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Kindlins are a novel family of intracellular adaptor
proteins in integrin-containing focal adhesions. Kind-
lin-1 and -2 are expressed in the skin, but whether
and how they cooperate in adult epithelial cells have
remained elusive. We uncovered the overlapping
roles of kindlin-1 and -2 in maintaining epithelial
integrity and show that the phenotype of kindlin-1-
deficient cells can be modulated by regulating kind-
lin-2 gene expression and vice versa. The experimen-
tal evidence is provided by use of human keratinocyte
cell lines that express both kindlins, just kindlin-1 or
kindlin-2, or none of them. Double deficiency of kind-
lin-1 and -2 had significant negative effects on focal
adhesion formation and actin cytoskeleton organiza-
tion, cell adhesion, survival, directional migration, and
activation of f, integrin, whereas deficiency of one
kindlin only showed variable perturbation of these
functions. Cell motility and formation of cell-cell con-
tacts were particularly affected by lack of kindlin-2.
These results predict that kindlin-1 and -2 can function-
ally compensate for each other, at least in part. The high
physiologic and pathologic significance of the compen-
sation was emphasized by the discovery of environmen-
tal regulation of kindlin-2 expression. UV-B irradia-
tion induced loss of kindlin-2 in keratinocytes. This
first example of environmental regulation of kindlin
expression has implications for phenotype modula-
tion in Kindler syndrome, a skin disorder caused by
kindlin-1 deficiency. (4m J Patbol 2011, 178:975-982;
DOI: 10.1016/j.ajpath.2010.11.053)

Kindlin family proteins (also designated as fermitin family
homologs) share a high structural and functional similar-
ity and are considered to be essential for integrin activa-

tion." The three known family members localize to integrin
adhesion sites in cells but have different tissue expres-
sion patterns.®* Kindlin-2 is expressed in embryonic
stem cells and almost ubiquitously in tissues, whereas
kindlin-1 is restricted to epithelial and kindlin-3 to hema-
topoietic and endothelial cells.>> The biological rele-
vance of kindlins has been examined through in vitro
biochemical, cell-based, and functional assays, as well
as in mouse models, and their importance is highlighted
through their association with several human genetic dis-
orders.” Kindlin-1 defects cause the Kindler syndrome
(KS), a form of inherited epidermolysis bullosa that man-
ifests with skin blistering, photosensitivity, and progres-
sive generalized poikiloderma.®” Mutations in kindlin-3
cause leukocyte adhesion deficiency type 3, a rare in-
herited disease characterized by severe bleeding and
impaired adhesion of leukocytes to inflamed epithelia.”
Thus far, inherited human disorders have not been asso-
ciated with kindlin-2."

Functional similarities between kindlin-1 and kindlin-2
have been postulated, including localization to cell-matrix
adhesions and binding to and activation of B, and B,
integrins.®~"" In epidermal keratinocytes, kindlin-1 colocal-
izes with kindlin-2,"2 but whether and how the two kindlins
interact with each other have remained unexplored. Kind-
lin-1 guides keratinocyte adhesion, proliferation, and migra-
tion'® and is required for GTPase-mediated lamellipodia
formation.' Kindlin-2 (encoded by the FERMT2 gene) has
an essential role in development, but its functions in adult
tissues are not well understood. In the dermis it regulates
maturation of focal adhesions (FAs) and cytoskeletal orga-
nization in fibroblasts, in particular during regenerative pro-

Supported by grant HA 5663/1-1 from the German Research Foundation
(C.H. and L.B.T.); by the International Kindler Syndrome Network Kindler-
net grant from ERANET, project 01GM0812, by the Network Epidermoly-
sis Bullosa grant from the Federal Ministry for Education and Research
(L.B.T.); and by the Freiburg Institute for Advanced Studies (L.B.T.).

Accepted for publication November 17, 2010.

Address reprint requests to Cristina Has, M.D., Department of Derma-
tology, University Medical Center Freiburg, Hauptstr. 7, 79104 Freiburg,
Germany. E-mail: cristina.has@uniklinik-freiburg.de.

975


mailto:cristina.has@uniklinik-freiburg.de

976 Heetal
AJP March 2011, Vol. 178, No. 3

cesses such as wound healing.'® In zebra fish, knock down
of kindlin-2 resulted in skeletal muscle dysfunction, ventric-
ular hypoplasia, and reduced ventricular contractility due to
disorganized intercalated disks.'®

We investigated the impact of kindlins-1 and -2 on
keratinocyte functions in vitro by comparing normal kera-
tinocytes with kindlin-1-deficient, kindlin-2-deficient, or
double-deficient cells. The data show that kindlin-1 and
kindlin-2 have a number of overlapping functions and can
compensate for each other in part but also have distinct
functions, in particular in forming cell-cell contacts and in
cell migration.

Materials and Methods
Cells and Short Hairpin RNA-Mediated Silencing

Four different cell lines with distinct kindlin expression
patterns were generated for this study. As starting mate-
rial, keratinocyte cell lines derived from normal human
skin, designated NHK-EBE7, and from kindlin-1-deficient
KS skin, designated KS-NM-EGE7,"*"” were used. The
KS patient was compound heterozygous for two FERMT1
null mutations: the 3.9-kb deletion, including exons 10
and 11 and leading to frame shift and premature termi-
nation codon, and the nonsense mutation c.910G>T,
p.E304X."® Control cells containing both kindlin-1 and
kindlin-2 (Co) were obtained by transducing NHK-EGE7
with control short hairpin RNA (shRNA) lentiviral particles
(Santa Cruz Biotechnology, Santa Cruz, CA). Cells in
which kindlin-2 was knocked down (K2 ™) were generated
by transducing NHK-EBE7 with FERMT2 shRNA. Kindlin-
1-deficient cells KS-NM-EBE7 containing only kindlin-2
were transduced either with control shRNA (K17) or
with  FERMT2 shRNA to obtain double-deficient cells
(K17K27). FERMT2 shRNA lentiviral particles are a pool
of concentrated, transduction-ready viral particles con-
taining three target-specific constructs that encode 19 to
25 nucleotides (plus hairpin) shRNA designed to knock
down gene expression (Santa Cruz Biotechnology). The
cells were cultured in keratinocyte growth medium (Invit-
rogen, Karlsruhe, Germany) as previously described.'
The transduction with kindlin-2-specific shRNA lentiviral
particles or with irrelevant control shRNA was performed
in the presence of polybrene. For stable transduction,
cells were treated with puromycin, and resistant clones
were selected. The expression of kindlins was assessed
on RNA and protein level by RT-PCR and immunoblot-
ting, respectively. Images of living cells were captured
with the Nikon Biostation and were analyzed using Image
J 1.43u.

Cell Proliferation and Adhesion Assays

Cell proliferation assays were performed in triplicates, as
previously described.’ Equal numbers of cells were
seeded in six-well plates, grown for 1 or 4 days, and
counted. For adhesion and spreading assays, 96-well
tissue culture plates were coated with 2 ng/ulL of laminin
332 or 10 ng/ulL of fibronectin overnight at 4°C. After
saturation of the wells with 1% bovine serum albumin,

equal numbers of cells were seeded. Cells were allowed
to adhere for 1 hour at 37°C and thereafter rinsed with
PBS, fixed with 70% ethanol for 30 minutes at room tem-
perature, and stained with 0.5% crystal violet. Adherent
cells were quantified by measuring the OD at 540 nm with
an Infinite 200 spectrophotometer (Tecan Austria GmbH,
Grodig, Austria). For morphologic assessment, the cells
were documented photographically.

Cell Migration Assays

For monolayer wound healing assays, the cells were
grown to confluence on Ibidi u-dishes with culture inserts
(Ibidi, Martinsried, Germany). After removal of the inserts,
the cells were rinsed with PBS and incubated further in
culture medium under 5% CO, at 37°C in a Nikon Bio-
station immunofluorescence microscope (Nikon Instru-
ments Inc., Melville, NY). Photographs were captured
every 30 minutes for 24 hours, and the wound areas were
measured using the Image J software. Motility of individ-
ual cells was monitored by the time-lapse imaging sys-
tem Nikon’s Biostation immunofluorescence microscope.
The cells were seeded sparsely on Ibidi u-dishes, and
phase-contrast photographs were captured every 5 min-
utes for 4 hours with the Nikon Biostation IM system. The
migration parameters and tracks of cells were analyzed
with the Imaris 6.2.0 software. The processive index was
defined as the ratio between the direct distance from start
point to end point and the total track distance.

UV-B Irradiation of the Cells

Irradiation of keratinocytes with UV-B was performed as
previously described.?® Briefly, 90% confluent untreated
NHK-EBE7 and KS-NM-E6E7 cell monolayers were
changed into PBS, put on ice, and exposed to 60 mJ/cm? of
UV-B (UV 801 BL; Herbert Waldmann GmbH & Co. KG,
Villingen-Schwenningen, Germany). Control cells were
treated identically but not irradiated. At different time points
after irradiation, total RNA and proteins were extracted.

RT-PCR and Real-Time Quantitative PCR

First strand cDNA was synthesized from 1 png of RNA
using the Advantage RT-for-PCR Kit (Clontech, Mountain
View, CA). The PCR reactions were performed in a 50-uL
volume containing 250 ng of cDNA, 1X buffer with 2.5
mmol/L Mg®*, 0.2 mmol/L dNTP, 0.5 umol/L each primer,
and 1 U of Hot Master Polymerase (Eppendorf, Hamburg,
Germany). Each experiment was performed in triplicate,
and values were normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (Clontech). Primers
used to amplify the FERMT2 cDNA were F: 5-GAAGTT-
GATGAAGTTGATGCTGCCCTTTC-3 and R: 5-AGACT-
GATTCGGATGGATGC-3'. Scanning densitometry of band
intensity was performed with the Gel-Pro Express 4.0 soft-
ware (Media Cybernetics Inc., Bethesda, MD).

Real-time quantitative PCR (gqPCR) was performed us-
ing the iQ-SYBR-Green Supermix and an iCycler (Bio-
Rad, Minchen, Germany), and expression values were
normalized to the housekeeping genes hypoxanthine



phosphoribosyltransferase 1 (HPRT7) and 18S ribosomal
RNA (78s). The data were processed using the BioRad
CFX Manager Software (version 1.5). The primers used
for amplification were as follows: for FERMT2, F: 5'-GAA-
CAAGCAGATAACAGCGAGA-3 and R: 5-TGGAACCTTG-
CAATGAAGTG-3; for 18s, F: 5-TCAAGAACGAAAGTCG-
GAGG-3 and R: 5-GTGAGGTTTCCCGTGTTGAG-3’; and
for HPRT1, F: 5-AAGATGGTCAAGGTCGCAAG-3' and R:
5-AAGCAGATGGCCACAGAACT-3'.

Flow Cytometry

For each analysis, 2 X 10° cells were trypsinized,
washed twice with PBS, and then incubated with the
antibody 4B7R to detect total B, integrin and with the
antibody 12G10 to recognize the active conformation of
B, integrin®' at room temperature for 15 minutes. After
washing with PBS containing 1% bovine serum albumin
and 0.05% NaNg, the cells were incubated with fluores-
cein isothiocyanate conjugated F(ab’), goat anti-mouse
IgG(H+C) antibody (Immunotech, Quebec, Canada) for
a further 15 minutes. In a parallel experiment, isotype
controls were used. Flow cytometry acquisition was per-
formed using the BD FACSCantoll (BD Biosciences,
Sparks, MD).

Protein Extraction and Immunoblotting

Confluent cell monolayers or peripheral blood mononu-
clear cells were lysed and homogenized in 25 mmol/L
Tris-HCI, pH 7.5, 0.1 M NaCl, 1% NP-40, 10 mmol/L
EDTA, and 1 mmol/L PEFA-Bloc, with 1% protease inhib-
itor cocktail (Calbiochem, Darmstadt, Germany). The ly-
sates were centrifuged at 14,000 X g for 30 minutes at
4°C, and the protein concentration in the supernatants
was determined with the DC Protein Assay (Bio-Rad). For
immunoblotting, the proteins were separated on 8% or
10% SDS-polyacrylamide gel electrophoresis under re-
ducing conditions and transferred to nitrocellulose
membranes. The blots were incubated with antibodies
to kindlin-1,"* kindlin-2,® kindlin-3 (ProSci, San Diego,
CA), or GAPDH (clone 6C5; Millipore) overnight at 4°C,
followed by incubation with horseradish peroxidase-
labeled anti-mouse or anti-rabbit IgG (Bio-Rad) for 1
hour at room temperature. The visualization was per-
formed with the ECL Plus System (Amersham, Billerica,
MA).

Immunofluorescence Microscopy

Cells grown on coverslips were fixed with 2% parafor-
maldehyde in PBS on ice for 15 minutes, washed three
times with PBS, and treated for 5 minutes with 0.1%
Triton-X in PBS at room temperature. The incubation
with primary antibodies was at 4°C overnight or for 1
hour at room temperature. The following antibodies
were used: anti-talin (clone 8d4), anti-B, integrin (clone
4B7R and clone 12G10), rabbit polyclonal anti-g-
catenin (Abcam, Cambridge, MA), and anti-desmo-
plakin (clone 2Q400). As secondary antibodies, Alexa
anti-mouse or anti-rabbit IgG (Invitrogen) were used.
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Fibrillar actin was stained with phalloidin-TRITC (Milli-
pore) and nuclei with DAPI (Chemicon, Rosemont, IL).
Stained cells were observed with a confocal laser
scanning microscope (LSM510; Carl Zeiss, Jena, Ger-
many) or with an epifluorescence microscope (Zeiss
Axio Imager; Carl Zeiss). Images were captured using
Zeiss internal software and processed using Imaged
version 1.43u. To assess apoptosis, TUNEL staining of
cultured cells was performed according to the manu-
facturer’'s recommendations (Roche, Grenzach-
Wyhlen, Germany).

Statistical Analysis

Quantitative data were compared using a two-tailed t-
test. P values to determine statistical significance are
indicated in the text. Except for the flow cytometry and
adhesion assays for which two independent experiments
were performed, for all assays three independent exper-
iments were performed.

Results

Both Kindlin-1 and -2 Modulate Cell Shape
and Size

The cell lines used in this study, NHK-E6E7 and KS-NM-
EBE7, are both keratinocytes immortalized with the same
method." They express the B, integrin subunit but not
Bs. In a separate study using a proteomics approach, we
demonstrated that these cell lines are similar to primary
keratinocytes.'” To distinguish between the functions of
kindlin-1 and kindlin-2 in epithelial cells, we generated
four different cell lines with distinct kindlin expression
patterns: i) Co, keratinocytes expressing both kindlins; ii)
K17, kindlin-1-negative cells containing only kindlin-2; iii)
K2~ cells containing kindlin-1 and significantly reduced
amounts of kindlin-2; and iv) K17K27, cells that are kind-
lin-1 negative and have significantly reduced expression
of kindlin-2. Immunoblotting demonstrated the specificity
of the cell lines, that both K1~ and K17K2™ cells were
completely devoid of kindlin-1, and that a knockdown of
kindlin-2 by approximately 90% and 80% was achieved
in K27 and K17K2™ cells, respectively (Figure 1, A and
B). These cell lines did not express any kindlin-3 (Figure
1B).

Phase contrast microscopy demonstrated a significant
effect of kindlin double deficiency on cell size and shape
(Figure 1C). K17K2™ cells were rounded and had com-
pletely lost the polygonal shape and lamellae, which were
still seen to some extent in K1~ and K2~ cells. The cell
surface areas were significantly smaller (mean = SD cell
areas: Co, 1921 + 90 um? n = 49; K17, 930 * 25 um?
n = 151; K27, 897 + 32 um? n = 103; and K17K27,
758 + 26 um?, n = 127), as also indicated by histograms
with clearly different distribution patterns of cell areas in
Co, K17, K27, and K17K2™ cells (Figure 1D). Conspic-
uously altered shape and spreading in K17K27, K17,
and K2~ cells were demonstrated by confocal micros-
copy. Vertical sections (V panels in Figure 1E) verified
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attachment but not spreading of kindlin-deficient cells, in
contrast to controls, which appear flat and elongated.
The defects were particularly prominent in K1~K2™ cells,
which also exhibited an abnormal actin cytoskeleton (Fig-
ure 1E).

Kindlin-2 Is Important for Formation of FAs and
Cell-Cell Contacts
Although both kindlin-1 and kindlin-2 seem to modulate

the morphology and size of the cells, immunofluores-
cence staining revealed distinct differences. Confocal

60

Co
K1
K2'  Figure 1. Double deficiency of kindlin-1 and -2
K1'k2 exerts a dramatic effect on the morphology of
keratinocytes. RT-PCR (A) and immunoblot (B)
analysis demonstrate efficient knockdown of
kindlin-2 in K27 and K1 K2~ cells and absence
of kindlin-1 in K1~ and K1"K2™ cells. GAPDH
,bg@ b‘Q@ was used to control loading. The numbers in
panel A represent the mean relative intensities of
the bands for FERMT2 from three experiments
after normalization to GAPDH. B: Lower panel
shows a kindlin-3 immunoblot of peripheral
blood mononuclear cells as a positive control
and of Co, K17, K27, and K1 K2~ cells. Anti-
bodies to GAPDH were used as loading control.
C: Phase contrast microscopy reveals shape ab-
normalities and small surface area of K1 K2,
K17, and K2 cell lines. Note that K1 K2~ cells
are rounded and have completely lost the po-
lygonal shape and lamellae still evident in K1~
and K2~ cells. White lines demark cell borders.
D: The cell surface area was measured using the
software Image J. The graph shows the signifi-
cantly different distribution of cell areas for K1~
(red), K27 (blue), and K17K2™ (purple) com-
pared with control cells (green). E: F-actin was
visualized with phalloidin staining and confocal
microscopy. For each cell type, the right narrow
panel shows the vertical section of the marked
cell (V). Note the abnormal distribution of actin
and the impaired spreading of K17K2™, K1,
and K27 cells. Instead of the flat elongated ap-
pearance of control cells, all kindlin-deficient
cells remained round, just attached but not
spread. F: FAs were visualized by staining with
anti-talin antibodies (arrows). Note the diffuse
distribution of talin in the cytoplasm of K1 K2~
and K2 cells. Twenty-four hours after seeding,
these cells remained rounded and talin was not
targeted to FAs. G: After calcium switch, staining
with antibodies to 8, integrin demonstrates lo-
calization at cell-cell contacts (arrows) in con-
trol and K17 cells. In contrast, 8, integrin has a
rather diffuse distribution in K17K2™ and K2~
cells. After calcium switch, immunofluorescence
staining with anti-B-catenin (green) antibodies
(H) was performed to demonstrate adherence
junctions and with anti-desmoplakin (red) anti-
bodies (I) to visualize desmosomes. In control
and K1~ cells, both markers localize to cell-cell
junctions (arrows). In K2~ and K17K2~ cells,
irregular B-catenin—positive adhesion junctions
are visible (arrows), whereas desmoplakin re-
mains in the cytoplasm. Nuclei are stained with
DAPI (blue). Scale bars in all panels = 20 um.
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microscopy with talin staining showed that K2— and
K17K2™ cells were unable to target talin to FAs 24 hours
after seeding (Figure 1F). In contrast, in K1~ cells talin
staining was only slightly reduced compared with con-
trols (Figure 1F). Formation of new cell-cell adhesions,
adherence junctions, and desmosomes was induced by
adding 1.2 mmol/L Ca®* to the cultures. This resulted in
targeting of B, integrin, B-catenin, and desmoplakin to
cell-cell adhesions in Co and K1~ cells but not in cells
with significantly reduced expression of kindlin-2. In K2~
and K17K2™ cells, B-catenin staining had an irregular
pattern demonstrating abnormal adherence junctions,
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Figure 2. Kindlin-1 and -2 have overlapping functions in keratinocytes. A: To assess the levels of the active integrin on cell surface, flow cytometry was
performed. The binding of the antibody 12G10, which recognizes the active conformation of 8, integrin, was quantified by subtracting background values from
mean fluorescence intensity values normalized to total integrin expression. The active B, integrin levels shown are normalized to the total B, integrin amount
present in every cell type. The graph shows the average values from two independent experiments (77 = 2). B: Adhesion assays of control and kindlin-depleted
keratinocytes on laminin 332 and fibronectin were performed as described. Data are presented as means of eight measurements from two independent
experiments; error bars show SD of the mean (#test: *P < 0.05; **P < 0.01). C: To assess the effect of kindlin knockdown on proliferation and survival, the number
of viable Co, K1 " K2™, K1, and K2~ cells relative to day 1 after seeding was measured. Shown are mean values from three experiments (7 = 3) performed in
parallel; error bars show SD (#test: **P < 0.01; ***P < 0.001). D: Two-dimensional wound closure assays were performed using Ibidi p-dishes with inserts. Wounds
at 0, 4, 8, and 12 hours are shown. Note the delayed wound closure by kindlin-deficient cells, more prominent in the case of K27 and in particular K1 K2~ cells,
which do not migrate toward the wound area at all. The dashed lines indicate the wound margins. Scale bar = 50 um. E: The graph shows the quantification of
the wound area after 4, 8, and 12 hours as percentage of the initial area. Three wounds were analyzed for each cell type (12 = 3). The statistical difference between
the deficient cell types and control cell is significant (#test: **P < 0.01, ***P < 0.0001). F: Cell migration was recorded for 4 hours by time lapse video microscopy.
The migration routes of single cells were analyzed and used to determine processive indexes for control (green, n = 27), K1~ (red, n = 21), K2~ (blue, n = 21),
and K1"K2™ (purple, n = 19) cells. The mean values are marked with bars; the statistical difference between the deficient cell types and control cells is significant
(test: **P < 0.0001, *P < 0.05, and **P < 0.0001, respectively).

whereas 3, integrin and desmoplakin remained diffusely

Kindlin-1 and -2 Have Overlapping Functions in
distributed in the cytoplasm (Figure 1, G-I).

Adhesion, Survival, and Migration of

Keratinocytes
Kindlin-1 and -2 Can Compensate for Each

Other in Integrin Activation Because cell adhesion, survival, and migration are gen-

erally governed by kindlins, these cellular functions were

Because integrin activation is regarded as one of the
main functions of kindlins, we analyzed this by flow cy-
tometry using the antibody 12G10, which recognizes the
active conformation of B, integrin. Deficiency of both
kindlins had a considerable impact on B, integrin activa-
tion; only approximately 20% active integrin was present
on the cell surface (Figure 2A). The single-deficient cells
exhibited more subtle effects. B, integrin activation was
reduced to approximately 60% in K1~ cells and 90% in
K2~ cells (Figure 2A). These observations strongly sug-
gest that kindlin-1 and kindlin-2 compensate for each
other as integrin activators in keratinocytes.

assessed in the different kindlin-deficient keratinocytes.
First, adhesion assays showed that double-deficient
K17K2™ cells adhered and spread poorly on both laminin
332 (P < 0.01) and fibronectin (P < 0.05), whereas sin-
gle-deficient K17 and K2~ cells adhered with an effi-
ciency of 80% to 90% of the Co cells (difference not
statistically significant), suggesting that in these cell lines
the two kindlins mutually compensate for this function
(Figure 2B).

Cell survival and migration were also significantly im-
paired by the deficiency of both kindlins. The survival of
K17K2™ cells was approximately 25% of controls (P <
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and KS skin, kindlin-2 expression was down-
regulated after treatment with UV-B. A: Repre-
sentative agarose gel electrophoresis showing
RT-PCR products on total RNA extracted from
NHK-EGE7 (NHK) and KS-NM-EGE7 (KS-NM)
cells treated with UV (+) or not treated (—). It
demonstrates the reduction of kindlin-2 expres-
sion in UV-irradiated keratinocytes. For quanti-
fication, band intensities were measured in three
independent experiments and normalized to to-
tal GAPDH levels. In each experiment, the kind-
lin-2 levels for not irradiated cells (gray bars,
UV-) were set as 100, and those for irradiated
cells (black bars, UV+) were calculated as a
percentage. Mean values and the SDs are shown.
The statistical difference between treated and
not treated cells is significant (#test: **P < 0.001
and **P < 0.0001, respectively). B: Total RNA
was extracted from NHK-E6GE7 (NHK) and KS-
NM-EGE7 keratinocytes 0, 6, 9, 12, or 24 hours
after treatment with 60 mJ/cm? of UVB (+, gray
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0.001). If only one kindlin was abolished, the cell survival
was diminished to about 50% of that of controls (K17, P
< 0.001; K27, P < 0.01; Figure 2C). In a two-dimensional
wound healing model, kindlin-deficient cells exhibited
clearly delayed wound closure compared with controls.
Co cells migrated into the wounded area and closed it
within 8 hours, whereas K17K2™ cells did not migrate at
all (Figure 2, D and E). K1~ cells migrated slower than Co
cells but still covered the wound to approximately 75%
within 8 hours. A more prominent migration defect was
evident in K27 cells; scattered cells were found within the
open wound area after 8 hours but no significant prog-
ress had occurred after 12 hours. Quantification of the
wound area revealed a highly significant difference be-
tween Co and K2~ and K17K2™ cells at all time points (P
< 0.001; Figure 2E). Single-cell tracking corroborated the
migration anomalies of kindlin-deficient cells. A high pro-
cessive index reflects continued directional migration of
single cells, as was seen with Co cells. In contrast, K1~
and K17K2™ cells had significantly reduced processive
indexes, indicating undirected, random motility. Similar
abnormal movement, but to a lesser extent, was ob-
served in K27 cells (Figure 2F).

Regulation of Kindlin-2 Expression as a
Phenotype Modifier in KS

These findings clearly indicate an overlap of kindlin-1 and
kindlin-2 functions in keratinocytes. Therefore, we postu-
late that in naturally occurring kindlin-1 deficiency in KS,
kindlin-2 is able to compensate at least in part for the
functions normally exerted by kindlin-1 in epidermal ke-
ratinocytes. A direct consequence is that regulation of
kindlin-2 expression can modulate the biological and
clinical phenotype in KS. To test this, we investigated
kindlin-2 expression after UV-B irradiation because pho-
tosensitivity is an unexplained symptom that aggravates
the skin condition in KS. Keratinocytes isolated from con-
trol and kindlin-1-deficient KS skin were irradiated with 60
mJ/ecm? of UV-B, and kindlin-2 mRNA expression was
assessed by semiquantitative RT-PCR and gPCR. Both
methods demonstrated a substantial down-regulation of
kindlin-2 expression as a consequence of UV-B irradia-
tion. In both normal and KS keratinocytes, kindlin-2
mRNA levels were reduced by approximately 70% to
80%, 6 to 12 hours after UV treatment, and slowly recov-
ered after 12 hours in NHK and after 24 hours in KS-NM
cells (Figure 3, A and B). As shown in Figure 3C, these



correlate with reduced kindlin-2 protein levels after UV
irradiation especially in KS-NM cells. To exclude the pos-
sibility that down-regulation reflected cell death, we ana-
lyzed as a control the mRNA levels of two other relevant
genes, kindlin-1 and a4 integrin, and found no evidence
for significant changes (not shown). These experiments
clearly indicate that environmental factors can modify
kindlin-2 gene expression and modulate the phenotype in
KS by abolishing compensatory cellular functions.

Discussion

In this study, we uncovered the overlapping roles of kind-
lin-1 and kindlin-2 in maintaining epithelial integrity. Cell
adhesion, spreading, proliferation, and migration were
significantly impaired by loss of both kindlins, suggesting
that they have at least in part redundant functions. De-
spite complete lack of FAs and cell-cell junctions, the
kindlin double-deficient cells survived but showed only
minimal proliferation and were not able to spread or mi-
grate. In addition, they exhibited slightly increased apop-
tosis in culture 1 day after seeding (not shown). Defi-
ciency of only one kindlin yielded considerably fewer
severe cellular changes, corroborating the pivotal need
for at least one kindlin in the above epithelial cell pro-
cesses. A similar observation has been reported in Dro-
sophila, where the kindlin homologues fermitin 1 and fer-
mitin 2 were shown to act in a partially redundant manner
to maintain muscle integrity.??

An interesting finding in our model was that kindlin-1
and -2 were able to mutually compensate for the activa-
tion of B, integrin, at least in part, as shown by the fact
that adhesion was only minimally reduced in single-defi-
cient K17 and K2~ cells. This is in agreement with data
derived from the kindlin-1 knockout mouse, which has a
very minor skin phenotype, and in which kindlin-1-nega-
tive keratinocytes showed only slightly reduced activation
of B, integrins.® At present, the amounts of kindlin-1 and
-2 proteins in keratinocytes cannot be compared on the
basis of immunoblots because the sensitivity of kindlin-1
antibodies is much higher than that of kindlin-2 antibod-
ies. Therefore, to address the mechanisms for how and to
what extent the kindlins compensate for each other re-
quires development of new molecular tools and ap-
proaches, such as quantitative proteomics to elucidate
the kinetics of kindlin-containing protein complexes in
keratinocytes.?®

However, it became obvious that kindlin-1 and -2 also
have distinct dominant functions. Although both kindlins
had similar effects on cell morphology and size, kindlin-2
deficiency seemed to affect formation of cell-cell junc-
tions and FAs in a more drastic manner, as demonstrated
by diffuse cytoplasmic distribution of B, integrin,
B-catenin, desmoplakin, and talin in K27 and K17K2~
cells, instead of a membrane-associated localization. De-
spite the higher levels of integrin activation, the impact of
kindlin-2 deficiency on cell motility was stronger than that
of kindlin-1. This suggests that the abnormalities of K2~
cells may not result only from defective integrin activa-
tion. Because kindlin-1 and -2 have partially overlapping
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functional roles, major questions moving forward include
understanding which interactions are responsible for the
similar and distinct functions, what binding partners me-
diate the unique interactions, and which ones mediate
kindlin-1- or kindlin-2-specific interactions. Studies ad-
dressing these questions are ongoing in the laboratory.

Despite overlapping functions, the two kindlins cannot
fully rescue the loss of the other in keratinocytes. For
example, knockdown of kindlin-2 aggravates the cellular
phenotype of K17 cells. In the light of this, it is conceiv-
able that the progressive phenotype in KS results from
modulated expression of kindlin-2. Because all KS pa-
tients have kindlin-1 null mutations, the phenotypic vari-
ability is believed to depend on genetic and environmen-
tal modifiers,?* one of them being UV light. To further
dissect these hypotheses, we examined the regulation of
kindlin-2 expression after UV-B irradiation in normal and
KS keratinocytes. Intriguingly, kindlin-2 was strongly
down-regulated after irradiation with UV-B; the mRNA
levels decreased to 15% to 20% of controls. The deple-
tion of kindlin-2 in kindlin-1-negative keratinocytes could
explain the photosensitivity observed in KS patients and
the aggravation of the symptoms in sun-exposed skin
areas. Gene regulation by UV irradiation is well studied in
human skin and keratinocytes. A ninefold increase of ag
integrin and a 20-fold decrease of actin protein levels by
UV-B2® have been reported. Interestingly, in sun-ex-
posed skin, expression of B, integrin protein by epider-
mal basal cells was reduced, paralleling a down-regula-
tion of B, integrin mRNA ¢

Taken together, the present study demonstrates that
the highly homologous kindlin-1 and -2 display partly
distinctive and partly overlapping functions in epidermal
keratinocytes and that they can compensate for each
other to a certain extent. Loss of the compensation leads
to a more severe cellular phenotype, as seen in KS after
UV irradiation. This represents the first example of envi-
ronmental phenotype modulation of KS.
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