The FASEB Journal express article 10.1096/1j.03-0150fje. Published online September 4, 2003.

Mechanical stress-activated PKC9 regulates smooth muscle
cell migration

Chaohong Li,* Florian Wernig,” Michael Leitges,* Yanhua Hu,” and Qingbo Xu*"f

*Institute for Biomedical Aging Research, Austrian Academy of Sciences, Innsbruck, Austria;
"Department of Cardiological Sciences, St George's Hospital Medical School, London, United
Kingdom; and *Max-Planck-Institute for Experimental Endocrinology, Hannover, Germany

Corresponding author: Qingbo Xu, Department of Cardiological Sciences, St. George's Hospital
Medical School, Cranmer Terrance, London SW17 ORE, U.K. E-mail: g.xu@sghms.ac.uk

ABSTRACT

Vascular smooth muscle cells (SMCs) are exposed to altered mechanical stress that may
contribute to SMC migration in the development of atherosclerosis. Signal transduction
pathways in SMCs activated by mechanical stress that instigate cell migration are undefined.
Herein, we provide evidence that mechanical stress enhances SMC migration, which is mediated,
at least in part, by protein kinase C (PKC) 6. When rat SMCs cultivated on a flexible membrane
were subjected to cyclic strain stress (60 cycles/min, 5, 15, or 20% elongation), PKCo6 was
translocated to the Triton-insoluble fraction, whereas PKCo was translocated to the membrane,
which was confirmed by PKC kinase assays. Immunofluorescence and actin staining revealed a
cytoskeleton translocation of PKCd in SMCs stimulated by cyclic strain. PKCo-deficient SMCs
cultivated from PKC8—/— mice showed an abnormal cytoskeleton structure, which was related to
a diminished phosphorylation of paxillin, focal adhesion kinase, and vinculin in response to
mechanical stress. Mechanical stress enhanced SMC migration, which was diminished in
PKCd—/— SMCs. Taken together, our data demonstrated that mechanical stress activates PKCS
translocation to the cytoskeleton, which is related to decreased SMC migration and indicates that
PKC?3 is a key signal transducer between mechanical stress and cell migration.
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vascular diseases, including postangioplasty restenosis and spontaneous atherosclerosis

(1). It has been identified that growth factors and cytokines, such as platelet-derived
growth factor (PDGF) and transforming growth factor-f§ (TGF-f), induce SMC migration (2, 3);
however, the direct effects of mechanical stress on this process of SMC migration have not been
studied. In vivo, the vessel wall is exposed to two main hemodynamic forces or mechanical
stress: shear stress, the dragging frictional force created by blood flow, and mechanical stretch, a
cyclic strain stress created by blood pressure (4, 5). Shear stress stimulates endothelial cells to
release nitric oxide (6) and prostacyclin (7), resulting in vessel relaxation and protection of
vascular cells, whereas cyclic strain stress stimulated SMCs (8). In humans, atherosclerotic
lesions occur preponderantly at bifurcations and curvatures (9) where hemodynamic force is
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disturbed, that is, lower shear stress and higher mechanical stretch (10). Thus, mechanical stress
could be a crucial factor in the pathogenesis of atherosclerosis.

Protein kinase C (PKC) comprises a large family of serine/threonine kinases activated by lipid-
derived second messengers that differ in substrate preferences, intracellular localization, and
activation mechanisms. The PKC family is subdivided into three groups: the conventional or
classic PKC, the novel PKC, and the atypical PKC. Classic PKCs (a, B1, B2, y) contain two
conserved areas in their regulatory domains. The novel PKCs (9, €, ¢, n/L, and possibly p or
PKD) have a C1 region and are activated by diacylglycerol or phorbol esters (11-13). Studies
have indicated that PKC is involved in mechanical stress-induced gene expression of PDGF and
Et-1 in endothelial cells. We demonstrated that mechanical stress results in rapid activation of
PDGF receptor in SMCs without the involvement of PDGF ligand binding (14), which has been
confirmed by several other groups (15-18). The downstream signal pathways and signaling
network in SMCs initiated by mechanical stress seem to include Ras/Raf-1/ERK and Rac-
p38MAPK (19). Among the likely signaling networks, different PKC isoforms have been shown
to modulate these signal pathways crucial for SMC migration (17, 20, 21). However, direct
evidence of any of the PKC isoforms being involved in the signaling pathways during SMC
response to mechanical stress leading to cell migration has not been defined. In the present study,
we evaluated potential effects of mechanical stress-activated PKCS on SMC migration. We
demonstrated that mechanical stress causes rapid activation of PKCS in SMCs, which appears to
mediate cytoskeleton reorganization and SMC migration.

MATERIALS AND METHODS
Cell culture and cyclic strain stress

PKCb-deficient mice were generated by gene targeting in our laboratories as described
previously (22). SMCs were isolated by enzymatic digestion of mouse aortas (knockout and
wild-type mice) as described elsewhere (22, 23) and were cultured in Dulbecco's modified
Eagle's medium (Life Technologies, Inc.) supplemented with 20% fetal calf serum (FCS),
penicillin (100 units/ml), and streptomycin (100 pg/ml). Cells were incubated at 37°C in a
humidified atmosphere of 5% CO,. The medium was changed every 3 days, and cells were
passaged by treatment with 0.2% trypsin, 0.02% EDTA solution. For cyclic strain stress
experiments, SMCs were plated on silicone elastomer-bottomed and collagen-coated plates,
(Flexcell, Meckeesport, PA). Cells achieving 90% confluence were serum-starved for 3 days and
subjected to mechanical stress with the computer-controlled Cyclic Stress Unit (Flexcell 4000)
placed in a humidified incubator with 5% CO, at 37°C. The Cyclic Stress Unit consisted of a
controlled vacuum unit and a base plate to hold the culture plates. Vacuum (15 to 20 kPa) was
repeatedly applied to the elastomer-bottomed plates via the base plates. Cyclic deformation (60
cycles/min) and 5, 15, or 20% elongation of elastomer-bottomed plates were used (24). This new
model of the apparatus generates a homogeneous strain stress on the membrane.

Cell treatment and protein extraction

SMCs growing in silicone elastomer-bottomed culture plates to 90% confluence were serum-
starved for 3 days. After strain stress, SMCs were washed twice with cold (4°C) phosphate-
buffered saline (pH 7.4) and harvested on ice in buffer A (20 mM HEPES (pH 7.4), 2 mM



EDTA, 50 mM B-glycerophosphate, 1| mM dithiothreitol, 1 mM Na3zVOy, 1% Triton, 10%
glycerol, 1 pg/ml leupeptin, 1 pg/ml aprotinin, 100 uM phenylmethylsulfonyl fluoride) and then
centrifuged at 13,000 rpm (Eppendorf centrifuge, Osterode, Germany) at 4°C for 30 min. The
supernatant was harvest as total cell proteins for Western blot analysis. The membrane and
cytosolic protein preparation was similar to that described by Pomerantz et al (25) with a slight
modification (26). Briefly, SMCs were washed with cold phosphate-buffered saline (4°C),
dislodged in phosphate-buffered saline, pelleted, and resuspended in 500 pl of homogenizing
buffer (25 mM HEPES, 1.0 mM EDTA, 1 pg/ml leupeptin, 1 pg/ml pepstatin A, and 100 uM
phenylmethylsulfonyl fluoride). Cells were sonicated for 10 s and centrifuged at 2000 rpm for 10
min to remove debris. The supernatant was centrifuged at 55,000 x g for 1 h at 4°C. The
cytosolic supernatant was harvested as cytosolic protein. The pellet was resuspended in 50 pl of
buffer A, sonicated for 10 s, and centrifuged at 55,000 x g for 1 h at 4°C. The supernatant was
harvested as membrane protein. The pellets were resuspended in buffer A and sonicated for 30 s,
which was harvested as Triton-insoluble fraction. The protein concentration was measured by the
Bradford assay.

Western blot analysis

The procedure used for Western blot analysis was similar to that described previously (26, 27).
In short, 30-100 pg of proteins were separated by electrophoresis through a 10 or 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel and transferred onto nitrocellulose membranes. The
blots were probed with antibodies against PKCS and a, F-actin, G-actin, vinculin (Santa Cruz
Biotechnology, Santa Cruz, CA), a-actin (Sigma, St. Louis, MO), phospho-FAK (Upstate
Biotechnology Inc., Lake Placid, NY), phospho-paxilin, phospho-vinculin (New England
Biolab). Specific antibody-antigen complexes were detected by using the ECL Western Blot
Detection Kit (Amersham Pharmacia Biotech).

PKC Kinase Assays

Protein extracts (1/2 ml) containing 0.5 mg of proteins were incubated with 10 pl of antibodies
against mammalian PKCS and a., respectively, for 2 h at 4°C with rotation. Subsequently, 40 pl
of protein G-agarose suspension (Santa Cruz Biotech. Inc.) was added and rotation was
continued for 1 h at 4°C. Immunocomplexes were precipitated by centrifugation and washed
twice with buffers A, B (500 mM LiCl, 100 mM Tris, 1 mM dithiothreitol, 0.1% Triton X-100,
pH 7.6), and C (20 mM Mops, 2 mM EGTA, 10 mM MgCl,, 1 mM dithiothreitol, 0.1% Triton
X-100, pH 7.2), respectively. PKCd and a activities in the immunocomplexes were measured as
described previously (27, 28). Briefly, immunocomplexes were incubated with myelin basic
protein (6 pg; Upstate Biotechnology) and [y->>P]JATP (5 uCi) for 20 min. To stop the reaction,
15 pul of 4X Laemmli buffer was added and the mixture was boiled for 5 min and cooled on ice.
Proteins in the kinase reaction were resolved by SDS-polyacrylamide gel electrophoresis (15%
gel) and subjected to autoradiography.

Immunofluorescent Staining

The procedure used for immunofluorescent staining was similar to that described previously (29,
30). Briefly, stretch-stressed cells growing in the silicone elastomer-bottomed culture plates were
washed with cold phosphate buffered saline (PBS), and fixed with a solution (2% formaldehyde,



0.2% gluteraldehyde in PBS, pH 7.2) for 15 min at room temperature and then treated with
0.02% Triton X-100 in PBS for 2 min. After washing with PBS, cells were blocked with 1%
bovine serum albumin (BSA) in PBS. Cells were labeled with a rabbit antibody against PKC6 or
a or vinculin for 1 h at room temperature and then washed with PBS. The cells were labeled with
swine anti-rabbit Ig conjugated with FITC for 1 h and washed with PBS followed by rhodamine
phalloidin (Sigma) staining for actin for 30 min. Cells were mounted with 90% glycerol PBS and
examined by confocal microscopy.

Cell spreading assay

SMCs were plated on a slide bottle and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% FCS in the presence or absence of Go6976 or Rottlerin
(BioMol) at 37°C in a humidified atmosphere of 5% CO,. Cells were fixed at different time
points as shown in Figs. 3 and 8. For actin staining, rhodamine phalloidin was added to the cells
and incubated for 30 min. For nuclear staining, cells on the slide were incubated with Sytox-
Green (5 uM; Mol. Probe) for 20 min.

Migration assay

For the wound healing assay, SMC were seeded on flexible plates and grown until 90%
confluence in DMED supplemented with 20% FCS. Cells were stretched mechanically (15%
elongation) for 3 h and incubated at 37°C for 12 h. A line of cells was removed with a sterile
pipette tip (~0.7 mm), and the cells were incubated at 37°C for 6 h. The cells were fixed with 2%
formaldehyde, and nucleic staining was performed. The uncovered areas were measured under
the microscope at different time points. Migration of SMCs was assayed on polycarbonate filters
(Nucleopore Corp.) that had 8 um pores in 48-well chemotaxis chambers (Neuro Probe Inc.; 23).
Cultured SMCs were pre-treated with mechanical stretch (15% elongation) for 3 h, incubated at
37°C for 12 h, trypsinised, and suspended at a concentration of 5 x 10° cells/ml in serum-free
DMEM. A volume of 50 ul of SMC suspension was placed in the upper chamber, and 30 ul of
DMEM containing 100 ng/ml PDGF-BB was placed in the lower chamber. The chambers were
incubated at 37°C for 8 h. After incubation, the filters were removed and the SMCs on the upper
side of the filter were scraped off. SMCs that had migrated to the lower side of the filter were
fixed in methanol, stained with Diff-Quick staining solution (Baxter), and quantified under a
microscope. Migration activity was expressed as the mean number of cells that had migrated per
%200 field.

Statistical analysis

ANOVA was performed when more than two groups were compared. An unpaired Student's ¢-
test was used to assess differences between two groups. A P value <0.05 was considered
statistically significant.



RESULTS
Cyclic strain stress stimulates PKCS and o translocation and activation

Traditionally, it has been believed that PKC translocates from the cytoplasm to the membrane in
response to specific agonists or other stimuli (31). To investigate whether this translocation of
PKC$ is altered after mechanical stress, PKCS in stressed SMCs were separately determined by
Western blot analysis. Surprisingly, strain stress treatment (60 cycles/min, 15% elongation)
resulted in significant translocation of PKCd to the cytosol and PKCo protein levels were
increased in the Triton-insoluble fraction that represents cytoskeleton-related proteins (Fig. 1a).
Kinetic analysis indicates that this response occurred as early as 2 min with maximum
translocation achieved after 2 min in the Triton-insoluble fraction and 30 min in the cytosol after
treatment then declining thereafter (Fig. 1a). In contrast to that, PKCa translocated from the
cytosol to the membrane, whereas no PKCa proteins were detectable in Triton-insoluble
fractions, indicating a “classic” translocation for PKCa.

To further establish the relationship between mechanical strain stress and PKCS9 translocation to
Triton-insoluble fractions, a tensile strength-response analysis of mechanical stress-induced
PKC) translocations was performed. As shown in Fig. 15, SMCs were stretched with elongations
of 5, 15, and 20% of original size, respectively. The increase of PKCJ translocation to Triton-
insoluble fractions corresponded to the increase in magnitude of stretch stress from 5-20%. A
decline of PKCS9 proteins in the membrane fraction coincided with increased amounts of PKCd
proteins in the cytosol in SMCs stimulated by increasing intensities of stretch (Fig. 15). Again,
no PKCa proteins were detectable in Triton-insoluble fractions, although the membrane
translocation could be observed (Fig. 1b, lower panel). Because of the novel response where
PKC3d proteins translocated to Triton-insoluble fractions, we performed kinase assays for both
PKC6 and PKCa causing specific antibodies. A marked increase in kinase activities of PKCo
immunoprecipitated from Triton-insoluble fractions was observed, but no kinase activity for
PKCa was detected after cyclic strain stress (Fig. 1¢).

To directly confirm PKC9 translocation, double-staining for PKCg and the cytoskeleton was
used for SMCs stimulated by mechanical stress. Fig. 2 shows PKC9 translocation in SMCs in
response to stretch. There was no significant change in the distribution patterns of PKC9, that is,
localization in the cytoplasm before and after mechanical stress (Fig. 2a vs 2b). However, a
double-positive staining (yellow) for PKC9 proteins (green) and cytoskeleton (red) was observed
in stressed SMCs (Fig. 2¢), indicating translocation to the cytoskeleton.

Alterations in cytoskeleton rearrangement in PKCd—/— SMCs

To further investigate whether PKCS has any influence on cytoskeleton re-arrangement, SMCs
were isolated from the aortic media of PKCd-deficient mice generated in our laboratories.
During cell spreading, wild-type SMCs showed that actin fibers mainly distributed on the edge
of the cell 1 h after seeding, and rearranged in the cytoplasm by 6 h (Fig. 3a and b). Interestingly,
PKC6—/— SMCs had a different pattern of actin filament distribution (Fig. 3¢ and d), indicating a
loss of normal actin reorganization.



Because cytoskeleton rearrangement requires actins and related enzymes or proteins, we
examined several types of actins and actin-related proteins by Western blot analysis. The data
shown in Fig. 4 indicate no difference in F-actin, G-actin, and a-actin between PKC6—/— and
PKC6+/+ SMCs in response to mechanical stress. FAK, paxilin, and vinculin phosphorylation
was markedly induced in PKCo+/+ SMCs stimulated by cyclic strain, but much less in PKCo—/—
SMCs. Interestingly, paxillin protein levels were significantly lower in both PKCo6—/— and
PKCo—/— SMCs compared with PKC6+/+ SMCs (Fig. 4). To further scrutinize the effects of
PKCd on phosphorylation of FAK, paxilin, and vinculin, SMCs were treated with PKC inhibitors
Go06976 and Rottlerin and, subjected to Western blot analysis. Data shown in Fig. 5 indicate that
pre-treatment of SMCs with PKCJ inhibitor significantly diminished phosphorylation of FAK,
paxillin, and vinculin and influenced cytoskeleton re-arrangement, which was not affected by
PKCa inhibitor Go6976. These findings further suggest the role of PKCo in cytoskeleton
reorganization. To visualize the distribution of actin-related proteins, double-staining for vinculin
and actin fibers of PKC&+/+ and PKC6—/— SMCs was performed. In response to mechanical
stress, vinculin proteins were re-localized from even to cluster patterns in wild-type SMCs,
whereas such changes in vinculin distribution in PKC6—/— SMCs were significantly diminished
(Fig. 6), confirming the above findings of abnormal functioning actin-related proteins.

The impact of PKC3 in SMC migration

Because of the observed PKCd-dependent alterations in the cytoskeleton, it would be interesting
to investigate the effects of PKCS on SMC migration, a key event in the pathogenesis of vascular
diseases. After the cell layer was disrupted by scraping, SMC migration was evaluated at 0 and
24 h. PKCo deficiency markedly reduced SMC migration resulting in slower closure of the
wound (Fig. 7). Pre-treatment with cyclic strain stress significantly enhanced SMC migration,
that is, complete closure of the wound in wild-type SMCs, but less effects on PKC3-deficient
SMCs (Fig. 7). In addition, PKC6—/— SMCs showed a similar ability of proliferation to that of
wild-types in the culture (data not shown). To confirm the PKCd-dependent decrease in cell
migration, a classic method for the assessment of cell migration was performed by using a
Boyden Chamber. As shown in Fig. 8, the number of migrated PKC6—/— SMCs was significantly
lower than the wild-type controls. Importantly, pre-treatment of wild-type SMCs with
mechanical stress resulted in enhanced migration, but less effects on PKCd—/— SMCs, suggesting
that mechanical stress-induced SMC movement is mediated, at lest in part, by PKCb.

DISCUSSION

Migration of vascular SMCs plays an important role in the pathogenesis of vascular diseases (2,
3). In the present study we provide the first evidence that mechanical stretch-enhanced SMC
migration is mediated, at least in part, by PKCo activation. We demonstrate that PKCS
translocates to the cytoskeleton which is abnormal in PKC8—/— SMCs. Because cell migration is
a coordinated process consisting of signaling and cytoskeleton rearrangement, our data suggest
that PKCS could be a link between mechanical stress and actin fiber structuring during cell
migration. Thus, these findings could be crucial to better understand the molecular mechanisms
of SMC migration and to find new targets for therapeutic intervention.



Previous work has established that members of the classic PKC family, for example, PKCa,
translocate to the cell membrane in response to TPA and other stimuli (32, 33). Concerning
novel PKC, recent data indicate that PKCS translocates into the mitochondria (34) and the
nucleus (35) in U937 cell lines in response to TBA. Recent studies demonstrate that the
mechanical treatment of SMCs is associated with translocation of PKCS to the cytoskeleton,
whereas PKCa is found in the membrane. These findings have been confirmed by cell
fractionation, kinase assays, and immunofluorescence studies. The results indicate a diversity of
translocation mechanisms for PKCo in response to different stimuli, which may be related to
different functions. In fact, Majumder et al. (34) provided evidence that the mitochondrial
translocation of PKCS is associated with cytochrome ¢ release and apoptosis. We found that a
proportion of PKCd proteins, also translocates to the mitochondria in response to mechanical
stress (data not shown) as implicated by an increase of PKC9 in the cytosol (Fig. 1). Importantly,
a proportion of PKCJ proteins appears in the cytoskeleton of SMCs stimulated by mechanical
stress, indicating the presence of multiple translocations and functions for PKC9 in a variety of
cell types.

Cell migration is a complex process involving receptor-mediated adhesion, membrane
protrusion, and the formation of discrete cell-matrix adhesion sites linked to a reorganization of
the actin cytoskeleton (36—38). The modulation of proteins by PKC-dependent phosphorylation
and by phosphoinositide binding is critically involved in the regulation of these phenomena (39—
41). For instance, vinculin, an adaptor protein between actin fibers and focal adhesions, is found
to be a target of PKC phosphorylation during junctional assembly (42, 43). In the present study,
we provide direct evidence that mechanical stress results in phosphorylation of vinculin, FAK,
and paxillin, which are diminished in PKC8—/— SMCs Liu et al. showed that the association of
paxillin with integrins markedly enhanced the rates of integrin-dependent phosphorylation of
FAK and cell migration (44). Our finding that PKC3—/— SMCs have significantly lower levels of
phosphorylated paxillin might explain the diminished phosphorylation of downstream kinases,
such as FAK, in those cells. Because the amount of cytoskeleton proteins, for example, F-actin.
G-actin and a-actin, does not change in PKCd—/— and PKCo6+/+ SMCs, the effects of PKCd on
actin structure could be due to PKCd-mediated changes of actin-related proteins. These results
suggest that PKCo directly or indirectly influences phosphorylation of FAK, paxilin, and
vinculin, which are essential for actin fiber rearrangement.

How does mechanical stress lead to SMC migration? Our hypothesis is schematically illustrated
in Fig. 9. Two main signal pathways link mechanical stress to cell migration. One is the PDGF
receptor-MAPK-MMP pathway that is responsible for cell detachment from matrix proteins. The
other involves a PKC§ paxillin-cytoskeleton pathway essential for cell movement. Supporting
this model is our previous finding that mechanical stress can directly activate tyrosin kinase-
coupled receptors, including PDGF receptor (14), which is followed by PI;K and MAPK
activation (19). There is also evidence indicating that mechanical stress activates the
transcription factor AP-1 in SMCs in vivo and in vitro (14, 45), which leads to production of
matrix metalloproteinases, for example, collagenase (46—48). Furthermore, previous studies
established that mechanical stress influences the structure of the cytoskeleton in endothelial cells
and SMCs (49-51). In the present study, we demonstrated the crucial role of PKCd in mediating
the actin fiber re-arrangment that influences SMC migration. These findings close the gap
between mechanical stress and cytoskeleton alterations and, therefore, the model formulated in



Fig. 7 could provide a better understanding for the molecular mechanisms of signaling involved
in SMC migration.

ACKNOWLEDGMENTS

We are grateful to G. Pfister for the preperation of confocal photographs. This work was
supported by Grants P12568-MED from the Austrian Science Fund, PG/02/234/13592 from
British Heart Foundation, and Oak Foundation.

REFERENCES

1.

10.

11.

12.

Ross, R. (1986) The pathogenesis of atherosclerosis—an update. N. Engl. J. Med. 314, 488—
500

Ross, R. (1993) The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature
362, 801-809

Schwartz, S. M., deBlois, D., and O'Brien, E. R. (1995) The intima. Soil for atherosclerosis
and restenosis. Circ. Res. 77, 445-465

Davies, P. F. (1995) Flow-mediated endothelial mechanotransduction. Physiol. Rev. 75,
519-560

Xu, Q. (2000) Biomechanical-stress-induced signaling and gene expression in the
development of arteriosclerosis. Trends Cardiovasc. Med. 10, 3541

Rubanyi, G. M., Romero, J. C., and Vanhoutte, P. M. (1986) Flow-induced release of
endothelium-derived relaxing factor. Am. J. Physiol. 250, H1145-H1149

Bhagyalakshmi, A., and Frangos, J. A. (1989) Mechanism of shear-induced prostacyclin
production in endothelial cells. Biochem. Biophys. Res. Commun. 158, 31-37

Vinters, H. V., and Berliner, J. A. (1987) The blood vessel wall as an insulin target tissue.
Diabete Metab. 13, 294-300

Agarwal, M. L., Taylor, W. R., Chernov, M. V., Chernova, O. B., and Stark, G. R. (1998)
The p53 network. J. Biol. Chem. 273, 1-4

Hansen, R. S., and Braithwaite, A. W. (1996) The growth-inhibitory function of p53 is
separable from transactivation, apoptosis and suppression of transformation by Ela and Ras.
Oncogene 13, 995-1007

Gschwendt, M. (1999) Protein kinase C delta. Eur. J. Biochem. 259, 555-564

Blobe, G. C., Stribling, S., Obeid, L. M., and Hannun, Y. A. (1996) Protein kinase C
isoenzymes: regulation and function. Cancer Surv. 27, 213-248



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ono, Y., Fujii, T., Igarashi, K., Kuno, T., Tanaka, C., Kikkawa, U., and Nishizuka, Y.
(1989) Phorbol ester binding to protein kinase C requires a cysteine-rich zinc-finger-like
sequence. Proc. Natl. Acad. Sci. USA 86, 4868—4871

Hu, Y., Bock, G., Wick, G., and Xu, Q. (1998) Activation of PDGF receptor alpha in
vascular smooth muscle cells by mechanical stress. FASEB J. 12, 1135-1142

Tanabe, Y., Saito, M., Ueno, A., Nakamura, M., Takeishi, K., and Nakayama, K. (2000)
Mechanical stretch augments PDGF receptor beta expression and protein tyrosine

phosphorylation in pulmonary artery tissue and smooth muscle cells. Mol. Cell. Biochem.
215, 103-113

Chen, K. D., Li, Y. S., Kim, M., Li, S., Yuan, S., Chien, S., and Shyy, J. Y. (1999)
Mechanotransduction in response to shear stress. Roles of receptor tyrosine kinases,
integrins, and Shc. J. Biol. Chem. 274, 18393—18400

Suzuma, 1., Suzuma, K., Ueki, K., Hata, Y., Feener, E. P., King, G. L., and Aiello, L. P.
(2002) Stretch-induced retinal vascular endothelial growth factor expression is mediated by
phosphatidylinositol 3-kinase and protein kinase C (PKC)-zeta but not by stretch-induced
ERK1/2, Akt, Ras, or classical/novel PKC pathways. J. Biol. Chem. 277, 1047-1057

Shay-Salit, A., Shushy, M., Wolfovitz, E., Yahav, H., Breviario, F., Dejana, E., and Resnick,
N. (2002) VEGF receptor 2 and the adherens junction as a mechanical transducer in vascular
endothelial cells. Proc. Natl. Acad. Sci. USA 99, 9462-9467

Li, C., Hu, Y., Sturm, G., Wick, G., and Xu, Q. (2000) Ras/Rac-Dependent activation of p38
mitogen-activated protein kinases in smooth muscle cells stimulated by cyclic strain stress.
Arterioscler. Thromb. Vasc. Biol. 20, E1-E9

Meininger, G. A., Moore, E. D., Schmidt, D. J., Lifshitz, L. M., and Fay, F. S. (1999)
Distribution of active protein kinase C in smooth muscle. Biophys. J. 77, 973-984

Traub, O., Monia, B. P., Dean, N. M., and Berk, B. C. (1997) PKC-epsilon is required for
mechano-sensitive activation of ERK1/2 in endothelial cells. J. Biol. Chem. 272, 31251—
31257

Leitges, M., Mayr, M., Braun, U., Mayr, U., Li, C., Pfister, G., Ghaffari-Tabrizi, N., Baier,
G., Hu, Y., and Xu, Q. (2001) Exacerbated vein graft arteriosclerosis in protein kinase
Cdelta-null mice. J. Clin. Invest. 108, 15051512

Hu, Y., Zou, Y., Dietrich, H., Wick, G., and Xu, Q. (1999) Inhibition of neointima
hyperplasia of mouse vein grafts by locally applied suramin. Circulation 100, 861-868

Wernig, F., Mayr, M., and Xu, Q. (2003) Mechanical stretch-induced apoptosis in smooth
muscle cells is mediated by betal-integrin signaling pathways. Hypertension 41, 903-911



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Pomerantz, K. B., Lander, H. M., Summers, B., and Hajjar, D. P. (1997) G-protein-mediated
signaling in cholesterol-enriched arterial smooth muscle cells. 2. Role of protein kinase C-
delta in the regulation of eicosanoid production. Biochemistry 36, 9532-9539

Li, C., Hu, Y., Mayr, M., and Xu, Q. (1999) Cyclic strain stress-induced mitogen-activated
protein kinase (MAPK) phosphatase 1 expression in vascular smooth muscle cells is
regulated by Ras/Rac-MAPK pathways. J. Biol. Chem. 274, 25273-25280

Metzler, B., Hu, Y., Sturm, G., Wick, G., and Xu, Q. (1998) Induction of mitogen-activated
protein kinase phosphatase-1 by arachidonic acid in vascular smooth muscle cells. J. Biol.
Chem. 273, 33320-33326

Hu, Y., Metzler, B., and Xu, Q. (1997) Discordant activation of stress-activated protein
kinases or c-Jun NH2- terminal protein kinases in tissues of heat-stressed mice. J. Biol.
Chem. 272,9113-9119

Mayr, U., Mayr, M., Li, C., Wernig, F., Dietrich, H., Hu, Y., and Xu, Q. (2002) Loss of p53
accelerates neointimal lesions of vein bypass grafts in mice. Circ. Res. 90, 197-204

Mayr, M., Hu, Y., Hainaut, H., and Xu, Q. (2002) Mechanical stress-induced DNA damage
and rac-p38MAPK signal pathways mediate p53-dependent apoptosis in vascular smooth
muscle cells. FASEB J. 16, 1423—1425

Dempsey, E. C., Newton, A. C., Mochly-Rosen, D., Fields, A. P., Reyland, M. E., Insel, P.
A., and Messing, R. O. (2000) Protein kinase C isozymes and the regulation of diverse cell
responses. Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L429-1.438

Cheng, J. J., Wung, B. S., Chao, Y. J., and Wang, D. L. (2001) Sequential activation of
protein kinase C (PKC)-alpha and PKC-epsilon contributes to sustained Raf/ERK1/2
activation in endothelial cells under mechanical strain. J. Biol. Chem. 276, 31368-31375

Takei, T., Han, O., Ikeda, M., Male, P., Mills, I., and Sumpio, B. E. (1997) Cyclic strain
stimulates isoform-specific PKC activation and translocation in cultured human
keratinocytes. J. Cell. Biochem. 67, 327-337

Majumder, P. K., Pandey, P., Sun, X., Cheng, K., Datta, R., Saxena, S., Kharbanda, S., and
Kufe, D. (2000) Mitochondrial translocation of protein kinase C delta in phorbol ester-
induced cytochrome c release and apoptosis. J. Biol. Chem. 275, 21793-21796

DeVries, T. A., Neville, M. C., and Reyland, M. E. (2002) Nuclear import of PKCdelta is
required for apoptosis: identification of a novel nuclear import sequence. EMBO J. 21,
6050-6060

Clark, E. A., and Brugge, J. S. (1995) Integrins and signal transduction pathways: the road
taken. Science 268, 233-239



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Jockusch, B. M., Bubeck, P., Giehl, K., Kroemker, M., Moschner, J., Rothkegel, M.,
Rudiger, M., Schluter, K., Stanke, G., and Winkler, J. (1995) The molecular architecture of
focal adhesions. Annu. Rev. Cell Dev. Biol. 11, 379-416

Yamada, K. M., and Geiger, B. (1997) Molecular interactions in cell adhesion complexes.
Curr. Opin. Cell Biol. 9, 7685

Vuori, K., and Ruoslahti, E. (1993) Activation of protein kinase C precedes alpha 5 beta 1
integrin-mediated cell spreading on fibronectin. J. Biol. Chem. 268, 21459-21462

Defilippi, P., Venturino, M., Gulino, D., Duperray, A., Boquet, P., Fiorentini, C., Volpe, G.,
Palmieri, M., Silengo, L., and Tarone, G. (1997) Dissection of pathways implicated in
integrin-mediated actin cytoskeleton assembly. Involvement of protein kinase C, Rho
GTPase, and tyrosine phosphorylation. J. Biol. Chem. 272, 21726-21734

Myat, M. M., Anderson, S., Allen, L. A., and Aderem, A. (1997) MARCKS regulates
membrane ruffling and cell spreading. Curr. Biol. 7, 611-614

Perez-Moreno, M., Avila, A., Islas, S., Sanchez, S., and Gonzalez-Mariscal, L. (1998)
Vinculin but not alpha-actinin is a target of PKC phosphorylation during junctional
assembly induced by calcium. J. Cell Sci. 111, 3563-3571

Ziegler, W. H., Tigges, U., Zieseniss, A., and Jockusch, B. M. (2002) A lipid-regulated
docking site on vinculin for protein kinase C. J. Biol. Chem. 277, 7396-7404

Liu, S., Thomas, S. M., Woodside, D. G., Rose, D. M., Kiosses, W. B., Pfaff, M., and
Ginsberg, M. H. (1999) Binding of paxillin to alpha4 integrins modifies integrin-dependent
biological responses. Nature 402, 676—681

Xu, Q., Liu, Y., Gorospe, M., Udelsman, R., and Holbrook, N. J. (1996) Acute hypertension
activates mitogen-activated protein kinases in arterial wall. J. Clin. Invest. 97, 508-514

Lee, R. T., Schoen, F. J., Loree, H. M., Lark, M. W., and Libby, P. (1996) Circumferential
stress and matrix metalloproteinase 1 in human coronary atherosclerosis. Implications for
plaque rupture. Arterioscler. Thromb. Vasc. Biol. 16, 1070—-1073

Okada, Y., Matsuo, T., and Ohtsuki, H. (1998) Bovine trabecular cells produce TIMP-1 and
MMP-2 in response to mechanical stretching. Jpn. J. Ophthalmol. 42, 90-94

Tyagi, S. C., Lewis, K., Pikes, D., Marcello, A., Mujumdar, V. S., Smiley, L. M., and
Moore, C. K. (1998) Stretch-induced membrane type matrix metalloproteinase and tissue
plasminogen activator in cardiac fibroblast cells. J. Cell. Physiol. 176, 374-382

Li, S., Butler, P., Wang, Y., Hu, Y., Han, D. C., Usami, S., Guan, J. L., and Chien, S. (2002)
The role of the dynamics of focal adhesion kinase in the mechanotaxis of endothelial cells.
Proc. Natl. Acad. Sci. USA 99, 35463551



50.

51.

Smith, P. G., Garcia, R., and Kogerman, L. (1997) Strain reorganizes focal adhesions and
cytoskeleton in cultured airway smooth muscle cells. Exp. Cell Res. 232, 127-136

Hai, C. M. (2000) Mechanosensitive modulation of receptor-mediated crossbridge activation
and cytoskeletal organization in airway smooth muscle. Arch. Pharm. Res. 23, 535-547

Received March 10, 2003, accepted July 15, 2003.



Fig. 1

a
Membrane Triton-insoluble Cytosol

SS(min) 0 2 5 30 90 0 2 5 30 90 0 2 5 30 90
PKCS > ----- -‘“.-— —.'“

PKCo> #e S0 SN0 S5 ap == = .S =

b

SS (%) 0 3 15 20 0 _. 15 0 | 0 5 15 20

o —— = . w-——

C
IP: PKCd IP: PKCo
Triton-insoluble Triton-insoluble

SS (15%) - - + + SS(15%) - - + +

Membrane Triton-insoluble Cytosol

MBP —[ MBP —|

Figure 1. PKC translocation in SM Cs exposed to mechanical stress. Serum-starved SMCs were treated with cyclic
strain stress for the indicated times and were harvested. Protein extracts were prepared from the cell membrane, the
Triton-insoluble fraction, and cytosol as described in Materials and Methods. Protein extracts were separated on 10%
SDS-polyacrylamide gel, transferred to membranes, and probed by using an antibody to PKCS and PK Car, respectively.
a) SMCswere stressed with 15% elongation and 60 cycles/min. b) SMCswere treated for 2 min with 60 cycles/min.

¢) PKC kinase assays. SMCs were stressed with 15% elongation for 2 min. PKC8 and PK Ca. were immunoprecipitated
from the protein extracts of Triton-insoluble fractions by using specific antibodies. Their kinase activities were measured
based on the phosphorylation of a myelin basic protein (MBP) substrate. The data represent similar results from three
independent experiments. SSindicates stretch stress.



Fig. 2

Figure 2. Double staining for PK C8 and actin fibers. SMCs were serum-starved for 3 days and treated with (b, c) or
without (a) strain stress (60 cycles/min) for 2 min. SMCs were fixed, incubated with rabbit anti-PKCd antibodies for 1 h,
and visualized with swine anti-rabbit g conjugated with FITC (a—c). After washing, cells were stained with rhodamine
phalloidin for 30 min (a, ¢). Photographs were taken with a confocal microscope, origina magnification x400.



Fig. 3
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Figure 3. SMC spreading assays. PKC3+/+ and PKC3—/— SMCs were harvested with trypsin and EDTA solution,
suspended in DMEM medium containing 20% FCS, and seeded onto a dlide bottle. Cells were fixed at the indicated times
and stained with rhodamine phalloidin for 30 min and Cytox-Green for 20 min. Photographs were taken with a confocal
microscope, original magnification x1000.
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Figure 4. Western blot analysisfor cytoskeleton and related proteins. Quiescent SMCs were treated with stretch
stress (15% elongation, 60 cycles/min) for the indicated times. Cells were harvested for protein extracts. The results of
Western blot analysis are shown for actins and cytoskel eton-related proteins. The lower panel indicates no PKCS protein
detected in PK C3-deficient SMCs. Data represent similar results of two independent experiments. SS indicates stretch
stress, and P, phosphate.



Fig. 5
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Figure 5. Effects of mechanical strain on cytoskeleton-related proteins. Left panel: Quiescent SMCs were treated
with stretch stress (15% elongation, 60 cycles/min) for 10 min in the presence of G06976 (10 nM) or Rottlerin (10 uM) or
the absence of the inhibitor (Control™). Cells were harvested for protein extracts. The results of Western blot analysis are
shown for phorsphorylated-FAC, -paxillin and -vinculin. Right panel: SMC spreading assays. SMCs were harvested with
trypsin and EDTA solution, suspended in DMEM medium containing 20% FCS in the presence of G06976 (10 nM) or
Roattlerin (10 uM) or the absence of the inhibitor (Control™), and seeded onto a slide bottle. Cells were fixed at the
indicated times and stained with rhodamine phalloidin for 30 min and Cytox-Green for 20 min. Photographs were taken

with a confocal microscope, original magnification x1000.



Fig. 6
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Figure 6. Double staining for vinculin and actin fibers. SMCs were serum-starved for 3 days and treated with strain
stress (60 cycles/min, 15% elongation) for the indicated times. SMCs were fixed, incubated with rabbit anti-vinculin
antibodies for 1 h, and visualized with swine anti-rabbit Ig conjugated with FITC. After washing, cells were stained with
rhodamine phalloidin for 30 min. Photographs were taken with a confocal microscope, original magnification x400.
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Figure 7. SMC migration or wound healing assays. PKC3+/+ and PKC3—/— SMCs were treated with stretch stress
(15% elongation, 60 cycles/min) for 3 h and damaged with a pipette tip. Cellular nuclel were stained with propidium
iodide after 0 and 24 h. Uncovered areas of the wound were measured under the microscope. The graph shows statistical
data indicating a significant difference between treated and untreated cells, * P<0.01 compared with untreated cells,
**P<0.05 compared with PK Co+/+ SMCs treated with stretch stress.
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Figure 8. Migration in PK C8+/+ and PK C8—/— SM Cs. A modified Boyden chemotaxis chamber was used for
determining SMC migration. A polycarbonate filter with 8 um pores was placed between the lower and upper chambers.
SMCswith or without pre-treatment by strain stressin 50 ul of DMEM medium were added to the upper chambers, BSA
(Control™) or PDGF-BB in the lower chamber, and incubated at 37°C for 6 h. SMCs on the lower side of the filter were
stained with a quick stain kit and counted under the microscope with a magnification x200. Data represent means (+SD).
*Significant difference from PKCo—/— SM Cs without strain stress treatment, ** significant difference from PK Co+/+
SMCs without strain stress treatment, P<0.01.
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Figure 9. Schematic representation of PK C8-dependent migration stimulated by mechanical stress. Mechanical
stress can directly activate PDGF receptor (PDGFR)-MAPK pathways leading to matrix metalloproteinase (MMP)
production, which is responsible for cell detachment from the matrix proteins. In parallel, mechanical stress activates
integrins (ITG) resulting in cytoskel eton rearrangement, which is essential for cell movement. Both pathways are co-

ordinately regulated by PKCS leading to SMC migration.



