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Modulation of cutaneous extracellular collagen contraction
by phosphorylation status of p130Cas
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Abstract Skin can respond to various types of internal

and/or external mechanostimuli, such as excessive tension

caused by body growth or decompression due to weight

loss, which significantly affect skin morphology.

Mechanosensors, including p130Cas, are reported to play a

role in deformation and subsequent recovery of various

tissues including skeletal muscles and blood vessels.

However, the role of mechanotransduction via p130Cas in

the regulation of skin size remains unclear. In this report,

p130Cas activation was manipulated using a fibroblast-

embedded collagen gel model or mouse skin contraction

model. Inhibition or activation of Src family kinase-me-

diated phosphorylation of p130Cas significantly depressed

and accelerated collagen gel contraction, respectively. The

results also demonstrated age-dependent depression of

cutaneous p130Cas activation in vivo. Inhibition of

p130Cas signaling in our mouse model significantly sup-

pressed recovery from cutaneous deformation. Taken

together, our study highlighted the important role of

p130Cas in cutaneous mechanotransduction for skin

homeostasis.
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Abbreviations

CSK C-terminal Srk kinase

ECM Extracellular matrix

FAK Focal adhesion kinase

FBS Fetal bovine serum

HEK Human embryonic kidney

MMP Matrix metalloproteinase

p130Cas p130 Crk-associated substrate

PP2 4-amino-5-(4-chlorophenyl)-7-(t-butyl)

pyrazolo [3,4-d] pyrimidine

Introduction

During daily living activity, various internal and/or exter-

nal mechanical stimuli affect human skin tension [1]. The

response of the dermal tissue to mechanical stimuli

depends mainly on the structural integrity of the skin,

especially on the quality and/or quantity of the cutaneous

extracellular matrix (ECM) [2]. In aged skin, the contact

between fibroblasts and collagen fibrils is reported to be

reduced by 20 %, with a 25 % decrease in the cross-sec-

tional surface area of the dermis, compared with that of

younger skin [3]. What are the mechanisms responsible for

the fall in ECM-related interaction in the aged skin? While

the exact reasons are yet to be identified, previous studies

indicated that delayed wound healing process, derma-

tochalasis and blepharoptosis are age-related morphologi-

cal disorders associated with the age-related dysregulated

ECM homeostasis [4, 5]. These quantitative changes seem

to lead to insensitive mechanoreception of dermatocytes.

Consistent with the aforementioned findings, the collagen

gel contractility ratio, a cell-related mechanotransduction

process, was reported to be lower in dermal fibroblasts of

the elderly than young individuals, suggesting impairment
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of skin fibroblasts during the aging process [6–8]. In

addition, both the expression of collagen and number of

elastic fibrils were reported to be increased in human and

rodent skin subjected to expansion forces both in vitro and

in vivo [9, 10]. These findings suggest that the interactions

between dermatocytes and between the cells and ECMs

play important roles in the skin response to mechanical

stimuli as well as the wound healing and/or repair pro-

cesses [11, 12].

Mechanotransduction is the process by which cells

convert a mechanical stimulus into chemical reaction

[13, 14]. There are a variety of mechanotransduction sys-

tems in various tissues, including skeletal muscle, bone,

cartilage, blood vessels, heart, and skin. In blood vessels,

high blood pressure stimulates focal adhesion kinase

(FAK)-mediated signaling and nitric oxide production [15].

Furthermore, muscle atrophy caused by unloading stress

upregulates myostatin-mediated signaling [16] and down-

regulates insulin-like growth factor-I (IGF-I)-mediated

signaling [17]. Several cell adhesion molecules and/or their

related factors (e.g., integrin complex and platelet

endothelial cell adhesion molecule-1) are also reported to

be involved in mechanotransduction. However, the exact

mechanism involved in mechanical stimuli-induced cuta-

neous signal transduction remains elusive.

To elucidate such mechanism(s), we focused in the

present study on p130 Crk-associated substrate (p130Cas)

among focal adhesion molecules. This particular signaling

pathway was selected because p130Cas is known as a

potent mediator of cell motility, invasion and proliferation

[18–20]. The results showed expression of p130Cas in

human and mouse skin and that such expression was

markedly suppressed in the aged skin. In addition, p130Cas

is located close to collagens via integrin b1 and formed a

component of the focal adhesion complex. We also ana-

lyzed the physiological role of p130Cas in skin mechan-

otransduction using cutaneous cell cultures and collagen

gel and mouse skin flabbiness models. These results sug-

gested the possibility that the focal adhesion system

focusing on p130Cas plays a pivotal role in skin mor-

phology regulation by mediating mechanotransduction

signals to drive the focal adhesion machinery-based cell

contraction as well as ECM reorganization.

Materials and methods

Tissue samples

Skin tissues of 4- and 30-week-old female mice were

purchased from Primary Cell (Hokkaido, Japan). Normal

human dermal fibroblasts (NHDFs; Kurabo Corporation,

Osaka, Japan) were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) (Life Technologies, Tokyo,

Japan) containing 5 % (v/v) fetal bovine serum (FBS).

Normal human epidermal keratinocytes (NHEKs; Life

Technologies) were cultured in Epilife medium (Life

Technologies) containing HuMedia-KG additional agent

kit (Kurabo). Both cell lines were cultured at 37 �C in a

humidified atmosphere containing 5 % CO2. Before the

construction of 3D-collagen gels, NHDFs and NHEKs

seeded on cell culture plates were transfected with small

inhibitory RNAs (siRNAs) specific for the sequences of

p130Cas, CSK or with a non-specific siRNA together with

Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) in

OptiMEM I medium (Invitrogen), using the instructions

provided by the manufacturer. Another batch of cells was

treated with 5 or 25 lM 4-amino-5-(4-chlorophenyl)-7-(t-

butyl) pyrazolo [3,4-d] pyrimidine (PP2) (Calbiochem, San

Diego, CA), an inhibitor of C-terminal Srk kinase (CSK).

Assessment of collagen gel contraction with siRNA-treated

cells was initiated 48 h after the transfection.

Western blotting analysis

Cells and mouse skins were lysed in phosphatase extraction

buffer (Novagen, Darmstadt, Germany). Briefly, 20 lg of

each cell extract (NHDFs or NHEKs) and of mouse skin

extract, were separated on 7.5 % or 12 % SDS gels (Bio-

Rad Laboratories, Hercules, CA). Following the separation,

the samples were transferred to PVDF membranes (Bio-

Rad Laboratories) and then incubated with antibodies

specific for human phospho-p130Cas Y410 or Y165 (Cell

Signaling, Danvers, MA), human p130Cas (BD Bio-

sciences San Jose, CA), human CSK (Santa Cruz

Biotechnology, Santa Cruz, CA), human collagen 1a chain

1 (Santa Cruz Biotechnology), human MMP-1 (Santa Cruz

Biotechnology), and human b actin (Sigma Aldrich, St.

Louis, MO). Subsequently, antibody recognition was

visualized using Enhanced Chemiluminescence Plus (GE

Healthcare, UK) following the instructions recommended

by the manufacturers.

Construction of 3D collagen gels and evaluation

of contraction

Collagen gel solution (type I-A, 3.0 mg/ml, pH 3.0; Nitta

gelatin, Osaka, Japan) was mixed with 250 mM HEPES

buffer (pH 7.4), fivefold-concentrated DMEM (low glu-

cose; Life Technologies), 5 % FBS, distilled water and

NHDFs treated with siRNAs specific for p130Cas or CSK,

or with PP2, followed by dispensation of a 600-ll portion
into each well of a 24-well plate. This mixture was then

incubated at 37 �C for collagen polymerization. Following

the construction of NHDF-embedded collagen gels,

NHEKs were seeded on the top of the gels for evaluation of
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the role of p130Cas in keratinocytes. To assess the effect of

p130Cas on gel contraction, gels were detached from the

well walls immediately after the addition of 100 ll med-

ium. Following culture for 48–96 h at 37 �C, photos of the
gels were taken to calculate their areas using image anal-

ysis software (Image J). The ratio of the contracted gel area

to the area of the gel at start-up represented the percentage

of gel contraction.

Immunochemical staining of normal human dermal

fibroblasts and skin tissues

NHDFs were cultured on collagen [type I-C (3.0 mg/ml,

pH 3.0), Nitta gelatin]-coated chamber slides (Thermo-

Scientific, MA) for 24 h with DMSO or PP2, then fixed in

4 % paraformaldehyde and stained as described previously

[3]. Briefly, after 20 min fixation, the cells were treated

with 0.1 % Triton-X for permeabilization. The cells were

also concomitantly stained for actin expression and nuclear

counterstaining. Stained cells were examined by confocal

laser scanning microscopy (Carl Zeiss, Jena, DE). Alexa

Fluor 546 phalloidin (Life Technologies) was used to

visualize actin filaments, and nuclei were counterstained

with the nuclear dye DAPI (Chemicon International, Inc.,

Temecula, CA).

Human skin punch biopsies taken from the thick arm of

normal Hispanic women volunteers (age: 30s and 60s)

were obtained from Stephens and Associates, Carrollton,

TX. The collections of skin tissues were approved by the

Institutional Review Board of IntegReview Ltd. (Austin,

TX). This study was conducted according to the Declara-

tion of Helsinki protocols and informed consent was

obtained from each volunteer prior to the procedure. Skin

punch biopsies were fixed in 10 % buffered formalin and

then embedded in paraffin. The immunoreactivities of

phospho-p130Cas and total p130Cas were estimated with

anti-BCAR1 antibody (phospho Y410; Abcam, Cambridge,

UK) and anti-p130Cas antibody (BD Biosciences),

respectively. Immunoreactivity was visualized using a

Histofine kit (Nichirei, Tokyo).

Establishment of in vivo model for skin recovery

from slack

Five week-old naked mice (HR-1) obtained from Japan

SLC (Shizuoka, Japan) were handled according to the

guidelines of the Institutional Animal Care and Use

Committee of Tokushima University. The mice were kept

under specific pathogen-free conditions throughout the

experiments. Under anesthesia, chambers (Renner, Dann-

stadt, Germany) were placed under the dorsal skin of mice

for continuous stretch stimulation of the skin for 1 week,

followed by assessment of recovery from the stretch at

3 weeks after the removal of the embedded chamber. To

examine the role of p130Cas in the recovery process, the

dorsal skins of the mice were injected with 200 ll of PBS
or 250 lM PP2/200 ll PBS every day from day 1 before

chamber removal to 3 weeks after the removal. Skin excess

was measured every week after chamber removal.

Statistical analysis

Differences in mean or raw values of various parameters

between two groups were analyzed by the Student t-test. A

p value\ 0.05 denoted the presence of a statistically sig-

nificant difference.

Results

Mechanical stress-mediated phosphorylation

of p130Cas in human skin fibroblasts

The status of p130Cas phosphorylation was examined

when NHDFs were subjected to mechanical stimulated

conditions, such as stretching on the culture dish. Western

blotting analysis using anti-phospho-p130Cas (Tyr410)

antibody showed phosphorylation of p130Cas by constant

biaxial stretching for 1 min (Fig. 1).

Effects of depletion of p130Cas signaling on collagen

gel contraction

Next, p130Cas expression in NHDFs was knocked down

using siRNA and the cells were cultured on collagen gels.

p130Cas protein expression was significantly knocked

down by its specific siRNA and the expression level

remained low at least for 4 days after the treatment

(Fig. 2a). Culture of NHDFs transfected with control

siRNA on the collagen gel also resulted in time-dependent

gradual reduction in the area of collagen gel, relative to that

on day 0 (just after culture) (Fig. 2b). In contrast, the area

phospho p130Cas

total p130Cas

- +stretched by 20%

Fig. 1 Stretch-dependent tyrosine phosphorylation of p130Cas.

NHDFs at 100,000 cells cultured on collagen (Type I)-coated

stretchable silicone dishes (STREX, Japan) were biaxially extended

by 20 % or left unstretched for 1 min. Western blot analysis using cell

lysates shows stretch-dependent tyrosine phosphorylation of p130Cas

in NHDFs
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of collagen gel was significantly larger in cultures of

p130Cas-knocked-down NHDFs compared with that of

control siRNA-treated NHDFs at all indicated time points.

Since the proliferation rate of NHDFs transfected with

control siRNA was similar to that of cells transfected with

p130Cas siRNAs (data not shown), these findings indicated

that the delay in contraction was caused, at least in part, by

knockdown of p130Cas expression in NHDFs. A similar

phenomenon was also observed in NHEKs (Fig. 2c).

Knockdown of p130Cas also significantly abrogated the

time-dependent reduction in collagen gel area, suggesting

that p130Cas plays an important role in the contraction

ability of keratinocytes as well as that of fibroblasts.

Effects of p130Cas phosphorylation status

on collagen gel contraction

To determine whether the dephosphorylation (inactiva-

tion) or phosphorylation (activation) of p130Cas mediates

collagen gel contraction, NHDFs were cultured on colla-

gen gel in the presence of PP2, an inhibitor of Src family

kinase-mediated phosphorylation of p130Cas. Treatment

with 5 and 25 lM PP2 prevented the adhesion-mediated

p130Cas phosphorylation in a dose-dependent manner

(Fig. 3a). Culture of NHDFs with PP2 also significantly

inhibited collagen gel contraction in a dose-dependent

manner, compared with vehicle (DMSO) treatment

(Fig. 3b). The estimated 50 % inhibitory concentration

(IC50) of PP2 was 5 lM. In other experiments, we

knocked down CSK, an inhibitor of Src family kinase, to

activate phosphorylation of p130Cas. Following confir-

mation of enhanced adhesion-mediated p130Cas phos-

phorylation by CSK knockdown (Fig. 3c), increased

phosphorylation of p130Cas resulted in acceleration of

collagen gel contraction by about 20 %, compared with

control siRNA-transfected NHDFs cultured with control

collagen gel (Fig. 3d).

Morphological changes in human dermal fibroblasts

associated with inactivation of p130Cas

To elucidate the mechanism(s) underlying the reduction

of collagen gel contraction induced by dephosphoryla-

tion of p130Cas, we performed immunocytochemical

analysis of NHDFs treated with vehicle or 25 lM PP2

for 24 h. Vehicle-treated NHDFs with intact p130Cas

phosphorylation (Fig. 3a) appeared polygonal in shape

and contained many actin fibers (Fig. 4a). In contrast,

NHDFs with significantly inactivated p130Cas by PP2

(Fig. 3a) appeared filamentous and shrunken, containing

only a few actin fibers and damaged actin fiber network

(Fig. 4b).
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Fig. 2 Inhibitory effect of siRNA-driven p130Cas knockdown on

collagen gel contraction. a Western blot analysis with NHDFs

transfected with a siRNA specific for p130Cas (p130Cas siRNA) or

with a scrambled non-specific siRNA (control siRNA) before and

4 days after gel contraction. b Inhibition of contraction of NHDF-

embedded collagen gel by knockdown of p130Cas expression. The

surface areas of the collagen gels were measured and the relative

contraction ratios were assessed. Data are mean ± SD (n = 3 per

group). c Significant inhibition of contraction of skin models of

siRNA-treated NHEK- and NHDF-embedded collagen gels. Two

days after release from the well walls, photographs of the skin models

were taken, followed by measurement of their sizes. Data are

mean ± SD (n = 6 per group). *p\ 0.05, **p\ 0.01
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Fig. 3 Effect of depression or

acceleration of p130Cas

signaling on the contraction of

collagen gels containing

NHDFs. a and

c Phosphorylation of p130Cas is

suppressed or accelerated by the

addition of PP2 or by treatment

with siRNA specific for CSK,

respectively. b Contraction of

NHDFs-embedded collagen gels

is significantly inhibited by PP2,

an inhibitor of the Src signaling

pathway, which stimulates

p130Cas in a dose-dependent

manner. d Collagen gel

contraction is enhanced by a

siRNA specific for a negative

regulator of Src family kinases

(CSK). Data are mean ± SD

(n = 3 per group). **p\ 0.01.

Images are representative of

three independent samples

Fig. 4 Morphological changes caused by the addition of PP2.

Fibroblasts were cultured on glass chamber slides with a collagen I

coating followed by immunostaining to visualize actin filaments.

Actin filament (red) and nuclei (blue) were stained after 24-h

incubation in the presence of DMSO (a) or 5 lM PP2 (b). The cell

image was captured by confocal fluorescence microscopy. Scale bar

50 lm. Fibroblasts treated with DMSO are spread and show

alignment with actin filaments in the major vertex, whereas fibroblasts

incubated with 5 lM PP2 for 24 h show cell shrinkage with diffused

actin filaments at the periphery and cytoplasm of the cells (color

figure online)
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Disturbed recovery of p130Cas-inactivated mouse

skin following stretching load

Toverify the contributionofmechanotransductionvia p130Cas

signaling to the morphological adjustment in the skin, a mouse

skin slack model was established. Mouse skin surplus was

measured every week after the release of stretching load (i.e.,

chamber removal) (Fig. 5a, b).The slackofmouse skin injected

with PBS (vehicle) gradually improved, whereas the surplus of

mouse skin injected with PP2 gradually increased. The exten-

sion of mouse skin injected with PP2 for 3 weeks was signifi-

cantly longer than that of control skin injected with PBS.

Dephosphorylation of p130Cas in aged mouse

and human skin

Since fibroblasts in aged or photo-damaged skin [3, 21]

show morphological changes similar to those described
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Fig. 5 Contribution of p130Cas

to recovery after skin stretching.

a The stretched skin by thick

chamber insertion and the sham-

treated skin by thin chamber

insertion are shown. Skin

recovery after stretching load

was assessed immediately after

removal of the chamber during

the course of 3 weeks of

treatment with PP2, an inhibitor

of p130Cas. PP2 or PBS was

administered 1 day before

chamber removal. b The

stretched skin 3 weeks after

chamber removal followed by

PBS injection (left panel) or

PP2 injection (right). c Serial

changes in relative skin

deformation; the ratio of extent

of skin extension under thick

chamber insertion was

expressed relative to the that

under thin chamber insertion.

Data are mean ± SD (n = 3–5)

at 3 weeks after chamber

removal. *p\ 0.05
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above and the decline in their ability to show gel con-

traction was similar to that of PP2-treated NHDFs

(Fig. 3b), we examined the phosphorylation status of

p130Cas in fibroblasts of aged mouse skin. Although the

expression of total p130Cas in aged mouse skin was similar

to that in younger mouse skin, significant dephosphoryla-

tion of p130Cas was noted in aged mouse skin (Fig. 6a, b).

In addition, immunohistochemical staining of skin samples

obtained from young and elderly Hispanic women showed

similar numbers of total p130Cas-positive cells per high

power field in both young and elderly human skins.

However, the number of phosphorylated p130Cas-positive

dermal cells per high power field in young human skin was

greater than in elderly human skins (Fig. 6c). The

immunohistochemical staining also showed that phospho-

p130Cas positive keratinocytes had decreased in elderly

epidermis. Stretch dependent phosphorylation of p130Cas

was also observed in keratinocytes (data not shown). These

two results suggest that keratinocytes might also
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Fig. 6 Age-related suppression

of p130Cas phosphorylation in

the dermis. a Phosphorylation of
p130Cas was analyzed in young

and old mouse skin samples by

western blot using anti-

phospho-p130Cas (phospho

Y165) and total p130Cas

antibodies. b Mean ± SD

expression level of

phosphorylated p130Cas (n = 4

per group). **p\ 0.01.

c Immunohistological staining

using anti-human phospho-

p130Cas (Y410) and total

p130Cas antibodies using

paraffin-embedded sections of

skin specimens taken from the

ventral upper arm of donors

aged in their 30s (young) and

60s (older). Scale bars 50 lm
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potentially be involved in the regulation of morphological

skin changes.

Discussion

Since human dermal fibroblasts interact with the ECM via

the integrin complex, we focused on one of the sensor

proteins, p130Cas, which is located subjacent to the integrin

complex following integrin-ECM interaction [22]. In cer-

tain cells, p130Cas acts as a primary force-sensor through

the extension of its substrate domain, which primes it for

phosphorylation [20, 23]. However, the pathological rele-

vance of p130Cas inactivation (dephosphorylation), espe-

cially in skin in vivo, is poorly understood. We reported in

the present study that inactivation of p130Cas signaling in

fibroblasts was associated with a reduced number of actin

fibers and extracellular collagen contraction. In addition,

inactivation of p130Cas negatively modulated restoration of

mouse skin from deformation. Furthermore, we also

examined the dephosphorylated (inactivated) p130Cas in

aged mouse and human skin samples. Based on our find-

ings, we suggest that the age-related inactivation of

p130Cas signaling plays, at least in part, a role in the

reduced skin contraction power, probably through damage

of the actin network, and that the reduced contraction of

extracellular collagen seems to be the mechanism of the

aging-dependent cutaneous slack (Fig. 7). In general, cell

stretching activates (phosphorylates) p130Cas [22, 24],

which in turn enhances intracellular signaling to augment

the expression of extracellular proteins. Our results indi-

cate, however, that manipulation of cellular p130Cas sig-

naling can regulate extracellular contraction, resulting in

cellular and/or tissue morphological coordination.

Two relevant questions need to be considered; the first is

what type of intrinsic factors mediate the inactivation of

p130Cas during aging? Since the extent of oxidative stress

in skin varies according to age and exposure to ultraviolet

[25–27], oxidative stress is probably a potential factor

responsible for inhibition of p130Cas signaling. However,

several studies reported that oxidative stress induced

phosphorylation (activation) of p130Cas, although in

almost all previous studies the cells were treated with high

levels of oxidative stress for a short duration [28–30].

Further studies are needed to examine the effects of long-

term and low-dose oxidative stress on p130Cas phospho-

rylation. With regard to oxidative stress, it has been

reported that exposure of the skin to sun generates oxida-

tive stress and that the anti-oxidative properties of the skin

degrades with aging [26, 31]. Thus, p130Cas activity in

photoaged skin is important for our understanding of the

effects of oxidative stress on p130Cas function in vivo. The

second question is why inactivation of p130Cas was

associated with degradation of the actin network. Previous

studies demonstrated the involvement of p130Cas phos-

phorylation in adhesion-induced actin organization [32].

Based on this finding, we hypothesized that dephosphory-

lated p130Cas cannot interact with actin, resulting in

instability of the actin network and consequently its

degradation. The aberration of cell attachment would

appear to be a loss of mechanical tension leading to

decreased collagen synthesis, and disorder of ECM turn-

over [3]. In our investigation, NHDF whose p130Cas was

knocked down by siRNA showed dysregulation of collagen

expression (data not shown). The reason that our mouse

model showed long-term morphological change might

include changes of ECM turnover resulting in lack of

dermal fibroblast mechanical stimulation.
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aging / 
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inactivation inactivation

disturbed contraction of collagen

deformation/slack

actin

integrin

ECM

fibroblasts
SRC p130CasSRC

FAKFAK

Fig. 7 Age-dependent change

in p130Cas signaling. Age-

related factors or signaling lead

to p130Cas inactivation and

induction of actin deformation,

resulting in deterioration of

collagen gel contraction and

morphological regulation
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In addition to the roles of components of focal adhesion

complex in external network formation with collagens,

p130Cas is also thought to play a role in the internal net-

work establishment.

Although further investigations using a phosphode-

fective mutant of p130Cas are needed to prove the

specific function of p130Cas activity, we showed that

phosphorylation (activation) of p130Cas can potentially

prevent the age-dependent deformation of the skin. This

process could be a potential therapeutic target for aging-

dependent slackness of the skin, and potential treatment

of dermatochalasis and blepharoptosis. At present, anti-

oxidative reagents and/or various nutrients are used as

anti-aging formulas for the skin. Although oxidative

stress can induce phosphorylation of p130Cas [29–31],

the anti-aging effect of these reagents on the skin

remains questionable. Activation of p130Cas phospho-

rylation is a promising novel concept in the prevention

of skin aging and treatment of dermatochalasis and

blepharoptosis.
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