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TRAIL-induced variation of cell signaling states provides
nonheritable resistance to apoptosis
Reema Baskar1,2,* , Harris G Fienberg2,3,*, Zumana Khair2 , Patricia Favaro2, Sam Kimmey2,4 , Douglas R Green5,
Garry P Nolan6, Sylvia Plevritis1, Sean C Bendall2,3

TNFα-related apoptosis-inducing ligand (TRAIL), specifically
initiates programmed cell death, but often fails to eradicate all cells,
making it an ineffective therapy for cancer. This fractional killing
is linked to cellular variation that bulk assays cannot capture.
Here, we quantify the diversity in cellular signaling responses to
TRAIL, linking it to apoptotic frequency across numerous cell
systems with single-cell mass cytometry (CyTOF). Although all
cells respond to TRAIL, a variable fraction persists without ap-
optotic progression. This cell-specific behavior is nonheritable
where both the TRAIL-induced signaling responses and frequency
of apoptotic resistance remain unaffected by prior exposure. The
diversity of signaling states upon exposure is correlated to TRAIL
resistance. Concomitantly, constricting the variation in signaling
response with kinase inhibitors proportionally decreases TRAIL
resistance. Simultaneously, TRAIL-induced de novo translation in
resistant cells, when blocked by cycloheximide, abrogated all
TRAIL resistance. This work highlights how cell signaling diversity,
and subsequent translation response, relates to nonheritable
fractional escape from TRAIL-induced apoptosis. This refined
view of TRAIL resistance provides new avenues to study death
ligands in general.
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Introduction

Chemotherapeutic drug resistance is one of the critical impedi-
ments to successful malignant tumor treatment in humans. Con-
ventional thinking is that a subset of tumor cells variably persists in
the face of cytotoxic drugs because of preexisting genetic differ-
ences that confer a cell state with a selective survival advantage.
However, it has been shown that genetically identical tumor cells
display variable cell states that allow differences in response to
chemotherapy drug, thereby highlighting a nongenetic basis of
resistance that has yet to be extensively explored in human cancers

(Brock et al, 2009; Niepel et al, 2009). Variable cell states in tumor
cells arise partly because of differential chromatin accessibility,
which results in different transcriptomes (Cohen et al, 2008; Shaffer
et al, 2017; Litzenburger et al, 2017). Further intercellular differences in
translation and degradation drive stochastic differences in the
proteome and lead to different cell states despite genetical ho-
mogeneity (Brock et al, 2009). In the case of resistance to TNF-related
apoptosis-inducing ligand (TRAIL), stochastic variation in levels of
proteins involved in apoptosis has been implicated as a nongenetic
mechanism of resistance (Spencer et al, 2009; Bertaux et al, 2014).

TRAIL is an endogenous ligand of the TNF family that has been
shown to target and induce apoptosis in tumor cells selectively
(Wiley et al, 1995; Ashkenazi et al, 1999; Walczak et al, 1999). It binds
death receptors (DR4/5) to initiate the formation of death-inducing
signaling complexes (DISCs) with the recruitment of adaptor protein
FADD (FAS-associated death domain protein) (Kischkel et al, 1995).
FADD subsequently activates high levels of pro-caspase 8 and 10
for eventual cell death in type I cells (Boatright et al, 2003; Kantari
& Walczak, 2011). In type II cells, additional Bid cleavage and pro-
apoptotic Bcl2 family members are required for mitochondrial outer
membrane permeabilization and cell death (Özören & El-Deiry, 2002;
Rudner et al, 2005). Recombinant TRAIL ligand and monoclonal ag-
onist antibodies to death receptor (DR4/5) were developed as cancer
therapeutics but were found to be clinically ineffective, likely because
of widespread resistance to TRAIL-induced apoptosis (Herbst et al,
2010; Holland, 2014).

Tumor cells exhibit fractional cell death when exposed to TRAIL,
even at saturating levels in vitro, with only a proportion of cells
inducing apoptosis (Flusberg et al, 2013; Pavet et al, 2014; Roux et al,
2015). Furthermore, the observed resistance was found to be
transient, as tumor cells previously treated with TRAIL demonstrate
similar fractional death upon subsequent TRAIL exposure (Spencer
et al, 2009; Flusberg et al, 2013). This transient fractional killing is in
part explained by the double role of TRAIL in apoptosis canonically
as well as in noncanonical, pro-survival, pro-inflammatory, and
proliferative signaling (Azijli et al, 2013; Flusberg et al, 2013; Flusberg
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& Sorger, 2015; Shlyakhtina et al, 2017). Key transcription factor NF-
κB is activated downstream of TRAIL by DISC phosphorylation and
subsequent degradation of NF-κB agonist, IκBα (Chaudhary et al,
1997; Jeremias & Debatin, 1998; Ehrhardt et al, 2003; Luo et al, 2005).
Other noncanonical signaling pathways such as ERK, Akt, p38, Jnk,
and mTOR have been implicated in resistance to TRAIL-induced
apoptosis (Azijli et al, 2013; Kim et al, 2000; Lee et al, 2002;
Mühlenbeck et al, 1998; Panner et al, 2005; Vaculová et al, 2006;
Xu et al, 2010; Zauli et al, 2005). However, much of this work has been
carried out in different cancer cell types and bulk populations. The
variety of cell states present before and after TRAIL exposure as well
as critical signaling modalities that might be conserved across
cancer types has yet to be interrogated.

In addition to survival pathway activation, fractional killing by
TRAIL has also been explained by variation in pro and anti-apoptotic
protein abundance in tumor cells because of genetic aberrations or
nongenetic mechanisms (Zhang & Fang, 2005). Studies characterized
nongenetic mechanisms of variation in levels of anti-apoptotic pro-
tein cellular FLICE (c-FLIP), which binds to FADD and prevents for-
mation of DISC, in spatial organization of DR4/5 and in rate and
duration of initiator caspase activation by DISC (French et al, 2015;
Marconi et al, 2013; Roux et al, 2015; Twomey et al, 2015). Recent work
indicates that multiple mechanisms might be at play simultaneously
to result in intercellular variation and, therefore, cell states of re-
sistance (Ramirez et al, 2016; Salgia & Kulkarni, 2018). This underlines
the need for a single-cell approach to capture multi-dimensional
cell states. New single-cell proteomic technologies, such as mass
cytometry, allow us to identify apoptotic and survival cell states in a
multiplexed and high-throughput fashion upon TRAIL exposure and
analyze the intercellular variation that might be driving resistance
(Bendall et al, 2011; Fienberg & Nolan, 2014).

To that end, we interrogated TRAIL responsiveness across 10 human
cell lines, representing a multitude of cell lineages, under several
experimental conditions; followed by simultaneous, single-cell in-
terrogation of canonical and noncanonical apoptotic and survival
signaling pathways downstream of TRAIL with mass cytometry. This
enabled us to probe multiple layers of the cellular response to
TRAIL, including tracking of crucial kinase signal transduction,
apoptotic induction, cell cycle status, and de novo protein syn-
thesis, as they relate to apoptotic escape. We show that each tumor
cell line has a different level of fractional killing and surprisingly
have distinct yet conserved signaling responses to TRAIL. We
highlight the role of cell-to-cell variation in the survival signaling
pathways in TRAIL resistance for the first time, paralleling variation
found in the canonical apoptotic induction pathways (Spencer et al,
2009). We also show for the first time that the abundance of TRAIL
receptor 1 (death receptor 4 [DR4]) on the cell surface before TRAIL
exposure could dictate noncanonical response and, therefore,
resistance to TRAIL across cell lines.

Cellular heterogeneity of tumors and its involvement in de-
veloping resistance to chemotherapies is known, but we are yet to
quantify it robustly and decode the underlying conserved mech-
anisms that are driving this cell-to-cell variation (Fallahi-Sichani
et al, 2013; Sun & Yu, 2015). To quantify this, we used Shannon
diversity index as a multidimensional signaling heterogeneity
metric to analyze the effect of TRAIL on signaling states in cancer
cells. We then altered the signaling diversity by reducing the

permissible signaling states of resistance using inhibitors to critical
signaling pathways during TRAIL treatment. Importantly, we found
that the altered signaling diversity inversely correlates significantly
with level of resistance to different combination therapies. Fur-
thermore, through simultaneous application of a novel single-cell
translation assay, we found TRAIL-induced de novo protein syn-
thesis in these same resistant cells. A specific, short-term blockade
of this with a sub-cytotoxic dose of cycloheximide could effectively
abrogate all TRAIL resistance, resulting in apoptosis of all cells
treated. Collectively, this work highlights the integral role of variation
in a noncanonical signaling pathway that seems to lead to translation
of protein factors that contribute to a nongenetic mechanism of
resistance to TRAIL-induced apoptosis. This lays the groundwork for
building comprehensive models of TRAIL resistance which in-
corporates single-cell readouts of apoptosis, survival signaling, and
cell physiology activity.

Results

Cells variably persist in TRAIL across cancer lines

TRAIL-induced apoptosis progresses asynchronously over hours,
engaging the canonical external apoptotic pathway as well as the
noncanonical survival signaling pathways (Flusberg & Sorger, 2015;
Shlyakhtina et al, 2017). It is also known to interact with the cell cycle
processes of tumor cells (Ehrhardt et al, 2012, 2013). To gain a
systems-level perspective on TRAIL resistance, we treated 10 cancer
cell lines representing varied cancer types with TRAIL and analyzed
their single-cell responses across all three processes using a panel
of 30 markers covering apoptotic response, signaling response, cell
cycle status, and translation rate with mass cytometry (Fig 1A and
Table S1) (Bendall et al, 2011).

We profiled the apoptotic status of tumor cells with antibodies to
cleaved caspase 3 (cCasp3) and cleaved poly (ADP-ribose) poly-
merase (cPARP). In HeLa C9 and NCIH460 cell lines, the percentage
of viable, non-apoptotic cells decreased with increasing exposure
to TRAIL (Figs 1B and S1A and B). Most viable cells moved out of the
non-apoptotic gate (cCasp3low and cPARPlow), whereas a proportion
of cells remained and exhibited the fractional killing phenomenon
(Figs 1B and S1A and B, black arrow). Interestingly, even at the level
of apoptotic reporters, HeLa C9 and NCIH460 cells have different
patterns of progression with HeLa C9 cells having a more contin-
uous increase in cCasp3 and cPARP (Figs 1B and S1B). Even with this
trend, the proportion of non-apoptotic cells levels out after
reaching a threshold around 5–7 h, despite continued TRAIL ex-
posure till 24 h (Fig 1C, black line). Moreover, this phenomenon of
fractional killing has even been observed with increasing con-
centration of TRAIL (Flusberg et al, 2013). Fractional killing occurs
despite altering the treatment duration or dosage of TRAIL which
hints at an underlying conserved mechanism of resistance at play.

To better understand what might be underlying this phenom-
enon, we investigated the level of fractional killing by TRAIL across
cancer types with 10 different cancer cell lines (Fig 1D). We cal-
culated a survivor quotient (SQ, ratio of percentage of non-apoptotic
cells after TRAIL treatment to the percentage before treatment) to
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Figure 1. Cell type–specific persistence in TRAIL-induced apoptosis.
(A) Overview of experimental pipeline. 10 different cancer cell lines representing different cancer types were treated with 50 ng/ml recombinant TRAIL and harvested
for analysis onmass cytometry after intracellular staining with metal isotope-conjugated antibodies to apoptotic, survival signaling, and cell cycle proteins. (B) Live HeLa
C9 cells were gated based on cisplatin for live/dead staining (Fienberg et al, 2012). Canonical apoptosis markers, cleaved caspase 3 (cCasp3), and cPARP were captured on
live HeLa C9 cells with increasing exposure to TRAIL. The percentage of live cells in the black non-apoptotic gate is indicated. The black arrows visualize direction of
movement of population with time. (C) The percentage of non-apoptotic HeLa C9 cells (cCasp3low and cPARPlow) is tracked from 0–24 h of treatment with TRAIL. The dotted
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quantify the level of resistance to TRAIL-induced apoptosis after 6 h
of TRAIL treatment. The different cancer types have highly varying
levels of apoptotic resistance, as signified by the varying SQ (Fig 1D,
green value). Previous work suggested that endogenous preexisting
levels of apoptotic regulators, such as DR4 and c-FLIP, might explain
the differential levels of resistance (French et al, 2015; Li et al, 2011;
Zang et al, 2014; Zong et al, 2009).

To explore this possibility, we captured the abundance of DR4
protein on the cell surface membrane of 11 endogenous cell lines
using flow cytometry after validating the antibody on mRNA level-
based positive and negative cell line controls (Figs 1E, and S1E and F).
The level of DR4 differed between cell lines and did not show
high variation within each cell line (Figs 1E and S1F). We correlated
the level of DR4 protein to our calculated SQ across cell lines and
interestingly found a significant positive correlation indicating that
higher levels of DR4 corresponded to greater resistance to TRAIL-
induced apoptosis (Fig 1F). Similarly, we show a positive correlation
between SQ and mRNA levels of TNFRSF10A, given mRNA and protein
abundance levels of DR4 are highly correlated (Fig S1C and D). This
strongly highlights the need to interrogate the noncanonical response
to TRAIL binding DR4 as it results in a non-apoptotic cellular response
over apoptosis.

All the 10 cell lines we tested have a proportion of viable, non-
apoptotic cells remaining after 6 h of TRAIL treatment (Fig 1D).
However, like the pattern of the apoptotic factors cCasp3 and
cPARP, these resistant cells did not respond similarly to TRAIL with
respect to regulatory cell signaling (Fig 1E). For example, phos-
phorylation of ribosomal protein S6 is a known mediator of TRAIL
signaling and works in the mTOR pathway to primarily regulate
translation (Jeon et al, 2008; Panner et al, 2005; Sridharan and Basu,
2011). It has been implicated in other drug resistance phenomenon
as well and highlights the role of translation in acquisition of re-
sistance (Sun et al, 2014; Gao et al, 2018). Levels of phosphorylated
S6 (pS6) change with TRAIL exposure differentially between cell
lines (Fig 1G). This cell type–specific fractional killing combined with
DR4 correlating to resistance and differential pS6 response to TRAIL
underlines the need to more broadly assay signaling responses to
TRAIL and the relationship to apoptotic escape.

Repeat TRAIL signaling responses are consistent and resistance is
not heritable

Genetic aberrations that confer resistance is selected for by drug
and persists heritably through cell divisions (Klein, 2009; Hu &
Zhang, 2016; Salgia & Kulkarni, 2018). The involvement of nongenetic
mechanisms is revealed by the inability to sustain the resistant
phenotype. Previous work shows that the acquired resistant cell
state cannot persist beyond immediate re-treatment (under 2 d)
with cells resetting and exhibiting similar fractional killing and
transcriptome as cells with no prior exposure to TRAIL (Flusberg
et al, 2013). We built upon these findings by re-treating two known

resistant cell lines of diverse cancer types of cervical and lung
cancer, HeLa C9, and NCIH460, with TRAIL 10 d after an initial
treatment, followed by mass cytometry analysis (Fig 2A, top). Cells
from the two cell lines exhibit similar levels of apoptotic induction
regardless of prior exposure to TRAIL (Fig 2A, bottom). Furthermore,
the resistance potential of a cancer type is conserved across bi-
ological replicates as shown by the conserved frequency of re-
sistant colonies in clonal plating assays (Figs 2B and S2A).

To investigate how regulatory signaling induced by TRAIL changes
with repeat exposure and between cell lines, we built a mass
cytometry panel consisting of known apoptotic proteins and
noncanonical signaling proteins implicated downstream of TRAIL
activation to quantitatively capture behavior in single resistant
cells (Table S1 and Fig 2C). We probed the signaling response of cells
to TRAIL before and after the 10 d “drug holiday” (Fig 2A, top) and
show that they have highly correlated signaling profiles (Figs 2D and
S2C) after repeat exposure. This lack of a differential signaling
memory in TRAIL-resistant cells aligns with the similar apoptotic
and survival cellular responses in these conditions. Importantly, all
non-apoptotic cells, regardless of prior TRAIL exposure, signal in
response to the ligand considering all signaling markers by
t-stochastic neighbor embedding (Fig S2D). However, we note that
this reversible, transient resistant signaling state is not entirely
stochastic and stays consistent across biological replicates (Fig
S2B). The conservation of a resistant signaling response to TRAIL,
regardless of prior exposure, hints at an underlying priming toward
an induced cell survival state previously described in other drug
resistance phenomena (Brown et al, 2014; Smith et al, 2016). Un-
derstanding this state could be key to mitigating apoptotic
resilience.

TRAIL induces cell cycle changes which do not persist or correlate
significantly with resistance

Outside of regulatory cell signaling, another mechanism of drug
resistance can be changes in cell cycle, such as arresting in G1
phase or moving to G0 senescence (Quast et al, 2015; Beaumont
et al, 2016). To investigate the effect of cell cycle on TRAIL resistance,
we gated non-apoptotic cells into the different cell cycle phases
andmapped state changes across a TRAIL treatment time course. In
HeLa C9 cells, we observed changes to cell cycle frequencies with
an increase in G0 cells with a proportional decrease in the S-phase.
This was followed by a return to pretreatment like cell cycle fre-
quencies by 24 h (Figs 3A and S3A) (Behbehani et al, 2012). In-
terestingly, previous work has found TRAIL-mediated proliferation
in resistant cells and higher sensitivity to TRAIL in cell cycle-
arrested cells in different cancer types (Ehrhardt et al, 2013).
Here, the cells adjust to TRAIL exposure and begin to recover their
original cell cycle distributions after 7 h or more of continued TRAIL
exposure (Fig 3A). This time dependency in TRAIL response is seen
for the first time in our work here and highlights the importance of

line indicates a plateau in the fractional killing proportion in the cell line. (D) The live cells at 0 and 6 h of TRAIL treatment is overlaid in dot plots across 10 cell lines with
the percentage of non-apoptotic cells at each time point quantified to calculate the SQ ratio metric. (E) Boxplots show arcsinh-transformed levels of DR4 across cell lines.
(F) Dot plot shows mean abundance of DR4 and SQ across cell lines with Pearson correlation between them. (G) Boxplots of phosphorylated S6 levels in equally
subsampled, untreated and 6 h TRAIL-treated non-apoptotic cells across cell lines.

TRAIL-induced signaling response variation and resistance Baskar et al. https://doi.org/10.26508/lsa.201900554 vol 2 | no 6 | e201900554 4 of 16

https://doi.org/10.26508/lsa.201900554


appropriate exposure lengths to TRAIL for maximal effect before
stable resistance sets in.

At the same time, a different cancer cell line, HCC827, exhibited
different cell cycle dynamics upon TRAIL exposure as cells moved
out of the G1 state (Fig S3B). To more broadly assess this, we looked
at TRAIL-induced cell cycle changes across all 10 cell lines (Fig 3B).
We found that TRAIL-induced cell cycle changes are cell line de-
pendent with different cell lines increasing in specific cell cycle
phases such as G0 phase for NCIH460, HCC827, and Jurkats; G1 phase
for MDAMB231 and Ntera; and M phase for REH and HeLa C9 (Fig 3B).
TRAIL-induced changes in each cell cycle phase as well as the
combined changes across all phases did not correlate with the SQ

of cell lines (data not shown). Consequently, although TRAIL seems
to have selective effects on cell cycle phase, it appears to be cell
type specific without conserved trends and not related to overall
apoptotic resistance of cells.

Resistant cells persist in a TRAIL-induced signaling state

In the paradigm of preexisting genetic aberrations, resistant cells
are selected for by being refractory (i.e., nonresponsive) to a drug. In
acquired resistance, generally, a subset of cells responds and
moves to the resistant state, whereas the rest move to an apoptotic
state before dying. For the first time, we show evidence for an

Figure 2. Apoptotic resistance is not heritable and TRAIL signaling is reset with each exposure.
(A) Overview of TRAIL re-treatment experiment and dot plots of different re-treatment conditions. The percentage of viable cells in the black non-apoptotic gate is as
shown. (B) Clonogenic analysis of resistance by HeLa C9 cells to TRAIL across three technical replicates and two biological replicates (T1 and T2). (C) Schematic of known
apoptotic and survival signaling pathways downstream of TRAIL receptor. Proteins captured for mass cytometry analysis are in red. (D) Heat map of median abundance of
markers between treated and re-treated samples. Red line indicates significant correlation between values.
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Figure 3. All cells respond but resistant cells persist in a TRAIL-induced signaling state.
(A) Line graph of four cell cycle phases tracking percentage of viable HeLa C9 cells in the four cell cycle phases from 0 to 24 h of TRAIL exposure. (B) Heat map of fold
change in percentage of non-apoptotic cells in cell cycle gate between untreated and 6 h TRAIL treatment scaled by column. (C) Heat map is individually scaled column-
wise and colored by the arcsinh ratio relative to 0-h treatment to illustrate the increase or decrease of marker relative to basal state in non-apoptotic HeLa C9 cells.
(D) viSNE representation of 20 K equally subsampled signaling states of cells moving from basal, through TRAIL-induced state to apoptotic state across time points (red
arrows). Maps are colored by cPARP and phosphorylated S6 levels. Black arrow indicates cells that persist in the TRAIL-induced state. (E) Heat map colored by coefficient
of variation of individual markers in equally subsampled, non-apoptotic HeLa C9 cells from 0 to 24 h of TRAIL exposure (individually scaled column-wise). (F) Dot plot
shows mean signaling diversity and SQ across time course of TRAIL treatment and Pearson correlation between them.
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alternative trajectory of acquired resistance where all cells respond
and move to a survival signaling state, but only a subset persists in
it over time and remains resistant with the remaining cells pro-
gressing to an apoptotic state (Fig S3E).

We captured the single-cell responses to increasing exposure of
TRAIL with our mass cytometry panel and charted the signaling
differences from untreated cells (Table S1 and Fig 3C). Many of the
survival signaling proteins have increased activity with higher levels
of phosphorylation after 2 h of TRAIL exposure (Fig 3B). The higher
abundance of RSK2 kinase and phosphorylated p38 kinase is not
sustained with increasing exposure to TRAIL (Fig 3C). The RSK2
kinase is a known modulator of S6 kinase activity and has been
implicated in TRAIL-induced apoptosis through its phosphorylation
and subsequent degradation of pro-apoptotic protein caspase 8
(Panner et al, 2005; Peng et al, 2011). Although RSK2 might be crucial
in mounting resistance to initial exposure to TRAIL, as the cells
tolerize to TRAIL and persist with time, it is likely not required to
maintain the resistant signaling state (Fig S3E). Similarly, activated
p38 kinase is a crucial survival signaling protein that is known to
increase within 2 h of TRAIL exposure, but we show that this does
not persist with more prolonged exposure (Fig 3C) (Piras et al, 2011).
Only two survival signaling proteins, AKT and S6 kinases, are up-
regulated and show higher than basal levels of activation after 5 h
of TRAIL exposure (Fig 3B). This supports the known role of AKT and
its regulation of mTOR and, therefore, S6 kinase in the maintenance
of the TRAIL resistance state (Xu et al, 2010). Other signaling pro-
teins, such as NFkB, have dual roles in TRAIL resistance. It has been
shown that NFkB not only promotes death receptor expression but
also increases expression of apoptosis inhibitor Bcl-xL (Ravi et al,
2001; Luo et al, 2005). The specific levels and activity of the signaling
and apoptotic markers we captured are essential in modulating
anti- or pro-apoptotic responses to TRAIL.

We mapped the high-dimensional signaling response to TRAIL
into lower dimensions using t-stochastic neighbor embedding to
visualize the different cellular states and the frequency of cells in
each state with increasing exposure to TRAIL (Figs 3D and S3D) (Amir
et al, 2013). We identified three distinct states from our signaling
markers: a basal state, a TRAIL-induced state, and an apoptotic
state (Figs 3D and S3D). The time course here demonstrates that
virtually all cells respond to TRAIL by moving from the basal state to
a TRAIL-induced signaling state (Figs 3D and S3D). However, this
state transition is not immediate; the cells only move to the TRAIL-
induced signaling state around 4 h, and are likely tolerized to TRAIL
after 7 h, which is reflected in cell cycle changes andmarker variance
(Fig 3A and E). It is from this intermediate state that a proportion of
cells persist and do not progress to apoptosis, even with continued
TRAIL exposure (Fig 3D, black arrow). This latter transition is likely
dependent on a caspase cleavage cascade in late apoptosis acti-
vation that we further confirmed by applying a caspase inhibitor
which prevented most cells from undergoing this terminal process
(Fig S3C). Our ability to inhibit death by TRAIL indicated a potentially
ordered process of cellular response to TRAIL; therefore, we sought
to model the cellular response to TRAIL as a trajectory.

Our results suggested a linear progression from a basal to TRAIL-
induced signaling state where cells either persist or proceed to
apoptosis (Figs 3D and S3D). We captured the signaling progression
from basal to TRAIL-induced resistant state by building a linear,

pseudo-time trajectory of non-apoptotic cells across time points with
the Wanderlust algorithm (Fig S3E and F) (Bendall et al, 2014a). The
constructed trajectory revealed the rapid transitions that cells un-
derwent in specific signaling proteins and showed the specific states
that cells remained in without progressing to apoptosis (Fig S3D and E).
Given the asynchrony of apoptotic progression, this trend was not
surprisingly hidden within time-based fold change analysis on bulk
populations (Fig 3C) (Spencer et al, 2009). This not only highlights the
need for high-throughput single-cell techniques to model such
processes, but also further emphasizes the previously overlooked role
of noncanonical signaling in resistance to TRAIL-induced apoptosis.

We see a similar pattern of time dependency seen in the cell
cycle and signaling response in the variance of markers across the
TRAIL time course (Figs 3A, S3D, and 3E). Variation is known to be
implicated in nongenetic mechanisms of resistance to TRAIL (Spencer
et al, 2009; Frank&Rosner, 2012). Signaling protein abundances aswell
as their variation changed with exposure to TRAIL (Fig 3C and E). The
signaling markers are relatively homogenous at short exposures.
However, with increasing exposure, the variation in signaling markers
also increases and then decreases towards baseline at 24 h. The
highest variation across all markers is seen around 4–7 h of TRAIL
exposure and coincides with stabilization of the frequency of TRAIL-
resistant cells and full shift to the TRAIL-induced signaling state (Figs
1C and 3E, and S3D). We calculated the variation of individual signaling
proteins using coefficient of variation and we calculated the overall
signaling state diversity with Shannon diversity index on unit-scaled
arcsinh-transformed signaling marker counts. We saw a highly sig-
nificant positive correlation between resistance (SQ) and diversity of
signaling states in non-apoptotic cells (Fig 3F). Variation is likely
playing a role in the noncanonical survival signaling response and,
therefore, resistance to TRAIL-induced apoptosis.

Signaling diversity in response to TRAIL correlates with resistance
to apoptosis

To identify conserved mechanisms of resistance in the signaling
response to TRAIL, we expanded our analysis of single-cell TRAIL
responses at 6 h to 10 cell lines and compared the fold change in
signaling markers from untreated condition (Fig 4B). Much like the
cell cycle behavior in response to TRAIL, the signaling responses
were fairly cell line specific and with some conservation in IkBalpha
and pS6 (Fig 4B). As expected, based on canonical TRAIL signaling
(Fig 2C), most cell lines generally increased NFkB through decreasing
its inhibitor IkBalpha as well as up-regulating phosphorylated S6,
presumably through upstream mTOR or AKT activation (Fig 4B).

To more broadly identify signaling modalities in TRAIL-resistant
cells, we clustered non-apoptotic cells after 6 h of TRAIL treatment
and found eight different signaling states (Fig S4A, left). These
clusters were similar in levels of p4EBP1, pS6, pMAPKAPK, and total
S6, but each cluster was also generally dominated by a single cell
line (Fig S4A). The resistant state with the most substantial number
of cells (cluster 1) is made up of a few cell lines such as HeLa C9,
HCC827, and HeLa and has relatively high levels in more than half of
the signaling markers (Fig S4A, right). However, no signaling state
was present across all TRAIL-sensitive cell lines that represented a
conserved state of resistance from which one could deduce a
mechanism pertaining to one or more signaling proteins.
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Figure 4. TRAIL-induced change in cell signaling entropy correlates with apoptotic resistance across cell types.
(A) Schematic of single-cell analysis carried out across cell lines (B) Heat map of arcsinh fold changes of median abundances of signaling marker between 0 and 6 h of
TRAIL-treated non-apoptotic cells. Heat map rows and columns ordered by hierarchal clustering. (C) Differential Pearson correlation between signaling marker
abundance in untreated and 6-h TRAIL–treated non-apoptotic HeLa C9 cells. (D) Differential Pearson correlation between signalingmarker abundance in untreated and 6-
h TRAIL–treated non-apoptotic NCIH460 cells. (E) Boxplots showingmedian signaling diversity calculated over 14 markers (Table S1) across cell lines (with 1–4 biological
replicates). (F) Dot plot showing median signaling diversity and SQ across cell lines in untreated cells (left) and in 6-h TRAIL–treated cells (right) with Pearson correlation
coefficient and P value displayed.
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With this in mind, we sought to quantify signaling diversity and
understand the relationships between the signaling markers in our
assayed cell lines to find what might correlate with the SQ of cell
lines from our mass cytometry readout of multiplexed, single-cell
signaling response to TRAIL (Fig 4A). Cell lines did not drastically
differ in their signaling marker correlations before and after TRAIL
treatments in individual lines; however, across cell lines, they do
show differences in marker correlations (Figs 4C and D, S4B–E, and
S5A–D). Phosphorylated ERK (extracellular signal-regulated kinase),
IkBalpha, and P90RSK show stronger positive correlations with many of
the other signaling markers after 6 h of TRAIL treatment (Fig 4A). Sig-
naling proteins in NCIH460 show different correlation patterns as can
be seen from the different hierarchal arrangement of markers (Fig 4D).
There is no conserved pattern of signaling protein relationship across
cell lines to identify a universal signaling modality in TRAIL resistance.

Therefore, we hypothesized that the overall cell signaling het-
erogeneity in the noncanonical response to TRAIL might be important
to resistance (Spencer et al, 2009; Roux et al, 2015). We quantified the
signaling diversity in non-apoptotic cells after 6 h of TRAIL resistance
across our 10 cell lines (Fig 4E). Different cell lines showed different
resulting diversity upon TRAIL exposure, with Jurkats showing the
lowest diversity (Fig 4E). Specifically, signaling diversity after TRAIL
treatment and not before correlated significantly with resistance to
TRAIL (SQ), showing that TRAIL might be inducing signaling diversity
(Fig 4F). There is a likely a nonlinear relationship hinting at a resistance
threshold that once reached, cells have similar signaling diversities
regardless of cell type (Fig 4F). Therefore, it is specifically the induction
of variation by TRAIL that underlies the acquisition of resistancewhere
the higher the diversity of signaling states induced by TRAIL, the higher
the ability of the population to persist in the resistant state without
progressing to apoptosis.

Constricting signaling space of TRAIL responses decreases
apoptotic resistance

We were able to relate TRAIL-induced signaling entropy to apo-
ptotic resistance and, therefore, hypothesized that constricting the
diversity in survival pathway responses to TRAIL would lead tomore
cells progressing to apoptosis. To restrict permissible signaling
states, we combined TRAIL with various kinase inhibitors to critical
signaling proteins downstream of TRAIL activation (Fig 5A). Our
combination of inhibitors changed the fractional killing frequency
of cells and resulted in similar or lower SQs (Fig 5B and C, in green).
Interestingly, the signaling response of two cell lines to the com-
bination treatments of TRAIL and inhibitors differed dramatically
with HeLa C9 showing a much stronger up-regulation of signaling
than NCIH460 (Figs 5D and S6A). Inhibitors to p38, PI3K, and mam-
malian target of rapamycin (mTOR), showed compensatory signaling
changes in AKT, AMPK, andHSP27 and expected reduction in pAKT with
PI3K inhibition and reduction in pS6 withmTOR inhibition (Figs 5D and
S6A). These complex changes in signaling modalities in response to
combination TRAIL and inhibitor treatments create challenges in
predicting resistant states and level of fractional killing. As such,
population-level characteristics of single-cell abundances such as
individual marker variation and high-dimensional signaling di-
versity offer a more robust assessment of cellular responses and
prediction of apoptotic response to inhibitor combinations.

Here, we observe that the combination treatments on two cell
lines, HeLa C9 and NCIH460, change the marker variation by restricting
permissible signaling state cells that can occupy when only exposed to
TRAIL (Figs 5B, E, and C, and S6B for each cell line respectively). Cells are
forced to occupy different signaling states, and markers show higher
variation especially with P38 and JNK inhibitors (Fig 5B and E). However,
when we look at the overall signaling diversity across markers and in
two cell lines, we see a significant positive correlation betweendiversity
induced by combination therapy and the resulting difference in re-
sistance (Fig 5F). This is in line with our previous observation that the
induction of signaling diversity by TRAIL is linked to greater resistance
to apoptosis (Figs 4F and 5F). Overall, these data demonstrate that
signaling diversity couldbeusedas ametric to quantify permissible cell
state space of resistance and, therefore, predict the level of fractional
killing and efficacy of combination inhibition (Cheng et al, 2016).

We further dug into the relationship between signaling proteins by
looking at the differential correlation between cells treated with only
TRAIL or with combination therapy (Figs 5G and S6C–E). Interestingly,
phosphorylated IkBalpha and AMP-activated protein kinase (AMPK)
showed themost different correlations withmTOR inhibition (Fig 5G).
There was an increase in mutual information between phosphory-
lated IkBalpha and nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB), indicating that cells are signaling more
strongly through the NFkB pathway and less strongly between
phosphorylated AMPK and NFkB in response to mTOR inhibition (Fig
5H). We are able to broadly capture signaling protein relationships
and signaling pathway flux with our high-dimensional signal cell data
to better understand combination treatment with TRAIL.

TRAIL signaling induced de novo translation is correlated with
increased signaling and apoptotic escape

Because ribosomal protein S6 phosphorylation seen here (Fig 1G) is
an indicator of translational activity, we hypothesized that differ-
ences in translation ratemight be linked to the diversity of signaling
states and contribute to TRAIL resistance. Previous work has shown
the efficacy of treating cancer cells with a combination of TRAIL and
the protein synthesis inhibitor, cycloheximide, to maximize the
apoptotic response (Mori et al, 2005; Spencer et al, 2009). Here, we
treated the cells with cycloheximide at a subcytotoxic dose with or
without TRAIL. By itself, cycloheximide did not induce apoptosis, but
when combined with TRAIL, it resulted in almost no surviving cells
(Figs 6A and S7A) (Mori et al, 2005; Spencer et al, 2009).

To understand the relationship between protein synthesis and
resistance to TRAIL-induced apoptosis across cell lines and combi-
natorial inhibition, we simultaneously captured the relative rate of de
novo translation using a novel single-cell reporter in our panel of
signaling and apoptotic markers (see the Materials and Methods
section) (Kimmey et al, 2019). Interestingly, this revealed that the
TRAIL-responsive, yet resistant, cells exhibited high levels of de novo
translation, which could be abrogated by additional cycloheximide
(Figs 6B and S7B, black arrows). Similarly, the cells that remained non-
apoptotic after kinase inhibition also exhibited high rates of trans-
lation (Fig S7C and D, black circle) even in cases where combination
treatment with kinase inhibitor has a protective effect from TRAIL (i.e.,
mTOR inhibition). Untreated cells do not have as high puromycin
levels as compared with TRAIL or combination therapy treated cells
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Figure 5. Combination therapies decrease resistance to TRAIL by restricting signaling diversity.
(A) Overview of experiment to test combination therapy of TRAIL with kinase inhibitors targeted at key survival signaling proteins. (B) Dot plots showing apoptotic
induction in viable HeLa C9 cells with cCasp3 and cPARP with combination therapies in HeLa C9 cells and SQ shown in green. (C) Dot plots showing apoptotic induction in
viable NCIH460 cells with cCasp3 and cPARP with combination therapies in HeLa C9 cells and SQ shown in green. (D) Heat map of arcsinh fold change of median signaling
marker abundance in non-apoptotic HeLa C9 cells between combination treatments and TRAIL treatment only scaled by markers. (E) Heat map signaling marker
variation (calculated by coefficient of variation) in non-apoptotic HeLa C9 cells scaled column-wise by markers. (F) Dot plot showing fold change in median signaling
diversity and fold change in SQ between only TRAIL and combination therapy treatments with Pearson correlation calculated between them. (G) Differential correlation of
signaling markers between 6-h TRAIL treatment and mTOR inhibitor combination therapy in non-apoptotic HeLa C9 cells. (H) Top differentially correlated marker pairs
from Fig 5G visualized on conditional-Density Resampled Estimate of Mutual Information (DREMI) plots with their scaled mutual information shown.
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suggesting TRAIL treatment was inducing an increase in translation
through the noncanonical signaling response (Fig 6B and C). We see
that the resistant cells have distinct low and high translating pop-
ulations that correspondingly have low and high signaling markers
across combination therapies suggesting a likely feedback loop be-
tween translation and these key signaling proteins (Figs 6C and S7E).

Furthermore, particularly in cell linesmore sensitive to TRAIL (i.e.,
Jurkat and HeLa C9), translation rates are much more increased in

the non-apoptotic cells after TRAIL treatment (Fig 6D). These data
illustrate how translation could be producing protein survival
factors that further increase translation to produce a positive
feedback loop that keeps cells in the noncanonical response and
evading TRAIL-induced apoptosis. Overall, we examine TRAIL re-
sponse in 10 different cell lines and show how TRAIL-induced
signaling diversity and translation correspond to resistance to
TRAIL-induced apoptosis (Fig 6E).

Figure 6. TRAIL-induced increase in translation is linked to apoptotic resistance.
(A) Dot plots showing apoptotic induction (percentage of live, viable cells, in black) in HeLa C9 cells with combination therapy of cycloheximide (protein synthesis
inhibitor) and TRAIL (SQ shown in green). (B) Dot plots showing puromycin levels that track single-cell translation rate in viable HeLa C9 cells with combination therapy of
cycloheximide and TRAIL. (C) Dot plots showing phosphorylated S6 and NFkB in non-apoptotic HeLa C9 cells across combination inhibitor treatments with puromycin
levels in color overlay. (D) Histograms of puromycin levels in non-apoptotic cells across cell lines. (E) Summary schematic of paper showing role of signaling diversity
and translation in resistance to TRAIL-induced apoptosis.
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Discussion

Here, we highlight the role of variation and protein synthesis in the
noncanonical signaling response to TRAIL and how it relates to escape
from TRAIL-induced apoptosis (Fig 6E). We demonstrate that despite
uniform activation across TRAIL-responsive cell lines, the frequency of
cells resistant to apoptosis was highly variable. Moreover, resistant
signaling states are not present before TRAIL treatment and are,
therefore, not selected for. Instead, TRAIL induces different signaling
states across cell lines and the overall change diversity upon treat-
ment correlates with apoptotic resistance at the population level. By
constricting the diversity of achievable TRAIL-induced signaling states
with kinase inhibitors, we could also concomitantly decrease re-
sistance and increase progression to apoptosis. This was directly
associatedwith denovoprotein synthesis in response to TRAIL that we
demonstrated was required for apoptotic escape.

The mechanisms by which cancer cells successfully evade the
action of cell death–inducing therapies ultimately lead to most
cancer fatalities. The traditional understanding of resistance is
where genetic aberrations confer a selective advantage on a subset
of the population is insufficient to explain resistance (Cohen et al,
2008; Lee et al, 2012). Here, we add to the role of nongenetic
mechanisms in driving resistance and the probability of multiple
disparate mechanisms of resistance acting concurrently to confer
resistance (Frank & Rosner, 2012). Integrating information on var-
ious sources of resistance will help us better model resistance to
drugs such as TRAIL which is plagued by unexplainable clinical
inefficacy. To date, resistance to TRAIL therapy is still debated in
part because of the engagement of multiple canonical and non-
canonical signaling pathways downstream of TRAIL. The complex
interplay between these and the resulting heterogeneity in cellular
and patient responses confounds this understanding further.

With this in mind, previous studies have taken clonal, single-cell
approaches to establishing a more systemic resistance mechanism.
For instance, preexisting variation in essential apoptotic proteins in
individual cells due to stochasticity has been previously implicated in
TRAIL resistance (Spencer et al, 2009). This supports the view that
nongenetic resistance to TRAIL is driven by the Darwinian selection of
preexisting cellular features such as protein levels. However, there is a
growing body of literature that characterizes a Lamarckian induction
of cellular features that allow a cell to become resistant upon ex-
posure to the drug (Pisco et al, 2013; Fallahi-Sichani et al, 2017; Shaffer
et al, 2017). Here, we were able to show for the first time that acquired,
nongenetic mechanisms such as induction of survival signaling and
variation in it upon TRAIL exposure allows different cell linemodels to
variably persist and achieve a stable, TRAIL resistant state. This was
uniquely possible through our utilization of highly multiplexed single-
cell signaling assays to characterize the apoptotic response to TRAIL
using mass cytometry (Bendall et al, 2011).

Variation in signaling is known to confer robustness at the
population level and allow differential responses to the same
stimuli (Schaefer et al, 2014). Therefore, it is logical to consider that
the more diverse the signaling states present in a population, the
more robust it is to environmental stimuli. We see this with in-
creased induction of variation in signaling correlating with in-
creased resistance to TRAIL at the population level. By changing the

diversity of signaling states of response using kinase inhibitors, we
showed that cells were concomitantly less robust and more sensitive
toward TRAIL. We quantified high-dimensional heterogeneity in sig-
naling states using Shannondiversity index, andwepurport thatwecan
use this index as a combination therapy design tool (Huang et al, 2017).

Given the crucial role of induced variation in TRAIL resistance,
what might underlie and drive this diversity? We show that higher
levels of de novo translation in TRAIL-resistant cells is directly
associated with the variable TRAIL-induced signaling state. Thus,
the requirement of translation for TRAIL resistance combined with
the associated signaling variability implicates translation induced
by TRAIL as a key contributor to the diversity in resistant states. A
potential link between the population-level behavior in fractional
TRAIL killing, and intracellular control of translation could be that
viable population density might be influencing intracellular sig-
naling pathways that promote translation. The relationship be-
tween cell density and drug resistance has been previously
researched in other drugs, where the Hippo-yes-associated protein
1 pathway has been characterized as a molecular link (Pernicová
et al, 2014; Gujral & Kirschner, 2017; von Manstein & Groner, 2017).
Contact inhibition in TRAIL resistance and its link to translation is
yet unexplored andmight better informmodels of TRAIL resistance.

Apart from translation, epigenetic heterogeneity is also likely
driving differential signaling states. The epigenome controls chro-
matin accessibility to transcription machinery and subsequently in-
fluences protein synthesis and final cell state. The link between the
chromatin accessibility profile and cell state is known, and therefore,
preexisting variation in chromatin state could explain the variation in
TRAIL-induced cell states (Lara-Astiaso et al, 2014). Poised chromatin
states have been shown to lead to drug-tolerant reversible states with
more prolonged exposure permanently altering the epigenome to
allow for more stable resistance (Sharma et al, 2010; Brown et al, 2014).
Single-cell technologies that capture chromatin accessibility profiles
such as single-cell Assay for Transposase-Accessible Chromatin using
sequencing could help explore the influence of epigenomic variability
on the heterogeneity of resistance to cancer drug such as TRAIL
(Buenrostro et al, 2015; Litzenburger et al, 2017). Still, our data indicate
that this state cannot be selected for in the short term, suggesting that
this epigenetically TRAIL-resistant state, if it exists, is part of a con-
tinuum of states whose abundance is cell type specific. Future work
could investigate for common themes in regulatory epigenetic ele-
ments downstream of TRAIL-induced signaling.

Altogether, we applied a single cell, high-dimensional systems
biology approach to study TRAIL resistance which led to us iden-
tifying diversity of signaling states as a new, conserved nongenetic
mechanism of resistance to TRAIL. This nongenetic resistance study
encourages further work to identify and understand its funda-
mental drivers and explore its role in other drugs and cell death
inducing ligands beyond TRAIL.

Materials and Methods

Cell culture

HeLa C9, Ntera2, and MDAMB231 cells were cultured in DMEM con-
taining 10% FBS and 1% penicillin/streptomycin (Gibco). NCIH460,
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Jurkats, REH, U937, HEL, and HCC827 cells were cultured in RPMI
containing 10% FBS, 5mM L-glutamine and 1%penicillin/streptomycin
(Gibco). HCT116 cells were cultured in McCoy’s media containing 10%
FBS and 1% penicillin/streptomycin (Gibco). The cells were treated
with TRAIL when they were at 60–70% confluency to exclude density-
dependent effects on resistance to TRAIL-induced apoptosis.

Mass cytometry experiments

The cells were treated with SuperKiller TRAIL (Enzo Life Sciences; 50
ng/ml) for indicated times. In all experiments involving pertur-
bagens, the cells were pretreated either with DMSO or with the
following perturbagens 1 h before application of TRAIL: JNK Inhibitor
I (EMD Millipore; 2 μM), Ku-0063794 (Selleck Chemicals; 1 μM),
SB203580 (Cell Signaling Technology; 20 μM), and GDC-0941 (Selleck
Chemicals; 2.5 μM).

The cells were treated with 10 μM IdU (Sigma-Aldrich) (Behbehani
et al, 2012) and 10 μM puromycin (Kimmey et al, in press) for 30 min
before harvesting. IdU is used to label dividing cells in the S phase as
DNA replication occurs (Behbehani et al, 2012). Puromycin is used as
label to tag nascent peptides in ribosomes for a single-cell translation
rate tracking technique, which quantifies the level of puromycin per
cell using a metal isotope-tagged monoclonal antibody to puromycin
on mass cytometry (Kimmey et al, 2019).

To halt survival and apoptotic signaling, the cells were fixed with
formaldehyde (PFA; Electron Microscopy Sciences) added directly
to growth media at a final concentration of 1.6% for 10 min at room
temperature and washed twice with staining media (PBS with 0.5%
BSA, 0.02% sodium azide) to remove residual PFA. Cells were
permeabilized with methanol for 10 min at 4°C, then optionally
stored at −80°C for later use. The cells were then washed twice in
cell staining media to remove remaining methanol and stained for
intracellular proteins for 30 min at room temperature. Staining
cocktails are listed in Table S1. The cells were washed with CSM and
stained with 1 ml of 2000× Ir DNA intercalator (diluted 1:5,000 in PBS
with 1.6% PFA; DVS Sciences) for 20 min at room temperature or
overnight at 4°C. Before CyTOF analysis, the cells were washed once
with CSM and then twice with ddH2O.

Clonogenic assays

Clonogenic assays were carried out in triplicate. Cells growing in log
phase were plated in six-well plates at the following densities: HeLa
cells—2,000 cells/well, HCT116 cells—10,000 cells/well, and
NCIH460—1,000 cells/well under standard cell culture conditions.
TRAIL or DMSO was added to the culture media 24 h after plating at
the concentrations listed above, the plates were incubated in cell
culture incubators for 1 h and TRAIL 50 ng/ml was added, and the
plates were incubated in cell culture incubators for 24 h. The plates
were then washed two times with 37° medium and the medium was
refreshed. The cells were then cultured until each colony contained
at least 50 cells. Colonies were stained with crystal violet and
counted using a light box. For serial passage experiments, HeLa C9
cells were plated out in 25-cm2 flasks at 4 × 105 cells and treated in
parallel with clonogenic assays under identical conditions. Cells
from flasks plates were then passaged two times over 10 d, plated

for clonogenic assays, re-treated with the same conditions, and
analyzed.

TRAIL receptor (DR4) flow cytometry experiments

Endogenous cell lines were grown to 60% confluency and harvested
before fixing with 1.6% PFA for 10min. Fixed cells were stained with 4
μg/ml of TRAIL receptor 1 primary antibody (Catalog number AF347
from R&D systems) and anti-goat secondary antibody conjugated
to Alexa 488 (ab150129; Abcam) for 30 min each at room temper-
ature. Titration data and unstained and secondary stained controls
are shown in Fig S1.

Mass cytometry analysis data preprocessing

To make all samples maximally comparable, data were acquired
using internal metal isotope bead standards as previously de-
scribed (Finck et al, 2013). Cell events were acquired at ~300 events
per second on a CyTOF (DVS Sciences) using instrument settings
previously described (Finck et al, 2013). Each sample was individually
normalized to the internal bead standards before analysis. To remove
post-apoptotic cells and debris, the cells were gated based on cell
length and DNA content (Bendall et al, 2011). Mass cytometry dot plots,
histograms, and heat maps were created either on www.cytobank.org
or R with signal strength displayed on an arcsinh scale (the inverse
hyperbolic sine) (Chen & Kotecha, 2014).

viSNE analysis

All viSNE analyses were performed on Cytobank with equal sub-
sampling of 20 K non-apoptotic cells per sample across the time
course with standard settings of 1,000 iterations, perplexity of 30,
and θ of 0.5 (Amir et al, 2013; Chen & Kotecha, 2014).

Wanderlust analysis

Non-apoptotic HeLa C9 cells after 0–8 h of TRAIL treatment were
equally subsampled to 5 K cells from each sample and concate-
nated into one CSV file before building a linear trajectory based on
the signaling markers using the Wanderlust implementation on
MATLAB (Bendall et al, 2014a). The first derivative of output signaling
changes was visualized along the calculated trajectory. The output
CSV file had an extra columnwith a wanderlust score between 0 and
1 for every non-apoptotic cell from the pooled time course. The cells
were binned according to their wanderlust score and visualized as a
histogram on R.

Signaling diversity calculation

The non-apoptotic cell populations of interest were gated on
Cytobank and exported into R. 10 K cells from each file was sub-
sampled and arcsinh transformed. 14 markers were selected
(shown in Table S1) and the counts were scaled between 0 and 1.
Shannon diversity index was then calculated over the data matrix
using the Euclidean distance metric. The median diversity index per
sample was then correlated to the calculated SQ of each cell line
using Pearson correlation.
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Statistical work and visualizations in R

ggplot2 package was used for visualizing data with dot plots and
boxplots. Correlation between markers on arcsinh-transformed
data values was carried out using Spearman correlation with the
DCGA package. Heat maps were made with heatmap.2 function from
the gplots package. Mutual information (DREMI) scores and plots
were created using the scprep stats toolkit (Krishnaswamy and
Spitzer, 2014).

Data availability

All live cell gated data in FCS files are publicly available on
flowrepository.org with the following IDs: FR-FCM-Z276, FR-FCM-
Z277, FR-FCM-Z278, FR-FCM-Z279, FR-FCM-Z27A, FR-FCM-Z27B, FR-
FCM-Z27C, FR-FCM-Z27D and FR-FCM-Z27E.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201900554.

Acknowledgements

R Baskar holds the A*STAR National Science Scholarship (PHD Doctor of
Philosophyo) and is funded by A*STAR Singapore. S Kimmey is supported by
the NIH/NIGMS (National Institute of Health/ National Institute of General
Medical Sciences) Cell and Molecular Biology Training Grant (T32GM007276).
SC Bendall is supported by the Damon Runyon Cancer Research Foundation
Fellowship (DRG-2017-09), the NIH 1DP2OD022550-01, 1R01AG056287–01,
1R01AG057915-01, 1-R00-GM104148-01, 1U24CA224309-01, 5U19AI116484-02, U19
AI104209, The Bill & Melinda Gates Foundation, and a Translational Research
Award from the Stanford Cancer Institute.

Author Contributions

R Baskar: data curation, formal analysis, validation, investigation,
visualization, methodology, and writing—original draft, review, and
editing.
HG Fienberg: conceptualization and resources.
Z Khair: data curation, investigation, and methodology.
P Favaro: resources, data curation, and investigation.
S Kimmey: resources, investigation, and methodology.
DR Green: resources, formal analysis, and investigation.
GP Nolan: conceptualization, resources, supervision, funding ac-
quisition, investigation, methodology, project administration, and
writing—original draft, review, and editing.
S Plevritis: data curation, formal analysis, and investigation.
SC Bendall: conceptualization, data curation, supervision, funding
acquisition, investigation, methodology, project administration, and
writing—original draft, review, and editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Amir ED, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bendall SC, Shenfeld DK,
Krishnaswamy S, Nolan GP, Pe’er D (2013) viSNE enables visualization of
high dimensional single-cell data and reveals phenotypic heterogeneity
of leukemia. Nat Biotechnol 31: 545–552. doi:10.1038/nbt.2594

Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA, Marsters SA, Blackie C,
Chang L, McMurtrey AE, Hebert A, et al (1999) Safety and antitumor
activity of recombinant soluble Apo2 ligand. J Clin Invest 104: 155–162.
doi:10.1172/jci6926

Azijli K, Weyhenmeyer B, Peters GJ, de Jong S, Kruyt FA (2013) Non-canonical
kinase signaling by the death ligand TRAIL in cancer cells: Discord in
the death receptor family. Cell Death Differ 20: 858–868. doi:10.1038/
cdd.2013.28

Beaumont KA, Hill DS, Daignault SM, Lui GYL, Sharp DM, Gabrielli B, Weninger
W, Haass NK (2016) Cell cycle phase-specific drug resistance as an
escape mechanism of melanoma cells. J Invest Dermatol 136:
1479–1489. doi:10.1016/j.jid.2016.02.805

Behbehani GK, Bendall SC, Clutter MR, Fantl WJ, Nolan GP (2012) Single-cell
mass cytometry adapted tomeasurements of the cell cycle. Cytometry
A 81: 552–566. doi:10.1002/cyto.a.22075

Bendall SC, Davis KL, Amir ED, Tadmor MD, Simonds EF, Chen TJ, Shenfeld DK,
Nolan GP, Pe’er D (2014a) Single-cell trajectory detection uncovers
progression and regulatory coordination in human B cell
development. Cell 157: 714–725. doi:10.1016/j.cell.2014.04.005

Bendall SC, Simonds EF, Qiu P, Amir E-AD, Krutzik PO, Finck R, Bruggner RV,
MelamedR, Trejo A, OrnatskyOI, et al (2011) Single-cellmass cytometry of
differential immune and drug responses across a human hematopoietic
continuum. Science 332: 687–696. doi:10.1126/science.1198704

Bertaux F, Stoma S, Drasdo D, Batt G, Llambi F (2014) Modeling dynamics of
cell-to-cell variability in TRAIL-induced apoptosis explains fractional
killing and predicts reversible resistance. PLoS Comput Biol 10:
e1003893. doi:10.1371/journal.pcbi.1003893

Boatright KM, Renatus M, Scott FL, Sperandio S, Shin H, Pedersen IM, Ricci J-E,
Edris WA, Sutherlin DP, Green DR, et al (2003) A unified model for
apical caspase activation. Mol Cell 11: 529–541. doi:10.1016/s1097-
2765(03)00051-0

Brock A, Chang H, Huang S (2009) Non-genetic heterogeneity–a mutation-
independent driving force for the somatic evolution of tumours. Nat
Rev Genet 10: 336–342. doi:10.1038/nrg2556

Brown R, Curry E, Magnani L, Wilhelm-Benartzi CS, Borley J (2014) Poised
epigenetic states and acquired drug resistance in cancer. Nat Rev
Cancer 14: 747–753. doi:10.1038/nrc3819

Buenrostro JD, Wu B, Litzenburger UM, Ruff D, Gonzales ML, Snyder MP, Chang
HY, Greenleaf WJ (2015) Single-cell chromatin accessibility reveals
principles of regulatory variation. Nature 523: 486–490. doi:10.1038/
nature14590

Chaudhary PM, Eby M, Jasmin A, Bookwalter A, Murray J, Hood L (1997) Death
receptor 5, a new member of the TNFR family, and DR4 induce FADD-
dependent apoptosis and activate the NF-κB pathway. Immunity 7:
821–830. doi:10.1016/s1074-7613(00)80400-8

Chen TJ, Kotecha N (2014) Cytobank: Providing an analytics platform for
community cytometry data analysis and collaboration. Curr Top
Microbiol Immunol 337: 127–157. doi:10.1007/82_2014_364

Cheng F, Liu C, Shen B, Zhao Z (2016) Investigating cellular network
heterogeneity and modularity in cancer: A network entropy and
unbalanced motif approach. BMC Syst Biol 10: 65. doi:10.1186/s12918-
016-0309-9

Cohen AA, Geva-Zatorsky N, Eden E, Frenkel-Morgenstern M, Issaeva I, Sigal A,
Milo R, Cohen-Saidon C, Liron Y, Kam Z, et al (2008) Dynamic
proteomics of individual cancer cells in response to a drug. Science
322: 1511–1516. doi:10.1126/science.1160165

TRAIL-induced signaling response variation and resistance Baskar et al. https://doi.org/10.26508/lsa.201900554 vol 2 | no 6 | e201900554 14 of 16

http://flowrepository.org
http://flowrepository.org/FR-FCM-Z276
http://flowrepository.org/FR-FCM-Z277
http://flowrepository.org/FR-FCM-Z277
http://flowrepository.org/FR-FCM-Z278
http://flowrepository.org/FR-FCM-Z279
http://flowrepository.org/FR-FCM-Z27A
http://flowrepository.org/FR-FCM-Z27B
http://flowrepository.org/FR-FCM-Z27C
http://flowrepository.org/FR-FCM-Z27C
http://flowrepository.org/FR-FCM-Z27D
http://flowrepository.org/FR-FCM-Z27E
https://doi.org/10.26508/lsa.201900554
https://doi.org/10.26508/lsa.201900554
https://doi.org/10.1038/nbt.2594
https://doi.org/10.1172/jci6926
https://doi.org/10.1038/cdd.2013.28
https://doi.org/10.1038/cdd.2013.28
https://doi.org/10.1016/j.jid.2016.02.805
https://doi.org/10.1002/cyto.a.22075
https://doi.org/10.1016/j.cell.2014.04.005
https://doi.org/10.1126/science.1198704
https://doi.org/10.1371/journal.pcbi.1003893
https://doi.org/10.1016/s1097-2765(03)00051-0
https://doi.org/10.1016/s1097-2765(03)00051-0
https://doi.org/10.1038/nrg2556
https://doi.org/10.1038/nrc3819
https://doi.org/10.1038/nature14590
https://doi.org/10.1038/nature14590
https://doi.org/10.1016/s1074-7613(00)80400-8
https://doi.org/10.1007/82_2014_364
https://doi.org/10.1186/s12918-016-0309-9
https://doi.org/10.1186/s12918-016-0309-9
https://doi.org/10.1126/science.1160165
https://doi.org/10.26508/lsa.201900554


Ehrhardt H, Alves CC, Wachter F, Jeremias I (2012) TRAIL preferentially affects
cell cycle-arrested tumor cells including stem- and progenitor cells
from patients with acute lymphoblastic leukemia. Blood 120: 1879.
doi:10.1182/blood.v120.21.1879.1879

Ehrhardt H, Fulda S, Schmid I, Hiscott J, Debatin K-M, Jeremias I (2003) TRAIL
induced survival and proliferation in cancer cells resistant towards
TRAIL-induced apoptosis mediated by NF-κB. Oncogene 22:
3842–3852. doi:10.1038/sj.onc.1206520

Ehrhardt H, Wachter F, Grunert M, Jeremias I (2013) Cell cycle-arrested tumor
cells exhibit increased sensitivity towards TRAIL-induced apoptosis.
Cell Death Dis 4: e661. doi:10.1038/cddis.2013.179

Fallahi-Sichani M, Honarnejad S, Heiser LM, Gray JW, Sorger PK (2013) Metrics
other than potency reveal systematic variation in responses to cancer
drugs. Nat Chem Biol 9: 708–714. doi:10.1038/nchembio.1337

Fallahi-Sichani M, Becker V, Izar B, Baker GJ, Lin J, Boswell SA, Shah P, Rotem
A, Garraway LA, Sorger PK (2017) Adaptive resistance of melanoma
cells to RAF inhibition via reversible induction of a slowly dividing
de-differentiated state. Mol Syst Biol 13: 905. doi:10.15252/
msb.20166796

Fienberg HG, Nolan GP (2014) Mass cytometry to decipher the mechanism of
nongenetic drug resistance in cancer. Curr TopMicrobiol Immunol 377:
85–94. doi:10.1007/82_2014_365

Fienberg HG, Simonds EF, Fantl WJ, Nolan GP, Bodenmiller B (2012) A
platinum-based covalent viability reagent for single-cell mass
cytometry. Cytometry A 81: 467–475. doi:10.1002/cyto.a.22067

Finck R, Simonds EF, Jager A, Krishnaswamy S, Sachs K, Fantl W, Pe’er D, Nolan
GP, Bendall SC (2013) Normalization of mass cytometry data with bead
standards. Cytometry A 83: 483–494. doi:10.1002/cyto.a.22271

Flusberg DA, Roux J, Spencer SL, Sorger PK (2013) Cells surviving fractional
killing by TRAIL exhibit transient but sustainable resistance and
inflammatory phenotypes. Mol Biol Cell 24: 2186–2200. doi:10.1091/
mbc.e12-10-0737

Flusberg DA, Sorger PK (2015) Surviving apoptosis: Life-death signaling in
single cells. Trends Cell Biol 25: 446–458. doi:10.1016/j.tcb.2015.03.003

Frank SA, Rosner MR (2012) Nonheritable cellular variability accelerates the
evolutionary processes of cancer. PLoS Biol 10: e1001296. doi:10.1371/
journal.pbio.1001296

French R, Hayward O, Jones S, Yang W, Clarkson R (2015) Cytoplasmic levels of
cFLIP determine a broad susceptibility of breast cancer stem/
progenitor-like cells to TRAIL. Mol Cancer 14: 209. doi:10.1186/s12943-
015-0478-y

Gao M, Wang H, Chen X, Cao W, Fu L, Li Y, Quan H, Xie C, Lou L (2018) Aberrant
modulation of ribosomal protein S6 phosphorylation confers
acquired resistance to MAPK pathway inhibitors in BRAF-mutant
melanoma. Acta Pharmacol Sin 40: 268–278. doi:10.1038/s41401-018-
0020-z

Gujral TS, Kirschner MW (2017) Hippo pathway mediates resistance to
cytotoxic drugs. Proc Natl Acad Sci U S A 114: E3729–E3738. doi:10.1073/
pnas.1703096114

Herbst RS, Eckhardt SG, Kurzrock R, Ebbinghaus S, O’Dwyer PJ, Gordon MS,
Novotny W, Goldwasser MA, Tohnya TM, Lum BL, et al (2010) Phase I
dose-escalation study of recombinant human Apo2L/TRAIL, a dual
proapoptotic receptor agonist, in patients with advanced cancer. J
Clin Oncol 28: 2839–2846. doi:10.1200/jco.2009.25.1991

Holland PM (2014) Death receptor agonist therapies for cancer, which is the
right TRAIL? Cytokine Growth Factor Rev 25: 185–193. doi:10.1016/
j.cytogfr.2013.12.009

Hu X, Zhang Z (2016) Understanding the genetic mechanisms of cancer drug
resistance using genomic approaches. Trends Genet 32: 127–137.
doi:10.1016/j.tig.2015.11.003

Huang L, Jiang Y, Chen Y (2017) Predicting drug combination index and
simulating the network-regulation dynamics by mathematical

modeling of drug-targeted EGFR-ERK signaling pathway. Sci Rep 7:
40752. doi:10.1038/srep40752

Jeon Y-J, Kim IK, Hong S-H, Nan H, Kim H-J, Lee H-J, Masuda ES, Meyuhas O, Oh B-
H, Jung Y-K (2008) Ribosomal protein S6 is a selectivemediator of TRAIL-
apoptotic signaling. Oncogene 27: 4344–4352. doi:10.1038/onc.2008.73

Jeremias I, Debatin KM (1998) TRAIL induces apoptosis and activation of
NFkappaB. Eur Cytokine Netw 9: 687–688.

Kantari C, Walczak H (2011) Caspase-8 and bid: Caught in the act between
death receptors and mitochondria. Biochim Biophys Acta 1813:
558–563. doi:10.1016/j.bbamcr.2011.01.026

Kim K, Fisher MJ, Xu S-Q, El-Deiry WS (2000) Molecular determinants of
response to TRAIL in killing of normal and cancer cells. Clin Cancer Res
6: 335–346.

Kimmey S, Borges L, Baskar R (2019) Parallel analysis of tri-molecular
biosynthesis with cell identity and function in single cells. Nature
Communications 10.

Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M, Krammer PH,
Peter ME (1995) Cytotoxicity-dependent APO-1 (Fas/CD95)-
associated proteins form a death-inducing signaling complex (DISC)
with the receptor. EMBO J 14: 5579–5588. doi:10.1002/j.1460-
2075.1995.tb00245.x

Klein G (2009) Toward a genetics of cancer resistance. Proc Natl Acad Sci U S A
106: 859–863. doi:10.1073/pnas.0811616106

Krishnaswamy S, Spitzer M (2014) Conditional density-based analysis of T cell
signaling in single-cell data. Science 346. doi:10.1126/science.1250689

Lara-AstiasoD,Weiner A, Lorenzo-Vivas E, Zaretsky I, JaitinDA, David E, Keren-Shaul
H, Mildner A, Winter D, Jung S, et al (2014) Chromatin state dynamics during
blood formation. Science 345: 943–949. doi:10.1126/science.1256271

Lee M-W, Park SC, Yang YG, Yim SO, Chae HS, Bach J-H, Lee HJ, Kim KY, Lee WB,
Kim SS (2002) The involvement of reactive oxygen species (ROS) and
p38 mitogen-activated protein (MAP) kinase in TRAIL/Apo2L-induced
apoptosis. FEBS Lett 512: 313–318. doi:10.1016/s0014-5793(02)02225-1

Lee MJ, Ye AS, Gardino AK, Heijink AM, Sorger PK, MacBeath G, Yaffe MB (2012)
Sequential application of anticancer drugs enhances cell death by
rewiring apoptotic signaling networks. Cell 149: 780–794. doi:10.1016/
j.cell.2012.03.031

Li L-C, Jayaram S, Ganesh L, Qian L, Rotmensch J, Maker AV, Prabhakar BS
(2011) Knockdown of MADD and c-FLIP overcomes resistance to TRAIL-
induced apoptosis in ovarian cancer cells. Am J Obstet Gynecol 205:
362.e12–362.e25. doi:10.1016/j.ajog.2011.05.035

Litzenburger UM, Buenrostro JD, Wu B, Shen Y, Sheffield NC, Kathiria A,
Greenleaf WJ, Chang HY (2017) Single-cell epigenomic variability
reveals functional cancer heterogeneity. Genome Biol 18: 15.
doi:10.1186/s13059-016-1133-7

Luo J-L, Kamata H, Karin M (2005) IKK/NF-kappaB signaling: Balancing life and
death: A new approach to cancer therapy. J Clin Invest 115: 2625–2632.
doi:10.1172/jci26322

von Manstein V, Groner B (2017) Tumor cell resistance against targeted
therapeutics: The density of cultured glioma tumor cells enhances Stat3
activity and offers protection against the tyrosine kinase inhibitor
canertinib. Medchemcomm 8: 96–102. doi:10.1039/c6md00463f

Marconi M, Ascione B, Ciarlo L, Vona R, Garofalo T, Sorice M, Gianni AM,
Locatelli SL, Carlo-Stella C, Malorni W, et al (2013) Constitutive
localization of DR4 in lipid rafts is mandatory for TRAIL-induced
apoptosis in B-cell hematologic malignancies. Cell Death Dis 4: e863.
doi:10.1038/cddis.2013.389

Mori T, Doi R, Toyoda E, Koizumi M, Ito D, Kami K, Kida A, Masui T, Kawaguchi Y,
Fujimoto K (2005) Regulation of the resistance to TRAIL-induced
apoptosis as a new strategy for pancreatic cancer. Surgery 138: 71–77.
doi:10.1016/j.surg.2005.03.001

Mühlenbeck F, Haas E, Schwenzer R, Schubert G, Grell M, Smith C, Scheurich P,
Wajant H (1998) TRAIL/Apo2L activates c-Jun NH2-terminal kinase

TRAIL-induced signaling response variation and resistance Baskar et al. https://doi.org/10.26508/lsa.201900554 vol 2 | no 6 | e201900554 15 of 16

https://doi.org/10.1182/blood.v120.21.1879.1879
https://doi.org/10.1038/sj.onc.1206520
https://doi.org/10.1038/cddis.2013.179
https://doi.org/10.1038/nchembio.1337
https://doi.org/10.15252/msb.20166796
https://doi.org/10.15252/msb.20166796
https://doi.org/10.1007/82_2014_365
https://doi.org/10.1002/cyto.a.22067
https://doi.org/10.1002/cyto.a.22271
https://doi.org/10.1091/mbc.e12-10-0737
https://doi.org/10.1091/mbc.e12-10-0737
https://doi.org/10.1016/j.tcb.2015.03.003
https://doi.org/10.1371/journal.pbio.1001296
https://doi.org/10.1371/journal.pbio.1001296
https://doi.org/10.1186/s12943-015-0478-y
https://doi.org/10.1186/s12943-015-0478-y
https://doi.org/10.1038/s41401-018-0020-z
https://doi.org/10.1038/s41401-018-0020-z
https://doi.org/10.1073/pnas.1703096114
https://doi.org/10.1073/pnas.1703096114
https://doi.org/10.1200/jco.2009.25.1991
https://doi.org/10.1016/j.cytogfr.2013.12.009
https://doi.org/10.1016/j.cytogfr.2013.12.009
https://doi.org/10.1016/j.tig.2015.11.003
https://doi.org/10.1038/srep40752
https://doi.org/10.1038/onc.2008.73
https://doi.org/10.1016/j.bbamcr.2011.01.026
https://doi.org/10.1002/j.1460-2075.1995.tb00245.x
https://doi.org/10.1002/j.1460-2075.1995.tb00245.x
https://doi.org/10.1073/pnas.0811616106
https://doi.org/10.1126/science.1250689
https://doi.org/10.1126/science.1256271
https://doi.org/10.1016/s0014-5793(02)02225-1
https://doi.org/10.1016/j.cell.2012.03.031
https://doi.org/10.1016/j.cell.2012.03.031
https://doi.org/10.1016/j.ajog.2011.05.035
https://doi.org/10.1186/s13059-016-1133-7
https://doi.org/10.1172/jci26322
https://doi.org/10.1039/c6md00463f
https://doi.org/10.1038/cddis.2013.389
https://doi.org/10.1016/j.surg.2005.03.001
https://doi.org/10.26508/lsa.201900554


(JNK) via caspase-dependent and caspase-independent pathways. J
Biol Chem 273: 33091–33098. doi:10.1074/jbc.273.49.33091

Niepel M, Spencer SL, Sorger PK (2009) Non-genetic cell-to-cell variability
and the consequences for pharmacology. Curr Opin Chem Biol 13:
556–561. doi:10.1016/j.cbpa.2009.09.015
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