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Abstract

Integrin a3B1, a major epidermal adhesion receptor is critical for organization of the basement membrane during
development and wound healing. Integrin a3 deficiency leads to interstitial lung disease, nephrotic syndrome and
epidermolysis bullosa (ILNEB), an autosomal recessive multiorgan disease characterized by basement membrane
abnormalities in skin, lung and kidney. The pathogenetic chains from ITGA3mutation to tissue abnormalities are still
unclear. Although integrin a3 was reported to regulate multiple extracellular proteins, the composition of the
extracellular compartment of integrin a3-negative keratinocytes has not been resolved so far. In a comprehensive
approach, quantitative proteomics of deposited extracellular matrix, conditioned cultured media as well as of the
intracellular compartment of keratinocytes isolated from an ILNEB patient and from normal skin were performed. By
mass spectrometry-based proteomics, 167 proteins corresponding to the GO terms “extracellular’ and “cell
adhesion”, or included in the “human matrisome” were identified in the deposited extracellular matrix, and 217 in the
conditioned media of normal human keratinocytes. In the absence of integrin a3, 33% and 26% respectively were
dysregulated. Dysregulated proteins were functionally related to integrin a3 or were known interaction partners. The
results show that in the absence of integrin a3 ILNEB keratinocytes produce a fibronectin-rich microenvironment
and make use of fibronectin-binding integrin subunits av and a5. The most important results were validated in
monolayer and organotypic coculture models. Finally, the in vivo relevance of the most dysregulated components
was demonstrated by immunostainings of skin, kidney and lung samples of three ILNEB patients.

Introduction

Epithelial-mesenchymal interactions govern organ
homeostasis during development and tissue regener-
ation and are orchestrated in a complex manner by a
multitude of receptors and their ligands. Integrin
receptors play a central role being widely expressed
on the surface of cells, to allow interactions between
cytoplasm and the cellular microenvironment [1]. The

epithelial a3 integrin subunit is required for proper
development of the cutaneous basement membrane
(BM) and maintenance of dermal-epidermal adhesion
[2]. Its absence leads to splitting of the cutaneous
BM with skin blistering, as well as to alterations of
the pulmonary and renal architecture resulting in
interstitial lung disease, and nephrotic syndrome in
humans (ILNEB - interstitial lung disease, nephrotic
syndrome, epidermolysis bullosa, MIM#614748) [3],
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and in comparable anomalies in the respective mouse
model [4].

A substantial number of studies investigated how
integrin a3 regulates the extracellular matrix and
keratinocyte motility using cell lines, mostly derived
from mice [5-8], yet the precise mechanisms remain
largely unknown. In brief, previous research has
shown that: i) a3f31 integrin plays an important role in
determining the incorporation of laminin-332 into its
proper higher-order structure within the extracellular
matrix of keratinocytes [7]; ii) a3B1 integrin promotes
the processing of laminin-y2 in cultured keratino-
cytes in vitro and in wound epidermis in vivo, via
regulation of the Bmp1 gene, which encodes
variants of the mTLD/BMP-1 metalloproteases [9];
ii) in mice lacking integrin a3B1 in the epidermis,
reduced fibulin-2 contributes to loss of BM integrity
and skin blistering [5]; iv) the extracellular matrix of
a3 integrin-null keratinocytes, which also migrate
faster than wild-type cells, is fibronectin deficient [9].
The challenge of this topic and the discrepancies
between studies probably rely on the differences
between keratinocytes [9], the variability of cell culture
and experimental conditions, and the dynamic cross-
talk between cells and their microenvironment [10].

To address the complexity of the microenvironmen-
tal changes driven by loss of integrin a331, we sought
to perform an unbiased global analysis using a
recently established experimental setting [11]. The
composition of the extracellular matrix of human
keratinocytes was recently resolved, leading to a list
of 209 identified proteins [11]. Here we used integrin
a3-negative keratinocytes (A3 ™) derived from patients
with ILNEB as a prototype to dissect how lack of a3
impacts the extracellular structural components
and soluble factors (e.g. growth factors) [12]. In a
comprehensive approach, quantitative proteomics of
deposited extracellular matrix, conditioned culture
media as well as of the intracellular compartment of
the cells was performed, as well as expression arrays.
We uncovered dysregulated molecular networks in
A3~ cultured keratinocytes and demonstrated their
relevance in organotypic coculture models and in vivo
in skin, kidney and lung samples of ILNEB patients.

Results

Lack of a3 integrin in keratinocytes significantly
impacts the composition of their
microenvironment

To obtain global unbiased information on the
abundance of soluble and deposited extracellular
proteins secreted by integrin a3-negative keratinocytes
we employed proteomic analysis using experimental
settings and a bioinformatics data processing pipeline
described before [11, 13, 14] (Fig. 1A). Extracellular

proteins which are deposited (referred to as ECM) and
soluble in the conditioned media (referred to as CM),
as well as cell lysates were collected separately
from SILAC labelled control and integrin a3-negative
keratinocytes (A37) after 7 days of culture. Two
biological replicates per experiment were performed.
Between replicates, SILAC labels were swapped to
exclude labeling artifacts. Isolation of intact deposited
ECM of keratinocytes is challenging because of its
relative low abundance and stability as compared
to the extracellular matrix produced by fibroblasts.
After detachment of the cells, the ECM which
remained attached to the cell culture dish was
monitored by inverted microscopy. Immunoblot anal-
ysis confirmed proper separation of the cellular
compartments (Fig. 1B): the transmembrane collagen
XVII was detected as a full length protein in the cell
lysate and ECM, but not in the conditioned media,
where only the 120 kDa shed ectodomain was present,
while the laminin-y2 chain was enriched in the
deposited extracellular compartment.

By MS, 167 proteins corresponding to the GO terms
“extracellular’ and “cell adhesion”, or included in the
“human matrisome” [15] were identified in the ECM,
and 217 in CM (Table S1 and S2). We selected those
proteins which were regulated >1.5-fold (+0.66 log2
SILAC ratios) in A3~ compared to control cells. Of all
167 identified ECM proteins, 55 (33%) were consis-
tently regulated in A3~ compared to control cells, in
both experiments (Table S1), while 14, including
integrin a3 were only detected in one experiment. Of
the 217 proteins identified in the conditioned medium,
57 (26%) were regulated in both experiments in A3~
compared to control cells (Table S2).

Predicted functional protein association networks
depicted using STRING (http:/string-db.org/) and
Cytoscape version 3.4.0 (http://www.cytoscape.org/)
revealed that most regulated proteins in A3~ versus
control cells, in the deposited ECM and conditioned
media, clustered around the integrin a3 subunit.
They comprised core matrisome proteins, including
chondroitin sulphate proteoglycan 4 (CSPG4, 10.5-
fold in ECM and 4.5-fold in CM), fibronectin (5.9-fold
in ECM and 2.8-fold in CM), collagen alpha-2(IV) chain
(3.7-fold in ECM and 1.5 in CM), heparan sulphate
proteoglycan core protein 2 (HSPG2, 2.7-fold in ECM),
laminin-332 (a3 1.6-fold, B3 1.8-fold, y2 2.1-fold in CM)
and -511 (B1 0.7-fold and y1 0.6-fold in ECM),
tenascin C (0.5-fold in ECM and 3.0-fold in CM) and
thrombospondin 1 (THBS1, 0.6-fold in ECM) (Fig. 2A
and Tables S1-S2). In addition, the abundance of
several matrisome-associated proteins, such as syn-
decan 4 (SDC4, 0.5-fold in ECM and 0.7-fold in CM),
matrix metalloproteinases 1 and 14 (MMP1 2.7-fold in
CM and MMP14 1.9-fold in conditioned medium) and
nephronectin (0.2-fold in ECM) was changed in A37,
as compared to control cells (Fig. 2A and B). The fold-
change of the protein abundance in the three cellular
compartments - ECM, conditioned medium and cell
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Fig. 1. Schematic representation of the experimental setting. A. Proteomic analysis was performed for the extracellular
matrix (ECM), cell lysate (CL) and conditioned medium (CM) isolated from SILAC labelled control (Co) and integrin a3-null
keratinocytes (A37). B. Immunoblots demonstrate the proper separation of the cell compartments in the samples used for
MS. The detected proteins appear left and the molecular weight marker on the right side of the blots.

lysate - is graphically represented in Fig. 2B. It shows
that increased abundance is mostly confined to the
ECM, while protein decrease is consistent in all
compartments. Notably, the amount of the laminin-
332 chains was moderately increased (1.5-2 fold)
in the A3~ conditioned medium and cell lysates, as
compared to control cells. Laminin-511 chains were
slightly decreased in the deposited ECM, yet increased
in conditioned medium and cell lysates (Fig. 2C).
Consistent with the results of gene expression analysis
[16], other integrin a subunits, a2, a5 and av, were
significantly increased in A3~ as compared to control
cells (Fig. 2A).

The abundance of the most regulated extracellular
proteins correlated in part with the mRNA levels
(Fig. 2D and Table S3). Fig. 2D compares the log2
transformed fold-change in gene expression with the
corresponding changes in protein abundance. Of note,
there is a significant, positive correlation between the
MRNA and protein changes indicating, in line with
previous studies, that protein abundance can be partly
explained through transcriptional control. The spear-
man rank correlation was largest for the total cell lysate
compared to the ECM and conditioned medium
(Fig. 2D, middle and right), demonstrating the stronger
post-transcriptional control of these secreted, extra-
cellular proteins.

We noted that regulations of cytokines, chemokines
and growth factors were not captured by this analysis.

To identify autocrine loops which could be responsible
for the regulations of the extracellular proteins, a
cytokine array was performed [17]. This showed that
eotaxin (6-fold), IGFBP-2 (5-fold), TNF-B (3.7-fold),
IGF-1 (3.3-fold), IL-1ra (3-fold), IFN-y (3-fold), PARC
(CCL18 2.6-fold), IL-5 (2.3-fold) and MCP-2 (CCLS,
1.9-fold) were increased, and TARC (CCL17,
0.65-fold), SCF (0.45-fold), IL-4 (0.4-fold), IGFBP-1
(0.4-fold), IL-1a (0.2-fold) and IL-1B (0.1-fold) were
decreased in lysates of A3~ versus control cells
(Fig. S1).

Upregulation of fibronectin depends on integrin
a3 and TGF-B

Intriguingly, one of the most abundant extracellular
proteins secreted by A3~ cells was fibronectin. To
investigate whether this deviation is the direct conse-
quence of the absence of integrin a3 and not due to
other genetic or epigenetic differences between cells,
we rescued the expression of integrin a3 in A3~ cells
by stable transduction with retroviral particles contain-
ing the full-length human ITGA3cDNA. Rescued cells,
designated as A3* demonstrated overexpression of
recombinant integrin a3 and its presence on the cell
surface, at similar levels as control cells [16].
Importantly, the level of fibronectin in the extracellular
compartment was comparable to control levels upon
integrin a3 reexpression, suggesting that fibronectin
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Fig. 3. Regulation of fibronectin and collagen VIl is dependent on integrin a3. A. Increased abundance of fibronectin in
A3 is restored in A3™+ as shown by immunoblotting. As a control, collagen XVII is shown which is not significantly
changed. WCL, whole cell lysate. B. Fibronectin was stained on coverslips seeded with Co, A3~ and A3* cells. Nuclei
staining indicate the cells. C. Quantification of the abundance of the deposited fibronectin in Co, A3~ and A3™ cells, relative
to the number of cells indicated by nuclei. Bars = 100 ym. D. Co and A3~ were treated with SB505124, a specific TGF-$
receptor inhibitor for 8 h; mRNA was isolated and FN7 and /ITGA3 gene expression was determined. The figures
represented the mean values of band intensity detected in three different immunoblots.

regulation was due to integrin a3 (Fig. 3A—C); collagen
XVII was not significantly changed in any cell type
(Fig. 3A). Since transcriptional regulation of fibronectin
is known to be dependent on TGF-3 [18, 19], we
treated the cells with a TGF-f inhibitor. This had no
effect on FN1 expression in control cells or on ITGA3

Dysregulation of extracellular matrix proteins is
recapitulated in organotypic cocultures

Since integrin a3 is engaged in epithelial-
mesenchymal interactions, we asked whether the
changes observed in keratinocyte monoculture on

MRNA levels, but significantly decreased FNT mRNA
levels in A3~ cells (Fig. 3D).

plastic dishes are also relevant when keratinocytes
interact with fibroblasts. Thus, OTC were constructed

Fig. 2. Lack of a3 integrin in keratinocytes significantly impacts extracellular proteins. A. Analysis of interaction network
of the most regulated deposited and secreted proteins identified in the A3~ as compared to the Co (String & Cytoscape).
Continuous mapping was created with blue -downregulated and yellow-upregulated according to the ratio of the protein
abundance (A37/Co). B. The protein abundance (mean fold change) in the three compartments is graphically represented.
C. The protein abundance (mean fold change) of the laminin chains in the three compartments. D. Scatter plots of the gene
fold change and protein abundance for the cell lysate, extracellular matrix and conditioned medium. Genes and proteins
that are significantly regulated on the transcriptome or proteome level or both are indicated in blue, green and red,
respectively. The red solid lines show the linear regression of all genes and proteins significantly regulated with the dotted
lines indicating the 0.90 confidence intervals. The corresponding Spearman rank correlations are given as with r= 0.51,
r=0.33 and r = 0.40, respectively.
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using normal human fibroblasts embedded in colla-
gen | gels for the dermal compartment, and control,
A3~, or A3™ keratinocytes for the epidermal compart-
ment. These skin equivalents closely recapitulated the
architecture of human skin, with proper epidermal
stratification, expression of markers of differentiation
and of the dermal-epidermal junction, as well as a
defined epidermal BM (Fig. 4A and B, Fig. S2).
Notably, A37-OTC demonstrated discontinuous
and irregular lamina densa (length lamina densa/
length dermal-epidermal junction %: mean and SEM
83.99 + 4693 N =7 versus 24.59 + 2515 N = 3,
p < 0.0001), similar to the skin of ILNEB patients
(Fig. 4B and C). To validate the proteomics findings
in this model, we chose the most significantly
regulated proteins. Importantly, the regulations of
fibronectin, CSPG4 and nephronectin were recapitu-
lated in this model, and were dependent on expression
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of integrin a3. While the amount of laminin-332 did not
appear significantly changed in the absence of a3,
blisters were noted at the dermal-epidermal junction in
the corresponding sections of A3™-OTC (Fig. 4D). The
fibronectin binding integrins, the integrin a5 and aV
subunits, were strongly expressed in the A3"OTC, the
intensity being dependent on the expression of integrin
a3 (Fig. S3). These results are in line with increased
mMRNA, cell surface levels and in situ abundance of the
integrin a5 and aV subunits shown in our previous
study [16].

Alterations of the composition of the extracellular
matrix are recapitulated in ILNEB skin, kidney
and lung

To this end we addressed whether the most
significant changes found in the keratinocyte

Fig. 4. Validation of OTC as models for ILNEB skin. A. OTC, constructed with Co and A3~ keratinocytes, and normal
human fibroblasts in collagen gel recapitulate the architecture of the skin and of the dermal-epidermal junction zone as
shown by H&E staining. B. and C. Transmission electron microscopy shows in A37-OTCs discontinuous BM that is
comparable to the skin of ILNEB patients. White arrows point to the normal lamina densa of the BM in normal skin and red
arrows point to discontinuities in the ILNEB and A3~ skin, respectively. The graph (C) indicates the percentage of the
length of the lamina densa from the entire length of the dermal-epidermal junction (DEJ). Bars = 100 nm. D. The
abundance of the selected ECM proteins was regulated in OTCs, in an integrin a3-dependent manner. Stars indicate the
microblisters in the A3™-OTCs, discontinues lines indicate the derma-epidermal junction. Bars = 20 ym.
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cultures and 3D OTC models were also present in
situ, in skin, kidney and lung samples of patients with
ILNEB. In line with the in vitro data, fibronectin and
CSPG4 were more abundant in patients' skin, kidney
and lung samples, as compared to normal human
aged matched tissues (Fig. 5A, B, D and E), while
nephronectin was clearly reduced in ILNEB skin,
kidney and lung samples (Fig. 5C-E). These
observations suggest that the results of the proteo-
mics analysis of cells are reflecting the in vivo
situation.

Functional relevance of fibronectin upregulation
in the microenvironment of integrin a3-deficient
keratinocytes

Integrin a3 deficient mouse and human keratino-
cytes displayed increased migration in previous
reports [16, 20]. In vitro wound closure assays
confirmed that human ILNEB keratinocytes, A3~
and A3R463W (Taple S4), display a migratory
phenotype, which can be rescued by retroviral
reexpression of integrin a3 (Fig. 6A and B). Next
we addressed whether this behavior depends on
changes of the cell microenvironment, in particular
on increased fibronectin abundance. We efficiently
knocked down fibronectin in A3~ cells by using
siRNAs, as shown by gPCR, immunoblot and
immunofluorescence staining in Fig. 6C-E, and
assessed cell migration using in vitro wound closure
assays. Four hours after wounding, A3~ cells treated
with scrambled siRNA closed almost 90% of the
wound area, whereas the wound area remained
completely open in A3~ cells treated with the
fibronectin siRNA (Fig. 6F and G). These results
support the notion that in this experimental setting
integrin a3-null keratinocytes interact with their
environment using fibronectin and the fibronectin-
binding integrins, which induce their migratory
behavior.

Discussion

Using as a genetic model keratinocytes isolated
from an ILNEB patient, we demonstrate that loss of
the integrin a3 subunit significantly impacts the
microenvironment of keratinocytes. The abundance
of both, core structural components of the BMs
(collagen IV, laminin-332, CSPG4, HSPG2), as well
as matricellular proteins [21] (syndecan 4, nephro-
nectin), was changed upon constitutional absence of
the integrin a3B1 receptor of keratinocytes. The
validation in ILNEB tissue samples emphasizes the
relevance of these findings for the BM abnormalities
observed in the skin, lung and kidney of these
patients.

The fact that about 30% of the extracellular
proteins are dysregulated in the absence of integrin

a3 also suggests that regulation of important
adhesion proteins (e.g. fibronectin and its integrin
receptors) rather than absence of a331 may be a
direct cause of many (or most) of the proteomic
changes and phenotypes in this model. The validity
of our results is supported by the finding that several
of the dysregulated proteins are either functionally
related (e.g. other integrin subunits) to integrin a341,
or are known interaction partners (e.g. laminins,
CSPG4). For example, in the endothelial cells,
CSPG4, galectin-3, and integrin a331 form a complex
on the cell surface, and galectin-3—dependent oligo-
merization may potentiate CSPG4-mediated
activation of integrin a3p1 [22]. Another example is
syndecan-4 which influences the assembly and
disassembly of integrin complexes at focal adhesion
sites, and these results in the preferential enrichment
of different combinations of heterodimeric integrins
[23, 24]. Interestingly, increased expression of the
individual chains of laminin-332 or laminin-511 was
not accompanied by increased deposition of these
laminins into the ECM, reflecting a deficiency of A3~
cells to assemble laminins into the ECM as suggested
before [7].

The observed changes, in particular the switch to a
fibronectin-rich matrix with increased a5 and aV
integrin receptors that we have validated on mRNA
and protein level in vitro and in situ in our previous
study [16], suggest that crucial events governing
keratinocyte migration associated with wound
healing and tissue repair are recapitulated in the
absence of the integrin a3 subunit [7, 16]. In our
model, fibronectin was transcriptionally regulated in
a cell-autonomous manner, dependent on a3 itself,
and on TGF-B. Although we did not find evidence for
increased levels of TGF-B in A3~ cells, its bioavail-
ability might be changed in the microenvironment of
A3~ cells [25]. Integrin av(36 is a ligand and activator
of TGF-B1 LAP [26], thus increased av - expression
in our cells may induce spatially restricted activation
of TGF-B1.

The changes in the composition of the microenvi-
ronment are functionally relevant and directly impact
the behavior of the A3~ cells. Fibronectin has a
remarkably wide variety of interactions and function-
al activities besides key roles in cell adhesion and
migration [27]. Knock down of fibronectin by 90% in
the matrix of the integrin a3-negative keratinocytes
slowed cell migration. Our findings closely resemble
those described in HaCaT cells in which ITGA3 was
knocked down [8], but are discordant to those
described in a3 integrin-null mouse immortalized
keratinocytes, in which deficient fibronectin deposi-
tion was considered responsible for increased cell
migration [9]. Likewise, changes of the deposited
laminin-332 [7], in processing of the laminin-y2 chain
[28] or fibulin-2 [5] were not captured in our system.
The regulation of other integrin subunits observed
in our model was not found in other models [29, 30].
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There might be several explanations for these
differences. Depending on the cell type and time
point of deletion, loss of a3 might have variable
effects on overall integrin profiles. There might be
also significant differences between mouse and
human keratinocytes in respect to the composition
of the extracellular matrix and cell migration behavior
[9] or between the experimental conditions of
the studies. Finally, the observed differences could
stem in part from compensatory mechanisms that
arise during epithelial tissue development in ILNEB
patients but not in mice, thus being relevant to ILNEB
but not general.

Beyond this, strong downregulation of the extra-
cellular protein nephronectin was also recapitulated
in the patient's lung and kidney tissues and seems to
be dependent on integrin a3 (Fig. 5C and D and Fig.
4D). Nephronectin was shown to interact with a831
integrins and was associated in the mouse model
with kidney agenesis [31]. Nephronectin was also
identified in a close-to-native in vitro system devel-
oped to study the crosstalk between lung cells and
extracellular matrix, along with other core extracel-
lular matrix and extracellular-associated proteins
such as collagens I-1V, heparan sulfate proteoglycan
core protein and lysyl oxidase homolog 1 [32]. The
strong downregulation of nephronectin found in
integrin a3 deficient tissues might act as a modifier of
the lung and kidney phenotype in ILNEB.

Our results are in agreement to previous data that
abundance of extracellular proteins and their mMRNA
levels correlate poorly, due to long protein half-lives
and regulation by proteolytic degradation [33]. In this
study we rescued integrin a3 expression, employed
OTC and patients' tissue samples and performed a
cytokine array in order to overcome limitations, such
as, differences between the donors [34], the use of
immortalized cell lines [35], the monolayer culture
system used for isolation of the extracellular proteins,
or the limits of MS in detecting low abundance and
insoluble proteins [33].

Our data provide first evidence of significant
multimolecular alterations of the microenvironment
of epithelial cells lacking integrin a3, but the precise
mechanisms by which these changes orchestrate
the tissue anomalies observed in ILNEB patients
remain to be further elucidated.

Materials and methods

Human tissue samples, generation of cell lines

Skin specimens were obtained after informed written
consent from individuals who underwent surgery and
from three ILNEB patients (designated as PP-F3%2Vi’,
pP-R463W. pc.1383-11T-A) and used for immunostainings
and isolation of cells. Kidney and lung biopsies were
obtained after informed written consent for diagnostic
purposes, and the remaining material was used for
research. Clinical features and mutations of ILNEB
patients included in this study were described previously
[3, 36, 37] (Table S4). In brief, patient PPV wag
homozygous for a frame shift mutation leading to a
premature termination codon and to lack of integrin a3 as
shown by immunoblot, immunofluorescence and flow
cytometry [3]. Patient PP7463W was homozygous for the
mutation p.R463W that prevented posttranslational
modification of integrin a3, its heterodimerization with
inte%rin 1 and its membrane targeting [36]. Patient
pe-138311T=A was homozygous for the intronic mutation
¢.1383-11 T = A that had profound influence on splicing
and lead to absence of integrin a3 in the skin of the
patient [37]. Keratinocytes derived from normal and
patients' skin were immortalized with the HPV E6 and E7
genes (plasmids were kind gifts of Dr. Fernando Larcher
and Dr. Stephanie Loffek) as described before [38].

Cell culture and stable isotope labeling by amino
acids in cell culture (SILAC)

The keratinocyte cell lines used in this stu\(zy, control
(Co), A3~ (derived from PP-FP392Vis")  AgR463 éderived
from PP-R43W) and A3* (derived from PPP3%2VES" jn
which recombinant integrin a3 was retrovirally reex-
pressed and were cultured in keratinocyte growth
medium (KGM) (Invitrogen, Karlsruhe, Germany),
supplemented with bovine and epidermal growth factor.
Twenty-four hours after seeding the cells were treated
with 10 uM TGF-B inhibitor (SB505124, Sigma-Aldrich,
Germany) for six hours, followed by mRNA isolation
and gPCR analysis.

For mass spectrometry (MS) analysis, cells were
subcultured and passaged in SILAC-KGM (PromoCell,
Heidelberg, Germany) supplemented with 0.004 mL/mL

Fig. 5. Abundance of the selected extracellular proteins in ILNEB skin, kidney and lung. A. Increased abundance of
fibronectin and CSPG4 were confirmed in skin samples from three ILNEB patients. B. The graph shows the quantification
of the immunofluorescence staining of fibronectin in control and patients' skin samples. C. Nephronectin immunostaining in
control and ILNEB skin samples. D. and E. Fibronectin and CSPG4, laminin-332 and nephronectin were stained in ILNEB
kidney and lung and compared to tissue samples from healthy donors of similar age. Note: Downregulation of the
nephronectin and the upregulation of the CSPG4 and fibronectin were revealed in the patient's kidney and lung tissues
samples. Nuclei are shown in blue (DAPI). In the lower panels representative pictures of H&E staining of control and ILNEB

kidney and lung samples are shown. Bars = 100 pm.
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Fig. 6. Migratory phenotype in A3~ depends on rich fibronectin environment. A. A3~ and A37463W demonstrated faster in vitro
wound closure, than control cells. This phenotype can be reverted through restoration of integrin a3 expression. B. Quantification
of the in vitro wound closure assays shown in panel A; Note: significantly faster wound closure in A3~ and A3746*" as compared
to Co. C. and D. 90% downregulation of fibronectin was obtained in A3~ cells (FN1siRNA) as compared to the control sSiRNA
treatment (Scr); this was confirmed by gPCR, immunoblot and immunofluorescence staining. E. Immunolabelling of fibronectin
and integrin o5 at the wound margins of Scr and FN1siRNA treated A3~ cells. Note: Absence of the fibronectin leads to the failure
of the wound closure. F. and G. The migratory phenotype of A3™ cells is triggered by abundant fibronectin and can be restored by
its downregulation. Note: migration of A3~ cells was significantly slowed down upon treatment with FN1siRNA. Bars = 100 pm.

(**, p< 0.01; ***, p < 0.001).

bovine pituitary gland extract, 0.125 ng/mL recombi-
nant human epidermal growth factor, 5 pg/mL recom-
binant human insulin, 0.33 pg/mL hydrocortisone,
0.39 pg/mL epinephrine, 10 pg/mL human holo trans-
ferrin, 0.06 mM CaCl,. The keratinocytes were fully
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labelled for 2 weeks before sample collections through
incorporation of “heavy” L-arginine-'*Cs-'°N, (Arg10,
210 mg/L) and L-lysine-3Cs- "N, (Lys8, 63 mg/L) or
unlabeled variants [13, 14]. Biological replicates were
obtained by switching labels.
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Cloning, retroviral transduction and over- and
re-expression of integrin a3, siRNA mediated
silencing of fibronectin

To stably express the full length ITGA3cDNA into the
control and ILNEB keratinocytes, retroviral transduc-
tions were used as described before [16]. Briefly, HEK
293 cells were transfected with the full length human
ITGA3 cDNA which was cloned between the restriction
sites Hpa | and Bgl/ Il of the pMIG vector (received from
the toolbox at the BIOSS Center, Freiburg), or with the
empty vector expressing the green fluorescent protein
(GFP). The media containing the retrovirus were
collected and were used to infect the control and
ILNEB keratinocytes. GFP positive cells were sorted
using a MO Flow cell Sorter to select for stable
transduction.

For fibronectin knockdown, cells were transfected
with siRNA duplexes specific for fibronectin (Table S5)
or with irrelevant control siRNA duplexes (Eurogentec,
Liege, Belgium) and Lipofectamine 2000 (Invitrogen)
as described before [39]. Briefly, cells were seeded at
30-50% confluence and subjected to transfection the
following day. Fibronectin expression was analyzed by
quantitative real-time PCR (qPCR), immunoblot and
immunofluorescence staining. The cells were used for
experiments 2-5 days post-transfection.

Cell lysate and conditioned media collection, ECM
isolation

For the collection of cell compartments, 5*10° fullg
SILAC-labelled keratinocytes were seeded on 10 cm
cell culture dishes (BD, Heidelberg, Germany). One
day later, the medium was changed and 50 pg/mL
ascorbate (Sigma-Aldrich) was added to allow proper
folding and secretion of collagens [40]. Before
harvesting the conditioned medium (CM), the cells
were starved for 24 h in the medium without supple-
ments to avoid interference of serum proteins with
the MS analysis. CM was collected on day 4 and
centrifuged at 1000g, 4 °C for 5 min to remove the cell
debris. To collect the cellular compartment, the cells
were cultured for another two days in the 10 cm?
culture dishes in KGM containing 50 pg/mL ascorbate,
washed twice with PBS. 500 pl 20 mM NH4OH in PBS
and 500 pL 0.5% Triton in PBS were added to the
cells, after waggle several times the lysates were
collected and 200 pL of six-fold lambda buffers were
added and cooked at 95 °C for 5 min for SDS-PAGE.
The deposited extracellular matrix proteins, (referred to
as ECM), remained attached to the bottom of the
dishes, and was visible under the microscope.

Forthe collection of the deposited ECM, the samples
were carefully washed 5 times with PBS to eliminate
intracellular contaminants. The ECM was solubilized
with 4% SDS in 0.1 M Tris—HCI, pH 7.6 [11, 41].
Aliquots of the collected samples from control and A3~
keratinocytes were mixed and prepared for MS
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analysis to determine the accurate mixing ratios in
ail.

MS sample preparation

Samples were lysed in SDS—-PAGE loading buffer,
reduced with 1 mM DTT (Sigma—Aldrich) for 5 min at
95 °C and alkylated using 5.5 mM iodoacetamide
(Sigma—Aldrich) for 30 min at 25 °C. Protein mix-
tures were separated by SDS—-PAGE using 4—12%
Bis—Tris mini gradient gels (NuUPAGE, Invitrogen).
The gel lanes were cut into 10 equal slices, which were
in—gel digested with trypsin (Promega, Mannheim,
Germany) [42], and the resulting peptide mixtures
were processed on STAGE tipps as described [43].

LC-MS/MS and data processing

Samples for LC-MS/MS were fractionated by
nanoscale—HPLC on an Agilent 1200 connected online
to a LTQ-Orbitrap XL (Thermo Scientific). All full-scan
acquisition was done in the FT-MS part of the mass
spectrometer in the range from m/z 350—2000 with an
automatic gain control target value of 10° and at
resolution 60,000 at m/z 400. MS/MS acquisition was
done on the five most intense ions of the full scan in the
LTQ using the following parameters: AGC target value:
5000, ion selection thresholds: 1000 counts and a
maximum fill time of 100 ms. Wide-band activation was
enabled with an activation g = 0.25 applied for 30 ms
atanormalized collision energy of 35%. Singly charged
and ions with unassigned charge states were excluded
from MS/MS. Dynamic exclusion was applied. All
recorded LC-MS/MS raw files were processed together
in MaxQuant (version 1.4.1.2) [44] with default
parameters using UniProt human FASTA version
September 2013. For database searching following
parameters were selected: mass accuracy thresholds
were 0.5 Da (MS/MS) and 6 ppm (precursor), maxi-
mum two missed cleavages, carbamidomethylation as
fixed modification and oxidation of methionine and
protein N-terminal acetylation as variable modifica-
tions. MaxQuant was used to filter the identifications for
an FDR below 1% for peptides, sites and proteins
using forward-decoy searching.

The MS proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE
[45] partner repository with the dataset identifier
PXD009896. (Project Name: ITGA3 neg. human
keratinocytes; Username: reviewer55909 @ ebi.ac.uk;
Password: HdznrkYD).

Data analysis and bioinformatics

The ECM and conditioned medium datasets were
filtered using the freely available Perseus software to
extract proteins that belong to the “matrisome” [15]
and/or are annotated as “extracellular’ (extracellular
region, extracellular region part, extracellular space,
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extracellular matrix, extracellular matrix part, proteina-
ceous extracellular matrix, extracellular organelle,
extracellular membrane-bounded organelle, extracel-
lular vesicular exosome) and “cell adhesion” [46].

Proteins regulated at least 1.5-fold in both exper-
iments were selected for further analysis. Interactive
network of the ECM proteins and conditioned
medium proteins identified in the SILAC Proteomics
analysis are performed with the software STRING
DB (http://string-db.org/) and Cytoscape (http:/www.
cytoscape.org/). Gene expression was quantified
using lllumina Human HT4 Beadarrays as previously
described [16]. The correlation and linear regression
between transcriptome fold change and proteome
abundance were calculated using the Spearman
rank coefficient and the Im function as implemented
in the R/Bioconductor environment.

RNA extraction, real-time quantitative PCR and
microarray analysis

Total RNA was extracted with QIAmp RNA blood
mini kit (Qiagen, Hilden, Germany) from subconfluent
cells. Reverse transcription (RT) was performed with
Advantage RT-for-PCR Kit from 500 ng total RNA (BD
Biosciences, Heidelberg, Germany). qPCR was
carried out using the Real-Time PCR Detection
System (BioRad CFX96). The reactions were per-
formed in 20 pL volume containing 15 ng of cDNA
and ready to use iQ-SYBR Green Supermix (BioRad,
Munchen, Germany). The data were analyzed using
the BioRad CFX Manager Software (version 1.5).
The expression levels were calculated relative to
those of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Primer sequences are included in Table
S6. Each experiment was performed in triplicate.

Microarray measurements were recorded from
biological triplicates of Co, A3~, and NHK cells
using the lllumina HumanHT-12 v4 Expression
BeadChips system (lllumina, Inc.) were performed
and reported before [16].

Protein extraction and immunoblotting

Confluent cell monolayers were lysed with a buffer
containing 25 mM Tris-HCI, pH 7.5, 100 mM NaCl,
1% NP-40, 1 mM PEFA-Bloc, 10 mM EDTA and
protease inhibitor cocktail [47], incubated on ice for
10 min, thereafter the whole cell lysate was collected
including the deposited ECM. Condition media were
collected and immediately 1 mM PEFA-Bloc and
1 mM EDTA was add; cell debris were removed by
centrifugation 1,000g for 5 min at 4 °C. The media
were either precipitated or directly loaded on the SDS-
PAGE. For immunoblotting, equal amounts of proteins
were separated on 6—10% SDS-PAGE under reducing
conditions and immunoblotted. The membranes were
incubated with primary antibodies overnight at 4 °C,
followed by incubation with secondary antibodies
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(Table S7). Visualization followed with the ECL Plus
system (Amersham) and the Fusion system (PeQlab,
Germany). The intensities of the bands were quantified
with the software Bio-1D (PeQlab, Germany).

Isolation of the ECM on the coverslips for
immunofluorescence staining

For immunofluorescence staining of extracellular
proteins, cells were incubated on the coverslips with
the medium containing ascorbate for 7 days. Cover-
slips were fixed with the forceps and immersed twice in
PBS, followed by immersion into 0.5%Triton/PBS
buffer for several seconds and washing in PBS.
Thereafter, coverslips were twice immersed in
20 mM NH,OH in PBS buffer for 10 s, and immedi-
ately washed in PBS. The samples were fixed by ice
cold acetone and stained with the indicated antibodies.

Immunofluorescence staining with human tissues

Paraffin embedded tissue sections were deparaffi-
nised and rehydrated with a standard protocol,
thereafter an antigen retrieval step was performed by
cooking with citrate buffer, at pH 6.0. After pepsin
(DAKO) digestion, the slides were washed for
2 x 5 min in TBS, 0.05% Triton X-20 and blocked
with 2% BSA in TBS for 2 h at room temperature. The
slides were incubated with the indicated primary
antibodies diluted in signal staining antibody dilution
buffer (DAKO) at 4 °C overnight. Cryosections were
fixed with acetone, blocked with 2% BSA in TBS for
30 min and then incubated with primary antibodies at
4 °C overnight or for 2 h at room temperature. Cells
were seeded on uncoated coverslips and allowed to
grow for two days, fixed and processed with indicated
primary and secondary antibodies as described [48]
(Table S7). TRITC conjugated phalloidin (Chemicon,
Schwalbach, Germany) was applied together with
secondary antibodies. Nuclei were visualized with
DAPI. Images were captured by laser scanning
confocal microscopy (Zen2010, Carl Zeiss) or using
immunofluorescence microscopy (Zeiss Axio Imager,
Zeiss, Germany). For quantification the pictures were
analyzed with the software Imaged. Statistical analy-
ses were performed using GraphPad Prism.

Transmission electron microscopy

TEM analysis was performed as described before
[8]. The samples were fixed in 3% glutaraldehyde
solution in 0.1 M cacodylate buffer pH 7.4, cut into
pieces of ca. Imm?3, washed in buffer, postfixed for 1 h
at 4 °C in 1% osmium tetroxide, rinsed in water,
dehydrated through graded ethanol solutions, trans-
ferred into propylene oxide, and embedded in epoxy
resin (glycidether 100). Semithin and ultrathin sections
were cut with an ultramicrotome (Reichert Ultracut E).
Ultrathin sections were treated with uranyl acetate and
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lead citrate, and examined with a Zeiss EM 900
electron microscope [3].

In vitro wound closure assays

For in vitro wound closure assays, the cells were
grown to confluence on Ibidi p-dishes with culture-
inserts (Ibidi, Martinsried, Germany). After treatment
with 100 pg/mL mitomycin for 3 h and removal of the
culture inserts, the cells were rinsed with PBS and
incubated further in culture medium under 5% CO. at
37 °C in a Nikon Biostation IM (Nikon instruments Inc.,
Melville, NY). Photographs were captured every
30 min for 24 h, and the wound areas were measured
using the Image J software.

To analyze the wound margins, monolayer wounding
assays were performed as described [47]. Briefly,
confluent cells treated with scramble or fibronectin
specific siRNA (FN1siRNA) were wounded with a
20 L pipette tip to generate an acellular area on the
coverslips, rinsed with PBS and further incubated with
KGM. Wounds were examined after 2 h and fixed with
2% PFA in PBS. Subsequently immunofluorescence
staining was performed with the indicated antibodies.
Images were captured by using immunofluorescence
microscopy (Zeiss Axio Imager, Zeiss, Germany).

3D organotypic cocultures

3D organotypic cocultures (OTC) were constituted
as described before [48]. Briefly, collagen | gels
(4 mg/mL in 0.1% acetic acid, from rat tendons)
containing 3*10° normal human fibroblasts per ml
were cast in cell culture inserts (porous size 3 pm,
polycarbonat; Falcon, Becton Dickinson, Heidelberg,
Germany) and cultured for 24 h in DMEM medium.
The following day, 1*10° of control (Co), integrin
a3-negative (A37) keratinocytes and integrin a3
rescued (A3™+) cells were seeded onto the top of the
gels. After 24 h, the medium was replaced by a
medium containing DMEM/Ham's F12 3:1, 5% foetal
bovine serum, 5 pg/mL insulin, 1 x 10~ M adenine,
1 x 107'° M choleratoxin, 0.4 pg/mL hydrocortisone,
1 ng/mL epidermal growth factor and 50 pg L-ascorbic
acid/mL (Sigma) and cultures were raised to the air—
liquid interface. The skin equivalents were harvested
after three weeks.

Cytokine array

The Human Cytokine Antibody Array C5 (RayBio-
tech, Norcross, USA) was performed according to the
manufacturers' instructions. Briefly, proteins were
extracted (see above) and 500 pg protein lysate in
1 mL of provided blocking buffer were incubated with
the blocked membrane (30 min in blocking buffer at
room temperature) overnight at 4 °C under gentle
shaking. The membrane was washed three times for
5 min with the provided washing buffer 1 and twice with
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the provided washing buffer 2 before it was incubated
with the biotinylated antibody cocktail for two hours
under gentle shaking at room temperature. After
another washing step, the membrane was incubated
for two minutes with the provided detection buffer and
signals were detected using the chemiluminescence
detection system Fusion SL. The intensities of the
signals were quantified with ImageJ.

Statistical analysis

All experiments were performed at least three times
and data are presented as mean =+ standard error of
the mean (SEM), when applicable. We assessed
differences between groups with Welch's t-test,
assuming non-parametric distribution (GraphPad
Prism, version 5.03). Differences were considered to
be statistically significant when p < 0.05.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.matbio.2018.07.001.
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