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Abstract—It has been shown in our previous study that
melanoma cells induce junction disassembly in the manner
related to phospholipase C-calcium activation. In light of this
observation, we have developed a mathematical model of the
signaling pathway and adapted multi-parametric sensitivity
analysis (MPSA) to identify important parameters in the
model, which examines tumor cell-induced calcium mobili-
zation in endothelial cells. The objective functions, with
respect to individual parameters, were generated for the
calcium mobilization model and MPSA was performed
according to the function. The results showed that sarco/
endoplasmic reticulum calcium ATPase was one of the
putative key factors in regulating calcium mobilization. The
model is a proof of concept of systemic analysis of a signaling
network, and the results may have practical applications in
describing how endothelial cells respond to tumor cells.
Taken together, we have devised numerical means to
macroscopically study roles of calcium signaling in endothe-
lial cells in contact with metastatic tumor cells.

Keywords—Multi-parametric sensitivity analysis, Melanoma,

VE-cadherin.

INTRODUCTION

Metastatic tumor cell-associated signaling events
have not been extensively studied. Such events as
endothelial junction regulation, for example, may
result in changes in the microenvironment favoring
migrating tumor cells. Transmigration of tumor cells
through endothelial cells (ECs) requires a loss of
endothelial junction integrity. It is therefore imperative
that we understand the signaling pathways leading to
the redistribution of endothelial junctions and sub-
sequent tumor transmigration. In this study, we
characterized signals initiated by melanoma cells con-
sequential for regulation of interendothelial adherens
junctions and transvascular migration of tumor cells.

One signaling pathway of interest is the group of
calcium-dependent signaling cascades, a diverse series
of signaling events that center on induction or regu-
lation of intracellular calcium ([Ca2+]i) for propaga-
tion of signaling cascades and alternation of biological
functions. It is reported that the regulation of endo-
thelial integrity is mediated through a [Ca2+]i-depen-
dent mechanism upon endothelial cell exposure to
hydrogen peroxide.14 The rise in [Ca2+]i level is tran-
sient and upstream of the signaling pathway compro-
mising endothelial integrity. In addition, thrombin
binds to its receptor inducing calcium influx to cause
cytoskeletal rearrangement.13 Endothelial [Ca2+]i-
dependent signaling pathways can also be elicited by
leukocytes undergoing transendothelial migration.7

Furthermore, we have previously shown that malig-
nant tumor cells can regulate endothelial junction
integrity by recruiting classical calcium release in
endothelium.12 Therefore, development of a calcium
signaling model would be beneficial for understanding
the mechanisms of endothelial junction modulation.

Cellular processes are modulated through complex
interactions involving a large number of proteins and
transcription factors; therefore, computational
approaches such as differential equation modeling and
enzyme kinetic modeling, in addition to biological
investigations, are complementary for studying intra-
cellular dynamics.2–4 Schemes of the enzymatic reaction
can be used to represent protein–protein interactions
and protein degradation for developing models of the
signaling pathway.2 The standard Michaelis–Menten
equation: E + S $ ES fi E + P, derived from the
general enzymatic reaction, can be considered as two
sequential reactions in the signaling transduction cas-
cades. E denotes the concentration of an enzyme that
binds a substrate (S) to form an enzyme–substrate
complex (ES) with rate coefficient k1. The reversible
intermediate state ES can then either dissociate to E
and S with rate coefficient k2, or carry the reaction to
completion with reaction product, P, and regenerated
enzyme, E, with rate coefficient k3. The theoretical
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model of a signaling transduction network can be
constructed mathematically from existing data as ana-
logs of enzymatic reactions. The corresponding ordi-
nary differential equations (ODEs) of reaction rates for
each component in the cascade can then be generated.2

In this study, we established a mathematical model
to describe intracellular calcium mobilization in the
context of tumor metastasis. To take into account
dynamic changes of the biological system as system
parameters vary, we employed a multi-parametric
sensitivity analysis (MPSA), previously presented by
Cho et al. for identifying key parameters in a signaling
pathway model.4 Briefly, an objective function, defined
as a sum of square errors between observed and per-
turbed values, could describe how much the model
output changes from an observed data in relation to
the perturbation of parameters. An objective function
smaller than the average of the objective function, was
classified as acceptable; otherwise it was classified as
being in an unacceptable range. By correlating the
distribution of the parameter values to acceptable and
unacceptable results, the parametric sensitivity could
be then evaluated.4 The MPSA approach could be
adapted to analyze signaling processes and identify key
parameters in the process. The capability of this net-
work modeling enables quantitative analysis of cellular
interactions and exploration of molecular targets for
follow-up studies.

MATERIALS AND METHODS

Cell Culture and [Ca2+]i Ratiometric Measurement

Human umbilical vein endothelial cells (HUVECs;
American Type Culture Collection, Manassas, VA)
were cultured in Ham’s F12-K media (Biofluids Inc.,
Gaithersberg, MD) supplemented with 10% FBS
(Biofluids Inc.), 10 lg/mL endothelial cell growth
supplement (Sigma Chemical Co., St. Louis, MO),
100 lg/mL heparin (Sigma Chemical Co.), 100 units/
mL penicillin–streptomycin (Biofluids Inc.) at 37 �C
under 5% CO2. Melanoma cell line A2058 were
obtained from NCI (NIH, Bethesda, MD) and main-
tained in DMEM (Biofluids Inc.) supplemented with
10% FBS.

For [Ca2+]i assays, HUVECs were incubated with
10 lM Fura-2-AM (Invitrogen Molecular Probes,
Inc., Eugene, OR) for 30 min. The detailed procedure
for a [Ca2+]i ratiometric assay is described else-
where.6,12 In brief, a computer software package was
used to control the excitation light (340 and 380 nm
band pass filters), sample and record the emitted
fluorescence (510 nm) images from the Fura-2-AM
loaded cells once every 6 s. Ratio images of the cells at

rest were recorded for the first 100 s to establish a
[Ca2+]i baseline. Melanoma cell suspension was per-
fused into the chamber with a syringe connected to a
tubing and raw images were collected for four addi-
tional minutes. As a negative control, polystyrene
microspheres (Polyscience, Inc., Warrington, PA) were
used to simulate cellular volumes in suspension. For
treatment of phospholipase C (PLC) inhibitor, endo-
thelial cells were exposed to 10 lM U73122 (Sigma
Chemical Co.) for 5 min prior to the addition of mel-
anoma cells to endothelial cells.

Immunofluorescence Staining

Cells were fixed using 5% formaldehyde in PBS for
15 min at room temperature and washed three times in
PBS. Fixed cells were treated for 20 min with 0.3%
Triton X-100, 5% calf serum (CS), and 2.5% goat
serum (GS) in PBS and exposed to 1 lg of primary
antibody (anti-vascular endothelial (VE)-cadherin;
mouse monoclonal IgG1; Santa Cruz Biotechnology,
Santa Cruz, CA) in PBS with 0.3% Triton X-100/5%
CS/2.5% GS overnight at 4 �C. Secondary antibody
(AlexaFluor-488 conjugated goat anti-mouse IgG;
Invitrogen Molecular Probes, Inc.) was applied at
concentration of 1 lg/mL in PBS with 5% CS/2.5%
GS, and incubated at 4 �C for 1 h. The immunofluo-
rescence stained plates were observed using an Olym-
pus IX51 fluorescence microscope (Olympus Inc.,
Tokyo, Japan) at excitation/emission wavelengths of
488 nm/520 nm, respectively. Digital images were taken
and Image J 1.37v (NIH, Bethesda, MD) was used to
quantify junction disassembly. Area of disassembly
was defined as area of open space between adjacent
cells. It was visualized as patches of distinctively darker
area in contrast to the fluorescence-labeled adherent
cells in the image. For quantification, the area of dis-
assembly was identified manually and the pixels within
the identified area were tallied. The ratio of area of
disassembly over total area of the image was thus
defined as the ratio of total number of pixels within the
identified area of disassembly vs. total number of pixels
of the entire image. For treatment of PLC inhibitor,
endothelial cells were treated with 10 lM U73122 for
5 min prior to melanoma addition.

Transendothelial Migration

The transendothelial migration assay was per-
formed as previously described.12 For some experi-
ments, monolayers were pretreated with 10 lM
U73122 for 5 min or 2.6 lM Gö6976, a protein kinase
C (PKC) inhibitor, for 30 min. Next, the drug-con-
taining medium was replaced and the filter was washed
with fresh assay medium three times prior to
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melanoma cell addition. Melanoma cell transendothelial
migration was evaluated by tallying the number of cells
migrated to the lower side of the membrane as viewed
under 109 magnification. Seven fields of a filter were
quantified and averaged. At least three filters were
independently analyzed.

Establishment of Calcium Signaling Model

A graphical template of the classical calcium sig-
naling pathway including concentration variables, such
as PLC, phosphatidylinositol bisphosphate (PIP2),
diacylglycerol (DAG), PKC, inositol-1, 4, 5-triphos-
phate (IP3), IP3 receptor (IP3R), calcium and calmod-
ulin (CaM) coupling and sarco/endoplasmic reticulum
calcium-ATPase (SERCA), etc. and kinetic parame-
ters, was established. A central process of the signaling
cascade was the release of calcium from endoplasmic
reticulum (ER) via IP3. IP3 and DAG were produced
from PIP2 cleavage via G protein-coupled receptor
(GPCR)-linked PLC activation. For the purpose of the
model, they were represented by the following equa-
tions:

Gþ PLC !k1;k2 PLC G

PLC Gþ PIP2 !
k3;k4

PIP2 PLC G

PIP2 PLC G!k5 PLC GþDAGþ IP3

3IP3 þ IP3R  !
k10;k11

IP3R
�

IP3R
� !k12 Ca2þ

The G protein that interacted with PLC leading to the
production of G protein and PLC complex was
expressed as G + PLC $ PLC_G. In addition, the
stable open conformation of the receptor required
activation by at least three IP3 molecules,10 so this
process was formulated as 3IP3 + IP3R $ IP3R*
(* denotes an active form).

The model described above was next linked to a
prototypical process downstream of calcium-flux sig-
nals, involving complexes of Ca2+–CaM binding to
myosin light chain kinase (MLCK), as shown in the
following equations:

CaMþ 4Ca2þ  !k13;k14
Ca2þ CaM

Ca2þ CaMþMLCK  !k15;k16
MLCK Ca CaM

Ca2þ þ SERCA  !k17;k18
Ca2þ SERCA

Ca2þ SERCA!k19 Ca2þ store
Ca2þ ext!k20 Ca2þ

CaM is an important target of Ca2+-mediated signal-
ing. Up to four calcium ions can bind to CaM in a
Ca2+–CaM complex; the reaction was therefore
expressed as CaM + 4Ca2+ $ Ca2+_CaM. In addi-
tion, a calcium gradient across the ER membrane was

maintained by active pumping through SERCA. The
process can then be formulated as Ca2+ + SERCA $
Ca2+_SERCA fi Ca2+ store. Moreover, extracellu-
lar Ca2+ influx was incorporated into the simulation
by adding Ca2+_ext into the model.

ODEs Formulation and Sensitive Analysis

The rate of concentration changes was expressed as
a time derivative (dc/dt; c denotes concentration of the
variable). A range of initial concentrations for some of
the variables was also tested. All numerical simulations
of biological reaction and ODEs were processed in
MATLAB 7.1 (MathWorks, Natick, MA).

[Ca2+]i simulations with variations in single
parameters were performed for local sensitivity anal-
ysis. For MPSA, paired parameters ki were chosen and
objective function of [Ca2+]i was calculated with
respect to the parameters. When the objective function
values are larger than the overall average, they indicate
greater-than-acceptable differences from the actual
values. The corresponding correlation coefficient of
cumulative acceptable or unacceptable frequency was
calculated and compared as described by Cho et al.4 A
smaller correlation coefficient indicates greater sensi-
tivity of the parameter to perturbations of the system.

RESULTS

Endothelial Responses upon Melanoma Cell Contact

We have previously demonstrated a transient rise in
endothelial [Ca2+]i elicited by melanoma cell interac-
tion with the epithelium. The rise of calcium flux
consisted of a single peak that gradually fell back to
baseline with progression of time.12 This single-peak
profile was characteristic of the calcium influx
observed, as was confirmed by tests determining whe-
ther oscillation occurred at all (Fig. 1a). Perfusion of
polystyrene microspheres did not induce [Ca2+]i
response (data not shown), indicating that physical
agitation caused by addition of microspherical sus-
pension is not sufficient for triggering responses. To
assess the role of PLC, HUVECs were pretreated with
PLC inhibitor U73122 at 10 lM that resulted in
complete attenuation of the cell responding, as well as
depressed magnitude of peak [Ca2+]i (Fig. 1b).

In addition, the melanoma-mediated induction of
the classical Ca2+ release led to redistribution of
endothelial junction. As shown in Fig. 2a, a conti-
nuous pattern of VE-cadherin staining was detected in
the periphery of endothelial cells in the absence of
melanoma cells. Addition of melanoma cells resulted in
a diffuse VE-cadherin staining at the site of melanoma
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cell contact after 45 min of co-culture (Fig. 2b) and the
diffuse staining patterns were rescued by PLC inhibitor
(Fig. 2c). For quantitative analysis, percentage of
VE-cadherin disassembly within an image was calcu-
lated. A2058 melanoma cells induced 17 ± 2% of VE-
cadherin dissociation as measured in the image
(A2058 + EC), while the image of the negative control,
EC monolayer, showed intact VE-cadherin (0.02%
disassembly) (Fig. 2d). Pretreatment of U73122
reduced melanoma cell-associated gap formation
to 3 ± 1% on EC (A2058 + U73122-treated EC;
p< 0.01). Therefore, melanoma cells induce reorgani-
zation of VE-cadherin through PLC-dependent mech-
anism. The quantitative measurement further provides
the means for quantitative comparison besides quali-
tative observation via experimentation.

We were also interested in determining the func-
tional significance of PLC, Ca2+ induction, and PKC

in altering melanoma transendothelial migration. We
previously utilized the Boyden migration assay system
in which a confluent monolayer of HUVEC was seeded
on the upper surface of the fibronectin-coated filter
and melanoma chemotaxis through the monolayer
toward type IV collagen in the bottom wells was
examined.11 Melanoma cells transmigrated through
untreated or treated endothelial cells with 10 lM
U73122 or 2.6 lM Gö6976 as shown in Fig. 3. Values
were calculated as percentages (of the control case) in
which melanoma migrated through untreated endo-
thelium (A2058 + untreated EC). Pretreatment with
U73122 or Gö6976 inhibited transmigration by
37 ± 3% (A2058 + U73122-treated EC; p< 0.001) or
39 ± 6% (A2058 + Gö6976-treated EC; p< 0.001),
respectively.

Simulation of the Calcium Signaling Processes

Figure 4 illustrates the melanoma-induced [Ca2+]i
signaling cascades in endothelial cells responsible for
initiating junction disassembly and melanoma migra-
tion in the manner related to PLC/IP3 activations and
release of calcium from its intracellular stores in the
ER. In addition, PKC and MLCK were suggested to
be a downstream targets of the pathway linked to the
Ca2+–CaM-dependent mechanism. Based on the
experimental finding, a graphical template of the cal-
cium pathway was established as shown in Appendix
A. Circles represent concentration variables, and ki
(i = 1–20) are the kinetic parameters. Solid arrows
indicate the forward reactions and dashed arrows
indicate the reverse reactions. The rates of concentra-
tion changes were formulated in Appendix B. The
parameter values used to solve the ODEs were
obtained from the literature1,9 and Database of
Quantitative Cellular Signaling15 as summarized in
Appendix C. The assigned initial concentrations are
listed in Appendix D. In the simulation, binding of
ligand to GPCR increased the levels of IP3 and [Ca2+]i.
As shown in Fig. 5, at an assigned initial concentration
of 18 lM for this simulation, PLC induced a Ca2+

influx that peaked at 430 nM. The [Ca2+]i output was
limited by the IP3 production that maxmized at 2.3 lM
in this scenario. In order to further address the role of
PLC in [Ca2+]i response, a range of additional initial
concentrations of PLC was assigned in [Ca2+]i simu-
lation. The Ca2+ was relatively insensitive to PLC at
an initial concentration greater than 15 lM with a
fixed G protein concentration (Fig. 6a). Figure 6b
shows the change of peak [Ca2+]i in a [PLC]-depen-
dent manner. Peak [Ca2+]i was nonlinearly propor-
tional to smaller [PLC] and saturated at higher [PLC].
Reducing the PLC below 2 lM resulted in no rise in
[Ca2+]i.

FIGURE 1. (a) Melanoma-induced transient calcium
response in endothelial cells. Calcium responses of three
cells were measured. The result was representative of 11
independent experiments. (b) Endothelial cells treated with
U73122, completely attenuated calcium response. Arrow
indicates the time at which melanoma cells were added. The
result was representative of 3 independent experiments.
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Local Sensitivity Analysis for [Ca2+]i Response

The [Ca2+]i response with respect to each single
parameter change was evaluated and compared by

local sensitivity analysis. For instance, perturbation of
G protein/PLC association rate coefficient k1 and
Ca2+ uptake rate constant k19 showed distinct effects

FIGURE 2. (a) A continuous VE-cadherin staining pattern in endothelial cells. VE-cadherin was also detected along perinuclear
organelles intracellularly. (b) Loss of VE-cadherin expression was caused by melanoma cell contact after 45 min. Arrows indicate
the sites where gaps formed. (c) A majority of VE-cadherin remained continuous after 45 min when pretreated with PLC inhibitor.
(d) Quantification of endothelial junction disassembly. Pixels within the area of disassembly were quantified as a percentage of the
total image area, defined as pixels within area of disassembly/total pixels of the image. Results are presented with mean 6 SEM;
n = 6–19.

FIGURE 3. PLC and PKC signals were required for mela-
noma cell transendothelial migration. Results are presented
with mean 6 SEM; n = 3–5.

FIGURE 4. Schematic diagram of calcium signaling pathway
initiated by melanoma contact to endothelium. Arrows indi-
cate the direct signals and dashed arrows indicate tentative
signals.
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on [Ca2+]i output (Fig. 7). Whereas [Ca2+]i was rela-
tively insensitive to variations of k1, it responded more
on perturbation of k19. The Ca2+ influx decreased as

k19 increased. The data suggest that rate of Ca2+

uptake via SERCA greatly affects the robustness of
cellular machinery of calcium signaling.

Objective Function of [Ca2+]i and Key Parameters
in the Calcium Signaling Pathway

In order to determine the importance of simulta-
neous variations for multiple parameters in a signaling
transduction pathway, a MPSA was performed to
select the most sensitive parameters by calculating
[Ca2+]i objective function with respect to k varying
from one-fifth to five times the assigned value. For
instance, k3, the PLC_G/PIP2 association rate coeffi-
cient, and k5, the rate constant for production of
DAG and IP3 from PIP2_PLC_G, were selected for

FIGURE 5. Simulation result of [Ca2+]i response. Inserted
plot is the [IP3] response over time.

FIGURE 6. Effect of different initial concentrations of PLC on
[Ca2+]i response. (a) Changes in [Ca2+]i in response to [PLC]
with a range between 0 and 18 lM. (b) PLC produced a con-
centration dependent-peak [Ca2+]i response.

FIGURE 7. The time course of [Ca2+]i response with respect
to the variation of (a) k1 and (b) k19. The solid line represents a
simulated [Ca2+]i response using the reference parameter
value and the dashed line represents [Ca2+]i responses for
various parameter values from one-fifth to five times reference
value. The Ca2+ influx decreased as k19 increased.
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comparison; the ranges of variations were set to be
k3 2 [0.166, 4.15] and k5 2 [0.116, 2.9] with other
parameter values fixed. Figure 8 shows the resulting
objective function of [Ca2+]i with respect to k3 and k5.
The objective function values smaller than the overall

average of the objective function (2.789 9 106 nM2)
were classified as acceptable; values larger than the
average were said to be within an unacceptable range.

Acceptable and unacceptable frequencies of the
parameters were computed and corresponding corre-
lation coefficients of cumulative frequencies were
evaluated. Figures 9a and 9b show the distribution of
the acceptable and unacceptable frequencies for k3 and
k5; Figs. 9c and 9d represent the cumulative acceptable
and unacceptable frequencies. The corresponding
correlation coefficients were computed to be 0.650 for
k3 and 0.999 for k5. Therefore, the cumulative fre-
quencies of acceptable and unacceptable instances for
the parameter k3 differ more than that for k5, so k3 is
more sensitive than k5.

The MPSA was performed for the parameters that
have been shown to play a role in the [Ca2+]i regula-
tion, such as G protein/PLC association rate coeffi-
cient k1, PLC_G/PIP2 association rate coefficient k3,
DAG and IP3 formation rate constant k5, IP3/IP3R
association rate constant k10, Ca

2+/CaM association
rate constant k13, and Ca2+ uptake rate constant k19.
The parameters were paired and calculated based on
the statistical difference in terms of correlation coeffi-
cient of the acceptable and unacceptable cumulative

FIGURE 8. Objective function of [Ca2+]i distribution with
respect to k3 and k5. The value of the objective function
smaller than 2.789 3 106 (represented by dashed line) was
considered to be acceptable.

FIGURE 9. Distribution of objective function of acceptable and unacceptable frequencies for (a) k3 and (b) k5. Correlation coef-
ficients of cumulative acceptable and unacceptable frequencies for (c) k3 and (d) k5 were 0.650 and 0.999, respectively. The solid
line denotes the frequencies in the acceptable range and dashed line denotes the frequencies in the unacceptable range.
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frequencies. As shown in Table 1, the correlation
coefficient of the cumulative frequency distributions
for k19 was smaller than those of k1, k3, k5, and k13;
that of k13 smaller than those of k3 and k5; that of k10
smaller than that of k5; that of k3 smaller than those of
k1, k5, and k10; that of k1 smaller than those of k5 and
k10. The correlation coefficients of the cumulative fre-
quency distributions for k19 and k10 were comparable,
as were those of k13 and k10. Therefore, k19 were
determined to be most sensitive in the model, impli-
cating that the [Ca2+]i may be most dependent on the
rate of Ca2+-uptake via SERCA. In addition, PLC_G/
PIP2 and Ca2+/CaM productions were also shown to
be sensitive for [Ca2+]i.

DISCUSSION

Tumor cells induce a series of signals during their
interactions with the host environment in order to
facilitate their transmigration. The way in which host
cells respond to tumor invasion is regulated through
signal transduction and the resultant alteration of
cellular activities. The signals initiated by melanoma
cells regulating endothelial adherens junctions and
transmigration have been characterized in this study.
We have identified the signaling factors, including
PLC, Ca2+ influx and PKC that have roles in regu-
lating EC junctions and melanoma transendothelial
migration. In addition, we have created a model that
employed minimal components to quantitatively
describe and simulate Ca2+ mobilization on the basis
of enzymatic reactions. We were able to assess
parameter variations as responses to any perturbations
of the initial concentrations or parameters in the
GPCR-mediated Ca2+ signaling pathway.

Intracellular signaling regulates cell function in
response to external stimuli. We have shown that
PLC–Ca2+ is an important pathway for melanoma-
associated VE-cadherin junction disassembly. However,
minor gap formations were observed on the interen-
dothelial junction of U73122-pretreated endothelium,
indicating that other pathways also play a role in

signaling VE-cadherin reorganization. P38 mitogen-
activated protein kinase (MAPK) has been suggested
as an important upstream component in relation to
VE-cadherin regulation.11 The pathways, such as the
Ca2+ signaling, MAPK cascades, and transcriptional
machinery, may cross talk and form networks.8,16

Therefore, there is an increasing need to express
biological interactions systematically as mathematical
models, in order to take advantage of the ability of
models to process and analyze simultaneously param-
eters and variables. Through construction of each
signaling component, a signaling pathway can be
completely modeled, and the resultant model can be
adopted for simulating other similar signaling path-
ways. Here we modeled a classical Ca2+ signaling
pathway with the parameter values obtained from lit-
erature and online databases.1,15 This model of Ca2+

mobilization in endothelial cells in contact with tumor
cells consisted of elementary Ca2+-related components
including G protein complex, PLC activation, gener-
ation of DAG and IP3 followed by IP3-mediated
intracellular Ca2+ fluxes, and SERCA activity. In
addition, cytoplasmic regulatory components, CaM
complexes and MLCK, were also included in the
model. The results of simulation revealed the single-
peak behavior of a transient [Ca2+]i signaling process
that was consistent to that observed for the melanoma-
recruited endothelial [Ca2+]i mobilization.12 In some
of the scenarios of the IP3-generated Ca2+-mobiliza-
tion models, [Ca2+]i were allowed to oscillate, while in
other scenarios it was held steady, which reflects the
wide diversity of the nature of this phenomenon.5,9

Furthermore, we have considered the capacitative
Ca2+ entry by adding Ca2+_ext into the model. In
addition to [Ca2+]i simulation, other second messen-
gers such as IP3 and DAG, intermediate molecules
connected to the Ca2+ signal, could also be presented
simultaneously.

Network modeling provided a facile tool to describe
the Ca2+ signaling process in quantitative terms. Any
variable and parameter could be manipulated to eva-
luate how the change of components in the system
would affect the endpoints. In most simulations, [IP3]
and [Ca2+]i were suppressed at the low value of for-
ward rate constants. Initial concentrations of G pro-
tein complex, PLC, PIP2, IP3R would also influence
the downstream outputs (data not shown). Local sen-
sitivity analysis was used to evaluate the signaling
pathway model with respect to a one parameter change
for identifying key molecules. We showed that calcium
uptake rate was crucial to the Ca2+ influx process by
virtue of the effects of its variations. However, local
sensitivity analysis could only deal with small pertur-
bations and allowed single parameter to vary, which
was not so practical in reality. MPSA has been

TABLE 1. Paired ki (i = 1, 3, 5, 10, 13, and 19) for MPSA and
their correlation coefficients of cumulative acceptable and

unacceptable frequencies.

k1 k3 k5 k10 k13 k19

k1 – 0.000 1.000 1.000 NaN 0.000

k3 0.494 – 0.999 0.999 0.489 0.598

k5 0.597 0.650 – 0.832 0.829 0.809

k10 0.597 0.641 0.891 – 0.887 0.874

k13 0.592 0.628 0.864 0.803 – 0.715

k19 0.572 0.713 0.849 0.798 0.945 –
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therefore adopted to evaluate the model with respect to
multiple parameters. In the study, calcium uptake,
PLC_G/PIP2, and Ca2+/CaM rate constants have
been determined to be more sensitive because their
correlation coefficients were relatively small.

We have shown that PLC–Ca2+ was involved in
regulating melanoma-induced VE-cadherin disassem-
bly. Under an assumption that [Ca2+]i response is
required and directly proportional to junction changes,
the model has described the relative importance of k3
associated with PLC, in good agreement with the
experimental observations. However, the model has
not yet been completely developed until the initial
concentrations of the variables are supplied. In addi-
tion, future studies are needed to provide information

on which receptors/ligands activate the GPCR-medi-
ated signaling pathway, and to identify potential sig-
naling molecules that link PKC to EC junction
regulation, in order to glean a fuller picture for the
input and output of the signaling model.

Current experimental techniques allow us to directly
assess biological functions, and the computational
approach can be complementary for unraveling the
underlying complexity. Our current understanding of
calcium mobilization in endothelial cells during their
interaction with tumors is very limited. Thus the
mathematical model simulating calcium responses in
such context may aid us in deciphering the cancer-
related signaling mechanisms in its microenvironment
in the processes of transformation and metastasis.

APPENDIX A. A graphical representation of calcium signaling model.

APPENDICES
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APPENDIX B

dG

dt
¼ �k1 �G � PLC þ k2 � PLC G

dPLC

dt
¼ �k1 �G � PLCþ k2 � PLC G

dPLC G

dt
¼ k1 �G � PLC � k2 � PLC G

� k3 � PLC G � PIP2 þ k4 � PIP2 PLC G

þ k5 � PIP2 PLC G

dPIP2

dt
¼ �k3 � PLC G � PIP2 þ k4 � PIP2 PLC G

dPIP2 PLC G

dt
¼ k3 � PLC G � PIP2 � k4 � PIP2 PLC G

� k5 � PIP2 PLC G

dDAG

dt
¼ k5 � PIP2 PLC G� k6 �DAG

� k7 �DAG � PKCþ k8 �DAG PKC

dIP3

dt
¼ k5 � PIP2 PLC G� k9 � IP3 � 3 � k10 � IP3

3 � IP3R

þ 3 � k11 � IP3R
�

dPKC

dt
¼ �k7 �DAG � PKCþ k8 �DAG PKC

dDAG PKC

dt
¼ k7 �DAG � PKC� k8 �DAG PKC

dIP3R

dt
¼ �k10 � IP3

3 � IP3Rþ k11 � IP3R
�

dIP3R
�

dt
¼ k10 � IP3

3 � IP3R� k11 � IP3R
� � k12 � IP3R

�

dCa2þ

dt
¼ k12 � IP3R

� � 4 � k13 � Ca2þ
4 � CaM

þ 4 � k14 � Ca2þ CaM� k17 � Ca2þ � SERCA

þ k18 � Ca2þ SERCAþ k20 � Ca2þ ext

dCaM

dt
¼ �k13 � Ca2þ

4 � CaMþ k14 � Ca2þ CaM

dCa2þ CaM

dt
¼ k13 � Ca2þ

4 � CaM� k14 � Ca2þ CaM

� k15 � Ca2þ CaM �MLCK

þ k16 �MLCK Ca CaM

dMLCK

dt
¼ �k15 � Ca2þ CaM �MLCK

þ k16 �MLCK Ca CaM

dMLCK Ca CaM

dt
¼ k15 � Ca2þ CaM �MLCK

� k16 �MLCK Ca CaM

dSERCA

dt
¼ �k17 � Ca2þ � SERCA

þk18 � Ca2þ SERCAþ k19 � Ca2þ SERCA

dCa2þ SERCA

dt
¼ k17 � Ca2þ � SERCA

� k18 � Ca2þ SERCA

� k19 � Ca2þ SERCA

dCa2þ store

dt
¼ k19 � Ca2þ SERCA

dCa2þ ext

dt
¼ �k20 � Ca2þ ext

APPENDIX C. Summary of parameter values.

Parameter Description Value Unit

k1 G protein/PLC association 2.52 lM�1 s�1

k2 G protein/PLC dissociation 1 s�1

k3 PLC_G/PIP2 association 0.83 lM�1 s�1

k4 PLC_G/PIP2 dissociation 0.1 s�1

k5 PIP2_PLC_G fi DAG + IP3 0.58 s�1

k6 DAG fi deg 0.15 s�1

k7 DAG/PKC association 0.0079998 lM�1 s�1

k8 DAG/PKC dissociation 8.6348 s�1

k9 IP3 fi deg 2.5 s�1

k10 IP3/IP3R association 0.0022 lM�3 s�1

k11 IP3/IP3R dissociation 1 s�1

k12 IP3R fi Ca2+ 2.5 s�1

k13 Ca2+/CaM association 0.465 lM�4 s�1

k14 Ca2+/CaM dissociation 10 s�1

k15 Ca2+_CaM/MLCK association 28 lM�1 s�1

k16 Ca2+_CaM/MLCK dissociation 0.0308 s�1

k17 Ca2+/SERCA association 0.003 lM�1 s�1

k18 Ca2+/SERCA dissociation 288 s�1

k19 Ca2+ fi Ca2+ store 72 s�1

k20 Ca2+_ext fi Ca2+ 0.005 s�1

APPENDIX D. Summary of initial concentrations of the
variables.

Variable Initial concentration (lM)

G protein 18

PLC 18

PLC_G 0

PIP2 18

PIP2_PLC_G 0

DAG 0

IP3 0

PKC 1

DAG_PKC 0

IP3R 10

IP3R* 0

Ca2+ 0.18

CaM 0.4

Ca2+_CaM 0

MLCK 1

MLCK_Ca_CaM 0

SERCA 10

Ca2+_SERCA 0

Ca2+ store 0

Ca2+_ext 0.1

IP3R* denotes active form of IP3R.
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