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Abstract

As atherosclerosis progresses, vascular smooth muscle cells (VSMCs) invade from the medial
layer into the intimal layer and proliferate, contributing to atherosclerotic plaque formation. This
migration is stimulated in part by platelet-derived growth factor (PDGF), which is released by
endothelial cells and inflammatory cells, and vessel stiffening, which occurs with age and
atherosclerosis progression. PDGF induces the formation of circular dorsal ruffles (CDRs), actin-
based structures associated with increased cell motility. Here we show that mechanical changes in
matrix stiffness enhance the formation of CDRs in VSMCs in response to PDGF stimulation. Our
data indicate that matrix stiffness increases cellular contractility, and that intracellular pre-stress is
necessary for robust CDR formation. When treated with agonists that promote contractility, cells
increase CDR formation, whereas agonists that inhibit contractility lead to decreased CDR
formation. Substrate stiffness promotes CDR formation in response to PDGF by upregulating Src
activity through myosin light chain kinase. Together, these data indicate that vessel stiffening
accompanying atherogenesis may exacerbate VSMC response to PDGF leading to CDR
formation.
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INTRODUCTION

During atherosclerosis, the vessel wall stiffens due to excess extracellular matrix (ECM)
deposition, matrix crosslinking, and elastin fragmentation.16:56 \Vascular smooth muscle
cells (VSMC), which populate the arterial media, convert from a quiescent phenotype and
migrate into the vascular intima,”-12 leading to plaque formation and blood vessel
occlusion.2843 This migration is thought to be stimulated by the release of growth factors,
particularly platelet-derived growth factor (PDGF), from endothelial cells'* or macrophages
once they infiltrate into the vessel wall.#044 Vascular stiffening accompanies atherosclerosis
and is measured by clinicians to determine cardiovascular risk.3048 Matrix stiffness has
been shown to modulate VSMC migration?2:37 and proliferation,®3 cell behaviors that
occur with atherosclerotic plaque generation. Research from our lab and others showed that
vascular stiffening may promote endothelial permeability21:24 and leukocyte
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transmigration, %647 hallmarks of atherogenesis. Thus, arterial stiffening may be a
contributing factor for the progression of atherosclerosis.

Circular dorsal ruffles (CDRs) are transient actin-based structures that have been shown to
form in several different cell types in response to growth factor signaling.#32 CDRs are
thought to play a role in directed VSMC migration in response to PDGF signaling.1”:19 It is
believed that wide-scale actin cytoskeletal rearrangements induced by CDRs allows cells to
become polarized and motile.> Quiescent contractile VSMCs typically exhibit robust stress
fibers and cell-matrix attachments that inhibit cell migration. When stimulated with growth
factors, actin stress fibers disassemble and are reorganized into CDRs, leaving a meshwork
of disassembled cortical actin to be used for lamellipodia extension and cell migration.2

Upon PDGF binding to its receptor, Src is quickly phosphorylated and activated.
Phosphorylated Src activates and modulates a number of downstream effector proteins
required to reorganize actin into CDRs.#32 PDGF receptor activation by PDGF was recently
shown to be modulated by substrate stiffness.® Whether this substrate stiffness receptor
sensitization to PDGF translates into changes in CDR formation remain unknown.

Since CDRs are actin-based structures and because actin is known to form more robust
stress fibers in response to matrix stiffness,313 we hypothesized that CDR formation in
VSMCs is modulated by the mechanical properties of the extracellular microenvironment.
Our data indicate that substrate stiffness enhances F-actin organization and cellular
contractility priming cells for robust PDGF-stimulated CDR formation mediated by myosin
light chain (MLC) kinase activity.

MATERIALS AND METHODS
Cell Culture and Gel Synthesis

ATR5 rat aortic VSMCs obtained from American Type Culture Collection (ATCC) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA)
with 10% fetal bovine serum (Invitrogen) and 1% penicillin/streptavidin (Invitrogen).
Polyacrylamide (PA) gels were prepared as described previously?! and coated with 0.002 to
0.2 xg/mL rat tail collagen type | (BD Biosciences, San Jose, CA). Briefly, 22 x 22 mm or
48 x 65 coverslips (VWR International, Radnor, PA) were activated by subsequent washing
in 0.1 N sodium hydroxide (VWR), 3-aminopropyltrimethoxysilane (VWR), and 0.5%
glutaraldehyde (Sigma-Aldrich, St. Louis, MO). 1, 2.5, 5, 10, and 30 kiloPascal (kPa) gels
were polymerized onto activated coverslips according to the ratios 3:0.1, 5:0.1, 7.5:0.175,
7.5:0.35, and 12:0.28% acrylamide:bisacrylamide (Bio-Rad, Hercules, CA), respectively.
Cells were seeded onto PA gels and incubated overnight prior to further experimentation.

Drug Treatments

To induce CDR formation, VSMCs were treated with 10 ng/mL platelet-derived growth
factor (PDGFBB) (R&D Systems, Minneapolis, MN) for 5 min. In some studies, cells were
pre-treated with 10 nM calyculin A for 5 min (Sigma-Aldrich) or 10 M ML-7 for 30 min
(Sigma-Aldrich).

Immunofluorescent Staining

ATR5s on PA gels were fixed in 3.7% formaldehyde and subsequently washed in 1% Triton
X-100 (Mallinckrodt Baker, Phillipsburg, NJ), 0.2% Tween (Mallinckrodt Baker), and
blocked with 3% bovine serum albumin (Sigma-Aldrich). Cells were then immunostained
with a 1:200 dilution of rabbit polyclonal MLC kinase or cortactin primary antibody
(sc-22223 and sc-11408 respectively, Santa Cruz Biotechnology, Santa Cruz, CA).
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Secondary antibodies were Alexa Fluor 488 or 568 donkey anti-mouse or anti-rabbit
(Invitrogen). Actin was stained with Alexa Fluor 488 or 568 phalloidin (Invitrogen) and
nuclei with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Images were captured
on a Zeiss Axio Observer.Z1m microscope with a Hamamatsu ORCAER camera. Confocal
imaging of actin staining was used to perform measurements of cell area after 24 h in culture
using ImageJ software (v. 1.46, National Institutes of Health, Bethesda, MD).

Western Blotting

ATR5 cells cultured on 48 x 65 mm PA gels were lysed with a modified radio-
immunoprecipitation assay (RIPA) buffer [150 mM sodium chloride, 50 mM
Trishydrochloride, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet
P40, 25 mM sodium fluoride, 1 mM sodium orthovanadate, 1:500 dilution of protease
inhibitor cocktail (Sigma-Aldrich)]. Cell lysate was cleared by centrifugation at 14,000xg
and the supernatant was separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). After protein transfer onto nitrocellulose, blots were probed
using antibodies against phosphorylated MLC at threonine-18 and serine-19 (pMLC)
(#3674, Cell Signaling Technology, Beverly, MA), total MLC (#3672, Cell Signaling
Technology), phosphorylated Src at Tyr-416 (pSrc) (#2101, Cell Signaling Technology),
total Src (#2108, Cell Signaling Technology), phosphorylated Erk at thr 202/204 (pErk)
(#9106, Cell Signaling Technology), and total Erk 1/2 (#9102, Cell Signaling Technology).
Anti-rabbit horseradish peroxidase (HRP) conjugated secondary antibodies were obtained
from Cell Signaling Technology or Santa Cruz Biotechnology. After incubation in
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL),
blots were exposed and imaged using a FujiFilm Image-Quant LAS-4000. Protein
densitometry was performed using ImageJ software (v. 1.46, National Institutes of Health,
Bethesda, MD).

Traction Force Microscopy

ATR5 cells were cultured overnight on PA gels embedded with 0.5 zm diameter fluorescent
beads (Invitrogen). Individual cells and the stressed fluorescent bead field beneath the cell
were imaged. After cell removal with 0.25% trypsin-EDTA (Invitrogen), a second
fluorescent image of the unstressed bead field was imaged. Bead displacements were
calculated from the stressed and unstressed images and used to compute cellular traction
vectors and total magnitudes of force using the LIBTRC analysis library developed by Dr.
Micah Dembo (Department of Biomedical Engineering, Boston University).

Statistical Analysis

Statistical analyses were performed using JMP 8 (SAS Institute, Cary, NC), GraphPad Prism
5 (GraphPad Software, Inc.), or Excel 2010 (Microsoft, Corporation, Redmond, WA).
Parametric one-way or two-way ANOVA with post hoc Tukey’s honest significance test
were performed where appropriate. P values <0.05 were considered statistically significant.

Data in Fig. 2 were fit to a dose—response curve38 described by Eq. (1):

Ema,x - Emin

Y=FE,in+ 1+(ﬁ50)h _—_

where Y is the response (in this case, percentage of cells exhibiting CDRS), Epjn is the
minimum response, Epay is the maximum response, x is the dose (in this case, stiffness), his
the Hill slope, and EDsy is the effective dose that elicits a half-maximal response. The
values for Epin, Emax. @nd h were constrained to stay constant between collagen densities.
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RESULTS

Matrix Stiffening and Increased Collagen Density Promotes CDR Formation

Using PA gels varying in stiffness from 1 to 30 kPa, we first investigated A7R5 VSMCs
actin organization with respect to substrate stiffness. This particular stiffness range was
chosen according to measurements reported previously of healthy and atherosclerotic
vessels.29:36 With increasing stiffness, the actin cytoskeleton of VSMCs becomes
increasingly organized into F-actin-rich stress fibers (Fig. 1a). On more compliant substrates
(1 and 2.5 kPa gels), cells do not form many stress fibers; however, on stiff substrates (10
kPa and above), they exhibit robust stress fibers that extend the length of the cell. In the
same way, cell spreading area increased gradually from 1 to 5 kPa, and remained constant
for higher stiffnesses (Fig. 1b). After inducing CDR formation in VSMCs with PDGF, cells
were fixed and stained for actin and the CDR marker cortactin. The colocalization of these
proteins was used to determine the formation of CDRs with respect to matrix stiffness (Fig.
1c). Quantification of the percentage of cells that exhibit CDRs reveals that a larger
percentage of cells cultured on stiff substrates formed CDRs compared to those cultured on
more compliant substrates (Fig. 1d).

Because matrix protein density has been shown to alter VSMC spreading and migration
speeds,3” we tested whether the collagen density conjugated to the PA gels affects the
formation of CDRs. We modeled the percentage of cells that exhibit CDRs vs. substrate
stiffness and collagen density as a pharmacokinetic dose—response curve, where stiffness
was modeled as the dose. Compared to 0.002 or 0.02 mg/mL collagen, 0.2 mg/mL collagen
shifted the stiffness—response curve to the left, indicating that on substrates conjugated with
0.2 mg/mL collagen, a higher percentage of cells formed CDRs on lower stiffness (Fig. 2).
Additionally, the effective dose that elicits a half-maximal response, or EDsg, decreased
from ~12 kPa on 0.002 and 0.02 mg/mL collagen-conjugated gels to ~7 kPa on 0.2 mg/mL
collagen-conjugated gels. Together, our data suggest that stiffer substrates and higher
collagen densities promote the formation of CDRs.

Cell Force is Required for CDR Formation

Recent data indicates that CDR formation may be related to cell contractility,>® and because
our data shows that increased substrate stiffness promotes robust stress fiber formation, we
asked whether stress fiber organization resulted in higher cell contraction and whether these
forces are required for the formation of CDRs. Cell contractility as assessed through MLC
phosphorylation state increased with substrate stiffness (Fig. 3). Additionally, traction force
microscopy was performed to quantify cell traction forces of VSMCs cultured on 2.5, 5, 10,
and 30 kPa substrates. In accordance with our MLC phosphorylation data, cells cultured on
stiffer substrates exhibited higher traction forces (Figs. 4a and 4b).

Our data indicate that cells that generate higher traction forces also exhibit more CDRs. As
such, we sought to determine whether force is a prerequisite for CDR formation. To
upregulate or downregulate cell force, cells were treated with either calyculin A, an inhibitor
of MLC phosphatase, or ML-7, an inhibitor of MLC kinase, respectively. Regardless of
stiffness, cells treated with calyculin A increased their traction force generation significantly
(Fig. 5a, green bars). Cells cultured on stiffer substrates that were treated with ML-7
exhibited lower traction forces compared to their respective untreated controls (Fig. 5a, blue
bars). Notably, a higher percentage of cells pretreated with calyculin A formed CDRs in
response to PDGF treatment compared to cells not treated with contractility-altering drugs.
Conversely, significantly fewer cells formed CDRs when pretreated with ML-7. Thus,
increased substrate stiffness positively affects MLC regulated cell contractility which in turn
enables robust CDR formation.
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PDGF-Induced Src Activity Depends on Substrate Stiffness Modulation

It has been shown previously that the formation of CDRs following PDGF-receptor
activation by PDGF stimulation involves a Src-dependent signaling cascade.32 Additionally,
growing evidence indicate that substrate stiffness affects cell surface receptor dependent
signal transduction,13% including PDGF receptors.? Accordingly, when Src was inhibited
with pharmacological inhibitor PP1, treated VSMCs were unable to form CDRs in response
to PDGF (Fig. 6a), highlighting the essential role of Src in CDR formation. As such, we
sought to determine whether substrate stiffness regulates PDGF-induced Src activity in
ATR5 cells. Lysates from PDGF-treated cells cultured on gels of varying stiffness were
probed for Src phosphorylation at residue tyrosine 416 (Y416), a marker for activated Src.4
Indeed, Src phosphorylation was found to increase with substrate stiffness (Fig. 6b),
suggesting that PDGF-induced Src activation is mediated by substrate stiffness.
Additionally, inhibition of Src activation by PP1 did not result in any changes in MLC
phosphorylation for cells plated on 10 kPa gels (Fig. 6¢). Together, these results suggest that
contractility mediated CDR formation occurs upstream of Src activation in response to
PDGF receptor activation.

MLC Kinase Modulation of Cell Contractility is Required for PDGF-Induced Src Activation

Substrate stiffness regulates cellular contractility in part through the action of the MLC
kinase (MLCK).10 Of note, Src was recently shown to complex with MLCK and affect its
function.® Interestingly, upon PDGF stimulation, immunofluorescent staining indicates that
MLCK colocalizes with CDRs (Fig. 7a). Given our above results indicating CDR formation
decreases after MLCK inhibition, we assessed if Src activation was dependent on MLCK-
mediated cell contractility. As shown in Fig. 7b, PDGF stimulation increases Src
phosphorylation at Y416 compared to the controls while the inhibition of MLCK-induced
cell contractility by pretreatment with ML-7 is sufficient to block this activation.
Investigation of Erk phosphorylation downstream of the PDGF receptor reveals that Erk
activation by PDGF is greatly diminished by the use of ML-7 (Fig. 7b). Together, these
results suggest that MLCK regulation of cell contractility is required for activation of
different PDGF pathways. In combination with the above TFM and CDR data, these results
show that substrate stiffness regulates PDGF-induced CDR formation through the
modulation of cell contractility.

DISCUSSION

Here, we present data that implicate vascular stiffening as a factor that promotes the
formation of VSMC CDRs, structures believed to play a large role in initiating cell motility.
Our results indicated that CDR formation in VSMCs is dependent on substrate stiffness. On
more compliant substrates, cells displayed fewer CDRs compared to cells cultured on stiffer
substrates. Moreover, our data indicate that cell contractility is a prerequisite for CDR
formation, and upregulation of cell force increases PDGF-induced Src activity that leads to
greater CDR formation. Although the total magnitude of cell force increases with substrate
stiffness, it remains to be seen whether local forces, particularly at sites of CDR formation,
regulate actin dynamics to form CDRs. Overall, substrate stiffness promotes the formation
of CDRs through upregulation of MLCK-mediated cell contractility.

It is widely accepted that, during atherosclerosis progression, VSMCs switch from a
quiescent “contractile” phenotype to a migratory “synthetic” phenotype, where they are able
to degrade their matrix and invade into the intima.34 Previous data suggests that PDGF
signaling, which is both a potent migratory signal and initiator of CDRs, is a major
contributing factor to the VSMC phenotypic switch.# Our data suggests that the matrix
stiffening that occurs concomitant with atherosclerosis progression may exacerbate
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phenotypic switching by increasing the percentage of cells that exhibit CDR formation in
response to PDGF signaling. This is likely due to heightened MLCK activity of cells in
stiffer microenvironments, as evidenced by our data showing increased threonine-18/
serine-19 MLC phosphorylation and CDRs inhibition by ML-7. Several upstream activators
may also directly contribute to CDR formation, particularly RhoGTPase and Rho-associated
kinase (ROCK). RhoGTPase activity, which has been shown to increase with substrate
stiffness,18:21 activates ROCK, which in turn regulates MLC at serine-19 to regulate stress
fiber formation9 and cell contractility.® ROCK also functions to prevent MLC phosphatase
from deactivating MLC.5 Hence, we cannot exclude that RhoGTPase and ROCK
contribution to intracellular pre-stress may affect CDR formation. Indeed, a recent model by
Zeng et al.>® propose a direct Rho involvement in regulating CDR lifetime. Therefore, there
is significant evidence that cell contractility is an important regulator of CDR formation.

Previous data suggests that substrate rigidity enhances PDGF receptor phosphorylation
intensity and duration.® Here we show that Src activation also increases with substrate
stiffness downstream of the PDGF receptor, resulting in increased CDR formation in a
process that requires cell contractility. However, regulation of cell contractility involves
processes that take place at focal adhesions. In fact, key focal adhesion signaling proteins,
including focal adhesion kinase (FAK) and Src, are known to be regulated by matrix
stiffness, 33 and mechanical activation of Src requires an intact actin cytoskeleton and
functional contractility.33:50 In turn, increased cell contractility is required for proper
targeting of signaling and scaffolding proteins to focal adhesions, actin-based structures, and
membrane microdomains.2:6:11.15 Conversely, recent studies have linked growth factor
induced CDR formation with pre-existing signals emanating from focal adhesions. Notably,
Azimifar et al.4 show that epithelial growth factor induced CDR formation requires proper
Src localization to focal adhesions by associating with integrin-linked kinase (ILK).
Additionally, integrins A1 and /3 have been reported to be involved in CDR formation.417:23
Alternatively, expression of different paxillin constructs could result in either up- or down-
regulation of PDGF induced CDRs formation in fibroblast.#° Interestingly, Src, paxillin, and
integrins are known regulators of the cell contractility pathway1®:20:35:45.52 and were all
shown to be present within CDRs after PDGF stimulation.#17:2345 As such, integrin-
mediated cell contractility regulation may be required for targeting proteins upstream of
PDGF to regulate CDR formation.

In addition to VSMC migration, our data may also have implications in cancer, where
stiffening of the tumor microenvironment has been shown to promote cancer cell migration
and metastasis.26:3554 |nvasive cancer cells form actin-based structures in response to
growth factors stimulation that are similar to CDRs in their protein makeup called
invadopodia.# Like CDRs, invadopodia are hypothesized to enhance cell migration*2;
however, they play a more significant role in cell invasion by releasing MMPs to degrade
their surrounding extracellular matrix.2”-3% Because invadopodia formation is also dependent
on Src activity,32 our data suggests that substrate stiffness may also regulate invadopodia
formation. Indeed, recent findings by Alexander et al.! showed that breast carcinoma cells
formed more invadopodia and degraded more of their matrix when cultured on stiffer
substrates. However, a direct involvement of cell contractility remains an open question.

Here, we provide evidence that substrate stiffness regulates the formation of CDRs in
VSMCs in a contractility-dependent process. Specifically, intracellular pre-stress, which is
modulated by matrix stiffness, primes cells for robust CDR formation. Increased CDR
formation on stiffer substrates likely contributes to the migration of VSMCs, possibly by
phenotypically switching quiescent “contractile” VSMCs into more migratory “synthetic”
cells through large-scale actin rearrangement. Collectively, our data suggests that the
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changes in vessel stiffness that accompany atherosclerosis enhance CDR formation and
therefore likely contribute to the advancement of disease.

Acknowledgments

Th

e study was supported in part by the Affinito-Stewart Grant from the President’s Council of Cornell Women and

grants from the American Federation for Aging Research and the NIH (HL097296) to CAR.

REFERENCES

1.

10

11.

12.

13

14.

15.

16.
17.

Alexander NR, Branch KM, Parekh A, Clark ES, Iwueke IC, Guelcher SA, Weaver AM.
Extracellular matrix rigidity promotes invadopodia activity. Curr. Biol. 2008; 18(17):1295-1299.
[PubMed: 18718759]

. Amano M, Nakayama M, Kaibuchi K. Rho-kinase/ROCK: a key regulator of the cytoskeleton and

cell polarity. Cytoskeleton (Hoboken). 2010; 67(9):545-554. [PubMed: 20803696]

. Assoian RK, Klein EA. Growth control by intracellular tension and extracellular stiffness. Trends

Cell Biol. 2008; 18(7):347-352. [PubMed: 18514521]

. Azimifar SB, Bottcher RT, Zanivan S, Grashoff C, Kruger M, Legate KR, Mann M, Fassler R.

Induction of membrane circular dorsal ruffles requires co-signalling of integrin-ILK-complex and
EGF receptor. J. Cell Sci. 2012; 125(Pt 2):435-448. [PubMed: 22357970]

. Ballestrem C, Wehrle-Haller B, Imhof BA. Actin dynamics in living mammalian cells. J. Cell Sci.

1998; 111(Pt 12):1649-1658. [PubMed: 9601095]

. Barfod ET, Moore AL, Van de Graaf BG, Lidofsky SD. Myosin light chain kinase and Src control

membrane dynamics in volume recovery from cell swelling. Mol. Biol. Cell. 2011; 22(5):634-650.
[PubMed: 21209319]

. Beamish JA, He P, Kottke-Marchant K, Marchant RE. Molecular regulation of contractile smooth

muscle cell phenotype: implications for vascular tissue engineering. Tissue Eng. B. 2010; 16(5):
467-491.

. Bordeleau F, Myrand Lapierre M-E, Sheng Y, Marceau N. Keratin 8/18 regulation of cell stiffness-

extracellular matrix interplay through modulation of rho-mediated actin cytoskeleton dynamics.
PLoS ONE. 2012; 7(6):e38780. [PubMed: 22685604]

. Brown XQ, Bartolak-Suki E, Williams C, Walker ML, Weaver VM, Wong JY. Effect of substrate

stiffness and PDGF on the behavior of vascular smooth muscle cells: implications for
atherosclerosis. J. Cell. Physiol. 2010; 225(1):115-122. [PubMed: 20648629]

. Clark K, Langeslag M, Figdor CG, van Leeuwen FN. Myosin Il and mechanotransduction: a
balancing act. Trends Cell Biol. 2007; 17(4):178-186. [PubMed: 17320396]

Daley WP, Gervais EM, Centanni SW, Gulfo KM, Nelson DA, Larsen M. ROCK1-directed
basement membrane positioning coordinates epithelial tissue polarity. Development. 2012; 139(2):
411-422. [PubMed: 22186730]

Davis-Dusenbery BN, Wu C, Hata A. Micro-managing vascular smooth muscle cell differentiation
and phenotypic modulation. Arterioscler. Thromb. Vasc. Biol. 2011; 31(11):2370-2377. [PubMed:
22011749]

. Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of their substrate.
Science. 2005; 310(5751):1139-1143. [PubMed: 16293750]

Evanko SP, Raines EW, Ross R, Gold LI, Wight TN. Proteoglycan distribution in lesions of
atherosclerosis depends on lesion severity, structural characteristics, and the proximity of platelet-
derived growth factor and transforming growth factor-beta. Am. J. Pathol. 1998; 152(2):533-546.
[PubMed: 9466580]

Galbraith CG, Yamada KM, Sheetz MP. The relationship between force and focal complex
development. J. Cell Biol. 2002; 159(4):695-705. [PubMed: 12446745]

Greenwald SE. J. Pathol. 2007; 211(2):157-172.

Gu Z, Noss EH, Hsu VW, Brenner MB. Inte-grins traffic rapidly via circular dorsal ruffles and
macropinocytosis during stimulated cell migration. J. Cell Biol. 2011; 193(1):61-70. [PubMed:
21464228]

Cell Mol Bioeng. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huynh et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 8

Huang S, Ingber DE. Cell tension, matrix mechanics, and cancer development. Cancer Cell. 2005;
8(3):175-176. [PubMed: 16169461]

Huang M, Satchell L, Duhadaway JB, Prendergast GC, Laury-Kleintop LD. RhoB links PDGF
signaling to cell migration by coordinating activation and localization of Cdc42 and Rac. J. Cell.
Biochem. 2011; 112(6):1572-1584. [PubMed: 21344485]

Huveneers S, Danen EH. Adhesion signaling—crosstalk between integrins, Src and Rho. J. Cell
Sci. 2009; 122(Pt 8):1059-1069. [PubMed: 19339545]

Huynh J, Nishimura N, Rana K, Peloquin JM, Califano JP, Montague CR, King MR, Schaffer CB,
Reinhart-King CA. Age-related intimal stiffening enhances endothelial permeability and leukocyte
transmigration. Sci. Transl. Med. 2011; 3(112):112ral22.

Isenberg BC, Dimilla PA, Walker M, Kim S, Wong JY. Vascular smooth muscle cell durotaxis
depends on substrate stiffness gradient strength. Biophys. J. 2009; 97(5):1313-1322. [PubMed:
19720019]

King SJ, Worth DC, Scales TM, Monypenny J, Jones GE, Parsons M. Betal integrins regulate
fibroblast chemotaxis through control of N-WASP stability. EMBO J. 2011; 30(9):1705-1718.
[PubMed: 21427700]

Krishnan R, Klumpers DD, Park CY, Rajendran K, Trepat X, van Bezu J, van Hinsbergh VW,
Carman CV, Brain JD, Fredberg JJ, Butler JP, van Nieuw Amerongen GP. Substrate stiffening
promotes endothelial monolayer disruption through enhanced physical forces. Am. J. Physiol. Cell
Physiol. 2011; 300(1):C146—C154. [PubMed: 20861463]

Krueger EW, Orth JD, Cao H, McNiven MA. A dynamin-cortactin-Arp2/3 complex mediates actin
reorganization in growth factor-stimulated cells. Mol. Biol. Cell. 2003; 14(3):1085-1096.
[PubMed: 12631725]

Kumar S, Weaver VM. Mechanics, malignancy, and metastasis: the force journey of a tumor cell.
Cancer Metastasis Rev. 2009; 28(1-2):113-127. [PubMed: 19153673]

Linder S, Wiesner C, Himmel M. Degrading devices: invadosomes in proteolytic cell invasion.
Annu. Rev. Cell Dev. Biol. 2011; 27:185-211. [PubMed: 21801014]

Lusis AJ. Atherosclerosis. Nature. 2000; 407(6801):233-241. [PubMed: 11001066]

Matsumoto T, Abe H, Ohashi T, Kato Y, Sato M. Local elastic modulus of atherosclerotic lesions
of rabbit thoracic aortas measured by pipette aspiration method. Physiol. Meas. 2002; 23(4):635—
648. [PubMed: 12450265]

Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML, Schalekamp MA,
Asmar R, Reneman RS, Hoeks AP, Breteler MM, Witteman JC. Arterial stiffness and risk of
coronary heart disease and stroke: the Rotterdam Study. Circulation. 2006; 113(5):657-663.
[PubMed: 16461838]

McDaniel DP, Shaw GA, Elliott JT, Bhadriraju K, Meuse C, Chung KH, Plant AL. The stiffness of
collagen fibrils influences vascular smooth muscle cell phenotype. Biophys. J. 2007; 92(5):1759-
1769. [PubMed: 17158565]

Murphy DA, Courtneidge SA. The ‘ins’ and ‘outs’ of podosomes and invadopodia: characteristics,
formation and function. Nat. Rev. Mol. Cell Biol. 2011; 12(7):413-426. [PubMed: 21697900]

Na S, Collin O, Chowdhury F, Tay B, Ouyang M, Wang Y, Wang N. Rapid signal transduction in
living cells is a unique feature of mechanotransduction. Proc. Natl. Acad. Sci. U.S.A. 2008;
105(18):6626-6631. [PubMed: 18456839]

Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle cell
differentiation in development and disease. Physiol. Rev. 2004; 84(3):767-801. [PubMed:
15269336]

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, Reinhart-King CA, Margu-
lies SS, Dembo M, Boettiger D, Hammer DA, Weaver VM. Tensional homeostasis and the
malignant pheno-type. Cancer Cell. 2005; 8(3):241-254. [PubMed: 16169468]

Peloquin J, Huynh J, Williams RM, Rein-hart-King CA. Indentation measurements of the
subendothelial matrix in bovine carotid arteries. J. Biomech. 2011; 44(5):815-821. [PubMed:
21288524]

Peyton SR, Putnam AJ. Extracellular matrix rigidity governs smooth muscle cell motility in a
biphasic fashion. J. Cell. Physiol. 2005; 204(1):198-209. [PubMed: 15669099]

Cell Mol Bioeng. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huynh et al.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 9

Poch G, Pancheva SN. Calculating slope and ED50 of additive dose-response curves, and
application of these tabulated parameter values. J. Pharmacol. Toxicol. Methods. 1995; 33(3):137-
145. [PubMed: 7640393]

Poincloux R, Lizarraga F, Chavrier P. Matrix invasion by tumour cells: a focus on MT1-MMP
trafficking to invadopodia. J. Cell Sci. 2009; 122(Pt 17):3015-3024. [PubMed: 19692588]

Raines EW. PDGF and cardiovascular disease. Cytokine Growth Factor Rev. 2004; 15(4):237-
254, [PubMed: 15207815]

Raines EW, Koyama H, Carragher NO. The extracellular matrix dynamically regulates smooth
muscle cell responsiveness to PDGF. Ann. N. Y. Acad. Sci. 2000; 902:39-51. discussion 51-32.
[PubMed: 10865824]

Ridley AJ. Life at the leading edge. Cell. 2011; 145(7):1012-1022. [PubMed: 21703446]

Ross R. Atherosclerosis—an inflammatory disease. N. Engl. J. Med. 1999; 340(2):115-126.
[PubMed: 9887164]

Ross R, Masuda J, Raines EW, Gown AM, Katsuda S, Sasahara M, Malden LT, Masuko H, Sato
H. Localization of PDGF-B protein in macrophages in all phases of atherogenesis. Science. 1990;
248(4958):1009-1012. [PubMed: 2343305]

Sero JE, Thodeti CK, Mammoto A, Bakal C, Thomas S, Ingber DE. Paxillin mediates sensing of
physical cues and regulates directional cell motility by controlling lamellipodia positioning. PLoS
ONE. 2011; 6(12):€28303. [PubMed: 22194823]

Stroka KM, Aranda-Espinoza H. Endothelial cell substrate stiffness influences neutrophil
transmigration via myosin light chain kinase-dependent cell contraction. Blood. 2011; 118(6):
1632-1640. [PubMed: 21652678]

Sun C, Wu MH, Yuan SY. Nonmuscle myosin light-chain kinase deficiency attenuates
atherosclerosis in apolipoprotein E-deficient mice via reduced endothelial barrier dysfunction and
monocyte migration. Circulation. 2011; 124(1):48-57. [PubMed: 21670231]

Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, Simonsick EM, Havlik
R, Lakatta EG, Spurgeon H, Kritchevsky S, Pahor M, Bauer D, Newman A. Elevated aortic pulse
wave velocity, a marker of arterial stiffness, predicts cardiovascular events in well-functioning
older adults. Circulation. 2005; 111(25):3384-3390. [PubMed: 15967850]

Totsukawa G, Yamakita Y, Yamashiro S, Hart-shorne DJ, Sasaki Y, Matsumura F. Distinct roles
of ROCK (Rho-kinase) and MLCK in spatial regulation of MLC phosphorylation for assembly of
stress fibers and focal adhesions in 3T3 fibroblasts. J. Cell Biol. 2000; 150(4):797-806. [PubMed:
10953004]

Wang Y, Botvinick EL, Zhao Y, Berns MW, Usami S, Tsien RY, Chien S. Visualizing the
mechanical activation of Src. Nature. 2005; 434(7036):1040-1045. [PubMed: 15846350]

Wang Y, Zheng XR, Riddick N, Bryden M, Baur W, Zhang X, Surks HK. ROCK isoform
regulation of myosin phosphatase and contractility in vascular smooth muscle cells. Circ. Res.
2009; 104(4):531-540. [PubMed: 19131646]

Webb DJ, Donais K, Whitmore LA, Thomas SM, Turner CE, Parsons JT, Horwitz AF. FAK-Src
signalling through paxillin, ERK and MLCK regulates adhesion disassembly. Nat. Cell Biol. 2004;
6(2):154-161. [PubMed: 14743221]

Wei WC, Lin HH, Shen MR, Tang MJ. Mechanosensing machinery for cells under low substratum
rigidity. Am. J. Physiol. Cell Physiol. 2008; 295(6):C1579-C1589. [PubMed: 18923058]

Wolf K, Friedl P. Extracellular matrix determinants of proteolytic and non-proteolytic cell
migration. Trends Cell Biol. 2011; 21(12):736-744. [PubMed: 22036198]

Zeng Y, Lai T, Koh CG, LeDuc PR, Chiam KH. Investigating circular dorsal ruffles through
varying substrate stiffness and mathematical modeling. Biophys. J. 2011; 101(9):2122-2130.
[PubMed: 22067149]

Zieman SJ, Melenovsky V, Clattenburg L, Corretti MC, Capriotti A, Gerstenblith G, Kass DA.
Advanced glycation endproduct crosslink breaker (alagebrium) improves endothelial function in
patients with isolated systolic hypertension. J. Hypertens. 2007; 25(3):577-583. [PubMed:
17278974]

Cell Mol Bioeng. Author manuscript; available in PMC 2014 June 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Huynh et al. Page 10

1 25 5 10 30 Glass 1 25 5 10 30 Glass
Substrate stiffness (kPa) Substrate stiffness (kPa)

FIGURE 1.

Increased substrate stiffness promotes circular dorsal ruffle formation. (a) Representative
images of cortactin (green) and actin organization (red) of A7R5 vascular smooth muscle
cells cultured on collagen-coated polyacrylamide gels varying in stiffness from 1 to 30 kPa.
(b) Corresponding cell area with respect to substrate stiffness. Data are mean £ SEM. *p <
0.05 and ***p < 0.001 vs. 1 kPa, *p < 0.05 vs. 2.5 kPa. (c) Cortactin (green) and actin
organization (red) after 5 min PDGF stimulation induced circular dorsal ruffles. (d) The
percentage of cells exhibiting PDGF-induced CDRs on polyacrylamide gels derivatized with
0.2 mg/mL rat tail type | collagen (n = 6 independent experiments). Data are mean + SEM.
**p < 0.01 vs. 1 or 2.5 kPa, ***p < 0.001 vs. 1 or 2.5 kPa, #p < 0.01 vs. 5 kPa, ##p < 0.001
vs. 5 kPa (Tukey’s test). Scale bar, 40 zm.
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FIGURE 2.

Collagen density promotes circular dorsal ruffle formation. The percentage of cells forming
CDRs on gels derivatized with 0.2, 0.02, and 0.002 mg/mL collagen (n = 3 independent
experiments). The dashed black line represents the half-maximal response. Data are mean *
SEM.
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FIGURE 3.

Substrate stiffness upregulates MLCK activity to prime cells for robust CDR formation.
Representative immunoblots of phosphorylated MLC (p-MLC) at residues threonine-18 and
serine-19 and total MLC with respect to cells cultured on different substrate stiffnesses or on
tissue culture plastic (TCP). GAPDH was used as loading control. The mean fold activation
values + SEM are provided (n = 3 independent experiments). *p < 0.05 and **p < 0.01 vs. 1
or 2.5 kPa (Tukey’s test).
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FIGURE 4.

Substrate stiffness regulates intracellular pre-stress. (a) Representative traction force maps
and phase images of A7R5 VSMCs on polyacrylamide gels. Scale bars, 50 zm. (b) The total
magnitudes of cell traction force measurements with respect to substrate stiffness (n = 12-26
cells, three independent experiments). Data are mean £ SEM. **p < 0.01, ***p < 0.001
(Tukey’s test).
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FIGURE 5.

Pharmacological control of cell force modulates CDR formation. (a) Traction force
measurements of untreated (red bars, n = 12-26), calyculin A treated (green bars, n = 46—
60), and ML-7 treated (blue bars, n = 37-51) cells. Data are mean + SEM. *p < 0.05
compared to respective untreated controls (Tukey’s test). (b) The percentage of cells
cultured on gels that exhibit CDRs (n = 3 independent experiments). Data are mean = SEM.
*p < 0.05, **p < 0.01, ***p < 0.001 compared to respective untreated controls (Tukey’s
test).
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FIGURE 6.

Src activity increases with substrate stiffness and is required for CDR formation. (a)
Representative images of cortactin (green) and actin organization (red) of cells plated on
collagen coated glass after 5 min PDGF showing the absence of CDR in response to PP1
pretreatment. Scale bar, 40 zm. (b) Representative immunoblots of phosphorylated Src (p-
Src) and total Src and the ratio of pSrc to total Src in cells cultured on gels of varying
stiffness or TCP (n = 6 independent experiments). GAPDH was used as loading control.
Data are mean = SEM. **p < 0.01 vs. 1 or 2.5 kPa, ***p < 0.001 vs. 1 or 2.5 kPa, #p < 0.05
vs. 5, 10, or 30 kPa (Tukey’s test). (c) Western blotting on total protein extracts of cells
plated on 10 kPa gels after 5 min PDGF treatment with or without PP1 pretreatment
showing decreased levels of p-Src but equal levels of p-MLC in response to Src inhibition.
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FIGURE 7.

Involvement of MLCK in PDGF stimulation. (a) Representative immunofluorescent images
of F-actin (green) and MLCK (red). White arrows indicate the localization of MLCK at
CDRs. Scale bar, 50 zm. (b) Western blotting on total protein extracts of cells plated on 10
kPa gels after 5 min PDGF treatment with or without ML-7 pretreatment showing increased
phosphorylation levels of Src and Erk after PDGF treatment. ML-7 prevents PDGF-
mediated activation of both Src and Erk. The mean fold activation values = SEM are
provided (n = 3 independent experiments). *p < 0.05 vs. untreated control. GAPDH was
used as loading control.
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