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Focal adhesion kinase links mechanical force to skin
fibrosis via inflammatory signaling
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Geoffrey C Gurtner!

Exuberant fibroproliferation is a common complication

after injury for reasons that are not well understood!. One

key component of wound repair that is often overlooked is
mechanical force, which regulates cell-matrix interactions
through intracellular focal adhesion components, including
focal adhesion kinase (FAK)12. Here we report that FAK

is activated after cutaneous injury and that this process is
potentiated by mechanical loading. Fibroblast-specific FAK
knockout mice have substantially less inflammation and
fibrosis than control mice in a model of hypertrophic scar
formation. We show that FAK acts through extracellular-related
kinase (ERK) to mechanically trigger the secretion of monocyte
chemoattractant protein-1 (MCP-1, also known as CCL2),

a potent chemokine that is linked to human fibrotic disorders3-5.
Similarly, MCP-1 knockout mice form minimal scars, indicating
that inflammatory chemokine pathways are a major mechanism
by which FAK mechanotransduction induces fibrosis. Small-
molecule inhibition of FAK blocks these effects in human cells
and reduces scar formation in vivo through attenuated MCP-1
signaling and inflammatory cell recruitment. These findings
collectively indicate that physical force regulates fibrosis
through inflammatory FAK-ERK-MCP-1 pathways and that
molecular strategies targeting FAK can effectively uncouple
mechanical force from pathologic scar formation.

Traditional cytokine-based paradigms for fibrosis largely overlook the
role of cell-matrix interactions and physical cues in disease pathogen-
esis*™7. However, clinicians and anatomists have suspected for over a
century that mechanical forces influence the fibrotic response to cuta-
neous injury®, with numerous studies having suggested the key role of
reducing wound tension to decrease scar formation®~!!. Most recently,
our group showed that mechanical offloading of incisions can decrease
hypertrophic scar (HTS) formation in humans, further underscoring the
crucial role of the mechanical environment in cutaneous pathology'2.
Despite these longstanding clinical observations, the molecular pathways
linking physical force with fibrosis remain unknown.

We previously showed that mechanical force induced HTS-like
fibrosis in a mouse model of cutaneous scarring!®. To elucidate

candidate pathways driving early scar formation, we performed a
genome-wide microarray analysis on wild-type mouse scars that had
been subjected to human-like amounts of skin tension (0.15-0.27 N
(mm?)~!) between days 4 and 14 after injury'®. Construction of
transcriptome networks around mechanically regulated genes impli-
cated a central role for FAK as a transducer of both inflammatory
and physical signals (Supplementary Fig. 1a—c and Supplementary
Table 1). To test this concept (Supplementary Fig. 1d), we examined
whether FAK is activated after either incisional injury or loading of
unwounded skin. Notably, we found that cutaneous injury activated
FAK and that mechanical force substantially potentiated this effect
(Supplementary Fig. 1e), leading us to hypothesize that FAK is a key
mediator of both inflammation and fibrosis.

Although current mechanotransduction research implicates a
role for both integrin-matrix interactions and FAK in the cellular
response to forcel>®7, the importance of these mechanisms on the
scale of complex tissues and organs is unclear. Previous studies using
keratinocyte-specific FAK knockout mice reported no wound heal-
ing phenotype!®1%, suggesting that dermal FAK signaling may be
more vital for cutaneous repair than epidermal FAK. Accordingly,
we focused on the role of FAK specifically in dermal fibroblasts,
the end effector for fibrosis and scar formation. To generate adult
dermal fibroblast-restricted FAK knockout mice, floxed FAK mice
(Ptk2loxP/IoxPY16 wwere crossed with tamoxifen-inducible Collo2-Cre
mice (Colla2-Cre*'~)'7. FAK knockout progeny (Ptk2!oxP/loxP; Col1q2-
Cre*/") were viable, fertile, produced at expected Mendelian ratios and
showed no overt pathologic phenotype (Supplementary Fig. 2).

We then applied the HT'S model to FAK knockout mice and, although
their normal incisional healing was not impaired (Supplementary
Fig. 3a—c), scar formation and matrix density were less than that observed
in wild-type mice (Fig. 1a-c). FAK knockout scars had less dermal area
(69%; P = 0.002) and cellularity (48%; P < 0.001) compared to scars
from wild-type mice at day 10 after injury. These effects were associated
with impaired proliferation (Ki67 index: 5.5 £ 1.4 for FAK knockout
compared to 13.0 £ 1.7 for wild-type mice (means * s.e.m.), P < 0.001),
but apoptosis was similar in FAK knockout and wild-type mice (per-
centage of apoptotic cells: 6.2 + 1.1 for FAK knockout compared to 3.6 =
0.6 for wild-type mice (means £ s.e.m.), P = 0.07), which is consistent
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Figure 1 HTS model. (a) Surface scar formation. a
n=6. (b) Images of scars at 10 d after injury.

Scale bars, top, 0.5 cm; bottom, 200 um.

(c) Polarized light and trichrome-stained images.

n=6. Scale bars, 200 um; zoom scale bars,

50 um. (d) Quantitative RT-PCR (qRT-PCR)

analysis of wound cytokines. n= 9. (e) Scar
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monomer and dimer forms of Tgf-B1. n= 3.

(f) Immunolocalization of MCP-1, a-SMA* cells
and F4/80* macrophages. Scale bars, left column,
20 um; middle and right columns, 50 um. n = 6.
(g) F4/80* and CCR2* flow cytometry. Quadrant
values represent the percentage of total scar cells.
n=4. Values are means +s.e.m. *P< 0.05,
tP<0.01, tP< 0.001. The dashed lines

outline the scar.
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with our recent report suggesting that activa- MW
tion of survival pathways is not a primary factor ~ (kDa

in scar formation'®. In vitro motility and
contraction assays showed aberrant matrix
mechanosensing in FAK knockout fibroblasts
(Supplementary Fig. 3d-f), suggesting that
FAK is necessary to transmit mechanotrans-
duction cues that induce fibrosis.

Because inflammatory mechanisms are strongly implicated in fibro-
sish*1%, we examined whether FAK modulates cytokine/chemokine
signaling, as suggested by our microarray analysis (Supplementary
Table 2). Consistent with traditional paradigms for fibrosis"*>,
transcriptional and protein concentrations of transforming growth
factor-B1 (Tgf-B1) were significantly lower in FAK knockout scars
compared to wild-type scars (densitometry: 0.7 £ 0.1 for FAK knock-
out compared to 1.4 = 0.2 for wild type (means * s.e.m.), P < 0.05)
(Fig. 1d,e). Notably, concentrations of MCP-1, a chemokine highly
associated with inflammatory cell recruitment and fibrotic skin
diseases>>29-22 were also less in FAK knockout wounds than in wild-
type wounds (densitometry: 0.4 = 0.05 for FAK knockout compared
to 0.6 £ 0.07 for wild type (means * s.e.m.), P < 0.05) (Fig. 1d,e),
implicating a key role for MCP-1 in scar mechanotransduction. FAK
knockout scars had lower numbers of myofibroblasts positive for
o smooth muscle actin (0i-SMA*) than wild-type scars (cells per high
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power field (hpf): 1.6 + 0.4 for FAK knockout compared to 5.8
0.5 for wild type (means + s.e.m.), P = 0.003) and lower numbers
of F4/80* macrophages compared to wild-type scars (cells per hpf:
3.0 £ 0.9 for FAK knockout compared to 7.6 + 0.8 for wild-type
(means * s.e.m.), P = 0.03) (Fig. 1f), cell populations that have been
extensively linked to MCP-1 (refs. 4,5). In addition, overall wound
expression of Ccr2 (the surface receptor for MCP-1) was less in FAK-
deficient wounds compared to wild-type scars (Fig. 1g), indicating a
defect in MCP-1-mediated cell trafficking.

To clarify the role of fibroblast-specific secretion of MCP-1, FAK
knockout fibroblasts were subjected to mechanical strain and showed
less expression of Mcp-1 compared to wild-type fibroblasts (Fig. 2a).
In situ hybridization studies confirmed lower amounts of fibroblast
Mcp-1 transcripts in vivo in FAK knockout scars compared to wild-
type scars (Fig. 2b). Finally, intradermal administration of recom-
binant mouse MCP-1 restored the fibrotic phenotype of wild-type
mice in FAK-deficient wounds (Fig. 2¢-f),
confirming the key role of fibroblast secre-
tion of MCP-1 during scar formation. We
then applied our HTS model to global MCP-1

Zoom

Figure 2 Fibroblast-specific MCP-1 pathways.
(a) Mcp-1 transcription in strained fibroblasts.
e n=6. (b) Mcp-1 in situ hybridization at day

8 * 10 after injury (Mcp-1 transcripts are stained
6 purple). Arrowheads point to spindle-shaped

4 fibroblasts in the hpf (dashed red boxes). The
2

0

dashed black lines indicate the basement
membrane. Scale bars for the zoom images,

10 um. (c) Analysis of fibrosis after intradermal
injection of recombinant mouse MCP-1. The
dashed lines outline the scar. Scale bars, top row,
0.25 cm; middle row, 200 um. (d) Scar area at
day 10 after injury. n = 6. (e,f) Quantification (e)
and images (f) of F4/80* macrophages in FAK
knockout scars treated with vehicle or MCP-1.
The arrowheads point to the macrophages. Values
are means + s.e.m. Scale bars, 50 um unless
otherwise noted. *P < 0.001, 1P < 0.05.
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Figure 3 FAK-mediated mechanoresponsive ) e 10 uM
) ) Time after 60 i
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a-SMA* expression (arrowheads) (e) in three
dimensional collagen lattices. Concentrations of
PF573228 are indicated along the x-axes of the
bar graphs. n= 3. Scale bars, 50 um. (f) Synergistic
(strain plus 10 ng mI~1 platelet-derived growth
factor) induction of MCP-1 secretion. n=4.

(g) Strain-induced MCP-1 secretion with small-
molecule inhibition of FAK (PF573228), Akt
(LY294002), ERK (PD98059), p38 (SB203580)
or JNK (SP600125). n= 4. Values are means + 0 0 5
s.e.m. *P<0.001, tP<0.01, $P< 0.05.
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eling®>23, than wild-type scars (F4/80*
cells per hpf: 0.3 £ 0.2 for FAK knockout
compared to 5.3 + 0.6 for wild type (means + s.e.m.), P < 0.001)
(Supplementary Fig. 4c). Together, these findings indicate that
MCP-1-dependent inflammatory pathways have a major role in
scar mechanotransduction.

To fully elucidate the intracellular signaling events connecting FAK
with MCP-1 secretion, we analyzed known downstream mediators
of FAK, including thymoma viral proto-oncogene 1 (Akt) and the
mitogen-activated protein kinases (MAPKs) ERK, p38 (also known
as MAPK14) and JNK (also known as MAPKS) 11324 (Supplementary
Fig. 5a). Only ERK was both activated by mechanical stimuli and dif-
ferentially regulated by FAK (Supplementary Fig. 5b), corroborating
previous in vitro findings that implicated ERK as a key target of FAK
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mechanotransduction??. Together, these data underscore the crucial
role of FAK-ERK pathways in wound mechanosensing and indicate
that MCP-1 may be a key effector of FAK-ERK-mediated fibrosis.
To substantiate the importance of these findings in human tissues,
we examined FAK pathways in vitro in human fibroblasts. After the
application of strain, FAK was activated within 5 mins and was sus-
tained during the static strain period (Fig. 3a,b). ERK was phospho-
rylated 10 mins after the application of strain, and its activation was
crucially dependent on FAK, thus recapitulating the FAK-ERK mech-
anotransduction axis that we observed in vivo. In conjunction with
established surrogate assays for wound repair, small-molecule inhibi-
tion of FAK (using PF573228) was used to investigate mechanically
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(b) Images of scars at day 10 after injury. 2 ’ =4 Fibroproliferation
The dashed lines indicate scar area. Scale bars, ECM <=y LY RN
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(c) Mcp-1 immunolocalization (purple < Motilt /' Novid”
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of F4/80* macrophages and a-SMA expression.

n = 6. Scale bars, top row, 50 um; bottom row, 100 um. Values are means +s.e.m. *P < 0.01, 1P < 0.05. (f) Schematic of the proposed vicious cycle of
hypertrophic scarring driven by mechanical activation of local and systemic fibroproliferative pathways through fibroblast FAK.
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regulated fibroblast function in vitro'>25. We found that treatment
of human fibroblasts with PF573228 effectively inhibited the for-
mation of focal adhesions and impaired their spread morphology
(Supplementary Fig. 6a-d). Additionally, cell motility (Fig. 3c),
contraction and o.-SMA expression (Fig. 3d,e) were all less in FAK-
inhibitor treated fibroblasts compared to control fibroblasts. Together,
these findings suggest that small-molecule therapies targeting FAK
can potentially affect human fibrotic disease.

We then examined how these early intracellular events were con-
nected with profibrotic pathways in human tissues. In vitro, both
mechanical and inflammatory stimuli induced robust MCP-1 secre-
tion (Fig. 3f). When we applied both stimuli simultaneously, there was
a potentiating effect on MCP-1 secretion. Small-molecule blockade of
FAK was sufficient to prevent either stimulus from activating MCP-1
(Fig. 3f), suggesting that FAK is a crucial node in chemokine signal-
ing. In addition, inhibition of ERK (but not Akt, p38 or JNK) blocked
strain-induced MCP-1 release (Fig. 3g), highlighting the key role of
the FAK-ERK-MCP1 axis in mechanotransduction and inflammation
in human fibroblasts.

To evaluate the therapeutic potential of small-molecule anti-FAK
therapies, we administered PF573228 daily to cutaneous wounds in
the mouse HT'S model. Consistent with the in vitro and FAK knock-
out data, pharmacologic blockade of FAK resulted in substantially
less scar formation in vivo compared to control animals (Fig. 4a).
In scars 10 days after injury, gross scar area was 170% less with
FAK inhibition compared to controls (P = 0.003) (Fig. 4b) and scar
matrix density was also less in scars with FAK inhibition compared
to controls (Supplementary Fig. 6e,f). Additionally, epithelial thick-
ness, epithelial proliferation and dermal proliferation were 35%
(P=0.004),57% (P <0.001) and 28% (P = 0.01) lower, respectively, in
FAK-inhibitor-treated scars compared to controls (Supplementary
Fig. 6g). PF573228 treatment was also associated with less mechanical
activation of ERK and MCP-1 compared to controls (Fig. 4c-e and
Supplementary Fig. 7a—c), replicating the phenotype observed in
the transgenic mice.

It is possible that in addition to these chemokine-mediated mecha-
nisms, FAK may also control fibrosis by directly activating fibroblast
collagen production?®-28, which would explain the marginally higher
amount of fibrosis observed in loaded compared to unloaded MCP-1
knockout wounds (Supplementary Fig. 4b). In vitro inhibition of
either FAK or ERK significantly blocked collagen production in
human fibroblasts (Supplementary Fig. 7d), and the ratio of collagen I
(thicker) to collagen III (thinner)! gene expression was 18% lower
in these fibroblasts after inhibition compared to before inhibition
(P=0.076) (Supplementary Fig. 7e). Similarly, the ratio of collagen I
to collagen III expression was 34% (P = 0.040) and 51% (P = 0.036)
less in FAK knockout scars compared to wild-type scars and FAK-
inhibitor-treated scars compared to control scars, respectively, cor-
roborating the histologic analyses that showed a paucity of scar matrix
after FAK blockade. This suggests that a minor secondary effect of
FAK mechanotransduction is the direct modulation of collagen
fibrillogenesis, as has been previously described in the kidney?°.

Based on these studies, we propose a model for load-induced
fibrosis whereby mechanical force activates both MCP-1 secretion
and collagen production through FAK to perpetuate a ‘vicious cycle’
of fibroproliferation after injury (Fig. 4f). Although other mech-
anoresponsive cell types and cytokines are undoubtedly involved
in scar mechanotransduction, these findings collectively provide a
framework to understand how mechanical stimuli trigger local and
systemic responses to induce scar hypertrophy. More broadly, these

LETTERS

results suggest that targeted strategies to uncouple mechanical force
from inflammation and fibrosis may prove clinically successful across
diverse organ systems.

METHODS

Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Accession codes. Microarray data have been deposited in the
Gene Expression Omnibus database with series accession number
GSE26390.

Note: Supplementary information is available on the Nature Medicine website.
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Mice. The Administrative Panel on Laboratory Animal Care at Stanford
University approved all mouse procedures. We generated transgenic mice with
fibroblast-restricted FAK deletion by crossing fibroblast-specific procollagen-
02(I)-Cre recombinase mice!” to homozygous floxed FAK mice (B6.129-
Ptk2'™ILfr/Mmecd, purchased from the UC Davis Mutant Mouse Regional
Resource Center). We backcrossed mice at least eight generations on a C57BL/6
background and identified transgenic progeny using published methods'.
Tamoxifen induction was performed through daily intraperitoneal injections
for 5 d 1 week before wounding!”. We used female mice aged 8-12 weeks
for all experiments; FVB/NJ and MCP-1 knockout (B6.12954-Ccl2tM1Rol) mice
were purchased from The Jackson Laboratory.

Microarray. We harvested wild-type mouse tissue at day 6 or day 14 after
injury and after 48 h or 10 d of mechanical loading, respectively (n = 4 mice
per group per time point). RNA was hybridized to the GeneChip microarray
(Affymetrix). We analyzed the data using GeneSpring GX 11.0 (Agilent
Technologies) and the Significance Analysis of Microarray toolkit in
Microsoft Excel. We performed hierarchical clustering using MATLAB
(MathWorks). We constructed pathway networks using Ingenuity Pathways
Analysis (Ingenuity Systems).

Fibroblast harvest. We isolated primary dermal mouse fibroblasts after
overnight incubation in trypsin (Gibco/Invitrogen) followed by 1 mg ml!
Liberase TL (Roche). We obtained human fibroblasts from fresh tissue speci-
mens following protocols approved by the institutional review board at Oregon
Health and Sciences University. We incubated specimens overnight in 5 mg ml™!
dispase (Roche) followed by 0.5 mg ml~! collagenase type I (Roche) and
0.2 mg ml~! trypsin. We used human cells from passages four to eight.

In vitro strain studies. We applied equibiaxial static strain to human fibro-
blasts as previously published?’. After 24 h of strain, we collected media
for MCP-1 (CCL2) ELISA (R&D Systems) or Sircol total collagen assay
(Biocolor). Commercially available small molecules were dissolved in DMSO
(Sigma-Aldrich) and used to target FAK (PF573228, Tocris Biosciences), Akt
(LY294002), ERK (PD98059), p38 (SB203580) and JNK (SP600125). Platelet-
derived growth factor (10 ng mI~1) was used for ligand activation of FAK. We
purchased all molecules from Sigma-Aldrich unless otherwise noted.

Live/dead assay. We used a live/dead assay (Calbiochem/EMD Chemicals)
after 24 h of exposure to PF573228 in vitro.

In vitro wound healing. We assessed fibroblast motility using a scratch migra-
tion assay!?.

Fibroblast-populated collagen lattices. We performed fibroblast contraction
studies as previously published?”.

Mouse HTS model. We used a mouse HTS model as previously published
by our group'3.

Microscopy and immunohistochemistry. We incubated paraformaldehyde-
fixed cells with primary antibody (pFAK-Y397 or FAK 1:200, BD Biosciences)
followed by Alexa Fluor 488-conjugated secondary antibody (Molecular
Probes/Invitrogen). We performed cytoskeletal staining with phalloidin-
AF488 or Cy3-conjugated antibody against 0.-SMA (Sigma-Aldrich). We
performed H&E, picrosirius red and trichrome staining (Sigma-Aldrich)
on paraffin-embedded sections. We used primary antibodies against FAK,
MCP-1, F4/80, Ki67 and a-SMA. Immunostaining was developed with VIP,
NovaRed or diaminobenzidine (Vector Laboratories) or the secondary fluo-
rescent antibodies AF488 or AF594. We performed apoptotic staining using
the In situ Cell Death Detection Kit (Roche). We purchased all antibodies
from Abcam unless otherwise noted. We processed images for publication
using Adobe Photoshop CS3 (Adobe Systems), and two blinded investigators
performed image quantification using Image] software (US National Institutes
of Health).

Gene expression. We performed qRT-PCR as previously published*°. We used
TagMan Gene Expression Assays (Applied Biosystems) for in vitro gRT-PCR.
The primers used are listed in Supplementary Table 3.

In situ hybridization. We amplified the MCP-1 template from mouse com-
plementary DNA by PCR using sequence-specific primers including the T7 or
T3 RNA promoter region to make anti-sense and sense probes, respectively.
We transcribed Riboprobe in the presence of Digoxigenin-11-dUTP (Roche),
which we detected using the DIG Nucleic Acid Detection Kit (Roche).

Immunoblotting. We performed immunoblotting as previously described!3.
We used antibodies to the following: FAK (BD Biosciences), p-FAK Tyr397,
p-FAK Ser732, p-ERK Thr202/Tyr204 and ERK, p-Akt Ser473 and Akt (Cell
Signaling Technology), p-p38 Tyr182 and p38, p-JNK Thr183/Tyr185 and
JNK, MCP-1 and -actin. We obtained all antibodies from Abcam unless
otherwise noted.

Intradermal injections. We administered intradermal injections (300 pl) of
DMSO, 15 uM of PF573228 or 150 uM of PF573228 to unwounded mouse
skin or unloaded incisions. For the HTS model experiments, we injected
15 UM of PF573228 or recombinant mouse Mcp-1 (1 pg ml~1; R&D Systems)
daily between days 4 and 14 after injury.

Flow cytometry. We digested scars at 10 d after injury and incubated them
with rat monoclonal antibodies against F4/80 (eBioscience) and CCR2 (R&D
Systems) as previously described>’.

Statistical analyses. We performed statistical analyses using a Student’s
unpaired ¢ test or one-way analysis of variance for multiple comparisons
(MATLAB). P < 0.05 was considered statistically significant.

30. Wong, V.W. et al. Engineered pullulan-collagen composite dermal hydrogels improve
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