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Abstract

Fibrillins are the major components of microfibrils in the extracellular matrix of elastic and non-elastic tissues.
Fibrillin-1 contains one evolutionarily conserved RGD sequence that mediates cell–matrix interactions through
cell-surface integrins. Here, we present a novel paradigm how extracellular fibrillin-1 controls cellular function
through integrin-mediated microRNA regulation. Comparative mRNA studies by global microarray analysis
identified growth factor activity, actin binding and integrin binding as themost important functional groups that are
regulated upon fibrillin-1 binding to dermal fibroblasts. Many of these mRNAs are targets of miRNAs that were
identified when RNA from the fibrillin-1-ligated fibroblasts was analyzed by amiRNAmicroarray. The expression
profile was specific to fibrillin-1 since interaction with fibronectin displayed a partially distinct profile. The
importance of selected miRNAs for the regulation of the identified mRNAs was suggested by bioinformatics
prediction and the interactions between miRNAs and mRNAs were experimentally validated. Functionally, we
show that miR-503 controls p-Smad2-dependent TGF-β signaling, and that miR-612 andmiR-3185 are involved
in the focal adhesion formation regulated by fibrillin-1. In conclusion, we demonstrate that fibrillin-1 interaction
with fibroblasts regulates miRNA expression profiles which in turn control critical cell functions.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

The fibrillin family consists of three highly homol-
ogous, evolutionarily conserved ~350 kDa glyco-
proteins, fibrillin-1, fibrillin-2 and fibrillin-3 [1–4].
Fibrillin-1 is the main form in postnatal life, whereas
fibrillin-2 and fibrillin-3 are primarily expressed
during development [5–7]. Fibrillins are multi-
domain proteins composed of common and unique
domains, depicted in Supplemental Fig. S1A [8,9].
The most frequently occurring domains are calcium-
binding epidermal growth factor-like (cbEGF)
domains [10] and transforming growth factor-beta
binding protein-like (TB) domains [11].
The fourth TB domain contains the sole RGD cell

binding site in fibrillin-1. RGD sequences represent
integrin receptor recognition sites that tether extracel-
lular proteins to cells and mediate numerous cellular
functions including cell attachment, focal adhesion
r Ltd. All rights reserved.
formation and intracellular signaling [12,13]. This
interaction is essential for cells to sense and react
to their extracellular microenvironment [14,15].
Specifically, fibrillin-1 interacts with integrins α5β1,
αvβ3 and αvβ6 [16–19]. Fibrillin-1 adhesion to integrin
α5β1 and cell migration is enhanced by an upstream
synergy site, comprised by a cbEGF array [20].
In addition, fibrillin-1 is a major heparin/heparan
sulfate interacting protein, containing seven binding
regions [21–25]. One heparan sulfate binding site,
located immediately downstream of TB4, supports
focal adhesion formation [20]. Supplemental Fig. S1A
shows the RGD cell binding site, the synergy region
and the heparan sulfate binding regions relative to the
full-length fibrillin-1 protein.
Secreted fibrillins first associatewith the cell surface

[26], and then multimerize into supramolecular micro-
fibrils in the extracellular matrix of elastic and non-
elastic tissues. During development, microfibrils act
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as a scaffold for tropoelastin deposition in skin,
blood vessels and lung [27]. Microfibrils also occur
independently of elastic fibers, for example, in ciliary
zonules of the ocular system, or along basement
zones in various tissues [28,29]. Importantly, microfi-
brils play a major fibrillin-1-associated role in regulat-
ing the bioavailability of growth factors of the
transforming growth factor-beta (TGF-β) superfamily
[30,31]. Whereas TGF-βs interact with fibrillin-1
and microfibrils indirectly in the extracellular matrix
through interactions with the latent TGF-β binding
protein (LTBP)-1, LTBP-3 and LTBP-4 [32], bone
morphogenetic protein (BMP)-2, BMP-4, BMP-7 and
BMP-10 interact directly with fibrillin-1 [31].
The importance of microfibrils in the development

and homeostasis of tissues is highlighted by a variety
of autosomal dominant connective tissue disorders
caused by mutations in fibrillin-1, most importantly
Marfan syndrome [33], but also other disorders such
as stiff skin syndrome [34], acromicric and geleophy-
sic dysplasia [35], and dominant Weill–Marchesani
syndrome [36]. Deregulation of TGF-β is an important
contributor to the pathogenesis in Marfan syndrome
and related disorders [30,37].
Micro-ribonucleic acids (miRNAs) have been

identified as important regulators of gene expres-
sion [38]. They represent single-stranded short
non-coding RNAs that are about 21–23 nucleotides
in length. Most miRNAs regulate gene expression
on the mRNA level by binding directly to the 3′
untranslated regions (UTRs) of specific target
mRNAs. This leads to the inhibition of translation
through either mRNA cleavage or translational
repression, or decreased mRNA stability as a result
of deadenylation [39]. Inhibition of miRNAs matura-
tion by ablating the RNaseIII catalytic domain of
Dicer leads to stem cell depletion and embryonic
lethality [40]. miRNAs are essential for the regula-
tion of cellular activity. As key regulators of gene
expression of many cellular processes, miRNAs can
regulate 30%–60% of human genes [41]. miRNAs
have been demonstrated to be involved in the
regulation of extracellular matrix proteins and their
receptors including collagens, fibronectin and
integrins [42]; growth factor bioavailability [43]; and
cytoskeletal dynamics [44]. Directly related to
fibrillin-1, it was shown that miR-29b regulates aortic
wall apoptosis and extracellular matrix abnormali-
ties in the Fbn1C1039G/+ Marfan syndrome mouse
model [45]. An initial biological proof of concept
study demonstrated that silencing miR-29b in these
mice can prevent early aneurysm formation [46].
The relationship between miRNAs and the inter-

action of fibrillin-1 with integrins is currently not
understood. This study identifies several miRNAs
and delineates their role in cell functions triggered by
cell–fibrillin-1 interactions. Unraveling the down-
stream pathways that are regulated by fibrillin-1
allows to understand the physiological function of
fibrillin-1-mediated cell–matrix interactions at an
early stage of microfibril assembly and pathology.
Results

RGD-mediated fibrillin-1 interaction with cells
alters mRNA expression of growth factors,
actin-binding proteins and integrins

Directly after secretion, fibrillin-1 associates with the
cell surface where it co-localizes with fibronectin [26],
prior to forming higher-molecular-weight assemblies
[47]. We intended to mimic this early stage of
monomeric fibrillin-1 cell association to analyze the
cellular consequences on mRNA expression by
microarray analysis (Affymetrix Human Gene 2.0
chips). For this reason, we produced two recombinant
human fibrillin-1 fragments encompassing domains
cbEGF10 to cbEGF31 (Supplemental Fig. S1A). The
wild-type rF1M-WT fragment was designed to include
the RGD integrin binding site in the TB4 domain,
as well as the upstream located synergy region and
two heparin-binding regions, to analyze the RGD cell
binding site in its sequence context needed to properly
mediate cell attachment and cell binding to fibrillin-1
[20]. Since the essential multimerization region in the
fibrillin-1 C-terminus is absent in rF1M, it is not able
form multimers [47]. The rF1M-RGA mutant fragment
is identical to rF1M-WT except one point mutation
(p.Asp1587Ala), which has been previously shown to
abolish interaction with integrins [19,20]. This frag-
ment was used as a non-cell interacting control. The
microarray was conducted with RNA preparations
obtained from human skin fibroblasts (HSFs) grown
for 24 h on rF1M-WT and the rF1M-RGA control. To
minimize potential interference of endogenously
produced fibrillin-1 as well as fibronectin, which also
contains an RGD sequence, we carefully analyzed
primary fibroblasts from several donors for the levels
of endogenously produced fibrillin-1 and fibronectin.
For this study, we have selected fibroblasts displaying
very little or no fibrillin-1 and fibronectin after 24 h
(Supplemental Fig. S2). In addition, we have deter-
mined the optimal coating concentration for the
recombinant fragments at 25 μg/mL (Supplemental
Fig. S3), a concentration that is sufficiently high to
outcompete remaining traces of endogenous fibrillin-1
and fibronectin.
Upon adhesion of HSFs to fibrillin-1, 520 differ-

entially regulated mRNAs with a false determination
rate (FDR)-adjusted p value of b0.05 were detected
that were at least 2-fold significantly upregulated or
downregulated (Fig. 1a). This demonstrates that
fibrillin-1 binding via the RGD site triggers a broad
cellular response. To predict enriched functional
themes, gene ontology analysis of the selected
gene products was employed using the database for



Fig. 1. Comparative analysis of fibroblast mRNA expression levels. (a) Microarray analysis was conducted for mRNAs in biological quadruplicates for each condition
(rF1M-WT versus rF1M-RGA) using the Gene Chips Human Gene 2.0 (Affymetrix). Differential mRNA expression between the two conditions after 24 h is shown as a
volcanoplot. Statistically significant upregulatedmRNAsare shown in greenanddownregulatedmRNAs in red.OnlymRNAswith a fold changeofb−2or N2are considered.
520 differentially regulated mRNAs were detected. (b) Functional annotation was conducted to identify enriched biological themes for the 520 differentially expressed
mRNAs using DAVID Bioinformatics Resources 6.7 (david.abcc.ncifcrf.gov) [80]. A selection of Gene Ontology (GO) terms of molecular function is shown including the
respective p values. DysregulatedmRNAswithin the respectiveGOgroups are listed below. (c-e)Microarray validation by qPCRwas conducted for selectedmRNAs in each
of the functional groups indicated in panel b. The functional groups include growth factors (c), actin binding (d) and integrin binding (e). HSFs from two different human donors
were used to validate the results of themicroarray (ID 595, ID 222). ID 595was used in themicroarray. ThemRNA levels are shown as log2 fold changes of rF1M-WT versus
rF1M-RGA. Values are indicated as mean values of biological triplicates with three technical replicates each ± SEM. Student's t test was performed to assess statistical
significance (* p b 0.05).
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404 The Fibrillin-1 RGD site regulates microRNAs
annotation, visualization and integrated discovery
(DAVID) Bioinformatics Resources, which identified
growth factor activity, actin binding and integrin
binding as relevant enriched groups, among others
(Fig. 1b). These three groups were of particular
interest for the following reasons. Growth factor
regulation by the extracellular matrix is well estab-
lished for growth factors of the TGF-β superfamily
that are known to be sequestered by microfibrils.
Two members of this group, TGFB2 and BMP2
mRNA, were identified in the microarray. Moreover,
other growth factor mRNAs such as three members
of the CCN gene family (CTGF, CYR61, NOV
mRNAs) were found to be differentially regulated
in themicroarray analysis. Actin binding and integrin
binding represent two important groups as the
interaction of the RGD site with integrins results in
changes in cell shape and adhesion compared
to the RGA control (Supplemental Fig. S4A, C).
Actin-binding proteins are likely relevant for these
different phenotypes.
The Kyoto encyclopedia of genes and genomes

(KEGG) pathway bioinformatic analysis narrows
down the general description of themolecular function
to a list of defined pathways. Table 1 displays a list
of differentially regulated pathways relevant to
fibrillin-1 binding and signaling. These include growth
factor pathways such as TGF-β, mitogen-activated
protein kinases (MAPK), Wnt, Hedgehog and Notch
signaling, focal adhesions, and the regulation of the
actin cytoskeleton.
mRNAs from these selected functional groups with

relevance to fibrillin biology and/or with the highest
fold changes upon fibrillin binding were validated
by real-time qPCR using HSFs from two different
human donors (Fig. 1c–e). One cell ID was identical
to the one used for the microarray analysis (ID 595),
and another one (ID 222) was used to determine the
conservation of the observed mRNA regulation
among HSFs from different donors. Within the three
groups, 10 out of 14 mRNAs (BMP2, TGFB2, CTGF,
CYR61, NOV, AFAP1, CNN1, TAGLN, ITGA6 and
ITGB3) could be validated in HSFs from both donors.
Table 1. KEGG pathway analysis for the mRNA and miRNA m

KEGG pathway p Value
mRNA microarray

No.

TGF-β signaling pathway 1.14E−3
MAPK signaling pathway 4.30E−2
Wnt signaling pathway 1.01E−2
Hedgehog signaling pathway 1.75E−2
Notch signaling pathway 4.33E−2
Focal adhesion 2.62E−2
Regulation of actin cytoskeleton 1.87E−3

Analysis of KEGG pathways using the data from the mRNA mic
Bioinformatics Resources 6.7 [80,84] and using the data from the miR
relevant KEGG pathways is shown.
Analysis of miRNA expression patterns after
RGD binding

The differentially regulated mRNAs upon fibrillin-1
interaction raised the question how these changes
are regulated. One potent mechanism in gene
regulation are miRNAs. The same 24h RNA
preparations were thus used for a miRNAmicroarray
(Affymetrix miRNA 3.0) to identify miRNAs involved
in regulating the differentially expressed mRNAs for
growth factors, actin-binding proteins and integrins.
We identified 129 differentially expressed miRNAs
with an FDR-adjusted p value of b0.05 (Fig. 2a).
To determine common pathways regulated by

these 129 miRNAs, pathway prediction analysis was
conducted using the DNA intelligent analysis
(DIANA) miRPath v.2.0 tool [48] (Table 1). The list
of pathways was almost identical to the ones
identified in the mRNA pathway analysis. This
indicates that the differentially regulated miRNAs
and mRNAs act together in the same pathways
including the TGF-β, MAPK, Wnt, and Hedgehog
signaling pathways, as well as focal adhesions and
the regulation of the actin cytoskeleton.
Ten miRNAs were chosen for further analysis

based on their level of differential expression, their
high statistical significance and their importance in
regulating the relevant functional groups identified
in the mRNA microarray. These miRNAs were
validated by qPCR. For the upregulated miRNAs,
the results from the microarray were confirmed for
four of five miRNAs (Fig. 2b). Similarly, four of five
downregulated miRNAs could be validated (Fig. 2c).
Time course analyses of the validated miRNAs were
performed to determine at what time point the
expression levels were consistently upregulated or
downregulated between 2 and 24 h after exposure to
fibrillin-1 (Fig. 2d). Most tested miRNAs (miR-4521,
miR-612, miR-1208, miR-1231, miR-3185) consis-
tently changed expression levels a short time (2–8 h)
after HSF binding to rF1M-WT. Three of the miRNAs
(miR-29b-1*, miR-424*, miR-503) required longer
(24 h) for a consistent upregulation. This data helps
icroarray

of genes p Value
miRNA microarray

No. of
miRNAs

No. of
genes

6 5.22E−4 29 36
8 2.52E−19 50 120
3 1.04E−10 39 73
2 2.96E−10 31 27
2 Not significant – –
6 1.42E−37 47 105
10 8.18E−12 46 96

roarray (fold-change N2-fold) was performed with the DAVID
NA microarray with the DIANA miRPath v.2.0 [48]. A selection of



Fig. 2. Comparative analysis of fibroblast miRNA expression levels. (a) Microarray analysis of HSFs (ID 595) was conducted for miRNAs in biological quadruplicates
for each condition using miRNA 3.0 chips (Affymetrix). RNA samples from the same HSFs (ID 595) exposed to the recombinant fibrillin-1 fragments for 24 h used for the
mRNA microarray analysis (see Fig. 1a) were analyzed. Differential expression of miRNAs between the two conditions (rF1M-WT versus rF1M-RGA) after 24 h of cell
growth is shown as a volcano plot. Statistically significant upregulated miRNAs are shown in green and downregulated miRNAs in red. 129 differentially regulated
miRNAs were detected. Ten miRNAs were chosen for further studies (highlighted in blue) based on high fold changes, statistical significance and relevant pathways. (b,
c) Microarray data for the selected upregulated (b) and downregulated (c) miRNAs were validated by qPCR. HSFs from two different human donors were used to
validate the microarray results (ID 595, ID 222). The miRNA levels are shown as log2 fold changes of rF1M-WT versus rF1M-RGA. Values are indicated as mean values
of biological triplicates with three technical replicates each ± SEM. Student's t test was performed to assess statistical significance (* p b 0.05). (d) Time course analysis
(2, 4, 8 and 24 h after cell seeding on rF1M-WT or rF1M-RGA) by qPCR for the selected differentially regulated miRNAs identified in the microarray. “Time” represents
the starting time point when consistent and significant differential miRNA regulation occurred. Green boxes represent the upregulated and red boxes the downregulated
miRNAs upon HSFs binding to rF1M-WT.
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406 The Fibrillin-1 RGD site regulates microRNAs
explain why 24 h after fibrillin-1 binding, profound
changes in mRNA expression can occur.

ThemiRNA signature is specific to RGD-mediated
fibrillin-1 binding

Toexclude the possibility that themRNAandmiRNA
expression patterns observed by microarrays were
induced bymechanical stress triggered by the atypical
shape of HSFs seeded on the RGA-containing fibrillin-
1 fragment (Supplemental Fig. S4A), controlswith cells
seeded on poly-D-lysine were included. Poly-D-lysine
is a positively charged amino acid polymerwidely used
as an effective non-integrin attachment factor for
cultured monolayer cells. HSFs seeded on poly-D-
lysine-coated plates had a similar phenotypic
appearance as cells seeded on rF1M-WT (Fig. 3a).
Therefore, potential differences in miRNA regulation
observed between HSFs seeded on poly-D-lysine and
the fibrillin-1 wild-type fragment can be attributed to
RGD-mediated signaling events and not tomechanical
stress-induced signaling pathways. If the observed
miRNA regulation patterns are simply a consequence
of the differences in shape or adherence to the culture
dish, then no differences in miRNA levels should
be observed between HSFs seeded on rF1M-WT
and poly-D-lysine. All tested miRNAs (miR-29b-1*,
miR-424*, miR-503, miR-4521) upregulated upon
interaction with the RGD-containing rF1M-WT relative
to rF1M-RGA were also upregulated relative to poly-D-
lysine (Fig. 3b, left panel). Downregulation of selected
miRNAs (miR-612, miR-1208, miR-1231, miR-3185)
upon interaction with rF1M-WT as compared the RGA
control was even stronger (2.0- to 3.6-fold) for HSFs
seeded on rF1M-WT relative to poly-D-lysine (Fig. 3b,
right panel). In summary, the differential upregulation
or downregulation was conserved for all tested
miRNAs, demonstrating that the induction or repres-
sion of the respective miRNAs is confidently mediated
by the RGD sequence in fibrillin-1.
Various extracellular matrix proteins contain an RGD

cell binding site. To address specificity for the fibrillin-1
RGD site, we have produced and analyzed two
fibronectin fragments encompassing either the RGD
or an inactive RGA motif in the 10th fibronectin type III
(FNIII-10) domain and the synergy site in the FNIII-9
domain (Supplemental Fig. S1A). As expected, FN-WT
promoted cell attachment, whereas FN-RGA did not
(Supplemental Fig. S4B, D). Interaction of HSFs with
fibronectin resulted in both similar and distinct miRNA
expression patterns compared to the interaction
with fibrillin-1 (compare Fig. 3b and c). Cell adhesion
to FN-WT also resulted in the upregulation of
miR-29b-1*, miR-503, and miR-4521, but not of
miR-424*. For the downregulated miRNAs, only
miR-1208 and miR-1231 show a similar expression
upon fibrillin-1 and fibronectin binding, whereas
miR-612 is upregulated and miR-3185 remains
unchanged when cells are ligated to fibronectin.
Fibrillin-1-induced miRNAs target mRNAs for
growth factors, actin-bindingproteinsand integrins

Since growth factor activity, actin binding and
integrin binding are three of the most relevant groups
identified by the mRNA microarray, we explored the
miRNA-dependent regulation of their mRNA levels.
First, bioinformatics analysis using the miRanda
algorithm was conducted to predict interactions
between miRNAs and mRNAs [49]. Specifically, the
interaction between all eight miRNAs validated by
qPCR (miR-29b-1*, miR-424*, miR-503, miR-612,
miR-1208, miR-1231, miR-3185 and miR-4521) and
validated mRNAs relevant for growth factor activity,
actin or integrin binding (TGFB2, BMP2, CTGF,
CYR61, NOV, AFAP1, CNN1, TAGLN, and ITGB3)
was assessed (Table 2). The six dysregulated
mRNAs in the focal adhesion group reported in
Table 1 were not in the predicted target list of the
eight selected miRNAs and thus were not further
analyzed. This analysis predicted some miRNAs as
potent regulators of a number of potential and
relevant targets, and provided a candidate list for
the subsequent experimental confirmation. To vali-
date these targets, we used the established method
of overexpressing a mutant GW182 protein that
normally plays an important role in miRNA-mediated
gene silencing [50–52]. GW182 proteins directly
interact with Argonaute proteins [53], are recruited
to miRNA targets, and promote their silencing. The
overexpression in the human fibroblast cell line
MSU1.1 enabled the locking of miRNAs and their
targets in the RISC complex. We focused on the
miRNAs with three or more predicted targets, and
thus, miR-424* and miR-4521 were not included in
the experimental validation. The experimentally
validated interactions of miR-29b-1*, miR-503, miR-
612, miR-1208, miR-1231, and miR-3185 with
growth factor, actin-binding proteins and integrin
binding mRNAs are summarized in Table 3. In total,
17 (58%) of the 29 algorithm-based prediction of the
miRNA-mRNA interactions could be validated.
Experimental details are shown in Supplemental
Figs. S5, S6 and S7. Five of the nine tested mRNAs
(TGFB2, CTGF, NOV, AFAP1, CNN) were validated
as targets for at least four of the six most dysregulated
miRNAs. Among them, TGFB2 is validated to be
regulated by all the six tested miRNAs. These data
indicate that the fibrillin-1-controlled miRNAs indeed
act in these functional groups.

Fibrillin-1 and miR-503 regulate canonical TGF-β
signaling

Since fibrillin-1 is involved in the regulation of
TGF-β bioavailability and activity through its inter-
action with the LTBPs, we explored whether the
interaction of fibrillin-1 with fibroblasts directly
affects TGF-β signaling pathways. HSFs displayed



Fig. 3. Specificity of fibrillin-1 mediated miRNA regulation. (a) Light microscopic images of HSFs (ID 595) grown for
24 h on rF1M-WT, poly-D-lysine, or FN-WT-coated culture dishes as indicated. (b) qPCR analysis to determine the
specificity of miRNA regulation mediated by fibrillin-1 exemplified with selected miRNAs. miRNA levels were determined
for HSFs grown for 24 h on rF1M-WT versus poly-D-lysine-coated plates (red columns). For comparison, rF1M-WT
versus rF1M-RGA data for 24 h are shown from the miRNAmicroarray in Fig. 2a (blue columns). Upregulated miRNAs in
the microarrays are shown on the left panel, downregulated miRNAs on the right panel. (c) Corresponding miRNAs
level were determined 24 h after HSFs interacting with FN-WT compared to FN-RGA controls. In panels b and c, the
miRNA levels are shown as log2 fold changes of rF1M-WT versus poly-D-lysine, rF1M-WT versus rF1M-RGA and FN-WT
versus FN-RGA, respectively. Values are indicated as mean values of biological triplicates with three technical replicates
each ± SEM. Student's t test was performed to assess statistical significance (* p b 0.05).
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differential activities of the canonical TGF-β signal-
ing pathway, depending on the substrate they were
seeded on, as evidenced by immunofluorescence
staining for phosphorylated Sma- and Mad-related
protein 2 (p-Smad2) (Fig. 4a). The pathway was
more active 24 h after HSFs were seeded on the
mutant RGA-containing fragment as shown by a
stronger p-Smad2 signal intensity (149%) relative to
the Tris-buffered saline (TBS) control, potentially
mediated through non-integrin heparan sulfate



Table 2. Predications of interactions between miRNAs and mRNAs

Target mRNA
miRNA

miR-29b-1*↑ miR-424*↑ miR-503↑ miR-612↓ miR-1208↓ miR-1231↓ miR-3185 ↓ miR-4521↑

Growth factors
TGFB2 (transforming growth
factor beta 2) ↓

++ − + − ++ + − −

BMP2 (bonemorpho-genetic
protein 2) ↓

++ − − − − ++ ++ −

CTGF (connective tissue
growth factor) ↑

++ − − − + ++ − −

CYR61 (cysteine-rich
protein 61) ↑

− − − − − − − −

NOV (nephroblastoma
overexpressed) ↓

++ − + − − + − −

Actin binding
AFAP1 (actin filament
associated protein 1) ↑

+ ++ + + + + + −

CNN1 (calponin 1) ↑ − − + + + − − −
TAGLN (transgelin) ↑ + − − + − − − −

Integrin binding
ITGB3 (integrin beta 3) ↓ − + − ++ + + + −

Bioinformatic prediction of interactions and regulation between miRNAs and mRNAs. The miRanda algorithm was used to assess
the probability of interaction between a certain miRNA and an mRNA (microrna.org) [49]. ++ indicates highly probable interactions,
+ interactions with low probability, and – no predicted interactions. Upregulation of miRNAs and mRNAs as determined by the microarrays is
indicated by up-pointing arrows, and downregulation by down-pointing arrows.
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binding sites present on the rF1M constructs
(Supplemental Fig. S1A). Contrary, interaction with
the wild-type fibrillin-1 fragment led to reduced TGF-
β signaling to about 55% of the control after 24 h.
This correlates with downregulated TGFB2 mRNA
levels upon integrin interaction with rF1M-WT, as
observed in the microarray (Fig. 1c). TGF-β1 control
treatment for 24 h induced the strongest activation
(197% of the control) of the TGF-β signaling
pathway. In summary, fibrillin-1 interaction with
HSFs controls the canonical TGF-β pathway by
dampening its activity.
Table 3. Experimentally validated interactions between miRNA

Target mRNA
miR-29b-1* ↑ m

(a) Growth factors
TGFB2 (transforming growth factor beta 2) ↓ +
BMP2 (bone morphogenetic protein 2) ↓ −
CTGF (connective tissue growth factor) ↑ +
CYR61 (cysteine-rich, angiogenic inducer 61) ↑ +
NOV (nephroblastoma overexpressed) ↓ +

(b) Actin binding
AFAP1 (actin filament associated protein 1) ↑ +
CNN1 (calponin 1) ↑ +
TAGLN (transgelin) ↑ +

(c) Integrin binding
ITGB3 (integrin beta 3) ↓ +

The interactions between miR-29b-1*, miR-503, miR-612, miR-120
validated. Student's t test was performed to assess statistical signifi
validated interactions (+) and no interactions (−) between the miRNAs
as determined in the microarrays is indicated by up-pointing arrows, a
Since all tested fibrillin-1-controlled miRNAs target
TGFB2 mRNA (Table 3), we performed functional
analysis on the TGF-β signaling pathway. The role
of miR-503 was of particular interest because the
upregulation of miR-503 in HSFs on rF1M-WT
correlates with the downregulation of TGFB2
mRNA in the microarray and qPCR. HSFs seeded
on TBS control wells were transfected with miR-503
mimics and p-Smad2 activity was analyzed after
48 h by immunofluorescence (Fig. 4b). A significant
reduction in the p-Smad2 intensity to 64% was
observed when miR-503 was overexpressed
s and mRNAs

miRNA

iR-503 ↑ miR-612 ↓ miR-1208 ↓ miR-1231 ↓ miR-3185 ↓

+ + + + +
− − − − −
− + + + −
− + − − −
+ + − − +

+ − + + −
+ + − + −
− − − + −

− − + − −

8, miR-1231 and miR-3185 with mRNAs were experimentally
cance (* p b 0.05). The overview table indicates experimentally
and the respective mRNAs. Upregulation of miRNAs and mRNAs
nd downregulation by down-pointing arrows.
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compared to the non-transfected control. This ex-
plains the situation when HSFs are seeded on rF1M-
WT, resulting in upregulation of miR-503 and down-
regulation of p-Smad2 dependent TGF-β activity. In
conclusion, miR-503 contributes to the reduced TGF-
β signaling observed upon binding of HSFs to fibrillin-
1.

miR-612 andmiR-3185 regulate fibrillin-1-mediated
focal adhesion formation

Since focal adhesion formation is one of the
important downstream events after fibrillin-1 integrin
binding to fibroblasts [20], the focal adhesion kinase
(FAK) activity was assessed by immunofluorescence
for phosphorylated FAK. To facilitate this analysis,
HSFs were seeded on either rF1M-WT or rF1M-RGA
coated Y-shaped micropatterns (1600 μm2) that
provided a defined area and shape for the cells to
attach (Fig. 5a). HSFs seeded on rF1M-WT frequently
occupied the entire available area, whereas cells
seeded on the rF1M-RGA did often not occupy the
entire area. The number, average area and total area
of focal adhesions per cell were significantly higher
in HSFs seeded on rF1M-WT as compared to the
rF1M-RGA control (Table 4).
Since rF1M-WT interaction with HSFs resulted in

upregulation of miR-29b-1* and miR-503, and down-
regulation of miR-612, miR-1208, miR-1231 and
miR-3185 (see Fig. 1), we transfected HSFs with
miRNAmimics and inhibitors, respectively, to analyze
whether these miRNAs are mediators of focal
adhesion formation (Fig. 5b and c). miR-29b-1*
overexpression did not change the number of focal
adhesions per cell, but led to a significantly decreased
average size. miR-503 overexpression resulted in
significantly lower number and average size of focal
adhesions (Fig. 5b). Thus, miR-29b-1* and miR-503
cannot be mediators of the fibrillin-1-promoted focal
adhesion formation. For miR-612, miR-1208, miR-
1231, or miR-3185, only inhibition of miR-612 showed
a significant increase in both number and average
size of focal adhesions, whereas inhibition of miR-
3185 resulted in an increased average size of focal
adhesions (Fig. 5c). Inhibition of miR-1208 decreased
the focal adhesion number.
This result indicates that miR-612 and miR-3185

mediate the fibrillin-1-induced focal adhesion forma-
tion. To further prove this possibility, miR-612 or
miR-3185 was overexpressed in HSF seeded on
rF1M-WT (Fig. 6a), demonstrating that the miR-3185
mimic could downregulate the total area of focal
adhesion per cell. Furthermore, rescue experiments
to inhibit miR-612 or miR-3185 on HSF seeded on
rF1M-RGA (Fig. 6b) showed that themiR-612 inhibitor
can rescue the total area of focal adhesion per cell.
In conclusion, miR-612 and miR-3185 contribute

to the fibrillin-1 mediated regulation of focal adhesion
formation in HSFs.
Discussion

miRNAs are key regulators of gene expression of
cellular processes, including the regulation of the
extracellular matrix. However, how extracellular
matrix proteins regulate the expression of miRNAs
and associated downstream cell functions is currently
very little explored. Many extracellular matrix proteins
interact with cells via RGD-dependent integrin
receptors. Here, we use fibrillin-1 as a model protein
because of its importance in tissue and organismal
development. We and others have shown that the
RGD sequence in fibrillin-1 provides the molecular
basis for cell adhesion via integrin α5β1, αvβ3 and αvβ6
[16–20]. In the present study, we provide for the
first time a comprehensive analysis of how fibrillin-
1–integrin interaction regulates miRNA expression
and downstream cell function using dermal fibro-
blasts as a model system. Furthermore, our
study significantly extends the repertoire of how
miRNAs act in several miRNA-mediated regulatory
pathways, most importantly the TGF-β signaling
pathway and focal adhesion formation.
Integrin-mediated fibrillin-1 interaction with dermal

fibroblasts resulted in profound changesofmRNAand
miRNA expression patterns. Global microarray anal-
ysis revealed differential expression of 520 mRNAs
and 129miRNAs after 24 h of interaction of fibroblasts
with fibrillin-1. Independent pathway analysis for
mRNA and miRNA expression demonstrated signifi-
cant overlaps. The differentially expressed mRNAs
and miRNAs act together in signaling pathways
mediated by TGF-β, Wnt, MAPK, or Hedgehog, and
in pathways for cytoskeletal organization. These are
pathways hitherto not directly associated with the
interaction between fibrillin-1 and cells, and they are
potentially involved in the pathogenesis of some of the
fibrillin-1 associated disorders. None of the identified
miRNAs have been described previously in regard to
fibrillin-1 mediated cell signaling.
We have analyzed the specificity of fibrillin-1-

regulated miRNA expression in two ways. First, we
tested whether the different cell shapes of HSFs
seeded on rF1M-WT compared to rF1M-RGA could
cause the differential miRNA regulation. However, we
have observed similar patterns of upregulated or
downregulated miRNAs when HSFs were seeded on
rF1M-WT compared to either rF1M-RGA or to cells
seeded on poly-D-lysine, a substrate that HSFs readily
attach to and spread on, excluding this possibility.
Second, we have analyzed the specificity for the RGD
binding site in fibrillin-1. Analyzing a selected set of
miRNAs with HSFs seeded on a fibronectin control
fragment containing the RGD sequence in the 10th
type III domain revealed similarities and differences
compared to the rF1M-RGD-seeded HSFs. While the
overall pattern was similar, miR-612 and miR-3185, for
example, were downregulated in cells seeded
on rF1M-WT and either upregulated (miR-612) or



Fig. 4. TGF-β signaling upon
interaction with fibrillin-1 and
overexpression of miR-503. (a)
Immunofluorescence staining for
p-Smad2 was conducted at 24 h
after cell seeding. 10,000 HSFs (ID
595) were seeded per well of an
8-well chamber slide coated with
rF1M-WT or rF1M-RGA at 25 μg
mL or TBS buffer as a control. As a
positive control, cells were treated
with TGF-β1 (5 ng/mL) for 24 h
Representative images for each
condition are shown. The intensity
of the p-Smad2 signal 24 h after
cell seeding was quantified in the
lower panel. Each condition was
analyzed in biological duplicates
Five different images were record-
ed for each duplicate. Untreated
cells seeded on TBS control wells
were used as reference set to
100% for comparison with all other
conditions (red line). Statistica
analysis was performed using Stu-
dent's t test (* p b 0.05). Statistica
significance is indicated for each
value relative to the control refer-
ence, indicated by asterisks above
the error bars. Statistically signifi-
cant differencesbetween the rF1M-
WT, rF1M-RGA and TGF-β1 sam-
ples are indicated by asterisks
above horizontal lines. (b) Immu-
nofluorescence staining for p-
Smad2 was conducted 48 h after
cell seeding under conditions as in
panel a. Cellswere transfectedwith
miR-503 mimics at the time o
seeding or treated with TGF-β1
(5 ng/mL) for 48 h. An untrans-
fected control was included as
indicated. Representative images
for each condition are shown
Quantification of the intensity o
the p-Smad2 signals is shown in
the lower panel. Each condition
was analyzed in biological dupli-
cates. Five different images were
recorded for each duplicate
Untransfected cells seeded on
TBS control wells were used as a
reference for comparison with the
other conditions (100%; red line)
Statistical analysis was performed
using Student's t test (* p b 0.05).
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unchanged (miR-3185) in cells seeded on fibronectin.
While we have not experimentally addressed the
molecular cause for these protein-specific responses,
it is possible that they originate from the following
molecular aspects. Fibrillin-1 and fibronectin RGD sites
share binding with α5β1 and αvβ3 integrins expressed
on fibroblasts. For fibrillin-1, binding to α5β1 integrinwas
reported of relative low affinity, whereas it interacts with
fibronectin with high affinity [19,54]. Different synergy
sites upstream of the RGD sites in both proteins may
also contribute to the modulation of the downstream
signaling [20,55], and fibronectinmay involve additional
RGD-binding integrins that are not shared with the
known set of fibrillin-1 interacting integrins [56]. In
addition, glycosylation patterns in close vicinity to the
RGD site in fibrillin-1 and fibronectin may modulate
specificity. In rF1M constructs, there are two predicted
N-linked glycosylation sites located relatively close to
the RGD site (one in the TB4 domain and one in the
preceding cbEGF domain), whereas N-linked gly-
cosylation is not predicted for the fibronectin
constructs employed in this study. This was one of
the reasons why we could utilize a bacterial expres-
sion system to produce the fibronectin constructs. On
the other hand, both proteins contain several predict-
ed O-linked glycosylation sites in close vicinity of the
respective RGD sites [57]. Here, we cannot answer
the question whether or not those sites would
contribute to the observed specificities in eliciting
miRNA responses. This will require recombinant
expression of the fibronectin constructs in
glycosylation-competent mammalian cells.
It is well documented that fibrillin-1 is involved in the

regulation of TGF-β bioavailability via its interaction
with several LTBPs [32,58]. Here, we demonstrate an
additional mechanism how fibrillin-1 controls TGF-β.
Fibrillin-1 interaction with HSFs controls the canonical
TGF-β pathway by dampening p-Smad2 activity. One
of the miRNAs that are upregulated when fibrillin-1
interacts with HSFs is miR-503, and overexpression
of miR-503 in HSFs reduces p-Smad2 activity.
We also have determined that TGFB2 mRNA is a
direct target of miR-503 (Table 3), which will be
downregulatedwhenmiR-503 is elevated. Potentially,
miR-503 also targets other critical mRNAs in the
TGF-β signaling pathway in fibroblasts, not tested in
the present study. These data extend the current
concepts how fibrillins are involved in the regulation of
TGF-β, demonstrating a regulatory mechanism via
integrin-mediated and miRNA-dependent gene
expression.
Previous in vivo studies demonstrated that hetero-

zygous mice with an RGD to RGE substitution in
fibrillin-1 (Fbn1RGE/+) displayed diffuse skin fibrosis
including increased deposition of collagen and micro-
fibrils, similar to stiff skin syndrome patients that
carry mutations in the TB4 domain [34,59]. Enhanced
TGF-β bioavailability contributed to increased TGF-β
activity in these mutant mice. Importantly, that study
showed increased total (latent and free) TGF-β2
in the dermis of mutant mice, but no difference in
free TGF-β. These findings correlate directly with our
observation of TGFB2 mRNA downregulation when
HSFs interactwith thewild-type fibrillin-1 fragment, and
therefore upregulation when HSFs are grown on the
integrin binding-deficient fibrillin-1 RGA mutant. Fibro-
blasts from patients with systemic sclerosis showed
decreased levels of miR-29a in vitro [59]. The miR-29
family members are known to be repressed by TGF-β
and inhibit the expression of multiple matrix compo-
nents in fibroblasts and suppress fibrosis [60,61].
Integrin-modulating therapies and TGF-β antagonism
restored miR-29a levels in patient-derived fibroblasts
[59]. miR-29a targets genes related to extracellular
matrix, such as fibrillin-1, integrins, collagens and
laminins [62]. Although miR-29b-1* has a different
seed region compared to miR-29a and thus different
targets, miR-29a and miR-29b-1* are co-expressed
from the same cluster [41,63]. In the present study, we
show miR-29b-1* to be significantly upregulated when
HSFs bind to wild-type fibrillin-1, while miR-29b-1
remains unchanged. Furthermore, TGFB2 mRNA,
which we have experimentally determined as a direct
target of miR-29b-1*, and p-Smad2-dependent TGF-β
signaling are also kept at a low level when HSFs binds
to rF1M-WT. These results suggest that miR-29b-1* is
involved, in addition to miR-503, in fibrillin-1 mediated
dampening of TGF-β activity. However, this likely
occurs on a network level, as overexpression of miR-
29b-1* alone in HSFs did not result in reduced TGF-β
activity (not shown).
Integrin interaction with extracellular proteins

stimulates the assembly of focal adhesions at the
cell membrane. The integrin/focal adhesion complex
serves as a crucial element for mechanotransduc-
tion [64] and is essential for the activation of TGF-β
[65]. Focal adhesion formation triggered by RGD-
containing fibrillin-1 fragments was previously shown
for keratinocytes mediated through integrin αvβ6 [19].
Bax et al. [20] reported that the TB5-cbEGF25
domains support the formation of focal adhesions.
However, the contribution of the RGD site alone to
focal adhesion formation was not tested. HSFs
seeded on the rF1M-WT developed significantly
more focal adhesions and can spread better than
HSFs seeded on the rF1M-RGA control. However,
HSFs seeded on the rF1M-RGA fragments still
develop focal adhesions to some extent (Fig. 5a). It
is possible that the described supporting role of the
heparin/heparan sulfate binding site located in TB5
does not entirely depend on the interaction of
integrins with the RGD site in TB4 [20].
Regardless of whether or not non-RGD sites in

fibrillin-1 have independent separate roles in focal
adhesion formation, we have identified two miRNAs,
miR-612 and miR-3185, as important regulators for
fibrillin-1-mediated focal adhesion formation for the
following reasons. These miRNAs are both
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Table 4. Quantification of focal adhesion (FA) formation of HSFs seeded on rF1M-WT and rF1M-RGA coated Y-shaped
micropatterns

Number of FAs per cell Average area of FA Total area of FAs per cell

rF1M-WT 94 ± 37 0.74 ± 0.14 μm2 68.01 ± 25.90 μm2

rF1M-RGA 52 ± 23 0.55 ± 0.10 μm2 29.76 ± 16.43 μm2

p Value 3.80E−05 5.02E−06 3.20E−07

The data are presented as average ± SD. p values were calculated comparing rF1M-WT versus rF1M-RGA using the two-sample t test.
Number of cells analyzed: 32 cells for rF1M-WT and 20 cells for rF1M-RGA.
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downregulated when HSFs are seeded on rF1M-WT.
miR-612 and miR-3185 inhibition in HSFs led to
significantly more focal adhesions or more developed
focal adhesions. Rescue experiments showed that
focal adhesion formation in HSFs could be enhanced
by miR-612 inhibition in HSFs grown on rF1M-RGA, or
inhibited bymiR-3185 overexpression in HSFs seeded
on rF1M-WT.Calponin 1, whichwe have validated as a
target for miR-612, is a myofibroblast and smooth
muscle cell marker [66]. The level of calponin 1 mRNA
was elevated in the microarray and qPCR when HSFs
were grown on rF1M-WT, concomitant with the
downregulation of miR-612. This indicates that HSFs
seeded on fibrillin-1 have differentiated into smooth
muscle α-actin expressing myofibroblast, which pro-
motes focal adhesion maturation [67]. The regulation
of calponin 1 by miR-612 could be one of the
underlying mechanisms of HSF focal adhesion
assembly regulated by extracellular fibrillin-1, via
regulating myofibroblast differentiation.
Virtually no information is available in the literature

about the function ofmiR-3185.Despite the fact that we
were not able to identify and validate a target for miR-
3185 in the actin-binding group or the focal adhesion
group that is dysregulated in the mRNA microarray
more than 2-fold, we demonstrate here that it acts in
the pathway of fibrillin-1-regulated focal adhesion
formation as shown by the cell culture rescue
experiments. Re-inspection of the mRNA microarray
data comparing HSFs seeded on rF1M-WT versus
rF1M-RGA using a lower threshold (N1.4-fold change)
revealed two possible candidates involved in focal
adhesion formation/stability, talin 1 (1.45-fold
upregulated) and vinculin (1.53-fold upregulated).
Both mRNAs are predicted targets of miR-3185 using
TargetScan. Although the relative changes are low,
Fig. 5. Consequences of fibroblast interaction with fibrillin-
(a) Immunofluorescence staining of phosphorylated FAK (re
Y shape micropattern (Cytoo) coated with either rF1M-WT or
condition are shown. (b) Immunofluorescence staining for actin
48 h after HSF seeding on non-coated chamber slides. For
mimics for miR-29b-1* and miR-503 or inhibitors for miR-612,
A scrambled control was included. Representative images fo
(left panels) and average sizes (right panels) of focal adhesion
shown below each immunofluorescence panel. A total of 60 im
represents the mean ± SEM. Statistical analysis was perform
collaboratively, these two targets could potentially
account for the regulation of focal adhesions [68].
In summary, the present study shows that interaction

of fibroblasts with the RGD site in fibrillin-1 controls the
expression of many mRNAs and miRNAs in pathways
relevant to fibrillin function. We predict similar mecha-
nisms for assembled microfibrils, as they retain their
ability to interact with integrins α5β1 and αvβ3 [18]. We
have identified 28 newmRNA targets for several of the
fibrillin-1-regulatedmiRNAsandhave shown that some
are involved in the regulation of TGF-β signaling and in
focal adhesion formation. This work shows that matrix
proteins (fibrillin-1 and fibronectin) can regulate the
levels of miRNAs through their interaction with
integrins. These findings may proof relevant in the
future for some connective tissue disorders that are
caused by fibrillin-1 deficiencies, including stiff skin
syndrome and Marfan syndrome.
Materials and Methods

Generation of recombinant expression plasmids

Full-length fibrillin-1 has the propensity to aggre-
gate and is thus difficult to purify [69]. Due to the
modular domain organization, smaller correctly
folded fibrillin-1 fragments are often used to study
the functional properties of different regions in
fibrillin-1 [10,69–72]. To recombinantly produce a
central human fibrillin-1 fragment containing the
RGD integrin binding site and the synergy site, but
not the N-terminal and C-terminal self-interaction
sites, the following expression plasmids were
generated. A DNA sequence coding for human
1 and of miRNA modulation on focal adhesion formation.
d) was conducted 24 h after HSF seeding on 1600 μm2

rF1M-RGA at 25 μg/mL. Representative images for each
(green) and phosphorylated FAK (red) was conducted after
each condition, cells were either transfected with miRNA
miR-1208, miR-1231 and miR-3185 at the time of seeding.
r each condition are shown. Quantification of the number
per cell normalized to the respective scrambled control is
ages from biological triplicates were quantified. Each bar

ed using Student's t test (* p b 0.05).



Fig. 6. Rescue experiments of fibrillin-1-regulated
miRNA on focal adhesion formation. (a) HSFs seeded on
rF1M-WT-coated chamber-slides (as described as Fig. 5)
were transfected with miR-612 or miR-3185 mimics, or with
a scrambled miRNA as control. (b) HSFs seeded on
rF1M-RGA coated slides were transfected with inhibitors of
miR-612, miR-3185 or a scrambled control. For both panels
a and b, immunofluorescence staining (top panels) for
phosphorylated FAK (red) and actin (green) was conducted
after 48 h, and the phosphorylated FAK signals were
quantified (bottom panels) as total area of focal adhesions
per cell normalized to the respective scrambled control. The
data represent three independent experiments with HSFs
from two different donors and different passage numbers.
A total of 60 images for each conditionwere quantified. Each
bar represents the mean ± SEM. Statistical analysis was
performed using Student's t test (* p b 0.05).
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fibrillin-1 domains cbEGF10 to cbEGF31 including
an N-terminal signal peptide from the BM40 protein
and a C-terminal octa-histidine tag were prepared
with appropriate oligonucleotides based on the
pCEPSP-rF18H plasmid described previously [73].
The resulting plasmid pCEPSP-rF1M-WT codes for
a protein (rF1M-WT) with the sequence APLAD910-
Q 2054GRAWSHPQFEKGASGEHHHHHHHH
(human fibrillin-1 sequence is underlined). To generate
a plasmid that harbors an inactive integrin binding site,
the pDNSP-rFBN1-RGA plasmid described previously
[26], was amplified by PCRand aPmlI×NotI restricted
fragment was subcloned into pCEPSP-rF1M-WT,
resulting in plasmid pCEPSP-rF1M-RGA. This
plasmid codes for a protein (rF1M-RGA) identical to
rF1M-WTexcept anD1543Amutation in theRGDmotif.
Full-length fibronectin contains multiple integrin

binding sites. To exclude integrin binding sites other
than the RGD in the 10th type III domain and to include
the synergy site in the 9th type III domain, recombinant
expression plasmids were produced coding for the
amino acid sequence from the 8th to 11th type III
domain (A1356-T1720) with either the wild-type RGD
sequence (FN-WT) or a mutant RGA (FN-RGA).
This region of fibronectin does not include any
disulfide bonds or N-linked glycosylation sites.
To facilitate identification and purification of the
expressed recombinant fragments, the expression
plasmids were designed to include sequences coding
for a V5 tag and a hexa-histidine tag (5′-GGTAAGCC
TATCCCTAACCCTCTCCTCGGTCTCGATTC
TAC-3′) inserted after the 11th type III domain
and prior to the stop codon. The recombinant
cDNA was commercially synthesized as gBlocks
(Integrated DNATechnologies) and inserted into the
pET-22b bacterial expression plasmid using Gibson
Assembly (New England Biolabs). The correct se-
quence of all expression plasmids was validated by
Sanger sequencing.

Production of recombinant proteins

Recombinant fibrillin-1 fragments were produced as
secreted proteins in human embryonic kidney 293
(HEK293)-Epstein–Barr virus nuclear antigen (EBNA)
cells (Invitrogen) to ensure proper disulfide bond
formation and glycosylation. The pCEPSP plasmid
vectors to express the recombinant fibrillin-1 fragments
(rF1M-WT and rF1M-RGA) were transfected into
HEK293-EBNA for episomal expression. Hygromycin
B (250 μg/mL;Wisent) in cell culturemediumwas used
to select and maintain the transfected population of
HEK293-EBNA cells. The transfected HEK293-EBNA
cells were cultured to confluency in triple-layer flasks
(Thermo Fisher Scientific) in standard Dulbecco's
modified Eagle's medium (DMEM) cell culture medium
(Wisent), supplemented with 10% fetal bovine serum
(Wisent). After the cells reached confluency, they were
washed with 20 mM 4-(2-hydroxyethyl)-1–1-
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piperazine-ethanesulfonic acid, 150 mM NaCl and
2.5 mM CaCl2 (pH 7.4) to remove serum proteins,
and cultured in serum-free DMEM medium to produce
conditioned medium containing the secreted proteins.
The fibronectin recombinant fragments were

produced in Escherichia coli, which was feasible
due to the absence of disulfide-bonds and
N-linked glycosylation in the recombinant proteins.
The recombinant pET-22b plasmids were amplified in
NEB-5α (recA1 negative; New England Biolabs). For
protein production, the plasmids were transformed
intoBL21 (DE3) cells (ThermoFisher Scientific). IPTG
(2 mM) was used to induce protein expression when
the culture medium reached ~0.6–0.8 optical density
at 600 nm.

Purification of recombinant proteins

The recombinant fibrillin-1 and fibronectin fragments
were chromatographically purified to homogeneity in a
two-step protocol as described previously [74]. Briefly,
the histidine-tagged recombinant fragments were first
purified by immobilized metal affinity chromatography
using an increasing imidazole gradient for elution.
The eluted recombinant fragments were further
purified in a second step by gel filtration chromatog-
raphy (Superose 12). The BCA protein assay kit
(Thermo Fisher Scientific) was used to determine the
concentration of the purified proteins. The recombinant
fragments were analyzed by gel electrophoresis and
Coomassie Blue staining under reducing and non-
reducing conditions showing the expected molecular
masses (Supplemental Fig. S1B). Typical yields
were ~1 mg/L cell culture medium for the fibrillin-1
fragments and ~0.65 mg/L culture medium for the
fibronectin fragments.

Cell culture

Human skin fibroblasts

HSFs were isolated from the foreskin of healthy
boys (2 to 5 years of age), following a standard
circumcision procedure. This procedure was ap-
proved by the Montreal Children's Hospital Research
Ethics Board (PED-06-054), and written consent of
the patient's parents was obtained. Cells were
cultured in DMEM, supplemented with 10% v/v fetal
bovine serum, 100 μg/mL penicillin, 100 μg/mL strep-
tomycin and 2 mM glutamine (Wisent) at 37 °C in a
5% CO2 atmosphere. HSFs from two human donors
were used between passages 4 and 8 throughout this
study. For all experiments, ID 595 was used, and
some experiments additionally included ID 222.
Prior to seeding HSFs for an experiment, the cells

were serum-starved to remove all growth factors and
other components in fetal bovine serum, as their
presence might have interfered with cell signaling
pathways. For this purpose, HSFs were washed twice
with phosphate-buffered saline and thereafter kept on
serum-free culture medium (DMEM with supplements)
for 24 h. Cell culture plates or chamber slides were
coated with the fibrillin-1 fragments rF1M-WT and
rF1M-RGA at a concentration of 25 μg/mL in TBS
overnight. This concentration was determined as
optimal in promoting cell adhesion in a real-time cell
attachment assay with increasing coating concentra-
tions (Supplemental Fig. S3). For some experiments,
cell culture plates or chamber slides were coated with
poly-D-lysine (100 μg/mL; Sigma), recombinant fibro-
nectin fragments FN-WT and FN-RGA (25 μg/mL), or
the culture medium was supplemented with TGF-β1
(5 ng/mL; PeproTech) as further controls.
For trypsinization, the HSFs were washed twice with

phosphate-buffered saline and incubated with 0.25%
trypsin–EDTA (Wisent) for exactly 3 min. Serum-free
mediumwasadded to the dissociated cells and the cell
suspension was spun down for 5 min at 1200× g. The
cell pellet was resuspended in serum-freemediumand
centrifuged for 5 min at 1200× g. The short incubation
time with trypsin and the two centrifugation steps
ensured limited enzymatic activity of trypsin under
serum-free conditions to minimize proteolytic degra-
dation of cell surface receptors. After coating, the
plates were washed twice with TBS, and HSFs were
seeded in serum-free media with supplements. Light
microscopic images of HSFs were recorded using a
PowerShot A640 digital camera (Canon).
MSU-1.1 cells

The experimental validation of interactions between
miRNAs and mRNAs requires efficient transfection of
two vectors together with miRNA mimics, which can
be achieved with cell lines. We tested MSU-1.1, an
HSF cell line [75] by real-time qPCR for its mRNA
expression pattern of relevant target genes compared
to primary fibroblasts. Generally, the expression of the
tested target mRNAs was similar to the expression by
primary fibroblasts. Therefore, MSU-1.1 fibroblasts
were utilized for the experimental miRNA target
validation. The MSU-1.1 cells were cultured under
conditions as described for primary fibroblasts.
Electric cell substrate impedance sensing

Electric-cell substrate impedance sensing (ZTheta,
Applied Biophysics) is a biophysical method to
electronically monitor cell attachment and spreading
in real-time [76]. As the cells attach to the coated
protein, a change in impedance is measured to
analyze cell attachment in real-time. Forty thousand
HSFswere seeded per well in serum-freeDMEM. The
impedance was monitored over 6 h. All measure-
ments were performed at a frequency of 32,000 and
64,000 Hz. To determine the optimal protein coating
concentration for subsequent cell attachment and
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spreading assays, a concentration series from 0 to
50 μg/mL rF1M-WT or FN-WT was used to coat
96W20idf plates (Applied Biophysics) overnight at
4 °C (Supplemental Fig. S3). Coating concentration
(25 μg/mL) produced optimal cell binding for both
recombinant fragments, and thus, this coating
concentration was used for the experiments in this
study.

RNA extraction

Total RNA was extracted from HSFs at various
time points to study miRNA and mRNA levels by
microarray and real-time quantitative polymerase
chain reaction (qPCR). Total RNA includes miR-
NAs and mRNAs, and the extraction was per-
formed using the miRNeasy Mini Kit (Qiagen)
according to the manufacturer's instructions. One
million HSFs were seeded on 10 cm in diameter
cell culture dishes (Sarstedt) to ensure sufficient
RNA yields.

Microarray analysis

Microarray analysis was performed for miRNAs and
mRNAs using miRNA 3.0 and Human Gene 2.0 chips
from Affymetrix, respectively. The miRNA 3.0 chips
contained 19,724 probe sets from 153 different
organisms, including 1733 human mature miRNA
and 1658 human pre-miRNA probe sets. This covers
all miRNA sequences in the miRNA database
miRBase (Release 17, April 2011). The Human
Gene 2.0 chips cover 30,654 human mRNA probe
sets. The microarray analysis including RNA quality
control, complementary DNA (cDNA) preparation and
labeling and the actual array were conducted at the
Genome Quebec Innovation Centre at McGill Univer-
sity. RNA samples were prepared after 24 h of
interaction between HSFs and the recombinant
fibrillin-1 fragments rF1M-WT and rF1M-RGA. The
same RNA samples were submitted in biological
quadruplicates for the miRNA and mRNA microarray
analysis. The raw data from the microarrays were
normalized and quality control was performed using
the Expression Console software (Affymetrix). The
Transcriptome Analysis Console software (Affyme-
trix) was applied to perform statistical tests for
differential expression of expressed genes and to
visualize fold changes of miRNAs and mRNAs.
Normalized intensities from rF1M-WT and rF1M-
RGA were compared using one-way ANOVA. After
executing ANOVA, multi-testing correction was per-
formed using the Benjamini–Hochberg FDR-
controlling procedure for all the expressed genes
[77]. All p values indicated refer to FDR-adjusted p
values.
The microarray data for this study have been

submitted to the NCBI's Gene Expression Omnibus
database https://www.ncbi.nlm.nih.gov/geo [78,79]
and are accessible through GEO Series acces-
sion number GSE82085.
To determine common pathways in which genes

are controlled by the differentially regulated miRNAs,
pathway analysis was conducted using the DIANA
miRPath v.2.0 tool [48]. This bioinformatics tool
searches the predicted target genes of the identified,
differentially regulated miRNAs and analyzes their
combinatorial effects in KEGG, a database resource
for biological pathways. The DAVID Bioinformatics
Resources 6.7 (https://david.ncifcrf.gov/) [80] allows
searches of molecular functions of differentially
expressed mRNAs to determine enriched themes
and relevant KEGG pathways.

Quantification of miRNA and mRNA

For reverse transcription of miRNAs, the miScript
II RT kit (Qiagen) was used, according to the
manufacturer's instructions. One microgram of total
RNA was typically used for reverse transcription, if not
limited by a low RNA yield. For reverse transcription of
mRNAs, the Super Script III First-Strand Synthesis
System for RT-PCR (Life Technologies) was used as
detailed in the manual. One microgram of total RNA
was used, if RNA yield was sufficient.
For the quantification of miRNAs, real-time qPCR

was performed using the miScript SYBR Green PCR
Kit according to the manufacturer's instructions
(Qiagen). miScript Primer Assays were obtained from
Qiagen for human miR-29b-1* (cat. no. MS00009289),
miR-424* (cat. no. MS00009688), miR-503 (cat. no.
MS00033838), miR-612 (cat. no. MS00005047),
miR-1208 (cat. no. MS00014196), miR-1231 (cat. no.
MS00031290), miR-1914* (cat. no. MS00016548),
miR-3185 (cat. no. MS00020930), miR-4443 (cat. no.
MS00041272) and miR-4521 (cat. no. MS00040796).
RNU6 (cat.no MS00033740) and SNORD61 (cat. no
MS00033705) were used as reference genes. The
real-time cycler (Applied Biosystems, Step-One™
Real-Time qPCR system) was programmed to an
initial PCR activation step for 15 min at 95 °C and
40 cycles of a three-step cycling program: (1) denatur-
ation (94 °C for 15 s), (2) annealing (55 °C for 30 s)
and (3) extension (70 °C for 34 s). Melt-curve analysis
was performed after each run to determine the
specificity of the detected product.
For quantification of mRNA, cDNA prepared using

the Super Script III First-Strand Synthesis System
was used for real-time qPCR with the SYBR Green
Select Master Mix (5 μL) (Life Technologies),
and 100–400 nM forward and reverse primers
(Supplemental Table 1). GAPDH and RPL13A were
used as reference genes. The real-time cycler was
programmed to an initial PCRactivation step for 2 min
at 50 °C and afterward 2 min at 95 °C and 40 cycles
of a three-step cycling program: (1) denaturation
(95 °C for 15 s), (2) annealing (58 °C for 15 s) and
(3) extension (72 °C for 1 min). Melt-curve analysis
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was performed after each run to determine the
specificity of the detected product.

Interaction studies between miRNAs and mRNAs

Bioinformatics prediction

Bioinformatics analysis utilizing the miRanda
algorithm was conducted to predict interactions
between miRNAs and mRNAs [49]. This algorithm
allows searches for the complementarity between
miRNAs and 3′ UTRs of mRNAs and integrates
thermodynamics of the binding site as well as
conservation across species. The predicted target
sites were scored using a regression model, the mir
support vector regression (mirSVR). mirSVR scores
miRNAs according to their likelihood of mRNA
downregulation. The regression model comprises
features of the predicted miRNA/target site duplex,
local and global context features. Local features
include adenine/uracil composition near the target
sites and secondary structure accessibility. Global
features comprise the length of the UTR, relative
position of the target sites relative to UTR ends as
well as the conservation level of the block containing
the target site.
Experimental validation

The well-established mirTrap system (Clontech)
was used to experimentally validate predicted
interactions between miRNAs and mRNAs
[50–52]. The system uses a dominant-negative
form of a subunit of RISC, which traps the miRNA
and its mRNA targets. This mutant subunit contains
a FLAG epitope (DYKDDDDK), and thus, the entire
complex can be immunoprecipitated, and target
mRNAs can subsequently be identified by real-time
qPCR.
Transfection, lysis, immunoprecipitation and

RNA isolation were performed according to the
manufacturer's instructions. MSU-1.1 cells at a
density of 1,500,000 cells/10 cm in diameter culture
plates were used for transfection with miRNA
mimics and the pMirTrap vector. The transfection
efficiencies were controlled with miR-132 co-
transfected with the pMirTrap Control and the
pMirTrap vectors. The transfected control cells
were used to analyze the fold enrichment of a
fluorescent quantifiable miR-132 target coded on
the pMirTrap control vector. After the immunopre-
cipitation, the RNA was isolated from the immuno-
precipitated material bound to the anti-FLAG beads
(“After IP”) and from the pre-immunoprecipitation
control (“Before IP”) using the NucleoSpin RNA XS
kit (Macherey-Nagel). The mRNAs of which the
levels were ≥ 20-fold more in “After IP” than in
“Before IP” were considered to be bound by the
transfected miRNA.
miRNA overexpression and inhibition studies

miRNA mimics and inhibitors were commercially
obtained from Qiagen. (1) Mimics: Syn-hsa-miR-
29b-1-5p (cat. no. MSY0004514) and Syn-hsa-miR-
503-5p (cat. no. MSY002874). (2) Inhibitors:
anti-hsa-miR-612 (cat. no. MIN0003280), anti-hsa-
miR-1208 (cat. no. MIN0005873), anti-hsa-miR-
1231 (cat. no. MIN0005586) anti-hsa-miR-3185
(cat. no. MIN0015065). miRNA mimics and inhibi-
tors were transfected either in 8-well chamber slides
or in 12-well plates. The procedure is described in
detail for the 8-well chamber slides. Alternate
volumes or cell numbers for the transfection in 12-
well plates are indicated in brackets. Shortly before
the transfection, 10,000 (100,000) HSFs were
seeded per well of an 8-well chamber slide in 250
(1,100) μL of serum-free DMEM. miRNA mimic
[19 ng (75 ng)] or 190 ng (750 ng) inhibitor was
diluted in 50 μL (100 μL) DMEM. This resulted in a
final miRNA concentration of 5 nM (mimic) or 50 nM
(inhibitor) after adding the complexes to the cells.
HiPerfect Transfection Reagent [1.5 μL (6 μL); Qia-
gen] was added to the diluted miRNA and incubated
for 10 min at room temperature to allow for the
formation of transfection complexes. These com-
plexes were added drop-wise onto the cells. The
cells were incubatedwith the transfection complexes
under regular growth conditions and analyzed after
48 h.

Indirect immunofluorescence

Indirect immunofluorescence was performed as
previously described [26]. Briefly, HSFs were grown
in 8-well chamber glass slides (Thermo Fisher
Scientific) at densities of 10,000–75,000 cells/well,
depending on the experiment. After fixation
with 70% methanol/30% acetone and blocking
with 10% v/v normal goat serum, the cells were
incubated with one of the following primary
antibodies: mouse monoclonal anti-actin (1:200;
Sigma, cat. no. A4700), rabbit monoclonal anti-
phosphorylated FAK antibody (Tyr397) (1:400;
Abcam, cat. no. ab81298) and anti-p-Smad2 anti-
bodies (Ser465/467) (1:500, Millipore, cat. no.
AB3849). Secondary antibodies used were 1:100
diluted goat anti-rabbit or goat anti-mouse
conjugated to Alexa Fluor 488 (Life Technologies,
cat. no. A11008 and A11029) and goat anti-rabbit
or goat anti-mouse conjugated to Cy3 (Jackson
Immunoresearch Laboratories, cat. no. 111-165-
003 and 111-166-003). Nuclear counterstaining was
performed with 4′, 6-diamidino-2-phenylindole
(DAPI).
To unify the shape of HSFs, which can influence

focal adhesion formation, Y-shape micropattens with
1600-μm2 area (Cytoo) were used. rF1M-WT and
rF1M-RGA (25 μg/mL) were coated for 2 h at room
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temperature, prior to seeding 60,000 HSFs in 4 mL
medium in 35-mm petri dishes. After 24 h, HSFs
were fixed with 70% methanol/30% acetone and
stained as described above.
All images were recorded with the Zen 2012

software (Zeiss) using an Axio Imager M2microscope
(Zeiss) equipped with an ORCA-flash4.0 camera
(Hamamatsu).

Quantification of p-Smad2 and focal adhesions

Quantification of p-Smad2 and of focal adhesions
were performed using the ImageJ software [81].
To quantify p-Smad2, the corrected total cell
fluorescence was determined. An outline was
drawn around each cell, and area and mean
fluorescence were measured. The background was
determined in areas without cells. The corrected total
cell fluorescence was calculated: CTCF = (mean
fluorescence intensity of the cell − mean background
intensity) × area of selected cell.
The quantification of focal adhesionwas based on an

established procedure which was adjusted in the
following manner [82]. To decrease the background,
the images were processed using “Subtract Back-
ground”with the sliding paraboloid option and 50 pixels
rolling ball radius. To enhance the local contrast, the
CLAHE plugin (Contrast Limited Adaptive Histogram
Equalization) was used with these parameters: block
size, 19; histogram bins, 256; and maximum slope, 6
[83]. To optimize the quality of images for particle
quantification, “Mathematical exponential” (EXP),
“Brightness & Contrast,” and “Threshold” were se-
quentially applied. The “min and max” values of
“Brightness & Contrast” and “Threshold” were derived
from the average of the automatic values obtained
from multiple images. The average “min and max”
values were applied to all images. Finally, “Analyze
Particles” produced the number, the average size and
the total area of focal adhesions.
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