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Abstract

Background: Basic fibroblast growth factor (FGF2) is one of the most potent proangiogenic proteins involving in tumor
angiogenesis. Interaction of heparin with FGF2 and FGF2 receptor (FGFR1) form a ternary complex that is prerequisite
for FGF2 proangiogenic activity. Therefore, this interaction can be an important target for inhibition of angiogenesis.
Material and Method: In this study, we performed screening studies by computer-aided techniques to find a small molecule
interfering with this interaction. Based on ionic interactions, we found seventeen small molecules which had the capability of
angiogenic inhibition. According to important negative charge distances, benzene-1, 2, 4-tricarboxylic acids, known as
Trimellitic acid (TMLA), was chosen. MTT viability test, real time PCR, tube formation assay, and Flowcytometry technique
were used to evaluate TMLA effect. Results: Here, the viability of HUVECs was decreased following exposure to TMLA
only at high concentrations. According to real time PCR, gene expression was dramatically decreased in comparison to
negative control, indicating that TMLA is an effective agent on reduction of CD31 expression. At half maximal inhibitory
concentration (13mM), TMLA inhibited HUVEC tube formation process. Annexin V-FITC / PI flow cytometry technique
revealed that TMLA inhibitory effect was via apoptosis. Conclusion: With respect to findings of the present study, it is
possible to extend FGF2 inhibitors with much specificity based on ionic interactions strategy.
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Introduction

Angiogenesis is a physiological process involving in
the sprouting of nascent vasculature from existing blood
vessels. It is now widely recognized that angiogenic
activity is crucial in the progress of tumors and metastasis
[1-2]. Therefore, angiogenesis inhibition has become an
appealing therapeutic strategy for cancer management [3].
The tumors recruit blood vessels from the surrounding
tissue to induce the growth of blood vessels to supply
them with oxygen and nutrients. Basic fibroblast growth
factor (FGF2) is one of the most potent proangiogenic
proteins which has been shown to influence proliferation,
migration, and differentiation of cells [4-7]. This growth
factor needs to interact with heparin or heparan sulfate
proteoglycans (HSPGs) molecules for binding to cell
surface tyrosine kinase receptor. This interaction is
a prerequisite for this growth factor to recognize its’

specific site to the signaling receptor (FGFR1) to form
a trimolecular complex of FGF2-HSPG-FGFR1 and
receptor dimerization [4-8]. Therefore, this interaction can
be an important target for the inhibition of angiogenesis
[2-9-10]. HSPGs are heparin like molecules widely
distributed on cell surfaces and extracellular matrix
[11-13]. It is composed of alternating units of sulfated
glucuronic acid and glucosamine derivatives. Besides
anticoagulant activity, it interacts with the proangiogenic
proteins in tumor angiogenesis [ 14-15]. Not surprisingly,
HSPGs and their fragments modulate the onset and
development of cancer [16].

It has been suggested that in some growth factors
like FGF2, besides HSPG, binding of adenosine three
phosphate (ATP) is also essential for their biological
activity [17].

Amino acids, which are located between residues
128—144 of FGF2, forming the part of heparin
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binding domain (HBD) that is identified as the crucial
physiologically active part of this molecule [18]. K128,
R129, K134, K138, and K144 positively charge amino
acids of this dominant part, and can bind to phosphate
groups [18-19]. Rose et al., (2010) performed site directed
mutagenesis of positively charged amino acids in the HBD
of FGF2 (aa 128-144) to find out whether it reduces ATP
binding affinity or not. They observed a dramatic reduction
of the autoradiographic signal intensity with the triple
mutant FGF2 (K128A/R129A/K134A). Moreover, ATP
binding to FGF2 protects it from physical and thermal
degradation and conserves it from proteolytic cleavage
[20]. Additionally, the conformational changes were
observed after ATP binding to FGF2.

The aim of the present research was to find a small
molecule with antiangiogenic effect through interfering
with these interactions using computer-aided techniques.

Material and Methods

Bioinformatics and Screening Studies

A heparin that binds to both FGF2 and FGFR1 will
act as a stimulator and a heparin that only binds to FGF2
will act as an inhibitor of signaling by sequestering the
growth factor [21-22]. Therefore, the difference between
heparin interaction in FGF2-Heparin and FGF2-Heparin-
FGFR1 complexes is crucial to be considered. Thus, we
analyzed the co-crystal structures of the FGF2—Heparin
and FGF2-Heparin- FGFR1 to find this difference.
The crystal structure of FGF2, FGF2-FGFR1, and ternary
complex of FGF2-Heparin-FGFR1 were retrieved from
the RCSB Protein Data Bank and chosen as the structure of
the reference protein. The distances between positively
charged amino acids of the target regions of FGF2 and the
receptor, where they interact with heparin, were measured
by Swiss-PdbViewer 4.0.3.

FGF2 and FGFRI Amino Acids Which Interact with
Heparin

Amino acids of FGF2 which interact with heparin
included: N27, R120, T121, K125, K129, Q134, K135,
and A136 (PDB ID: IBFC) (http://www.pdb.org/pdb/
home/ home.do). The measured distances between
positively charged amino acids of FGF2 are shown in
Table 1.

Additionaly, there are five lysines that form the most
crucial part of FGFR1 in this interaction:

K160,K163,K172,K175,and K177 (PDB ID: 1FQ9
[23].

We also measured the distances between related
positively charged amino acids in FGF2-FGFR1 complex
in which heparin was absent (PDB ID: 1CVS). (PDB
ID: 1BFC) file is FGF2 monomer complex with just
heparin (hexamer fragment) and not with receptor; the
condition in which the signaling does not occur. While
A and B are two chains of ligand, the chains of receptor
are C and D in dimer interactions of (PDB ID: 1FQ9) and
(PDB ID: 1CVYS) files. FGF2-FGFRI1 is in complex with
octamer fragment of heparin in 1FQ9 file, the condition
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that 2(FGF2-Heparin-FGFR1) has formed. Validation of
reported files was checked at https://validate.wwpdb.org/
validservice/.

Sulfurs of Heparin in FGF2-Heparin and FGF2-Heparin-
FGFRI Complexes

Negative charge distances between intramolecular
sulfurs of heparin were measured by Swiss-PdbViewer
4.0.3 (Table 2). PDB entry 1BFC (complex of FGF2-
Heparin) and PDB entry 1FQ9 (FGF2-Heparin-FGFR1)
were used for this aim (all data are not shown).

ATP Like Drugs Which Disrupt Binding of Heparin

As HBD of FGF2 also interacts with ATP, we
searched ATP like drugs which can interrupt binding of
heparin to FGF2. They included fosfonet, foscarnet [24],
and bisphosphonates such as etidronate and clodronate
[25]. Molecular structures of these drugs were drawn
by Marvin sketch and optimized by Marvin space 5.9.3,
respectively. Negative charge distances were measured by
Swiss-PdbViewer 4.0.3 in the final step (Table 3).

Considering that three negative charges and some
special distances are common properties of these molecules,
we searched biomolecules containing three negative
charges in http://zinc.docking.org database. Among those
molecules, some of them were excluded due to the lack of
stability, the solubility problem, or complexity of structure.
Seventeen molecules were reminded that were drawn by
Marvin sketch. The 2D structure of all given molecules
were conformed to 3D structure by Marvin space 5.9.3
using molecular mechanics method based on the dreiding
force field to make approximate starting structures. Then,
distances between negative charges were measured by
Swiss-PdbViewer 4.0.3 (Table 4).

Cell Culture

Adherent cell lines of human umbilical vein endothelial
cell (HUVEC) and A172 cell line were obtained from
national cell bank of Pasteur institute of Iran and grown in
Dulbecco’s Modified Eagle’s Media (DMEM,; Invitrogen,
Carlsbad, CA) with 10% fetal bovine serum (national
cell bank of Pasteur institute of Iran) in 37° C humidified
incubator at 5% CO2. Nearly confluent cells were
passaged using 0.25% trypsin and medium changed every
3 days. Two cell lines (HUVEC and A172) for MTT assay
and one cell line (HUVEC) for other assays were used.

MTT Viability Assay

Cell viability of two cell lines was evaluated using
MTT assay. Briefly, 1.5* 104 cells/wells were seeded
in 96-well plates and incubated for 24h at 37°C. 50ul of
Trimellitic acid (TMLA) at 8 and 4 different concentrations

was added to each well of HUVEC and A172
(with low FGFR expression) cell lines, respectively, in
triplicate. After 24 h treatment, the medium was replaced
with 100pl of MTT (3-(4, 5-dimethylthiazol -2- yl)- 2,
5-diphenyltetrazolium bromide) and incubated for 4 h in
the dark. After incubation, MTT solution was removed,
100 pl isopropanol was added to each well, and incubated
for additional 30 mins in the dark. The reactive product
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was measured at 570 nm with a reference absorbance in
630 nm by an ELISA reader. The assay was performed
in triplicate for both cell types.

RNA Extraction and Real Time PCR

RNeasy Plus mini kit (Qiagen, USA) was
used to purify total RNA according to the manufacture’s
instruction; diluted with 30 ul RNAse free water, and
quantified on a spectrophotometer instrument (NanoDrop,
Eppendorf, Germany). One strand DNA was generated
using Prime Script RT Reagent Kit (TaKaRa, Japan).
Primers were designed using three different software
packages, including Gene Runner v. 3.05, Primer
Express v. 2.5, and Beacon Designer v. 7.5. Primer
sequences of CD 31 for PCR amplification were
(F: 5>-TCAAGCCTCAGCACCAGA-3’) and
(R: 5’-GCACTCCTTCCACCAACAC-3’). Real time
PCR (qPCR) was performed using SYBR Premix Ex Taq
IT master mix (TaKaRa, Japan) on one step instrument
(Applied Bio systems, USA). Five concentrations of
TMLA(0.1,0.5,12, 13, and 14 mM) and one concentration
(0.5 mM) of vitamin C were considered as positive
control [26], applying for gene expression on HUVECs.
Housekeeping gene encoding GAPDH was used as
endogenous control. Specific GAPDH primer sequences
were (F: 5’-GAGTCCACTGGCGTCTTCA-3’) and
(R: 5°-TCTTGAGGCTGTTGTCATACTTC-3").
The following thermal condition was carried out for
amplification: 95° C for 15 sec as holding time, 95° C for
5 sec and 60° C for 30 sec in each cycle. Fluorescence
was collected in annealing-extension time in each cycle.
Melting curve analysis was carried out in three steps:
95 °C, 60° C and stepwise heated to 95° C with a ramp
rate of 0.3° C.

HUVEC Tube Formation Assay

Tube formation assay was done according to
manufacture instruction (Chemicon International, MA,
USA). Briefly, Matrix gel was diluted with staining
buffer in 1:9 ratio. 50ul of gel was added in each 96 deep
well plate. In order to scaffold generation, the plate was
incubated in a 37° C humidified CO, incubator for 1 h.
104 HUVECs and diluted TMLA in special medium were
added to the wells and kept in incubator for additional 12
h. Tube generation was evaluated every 2 h using inverted
fluorescent microscope. After 12 h, the medium was
discarded and wells were washed twice with PBS. 200
ul of staining solution, Calcein AM (BD Biosciences),
was added to each well and the plate was transferred
to incubator for 30 mins. PBS and VEGF were used as
negative and positive controls, respectively.

Apoptosis Assay by Flow Cytometry

Huvec cells were seeded in triplicate into 6-well
plates (2*10* cells /well) and incubated at 37° C to reach
70-80% confluency. Cells were then treated with TMLA
at three concentrations (5, 10, and 13 mM) and incubated
for 24 h. Apoptosis was analyzed by annexin V-FITC / PI
double staining according to the manufacturer’s protocol
(IQ products, Netherland). After harvesting, the cells were

washed twice with calcium buffer 1X and re-suspended in
100 pL calcium buffer. 10pL annexin V-FITC was added
to the cells and incubated at 4° C for 20 minutes in the
dark. The cells then were washed with calcium buffer
and 10 pl PI was added. The samples were incubated at
4° C for 10 mins in the dark and then subjected to flow
cytometry (Partec, Germany) evaluation.

Statistical Analysis

Normal distribution of all data was checked by
Shapiro-wilk test. Then, all data were statistically
evaluated by analysis of variance (ANNOVA) followed
by Tukey’s using SPSS (version 16.00). P<0.05 was
considered statistically significant. The results were
expressed as mean + SEM from three independent
experiments. IC50 was obtained using Auto Graph pad
Instant 3.00.

Results

Bioinformatics

Negative Charge Distances of ATP Like Drugs
Comparing four antiangiogenic drugs (etidronate,
clodronate, foscarnet, and fosfonet), based on ATP binding
domain, indicated that distances of 4.87 and 2.49 were
common distances in foscarnet and fosfonet. Common
distances in clodronate and etidronate were 4.75 and 2.97.
Among seventeen molecules we found in zinc database
(Table 4), five of them (C5, C6, C8, C15, C16) had
almost those two distances simultaneously. Benzene-1,
2, 4-tricarboxylic acids (Trimellitic acid) was chosen for
availability and lack of toxicity. The = distances of 2.48
and 4.85 were considered for TMLA .

Sulfurs Distances (negative charges) of Heparin in FGF2-
Heparin and FGF2-Heparin-FGFRI Complexes

Comparing the negative charge distances of heparin in
both complexes of FGF2-Heparin and FGF2-Heparin-

[
@ o@m @
8 &8 a o

%% of Viability
&

%o of Viability

=
=

=}

o4 B

12 control

Concentration (mM)

Concentration (mM)

Figure 1. Cell Viability, Treatment of Huvec and A172
Cells with Different Concentration of Trimellitic Acid
(Tmla). A: HUVEC cells were treated with TMLA at
8 concentrations of 1, 3, 5, 11, 12, 13, 14 and 15 mM
for 24h. Cell viability was evaluated with MTT assay.
IC50 was calculated 13 mM using Graph Pad instant 3.0
application. B: The effect of TMLA was evaluated at 12,
13, 14, 15 mM concentrations on A172 cell line (one
way ANNOVA was used and p value of ***P<0.0001;
**P<0.001; *P<0.05 were considered statistically
significant comparing with control). The bars represent
standard error of the mean of three replicates.

Asian Pacific Journal of Cancer Biology* Vol 2+ Issue 2 33



apjcb.waocp.com

Table 1. Positive Charge Distances (A) between HBD
amino acids in FGF2 measured by swiss-pdbviewer
4.0.3 application

Amino FGF2 FGF2 FGF2 FGF2 FGF2
acids with no H with H no H with H
Hno  (A)with (A)with (B)with (B)with
FGFR1 FGFR1 FGFR1 FGFR1 FGFRI1
N27-R120 6.72 5.29 5.29 5.1 5.82
N27-T121 7.64 7.74 7.62 7.95 6.9
N27-K125 5.83 6.46 5.69 6.4 5.88
N27-K129 12.27 10.5 12.9 9.46 9.72
N27-Q134 7.14 9.37 7.12 9.5 7.46
N27-K135 7.07 6.51 8.48 6.66 5.94
N27-A136 3.96 4.08 4.05 3.86 4.69
R120-T121 8.86 9.19 6.92 9.39 6.64
R120-K125  11.16 9.22 7.41 9.05 7.3
R120-K129 15.82 12.65 11.89 11.51 8.54
R120-Q134  12.86 12.15 9.65 12.02 8.95
R120-K135  7.64 5.09 9.73 5.00 8.48
R120-A136  10.32 8.8 8.87 8.34 9.53
TI21-K125  10.17 9.99 9.88 10.26 7.21
T121-K129  11.35 8.87 11.34 8.93 8.75
TI21-Q134 1246 13.74 12.2 14.4 11.07
T121-K135  13.57 13.02 15.23 13.15 11.9
TI21-A136  10.82 10.71 10.58 10.72 10.29
K125-K129  8.02 6.22 8.78 5.04 441
K125-Q134  2.55 3.82 2.58 4.19 4.18
KI125-K135  11.16 11.14 11.22 11.46 11.11
K125-A136  5.34 5.86 5.08 5.91 5.75
K129-Q134  9.66 8.58 10.24 8.07 6.32
k129-k135 18.54 16.09 19.29 15.19 14.6
K129-A136  12.94 11.01 13.27 10.03 9.99
Q134-K135 11.25 12.97 11.39 13.29 10.95
QI134-A136  5.13 7.26 4.96 7.56 5.42
K135-A136  7.65 8.32 9.41 8.37 7.97

FGFR indicated that some of distances between
sulfurs of heparin in FGF2-Heparin were different
from those between sulfurs of FGF2-Heparin-FGFR
(Table 2). For example, distances of 7.65, 7.42, and
7.35 between sulfurs of heparin in Heparin-FGF2 were
different from those between sulfurs of heparin in
FGF2-Heparin -FGFR1; that were 10, 4.75, and 4.61
respectively. This obvious difference suggested that
the mentioned distances probably were important in
the mode of interaction, the interaction of heparin with
ligand, or both ligand and receptor. The numbers of
7.55,7.41, and 7.30 were intramolecular negative charge
distances of TMLA that were approximately the same as
those possibl important numbers of heparin that were in
binding with just FGF2.

FGF2 Amino Acids Which Interact with Heparin Positive
charge distances between K135 and R120

and between K135 and A136 of FGF2 in Heparin-
FGF2 complex were 7.64 and 7.65, respectively;
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Table 2. Negative Charge Distances of Intramolecular
Sulfurs of Heparin

Distance (A)

Heparin  13.7 13.5 11.1 11.1 10.7 76 74 73

6

Heparin  15.2 10.8 126 126 129 100 46 46

(8)
Negative charge distances of intramolecular sulfurs of Heparin were
measured by Swiss-PdbViewer 4.0.3. Heparin (6): complex of FGF2
with Heparin hexamer, the condition in which the signaling does not
occur (PDB entry 1BFC). Heparin (8): complex of FGF2 -FGFRI1
with Heparin octamer, the condition that 2(FGF2-Heparin-FGFR1) has
formed. (PDB entryFQ9).

Ay

Figure 2. Evaluation of Gene Expression of Cd31 Using
Real Time Pcr. Vitamin C (Vit C) And Free Tmla Medium
Were Utilized As Positive And Negative Controls
Respectively. CD31 gene expression reduction of all
concentrations was observed comparing with controls
(***P<0.0001). No significant (P>0.05) difference
between these concentrations (0.1-14 mM) was
observed (one way ANNOVA was used and p value of
*¥**¥P<(.0001;, **P<0.001; *P<0.05 were considered
statistically significant). The bars represent standard error
of the mean of three replicates.

whereas, positive charge distances between those amino
acids were obviously different in the presence of the
receptor (Table 1). As the residue K135 is essential for
heparin-binding and it is in direct contact with sulfur
anions of heparin [23], presumably sulfur anions of
heparin with a distance of 7.65 interact with positive
charges, bridging between K135 and R120 or between
K135 and A136.

Table 3. Negative Charge Distances (A) of ATP Like
Inhibitors

Distance (A)
Foscarnet 4.9 45 44 37 37 30 26 25 25
Fosfonet 49 45 44 37 37 30 26 25 25
Etidronate 4.8 4.7 4.6 39 39 39 31 31 30
Clodronate 5.4 4.8 4.7 47 47 43 42 39 30

Fosfonet, Foscarnet, Etidronate and Clodronate are ATP like drugs
could interrupt binding of Heparin to FGF2 by interacting with HBD.
Molecular structures of these drugs were drawn by Marvin sketch and
optimized by Marvin space 5.9.3 applications respectively. Negative
charge distances were measured by Swiss-PdbViewer 4.0.3.
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Table 4 A. Popular Names and Structures of Three
Negative Charge Compounds Found at Zinc Data Base
(A) and Intramolecular Negative Charge Distances of
Them (B).

Compound Zinc ID Popular name Structure
Cl1 57737511 5-[(1R)-1-[(4-carboxyphenyl)
methyl]-2-hydroxy-2-oxo-
ethyl]furan-2-carboxylic
C2 1532545 4,5-Dioxo-4,5-dihydro-1H-
pyrrolo[2,3-f]quinoline-2,7,9-
tricarboxylic acid
C3 754400 4-[4-(4-carboxyphenoxy)
benzoyl]benzene-1,2- .
dicarboxylic ,
C4 4756962 5-(4-bromophenyl)
sulfonylaminobenzene-1,3-
dicarboxylic
C5 31517421 [(2S)-4-(2-amino-6-oxo0-3H-
purin-9-yl)-2-hydroxy-butyl]
C6 105301 benzene-1,2,4-tricarboxylic
acid
C7 1750794  3-[bis(3-keto-3-oxido-propyl)
amino|benzoate
C8 6091047 Pyrrole-2,3,5-tricarboxylic
acid
Cc9 3843445 [2,4,5-tris (sulfanylmethyl)
phenyl]methanethiol
C10 3869604 6-Phosphogluconic acid v
trisodium salt .
Cl1 3869279 Phosphohydroxypyruvic acid s
Cl12 1595538 Pyridine-2,4,6-tricarboxylic
acid
C13 1532902 Homocitric acid
Cl4 1529334 3-oxalomalate AN
a
C15 4096278 but-1-ene-1,2,4-tricarboxylic
acid <
Cl6 754185 4-[4-(4-carboxyphenoxy) .
phenoxy]benzene-1,2- O
dicarboxylic
C17 4754857 2-(2,5-dichlorophenyl)

sulfonylaminobenzene-1,4-
dicarboxylic

Cytotoxicity assay (MTT)

In order to evaluate TMLA cytotoxicity, MTT assay was
utilized. HUVEC and A172 cell lines were treated with
increasing doses of TMLA. As shown in Figure 1, cell
viability was decreased after exposure to TMLA in a dose-
dependent manner. The IC50 was calculated at 13 mM

Mahdiyeh Sadat Mahdavi, et al: FGF2-Heparin-FGFR1 Complex Formation Disruption
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concentration in HUVEC cell line. The inhibition ratio
of this concentration was 30% in A172 cell line. With a
dose-dependent increasing manner in A172 (14 and 15
mM), the cell viability was still around 62%.

Real time PCR

Evaluation of gene expression was performed using real
time PCR to analyze the inhibitory potential of TMLA
on CD 31 expression as an endothelial cell marker [27].
We compared gene expression of each concentration with
2 controls; 1- vitamin C as positive control and 2- free
TMLA medium as negative control. Gene expression
at 14, 13, 12, 0.5, and 0.1 mM concentration was
dramatically decreased comparing with negative control
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Cumulative drug release (%
W/W)

3 5 7 [:] 21 24 27 30 48
Figure 3. Qualitative Tube Formation Assay on Huvec
Cell Line. Huvec Cell Line Was Treated with Vegf,
Pbs and TmlA. A, VEGF treatment as positive control
induces formation of capillary tube; B, PBS treatment as
negative control; C, TMLA treatment at IC50 (13 mM)
inhibits tube formation.

(0.357, 0.307, 362, 0.282, and 0.285, respectively).
Interestingly, gene expression of these concentrations were
lower than positive control significantly (***P=0.0001).
Gene expression among these concentrations was not
significantly different (P>0.05).

Tube Formation Assay

Tube formation is a good model for the investigation of
angiogenesis inhibition. In this process, sprouting and
migration of endothelial cells lead to establish cell-cell
connections and are able to make polygon structures.
Finally, these polygons can turn into tubules and form
capillary like structure in vitro. The qualitative assay was
carried out to evaluate the inhibitory effects of TMLA.
VEGF and PBS were utilized as positive and negative
controls, respectively. The result showed that VEGF
stimulated formation of capillary tube while TMLA
inhibited HUVEC tube formation at IC50 concentration
(Figure 3).

Flow Cytometric Analysis

Staining with Annexin V-FITC and PI may distinguish
between viable cells (negative for both annexin V-FITC
and PI), early apoptosis (annexin V-FITC positive, PI
negative), late apoptosis (annexin V-FITC positive, PI
positive) or necrotic cells (annexin V-FITC negative, PI
positive). In flow cytometry analysis of Annexin V-FITC/
PI double staining, the live cells, early apoptotic cells,
late apoptotic cells, and necrotic cells were visible in the
lower left (LL), lower right (LR), upper right (UR), and
in the upper left (UL) quadrants, respectively.

In untreated HUVEC cells (control), 86.34% of the
cells were viable, 2.63% was in early apoptosis, and 4.29%
cells were in late apoptosis stage. When the HUVEC
cells were treated with 5 mM, 10 mM, and 13 mM of the
TMLA for 24 h, the viable cells were 76.35%, 71.32%,
and 41.86%; the necrotic cells were 8.14%, 9.01%, and
12.49%; the early apoptotic cells were 1.95%, 0.5%, and
1.27%; and the late apoptotic cells were 13.56%, 19.13%,
and 44.39%, respectively. All these data are shown in
Figure 4. The results indicated that the effects of TMLA
on HUVECs were through apoptosis in a dose dependent
manner.

3 380
? 330
280
2 230 -
L

180 -
3 130

80

Figure 4. Apoptosis Detection Using Flow Cytometry
Analysis of Annexin V-Fitc/Pi. Huvecs Were Treated
With Different Concentrations (5, 10 And 13 Mm) A:
The numbers in the lower left considered to be viable
cells (annexin V-/ PI-), while the upper left represents
the percentage of necrotic cells (annexin V-/ PI+), in
the lower right quadrant cells were considered to be
in early apoptotic stage (annexin V+/ PI-), while the
upper right represent the percentage of late apoptotic
cells (annexin V+/PI-). B: Proportions of cells in the
different subpopulations. The results indicated that the
inhibition effects of TMLA on HUVECs were through
apoptosis in a dose dependent manner. Statistical
analysis was performed with one way ANNOVA and p
value of ***P<(.0001 and **P<(.001 were considered
statistically significant of percentage of late apoptotic
cells in different concentration comparing with control.
The bars represent standard error of the mean of three
replicates.

Discussion

There are two classes of compounds which have the
capacity to represent angiostatic activity via interruption
of the ternary complex of FGF2- Heparin- FGFRI,
including polycationic compounds that mimic positive
charges of HBD and polyanionic compounds that compete
with heparin to interact with heparin binding growth
factors. Many substances and peptides were synthesized
based on these two classes of compounds. Suramin [28],
pentosan polysulfate [29], and bisphosphonates [30]
are some of them that mimic heparin. Surfen [31] and
porphyrin analogue [32] are positively charged agents
that interact with heparin. There are also antiangiogenic
agents based on natural inhibitors such as sm27 [33]
and bi-naphthalenic compounds [34] that mimic FGF2
binding sequence of thrombospondin-1[35] and NSC12
based on pharmacophore modeling of Pentraxin 3-FGF2
interaction [36].

Rose et al., (2011) indicated that interaction of some
bisphosphonates like clodronate and etidronate with FGF2
is probably at ATP binding domain [25]. Furthermore,
the addition of foscarnet (with only one phosphonate
group) to FGF2 at higher concentration compared to
the bisphosphonates, reduces ATP-binding capacity to
FGF2 [24].
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Comparing these antiangiogenic agents (etidronate,
clodronate, foscarnet, and fosfonet) indicated that
4.87 and 2.49 are common distances in foscarnet and
fosfonet and common distances in clodronate and
etidronate are 4.75 and 2.97, respectively. Intramolecular
distances of ~4.7 and ~2.5 can be seen in ten and six
molecules out of seventeen molecules we found in Zinc
database respectively. Five of seventeen molecules had
these two distances simultaneously (C5, C6, C8, C15,
and C16). Among these five molecules, we chose TMLA
due to availability and lack of toxicity. The considering
distances for TMLA were 2.48 and 4.85.

In this study, we performed a detailed conformational
analysis of the FGF2—Heparin and FGF2-Heparin-FGFR1
co-crystal structures and identified conformational
characteristic of the heparin and the heparin-binding site
on FGF2 that govern their interactions. A heparin that binds
to both FGF2 and FGFR1 acts as a stimulator and a heparin
that only binds to FGF2 acts as an inhibitor of signaling
by sequestering the growth factor [21-22]. Therefore, the
difference regarding heparin interactions in FGF2-Heparin
and FGF2-Heparin-FGFR1 complexes is important.
Comparing the negative charge distances of heparin
between both complexes of FGF2-Heparin and FGF2-
Heparin-FGFR indicated that some of distances between
sulfurs of heparin in FGF2-Heparin were different from
those between sulfurs of FGF2-Heparin-FGFR (Table 2).
For example, distances of 7.65, 7.42, and 7.35 between
sulfurs of heparin in Heparin-FGF2 were different from
those between sulfurs of heparin in FGF2-Heparin-FGFR1
that were 10, 4.75, and 4.61 respectively. This obvious
difference suggested that the mentioned distances were
probably important in the mode of interaction, that is
the interaction of heparin with ligand or both ligand and
receptor.

The numbers of 7.55, 7.41, and 7.30 were intramolecular
negative charge distances of the chosen molecule, TMLA
(Co), that are approximately the same as those possible
important numbers of heparin that were in binding with
just FGF2 (Table 4 B).

Furthermore, positive charge distances between K135
and R120 and between A136 and FGF2 in Heparin-FGF2
complex were 7.64 and 7.65, respectively; whereas,
positive charge distances between those amino acids were
obviously different in the presence of receptor (Table 1).
As the residue K135 is essential for heparin-binding and
it is in direct contact with sulfur anions of heparin [23],
presumably sulfur anions of heparin with distance of 7.65
interact with positive charges, bridging between K135
and R120 or A136.

Considering HBD and ATP binding domains
simultaneously, TMLA was chosen. Here, we demonstrated
that TMLA had a concentration dependent influence on
cell viability of HUVECs. Interestingly, no significant
toxic effect was observed within the tested dose range of
TMLA on A172 cell line with low FGFR expression.
Accordingly, it seems that the inhibitory effect of
TMLA is specific for FGF2 and does not rely on its cell
toxicity. Gene expression was significantly decreased in
comparison to negative and positive controls (p<0.05)

and no significant difference was found between gene
expressions of those concentrations (p>0.05). Thus,
TMLA at concentration of 0.1 mM could induce responses
equivalent to those achieved by concentrations up to 15
mM, indicating the saturation of the available FGF2
by 0.1 mM TMLA. Tube formation assay showed that
presumed mode of action of TMLA after binding to FGF2
was to hinder the receptor activation by FGF2. To clarify
whether the growth inhibitory effect of TMLA was related
to the induction of apoptosis, we utilized flow cytometry
assay. Increasing the numbers of apoptotic cells in a dose
dependent manner (Figure 4) may prove that inhibitory
effect of TMLA was through apoptosis.

Regardless of ATP binding domain of FGF2, molecular
modeling studies clearly defined the differences regarding
heparin interactions in FGF2-Heparin and FGF2-Heparin-
FGFR1 by measuring distances of heparin anions and
amino acids cations in both complexes. According to Table
2, other important distances may be around 13.6, 11.2
and 10.5 in FGF2-Heparin complex that were obviously
different from the same distances in FGF2-Heparin-
FGFR1 complex (15.17, 12.6 and 13A). Therefore, those
positive charged amino acids positioned in FGF2-Heparin
complex similar to distances (13.6, 11.2 and 10.5) of
sulfur anions of heparin in this complex were possibly
involved in the interaction. For example, T121 and K135
interacted with sulfur groups of heparin. Similarly, there
was a correspondence between R120 and K125 and
between R120 and A136 in terms of their interaction with
the sulfur anions of heparin. Thus, we hypothesized that a
compound containing negative charge distances of ~ 13.6,
11.2, 10.5, and 7.6 may have high affinity and specificity
for FGF2 binding. On the basis of our findings, among
seventeen agents mentioned in Table 4, C1, C4, C7, and
C17 were compounds that had this characteristic to some
extent and offered the great opportunity for binding to
FGF2. However, in vitro methods are clearly warranted to
evaluate the potential role of them in inhibition of FGF2.

We are currently planning our next research step to
inhibit FGFR1 through blocking HBD by designing highly
specific agents. However, in our opinion, combination of
FGFRI1 inhibitor with TMLA to target FGF2 induced
angiogenesis should be analyzed in the future. Based
on defined interactions, our study identified a structural
framework to design biomolecules with specific binding
affinities to FGF2. The present work also showed that
extension of FGF2 inhibitors with much specificity
could be achieved. Considering the importance of their
distances, it may be possible to make further derivatives of
the agents with low molecular weight and much smaller
and improve their properties while maintaining FGF2
inhibitory properties.
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