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Substantial evidence indicates that endothelial dysfunction
plays a critical role in atherogenesis. We previously demon-
strated that apolipoprotein(a) (apo(a); the distinguishing pro-
tein component of the atherothrombotic risk factor lipopro-
tein(a)) elicits rearrangement of the actin cytoskeleton in
human umbilical vein endothelial cells, characterized by
increasedmyosin light chain (MLC) phosphorylation via a Rho/
Rho kinase-dependent signaling pathway. Apo(a) contains krin-
gle (K)IV and KV domains similar to those in plasminogen:
apo(a) contains 10 types of plasminogen KIV-like sequences,
followed by sequences homologous to the plasminogen KV and
protease domains. Several of the apo(a) kringles contain lysine-
binding sites (LBS) that have been proposed to contribute to the
pathogenicity of Lp(a). Here we demonstrate that apo(a)-in-
duced endothelial barrier dysfunction is mediated via a Rho/
Rho kinase-dependent signaling pathway that results in
increased MYPT1 phosphorylation and hence decreased MLC
phosphatase activity, thus leading to an increase in MLC phos-
phorylation, stress fiber formation, cell contraction, and perme-
ability. In addition, studies using recombinant apo(a) variants
indicated that these effects of apo(a) are dependent on
sequences within the C-terminal half of the apo(a) molecule,
specifically, the strong LBS in KIV10. In parallel experiments,
the apo(a)-induced effects were completely abolished by treat-
ment of the cells with the lysine analogue �-aminocaproic acid
and the Rho kinase inhibitor Y27632. Taken together, our find-
ings indicate that the strong LBS in apo(a) KIV10 mediates all of
our observed effects of apo(a) onhumanumbilical vein endothe-
lial cell barrier dysfunction. Studies are ongoing to further dis-
sect the molecular basis of these findings.

Studies have shown that elevated concentrations of plasma
lipoprotein(a) (Lp(a))2 (�30mg/dl or�100 nM) are a risk factor

for a variety of vascular diseases, including coronary heart dis-
ease, ischemic stroke, and venous thrombosis (1, 2). Lp(a) is
identical to low density lipoprotein (LDL) in both lipid compo-
sition as well as the presence of apolipoproteinB-100. However,
Lp(a) is clearly distinguishable from LDL by the presence of the
unique glycoprotein apolipoprotein(a) (apo(a)) that is disul-
fide-linked to apolipoproteinB-100 in LDL by a single disulfide
bond (3). Apo(a) bears a striking homology with plasminogen
and contains multiple repeats of a sequence that resembles
plasminogen kringle IV as well as sequences homologous to the
kringle V and protease regions of plasminogen (4). The prote-
ase domain in apo(a) cannot be activated by activators of plas-
minogen; therefore, it cannot develop protease activity and
hence lacks fibrinolytic activity (5). The kingle IV-like domain
in apo(a) is classified into 10 types (KIV1–10); theKIV2 sequence
is present in a variable number of identically repeated copies
(from 3 to �40) giving rise to Lp(a) isoform size heterogeneity
(6, 7). Kringle IV types 5–8 (KIV5–8) possess “weak” lysine-
binding sites (LBS) (8) that mediate the non-covalent interac-
tions between apo(a) and apolipoproteinB-100, which precede
disulfide bond formation to form Lp(a). Another weak lysine-
binding site is evident in kringle V (KV), and, as yet, its function
is not known. Apo(a) also contains a “strong” LBS within krin-
gle IV type 10 (KIV10), which is thought to mediate binding of
apo(a) and Lp(a) to other physiological ligands such as fibrin
and extracellularmatrix proteins (9, 10). Althoughmanypoten-
tial mechanisms by which Lp(a) might promote atherogenesis
have been proposed (1, 2), the relevant mechanism(s) have yet
to be definitively established. This uncertainty is likely a func-
tion of the complex, modular structure of apo(a).
The vascular endothelium forms a selective permeable bar-

rier between the blood and the interstitial space of all organs
and participates in the regulation of macromolecule transport
and blood cell trafficking through the vessel wall. Failure of
endothelial barrier function can occur when endothelial cells
are exposed to inflammatory mediators, a key event in the ini-
tial stages of atherosclerosis. Loss of barrier function results
from the opening of gaps between adjacent cells as a conse-
quence of both a loss of cell adhesion and activation of the
endothelial contractilemachinery (11). Generation of contract-
ile forces by endothelial cells (ECs) can cause adjacent cells to
retract from each other (12, 13). The importance of this actin-
myosin-based contractile apparatus for dynamic adaptation of
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endothelial barrier function under physiological conditions as
well as for the development of barrier failure has been well
established (13–15). Various physiological agents such as
tumor necrosis factor-� (TNF�), thrombin, oxidized LDL, and
Lp(a) have been demonstrated to elicit some manifestations of
endothelial barrier dysfunction (16–19). These agents alter the
endothelial permeability by stimulating cell contraction
through reorganization of the cytoskeleton to increase the size
of intercellular gaps and facilitate the entry of inflammatory
cells and atherogenic lipoproteins.
A key event in the regulation of endothelial barrier func-

tion is actomyosin-driven contraction. EC contraction is ini-
tiated by Thr-18/Ser-19 phosphorylation of the 20-kDa reg-
ulatory myosin light chain (MLC), which is tightly associated
with F-actin filament reorganization (13, 20). Inflammatory
agonists such as thrombin and histamine produce rapid
increases in MLC phosphorylation, stress fiber formation,
and increased endothelial permeability via Rho/Rho kinase-
dependent mechanisms (21). Rho-kinase (RhoK) has been
proposed to mediate the inhibition of MLC phosphatase
(MLCP) via direct phosphorylation of its regulatory subunit
(MYPT1) at Thr-696, leading to a net enhancement of MLC
phosphorylation in response to various agonists (22, 23). The
permeability-augmenting activity of Rho in response to
thrombin appears to be mainly mediated by RhoK through
its ability to phosphorylate MYPT1, the regulatory subunit
of MLCP, thus inactivating this phosphatase (24).
We previously have demonstrated that native Lp(a), through

its apo(a) component, elicits rearrangement of the actin
cytoskeleton in human umbilical vein endothelial cells
(HUVECs) and human coronary artery endothelial cells, char-
acterized by increased central stress fiber formation, dispersion
of vascular endothelial (VE)-cadherin, and increased cell per-
meability (19), whereas treatment with LDL or plasminogen
had no effect. These effects were mediated by increased MLC
phosphorylation via a Rho/RhoK-dependent signaling path-
way; however, the exact mechanisms involved in apo(a)-in-
duced increases in endothelial cell contraction and perme-
ability is not known. In the present study, we first tested the
hypothesis that apo(a)-induced stress fiber formation and
increased permeability is regulated by Rho/RhoK-driven
phosphorylation of MLCP at Thr-696. Next, we utilized a
battery of recombinant apo(a) (r-apo(a)) variants in which
individual domains were mutated or systematically deleted
to define the sequences in apo(a) that mediate endothelial
barrier dysfunction. We demonstrate a key functional role
for the strong LBS in KIV10 of apo(a) in mediating a Rho/
RhoK/MYPT1 signaling transduction pathway to enhance
MLC phosphorylation via inactivation of MLCP, which
thereby increases EC contraction and permeability. Taken
together, these results suggest a novel mechanism by which
the apo(a) component of Lp(a) can promote endothelial bar-
rier dysfunction during atherogenesis.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Apo(a)—All of
the recombinant apo(a) variants used, with the exception of
apo(a) KIV1–4, were cloned and stably expressed in human

embryonic kidney (HEK) 293 cells as previously described (25,
26). An expression plasmid encoding the KIV1–4 r-apo(a) vari-
ant was generated using the parental 17K r-apo(a) expression
plasmid pRK5ha17 (26). Apo(a) KIV1–4 is purified as previously
described with some modifications (27). First, conditioned
media containing the recombinant protein was passed over a
5-ml ConA-Sepharose (Amersham Biosciences) micro-col-
umn instead of a 20-ml lectin-Sepharose column. The col-
umn was washed with HBS containing 0.5 M NaCl, and
bound proteins were eluted by the addition of two elution
buffers (HBS containing 0.25 M and 0.5 M methyl-�-D-gluco-
pyranoside (Sigma-Aldrich)). Second, the heparin-agarose
step was deleted, and the purified KIV1–4 was concentrated
using centrifugal concentrators (Millipore, 30-kDa NMWL
membrane). A schematic diagram of the r-apo(a) variants
employed is presented in Fig. 1, along with a silver-stained
SDS-PAGE gel demonstrating that all of the variants are of
the expected molecular weight.
Double Immunofluorescence—For double immunofluores-

cence studies, cells were seeded on gelatin-precoated (1 h, 0.1%
gelatin (Fisher Scientific) at 37 °C) glass coverslips at a density
of 25,000 cells/well in 24-well tissue culture dishes and grown to
near confluence. Before treatment with apo(a) variants, cells
werewashed three timeswith sterile PBS and serum-starved for
15 min at 37 °C in EBM-2 (Clonetics). This solution was then
replaced with fresh EBM-2 containing 200 nM apo(a) variants,
and the cells were incubated at 37 °C for 20 min. At this time,
the cells were prepared for double immunofluorescence as fol-
lows. Cells were fixed with 3.7% paraformaldehyde solution in
PBS for 5 min, washed once with PBS, and permeabilized with
1.4% formaldehyde containing 0.1%Nonidet P-40 in PBS for 1.5
min, and then washed with PBS for three times. For F-actin
staining, cells were incubated with tetramethylrhodamine
isothiocyanate (TRITC)-phalloidin (Sigma-Aldrich) diluted
1:100 in saponin buffer (0.1% saponin, 20 mM KPO4, 10 mM
PIPES, 5 mM EGTA, 2 mM MgCl2, pH 6.8). For simultaneous
staining of F-actin and VE-cadherin, cells were incubated
with anti-VE-cadherin monoclonal antibody (Research Diag-
nostics) diluted 1:350 in saponin buffer for 1 h at room temper-
ature. Following three washes with PBS, cells were incubated
for 1 h with 1:500-diluted goat anti-mouse Alexa488-conju-
gated antibody (Molecular Probes) and TRITC-phalloidin in
saponin buffer in the dark. Following three washes with PBS,
coverslips were mounted to slides using an anti-fade mounting
solution (Dako) and examined using a Zeiss Axiovert S100
inverted fluorescence microscope equipped with a 40� oil
immersion lens. Images were captured using a high sensitivity
Cooke SensiCam and SlideBook software (Intelligent Imaging
Innovations Inc.).
Transendothelial Permeability Assay—Cells were seeded

(300 �l) at a final concentration of 25,000 cells/ml onto Tran-
swell inserts (0.4-�mpore size, BDBiosciences) precoatedwith
7 �g/ml fibronectin (1 h, 37 °C) and placed into 24-well Tran-
swell companion plates (BD Biosciences) containing 700 �l of
the complete medium (EGM-2, Clonetics). Cells were grown
for 3–4 days with one change of medium before the experi-
ment. The level of confluence of the cells was checked before
the treatment by fixation and Coomassie Blue staining of the
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cells in one of the Transwell inserts. When the cells were
near confluence, medium in the top well was replaced with
EGM-2 containing 1mg/ml fluorescein isothiocyanate-dextran
(molecular weight, 40,000) in a final volume of 100 �l; some
wells also received 400 nM apo(a) variants or 1 �g/ml TNF� (as
a positive control). The medium in the bottom well was
replaced with 600 �l of fresh EGM-2. At specific time points,
50 �l of medium from the bottom well was removed and
replaced with 50 �l of fresh EGM-2. The removed sample
was diluted with 950 �l of PBS, and fluorescence intensity
was measured with a fluorometer (PerkinElmer Life Sciences
LS-50B) using an excitation wavelength of 492 nm and emis-
sion wavelength of 520 nm.
MLC Phosphorylation—MLC phosphorylation was analyzed

by SDS-PAGE followed by Western blotting. HUVECs were
grown to near confluence in 6-well tissue culture plates and
treated with 400 nM apo(a) variants for different times. The
incubations were terminated by addition of 1.5 ml of ice-cold
10% trichloroacetic acid. Cells were scraped into microcentri-
fuge tubes and centrifuged for 20 min at 14,000 � g. Superna-
tants were discarded, and pellets were washed three times (20
min at 14,000 � g) with water to remove residual trichloroace-
tic acid. Resulting pellets were resuspended in 1% SDS and then
sonicated overnight at 4 °C. Samples were subjected to SDS-
PAGE on a 15% polyacrylamide gel, and resolved proteins were
transferred to Immobilon P membranes (Millipore) in transfer
buffer (25 mM Tris, 192 mM glycine, 10% methanol). Mem-
braneswere blockedwith 6% skimmilk powder in 1�NET (150
mM NaCl, 5 mM EDTA, 50 mM Tris, 0.05% Triton X-100, pH
7.4) overnight at room temperature, washed once in 1� NET,
and probed for either phosphorylated MLC with 1:750-diluted
anti-phospho-MLC antibody (Thr-18/Ser-19, Santa Cruz Bio-
technology) or for total MLC with 1:200-diluted total MLC
antibody (FL-172, Santa Cruz Biotechnology) for 1 h at room
temperature. Membranes were then washed three times with
1�NET and incubatedwith 1:2500 dilutions of the appropriate
horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology) in 1�NET for 1 h at room temper-
ature.Membranes were thenwashed three times with 1�NET.
Finally, membranes were developed with chemiluminescence
(ECL) Western blotting detection reagents (Amersham Bio-
sciences) and exposed to x-ray film. Blots were scanned using a
flatbed laser scanner, and the density of the immunoreactive
bands was determined using Corel PHOTO-PAINT Version
10. The amount of phosphorylatedMLCwas normalized to the
total MLC signal in the respective samples.
MLC Phosphatase Phosphorylation—HUVECs were grown

to confluence in a 6-well tissue culture plates. HUVECs were
lysed in a lysis buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet
P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, 1 �g/ml aprotinin, 1
�g/ml leupeptin, 1�g/ml pepstatin, 1mMNa3VO4, 1mMNaF).
SDS-PAGE using a 7% polyacrylamide gel was followed by
Western blot as described in the manufacturers’ protocol
(Upstate Biotechnology). Membranes were probed either by
using anti-MYPT1 rabbit polyclonal IgG or anti-phopho-
MYPT1 (Thr-696) rabbit polyclonal IgG (Upstate). Washed
membraneswere incubatedwith appropriate anti-rabbit horse-

radish peroxidase-conjugated secondary antibody (1:2500 dilu-
tions, Santa Cruz Biotechnology). Then, membranes were
developed using enhanced chemiluminescence (Millipore or
Amersham Biosciences) Western blotting detection reagents
for phospho-MYPT1 or total-MYPT1, respectively. Densitom-
etry of the bands was performed using Corel PHOTO-PAINT
version 10. The amount of phosphorylated MYPT1 was nor-
malized to the total MYPT1 signal in the respective samples.
Rho Activation Assay—Rho activation was determined as

described in the manufacturers’ protocol (Upstate Biotechnol-
ogy). Briefly, HUVECs were grown to �90% confluence in
100-mm tissue culture plates and treated with 200 nM 17K or
17K�Asp for designated times. Cells werewashedwith ice-cold
Tris-buffered saline twice. At this time, ice-cold Mg2� lysis
buffer (25mMHEPES, pH 7.5, 150mMNaCl, 1% Igepal CA-630,
50 mM MgCl2, 1 mM EDTA, 2% glycerol, 25 mM NaF, 1 mM
Na3VO4) was added, and the cell lysates were scraped into
microfuge tubes on ice. After 15 min at 4 °C with agitation, the
lysates were incubated with Rhotekin RBD-agarose for 45 min.
After brief centrifugation, supernatant were collected, and 2�
SDS-PAGE sample buffer was added. The pelleted agarose
beads were washed three times withMg2� lysis buffer andwere
resuspended in 2� Laemmli reducing sample buffer. SDS-
PAGE using 12% polyacrylamide gel was followed by Western
blot analysis as described in the manufacturer’s protocol
(Upstate Biotechnology). Membranes were probed either by
using mouse IgG1 anti-Rho (-A, -B, and -C) for the pelleted
samples or mouse polyclonal anti-�-actin (Sigma) for the
supernatants.Washedmembranes were incubated with appro-
priate anti-mouse horseradish peroxidase-conjugated second-
ary antibody (1:2500 dilutions, Santa Cruz Biotechnology).
Membranes were developed using ECL reagents (Amersham
Biosciences).

RESULTS

Recombinant Apo(a) Stimulates F-actin Stress Fiber Forma-
tion in HUVECs—Previous studies have demonstrated that
apo(a) and Lp(a) increases F-actin stress fiber formation. To
illustrate which domain or domains in apo(a) stimulate these
effects, we have expressed and purified a battery of r-apo(a)
variants representing systematic deletions andmutations of key
domains in the molecule. 17K r-apo(a) (17K) contains all of the
domains found in apo(a) and in fact represents a physiologically
relevant isoform with eight copies of KIV2 domains (22).
17K�Asp contains an amino acid substitution that abolishes
the strong LBS in KIV10, whereas 17K�V represents a deletion
of entire KV domain (Fig. 1).
Following a brief 15-min serum starvation, confluent

HUVECs displayed few actin stress fibers and possessed VE-
cadherin molecules organized as slender lines along the mar-
gins of the cells (Fig. 2A). Actin stress fiberswere formedmostly
along the cell borders and were generally absent in the central
regions of the cells. The stimulatory effect of various 17K con-
centrations (100 nM to 400 nM) was observed after 5 min of
incubation and was sustained until 30 min of incubation (data
not shown). Therefore, a 20-min incubation of 200 nM r-apo(a)
was used for subsequent immunofluorescent experiments.
Treatment with 200 nM 17K resulted in an increased number of
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F-actin stress fibers traversing the cells and, concomitantly, a
dispersed VE-cadherin appearance with evident intercellular
gap formation (Fig. 2B). For an Lp(a) isoform containing a
17-kringle form of apo(a), a molar concentration of 100 nM
corresponds to a mass concentration of �30 mg/dl, which is
often cited as the apparent risk threshold for Lp(a) concentra-
tions. Therefore, the effects of apo(a) observed here occur at
physiologically relevant concentrations.
We next examined the ability of each of our r-apo(a) deletion

constructs to enhance stress fiber formation and VE-cadherin
dispersion (Fig. 2, C–F). We first tested variants encompassing
the N-terminal (KIV1–4) and C-terminal (KIV5-P) domains of
17K r-apo(a). Only KIV5-P had increased both stress fiber for-
mation and VE-cadherin dispersion, whereas KIV1–4 had no
effect, suggesting a possible role of C-terminal end of this mol-
ecule (Fig. 2,C andD). In addition to 17K andKIV5-P, two other
variants (KIV5–10 and KIV10-P) containing C-terminal
sequences elicited stress fiber formation leading to endothelial
intercellular gap formation (Fig. 2,E andF). Interestingly, KIV10
was the only kringle that was commonly shared in all four pos-
itive effectors (17K, KIV5-P, KIV5–10, and KIV10-P). Accord-
ingly, the 17K�Asp variant in which the strong LBS in KIV10
was mutated had no effect on stress fiber formation and VE-
cadherin dispersion (Fig. 3C). 17K�V, which lacks KV and its

weak LBS, had similar effects on stress fiber formation and VE-
cadherin dispersion to 17K (Fig. 3D).
F-Actin Stress Fiber Stimulation and VE-cadherin Dispersion

by Apo(a) Leads to Increase in Vascular Endothelial Permeabil-
ity and Is Mediated by a Rho Kinase and Lysine-dependent
Pathway—Wehypothesized that the increase in stress fiber for-
mation and loss of cell-cell contact via disruption of VE-cad-
herin organization following an r-apo(a) exposure leads to
enhanced trans-endothelial permeability. Consistent with this
hypothesis, treatment of HUVECmonolayers with 200 nM 17K
resulted in an increase in trans-endothelial diffusion of fluores-

FIGURE 1. Recombinant apo(a) variants used in this study. A, schematic
diagram shows the topology of r-apo(a) variants. 17K represents a physiolog-
ically relevant apo(a) isoform and contains all of the kringle domains present
in all apo(a) isoforms. The numbering of KIV types is provided at the top. The
black dot in the KIV10 domain in 17K�Asp represents a single amino acid
substitution, which abolishes the strong LBS in this kringle. The bar over KIV9
represents an unpaired cysteine residue in this kringle. B, 1 �g of each of the
purified r-apo(a) variants was subjected to SDS-PAGE on a 2.5–15% polyacryl-
amide gradient gel. The gel was silver-stained. The migration of molecular
weight standards is indicated to the left of the gel.

FIGURE 2. KIV10 is required for apo(a)-induced cytoskeletal reorganiza-
tion in HUVECs. HUVECs were serum-starved for 15 min (A) and then treated
with 200 nM of r-apo(a) variants (17K, IV1– 4, KIV5-P, KIV5–10, and KIV10-P) for 20
min (B–F, respectively). Cells were fixed, permeabilized, and stained for F-ac-
tin (left) and VE-cadherin (right) using TRITC-phalloidin and a monoclonal
anti-VE-cadherin antibody followed by an Alexa-488-linked secondary anti-
body, respectively.
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cein isothiocyanate-dextran that peaked after 1 h and was
maintained at this level for 8 h (Fig. 4A); TNF� and plasmino-
gen were used as positive and negative controls, respectively
(16, 19). In accordance with the results seen for stress fiber
formation and VE-cadherin dispersion, all the deletion con-
structs that contain KIV10 (KIV5-P, KIV5–10, and KIV10-P)
resulted in a significant increase in transendothelial permeabil-
ity after 1 h of treatment where KIV1–4 had no effect (Fig. 4, B
and C). Consistent with its lack of effects on stress fiber forma-
tion andVE-cadherin dispersion, 17K�Asp did not increase EC
permeability. Interestingly, 17K�V resulted in a delayed
increase in permeability, only reaching significance after 4 h
(Fig. 4D). In keeping with the apparent dependence on the
strong LBS in KIV10 for the effects of apo(a), addition of 80 mM
�-ACA, a lysine analogue, totally abolished 17K-induced EC
permeability (Fig. 4E), as did the addition of a pharmacological
RhoK inhibitor (Y27632, 5 �M). These findings indicate that
apo(a) increases EC permeability via a pathway dependent on
cell surface lysines and intracellular signaling through RhoK.
Enhancement of MLC Phosphorylation by r-Apo(a) Variants

Is Time-dependent and IsMediated by aRhoKinase andLysine-
dependent Pathway—Phosphorylation of MLC at Thr-18/
Ser-19 is required for myosin II activation and stress fiber
formation, leading to an increase in EC contraction and perme-

ability (13). We have previously shown that treatment with
apo(a) resulted in rapid increase in MLC phosphorylation in a
Rho/RhoK-dependent manner (19). In determining which the
domain(s) in apo(a) mediate an increase in MLC phosphoryla-
tion, HUVECs were exposed to r-apo(a) and the extent of
MLC phosphorylation was analyzed by Western blot analy-
sis. As can be seen in Fig. 5A, treatment with 200 nM 17K
showed maximal MLC phosphorylation (�3-fold higher
than untreated control cells) between 2 and 5 min of stimula-
tion; 17K concentrations below 100 nM did not, however,
induceMLC phosphorylation (data not shown). Thrombin (0.5
unit/ml) and plasminogen (400 nM) were used as positive and
negative controls, respectively (Fig. 5A). After 5 min of 17K
treatment, the extent of MLC phosphorylation decreased at a
level that remained higher than the levels observed in the con-
trol. In agreement with the F-actin/VE-cadherin and perme-
ability data, both KIV5–10 and KIV10-P elicited a significant
increase in MLC phosphorylation, whereas KIV1–4 and
17K�Asp did not (Fig. 5, B and C). KIV5–10 treatment resulted
inmaximalMLCphosphorylation at 2min, which reduced rap-
idly to a level similar to that of untreated cells, whereas KIV10-P
did not result in increased MLC phosphorylation until 10 min
of treatment, after which time it remained at a level comparable
to that elicited by 17K (Fig. 5B). KIV1–4 and 17K�Asp did not
induce MLC phosphorylation, indicating a critical role for the
strong LBS in KIV10 in MLC phosphorylation (Fig. 5, B and C).
Consistent with a delayed increase in EC permeability (Fig. 4D),
17K�V elicited a transient increase in MLC phosphorylation
that was slightly lower than that elicited by 17K (Fig. 5C). An
apo(a) variant that lacks theweakLBS inKVdomain elicited the
same effect on MLC phosphorylation as did 17K�V (data not
shown); along with the transient increase elicited by KIV5–10,
this suggests a specific role for theweak LBS inKV in sustaining
the MLC phosphorylation state induced by apo(a). Treatment
with �-ACA completely inhibited 17K-induced increase in
MLC phosphorylation in a dose-dependent manner (Fig. 5D).
On the other hand, thrombin-induced MLC phosphorylation
was not affected at all by 80 mM �-ACA treatment (data not
shown).
Inhibition of RhoK by Y27632 totally abolished the 17K-me-

diated enhancement ofMLC phosphorylation (Fig. 5D); inhibi-
tion of RhoK also completely blocked KIV5–10- and KIV10-P-
mediated increases in MLC phosphorylation (data not shown).
Kawano and coworkers (28) have suggested that RhoK activa-
tion increases MLC phosphorylation by two potential mecha-
nisms: direct phosphorylation ofMLCThr-18/Ser-19 and indi-
rectly via phosphorylation of the regulatory subunit of myosin
phosphatase (MYPT1) at Thr-696. ML-7 (an MLCK inhibitor)
totally blocked the phosphorylation of MLC induced by 17K,
indicating that only MLCK and not RhoK is responsible for the
enhanced MLC phosphorylation elicited by apo(a) (Fig. 5D).
Elevated MLCP Phosphorylation at Thr-696 By r-Apo(a)

Variants Is Mediated by a RhoK and Lysine-dependent
Pathway—RhoK inactivates myosin phosphatase via phospho-
rylation of its 130-kDa regulatory subunit (MYPT1) at Thr-696
(28); as such, RhoK serves to promote, albeit indirectly,MLCK-
mediated MLC phosphorylation. Therefore, we assessed
whether apo(a) could influence the extent ofMYPT1 phospho-

FIGURE 3. The strong lysine-binding site in KIV10 is required for stimula-
tion of F-actin stress fibers and VE-cadherin dispersion. HUVECs were
serum-starved for 15 min (A) and then treated with 200 nM of r-apo(a) variants
(17K, 17K�Asp, and 17K�V) for 20 min (Panels B–D, respectively). Cells were
then fixed, permeabilized, and stained for F-actin (left) and VE-cadherin (right)
using TRITC-phalloidin and a monoclonal anti-VE-cadherin antibody fol-
lowed by an Alexa-488-linked secondary antibody, respectively. The data in A
and B are identical to that in the corresponding panels in Fig. 2.
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rylation at Thr-696 in HUVECs. Treatment with 200 nM 17K
resulted in a significant increase in MYPT1 phosphorylation at
Thr-696 in a time-dependent manner with maximum at 2 min
(Fig. 6A); the extent ofMYPT1 phosphorylation then decreased
to basal levels or below after �8 min (Fig. 6A). Consistent with
their effects on HUVEC permeability and MLC phosphoryla-
tion, KIV5–10, KIV10-P, and 17K�V also stimulated MLCP
phosphorylation at Thr-696, in a manner similar to 17K (Fig. 6,
B and C). Similarly, KIV1–4 and 17K�Asp failed to induce any
effect onMYPT1 phosphorylation (Fig. 6C). Inhibition of RhoK
completely abolished 17K-inducedMYPT1 phosphorylation as
expected (Fig. 6D), as well as that mediated by KIV5–10 and
KIV10-P (data not shown). The addition of �-ACA completely
abolished 17K-induced MYPT1 phosphorylation (Fig. 6D), in
agreement with the importance of the strong LBS in mediating
this effect as revealed by the results with KIV1–4 and 17K�Asp.
17K, but Not 17K�Asp, Activates Rho—Having shown that

apo(a), in a manner dependent on the strong LBS in KIV10,
induces MLCP inactivation through RhoK phosphorylation of

MYPT1, we directly assessed if
apo(a) is able to activate Rho.
HUVECs were treated with either
17K or 17K�Asp, and cell lysates
were prepared at different times for
the measurement of the relative
amount of active (GTP-bound) Rho.
In agreement with the preceding
data, 17K, but not the 17K�Asp var-
iant, stimulated the formation of
GTP-bound Rho, with the peak
amounts of GTP-Rho observed
between 5 and 10 min of apo(a)
treatment (Fig. 7). These data con-
firm that apo(a), through its strong
LBS in KIV10, induces cytoskeleton
rearrangement and a subsequent
increase in EC permeability through
a Rho/RhoK/MYPT1-dependent
pathway.

DISCUSSION

Elevated plasma concentrations
of Lp(a) have been considered as a
risk factor for the development of a
variety of atherogenic disorders,
including coronary heart disease
(1, 2). Considerable evidence has
emerged to suggest that Lp(a) is a
proatherogenic effector (1, 2); how-
ever, the exact mechanisms by
which it exerts its pathogenic effects
remain unclear. Because plasma
Lp(a) levels are relatively resistant to
most pharmacological lipid lower-
ing therapy or dietary interventions
(29, 30), it is critical to elucidate the
mechanisms of Lp(a) action as they
may be potential targets for thera-

peutic interventions.
One means to evaluate which of the functions of Lp(a) are

most significant in vivo is to determine what functional
domains of apo(a)mediate the respective functions. Indeed, it has
already been demonstrated thatmice expressing an apo(a) variant
lacking the strong LBS in KIV10 are less susceptible to atheroscle-
rosis than mice expressing wild-type apo(a) (31). We show in the
current study that this LBS is absolutely required to mediate the
effects of apo(a) on actin cytoskeletal rearrangements in cultured
HUVECs that culminate in enhanced endothelial permeability, a
critical early event in the atherosclerotic process.
Lp(a) has been shown to affect a variety of endothelial cell

functions. Lp(a) has been shown to trigger mononuclear cell
adherence by inducing the expression of a number of adhesion
molecules on endothelial cells such as vascular cell adhesion
molecule-1, intracellular adhesion molecule-1, P-selectin, and
E-selectin (32–34). Apo(a) also induces the expression of the
CCchemokine I-309, amonocyte chemoattractant, in endothe-
lial cells (35). Elevated Lp(a) concentrations in plasma also

FIGURE 4. Kringle IV type 10 containing r-apo(a) variants increase endothelial cell permeability in a
lysine- and a RhoK-dependent manner. HUVECs were treated with serum-depleted medium (control) or
serum-depleted medium containing 200 nM r-apo(a) variants for the indicated time periods. Transendothelial
permeability was determined fluorometrically as described under “Experimental Procedures.” Results repre-
sent the mean � S.E. of four independent measurements. All the data were normalized to initial permeability
and then to the control. The asterisks represent the increases in EC permeability in the presence of 17K r-apo(a)
that are significantly different (p � 0.05) from those in the absence of 17K. Other symbols over the plots
represent significant differences (p � 0.05) for r-apo(a) variants represented by the corresponding plot sym-
bols in each panel (as shown in the legends). A, comparison of 17K treatment with TNF� (positive control) and
plasminogen (negative control). B, comparison of 17K treatment with KIV5-P and KIV1– 4. C, comparison of 17K,
KIV5–10, and KIV10-P treatments. D, comparison of 17K, 17K�V, and 17K�Asp. E, 17K treatment was carried out
in the presence of 5 �M Y27632 (cell were pretreated with this compound for 1 h) or 80 mM �-ACA. In B–E, the
17K data are identical to that in A.
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appear to evoke endothelial dysfunction in vivo: clinical studies
have demonstrated impaired endothelium-dependent vasodi-
lation in hypercholesterolemic children with high Lp(a) (36).
Similarly, elevation in Lp(a) levels has been associated with
impairment of receptor-mediated endothelial vasodilation in
adult subjects (37, 38). Our own studies using cultured human
umbilical vein or coronary artery endothelial cells revealed a
novel effect of Lp(a) thatwasmediated by its apo(a) component:
impairment of the barrier function of endothelial cells through
cell contraction occurring as a consequence of a rearrangement
of the actin cytoskeleton (19). We determined that apo(a)
resulted in an increase inMLCphosphorylation through a Rho/
RhoK-dependent pathway. This was the first report of an intra-
cellular signaling pathway in endothelial cells thatwas triggered

by Lp(a). The present study consid-
erably extends these findings.
Endothelial cells are equipped

with contractile apparatus, which
is involved in cell shape change,
motility, and endothelial perme-
ability regulation. The process of
EC contraction and intercellular
gap formation appears to be con-
trolled by actin-myosin inter-
action via Ca2�/CaM-depenent
MLC phosphorylation (20). Inhi-
bition of MLCP via a Rho-depend-
ent mechanism contributes to
increased MLC phosphorylation,
endothelial contraction, and per-
meability (24). Phosphorylation of
the MYPT1 regulatory site by RhoK
induces inhibition of MLCP activity
(22, 23). Using site-specific antibod-
ies to phospho-MYPT1 at Thr-696
and total MYPT1, we demonstrated
that 17K stimulation enhanced
MYPT1 phosphorylation (Fig. 6).
Direct involvement of the Rho-
RhoK-MYPT1 pathway in 17K-in-
duced MLC phosphorylation and
cytoskeletal remodeling was clearly
demonstrated in our study, because
pharmacological inhibition of RhoK
by Y27632 abolished the 17K-in-
duced increases in MYPT1 phos-
phorylation at Thr-696 (Fig. 6)MLC
phosphorylation at Ser-18/Thr-19
(Fig. 5), andECpermeability (Fig. 4).
Moreover, we have demonstrated,
for the first time, that apo(a) elicits
an increase in Rho activation (Fig.
7). Consistent with these data, we
previously have demonstrated that
Rho inactivation by C3-exotoxin-
induced ADP-ribosylation or over-
expression of dominant-negative
Rho attenuated 17K-induced stress

fiber formation and VE-cadherin dispersion (19). Furthermore,
the addition of pharmacological MLCK inhibitor (ML-7) com-
pletely abolished 17K-inducedMLC phosphorylation, which sug-
gests the direct phosphorylation of MLC by RhoK is not possible.
Interestingly, 17K had failed to increase intracellular Ca2� levels
(19), indicating that the activity ofMLCKwould not be altered by
apo(a). Taken together, 17K-induced endothelial barrier dysfunc-
tion ismediated by indirect activation ofmyosin II via Rho-RhoK-
MYPT1 pathway that inactivates MLCP. This results in an
increase in MLC phosphorylation and stress fiber formation and
thus an increase in EC permeability.
In the present study, we have established a novel finding that

the strong LBS in apo(a) kringle IV type 10 is absolutely
required for apo(a)-mediated changes in cytoskeletal rear-

FIGURE 5. Kringle IV type 10 containing r-apo(a) variants increase MLC phosphorylation in a lysine-,
RhoK-, and MLCK-dependent manner. HUVECs were serum-starved for 15 min and then treated with 200 nM

r-apo(a) variants for the indicated time periods. Total cellular proteins were harvested and subjected to West-
ern blot analysis using anti-phospho-MLC (p-MLC) and anti-total MLC antibody (Total-MLC). Graphs in each
panel show mean band density (normalized to the control) � S.E. of at least three independent experiments,
and representative Western blots are shown below. The asterisks represent increases in MLC phosphorylation
in the presence of 17K r-apo(a) that are significantly different (p � 0.05) from those in the absence of 17K. Other
symbols over the plots represent significant differences (p � 0.05) from the normalized control of individual
r-apo(a) variant represented by the corresponding plot symbols in each panel (as shown in the legends).
A, comparison of 17K treatment with TNF� (positive control) and plasminogen (negative control). B, compar-
ison of 17K treatment with deletion mutants (KIV1– 4, KIV10-P, and KIV5–10). C, comparison of 17K treatment
with point mutants (17K�V and 17K�Asp). D, 17K treatment was carried out in the presence of ML-7 or Y27632
(5 �M each; cells were pretreated with each compound for 1 h) or �-ACA (80 mM).
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rangements. We showed that all KIV10-containing r-apo(a)
variants (17K, KIV5-P, KIV5–10, and KIV10-P) stimulated F-ac-
tin stress fiber formation, VE-cadherin dispersion, MLC phos-
phorylation, MYPT1 phosphorylation, and EC permeability,
whereas variants lacking KIV10 or its strong LBS (KIV1–4 and
17K�Asp, respectively) and plasminogen had no effect on any
of these parameters. Furthermore, addition of �-ACA com-
pletely abolished all of 17K-induced effects, indicating that the
role of lysine-binding sites within apo(a) molecule is essential.
In addition to the strong LBS in KIV10, apo(a) contains

weaker LBS in KIV5–8 and KV. Based on the properties of vari-
ants that lack these domains (KIV10-P and 17K�V, respec-
tively), none of these weak LBS appear to play a crucial role in
the effects of apo(a) on endothelial cells, although these variants
displayed somewhat reduced potencies with respect to some
parameters (Figs. 4–6). We have previously shown that the

17K�V variant is unable to inhibit
tissue plasminogen activator-medi-
ated plasminogen activation in the
context of fibrin (39). Moreover, the
KV domainmay affect the conforma-
tion of the apo(a) molecule: baboon
Lp(a) does not bind to lysine-Sepha-
rose despite the presence of a func-
tional strong LBS in KIV10
and baboon apo(a) lacks KV (40). In
the current study, it appears that it
is the weak LBS in KV that accounts
for the contribution of this kringle to
themaximal effects of apo(a), because
treatment with a variant containing a
point mutation in the KV weak LBS
showed very similar effects on MLC
phosphorylation andECpermeability
as treatment with 17K�V (data not
shown). Nonetheless, it is the strong
LBS in KIV10 that is absolutely
required for the effects of apo(a) on
the HUVEC cytoskeleton.
Our working hypothesis is that

apo(a) interacts in a lysine-depend-
ent manner with an as yet unidenti-
fied receptor in endothelial cells to
facilitate downstream signaling
events. Given the short time (�5
min) required to observe effects of
apo(a) on the cytoskeleton, it is
unlikely that changes in gene
expression are involved. The most
obvious possibility is that apo(a)
binds to one of the plasminogen
receptors. These receptors exist pri-
marily to modulate pericellular
plasminogen activation, and are
represented by both protein (�-eno-
lase, the S100A10 component of the
annexin A2-S100A10 heterotet-
ramer) and non-protein (ganglio-

sides) cell surface moieties (41, 42). Of the protein receptors,
only annexin A2 has been linked to Rho activation or the actin
cytoskeleton (43). Certain gangliosides are components of lipid
rafts, which can serve to cluster active Rac and Rho (44–46).
Both of these GTPases were found to be critical for mediating
the effects of apo(a) in our previous work (19). However, we
have shown that plasminogen has absolutely no effect on actin
cytoskeleton reorganization, signaling to the actin cytoskele-
ton, or cell permeability (Ref. 19 and Figs. 4–6). Therefore, it is
clear that apo(a) either interacts with a plasminogen receptor in
a different manner than plasminogen itself to mediate these
effects, or apo(a) acts through a novel receptor.
In summary, we have characterized the biochemical path-

ways leading to EC barrier dysfunction induced by apo(a) in a
manner dependent on the strong LBS in KIV10. Our working
model is as follows (Fig. 8): apo(a), through its sLBS in KIV10,

FIGURE 6. Kringle IV type 10 containing r-apo(a) variants increase MYPT1 phosphorylation in a lysine-
and RhoK-dependent manner. HUVECs were serum-starved for 15 min and then treated with 200 nM r-apo(a)
variants for the indicated time periods. Total cellular proteins were harvested and subjected to Western blot
analysis using anti-phospho-MYPT1 (p-MYPT1) and anti-total-MYPT1 (Total-MYPT1). Graphs in each panel
show mean band density (normalized to the control) � S.E. of three independent experiments, and represent-
ative Western blots are shown below. The asterisks represent increases in MYPT1 phosphorylation in the
presence of 17K r-apo(a) that are significantly different (p � 0.05) from those in the absence of r-apo(a) variants.
Other symbols over the plots represent significant differences (p � 0.05) from the normalized control of each
r-apo(a) variant represented by the corresponding plot symbols in each panel (as shown in the legends).
A, comparison of 17K treatment with TNF� (positive control) and plasminogen (negative control). B, compar-
ison of 17K treatment with deletion mutants (KIV1– 4, KIV10-P, KIV5–10). C, comparison of 17K treatment with
point mutants (17K�V and 17K�Asp). D, 17K treatment was carried out in the presence of Y27632 (5 �M; cells
were pretreated with this compound for 1 h) or �-ACA (80 mM).
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binds to an as-yet identified receptor, which leads to increased
MLC phosphorylation, stress fiber formation, and EC contrac-
tion in a Rho/RhoK/MYPT1-dependent pathway and where
the activity of MLCK is not disrupted. Concomitantly, apo(a)
induces a dispersion of VE-cadherin, which is the likely cause of
the increased endothelial permeability elicited by apo(a). The
VE-cadherin dispersion would be promoted mechanically by
contraction of the actin cytoskeleton. In addition, apo(a) may
promote the disassembly of adherens junctions through mod-
ulation of intracellular signaling pathways. In this regard, our
preliminary data show that 17Kmediates the dissociation of �-
and �-catenins from VE-cadherin complex while �-catenin
translocates into the nucleus (data not shown). Our identifica-
tion of KIV10 as the domain in apo(a) thatmediates cytoskeletal
reorganization in endothelial cells may provide a novel thera-
peutic target for the early stages of atherosclerosis.
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