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ABSTRACT
Biomimetic pro-apoptotic agents (e.g., BH3 mimetics) have been shown to activate the intrinsic
death pathway (Type 2 apoptosis) selectively in cancer cells, a mechanism that can be key to
developing successful anti-cancer therapy. This work reports mathematical modeling and
computer simulations to explore the mechanisms for cancer cell apoptosis. The results indicate
that a combination of low probability Bid-Bax type reaction along with overexpressed reactant
molecules allows specific killing of cancer cells. Low-probability activation of Bax also emerges
as a basis for inherent cell-to-cell variability in apoptotic activation. Variations in Bcl-2 to Bax
ratio within a cancer cell population can further affect intrinsic fluctuations generated due to the
stochastic Bid-Bax reaction. Such heterogeneity in apoptosis resistance can also provide a
mechanism for the origin of cells with higher tumorigenic potential (cancer stem-like cells). The
implications of our results for cancer therapy, such as in minimizing stochastic fluctuations in
cancer cell death, are discussed.

Keywords: BH3 only proteins, Bcl-2, stochastic differential equations, Monte Carlo, single cell
analysis

1. INTRODUCTION
Finding the mechanisms for inducing selective apoptotic death of cancer cells, while
leaving normal cells intact, remains a key issue in cancer biology. BH3 mimetic molecules
such as HA14-1 or ABT-737 have been shown to selectively kill cancer cells by activating
the intrinsic signaling pathway of apoptosis, while leaving normal cells unharmed [1–12].
There is an intense interest recently in the mechanism of BH3 only proteins as BH3
mimetics are emerging as an apoptosis rescuer for certain types of resistant cancer cells,
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and several plausible models for activation have been proposed [1–28]. Can increased
apoptotic vulnerability (to BH3 mimetics) of cancer cells be explained by high expression
levels of BH3 only activators (such as Bid) [13–14] and/or Bax-like (multidomain
proapoptotic) molecules in cancer cells together with a low probability Bid-Bax type
reaction event? It has been shown that hydrocarbon-stapled BH3 peptides (Bid-
SAHBA/Bim-SAHBA) enable direct reaction with Bax leading to the release of cytochrome
c [15–16]. Increased expression of apoptotic inhibitors, such as Bcl-2 proteins, however,
would prevent the Bid-Bax type reaction and protect cancer cells from apoptotic death [13,
29–31]. In addition, a fraction of cancer cells, such as the CD34+CD38- phenotype of
leukemic stem cells [32], can become particularly resistant to apoptotic stress partly due to
pronounced overexpression of antiapoptotic proteins such as Bcl-2.

In previous studies, mathematical and computational approaches have been taken to
clarify the basis of cell-to-cell stochastic variability in Type 2 (mitochondrial) apoptotic
activation [33–34]. Part of this cell-to-cell variability originates from inherent
stochasticity of signaling reactions during apoptotic activation [11–12, 33–35]. Cell-to-
cell variability in apoptosis can also arise from cellular variability in concentrations of key
apoptotic regulators such as Bcl-2 [11–12, 36]. Both types of cell-to-cell variability (with
slow activation), in Type 2 apoptosis, can also be considered as variability in apoptosis
resistance. Whether such heterogeneity in apoptosis resistance can be linked to variability
in the tumorigenic/leukemogenic potential of cancer cells needs to be explored but seems
probable based on recent studies in immunocompromised mice [37–40]. The hypothesis
of cancer stem cells (CSC) or cancer stem-like cells (CSLCs) has its origin in the
variability in the tumorigenic/leukemogenic potential among cancer cells [37–40].
Inherent stochastic activation (in Type 2 apoptosis) would support the possibility that all
cancer cells have similar but low proliferation potential in in vitro colony forming assay
or in vivo transplantation assay [37]. In contrast, apoptotic heterogeneity arising due to
cellular variability in signaling proteins might be of epigenetic origin, and supports a
model where only a small subset of cancer cells possesses increased apoptosis resistance
and extensive proliferation potential [32, 37–40]. Computational study of the intrinsic
pathway of apoptosis enables to estimate the contributions from both inherent stochastic
fluctuations and cellular variations in protein levels in generating cell-to-cell variability in
apoptosis resistance of cancer cells.

In this work, the intrinsic pathway of apoptosis is studied, in which activation is
initiated through the regulatory loop created by Bid-Bax-Bcl-2. A stochastic differential
equation-based model elucidates the inherently stochastic nature of a low probability
Bid-Bax reaction. A detailed kinetic Monte Carlo model is then applied to simulate both
pre- and post-mitochondrial signaling modules in the intrinsic apoptotic pathway. Even
though a low probability Bid-Bax reaction and its Bcl-2 inhibition can be postulated,
lack of measurements of Bid-Bax reaction constants and cell-type-specific
Bid/Bax/Bcl-2 protein levels makes any quantitative study of apoptotic activation in
cancer cells difficult. Computational approach is taken to estimate an approximate
value for the low probability Bid-Bax reaction constant that is further used in
subsequent simulations. We demonstrate how a low probability Bid-Bax reaction (or a
similar one that activates Bax and/or Bak) can protect normal cells from apoptotic
activation and selectively kill cancer cells having overexpressed BH3 only activator
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proteins. Thus, when the apoptotic inhibition of Bcl-2 proteins is overwhelmed by BH3
(sensitizer) mimetic molecules, cancer cells become more vulnerable to apoptotic death
than normal cells [1–25]. This low probability Bid-Bax reaction also provides a novel
mechanism for the cell-to-cell stochastic variability inherent in apoptotic activation.
Increasing the Bcl-2 to Bax ratio is shown to amplify the inherent stochastic
fluctuations arising from Bid-Bax reaction and thus provides a mechanism for
generation of cells with higher tumorigenic potential (CSLCs). We further discuss
possible strategies to eliminate large cell-to-cell stochastic fluctuations in the intrinsic
apoptotic pathway of cancer cells.

2. METHODS
This section briefly discusses the signaling model under study and then describes the
two computational approaches, stochastic differential equations and Monte Carlo
simulations, taken in this study.

2.1. The Signaling Model for Bid-Bax Reaction Mediated Apoptotic Activation
In this work, a simplified network model was developed and studied for apoptotic
signaling triggered by the direct Bid-Bax reaction (Figure 1) [41]. In our previous
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computational studies, Bid-tBid conversion reaction was considered to activate the
intrinsic pathway of apoptosis [11–12, 33, 35]. Activation of Bax by tBid, in the pre-
mitochondrial signaling module (Figure 1), has been extensively studied in the context
of apoptosis and necroptosis [33, 41–46]. The current study, however, considers that
Bcl-2 inhibition by itself can lead to the activation of the pre-mitochondrial signaling
module through a direct Bid-Bax type reaction. Cytochrome c is released into the
cytosol in an all-or-none manner when Bax activation reaches a pre-assigned threshold
value [47]. In our model, Bcl-2 (B cell lymphoma protein 2) represents all the Bcl-2
family proteins (such as Bcl-2, Bcl-xL, Mcl-1) with similar anti-apoptotic properties
[30–31]. In a similar manner, Bid is representative of BH3 only activators that can
directly react with Bax-like multidomain proapoptotic molecules such as Bax and Bak
(captured by Bax in our model) [30–31]. We do not explicitly simulate BH3 only
sensitizers (such as Bad or Bik) [1, 30–31], whose effect can be simulated by varying
Bcl-2 concentrations. Presence of multiple functionally similar proteins and their varied
expression levels (depending on cell type) make the apoptotic pathway more complex
than the present model can address. However, coarse-graining the pathway by
representative proteins allows us to capture some of the essential biology of system-
level apoptotic regulation.

2.2. Stochastic Differential Equations (SDEs)
Signaling reactions that describe binding-unbinding between the i-th pair of molecular
reactants (Ai + Bi →← Ci) are modeled by the following set of stochastic differential
equations:

(1)

where kon (koff) denotes the forward (backward) kinetic reaction rate constant; W is a
Weiner process [48–49], and t is time. Stochastic equations were derived from the
corresponding master equations that describe the signaling reaction of a given type [48].
In addition to the binding-unbinding type reactions, Bax can be converted to an
activated form when dissociated from the Bid-Bax complex. Such catalytic activation
reaction is included in the model using a term similar to the dissociation reaction and a
similar rate constant. Stochastic equations can lead to analytical estimates of pertinent
physical quantities, such as the amount of Bcl-2 proteins needed to completely block
the direct Bid-Bax reaction. In addition, stochastic differential equations can be utilized
to determine the phase diagram for a stochastic-to-deterministic transition in the
relevant parameter space [34]. Thus, such stochastic equations are well suited to
elucidate the basis of inherent stochastic fluctuations in signaling reactions.

The SDE that captures low probability Bid-Bax association was solved using a
Poisson Runge-Kutta scheme [50]. In this method, the number of times a specific
reaction channel fires in a given time t is a Poisson random variable with mean λt and
variance λt, where λ is the propensity function. For the Bid-Bax association reaction 
λ = kon[Bid][Bax] where [] denotes the concentration of a molecular species. All other
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reaction SDEs were solved using the standard Euler-Maruyama numerical scheme for
solving stochastic differential equations [50–51]. The system is partitioned into subsets
of slow and fast reactions in a manner such that the slow Bid-Bax binding reaction is
considered with a stepsize of τ within which all other (fast) reactions are repeatedly
solved [50].

2.3. Kinetic Monte Carlo Simulations
A detailed computational study is carried out utilizing kinetic Monte Carlo (MC)
simulations of pre- and post-mitochondrial signaling events [33]. Kinetic reaction rates
(such as kon/koff) and molecular concentrations are obtained from values reported in the
literature [46, 52–55] and provided in the appendix. Each MC step is chosen to be 10−4 s;
a typical simulation involved 108 – 5 × 108 MC steps. MC approach is well suited to
simulate some of the complexities of signaling reactions such as the spatial
heterogeneity involved in signaling reactions. Bax molecules, for example, translocate
to mitochondria upon activation. In the MC model, Bax activation is modeled in a more
complex manner than in the SDE model and mediated by formation of Bax homodimers
[33]. Cytochrome c release (once the number of activated Bax dimers reached a
threshold) leads to cytochorme c – Apaf binding and the subsequent formation of multi-
molecular cyto c-Apaf-ATP complex apoptosome. Formation of the apoptosome
complex is modeled in a simplified manner where Apaf represents the Apaf-ATP
complex. In MC simulations, cytochrome c and Apaf molecules need to have spatial
proximity before a binding reaction can occur between them, and such diffusion
limitation introduces additional probability into the cytochrome c–Apaf binding
reaction. Low probability of apoptosome formation generates stochastic variability in
apoptotic activation, but once formed, induces rapid activation of downstream caspases
9 and 3 [33, 56]. Activation of caspase 3 can be taken to be a downstream readout of
apoptotic cell death signaling; MC simulations are carried out to measure the time-
course of caspase 3 activation at a single cell level.

2.4. Estimation of Bid-Bax and Bid-Bcl-2 Reaction Constants
Given the lack of the knowledge of Bid-Bax reaction constants, MC simulations are
performed to estimate a low probability of reaction (affinity kA = kon/koff ~ 105 M−1) that
can activate the Type 2 pathway only when Bid and Bax are significantly (~ 5-fold) over-
expressed, as possibly found in cancer cells, but would prevent similar activation in
normal cells. Bid-Bcl-2 reaction constant is also assumed to be low (KA~ 106 M−1),
consistent with the low activation constant of direct Bid-Bax reaction. It has been noted
that truncated Bid (tBid) has approximately 10-fold higher affinity toward Bcl-xL fusion
protein compared to full-length Bid [57]. Bid-Bax-Bcl-2 creates a regulatory loop
network in the pathway and we have studied the effect of variation in concentrations of
all three molecules that define the loop. Variations in Bcl-2 can capture the effect of post-
translational cellular variability in such anti-apoptotic protein levels as well as the action
of targeted inhibitors such as BH3 (sensitizer) mimetic agents. Even though our previous
computational study has explored the effect of Bcl-2 on cell-to-cell variability in
apoptotic activation (triggered by activated caspase8) [11–12, 33], the impact of 
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Bcl-2 inhibition is different when the intrinsic pathway is activated by the direct Bid-Bax
reaction. We use a stochastic-differential-equation-based model of the pre-mitochondrial
signaling module to elucidate the mechanisms of stochastic fluctuations resulting from
low probability Bid-Bax type reactions.

3. RESULTS
3.1. Stochastic Differential Equations: Cell-to-Cell Variability Arises from Bid-Bax
Reaction
All three molecules in the Bid-Bax-Bcl-2 regulatory loop (Figure 1) undergo
pairwise binding-unbinding reactions and each of which can be described by SDEs
in the form of eqn. 1. The SDEs were solved using a hybrid method that combines
two different numerical solution techniques described in Section 2. Molecular
numbers are estimated for a 1 µm3 simulation volume from known molar
concentrations [46, 52–55] and discussed in detail in our previous works [11–12, 33, 35].
Bax was not activated when we used regular concentrations (as found in normal
cells): Bid = 20, Bax = 50, Bcl-2 = 45 (molecules). A 2-fold overexpression in Bid
and Bax, however, was sufficient to activate Bax, and hence the pre-mitochondrial
signaling module, in a stochastic manner (time-to-cyto c release averaged over 100
cells: 1368 sec). Thus, even when all the cellular parameters remain identical in a
cell population, inherent stochastic fluctuations in the Bid-Bax reaction generates
large cell-to-cell variability in cytochrome c release. Kinetic reaction rate constants
for the low probability Bid-Bax reaction determine the overexpression levels in Bid
(and/or Bax) molecules needed for activation as well as the extent of cell-to-cell
stochastic variability in Bax activation. In the cellular environment, diffusion
limitation will lead to an effective lower rate of Bid-Bax reaction requiring increased
overexpression of Bid and Bax molecules (for Bax activation). This aspect will be
further clarified in our MC studies. A 10-fold overexpression of Bid only (or Bax
only) was also sufficient to activate Bax; the average (over 100 cells) time needed to
release cytochrome c was higher for Bid overexpression (1045 sec) than that for Bax
overexpression (397 sec). When Bid and Bax are both 10-fold overexpressed, rapid
activation of Bax resulted in further decrease in the average time-to-cyto c release.
Cytochrome c release, as a result of threshold Bax activation, took longer as a larger
number of Bcl-2 is used, as shown in Figure 2 with Bcl-2 = 45, 450, and 675 (Bid =
200, Bax = 500). The average time-to-cyto c release, for all three Bcl-2 values, is
also shown in Figure 2. As the Bcl-2 to Bax ratio exceeds 1 in our model (Figure 2c),
the time-to-cyto c release significantly increases. Diffusion in the cellular
environment, which is not captured by the present SDE model, will have significant
additional impact on the time-scale of activation.

Cell-to-cell stochastic variability in time-to-cyto c release, which arises due to low
probability of Bid-Bax association reaction and subsequent rapid release of cytochrome
c [47], also increases with Bcl-2 levels and remains very sensitive to the Bcl-2 to Bax
ratio (standard deviation δ measured over 100 single cell runs: δ = 11 sec for Bcl-2 = 45,
δ = 63 sec for Bcl-2 = 450, δ = 338 sec for Bcl-2 = 675). This remarkable sensitivity to
Bcl-2 to Bax ratio results from strong Bax-Bcl-2 binding (affinity kA = kon/koff ~ 108 M−1)
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and simultaneous weak binding between Bid and Bax / Bcl-2 (kA ~ 106 M−1 or less).
Very high Bcl-2 levels led to strong inhibition of low probability Bid-Bax reaction and
thus provide a mechanism for apoptosis resistance of cancer cells. Given the time-scale
to solve the signaling reactions, Bcl-2 to Bax ratio ~5 completely blocked Bax
activation and cytochrome c release (over a wide range of Bid and Bax
overexpressions). Similar Bcl-2 to Bax ratio (to inhibit Bax activation) was estimated
by analyzing the rate equations for Bid-Bax and Bcl-2-Bax reactions. Thus, variation in
Bcl-2 expression can be a mechanism through which cancer cells create heterogeneity
in apoptotic resistance within a tumor.
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Figure 2. Cytochrome c release (as a result of threshold Bax activation in the SDE
model) is shown for single cells with three numbers of Bcl-2 molecules:
45, 450, and 675 (Bid = 200, Bax = 500). Rapid all-or-none type release
of cytochrome c is approximated by a sharp spike (step function) and
normalized (relative to its maximum value) data are shown. SDEs were
solved with a time-step ∆t = 10−2 sec; time is shown in multiples of the
time-step ∆t. Data are shown for 10 single cell runs (each vertical line
corresponds to a single cell). The average time-to-cyto c release: 4.1 ×
103 MC steps for Bcl-2 = 45, 2.2 × 104 MC steps for Bcl-2 = 450, 1 × 105

MC steps for Bcl-2 = 675 (marked by × ). Note that the time-scale of
cytochrome c release significantly changes as the Bcl-2 to Bax ratio
exceeds one (Bcl-2 = 675).



3.2. Stochastic to Deterministic Transition in Cancer Cell Death
A 10-fold overexpression of Bid and Bax while keeping the Bcl-2 level normal
significantly diminished cell-to-cell stochastic variability. Such a result can be seen
from comparing the deterministic and stochastic terms in the SDE for Bid-Bax reaction.
We also compared the Bcl-2–Bax binding/unbinding reaction terms and estimated the
ratio of Bax to Bcl-2 (~6) to be sufficient for overcoming the Bcl-2 inhibition of Bid-
Bax reaction. Therefore, when Bax to Bcl-2 ratio exceeds a threshold value, as well as
the product of Bid and Bax concentrations is higher than 1/(kon)1/2 for the Bid-Bax
association reaction, one expects a stochastic-to-deterministic transition in Bax
activation and in the release of mitochondrial cytochrome c. Such a stochastic-to-
deterministic transition will be unique to apoptotic activation in cancer cells, and thus
it can play a crucial role in developing a successful strategy for killing cancer cells by
targeting the intrinsic pathway. Otherwise, inherent stochastic variability in the
activation of pre-mitochondrial signaling module is a characteristic feature of cancer
cell death, and partly explains the variability in apoptotic vulnerability among cancer
cells. Such inherent variability can be highly relevant to apoptosis resistance within a
genetically distinct sub-clonal tumor population [58–59].

3.3. Kinetic Monte Carlo Simulation: Stochastic Bax Activation through Low
Probability Bid-Bax Reaction
In our kinetic MC simulations, a set of signaling molecules that belong to the pre- and
post-mitochondrial signaling modules (Figure 1) are initially distributed randomly and
uniformly [33]. Signaling molecules are then randomly sampled for diffusion and
reaction moves with predefined probability constants as described in Section 2.
Probabilistic parameters used in our simulations are estimated from known values of
kinetic and diffusion rate constants [33, 46, 52–55] and provided in the appendix.
Estimation of molecular numbers [~ 0.6 × nano-molar concentration (1/µm3) × V (µm3)]
for the simulation volume has been discussed in our previous work [11–12, 33, 35]. For
Bid (33.3 nM), Bax (83.3 nM), Bcl-2 (75 nM) levels found in normal cells, a Bid-Bax
association constant of 103 M−1 s−1 (<< kon for tBid-Bax: 2 × 105 M−1 s−1), and a
dissociation constant of 0.01 s−1 (koff = 0.02 s−1 for tBid-Bax), protect normal cells from
apoptosis. A 2-fold increase in Bid and Bax level still did not activate Bax. The effect of
low rate constant Bid-Bax reaction on Bax activation is stronger in the MC model than
in the SDE model; such effect can be attributed to the additional requirement of spatial
encounter of reactant molecules, by diffusive transport, in the MC model. Increasing the
level of Bid and Bax by 10-fold while keeping the Bcl-2 concentration normal led to
significant Bax activation and cytochorme c release (Figure 3, top panel). The
association constant kon = 103 M−1 s−1 was used for all further simulations; slight
variations in this value would not change the qualitative results presented here.

3.4. Bcl-2 to Bax Ratio Modulates Stochastic Variability Generated due to Bid-Bax
Reaction
Bcl-2 over-expression has been observed in a variety of cancer cells and is a marker
for poor prognosis [13, 29]. In CD34+ AML (acute myeloid leukemia) cells, possibly
a stem cell phenotype, Bcl-2 has been shown to be highly over-expressed [60–61]. In
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a comparative quantitative study, MESF (molecules of equivalent soluble
fluorochrome) of Bcl-2 for CD34+ AML cells was found to vary from 65.1 to 107.6 ×
103/cell; MESF of Bcl-2 for the CD34- fraction was much lower, from 33.4 to 82.3 ×
103/cell [60]. In a separate quantitative study, similar higher level of Bcl-2 expression
was observed in CD34+ AML cells, varying over a wide range of 5.1 to 222 × 103

molecules/cell [61]. In general, CD34+ fraction obtained from the normal bone
showed a robust expression of Bcl-2 [60]. In our simulations, keeping the
concentrations of Bid and Bax fixed at a 10-fold overexpression while gradually
increasing the levels of Bcl-2 diminished Bax activation. The fraction of cells in
which cytochrome c was released, at a given time point, also decreased with
increasing concentrations of Bcl-2 (Figure 3). Cell-to-cell stochastic variability in
the time-scale of cytochrome c release increased with Bcl-2 levels. Therefore,
cellular variability in the amounts of Bid, Bax, and Bcl-2, as may exist among cancer
cells of a clonal population, should modulate the susceptibility to apoptotic
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Figure 3. Single cell activations obtained from Monte Carlo (MC) simulations of
the intrinsic pathway of apoptosis shown by the release of cytochrome
c (rapid all-or-none type release is approximated by a sharp spike) for
Bcl-2 = 45, 450, and 900 (Bid = 200, Bax = 500), respectively. Time is
measured in MC steps; data are shown up to 108 MC steps (1 MC step
= 10−4 sec). Normalized (relative to maximum cytochrome c) data are
shown for single cell runs (20 runs for Bcl-2 = 45 and 18 runs for the
rest; each vertical line corresponds to a single cell). For Bcl-2 = 900
(Bcl-2 to Bax ratio > 1), only a small fraction of cells show activation
within the given simulation time; it takes up to 3 × 108 MC steps for all
cells to release cytochrome c.
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activation and its stochastic variability, and provides a potential mechanism for the
generation of CSLCs [37–40]. For very high Bcl-2 concentrations (Bcl-2 to Bax ~5),
even when Bid and Bax are 10-fold overexpressed, cytochrome c release was
significantly inhibited. Such inhibition in cytochrome c release will allow a few
cancer cells to acquire additional genetic mutations and generate more malignant,
genetically distinct subclones [58–59]. This might also be a relevant mechanism for
oncogenesis in cells equipped with higher Bcl-2 expression, such as in CD34+
hematopoietic stem cells.

3.5. Apoptotic Activation through the Post-Mitochondrial Signaling Module
Formation of post-mitochondrial apoptosomes, modeled as multimolecular
cytochrome c- Apaf complexes, led to additional cell-to-cell variability in caspase 3
activation, as shown in Figure 4. The fraction of apoptotic cells, as measured by
caspase 3 activation (1/3 of maximum), is shown in Figure 5 for various values of
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Bcl-2 inhibition and also at different time instants. The effect of Bcl-2 inhibition on
caspase 3 activation is more pronounced at early times (~108 MC steps) of signaling.
In our simulations, Bcl-2 inhibition in the presence of high levels of Bid and Bax
significantly diminished cell-to-cell stochastic variability in apoptotic activation of
cancer cells, as also found in the theoretical analysis of stochastic equations.
Increasing the overexpression level of Bid and Bax while keeping the Bcl-2 to Bax
(also Bcl-2 to Bid) ratio fixed, enhanced Bax activation. Hence, the present results
suggest that two important cellular parameters modulate cytochrome c release and
cell-to-cell variability in apoptosis resistance: (i) over-expression level of Bax and
Bid, and (ii) Bcl-2 to Bax ratio. Over-expression of Bax and Bid underlies the specific
killing of cancer cells, especially when Bcl-2 inhibition can be removed (e.g., by BH3
mimetics). Bcl-2 to Bax ratio determines the degree of apoptosis resistance and leads
to heterogeneity among cancer cells [62–64].

4. DISCUSSION
Recent experiments have conclusively shown the existence of large cell-to-cell
variability in apoptotic activation through the intrinsic mitochondrial (Type 2) pathway
[11–12, 35–36, 56]. All-or-none type behavior in cytochrome c release and capase 9/3
activation, along with cell-to-cell variations in the time-scale of such activation events,
characterize large cell-to-cell fluctuations in apoptotic activation. Finding the molecular
mechanisms behind the generation of cell-to-cell variability remains a fundamental
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question in the biology of apoptosis. Cellular variability in pro- and anti-apoptotic
protein levels that act upstream of mitochondrial outer membrane permeabilization
(MOMP), coupled with a rapid release of cytochrome c once a threshold apoptotic
stress has gathered on mitochondria, can cause such cell-to-cell variability in
cytochrome c release and thus downstream activation of caspases [11–12, 36].
However, even when all the cellular parameters (such as relevant protein
concentrations) remain identical in a cell (including cancer cell) population, inherent
stochastic fluctuations in signaling reactions can cause large cell-to-cell stochastic
variability [11–12, 33–35, 65–66]. Previous computational studies elucidated the
basis for inherent stochastic fluctuations in apoptotic activation of normal and cancer
cells [11–12, 33–35]. The present study shows that a low probability Bid-Bax type
reaction is another potential mechanism for generating inherent stochastic
fluctuations in cell death.

Overexpression of Bid like (BH3 only) proteins and Bax (and/or Bak) proteins, as
possibly found in cancer cells, reduces the apoptotic threshold for cancer cells.
However, those cells remain protected by highly overexpressed antiapoptotic Bcl-2
like proteins. Hence, cancer cells are inherently different from normal cells [13] and
exist in a state of dichotomy. This intrinsic difference between normal and cancer
cells allows selective targeting of the cancer cells. Our present study indicates that a
low probability Bid-Bax type reaction provides unique opportunities to induce
apoptosis in cancer cells (containing higher levels of Bid and Bax proteins).
Therefore, such a low-probability reaction event remains highly relevant for
apoptosis of cancer cells treated with Bcl-2 inhibitor BH3 (sensitizer) mimetic
molecules [1–25]. Such a mechanism, based on low probability activation of Bax
(and/or Bak), is also applicable to (i) alternative models of activation such as the one
that proposes Bax-Bax interaction (displacement model [25]), and (ii) engineering of
BH3 mimetic peptides in cancer therapy [15, 23, 67]. In this context, it will be
interesting to analyze the variability among BH3 activator proteins (in their apoptotic
potential) and develop a detailed systems level model that would incorporate all
relevant BH3 only as well as other Bcl-2 family pro- and anti-apoptotic proteins. MC
simulations of such a detailed model would allow us to determine the optimal strategy
for targeting the pre-mitochondrial signaling module in a cell-type specific manner.
Moreover, the concepts of dichotomy and apoptotic vulnerability (in cancer cells) can
be extended to various other signaling modules, besides that is formed by the Bcl-2
family proteins, in the Type 2 pathway. It may be of value to explore the possibility
of acquired vulnerability that would accompany acquired resistance in cancer cells.
Such measurements will be key to activating the Type 2 pathway of cancer cells in a
rapid deterministic manner. Alternatively, switching the activation from intrinsic
(Type 2) to extrinsic (Type 1) pathway can be a strategy to achieve stochastic-to-
deterministic transition under certain cellular and physiological conditions [33, 68].

Existence of specialized class of cancer cells, such as CSLCs, is a fundamental issue
in cancer biology, that has significant implications for cancer treatment [32, 37–40,
68–69]. Previous experimental studies have indicated that only a small subpopulation
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(< 0.1%) of melanoma (the most dangerous type of skin cancer) cells possess the ability
to form tumors when transplanted into immunodeficient NOD/SCID mice [69]; similar
low proportion of tumorigenic cells were reported for different types of cancer [37–40].
Recent in vivo studies, using highly immunocompromised NOD/SCID IL-2rg-/- mice,
however, shows that a large fraction (~25%) of such melanoma could form tumors [70].
Thus, two related unanswered questions in cancer biology are (a) how to characterize
the subset of cancer cells that can be labeled as CSLCs, and (b) what fraction of cancer
cells are actually CSLCs. The heterogeneity in apoptosis resistance of cancer cells (at
the level of single cells) may help answer these questions. Stochastic activation due to
a low probability of Bid-Bax reaction and cellular variation in protein levels would both
make apoptosis resistance (for single cells) heterogeneous. Cell-to-cell variability in
protein expressions, which are involved in apoptosis signaling reactions, can occur due
to stochastic regulations in relevant gene expressions (even for genetically identical
cells) [71–73]. Variability in cellular proteins can also occur due to epigenetic variations
and inter-clonal genetic heterogeneity within a tumor population [57–58, 74–77]. In
addition, tumor microenvironment (such as CSLC niche) is a major factor in generating
and maintaining heterogeneity within a given tumor population [78].

Any types of heterogeneity in apoptosis resistance can be a primary mechanism for
generating heterogeneity in tumorigenic potential (within a tumor population).
Therefore, single cancer cells will be killed in a stochastic manner in a
xenotransplantation assay and only a fraction of cells can survive the assault of
activated immune cells. In a modified xenotransplantation assay, such as in severely
immunocompromised NOD/SCID IL-2rg-/- mice, less resistant cancer cells having
lower Bcl-2 to Bax ratio may survive and produce full-blown tumors. However, only
CSLCs that are highly resistant to apoptosis, at least partly due to over-expression of
Bcl-2 like proteins (and high Bcl-2 to Bax ratio), would have a higher chance of
surviving in NOD/SCID mice. Moreover, inherent stochastic variability and associated
fractional cell killing will complicate any quantitative estimation of CSLCs. Further
theoretical and experimental studies are needed to elucidate and estimate the fraction of
such CSLCs. Even though inherent stochasticity of signaling reactions will still remain
a significant factor in apoptosis resistance, the reaction between tBid and Bax (in
addition to the Bid-Bax) might be important in the apoptotic death of cancer cells in
immunocompromised mice.

Experimental studies, such as those to undertake quantitative measurement of
signaling proteins in the apoptotic pathway of cancer cells, including CSLCs, will
further clarify the results of our computational studies. Previous experimental studies
indicated presence of high Bcl-2 levels in CD34+ fraction of AML cells [59–60].
Leukemic stem cells are found to be CD34+CD38- which presumably also have higher
Bcl-2 levels. In earlier studies, CD34+CD38- cell population was found to be only a
small fraction in a variety of leukemias including different AML subtypes [32]. This is
consistent with the initial observation of low proportion of AML stem cells in
NOD/SCID mice [39]. In contrast, in KG1a, a very aggressive form of AML, over 90%
of the cells have the CD34+CD38- phenotype with high Bcl-2/Bax ratio [32].
Therefore, a large percentage of cells may show tumorigenic potential when single
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KG1a cells are transplanted into NOD/SCID mice. In this context, it will be interesting
to explore whether variations in tumorigenic potential can result from inherent
stochastic fluctuations in apoptosis resistance. In general, a combination of stochastic
factors and variations in cellular protein levels would generate significant heterogeneity
within a tumor cell population, and such heterogeneity would also heavily depend on
the cancer cell type under consideration. Experimental measurement of cellular protein
levels will not only elucidate the basis of CSLCs, but is also critical for designing
therapeutic strategies to kill CSLCs. In CSLCs, if high antiapoptotic Bcl-2 levels are
accompanied with similar high expressions of BH3 only activators and Bax (keeping
the Bcl-2 to Bax ratio fixed), inhibiting Bcl-2 levels may actually lead to more
pronounced apoptotic death of CSLCs than that of regular cancer cells. This seems
reasonable, as a similar mechanism is also the basis for selective killing of cancer cells.
Bcl-2 inhibitor ABT-737 has been shown to induce apoptosis in the CD34+CD38-
CD123+ leukemia stem cell compartment [79]. However, additional complexities might
exist for CSLCs especially for undifferentiated cancer stem cells. For example, the
long-term quiescent stem cells may only be targeted when they are driven into a short-
term cycling state [32]. In vitro experiments can be designed to assess apoptotic death
of CSLCs by BH3 mimetic Bcl-2 inhibitors through isolating CSLCs, regular cancer
cells and normal cells, and treating each population with BH3 mimetic Bcl-2 inhibitor
to measure apoptosis in the population. If high Bcl-2 expression in CSLCs is
accompanied with a high Bcl-2 to Bax ratio, then alternative strategies, such as
removing the Bcl-2 BH4 domain or opening up the BH3 domain of Bcl-2 [80] to make
it proapoptotic, would selectively kill CSLCs. Bid truncation to tBid, could be another
potential option in such cases of high Bcl-2 to Bax ratio.

In addition to its key significance in cancer cell apoptosis (under Bcl-2 inhibitors),
direct Bid-Bax type activation might be involved in cell death under a variety of other
cellular and physiological situations such as in tissue homeostasis, DNA damaged
conditions, or in cancer cells treated with growth inhibitors (or under growth factor
withdrawal). Previous experimental studies verified the existence of cell-to-cell
variability in the Type 2 activation under the action of a single agent (such as HA14-1)
Bcl-2 inhibitor [11–12]. Though cell-to-cell variability (in cytochrome c release) in
such studies presumably arises from a Bid-Bax type reaction, the contribution from
inherent variability needs to be assessed through quantitative measurement of relevant
signaling molecules. Inherent variability through the Bid-Bax reaction can also be
revealed by single cell Fluorescence Resonance Energy Transfer (FRET) experiments
and analysis of such data in synergy with computational studies.

5. CONCLUSION
Using a set of stochastic differential equations and kinetic MC simulations, we studied
the stochastic nature of Bax activation that occurs through a low probability Bid-Bax
(or a similar) reaction. Apoptosis simulations were conducted for various values of Bid,
Bax, and Bcl-2 proteins to gather quantitative information about apoptotic activation.
Variations in Bid and Bax levels, as well as the Bcl-2 to Bax ratio, further modulate cell-
to-cell variability in apoptotic activation resulting from the inherently stochastic Bid-
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Bax reaction. Our results indicate how a stochastic-to-deterministic transition in the
pre-mitochondrial signaling module can provide unique opportunity for cancer therapy
that relies on the apoptotic activation of the intrinsic pathway.
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APPENDIX: SIMULATION PARAMETERS
Kinetic reaction rates and molecular concentrations are obtained from values reported
in the literature [46, 52–55] or used in our previous studies [11–12, 33, 35]. Table A1
presents the initial molecular numbers. Molecular number for a given simulation
volume is estimated by ~0.6 × nano-molar concentration (1/µm3) × V (µm3).
Probabilistic rate constants used in this study are obtained from kinetic rate constants
using a previously described parameter mapping scheme [33]. Poff (or Pcat) simulation
parameters are obtained by multiplying kon (or kcat) values by 10−4 sec (1 MC time-step).
Probabilistic parameters for association reactions are determined using the following
relation: Pon = 102 × kon nM−1 s−1 [33]. Values for probabilistic simulation parameters
are provided in Table A2. An approximate estimate for the Bid-Bax and Bid-Bcl-2
reaction constants are discussed in section 2.4.
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Table A1. Initial number of molecules

Molecule type Number of molecules used (1/µm3)

Bid 20
Bax 50
Bcl-2 60
Cytochrome C 60
Smac 60
Apaf 20
XIAP 18
ProCaspase 9 12
ProCaspase 3 60
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Table A2. Probabilistic reaction parameters

Probabilistic parameters used in the
Monte Carlo simulation
(Pon / Poff / Pcat) Value

Pon_Bid-Bax 10−4

Poff_Bid-Bax 10−6

Pon_Bid-Bcl-2 10−3

Poff_Bid-Bcl-2 10−6

Pon_Bax-Bcl-2 2 × 10−1

Poff_Bax-Bcl-2 2 × 10−6

Pon_CytoC-Apaf 2.8 × 10−5

Poff_CytoC-Apaf 5.7 × 10−7

Pon_Apaf-Apaf 1.0
Poff_Apaf-Apaf 10−3

Pon_Apoptosome-ProCaspase 9 2.8 × 10−2

Poff_Apoptosome-ProCaspase 9 7.5 × 10−6

Pcat_CytoC-ProCaspase 9 7 × 10−5

Pon_XIAP-Smac 7 × 10−1

Poff_XIAP-Smac 2.2 × 10−7

Pon_XIAP-ProCaspase 9 5 × 10−1

Poff_XIAP-ProCaspase 9 3.5 × 10−7

Pon_XIAP-Caspase 9 5 × 10−1

Poff_XIAP-Caspase 9 3.5 × 10−7

Pon_XIAP-Caspase 3 2.5 × 10−1

Poff_XIAP-Caspase 3 2.5 × 10−7

Pon_Caspase 9-ProCaspase 3 2 × 10−3

Poff_Caspase 9-ProCaspase 3 5.7 × 10−5

Pcat_Caspase 9-ProCaspase 3 4.8 × 10−4

Pon_Caspase 3-ProCaspase 9 8 × 10−3

Pon_Caspase 3-ProCaspase 9 5.7 × 10−5

Pcat_Caspase 3-ProCaspase 9 4.8 × 10−4
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