
S
b
f

E
a

b

a

A
R
R
A
A

K
L
B
E
T

1

f
1
h
s
m

c
V
v
C
m
h
4
a

M
t

1
d

The International Journal of Biochemistry & Cell Biology 43 (2011) 1812– 1821

Contents lists available at SciVerse ScienceDirect

The  International  Journal  of  Biochemistry
& Cell  Biology

journa l h o me  page: www.elsev ier .com/ locate /b ioce l

mall  peptides  derived  from  somatotropin  domain-containing  proteins  inhibit
lood  and  lymphatic  endothelial  cell  proliferation,  migration,  adhesion  and  tube
ormation

sak  Leea,1, Elena  V.  Roscab,1,  Niranjan  B.  Pandeyb, Aleksander  S.  Popela,b,∗

Department of Chemical and Biomolecular Engineering, School of Engineering, Johns Hopkins University, Baltimore, MD 21218, United States
Department of Biomedical Engineering, School of Medicine, Johns Hopkins University, 611 Traylor Bldg, 720 Rutland Avenue, Baltimore, MD  21205, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 April 2011
eceived in revised form 18 July 2011
ccepted 30 August 2011
vailable online 6 September 2011

eywords:
ymphatic endothelial cell
lood endothelial cell
ndogenous somatotropin peptides
ransmembrane protein 45A human

a  b  s  t  r  a  c  t

Angiogenesis  is  thoroughly  balanced  and  regulated  in  health;  however,  it  is  dysregulated  in  many  diseases
including  cancer,  age-related  macular  degeneration,  cardiovascular  diseases  such  as coronary  and  periph-
eral  artery  diseases  and  stroke,  abnormal  embryonic  development,  and  abnormal  wound  healing.  In
addition  to  angiogenesis,  lymphangiogenesis  is  pivotal  for maintaining  the  immune  system,  homeostasis
of  body  fluids  and  lymphoid  organs;  dysregulated  lymphangiogenesis  may  cause  inflammatory  diseases
and  lymph  node  mediated  tumor  metastasis.  Anti-angiogenic  or anti-lymphangiogenic  small  peptides
may  play  an  important  role  as  therapeutic  agents  normalizing  angiogenesis  or  lymphangiogenesis  in
disease  conditions.  Several  novel  endogenous  peptides  derived  from  proteins  containing  a  conserved
somatotropin  domain  have  been  previously  identified  with  the  help  of  our  bioinformatics-based  method-
ology.  These  somatotropin  peptides  were  screened  for inhibition  of  angiogenesis  and  lymphangiogenesis

using  in  vitro  proliferation,  migration,  adhesion  and  tube  formation  assays  with  blood  and  lymphatic
endothelial  cells.  We  found  that  the peptides  have  the  potential  for  inhibiting  both  angiogenesis  and
lymphangiogenesis.  Focusing  the  study  on  the  inhibition  of  lymphangiogenesis,  we found  that  a  peptide
derived  from  the somatotropin  conserved  domain  of  transmembrane  protein  45A  human  was  the  most
potent lymphangiogenesis  inhibitor,  blocking  lymphatic  endothelial  cell migration,  adhesion,  and  tube

formation.

. Introduction

Angiogenesis is the process of new blood vessel formation
rom pre-existing blood vasculature (Folkman and Klagsbrun,
987). Angiogenesis is an important process occurring in both

ealth and disease. Appropriate balance between angiogenic
timulators and inhibitors is fundamental for regulating and
aintaining angiogenesis in health. Disturbed homeostasis in

Abbreviations: LEC, lymphatic endothelial cell; MEC, microvascular endothelial
ell; HUVEC, human umbilical vein endothelial cell; CCR7, chemokine receptor 7;
EGF, vascular endothelial growth factor; NRP-2, neuropilin-2; LYVE-1, lymphatic
essel endothelial hyaluronan receptor 1; Prox-1, prospero homeobox protein 1;
OX-2, cyclooxygenase 2; MMP-2/9, matrix metalloproteinase 2/9; m-TOR, mam-
alian target of rapamycin; TSP1, thrombospondin 1; IL-17, interleukin 17; PRL/GH,

uman prolactin/growth hormone; AMD, age-related macular degeneration; DAPI,
′ ,6-diamidino-2-phenylindole; LDH, lactate dehydrogenase; RTCA, real time cell
nalysis; CIM-plates, cell invasion and migration plates.
∗ Corresponding author at: Department of Biomedical Engineering, School of
edicine, Johns Hopkins University, 611 Traylor Bldg, 720 Rutland Avenue, Bal-

imore, MD  21205, United States. Tel.: +1 410 955 6419; fax: +1 410 614 8796.
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angiogenesis is associated with many diseases including cancer,
age-related macular degeneration (AMD), diabetes, rheumatoid
arthritis, psoriasis and cardiovascular diseases such as coronary
and peripheral artery diseases and stroke (Carmeliet and Jain,
2011).

Lymphangiogenesis, the process of new lymphatic vessel forma-
tion from pre-existing lymphatics, is important for functioning of
the immune system and lymphoid organs, tissue fluid homeostasis
and absorption of dietary fats (Stacker et al., 2002). Dysregu-
lated lymphangiogenesis can result in pathological conditions such
as lymphedema, abnormal fat metabolism, hypertension, inflam-
matory diseases and lymph node mediated tumor metastasis
(Tammela and Alitalo, 2010; Norrmén et al., 2011).

A number of therapeutic angiogenesis inhibitors have been
developed. These include FDA approved monoclonal antibod-
ies bevacizumab and ranibizumab targeting vascular endothelial
growth factor (VEGF), small molecule tyrosine kinase inhibitors
involved in angiogenesis-related signal transduction (erlotinib,

sunitinib, sorafenib, pazopanib), and mammalian target of
rapamycin (mTOR) inhibitors (temsirolimus and everolimus) (Li
et al., 2008). Many peptide angiogenesis inhibitors are in preclinical
development or clinical trials (Rosca et al., 2011).

dx.doi.org/10.1016/j.biocel.2011.08.020
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:apopel@jhu.edu
dx.doi.org/10.1016/j.biocel.2011.08.020
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In contrast, there are relatively few effective inhibitors of lym-
hangiogenesis compared to those of angiogenesis. This is because
olecular studies in lymphatic biology have only been conducted

ince the late 1990s after lymphatic endothelial cell (EC) markers
ncluding vascular endothelial growth factor receptor 3 (VEGFR-3)
Kaipainen et al., 1995), lymphatic vessel endothelial hyaluronan
eceptor 1 (LYVE-1) (Banerji et al., 1999), prospero homeobox pro-
ein 1 (Prox-1) (Wigle and Oliver, 1999), neuropilin 2 (NRP-2) (Yuan
t al., 2002) and podoplanin (Schacht et al., 2003) were identi-
ed. VEGFC/D (Joukov et al., 1996; Achen et al., 1998), VEGFR3 (He
t al., 2005), cyclooxygenase 2 (COX-2) (Timoshenko et al., 2006),
hemokine receptors CCR7 (Forster et al., 1999) and matrix metallo-
roteinase 2/9 (MMP-2/9) (Daniele et al., 2010) have been proposed
s potential molecular targets for regulating lymphangiogenesis.
arge proteins or antibodies including a VEGF-D neutralizing anti-
ody (Roberts et al., 2006), a soluble VEGFR-3 fusion protein (a
EGF-C/D trap) (Lin et al., 2005) and a neuropilin-2 antibody (Caunt
t al., 2008) were reported to inhibit lymphangiogenesis in vitro
nd in vivo. However no FDA approved anti-lymphangiogenic
gent has yet been developed and to our knowledge no anti-
ymphangiogenic peptide agents have been identified.

Here we investigate anti-lymphangiogenic and anti-angiogenic
ctivity of novel endogenous 14-mer somatotropin domain-
erived peptides; to our knowledge, these are the first short peptide
gents with anti-lymphangiogenic activity exhibiting a potency of
nhibiting lymphatic endothelial cell (LEC) proliferation, migration,
dhesion and tube formation. Using bioinformatics, our labora-
ory has previously identified over 100 anti-angiogenic peptides
erived from conserved domains of several classes of proteins: type

V collagen, CXC chemokines, thrombospondin 1 (TSP1) repeat-
ontaining proteins, somatotropins and serpins (Karagiannis and
opel, 2008). The basis for this analysis was homology to known
nti-angiogenic protein fragments that allowed us to identify sev-
ral anti-angiogenic motifs in the human proteome.

Among these novel peptides, we tested 14-mer peptides derived
rom the somatotropin conserved domain on lymphatic and
lood endothelial cells in vitro. The tested peptides are derived
rom the endogenous proteins interleukin 17 (IL-17) receptor C
the peptide denoted SP5001, its sequence is RLRLLTLQSWLL),
rush border myosin-1 (SP5028, LMRKSQILISSWF), neuropeptide
F receptor 2 (SP5029, LLIVALLFILSWL), chorionic somatomam-
otropin (SP5030, LLRLLLLIESWLE), transmembrane protein 45A

SP5031, LLRSSLILLQGSWF), chorionic somatomammotropin-like 1
SP5032, LLHISLLLIESRLE) and placental lactogen (SP5033, LLRIS-
LLIESWLE). We  performed proliferation, migration, adhesion and
ube formation assay on lymphatic and blood endothelial cells to
dentify anti-lymphangiogenic and anti-angiogenic peptides. Lym-
hangiogenesis or angiogenesis involves multiple steps including

ymphatic or blood endothelial cell attachment and adhesion to
he extracellular matrix, cell migration, cell proliferation, tube for-

ation as well as matrix remodeling. When a peptide inhibits any
ne or more of these steps, it can serve as a prototype for anti-
ymphangiogenic or anti-angiogenic drug development.

. Materials and methods

.1. Peptide synthesis and handling

The peptides were produced by a commercial manufacturer
Bachem, Torrance, CA) using a solid-phase synthesis technique
Table 1). HPLC and MS  analyses of each peptide were provided by

he manufacturer to demonstrate greater than 95% purity. The pep-
ides were stored at −80 ◦C and thawed at room temperature just
efore use. For preparation of peptide stock solutions, dimethyl sul-
oxide (DMSO) was used as a solvent at a maximum concentration
istry & Cell Biology 43 (2011) 1812– 1821 1813

of 5% or 10% (vol/vol) in PBS due to their hydrophobic profile. We
verified the final concentration of DMSO was  less than 0.6% when
the peptide stock solutions were more diluted in media for in vitro
experiments. Experimental groups including controls and peptide
treated groups were controlled as they contained same amount of
DMSO to eliminate solvent effects.

2.2. Cell culture

Human umbilical vein endothelial cells (HUVEC), microvas-
cular endothelial cells (MEC) and lymphatic endothelial cells
were purchased from Lonza (Walkersville, MD). HUVEC were
grown and maintained according to the vendor’s recommenda-
tion using Endothelial Basal Media (EBM-2) supplemented with
the Bullet Kit (EGM-2) from Lonza. The MEC  and LEC were
propagated in Microvascular Endothelial Cell Growth Medium-2
(EGM-2MV, Lonza). Breast cancer cells, MDA-MB-231 were sup-
plied by Dr. Zaver Bhujwalla (JHMI, Radiology and Oncology).
MDA-MB-231 were propagated in RPMI-1640 medium (Gibco,
Carlsbad, CA) supplemented with 10% FBS and antibiotics (1%
penicillin/streptomycin). Cells were maintained under standard
conditions of 37 ◦C and 5% CO2 and the passage numbers of all cells
were between 3 and 9.

2.3. Specific staining for LEC marker

Western blotting and an immunohistochemistry assay using
antibodies against the lymphendothelium specific markers
podoplanin and LYVE-1 were performed on LEC and HUVEC to
confirm the lineage of LEC. HUVEC were used as controls. In the
western blotting assay cell extracts were prepared from HUVEC
and LEC by incubation of cells in cell lysis buffer (150 mM NaCl,
1 mM EDTA, 100 �L/mL Protease Inhibitors (Sigma), 10 �L/mL
Phosphatase inhibitors (Sigma) and 0.1% Triton) for 2 h. Extracts
were centrifuged (14,000 × g for 15 min) and protein concentra-
tion was assessed by Bradford Assay (BioRad, CA). The extracts were
separated by gel electrophoresis and transferred to nitrocellulose
membrane for antibody staining. A typical immunohistochemistry
protocol was  followed for staining using the LEC specific anti-
podoplanin antibody D2-40 (Covance, IN).

In the immunohistochemistry assay each well of an 8-well plate
was coated with 0.1% gelatin solution and incubated at room tem-
perature for 2 h. 35,000 HUVEC or LEC were seeded and the plate
was incubated at 37 ◦C in a tissue culture incubator for 20 h to
allow cells to adhere. Media was  removed and 100 �L of 1:4 dilu-
tion of BD Cytofix fixation buffer (BD Bioscience, CA) was added
and incubated at room temperature for 15 min. The fixation buffer
was removed and 100 �L of binding media (EBM-2, 1 mM 1,10-
phenanthroline, 200 �g/mL bacitracin, 0.5 �g/mL leupeptin and 3%
BSA) was added for 1 h to prevent non-specific binding. LYVE-1
antibody (Fitzgerald) (4 �g/mL) was added and the plate was incu-
bated at 4 ◦C for 20 h. After rinsing three times with 200 �L/well
washing buffer (0.1 L 10 × Tris buffer + 0.9 L distilled water + 10 mL
10% tween per 1 L buffer), anti-mouse IgG Fab 2 labeled with Alexa
fluor 488 molecular probes (1:1000 dilution, Cell Signaling) and
5 �g/mL of 4′,6-diamidino-2-phenylindole (DAPI, Roche, IN) were
added and the plate was incubated at room temperature for 1 h.
After 3 rinses with 200 �L/well washing buffer (for 10 min  each
time), 200 �L of PBS with Ca++/Mg++ was  added and the cells were
imaged using a Nikon microscope (Nikon Instruments Inc.).

2.4. Proliferation assay
Proliferation assays in the presence or absence of the peptides
were performed using the WST-1 reagent (Roche). Pale yellow
colored tetrazolium salt WST-1 can be reduced by mitochondrial



1814 E. Lee et al. / The International Journal of Biochemistry & Cell Biology 43 (2011) 1812– 1821

Table 1
The amino acid sequences of the tested somatotropin peptides.

Peptide name Peptide origin Accession # Peptide sequence

SP5001 IL-17 receptor C NP703191 (376–387) RLRLLTLQSWLL
SP5028 Brush border myosin-1 AAD31189 (719–731) LMRKSQILISSWF
SP5029 Neuropeptide FF receptor 2 AAG41398 (276–288) LLIVALLFILSWL
SP5030 Chorionic somatomammotropin AAA52116 (101–113) LLRLLLLIESWLE

d
m
2
u
3
T
i
t
A
u
p
S

2

H
i
w
5
o
n
O
1
w
(
c

s
p
b
r
t
a
t
(
c

2

u
B
p
A
a
c
t
f
y
U
b
2
3
2

SP5031 Transmembrane protein 45A 

SP5032 Chorionic somatomammotropin-like 1 

SP5033 Placental lactogen 

ehydrogenases and transformed into dark yellow colored For-
azan. In detail, HUVEC was seeded in 96-well plates at a density of

000 cells/well in 100 �L of EGM-2 media (100 �L of EGM-2MV was
sed in MEC  and LEC proliferation). The plates were incubated at
7 ◦C in a tissue culture incubator for 20 h to allow cells to adhere.
he prepared peptide solutions were added and the plates were
ncubated for 72 h. Media was removed and 100 �L of WST-1 solu-
ion (1:10 dilution of WST-1 in serum free EBM media) was  added.
fter incubation for 4 h, the absorbance at 450 nm was  measured
sing a Victor V (PerkinElmer, Waltham, MA). IC50 values of each
eptide were calculated by using GraphPAD Prism 5 (GraphPad
oftware Inc.).

.5. Cytotoxicity and apoptosis assay

Peptide cytotoxicity was determined using CytoTox-ONE
omogeneous Membrane Integrity assay (Promega, WI). This assay

s for detecting the lactate dehydrogenase (LDH) released from cells
ith damaged membranes. HUVEC, MEC  and LEC were plated at

000 cells per well in 96-well plates and the plates were incubated
vernight to allow cells to adhere. Then media were replaced with
ormal media with or without peptide. After 72 h the CytoTox-
NE substrate (100 �L/well) was added. After incubating cells for
0 min  at room temperature the stop solution was added to each
ell and fluorescence was measured with a Victor V plate reader

PerkinElmer, MA). Serum-free media (EBM, Lonza), which can be
ytotoxic to cells, was used as a control.

Apoptosis was detected by using a Caspase-Glo 3/7 apopto-
is detection assay kit (Promega, WI). HUVEC, MEC  and LEC were
lated at 10,000 cells per well in opaque 96-well plates and incu-
ated overnight to allow cells to adhere. Then the media was
eplaced with complete media with or without peptide. After 72 h
he Caspase-Glo chemiluminescent substrate (100 �L/well) was
dded and the plates were incubating 1.5 h at room tempera-
ure. Luminescence was determined with a Victor V plate reader
PerkinElmer, MA). Serum-free media (EBM, Lonza) was  used as a
ontrol.

.6. Migration assay

HUVEC, MEC, LEC and MDA-MB-231 migration was  assessed
sing the ACEA real-time cell analysis (RTCA) system (ACEA
iosciences Inc.) and the Cell Invasion and Migration Plates 16 (CIM-
lates-16) from Roche Diagnostics (Mannheim, Germany). The
CEA RTCA system measures cell electrical impedance expressed
s cell index in real time. The cell index indicates the extent of
ell migration from the top compartment of a two-chamber sys-
em to the bottom compartment in response to chemoattractant
actors. Previously CIM-plates have been used for real-time anal-
sis of cell migration (Daouti et al., 2008; Greiner et al., 2011;
ngefroren et al., 2011). In detail, the membrane of the top cham-

er of a CIM-plate was coated with fibronectin by adding 40 �L of
0 �g/mL fibronectin in PBS solution and incubating at 37 ◦C for
0 min. 180 �L of EGM-2 (complete media for HUVEC) or EGM-
MV  (complete media for MEC  and LEC) or EBM (serum free
NP060474 (181–194) LLRSSLILLQGSWF
Q14406 (83–96) LLHISLLLIESRLE
AAA98621 (101–114) LLRISLLLIESWLE

media) was  added to the bottom chambers. For MDA-MB-231
migration, 180 �L of RPMI-1640 media (Gibco) supplemented with
10% FBS and antibiotics (1% penicillin/streptomycin) was  added
to the bottom chamber well. The two  chambers were assem-
bled together, 30 �L of serum free media was added to the top
chamber and the assembled plate was incubated in a tissue cul-
ture incubator at 37 ◦C for at least 1 h. The equilibrated plate was
removed from the incubator and 100 �L of the trypsinized cells
(45,000 HUVEC/well; 30,000 MEC/well; 120,000 LEC/well; 200,000
MDA-MB-231 cells/well) were added to the top chamber. After
30 min  incubation at room temperature, the stabilized chamber
was loaded in the RTCA machine and the cell index was  measured
continuously for 20 h. Cell indices at 20 h were selected for analysis.

Inhibition of migration by one peptide (SP5031) was also inves-
tigated in a wound healing type assay to validate the migration
data from the RTCA system. This assay was  performed using the
OrisTM Pro Cell Migration assay (Platypus Technologies, WI). Briefly,
25,000 cells/well in complete media were added to the 96-well
plate containing stoppers to prevent the cells from settling in the
center region of the wells. Cells were allowed to adhere for 4 h, after
which the stoppers were removed. Fully supplemented media with
or without peptide was  added to the wells to allow migration to
the previously blocked area in the center of the wells. After 18 h
cells were stained with Calcein AM (0.5 �g/mL) (Invitrogen, CA) in
PBS supplemented with Ca2+ and Mg2+ and the cells that migrated
to the center of the well were quantified by reading fluorescence
at 485/530 nm on a Victor V plate reader (PerkinElmer, MA)  and
also imaged using a Nikon microscope (Eclipse T-100); images were
acquired with the CCD Sensicam mounted on a Nikon microscope
(Cooke Company, MI). The detection of only the cells that migrated
into the previously restricted region is made possible by using a
detection mask at the bottom of the plate which obstructs the other
parts of the well.

2.7. LEC adhesion assay

ACEA E-plates (Roche Diagnostics) were used to measure the
extent of LEC adhesion in the RTCA system. Cell impedance is
expressed as cell index which indicates the degree of cell adhe-
sion to the electrodes. Recently the ACEA E-plates have been used
for real-time analysis of cell adhesion (Salo et al., 2009; Foldynova-
Trantirkova et al., 2010; Ohkawa et al., 2010). In detail, 100 �L of
2× concentrated peptide solutions were added to the appropriate
wells of an E-plate. LEC (25,000 cells/well) in 100 �L of EGM-2MV
media were added next to each well diluting the peptides to the
appropriate final concentrations. After equilibrating at room tem-
perature for 30 min, the E-plate was  loaded into the RTCA personal
system. Cell indices at 1 h were analyzed.

For the validation of adhesion data from the RTCA system we
performed a conventional cell adhesion assay. LEC were labeled
with Cell Tracker Green (Invitrogen, CA) according to the man-

ufacturer’s protocol. Briefly, cells were incubated with complete
media containing 10 �M Cell Tracker Green for 30 min  under nor-
mal  growth conditions. Labeling media was  replaced with complete
growth media and cells were allowed to incubate at 37 ◦C with 5%
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Fig. 1. Specific staining for LEC markers. (A) Western blotting with D2-40,
podoplanin antibody on HUVEC and LEC. Lane 1 demonstrates the absence of the
specific band for D2-40 LEC marker in HUVEC extracts while the band is strongly
visible in the LEC extracts (Lane 4). (B) An immunohistochemistry assay with LYVE-
1  antibody on HUVEC and LEC. The immunohistochemistry assay shows that LEC
is  positive for anti-LYVE-1 LEC marker (green colored), however, HUVEC is not. A
merged image with DAPI staining (blue colored) shows that LYVE-1 receptor pro-

Cytotoxic effects of the peptides on HUVEC, MEC  and LEC
were determined by measuring the lactate dehydrogenase (LDH)

Table 2
IC50 values in proliferation assay with somatotropin peptides.

Peptide name IC50 (�M ± 95% Cl)

HUVEC MEC LEC

SP5001 50.7 ± 31.8 52.4 ± 27.8 27.3 ± 19.6
SP5028 58.2 ± 35.2 27.7 ± 17.4 More than 200
SP5029 34.9 ± 15.4 More than 200 More than 200
SP5030 17.7 ± 11.2 93.2 ± 42.3 More than 200
SP5031 96.9 ± 34.3 83.4 ± 21.9 157.6 ± 122.2
E. Lee et al. / The International Journal of Bi

O2 for an additional 30 min  to complete the labeling process. Fol-
owing labeling, cells were plated at a density of 10,000 cells/well
n a black 96-well plate with a clear bottom. While cells were
abeled the well surface was incubated with peptide at concentra-
ions matching the future cell incubation to keep the peptide on the
ell surface from depletion after PBS washing. Cells were added to
ells containing peptide in media or media with matching concen-

ration of DMSO (<0.2%) and incubated for 2 h. Cells were washed
hree times with PBS after which the fluorescence intensity was

easured using the Victor V plate reader. Images of one randomly
elected view per well were acquired using CCD Sensicam mounted
n the Nikon microscope.

.8. LEC capillary-like tube formation assay

A LEC capillary-like tube formation assay was performed to
etermine the effect of the somatotropin peptides on lymphangio-
enesis. Basement membrane extracellular matrix (Matrigel, BME,
D Bioscience) was thawed at 4 ◦C overnight. A 96-well plate and
00 �L pipette tips were also kept at 4 ◦C overnight and both the
late and tips were placed on ice during the entire experiment.
0 �L of Matrigel was loaded in each well of the 96-well plate
nd the plate was incubated at 37 ◦C in a tissue culture incuba-
or for 30 min  to allow the matrix to polymerize. Trypsinized LEC
ere mixed with the peptide making the appropriate cell density

15,000 cells/well) and peptide concentrations (100, 50, 25 �M).
00 �L of cell and peptide mixture was added on top of the gel in
he 96-well plate. The plate was then incubated at 37 ◦C in a tis-
ue culture incubator and the formation of the capillary-like tubes
as observed after 0, 6, 12 and 24 h. At 24 h, the wells were imaged
sing a Nikon microscope. Quantification of tube formation was
ssisted by S.CORE, a web based image analysis system (S.CO Bio-
ifescience). Tube formation indices represent the degree of tube
ormation. The indices were calculated using the equation below.
he values of the variables used in the equation were obtained
utomatically by S.CORE.

ube Formation Index

= (Mean Single Tube Index)2 × (1 − Confluent Area)

×
(

Number of Branching Points
Total Length Skeleton

)

.9. Statistical analysis

Error bars correspond to SEM, unless otherwise stated. Differ-
nces between a control and a peptide treated group are regarded
s significant when P is less than 0.05 using the Student’s t test.

. Results

.1. D2-40, the podoplanin antibody and the LYVE-1 antibody
ositively identify LEC

Western blotting and an immunohistochemistry assay were car-
ied out on LEC and HUVEC. The western blotting result showed
he absence of the specific band for podoplanin, the LEC marker in

UVEC extracts. However, the specific band was present in high
mounts in the LEC extracts (Fig. 1A). An immunohistochemistry
ssay showed that the LYVE-1 was only expressed in LEC and not
n HUVEC (Fig. 1B).
teins (green colored) are expressed in LEC membranes specifically not in HUVEC
membranes.

3.2. Somatotropin peptides have anti-proliferative effects on both
lymphatic and blood endothelial cells

To investigate the anti-proliferative activity of soma-
totropin peptides a WST-1 based proliferation assay was
performed on HUVEC, MEC  and LEC. Neuropeptide FF receptor
2 (SP5029), chorionic somatomammotropin (SP5030), chorionic
somatomammotropin-like 1 (SP5032) and placental lactogen
(SP5033) were potent inhibitors of HUVEC proliferation exhibiting
IC50 values below 50 �M.  A peptide from brush border myosin-1
(SP5028) inhibited the proliferation of MEC  with IC50 below 30 �M.
Finally in the LEC proliferation assay two peptides, one derived
from the IL-17 receptor C (SP5001) and the other derived from the
placental lactogen (SP5033) were potent with IC50 values below
60 �M (Table 2).

3.3. Somatotropin peptides exhibit cytotoxic and apoptotic
activities
SP5032 36.5 ± 25.1 80.1 ± 47.9 Not converged
SP5033 14.7 ± 8.1 81.1 ± 37.2 59.8 ± 27.0

Somatotropin peptides were tested against HUVEC, MEC  and LEC using WST-1 cell
proliferation reagent.
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Fig. 2. The cytotoxic and apoptotic activity of the peptides. The cytotoxic effect of the peptides was determined by using CytoTox-ONE Homogeneous Membrane Integrity
assay  kit detecting lactate dehydrogenase (LDH) released from damaged cells. Peptide induced apoptotic activity was detected by using a Caspase-Glo 3/7 apoptosis detection
assay  kit. HUVEC, MEC  and LEC were incubated at 37 ◦C in complete media with or without peptides for 72 h before these two assays. The LDH or caspase-3/7 signals in the
normal  condition with only complete media were defined as negative control with 100% LDH or caspase-3/7 activity (black dotted lines). Starved condition with serum free
media  or peptide treatment induced more LDH or caspase-3/7 activity. (A) Percent LDH activity after treating HUVEC with somatotropin peptides. (B) Percent LDH activity on
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EC.  (C) Percent LDH activity on LEC. (D) Percent caspase-3/7 activity after treating
aspase-3/7 activity on LEC.

eleased from damaged cell membranes with CytoTox-ONE Homo-
eneous Membrane Integrity assay kit (Promega, WI). The normal
evel of LDH released from cells incubated in complete media for
2 h was set as 100%. The amount of LDH released from cells incu-
ated in serum free media after the same time was  more than
50% of the amount seen when cells were grown in complete
edia presumably because of the cytotoxic stress from starva-

ion. A concentration of 100 �M of all the peptides tested in cells
rown in complete media except SP5031 showed more than 150%
DH activity compared to the control when HUVEC were tested.
mong them SP5030, SP5032 and SP5033 had significant cyto-

oxic activity at 10 �M (Fig. 2A). 100 �M of SP5001, SP5028 and
P5033 exhibited more than 200% LDH activity compared to the

ontrol on MEC. Even at 10 �M these three peptides showed more
han 150% LDH level (Fig. 2B). However only SP5001 and SP5033
howed significant LDH activity compared to the control on LEC
Fig. 2C).
C with somatotropin peptides. (E) Percent caspase-3/7 activity on MEC. (F) Percent

Peptide mediated apoptosis of HUVEC, MEC  and LEC were tested
with a Caspase-3/7 Glo apoptosis detection reagent (Promega, WI).
Apoptosis assays are in general more specific than the LDH cyto-
toxicity assay. 100 �M of SP5028, SP5030 and SP5033 induced
significant caspase-3/7 activity compared to the control on HUVEC
(Fig. 2D). SP5028, SP5030, SP5032 and SP5033 were active against
MEC  in the apoptosis assay (Fig. 2E). Finally only SP5033 induced
significant apoptosis on LEC (Fig. 2F).

3.4. Somatotropin peptides inhibit migration of lymphatic and
blood endothelial cells

Real time cell analysis system and ACEA CIM-plates (Roche

diagnostics) were used to measure the potency of inhibition of
migration of HUVEC, MEC  and LEC by the various peptides. 50 �M
of almost all the peptides showed statistically significant migration
inhibitory effects on HUVEC, MEC  and LEC (Fig. 3). Four peptides:
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Fig. 3. Migration inhibitory activity of the somatotropin peptides. Somatotropin peptides were tested against HUVEC, MEC  and LEC for their anti-migratory activity. The
peptide concentration was 50 �M and cell indices at 20 h were used for data analysis. (A) Percent HUVEC migration. *P < 0.05 versus control and **P  < 0.03 versus control.
(B)  Percent MEC  migration. *P < 0.05 versus control, **P < 0.03 versus control. (C) Percent LEC migration. *P < 0.05 versus control and **P < 0.02 versus control. (D) Real-time
migration data with SP5031 (0, 1.2, 3.7, 11, 33 and 100 �M)  on LEC. (E) Percent LEC migration with SP5031 after 20 h of migration using RTCA migration assay. *P < 0.05 versus
c tion a
w ntrol.
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ontrol  and **P < 0.01 versus control. (F) The image of the wound healing LEC migra
ound  healing cell migration assay. *P < 0.05 versus control and **P < 0.02 versus co

P5028, SP5030, SP5031 and SP5032 inhibited the migration of
UVEC by more than 65% from control (% inhibition of 73.8%, 65.3%,
5.5% and 74.6%, respectively) (Fig. 3A). All peptides tested except
P5001 and SP5033, dramatically inhibited the migration of MEC
Fig. 3B). Three peptides: SP5028, SP5030 and SP5032 strongly
nhibited the migration of LEC (76.1%, 68.7% and 71.3%, respec-
ively). The 14-mer peptide from the transmembrane protein 45A
uman (SP5031) was the most potent inhibitor of LEC migration
more than 93.6%) (Fig. 3C). Real-time LEC migration was deter-

ined with RTCA system for 20 h with different concentrations
f SP5031. The IC50 for inhibition of LEC migration by SP5031 was
5.1 �M at 20 h after migration (Fig. 3D and E). The wound healing

ell migration assay was performed on LEC with SP5031 to validate
he data from RTCA system. The results showed a dose response
imilar to the impedance based migration data from the RTCA
ystem (Fig. 3F and G). SP5031 also showed statistically significant
ssay with SP5031. (G) The quantified percent LEC migration with SP5031 using the

migration inhibition of MDA-MB-231, a breast cancer cell line.
Specifically 25, 50 and 100 �M SP5031 inhibited MDA-MB-231 cell
migration by 46.9%, 83.2% and 97.7%, respectively (Fig. 6).

3.5. Somatotropin peptides block LEC adhesion

The ACEA E-plates (Roche) were used to evaluate LEC adhesion
with or without peptides. All peptides were screened at a concen-
tration of 50 �M and the most potent peptide was subsequently
tested at concentrations of 100, 33, 11, 3.7, 1.2 �M to obtain an
IC50 value. SP5001, SP5028 and SP5029 inhibited the LEC adhe-
sion only slightly (19.5%, 18.4% and 21.8%, respectively). However,

SP5030, SP5031 and SP5032 showed strong inhibition of LEC adhe-
sion inhibition (49%, 58% and 46%, respectively) (Fig. 4A). Among
them the peptide derived from the transmembrane protein 45A
human (SP5031) inhibited LEC adhesion most potently with an
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Fig. 4. Adhesion inhibitory activity of the somatotropin peptides on LEC. (A) LEC adhesion in the presence of 50 �M of somatotropin peptides at 1 h using the RTCA method.
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P  < 0.05 versus control. (B) Real-time LEC adhesion data in the presence of different
 h of adhesion using RTCA. *P < 0.05 versus control and **P < 0.02 versus control. (D
ercent LEC adhesion. *P < 0.05 versus control and **P < 0.02 versus control.

C50 value of 24.2 �M (Fig. 4B and C). The conventional cell adhe-
ion assay was carried out on LEC with SP5031 peptide to validate
he LEC adhesion data from RTCA system. The result showed that
P5031 blocked LEC adhesion in a dose-dependent manner (Fig. 4D
nd E). However the conventional cell adhesion method was  less
ensitive than the RTCA system at the low concentrations (below
3 �M)  of SP5031. These experiments demonstrate that the results
rom the E-plate based RTCA adhesion assay are reliable and that
t may  be a more sensitive methodology to measure cell adhesion
han the conventional adhesion assay.

.6. Somatotropin peptides inhibit LEC tube formation

Non-reduced matrigel with EGM-2MV complete media was
sed in the LEC capillary-like tube formation assay because it pro-
otes robust tube formation allowing us to test the inhibitory

ffects of the peptides. All peptides were tested at 100 �M to show
heir anti-tube formation activities. SP5030, SP5031 and SP5032

howed pronounced activities so that tube formation was  com-
letely blocked (Fig. 5A). Three selected candidates (SP5030, 5031,
032) were tested at lower concentrations of 50 �M and 25 �M to
btain the minimum concentration for complete tube inhibition.
ntrations of SP5031 (0, 1.2, 3.7, 11, 33, 100 �M).  (C) LEC adhesion with SP5031 after
 image of LEC adhesion with different concentrations of SP5031. (E) The quantified

The peptide from transmembrane protein 45A (SP5031) blocked
LEC tube formation most effectively showing a dose response
(Fig. 5B). The tube formation index was decreased by 89%, 67% and
22% by 100, 50 and 25 �M of the SP5031, respectively.

4. Discussion

Small peptides are emerging and promising agents in develop-
ing new therapeutics for different diseases (Saladin et al., 2009;
Rosca et al., 2011). Peptide agents have significant merits compared
to conventional proteins and large synthetic molecules. The advan-
tages of peptides as drugs over proteins are high specificity, low
immunogenicity and toxicity, better solubility in water and stable
product quality between batches (Sulochana and Ge, 2007). One
disadvantage is short half-life in vivo, which could be overcome by
peptide modification, conjugation to a macromolecule, or combi-
nation with a delivery vehicle (Rosca et al., 2011; Bhise et al., 2011;
Grdisa, 2011).
Previously several anti-angiogenic peptides were identified,
derived from endogenous proteins such as thrombospondin-1,
collagen, laminin, decorin, platelet factor-4, kininostatin, and
VEGFR. Among them a number of anti-angiogenic peptides are in
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Fig. 5. Capillary-like tube formation assay with somatotropin peptides on LEC. (A) LEC tube formation in the presence of 100 �M of the peptides at 24 h. (B) LEC tube formation
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n  the presence of different concentrations (0, 25, 50, 100 �M)  of SP5031 at 24 h. (C
P  < 0.01 versus control. Quantification of tube formation was assisted by S.CORE w

linical trials (Sulochana and Ge, 2007; Rosca et al., 2011). Although
any trials have been conducted for anti-angiogenic peptides,

eptide agents for inhibiting lymphangiogenesis have not been
eported. In this study we  investigated the anti-lymphangiogenic
ffects of small somatotropin peptides. The peptides from IL-17
eceptor C (SP5001) and placental lactogen (SP5033) potently
nhibited LEC proliferation (Table 2). Four peptides derived from
rush border myosin-1 (SP5028), chorionic somatomammotropin
SP5030), transmembrane protein 45A (SP5031) and chorionic
omatomammotropin-like 1 (SP5032) strongly inhibited LEC
igration and adhesion (Figs. 3 and 4). SP5030, SP5031 and

P5032 were strong inhibitors of the LEC capillary-like tube
ormation. Among them SP5031 was the most active LEC tube

ormation inhibitor (Fig. 5).

In the present study we could identify two classes of lymphan-
iogenesis inhibitors. The first class which includes SP5001 and
P5033 inhibit lymphangiogenesis by inhibiting proliferation of
ber of branching point. *P < 0.01 versus control. (D) Tube formation index (S.CORE).
ed image analysis system.

lymphatic endothelial cells and the second class which includes
SP5030, SP5031 and SP5032 inhibit lymphangiogenesis by mainly
inhibiting lymphatic endothelial cell migration and adhesion
(Fig. 7). SP5033 showed significant apoptotic activity on HUVEC,
LEC and MEC  exhibiting caspase-3/7 activity (Fig. 2D, E and F).
Interestingly the amino acid sequence of SP5033 (LLRISLLLIESWLE)
was very similar to the previously studied 14-mer tilted peptide
(LLRISLLLIQSWLE) from 16-kDa fragments of prolactin (PRL)
(Nguyen et al., 2006) with a difference only in the 10th amino acid.
The glutamic acid (Glu, E) in SP5033 is replaced with the glutamine
(Gln, Q) in the tilted PRL peptide. It has been reported that the
tilted PRL peptide led to cell apoptosis (Nguyen et al., 2006). Also
it was shown that PRL protein induced apoptosis in a prostate

cancer model (Giuffrida et al., 2010). These results with prolactin
(PRL) peptide and protein suggest that the PRL protein has active
domains which may  include the sequence of SP5033 exhibiting
apoptotic activity. Also the apoptotic property of SP5033 may  be
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Fig. 6. MDA-MB-231 migration with SP5031. Migration of MDA-MB-231 in the pres-
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nce  of the SP5031 peptide. The peptide concentrations were 25, 50, 100 �M and
ell indices at 20 h were used for data analysis. *P < 0.03 versus control and **P < 0.01
ersus control.

ssociated with its structure which may  be conserved regardless
f the 10th amino acid replacement. However SP5001, the other
eptide in this class, was not associated with caspase-3/7 activity
ven though it showed potent proliferation inhibitory effect as
een by increased LDH levels (Fig. 2). This suggests that SP5001
as anti-proliferative activity through other pathways such as
rresting the cell cycle or other cytotoxic pathways that are
ifferent from the caspase-3/7 dependent apoptosis pathway. The
econd class peptides comprising SP5030, SP5031 and SP5032
nhibited LEC migration and adhesion and were potent lymphatic
ube formation inhibitors compared to the first class of peptides
Figs. 3–5).  These two classes of peptides allow one to manip-
late endothelial cell proliferation and migration separately via

ndependent pathways. The receptors and signaling pathways
argeted by the two classes of peptides resulting in the control of
ell proliferation and migration remain to be identified.
We have identified several anti-lymphangiogenic sequences
erived from various proteins including IL-17 receptor C, brush
order myosin-1, neuropeptide FF receptor 2, transmembrane
rotein 45A, which are not associated with angiogenesis or

ig. 7. Classification of somatotropin peptides. Two classes of somatotropin peptides we
roliferation of both lymphatic and blood endothelial cells. The second class of peptides 

ymphatic and blood endothelial cells. Their sequences are shown and the conserved ami
ommon residues of all these peptides in the two classes. (For interpretation of the refer
rticle.)
istry & Cell Biology 43 (2011) 1812– 1821

lymphangiogenesis. These finding may  contribute to the under-
standing of the poorly understood physiological roles of these
proteins. For example our present study of SP5001, the peptide
derived from IL-17 receptor C protein, could lead us to hypothesize
that there might be lymphangiogenesis-related physiological roles
of the IL-17 receptor C protein which is known as a receptor for
IL-17A and F. Recently it was  reported that a ligand IL-17 promotes
the expression of VEGFC in non-small-cell lung carcinomas induc-
ing lymphangiogenesis and inflammation (Chen et al., 2010). We
had not expected this correlation between IL-17 and lymphangio-
genesis before we  identified SP5001. We  hypothesize that IL-17
receptor C might work as an endogenous scavenger of IL-17 and
the active site for anti-lymphangiogenic and anti-inflammatory
activity could be closely related to our peptide sequence; further
studies are required to validate this hypothesis.

In this study we identified that SP5031 is the best inhibitor of
lymphangiogenesis by blocking LEC migration, adhesion and tube
formation potently. Surprisingly we found that SP5031 significantly
inhibited the migration of the highly metastatic MDA-MB-231
triple-negative breast cancer cells as well. SP5031 blocked the
migration of MDA-MB-231 induced by a full complement of media
which includes 10% FBS by 83% at a concentration of 50 �M (Fig. 6).
These dual inhibition results suggest that SP5031 may have both
anti-tumorigenic and anti-lymphangiogenic activity.

There are three important consequences of inhibiting migration
of MDA-MB-231 cells in addition to blocking lymphangiogenesis.
The first is that SP5031 could delay the transport of tumor cells into
the lymph nodes by decreasing motility of the cancer cells. Previous
data suggest that the lymph node metastasis is greatly facilitated
by migration of tumor cells into the lymph nodes via chemotactic
agents (Shields et al., 2007). Secondly, inhibition of MDA-MB-231
migration by SP5031 suggests that SP5031 may have direct anti-
tumorigenic activity. Cancer cell migration is cooperative with
tumor microenvironment for further tumorigenesis (Hanahan and

Weinberg, 2011). Thus the inhibition of cancer cell migration can be
a phenotype of anti-tumorigenesis. Finally anti-lymphangiogenic
activity of SP5031 will decrease the density of lymphatic vessels
around the tumor by inhibiting new lymphatic vessel formation,

re determined. The first class of peptides, SP5001 and SP5033, mainly inhibit the
including SP5030, SP5031 and SP5032, potently inhibit migration and adhesion of
no acids within each class are highlighted. Dark red colored amino acids represent
ences to color in this figure legend, the reader is referred to the web version of the
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hich could help to limit tumor metastasis. Additional studies are
eeded to characterize anti-tumor and anti-metastatic activity of
P5031 in vivo in different cancer models.

When it comes to anti-angiogenic efficacy of the peptides,
e have identified three leading peptides: peptides derived from

rush border myosin-1 (SP5028), chorionic somatomammotropin
SP5030) and chorionic somatomammotropin-like 1 (SP5032).
nterestingly both SP5030 and SP5032 are derived from chorionic
omatomammotropin related proteins. Their amino acid sequences
re very similar: 10 of 13–14 amino acids are identical between the
wo sequences. These anti-angiogenic peptides could be applied to
he treatment of different angiogenesis dependent diseases such as
ancer, age-related macular degeneration, or rheumatoid arthritis.

Angiogenesis and lymphangiogenesis are both important pro-
esses in health and diseases. Somatotropin peptides are active in
oth inhibiting lymphangiogenesis and angiogenesis (Fig. 7). These
roperties are expected be useful for modulating those phenom-
na in diseases. In particular these peptides would be applied to
revent the deadly spread of cancer cells by inhibiting not only
umor growth but also peritumoral lymphatics. Alternatively, a sin-
le compound that targets both tumor-associated blood vessels and
umor-associated lymphatic vessels may  decrease tumor size and
ecrease the incidence of local and distant metastases. Thus these
eptides should be further tested in vivo for their simultaneous

nhibition of tumor growth and metastasis and other angiogenesis-
ependent diseases.
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