Ghaffari and Petzold Theoretical Biology and Medical Modelling (2018) 15:16

https://doi.org/10.1186/512976-018-0088-7

Theoretical Biology
and Medical Modelling

RESEARCH Open Access

|dentification of influential proteins in the

@ CrossMark

classical retinoic acid signaling pathway

Hamed Ghaffari" ® and Linda R. Petzold'?

Abstract

Background: In the classical pathway of retinoic acid (RA) mediated gene transcription, RA binds to a nuclear
hormone receptor dimer composed of retinoic acid receptor (RAR) and retinoid X receptor (RXR), to induce the

expression of its downstream target genes. In addition to nuclear receptors, there are other intracellular RA binding
proteins such as cellular retinoic acid binding proteins (CRABP1 and CRABP2) and cytochrome P450 (CYP) enzymes,
whose contributions to the RA signaling pathway have not been fully understood. The objective of this study was
to compare the significance of various RA binding receptors, i.e. CRABP1, CRABP2, CYP and RAR in the RA signaling
pathway. In this regard, we developed a mathematical model of the RA pathway, which is one of the few models,
if not the only one, that includes all main intracellular RA binding receptors. We then performed a global sensitivity
analysis (GSA) to investigate the contribution of the RA receptors to RA-induced mRNA production, when the cells

pharmacological levels of RA.

the efficacy of the drug.

were treated with a wide range of RA levels, from physiological to pharmacological concentrations.

Results: Our results show that CRABP2 and RAR are the most and the least important proteins, respectively, in
controlling the model performance at physiological concentrations of RA (1-10 nM). However, at higher
concentrations of RA, CYP and RAR are the most sensitive parameters of the system. Furthermore, we found that
depending on the concentrations of all RA binding proteins, the rate of metabolism of RA can either change or
remain constant following RA therapy. The cellular levels of CRABP1 are more important than that of CRABP2 in
controlling RA metabolite formation at pharmacological conditions (RA=0.1-1 uM). Finally, our results indicate a
significant negative correlation between total MRNA production and total RA metabolite formation at

Conclusions: Our simulations indicate that the significance of the RA binding proteins in the RA pathway of gene
expression strongly depends on intracellular concentration of RA. This study not only can explain why various cell
types respond to RA therapy differently, but also can potentially help develop pharmacological methods to increase

Keywords: Retinoic acid, Cellular retinoic acid binding protein, Retinoic acid signaling pathway, Retinoic acid
receptor, Mathematical model, Global sensitivity analysis, Sobol's method, Cytochrome P450

Background

Retinoic acid (RA), a biologically active form of vitamin
A, plays essential roles in the growth and development
of various cell types. RA has also been widely used as an
anticancer drug due to its ability to inhibit cancer cell
growth and induce cell differentiation. It is believed that
RA mainly exerts its effects by regulating gene expression.
The classical pathway of RA-induced gene transcription
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involves binding of RA to retinoic acid receptor (RAR), a
member of the nuclear hormone family. The liganded
RAR binds as a heterodimer (RA:RAR:RXR) to DNA and
regulates gene expression. RAR:RXR heterodimer is the
main transcription factor in the classical RA signaling
pathway. The formation rate of RA:RAR:RXR complex, is
highly affected by other intracellular RA binding receptors
such as cellular retinoic acid binding proteins (CRABPs)
and cytochrome P450 (CYP) enzymes. CRABPs are high
affinity cytosolic receptors for RA that can potentially
limit the access of RA to the RARs; CRABP1 and
CRABP?2 are the main members of the CRABP family. It
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has been reported that CRABP1 is responsible for seques-
tering RA in the cytosol, and thus controlling the level of
free intracellular RA available for binding to RARs [1].
CRABP1 can also facilitate RA degradation by directing
RA molecules to RA-degrading enzymes, cytochrome
P450 (CYP) [2]. However, other in vitro studies have indi-
cated that CRABP1 is dispensable in the RA signaling
pathway [3, 4]. CRABP2, whose expression pattern is
different from CRABPI1 [5], delivers RA to both nuclear
hormone receptors and CYP enzymes [6, 7]. CRABPs are
bound to CYPs prior to adding RA to the cell [6, 8].

CYP enzymes are the main components of the
pathway by which RA is cleared from the body. It is
believed that liver cells which express high levels of
CYP enzymes mainly mediate the synthesis and the
clearance of RA [9, 10]. However, CYPs are found at
various expression levels across different tissues and
cell types [10]. Even though CRABP1, CRABP2, RAR
and CYP are the main RA binding proteins, little is
known about their expression levels across different
human cell types. It is important to note that the cel-
lular level of a protein can also vary considerably
from cell to cell within a population of cells of the
same type. Furthermore, to the best of our know-
ledge, the extent of contribution of the RA binding
receptors to RA-induced gene transcription has yet to
be elucidated. Understanding the roles and signifi-
cance of RA binding receptors in the RA signaling
pathway is important since it can help in the develop-
ment of pharmacological approaches to limit or in-
duce the activity of RA binding receptors, with the
aim of increasing drug efficacy. Few previous in vitro
studies have investigated the impacts of overexpres-
sion of CRABP1 and CRABP2 on RA-induced gene
expression [3, 11]. However, their results were cell
type-dependent, since different cell types have differ-
ent expression levels of RA binding receptors.
Furthermore, it is not clear whether the significance
of the RA binding receptors in the RA pathway of
gene expression depends on the RA concentration. In
this study, we developed a new mathematical model
to investigate the importance of various RA binding
receptors in the RA signaling pathway in broad re-
gions of RA concentrations. In this regard, we used a
variance-based global sensitivity analysis (GSA) tech-
nique called Sobol’s method [12], which assesses the
impacts of the model’s unknown parameters and the
interactions between them on the model output. Total
mRNA production and total RA metabolite formation
within 24 h after RA treatment were selected as the
model outputs, while the unknown parameters in-
cluded kinetic rate constants and total concentrations
of the RA binding receptors. Our results showed that
all RA binding receptors could potentially influence
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mRNA production and RA metabolite formation by the
RA pathway. However, the impact of a particular RA bind-
ing receptor on the model response largely depends on
the concentrations of all RA binding receptors.

The main advantage of the current study over previous
in vitro studies is that our results were obtained using
wide ranges of RA receptor concentrations for any given
RA concentration, thus our results are applicable to
most cell types or to a population of cells of the same
type. Furthermore, our study is able to reveal the synergis-
tic effects of a combination of parameters across a broad
range of parameter values. In contrast, the obtained
results from previous experimental studies [3, 11] reveal
the sensitivity of the system with respect to one parameter
when the rest of the parameters remain unchanged.

Methods

Model development

We formulated a well-mixed ODE model of the RA
signaling pathway. The model consisted of 17 species,
which included proteins, mRNAs, protein-protein com-
plexes and RA (Table 1).

The model included gene transcription, protein
translation, and degradation of mRNA and protein. The
model involved the mechanisms by which RA is
degraded. The core set of reactions describing the RA
metabolism process were taken directly from [6]. We
simulated RA-induced gene transcription through the
interactions between liganded transcription factor and
DNA (Additional file 1). The model also describes how
RA binding receptors interact with each other in the

Table 1 List of the model parameters

Parameter Description

RA Retinoic acid

CRABP1 Cellular retinoic acid binding protein 1
RA:.CRABP1 Holo-cellular retinoic acid binding protein 1
CRABP2 Cellular retinoic acid binding protein 2
RA:CRABP2 Holo-cellular retinoic acid binding protein 2
CYP CYP enzyme

RA.CYP Liganded CYP

RAR Retinoic acid receptor

RARAR Activated retinoic acid receptor
RA:CRABP1.CYP Activated CRABP1-CYP complex
RA:CRABP2:.CYP Activated CRABP2-CYP complex
RA:CRABP2:RAR Activated CRABP2-RAR complex
CRABPT:.CYP CRABP1-CYP complex

CRABP2:.CYP CRABP2-CYP complex

CRABP2,ana Cellular retinoic acid binding protein 2 mRNA
CYPrana CYP enzyme mRNA

RAR anA Retinoic acid receptor mRNA
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absence or presence of RA (Fig. 1). In the absence of
RA, CRABPs complex with CYP enzymes, while RARs
are not bound to CRABPs or CYPs [6, 8]. Once RA
diffuses into the cell, it binds to different RA binding re-
ceptors with various binding affinities. CRABP1, which
has the highest binding affinity for RA compared to the
other RA receptors, regulates the metabolic fate of RA
by directing RA molecules to CYP enzymes. In theory,
CRABP1 can also transport RA to RAR. This process in-
volves dissociation of RA from CRABPI, followed by as-
sociation of RA with RAR. CRABP2 is the second
high-affinity receptor for RA [5] and can deliver RA to
RAR and CYP. RA is transported from CRABP2 to RAR
by a mechanism that involves direct interactions
between CRABP2 and RAR [5].

RA is transferred to CYP enzymes either freely or
bound to CRABPs. RA-induced gene transcription
depends on the rate of transfer of RA to RAR. Free RA
molecules can interact with RARs directly. CRABP1 and
CRABP2 can also deliver RA to RAR by different mech-
anisms. Liganded transcription factors can enhance the
transcriptional activation of CYB, RAR and CRABP2
genes after binding to DNA at a retinoic acid response
element (RARE). We also assumed that RA was
degraded only by CYP, while RA binding receptors, i.e.
RAR, CRABP1, CRABP2, CYP were degraded by
first-order reactions.

The full list of reactions in our model is presented in
Table 2.
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Analysis of the model behavior required the initial
concentrations of the species and the kinetic parameters.
Our model had 44 parameters, which included total con-
centrations of the RA binding receptors, the kinetic rate
constants for binding/unbinding reactions, transcription
and translation rate constants and mRNA and protein
degradation rates. We assumed that total concentrations
of CRABP1, CRABP2, CYP and RAR were unknown,
which implies that these proteins are expressed at vari-
ous levels across different tissues and across a popula-
tion of cells of the same type. In the absence of RA, total
concentrations of RA receptors were given by

[CRABP1,] = [CRABP1/] + [CRABP1:CYP] (1)
[CRABP2,] = [CRABP2/] + [CRABP2:CYP] (2)

[CYP,] = [CYP;] + [CRABP1:CYP]+ [CRABP2:CYP]
(3)

where [] indicates molar concentration, while subscripts
t and f stand for total and free receptors. RAR does not
have any interaction with the remainder of the RA bind-
ing receptors, i.e. CRABP1, CRABP2 and CYP, before
RA treatment. However, RAR can homodimerize, and
heterodimerize with other proteins such as RXR in the
absence of RA. In this study, we assumed that RA mole-
cules can bind to free RARs, and to RARs bound to
other proteins, with the same binding affinity. Thus, all
RARs are receptive to RA binding.
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Fig. 1 Simplified schematic of RA signaling pathway. CRABP1 is shown in green, while CRABP2 is shown in blue. Red circles, gray ellipsoids and
yellow hexagons represent RA molecules, CYP enzymes and RAR molecules, respectively
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Table 2 List of reactions in the RA signaling pathway

Number Reaction

1 RA + CRABP1 & RA : CRABP1

2 RA + CRABP2 & RA : CRABP2

3 RA+CYP & RA:CYP

4 RA: CYP = CYP + (RA metabolites)

5 RA + RAR & RA:RAR

6 RARmrna = RAR

7 CRABP2 s = CRABP2

8 CYPrua = CYP

9 RA:CRABP1 + CYP < RA: CRABP1:CYP
10 RA: CRABP1: CYP = CRABP1 : CYP + (RA metabolites)
" RA: CRABP2 + CYP < RA: CRABP2: CYP
12 RA: CRABP2: CYP = CRABP2: CYP + (RA metabolites)
13 RA:CRABP2 + RAR < RA : CRABP2 : RAR
14 RA:CRABP2:RAR = RA : RAR + CRABP2
15 CRABP1 + CYP < CRABP1: CYP

16 CRABP2 + CYP < CRABP2: CYP

17 CRABP1=> g

18 CRABP2 > &

19 CYP=>@

20 RAR= &

21 RA:CRABP1=RA+ Y

22 RA:CRABP2=>RA+ O

23 RA:RAR=RA+ T

24 RAR A = &

25 CRABP2 rpnia = D

26 CYPoran= D

27 CRABP1:CYP=CYP+ &

28 CRABP1:CYP = CRABP1 + &

29 CRABP2:CYP=>CYP+ I

30 CRABP2:CYP = CRABP2 + &
RA-induced expression of RAR, CRBAP2 and CYP genes are modeled using Eq. 4

We used in vitro values for 30 model parameters (see
Additional file 1), while the remaining 14 parameters
were unknown for which we considered some physio-
logical bounds (Table 3). We also assumed that for a
given gene the values of transcription rate constants,
translation rate constants, forward and reverse rate con-
stants of the binding reactions and the elimination rates
of proteins and mRNAs can vary within the in vitro
values by a factor of two. This is because not only can
these parameters vary across cell type and across cells of
the same type, but also all in vitro parameters are
subject to error.

We used large ranges for unknown initial concentrations
of CRABP1, CRABP2, CYP and RAR [13]. This is because
the cellular levels of these proteins can vary significantly
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across cell types, or in a particular cell type as a conse-
quence of cancer and cancer therapy. We then performed
a global sensitivity analysis to identify the influential un-
known parameters in the RA signaling pathway.

Global sensitivity analysis of the model

Global sensitivity analysis (GSA) is a numerical
technique designed to analyze the impacts of uncertain
parameters on a model’s output. In contrast to local
sensitivity analysis which analyzes the changes of model
output by making small changes to each parameter while
keeping the remaining parameters unchanged [14], GSA
considers variations of all parameters over their entire
range. Thus, GSA is useful for understanding the contri-
bution of various model parameters to the variations in
model output. In this study, we used a MATLAB tool-
box for global sensitivity analysis, called SAFE [15]. We
used a variance-based sensitivity analysis approach called
Sobol's method, which can quantitatively rank the
relative importance of the model's parameters [12].
Sobol’s method evaluates the first- and total-order sensi-
tivity indices for each parameter. The first-order index
(S;) represents the individual effects of each input on the
variance of the output, while the total-effect index (Sg;)
accounts for the total contribution of the input that in-
cludes its first-order effect plus all higher-order effects.
The higher-order effects for a given input are due to
interactions of the input with other model inputs. The
total-effect sensitivity indices are useful in identifying
the noninfluential parameters which can be fixed any-
where over their range of variability without influencing
the output significantly [12]. If Sz <0.01 and the
total-effect index of x; is much smaller than that of the
rest of parameters, then x; can be fixed at any value
within its range [16—18].

Results

Gene expression through RA pathway

We investigated the importance of various RA binding
receptors in the RA signaling pathway after treating the
model with various concentrations of RA. In this regard,
we calculated the total mRNA production by a gene of
interest (GOI) within 24 h after RA therapy. The rate of
production of a mRNA of interest by the classical RA
signaling pathway is modeled by (see Additional file 1

for details)
I cor <j Sfcor[RA : RAR] )
max(Gon Gor RA : RAR] + Kg(r.pna)

(4)
where IaxGon and Kyrrpnay are the maximal transcrip-

tion rate by an activated transcription factor (TF,) which
initiates the transcription of the mRNA’s gene, and the

d[mRNA]
dt
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Table 3 List of the independent model parameters

Page 5 of 16

Parameter Description Range Reference

CRABP1 Total concentration of CRABP1 7 nM =10 uM Unknown. A large range is used.
CRABP2 Total concentration of CRABP2 1 nM - 10 uM Unknown. A large range is used.
CYp Total concentration of CYP 1 nM =10 uM Unknown. A large range is used.
RAR Total concentration of RAR TnM-1uM Unknown. A large range is used.
K3 Equilibrium dissociation constant of reaction #3 1 nM =64 nM (6]

Kont3 Forward rate of reaction #13 36x10°=36x10'° 137]

K13 Equilibrium dissociation constant of reaction # 13 0.1 nM=10 nM [38]

Kom4 Forward rate of reaction #14 50-200 1/h [5]

Konts Forward rate of reaction #15 36x10°=36x%10'° 37]

Kome Forward rate of reaction #16 36%10°-36x%10"° 37]

frar Transcription factor fraction for RAR gene 0-1 By definition

ferageo Transcription factor fraction of CRABP2 gene 0-1 By definition

feye Transcription factor fraction for CYP gene 0-1 By definition

feor Transcription factor fraction for the GOI 0-1 By definition

Reactions are shown in Table 2

Transcription factor fractions are defined in Section “Gene expression through RA pathway”

equilibrium dissociation constant of binding of the tran-
scription factor to DNA, respectively. fgo; is the
transcription factor fraction of the GOI, defined as the
ratio of the concentration of total transcription factor
(TFy) to the concentration of total RAR (RAR,),

[TE]

AR (5)

fGOI = [RARt]

and is a number between 0 and 1. TF; represents those
heterodimerized RAR isotypes which can activate the
transcription of the GOI after binding to RA. Some RA
target genes can be expressed by various RAR:RXR
heterodimers, while others are expressed by a particular
heterodimer. Thus, the concentration of total transcription
factor (TF,) is less than or equal to total concentration of
RAR (RAR)). In general, the value of f5o; depends on gene-
and cell-type. For a given cell-type, fgo; varies for different
genes since the value of TF, depends on gene-type.

Figure 2a shows the variations in the transcription rate
of the GOI within 24 h after adding various concentra-
tions of RA to a model with a randomly sampled set of
parameters.

The RA-induced transcription rate strongly depends
on RA concentration and model parameters, i.e. initial
concentrations of the RA receptors and kinetic rate con-
stants (Fig. 2). The transcription rate peak time, duration
of transcription, and transcription rate peak level can
change or remain unchanged after modifying RA con-
centration or model parameters. In order to investigate
the significance of the model’s unknown parameters in
the regulation of GOI expression, we calculated the time

integral of the transcription rate within 24 h after RA

treatment.
24
/ I max(GOI)
0

(/ fcorlRA : RAR] ) dt
Gor[RA : RAR] + kg(zr.pna)

(6)

We then calculated the sensitivity of the model output
to variations in the model parameters when the cells
were treated with 1 nM of RA (Fig. 3). The model
parameters, including total concentration of the RA
binding proteins, kinetic rate constants, transcription
factor fractions and maximal transcription rates were
varied within their ranges of variability (full details in
Additional file 1).

First-order and total-effect sensitivity indices of the
model parameters indicated that the system performance
was mainly controlled by the transcription factor fraction
of the GOI (fgo) and the total concentrations of RA
binding receptors (Fig. 3). The sensitivity of the output to
variations in fgoy is trivial, since fgo; represents what por-
tion of RARs can activate the transcription of the GOL.

CRABP2 and RAR were the most and the least im-
portant RA receptors controlling RA-mediated mRNA
production when RA =1 nM, respectively. CYP was the
second most sensitive parameter in the model, followed
by CRABP1. The maximal transcription rate of the GOI
(Lnaxop) and the equilibrium dissociation constant of
the transcription factor binding to DNA (kyrrpna))
were other sensitive parameters in the model (Fig. 3).

Model Output =
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Fig. 2 Changes in the transcription rate of the GOI (a) after adding various concentrations of RA to a model with a set of random parameters:
[CRABP1,]=2.6 nM, [CRABP2,]=3.2 uM, [CYP=0.1uM, [RAR]=3 nM. b after adding 1 uM of RA to various models with different sets of parameters;
Green: [CRABP1]=1 nM, [CRABP2,]=7.7 uM, [CYP]=3.5 nM, [RARJ=9 nM. Red: [CRABP1]=10 nM, [CRABP2]=1.9 uM, [CYPJ=15 nM, [RAR]=0.17 uM.
Blue: [CRABP1,]=2.6 nM, [CRABP2,]=3.2 uM, [CYPJ=0.1 uM, [RAR]=3 nM

The maximal transcription rate of a given gene can
change from cell to cell since the elongation rate of the
gene by RNA polymerase can vary across cell lines and
across a population of cells of the same type [19]. RA
upregulates the expression of the CRABP2, RAR and
CYP genes [20]. We modeled these pathways using
Eq. 4 with different values of transcription factor frac-
tions and maximal transcription rates, i.e. fcraspa
fRAR’ fCYB [max(CRABPQ)r [max(RAR)) and Imax(CYP) (see
Additional file 1). Our results, however, indicated that
these pathways did not considerably affect the model
output when RA =1 nM, since the total-effect indices

0ffCRABP2r fRAR» fCYB Imax(CRABP2)r Imax(RAR)) and Imax(CYP)
were smaller than 0.01 (Fig. 3).

We then calculated the sensitivity indices of the model
parameters when the model was treated with other
concentrations of RA ranging from 10 nM to 1 pM. Our
results showed that transcription factor fraction of the
GOI, maximal transcription rate of the GOI and total
concentration of RA binding receptors mainly con-
trolled the system performance at all concentrations of
RA (see Additional file 1: Figure S1). Figure 4 compares
the sensitivity indices of RA binding proteins at various
concentrations of RA.

A= 1nM
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-
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1

Fig. 3 Sensitivity ranking of the model parameters. The model output was set to the time integral of the transcription rate of the GOI within 24 h
after adding 1 nM of RA to the model. Blue bars indicate first-order sensitivity indices, while red bars represent total-effect sensitivity indices. The

error bars show the bootstrap confidence intervals (95% confidence intervals) of the mean values [36]. Detailed parameter description is provided
in Additional file 1
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Significance of various RA binding proteins in the regulation of gene expression
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Fig. 4 Significance of the RA binding proteins in influencing total MRNA production after treatment with various concentrations of RA. The blue
bars show first-order sensitivity indices, while the red bars show total-effect sensitivity indices. The error bars indicate the bootstrap confidence
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RAR is the least important protein in influencing
mRNA production when the cells are treated with
physiological levels of RA (1-10 nM). That is because
RA is mainly bound to CRABP1, CRABP2 and CYP
at low concentrations of RA, as those proteins have
higher binding affinities than RAR for RA. Thus, vari-
ation in total concentration of RAR is less important
than variations of the rest of RA binding proteins
concentrations in changing the formation rate of
RA:RAR, since there are not many free RA molecules
available to bind to RARs at physiological levels of
RA. However, a change in CRABP2, CRABP1 and
CYP concentrations can remarkably accelerate or slow
down the transport of RA molecules to RARs, which
are mainly unbound at physiological conditions. In
other words, RA is the limiting and RAR is the
excess species at physiological levels of RA, while
RAR is the limiting and RA is the excess species at
higher concentrations of RA.

Total concentration of RAR is the most import-
ant parameter in influencing mRNA production when
RA=1 pM. This is because RAR is close to satur-
ation with RA at higher levels of RA, since there are
more RA molecules accessible to RARs. Thus, en-
hancement of total RAR concentration can increase
the activation rate of the transcription factor, which
leads to an increase in the mRNA production rate ac-
cording to Eq. 4. Figure 5 shows the variations of the
RA binding receptors saturation indices at different
concentrations of RA. Saturation index of each recep-
tor is defined as the maximum value of the bound
fraction of the receptor within 24 h after RA

treatment. The bound fraction of a receptor changes
over time, and is expressed as:

Bound fraction of a receptor

Liganded receptor concentration

"~ Liganded receptor concentration + free receptor concentration

CRABP1 and CRABP2 are less important than RAR
when RA =1 uM, even though they are also close to sat-
uration (Fig. 5). This is because RAR is almost saturated
with RA at high levels of RA, and providing RARs with
more RA molecules through changing CRABP1 and
CRABP2 concentrations does not change the formation
rate of activated RAR significantly.

Another factor that makes RAR more important than
other binding proteins in mRNA production at pharma-
cological conditions (RA=0.1-1 pM) is the higher
expression rate of CRABP2, RAR and CYP genes at
pharmacological levels of RA compared to physiological
levels. Total concentrations of RAR, CRABP2 and CYP
increase after adding RA to the system. Figure 6 shows
the variations in RA binding protein expression indices
at different RA concentrations. The expression index of
each RA binding protein is defined as the average
concentration of each RA binding protein within 24 h
after RA treatment, divided by the initial concentration
of RA binding protein before the RA therapy. Our re-
sults show that the expression indices of all RA binding
receptors increase with RA concentration. The expres-
sion indices of CRABP2 and CYP are larger than the
expression index of RAR at all concentrations of RA.
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Fig. 5 Variation in the saturation index of various RA binding proteins at different concentrations of RA. 10,000 points were randomly sampled,
following a uniform distribution over a 44-dimensional parameter space. The models were treated with various concentrations of RA and the
saturation indices were calculated

This is because CRABP2 and CYP have larger maximal
transcription rates, translation constants, and smaller
degradation rates than RAR (see Additional file 1).

Total concentration of CYP contributes almost equally
to variations in mRNA production at all concentrations
of RA (Fig. 4). This is because CYP level affects the con-
centrations of free CRABPs available for transferring RA
to the nuclear receptors (according to Egs. 1 to 3).

From Fig. 4, it can be understood that CRABP2 is a
more important factor in the RA signaling pathway
when the model was treated with physiological levels of
RA (1-10 nM) compared to pharmacological levels of
RA (0.1-1 uM). This is because RAR is barely saturated
with RA at physiological conditions, so that variations in

CRABP2 concentration can significantly change the rate
of RA transport to RARs.

The fact that CRABP2 is more influential in mRNA
production at physiological conditions compared to
pharmacological conditions is in qualitative accordance
with previous experimental studies [7]. A previous in
vitro study ([7] indicated that exogenous levels of
CRABP2 increased the transcriptional activity of RAR
only when the concentrations of RA or RAR were limit-
ing (Fig. 7a-b). We performed a local sensitivity analysis
to investigate the effect of a constant change in CRABP2
concentration on total mRNA production, over broad
regions of RA and RAR concentrations. For this pur-
pose, we sampled several sets of parameters within
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Fig. 6 Variation in the expression index of (a) CRABP2, (b) CYP, (c) RAR at various concentrations of RA. 10,000 points were randomly sampled
following a uniform distribution over a 44-dimensional parameter space to generate this Figure
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construct driven by a RAR responsive element, and the activity level of the reporter was measured in different conditions. (a) Luciferase activity
level after adding exogenous levels of CRABP2 to the cells at various concentrations of RA. Data are presented as fold induction relative to
luciferase reporter activity level before overexpression of CRABP2. Experimental data was obtained from [7]. (b) Luciferase activity level after
adding exogenous levels of CRABP2 to the cells, in the presence of endogenous RAR or upon overexpression of RAR. Data are presented as fold
induction relative to luciferase reporter activity level before overexpression of CRABP2. Experimental data was given from [7]. (c) Fold change in
total MRNA production after increasing CRABP2 concentration by 200%. Data are normalized by total mRNA production before CRABP2
overexpression. 10,000 points were randomly sampled following a uniform distribution over a 44-dimensional parameter space, to generate this
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their ranges of variability, which characterized various
cell types or various cells of the same type. We then
calculated fold change values of the total mRNA pro-
duction for each model after increasing CRABP2 con-
centration by 200% (Fig. 7c). Our results indicated that
for a vast majority of cell types, a constant change in
CRABP2 concentration is more important in the RA
signaling pathway at lower concentrations of RA. We
also obtained fold change values of total mRNA produc-
tion after increasing CRABP2 concentration by 200%
in the absence or presence of exogenous levels of
RAR (Fig. 7d). Our results showed that variation of
CRABP2 concentration is more important at lower
concentrations of RAR. This result is in qualitative
agreement with experimental observations [7] in COS-7
cells culture (Fig. 7).

The total-effect sensitivity index of CRABP2 is larger
than that of CRABP1 when RA=1-10 nM, while

CRABP2 and CRABPI1 contribute almost equally to
variations in the model output when RA=0.1-1 uM
(Fig. 4). Total-effect sensitivity indices should be used
to compare the total contributions of different inputs
to variations in the model response. For example,
CRABP2 has a larger first-order sensitivity index than
CRABP1 when RA concentration is 0.1 or 1 pM,
while the total-effect sensitivity index of CRABP1 is
slightly larger than that of CRABP2 (Fig. 4). This sug-
gests that CRABP1 interacts stronger than CRABP2
with other parameters.

The calculated sensitivity indices at each RA concen-
tration indicate the relative importance of the parame-
ters at the specified RA concentration. Thus, these
indices cannot be used to compare the absolute values
of the produced mRNA when the cells were treated with
various levels of RA. CRABP2, for instance, has a larger
sensitivity index at physiological concentration of RA
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compared to pharmacological concentrations. However,
this does not mean that a constant change in CRABP2
concentration results in a larger variation in molar pro-
duction of the mRNA at physiological levels of RA com-
pared to the pharmacological concentration of RA. In
general, with a fixed set of values for RA binding recep-
tor concentrations, total mRNA production increases by
RA dose.

RA degradation pathway

RA metabolism is crucial in RA signaling not only
because the CYP can limit the amount of RA available
to interact with RARs, but also because some RA metabo-
lites can induce the transcription of some target genes
through specific pathways [21, 22]. Furthermore, RA re-
sistance, observed in continuous RA treatment in cancer
patients, is at least in part due to RA degradation. RA me-
tabolism is mediated mainly by CYP enzymes, which are
found in different cell types. Even though several studies
have investigated the role of various families of CYP in
biosynthesis of RA, little is known about the contribution
of CRABPs and RARs in the RA degradation pathway. In
this section we investigated the contributions of the RA
binding receptors to production of RA metabolites. In our
model, RA was only degraded via CYP enzymes, while
interacting with CYP directly or indirectly. In the direct
mechanism, free RA molecules can bind to CYP, while the
indirect process involves CRABP1 and CRABP2 as carrier
proteins that transfer RA to CYP. Thus, the total rate of
RA degradation is obtained by

d[RA metabolites]
dt

= koma[RA : CYP]
+ komo[RA : CRABP1 : CYP]

+ kom2[RA : CRABP2 : CYP]
(7)

where k,,4k,,10 and k,,;o are degradation rate con-
stants of RA:CYP, RA:CRABP1:CYP and RA:
CRABP2: CYP, respectively.

We performed GSA to investigate the sensitivity of total
RA metabolite production within 24 h after RA therapy,
to variations in the model’s unknown parameters.

24

Model Output = kona[RA : CYP]

0
+ kono[RA : CRABPI : CYP]

+ kom2[RA : CRABP2 : CYP] dt
(8)

As in the previous section, we considered physiological
bounds for the parameters and used the Sobol’s method
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to calculate the sensitivity indices. Our results showed
that the production of RA metabolites was mainly af-
fected by cellular concentrations of the RA binding pro-
teins (Additional file 1: Figure S2). CYP had the largest
total-effect sensitivity index at all RA concentrations,
which shows that total concentration of CYP was the
most important parameter controlling the system per-
formance (Fig. 8). CRABP1 and CRABP2 contribute
almost equally to variation in the model response
when RA =1-10 nM, while CRABP1 is more import-
ant than CRABP2 in the RA degradation pathway
when RA =0.01-1 pM.

RAR becomes more important in the RA degradation
pathway as RA concentration increases. This can be ex-
plained by the fact that at high concentrations of RA,
RAR is the most important parameter that controls
RA-induced gene expression (Fig. 4). The cellular level
of RAR can significantly influence RA-induced upregula-
tion of CYP, CRABP2 and RAR. Our results indicated
that RA-induced upregulation of CYP had significant
effects on total RA metabolite formation when RA =
0.01-1 puM (see Additional file 1: Figure S2). From Fig. 8,
it can be understood that for a given RA concentration,
the rank order of first-order sensitivity indices of the pa-
rameters is not necessarily the same as the rank order of
total-effect sensitivity indices. This is due to different
levels of interaction of each parameter with the rest of the
parameters. Furthermore, our results were obtained using
GSA, which gives some insights into the functions of
various receptors by covering the entire parameter space.
However, it might be possible that for a specific set of
initial concentrations the rank order of parameter sensitiv-
ities would be different.

Comparing Fig. 4 with Fig. 8, one can observe that for
a given RA concentration, the rank order of sensitivity
of the RA binding receptors is not the same for total
mRNA production and total RA metabolite formation.
To further investigate the relationship between mRNA
production and RA metabolite formation by the RA sig-
naling pathway, we calculated Spearman’s rank correl-
ation coefficient between total mRNA production and
total RA product formation within 24 h of treatment
with 1 pM of RA. Our results revealed a significant
negative correlation (p = - 0.7, p =0, n =10,000) between
total mRNA production and total RA metabolite
formation (Fig. 9). However, Spearman’s rank correlation
coefficient decreased with the reduction of RA concen-
tration (Additional file 1: Figure S3).

One serious drawback of the clinical use of RA is that
RA has a rapid and variable degradation rate [23, 24].
Thus, a relatively high concentration of RA is required
to induce the expression of target genes in various cell
types. The pattern of RA degradation is important since
it can directly influence cell differentiation and gene
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expression by RA. In this section, we simulated the
variations in total concentration of RA within 24 h after
RA treatment. For this purpose, we sampled several sets
of parameters within their ranges of variability, which
characterized various cell types or various cells of the
same type. We then added 0.1 uM of RA to each model
and obtained the changes in total RA concentration over
time. Our results showed that RA exhibited different
elimination patterns depending on intracellular concen-
trations of the RA binding proteins, i.e. CRABPI,
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Fig. 9 The relationship between total RA metabolite formation and
total MRNA production within 24 h of treatment with 1 uM of RA.
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CRABP2, CYP and RAR (Fig. 10). Furthermore, RA can
both down- and up-regulate its own degradation.

Effects of the RA binding proteins on the efficacy and
toxicity of RA

An understanding of the roles and significance of RA
binding proteins in the RA signaling pathway is

Initial concentration of RA = 0.1 M

102

Total RA (%)

107 ‘ -
0 6 12 18 24

Time (hr)
Fig. 10 Various forms of elimination of RA after treating different
models with 0.1 uM of RA. Three models with various parameter sets
are shown in blue, green and red. Green: [CRABP1]=86 uM,
[CRABP2J=16.1 nM, [CYPJ=11.2 nM, [RAR]=0.24 puM. Red:
[CRABP1]=2.7 nM, [CRABP2]=114 nM, [CYP]=30 nM, [RAR]=0.22 uM.
Blue: [CRABP1]=3 puM, [CRABP2)=11 nM, [CYP]=2.26 nM,
[RARJ=0.71 uM. Full list of the models’ parameters is reported in
Additional file 1: Table S2
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important for both therapeutic and toxicological reasons.
The results presented in this study can be used to de-
velop pharmacological methods to increase the maximal
response produced by RA. These pharmacological ap-
proaches can vary depending on cancer type, as different
cell types have different expression levels of RA binding
proteins. For example, in pharmacological conditions
(RA =1 pM), induction of expression of the RAR gene
or inhibition of expression of the CYP gene have more
significant effects than overexpression of the CRABP2
gene on the expression levels of the GOI in a given cell
type (Fig. 4). To further investigate how the total mRNA
production at various RA concentrations is sensitive to
variation in each RA binding protein concentration, we
performed a local sensitivity analysis. In this regard,
10,000 sets of parameters were randomly sampled, fol-
lowing a uniform distribution over a 44-dimensional
parameter space. Variation in the total mRNA produc-
tion was calculated for each model after increasing the
concentration of each RA binding protein by 25% while
the rest of the parameters remained unchanged (Fig. 11).

Our results indicate that a 25% increase in CRABP1 or
CRABP2 concentrations is more important at physio-
logical concentrations of RA compared to pharmaco-
logical concentrations, which is in accordance with our
global sensitivity analysis results (Fig. 4). CRABP2 is the
most influential protein at physiological conditions,
while RAR and CYP are the most important proteins
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when RA=1 pM. From Fig. 11, it can be understood
that a 25% increase in the total concentration of RAR
enhances mRNA production for all models. A 25% in-
crease in total concentration of either CYP or CRABP1
decreases total mRNA production for most of the
models, while a 25% increase in CRABP2 concentration
enhances total mRNA production for the majority of
models. In general, the way that the variation in total
concentrations of CRABP1, CRABP2 or CYP affects
mRNA production depends on the cellular concentra-
tions of all RA binding receptors. Overexpression of
CRABP1, for example, can increase or decrease the
transcriptional activity of the target gene, depending on
total concentrations of the other RA receptors. This is
because these proteins complex with each other in the
absence or presence of RA.

The results presented in this paper can provide insight
into the efficacy and safety of RA therapy in treatment
of different cancer types and cancer patients. CRABP]I,
CRABP2, CYP and RAR expressions can be upregulated
or downregulated depending on the cancer type [25-28]
and administrated anticancer drugs [29, 30]. Cancer
patients usually take different medications at the same
time. Concurrent use of other drugs with RA can influ-
ence the RA signaling pathway in at least two ways. First,
interaction with other medicines can cause variations in
the pharmacokinetics and pharmacodynamics of RA, sig-
nificantly changing its efficacy and toxicity. For instance, it
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constant. 10,000 points were randomly sampled following a uniform distribution over a 44-dimensional parameter space, to generate this Figure
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is possible that two or more drugs compete for the same
CYP enzyme in a cancer cell, since CYP-mediated metab-
olism is a major route of elimination for many drugs. This
competitive inhibition can decrease the availability of CYP
enzymes to RA, therefore decreasing its metabolism rate
and increasing its toxicity. Second, some drugs can inhibit
or induce the expression of RA binding proteins such as
CYP [29, 30]. Variations in the concentrations of RA
binding proteins may affect the efficacy of RA over the
course of cancer therapy. For instance, CRABP1 and
CRABP2 are the least important parameters in the
model when RA =1 puM (Fig. 4). Thus, up-regulation or
down-regulation of these proteins due to other factors
such as disease progress, drug interactions, etc. should
not change the rate of mRNA production by RA signifi-
cantly. However, if for example use of a strong RAR
inhibitor or CYP inducer is unavoidable for the patient,
the therapeutic effects of RA may be decreased
significantly.

Discussion

Retinoic acid, a metabolite of vitamin A, modulates a
wide variety of biological processes such as cell growth,
cell differentiation and cell proliferation. RA has also
been known to be effective in treatment of various types
of cancer. Even though a vast number of studies have
focused on exploring the regulatory target genes for RA,
the significance and roles of various intracellular RA re-
ceptors in transduction of the RA signal have not been
fully understood. CRABP1, CRABP2, CYP enzymes and
RARs are the main intracellular proteins which can bind
to RA as receptors. Few previous studies have attempted
to investigate the effects of overexpression of CRABPs
on the RA signaling pathway, and in some cases some-
what contradictory results have been reported for differ-
ent cell lines [2-4]. In this study, we developed a
mathematical model to analyze the importance of
CRABP1, CRABP2, CYP and RAR in production of
mRNA and RA metabolites. In this regard, after propos-
ing a well-mixed model of the RA signaling pathway, we
performed a global sensitivity analysis to investigate the
relative importance of RA binding receptors in total
mRNA production via the RA pathway. Our results
indicate that CRABP2 is the most important RA recep-
tor at physiological levels of RA, while RAR concentra-
tion has the least importance among all four RA
receptors. At pharmacological levels of RA, the total
mRNA production was more sensitive to variations in
RAR and CYP levels than CRABP1 and CRABP2 levels.
It is important to note that all RA binding receptors
could influence RA-induced mRNA production within
the entire region of parameter space where the concen-
trations of RA binding proteins change considerably.
They are all important since their sensitivity indices were
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of the same order of magnitude. These results can explain
the conflict between previous experimental results regard-
ing the effects of CRABP1 on transcriptional activity of
target genes [1, 3, 4]. Our results were obtained using
GSA, which quantifies the effects of the model inputs on
the model output by perturbing the inputs within
large ranges. Therefore, our results indicate that in a
broader region of parameter space, which represents
various cells with various levels of RA receptors, all
of the RA binding receptors are influential. However,
there is a possibility that for a certain parameter set
which specifies a specific tissue or cell, CRABP1 is
unimportant in the RA pathway. Thus, for a given
cell type, an accurate parameter set is necessary to
determine whether a parameter has a substantial con-
trol on the system performance.

Our local sensitivity analysis indicated that CRABP2
is more important in the RA signaling pathway at
lower concentrations of RA or RAR. This result is in
qualitative agreement with in vitro observations in
COS-7 cells [7]. Our model can be applied to various
cell types and our results can be validated experimen-
tally once more information is available about the
expression levels of RA binding proteins in the cell
types of interest.

Our GSA analysis indicated that RAR-mediated in-
creases in CRABP2 and CYP concentrations after RA
therapy were more important in the regulation of GOI
expression than the RAR-mediated increase in RAR
concentration (see Additional file 1: Figure S1). This is
because total-effect sensitivity indices of I,,,.xcrapp2) and
Lyaxcyp) were larger than total-effect sensitivity index of
Lyaxrar)- Furthermore, total-effect sensitivity indices of
feraspz and fcyp were larger than total-effect sensitivity
index of fr4z at all concentrations of RA (Additional file 1:
Figure S1). The time-dependent increases of CRABP2,
CYP and RAR concentrations after RA therapy can
alter the relative concentrations of RA binding pro-
teins. Thus, RA receptors can become increasingly or
decreasingly important in the RA signaling pathway
as time goes on. In this study, we calculated the
sensitivity of the model’s outputs, ie. total mRNA
production and total RA metabolite formation, to
variations in total concentrations of the RA binding
receptors before RA treatment. Thus, the significance
of RAR-mediated upregulation of CRABP2, CYP and
RAR genes in the RA signaling pathway is mainly
shown by the sensitivity index of total RAR concen-
tration, since RAR is the only RA receptor mediating
the transcription of target genes.

This study has some limitations. First, we assumed
that RA influences gene expression through the
classical pathway, which involves binding of RA to a
nuclear hormone receptor heterodimer (RAR:RXR).
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The liganded heterodimer can initiate the transcrip-
tion of target genes after binding to a DNA response
element. However, there may be other intermediate
transcription factors or nonclassical pathways that can
transduce RA signal, thus our results can only be ap-
plied to the genes which are direct targets of the
classical RA signaling pathway. Second, we assumed
that all RA binding proteins undergo first-order deg-
radation processes. This may not be the case for all
types of tissues with various expression levels of deg-
radation enzymes. The mechanisms mediating the
elimination of RA binding receptors have not been
fully understood, thus the model can be improved
once more information regarding these mechanisms is
available. Third, we used the kinetic rate constants of
CYP26B1 in the model. CYP26B1 is a member of the
26 family (CYP26s) of the CYP enzymes which is
mainly responsible for metabolism of RA during adult
life [6, 31-33]. However, RA can also be degraded by
other families of CYP which are different from
CYP26B1 in terms of rate constants and binding af-
finities. In the current model, we assumed that the
kinetic rate constants of degrading enzymes can vary
by a factor of two around the in vitro values for
CYP26B1. This assumption increases the applicability
of our results to other cell types with different types
of CYP. Thus, our results are applicable to those cell
lines that express higher levels of CYP26B1 compared
to other CYP families and to those cell types which
have CYP enzymes with kinetic rate constants within
the specified ranges in this study. The current simula-
tion can be run using the kinetic rate constants of
any arbitrary CYP enzyme. In that case, this model
can be expanded to include the effects of RA metabo-
lites on RA-induced gene expression if the CYP of
interest forms high levels of active RA metabolites.
The current model is applicable to those cell types
whose main degrading enzyme is CYP26B1. The
primary metabolite formed by CYP26B1 from RA is
4-OH-RA [34, 35]. CYP26B1 forms non-bioactive
dehydroxylated products from 4-OH-RA [35]. Thus,
we believe that the endogenous levels of RA metabo-
lites formed by CYP26B1 do not play significant roles
in the RA signaling pathway. However, there are
other active RA metabolites such as 4-oxo-RA which
can potentially compete with RA for binding to RAR
and activating the transcription of target genes [22].
Fourth, we neglected the possible effects of RA treat-
ment on the model parameters such as translation
rate constants, transcription rate constants, and deg-
radation rate constants of proteins and mRNAs. Fifth,
for simplicity, we proposed a well-mixed model, thus
our model is not able to capture the dynamics of pro-
tein diffusion through the nuclear membrane. RARs

Page 14 of 16

are located inside the cell nucleus. RA must diffuse
across the nucleus membrane to be able to bind to
RARs. In reality, RA binds to CRABPs after diffusing
across the cellular membrane. RA can diffuse across
the nuclear membrane alone or bound to CRABPs.
We believe that our well-mixed model can approxi-
mate this process due to the rank order of binding
affinity of RA for various RA receptors. RA binds to
CRABP1 and CRABP2 with higher affinity than to RAR,
which implies that RA is primarily available for CRABPs.
The remaining RA molecules can bind to RARs and CYP
enzymes. Finally, we assumed that the ratio of total tran-
scription factor concentration to total RAR concentration
(f) remains constant after adding RA to the cell. However,
this depends on the gene- and cell-type. It is believed that
RARs and RXRs each have three isotypes, namely RAR,,
RARg, RAR,, RXR,, RXRg, RXR,, which can form nine
different heterodimers. Depending on the gene-type, one
or some of these heterodimers can initiate the transcrip-
tion of the target gene after binding to RA. Little is known
about the expression levels of the nuclear hormone recep-
tors in various cell types, and their interactions with
each other. The model presented in this paper can be
expanded once there is more information about the nu-
clear hormone receptor expression levels and functions.

Conclusions

Cellular levels of retinoic acid receptor (RAR), cyto-
chrome P450 (CYP) enzymes and cellular retinoic acid
binding proteins (CRABP1 and CRABP2) significantly
affect the rate of gene expression through the classical
retinoic acid (RA) signaling pathway. In this study, we
used computational modeling to investigate the signifi-
cance of various RA binding proteins in the regulation
of expression of a gene of interest (GOI) under physio-
logical or pharmacological conditions. A better under-
standing of the roles and significance of RA binding
proteins in the RA signaling pathway could lead to the
development of pharmacological methods to induce or
block the activity of specific RA binding receptor (s),
thereby improving the efficacy of the RA. Our results in-
dicate that CRABP2 and CYP concentrations are more
influential than CRABP1 and RAR concentrations in
controlling mRNA production by the RA signaling path-
way in physiological concentrations of RA (1-10 nM).
However, RAR is the most sensitive parameter of the
model in pharmacological conditions (RA =0.1-1 uM).
We also identified the critical proteins in the RA metab-
olism pathway, and showed that there is a significant
negative correlation between RA-induced mRNA
production and RA metabolite formation after 24 h of
treatment with 1 pM of RA. Our results demonstrate
that the pattern of RA degradation following RA therapy
depends on the cell type.
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