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Supplementary Note 1 Flow cytometry gating strategy
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Supplementary Figure 1: Flow cytometry gating strategy, related to Figure 1 of the main text. (A) Elim-
ination of debris measurements identified as FSC-A low and SSC-A low. (B) Elimination of doublet measurements
by gating along the region FSC-A = FSC-H. (C) Gate on cells that were successfully stained by Mitotracker Deep
Red. (D) Live cells identified as Annexin V negative.



Supplementary Note 2 Mitochondria dynamics

Mitochondria are constantly produced and degraded in cells. As with many other biological components production
and degradation processes are fundamentally stochastic, and in result the abundances of mitochondria per cell change
in time. To check whether mitochondria abundances change in the four hour experiments presented in the main text,
we measured the average and the temporal correlation function of mitochondria dynamics by flow cytometry.

We first measured the average degradation dynamics of mitochondria. Jurkat cells were labeled with Mitotracker
Green at time point 0. Then two sets of samples were collected at time points 0, 2, 6 and 25 hours. The first
set, designated the experimental group, were immediately prepared for flow cytometry measurements. While the
second set, the control group, were relabeled with Mitotracker Green. The control group allowed us to have a time
dependent calibration tool, as the average mitochondria abundance is assumed to be constant in time.

Supplementary Figure 2A shows the degradation dynamics of the Mitotracker Green signal. Here we see that for
the first six hours the average abundance of mitochondria remains constant. However, after 25 hours, we see that
only approximately 50% of the original mitochondria remain. Moreover, in Supplementary Figure 2B we see that
the entire probability density of single cell mitochondria abundances behaves similarly.
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Supplementary Figure 2: Mitochondria decay dynamics.

As a secondary evaluation of mitochondria dynamics we probed the correlation of single cell mitochondria abun-
dance across time. The basis of the experiment is to determine the time-scale of the stochastic dynamics of mitochon-
dria production and degradation. Indeed, if the production of mitochondria exhibits large and frequent fluctuations,
then the amount of mitochondria measured at two different times will be unique. This uniqueness of the number of
mitochondria per cell can be quantified by computing the correlation of mitochondria between two time points.

In an ideal setting, we would measure the amount of mitochondria in individual cells across time. From which we
would compute the temporal correlation function. Instead, we assume that the mitochondria dynamics are ergodic,
that is the temporal statistics of a single cell is the same as the statistics of a group of cells evaluated at a single
time point. We apply the ergodic assumption by administering two spectrally distinct fluorescent labels, I3 and Io,
of mitochondria at unique times to a single population of cells. In such an experiment the first mitochondria label
will represent the amount of mitochondria per cell at ty. Then the next label applied at t; = ¢y + 7 will measure
all the mitochondria there were present at ty and any new mitochondria produced in the time 7. The correlation of
mitochondria between these two time points is simply the correlation of I; and [, among single cells.

Supplementary Figure 3A presents the experimental design, in which we prepare five unique samples that are
representative of the correlation in mitochondria at five different time points. All the samples were stained with
Mitotracker Green at time point 0, followed by a staining with Mitotracker DeepRed at a sample dependent time point.
The amount of time (7) between the initial Mitotracker Green and Mitotracker DeepRed labeling is representative
of the correlation of mitochondria abundance in single cells at times t; and ¢; =t; + 7.

Supplementary Figure 3B shows the resulting correlation in time series 7 =0, 2, 4, 11 and 24 hours. Here we
see that samples are highly correlated at the initial time points, and then the correlation decays after ~10 hours.
This result suggests that the mitochondria labeled at time zero is a good estimate of the single cell abundance of
mitochondria after four hours, as implemented in our results presented in the main text.
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Supplementary Figure 3: Correlation function of mitochondria dynamics. (A) The experimental design for
measuring the temporal correlation function of mitochondria abundance in single Jurkat cells. (B) The measured
partial correlation between Mitotracker DeepRed and Mitotracker Green, where data points and error bars repre-
sentative of the mean and S.E.M. of experimental duplicates.

The correlation presented in Supplementary Figure 3B is the partial correlation between Mitotracker DeepRed and
Mitotracker Green stain. This was necessary on account that each stain is correlated with cell size (Supplementary
Figure 4A, B). Eliminating the contribution of cell size to the correlation is important because it allows us to
distinguish between two likely scenarios.

The first is displayed in Figure 4D, here the measured correlation between Mitotracker Deep Red and Green is
due to their independent correlations with cell size. This would indicate that either the fluctuations in mitochondria
were so fast that we could not resolve the correlation function or a problem with our experimental design. Under
such a scenario we would measure zero partial correlation between Mitotracker stains for all time points 7, which is
not observed in Supplementary Figure 3B.

The second scenario, displayed in Supplementary Figure 4E, is that all the components are correlated. If in this
setting we eliminate the contribution of FSC levels in the single cell measurements of mitochondria, we would still
measure a nonzero correlation between the the fluorescence of mitochondria stains. Indeed, this is what we observe
in Supplementary Figure 3B.
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Supplementary Figure 4: Elimination of cell size influence in correlations. (A-C) The single Jurkat cell sizes
and mitochondria abundance as measured by Mitotracker DeepRed and Mitotracker green for 7 = 0. The observed
correlation in (C) is attributable to either model (D) or model (E). By applying Partial correlation analysis we are
able to distinguish between each model.



Supplementary Note 3 The DEPICTIVE methodology

In this section we derive our method for DEtermining Parameter Influence on Cell-to-cell variability Through the
Inference of Variance Explained, DEPICTIVE.

Supplementary Note 3.1 Statistics of single cell sensitivities

Consider a population of cells treated with a single dose of a ligand (L) that induces a binary biological response.
For example, the administration of the ligand TRAIL induces cells to transition from a live to a dead state. After
a sufficient amount of time for the response to manifest, we record the state of each cell i as a positive (¢; = 1) or
negative (¢; = 0) state. The specific encoding of the binary state is not important so long as it remains consistent
throughout the analysis. Let s = log([L]), and x; be the value of s that causes the i** cell to transition from
¢i =1 — 0. Then, for any given dose of the stimulus (s) the cells that transition from the positive to the null states
are those where k < s. In consequence, we can compute the fraction of cells that remain in the positive state given
s from the cumulative distribution of single cell sensitivities, k,

P(alivels) = /> P(k)dk =1— P(k < s).

Traditionally, the binary response of a population to a stimulus is measured by the empirical fraction of cells that
respond when treated with distinct doses. This is the so-called dose response curve, and it often takes a sigmoidal
shape that is well approximated by the parametric Hill function. The Hill function has explicit parameters that
represent the dose s in which 50% of the population responds (e.g. ICsp), the fraction of cells sensitive to the stimuli
(amplitude and background), and the steepness of the sigmoid (Hill coefficient n). As such, the Hill model represents
the parametric form of the cumulative distribution of single cell sensitivities,

1

1 _P(K/ S Sl) = 71_*_671(5—“)7

where p = log(ICs0), the amplitude is 1, and the background is 0. Note, that without loss of generality we model a
response in which the fraction of cells in a given state depreciates with increased stimulus dose. From the definition of
the cumulative distribution we compute the probability density of single-cell sensitivities to s (k) by differentiation,

n 1

P(x) = 4 cosh? (2(k—p)

(1)

The correspondence between the statistics of k and the Hill function parameters comes naturally from Eq. 1. The
first moment is simply

(k) = p = log(ICs), (2)
a fact that is simply determined by the symmetry of the inverse squared hyperbolic cosine. The variance of x,
o0 _ 2
Y g .
4 J_ o cosh® (%(k — )
is a bit more challenging. Consider the change of variable = % (k — p)

oo 2
P(x) = / xidm,
0

cosh?(x)

and recall that

) k

valid for k # 1 and ( is the Riemann zeta function. Incorporating k = 2 we find that,

(=) =5 ®

Overall, we see that the ICsp and the Hill coefficient are related to the mean (Eq. 2) and the variance (Eq. 3) of
single cell sensitivities to the stimulus, respectively.



Supplementary Note 3.2 Decomposing sources of variability

Consider a cell composed of N biological components and their corresponding abundances encoded by x = [x1, 72, ..., zy]7T.

Together, x determines the cell’s sensitivity (e) to TRAIL by some unknown function g(x). We do not have a priori
knowledge of this function, however let’s temporarily assume that we can compute its Taylor expansion about (x).
The expansion of log(g(x)) = & is then,

N
nzlog(g((x)))—!—ZM Syt ... ()

where 0x; = x; — (z;). In Eq. 4 the logarithm of single cell sensitivities are related to the linear CCV of the biological
constituents. However, from our data we observe that CCV are more appropriately described in logarithmic scale.
If we examine the expansion of the log abundances of the biological constituents,

ox; Sa?

() 2 <x1>2 *

log(z;) = log({x:)) +

and assume that the CCV is smaller than the mean [12], we may approximate the logarithm to first order as,

Flog(z) = log(z) ~ log((z)) ~ 7.

Incorporating this approximation into Eq. 4,

K~ log(g((x))) + Z Dol §log(x;). (5)

Note that we have expressed the derivative with respect to log(z;), by application of the chain rule, d,, f = %81%(%) f
with f being an arbitrary differentiable function of ;. '

Using Eq. 5 we compute the statistics of x as they depend on the CCV of each biological component. Applying
Eq. 2,

() = log(ICs50) = log(IC50) = log(g((x)))-

In similar fashion, we compute the second central moment

N 2
((r —1og(IC50))?) = < (Z kiﬂog(mi)) >

where k; = Oiog(x,)108(9)|2,=(2,)- Indeed, the coefficients k; are not random variables, resulting

({5 —10g(IC50))?) = k" Ck (6)

where C is the covariance matrix of the the log abundances of each component in the biological system. When the
logarithm of the abundances of the biological components are not correlated, C is diagonal. Consequently Eq. 6
shows that the variance of single-cell sensitivities to ligand emerging from CCV is simply a weighted sum over the
variances of each biological component with weights equal to the coefficients k2.

The expansion to first order (main text Eq. 1) and the correspondence between the Hill model parameters and
the statistics of k (Equations 2, 3) represent the center piece of the DEPICTIVE methodology.

Supplementary Note 3.2.1 Variance explained

Our interest is in quantifying the extent to which the CCV of specific components contribute to the CCV in sensi-
tivities to a stimulus. Ideally, this would be determined experimentally, where cells are engineered such that there is
no CCV in component j while all other components are unperturbed. In such an experiment the variance of single
cell sensitivities is attributed to the CCV of all components that are not j,

(k|0 log(x;)) = Y k7 Cis. (7)
i#]



Consequently, the CCV attributable to j** component is the difference between the estimated variance of single cell
sensitivities between the non-engineered (Eq. 6) and engineered cells (Eq. 7),

(6K%) — (0K%|01og(z;)) = ka-ij. (8)

Lastly, we can quantify the relative contribution of the j*» component to the observed CCV by taking the ratio of
variances,

Variance Explained — .Variance attribu.ted to j _ (0K?) — (6r?|01og(x;))
Variance of non-engineered cells (0K2)

We can re-express the variance explained in terms of the available information by substituting Eq. 8 for the variance
attributed to j and using Eq. 3 for the variance of the non-engineered cells,

. . 2 3n2
Variance Explained = k;Cj; —-. (9)
T

Importantly, the variance C;; is that of the non-engineered cells, and not the engineered cells where C’;’;’gineered = 0.
Eq. 9 shows us that we can estimate the contribution of any component j to the observed diversity of single sensitivities
without needing to measure every component in the biological system being studied.

In practice, experimentally eliminating the CCV of one component of a network at a time is infeasible. This is
on account that experimental tools for producing a population of cells with exactly x; number of molecules j do not
exists, and may actually be fundamentally impossible to construct [4,6,7]. However, the expression we derived from
this hypothetical experiment is useful when combined with single cell data. Indeed, single cell measurements provide
a means for estimating the covariance matrix of cellular components C and when combined with a dose response
experiment n can be inferred. In the next sections we develop a strategy for estimating the last unknown parameter
in Eq. 9, k;.

Supplementary Note 3.3 Inferring phenomenological parameters

In this section we introduce the single cell Hill model and how to infer its parameters from single cell dose response
data. Application of our model and inference of its parameters provide the necessary information for estimating the
variance explained introduced in Eq. 9.

Supplementary Note 3.3.1 The single cell Hill model
Recall the Hill model applied to dose response data where the response depreciates with the ligand dose (L),

FULICs0,m) = —+—p = 14+ entlonthlstiCaon] (10)

L n
1 + (ICs(J)

We then incorporate measured components by substituting n with nyx and log(ICsq) with log(IC50(d log(x))). First,
recall that the Hill coefficient is related to the diversity of single cell sensitivities originating from unmeasured
components. Then by using Eq. 3 and Eq. 6

2 2
2 ™ ™

" = B en20log(x))  3((0R2) — KICyky) ()

where kyx and Cy is the column vector of coefficients and the covariance matrix of the log abundances from single
cell measurements of each measured component, respectively. Next, recall from Eq. 2 that the average sensitivity is
simply the log(ICs0). Then, given measurements d log(x),

(kI8 10g(x)) = log(IC50 (3 og(x))) = log(ICs0) + kL5 log(x) (12)

Then by substituting Eqgs. 11, 12 into Eq. 10 results in the single cell Hill model,

—1
F(L31Cs0,mx, k, 310g(x)) = [1 + <08/ 1C) 7k 210 00) | 0 (13)



Supplementary Note 3.3.2 A framework for fitting

Application of our first order theory to single cell data amounts to inferring the parameters of the population
dose response (amplitude A, background b, ICsp, n) and the coefficients of measured components k. Indeed, the
amplitude and background are important parameters in practice as it is often the case that cell cultures for zero and
effectively infinite ligand concentration contain cells in both positive and null states. For example, in some cases
cultures with zero TRAIL exhibit only ~80% and with maximum TRAIL ~10% of cells in the live state. Applying
the complete set of parameters the single cell Hill of Eq. 13 model becomes,

-1
F(L;1Cs0, nx, k, 6 log(x)) = A 1+e"xﬂog(”l@ﬁo)*k”WX”} +b (14)

We use a piece-wise strategy to infer the parameters from Eq. 14. We assume that for each dose of ligand L we have
a table containing the abundances of biological constituents and cell state for each cell in the sample.

First, we are interested in the fractional response of cell’s to the ligand, this is captured by the fraction of cells
alive for each dose of ligand. Empirically, we estimate this quantity for dose L as

~ ML,alive

= 15
pL L ( )

where M7, alive and My, are the number of live and total number of cells measured at dose L, respectively. Now, in
order to infer the single cell Hill model parameters from p;, consider the definition of the probability of a cell being
alive given L,

P(alive|L) :/P(alive,y|L)dy (16)
y

where for simplicity we made the substitution y = dlog(x). We don’t know the joint distribution P(alive,y|L) as
written, however we can re-express the joint distribution by the following product

P(alive,y|L) = P(alively, L)P(y|L), (17)

in which each term is known. Inspection of Eq. 17 makes this clear. First, the conditional distribution is related to
the single cell Hill model (Eq. 14) by P(alively, L) = (f(L;ICs0,ny,k,y) — b)/A. Second, we have an estimate of
joint distribution P(y|L) of biological components from the single cell measurements. Then by substitution of Eq. 17
into Eq. 16 and incorporating our knowledge of p; from Eq. 15 we arrive at our estimate,

My,

Zf(L;IC5Oany7kayj) (18)

L j=1

1

pr =

in which we substituted P(y|L) with the empirical distribution ﬁ Zjviﬁ 0(y; —y). Note that here ¢ is the Dirac
L

delta function, which is defined as

i 4
Ny; —y) = 0 1 Y 7Y and /5(yj —y)dy =1.
oo ify=y; y

Eq. 18 shows us how to quantitatively relate our single cell Hill model and its corresponding parameters to the
empirical probability that any given cell is alive given a dose L.

Secondly, on account that we have knowledge of the each cell’s state label we can measure the average of each
biological component conditioned that a cell is alive. Our empirical estimate of the conditional average is simply

1

ﬂL,alivc = yj7L' (19)
ML,alive {jle;=1,L}

Now to connect this measurement to the single cell Hill model recall the definition of the conditional average,

(y|alive, L) z/yP(y|alive,L)dy. (20)
y



Again, we are faced with a probability distribution P(y|alive, L) which, as written, does not have an explicit functional
form. By Bayes’ theorem we are able to manipulate P(ylalive, L) into a recognizable form,

P(alively, L)P(y|L)

Plylalive. L) = == heeln)

(21)

where as before P(alive|y, L) is related to the single cell Hill model, P(alive|L) can be estimated from the single
cell Hill model, and P(y|L) is simply the joint distribution of molecular components. If we apply the empirical
distribution of biological components P(y|L) and substitute Eq. 21 into Eq. 20 we see that

ML ~
) 1 1 L:1Cs0, 1y, k,§;) — b
il alive = ————— — Zyj f( 50, Tty YJ) ' (22)
P(alive|L) My = A
where P(alive|L) = Mi ij;l f(L;IC"’O’Zy’k’yj)*b.
L

Together Eqgs. 18, 22 are the equations used in our piecewise fitting strategy. The strategy is as follows:

1. Use nonlinear optimization (SciPy’s optimize.fmin [9]) to infer A,ICs0,n,b holding ki, ks, ... ky constant by
computing the absolute value of the difference between the LHS and RHS of Eq. 18. Return the sum of these
differences over each dose L. Store the error in a variable €.

2. Use nonlinear optimization (SciPy’s optimize.fmin [9]) to infer kq, ko, ..., kn holding A,ICs50,n,b constant by
computing the absolute value of the difference between the LHS and RHS of Eq. 22. Return the sum of these
differences over each dose L. Store the error in a variable ¢,,.

3. Repeat steps 1 and 2 until |6Lq) + 61()(1) - e&q_l) - eéq_l

€T = 108,

)| < er, where q is the most recent iteration and we set

Supplementary Note 3.3.3 Application to Mitotracker data

Each sample collected from a TRAIL dose j consists of N} cells where each i cell is represented by the tuple (p;, y;).
Here, p; represents the mitochondria density measurement, while y; is a binary variable representing cell state. The
it" cell is endowed the label y; = 1 if it is living (Annexin V negative), and y; = 0 (Annexin V positive) otherwise.

As defined, the parameters of interest can be simply inferred using the protocol described above. However, we
cannot employ this standard strategy, because the MitoTracker Deep Red signal depends on the electrochemical
properties of the mitochondria. These properties are different for living and dead cells. In consequence, we do not
have measurements representing the joint distribution (P(y|L) in the previous section) of biological components for
each dose of TRAIL. To circumvent this problem we make a modest assumption that allows us to fit the data.

We assume that TRAIL does not influence the abundance of mitochondria per cell in the four hours the experiment
is conducted. Under this assumption we define,

P(log(p)|T) = P(log(p)) = P(log(p)[T < ¢), (23)

where we take ¢ to be the empirical IC;5 from each data set and we normalize P(log(p)|T") between 0 and 1. We chose
the IC15 due to the variability in mitochondria staining across samples. With this approximate joint distribution we
are able to apply our fitting protocol.

Supplementary Note 3.3.4 Simulations for testing DEPICTIVE

To test our statistical framework and inference strategy we simulated the response of virtual cells to TRAIL. Here,
we assume that all the cell-to-cell variability is accounted for by five components, namely =, w1, z, ¢, and wy. The
jt" cell is then simulated by

z;j ~N(0,1), wy; ~ N(0,1), ¢ ~N(0,1), =z ~N(0,1), and  ws; ~N(0,1)

and in consequence the tuple (z;,w1;,q;, 2;, w2;) represent the natural logarithm of abundances of each biological
constituent. The corresponding sensitivity to TRAIL is then computed by,

KRi = Z kﬂ

ie{z,w1,2,q,w2}

10



In Figure 3 of the main text we set k, = 0.25, k,,, = 0.5, k, = 1, k; = 1.5, and k,, = 2. The cell state of the
4t cell is binary, with y; = 1 representing a live cell and y; = 0 a dead cell. Then the cell state for the kth dose
s = log([TRAIL], /ICs0) is

1 if s, < Kj, and
Ykj = .
0 if s, > K.

To simulate a dose response we logarithmically vary the dose, s, in the range 0.00094 < s < 1060.94093.

11



Supplementary Note 4 Application of inference method to data

In each figure panel we show detailed analysis of our single cell data. Importantly we analyze the density of Mito-
tracker DeepRed (MDR) stain p and side scatter (SSC/FSC) from live cells. We applied the DEPICTIVE analysis
to the side scatter density so that each experiment has a negative control. Indeed, we do not expect that the CCV
in SSC/FSC to explain the diversity in single cell sensitivities to TRAIL. Together, the DEPICTIVE strategy allows
for transparent decomposition of sources of CCV from single cell data.

Supplementary Note 4.1 Analysis of Jurkat Cells

Table 1: Variance explained. The variance of single cell sensitivities explained by p and SSC/FSC in Jurkat cells.

Experiment Variance Explained (p) Variance Explained (SSC/FSC)
Jurkat 1, Supplementary Figure 5 0.325 0.001
Jurkat 2, Supplementary Figure 6 0.371 0.010
Jurkat 3, Supplementary Figure 7 0.300 0.025
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Supplementary Figure 5: Jurkat, replicate 1 data analysis, related to Figure 4 of the main text. (A)
The distribution of Mitotracker DeepRed density among living cells, P(Ln(p)|alive, T'). (B) The agreement of the
inferred and empirical fraction of cells alive, the average mitochondria and SSC/FSC densities of live cells. The
measurements and model fits of the (C) fraction of cells alive, (D) the average mitochondria density of live cells, and
(E) the average side scatter density estimated by the single cell Hill model using the inferred parameters.
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Supplementary Figure 6: Jurkat, replicate 2 data analysis, related to Figure 4 of the main text. (A)
The distribution of Mitotracker DeepRed density among living cells, P(Ln(p)|alive, T'). (B) The agreement of the
inferred and empirical fraction of cells alive, the average mitochondria and SSC/FSC densities of live cells. The
measurements and model fits of the (C) fraction of cells alive, (D) the average mitochondria density of live cells, and
(E) the average side scatter density estimated by the single cell Hill model using the inferred parameters.
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Supplementary Figure 7: Jurkat, replicate 3 data analysis, related to Figure 4 of the main text. (A)
The distribution of Mitotracker DeepRed density among living cells, P(Ln(p)|alive,T). (B) The agreement of the
inferred and empirical fraction of cells alive, the average mitochondria and SSC/FSC densities of live cells. The
measurements and model fits of the (C) fraction of cells alive, (D) the average mitochondria density of live cells, and
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Supplementary Note 4.2 Analysis of MDA-MB-231 Cells

Table 2: Variance explained The variance of single cell sensitivities explained by p and SSC/FSC in MDA-MB-231
cells displayed in Supplementary Figure 8.

[ABT263] (uM) Variance Explained (p) Variance Explained (SSC/FSC)

0 0.06710 0.01015
1 0.26105 0.02254
10 0.09692 0.06880
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Supplementary Figure 8: MDA-MB-231, replicate 1 data analysis, related to Figure 4, 6 of the main text.
Each row displays the identical analysis applied to TRAIL dose response data in which a unique dose of ABT263
has been administered to the cell cultures. The analysis of each row, from left to right, consists of the following. The
distribution of Mitotracker DeepRed density among living cells, P(Ln(p)|alive, T, ABT263). The measurements and
model fits of the fraction of cells alive, the average mitochondria density of live cells, and the average side scatter
density estimated by the single cell Hill model using the inferred parameters. Lastly, the agreement of the inferred
and empirical fraction of cells alive, the average mitochondria and SSC/FSC densities of live cells.
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Table 3: Variance explained The variance of single cell sensitivities explained by p and SSC/FSC in MDA-MB-231
cells displayed in Supplementary Figure 9.

[ABT263] (uM) Variance Explained (p) Variance Explained (SSC/FSC)

0 0.00020 0.00064
1 0.10715 0.00962
10 0.09254 0.033947
20 0.02933 0.011905
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Supplementary Figure 9: MDA-MB-231, replicate 2 data analysis, related to Figure 4, 6 of the main text.
Each row displays the identical analysis applied to TRAIL dose response data in which a unique dose of ABT263
has been administered to the cell cultures. The analysis of each row, from left to right, consists of the following. The
distribution of Mitotracker DeepRed density among living cells, P(Ln(p)|alive, T, ABT263). The measurements and
model fits of the fraction of cells alive, the average mitochondria density of live cells, and the average side scatter
density estimated by the single cell Hill model using the inferred parameters. Lastly, the agreement of the inferred
and empirical fraction of cells alive, the average mitochondria and SSC/FSC densities of live cells.
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Table 4: Variance explained The variance of single cell sensitivities explained by p and SSC/FSC in MDA-MB-231
cells displayed in Supplementary Figure 10.

[ABT263] (uM) Variance Explained (p) Variance Explained (SSC/FSC)

0 0.037 0.030
1 0.080 0.026
3 0.092 0.106
10 0.068 0.077
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Supplementary Figure 10: MDA-MB-231, replicate 3 data analysis, related to Figure 4, 6 of the main text.
Each row displays the identical analysis applied to TRAIL dose response data in which a unique dose of ABT263
has been administered to the cell cultures. The analysis of each row, from left to right, consists of the following. The
distribution of Mitotracker DeepRed density among living cells, P(Ln(p)|alive, T, ABT263). The measurements and
model fits of the fraction of cells alive, the average mitochondria density of live cells, and the average side scatter
density estimated by the single cell Hill model using the inferred parameters. Lastly, the agreement of the inferred
and empirical fraction of cells alive, the average mitochondria and SSC/FSC densities of live cells.
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Supplementary Note 5 Single cell measurements in HeLa cells

To test whether we are able to reproduce the observed correlation between single cell sensitivity to TRAIL and
mitochondria abundance first documented by Marquez-Jurado et al. [11], we performed a TRAIL dose response in
HeLa cells. Consistent with the previously published results, the dose response of TRAIL in Figure 11 shows that
~40% of the cells transition from a live to dead state with very high doses of TRAIL. This is in stark contrast to
our observations in Jurkat and MDA-MB-231 cells, in which nearly all cells are sensitive to TRAIL (Supplementary
Figures 5, 6, 7), or are coerced to be sensitive with the pan-Bcl-2 inhibitor ABT263 (Supplementary Figures 8, 9,
10), respectively. These results suggest that the parameterization of the extrinsic apoptosis pathway in HeLa are
distinct from that in Jurkat and MDA-MB-231 cell lines.

Next, we measured the probability density of single cell mitochondria density (p) of live cells for different doses of
TRAIL. Qualitative analysis of the density plots in Supplementary Figure 11, shows a weak enrichment for cells with
relatively high mitochondria densities. We quantified this effect by applying DEPICTIVE to TRAIL dose responses
for three distinct doses of ABT263. Supplementary Figure 11 shows that DEPICTIVE fits the data well (R? > 0.99),
indicating that the estimates of the variance explained are not incorrect on account of a discrepancy between the
model’s behavior and the empirical results. In Table 5 we see that the maximum fraction of variance explained by
mitochondria density is & 3%. This is in distinct contrast to the results of MDA-MB-231 in the main text Figure 6,
where the addition of ABT263 increases the variance explained by mitochondria density to >25%. Together, our
results suggest that mitochondria weakly contributes to the observed diversity of single cell sensitivities to TRAIL.

The data presented in Supplementary Figure 11 establishes that the mitochondria dependent response of HelLa
cells to TRAIL, or the combination of TRAIL and ABT263, is fundamentally different from that of Jurkat and
MDA-MB-231. We interpret this result to indicate that mitochondria density does not control the propensity of
HeLa cells for TRAIL induced apoptosis. Indeed, such a result seems paradoxical to those of Marquez-Jurado et
al. [11], until we consider the differences in our experimental design and analysis.

In the novel work of Marquez-Jurado et al. [11], they measure the time to death of single cells by microscopy. In
this experimental assay, they were able to use single cell tracking to link a cell’s mitochondria abundance at time 0
with its fate at 24 hours. With this experimental design they were able measure the mitochondria abundances for
cells that remained alive and those that transitioned to the dead state. The apparent 5-fold higher IC5¢ we report has
to do with the much shorter 4 hour time-span of our experiment and that we computed the effective TRAIL IC5¢ by
using the maximum amplitude of the cell death response to TRAIL, which we believe reflects the effective outcome
of TRAIL signaling. Indeed, when we calculate relative TRAIL IC5q for Hela cells as done by Méarquez-Jurado et
al., we obtain a much closer ICs5q value around 80ng/ml. Also, in Figure 2 of their manuscript they show that the
average mitochondria abundance for cells that transition from live to dead decreases with TRAIL. Moreover, by
qualitative inspection the mean mitochondria abundance among the live cells remains relatively constant. Indeed,
as TRAIL increases the average mitochondria abundance among live and dead cells converges, which is consistent
with their quantitative analysis by measuring the AUC. While a truly interesting insight, our experimental design
fundamentally cannot measure the phenomena they report.

In our single time-point experimental assay, we measured a cell’s mitochondria abundance if it survived TRAIL
treatment. Indeed, consistent with the results of Marquez-Jurado et al. [11], our results in Supplemental Figure 11
and Table 1 indicate that the abundance of mitochondria per live cell does not change with TRAIL dosage. If, we
were able to measure the mitochondria abundance of the cells that transitioned from live to dead states, perhaps
we would have come to the identical conclusion for the HeLa cell experiment. In consequence, we believe that our
results and those of Marquez-Jurado et al. [11] complement one another.

Table 5: Variance Explained. The variance explained by either p or SSC/FSC

[ABT263] (uM) Variance Explained (p) Variance Explained (SSC/FSC)

0 0.0147 3.7524 x 10712
1 0.0330 0.0555
10 0.0259 0.1011
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Supplementary Figure 11: HeLa cell measurements. Each row displays the identical analysis applied to TRAIL
dose response data in which a unique dose of ABT263 has been administered to the cell cultures. The analysis of each
row, from left to right, consists of the following. The distribution of Mitotracker DeepRed density among living cells,
P(Ln(p)|alive, T, ABT263). The measurements and model fits of the fraction of cells alive, the average mitochondria
density of live cells, and the average side scatter density estimated by the single cell Hill model using the inferred

parameters. Lastly, the agreement of the inferred and empirical fraction of cells alive, the average mitochondria and
SSC/FSC densities of live cells.
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Supplementary Note 6 Dynamic model of apoptosis

There are several comprehensive dynamic models of the apoptosis pathway in the literature, e.g [2] and [3]. Unique
to these studies, our analysis represents a parameter sensitivity analysis of mitochondria surface area and whether it
controls regulated cell death. As such, we decided to develop a simpler coarse grained dynamic model of apoptosis
where only the biological constituents that are experimentally measured or perturbed are included. In particular we
assume that Bax and Bak have interchangeable roles, but for now on will use just Bax for simplicity.

We construct our simplified description of TRAIL induced mitochondria dependent apoptosis by writing the
dynamics of active initiator caspase (c) as,

autocatalysis degradation
dc = ~
- = Fcoco + Fccf(T)CoC + FczZCo - )\('C (24)
dt S~ ~——
Spontaneous production Feedback from EC

Eq. 24 contains three sources of active caspase production and one process for degradation. The production fluxes
are determined by the spontaneous generation of active IC, the autocatalysis of active IC by active IC and TRAIL
induced death receptor complex, and feedback from the effector caspase (EC). We assume that abundance of active
IC is reduced by a simple one step process. We model Bax activity by its translocation to the mitochondria surface,

dxmito

dt

Take note that the concentration of Bax associated with the mitochondria is in terms of the total cell volume.
Additionally, we assume that the mitochondria absorption of Bax monomers is never limiting. Once on the surface
of the mitochondria Bax polymerizes, eventually forming pores in the outer-mitochondria membrane. We model this
process by computing the time evolution of each Bax k-mer concentration, z with k € {2,3,...}, as

d
%: Z fkij

k.ji€{wi}

=T2cC — AyZmito- (25)

where fi;; represents the equilibrium reaction k,yx;x; — ky—xk, and {wy} is the set of triplets describing all the
equilibrium reactions associated with xy. For example,

fa12 = kpy @120 — ky_3 and fo11 = kppm121 — Ky 0.

Similarly, we describe the dynamics of Bcl-2 monomers on the mitochondria surface,

db

% = kb_xb — kb+x1b
and lastly the activation of effector caspase (z),

dz Ny,

— =T - A y

dt q 7

whose production is proportional to the density of Bax pores N, over the cell volume 2. Variable definitions can
be found in Table 6.

Measurements of both IC and EC activity represents the activation of biomolecules preceding and proceeding
mitochondria outer-membrane permeabilization (MOMP, Figure 5A in the main text, [1]). These dynamics show
that prior to MOMP, the Initiator Caspase Reporter Protein (IC-RP) and not the Effector Caspase Reporter Protein
(EC-RP) increase in abundance [1]. Post-MOMP, EC-RP signal quickly increases and saturates. Such dynamics
reflect a system in which the IC-RP levels are changing according to some dynamical equation, while the EC-RP
abundance exactly follows.

We employ this intuition to simplify the system of ordinary nonlinear differential equations into a single dynamic
equation that represents the concentration of active IC. In doing so, we rely upon the quasi-steady state approximation
to eliminate dynamical equations associated with reactions (Table 6) that are much faster than the dynamics of c.

We begin our application of the quasi-steady state approximation with the dynamic equation of EC abundance,

dz N,
T _r,
dt Q

N,
— = (26)
a,

—Az=0
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where o, is an an effective meta parameter. Moreover, we assumed that the total number of EC is not limiting,
specifically that the total number of effector caspase is much more abundant than the number of Bax pores, IV,,.
Incorporating this into Eq. 24,

de

= (er = 0) (T Teeef (1)~ T2, ) — e (27)

where we applied IC mass conservation to substitute ¢, = ¢p — ¢. Here, we see that the feedback from EC is
proportional to the number of Bax pores on the mitochondria surface.

Physically, the formation of a Bax pore is simply making an m length polymer from chemical equilibrium reactions
that are much faster than the dynamics of c. This means that we can apply detailed balance, fi;; = 0, to all physically
possible triplets, kij, and consequently simplify our system of ODE’s to algebraic equations,

Jrth—11 = ke Tp—171 — kp—x =0 for k € {2,3,...,m}

k
— xk—k (i1> s

where k; = ky— /kz+. From this operation, we are able to compute the concentration of any k-mer from knowledge
of the concentration of Bax monomers alone. Similar to the dynamics of Bax k-mer formation are the dynamics of
Bcl-2:Bax dimers,

dxy ke

dt T

(28)

and incorporating into the Bcl-2 mass conservation equation, B = xp, + b,

Bl’l
ky 4+ 1

Ty =

We incorporate the preceding equations by means of the mass conservation equation of Bax,

m
NBax Total — NBC]2:BaX + § ka—mer
k=1

m k
= Quay + Uk Yk (2’1)

k=1
NN, k
Qs . 2
" K Qm + Ny * Z < > (29)

where €, is the surface area of mitochondria. In Eq. 29 we see that by increasing the mitochondria surface area,
the propensity to form Bax k-mers and Bcl-2:Bax dimers decreases.

While we don’t immediately know the total number of Bax monomers on the mitochondria surface, Ngax Total,
we do know the concentration of total active Bax, z.,izo. From Eq. 25, we see that x,,;;, is strictly dependent on
the concentration of IC,

dxmito c
= F:rcc - )\wxmito =0 - Tmito = —»
dt Uy

where «a is the ratio of the degradation to production rates. Then substituting into Eq. 29,

C 1 NBN1 U 1
Q0 - S k&
keag ki kS + Ny * ; <kz§2

Nm)k. (30)

Eq. 30 has only a single root which is not analytically accessible. Only a single root exists, because all coefficients
and variables in the equation are restricted to positive numbers. Consequently, numerical solutions for x; are unique
and physical.

Incorporating these findings in Eq. 27 we have a simplified description of active IC dynamics,

de kamrcz Nl "
& =(er—o) (rw+rccf(T)c+ 5 (m) )—)\Cc. (31)
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Egs. 30, 31 include all the information of our coarse-grained description. However, in its current form, the model is
in terms of specific units, e.g. concentration, which are not available in our measurements. To be able to map our
model results to data, we transformed Eqs. 30, 31 into non-dimensional descriptions.

Let the dimensionless time 7 = A t, IC concentration y = i, and Bax monomer concentration { = g—; then
Eq. 31 can be re-written as,
W=t (r O+ O () ) - (32)
where ( is the solution to,
y:BCJerzm:k(C)k. (33)
o Kg€lm +C =\

The coarse-grained variable definitions can be found in Table 7 and parameters in Table 8.

Supplementary Note 6.1 Incorporating Bcl-2 inhibition

The ability of Bcl-2 to sequester Bax monomers can be reduced by the application of a small molecule inhibitor of
Bcl-2 activity, e.g. ABT263. Specifically, its action decreases the number of Bcl-2:Bax complexes that can form, and
consequently is incorporated into our model by means of Bax mass conservation, Eq. 29. To derive the equation of
Bcl-2:Bax complexes in terms of the inhibitor we must begin with the steady state chemical equation,

dbr bl

— =Kol —k_b; =0 = by = —. 34
dt + = = % (34)
Then by mass conservation of Bcl-2,
NB = NBcl—2 monomers 1 NBCI-Q:Bax + NBC1—2:1~ (35)
and substituting Eqgs. 28,34 into Eq. 35,
ky NBcl-2:Bax bl
Np = Qmi NBcl-2:Bax Qmi
B N, + INBcl-2:Bax + T
kam 1
= NBel-2:Bax |1 14+ —
Bcl-2:Ba. [ + M + ks
in which we see that,
NN
NBC1—2:Bax = AL

O,k (1 n ki) + N,

Which we can replace the dimensionless equation of constraint (Eq. 33) with,

y _ B¢ STERY
a_Q,,Lnd(kaI)JrngQmZk(Qm) '

k

Supplementary Note 6.2 Complete model

We incorporate mitochondria abundance, Bcl-2 family proteins, and Bcl-2 inhibitors to the dimensionless Eq. 32 to
arrive at our mathematical description of apoptosis,

EC Feedback
Spontaneous production

= e ¢ "
== (yp — T T - —y. 36
= r y)( r W mom M(Qm) ) y (36)
—_———

Receptor activation
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Table 7: Coarse-grained variables

Variable Description units
Y active form of Initiator Caspase dimensionless
¢ Bax monomers on the mitochondria surface dimensionless
B total Bel-2 molecules on mitochondria surface dimensionless
I concentration of Bcl-2 inhibitor ABT263 nM
T TRAIL dose ng/mL

These dynamics are constrained such that the total number of Bax and Bcl-2 molecules are conserved,

Bax-Bcl2 Complex

g_ QB m i k
a—Qmﬂd(1+é)+C+szk:k<Qm> y (37)

Bax k—mers

To simulate dynamics of Eq. 36 we used the fourth-order Runge-Kutta algorithm, where in addition to computing
the fluxes at each time step we numerically solve Eq. 37 for ¢ using Scipy’s optimize.bisect function. A detailed list
of variable (Table 7) and parameter definitions (Table 8) are provided.

In addition to simulating the dynamics of y, we use Egs. 36, 37 to study the bifurcation diagrams of the apoptosis
pathway and to infer the rate constants r, 4 and v from single cell temporal measurements of IC. The bifurcation
diagrams in Figures 5D-G of the main text, were constructed by numerically solving for the fixed points of Eq. 36 with
Scipy’s optimize.bisect function for different mitochondria surface areas. Details on the methods to infer dynamic
parameters can be found in the section on quantification and statistical analysis.

Supplementary Note 6.3 Stochastic dynamic simulations

We simulated the stochastic dynamics of active initiator caspase abundance using the chemical Langevin equation.
We derived the Langevin equation by approximating the chemical Master equation to second order, the so-called
Fokker-Planck equation [14]. The first order ”drift” and second ”diffusion” terms represent the deterministic reactions
and the magnitude of the stochastic force in the Langevin equation. This representation is an approximate model to
the inherent stochasticity of chemical reactions.

Consider the Master equation corresponding to the activation and degradation of initiator caspase molecules,

9P, (t)
ot

=g(n = 1) Py s(t) + d(n+1)Ppys(t) = (9(n) + d(n)) P, (t) (38)

where n represents the number of molecules, while g(n) and d(n) are functions representing the generative and
degradation transition probabilities, respectively. Instead of working with the discrete variable n, we may re-express
Eq. 38 in terms of our dimensionless density variable y = ,%LQ and jump sizes ¢ = k:Q, with €. Similar to Kepler
and Elston [10], let,

n+0/2
Pt)= [ Pty
y=n—~L/2

and substitute,

g(n) =k Qf4(y),  and  d(n) =k Qf-(y)
into the Eq. 38,

OP(y, )

g, = ka2 frly=OPy—£,7)+ [-(y+OPy+L4,7)— (f+(y) + f-(v) Py, 7)], (39)

the chemical Master equation in terms of y, 7, and ¢ [8]. Next, we use this chemical Master equation to derive the

corresponding Fokker-Planck equation.
Lets write Eq. 39 in terms of f(y) and P(y,7) by applying the shift operator [14,15],

Fily £ OP(y£0) = =0/ () P(y, 7)
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with .7 € {+7 _}7

OP(y,T)

ST = ke [(e7 = 1) fr ) + (¢ = 1) £-()] Py ). (40)

If we expand Eq. 40 in terms of ¢ about ¢ = 0 we obtain the infinite series,

ST) = > ka0 (0" (o) + -] P, (41)

n=0

which at first glance appears needlessly complex. However, we may statistically interpret the coefficients of Eq. 41
through the perspective of the Kramers-Moyal expansion,

8P(y’7-) _ = i (n)

where the coefficients D™ (y) = lima, o %ﬁMn(y, T+ A7, 7) [14,15] represent the change of the n** moment in
the infinitesimal time A7. Under this interpretation, the zeroth order coefficient of Eq. 41 must be zero due to the
fact that probability densities always normalize. Meanwhile, the first and second order coefficients represent the drift
and diffusion of the stochastic process governing y. Truncating Eq. 41 at second order manifests as the so-called
Fokker-Planck equation of our dimensionless chemical system, with drift and diffusion described by,

DW(y) = f+(y) = f-() (43)
D) = 5 (1) + 1-). (14

Then the corresponding chemical Langevin equation is simply,

W = pW(y) + /DO (15)

where,

€@) =0 and @)et+ 7)) =o(r),

which is in agreement with derivations [8]. We simulate the dynamics of initiator caspase abundance, y, using the
1t6 interpretation of the Langevin equation in Eq. 45.

Supplementary Note 6.4 Inferring dynamic model parameters

To constrain cell type specific parameter sets for our dynamic model of apoptosis we corroborated the predicted
dynamics with previously published data as the best proxy available given there are no measurements for the dynamics
of Initiator and effector caspases in the cell lines we used. Specifically, we fit the parameters r, v, and p to temporal
single cell measurements of a reporter of initiator caspase activity (IC-RP) published in Albeck et al. 2008.

To fit the data to our dimensionless model, we transformed time and the IC-RP measurements to dimensionless
units. First, we aligned the trajectories of ten individual cells by the time in which MOMP occurred, and restricted
the time interval of interest, ¢, to t = tpyjompt 3.3 hours. We then introduced dimensionless time as 7 = ¢/ (). The
IC-RP signal was normalized so that the signal ranges between 0 and 1. Specifically, the normalized signal, y, from
the i*" time point measurement of the j** cell was computed by,

IC—RPZ‘J‘ — min(IC—RPj)
max(IC-RP;) — min(IC-RP;)"

Yij =
We infer the model parameters by minimizing the negative log-likelihood of the model evaluated at each timepoint
under saturating (s = 1)and zero (s = 0) TRAIL stimulation,

N

; {Z ({y) = f(riss = 1,0)) (o) — f(miss = 0,0))° } |

6 = argmin 5 +

0 im1 g; (vo) 6)

Here, f(7:;s,0) is the signal predicted by the deterministic dynamic model evaluated at time 7; and stimulation
strength s. The (y;) and ¢? are the mean and the standard error of the mean of the normalized experimental data
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Supplementary Figure 12: Profile likelihood of Jurkat Model.
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Supplementary Figure 13: Profile likelihood of MDA-MB-231 Model.

measured at time point 7;. Lastly, for consistency with our model, we require that all inferred model parameters to be
positive values. The optimization in Eq. 46 was performed using Scipy’s nonlinear optimization tool, optimize.fmin,
[9].

Often, estimating the confidence intervals of the inferred parameters from biological nonlinear dynamic models is
challenging. This is on account, that the negative log likelihood of a parameter set may not be that of a multivariate
Normal distribution. Indeed, practioners have long appreciated that such models can exhibit irregular log-likelihood
functions in the form of many local minima, structural non-identifiability or practical non-identifiability [13]. One
way to analyze the extent of the log-likelihood function irregularities is to estimate the confidence intervals from the
profile likelihood. The profile likelihood of the i* parameter is the the error Eq. 46, or X2, estimated by optimizing
all parameters 0, given specific values of 6;. By plotting the profile likelihood for each parameter we can graphically
analyze the models goodness-of-fit and estimate the corresponding confidence intervals.

In Figures 12, 13 we show the profile likelihood of each parameter in our Jurkat and MDA-MB-231 models,
respectively. For each parameter we estimated the Ax? = x2(6;) — min(x?(¢;) for 100 values logarithmically spaced
on the interval [éz /10, 100@]. We then computed the 95% confidence intervals by finding 6 such that the profile
likelihood and the Ax?, computed for 95% quantile scipy.stats.chi2 [9], intersect. Although the profile likelihood for
r is practically non-identifiable as very shallow and unbounded below, given that for the biological interpretation of
the model we were only interested in positive values, the origin was considered as a lower bound.
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Supplementary Figure 14: Mitochondria density and Bak measurements in surviving Jurkat cells. A.
Flow cytometry 2D plots of 7-point dose response to TRAIL at 4h. Live cell gate with fraction of cells that survived
TRAIL shown on plots. Gating strategy as described in Sup.Note 1. Measurements (a.f.u.) of Mitotracker DeepRed
represented on the yy axes. Measurements (a.f.u.) of Annexin V-FITC represented on the xx axes. Plots shown
representative of three replicates. B. Western immunoblot of Bak and Actin in whole cell lysates harvested from
the surviving cells isolated by FACS sorter from the ”live gate” depicted in A. Blot shown representative of three
replicates. C. Levels of Bak protein and Mitochondria density measured by western and flow cytometry, respectively,
in surviving cells for each dose of TRAIL. For each sample, signal intensity of Bak bands from three blots were divided
by corresponding intensity of actin bands, then normalized to the sample without TRAIL. Signal for Mitochondria
density in surviving cells from the ”live gate” was computed by dividing the average MitoTracker fluorescence
intensity (a.f.u.) by the average forward scatter values (a.s.u.), and then normalized to the sample without TRAIL.
Normalized signals of Bak protein and Mitochondria density were plotted against average fraction alive, in orange
and blue, respectively. Error bars represent three replicates. Antibodies: beta-Actin (clone D6AS, Cell Signaling,
cat. No. 8457); Bak (clone D4E4, Cell Signaling, cat. No. 12105);
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Supplementary Figure 15: Mitochondria density and Bak measurements in surviving MDA-MB-231 cells.
A. Flow cytometry 2D plots of 6-point dose response to TRAIL and 1uM ABT263 for all doses at 4h. Live cell gate
with fraction of cells that survived TRAIL shown on plots. Gating strategy as described in Sup.Note 1. Measurements
(a.f.u.) of Mitotracker DeepRed represented on the yy axes. Measurements (a.f.u.) of Annexin V-FITC represented
on the xx axes. Plots shown representative of three replicates. B. Western immunoblot of Bak and Actin in whole
cell lysates harvested from the surviving cells isolated by FACS sorter from the "live gate” depicted in A. Blot shown
representative of three replicates. C. Levels of Bak protein and Mitochondria density measured by western and flow
cytometry, respectively, in surviving cells for each dose of TRAIL. For each sample, signal intensity of Bak bands
from three blots were divided by corresponding intensity of actin bands, then normalized to the sample without
TRATIL. Signal for Mitochondria density in surviving cells from the ”live gate” was computed by dividing the average
MitoTracker fluorescence intensity (a.f.u.) by the average forward scatter values (a.s.u.), and then normalized to the
sample without TRAIL. Normalized signals of Bak protein and Mitochondria density were plotted against average
fraction alive, in orange and blue, respectively. Error bars represent two replicates. Antibodies: beta-Actin (clone
D6AS, Cell Signaling, cat. No. 8457); Bak (clone D4E4, Cell Signaling, cat. No. 12105);
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Supplementary Figure 16: Bcl-2-family proteins in Jurkat, MDA-MB-231 and Hela cells.Representative
western blot results showing relative abundances of Bcl-2-family proteins in different cell lines. Briefly, whole cell
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lysates were harvested from Jurkat, MDA231, and HeLa cells as previously described [5].

8392).
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Total protein (50 ug
per well) was loaded into PAGE gels (cat. No. 456-9034), ran for 180 minutes (50 V), and then transferred to

nitrocellulose membranes (0.45um, Bio-Rad, cat. No. 1620145) for 70 minutes (220 mA). Membranes were blocked
and probed with antibodies against Actin for all blots, A.Bak B. Bak C. Bcl-2 D. Bel-XL. Antibodies: beta-Actin
(clone D6AS, Cell Signaling, cat. No. 8457); Bak (clone D4E4, Cell Signaling, cat. No. 12105); Bax (clone 2D2,
Santa Cruz, cat. No. 20067); Bcl-2 (clone 100, Santa Cruz, cat. No. 509); Bel-XL (clone H-5, Santa Cruz, cat. No.
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