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Abstract

RhoA/Rho kinases (ROCK) play a critical role in vascular smooth muscle cell (VSMC) actin
cytoskeleton organization, differentiation, and function and are implicated in the pathogenesis of
cardiovascular disease. We have previously determined that an important step in the regulation of
calcification is fetuin-A endocytosis, a process that is dependent on changes in the cytoskeleton, which,
in turn, is known to be affected by the RhoA/ROCK signaling pathway. In the present study, bovine
VSMC (BVSMC) were treated with the ROCK inhibitor Y-27632 or transfected with ROCK small
interfering (si) RNA to knock down ROCK expression. Both conditions resulted in reduced actin stress
fibers and increased Cys-labeled fetuin-A uptake. Inhibition of ROCK by Y-27632 or siRNA also
significantly increased BVSMC alkaline phosphatase (ALP) activity and calcification of BVSMC and rat
aorta organ cultures. Cells were then incubated in calcification media in the presence or absence of Y-
27632 and matrix vesicles (MV) isolated by collagenase digestion. These MV, isolated from BVSMC
incubated with Y-27632, had increased ALP activity and increased ability of MV to subsequently calcify

collagen by 66%. In contrast, activation of RhoA, which is upstream of ROCK, by transfecting plasmids

encoding the dominant active Rho GTPase mutant (Rho-L63) led to decreased fetuin-A uptake and
reduced calcification in BVSMC. These results demonstrate that the RhoA/ROCK signaling pathway is
an important negative regulator of vascular calcification.

Keywords: vascular calcification, endocytosis, cytoskeleton, Rho GTPase

VASCULAR CALCIFICATION 1$ a prominent finding in aging, diabetes, chronic kidney disease (CKD), and
inflammatory diseases. Both coronary artery and peripheral artery calcification are associated with

increased morbidity and mortality in the general population (1), diabetes (18), and in patients with CKD

(2, 20). The pathophysiology of vascular calcification is complex but appears to be similar to normal
bone osteogenesis where osteoblast/chondrocytes [or osteoblast-like vascular smooth muscle cells

(VSMC)] produce cell outpockets that contain calcium and phosphorus called matrix vesicles (MV). MV

contain various proteins, including alkaline phosphatase (ALP), annexins, and fetuin-A, a circulating
inhibitor of mineralization (6, 25). These MVs bind to extracellular matrix proteins to initiate
mineralization.

The Rho families of GTPases are regulatory molecules that link surface receptors to organization of the
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actin cytoskeleton and regulate fundamental cellular processes (26). RhoA signaling is regulated by
growth factors, hormones, and cytokines, all of which have been shown to be critical in calcification in
vitro (22). The biological effects of RhoA are mediated by a number of downstream effector proteins;
the best characterized is Rho kinase (ROCK) (10). ROCK has been shown to be critical in VSMC
differentiation and function. A recent study demonstrated that activation of RhoA with the bacterial
toxin Pasteurella multocida toxin (PMT) alters actin cytoskeleton organization and inhibits the
differentiation of osteoblasts as assessed by decreased expression of Cbfa1, osteocalcin, and ALP, and
decreases mineralization. In contrast, inhibition of ROCK stimulates osteoblast differentiation and
mineralization (12). Dynamic rearrangement of actin is associated with endocytosis, exocytosis,
phagocytosis, and migration, processes that would be critical for a MV to “pinch” off from a cell
membrane. We have previously demonstrated that fetuin-A, a circulating inhibitor of mineralization, is
taken up by bovine VSMC (BVSMC) cells in a fluid-phase endocytic pathway that is calcium dependent.
Furthermore, the content of fetuin-A in MV determines their ability to take up 45Ca and mineralize
extracellular collagen (8, 25). The objective of this study is to determine the effect of RhoA signaling in
fetuin-A uptake, calcification, and MV activity in BVSMC.

MATERIALS AND METHODS

Cell culture. BVSMC were isolated from the descending thoracic aorta by the explant method as
previously described (9). The BVSMC were grown in DMEM (Sigma, St. Louis, MO) with 10% FBS until
confluent, at which time they were replated for specific experiments. Only cells between passages 2 and
8 were used in the experiments. To induce calcification, BVSMC were treated with 10 mmol/1 -
glycerophosphate, 10”7 mol/1 insulin, and 50 ug/ml ascorbic acid in the presence of 15% serum (9).
Control or noncalcifying BVSMC were cultured in identical conditions but without the [3-
glycerophosphate. In some experiments, BVSMC were also treated with Rho kinase inhibitor Y-27632
(Calbiochem).

Fluorescent labeling of fetuin and live cell imaging. Fetuin-A uptake was determined using live cell
imaging as previously described (6). Briefly, fetuin-A from fetal calf serum (Sigma) was labeled with
FluoroLink Cy5 monofunctional dye (Amersham Biosciences, Piscataway, NJ). It was separated on a
column of Bio-Gel P-30 Gel (Bio-Rad Laboratories, Hercules, CA). BVSMC were seeded on glass bottom
Microwell dishes (MatTek, Ashland, MA) in 10% FBS DMEM for 72 h. Ten minutes before addition of
Cys-fetuin, the media was replaced with M2 media (150 mM NaCl, 20 mM HEPES, o or 1.3 mM
CaCl,, 5 mM KCl, 1 mM MgCl, 50 mM glucose, at pH 7.4) at 37°C. Labeled fetuin-A was then added,
and MRC-1024 laser-scanning confocal microscopy (Bio-Rad) was used to capture images. To quantify
the uptake of fluorescently labeled fetuin-A, image processing was conducted using Metamorph
software (Universal Imaging, West Chester, PA). Six images with four to six cells per image were
quantified to allow for a representative assessment of the uptake. The actin cytoskeleton was examined
after fixation, permeabilization, blocking, and staining with FITC-labeled phalloidin (Invitrogen,
Carlsbad, CA) as previously described (4).

Knockdown of ROCK expression by small interfering RNA transfection. To further confirm the involvement
of Rho kinase, the expression of ROCK was knocked down using small interfering (si) RNAs. Briefly,
BVSMC were seeded in six-well culture plates until they were 60—70% confluent. Ten micromolar
siRNA specifically targeted to ROCK-1 (Santa Cruz Biotechnology, Santa Cruz, CA) as well as
scrambled siRNA (transfection control) were used to transfect BVSMC using Lipofectamine Plus
reagents (Invitrogen) according to the manufacturer's instructions. The knockdown of ROCK was
confirmed by Western blotting of cell lysate from transfected BVSMC with equal protein loading of all
lanes, confirmed by striping the blot and reprobing with p-actin as a loading control.

Organ culture. Segments of rat thoracic aorta measuring 3 cm were harvested from male Sprague-
Dawley rats and gently cleared of surrounding tissues. Studies were approved by the Indiana University
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Institutional Animal Care and Use Committee. Aortic segments were incubated in DMEM (GIBCO,
Long Island, NY) containing 1x penicillin/streptomycin and without serum at 37°C in a humidified 5%
C0O5-95% air incubator. To induce calcification, 7.5 U/ml of calf intestinal ALP was added to DMEM,
and the phosphate ion concentration was increased to 3.8 mM by addition of sodium phosphate (=
calcification medium) according to the methods of O'Neil and colleagues (19). ROCK inhibitor Y-27632
(10 uM) was preequilibrated in medium and then added to the culture medium. The aorta ring cultures
were also treated with doxycycline (50 pug/ml) to serve as a treatment control, as doxycycline has been
shown to inhibit rat aorta calcification (24). The culture medium was changed every 2—3 days. After 7
days, aortic specimens were rinsed in normal saline, minced, and decalcified in 300 ul of 0.6 N HCI for
72 h with gentle agitation. The calcium content of HC] supernatants was determined colorimetrically as
described below and normalized by tissue weight. Viability of aorta organ cultures was determined by
lactic dehydrogenase secretion into the medium using a CytoTox-One Homogeneous Membrane
Integrity Assay (Promega).

Transient transfection of plasmid vector with Rho-N19 or Rho-L63. To determine the involvement of the
RhoA signaling pathway, BVSMC cells were transfected with plasmids with Rho-N19 or Rho-L63 ¢cDNA
expressed from SV40 promoters (11) using Lipofectamine (Invitrogen) according to the manufacturer's
protocol. Cells were incubated with the transfection mixtures for 5 h, and then this mixture was
replaced with normal growth media. Cells were analyzed at various time points.

MV isolation. MV were isolated by collagenase digestion as previously described (8). Cells were incubated
with crude collagenase (500 U/ml, type IA, Sigma) in a solution of 0.25 M sucrose, 0.12 M NaCl, 0.01
M KCl, and 0.02 M Tris buffer, pH 7.45, at 37°C for 3 h. The digests were centrifuged at 800 and 30,000
g to remove cell debris and microsomes, respectively. The supernatant was centrifuged at 250,000 g to
pellet the MV, followed by resuspension in TBS (pH 7.6) with 0.25 M sucrose. The MV amount was
determined by protein concentration (Bio-Rad).

Calcium deposition. BVSMC were decalcified with 0.6 N HCI for 24 h. The calcium content of HCI
supernatants was determined colorimetrically by the o-cresolphthalein complex one method (calcium
kit; Pointe Scientific) and normalized to protein content as previously described (9)

ALP activity. ALP activity was measured using a p-nitrophenyl substrate supplied in an ALP assay kit
(Pointe Scientific) and normalized by protein content (9).

MV-collagen calcification assay. MV-collagen calcification was determined as we previously described
(8). Briefly, glass coverslips were coated with type I collagen (Sigma) in a 0.01% solution in 0.1 M acetic
acid at room temperature for 4 h, which yields an ~8-10 pug/cm? coating. MV isolated as above were
added in equal concentrations (10 pg/dish) to type I collagen-coated coverslips in the presence of
calcification media (DMEM with 15% FBS and 10 mM f-glycerophosphate) to yield an acellular MV-
collagen culture and incubated at 37°C for 72 h. To determine the magnitude of calcification of this MV-
collagen culture, the media was removed and the MV-ECM complex on the coverslips was incubated in
0.6 N HCl for 24 h. The calcium content of HCI supernatants was determined colorimetrically by the o-
cresolphthalein complex one method (Calcium kit; Pointe Scientific).

Statistical analysis. Statistical analysis was conducted using ANOVA with Fisher's post hoc analysis. The
results are expressed as means + SD, with P < 0.05 considered significant (StatView, SAS Institute,
Cary, NC).

RESULTS

ROCK inhibition induced actin cytoskeleton reorganization and enhanced fetuin-A uptake in BVSMC. To
determine the effect of ROCK on actin cytoskeleton reorganization and fetuin-A uptake, BVSMC were
incubated with o, 5, 10, or 20 uM ROCK inhibitor (Y-27632) for 24 h. Actin cytoskeleton reorganization
was examined by staining with FITC-phalloidin, and fetuin-A uptake examined by confocal microscopy
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with Cys-labeled fetuin-A (100 pg/ml). The results demonstrated that treatment of BVSMC with Y-
27632 caused dramatic cytoskeletal reorganization and reduced stress fibers (Fig. 14, top) as expected.
Furthermore, live cell imaging showed that fetuin-A uptake (Fig. 14, bottom) was dose dependently
increased in the presence of increasing concentration of ROCK inhibitor in BVSMC (Fig. 1B, P < 0.05).
However, inhibition of ROCK with Y-27632 had no effect on the uptake of the fluid-phase endocytosis
marker dextran (Texas red-labeled, 70 kDa, similar molecular weight to fetuin-A) in BVSMC (data not
shown). These results indicate that ROCK is involved in actin cytoskeleton reorganization and fetuin-A
uptake in BVSMC and that the mechanism of action is not by disruption of fluid-phase endoyctosis.

Inhibition of ROCK increased ALP activity and enhanced calcification in BVSMC. To determine the effect of
ROCK on ALP activity and calcification in BVSMC, cells were incubated with control (no -
glycerophosphate) or calcification media (with B-glycerophosphate) in the presence or absence of 10 uM
Y-27632 (ROCK inhibitor) for 7 days, and calcification and ALP activity were determined. The results
demonstrated that BVSMC treated with calcification media had elevated ALP activity compared with
cells treated with controls. However, the inhibition of ROCK significantly increased ALP activity in
calcified BVSMC but had no effect on control BVSMC (374 + 13 vs. 284 + 9.7 U/g protein, P < 0.01,

Fig. 24). Furthermore, ROCK inhibition significantly enhanced the calcification of BVSMC (Fig. 2B).

To further confirm the specificity of ROCK inhibition by Y-27632, the expression of ROCK was knocked
down using ROCK1 siRNAs. As shown in Fig. 34, ROCK1 siRNA significantly reduced ROCK expression
in BVSMC by 70, 60, and 30% at days 2, 3, and 6, respectively. However, control siRNA had no effect.
ROCK inhibition with siRNA also had no effect on annexin IT expression in BVSMC [934 + 26 optical
density units (ODU), nontransfected; 915 + 57 ODU, ROCK siRNA; 888 + 49 ODU, control siRNA, P =
not significant]. Similar to ROCK inhibition with Y-27632, confocal microscopy showed reduced stress
fibers and increased fetuin-A uptake in ROCK siRNA-transfected BVSMC compared with control
siRNA-transfected BVSMC (data not shown). These ROCK siRNA- or control siRNA-transfected
BVSMC were then treated with calcification media, and ALP activity and calcification were determined
at days 3 and 6. The results demonstrated that compared with control siRNA, the knockdown of ROCK
expression by siRNA significantly increased ALP activity at days 3 and 6 (Fig. 3B, P < 0.05) and
calcification at day 6 (Fig. 3C, P < 0.05). These results demonstrated that ROCK maintains the integrity
of the cytoskeleton, and without that, fetuin-A uptake/endocytosis is impaired and calcification is
inhibited.

Ex vivo effect of ROCK inhibition on rat aorta calcification. We next investigated whether the observed in
vitro effect of ROCK inhibition on BVSMC calcification could be reproduced ex vivo using an organ
culture system. The aorta organ cultures have the benefit of including both endothelial and vascular
smooth muscle cells as well as extracellular matrix proteins which contribute to aorta calcification.
Aorta rings were calcified in an organ culture system by addition of calf intestinal ALP and sodium
phosphate to DMEM without serum (calcification media) in the presence or absence of ROCK inhibitor
Y-27632. The results demonstrated that inhibition of ROCK increases calcification in rat aorta ring
cultures whereas doxycycline inhibits aorta calcification (Fig. 4). These results suggest that similar to
the in vitro cell study, ROCK inhibition significantly enhanced the calcification in rat aorta calcification
ex vivo.

Inhibition of ROCK increased ALP activity in MV from calcified BVSMC and increased ability of MV to calcify
collagen.

To determine whether inhibition of ROCK also affects MV ALP activity and its ability to calcify type I
collagen, BVSMC were incubated in DMEM in calcification media (with 10 mM f-glycerophosphate) or
noncalcifying media (no B-glycerophosphate) for 7 days in the presence or absence of ROCK inhibitor
Y-27632 and MV isolated by collagenase digestion from these cell cultures. As we have previously
shown (8), MV isolated from calcified BVMSC had increased ALP activity compared with that from
control BVSMC (Fig. 54). However, blockade of ROCK by Y-27632 during MV synthesis significantly
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increased ALP activity in MV isolated from calcified BVSMC (Fig. 54; calcified = 2,548 + 484 U/g
protein; calcified+Y-27632 = 3,348 + 325 U/g protein, P < 0.01) but had no effect on ALP activity in
MYV from control (noncalcified) BVSMC (control = 607 + 231 U/g protein; control+Y-27632 = 804 +
347 U/g protein).

To determine the role of ROCK in MV calcification in extracellular matrix, BVSMC were incubated in
calcifying or noncalcifying conditions in the presence or absence of Y-27632 for 7 days, and MV were
isolated, placed on type I collagen-coated dishes, and incubated with calcification media (10 mM [~
glycerophosphate) but no cells for 3 days for the MV-collagen calcification assay. The results
demonstrated that MV isolated from BVSMC incubated with Y-27632 increased the ability of the MV to
subsequently calcify collagen (Fig. 5B, *P < 0.01, calcified vs. control; #P < 0.005, Y-27632 vs.no Y -
27632). These results demonstrated that inhibition of ROCK increased MV ALP activity and enhanced
the ability of MV to mineralize. These data demonstrated that ROCK is an important negative regulator
of MV activity and calcification in BVSMC.

RhoA activation leads to increased actin stress fibers, reduced fetuin-A uptake, and decreased calcification
in BVSMC.

RhoA is an upstream regulator of ROCK; therefore, to determine whether activation of RhoA results in
the opposite effect of inhibition of ROCK, transient transfection was performed with plasmids encoding
dominant active Rho GTPase mutant (Rho-L63) and dominant negative Rho GTPase mutant (Rho-
N19) proteins. Both of these constructs contain a Myc epitope tag engineered at the amino terminus
that allowed detection of the exogenous proteins and identification of transfected cells using a
monoclonal antibody against c-myc. As shown in Fig. 64, 48 h after transfection, both Rho-N19- and
Rho-L63-transfected BVSMC expressed myc-tagged mutant RhoA, whereas there was no detectable
mutant RhoA expression in nontransfected BVSMC. Confocal microscopy demonstrated that there were
increased stress fibers and decreased fetuin-A uptake in dominant active Rho GTPase mutant (Rho-
L63)-transfected BVSMC (data not shown). However, similar to inhibition of ROCK, dominant negative
Rho GTPase mutant (Rho-N19)-transfected BVSMC had reduced stress fibers but increased fetuin-A
uptake (data not shown). To further assess the role of RhoA activation in BVSMC calcification, Rho-
L63- and Rho-N19-transfected BVSMC were incubated with calcification media for 6 days and
calcification was determined. The results demonstrated that compared with Rho-N19, Rho-L63-
transfected BVSMC decreased calcification (Fig. 6B). These data are consistent with our results with
ROCK inhibition and ROCK siRNA.

DISCUSSION

In the present study, we have demonstrated that inhibition of ROCK with Y-27632 or ROCK siRNA
altered actin cytoskeletal arrangement with reduced actin stress fibers and increased fetuin-A uptake in
BVSMC. Inhibition of ROCK also significantly increased BVSMC ALP activity and calcification, and MV
ALP activity and ability to subsequently calcify on collagen. Furthermore, ex vivo studies demonstrated
that inhibition of ROCK enhanced rat aorta calcification in organ culture system. We further
substantiated our findings by activating RhoA, an upstream regulator of ROCK, finding opposite effects
of ROCK inhibition on ALP activity and calcification. Thus inhibition of RhoA or its downstream
effector, ROCK, led to similar results, demonstrating the RhoA/ROCK signaling pathway as an
important negative regulator of vascular calcification.

The Rho/ROCK pathway plays an important role in various cellular functions that are involved in the
pathogenesis of cardiovascular disease (29). Accumulating evidence has indicated that the Rho-kinase-
mediated pathway is involved in the pathogenesis of atherosclerosis (26). Inhibition of ROCK has been
shown to reduce plaque inflammation, increase endothelial eNOS activity, and exert cardiovascular
protection in human endothelial cells and mouse animal models (35). On the other hand, activation of
ROCK is associated with macrophage accumulation, collagen deposition, and transforming growth
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factor (TGF)-[1 expression in the intima of porcine coronary arteries (21) and is involved in increased
endothelial permeability, therefore enhancing atherosclerosis (33). Thus the final effect on
atherosclerosis is a balance of these effects. In addition, the RhoA/ROCK signaling pathway is regulated
by inflammatory cytokines, multiple hormones, bisphosphonates, and statins (26), all factors that have
been associated with both atherosclerosis and arterial calcification in humans or rodent models. These
data and the results of our current study support that the RhoA/ROCK pathway may be a common
signaling pathway for both atherosclerosis and nonatherosclerotic arterial calcification. The mechanism
by which inhibition of RhoA/ROCK signaling may increase calcification is likely multifactorial and
includes effects on apoptosis, metalloproteinase production, phenotypic alterations, and endocytosis (3,
26).

We have previously demonstrated that fetuin-A is endocytosed in BVSMC in a calcium-dependent
manner (6). Endocytosis requires remodeling of the cytoskeleton (13), and the present study confirmed
that RhoA/ROCK inhibition resulted in an alteration of the actin cytoskeleton, leading to in increased
fetuin-A uptake in BVSMC. Fetuin-A (a-2-Heremens-Schmidt glycoprotein) is a circulating reverse
acute-phase protein made predominately in the liver, but found in the circulation and in bone (15, 16,
32). Fetuin-A knockout animals have diffuse extraosseous calcification (27), indicating that fetuin-A is a
naturally occurring inhibitor of unwanted mineralization. In vitro, fetuin-A inhibits calcification of both
VSMC and osteoblasts (23, 25, 28) and when present in secreted matrix vesicles, renders them incapable
of 45Ca uptake (25). Our previous studies have shown that cell-derived MV must have low fetuin-A and
increased annexin content to calcify on an extracellular matrix of type I collagen (8). We have also
previously demonstrated that inhibition of the annexin calcium channel by K201 (8), or verapamil (but
not nifedipine) (5), significantly decreased fetuin-A uptake, reduced calcification in BVSMC, and
decreased MV activity and the ability to subsequently calcify. These studies have led to our working
hypothesis that the regulation of MV content is at the cell membrane: if fetuin-A stays at the membrane
and is not endocytosed, it becomes incorporated into MV that cannot induce calcification and are
released from the cells. In contrast, if the fetuin-A is endocytosed into the cell, then the MV derived from
the membrane would have low fetuin-A content and are procalcifying. Stimuli that decrease
endocytosis of fetuin-A, such as blockade of calcium channel activity by K201 (8) or verapamil (5), or
alteration of the actin cytoskeleton by RhoA/ROCK activation, decrease calcification in VSMC. We have
additionally found that inhibition of ROCK did not affect annexin II expression. Thus, although the
exact mechanism is not known, RhoA/ROCK is involved in regulating fetuin-A uptake and calcification
in BVSMC. The mechanism appears specific for fetuin-A and not a general effect on fluid-phase
endocytosis.

Interestingly, a recent study demonstrated that RhoA/ROCK is also an important negative regulator of
osteoblast differentiation and bone formation (12). Activation of RhoA by PMT caused dramatic
cytoskeletal rearrangements, with highly organized actin stress fibers and inhibited osteoblast
differentiation and mineralization (12). However, inhibition of ROCK by Y-27632 stimulated the
expression of ALP and osteocalcin in osteoblasts and enhanced bone nodule calcification (12). Our
current studies and these data indicate that vascular calcification is a regulated process similar to bone
mineralization, and the RhoA/ROCK signaling pathway is as an important negative regulator of
mineralization.

The present study is also interesting in view of the observed stimulation of bone formation by statins
(36). Statins inhibit geranylgeranylpyrophosphate, which prenylates RhoA. Thus statins inhibit RhoA
and might be expected to increase calcification based on our results (30). Supporting this, a study in
osteoblasts demonstrated that statins stimulate alkaline phosphates and bone formation through
increased production of BMP, factors known to induce calcification (31). In contrast, statins decreased
atherosclerotic (intimal) calcification in the ApoE null mouse given chronic kidney disease (14).
However, we have previously found no effect of statins on vascular calcification in our BVSMC model,
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and no effect of RhoA/ROCK inhibition on BMP-2 secretion or expression (data not shown). Our results
differ somewhat from a study by Kizu et al. (17) showing that statins inhibit in vitro calcification of
human vascular smooth muscle cells induced by inflammatory mediators. However, in their study, they
utilized human neonatal VSMC which expressed low ALP and did not calcify even in the presence of -
glycerophosphate, whereas BVSMC used in our current study are differentiated VSMC that express high
levels of ALP and calcify extracellular matrix in the presence of B-glycerophosphate (34). Thus the role
of statins in calcification, and perhaps RhoA/ROCK, may be variable, depending on the differentiation
of the cells and the calcification induction model.

In conclusion, we have demonstrated that RhoA/ROCK may be a common signaling pathway by
which multiple calcification stimulators induce vascular calcification by regulating the cytoskeleton,
endocytosis of fetuin-A, and subsequent MV activity, providing potential therapeutic targets for vascular
calcification.

GRANTS

This work was supported by a Ko1 grant from the National Institute of Diabetes and Digestive and
Kidney Diseases (N. X. Chen) and a Veterans Affairs Merit Award (S. M. Moe).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

ACKNOWLEDGMENTS

The authors thank Michelle Murray for excellent secretarial assistance.

REFERENCES

1. Arad Y, Goodman KJ, Roth M, Newstein D, Guerci AD. Coronary calcification, coronary disease risk
factors, C-reactive protein, and atherosclerotic cardiovascular disease events: the St. Francis Heart
Study. J Am Coll Cardiol 46: 158—165, 2005. [PubMed: 15992651]

2. Block GA, Raggi P, Bellasi A, Kooienga L, Spiegel DM. Mortality effect of coronary calcification and
phosphate binder choice in incident hemodialysis patients. Kidney Int 71: 438—441, 2007.
[PubMed: 17200680]

3. Chapados R, Abe K, Thida-Stansbury K, McKean D, Gates AT, Kern M, Merklinger S, Elliott J, Plant
A, Shimokawa H, Jones PL. ROCK controls matrix synthesis in vascular smooth muscle cells: coupling
vasoconstriction to vascular remodeling. Circ Res 99: 837—844, 2006. [PubMed: 16990566]

4. Chen NX, Geist DJ, Genetos DC, Pavalko FM, Duncan RL. Fluid shear-induced NFkappaB
translocation in osteoblasts is mediated by intracellular calcium release. Bone 33: 399—410, 2003.
[PubMed: 13678782]

5. Chen NX, Kircelli F, O'Neill KD, Chen X, Moe SM. Verapamil inhibits calcification and matrix vesicle
activity of bovine vascular smooth muscle cells. Kidney Int 77: 436—442, 2010. [PubMed: 20016465]

6. Chen NX, O'Neill KD, Chen X, Duan D, Wang E, Sturek MS, Edwards JM, Moe SM. Fetuin-A uptake
in bovine vascular smooth muscle cells is calcium dependent and mediated by annexins. Am J Physiol
Renal Physiol 292: F599—F606, 2007. [PubMed: 16968889]

8. Chen NX, O'Neill KD, Chen X, Moe SM. Annexin-mediated matrix vesicle calcification in vascular
smooth muscle cells. J Bone Miner Res 23: 1798-1805, 2008. [PMCID: PMC2685487]
[PubMed: 18597635]

9. Chen NX, O'Neill KD, Duan D, Moe SM. Phosphorus and uremic serum up-regulate osteopontin

http://mww.ncbi.nim.nih.govipmc/articles/PMC 2944289/ ?report=printable

7115



3/26/2014 RhoA/Rho kinase (ROCK) alters fetuin-A uptake and regulates calcification in bovine vascular smooth muscle cells (BVSMC)
expression in vascular smooth muscle cells. Kidney Int 62: 1724—1731, 2002. [PubMed: 12371973]

10. Fujisawa K, Fujita A, Ishizaki T, Saito Y, Narumiya S. Identification of the Rho-binding domain of
p160ROCK, a Rho-associated coiled-coil containing protein kinase. J Biol Chem 271: 23022—23028,
1996. [PubMed: 8798490]

11. Gopalakrishnan S, Raman N, Atkinson SJ, Marrs JA. Rho GTPase signaling regulates tight junction
assembly and protects tight junctions during ATP depletion. Am J Physiol Cell Physiol 275: C798—C809,
1998.

12. Harmey D, Stenbeck G, Nobes CD, Lax AJ, Grigoriadis AE. Regulation of osteoblast differentiation
by Pasteurella multocida toxin (PMT): a role for Rho GTPase in bone formation. J Bone Miner Res 19:
661—670, 2004. [PubMed: 15005854]

13. Hayes MJ, Rescher U, Gerke V, Moss SE. Annexin-actin interactions. Traffic 5: 571—576, 2004.
[PubMed: 15260827]

14. Ivanovski O, Szumilak D, Nguyen-Khoa T, Nikolov IG, Joki N, Mothu N, Maizel J, Westenfeld R,
Ketteler M, Lacour B, Drueke TB, Massy ZA. Effect of simvastatin in apolipoprotein E deficient mice
with surgically induced chronic renal failure. J Urol 179: 1631—1636, 2008. [PubMed: 18295249]

15. Jahnen-Dechent W, Schafer C, Heiss A, Grotzinger J. Systemic inhibition of spontaneous
calcification by the serum protein alpha 2-HS glycoprotein/fetuin. Z Kardiol 9o, Suppl 3: 47—56, 2001.
[PubMed: 11374033]

16. Jahnen-Dechent W, Trindl A, Godovac-Zimmermann J, Muller-Esterl W. Posttranslational
processing of human alpha 2-HS glycoprotein (human fetuin). Evidence for the production of a
phosphorylated single-chain form by hepatoma cells. Eur J Biochem 226: 50—69, 1994.
[PubMed: 7525288]

17. Kizu A, Shioi A, Jono S, Koyama H, Okuno Y, Nishizawa Y. Statins inhibit in vitro calcification of
human vascular smooth muscle cells induced by inflammatory mediators. J Cell Biochem 93: 1011—
1019, 2004. [PubMed: 15389884]

18. Lehto S, Niskanen L, Suhonen M, Ronnemaa T, Laakso M. Medial artery calcification. A neglected
harbinger of cardiovascular complications in non-insulin-dependent diabetes mellitus. Arterioscler
Thromb Vasc Biol 16: 978—983, 1996. [PubMed: 8696962]

19. Lomashvili KA, Cobbs S, Hennigar RA, Hardcastle KI, O'Neill WC. Phosphate-induced vascular
calcification: role of pyrophosphate and osteopontin. J Am Soc Nephrol 15: 1392—1401, 2004.
[PubMed: 15153550]

20. London GM, Guerin AP, Marchais SJ, Metivier F, Pannier B, Adda H. Arterial media calcification in
end-stage renal disease: impact on all-cause and cardiovascular mortality. Nephrol Dial Transplant 18:
1731—1740, 2003. [PubMed: 12937218]

21. Matsumoto Y, Uwatoku T, Oi K, Abe K, Hattori T, Morishige K, Eto Y, Fukumoto Y, Nakamura K,
Shibata Y, Matsuda T, Takeshita A, Shimokawa H. Long-term inhibition of Rho-kinase suppresses
neointimal formation after stent implantation in porcine coronary arteries: involvement of multiple
mechanisms. Arterioscler Thromb Vasc Biol 24: 181—-186, 2004. [PubMed: 14592842]

22. Moe SM, Chen NX. Mechanisms of vascular calcification in chronic kidney disease. J Am Soc
Nephrol 19: 213—216, 2008. [PubMed: 18094365]

23. Moe SM, Reslerova M, Ketteler M, O'Neill K, Duan D, Koczman J, Westenfeld R, Jahnen-Dechent
W, Chen NX. Role of calcification inhibitors in the pathogenesis of vascular calcification in chronic
kidney disease (CKD). Kidney Int 67: 2295—2304, 2005. [PubMed: 15882271]

http://mww.ncbi.nim.nih.govipmc/articles/PMC 2944289/ ?report=printable 8/15



3/26/2014

RhoA/Rho kinase (ROCK) alters fetuin-A uptake and regulates calcification in bovine vascular smooth muscle cells (BVSMC)

24. Qin X, Corriere MA, Matrisian LM, Guzman RJ. Matrix metalloproteinase inhibition attenuates
aortic calcification. Arterioscler Thromb Vasc Biol 26: 1510—1516, 2006. [PubMed: 16690876]

25. Reynolds JL, Skepper JN, McNair R, Kasama T, Gupta K, Weissberg PL, Jahnen-Dechent W,
Shanahan CM. Multifunctional roles for serum protein fetuin-a in inhibition of human vascular smooth
muscle cell calcification. J Am Soc Nephrol 16: 2920—2930, 2005. [PubMed: 16093453]

26. Rolfe BE, Worth NF, World CJ, Campbell JH, Campbell GR. Rho and vascular disease.
Atherosclerosis 183: 1—-16, 2005. [PubMed: 15982657]

27. Schafer C, Heiss A, Schwarz A, Westenfeld R, Ketteler M, Floege J, Muller-Esterl W, Schinke T,
Jahnen-Dechent W. The serum protein alpha 2-Heremans-Schmid glycoprotein/fetuin-A is a
systemically acting inhibitor of ectopic calcification. J Clin Invest 112: 357—366, 2003.

[PMCID: PMC166290] [PubMed: 12897203]

28. Schinke T, Amendt C, Trindl A, Poschke O, Muller-Esterl W, Jahnen-Dechent W. The serum protein
alpha2-HS glycoprotein/fetuin inhibits apatite formation in vitro and in mineralizing calvaria cells. A
possible role in mineralization and calcium homeostasis. J Biol Chem 271: 20789—20796, 1996.
[PubMed: 8702833]

29. Shimokawa H. Rho-kinase as a novel therapeutic target in treatment of cardiovascular diseases. J
Cardiovasc Pharmacol 39: 319—327, 2002. [PubMed: 11862109]

30. Stark WW, Jr, Blaskovich MA, Johnson BA, Qian Y, Vasudevan A, Pitt B, Hamilton AD, Sebti SM,
Davies P. Inhibiting geranylgeranylation blocks growth and promotes apoptosis in pulmonary vascular
smooth muscle cells. Am J Physiol Lung Cell Mol Physiol 275: L55-L63, 1998.

31. Sugiyama M, Kodama T, Konishi K, Abe K, Asami S, Oikawa S. Compactin and simvastatin, but not
pravastatin, induce bone morphogenetic protein-2 in human osteosarcoma cells. Biochem Biophys Res
Commun 271: 688—692, 2000. [PubMed: 10814523]

32. Terkelsen OB, Jahnen-Dechent W, Nielsen H, Moos T, Fink E, Nawratil P, Muller-Esterl W,
Mollgard K. Rat fetuin: distribution of protein and mRNA in embryonic and neonatal rat tissues. Anat
Embryol (Berl) 197: 125—133, 1998. [PubMed: 9497155]

33. van Nieuw Amerongen GP, Vermeer MA, van Hinsbergh VW. Role of RhoA and Rho kinase in
lysophosphatidic acid-induced endothelial barrier dysfunction. Arterioscler Thromb Vasc Biol 20: E127—
E133, 2000. [PubMed: 11116077]

34. Wada T, McKee MD, Steitz A, Giachelli CM. Calcification of vascular smooth muscle cell cultures:
inhibition by osteopontin. Circ Res 84: 166—178, 1999. [PubMed: 9933248]

35. Wolfrum S, Dendorfer A, Rikitake Y, Stalker TJ, Gong Y, Scalia R, Dominiak P, Liao JK. Inhibition
of Rho-kinase leads to rapid activation of phosphatidylinositol 3-kinase/protein kinase Akt and
cardiovascular protection. Arterioscler Thromb Vasc Biol 24: 1842-1847, 2004.

[PMCID: PMC2649731] [PubMed: 15319269]

36. Yaturu S. Skeletal effects of statins. Endocr Pract 9: 315—320, 2003. [PubMed: 14561578]

Figures and Tables

Fig. 1.

http://mww.ncbi.nim.nih.govipmc/articles/PMC 2944289/ ?report=printable

9/15



3/26/2014 RhoA/Rho kinase (ROCK) alters fetuin-A uptake and regulates calcification in bovine vascular smooth muscle cells (BVSMC)

A
F-actin
Fetuin
uptake
10
Y-27632 (uM)
B
= 30000 - =
£ 25000 - "
o . |
lg 20000
£ 15000
%‘ 10000 -
E 5000 -
E
1]
1] 5 10 20
Y-27632 (M)

Effect of RhoA/Rho kinase (ROCK) inhibitor (Y-27632) on actin cytoskeleton reorganization and fetuin-A
uptake in bovine vascular smooth muscle cells (BVSMC). BVSMC were incubated with o, 5, 10, or 20 uM ROCK
inhibitor (Y-27632) for 24 h. Actin cytoskeleton reorganization was examined by staining with FITC-phalloidin
(A, top), and fetuin-A uptake was examined by confocal microscopy with Cy5-labeled fetuin-A (100 pg/ml; A,
bottom). The magnitude of fetuin-A uptake was quantified by MetaMorph software (intensity/cell; B). The
results demonstrated ROCK inhibitor altered actin cytoskeleton with reduced stress fibers and dose
dependently increased fetuin-A uptake in BVSMC. Values are means + SD from 3 experiments (n = 9 individual
samples ). *P < 0.05, different from untreated control (no Y-27632). #P < 0.05, different from 5 pM Y-27632.

Fig. 2.
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Effect of ROCK inhibitor (Y-27632) on alkaline phosphatase (ALP) activity and calcification in BVSMC. BVSMC
were treated with control (no B-glycerophosphate) or calcification media (with 10 mM B-glycerophosphate =
calcified) in the presence or absence of 10 uM Y-27632 for 7 days, and ALP activity and calcification were
determined. The results demonstrated ROCK inhibition increased ALP activity (A) and calcification (B) in
calcified BVSMC but had no effect on control BVSMC. Values are means + SD from 4 separate experiments (final
n =12 individual samples). *P < 0.01, calcified vs. control, no Y-27632 or Y-27632. #P < 0.01, Y-27632 vs. no
Y-27632, calcified or control.
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Knockdown of ROCK expression by ROCK small interference (si) RNA transfection significantly increased
alkaline phosphate activity and calcification in BVSMC. To further confirm the involvement of ROCK, the
expression of ROCK were knocked down using 10 uM siRNA specifically targeted to ROCK-1 as well as scrambled
siRNA (transfection control). The nontransfected BVSMC (NT) were also used as ROCK expression controls. The
knockdown of ROCK was confirmed by Western blotting for cell lysate from transfected BVSMC (A). The results
demonstrated that ROCK siRNA dose dependently decreased ROCK expression, whereas control siRNA had no
effect on ROCK expression. These ROCK siRNA- or control siRNA-transfected BVSMC were then treated with
calcification media, and ALP activity and calcification were determined at days 3 and 6. The results
demonstrated that compared with control siRNA, knockdown ROCK expression by ROCK siRNA significantly
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increased ALP activity at days 3 and 6 (B) and calcification at day 6 (C). Values are means + SD from 3 separate
experiments (n = 9 individual samples). *P < 0.05, ROCK siRNA vs. control or control siRNA. #P < 0.05, day 6
vs. day 3, control or Rock siRNA.

Fig. 4.
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Effect of ROCK inhibition on ex vivo rat aorta calcification. Rat aortic rings were incubated immediately after
harvest in DMEM with 7.5 U/ml of calfintestinal ALP and 3.8 mM sodium phosphate (calcification medium) in
the presence of ROCK inhibitor Y-27632 (10 uM) or doxycycline (50 pg/ml) for 7 days. The calcium content
were determined by HCl extraction and normalized by tissue weight. The results demonstrated that ROCK
inhibition increased rat aortic calcification whereas doxycycline inhibited aorta calcification. Values are means
+ SD (n = 3 from a total of 3 rats). *P < 0.01 vs. control. #P < 0.01, doxycycline vs. Y-27632.

Fig. 5.
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Effect of ROCK inhibition on matrix vesicle (MV) activity. BVSMC were incubated in control (no -
glycerophosphate) or calcification media (with 10 mM B-glycerophosphate, calcified) for 7 days in the presence
or absence of 10 uM Y-27632, and MV were isolated by collagenase digestion. MV ALP activity was determined
(A). These MV were then added to type I collagen-coated coverslips in the presence of calcification media (with
10 mM B-glycerophosphate) but no cells, and incubated for 3 days. The calcium content was determined by HCl
extraction (B). These results demonstrated that inhibition of Rho kinase decreased MV ALP activity and
inhibited the ability of MV to mineralize. Values are means + SD from 4 separate experiments (n = 12 individual
samples). *P < 0.02, calcified vs. control, no Y-27632 or Y-27632. #P < 0.05, Y-27632 vs. Y-27632, calcified
or control.

Fig. 6.
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Effect of RhoA activation on calcification in BVSMC. BVSMC were transfected with Myc-tagged plasmids
encoding dominant active Rho GTPase mutant (Rho-L63) or dominant negative Rho GTPase mutant (Rho-N19)
proteins. The expression of myc-tagged mutant RhoA in transfected BVSMC was confirmed by Western blotting.
The blot was stripped and reprobed with (-actin as a loading control (A). Rho-L63- and Rho-N19-transfected
BVSMC were incubated with calcification media for 6 days, and calcification was determined. The results
demonstrated that compared with Rho-N19, Rho-L63-transfected BVSMC decreased calcification (B). Values
are means + SD from 3 separate experiments (n = 9 individual samples). *P < 0.01, Rho-L63 vs. Rho-N19.
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