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Retinal neovascularization is observed in progression of diabetic
retinopathy. New vessels grow into the vitreous cavity in prolif-
erative diabetic retinopathy, resulting in traction retinal detach-
ment and vitreous hemorrhage. To overcome the catastrophic
visual loss due to these complications, efforts have been focused
on the treatment of retinal neovascularization. In this study, we
demonstrated the inhibitory effect of recombinant human apoli-
poprotein(a) kringle V (rhLK8) in an animal model of ischemia-
induced retinal neovascularization. rhLK8 induced no definite
toxicity on endothelial cells and retinal tissues at the therapeutic
dosage. Interestingly, rhLK8 showed antiangiogenic effect, partic-
ularly on fibronectin-mediated migration of endothelial cells.
Further experiments demonstrated high binding affinity of rhLK8
to a3b1 integrin, and suppression of it might be the mechanism of
antiangiogenic effect of rhLK8. Furthermore, rhLK8 inhibited phos-
phorylation of focal adhesion kinase, resulting in suppression of
activation of consequent p130CAS-Jun NH2-terminal kinase. Taken
together, our data suggested the possible application of rhLK8
in the treatment of retinal neovascularization by suppression
of fibronectin-mediated angiogenesis.Diabetes 61:1599–1608, 2012

R
etinal neovascularization from inner layers of
the retina is observed in proliferative diabetic
retinopathy (DR) (1). New vessels grow into the
vitreous cavity, which consists of various extra-

cellular matrix (ECM) proteins, resulting in traction retinal
detachment and vitreous hemorrhage (2). As a result of
these complications, DR is the leading cause of blindness
in working populations (3). Vitreous functions as the
scaffold for new vessel ingrowth and interacts with en-
dothelial cells. However, current treatment options for DR,
laser photocoagulation, and vitrectomy, have limitations
because they do not target interactions between endo-
thelial cells and the vitreous.

Of the ECM proteins in the vitreous, fibronectin (FN) is
second to collagen in quantity (4). Especially in patients
with DR, FN was increased in the retina, vitreous, and
newly formed capillaries (5–8). Furthermore, tight glycemic
control downregulated the expression of FN in diabetic rats
(9). In this regard, FN-mediated angiogenesis might be
a validated target for the treatment of DR.

We previously reported the antiangiogenic effect of
recombinant human apolipoprotein(a) kringle V (rhLK8)
(10). A cryptic apolipoprotein(a) kringle domain, containing
kringle IV-9, IV-10, and V, also suppressed migration of en-
dothelial cells and angiogenesis-dependent tumor growth
(11). Interestingly, rhLK8 inhibited fibroblast growth factor
(FGF)–stimulated phosphorylation of focal adhesion kinase
(FAK), suggesting possible interference of rhLK8 in the in-
teraction between ECM and endothelial cells. In general, the
kringle domain mediates functions such as growth factors,
proteases, or coagulation factors (10). Moreover, it is a
conserved architecture to inhibit blood vessel growth, and
disulfide bond-linked kringle structures are vital for the
antiangiogenic effect of molecules containing kringle
domains, such as angiostatin (12).

In this study, we demonstrated that rhLK8 suppressed
retinal neovascularization. Interestingly, rhLK8 inhibited the
migration of endothelial cells mediated by FN, not collagen
or vitronectin (VN). Furthermore, our results showed high
binding affinity of rhLK8 to a3b1 integrin and downstream
inhibition of activation of FAK, p130 Crk-associated sub-
strate (p130CAS), and c-Jun NH2-terminal kinase (JNK).
Taken together, rhLK8 could be a possible inhibitor of ret-
inal neovascularization via suppression of FN-mediated
angiogenesis in DR.

RESEARCH DESIGN AND METHODS

Cell culture. Human umbilical vein endothelial cells (HUVECs) were pur-
chased from Lonza (Basel, Switzerland) and maintained in endothelial basal
medium-2 (EBM-2) containing bovine brain extract. SNUOT-Rb1 cells from the
human retinoblastoma cell line established by our group (13) were maintained
in RPMI 1640 medium (WelGENE, Daegu, Korea), supplemented with 10% FBS
(Gibco BRL, Rockville, MD). Cells were cultured at 37°C in a moist atmo-
sphere of 95% air and 5% CO2.
Animals. C57BL/6 mice were purchased from Samtako (Seoul, Korea) and
were kept in alternate 12 h dark/light cycles at room temperature (RT). Care,
use, and treatment of animals were done in agreement with the Association for
Research in Vision and Ophthalmology for the use of animals in ophthalmic and
vision research.
Antibodies. Antibodies to paxillin and p130CAS were obtained from Upstate
Biotechnology (Billerica, MA). Texas red-conjugated phalloidin was purchased
from Invitrogen (Carlsbad, CA). Antibodies to integrin b1, b3, av, a3, and a5
were obtained from Chemicon (Billerica, MA). Antibodies against rhLK8 were
purified from ascites fluid of mice that were implanted with hybridoma cells
producing monoclonal antibodies against rhLK8 (Adipogen Inc., Incheon,
Korea). Rabbit anti-phospho–stress-activated protein kinase (SAPK)/JNK, anti-
SAPK/JNK, anti-phospho–p44/42 MAP kinase, antip44/42 MAP kinase, anti-FAK,
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and anti-phospho–FAK were obtained from Cell Signaling Technology (Danvers,
MA).
Preparation of rhLK8. The Saccharomyces cerevisiae BJ3501 strain was
transformed using an expression vector for rhLK8, which was constructed to
express rhLK8 fused to the a factor signal sequence under the control of the
yeast Gal1 promoter, followed by processing that allows its secretion into the
culture medium (14). The rhLK8 protein was purified to homogeneity from
the BJ3501 culture supernatant, as previously described (15).
Cell viability assay. HUVECs and SNUOT-Rb1 cells were treated with
rhLK8 for 24 h. The medium was replaced with fresh medium containing 0.5
mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
The medium was removed after 4 h, and the resultant purple formazan
product was suspended with DMSO. The absorbance of the solution was
measured at 560 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA).
Histologic analysis and transferase-mediated dUTP nick-end labeling

(TUNEL) assay. We intravitreally injected 10 mmol/L rhLK8 into the right eye
of 8-week-old female C57BL/6 mice. We chose this concentration as the
maximal therapeutic dosage. The mice were killed after 1 week, and for his-
tologic analysis, hematoxylin and eosin staining was performed on the enu-
cleated eye. Retinal thickness and the presence of inflammatory cells were
assessed. TUNEL was done with the TUNEL fluorescein kit (Roche, Basel,
Switzerland). TUNEL-positive cells were counted with a fluorescence micro-
scope (Olympus, Tokyo, Japan).
Oxygen-induced retinopathy (OIR) mice. We induced OIR in mice as
previously described (16), modified from the original protocol by Smith et al.
(17). Briefly, at postnatal day (P) 7, mice were exposed to hyperoxia (75 6
0.5% O2) for 5 days and then returned to room air. To assess the antiangiogenic
effect of rhLK8, we intravitreally injected rhLK8 at P14. For quantitative
analysis of retinal neovascularization, we counted the vascular lumens on the
vitreal side of the inner limiting membrane from each eye at P17.
Tube formation assay. Tube formation assay was performed as we previously
described (18). HUVECs were placed on the Matrigel and treated with rhLK8
or vascular endothelial growth factor (VEGF; Sigma-Aldrich, St. Louis, MO) for
12 h. Tube formation was quantified by counting the number of connected
cells in randomly selected fields and dividing by the total number of cells in
the same field.
Wound migration assay. Cell migration was assessed with wound migration
assay as we previously described (19). HUVECs were placed on the gelatin-
treated culture dishes and were wounded with a blade. After treatment with
rhLK8 or VEGF (Sigma-Aldrich) for 12 h, the degree of migration was quan-
tified by counting the cells that migrated beyond the reference line.
Migration assay. Boyden chambers (Corning, Corning, CA) were coated with
VN, collagen, or FN for 2 h at RT. Membranes were washed with PBS and air
dried for 2 h. The cells were treated with rhLK8, antibodies against several
subtypes of integrins or inhibitors, such as SP600125 (Calbiochem, Darmstadt,
Germany), LY204002 (Calbiochem), and U0126 (Calbiochem), for 30 min in
suspension. The cells were added to each Boyden chamber and incubated for
4 h at 37°C. After the incubation, cells were fixed and stained with crystal violet.
The degree of migration was determined by measuring the absorbance of eluted
dye solution at 595 nm.
Cell adhesion assay.HUVECs were treated with 0.5% BSA or rhLK8 for 30 min
in suspension. Then, the cells were inoculated onto the plate coated with VN,
collagen, or FN (10 mg/mL) in the absence of serum. Phase-contrast images
were used to analyze cell adhesion to ECM proteins.
Immunofluorescent staining. HUVECs were plated onto the coverslips
coated with VN, collagen, or FN (10 mg/mL) and incubated for 90 min. Then, the
cells were pretreated with antibodies to a and b subunits of integrin (2 mg/mL),
or rhLK8 (1 mmol/L) for 60 min, fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.05% Triton-X100 for 5 min, and blocked with 0.05% BSA
for 1 h at RT. Cells were immunolabeled with primary antibody against paxillin,
integrin b1, or rhLK8 overnight at 4°C. Coverslips were incubated with
fluorescein-conjugated secondary antibodies or Texas red-conjugated phal-
loidin and mounted with mounting medium (Vectashield, Vector Laboratories,
Burlingame, CA). Cells were examined via a fluorescence microscope (Model
Axiophot-2, Carl Zeiss).
Flow cytometry. HUVECs were stained with fluorescein isothiocyanate–
conjugated mouse anti-human monoclonal antibodies to integrin b1, b3, av,
a3, and a5, and analyzed with the FACSCalibur apparatus (BD Immunocy-
tometry Systems, San Jose, CA).
Protein microarray. We performed protein microarray using ProteoChip
(Proteogen, Chuncheon, Korea) (20). Mixtures of antibodies to integrin a
subunits and integrin b subunits were immobilized on the ProLinker-coated
microarray spot surface. Integrin subunits (integrin av, a1, a3, a5, b1, b3;
Abcam, Cambridge, U.K.) were immobilized on the antibodies to integrins for
1 h at RT. The microarray was incubated with Cy3-labeled rhLK8 for 1 h at 23°C
and scanned using a fluorescence scanner (Molecular Devices).

Small interfering (si)RNA transfection. siRNAs for integrin b1 and b3
were purchased from Dharmacon (Lafayette, CO). The control sequences
were fluorescent oligonucleotides that localized to the nucleus (Dharmacon).
Transfection was performed with DharmaFECT reagent (Dharmacon)
according to the manufacturer’s instructions. Briefly, HUVECs were trans-
fected with a mixture of 2 mL DharmaFECT reagent and 4 mg siRNA. After
24 h, the medium was replaced with medium containing 10% FBS. After 48 h,
the cells were prepared for immunoblotting or migration assay.
Immunoprecipitation and immunoblotting. The cells were lysed in radio-
immunoprecipitation assay buffer containing protease inhibitors. The lysates
were clarified by centrifugation at 10,000g for 15 min at 4°C, denatured with
SDS buffer, boiled, and analyzed by SDS-PAGE. For immunoprecipitation,
each sample was incubated with the relevant antibody for 2 h at 4°C and then
with protein G-Sepharose beads for 1 h. Immune complexes were collected by
centrifugation. For immunoblotting, the proteins were transferred onto poly-
vinylidene difluoride membranes (GE Healthcare, Cardiff, U.K.), which were
incubated with appropriate primary antibodies, followed by species-specific
horseradish peroxidase–conjugated secondary antibodies (GE Healthcare).
The membranes were treated with Amersham ECL Western blotting detection
reagent (GE Healthcare) and exposed to the film (Amersham Hyperfilm ECL,
GE Healthcare).
Statistics. Values between groups were compared with the Mann-Whitney
U test, and analyses were performed using SPSS 12.0 software (SPSS, Chicago,
IL). Mean 6 standard deviation was shown. Values of P , 0.05 were consid-
ered statistically significant.

RESULTS

rhLK8 inhibits retinal neovascularization without
toxicity. To investigate whether rhLK8 induced cellular
toxicity, we performed MTT assay on HUVECs and SNUOT-
Rb1 cells. At concentrations of 0.1 to 10 mmol/L, rhLK8 did
not affect the viability of both cells (Fig. 1A and B). The
injection of 10 mmol/L intravitreally into eyes of C57BL/6
mice, induced no change in structural integrity, inflamma-
tion, or apoptosis (Fig. 1C).

We previously reported the antiangiogenic effect of
rhLK8 with chick chorioallantoic membrane and Matrigel
plug assays (10). In this study, as shown in Fig. 1D, rhLK8
reduced retinal neovascularization in a dose-dependent
manner at the concentrations of 0.1 to 10 mmol/L in the
mouse model of OIR.
rhLK8 inhibits angiogenic processes: tube formation
and migration of endothelial cells. In the process of
angiogenesis, endothelial cells migrate toward surround-
ing ECM and proliferate to form vascular structures (21).
We further investigated antiangiogenic effect of rhLK8 in
in vitro angiogenesis assays, tube formation, and wound
migration assays. As shown in Fig. 2A, rhLK8 reduced the
degree of tube formation stimulated by VEGF. We pre-
viously reported the inhibitory effect of rhLK8 on FGF-
mediated endothelial migration (10). In this study, rhLK8
also suppressed migration of HUVECs stimulated by VEGF
(Fig. 2B). From these results, we concluded that the in
vivo antiangiogenic effect of rhLK8 might be due to the
suppression of angiogenesis processes.
rhLK8 suppresses migration of endothelial cells on
FN and FN-stimulated formation of actin stress fibers
and focal adhesions. We previously reported that rhLK8
did not affect phosphorylation of extracellular signal–
related kinase (ERK) 1/2 and Akt, but reduced phos-
phorylation of FAK (10). From these results, the action
of rhLK8 was thought to be interference with cell–ECM
interaction. To verify this hypothesis, we investigated the
effect of rhLK8 on the migration of HUVECs according to
ECM proteins and found rhLK8 only affected migration via
Boyden chambers precoated with FN (Fig. 3A).

To determine the effect of rhLK8 on the adhesion between
ECM and endothelial cells, we evaluated morphologic
changes of endothelial cells on ECM proteins. Phase-contrast
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FIG. 1. rhLK8 inhibits retinal neovascularization in a dose-dependent manner without cellular or retinal toxicity. rhLK8 did not induce a decrease
in the viability of HUVECs (A) and SNUOT-Rb1 cells (B) at the concentration of between 0.1 and 10 mmol/L. C: There was no increase in in-
flammatory and apoptotic cells in the retina when rhLK8 was injected intravitreally at the concentration of 10 mmol/L. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer. D: A mouse model of OIR was used to determine the inhibitory effect of rhLK8 on retinal
neovascularization. Newborn mice were exposed to hyperoxia for 5 days (from P7 to P11) and then returned to room air for another 5 days. Retinal
neovascularization peaks at P17. We intravitreally injected rhLK8 (0.1–10 mmol/L in 1 mL PBS) at P14. Quantitative analysis was performed by
counting the vascular lumens (arrows) on the vitreal side of the inner limiting membrane in 10 sections from each eye. The average lumens per
section for each group are presented as mean 6 SD. *P < 0.05.
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FIG. 2. rhLK8 inhibits in vitro tube formation and migration of endothelial cells. We performed in vitro angiogenesis assays, tube formation, and
wound migration assays to investigate the inhibitory effect of rhLK8 on the process of angiogenesis. A: Tube formation was quantified by counting
the number of connected cells in randomly selected fields (original magnification 3200) via the light microscope and dividing the number by the
total number of cells in each field. rhLK8 effectively reduced the degree of tube formation stimulated by VEGF in a dose-dependent manner. B: To
assess the inhibitory effect of rhLK8 on migration of endothelial cells, HUVECs were cultured on the gelatin-coated dishes at 90% confluence and
wounded with a blade. The degree of migration was quantified by counting the cells that migrated beyond the reference line in randomly selected
fields (original magnification 3200). rhLK8 suppressed migration of endothelial cells stimulated by VEGF. Each experiment was repeated at least
three times, and the data are presented as mean 6 SD. *P < 0.05 (compared to control). **P < 0.05 (compared to VEGF treatment).
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images showed that HUVECs plated on FN exhibited
smaller and less organized morphology when treated with
rhLK8. When cells were placed on other ECM proteins,
rhLK8 did not affect cellular morphology and adhesiveness
(Fig. 3B).

We previously demonstrated the inhibitory effect of
rhLK8 on the formation of actin stress fibers, as demon-
strated by phalloidin staining, and on focal adhesions, as
demonstrated by paxillin staining (10). In this study, rhLK8
inhibited the formation of actin filaments and focal adhe-
sions complexes when endothelial cells were placed on FN
(Fig. 3B). When the cells were placed on collagen or VN,
rhLK8 did not exert any change in cellular structure and
formation of focal adhesions.

Inhibition of migration on FN by rhLK8 is related
with suppression of a3b1 integrin. From the results of
migration and cell adhesion assays, integrin was supposed to
be the target of rhLK8. The integrins known to be expressed
on endothelial cells include a1b1, a2b1, a3b1, a4b1, a5b1,
a6b1, a6b4, a9b1, avb1, avb3, avb5, and avb8 integrin
(22–24). Because rhLK8 only inhibited cell migration associ-
ated with FN, we could focus on integrin subunits that had the
FN ligand: integrin av, a3, a5, b1, and b3 (25). As shown in
Fig. 4A, flow cytometric analysis demonstrated that HUVECs
expressed more b1 integrin than b3 integrin. The expressions
of the av, a3, and a5 integrin subunits were similar.

To identify subtypes of integrin to which rhLK8 bound,
we treated HUVECs with monoclonal antibodies against

FIG. 3. rhLK8 suppresses migration of endothelial cells on FN, and FN-stimulated formation of actin filaments and focal adhesion complexes.
A: Boyden chambers were precoated with VN, collagen, or FN for 2 h at RT. Suspended endothelial cells were treated with or without rhLK8, added
to each Boyden chamber, and incubated for 4 h at 37°C. After the incubation, cells were fixed and stained with crystal violet. The degree of mi-
gration was assessed by measuring the absorbance of eluted dye solution at 595 nm. Data are expressed as percentage compared with controls.
B: Cell adhesion assay showed that endothelial cells plated on FN exhibited smaller and less organized morphology when treated with rhLK8.
However, rhLK8 did not affect the adhesiveness of the cells incubated on VN or collagen. Formation of actin stress fibers and focal adhesion
complexes was also assessed by immunofluorescent staining with antibody against phalloidin and paxillin. Interestingly, rhLK8 only affected FN-
mediated formation of actin filaments and focal adhesion complexes. Scale bar, 50 mm. (A high-quality digital representation of this figure is
available in the online issue.)
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each subunit of integrin and assessed the inhibitory effect of
rhLK8 on migration. When cells were pretreated with anti-
bodies to integrin b1 or a3, rhLK8 did not exert additive
inhibition on the migration of endothelial cells. However,
when integrins b3, av, or a5 were suppressed with mono-
clonal antibodies, rhLK8 showed similar inhibitory effects
(Fig. 4B). In addition, we performed immunofluorescent
staining for paxillin and phalloidin in cells plated on FN with
the treatment of rhLK8 or monoclonal antibodies against
subunits of integrin. Immunoreactivity for paxillin and phal-
loidin was decreased in cells treated with rhLK8 or mono-
clonal antibodies to b1 or a3 integrin, demonstrating that
those treatments affected the formation of actin filaments
and focal adhesions (Fig. 4C).

We performed protein microarray for observation of di-
rect interactions between rhLK8 and presumed target
integrins avb3, a1b1, a3b1, and a5b1. We chose a3b1 and
a5b1 integrin, because integrin b1 showed higher expres-
sion in endothelial cells than integrin b3, and the three a
subunits showed similar expression patterns in the flow
cytometry. We omitted avb1 integrin from the list because
this integrin is not expressed much in endothelial cells.

Instead, avb3 and a1b1 integrins were included because
they are abundant in endothelial cells. The protein micro-
array showed that the interaction between a3b1 integrin
and rhLK8 was the most intensive compared with inter-
actions between other integrins and rhLK8 (Fig. 5A). The
binding intensity between rhLK8 and a3b1 integrin was
equivocal with that between rhLK8 and monoclonal anti-
body against rhLK8 when rhLK8 was 1 mmol/L (Fig. 5B).

Then, we downregulated transcription of integrin b1 or
b3 with siRNA and assessed the effect of rhLK8 on mi-
gration. As expected from previous experiments, rhLK8
did not exert an additional effect when cells were treated
with siRNA for integrin b1 but showed inhibitory effect
when cells were treated with siRNA for integrin b3. The
treatment with siRNA for integrin b1 suppressed migration
of endothelial cells (Fig. 6A).

We also performed immunoprecipitation and immuno-
blotting to show direct interaction between integrin b1 and
rhLK8. As shown in Fig. 6B, immune complexes of integrin
b1 and rhLK8 were evident. Immunofluorescent staining
showed that integrin b1 and rhLK8 were merged at the
edge of the endothelial cells (Fig. 6C).

FIG. 4. Effects of rhLK8 and antibodies against integrin subunits on migration of endothelial cells and formation of actin stress fibers and focal
adhesions. A: Flow cytometric analyses demonstrated differential expression of integrin subunits on HUVECs. We chose for the analysis integrin
subunits of which the ligand was FN, av, a3, a5, b1, and b3 integrins because rhLK8 inhibited FN-mediated angiogenesis from earlier experiments.
B: HUVECs were treated with monoclonal antibodies against specific a and b subunits of integrin (0.5 mg/mL) or rhLK8 and were allowed to
migrate on FN for 4 h. Experiments were performed at least three times, and data are presented as mean 6 SD compared with controls. *P < 0.05.
C: Suspended HUVECs treated with 0.5% BSA, rhLK8 (1 mmol/L), or monoclonal antibodies against integrin subunits for 30 min were inoculated on
the 6-well plates coated with FN. Effects of rhLK8 and antibodies against integrin subunits on formation of focal adhesions and actin filaments
were evaluated with immunofluorescence staining. Scale bar, 50 mm. (A high-quality digital representation of this figure is available in the online
issue.)
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rhLK8 inhibited phosphorylation of FAK, resulting in
suppression of JNK activation. As we previously reported,
rhLK8 did not affect phosphorylation of ERK1/2, but
reduced activation of FAK, demonstrating a distinctive fea-
ture from rhLK68, which consisted of kringle domain IV-9,

IV-10, and V, suppressing phosphorylation of ERK1/2
(10,11). We further investigated phosphorylation, of which
tyrosine residue of FAK was suppressed by rhLK8. In-
terestingly, rhLK8 suppressed phosphorylation of FAK at
Tyr397, activated by adhesion on FN; however, rhLK8

FIG. 5. Detection of the protein–protein interaction between specific subtypes of integrin and rhLK8. A: A mixture of monoclonal antibodies to a
and b subunits of integrin was immobilized on the ProLinker-coated microarray spot surface; then, integrin subunits (avb3, a1b1, a3b1, and a5b1
integrins) were immobilized on the antibodies against integrin subunits for 1 h at RT. The microarray was incubated with Cy3-labeled rhLK8 at
concentrations from 3.2 nmol/L to 10 mmol/L for 1 h at 23°C. The microarray was scanned using a fluorescence scanner. B: Relative intensity curve
showed the intensity of protein-protein interaction between subtypes of integrin and rhLK8. (A high-quality digital representation of this figure is
available in the online issue.)

FIG. 6. The inhibitory effect of rhLK8 on migration of endothelial cells is related with suppression of integrin b1. A: We downregulated tran-
scription of integrin b1 or b3 with siRNA and assessed the additional effect of rhLK8 on migration of endothelial cells. Data are expressed as
percentage of control values (set to 100). Values 6 SD are from three independent experiments. GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase.*P< 0.05. B: HUVECs were treated with rhLK8 and plated on FN for 90 min. Cells were lysed and immunoprecipitated with antibodies
against integrin b1. The immunocomplexes were resolved by SDS-PAGE and analyzed by immunoblotting using the antibody against rhLK8.
C: HUVECs were treated with rhLK8 and plated on FN-coated coverslips for 90 min. Cells were fixed and stained with antibodies to integrin b1 and
rhLK8. (A high-quality digital representation of this figure is available in the online issue.)
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did not change phosphorylation of other tyrosine resides
(Fig. 7A). We also confirmed previous data that rhLK8 did
not affect phosphorylation of ERK1/2 (Fig. 7B) and continued
experiments on downstream targets of integrin-FAK signal-
ing pathways. The interaction between p130CAS and phos-
phorylated FAK was identified in the immunoprecipitation
assay (Fig. 7C). Further experiments showed decreased

phosphorylation of JNK by rhLK8, demonstrating that rhLK8
might exert its action via suppressing FAK-p130CAS–mediated
JNK activation.

In addition, to confirm the inhibitory effect of rhLK8 on
activation of JNK but not ERK or phosphatidylinositol-3-
kinase (PI3K), we assessed the change of migration accord-
ing to the treatment with rhLK8 or JNK, PI3K, and ERK

FIG. 7. rhLK8 inhibits phosphorylation of FAK at Tyr397, resulting in suppression of activation of p130CAS–JNK pathway. A: HUVECs were
treated with different concentrations of rhLK8, placed onto FN-coated plates for 90 min, and lysed. Phosphorylation of Tyr397, Tyr576/577,
Tyr861, and Tyr925 of FAK was increased on adhesion with FN; however, with the treatment of rhLK8, only phosphorylation of Tyr397 of FAK
was inhibited in a dose-dependent manner. B: Adhesion of endothelial cells with FN did not affect phosphorylation of ERK1/2, neither did rhLK8
inhibit phosphorylation of ERK1/2. C: HUVECs were treated with different concentrations of rhLK8 and plated on FN for 90 min. Cells were
lysed and immunoprecipitated with antibodies against p130CAS. The immunocomplexes were resolved by SDS-PAGE and analyzed by immu-
noblotting using the antibody against phosphorylated FAK. D: Adhesion of endothelial cells with FN induced phosphorylation of JNK, which was
inhibited by rhLK8. E: HUVECs were treated with SP600125, LY294002, and U0126 for 10 min, followed by rhLK8 for 30 min, and were allowed to
migrate on FN for 4 h. Values are expressed as percentage of the control value (set to 100). Values 6 SD are from three independent experi-
ments. *P < 0.05. #P > 0.05.
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inhibitors (SP600125, LY204002, and U0126, respectively).
As expected, rhLK8 did not show an additive effect on
migration when cells were pretreated with JNK inhibitor.

DISCUSSION

In this study, we demonstrated that rhLK8 inhibited retinal
neovascularization, emphasizing possible application of
rhLK8 in the treatment of FN-associated pathologic an-
giogenesis. We previously reported that rhLK8 exerted an
antiangiogenic effect and that the recombinant adeno-
associated virus–carrying gene encoding kringle domain V
suppressed the growth of hepatocellular carcinoma in
mice via inhibition of tumor angiogenesis (10,26). In this
study, rhLK8 also effectively inhibited tube formation and
migration of HUVECs in a dose-dependent manner at the
concentrations administered without definite cellular and
retinal toxicities.

DR is characterized by retinal neovascularization from
inner layers of the retina (1,3). In particular, complications
of retinal neovascularization in DR come from the pro-
liferation of retinal neovessels into the vitreous cavity.
Vitreous is composed of various ECM proteins and a net-
work of glycosaminoglycans that fills the spaces between
proteins and helps to maintain vitreous volume (27). Of the
ECM proteins, collagen takes up most of the portions, and
FN is second in quantity (4). Interestingly, in patients with
DR, FN was elevated in vitreous, plasma, and newly
formed capillaries or retinal microvessels (5–8,28). FN
binds to integrin receptors and converts to an active form,
promoting FN-fibril formation outside of the cells (29).
Furthermore, FN was known to activate angiogenesis, and
a specific spliced form of FN was involved in endothelial
cell proliferation and vascular morphogenesis (30). In DR,
this form of FN was overexpressed in vitreous cavity
(6,30).

In this study, we observed that rhLK8 inhibited migra-
tion of HUVECs via the Boyden chamber coated with FN
but exerted no effect on migration associated with VN and
collagen. Phase-contrast images showed that endothelial
cells on FN were smaller and less organized when treated
with rhLK8. Furthermore, we assessed the formation of
actin stress fibers and activation of focal adhesion com-
plexes. Paxillin, a FAK-binding protein, is recruited on
adhesion of ECM proteins with integrin (31). By interact-
ing with talin and paxillin, FAK localizes to the sites of
integrin clustering, initiating downstream signaling path-
ways in relation with cell migration, invasion, or adhesion
(32,33). Interestingly, rhLK8 suppressed formation of actin
filaments and activation of focal adhesion complexes by
FN. From these results, we formulated a small hypothesis
that integrin, which had affinity to FN, might be involved in
the action of rhLK8.

Integrins that have been known to be involved in angio-
genesis and expressed in endothelial cells include a1b1,
a2b1, a3b1, a4b1, a5b1, a6b1, a6b4, a9b1, avb1, avb3,
avb5, and avb8 integrins (22–24). Integrins, heterodimeric
membrane glycoproteins composed of a and b subunits,
promote cell attachment and migration on ECM (22). For
these functions, each subunit of integrin recognizes specific
ECM proteins as ligands (34). In our study, rhLK8 inhibited
cell migration associated with FN only; therefore, we fo-
cused on integrins with the FN ligand: integrins av, a3, a5,
b1, and b3 (25). To determine the effect of the integrin
subtypes on the action of rhLK8, we downregulated each
integrin subtype and assessed the additional effect of rhLK8

on cell migration. Interestingly, when cells were treated
with monoclonal antibodies against integrin a3 and b1, we
could not observe any additional effect of rhLK8 on cell
migration. In addition, the treatment with monoclonal anti-
bodies against integrin a3 and b1 resulted in a decrease in
the formation of actin filaments and focal adhesion complex
because rhLK8 inhibited them. From these results, integrin
a3 and b1 were regarded as presumed targets of rhLK8.

The protein microarray showed the binding intensity be-
tween rhLK8 and a3b1 integrin was similar to that between
rhLK8 and monoclonal antibody against rhLK8 at the con-
centration of 1 mmol/L. Immunoprecipitation with integrin
b1 and immunoblotting with rhLK8 also demonstrated
binding between rhLK8 and b1 integrin. In endothelial cells
treated with rhLK8, immunofluorescent staining for integrin
b1 and rhLK8 were merged at the edge of the endothelial
cells. a3b1 integrin is implicated in various biologic phe-
nomena, including establishment and maintenance of epi-
thelial tissues, cell growth, apoptosis, and angiogenesis (35).
This integrin forms a large complex with various membrane
proteins such as the transmembrane-4 superfamily proteins,
cytoskeletal proteins, and intracellular signaling molecules.
In addition, a3b1 integrin binds to ECM-bound VEGF, pro-
moting adhesion, migration, and cellular survival of endo-
thelial cells (23). VEGF was increased in the vitreous in DR,
and this was implicated in the progression of DR (36). The
inhibitory effect of rhLK8 on FN-associated angiogenesis
might be partially caused by inhibition of a3b1 integrin from
forming functioning complexes with VEGF.

We previously reported that rhLK8 inhibited FGF-
stimulated phosphorylation of FAK (10). In this study, we
performed further experiments on signaling pathways re-
garding the action of rhLK8. FAK is phosphorylated at
Tyr397 when it binds to the intracellular domain of integ-
rins, promoting phosphorylation of Tyr576/577 in the kinase
domain activation loop, and Tyr861 or Tyr925 in the COOH-
terminal domain (37,38). FAK was phosphorylated at all
tyrosine residues when endothelial cells were cultured on
FN-coated plates. Interestingly, the treatment with rhLK8
affected the phosphorylation of FAK at Tyr397; however, no
change occurred in phosphorylation of FAK at the other
residues. By inactivation of FAK at Tyr397, rhLK8 might in-
fluence downstream signaling molecules of the FAK-related
signaling pathway. Because we found that there was no
change in phosphorylation of ERK1/2, which was activated
by phosphorylation of FAK at Tyr925 (39), we focused on
another downstream signaling cascade, the p130CAS–JNK
pathway. Interestingly, immunoprecipitation showed ligation
between phosphorylated FAK and p130CAS. In addition,
rhLK8 inhibited phosphorylation of JNK, and when cells
were treated with the JNK inhibitor SP600125, rhLK8 did not
exert additional effect on cell migration, demonstrating JNK
inhibition was a plausible mechanism of the action of rhLK8.

In summary, rhLK8 has an antiangiogenic effect on ret-
inal neovascularization. In vitro studies suggest that rhLK8
may inhibit angiogenesis by disrupting FN-mediated migra-
tion of endothelial cells. rhLK8 may interfere with the in-
teraction between a3b1 integrin and ECM, suppressing the
FAK–p130CAS–JNK pathway. We suggest that rhLK8 could
possibly be applied in the treatment of matrix-mediated
pathologic angiogenesis, including retinal neovascularization
in DR.
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