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Antiangiogenic activity can be elicited by the kringle domains 1 and 2 of tissue-type plasminogen activa-
tor (TK1–2), or the kringle 2 domain alone. In a previous report, we showed that the anti-migratory effect
of TK1–2 is mediated in part by its interference with integrin a2b1. Since integrin a2b1 interacts with
collagen type I through the DGEA (Asp-Gly-Glu-Ala) amino acid sequence, and a similar sequence, DGDA
(Asp-Gly-Asp-Ala), exists in the kringle 2 domain, we investigated whether the DGDA sequence has a role
in antiangiogenic activity of TK1–2. In an adhesion assay, the DGDA peptide inhibited adhesion of human
umbilical vein endothelial cells (HUVECs) to immobilized TK1–2. Pretreatment of the DGDA peptide also
blocked anti-migratory activity of TK1–2. When the DGDA peptide alone was tested for antiangiogenic
activity, it effectively inhibited VEGF-induced migration of HUVECs and tube formation on Matrigel. In
addition, the DGDA peptide decreased differentiation of endothelial progenitor cells on collagen type I
matrix. These data suggest that the DGDA sequence presents a functional epitope of TK1–2 and that it
can be used as a potential novel antiangiogenic peptide.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Angiogenesis, the formation of new blood vessels from preexist-
ing vessels, is required for tumor growth, so it has been suggested to
be a promising target for cancer therapy [1,2]. Numerous angiogen-
esis inhibitors such as angiostatin and endostatin have been identi-
fied, and several of them have entered into clinical trials [3–5]. The
recombinant protein consisting of kringle domains 1 and 2 of the
tissue-type plasminogen activator, TK1–2, has also been shown to
inhibit endothelial cell proliferation, migration, tube formation,
and in vivo tumor growth [6–9]. We have also reported that TK1–2
inhibits adhesive differentiation of endothelial progenitor cells
(EPCs) and their contribution to tumor vessel formation in vivo
[10]. In addition, Reteplase, the thrombolytic therapy drug compris-
ing the kringle 2 domain and the protease domain of t-PA, has been
reported to elicit antiangiogenic activity [11]. This observation
provides new mechanistic insights into the bleeding complication
involved with this drug. In particular, its antiangiogenic activity
has been shown to be elicited by the kringle domain 2.

We have previously reported that the anti-migratory effect of
TK1–2 is mediated by interference with the extracellular matrix
(ECM)–integrin a2b1 interaction [6]. Integrin a2b1 has been re-
ported to play a key role in angiogenesis, and a combination of
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a2b1-blocking and a1b1-blocking antibodies markedly inhibit
VEGF-induced angiogenesis in vivo [12]. This combined antago-
nism also substantially reduces tumor growth and angiogenesis
of human squamous cell carcinoma xenografts [13]. In addition,
when a small molecular inhibitor disrupts integrin a2b1 function,
it causes cell retraction and cytoskeletal collapse, and delays endo-
thelial cell wound healing [14].

The major recognition site of collagen type I by integrin a2b1
has been found to be the DGEA (Asp-Gly-Glu-Ala) sequence [15].
The DGEA peptide is a strong antagonist interfering with colla-
gen–platelet interaction [16], and inhibits endothelial progenitor
cell differentiation on collagen type I matrix [17]. Interestingly,
we found a DGDA (Asp-Gly-Asp-Ala) sequence, similar to the DGEA
sequence, placed in the exposed loop of the kringle 2 domain of
TK1–2. The only difference between these two sequences is that
an aspartic acid residue, with a shorter side chain, exists at the
third position instead of glutamic acid residue. Therefore, we
hypothesized that the DGDA sequence may be a functional epitope
of TK1–2 related to interference with integrin a2b1. In this study,
we tested whether the DGDA sequence could block the activity
of TK1–2 as a competitive inhibitor, and whether this peptide alone
has antiangiogenic activity in vitro.
Materials and methods

Peptide synthesis. The synthetic peptides were purchased from
Thermo Fisher Scientific (Ulm, Germany) and Peptron (Taejon,

http://dx.doi.org/10.1016/j.bbrc.2009.11.025
mailto:youngjoe@catholic.ac.kr
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


Fig. 1. The blocking effect of DGDA peptide on HUVEC adhesion on immobilized
TK1–2 and anti-migratory effect of TK1–2. (A) DGDA is located in the exposed loop
of the kringle 2 domain of t-PA. The numbering of amino acid residues is based on
the sequence of t-PA. (B) HUVECs were treated with DGDA or DGEA peptide prior to
plating onto immobilized TK1–2. Cell adhesion was allowed for 90 min and then
attached cells were stained with crystal violet. After dissolving the stained dye,
absorbance was measured at 560 nm (mean ± SE). Each value is a percentage
relative to non-treated control cells. *p < 0.05, **p < 0.005, compared with non-
treated control cells. (C) HUVECs were pretreated with DGDA, DGEA, or DGAE
peptide (100 lM) prior to treatment of TK1–2. After treatment of TK1–2 for 30 min,
the cells were allowed to migrate toward VEGF for 5 h and the migrated cells were
counted. *p < 0.05, compared with each relevant control untreated with TK1–2.
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Korea). Peptides were dissolved in distilled water or phosphate-
buffered saline (PBS) and stored at �20 �C.

Cell culture. HUVECs were isolated from human cords and were
cultured as described previously [6]. Before the experiments, the
cells were incubated in serum-free EBM-2 for 4 h.

Cell adhesion assay. A cell adhesion assay was carried out as de-
scribed previously [6]. In brief, the TK1–2 protein was coated on
96-well plates for 16 h at 4 �C. Non-specific adhesion sites were
blocked by 1% heat-inactivated BSA for 30 min. HUVECs were trea-
ted with each peptide and then plated on the TK1–2 coated culture
plates for 90 min. Non-adherent cells were washed with PBS, and
remaining adhered cells were stained with crystal violet. The
stained dye was dissolved in 10% acetic acid followed by absor-
bance measurements at 560 nm.

Modified Boyden chamber assay. A cell migration assay was per-
formed using a modified Boyden chamber as described previously
[6]. HUVECs were treated with each peptide for 30 min and then
treated with TK1–2 for another 30 min. After that, the cells were
allowed to migrate toward VEGF. After 5 h, the migrated cells were
fixed and stained with hematoxylin and eosin. The stained cells
were photographed and counted.

Tube formation assay. Chilled Matrigel (150 ll, BD Bioscience)
was placed in a prechilled 48-well plate and incubated for
30 min at 37 �C. HUVECs were treated with each peptide for
30 min and then added to the top of the solidified Matrigel. After
19 h of incubation, the tubes formed were photographed. Images
were analyzed using Image J (http://rsb.info.nih.gov/ij/) to deter-
mine tube lengths.

EPC differentiation assay. Ex vivo cultivation of EPCs from cord
blood was carried out as described previously [10]. Mononuclear
cells (MNCs) were isolated from cord blood using the Ficoll-Hist-
opaque density gradient centrifugation method. Isolated MNCs
(5 � 105 cells) were treated with each peptide at various concen-
trations in serum-free M199 for 30 min at 37 �C. Then, the cells
were plated onto a collagen type I (50 lg/ml)-coated 24-well plate,
and incubated in a medium supplemented with 10% FBS and 90 lg/
ml heparin. After 3 days, fresh media was changed with addition of
each peptide, and the cells were incubated further for 4 more days.
Then, the cells were incubated in a medium containing 2.4 lg/ml
DiI-labeled acetylated Low Density Lipoprotein (DiI-ac-LDL, Invit-
rogen) for 1 h at 37 �C. After washing with PBS, the cells were fixed
with 4% paraformaldehyde and blocked using 1% BSA, followed by
staining with 10 lg/ml FITC-conjugated UEA1 (Sigma, St. Louis,
MO) and DAPI (Chemicon, Temecula, CA). The cells were photo-
graphed using a fluorescence microscope (Calr Zeiss Microimaging,
Göttingen, Germany).

Results

DGDA peptide inhibits endothelial cell adhesion to immobilized TK1–2
and blocks anti-migratory activity of TK1–2

The inhibitory mechanism of antiangiogenic TK1–2 has been
recently investigated, and it has been elucidated that the anti-
migratory effect of TK1–2 is mediated in part by interfering with
integrin a2b1 [6]. Integrin a2b1 recognizes the DGEA sequence
within collagen type I as a collagen type I receptor. Interestingly,
the DGDA sequence, which is similar to the DGEA of collagen type
I, exists in the exposed loop of the kringle 2 domain of TK1–2
(Fig. 1A). Since a small molecule derived from a large molecule
can function as an inhibitor of the large molecule [18], we carried
out the competition assay in cell adhesion. To investigate the com-
petitive effect of the DGDA sequence on cell adhesion to immobi-
lized TK1–2, HUVECs were treated with peptide and plated onto
an immobilized TK1–2 plate. Both DGDA and DGEA peptides
dose-dependently inhibited adhesion of HUVECs (Fig. 1B). These
results suggest that the interaction between HUVECs and TK1–2
that is mediated by integrin a2b1 is effectively inhibited by DGDA
and DGEA peptides.
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Fig. 3. The inhibitory effect of DGDA peptide on tube formation. HUVECs were
incubated on solidified Matrigel with or without each peptide (100 lM) for 19 h.
The upper panel is the representative field of each peptide (magnification 100�).
The lower panel presents the quantitative graph of the relative percentage of tube
length obtained from each peptide treatment. *p < 0.05, **p < 0.005 compared with
non-treated control.
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Next, we tested whether the DGDA peptide could block the
anti-migratory activity of TK1–2. To investigate the effect of DGDA
peptide on anti-migratory activity of TK1–2, DGDA peptide was
treated with �200 times molar excess prior to TK1–2 treatment
in a migration assay. As shown in Fig. 1C, no increased inhibitory
effect was observed after post-treatment of TK1–2, indicating that
DGDA peptide treatment completely blocked the anti-migratory
effect of TK1–2, whereas the control DGAE peptide showed the
inhibitory effect elicited by TK1–2. As expected, a similar result
was obtained using DGEA peptide. Thus, these data support the
conclusion that the inhibition of endothelial cell migration by
TK1–2 that interferes with integrin a2b1 is mediated through the
DGDA sequence.

DGDA peptide inhibits endothelial cell migration and tube formation

Since the DGDA peptide may function as a potential inhibitor of
integrin a2b1, as indicated in the above experimental results, we
next investigated the possible antiangiogenic activity of the DGDA
peptide. To examine the effect of the DGDA peptide on endothelial
cell migration, we carried out a modified Boyden chamber assay.
The DGDA peptide dose-dependently inhibited the migration of
HUVECs induced by VEGF (Fig. 2). A similar result was obtained
using the DGEA peptide, but the control DAGD peptide did not in-
hibit HUVEC migration. We also examined the effects of the DGDA
peptide on tube formation of HUVECs on Matrigel. The DGDA pep-
tide blocked the tube formation by approximately 40% compared
with the control DAGD peptide (Fig. 3), showing an inhibitory
effect similar to that of RGD peptide (GRGDSP). Thus, these data
suggest that the DGDA peptide itself inhibits endothelial cell
migration and tube formation as an antiangiogenic agent.

DGDA peptide inhibits differentiation of EPCs on collagen matrix

EPCs play a role in vascularization in tumor growth or repair of
ischemic injury [19], and the endothelial cell commitment of circu-
lating EPCs is promoted by ECM [20]. It has previously been re-
ported that collagen type I matrix promotes the differentiation of
EPCs such as fibronectin and vitronectin, and that the DGEA pep-
tide inhibits differentiation of EPCs on collagen matrix [17]. There-
fore, we tested whether the DGDA peptide has the same effect on
collagen-induced EPC differentiation. As shown in Fig. 4, the DGDA
Fig. 2. The inhibitory effect of DGDA peptide on endothelial cell migration. HUVECs
were treated with DGDA, DGEA, or DAGD peptide at various concentrations for
30 min, and then allowed to migrate toward VEGF. Migrated cells were stained with
hematoxylin and eosin, photographed, and counted. *p < 0.05, compared with VEGF
alone-treated control.
peptide decreased the number of Ac-LDL-DiI/UEA1 double positive
EPCs to a level similar to that of the DGEA peptide. On the other
hand, the DGAE control peptide did not. Thus, these data suggest
that DGDA peptide inhibits collagen-induced EPC differentiation.
This result is also consistent with the previous observation that
TK1–2 inhibits EPC differentiation in vitro [10].
Fig. 4. The inhibitory effect of DGDA peptide on EPC differentiation. Isolated MNCs
were treated with DGDA, DGEA, or DGAE peptide and cultured on collagen-coated
plate in an endothelial cell culture medium containing 10% FBS. On day 7, the
adherent cells were incubated with Ac-LDL-DiI followed by staining with FITC-
conjugated UEA1 and DAPI. The graph presents the number of differentiated EPCs
double positive for Ac-LDL-DiI uptake and UEA1 lectin binding upon peptide
treatment. *p < 0.05, compared with non-treated control cells.
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Discussion

Integrin–ECM ligation is important for cell survival, proliferation,
and migration [21,22]. In previous reports, we have demonstrated
that TK1–2 has antiangiogenic activity and that its inhibitory
activity is mediated in part by interfering with integrin a2b1
[6–9]. Integrina2b1 is a receptor of collagen type I, II, IV, and laminin
[23,24], and recognizes the DGEA sequence of collagen type I [15].
An immobilized DGEA peptide has been shown to promote the dif-
ferentiation of MSC via interaction with integrin a2b1 as collagen
does [25], but on the other hand, soluble DGEA peptide inhibits
the differentiation of EPCs on collagen I [17]. These results suggest
that a non-immobilized, soluble DGEA peptide, a partial sequence
of collagen, may function as an integrin a2b1 inhibitor via interfer-
ence of interaction of ECM with integrin a2b1.

In this study, we tested whether the DGDA motif, corresponding
to residues 236–239 within the kringle 2 domain of t-PA, is re-
quired for the anti-migratory effect of TK1–2, and assessed
whether DGDA itself elicits antiangiogenic activity. Indeed, the
DGDA peptide treatment blocked HUVEC adhesion to immobilized
TK1–2, and prevented the anti-migratory effect of TK1–2. The
DGDA peptide also inhibited HUVEC adhesion to collagen type I
matrix as the DGEA peptide does (data not shown). These results
indicate that the DGDA sequence derived from TK1–2 can act as
a competitive inhibitor of TK1–2, and suggests a possibility of the
DGDA sequence as a functional epitope of TK1–2. Therefore, the re-
sults support the idea that TK1–2 acts as an angiogenesis inhibitor
in part by interfering with integrin a2b1 through the DGDA local
sequence on the exposed loop of the kringle domain 2. Consistent
with an idea that DGDA acts as an integrin a2b1 antagonist, the
DGDA peptide alone effectively inhibits the VEGF-induced migra-
tion and tube formation on Matrigel. Moreover, the DGDA peptide
inhibits EPC differentiation on collagen type I matrix, and this data
corresponds well with the data obtained from DGEA treatment by
other group [17]. This result may also suggest a possible mecha-
nism how TK1–2 effectively inhibits EPC differentiation in vitro.
Therefore, we strongly suggest that the antiangiogenic activity of
TK1–2 is mediated in part by the DGDA local sequence of TK1–2.

Although many angiogenesis inhibition proteins have potent
antiangiogenic activity, they are limited by such as poor bioavail-
ability, antigenicity, unfavorable pharmacokinetics, and inconsis-
tency in bioactivity from batch to batch [26,27]. To overcome
these disadvantages, antiangiogenic small peptides such as Angin-
ex [28], Flt2-11 [18], T7 [29] have been developed. In this context,
the DGDA peptide can be studied further to explore the potential of
a novel antiangiogenic peptide which can be used more efficiently.

Acknowledgments

We thank Sang-Bae Lee and Eunju O for assistance in manu-
script preparation. This work was supported by a grant from the
National R&D Program for Cancer Control, Ministry for Health,
Welfare and Family affairs, Republic of Korea (0820210).

References

[1] J. Folkman, Tumor angiogenesis: therapeutic implications, N. Engl. J. Med. 285
(1971) 1182–1186.

[2] J. Folkman, Anti-angiogenesis: new concept for therapy of solid tumors, Ann.
Surg. 175 (1972) 409–416.

[3] M.S. O’Reilly, L. Holmgren, Y. Shing, C. Chen, R.A. Rosenthal, M. Moses, W.S.
Lane, Y. Cao, E.H. Sage, J. Folkman, Angiostatin: a novel angiogenesis inhibitor
that mediates the suppression of metastases by a Lewis lung carcinoma, Cell
79 (1994) 315–328.

[4] M.S. O’Reilly, T. Boehm, Y. Shing, N. Fukai, G. Vasios, W.S. Lane, E. Flynn, J.R.
Birkhead, B.R. Olsen, J. Folkman, Endostat: an endogenous inhibitor of
angiogenesis and tumor growth, Cell 88 (1997) 277–285.
[5] P. Nyberg, L. Xie, R. Kalluri, Endogenous inhibitors of angiogenesis, Cancer Res.
65 (2005) 3967–3979.

[6] H.K. Kim, D.S. Oh, S.B. Lee, J.M. Ha, Y.A. Joe, Antimigratory effect of TK1–2 is
mediated in part by interfering with integrin alpha2beta1, Mol. Cancer Ther. 7
(2008) 2133–2141.

[7] B.H. Kang, B.S. Shim, S.Y. Lee, S.K. Lee, Y.K. Hong, Y.A. Joe, Potent anti-
tumor and prolonged survival effects of E. coli-derived non-glycosylated
kringle domain of tissue-type plasminogen activator, Int. J. Oncol. 28
(2006) 361–367.

[8] B.S. Shim, B.H. Kang, Y.K. Hong, H.K. Kim, I.H. Lee, S.Y. Lee, Y.J. Lee, S.K.
Lee, Y.A. Joe, The kringle domain of tissue-type plasminogen activator
inhibits in vivo tumor growth, Biochem. Biophys. Res. Commun. 327 (2005)
1155–1162.

[9] H.K. Kim, S.Y. Lee, H.K. Oh, B.H. Kang, H.J. Ku, Y. Lee, J.Y. Shin, Y.K. Hong, Y.A.
Joe, Inhibition of endothelial cell proliferation by the recombinant kringle
domain of tissue-type plasminogen activator, Biochem. Biophys. Res. Commun.
304 (2003) 740–746.

[10] H.K. Oh, J.M. Ha, O. Eunjo, B.H. Lee, S.K. Lee, B.S. Shim, Y.K. Hong, Y.A. Joe,
Tumor angiogenesis promoted by ex vivo differentiated endothelial progenitor
cells is effectively inhibited by an angiogenesis inhibitor, TK1–2, Cancer Res.
67 (2007) 4851–4859.

[11] V.A. Carroll, L.L. Nikitenko, R. Bicknell, A.L. Harris, Antiangiogenic activity of a
domain deletion mutant of tissue plasminogen activator containing kringle 2,
Arterioscler. Thromb. Vasc. Biol. 25 (2005) 736–741.

[12] D.R. Senger, K.P. Claffey, J.E. Benes, C.A. Perruzzi, A.P. Sergiou, M. Detmar,
Angiogenesis promoted by vascular endothelial growth factor: regulation
through alpha1beta1 and alpha2beta1 integrins, Proc. Natl. Acad. Sci. USA 94
(1997) 13612–13617.

[13] D.R. Senger, C.A. Perruzzi, M. Streit, V.E. Koteliansky, A.R. de Fougerolles, M.
Detmar, The alpha(1)beta(1) and alpha(2)beta(1) integrins provide critical
support for vascular endothelial growth factor signaling, endothelial cell
migration and tumor angiogenesis, Am. J. Pathol. 160 (2002) 195–204.

[14] J.D. San Antonio, J.J. Zoeller, K. Habursky, K. Turner, W. Pimtong, M. Burrows, S.
Choi, S. Basra, J.S. Bennett, W.F. DeGrado, R.V. Iozzo, A key role for the integrin
alpha2beta1 in experimental and developmental angiogenesis, Am. J. Pathol.
175 (2009) 1338–1347.

[15] W.D. Staatz, K.F. Fok, M.M. Zutter, S.P. Adams, B.A. Rodriguez, S.A. Santoro,
Identification of a tetrapeptide recognition sequence for the alpha 2 beta 1
integrin in collagen, J. Biol. Chem. 266 (1991) 7363–7367.

[16] B. Luzak, J. Golanski, M. Rozalski, M.A. Bonclerand, C. Watala, Inhibition of
collagen-induced platelet reactivity by DGEA peptide, Acta Biochim. Pol. 50
(2003) 1119–1128.

[17] E. De Falco, D. Porcelli, A.R. Torella, S. Straino, M.G. Iachininoto, A. Orlandi, S.
Truffa, P. Biglioli, M. Napolitano, M.C. Capogrossi, M. Pesce, SDF-1 involvement
in endothelial phenotype and ischemia-induced recruitment of bone marrow
progenitor cells, Blood 104 (2004) 3472–3482.

[18] D.C. Tan, R.M. Kini, S.D. Jois, D.K. Lim, L. Xin, R. Ge, A small peptide derived
from Flt-1 (VEGFR-1) functions as an angiogenic inhibitor, FEBS Lett. 494
(2001) 150–156.

[19] T. Asahara, T. Takahashi, H. Masuda, C. Kalka, D. Chen, H. Iwaguro, Y. Inai, M.
Silver, J.M. Isner, VEGF contributes to postnatal neovascularization by
mobilizing bone marrow-derived endothelial progenitor cells, EMBO J. 18
(1999) 3964–3972.

[20] E.S. Wijelath, S. Rahman, J. Murray, Y. Patel, G. Savidge, M. Sobel, Fibronectin
promotes VEGF-induced CD34 cell differentiation into endothelial cells, J. Vasc.
Surg. 39 (2004) 655–660.

[21] C. Ruegg, A. Mariotti, Vascular integrins: pleiotropic adhesion and signaling
molecules in vascular homeostasis and angiogenesis, Cell. Mol. Life Sci. 60
(2003) 1135–1157.

[22] J.S. Kim, A. Moon, Fibronectin induces pro-MMP-2 activation and enhances
invasion in H-Ras transformed human breast epithelial cells, Biomol. Ther. 17
(2009) 288–292.

[23] J.C. Morrison, Integrins in the optic nerve head: potential roles in
glaucomatous optic neuropathy (an American Ophthalmological Society
thesis), Trans. Am. Ophthalmol. Soc. 104 (2006) 453–477.

[24] D. Kirchhofer, L.R. Languino, E. Ruoslahti, M.D. Pierschbacher, Alpha 2 beta 1
integrins from different cell types show different binding specificities, J. Biol.
Chem. 265 (1990) 615–618.

[25] K.M. Hennessy, B.E. Pollot, W.C. Clem, M.C. Phipps, A.A. Sawyer, B.K. Culpepper,
S.L. Bellis, The effect of collagen I mimetic peptides on mesenchymal stem cell
adhesion and differentiation, and on bone formation at hydroxyapatite
surfaces, Biomaterials 30 (2009) 1898–1909.

[26] K.N. Sulochana, H. Fan, S. Jois, V. Subramanian, F. Sun, R.M. Kini, R. Ge, Peptides
derived from human decorin leucine-rich repeat 5 inhibit angiogenesis, J. Biol.
Chem. 280 (2005) 27935–27948.

[27] D.P. Fairlie, M.L. West, A.K. Wong, Towards protein surface mimetics, Curr.
Med. Chem. 5 (1998) 29–62.

[28] A.W. Griffioen, D.W. van der Schaft, A.F. Barendsz-Janson, A. Cox, H.A. Struijker
Boudier, H.F. Hillen, K.H. Mayo, Anginex, a designed peptide that inhibits
angiogenesis, Biochem. J. 354 (2001) 233–242.

[29] Y. Maeshima, U.L. Yerramalla, M. Dhanabal, K.A. Holthaus, S. Barbashov, S.
Kharbanda, C. Reimer, M. Manfredi, W.M. Dickerson, R. Kalluri, Extracellular
matrix-derived peptide binds to alpha(v)beta(3) integrin and inhibits
angiogenesis, J. Biol. Chem. 276 (2001) 31959–31968.


	DGDA, a local sequence of the kringle 2 domain, is a functional motif of the tissue-type plasminogen activator’s antiangiogenic kringle domain
	Introduction
	Materials and methods
	Results
	DGDA peptide inhibits endothelial cell adhesion to immobilized TK1–2 and blocks anti-migratory activity of TK1–2
	DGDA peptide inhibits endothelial cell migration and tube formation
	DGDA peptide inhibits differentiation of EPCs on collagen matrix

	Discussion
	Acknowledgments
	References


