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Abstract
Chloride channel accessory 2 (CLCA2) is a transmembrane protein, which pro-
motes adhesion of keratinocytes and their survival in response to hyperosmotic
stress. Here we show that CLCA2 is transported to the nucleus of keratinocytes via
extracellular vesicles. The nuclear localization is functionally relevant, since wild-
type CLCA2, but not a mutant lacking the nuclear localization signal, suppressed
migration of keratinocytes and protected them fromhyperosmotic stress-induced cell
death. In the nucleus, CLCA2bound to and activated β-catenin, resulting in enhanced
expression of Wnt target genes. Mass-spectrometry-based interaction screening and
functional rescue studies identified RNA binding protein 3 as a key effector of nuclear
CLCA2. This is of likely relevance in vivo because both proteins co-localize in the
human epidermis. Together, these results identify an unexpected nuclear function
of CLCA2 in keratinocytes under homeostatic and stress conditions and suggest a
role of extracellular vesicles and their nuclear transport in the control of key cellular
activities.
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 INTRODUCTION

The skin as the outermost surface of the body provides an essential barrier, which protects from invasion of pathogens, irritants
and allergens and from excessive water loss (Proksch et al., 2008). Maintenance of skin integrity and its barrier function require
a tight connection between keratinocytes, the major cell type of the epidermis. Alterations of cell-cell contacts can affect central
processes, including keratinocyte proliferation, migration and survival. Impaired keratinocyte adhesion is therefore a hallmark
of major inflammatory skin diseases, such as atopic dermatitis and psoriasis (Chung et al., 2005; Furukawa et al., 1994; Proksch
et al., 2006).

We recently identified an important role of the transmembrane protein “chloride channel accessory 2” (CLCA2) in keratinocyte
adhesion (Seltmann et al., 2018). CLCA2 is one of three functional members of the human CLCA family, which were initially
discovered as possible regulators of chloride channel activity. CLCA2 is mainly known for its tumour suppressive function in
breast cancer, where it inhibits cell migration and invasion (Sasaki et al., 2012; Walia et al., 2012). CLCA2 expression increased
in nucleus pulposus cells and keratinocytes in response to hyperosmotic stress (Mavrogonatou et al., 2015; Seltmann et al., 2018).
This stress condition is present in the skin of patients with impaired epidermal barrier function, in particular in a dry environ-
ment. Consistently, CLCA2 is overexpressed in the epidermis of patients suffering fromAtopic Dermatitis (Seltmann et al., 2018),
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most likely as a compensatory mechanism. The increased CLCA2 levels in keratinocytes are important for the stabilization of
cell-cell contacts as demonstrated by the reduced adhesive strength of cultured keratinocytes with CLCA2 knock-down (Selt-
mann et al., 2018). Consistent with a role of CLCA2 in cell-cell contact formation, it was shown to interact with the cell adhesion
protein EVA-1 in breast cancer cells and with β-catenin, a component of adherens junctions, when overexpressed in HEK 293T
cells (Ramena et al., 2016).
Small amounts of β-catenin are also present in the nucleus under homeostatic conditions. β-catenin gets stabilized and accu-

mulates in this compartment in the presence of Wnt ligands or when components of the β-catenin destruction complex are
mutated or down-regulated through other mechanisms. Nuclear β-catenin regulates the expression of Wnt target genes upon
interaction with TCF transcription factors (Mosimann et al., 2009).
Herewe show thatCLCA2 is secreted fromkeratinocytes via extracellular vesicles (EVs). CLCA2-containingEVswere takenup

by keratinocytes and other cell types andwere detected in the cytoplasm and also in the nucleus of the recipient cells. This finding
identifies an unexpected and poorly characterized EV-mediated transport mechanism that allows targeting of transmembrane
proteins to the nucleus. In this compartment, CLCA2 interacted with β-catenin, RNA binding protein 3 (RBM3) and additional
regulators of gene expression. This is functionally relevant, because only CLCA2 with a nuclear localization sequence promoted
expression of Wnt target genes in keratinocytes, enhanced the survival of these cells under hyperosmotic stress conditions and
suppressed theirmigration. Together with the co-expression of CLCA2 and RBM3 in the epidermis of human skin, these findings
suggest key roles of CLCA2 and its interactors in the control of gene expression in the epidermis.

 MATERIALS ANDMETHODS

. Human skin samples

Human foreskin was obtained anonymously and upon written consent from the parents in the context of the biobank project of
the Department of Dermatology, University of Zurich. The experiments were conducted in conformity to the principles set out
in the WMA Declaration of Helsinki and the Department of Health and Human Services Belmont Report. The use of samples
for research purpose was approved by the local ethics commission (KEK Nr. 2017-00684).

. Generation of a CLCA mutant lacking the nuclear localization signal (NLS)

The CLCA2 cDNA was amplified from a pCMV6-XL4 cDNA-containing bacterial glycerol stock (OriGen Technologies,
Inc., Rockville, MA; SC116023) and cloned into the pENTR/D-TOPO entry vector (Thermo Fisher Scientific, Waltman, MA;
K240020). A Q5 Site-Directed Mutagenesis kit (New England Biolabs, Ipswich, MA; E0554S) was used to generate the NLS
mutation. The coding sequence of mutated CLCA was inserted into the pInducer20 destination vector (kindly provided by Dr.
S. Elledge, Harvard UniversityMedical School, Boston) using the Gateway LR Clonase II Enzymemix (Thermo Fisher Scientific;
11791019).

. Cell culture and transfection

HaCaT keratinocytes (immortalized human keratinocytes (Boukamp et al., 1988)) and HEK 293T cells were cultured in Dul-
becco‘s modified Eagle‘s Medium (DMEM; Sigma–Aldrich, St. Louis, MO) supplemented with 10% foetal bovine serum (FCS;
Thermo Fisher Scientific) and penicillin/streptomycin (P/S; Sigma–Aldrich). Stably transfected cell lines were maintained in the
same medium, which was supplemented with 100 μg/mL puromycin (Sigma–Aldrich). In some experiments, cells were treated
with 10 ng/mL leptomycin B (LMB) (Enzo Life Sciences, Farmingdale, NY), 10 μM brefeldin A or 10 μg/mL heparin. Absence of
mycoplasma was confirmed by PCR using the PCR Mycoplasma Test Kit I/C (PromoKine, Heidelberg, Germany).
HaCaT keratinocytes stably transduced with lentiviruses allowing expression of CLCA2 shRNA in a docycycline (Dox)-

inducible manner were previously described (Seltmann et al., 2018). For all experiments in this manuscript, they were treated for
2 days with 1 μg/mL Dox unless indicated otherwise. For DNA plasmid transfection, the Xfect transfection reagent (Takara Bio,
Shiga, Japan) was used according to the manufacturer’s protocol. For siRNA transfection, cells were transfected with Xfect RNA
transfection reagent (Takara Bio) and analysed 48 h later.
The following siRNA sequences were used:
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Gene siRNA

CLCA UGACAAACCUUUCUACAUA

RBM- GTGGATCATGCAGGCAAGT

RBM- GGTGGTTATGACCGCTACT

RBM- CCAAATGGCTGTATTTATAAA

KPNB- GCUCAAACCACUAGUUAUA

KPNB- GACGAGAAGUCAAGAACUA

KPNB- GGGCGGAGAUCGAAGACUA

RanBP CCGUUUUGGUGAGUCAACA

For treatment of cells with EVs, cells were grown to confluency, starved overnight in serum-free media, and incubated with
purified EVs for different time periods.

. Cell migration assay

HaCaT cells were seeded into 12-well plates, transfected with siRNAs or expression vectors, and grown to 100% confluency. They
were cultured in DMEM/10% FBS/1% P/S and treated with mitomycin C (2 μg/mL; Sigma–Aldrich) for 2 h at 37◦C. A scratch
was made vertically from the top to the bottom of each well using a sterile P200 pipette tip. The medium was aspirated, and cells
were washed with PBS. Normal culture medium was added, and the scratched area was photographed and analysed at different
time points.

. LDH cytotoxicity assay

LDH assay was performed using a Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific; 88953) according to the manu-
facturer’s instructions. Colorimetric measurements at 490 and 600 nm were performed using a GloMax Discoverer plate reader
(Promega, Madison, WI).

. MTT assay

Cells were seeded into 12-well plates (2 × 104 cells/well) and transfected. After treatment with 200 mM sorbitol for 24 h, 150 μL
MTT (Abcam; ab146345) solution (5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in PBS) was
added to each well and incubated for 30 min. The supernatant was aspirated, and the cells were lysed with 225 μL MTT lysis
buffer (49.5 μL HCl in 15 mL isopropanol) for 10 min at room temperature (RT). 100 μL were transferred to a 96-well plate, and
the absorption was measured at 600 nm using a GloMax Discoverer plate reader.

. RNA isolation and quantitative RT-PCR

Total RNA from cultured cells was purified using an RNA isolation kit (IBI Scientific, Dubuque, IA), including DNase treat-
ment, according to the manufacturer’s instructions. RNA was reverse transcribed using the iScript cDNA synthesis kit (BioRad,
Hercules, CA). Relative gene expression was determined using the LightCycler 480 SYBR Green system (Roche, Rotkreuz,
Switzerland). Gene expression was normalized to the housekeeping gene ribosomal protein L27 (RPL), and the mean of the
control group was set to 1. Primer sequences are listed below.
The following primers were used:
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Gene Forward primer (′−′) Reverse primer (′−′)
RPL TCA CCT AAT GCC CAC AAG GTA CCA CTT GTT CTT GCC TGT CTT

CLCA ACT GTG GGC AAC GAC ACT AT GTC CAG TGC CCA GGC TTA

AXIN TAC ACT CCT TAT TGG GCG ATC A TTG GCT ACT CGT AAA GTT TTG GT

MYC TGA GGA GAC ACC GCC CAC CAA CAT CGA TTT CTT CCT CAT CTT C

CCND ACG AAG GTC TGC GCG TGT T CCG CTG GCC ATG AAC TAC CT

BMP ATG ATT CCT GGT AAC CGA ATG C CCC CGT CTC AGG TAT CAA ACT

CTGF AAA AGT GCA TCC GTA CTC CCA CCG TCG GTA CAT ACT CCA CAG

RBM ACC ATC CAG AGA CTC TCC GT CTT CAG CAG TTT CGG ACC TA

CTNNB TGG ATG GGC TGC CTC CAG GTG AC ACC AGC CCA CCC CTC GAG CCC

. Preparation of cell lysates and western blot analysis

Preparation of cell lysates and western blotting were described previously (Seltmann et al., 2013). Nuclear, cytoplasmic andmem-
brane fractions were separated by different centrifugation steps (Seltmann et al., 2015). Briefly, cells were lysed in lysis buffer
(20 mM Tris, pH 7.5, 5 mM EDTA, 2 mM EGTA) supplemented with fresh Pierce protease inhibitor tablet (Thermo Fisher Sci-
entific) and incubated for 30 min on a shaker at 4◦C. The cytosolic fraction was present in the supernatant after centrifugation
at 16,000×g for 1 h. The pellet was solubilized in resuspension buffer (1% Triton X-100, 20 mM Tris, pH 7.5, 5 mM EDTA, 2 mM
EGTA, and fresh protease inhibitor cocktail), incubated for 30 min at 4◦C, and centrifuged again (16,000×g for 1 h). The super-
natant represents the membrane fraction. 2× Laemmli sample buffer was added to all samples before analysing them by western
blotting.
For precipitation of proteins from the serum-free cell supernatant, pre-cooled acetone (−20◦C; four volumes of the super-

natant) was added, and the mixture was incubated for 3 h at −20◦C. Samples were centrifuged for 30 min at 13,000×g. The
supernatant was removed, and the remaining acetone was evaporated for 30 min at room temperature. The pellet was dissolved
in sample buffer and used for Western blot analysis.
The following antibodies were used:

Antibody Company DILUTION ORDERING NUMBER

Rabbit anti-CLCA2 Sigma–Aldrich 1:1000 HPA047192

Mouse anti-β-catenin (total) Sigma–Aldrich 1:5000 clone 15B8

Rabbit anti-active β-catenin Cell Signalling, Danvers, MA 1:1000 D2U8Y

Mouse anti-E-cadherin BD Biosciences, Franklin Lakes, NJ 1:5000 610181

Mouse anti-RBM3 Sigma–Aldrich 1:1000 AMAB90655

Mouse anti-tubulin Sigma–Aldrich 1:10000 clone B-5-1-2

Rabbit anti-histone H1 Abcam, Cambridge, UK 1:5000 EPR6536 (ab134914)

Mouse anti-epidermal growth factor receptor
(EGFR)

Santa Cruz Biotechnology, Santa Cruz, CA 1:1000 sc-03-G (1005)

Mouse anti-caveolin-1 Santa Cruz Biotechnology 1:1000 sc-894

Mouse anti-TSG101 Santa Cruz Biotechnology 1:1000 sc-7964

Mouse anti-calreticulin Santa Cruz Biotechnology 1:1000 sc-373863

Mouse anti-CD9 Santa Cruz Biotechnology 1:1000 sc-13118

Mouse anti-CD63 Santa Cruz Biotechnology 1:1000 sc-5275

Anti-mouse IgG-HRP Promega 1:10000 W4021

Anti-rabbit IgG-HRP Promega 1:10000 W4011
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. Co-immunoprecipitation (Co-IP)

Confluent cells were washed with PBS and lysed with RIPA buffer (10 mMNa2HPO4, 150 mMNaCl, 5 mM EDTA, 2 mM EGTA,
1% Triton X-100, 0.25% SDS, 1% sodium deoxycholate, 0.1 mMDTT, pH 7.5) supplemented with Pierce protease and phosphatase
inhibitor tablet (Thermo Fisher Scientific). Lysates were incubated for 30 min at 4◦C and centrifuged at 16,000×g for 10 min at
4◦C. Supernatants were pre-cleared with 30 μL Dynabeads Protein G (Thermo Fisher Scientific) and incubated for 1 h at 4◦C.
The specific antibody or IgG control was added to cell lysates at a concentration of 1 μg antibody per 0.5 mg protein lysate and
incubated overnight at 4◦C. Dynabeads Protein G were added, and the samples were incubated under rotation at 4◦C for 3 h.
After several washing steps, bead-bound proteins were eluted by addition of sample buffer, heated for 15min at 95◦C and analysed
by western blotting.

. IP from nuclear lysates and mass spectrometry (MS) analysis

Nuclear extracts were prepared using the nuclear complex Co-IP kit (Active Motif Inc., Carlsbad, CA) according to the man-
ufacturer‘s instructions. 500 μg nuclear protein lysate was used for IP and incubated with 3 μg antibody in a total volume of
500 μL overnight at 4◦C. On the following day, 30 μL Dynabeads Protein G (Thermo Fisher Scientific) were added to the lysate
and incubated for 2 h under rotation at 4◦C. Beads where then washed three times using High buffer (Active Motif kit). Proteins
bound to the beads were directly analysed by Western blot or digested overnight with trypsin (100 ng/μL), followed by on-bead
digestion and MS analysis using a nanoAcquity ultraperformance liquid chromatography (UPLC) system (Waters Inc., Milford,
MA) coupled to a Q-Exactive mass spectrometer (Thermo Fisher Scientific).

. Sample preparation for protein quantification

Five hundred microgram nuclear protein lysate was used for IP and incubated with 3 μg antibody in a total volume of 500 μL
overnight at 4◦C. On the following day, 30 μL Dynabeads Protein G (Thermo Fisher Scientific) was added to the lysate and
incubated for 2 h under rotation at 4◦C. Beads were then washed three times using High buffer (Active Motif Inc.). Proteins
bound to the beads were directly analysed by Western blot or digested as follows: For each sample, the beads were washed once
with 100 μL of digestion buffer (10 mM Tris/2 mM CaCl2, pH 8.2). The washed beads were re-suspended in 45 μL digestion
buffer, and the proteins were on-bead digested using 5 μL of sequencing grade trypsin (100 ng/μL in 10 mMHCl, Promega). The
digestion was carried out in amicrowave instrument (Discover System, CEMCorporation,Matthews, NC) for 30min at 5W and
60◦C. The supernatants were transferred into new tubes, and the beads were additionally digested for 3 h at room temperature.
The beads were washed with 100 μL trifluoroacetic acid (TFA) buffer (0.1% TFA/10 mMTris/2 mMCaCl2), and the supernatants
were collected and combined with the previously collected one. The samples were finally dried in a speed-vac, resolubilized in
20 μL of 0.1% formic acid and centrifuged at 20,000 g for 10 min. Samples were further diluted 1:5 in 0.1% formic acid, and 10 μL
were transferred into liquid chromatography—mass spectrometry (LC-MS) vials.

. LC-MS/MS analysis

LC-MS/MS analysis was performed on a nanoAcquity UPLC system (Waters Inc.) connected to a Q Exactive mass spectrometer
(Thermo Scientific) equipped with a Digital PicoView source (New Objective Inc., Littleton, MA). Solvent composition at the
two channels was 0.1% formic acid for channel A and 0.1% formic acid, 99.9% acetonitrile for channel B. For each sample, 1 μL
was injected. Peptides were trapped on a Symmetry C18 trap column (5 μm, 180 μm×20 mm, Waters Inc.) and separated on
a BEH300 C18 column (1.7 μm, 75 μm×150 m, Waters Inc.) at a flow rate of 300 nL/min using a gradient from 5% to 35% B in
90min, 60%B in 5min and 80%B in 1min. Themass spectrometer was operated in data-dependentmode (DDA), acquiring full-
scan MS spectra (350−1500 m/z) at a resolution of 70.000 at 200 m/z after accumulation to a target value of 3.000.000, followed
by higher-energy collision dissociation (HCD) fragmentation on the twelve most intense signals per cycle. HCD spectra were
acquired at a resolution of 35.000 using a normalized collision energy of 25 units and a maximum injection time of 120 ms. The
automatic gain control (AGC) was set to 50000 ions. Charge state screening was enabled, and singly and unassigned charge states
were rejected. Only precursors with intensity above 25,000 were selected for MS/MS. Precursor masses previously selected for
MS/MS measurement were excluded from further selection for 40 s, and the exclusion window was set at 10 ppm. The samples
were acquired using internal lock mass calibration on m/z 371.1010 and 445.1200.
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. MS/MS data analysis

Raw data were converted into Mascot Generic Format files (.mgf) using ProteoWizard (http://proteowizard.sourceforge.net/),
and the proteins were identified using the Mascot search engine (Matrix Science, London, UK; version 2.6.2). Spectra were
searched against a Swissprot human canonical proteome database (taxonomy 9606, version from 2019-07-09), concatenated to
its reversed decoyed fasta database. Methionine oxidation was set as variable modification, and enzyme specificity was set to
trypsin, allowing a maximum of two missed cleavages. A fragment ion mass tolerance of 0.030 Da and a parent ion tolerance
of 10.0 PPM were set. Scaffold (Proteome Software Inc., Portland, OR; version 4.11) was used to validate MS/MS-based peptide
and protein identifications. Only proteins with Scaffold Local probabilities equal or higher than 99.0% were retained for analysis
(two or more peptides per protein contributing to a positive match). Computation of putative PPIs (manual and SAINTexpress
(Teo et al., 2014)) were based on exclusive spectrum counts as determined by Scaffold.

. Immunofluorescence staining and proximity ligation assay

Conditions for immunostaining and image processing were described previously (Seltmann et al., 2015). Briefly, cells were fixed
for 10min in 4%paraformaldehyde in PBS and incubatedwith primary antibodies overnight at 4◦C.All antibodieswere diluted in
TBS containing 1%BSA. After washing, the diluted secondary antibodies were applied and incubated for 1 h. Nuclei were counter-
stained with Hoechst. Images were acquired using an Imager.A1 microscope equipped with an enhanced-contrast Plan-Neofluar
objective (63x/1.4NA) and photographed with an AxiocamMRm camera (all fromCarl Zeiss, Inc., Oberkochen, Germany). Data
analysis was performed using Zen 2.3 lite software (Carl Zeiss, Inc.) and ImageJ v1.48 software (National Institutes of Health,
Bethesda, MD).
Proximity ligation assays (PLA) were performed according to the manufacturer’s instructions (Duolink PLA; Sigma–Aldrich)

using primary rabbit and mouse antibodies. Donkey anti-mouse secondary antibody conjugated to oligonucleotide (minus;
DUO92004; Sigma–Aldrich) and donkey anti-rabbit secondary antibody conjugated to oligonucleotide (plus; DUO92002;
Sigma–Aldrich) were used. Fluorescence was detected using a Zeiss LSM 880 Airyscan microscope equipped with a 63 × 1.4NA
Oil DIC Plan-Apochromat objective (Carl Zeiss, Inc.). All images in a given experiment were taken under identical imaging
parameters in sequential scan mode. 3D modelling of the surface of the nucleus was performed based on the confocal images
acquired after Hoechst staining, and fluorescence-labelled EVs and CLCA2 immunofluorescence staining were visualized with
spot detection and surface function of Imaris 9.5 software (Oxford Instruments, Abingdon, UK).
The following antibodies/reagents were used:

Antibody/Reagent Company DILUTION ORDERING NUMBER

Alexa Fluor 594 AffiniPure donkey
anti-mouse IgG (H+L)

Jackson ImmunoResearch, West
Grove, PA

1:500 #715-545-150

Alexa Fluor 488 AffiniPure donkey
anti-rabbit IgG (H+L)

Jackson ImmunoResearch 1:500 #711-547-003

Alexa Fluor 594 AffiniPure donkey
anti-rabbit IgG (H+L)

Jackson ImmunoResearch 1:500 #711-587-003

Hoechst 33342 (B2261) Sigma–Aldrich 1:1000 #A34055

Rabbit anti-CLCA2 Sigma–Aldrich 1:200 #HPA047192

Mouse anti-β-catenin (total) Sigma–Aldrich 1:200 clone 15B8;
#14-2567-82

Mouse anti-E-cadherin BD Biosciences, Franklin Lakes, NJ 1:500 #610181

Mouse anti-RBM3 Sigma–Aldrich 1:100 #AMAB90655

. Purification of EVs

EVswere purified from serum-free supernatant of cells at 80% confluency using a two-step centrifugation procedure as previously
described (Hettich et al., 2020). The supernatant was first centrifuged at 2000×g for 5 min and then at 10,000×g for 15 min at
4◦C, followed by filtration of the supernatant through a 0.2 μm pore-sized filter (TPP Techno Plastic Products AG, Trasadingen,
Switzerland). EVs were then pelleted at 100,000×g and 4◦C for 70 min using an Optima XE-90 centrifuge (Beckman Coulter
Life Sciences, Brea, CA). After washing with PBS, the EVs were centrifuged again under the same conditions. The EV pellet

http://proteowizard.sourceforge.net/
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was resuspended in PBS, and the protein concentration was measured using the Micro BCA Protein Assay Kit (Thermo Fisher
Scientific).

. Nanoparticle tracking analysis (NTA)

EV sizes were determined by NTA on a PMX 120 ZetaView (Particle Metrix GmbH, Inning, Germany) equipped with a 405 nm
laser and a CMOS camera (Kopp et al., 2020). The Zetaview machine was calibrated with polystyrene beads (Sigma–Aldrich),
diluted 1:500,000 at a concentration of around 100 particles per frame. The measurements were performed by applying a bin size
width of 5 nm/class, a minimum brightness of 25, a minimum area of 5, a maximum area of 1000, and a trace length of 15, and
shutter was set to 150, the sensitivity to 85, and the frame rate to 30 per second. All EV samples were measured in triplicates. The
ZetaView software version 8.04.04 SP2 was used.

. Labelling of EVs

EVmembrane proteins were labelled using DyLight 650 or DyLight 594 NHS ester (Thermo Fisher Scientific). The dye solution
wasmixed with the EVs in a 20:1 vesicle/dye ratio (μg/μg) and incubated under rotation for 2 h at 4◦C, followed by incubation for
2 h at RT. To remove excess dye from the EVs, Zeba Spin Desalting Columns, 40 KMWCO (Thermo Fisher Scientific), were used
according to the manufacturer’s instructions, followed by several PBS washes. Alternatively or in addition, EVs were incubated
with CellTrace dye (Thermo Fisher Scientific) at a final concentration of 5 μM and incubated at 4◦C overnight. On the following
day, EV samples were incubated at 37◦C for 15 min to allow the reagent to undergo acetate hydrolysis. Stained EVs were dialyzed
using Pur–A–Lyzer tubes (Sigma–Aldrich) overnight at 4◦C following the manufacturer’s instructions.

. Transmission electron microscopy analysis of EVs

For transmission electron microscope (TEM) imaging, DyLight −594 labelled EV-samples were purified as described above.
Five microlitre of sample was placed on glow discharged (Pelco, Ted Pella, Redding, CA) carbon-coated grids (Quantifoil, Gross-
löbichau, Germany) and incubated for 3 min. After this interval, excess fluid was removed with filter paper and the grid was
washed twice. The wet sample was stained in a drop of 2% uranyl acetate for 1 s followed by a second step for 15 s. Excess mois-
ture was drained with filter paper, and the imaging of the air-dried grids was done in a TEM Morgagni 268 (Thermo Fisher
Scientific) operated at 100 kV acceleration voltage. Data were acquired with a KeenView CCD-camera (Soft Imaging System,
Muenster, Germany; 1376 × 1032 Pixel). In addition, EV samples were imaged using a Tecnai F20 field emission gun (FEG)
microscope (Field Electron and Ion Company, Hillsboro, OR), operated at a 120 kV acceleration voltage, and equipped with a
combination of CCD (ORIUS SC200 2 K) and direct electron detector (Falcon II 4 K, Thermo Fisher Scientific).

. Luciferase reporter assays

Cells were co-transfectedwith the TCF/LEF firefly luciferase reporter plasmid and a β-actin-Renilla reporter plasmid for normal-
ization. M50 Super 8x TOPFlash was obtained from Addgene, Watertown, MA (plasmid # 12456; http://n2t.net/addgene:12456;
RRID:Addgene_12456; made available by Dr. Randall Moon (Veeman et al., 2003)). The activities of Firefly luciferase encoded by
the promoter plasmid and of Renilla luciferase were analysed using theDual-Glo dual-luciferase reporter assay system (Promega)
according to the manufacturer’s instructions.

. Statistical analysis

Statistical analysis was performed with the Prism9 software (GraphPad Software Inc, San Diego, CA). Quantitative data are
expressed as mean± S.E.M. Significance was calculated using two-way ANOVA for multiple comparisons; *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.

http://n2t.net/addgene:12456;
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 RESULTS

. CLCA is present at the plasma membrane and in the nucleus of keratinocytes

CLCA2 has a cytoprotective function in keratinocytes, which is, at least in part, mediated through its effect on cell-cell contacts
(Seltmann et al., 2018). However, its molecular mechanisms of action are only partially understood. To further characterize
this protein, we cloned expression vectors that allow the production of CLCA2 fusion proteins with an amino-terminal influenza
hemagglutinin (HA)-tag that was inserted in-frame between the signal peptide and themature protein orwith a carboxy-terminal
FLAG-tag (Figure 1a). The full-length CLCA2 protein is glycosylated, resulting in the production of a protein with an apparent
molecular weight of 120–130 kDa. It can undergo auto-cleavage (Elble et al., 2006), giving rise to a secreted cleavage product of
∼85 kDa and a transmembrane fragment of∼35 kDa (Figure 1b). The fusion proteins were expressed inHEK 293T cells, which do
not express endogenous CLCA2 (Seltmann et al., 2018). Expression of the full-length glycosylated fusion proteins was confirmed
by Western blot (Figure 1c). The HA antibody also detected bands between 55 and 100 kDa, which may represent additional
cleavage products. A 35 kDa protein was detected with the anti-FLAG antibody, which most likely represents the C-terminal
cleavage product. Western blot analysis of membrane, cytoplasmic and nuclear fractions confirmed the presence of CLCA2
and its C-terminal cleavage product in the membrane, while it was hardly detectable in the cytoplasm. Surprisingly, it was also
detected in the nuclear fraction (Figure 1d), and this was confirmed by immunofluorescence staining, where some cells showed
nuclear staining (Figure 1e). These results are consistent with data from the Human Protein Atlas, which showed nuclear staining
of CLCA2 in HaCaT keratinocytes and immortalized corneal epithelial cells (https://www.proteinatlas.org/ENSG00000137975-
CLCA2/cell). The nuclear levels increased when keratinocytes were treated for 4 h with the nuclear export inhibitor leptomycin B
(LMB) (Figures 1e and S1a). Because both full-length CLCA2 and its C-terminal cleavage product have a transmembrane domain,
they are most likely located in the nuclear membrane.
Translocation of CLCA2 to the nucleus requires its unique nuclear localization site (NLS) present in the intracellular C-

terminal part of the protein, since only expression of a FLAG-tagged wild-type (WT) protein (CLCA2-WT), but not of CLCA2
with a point mutation in the NLS (CLCA2-ΔNLS), enhanced the levels of nuclear CLCA2 in transfected HaCaT cells (Figure
S1b). Of note, CLCA2-ΔNLS was expressed at similar levels as CLCA2-WT (Figure S1b). Furthermore, both the wild-type and
the mutant protein interacted at the plasma membrane with the previously identified CLCA2 binding partners E-cadherin and
β-catenin (Ramena et al., 2016; Seltmann et al., 2018) as revealed by co-immunoprecipitation (Figure S1c), suggesting proper
localization and folding of CLCA2-ΔNLS. Immunofluorescence staining of LMB-treated cells confirmed the increase in nuclear
CLCA2 upon overexpression of CLCA-WT in HaCaT cells, while CLCA2-ΔNLS did not accumulate in the nucleus (Figures 1f
and S1d). siRNA-mediated knock-down of importin β1 (KPNB1) or Ran binding protein 2 (RanBP2) (Figures S1e and S1f), which
are required for entry of proteins into the nucleus through the nuclear pore (Walde et al., 2012), strongly reduced the levels of
nuclear CLCA2 (Figure 1 g) and its total intracellular levels (Figure S1e).

. Nuclear CLCA promotes keratinocyte survival under hyperosmotic stress conditions and
suppresses migration

CLCA2 is required for keratinocyte survival in response to hyperosmotic stress, which can be induced by treatment with sorbitol
or high salt (Seltmann et al., 2018). Interestingly, this activity requires the presence of CLCA2 in the nucleus, since the low survival
rate of sorbitol-treated HaCaT cells with CLCA2 knock-down was rescued by overexpression of CLCA2-WT, but not of CLCA2-
ΔNLS (Figure 1h). Furthermore, overexpression of CLCA2-WT in HaCaT cells reduced cell migration, while CLCA2-ΔNLS
did not have this activity. Vice versa, shRNA-mediated CLCA2 knock-down promoted keratinocyte migration. The increased
migration was fully reversed upon transient overexpression of CLCA2-WT, while overexpression of the CLCA2-ΔNLS mutant
caused only a partial rescue (Figures 1i). Figure S1h schematically shows the workflow in this and the following experiments that
involve a combination of knock-down and overexpression.

. EVs contain CLCA that can be transported to nucleus

The surprising localization of a transmembrane protein in the nucleus raised the question about the trafficking of this protein.
Previous studies showed a role of endosomes in the transport of plasma membrane proteins to the nucleus, which may involve
retrograde trafficking via the Golgi apparatus and the endoplasmic reticulum (ER) (Chen et al., 2020) or a direct interaction of
endosome-derived vesicles with the outer nuclear membrane or the nuclear pore complex (Shah et al., 2019). Another possibility
is the transport via EVs (Corbeil et al., 2020). EVs are single-membrane vesicles that are released from various mammalian cells
and contain several transmembrane proteins (Chavez-Munoz et al., 2008; Mathivanan et al., 2010). Consistent with a potential

https://www.proteinatlas.org/ENSG00000137975-CLCA2/cell
https://www.proteinatlas.org/ENSG00000137975-CLCA2/cell
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F IGURE  CLCA2 localizes to the plasma
membrane and the nucleus. (a) Scheme of HA- and
FLAG-tagged CLCA2 fusion proteins. CLCA2 has
an N-terminal signal peptide (SP; cleaved off in the
mature protein), a long extracellular N-terminal
and a short intracellular C-terminal domain. It is
glycosylated (brown trees) and can be self-cleaved
into a secreted 85 kDa and a 35 kDa
transmembrane fragment. The cleavage site is
indicated by scissors. The epitope that is
recognized by the CLCA2 antibody used in this
study and present in the full-length (FL) protein
and the 35 kDa fragment is indicated by a red oval.
(b) Scheme displaying full-length CLCA2 and its
N-terminal and C-terminal cleavage products,
including their molecular weight according to
Western blot analysis of keratinocyte lysates. (c, d)
Western blot analysis of total (c), cytoplasmic,
nuclear and membrane lysates (d) of HEK 293T
cells, which had been transiently transfected with
HA-CLCA2 or FLAG-CLCA2 expression vectors,
using HA, FLAG or CLCA2 antibodies. Histone H1
(nuclear protein), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; cytoplasmic protein) and
EGFR (membrane protein) served as controls for
efficient cell fractionation. FL: full-length, NT:
N-terminal and CT: C-terminal fragment of
CLCA2. (e) Representative CLCA2
immunofluorescence stainings (red) of HaCaT
keratinocytes treated with 10 ng/mL leptomycin B
(LMB) or vehicle for 4 h. Nuclei were
counterstained with Hoechst (blue). (f)
Representative FLAG immunofluorescence
stainings (red) of HaCaT keratinocytes transiently
transfected with expression vectors encoding
CLCA2-WT-FLAG or CLCA2-ΔNLS-FLAG, and
treated for 1 h with LMB; nuclei were
counterstained with Hoechst (blue). (g)
Representative CLCA2 immunofluorescence
stainings (red) of HaCaT keratinocytes transfected
with siRNAs against importin β1 (siKPNB1-1,
siKPNB1-2 or siKPNB1-3), RanBP2 or scrambled
siRNA for 48 h. Nuclei were counterstained with
Hoechst (blue). (h) Relative lactate dehydrogenase
(LDH) levels in the supernatant of HaCaT cells,
which had been stably transduced with CLCA2
shRNA or CV lentiviruses and transiently
transfected with expression vectors encoding
CLCA2-WT-FLAG, CLCA2-ΔNLS-FLAG or CV
(see scheme in Figure S1h) and treated with
300 mM sorbitol for 6 h (N = 3). (i) Area of open
scratch at 28 h post wounding in confluent
shCLCA2-HaCaT and CV-HaCaT keratinocytes,
which had been transiently transfected with
expression vectors encoding CLCA2-WT-FLAG,
CLCA2-ΔNLS-FLAG or CV (see scheme in Figure
S1h) and then subjected to scratch wounding.
N = 3. Bars indicate mean ± S.E.M. *p < 0.05,
***p < 0.001 (two-way ANOVA). Scale Bars: 10 μm.
Schemes were created with BioRender.com.
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presence in EVs, full-length, tagged CLCA2 as well as the 35 kDa C-terminal cleavage transmembrane product accumulated
in the supernatant of CLCA2-HA-expressing HEK 293T cells over time (Figure 2a). This was not a consequence of cell lysis as
demonstrated by the almost complete lack of the cytoplasmic protein lactate dehydrogenase (LDH) in the supernatant (Figure 2b).
We next purified EVs by sequential ultracentrifugation (Hettich et al., 2020). EVs from non-transfected HaCaT keratinocytes
indeed included full-length CLCA2 and the 35 kDa cleavage product in addition to the EV markers CD63, CD9, TSG101, and
caveolin-1, but they were negative for the ER protein calreticulin (Figures 2c and S2a). Particle tracking analysis using a ZetaView
Nanoparticle Tracking Analyzer with laser scattered light measuring of individual particles showed that the isolated EVs had a
diameter of 50–300 nm, with a peak at 130–140 nm (Figure 2d). The concentration and size of the EVs were similar in HaCaT
cells, which had been stably transduced with lentiviruses expressing CLCA2 shRNA (shCLCA2-HaCaT cells) (Seltmann et al.,
2018), and in those transduced with a control viral vector (CV) without shRNA (CV-HaCaT cells) (Figures 2d and e). These EVs
were labelled with DyLight 594 or 650 for further studies (see below), and TEM images of the labelled, desalted, and washed EVs
displayed a field of spherical particles (Figure 2f for CV-HaCaT EVs).

RAB11 promotes exosome formation and RAB11 compartments were recently identified as conserved sites of exosome pro-
duction (Fan et al., 2020; Savina et al., 2005). Therefore, we determined if CLCA2 co-localizes with RAB11. For this purpose, we
transfected HaCaT cells with a plasmid encoding fluorescence-tagged RAB5 and RAB11 (Kriz et al., 2010), and stained themwith
an antibody against CLCA2. Co-localization of CLCA2 with both proteins was found, in particular with RAB11 (Figure S2b),
further indicating that CLCA2 is incorporated into EVs.
Todetermine if EVs containingCLCA2 can be takenupby other cells, we exposedHEK293T cells to EVs released by shCLCA2-

HaCaT or CV-HaCaT control cells (Seltmann et al., 2018). As an additional negative control, EVs produced by non-transfected
HEK 293T cells were used. Both full-length CLCA2 and the 35 kDa cleavage product were detected in the nuclear lysate of HEK
293T cells incubated with EVs from HaCaT-CV cells (Figure 2g), and their levels increased over time (Figure S2c). Nuclear
CLCA2 was much less abundant when HEK 293T cells were treated with EVs from shCLCA2-HaCaT cells (Figure 2g). As
expected, nuclear CLCA2 was not detected in HEK 293T cells incubated with EVs from other HEK 293T cells (Figure 2g). We
next treated purified EVs from HaCaT cells with DyLight 650, which covalently labels lysine residues of membrane proteins,
thereby allowing their detection by fluorescence microscopy. HaCaT cells were then incubated with the labelled, desalted, and
washed EVs and analysed by confocal microscopy. DyLight 650-labelled EV membrane proteins were not only present in the
cytoplasm, but also in the nucleus of the treated cells, where they co-localized with CLCA2 (Figures 2h and S2d for negative con-
trol). To visualize the uptake in greater detail, Z-stacked confocal images were displayed in three dimensions in X-Z direction
(Figure 3a). For visualization, the nuclear surface was rendered using Imaris 9.5 software, and DyLight 650-labelled EV proteins
(green) and immunostained CLCA2 (red) were displayed as spots using spot detection and surface function (Figures 3a and S2e).
3Dmodelling of confocal images revealed localization of DyLight 650-labelled EV proteins and CLCA2 at the nuclear membrane
and in the nucleoplasm (Figure 3a), as well as at the Golgi apparatus as shown by co-staining with giantin (Figure S2f). To verify
that HaCaT EVs enter the nucleus, we co-labelled isolated EVs with Dy-Light and with the cell permeable dye CellTrace, which is
cleaved by intracellular esterases to a yield a fluorescent compound covalently bound to intracellular amines. When HaCaT cells
were incubated with these double-labelled EVs, we found them inside and outside of the nucleus (Figure 3b), suggesting that EVs
are at least partially intact after their nuclear uptake. Furthermore, in cells exposed to EVs that were only labelled with CellTrace,
we also observed co-localization of CLCA2 and the labelled EV proteins in the nucleus, in particular at the nuclear membrane
(Figure 3c). This finding strongly suggests that the labelling of membrane proteins with Dy-Light and the resulting EV surface
modification does not affect the uptake and nuclear transport of EVs. Finally, we found that entry of EVs into the nucleus is not
specific to keratinocytes, because DyLightTM650-labelled EVs were also taken up by human primary fibroblasts and localized to
the nucleus (Figure S2g). Upon inhibition of vesicular transport between ER and Golgi in HaCaT keratinocytes using brefeldin
A, CLCA2 accumulated in the ER as expected for a transmembrane protein, but it was still detectable in the nucleus (Figure 3d).
siRNA-mediated knock-down of importin β1 (KPNB) and RanBP2 reduced the nuclear uptake of EVs (Figure 3e). Together,
these findings further suggest that CLCA2 is transported to the nucleus via EVs.

. Nuclear CLCA binds and activates β-catenin in keratinocytes

To unravel the function of CLCA2 in the nucleus, we first determined if its previously identified binding partner β-catenin asso-
ciates with CLCA2 not only at the cell membrane, but also in the nucleus. The interaction of β-catenin and CLCA2 in transfected
HEK 293T cells, which had been observed with total lysates (Ramena et al., 2016), was confirmed by co-immunoprecipitation
(IP) of both proteins from total lysates of HEK 293T cells expressing tagged CLCA2 fusion proteins (Figure 4a). In addition,
the endogenous proteins interacted in HaCaT keratinocytes (Figure 4b). As expected, the amounts of β-catenin were reduced
in the immunoprecipitate of shCLCA2 HaCaT cells (Figure 4b). The CLCA2-β-catenin interaction in HaCaT cells was verified
using proximity ligation assay (PLA). Some PLA signals were also detected in the nucleus, suggesting that both proteins can
also interact in this compartment (Figure 4c). This was confirmed by co-IP using nuclear lysates of transfected HEK 293T cells
(Figure 4d). The nuclear interaction is of functional relevance, since overexpression of CLCA2-WT, but not of CLCA2-ΔNLS in
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F IGURE  CLCA2 is present in EVs. (a) Western blot analysis of total lysates and acetone-precipitated supernatant of HEK 293T cells, which had been
transiently transfected with CV or with an HA-CLCA2 expression vector, using a CLCA2 antibody. Supernatants were obtained after a 2 h or overnight (ON)
incubation in serum-free medium. (b) LDH levels in the supernatant of transfected cells (see (a)) shown as percentage of the value obtained for the total cell
lysate. Bars indicate mean ± SEM. N = 3. (c) Western blot analysis of EVs from HaCaT keratinocytes for CLCA2, the EV markers CD63 and CD9 (positive
controls) and the ER marker calreticulin (negative control). (d) Particle tracking analysis of EVs isolated from CV- and shCLCA2-HaCaT cells, measured on
the ZetaView Nanoparticle Tracking Analyzer in triplicates. Size distribution of the particles is shown. (e) Concentration and size of EVs isolated from the
conditioned medium of shCLCA2-HaCaT or CV-HaCaT keratinocytes, measured using the ZetaView Nanoparticle Tracking Analyzer. N = 21–24. (f)
Representative TEM images of DyLight 594 EVs from CV-HaCaT cells. Scale bars: 1000 nm (left) and 200 nm (right). (g) Western blot analysis of nuclear
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F IGURE  (Continued)
lysates from HEK 293T cells, which do not express CLCA2, after incubation of the cells with EVs isolated from supernatants of shCLCA2-HaCaT or
CV-HaCaT cells or with EVs from HEK 293T cells. The membrane was probed with antibodies against CLCA2, histone H1 and GAPDH. (h) Representative
confocal image of HaCaT cells incubated with purified, DyLight 650-labelled EVs (green) from HaCaT cells, combined with immunofluorescence staining for
CLCA2 (red) and counterstaining of nuclei with Hoechst (blue). Z-projection in the X–Z direction is shown on the top of the merge panel; side Z-projection in
the Y–Z direction is shown in the right panel. Blue lines indicate the Z-depth of the 3.20 μm optical slice. The green and red lines indicate the orthogonal
planes of the X–Z and Y–Z projection, respectively. The detailed merge displays provide zoomed view of Z-projections. Scale bar: 10 μm.

HaCaT cells (Seltmann et al., 2018) enhanced the levels of active (non-phosphorylated), but not of total β-catenin (Figures 4e and
S1g for CLCA2 expression levels). Furthermore, knock-down of CLCA2 reduced the levels of active β-catenin in the nucleus of
HaCaT cells, while CLCA2 overexpression had the opposite effect (Figure 4f). At the plasma membrane, knock-down of CLCA2
lead to a slight increase in active β-catenin levels, while overexpression of CLCA2 had no effect (Figure 4f).

. CLCA promotes β-catenin-mediated gene expression

Consistent with the positive effect of CLCA2 on the levels of active β-catenin (Figure 4e and f), siRNA-mediated knock-down of
CLCA2 in HaCaT keratinocytes significantly reduced the expression of a TCF/LEF-driven luciferase reporter gene (TCF/LEF-
reporter), while overexpression of CLCA2-WT, but not of CLCA2-ΔNLS, had the opposite effect (Figure 5a). As expected,
knock-down of β-catenin suppressed expression of the reporter gene, while β-catenin overexpression induced a strong activation
(Figure 5a).Moreover, transient overexpression of CLCA2-WT inHaCaT cells with stable shRNA-mediatedCLCA2 knock-down
rescued the expression of the reporter gene, while CLCA2-ΔNLS had no significant effect (Figures 5b; S1g for transfection control
in parallel dishes).
siRNA-mediated CLCA2 knock-down also suppressed the expression of the Wnt target genes AXIN,MYC, CTGF, CCND,

and BMP, while CLCA2 overexpression strongly induced their expression (Figure 5c). Reduced expression ofCTNNB, AXIN,
MYC, andCTGFwas also seen in shCLCA2HaCaT cells. This was efficiently rescued by expression of CLCA2-WT,while CLCA2-
ΔNLS had a much weaker effect (Figure S3).

To determine if components present in EVs, including CLCA2, activate the TCF/LEF reporter, shCLCA2-HaCaT or CV-
HaCaT cells were incubated with EVs from CV-HaCaT or shCLCA2-HaCaT cells. Treatment of CV-HaCaT cells with EVs from
CV-HaCaT cells caused a significant increase in luciferase activity, while shCLCA2 EVs had no effect (Figure 5d). Luciferase
activity was strongly reduced upon CLCA2 knock-down. This was partially rescued by treatment of the knock-down cells with
CV-HaCaT-derived EVs and to a significantly lesser extent with shCLCA2-HaCaT-derived EVs (Figure 5d). The potential of
HaCaT EVs to activate the TCF/LEF reporter was abrogated in the presence of heparin, which inhibits EV uptake (Christianson
et al., 2013), while inhibition of nuclear export by LMB promoted the positive effect of the EVs on reporter gene expression
(Figure 5e).

. Nuclear CLCA interacts with proteins that control gene expression at different levels

To identify additional nuclear CLCA2 interactors in keratinocytes using an unbiased approach, we expressed CLCA2-FLAG in
HaCaT cells and immunoprecipitated CLCA2-interacting proteins from nuclear lysates using beads coupled to FLAG antibodies
or IgG control. Bound proteins were analysed by mass spectrometry (MS). Following a CRAPome analysis to exclude contami-
nants (Mellacheruvu et al., 2013), we further analysed proteins, which were detected as potential interactors in three independent
experiments and with a SAINT probability (SP) score of> 0.95 (Figure 6a, table S1). The known interactor of CLCA2, integrin β4
(ITGB4) (Abdel-Ghany et al., 2003), was highly enriched in the nuclear IP (Figure 6a). This is consistent with the previously doc-
umented nuclear function of this integrin subunit (Liu et al., 2016). We also confirmed the interaction of CLCA2 with β-catenin,
although only in 1 out of 3 experiments. However, the CLCA2-β-catenin interaction was confirmed in the same experimental
setup by Western blot analysis of the immunoprecipitates (Figure S4a). Interestingly, some of the putative interactors identified
by MS had previously been shown to be associated with Wnt signalling, such as cell cycle and apoptosis regulator (CCAR1), a
co-activator of nuclear β-catenin (Ou et al., 2009). Interaction of CLCA2 with CCAR1 was confirmed by co-IP using nuclear
lysates (Figure S4b). Additional putative binding partners with a previously demonstrated role in Wnt signalling are TRIM29
and nucleolar complex protein 14 (NOP14), which activated the Wnt-β-catenin pathway in cervical or colorectal cancer cells
(Sun et al., 2019; Xu et al., 2016; Zhu et al., 2021).
Gene Ontology (GO) cellular component analysis revealed that the putative CLCA2 binding partners include a large number

of proteins localized in specific nuclear compartments (Figure 6b). Many of these interactors are involved in RNA processing
(including splicing), gene expression and ribonucleoprotein complex biogenesis as shown by GO biological process analysis
(Figures 6c and S4c for the individual proteins). Importantly, various proteins with known location in the inner nuclear mem-
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F IGURE  CLCA2 can be transported to the nucleus by EVs. (a) 3D modelling of representative confocal images of HaCaT cells, which had been
incubated with DyLight 650-labelled EVs (green) from HaCaT cells and immunostained for CLCA2 (red). Nuclei were counterstained with Hoechst (blue).
Top view and clipping plane of Z-projection in X-Z direction in front (middle) and shifted in-side view (right) are displayed. For visualization of the nucleus,
the surface was rendered and combined with fluorescence data. For 3D modelling images, additionally to the nucleus, EVs and CLCA2 were rendered as spots
with focus on particle size and overlaid. Note the co-localization of fluorescence labelled EV proteins and CLCA2 inside and outside of the nucleus. Scale bar:
5 μm. (b) Representative confocal image of HaCaT cells incubated with EVs, which had been co-stained with CellTrace (green) and DyLight 594 (red). Nuclei
were counterstained with Hoechst (blue). For 3D modelling, Hoechst staining was used to render the surface of the nucleus (Imaris software). For visualization,
clipping planes were inserted in X-Z direction shifted in front (bottom). Scale bar: 5 μm. (c) Representative confocal images of HaCaT keratinocytes, which had
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F IGURE  (Continued)
been incubated with CellTrace-labelled EVs (green), combined with immunofluorescence staining for CLCA2 (red) and counterstaining of nuclei with Hoechst
(blue). CLCA2 and labelled EV proteins co-localize inside and outside of the nucleus. Scale bar: 10 μm. (d) Representative immunofluorescence stainings of
HaCaT keratinocytes treated with brefeldin A or vehicle overnight, using CLCA2 (red) and calnexin (green) antibodies; nuclei were counterstained with
Hoechst (blue). CLCA2 that is present in the ER appears yellow. Scale bar: 10 μm. (e) Relative fluorescence intensity of HaCaT keratinocytes incubated with
DyLight 650-labelled EVs and counterstained with Hoechst. Quantification of EV uptake was performed by analysing DyLight 650 fluorescence intensity
relative to Hoechst fluorescence.

brane as well as components of the nuclear transport machinery were identified as putative CLCA2 binding partners (Figures
S4d and e), further suggesting an active transport of CLCA2 into the nucleus.

. RBM is a CLCA binding partner, which also activates Wnt signalling

A particularly high interaction probability was observed for RBM3, which was identified in all three MS analyses (Figure 6a).
RBM3 had previously been shown to regulateWnt signalling in colorectal cancer cells by suppression of glycogen synthase kinase
(GSK) 3β activity, which in turn stabilizes β-catenin (Venugopal et al., 2016). It is also involved in the regulation of gene/protein
expression at multiple levels, including promotion of mRNA stability, splicing and protein translation (Dresios et al., 2005; Liu
et al., 2022; Wellmann et al., 2010; Zeng et al., 2013). Interaction of CLCA2 with RBM3 was confirmed by co-IP of nuclear lysates
(Figure 6d). This interaction seems to stabilize RMB3, since siRNA-mediated knock-down of CLCA2 in HaCaT cells strongly
reduced the levels of RBM3 protein (Figure 6e). Vice versa, siRNA-mediated knock-down of RBM3 reduced the levels of CLCA2
and also of active β-catenin in HaCaT cells (Figure 6f). Consistently, RBM3 knock-down reduced the expression of a TCF/LEF-
driven luciferase reporter to a similar extent as CLCA2 knock-down, and a mild further decline was observed upon knock-
down of both proteins (Figures 6g and S5a for knock-down efficiency). Expression of CTNNB and the Wnt target genes AXIN
andMYC was also reduced following knock-down of either RBM3 or CLCA2 (Figure 6h). Interestingly, knock-down of RBM3
also reduced CLCA2 mRNA levels (Figure 6h), suggesting that the reduction of CLCA2 protein levels by RBM3 knock-down
(Figure 6f) is at least partially mediated at the RNA level. By contrast, CLCA2 knock-down did not significantly reduce the
mRNA levels of RBM3 (Figure 6h).

. RBM overexpression partially rescues the low expression of Wnt target genes in CLCA
knock-down cells

The data obtained so far strongly suggest that the CLCA2 binding partner RMB3 is required for at least some of the biological
activities of nuclear CLCA2. To further test this possibility, we performed gain-of-function rescue experiments. Overexpression
of RBM3 in wild-type HaCaT cells strongly induced the expression of the Wnt target genes AXIN andMYC. Most importantly,
the reduced expression of these genes in CLCA2 knock-down cells was partially rescued by overexpression of RBM3 (Figure 7a).
Consistent with these results, overexpression of RBM3 or CLCA2 increased the TCF/LEF-dependent luciferase activity in CV-
HaCaT cells and partially rescued the low luciferase activity in shCLCA2-HaCaT cells (Figure 7b). This may result at least in
part from the increase in CLCA2 levels upon overexpression of CLCA2 or RBM3 in cells with CLCA2 knock-down (Figure S5b).
There was only a mild, but non-significant additive effect when both CLCA2 and RBM3 were overexpressed (Figure 7b). By con-
trast, overexpression of CLCA2 in RBM3 knock-down keratinocytes did not increase Wnt target gene expression (Figure 7c) or
TCF/LEF-dependent luciferase activity (Figure 7d), suggesting that RBM3 is required for CLCA2-mediated TCF/LEF promoter
activation and expression of Wnt targets genes.

. CLCA and RBM collaborate to control keratinocyte migration and survival

Finally, we determined if RBM3 also affects keratinocyte migration and survival and if its overexpression rescues the effect
of CLCA2 knock-down on these activities. Indeed, siRNA-mediated knock-down of RBM3 also increased migration of ker-
atinocytes (Figure 7e). In addition, siRNA-mediated knock-down of either CLCA2 or RBM3 reduced the metabolic activity of
keratinocytes subjected to the hyperosmotic stress-inducing compound sorbitol, indicating reduced survival (Figure 7f). This
was verified in an LDH assay, where knock-down of either CLCA2 or RBM3 resulted in enhanced LDH levels in the culture
supernatant of sorbitol-treated cells, which reflects cell lysis (Figure 7g).

Overexpression ofCLCA2-WTorRBM3-WT in shRNA-mediatedCLCA2 knock-downkeratinocytes abrogated the enhanced
migration of these cells (Figure 7h) and strongly reduced the extent of cell death upon sorbitol treatment (Figure 7i), further
demonstrating that RBM3 is required for important biological activities of CLCA2.
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F IGURE  Co-localization of CLCA2 and β-catenin and their nuclear interaction in keratinocytes. (a) Western blot analysis of lysates (input; upper
panel) and immunoprecipitates (eluate; lower panel) of HEK 293T cells, which had been transfected with HA-CLCA2 (left lanes) or FLAG-CLCA2 (middle and
right lanes) expression vectors, using antibodies against CLCA2 and β-catenin. Precipitation was performed with a CLCA2 antibody (Co-IP) or IgG control.
Tubulin was used as a loading control for the input. (b) Western blot analysis of lysates (input) or immunoprecipitates (eluate; lower panel) of HaCaT
keratinocytes, which had been stably transduced with lentiviruses expressing CLCA2 shRNA or of CV cells, using antibodies against β-catenin and CLCA2.
Precipitation was performed with a β-catenin antibody or IgG control. (c) Representative confocal images of HaCaT cells analysed by in situ proximity ligation
assay (PLA; red) using antibodies against β-catenin (green) and CLCA2 (pink). Maximum intensity projections of confocal z-stacks were performed to observe
the maximum amount of PLA puncta. Scale bars: 10 μm. (d) Western blot analysis (left panel; input) or immunoprecipitates (right panel; eluate) of nuclear
lysates from HEK 293T cells, which had been transiently transfected with HA-CLCA2 or FLAG-CLCA2 expression vectors for 72 h, using antibodies against
β-catenin, CLCA2 and histone H1. Precipitation was performed with a β-catenin antibody or IgG control. (e) Western blot analysis of total lysates of HaCaT
cells, which had been transiently transfected with FLAG-CLCA2-WT, FLAG-CLCA2-ΔNLS or β-catenin expression vectors or CV, using antibodies against
CLCA2, active and total β-catenin, and tubulin. (f) Western blot analysis of nuclear and membrane lysates from HaCaT cells, which had been transiently
transfected with CLCA2 or scrambled (scr) siRNAs or with an HA-CLCA2 expression vector (CLCA2-WT) for 48 h, using antibodies against active and total
β-catenin, CLCA2, histone H1 and EGFR.
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F IGURE  CLCA2 regulates expression of WNT target genes. (a) Ratio of Firefly versus Renilla luciferase activities in HaCaT cells, which had been
transfected with CLCA2 (siCLCA2), β-catenin (siβ-catenin) or scrambled siRNAs, with FLAG-CLCA2-WT, FLAG-CLCA2-ΔNLS or β-catenin expression
vectors or with CV, as well as with a TCF/LEF firefly luciferase reporter construct and a Renilla luciferase expression vector for normalization (see scheme in
Figure S1h). Luciferase activities were determined 72 h after plasmid DNA transfection. Mean relative luciferase activity in cells transfected with scrambled
siRNA was set to 1. N = 4. (b) Ratio of Firefly versus Renilla luciferase activities in shCLCA2-HaCaT or CV-HaCaT cells 72 h after transient transfection with
FLAG-CLCA2-WT or FLAG-CLCA2-ΔNLS expression vectors or CV together with a TCF/LEF firefly luciferase reporter construct and a Renilla luciferase
expression vector. N = 3–5. Mean relative luciferase activity in CV control cells was set to 1. (c) qRT-PCR analysis for CLCA and the Wnt target genes AXIN,
MYC, CTGF, CCND, and BMP relative to RPL using RNA from HaCaT cells isolated 72 h after transient transfection with CLCA2 or scrambled siRNAs or
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F IGURE  (Continued)
with an HA-CLCA2 expression vector (Overexpression CLCA2; OECLCA2). Mean expression levels in cells transfected with scrambled siRNA were set to 1.
N = 5–6. (d) Ratio of Firefly versus Renilla luciferase activities in shCLCA2-HaCaT or CV-HaCaT cells, which had been transiently transfected with a
TCF/LEF firefly luciferase reporter construct and a Renilla luciferase expression vector and incubated overnight with or without EVs from CV-HaCaT or
shCLCA2-HaCaT cells. Luciferase activities were determined 72 h after transfection. N = 4. Mean relative luciferase activity in CV control cells was set to 1. (e)
Ratio of Firefly versus Renilla luciferase activities in shCLCA2-HaCaT or CV-HaCaT cells, which had been transfected as described in (d) and were pre-treated
with heparin, leptomycin B (LMB) or vehicle, followed by overnight incubation with or without EVs from HaCaT cells. Mean relative luciferase activity in
untreated, CV-transduced cells was set to 1. N = 3–5. Graphs show mean ± S.E.M. *p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001 (two-way ANOVA).

. CLCA and RBM co-localize in the epidermis of human foreskin

Finally, we determined the potential in vivo relevance of our findings by analyzing the expression of CLCA2 and RBM3 in human
foreskin. Immunofluorescence staining showed co-localization of CLCA2 and RBM3 in the basal and suprabasal layers of the
epidermis (Figures 8a and S6). Importantly, CLCA2 was also detected in the nuclei of these cells in vivo (Figure 8a). The interac-
tion between CLCA2 and RBM3 in vivowas confirmed using PLA, whereby the PLA signals were mainly detected in the nucleus
(Figure 8b). These results suggest that a CLCA2/RBM3 complex also regulates gene expression in keratinocyte nuclei in vivo.

 DISCUSSION

We made the surprising discovery that CLCA2, which is known for its functions as a transmembrane protein, localizes to the
nucleus of keratinocytes where it mediates important cellular activities. Our results strongly suggest that the nuclear transport
of CLCA2 is mediated at least in part via EVs: (i) CLCA2 was detected in EVs secreted by keratinocytes, (ii) it accumulated
in the nucleus of HEK 293T cells upon treatment with CLCA2-containing keratinocyte EVs, which required importin β1 and
RanBP2, and (iii) treatment of keratinocytes with CLCA2-containing EVs promoted TCF/LEF reporter gene expression, which
was blocked by heparin and enhanced by LMB-mediated inhibition of nuclear export.
While uptake of proteins into the cytoplasm via EVs has been reported for several cell types (Lo Cicero et al., 2015; Mathieu

et al., 2019) and has even been shown to modulate Wnt signalling (Luga et al., 2012; Zhang et al., 2015), EV-mediated transport
of membrane proteins to the nucleus is poorly investigated. A previous study showed that EV-derived biomaterial is transported
to the nucleus of mesenchymal stromal cells, which involves a sub-nuclear compartment created by late endosomes and nuclear
envelope invaginations, where biomaterials associatedwith EVs are delivered (Rappa et al., 2017). Furthermore, EGFR and andro-
gen receptor had been shown to be transported to the nucleus via EVs (Read et al., 2017). Therefore, this poorly characterized
EV-mediated transportmechanism ofmembrane proteins to the nucleus could be of general relevance andmay even be a strategy
of cells to control gene expression in neighbouring cells (Corbeil et al., 2020). The nuclear uptake of CLCA2 required its NLS as
well as importin β1 (KPNB1) and RanBP2, which is consistent with a transport through nuclear pores. EVs have a diameter range
of 30–500 nm (Welsh et al., 2023, 2024), and only small EVs are expected to go through the nuclear pore. It is also possible that
EVs fuse with the nuclear membrane or that material is shed from EVs for nuclear translocation. Investigation of the detailed
molecular mechanism underlying this trafficking process and the fate of the EVs at the nuclear membrane was beyond the scope
of this study, but this should be addressed in future work. In addition, it will be interesting to determine if CLCA2 and other
membrane proteins can be transported to the nucleus of other cell types in vivo using the EV-mediated transport mechanism
discovered in this study. Potentially, specific EV subtypes may be involved, which could mediate short-range and/or long-range
signalling.
Here we focused on the identification of relevant nuclear functions and binding partners of CLCA2. We showed that CLCA2

interacts with β-catenin in the nucleus, possibly at the nuclear membrane. This is of functional relevance, since the NLS located
in the cytoplasmic tail of CLCA2was required for activation of β-catenin and efficient expression of a TCF/LEF reporter gene and
of endogenousWnt target genes. It remains to be determined if a direct physical interaction of CLCA2 with β-catenin is required
for this effect, and/or if it involves its binding to RBM3, CCAR1 and/or other nuclear proteins (see below). Surprisingly, CLCA2
overexpression in MCF7 breast cancer cells reduced the levels of total β-catenin and the expression of some Wnt target genes
(Ramena et al., 2016), while we did not observe an effect of CLCA2 on total β-catenin levels in keratinocytes, and the amounts of
active β-catenin even increased. These apparently contradictory results may reflect cell type-specific differences and/or different
consequences of the interaction of both proteins at the plasmamembrane versus the nucleus. Consistent with the latter possibility,
we found that the nuclear localization of CLCA2 is important for the activation of β-catenin and of Wnt target gene expression.
It is possible that CLCA2 is not targeted to the nucleus of MCF7 cells, for example, because of differences in EV composition or
function, or that it does not interact with β-catenin in the nucleus of these cancer cells.

Our results further show that CLCA2 suppresses keratinocyte migration. This is consistent with the suppression of migration
and of invasive growth of breast cancer cells by CLCA2 (Sasaki et al., 2012; Walia et al., 2012). In keratinocytes, the effect on
migration also required the presence of CLCA2 in the nucleus. It may involve its positive effect on β-catenin activity, since β-
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F IGURE  RBM3 is a nuclear CLCA2 binding
partner. (a) Fold change (FC)-A and Saint
probability (SP) output based on CRAPome
analysis of proteins from nuclear lysates of HaCaT
cells transfected with a FLAG-CLCA2 expression
vector and immunoprecipitated using beads
coupled to a FLAG antibody. Precipitated proteins
were identified by mass spectrometry. Beads-only
controls were used for comparison. Solid lines
indicate FC-A > 2.50 and SP > 0.75. Interacting
proteins described in the manuscript are indicated.
(b) 43 putative nuclear CLCA2-FLAG binding
proteins (SP > 0.95) were subjected to functional
enrichment analysis using enrichR. The top 5 Gene
Ontology (GO) Cellular Components with false
discovery rate (FDR) and percentage of input are
shown. (c) The proteins presented in (b) were
subjected to functional enrichment analysis using
enrichR. The top 5 GO Biological Processes with
FDR are shown. (d) Western blot analysis of
nuclear lysates (left panel; input) or
immunoprecipitates from nuclear lysates (right
panel; eluate) of HaCaT cells, which had been
transfected with an HA-CLCA2 expression vector
for 72 h, using antibodies against CLCA2 and
RBM3. Co-IP was performed with
anti-HA-coupled or IgG control beads. (e) Western
blot analysis of total lysates from HaCaT cells
stably transduced with shCLCA2 or CV
lentiviruses and treated with doxycycline (Dox) or
vehicle (DMSO) for 72 h, using antibodies against
RBM3, CLCA2 and GAPDH. (f) Western blot
analysis of total lysates of HaCaT cells, which had
been transfected with different RBM3 siRNAs or
scrambled (scr) siRNA for 48 h, using antibodies
against RBM3, active and total β-catenin, CLCA2
and GAPDH. (g) Ratio of Firefly versus Renilla
luciferase activities in HaCaT cells, which had been
transfected with CLCA2 (siCLCA2), RBM3
(siRBM3-2 or siRBM3-3), or scr siRNAs or
combinations, together with a TCF/LEF firefly
luciferase reporter construct and a Renilla
luciferase expression vector, 72 h after transfection.
Mean relative luciferase activity in cells transfected
with scr siRNA was set to 1. N = 4–6. (h) qRT-PCR
analysis for CLCA, RBM and the Wnt target
genes CTNNB, AXIN andMYC relative to RPL
using RNA from HaCaT cells, which had been
transfected with CLCA2, RBM3 or scr siRNAs, 48 h
after transfection. Mean expression levels in cells
transfected with scr siRNA were set to 1. N = 6.
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F IGURE  RBM3 overexpression rescues the
effects of CLCA2 knock-down in keratinocytes. (a)
qRT-PCR analysis for RBM, CTNNB, AXIN and
MYC relative to RPL using RNA from
shCLCA2-HaCaT or CV-HaCaT cells transiently
transfected with an RBM3 expression vector or CV,
72 h after transfection. Mean expression levels in
CV-HaCaT cells were set to 1. N = 6. (b) Ratio of
Firefly versus Renilla luciferase activities in HaCaT
cells, which had been stably transduced with
shCLCA2 or CV lentiviruses and transiently
transfected with HA-CLCA2 and/or RBM3
expression vectors or CV together with a TCF/LEF
firefly luciferase reporter construct and a Renilla
luciferase expression vector, 72 h after transfection.
Mean relative luciferase activity in CV-HaCaT cells
was set to 1. N = 3. (c) qRT-PCR analysis for
CLCA, RBM and the Wnt target genesMYC and
CCND relative to RPL using RNA from HaCaT
cells, which had been transfected with RBM3 or scr
siRNAs, and with a CLCA2 expression vector or
CV (see scheme in Figure S1h). Expression levels in
CV-transduced cells were set to 1. N = 5–8. (d)
Ratio of Firefly versus Renilla luciferase activities
in HaCaT cells, which had been transfected with
CLCA2 (siCLCA2), RBM3 (siRBM3) or scr siRNAs
and with a CLCA2 expression vector or CV,
together with a TCF/LEF firefly luciferase reporter
construct and a Renilla luciferase expression
vector, 72 h after transfection. Mean relative
luciferase activity in cells transfected with scr
siRNA was set to 1. N = 3. (e) Percentage of open
scratch at 28 h post wounding of confluent HaCaT
cells, which had been transfected with different
RBM3 siRNAs or scr siRNA for 48 h. N = 3. (f)
Metabolic activity based on MTT assay in HaCaT
cells, which had been transfected with CLCA2,
RBM3 or scr siRNAs for 48 h and then treated with
300 mM sorbitol for 6 h. N = 4. Absorbance in
vehicle-treated cells transfected with scr siRNA was
set to 100%. (g) Relative LDH levels in the
supernatants of HaCaT cells, which had been
transfected with CLCA2, RBM3 or scr siRNAs for
48 h and then treated with 300 mM sorbitol for 6 h.
N = 3–4. 100% corresponds to death of all cells. (h)
Percentage of open scratch at 24 h post wounding
of confluent shCLCA2-HaCaT and CV-HaCaT
cells, which had been transiently transfected with
expression vectors encoding CLCA2-WT-FLAG or
RBM3 or CV. N = 4. (i) Relative LDH levels in the
supernatants of HaCaT cells, which had been
transfected with CLCA2 or scr siRNAs and/or
CLCA2 or RBM3 expression vectors or CV and
then treated with 300 mM sorbitol for 6 h N = 3.
Graphs show mean ± SEM. *p ≤ 0.05; **p ≤ 0.01,
***p ≤ 0.001 (two-way ANOVA).
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F IGURE  Co-localization of CLCA2 and RBM3 in the human epidermis. (a) Representative immunofluorescence stainings of sections from human
foreskin with antibodies against CLCA2 (red) and RBM3 (green). Note the co-expression of CLCA2 and RBM3 in keratinocyte nuclei. The area indicated with
a white box is shown at higher magnification below. Scale bars: 100 μm (overview) or 10 μm (high magnification). D: Dermis; E: Epidermis. (b) Representative
confocal images of HaCaT cells analysed by in situ proximity ligation assay (PLA; purple) using antibodies against RBM3 (green) and CLCA2 (red). Note the
interaction of CLCA2 and RBM3 in the nucleus (magenta). The area indicated with a white box is shown at higher magnification below. Scale bars: 100 μm
(overview) or 10 μm (high magnification).
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catenin activation inhibited migration of human keratinocytes in vitro, and β-catenin is present in keratinocytes at the edge of
chronic ulcers, which fail to migrate (Stojadinovic et al., 2005).
The increasedmigration of keratinocytes that we observed upon knock-down of CLCA2was reversed by transient overexpres-

sion of the wild-type protein, but only partially by overexpression of the ΔNLS mutant. Although CLCA2-ΔNLS showed proper
expression and localization at the plasma membrane as well as binding to E-cadherin and β-catenin, we cannot fully exclude the
possibility that this mutation also affects CLCA2 activities at the plasma membrane, for example, through alterations in protein
folding and/or in the interaction with other proteins. Independent of this open question, the identification of binding partners of
wild-type CLCA2, which are involved in RNA processing, gene expression and ribonucleoprotein complex biogenesis, suggests
important additional functions of CLCA2 in the nucleus. Of particular interest in this context is its binding to RBM3, which we
identified in this study. Similar to CLCA2, RBM3 had been detected in different cellular compartments, including the nucleus
(Zhu et al., 2016). It was also found in EVs released from several cell lines (Kugeratski et al., 2021), suggesting that both CLCA2
and RMB3 may be transported to the nucleus via EVs, which could support their interaction.
Knock-down of RBM3 affected Wnt signalling in keratinocytes to a similar extent as knock-down of CLCA2. This is in line

with the previously demonstrated regulation of Wnt signalling by RBM3 through suppression of GSK3β activity, which in turn
stabilized β-catenin in colorectal cancer cells (Venugopal et al., 2016).Whilewe donot know if thismechanism is also important in
keratinocytes, RBM3 overexpression rescued the defect in the expression of the TCF/LEF reporter in keratinocytes with CLCA2
knock-down. These data strongly suggest that efficientWnt target gene expression requiresCLCA2 and its binding partner RBM3.
Importantly, the enhancedmigration of CLCA2 knock-down keratinocytes and their reduced survival under hyperosmotic stress
conditions were also reverted by RBM3 overexpression. This may involve the positive regulation of CLCA2 expression by RBM3,
for example, through binding of RBM3 to CLCA2 transcripts, and/or a CLCA2-independent downstream activity. Studies with
CLCA knockout cells, in which RBM3 can no longer promote CLCA2 expression, will be required to distinguish between these
possibilities. However, our preliminary data suggest that CLCA knockout keratinocytes already show reduced survival under
non-challenged conditions. This underlines the important role of CLCA2 as a stress-protective protein, but it will complicate any
rescue experiments with these cells.
Finally, our work revealed that knock-down of either CLCA2 or RBM3 promoted keratinocyte migration and that both pro-

teins are required for keratinocyte survival in response to hyperosmotic stress ((Seltmann et al., 2018) and this study). This may
involve the interaction of both proteins, as suggested by the importance of the nuclear localization of CLCA2 for both activities.
Therefore, our new and previous data (Seltmann et al., 2018) show that CLCA2 promotes the survival of keratinocytes exposed
to hyperosmotic stress through the regulation of yet unknown genes, RNAs or proteins in the nucleus and also ensures epider-
mal integrity under these conditions through promotion of cell-cell adhesion (Seltmann et al., 2018), an activity that requires
its presence at the cell membrane. Interestingly, RBM3 also conferred resistance of different cell types to various other stressors,
including serum withdrawal, ER stress and cold exposure and protected cells from apoptosis (Hu et al., 2022; Zhu et al., 2016).
It remains to be determined if these cytoprotective activities also involve its binding partner CLCA2. Independent of this open
question, ourwork suggests that the CLCA2-RBM3partnership is also relevant in human skin in vivo, as both proteins co-localize
in the nuclei of basal and suprabasal keratinocytes. Most importantly, we previously showed that CLCA2 is strongly expressed
in the epidermis of Atopic Dermatitis patients, where it likely protects keratinocytes from hyperosmotic stress that occurs as a
consequence of the impaired epidermal barrier and resulting transepidermal water loss (Seltmann et al., 2018). In the future, it
will be of interest to determine if this function requires RBM3 and if CLCA2 and RBM3 are targeted to the keratinocyte nucleus
in the skin of healthy individuals and Atopic Dermatitis patients via EVs. Finally, future studies will unravel the role of CLCA2
and RBM3 in the pathogenesis of other human skin diseases associated with defects in keratinocytes.
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