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Angiogenesis is central to many physiological and pathological processes. Here we show two
potent bioinformatically-identified peptides, one derived from collagen IV and translationally
optimized, and one from a somatotropin domain-containing protein, synergize in angiogenesis and
lymphangiogenesis assays including cell adhesion, migration and in vivo Matrigel plugs. Peptide-
peptide combination therapies have recently been applied to diseases such as human
immunodeficiency virus (HIV), but remain uncommon thus far in cancer, age-related macular
degeneration and other angiogenesis-dependent diseases. Previous work from our group has
shown that the collagen IV-derived peptide primarily binds β1 integrins, while the receptor for the
somatotropin-derived peptide remains unknown. We investigate these peptides’ mechanisms of
action and find both peptides affect the vascular endothelial growth factor (VEGF) pathway as
well as focal adhesion kinase (FAK) by changes in phosphorylation level and total protein content.
Blocking of FAK both through binding of β1 integrins and through inhibition of VEGFR2
accounts for the synergy we observe. Since resistance through activation of multiple signaling
pathways is a central problem of anti-angiogenic therapies in diseases such as cancer, we suggest
that peptide combinations such as these are an approach that should be considered as a means to
sustain anti-angiogenic and anti-lymphangiogenic therapy and improve efficacy of treatment.
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Introduction
Angiogenesis is essential to many physiological processes and pathologies including cancer,
inflammatory disorders and eye disease [1]. Angiogenesis therapies have been estimated to
potentially benefit over a half a billion people worldwide [2]; angiogenesis is an active area
of fundamental and translational research [3]. Initial inhibitors targeting neovasculature
formation in tumor models were met with high expectations but often failed clinically due to
redundancy in growth factor signaling pathways and acquired tumor resistance [4, 5].
Despite these limitations, to date hundreds of thousands of patients have benefited from
inhibitors of vascular endothelial growth factor (VEGF) [2, 6]; however, so far the strategy
has been effective only in selected types of cancer and in sub-population of patients.
Paradoxically, VEGF inhibitors may reduce primary tumor size but increase tumor
aggression and metastasis by driving tumor hypoxia and invasion through the epithelial-
mesenchymal transition (EMT) [7]. Thus, there remains an unmet need to develop more
potent and diverse angiogenesis inhibitors and to devise strategies to overcome tumor
resistance. Lymphangiogenesis is critical to cancer dissemination and metastasis, whereby
functional lymphatic vessels are one route for invasive tumor cells to leave a primary tumor
site and establish distant metastases [8]. A functional lymphatic endothelium is also critical
for host immune tolerance, and may promote tumor immune escape and contribute to tumor
progression [9]. Thus, targeting the tumor endothelium and lymphatic endothelium
simultaneously may more effectively sustain tumor inhibition than anti-angiogenic therapies
alone.

Asystematic, bioinformatics methodology for identifying peptides within conserved protein
domains was introduced by Karagiannis and Popel [10] identifying more than 80
angiogenesis inhibitors. One sequence derived from type IV collagen, we refer to as SP2000
(seq: LRRFSTMPFMFCNI NNVCNF), showed anti-angiogenic activity in vitro in cell
proliferation and migration assays [10, 11] and in vivo in mouse xenograft models [12–14].
Interestingly, this peptide appeared to antagonize the activity of the CXC chemokines-
derived peptide family and thrombospondin-1 domain-derived peptides and had not shown
to be synergistic with other peptide families. To improve the sequence for translation, we
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removed the cysteines in SP2000 and replaced with Abu (L-α-amino-n-butyric acid), a
cysteine analog, and named the new sequence SP2012 (seq: LRRFSTMPFMF-Abu-
NINNV-Abu-NF) [15], which has been extensively characterized [16, 17]. A separate group
of somatotropin-domain derived peptides had also been reported but untested [10]. Lee et al.
[18] verified the collection of 14-mer somatotropin sequences were active and found a
potent inhibitor of angiogenesis and lymphangiogenesis named SP5031 (seq:
LLRSSLILLQGSWF), derived from trans-membrane protein 45A.

It was reported that anti-angiogenic compounds could be combined with dual and trimodal
combinations of chemotherapy and/or radiotherapy with added efficacy [19]. Many
conventional chemotherapeutics for late-stage metastatic disease have failed to add
significant therapeutic benefit to these patients without the combined anti-angiogenic agents
[20]. Combination therapies with anti-angiogenic drugs and chemotherapeutics in cancer are
increasing in number with 200 adjuvant clinical trials planned or underway [4, 21]; however,
anti-angiogenic peptide–peptide combinations have received little attention as a strategy to
enhance anti-angiogenic treatments and limit deleterious side effects from
chemotherapeutics such as toxicity and drug resistance. Peptides present certain advantages
over small molecules such as lower toxicity and high selectivity to target receptors; they
have a significantly higher rate of success in clinical trials [22]. A combination of Her-2 and
VEGF peptide mimics was demonstrated to increase anti-angiogenic and anti-tumor
properties and could be advantageous over monoclonal antibody treatments for the same
receptors [23]. We thus envision similar peptide combination strategies to increase efficacy
of treatment and avoid potential toxicities associated with combinations of
chemotherapeutics, small molecules and monoclonal antibodies.

In the present study we show SP2012 synergizes with SP5031 in angiogenesis and
lymphangiogenesis assays according to the Chou-Talalay method for drug synergy analysis
[24, 25]. We define synergy by the combination index (CI) where CI < 1 indicates synergy,
CI = 1 indicates additivity, and CI > 1 indicates antagonism. We investigate the peptides’
mechanisms of action and show redundancy in focal adhesion kinase (FAK) inhibition by
SP2012 binding to β1 integrins and blocking VEGFR2 phosphorylation. Limiting VEGFR2
phosphorylation with both SP2012 and SP5031 and inducing protein degradation of
VEGFR2, FAK and PLCγ for peptides accounts in part for the synergistic effect.
Furthermore, we show that although SP2012 and SP5031 block VEGFR2 activation SP2012
has the added effect of Akt survival factor activation through FMS-related tyrosine kinase-3
(Flt-3), indicating potential multiple target receptors. SP5031 also attenuates the effect of
SP2012 on pAkt, giving a stronger net anti-angiogenic effect by limiting the cell survival
factor Akt. Both peptides are anti-angiogenic and show significant activity in vivo. The
peptides appear strongest together as angiogenesis and lymphangiogenesis inhibitors as the
combination gives an enhanced response over each peptide treatment alone. This study
shows the significant potential for peptide–peptide combinations to treat angiogenesis- and
lymphangiogenesis-associated pathologies and provides the rationale for combining
angiogenesis and lymphangiogenesis inhibitors through knowledge of their mechanisms of
action.

Results
In vitro validation of synergistic activity

Adhesion is necessary for the formation of both blood and lymphatic vessels inside and
around tumors. Work by our group had shown both SP2012 and SP5031 individually block
endothelial cell adhesion and migration in human umbilical vein endothelial cells
(HUVECs), microvascular endothelial cells (MECs) and lymphatic endothelial cells (LECs)
[15, 18] (sequences shown in Fig. 1a). Here we show a synergistic response when SP2012
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and SP5031 are applied simultaneously to HUVECs (Fig. 1b) on cell-culture treated plates
(no extracellular matrix). We hypothesized based on previous work these peptides would
behave similarly in lymphatic cell adhesion assays and show similar synergy (Fig. 1d). All
CI are < 1 in tested doses indicating synergy by the Chou-Talalay method, and tested doses
show an improvement over single doses. These results are shown graphically in Fig. 1c
(HUVECs) and Fig. 1e (LECs) and are highly synergistic with all CI < 1. Figure 1f shows a
normalized isobologram for experimentally tested values in both HUVECs and LECs. We
additionally tested the effect of SP2012 and SP5031 on adhesion assays on different
extracellular matrix coatings, including fibronectin, gelatin and laminin (Fig. 1g). At 25 µM
SP2012 and 5 µM SP5031 the peptide combination enhances adhesion inhibition on
uncoated plates, fibronectin and gelatin. We did not see this effect on laminin-coated plates;
SP5031 does not block adhesion of HUVECs at 5 µM.

As a separate control, we tested a homologous sequence to SP5031, named SP5001 (seq:
RLRLLTLQSWLL) as a sham peptide in the adhesion assay. SP5001 is similar to SP5031
and had been previously shown to be inactive in adhesion. Fig S1a shows this peptide is
inactive and does not increase the synergistic response of SP2012 in adhesion on cell-culture
treated plates. We tested SP2012 and SP5031 in MECs to further confirm the effect on
endothelial cells. Similar to HUVECs, Fig S1b and c show SP2012 and SP5031 are highly
synergistic when tested against MECs at indicated doses. Since there appeared to be little
difference between MECs and HUVECs, we continued to use HUVECs for their ease of
propagation.

After observing the synergistic effect of the two peptides in adhesion we then tested SP2012
and SP5031 in HUVEC migration on fibronectin-coated transwell plates and in a modified
wound healing-type assay. A growing body of evidence indicates adhesion is necessary for
proper migration of endothelial cells. Figure 2a shows a modified wound healing-type assay
showing a synergistic response for the combination of SP2012 and SP5031 in HUVEC
migration after 18 h. Scale bars shown are 500 µM. Cells were allowed to adhere and were
then plated with peptides at indicated doses. Images shown are representative of tested
conditions and demonstrate an enhanced response for the combination than each peptide
tested separately. Figure 2b shows quantification of the inhibitory migration effect on
HUVECs in a transwell-based assay coated with fibronectin. All combinatorial doses tested
are highly synergistic. Figure 2c shows a similar synergy in LECs with SP20102 and
SP5031 tested alone or in combination at indicated doses. We next constructed a normalized
isobologram showing all experimentally tested values are synergistic in inhibition of
HUVEC and LEC migration measured by the Chou-Talalay combination index (Fig. 2d).

VEGF pathway analysis
To understand how the synergistic effect occurs, we next began investigating the peptides’
mechanisms of action. We do not use the Chou Talalay method for synergy calculations here
as we have not measured median effects for each compound due to limitations in these
assays; instead we consider additive effects on the inhibition of phosphorylation and the
effect of the compounds on total protein content. Previously we had shown SP2012 binds to
β1 integrins [26]. The receptor for SP5031 remains unknown. We now show both SP2012
and SP5031 block VEGF signaling by blocking phosphorylation of VEGFR2 Tyr1175 in the
presence of VEGF. This effect appears to be enhanced when peptides are tested in
combination in HUVECs at 10 µM SP2012 or 50 µM SP2012, and 50 µM SP5031 (Fig. 3a).
Focal adhesion kinase (FAK) is activated by both β1 integrins [27] and VEGFR2 [28] and is
central to adhesion [29]. Endothelial FAK has been shown to be crucial to the
pathophysiology of a variety of diseases and is a significant mediator of angiogenesis [30].
We show here SP2012 and SP5031 block activation of FAK alone or in combination (Fig.
3b). Both VEGFR2 and FAK partially degrade after 90 min peptide treatment compared to
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the GAPDH loading control in HU-VECs; this phenomenon contributes to the net
synergistic anti-angiogenic effect from the combination. Another downstream effector
molecule of VEGF signaling is phospholipase C-gamma (PLCγ) and is activated upon
VEGFR2 Tyr1175 phosphorylation [31]. We next showed SP2012 and SP5031 block PLCγ
phosphorylation alone or in combination, as part of the VEGF pathway (Fig. 3c) and
through blockage of VEGFR2. The total PLCγ protein content was slightly degraded at high
concentrations of both peptides versus the GAPDH loading control.

In addition to PLCγ phosphorylation, upon binding of VEGF to VEGFR2
phosphatidylinositol 3-kinase (PI3K) is phosphorylated and signals to Akt. We show in Fig.
4a PI3K phosphorylation is also blocked by SP2012, SP5031 or together in combination in
the presence of VEGF. Pathway results are similar for LECs as expected based on adhesion
data where SP2012 and SP5031 block VEGFR2 and FAK phosphorylation alone or together
in combination (Fig. 3d, e). Experimental conditions were similar between the two cell lines,
however, LECs did not exhibit any VEGFR2 or FAK total protein degradation.

SP5031 compensation of SP2012 Akt activation
As we further investigated the VEGF pathway downstream of PI3K, we found surprisingly
SP2012 activates the phosphorylation of Akt at S473 shown in both HUVECs (Fig. 4a) and
LECs (Fig. 4b), an atypical result for a potent angiogenesis inhibitor. Although prior results
had shown SP2012 is a potent anti-angiogenic agent against HUVEC viability [26], the
activation of Flt-3 by SP2012 and activation of Akt may reduce the anti-viability response.
SP5031 appears to diminish Akt phosphorylation in LECs and modulate the response in both
HUVECs and LECs. To explain this phenomenon we tested a reverse tyrosine kinase
angiogenesis array to identify other potential target receptors and found SP2012 caused
enhanced tyrosine phosphorylation of FMS-related tyrosine kinase 3 (Flt-3) upon peptide
treatment (Fig. 4c). Flt-3 is a class 3-receptor tyrosine kinase, a structurally similar molecule
to platelet-derived growth factor receptor (PDGFR). Upon ligand binding tyrosine residues
are phosphorylated, causing cell survival and differentiation through multiple signaling
molecules [32]. The effect only appears to be true for SP2012. SP5031 does not activate
Flt-3 phosphorylation and in combination with SP2012, it does not reduce SP2012 induced
Flt-3 phosphorylation, indicating this effect is unique only to the collagen-derived peptide.
Previously published results show Flt-3 phosphorylation activates pAkt [33]. SP5031 blocks
activation of Akt through inhibition of VEGFR2 phosphorylation. These results suggest in
addition to direct synergistic effects on FAK and VEGFR2, SP2012, an Akt inducer, may be
combined with SP5031, an Akt inhibitor, to enhance the overall therapeutic response.

In vitro capillary-like tubule formation and in vivo Matrigel plug assays
We then tested the combination of SP2012 and SP5031 in in vitro tube formation and in
vivo Matrigel plug assays. For tubules and networks to form in vitro and in vivo endothelial
cells must adhere, migrate and remain viable. Note that in this two-dimensional in vitro
Matrigel assay, capillary lumen is not formed, thus the structures are also referred to as
cords or tubules. In vitro, we show a mild response for SP2012 25 µM and SP5031 5 µM.
Tubules are most fragmented and broken in HUVECs (Fig. 5a) and in LECs (Fig. 5b) when
the peptides are applied in combination at tested doses. Next, we implanted Matrigel plugs
with or without peptide into athymic nude mice with VEGF and heparin as the positive
control. Importantly, this assay is disease-independent and the results are indicative of the
potential effects in specific disease conditions. Both peptides limited the invasion of
microvessels into Matrigel plugs when applied separately, however, the response is
enhanced when the peptides are used in combination. FITC-dextran vessel perfusion and
imaging confirmed a significant inhibition of vessel growth (**p < 0.01). Results were
quantified and the combination shows improved activity over each peptide separately (Fig.
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5e). Normalized FITC positive area is shown where the percent FITC-positive vessels are
scaled to the positive control. Additionally, to show the anti-lymphangiogenic response we
performed immunohistochemistry by staining cross sections for LYVE-1, a marker for
lymphatic vessels. Figure 5f shows representative cross sections, quantified in Fig. 5g.
SP2012 and SP5031 together show a significant decrease in lymphatic vessel density,
statistically lower than each peptide alone (*p < 0.01).

Based on the above data it is apparent there are functional molecular differences between the
two sequences, SP2012 and SP5031. Both peptides are potent inhibitors of angiogenesis and
lymphangiogenesis in endothelial cell adhesion and migration assays and act synergistically
when applied in combination. SP2012 also causes Flt-3 activation, which may account for
the activation of Akt downstream of VEGFR2. Pathway results are summarized in the Fig. 6
signaling schematic, where the peptides act synergistically at the level of VEGFR2 and
FAK. SP5031 compensates for the activation of Akt by SP2012. We see similarities among
HUVECs, MECs and LECs in cell adhesion assays. SP2012 and SP5031 have the additional
effect of total FAK and VEGFR2 protein degradation in HUVECs, which was not apparent
in LECs. In vivo, the net anti-angiogenic and anti-lymphangiogenic effects are greatest
when both peptides are applied in combination, as evidenced by capillary-like tubule
formation and in vivo Matrigel plug assays.

Discussion
Angiogenesis is regulated by many endogenous regulatory proteins containing active
epitopes and domains. We showed previously two active fragments derived from collagen
IV and a transmembrane 45A somatotropin-domain containing protein are active in vitro
and in vivo xenograft models. A similar somatotropin-domain derived peptide, SP5001,
tested as a separate control did not show a synergistic response with SP2012. Here we show
in endothelial cell adhesion and migration assays the synergistic response of SP2012 and
SP5031 applied in combination. SP2012 and SP5031 block cell attachment on uncoated,
fibronectin and gelatin-coated plates, but not laminin-coated plates. The capillary-like tubule
formation assay in HUVECs and LECs shows the strong net anti-angiogenic and anti-
lymphangiogenic effect of the peptides applied in combination. In vivo, the Matrigel plugs
show a synergistic response when applied in combination as seen by FITC-dextran perfusion
for blood vessels and LYVE-1 immunohistochemistry for lymphatic vessels.

We show these peptides synergize in endothelial cell adhesion and migration assays through
FAK and VEGFR2 phosphorylation inhibition and total protein turnover. Previous work in
our group has shown SP2012 binds to β1 integrins. Although complex, integrin receptor
biology is central to endothelial cell attachment to the extracellular matrix, and is regulated
by different combinations of alpha and beta integrin subunits to different matrices including
fibronectin and laminin. For instance, endothelial cells attach to fibronectin primarily via
α4β1 and α5β1 integrins, while they attach to laminin via α3β1, α6β1 and α6β4 integrins
[34]. Since SP5031 does not block endothelial cell attachment to laminin alone or in
combination but blocks adhesion in the presence of gelatin and fibronectin, more
comprehensive studies to elucidate the peptide’s receptor should be explored based on these
results. Furthermore, although SP2012 activates Akt through Flt-3, SP5031 attenuates this
process not by directly inhibiting Flt-3 whose activation appears to be responsible for Akt
activation but by inhibition by VEGFR2 phosphorylation and downstream signaling
molecules, yielding a stronger net anti-angiogenic effect. Additional studies should be
carried out to investigate whether SP2012 may be further combined with other Akt
inhibitors or Flt-3 phosphorylation inhibitors in addition to SP5031. This study describes
how combining two compounds with knowledge of their mechanisms of action can produce
a therapeutic combination with enhanced activity. Optimal peptide–peptide dosing
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combinations, dose intervals and which disease-specific angiogenesis-based models to apply
SP2012 and SP5031 treatment are further areas that should be tested and refined in
subsequent studies.

Anti-angiogenic therapies have been tested extensively in clinical trials in combination with
standard chemotherapeutics. Peptide-peptide combination therapies may be advantageous to
these chemotherapeutic regimens or to monoclonal antibodies and small molecules due to
lower toxicity and enhanced specificity. Furthermore, targeting angiogenesis through
endothelial cell adhesion, migration and proliferation, in addition to lymphangiogenesis may
yield the more efficacious result of limiting functional vessel formation in tumors and
should be considered as a treatment strategy in angiogenesis and lymphangiogenesis-
dependent diseases. As angiogenesis and lymphangiogenesis are central to metastatic cell
dissemination and metastatic disease is the primary cause of death in cancer, these
compounds applied in combination should be considered as treatment for metastatic disease.

Methods
Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from Lonza
(Walkersville, MD), and grown under standard conditions at 37 °C and 5 % CO2 with basal
medium (EBM-2) containing a bullet kit with 2 % fetal bovine serum, growth factors, and
antibiotics. All experiments were performed under cell passages 2–6.

Microvascular endothelial cells (MECs) and lymphatic endothelial cells (LECs) were also
purchased from Lonza. We propagated these cells in Microvascular Endothelial Cell
Medium-2 (EGM-2MV, Lonza) from passages 2–6. Cells were split at constant ratios.

Peptide synthesis and storage
A commercial provider (New England Peptide, Gardner, MA) produced the collagen IV
sequence SP2012 (seq: LRRFSTMPFMF-Abu-NINNV-Abu-NF). New England Peptide
provided HPLC and MS data to show >95 % purity.

SP5031 (seq: LLRSSLILLQGSWF) was produced by Bachem Peptide (Torrance, CA).
HPLC and MS data were provided to show >95 % purity. All sequences tested were
solubilized in 5 % DMSO and 95 % water while percent DMSO was <0.1 % on cells and
had no effect on cell viability. DMSO percentage was held at parity across all experiments
and conditions tested.

Adhesion assay
We measured the inhibitory potential of peptides in combination with a real-time electrical
impedance RT-CIM assay from Roche/ACEA Biosciences (San Diego, CA). 25,000 cells/
well were plated in 16-well E-plates (Roche, Indianapolis, IN) in the presence or absence of
the peptides and allowed to adhere over 3 h. Sensors integrated into the bottom of the wells
measure cell contact through changing impedance readings in real time, correlating to
adhesion. Values were scaled to a negative control (no compound) containing complete
endothelial cell media, and expressed as a percentage of control. We performed assays in
two independent replicates, and each replicate contained two experimental wells per
condition. Plates were pre-coated with fibronectin (20 µg/mL fibronectin), laminin (20 µg/
mL) or gelatin (1 mg/mL) for 1 h prior to treatment where indicated.
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Migration assay
Similar to the adhesion assay, we used the same RT-CIM electrical impedance system from
Roche/ACEA to measure cell migration. Transwell CIM plates allowed for migration
between top and bottom compartments, separated by an 8-µm microporous polycarbonate
membrane (Roche, Indianapolis, IN). The membrane was coated with 20 µg/mL fibronectin,
then 45,000 HUVECs/well or 100,000 LECs/well were added with or without the peptides
in serum free media to the top compartment. The bottom compartment contained full
endothelial cell media as chemoattractant. The assay ran for 20 h, and data shown are at the
20 h time point. Values were scaled to a negative control (no compound), with only serum
free media in the top compartment and complete endothelial cell media as the
chemoattractant. Sensors integrated into the bottom side of the membranes recorded
impedance changes and correlated to the number of migrated cells. We performed assays in
two independent replicates and each replicate contained two experimental wells per
condition.

Synergy calculations
The Chou-Talalay method [25] commonly used in drug combination studies provided the
standard for drug synergy in cell assays using the calculation by combination index (CI). CI
< 1 indicates synergy, CI = 1 indicates additivity, and CI > 1 indicates antagonism. The CI
can be expressed as:

(D)1 is the tested dose of SP2012 (1, 5 or 25 µM) and (D)2 is the tested dose of SP5031 (1, 5
or 25 µM). (Dx)1/2 = (D)m[fa/(1 – fa)]1/m where (D)m is the median-effect dose (IC50 value),
m = the slope or hill coefficient, and fa is the fraction affected, in this case activity of the
compound in adhesion, migration or proliferation. We used IC50 values and slope values
measured for each cell type (HUVECs, LECs) for each compound (SP2012, SP5031) in
each cell assay (adhesion, migration, and proliferation), calculated with GraphPad Prism 5
Software (GraphPad Software, Inc. San Diego, CA). Normalized isobolograms were
constructed using the dose reduction index (DRI) for SP2012 and SP5031, defined as (DRI)1
= (DX)1/(D)1 and (DRI)2 = (DX)2/(D)2, plotted on the x- and y-axes.

Modified wound-healing assay
A modified wound-healing type assay, Oris™ Pro, was used for HUVECs to see whether the
compounds inhibited cell migration after adhering (Platypus Technologies, Madison, WI). A
special 96-well plate contains a biodegradable hydrogel that dissolves shortly after media is
added, and cell migration commences upon dissolution of the gel. Cells were plated at
20,000 cells/well in the presence or absence of peptide, and cells allowed to migrate for 18
h. Cells were then stained with calcein AM (0.5 µg/mL) (Invitrogen, CA), and imaged with a
CCD Sensicam camera in a Nikon Eclipse T-100 inverted microscope (Nikon Instruments,
Inc., Meliville, NY). Scale bars shown represent 500 µM. The experiment was performed
with four replicates per condition and two independent experiments were performed. Images
shown are representative of each condition.

Western blotting
HUVECs and LECs were grown in complete endothelial cell media and plated in tissue
culture-treated 6-well plates at 360,000 cells/well in complete media (CM) or serum free
media (SFM). For CM experiments, peptide was added alone or in combination at different
doses—10, 25 or 50 µM for SP2012, and 5, 25 or 50 µM for SP5031 for 90 min. VEGF was
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then added at 20 ng/mL (Cell Signaling Technology, Inc., Danvers, MA) for 10 min to the
indicated wells. Reactions were stopped by adding cold PBS and lysis buffer (150 mM
NaCl, 1 mM EDTA, 100 µL/mL Protease Inhibitors (Sigma, St. Louis, MO), 10 µL/mL
Phosphatase inhibitors (Sigma) and 1 % Triton) for 2 h, and then scraped. Cell lysates were
then spun at 14,000 g for 15 min to remove cell membranes and debris, separated by SDS-
PAGE, and transferred to nitrocellulose blots (Invitrogen, Carlsbad, CA). We blocked for 1
h with 5 % milk and 1 % BSA in TBST and probed with antibodies of interest in milk
including anti-pAkt, anti-Akt, and anti-GAPDH (Cell Signaling Technology, Inc.).

Experiments in which SFM was used had the added step of serum-starving cells for 24 h
before peptide and growth factor addition. We tested similar doses of SP2012 and SP5031,
and probed with 4G10 pan-tyrosine phosphorylation antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), anti-pVEGFR2-1175, anti-VEGFR2, anti-FAK, anti-pPLCγ, anti-
PLCγ, anti-pPI3K, anti-pAkt, and anti-Akt antibodies (Cell Signaling Technology, Inc.)
overnight. Anti-GAPDH was used as a loading control. The next day secondary antibodies
were added at 1:2,000 dilution, and protein bands detected with chemiluminescence
detection reagent (GE Healthcare, United Kingdom). Blots could then be stripped and
probed for additional antibodies. Experiments were repeated at least twice. Each blot shown
is representative of one complete experiment.

Reverse tyrosine kinase array
To assess if any other receptor tyrosine kinases were phosphorylated or blocked with peptide
treatment we used a Proteome Profiler Human phospho-RTK Array Kit (R&D Systems,
Minneapolis, MN). Cell lysate was washed over the array containing spotted antibodies.
Four experimental conditions were tested in HUVECs: an untreated negative control,
equivalent to normal cell viability, in complete media (CM), SP2012 50 µM peptide
treatment, SP5031 50 µM peptide treatment, and SP2012 50 µM + SP5031 50 µM
combination. Peptide treatment was 90 min in complete media. Cells were lysed similar to
western blots and developed with appropriate secondary antibodies with chemiluminescent
detection reagent. The array was tested twice, and the results show the average of the two
experiments. Blots were then quantified and phosphorylation changes determined with
ImageJ Software.

Capillary-like tubule formation assay
To assess the effect of the collagen IV and somatotropin peptides on angiogenesis and
lymphangiogenesis we used a HUVEC and LEC capillary-like tubule formation assay with
Matrigel™ (BD Biosciences, San Jose, CA). Matrigel was thawed overnight at 4 °C and
kept on ice over the experiment. We loaded 50 µL Matrigel into each tested well in a 96-
well plate and incubated for 30 min at 37 °C to allow solidification. We then added 100 µL
of cells at 15,000 cells/well, then peptide solution on top of the cells in complete endothelial
cell media. The formation of capillary-like tubules could be seen after 20 h, at which point
the tubules were imaged with a Nikon microscope. For HUVECs and LECs 25 µM SP2012
with 5 µM SP5031 were tested. Scale bars shown are at 200 µM.

In vivo Matrigel plug assay
A Matrigel plug assay was performed to evaluate the inhibitory effect of the peptides in
angiogenesis and lymphangiogenesis in vivo. Basement Membrane Matrix (Matrigel,
growth factor reduced, high concentration, LDEV-free, BD Biosciences) containing
VEGF-165 (380 ng/mL) and heparin (10 unit) was mixed with or without the peptides
making a total volume of 400 µL. The final concentration of the peptides was 25 µM of
SP2012, 50 µM of SP5031 and their combination (25 µM of SP2012 + 50 µM of SP5031).
DMSO contents were controlled to be identical within all experimental groups. The Matrigel
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mixtures were subcutaneously injected on both flanks on the abdominal side of athymic
nude mice under anesthesia (25 % ketamine + 25 % acepromazine (vol/vol) in PBS giving a
concentration of 50 mg/kg of ketamine and 5 mg/kg of acepromazine). Animals were
housed and treated according to the approved animal protocol of the Institutional Care and
Use Committee at Johns Hopkins Medical Institution (JHMI). After 10 days mice were
euthanized and the gels were removed and weighed. Images of the gels are shown with scale
bars of 10 mm. At the end of the study, two mice were infused intravenously with 200 µL of
FITC (fluorescein isothiocyanate)-Dextran (20 mg/mL; Santa Cruz Biotechnology, Santa
Cruz, CA) Representative sections were imaged using a Nikon microscope to show the
amount of vascular invasion into the gel. Scale bars shown are at 100 µM. One hour later,
selected Matrigel plugs were surgically removed and placed in 10 % formalin (BD
Biosciences, San Diego, CA) for 16 h, then washed in PBS, homogenized, and quantified in
a 96-well fluorescent plate reader.

Quantification of lymphatic vessels was performed with immunohistochemistry. The
samples were sent to a commercial vendor (Covance Inc., Princeton NJ) for
immunohistochemical staining with LYVE-1 antibodies to assess lymphatic vessels. Upon
receipt of images, we quantified LYVE-1 by the FRiDA software (Johns Hopkins
University, Baltimore, MD) measuring pixel intensity/4X frame. Images shown are
magnified to 10× to visually show greater surface area. Scale bars are shown at 100 µM. The
FITC intensity and specific antibody positive areas in immunohistochemistry were
normalized by the weight of the Matrigel plugs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
SP2012 and SP5031 block endothelial cell adhesion alone and synergistically in
combination. a Sequences of selected peptides: SP2012, a collagen IV mimetic peptide and
SP5031, a somatotropin-domain derived peptide. b SP2012 and SP5031 both block
endothelial cell adhesion on cell-culture treated plates (no extracellular matrix coating) and
show synergy. SD of the mean (±) is shown. c Graphical representation of combinatorial
dosing. All dosing combinations show synergy as determined by the Chou-Talalay method.
d SP2012 and SP5031 synergistically block LEC adhesion on cell-culture treated plates. e
Graphical representation of peptide doses on LECs. f Isobologram showing experimental
values demonstrating synergy. g Different extracellular matrices shown including
fibronectin, gelatin, and laminin coatings. SP2012 and SP5031 synergistically block cell
adhesion on uncoated plates, fibronectin, and gelatin-coated plates. SP5031 does not block
cell attachment to laminin at 5 µM
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Fig. 2.
SP2012 and SP5031 synergistically block migration of HUVECs and LECs. a Modified
wound-healing type assay showing visually the effects of SP2012 and SP5031 tested in
combination. The fluorescent cells inside the circle have migrated for 18 h. Scale bars
shown represent 500 µM. b Transwell migration HUVEC data, where SP2012 and SP5031
are synergistic at blocking cell migration on fibronectin-coated plates. SD of the mean (±) is
shown. c LEC data showing SP2012 and SP5031 are synergistic at blocking cell migration
on fibronectin-coated plates in a similar transwell-based assay. d Normalized isobologram
showing experimentally tested combinations are synergistic
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Fig. 3.
Effects of SP2012 and SP5031 on vascular endothelial growth factor receptor 2 (VEGFR2)
and focal adhesion kinase (FAK). a SP2012 and SP5031 block induction of VEGFR2
phosphorylation and in combination degrade total VEGFR2 in VEGF-stimulated HUVECs.
b SP2012 and SP5031 block phosphorylation of focal adhesion kinase (FAK) additively and
induce FAK degradation. c Downstream from VEGFR2, SP2012 and SP5031 block
phosphor-ylation of pPLCγ. The peptides together show additivity in the presence of VEGF.
d SP2012 and SP5031 block phosphorylation of VEGFR2 in LECs. This effect is additive at
low and high doses of SP2012. e SP2012 and SP5031 block phosphorylation of FAK in
LECs at low and high doses of SP2012
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Fig. 4.
SP2012 and SP5031 effects on the PI3K/Akt pathway. a SP2012 and SP5031 together
inhibit phosphorylation of PI3K alone or in combination. SP2012 phosphorylates Akt at
S473. Adding SP5031 attenuates the effect of SP2012 at the level of pAkt showing a
compensatory effect in HUVECs. b Similarly, SP5031 blocks induction of pAkt at S473
while SP2012 slightly activates pAkt in LECs. c SP2012 activates Flt-3 but the effects are
independent of SP5031. Flt-3 activation leads to activation of pAkt
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Fig. 5.
In vitro capillary-like tubule formation assay and in vivo Matrigel Plug assay. a SP2012 and
SP5031 moderately block formation of endothelial sprouts on Matrigel but show enhanced
response in combination on HUVECs. Scale bars represent 200 µM. b LEC tube formation
assay. SP2012 and SP5031 in combination show enhanced activity in blocking tubule
formation. c Photograph of excised Matrigel plugs implanted for 10 days in nude mice.
Positive (+) control contains VEGF165. SP5031, and SP2012 block formation of tubes and
show additivity in combination. Scale bars represent 10 mm. d FITC-dextran fluorescent
antibody staining to mark endothelial cell vessels. Plugs were excised and perfused with
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FITC-dextran. Scale bars represent 100 µM. e Quantification of FITC in excised plugs
scaled to the VEGF (+) control. Results are statistically significant for **p < 0.01 for
SP2012 25 µM and SP5031 50 µM, and show (±) standard deviation (SD) of the mean. f
LYVE-1 immunohistochemical staining for lymphatic cell vasculature. SP2012 and SP5031
applied in combination significantly reduce lymphatic vessel formation (brown color).
Images shown are at × 10 magnification, and scale bars represent 100 µM. g Quantification
of LYVE-1 staining. The combination of SP2012 25 µM and SP5031 50 µM statistically
significantly reduce lymphatic vessel formation into plugs over either compound alone (**p
< 0.01, and *p < 0.05). The SD of the mean (±) is shown
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Fig. 6.
Schematic of signaling pathways blocked by SP2012 collagen IV peptide and SP5031
somatotropin peptide in combination. Both SP2012 and SP5031 modulate VEGFR2
signaling through inhibition of phosphorylation and protein turnover. FAK may be blocked
directly by binding β1 integrins and through inhibition of VEGFR2 signaling. Both peptides
additively block induction of PLCγ. SP2012 induces pAkt by activation of Flt3, but is
compensated by an Akt inhibitor such as SP5031
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