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One Sentence Summary: Variable mitochondria abundance is a source of cell-to-cell vari-3

ability that determines the fractional response of cells during regulated apoptosis.4

Individual cells in clonal populations often respond differently to changes in5

environmental conditions; for binary phenotypes, such as cell death, this can6

be measured as a fractional response. These type of responses have been at-7

tributed to cell-intrinsic stochastic processes and variable abundances of bio-8

chemical constituents, such as proteins but the influence of organelles has yet to9

be determined. We use the response to TNF-related apoptosis inducing ligand10
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(TRAIL) and a new general method for quantifying heterogeneous responses11

to demonstrate that variable mitochondria abundance is a source of cell-to-cell12

variability that correlates with cell survival and determines the fractional cell13

death response. By quantitative data analysis, modeling and single cell exper-14

iments we attribute this effect to variable concentrations of the pro-apoptotic15

protein Bax on the mitochondrial surface. Further, we demonstrate that in-16

hibitors of anti-apoptotic Bcl-2 family proteins, used in cancer treatment, may17

increase the diversity of cellular responses, enhancing resistance to the treat-18

ment.19

Isogenic populations of cells in homogenous environments have the seemingly paradoxical20

capacity to generate many unique cell states. This ability is found in many, if not all single cell21

organisms and in the distinct cell types comprising multicellular organisms, as exemplified in22

the transient competent state of the bacterium B. subtilis (1), the differentiation of hematopoietic23

progenitor cells to either the erythroid or myeloid lineages (2), and in maintaining subpopula-24

tions in cancer (3). In all such cases, a cell’s propensity for a particular state is attributed to25

the intrinsic stochasticity of low-copy number biomolecular reactions (4–6), or extrinsic vari-26

ations in the abundances of its components (7–9). Taken together, they represent the so-called27

non-genetic sources of cell-to-cell variability (CCV).28

One commonly studied source of CCV is protein abundance. Its premier status as a source29

of non-genetic CCV is due to its stochastic production (6, 10), and the sensitivity of cellular30

decision making machinery, e.g. signal transduction pathways, to the abundances of transcrip-31

tion factors, receptors, and/or enzymes (11–14). While it has been definitively shown that CCV32

in protein abundance influences cellular decisions, little attention has been given to other non-33

genetic sources of CCV.34

There are numerous examples in which non-genetic and non-protein sources of CCV are35
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conjectured to impact biological phenomena. For example, centrosome abundance (15), the36

size of the Golgi apparatus (16), and mitochondria abundance (17–19) all have been shown to37

vary from cell-to-cell. Complementary to these observations, are measurements of the time to38

TRAIL-induced cell death of individual sister HeLa cells concomitantly treated with a potent39

inhibitor of protein translation, cyclohexamide, that became less correlated with time (12, 20).40

The origin of this decorrelation is unlikely to come from temporal fluctuations in protein abun-41

dance, but could originate from fluctuations in organelle abundances.42

To determine if diversity in cell behaviors may be attributed to CCV in organelle abundance,43

we studied the role of mitochondria in the context of TRAIL induced apoptosis. TRAIL stimu-44

lates cell death by binding to its cognate death receptors on the cell surface forming a complex45

that activates Caspase 8, the so-called initiator caspase (IC). Active IC in turn causes Bax accu-46

mulation and multimerization on the outer membrane of mitochondria, forming pores (21, 22)47

which allow for the diffusion of pro-apoptotic molecules from the intermembrane space of the48

mitochondria into the cytosol (23, 24). These molecules activate a cascade which ultimately49

induces the activity of Caspase 3, the so-called executioner (EC) caspase (23, 24), which is re-50

sponsible for triggering cell death. In effect, these molecules dynamically regulate each other’s51

activity so that the continuous values of TRAIL concentration can be converted to a binary52

dead-or-alive response.53

As found in many biological systems (25, 26), the conversion of a continuous input to a54

binary response limits the influence of CCV in cellular components to CCV in sensitivities.55

In apoptosis, each cell, with its unique concentrations of molecular components, requires a56

specific concentration of TRAIL that makes the cell die. At the population level the diversity in57

single-cell sensitivities to TRAIL gives rise to the fractional control of cell death. For example,58

consider an ensemble of cells with near identical biomolecular composition, or low CCV. With59

all components near equal, the individuals will undergo the life-death transition at nearly the60
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same dose of ligand (Fig.1A). In contrast, when CCV is relatively high, the individual cells61

of the ensemble will transition from live to dead at diverse doses of TRAIL (Fig.1B). The62

resulting fractional control of the population response to TRAIL would then take a steep or63

gradual sigmoidal shape, respectively.64

From this interpretation, the empirical sigmoidal dose response curve represents the cumu-65

lative distribution of single-cell sensitivities. If we use the canonical Hill function to model the66

dose response curve, its parameters will be related to the moments of the probability density of67

single-cell sensitivities. Indeed, it can be shown that the half-max constant, IC50, is equal to the68

mean and the Hill coefficient, n, is inversely proportional to the standard deviation of single-cell69

sensitivities (Fig. 1C) (see Supplementary Materials for derivation). Applying these statistical70

results provides a framework to quantitatively dissect sources of CCV and their influence on71

binary cellular response.72

We apply this new statistical framework to quantitatively dissect sources of CCV and their73

influence on binary cellular response, using single-cell flow cytometry measurements (FCM)74

of mitochondria and their live-dead state in two cell lines: human T-lymphoblastoid derived75

cells (Jurkat) and a human breast adenocarcinoma cell line (MDA-MB-231). These cells were76

exposed to different doses of TRAIL for four hours, a timeframe in which cells died but the77

single cell abundances of mitochondria per unit cell size, density ⇢ (Fig. S1), remained largely78

unchanged (Fig. S2). The single-cell FCM were then used to identify living cells (Fig. 2A and79

Fig. S3) and to characterize the fractional response of the population to TRAIL (Fig. 2B inset).80

Using our statistical interpretation of the Hill model, we find that the IC50, and consequently the81

mean sensitivity, to be 3.81±0.26 ng/mL and 76.4±8.77 ng/mL in Jurkat and MDA-MB-23182

cells, respectively. The variance of single-cell sensitivities to TRAIL is 1.5 fold higher in Jurkat83

than it is in MDA-MB-231.84

In conjunction with the fractional response to TRAIL, the distribution of mitochondria den-85
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sity among living cells became increasingly enriched for cells with higher ⇢ with increasing86

TRAIL dose (Fig. 2B). We hypothesized that the observed enrichment is established by a dif-87

ferential sensitivity of single-cells to TRAIL based upon their mitochondria density. We tested88

this hypothesis quantitatively by means of Bayes’ theorem, which allows us to estimate the con-89

ditional probability that a cell is alive given ⇢ for each dose of TRAIL (Fig. 2C-D, Fig.S4 and90

Supplementary Materials for derivation). Application to experimental measurements in Jurkat91

cells shows that the changes in the mitochondria density distribution in Fig. 2B is quantitatively92

associated with the fractional response to TRAIL (Fig. 2C and Fig.S5). Using this finding, we93

extended our investigation to assessing the influence of mitochondria on the fractional response94

of single-cells (Fig. 2D). The IC50(⇢) of TRAIL positively scales with mitochondria density95

(Fig. 2E) in Jurkat cells. In contrast, in MDA-MB-231 cells the IC50(⇢) of TRAIL was less96

dependent on mitochondria density. Quantitatively, 30% and 2% of the diversity in single-cell97

sensitivities to TRAIL may be attributed to mitochondria density in Jurkat and MDA-MB-23198

cells, respectively (Fig. 2F, see Supplementary materials for derivation Fig. S6-11).99

To gain mechanistic insight to the functional role of mitochondria density in the cell death100

decision, we developed a coarse-grained dynamic model of apoptosis. Our description aims to101

reproduce the dominant dynamical features of initiator caspase reporter protein (IC-RP) first102

measured and published by Albeck et al. (23). These being a slow but accelerating initial in-103

crease of IC followed by a fast increase in both IC and EC (see Fig. S12). To such end our104

model includes: i) a slow autocatalytic increase in IC activation, ii) a quasi-steady-state approx-105

imation for Bax pore formation dynamics and mitochondrial outer membrane permeabilization106

(MOMP), and iii) the strong positive feedback from EC to IC (Fig. 3A, see Supplementary107

materials for details).108

We conjectured that TRAIL induced activation of IC in Jurkat and MDA-MB-231 cells109

match the biphasic increase of IC-RP measured in HeLa cells (23), but differ in their propensity110
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to form Bax pores (Fig. 3B-C). Specifically, we consider unique susceptibilities of Bax pore for-111

mation to Bcl-2 mediated inhibition for each cell line. As Bax pores reside in the mitochondria,112

the effective Bax concentration for a given amount of Bax decreases with mitochondria density.113

Implementing this insight into the model equations we see that the influence of mitochondria114

density can be understood through the corresponding bifurcation diagrams (Fig. 3D-E).115

The dynamic properties of IC in MDA-MB-231 cells in the absence of TRAIL are either116

bistable or monostable depending on mitochondria density. In these diagrams, the high IC fixed117

point corresponds to cells that have integrated sufficient signal for MOMP and consequently118

represent apoptotic cells. According to Fig. 3D, cells with relatively low mitochondria density119

are bistable and may undergo apoptosis only if their IC abundance exceeds a critical amount120

designated by the dashed line. This bistable region does not preclude cell death - cells may121

acquire sufficient abundances of IC for death by fluctuations in biomolecular reactions. Indeed,122

the likelihood of such an event decreases with the difference of IC abundance between the123

unstable fixed point (dashed line) and low IC stable fixed point (solid line). Meanwhile, cells124

with relatively high mitochondria density only have a single fixed point of low IC, indicating125

that these cells will never spontaneously undergo apoptosis in the absence of TRAIL.126

In contrast, the bifurcation diagram representing Jurkat cells shows three distinct regions127

(Fig. 3E). These being cells with: 1) low density of mitochondria having a single fixed point of128

high IC and consequently all die; 2) medium density of mitochondria are bistable, for which,129

the fractional response to TRAIL decreases with the concomitant increase in the IC unstable130

fixed point and mitochondria density; and 3) high density of mitochondria are monostable with131

low IC abundances, hence all cells survive. Next, we extend these analyses to the full range of132

TRAIL doses.133

The influence of increasing TRAIL dose in each cell type specific parameterized model is134

evident in their bifurcation diagrams. MDA-MB-231 cells respond to TRAIL by increasing the135
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IC abundance of the lower fixed point (Fig. 3F). In doing so, cells with mitochondria density136

in the bistable region equally increase their susceptibility to cell death from fluctuations in137

IC abundance. The Jurkat models response to TRAIL exhibits an increase of the density of138

mitochondria that separates the monostable high and bistable IC abundance regions (Fig. 3G).139

Therefore, an individual cell’s mitochondria density determines its sensitivity to TRAIL induced140

cell death. Together, these model-based observations propose an explanation for how CCV in141

mitochondria density influences the response of Jurkat but to a lesser extent MDA-MB-231 cells142

to TRAIL.143

In inspecting the model parameters associated with each cell type, we noticed that MDA-144

MB-231 cells were more susceptible to Bcl-2 mediated inhibition of Bax pore formation than145

Jurkat. We hypothesized that this effect would be abated by incorporating a small molecule146

inhibitor to Bcl-2 in MDA-MB-231 cells (Fig. 4A see Supplementary materials for derivation).147

By incorporating Bcl-2 inhibition, we found that the sensitivity of the fractional response of148

the cell population to TRAIL increases (Fig. 4B). Furthermore, and as intuited, Bcl-2 inhi-149

bition increased the dependence of single-cell sensitivities to TRAIL on mitochondria density150

(Fig. 4D). We corroborated these theoretical predictions by measuring the influence of the clin-151

ically relevant small molecule inhibitor of Bcl-2 family proteins ABT-263 (27) (Fig. 4C and152

E). Remarkably, Bcl-2 inhibition alone increased the variance of sensitivities attributable to153

mitochondria density from 0% to 40% (Fig. 4F).154

Extending previous work that observed that mitochondria abundance differs among individ-155

ual clonal cells without characterizing the role of this CCV in biological processes, we have un-156

veiled a fundamental connection in the CCV of mitochondria to the fractional control of TRAIL157

induced cell death. Using mathematical modeling we attribute this connection to the dilution of158

Bax on the outer mitochondrial membrane in cells with higher densities of mitochondria. From159

these quantitative insights, we found that the functional manifestation of mitochondrial CCV is160
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plastic - readily and predictably tunable by small molecule inhibitors of Bcl-2. It is plausible161

that this plasticity is a tool accessible to cells, and therefore may be co-opted by pathological162

cellular populations. For example, high mitochondria abundance can be a non-genetic mecha-163

nism of resistance to pro-apoptotic therapeutics. Incorporation of such knowledge may be an164

important consideration in developing therapeutic strategies. Furthermore, such an advantage165

may manifest in time-scales much longer than the life span of a single cell or the disease in a hu-166

man, but propagate to the long time-scales of evolution. To date, the evolutionary hypothesis of167

mitochondria is as a symbiotic bacterium inside a proto-eukaryotic cell (28), exchanging safety168

for energy. However, another such evolutionary advantage may be expected, that this symbiosis169

would create a survival advantage such as the one described here. These results suggest that170

environmental constraints can select subpopulations not only based on genetic composition,171

protein abundances, but also CCV in organelle abundances.172
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Fig. 1. Cell-to-cell variability in the binary response to TRAIL. A Hill function response227

curve (blue) to TRAIL dose (x-axis in log scale) and the corresponding probability density of228

the single-cell sensitivities (orange) for populations with (A) low CCV and (B) high CCV. (C)229

The correspondence between the variance of single-cell sensitivities (�) to TRAIL and the Hill230

coefficient n. Here, (nA, �A) and (nB, �B) represent the Hill coefficient and corresponding231

single-cell variances from (A) and (B), respectively.232

Fig. 2. CCV in mitochondrial density influences fractional response to TRAIL. (A) Flow233

cytometry measurements (FCM) of mitochondria (MitoTracker Deep Red) and phosphatidylser-234

ine (FITC conjugated Annexin V) per Jurkat cell. (B) The probability density of mitochondrial235

density (⇢) and fractional response of Jurkat cells to TRAIL (inset). Each color corresponds236

to a specific dose of TRAIL. (C) The inferred Hill function representing the probability that237

a Jurkat cells is alive at a given mitochondria density for different TRAIL doses. (D) The in-238

ferred Hill function representing the probability that a Jurkat cell is alive given TRAIL dose239

and for a given mitochondria density. (E) The dose of TRAIL normalized to the population240

hIC50i (y-axis) and the inferred density of mitochondria (⇢) in which the probability of survival241

is 0.5 (x-axis). Markers designate Jurkat (blue) triplicate averages and MDA-MB-231 (orange)242

triplicate averages of IC50(⇢)/hIC50i but duplicate ⇢ (29), error bars are the respective standard243

error of the mean, while dotted lines represent individual experiments. (F) The fraction of the244

variance in single cell TRAIL sensitivities (�) explained by CCV in mitochondria density from245

E (�⇢).246

Fig. 3. Mechanism of IC50 dependence on mitochondria density. (A) Simple model of247

apoptosis. The dynamics of initiator caspase reporter protein (IC-RP) from (23) and the model-248

inferred dynamics corresponding to (B) MDA-MB-231 and (C) Jurkat cell lines. The model249

bifurcation diagrams for [TRAIL] = 0 ng/mL in (D) MDA-MB-231 and (E) Jurkat cells. The250

influence of TRAIL dose on the model fixed points for (F) MDA-MB-231 and (G) Jurkat cells.251
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The dependence of single cell sensitivities to TRAIL on ⇢ for (H) MDA-MB-231 and (I) Jurkat252

cells. The IC50 was estimated from Hill function fits of simulated data (blue circles), and which253

were then fit to a power law (black line). Simulations consisted of 100 cells per each of the 20254

doses of TRAIL and 12 densities of mitochondria considered.255

Fig. 4. Plasticity in fractional response to TRAIL. (A) Bcl-2 inhibitor reduces the effective256

abundance of Bcl-2 by formation of Bcl-2:Bcl-2 inhibitor complex. (B) Simulation results of257

the population IC50
TRAIL response to Bcl-2 inhibition in MDA-MB-231 cells. (C) Experimental258

measurement sets (markers) of the population IC50
TRAIL response to Bcl-2 inhibition for MDA-259

MB-231 cells. (D) Estimated IC50 for changing ⇢ from MDA-MB-231 parameterized model260

simulations. (E) The experimental dependence of IC50 on ⇢, as computed in Fig. 2E, for [0, 1,261

3, 10] µM doses of the Bcl-2 Inhibitor ABT-263. (F) The fraction of variance in single-cell sen-262

sitivities (�) explained by mitochondria density CCV in E (�⇢). Note that all simulations were263

conducted with 100 cells for each 20 doses of TRAIL, 12 densities of log-normally distributed264

mitochondria, and 9 doses of inhibitor.265
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