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Abstract
Fibroblasts are critical for wound contraction; a pivotal step in wound healing. They produce

and modify the extracellular matrix (ECM) required for the proper tissue remodeling. Rever-

sion-inducing cysteine-rich protein with Kazal motifs (RECK) is a key regulator of ECM

homeostasis and turnover. However, its role in wound contraction is presently unknown.

Here we describe that Transforming growth factor type β1 (TGF-β1), one of the main pro-

fibrotic wound-healing promoting factors, decreases RECK expression in fibroblasts

through the Smad and JNK dependent pathways. This TGF-β1 dependent downregulation

of RECK occurs with the concomitant increase of β1-integrin, which is required for fibro-

blasts adhesion and wound contraction through the activation of focal adhesion kinase

(FAK). Loss and gain RECK expression experiments performed in different types of fibro-

blasts indicate that RECK downregulation mediates TGF-β1 dependent β1-integrin ex-

pression. Also, reduced levels of RECK potentiate TGF-β1 effects over fibroblasts FAK-

dependent contraction, without affecting its cognate signaling. The above results were

confirmed on fibroblasts derived from the Reck+/- mice compared to wild type-derived fibro-

blasts. We observed that Reck+/- mice heal dermal wounds more efficiently than wild type

mice. Our results reveal a critical role for RECK in skin wound contraction as a key mediator

in the axis: TGF-β1—RECK- β1-integrin.

Introduction
Wound healing is a complex and dynamic process, which involves the coordinated action of
different cell types, promoting hemostasis, wound contraction and remodeling [1, 2]. Fibro-
blasts are one of the key players in wound healing. They are involved in breaking down the
fibrin clot; produce and remodel the extracellular matrix (ECM), which is required to support
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angiogenesis; granulation-tissue generation; and re-epithelialization [1, 3]. In addition, fibro-
blasts are essential for wound contraction [3, 4]. All of these fibroblast activities are controlled
by different cytokines and chemokines, such as transforming growth factor β (TGF-β1), angio-
tensin II (Ang II), connective tissue growth factor (CTGF/CCN-2), and endothelin-1 (ET-1),
all of which are mainly produced by mesenchymal and inflammatory cells [5–7]. TGF-β1 is of
particular importance as it has previously been described as one of the main pro-fibrotic
wound-healing promoting factors [8, 9].

TGF-β1 induces fibroblasts to express ECM components, such as collagens and fibronectin
(FN) [8, 10], and simultaneously regulates the expression of matrix metalloproteinases
(MMPs) [10, 11], which are zinc and calcium dependent endopeptidases associated with differ-
ent processes that require modification of the ECM [2, 12]. TGF-β1 also stimulates fibroblasts
to express integrin subunit β1 (β1-integrin) [13, 14], which is essential for fibroblasts adhesion,
migration, ECM contraction [15] and wound healing [16]. The integrin dependent adhesion to
fibrous proteins in the ECM triggers the formation actin stress fibers [17, 18], which anchor
the cytoskeleton to the ECM through a cell membrane protein complex at focal adhesion sites
(FA) [19, 20]. An important component of the FA is focal adhesion kinase (FAK), a key com-
ponent of the signal transduction pathways activated by integrins in focal contacts [19, 21].
Altogether, these changes induced by TGF-β1 produce a specialized transdifferentiation of
fibroblasts to myofibroblasts [13, 22], which is characterized by the expression of smooth mus-
cle α-actin (α-SMA) giving them contractile properties [23, 24].

Reversion-inducing cysteine-rich protein with Kazal motifs (RECK) is a membrane GPI-
anchored glycoprotein that acts as an inhibitor of several metalloproteinases which makes it a
key regulator of ECM remodeling and integrity [25, 26]. Homozygous Reck knockout mice
(Reck-/-) die in utero, showing massive hemorrhage and smaller body size compared with wild
type mice, while heterozygous Reck knockout mice (Reck+/-) are fertile and show no obvious
phenotype [26]. Histological examination of Reck/- embryos has shown unstructured mesen-
chymal tissues with nearly absent collagen arrays and abnormal organogenesis within the
embryos, indicating the key role of RECK in ECM integrity and homeostasis [26, 27]. Previous
studies have also shown that RECK depletion is related to decreased β1-integrin activation and
diminished FAK activity in human endothelial cells, which is associated with decreased prolif-
eration and a defective capacity to form vascular tubes [28]. This indicates that RECK regulates
the β1-integrin activity dependent signaling [28, 29]. Although the aforementioned studies
strongly suggest that RECK plays a role in fibroblast contraction and wound closure, this
potential function of RECK has currently not been evaluated.

In this study, we demonstrate that TGF-β1, through its canonical Smad and non-canonical
JNK dependent pathways [30], decreases RECK levels in fibroblasts, concomitant with an
increase of β1-integrin levels. Moreover, the TGF-β1 dependent induction of β1-integrin
requires the downregulation of RECK. Fibroblasts obtained from Reck+/- mice express more
β1-integrin and show increased contraction properties compared to wild type fibroblasts. We
also demonstrate that Reck+/- mice heal dermal wounds more efficiently than wild type mice.
Our results show a critical role for RECK in wound contraction and reveal a new pathway regu-
lating wound contraction, the axis: TGF-β1—RECK- β1-integrin.

Results

TGF-β1 reduces RECK expression levels in fibroblasts
To evaluate if TGF-β1 regulates the expression of RECK in fibroblasts, mouse primary fibro-
blast cultures, derived from tibialis anterior skeletal muscle (SM) or skin biopsies, were treated
with TGF-β1 at the indicated concentration. Fig 1A, shows that TGF-β1 reduces the amount of
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RECK after 24 hours. This effect was concomitant to the induction of three known proteins
positively regulated by TGF-β1: the β1 integrin sub-unit, the ECM protein FN, and the pro-

Fig 1. TGF-β1 decreases RECK expression in fibroblasts. (A) NIH3T3 fibroblasts and were incubated with TGF-β1 for 24 and 48 h at the indicated
concentrations. Western blots analysis of cell extracts were performed to determine the expression of RECK, β1-integrin, FN and CTGF. β-tubulin (Tubulin)
levels were used as a loading control. (B) Primary fibroblasts cultures derived from tibialis anterior skeletal muscles (SM) and skin biopsies of 3-month-old
WTmice were incubated with TGF-β1 for 24 as indicated. Western blot analysis of cell extracts were performed to determine the levels of RECK, FN, and
CTGF. tubulin levels were used as a loading control. (C) NIH3T3 fibroblasts were incubated with 5 ng/ml of TGF-β1 for the indicated times. At the end of the
assay, total RNA was extracted and was reverse transcribed into complementary DNA. Taqman quantitative real-time PCR was performed to determine
Reck expression. mRNA expression was quantified using the comparative ΔCT method (2-ΔΔCT) usingGadph as a reference gene. mRNA levels are
presented relative to the mean expression of the control (untreated cells). (D) ReckmRNA expression in NIH3T3 fibroblasts incubated with different
concentrations of TGF-β1 for 24 hours was determined as in (C). In C and D, values are expressed as mean +/- standard deviation (SD) of two independent
experiments. In C, &, P<0.05 relative to 0 hour; #, P<0.05 relative to 6 hours. In D, &, P<0.05 relative to 0 ng/ml; #, P<0.05 relative to 0,5 ng/ml.

doi:10.1371/journal.pone.0135005.g001
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fibrotic growth factor CTGF [31–33]. These effects were reproduced in the fibroblast cell line
NIH3T3, as shown in Fig 1B. Here, TGF-β1 reduces the amount of RECK after 24 or 48 hours
of incubation in a concentration dependent manner, concomitant to the induction of β1 integ-
rin sub-unit, FN and CTGF [31–33]. The latter is transiently upregulated by TGF-β1, peaking
at 24 h and diminishing thereafter, as previously shown [31].

To evaluate if the TGF-β1 dependent downregulation of RECK in cultured fibroblasts is at
the transcriptional level, we analyzed the levels of ReckmRNA by qPCR in NIH3T3 fibroblasts
treated with TGF-β1. Fig 1C, shows that the levels of ReckmRNA were progressively downre-
gulated from 6 to 24 hours in response to TGF-β1. Moreover, the effect was TGF-β1 concentra-
tion-dependent, as shown in Fig 1D.

TGF-β1 reduces RECK expression levels in fibroblasts through a JNK
and Smad dependent pathways
TGF-β1 activates the canonical Smad-2 and -3 dependent pathways and the non-canonical
PI3K, MEK-1 MAPK, JNK and p38 dependent pathways through binding to its receptors
TGF-β-RI and TGF-β-RII [34]. To determine the pathways involved in the TGF-β1 dependent
downregulation of RECK, NIH3T3 fibroblasts were treated with different specific inhibitors
against the kinase activity of TGF-β-RI, Smad-3, PI3K, MEK-1 MAPK, JNK and p38, or treated
with siRNAs against Smad-2 and -3, prior to TGF-β1 treatment. Fig 2A shows that the TGF-
β1dependent downregulation of RECK requires the activation of TGF-β-RI, since the effect
was inhibited when the cells were pre-treated with SB525334, a specific inhibitor TGF-β-RI
kinase activity [35]. FN expression is showed as a control for the cellular response to TGF-β1,
where the TGF-β1 dependent upregulation of FN was also inhibited by SB525334. Fig 2A also
shows that LY294002, PD98059 or SB203580, specific inhibitors for the PI3K, MEK1, and p38
pathways respectively, did not interfere with TGF-β1 dependent RECK downregulation. How-
ever, pre-treatment with SB600125, a specific inhibitor of the JNK pathway, significantly
reduces the effect of TGF-β1 over RECK levels, suggesting that TGF-β1 decreased RECK
expression, at least in part, by a JNK dependent pathway. The inhibitors used in Fig 2A did not
show any effect on RECK or FN expression levels (S1 Fig).

To evaluate the role of the TGF-β1 canonical pathway, NIH3T3 fibroblasts were transiently
transfected with a siRNAs against Smad-2 and Smad-3, or treated with SIS3, a specific inhibitor
of Smad-3 activation [36, 37]. Fig 2B shows that in fibroblasts transfected with siRNAs against
Smad-2 and Smad-3, the negative effect of TGF-β1 over RECK expression was reduced by
approximately 50%, compared to the scrambled siRNA transfected fibroblasts. The effect of
the siRNA transfection was confirmed by observing decreased levels of Smad-3 protein by
Western blot (Fig 2B). We also evaluated if decreasing the activation of Smad-3 by SIS3 treat-
ment affects the TGF-β1 dependent downregulation of RECK. The Fig 2C shows that in fibro-
blasts pre-treated with SIS3, the TGF-β1 dependent downregulation of RECK was diminished.
These results indicate that the canonical TGF-β1 pathway is required for the TGF-β1 depen-
dent reduction of RECK expression. Fig 2C also shows that the inhibitory effect of SIS3 or JNK
alone are comparable to the inhibitory effect obtained with both inhibitors in combination.
These results indicate that both the canonical (Smad) and the non-canonical (JNK) TGF-β1
dependent pathways act in concert downregulating RECK expression in fibroblasts.

TGF-β1 dependent up-regulation of β1-integrin expression require the
concomitant reduction of RECK expression
To determine if β1-integrin expression and its regulation by TGF-β1 depends on RECK levels
in fibroblasts, we transiently transfected NIH3T3 fibroblasts with a pool of shRNAs against
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Fig 2. TGF-β1 decreases RECK levels through a Smad and JNK dependent pathway. (A) NIH3T3 fibroblasts were pre-treated for 30 minutes with
different inhibitors: TGF-β-RI kinase inhibitor SB525334, PI3K inhibitor LY294002, MEK1 inhibitor PD98059, JNK inhibitor SB600125, and p38 inhibitor
SB203580. After the pre-treatment, fibroblasts were treated with 5ng/ml of TGF-β1 for 24 hours or untreated to serve as controls. Western blot analysis of cell
extracts were performed to determine the levels of RECK and FN. tubulin levels were used as a loading control. (B) NIH3T3 fibroblasts were transiently
transfected with a pool of siRNA against Smad-2 and Smad-3 or with a scrambled siRNA as a control. 24 h post-transfection, cells were treated with 5 ng/ml
of TGF-β1 for 24 h, or left untreated to serve as a control. Western blot analysis of cell extracts were performed to determine the levels of RECK, Smad-3 and
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RECK (shRECK) or a scrambled sequence (shCtrl) as control; 24 hours later the cells were
treated with TGF-β1 for another 24 hours. The shRECK transfections decreased RECK levels
up to a 60% of shCtrl-transfected fibroblasts (Fig 3A). Under these conditions, the expression
of β1-integrin was induced almost twofold of shCtrl levels and to comparable levels of control
TGF-β1 treated cells, evaluated by Western blot (Fig 3A). TGF-β1 treatment reduced RECK

β1-Integrin. β-tubulin levels were used as a loading control. (C) NIH3T3 fibroblasts were pre-treated for 30 minutes with SIS3, a specific inhibitor of Smad-3
activation, and the JNK inhibitor SB600125; cells were treated either alone or in combination. Afterwards, fibroblasts were treated with 5 ng/ml of TGF-β1, or
left untreated as a control, for 24h. Western blot analysis of cell extracts were performed to determine the levels of RECK and β1-Integrin. β-tubulin levels
were used as a loading control. The quantifications shown in A, B and C are from two independent. Statistical significance was assessed using two-way
ANOVA and a Bonferroni multiple-comparison post hoc test. &, P<0.05 relative to TGF-β1 untreated fibroblasts.

doi:10.1371/journal.pone.0135005.g002

Fig 3. TGF-β1must reduce RECK levels to increase β1-integrin levels in fibroblasts. (A) NIH3T3 fibroblasts were transiently transfected with a pool of
shRNAs against mouse RECK (shRECK) or with a scrambled sequence as control (shCtrl). 24 h post-transfection, cells were treated or not with 5 ng/ml of
TGF-β1 for 24 h (B) NIH3T3 fibroblasts were transiently transfected with a vector that overexpresses RECK or with an empty vector as control. 24 h post-
transfection, cells were treated with 5 ng/ml of TGF-β1 for 24 h, or left untreated as a control. In A and B, Western blot analysis of cell extracts were performed
to determine the levels of RECK, β1-integrin and CTGF. Tubulin levels were used as a loading control. In A, &, P<0.05 relative to untreated shCtrl; #, P<0.05
relative to untreated shRECK. In B, &, P<0.05 relative to TGF-β1 untreated Empty vector; #, P<0.05 relative to TGF-β1 untreated RECK; ¢, P<0.05 relative to
TGF-β1 treated Empty vector.

doi:10.1371/journal.pone.0135005.g003
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levels of both shCtrl and shRECK transfected fibroblasts, inducing, at the same time, the
expression of β1-integrin. Interestingly the TGF-β1 dependent induction of β1-integrin expres-
sion was significantly higher in the fibroblasts transfected with the shRECK compared to con-
trol treated fibroblasts. Reduced RECK levels by shRECK transfection do not show any effect
on the basal or TGF-β1 dependent induction of CTGF expression, suggesting that RECK levels
have a specific effect over β1-integrin expression but not to other TGF-β1 regulated proteins.

In accordance with the above results, it is possible to hypothesize that the TGF-β1 depen-
dent induction of β1-integrin expression depend on RECK downregulation. To evaluate this,
we decided to overexpress the human version of RECK in fibroblasts, analyzing its effect on
β1-integrin expression in response to TGF-β1. Since the overexpressed Reck is under the con-
trol of a strong, foreign promoter (SV40 promoter), its expression should not be affected by
TGF-β1. Fig 3B shows that in sham-transfected fibroblasts (empty vector), TGF-β1 reduced
RECK expression and at the same time induced β1-integrin expression. However, when RECK
was overexpressed, the expression of β1-integrin levels were greatly reduced. In the RECK-
overexpressing fibroblasts, we observed that RECK levels were unaltered by TGF-β1 treatment,
while the upregulation of β1-integrin was greatly affected. RECK overexpression do not show
any effect on the basal or TGF-β1 dependent induction of CTGF expression, suggesting that
the cellular response to TGF-β1 was not hampered. The later conclusion was supported with a
TGF-β1 reporter assay (p3TP-Lux [38]) as shown in the S2 Fig, indicating that the effect of
RECK over β1-integrin expression is independent of the cellular response to TGF-β1.

All of these results strongly suggest that RECK expression levels are inversely correlated to
β1-integrin levels and that the TGF-β1 dependent downregulation of RECK is a pre-requisite
for the induction of β1-integrin in response to TGF-β1 in fibroblasts.

Downregulation of RECK in fibroblasts is required for TGF-β1-induced
matrix contraction
Since the mechanical forces executed by fibroblasts upon the ECM depend on integrins expres-
sion, we decided to study the role of RECK on fibroblast dependent ECM contraction. Fig 4A
shows a schematic summary of the assay. Freshly polymerized 3D collagen matrices containing
NIH3T3 fibroblasts were released from the bottom of the culture dish and allowed to float in
the culture medium. The floating 3D collagen lattice was incubated in the presence of TGF-β1
for 24 hours to induce fibroblast contraction and therefore a volume reduction of the collagen
lattice. S3 Fig shows the concentration dependent effect of TGF-β1 on fibroblasts in the colla-
gen lattice contraction assay, as previously described [15, 39]. To study the role of RECK in this
process, we transiently transfected NIH3T3 fibroblasts with shRECK or with the RECK expres-
sion vector or an empty vector as control. Twenty-four hours post transfection, the fibroblasts
were trypsinized, mixed with collagen, and allowed to polymerize. Afterwards, the floating col-
lagen embedded cells were left untreated as control or incubated with TGF-β1 for 24 hours. Fig
4B shows representative photographs of the floating collagen lattices at the end of the assay.
The volume of these collagen lattices was determined and expressed as the percentage of the
initial volume, as shown in Fig 4C. In the absence of TGF-β1, all collagen lattices showed a
basal contraction. Control and RECK overexpressing fibroblasts reduced their collagen lattice
volumes by around 30%. This contraction was more pronounced in the shRECK fibroblasts,
reaching a 50% reduction of the initial volume. TGF-β1 treatment reduces the volume of the
matrices by 65% in control fibroblasts and by 80% in the RECK deficient fibroblasts (shRECK).
Conversely, RECK overexpression inhibits the TGF-β1 dependent contraction. In this case, the
volume reduction was comparable to the untreated control fibroblasts.
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Fig 4. Downregulation of RECK in fibroblasts is required for TGF-β1 inducedmatrix contraction. (A) Schematic of the matrix contraction assay. From
top to bottom, fibroblasts were mixed with a collagen solution that polymerizes into a 3D collagen matrix for 2 h. This mixture was then released from the
culture dish and allowed to float in culture medium. Floating collagen lattices were incubated with TGF-β1 for 24 hours to induce fibroblasts contraction,
leading to a volume reduction of the collagen lattice. (B) NIH3T3 fibroblasts were transiently transfected with a pool of shRNAs against mouse RECK
(shReck) or with a RECK overexpression vector or with an empty vector as control. 24 h post-transfection, fibroblasts were trypsinized and a collagen
contraction assay was performed as described in (A). After 24 h, the now trypsinized collagen lattices were treated with TGF-β1 and/or the focal adhesion
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Taking into account that the integrin dependent ECM contraction requires the activation of
FAK, we decided to chemically inhibit this activation, to evaluate whether the increased
amount of β1-integrin observed in shRECK fibroblasts, explains the enhanced contraction. To
this, we treated the WT, shRECK, and RECK transfected fibroblasts with TGF-β1 in the pres-
ence of a FAK inhibitor (FAK Inhibitor). As shown in the bottom panels of Fig 4B and in the
quantification in Fig 4C, the presence of the FAK inhibitor inhibited the contraction in all
cases, indicating the requirement of FAK activity. Thus the induced integrin expression and its
canonical signaling explain the enhanced ECM contraction observed in RECK deficient fibro-
blasts. As control, we determined the expression levels of RECK and β1-integrin in this assay,
as shown in Fig 4D. The presence of FAK inhibitor in TGF-β1 treated cells did not affect the
levels of RECK or β1-integrin as compared to the TGF-β1 treated fibroblasts.

In order to evaluate if the observed results are reproduced in primary mouse fibroblasts cul-
tures, we used primary cultures of skin fibroblasts from the hemizygous Reckmice (skin-
FbsReck+/-) and fromWTmice (skin-FbsWT). Fig 5A shows that the expression of RECK was
reduced by almost 50% in the skin-FbsReck+/- compared skin-FbsWT (Fig 5B). In addition, we
observed that in both cases, TGF-β1 treatment reduced RECK expression. Agreeing with our
previous results, the expression of β1-integrin was higher in the skin-FbsReck+/- compared to
skin-FbsWT, and this difference was exacerbated upon TGF-β1 treatment (Fig 5B). Meanwhile,
the expression of CTGF, evaluated as a control of the cellular response to TGF-β1, was identical
in both skin-FbsWT and skin-FbsReck+/-.

We also evaluate the contraction capacity of skin-FbsWT compared to skin-FbsReck+/-. Fig
5C shows representative photographs of the collagen lattices at the end of the assay. The con-
traction percentages relatives to the initial volume of the collagen lattices are indicated in Fig
5D. Both skin-FbsWT and skin-FbsReck+/- exhibited matrix contraction under basal conditions,
which were augmented upon TGF-β1 treatment. In absence of TGF-β1, skin-FbsWT showed
36% volume reduction after 24h. The skin-FbsReck+/- showed more evident contraction, 58% of
volume reduction. This was comparable to the volume of the TGF-β1 treated skin-FbsWT,
which had 62% volume reduction. The treatment of skin-FbsReck+/- with TGF-β1 reduced the
matrix volume by 72%. Altogether, these results indicate that the integrin-FAK dependent
fibroblast contraction induced by TGF-β1 is required and enhanced by reduced RECK levels.

Reck deficient mice show accelerated skin wound contraction
Next we decided to evaluate if the process of skin wound contraction is enhanced in Reck+/-

mice skin. We performed an in vivo wound contraction assay on 3-month-old mice through
dermal punch wounding. Fig 6A shows representative photographs of the performed wounds
at the day of the surgery (D0), or after 3 (D3) and 7 (D7) days from the surgery. The wounded
area was determined at D0, D3 and D7 and expressed as a percentage of the initial wounded
area as shown in Fig 6B. Notably, Reck+/- mice showed a higher rate of wound closure at 3 and
7 days after injury when compared with WT injured mice at the same days after injury. At D3,
wounds in WT animals closed to 60% of the initial wounded area, which is consistent with pre-
vious observations [40–42]. Interestingly, at the same time the cutaneous wounds in the Reck

kinase inhibitor 14 (FAK-Inh) for 24 h. Afterwards, 3D floating matrices were photographed. Representative images are shown. (C) The volume of the
contracted matrices obtained in (B) was measured immediately after being released at the end of the assay. These values, obtained from two independent
experiments performed in triplicate, were graphed as a percentage of the initial volume. Statistical significance was assessed using two-way ANOVA and a
Bonferroni multiple-comparison post hoc test. &, P<0.05 relative to TGF-β1 untreated Empty vector; #, P<0.05 relative to TGF-β1 untreated RECK; ¢, P<0.05
relative to TGF-β1 treated Empty vector;1, P<0.05 relative to TGF-β1 treated RECK. (D) Aliquots of the trypsinized cells in (B) were directly seeded in
culture dishes before mixing with the collagen solution and then treated with TGF-β1 and/or the FAK-Inh for 24 has described in (B). Cell extracts were
prepared and analyzed byWestern blot to determine the levels of RECK and β1-integrin. Tubulin levels were used as a loading control.

doi:10.1371/journal.pone.0135005.g004
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Fig 5. Reck+/- fibroblasts show increased level of β1-integrin and enhanced contractile properties. (A) Primary fibroblasts cultures derived from skin
biopsies of 3 month old WT (skin-FbsWT) and Reck+/- (skin-FbsReck+/-) mice were incubated with TGF-β1 for 24 hours as indicated. Western blot analysis of
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cell extracts were performed to determine the levels of RECK, β1-integrin and CTGF. Tubulin levels were used as a loading control. (B)Quantification of the
expression of RECK and β1-integrin relative to tubulin expression. values are expressed as mean +/- SD of two independent experiments. &, P<0.05 relative
to TGF-β1 untreated skin-FbsWT; #, P<0.05 relative to TGF-β1 untreated skin-FbsReck+/-. (C) A collagen contraction assay using primary culture fibroblasts
derived from skin biopsies of 3 month old WT (skin-FbsWT) and Reck+/- (skin-FbsReck+/-) mice was performed. The floating collagen lattices were treated with
TGF-β1 (3 ng/ml). After 24 hours of treatment, the 3D floating matrices were photographed. Representative images are shown. (D) The volumes of the
contracted matrices obtained in (A) were measured immediately after being released at the end of the assay. The values, obtained from two independent
experiments performed in triplicate, were graphed as a percentage of the initial volume. Statistical significance was assessed using two-way ANOVA and a
Bonferroni multiple-comparison post hoc test. &, P<0.05 relative to TGF-β1 untreated skin-FbsWT; #, P<0.05 relative to TGF-β1 untreated skin-FbsReck+/; ¢,
P<0.05 relative to TGF-β1 treated skin-FbsWT.

doi:10.1371/journal.pone.0135005.g005

Fig 6. Reck deficient mice have accelerated skin wound contraction. A dermal punch wound contraction assay on the back of 3- month-old WT and
Reck+/- mice was performed. The wounds were photographed at the moment of the surgery (D0) and after 3 (D3) and 7 (D7) days. Representative
photographs are shown in (A). The wounded area was determined at D0, D3 and D7 and expressed as percentage of the initial wound area, as shown in (B).
Values correspond to mean ± S.D. of two independent experiments, using four mice for each experimental condition. Statistical significance was assessed
using two-way ANOVA and a Bonferroni multiple-comparison post hoc test. &, P<0.05 relative to WT D3; #, P<0.05 relative to WT D7; ¢, P<0.05 relative
RECK+/-D3.

doi:10.1371/journal.pone.0135005.g006
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+/- mice closed to less than 30% of the initial wounded area, and were comparable to the
wounded area in the WT animals after 7 days. At D7, the wounds of the Reck+/- mice were
almost totally closed, to only 11% of the initial wounded area. These results strongly suggest
that RECK play an essential role for proper wound closure.

Discussion
In this paper, we have demonstrated in fibroblasts that TGF-β1 downregulates the expression
levels of RECK through Smad and JNK dependent pathways, which is concomitant to the
increase of β1-integrin expression. The latter is simultaneously dependent on the downregula-
tion of RECK. In agreement with these findings, we showed that fibroblasts with reduced
expression of RECK, by the transient transfection of shRNA against mouse RECK or obtained
from Reck+/- mice, express more β1-integrin and showed increased contractile properties com-
pared to wild type fibroblasts, in both cases potentiated by TGF-β1 treatment. Notably, we
observed that Reck+/- mice close dermal wounds more efficiently than wild type mice, suggest-
ing an unexpected role for RECK in wound contraction.

Here we show that in fibroblasts TGF-β1 mediates the downregulation of both RECK
mRNA and protein levels at the same time, suggesting that the regulation is at the mRNA tran-
scriptional level. The TGF-β1 dependent downregulation of RECK protein levels requires the
activation of the Smad and JNK pathways. Inhibition of p38, ERK1/2, or PI3K did not show
any effect on RECK protein levels. However it cannot be discarded that RECK decrease
observed in our experiments is a consequence of an inhibition on its synthesis and/or an
increase on its degradation.

It has been previously described that RECK expression levels can be regulated by TGF-β1 in
different cancer derives cell lines [43, 44] and during the activation of pancreatic stellate cells
(PSCs) [45]. In all these cases, the mechanism and signaling pathway involved are different,
indicating the complex regulation of RECK expression by TGF-β1. In highly invasive breasts
cancer cells (MDA-MB-231), TGF-β1-treatment increased the expression of RECK at the
mRNA level but diminished the RECK protein levels p38 but not ERK1/2 dependent pathways
inhibition, blocked the TGF-β1-mediated increase of RECKmRNA expression. However, ERK1/
2 inhibition, but not p38 inhibition, blocked the TGF-β1-mediated downregulation of RECK
protein levels. This indicates that TGF-β1 have opposite effects over RECKmRNA and protein
levels in breast cancer cells [43]. Moreover, TGF-β1 treatment of Panc-1 cells, a pancreatic cancer
cell line, led to a twofold increase in RECK protein levels without any effect on RECKmRNA lev-
els, which was dependent on the activation of the Smad dependent pathway [44]. Otherwise, the
treatment of activated PSC with TGF-β1 induces an increase in the protein levels of RECK with-
out changing the RECKmRNA levels. Here the evidences indicate that TGF-β1 through the
Smad dependent pathway protects RECK from proteolytic degradation [45].

Recently it has been described that the TGF-β1-induced epithelial-mesenchymal transition
in non-tumorigenic epithelial cells, defined by E-cadherin downregulation, is accompanied by
RECK upregulation by a mechanism that involve beta catenin. However, the loss of E-cadherin
expression by TGF-β1 treatment is uncoupled from RECK upregulation in different carci-
noma-derived cell lines. In fact TGF-β1 failed to upregulate, or even downregulate, RECK lev-
els in these cell lines. All of these demonstrate the highly complex regulation of RECK [46].

We show that decreased RECK expression levels in Reck+/- mice are associated with
increased wound contraction efficiency when compared to wild type mice. The inverse relation
that was observed between β1-integrin and RECK expression levels can explain this. Fibroblasts
with low expression levels of RECK showed increased levels of β1-integrin. This was associated
with an increased capacity for matrix contraction when evaluated using the floating collagen
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lattice assay. All of these observations were potentiated by TGF-β1 treatment and dependent on
FAK activation. Previously, a relation has been reported between RECK and the role of FAK on
the behavior of fibroblasts [47]. Fibroblasts lacking RECK expression showed decreased spread-
ing, altered anterior–posterior polarity, increased speed, decreased directional persistence in
migration, increased levels of activated Rac1 and Cdc42, and stabilized microtubules when cul-
tured on plastic. These effects may be explained by the inability of the RECK deficient cells to
form discrete focal adhesions. However, this phenotype is largely suppressed in the presence of
FN or collagen I as substrates in the culture dishes [29]. Here we show that in fibroblasts cell
lines and also in primary cultures of mouse fibroblasts derived from different tissues obtained of
theWT and Reck+/- mice, RECK expression are inversely related to β1-integrin expression levels.
Moreover, TGF-β1 induced the downregulation of RECK expression, which was found to be nec-
essary for the TGF-β1 dependent upregulation of β1-integrin. This occurred concomitant to the
TGF-β1 dependent induction of FN expression, which accumulates in the ECM.We also
observed that the induced expression of β1-integrin in RECK deficient fibroblasts was associated
with a higher capacity for contraction compared toWT fibroblasts. This contraction was
enhanced by TGF-β1 stimulation. It should be noted that in this assay, fibroblasts were embed-
ded in a collagen matrix. Consequently, in these ECM-enriched scenarios, the behavior of fibro-
blasts probably favors attachment due to the increased levels of β1-integrin. Nevertheless, these
data clearly show that the lack of RECK has a significant impact on the behavior of fibroblasts.

New evidences are required to clarify how RECK levels affect β1-integrin expression levels;
for instance, it has been described that RECK regulates β1-integrin activity and downstream
dependent signaling [28, 29]. In human endothelial cells, RECK depletion is related to
decreased β1-integrin activation and diminished FAK activity, which has previously been asso-
ciated with decreased proliferation and a defective capacity to form vascular tubes [28].
Although there has previously been no evidence for the direct role of RECK in signaling that
could affects β1-integrin levels, this possibility cannot be discarded. For example, RECK
appears to regulate the activation of Notch signaling [48–50] and as Notch signaling is involved
in different regeneration processes [51], this regulation could signify a potential mechanism for
β1-integrin regulation. In addition, we cannot exclude the possibility that MMPs regulated by
RECK: MMP-2, MMP-9 and MT1-MMP could also be participating in this mechanism.
Indeed, some reports have shown the participation of MMPs, specifically MT1-MMP, in the
regulation of signaling pathways [52].

Our main contribution in this study was to demonstrate a critical role for RECK in fibroblasts
contracting capabilities, revealing a new pathway regulating wound contraction: the axis TGF-β1
—RECK- β1-integrin. This was particularly interesting since traditionally, RECK has been associ-
ated with pathological processes, specifically cancer where the expression of RECK has been
observed to be reduced in several types of tumors. This reduction has consequently been associ-
ated to an increase in the invasiveness of malignant cancer cells arising from increased metallo-
proteinase activity [53–55]. However, in the case of wound healing, the reduction of RECK levels
seems to be critical for proper wound closure, as we demonstrated using Reck+/- mice, where
reduced RECK levels were associated with increased wound closure speed.

Finally, this study opens the door to new investigations and proposes RECK as a novel target
that can be used for the development of new therapies associated with regenerative medicine.

Methods

Cell culture
The murine embryonic fibroblasts cell lines NIH3T3 were obtained from American Type
Culture Collection (ATCC) (Rockville, MD, USA) and grown as previously described [10].
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Primary fibroblasts cultures from skeletal muscle were obtained from tibialis anterior mus-
cle biopsies from 3-month-old C57/Bl6, as described previously [56]. Skin, primary fibroblast
cultures, was obtained from the skin biopsies generated by the wound contraction assay (see
below) as previously described [57], with some modifications. Briefly, the skin biopsies
obtained were minced into small pieces, seeded onto 3.8 cm2 gelatin coated well plates and cov-
ered with 500 μL of growth medium (Dulbecco’s modified Eagle’s medium F-12, 100 U/ml
penicillin, 0.1 mg/ml streptomycin and 0.25 μg/ml amphotericin B, Invitrogen) supplemented
with 50% (v/v) fetal bovine serum (Hyclone). Explants were kept at 37°C, 5% CO2 and 95%
humidity. After 3–4 days, fibroblasts migrated from the muscle explants. When the cells cov-
ered 60–70% of the well surface, the cells were trypsinized and plated onto 21 cm2 petri dishes
and growth medium was switched to 20% FCS. Cells were used in passages 2 to 4. All protocols
were conducted in strict accordance and with the formal approval of the animal Ethics Com-
mittee of the Pontificia Universidad Católica de Chile.

Cells were treated with TGF-β1 (R&D, Minneapolis, MN, USA) in Dulbecco’s modified
Eagle’s medium supplemented with 2% (v/v) fetal bovine serum and penicillin/streptomycin in
a 5% CO2 atmosphere at the concentration and time indicated in the corresponding figure leg-
end. The following inhibitors were added to the cell media 30 minutes prior to TGF-β1 treat-
ment: (ALK5)/ type I TGF-β-receptor kinase inhibitor SB525334 and the focal adhesion kinase
(FAK) inhibitor, FAK inhibitor 14, from Tocris Biosciences, (San Diego CA, USA), the PI-3
kinase inhibitor LY294001 from Cambridge Bioscience Ltd (Cambridge, UK), the inhibitor of
MAPK/ERK kinases PD98059, the inhibitor of p38 MAPK phosphorylation SB203580, the
inhibitor of JNK activity SB600125 were from Cell Signaling (Danvers, MA, USA) and the
Smad-3 phosphorylation inhibitor SIS3 fromMillipore, USA)

Transfections
The empty expression vector plxsb, the expression vector containing the sequence of human
RECK [55] and the MISSION TRC shRNA against mouse RECK were kindly donated by
Chiaki Takahashi. Transfections were carried out using Lipofectamine 2000 (Invitrogen, USA),
according to the supplier’s protocol. Cells were treated with TGF-β1 24 hours after transfection
and evaluated at the indicated times.

Floating collagen-based contraction assays and quantitation of gel
contraction
Primary skin fibroblasts or NIH3T3 fibroblasts (24 hours after transfection as indicated in each
case) were subjected to a collagen-based contraction analysis using the Cell Contraction Assay
kit (Cell Biolabs, Inc. San Diego, CA USA) according to the supplier’s protocol. Briefly, trypsi-
nized fibroblasts were suspended in DMEM F12 supplemented with 5% FBS at a density of 5 X
106 cells per ml. The collagen lattices were prepared by mixing 1 part of the cell suspension
(60 μl) with 4 parts of the collagen solution (prepared with the reagents supplied with the kit)
yielding a final concentration of 1 X 106 cells per ml and 1.85 mg per ml of bovine type I colla-
gen. A volume of 300μl of the collagen/cell suspension was added to the required wells of a
24-well tissue culture plate. The plates were incubated at 37°C, 5% CO2 and 95% humidity for
2 hours. After polymerization, 1 ml of DMEM F12 supplemented with 1% FBS with or without
1 to 5 ng/ml of TGF-β1 were added to each well. Collagen lattices were photographed 24 hours
afterwards. The volume of the contracted matrices was measured at the beginning and end of
the assay. The values were graphed as a percentage of the initial volume.
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Animal procedures
C57BL/6 mice carrying a hemizygous mutation in the RECK gene were generously provided by
Chiaki Takahashi [26]. All mice had free access to water and food until they were studied at a
3-month time point. At the end of the experiments, the mice were anaesthetized by isofluorane
gas and euthanized by cervical dislocation. All protocols were conducted in strict accordance
and with the formal approval of the Animal Ethics Committee of the Pontificia Universidad
Católica de Chile and Fondo Nacional de Desarrollo Cientifico y Tecnologico (FONDECYT
Grant number 11110010, Chile).

Wound contraction assays
Analysis of wound repair was performed in 3-month-old mice. When performing skin exci-
sion, the mice were anaesthetized by isofluorane gas, shaved, and two 3 mm diameter skin
biopsies were taken with a sterile disposable biopsy punch, as described previously [41], imme-
diately after wounding, an aliquot of povidone iodine solution (7,5%) was topically applied to
avoid possible infections. The wound area was allowed to heal in the open air and photographs
were taken at the indicated times. Data were plotted as a percentage of the open area.

RNA isolation, reverse transcription and quantitative PCR
Total RNA containing microRNAs was isolated from cell cultures using mirVana miRNA Iso-
lation Kit according to the manufacturer’s instructions (Life Technologies, USA). Reverse tran-
scription into complementary DNA was performed using SuperScript III Reverse
Transcriptase and random hexamers according to the manufacturer’s instructions (Life Tech-
nologies, USA). Taqman quantitative real-time PCRs were performed in triplicate on an Eco
Real-Time PCR System (Illumina, USA) using pre-designed primer sets for mouse RECK,
mouse β1-integrin, and the housekeeping gene GAPDH (Taqman Assays-on-Demand,
Applied Biosystems, USA). mRNA expression was quantified using the comparative ΔCT

method (2-ΔΔCT) with GAPDH as the reference gene. The mRNA levels were expressed rela-
tive to the mean expression of the control, untreated cells.

Cell extracts, SDS-PAGE, and western blot
Cell extracts were prepared in lysis buffer: 50mM Tris, pH 7.4, 100 mMNaCl, 0.5% Triton X-
100 and 1% SDS supplemented with a Halt Protease & Phosphatase Inhibitor Cocktail (Pierce,
USA). To analyze phosphorylated proteins, cell extracts were prepared in RIPA buffer in
the presence of phosphatase inhibitors as previously described [58]. Cell extracts were also
obtained from the collagen lattices. To accomplish this, the gels were incubated in 0.2% collage-
nase I (Sigma-Aldrich) for 3 hours. 2X lysis buffer was added to aliquots of the digestion solu-
tions. Protein content was determined by the tubulin content observed through western blot.
Aliquots with equivalent amounts of protein were subjected to SDS-PAGE in 8% polyacryl-
amide gels, electrophoretically transferred to Immobilon membranes (Millipore, Bedford,
MA, USA) and probed with the following: rabbit anti-RECK (Cell signaling, 1/1000); rabbit
anti-fibronectin (1/2000, Sigma-Aldrich); goat anti-CTGF (Santa cruz biotechnology, 1/500);
mouse anti-myogenin (Santa cruz biotechnology, 1/500); mouse anti-β1 integrin (B&D trans-
duction laboratories, 1/1000); rabbit anti-TGF-β-Receptor I (Santa cruz biotechnology, 1/300);
rabbit anti-TGF-β-Receptor II (Cell signaling, 1/500), rabbit anti-phospho Smad-2 (Cell signal-
ing, 1/1000); anti-total Smad-2 (Cell signaling, 1/1000), rabbit anti-phospho Smad-3 (Cell sig-
naling, 1/1000); rabbit anti-total Smad-3 (Cell signaling, 1/1000) and mouse anti-β-tubulin (1/
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5000) (Sigma-Aldrich). All immunoreactions were visualized by enhanced chemiluminescence
(Pierce, Rockford, IL, USA), using a ChemiDoc-It HR 410 imaging system (Upland, CA, USA).

Protein quantification
Protein content in cell extracts was determined with the bicinchoninic acid protein assay kit
(Pierce) with BSA as a standard, according to the manufacturer’s protocol.

Statistical analyses
The number of replicates used for each experiment is indicated in their respective figure leg-
ends. Data are presented as the mean ± standard deviation. Statistical significance was assessed
using two-way ANOVA and a Bonferroni multiple-comparison post-hoc test. Differences were
considered statistically significant with a p value< 0.05.

Supporting Information
S1 Fig. TGF-β1 decreases RECK levels through Smad and JNK dependent pathways. (A)
NIH3T3 fibroblasts were pre-treated for 30 minutes with different inhibitors: TGF-β-RI kinase
inhibitor SB525334, PI3K inhibitor LY294002, MEK1 inhibitor PD98059, JNK inhibitor
SB600125 and p38 inhibitor SB203580. After the pre-treatment, fibroblasts were treated with 5
ng/ml of TGF-β1 for 24 hours or left untreated as a control. Western blot analysis of cell
extracts were performed to determine the levels of RECK and FN. β-tubulin levels were used as
a loading control. (B)NIH3T3 fibroblasts were pre-treated for 30 minutes with SIS3, a specific
inhibitor of Smad-3 activation, and the JNK inhibitor SB600125; fibroblasts were treated with
either inhibitor alone or in combination. Cells were then treated with 5 ng/ml of TGF-β1 for 24
hours, or left untreated as a control. Western blot analysis of cell extracts were performed to
determine the levels of RECK and FN. Tubulin levels were used as a loading control. The quan-
tifications shown in A and B are derived from two independent experiments. Statistical signifi-
cance was assessed using two-way ANOVA and a Bonferroni multiple-comparison post hoc
test. &, P<0.05 relative to TGF-β1 untreated fibroblasts.
(TIF)

S2 Fig. Fibroblast response to TGF-β1 is independent of the expression levels of Reck.
NIH3T3 fibroblasts were transiently co-transfected with the TGF-β1 reporter system
p3TPLux/pRL and: with shRECK, with a RECK overexpression vector or with an empty vector
as control. 24 h post-transfection, the cells were incubated with TGF-β1 at the indicated con-
centrations. Luciferase activity was determined after 24 hours of TGF-β1 treatment. The quan-
tifications is from two independent experiments. Statistical significance was assessed using
two-way ANOVA and a Bonferroni multiple-comparison post hoc test. &, P<0.05 relative to 0
ng/ml TGF-β1; #, P<0.05 P<0.05 relative to 1 ng/ml TGF-β1 in each case.
(TIF)

S3 Fig. TGF-β1 concentration influences fibroblast-induced matrix contraction. (A)
NIH3T3 fibroblasts were subjected to a collagen contraction assay, as described in Fig 6A.
After 24 hours of treatment with TGF-β1 at two different concentrations, as indicated, the 3D
floating matrices were photographed. Representative images are shown. (B) The volume of the
contracted matrices obtained was measured immediately after being released at the end of the
assay and graphed as a percentage of the TGF-β1 untreated fibroblast volume.
(TIF)
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