since the production of ectopically expressed CA IX is driven by 

the CMV promoter devoid of obvious binding site for HIF1, the observed accumulation of the protein is likely 

attributable to post-transcriptional mechanisms in a low-oxygen environment. In line with this proposition, the CA 

IX levels were lower in cells with CAND1 suppressed by shRNA-mediated interference. Thus, it can be 

speculated that the functional interaction of CA IX with CAND1 may represent a positive feedback contributing to 

CA IX stabilization. 
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Interactions of CA IX with XPO1 and TNPO1 can provide additional clues to understanding its potential 

intracellular roles. TNPO1 is a transport receptor that actively imports various proteins from the cytoplasm to the 

nucleus through nuclear pore complexes, and enables them to act in the nuclear compartment. The cargo 

proteins include transcription factors directly binding to DNA, co-factors of transcription operating through 

interactions with the transcriptional apparatus, mRNA binding proteins and other components of the nuclear 

signaling network. This would imply a nuclear function for CA IX in signaling and transcription analogously to 

other imported transmembrane proteins, such as CD44 and EGFR. A hypothetical nuclear function for CA IX 

was already proposed on the basis of its ability to bind DNA in DNA-cellulose chromatography 2. Interestingly, 

sequence homology analysis against the human proteome revealed a similarity of the C-terminal region of CA IX 

with the Zn finger protein 784 (Supplementary Figure S7). Bioinformatic analysis by different search algorithms 

confirmed the occurrence of a stretch of basic amino acids able to bind DNA. Nevertheless, it is also possible 

that nuclear CA IX functions through protein-protein interactions rather than through direct binding to DNA. In 

any case, the experimental evidence for the CA IX role in nucleus is still missing, although this idea is supported 

by additional reports of nuclear/perinuclear CA IX staining in human tumor tissues and its association with poor 

prognosis 37, 38. 

On the other hand, XPO1 exportin mediates export of ribosomal proteins, mRNAs and ribosomal subunits 

required for ribosomal biogenesis, and thereby contributes to control of translation 50, 51. It is quite conceivable 

that, through XPO1 binding, CA IX may affect assembly of the translational machinery, although such functional 

cooperation still remains to be explored. Nevertheless, in view of this assumption it seems logical that CA IX also 

interacts with the 40S ribosomal subunit protein RPS5 contributing to ribosome maturation.  

It is well known that the nucleo-cytoplasmic transport machinery plays an important role in molecular responses 

to hypoxia through control of correct localization of the key components of hypoxia sensing and signal 

transduction, such as prolyl hydroxylases, pVHL tumor suppressor, subunits of HIF transcription complex and 

their co-factors 52-54. Hypoxia also affects ribosome biogenesis and efficiency of translation 55. Moreover, hypoxia 

modulates protein degradation mechanisms. Thus, hypoxia intervenes with several pathways that include CA IX-

interacting proteins. Since CA IX itself is strongly induced by hypoxia and exhibits increased stability and 

interaction potential in low oxygen conditions, it is also imaginable that CA IX may operate through its partners to 

affect hypoxic signaling and provide feedback mechanisms optimizing cellular adaptation to hypoxic stress. Our 
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findings strongly indicate that this might occur via intracellular subpopulations of the full-length CA IX molecule, 

and particularly via its fraction trafficking to and from the nucleus. 

In conclusion, the present study strongly supports the view that the CA IX-related scenario is much more 

complex than thought previously, both with respect to its subcellular distribution and to its potential functions in 

hypoxic cells. It appears that the canonical role of CA IX as pH and migration regulator at the plasma membrane 

is just a part of the complete story, and that additional, previously unexplored intracellular roles attributable to CA 

IX nuclear and/or cytoplasmic fractions should be taken into account. Given the current expectations for CA IX 

as a diagnostic and prognostic indicator, and as an attractive target for therapeutic intervention in tumors, it can 

be predicted that exploration of unanticipated CA IX functions can bring new opportunities for innovative anti-

cancer strategies.  
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FIGURE LEGENDS 

Figure 1. Ectopic expression of  CA IX and SDS-PAGE analysis of the CA IX interacting proteins in HEK-

293 cells 

A. Western blot analysis of lysates from normoxic (N) and hypoxic (H) HEK-293 cells transfected with the Strep-

tagged CA IX vector. Protein extracts of lanes 1 and 2 were loaded on Strep-tactin columns for co-purification of 

CA IX and its interactors in both normoxic and hypoxic conditions. Flow-through (lanes 3-4) and eluate (lanes 5-

6) fractions were probed with a CA IX antibody. B. Immunofluorescence analysis of CA IX in normoxic (left) and 

hypoxic (right) HEK-293 cells transfected with the Strep-tagged CA IX vector. C. HEK-293 proteins co-purified 

with Strep-tagged CA IX in normoxic and hypoxic cells were separated by SDS-PAGE and visualized by silver 

nitrate staining. Protein mixtures from normoxic and hypoxic, mock-transfected cells, were used as the 

subtraction lane. After staining, each of the three lanes was cut in 21 slices for protein identification by nLC-ESI-

LIT-MS/MS analysis. 

 

Figure 2. Bioinformatic characterization of the CA IX interactome 

A. Identified proteins were subjected to STRING analysis to reveal functional interaction between single 

components from the CA IX interactome. Proteins are connected by lines of different colours, according to the 

colour code shown at the bottom. Values close to the lines report the confidence scores, as revealed by 

functional interaction analysis. B. Annotation of the protein components from the CA IX interactome, as revealed 

by the DAVID platform, grouped the proteins indicated on top the figure according to the indicated descriptors for 

biological process (BP), cell compartment (CC), molecular function (MF) or protein family (INTERPRO).   

 

Figure 3. The C-terminal sequence of CA IX is required for interaction with selected members of the CA 

IX interactome 

A. Co-precipitation of Strep-tagged CA IX with XPO1, TNPO1 and CAND1 proteins. HEK-293 cells were 

transfected with the empty vector (Mock) or the Strep-tagged CA IX expression vector, and incubated under 

normoxic (N) or hypoxic (H) conditions, as indicated. Cell lysates were purified on Strep-tactin resin and probed 

with the indicated antibodies to detect the endogenous XPO1, TNPO1 and CAND1 proteins. B. Synthetic 

peptides corresponding to the amino acid sequences indicated on the top of the figure, or a peptide with a 

scrambled sequence, fused to a C-terminal Strep-tag were used in pull-down assays to evaluate the binding of 
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the selected proteins from HEK-293 cells. Protein lysates were prepared from normoxic and hypoxic cells. Filters 

with the bound proteins were probed with the indicated antibodies to detect the XPO1, TNPO1 and CAND1 

proteins.  

 

Figure 4. Analysis of endogenous CA IX/XPO1 protein complexes in normoxic and hypoxic cells 

A. Immunoprecipitates from normoxic (N, lanes 1, 2) and hypoxic (H, lanes 3, 4) HEK-293 cells were probed with 

XPO1 antibody. The extracts of lanes 1 and 3 were precipitated with control mouse IgGs, while the extracts of 

lanes 2 and 4 were precipitated with CA IX VII-20 monoclonal antibody. Input lysates were loaded in lanes 5 and 

6. B. Fixed cells from the indicated experimental conditions were permeabilized to detect intracellular 

endogenous CA IX (green) and XPO1 (red). Merged images are shown at the bottom of the figure. C. Nuclei 

isolated from HEK-293-CA IX cells were fixed on polylysine slides and stained with DAPI (blue) and with CA IX 

specific antibody (green). Merged images were converted to graphs representing the intensity profiles of DAPI 

and CA IX-related signals across the nuclei. 

 

Figure 5. Immunohistochemical detection of CA IX in renal clear cell carcinoma 

Shown are 4 representative specimens of renal clear cell carcinomas (A-D). The two cases at the bottom (C and 

D) show nuclear localization for CA IX. Black arrowheads denote a complete nuclear staining (C and D); white 

arrowheads show perinuclear staining.  

 

Figure 6. CAND1 down-regulation is associated with decreased CA IX levels in HEK-293 cells 

Decreased CAND1 expression in the cellular pools of clones sh2555 and sh2562 was obtained after stable 

selection of cells expressing two shRNAs targeting CAND1 mRNAs. Shown are western blot experiments 

performed to detect CAND1, CA IX and actin levels in cellular pools, and in a pool expressing shNS. 
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Table I. CA IX protein ligands identified under normoxic and hypoxic conditions. Strep-tagged CA IX from 
transfected cells grown under both normoxic and hypoxic conditions, and mock-transfected cells were affinity-
purified on separate Strep-tactin columns with their bound interactors and resolved by SDS-PAGE. Each gel 
lane was cut into 21 similar slices, which were then treated with trypsin and subjected to nLC-ESI-LIT-MS/MS 
analysis for protein identification. Results subtracted from mock data are shown. Supplementary Information 
Table S1 reports the raw data for normoxic, hypoxic and mock gel slices. 
 

Accession Description Normoxic Hypoxic 

Q16790 Carbonic anhydrase 9, CA9 [CAH9_HUMAN] X (bait) X (bait) 

Q86VP6 Cullin-associated NEDD8-dissociated protein 1, CAND1 [CAND1_HUMAN] X X 

Q9UN86 Ras GTPase-activating protein-binding protein 2, G3BP2 [G3BP2_HUMAN] X  

P25705 ATP synthase subunit alpha, mitochondrial, ATP5A1 [ATPA_HUMAN] X  

P06576 ATP synthase subunit beta, mitochondrial, ATP5B [ATPB_HUMAN] X  

Q9Y3I0 UPF0027 protein C22orf28, C22orf28 [CV028_HUMAN] X X 

P46782 40S ribosomal protein S5, RPS5 [RS5_HUMAN] X X 

O75155 Cullin-associated NEDD8-dissociated protein 2, CAND2 [CAND2_HUMAN]  X 

Q13085 Acetyl-CoA carboxylase 1, ACACA [ACACA_HUMAN]  X 

Q96P70 Importin-9, IPO9 [IPO9_HUMAN]  X 

Q8TEX9 Importin-4, IPO4 [IPO4_HUMAN]  X 

O00410 Importin-5, IPO5 [IPO5_HUMAN]  X 

O95373 Importin-7, IPO7 [IPO7_HUMAN]  X 

P52292 Importin subunit alpha-2, KPNA2 [IMA2_HUMAN]  X 

Q9HAV4 Exportin-5, XPO5 [XPO5_HUMAN]  X 

O43592 Exportin-T, XPOT [XPOT_HUMAN]  X 

P55060 Exportin-2, CSE1L [XPO2_HUMAN]  X 

O14980 Exportin-1, XPO1 [XPO1_HUMAN]  X 

Q9Y5L0 Transportin-3, TNPO3 [TNPO3_HUMAN]  X 

Q92973 Transportin-1, TNPO1 [TNPO1_HUMAN]  X 

Q9UBB4 Ataxin-10, ATXN10 [ATXN10_HUMAN]  X 

P00918 Carbonic anhydrase 2, CA2 [CAH2_HUMAN]  X 

Q7Z492 HEAT repeat-containing protein 3, HEATR3 [HEATR3_HUMAN]  X 

Q96ER3 Protein SAAL1, SAAL1 [SAAL1_HUMAN]  X 

Q9Y5M8 Signal recognition particle receptor subunit beta, SRPRB [SRPRB_HUMAN]  X 

P40939 Trifunctional enzyme subunit alpha, HADHA [ECHA_HUMAN]  X 
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