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SUMMARY

The classic network of mitogen-activated protein kinases (MAPKSs) is highly interconnected and controls a
diverse array of biological processes. In multicellular eukaryotes, the MAPKs ERK, JNK, and p38 control
opposing cell behaviors but are often activated simultaneously, raising questions about how input-output
specificity is achieved. Here, we use multiplexed MAPK activity biosensors to investigate how cell fate con-
trol emerges from the connectivity and dynamics of the MAPK network. Through chemical and genetic
perturbation, we systematically explore the outputs and functions of all the MAP3 kinases encoded in the hu-
man genome and show that MAP3KSs control cell fate by triggering unique combinations of MAPK activity. We
show that these MAPK activity combinations explain the paradoxical dual role of JNK signaling as pro-
apoptotic or pro-proliferative kinase. Overall, our integrative analysis indicates that the MAPK network
operates as a unit to control cell fate and shifts the focus from MAPKs to MAP3Ks to better understand

signaling-mediated control of cell fate.

INTRODUCTION

Mitogen-activated protein kinases (MAPKs) are essential
signaling proteins present in all major eukaryotic lineages
(Sugaetal., 2014). MAPK pathways involve a classic three-tiered
kinase cascade where a MAP3K phosphorylates and activates a
MAP2K, which in turn phosphorylates and activates a MAPK
(Kyriakis and Avruch, 2012). Once active, MAPKs control critical
cellular decisions, from mating or osmoregulation in budding
yeast to proliferation, differentiation, and apoptosis in multicel-
lular eukaryotes, and they have thus been implicated in many
diseases ranging from cancer to immune disorders and neurop-
athies (Arthur and Ley, 2013; Dhillon et al., 2007; Johnson and
Lapadat, 2002; Wagner and Nebreda, 2009). Remarkably,
MAPKSs are conserved throughout eukaryotes to the point that
human MAPKs can functionally complement yeast mutant
strains (Galcheva-Gargova et al., 1994; Han et al., 1994). In
mammalian cells, a broad diversity of inputs control MAPK
signaling, from growth factors and cytokines (Arthur and Ley,
2013; McCubrey et al., 2007) to ribosome collisions or environ-
mental stress (Saitoh et al., 1998; Wu et al., 2020), and at the
same time, MAPKSs control a wide range of responses in different
contexts, raising the long-standing question of how input-output
specificity is achieved.

In humans, the MAPK signaling network is composed of 24
MAP3Ks that control 7 MAP2Ks which in turn control 14
MAPKs (Manning et al., 2002). Among the 14 MAPKs, three ma-
jor groups are identified based on their sequence homology,
functional redundancy, and shared activation mechanisms: the
extracellular signal-related kinases (ERKs) (ERK1/2), the p38s
(e,B,9,7), and the c-Jun N-terminal kinases (JNKs) (1/2/3). ERK
signaling is typically associated with control of proliferation, sur-
vival, and differentiation, whereas JNK and p38, also known as
stress activated protein kinases (SAPKSs), are associated with
cell-cycle arrest and apoptosis (Kyriakis and Avruch, 2012).
However, these functional roles are often context dependent.
For example, JNK activity can promote either proliferation or
apoptosis in different contexts (La Marca and Richardson,
2020; Tournier, 2013). This dual functional role of JNK activity
has been recognized in Drosophila and mouse models, and
several hypotheses have been proposed, including the exis-
tence of dynamics-dependent functions of JNK (i.e., sustained
versus transient JNK signaling) (Ventura et al., 2006). In fact,
the temporal patterns of ERK activity also trigger opposed
cellular behaviors (i.e., proliferation versus cell-cycle arrest) (Ai-
kin et al., 2020). Together, these studies highlight the need for
single-cell approaches to monitor MAPK activity with high tem-
poral resolution.

Cell Systems 13, 885-894, November 16, 2022 © 2022 Elsevier Inc. 885

aaaaaa


mailto:sregot@jhmi.edu
https://doi.org/10.1016/j.cels.2022.10.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cels.2022.10.003&domain=pdf

¢? CellPress

Cell Systems

Figure 1. Multiplexed reporter system to

A Core Signaling
Module

MAP3Ks

TAK, ZAK, DLK, ILK, ZLK, ARAF, BRAF, RAF1, TNNI3K,
MLK1, MLK2, MLK3, MLK4, COT, NIK, ASK1, ASK2, ASK3,
TAOK1, TAOK2, TAOK3, MEKK1, MEKK2, MEKK3, MEKK4

monitor MAPK activity and dynamics in sin-
gle cells

(A) Schematic of the MAPK core signaling module.
MAP3Ks phosphorylate and activate MAP2Ks

B H2B
iRFP

ERK-KTR  JNK-KTR
mCerulean3 mRuby?2
g S

p38-KTR
mClover

inactive

nuclei

which in turn activate MAPKs (left). Schematic
representing the mammalian MAPK network,
where one of the listed MAP3Ks may activate one
or more MAP2K which in turn activate MAPKs
(right).

(B) Representative images of MCF10A cells ex-
pressing H2B-iRFP, ERK-KTR-mCerulean3, JNK-
KTR-mRuby2, and p38-KTR-mClover before and
after treatment with sorbitol (100 uM) (left). Dia-
gram of “nuclei” and “cytoring” segmentation
where each individual cell is marked with another

cytoring color (right). Scale bars, 20 um.

growth factors (epidermal growth factor

active

med intensity cytoring

[EGF]), GPCR (G protein-coupled recep-
tor) agonists (S1P) (Spiegel and Milstien,
2003), and cytokines (IL-1B and TNF-o)

KTR Activity

MCF10a reporter cells

med intensity nuclei

(Canovas and Nebreda, 2021; Gantke

MAPK pathways are often depicted as linear cascades, yet
numerous studies have shown a high degree of cross talk and
feedback regulation between and within MAPK pathways, sug-
gesting that the system operates as a network (Fey et al,
2012; Heinrichsdorff et al., 2008; Miura et al., 2018). While the
connectivity between MAP2Ks and MAPKs is well stablished
(Figure 1A), the MAP3K to MAP2K preferences and the specific
upstream triggers of some MAP3Ks remain elusive. Thus, to bet-
ter understand cell fate control by the MAPK network, a system-
atic single-cell approach capable of monitoring the major MAPK
signaling pathways simultaneously and at high temporal resolu-
tion is needed. Here, we use live-cell imaging of multiplexed
MAPK biosensors to systematically interrogate how the connec-
tivity and dynamics of the MAPK network shape cell fate control
in human cells.

RESULTS

To measure MAPK network activity in single cells, we generated a
multiplexed reporter system in human breast mammary epithelial
cells (MCF10A) that allows for measuring ERK, p38, and JNK ac-
tivities simultaneously in live cells (Regot et al., 2014) (Figure 1B).
Kinase translocation reporters (KTRs) provide highly sensitive
measurements of kinase activity through rapid fluorophore trans-
location and enable real-time signal detection and quantification
in thousands of individual cells. Previous work showed that
MAPK KTRs are highly specific for their cognate MAPK activity
(Regot et al., 2014); therefore, combining ERK, JNK, and p38 bio-
sensors allowed us to measure global MAPK network activity in
single cells. Using this new reporter cell line, we recorded
MAPK activity dynamics in response to a panel of well-estab-
lished MAPK activators including osmotic stress (sorbitol, NaCl,
and KCI) (Uhlik et al., 2003), oxidative stress (H.O,) (Saitoh
et al.,, 1998), ribotoxic stress (anisomycin) (Wu et al., 2020),
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et al.,, 2011) (Figures 2A and S1-S3).
These stimuli were selected based on
previous MAP3K studies, and concentrations were chosen to
maximize MAPK response while minimizing cell death. These
seemingly diverse environmental perturbations all elicited activa-
tion of more than one MAPK but with quantitatively distinct tem-
poral patterns. Single-cell analysis revealed both digital and
analog signaling modes, depending on the stimuli and the
MAPK pathway. For example, while EGF, IL-18, TNF-a, and
S1P mostly elicited short peaks of one or more MAPK activities,
anisomycin, hydrogen peroxide, and sorbitol led to longer pe-
riods of activity in a dose-dependent manner (Figure S2). Most
stimuli triggered the ERK pathway, and this activity was indepen-
dent of ectodomain shedding by ADAM17, which has been re-
ported to trigger non-cell-autonomous ERK activity (Aikin et al.,
2020; Xu and Derynck, 2010) (Figure S3). As most of these
MAPK stimuli activated multiple MAPK pathways, we set out to
determine whether these stimuli activate multiple MAP3Ks or
whether MAP3Ks activate multiple MAPKs.

To address this question, we aimed to block individual MAP3K
activities and monitored the resulting MAPK activities upon stim-
ulation. Non-redundant MAP3Ks (COT, TAK, and ZAK) were ab-
lated using CRISPR KOs, and redundant groups of MAP3K activ-
ities (MLKs, RAFs, MEKKs, and ASKs) were inhibited using
specific small-molecule inhibitors (Figure S3). Results showed
that the MAPK response to most stimuli could be extinguished
en bloc by eliminating/ablating one MAP3K or MAP3K family
(Figure 2B). There were two notable exceptions: (1) EGF-induced
MAPK activities were shortened, but not abolished, in the pres-
ence of RAF and MLK inhibitors, suggesting that multiple parallel
MAP3K activities are engaged upon epidermal growth factor re-
ceptor (EGFR) signaling (Figure 2C); and (2) TNF-a and IL-1B
signaling were fully abolished in TAKK® cells but also partially
abolished in COTK® cells, suggesting sequential activation of
TAK and COT upon cytokine signaling (Figures 2B and 2D).
These data are consistent with previous reports (Chadee and
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Figure 2. Physiological stimuli activate multiple MAPK pathways through single or multiple MAP3Ks

(A and B) Serum-starved MCF10A MAPK reporter cells were stimulated with media control, (10 ng/mL), hydrogen peroxide (10 uM), sorbitol (100 uM), EGF (10 ng/
mL), anisomycin (100 ng/mL), TNF-a (10 ng/mL), or sphingosine-1-phosphate (100 uM), imaged every 5 min for 6 h and quantified as described in STAR Methods.
Five representative single-cell traces of the cytoplasmic to nuclear ratio of each KTR are plotted over time and overlaid with the average traces (>350 cells per
condition). Fraction of responders (FRs) is indicated. (B) Cells were treated or stimulated with the same inputs as in (A), in the presence of indicated MAP3K

inhibitors.

(C) Serum-starved MCF10A cells were treated with EGF (10 ng/mL) in the presence of RAF inhibitor (TAK632) and/or MLK inhibitor (URMC-099) and imaged every
5 min for 3 h. Five representative single-cell traces of KTR activity (cytoplasmic/nuclear ratio) were plotted over time and overlaid with the average traces (n > 800

cells/condition).

(D) Parental, TAKX®, or COT*® serum-starved MCF10A reporter cell lines were treated with IL-1B (10 ng/mL) and imaged every 5 min over 6 h. Plots were

quantified as in (A) (n > 500 cells per conditions).

Kyriakis, 2004a, 2004b; Dumitru et al., 2000). Taken together and
given the three-tiered topology of MAPK pathways, our results
suggest that both the stimuli and the MAP3Ks themselves can
activate multiple MAPK pathways simultaneously.
Environmental stresses can damage cells in multiple ways
(e.g., UV radiation causes DNA damage, ribotoxic stress, and
oxidative stress), thus eliciting different yet simultaneous
signaling responses. Thus, to isolate the signaling outputs of
different nodes in the MAPK network, we transitioned to a ge-
netic overexpression system. First, we focused on isolating
MAP2K activities to interrogate their immediate outputs and
feedback regulatory mechanisms. To address this, we gener-
ated clonal cell lines containing hyperactive MAP2Ks (i.e., con-
taining phosphomimetic mutations in the activation loop) under
the control of a tet-inducible promoter (TRE3G); then we quanti-
fied MAPK activity dynamics during MAP2K overexpression via
live imaging (Figure 3A). As expected, the cognate MAP2Ks for
ERK and p38 (MEK1/2 and MAP2K3/6, respectively) triggered

sustained activation of the expected KTR. Notably, p38 activa-
tion using MKK3PP expression caused some ERK signaling,
especially in cells that activated p38 later in time (Figure 3B).
These signaling events were abolished using a matrix metallo-
protease (MMP) inhibitor (Batimastat) (Figure 3C), indicating
non-cell-autonomous activation of ERK by p38, which concurs
with previous studies (Aikin et al., 2020; Xu and Derynck,
2010). In contrast to the ERK and p38 MAP2Ks, the JNK cognate
MAP2Ks (MAP2K4 and MAP2K7) did not activate the JNK
pathway through overexpression of hyperactive mutants (Fig-
ure 3D). Since previous studies have shown p38 inhibition of
JNK (Miura et al., 2018), we hypothesized that basal p38 activity
could be interfering with full JNK activation from MAP2K4/7.
Indeed, both MAP2K4 and MAP2K7 activated the JNK pathway
in the presence of a p38 inhibitor (Figure 3D). The resulting JNK
activity was highly pulsatile, suggesting additional negative feed-
back regulation from JNK itself. Overall, this genetic approach
revealed cell and non-cell-autonomous activities as well as
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Figure 3. p38 regulates ERK and JNK signaling at different levels
(A) Schematic of the systematic overexpression system.
(B and C) Serum-starved MCF10A cells containing indicated TRE3G::MAP2K
hyperactive constructs were treated with doxycycline (2 pg/mL), imaged for
24 h over 5-min intervals. (B) Five representative single-cell activity traces are
overlaid with the average (>350 cells per condition). (C) Heatmaps depicting
single-cell traces of ERK- and p38-KTR activity (>350 cells per condition).
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prevalent cross talk between MAPK pathways, highlighting the
need for an integrated analysis of the network as a whole.

Previous studies showed that overexpression of MAP3Ks acti-
vate downstream signaling. This approach has the advantage of
isolating the output of individual MAP3Ks while minimizing con-
founding effects of extracellular stimuli. On the other hand, over-
expression can lead to off-target effects by engaging in low-af-
finity interactions. However, since high-affinity interactions will,
by definition, occur at a lower expression level than low-affinity
ones, real-time analysis of downstream MAPK activity during
expression of the MAP3Ks ensures that the MAP3K output is re-
corded at the minimal overexpression required. Thus, we gener-
ated a collection of 21 stable clonal cell lines, each capable of
overexpressing a single MAP3K while reporting ERK, JNK, and
p38 activity (Figures S4 and S5). Our cell line collection contains
21 out of 26 MAP3Ks encoded by the human genome and covers
all the phylogenetically related groups of MAP3Ks. Overexpres-
sion of individual MAP3Ks triggered unique combinations of
MAPK activities that were preserved within phylogenetically
related kinases (Figures 4A and S6; Video S1): (1) RAFs preferen-
tially activated ERK, (2) ASKs activated p38, (3) ZAK and TAK
activated JNK and p38 to a lesser extent, (4) COT activated
ERK and p38, (5) mixed lineage kinases (MLKSs) activated ERK
and JNK, and (6) MEKKs activated all three MAPK branches
ERK, JNK, and p38 with simultaneous pulses of activity (Fig-
ure S7). Remarkably, we noted qualitative and quantitative sim-
ilarities between the signaling patterns elicited by natural stimu-
lation (Figures 2A and 2B) and the patterns elicited by MAP3K
overexpression (Figure 4A). Once again, these patterns were
largely preserved in the absence of ectodomain shedding,
although in some cases the ERK activity was diminished or abol-
ished indicating non-cell-autonomous ERK activity (Figure S8).
Phosphorylation patterns of MEK1/2, MKK3/6, and MKK7 were
in agreement with cognate MAPK activation (Figure S9). Of
note, COT or ASK induction showed MKK4 phosphorylation (Fig-
ure S9) but not JNK activity, as reported by the JNK KTR (Fig-
ure 4A). However, p38 inhibition during expression of these
MAP3Ks triggered pulses of JNK activity similar to the ones
observed upon MKK4/7 overexpression (Figures 3C and 4C).
This result suggests that JNK activity can be masked by p38 in
response to MKK4 activation. By contrast, all the MAP3Ks that
activate JNK in addition to p38 also show MKK7 phosphoryla-
tion, suggesting that the JNK phosphorylation by MKK4 is
more sensitive to p38 regulation than MKK7-dependent JNK
activation. Overall, we also noted a difference between the two
phylogenetically distinct groups of MAP3Ks, the STE and the
TKL MAP3Ks (Figure 4E). While STEs preferentially activate
p38 and ERK combinations, TKLs preferentially activate JNK
and ERK combinations (Figures 4B and 4D). The vast differences
in signaling preferences between the STE and TKL kinases
reflect their early (eukaryotic) divergence within the human ki-
nome tree (Figure 4E).

Next, we wanted to understand the physiological role of the
different MAPK activity combinations observed. Global gene

(D) Serum-starved MCF10A cells containing indicated that TRE3G::MAP2K
hyperactive constructs were treated with doxycycline (2 pg/mL), imaged for
24 h over 5-min intervals. Five representative single-cell activity traces are
overlaid with the average (>400 cells per condition).
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expression analysis indeed showed different gene expression
programs that separate according to MAPK activity patterns
(Figures 5A and S10). In addition to transcriptomics, we measured
cell fates that are regulated by MAPK signaling, including cell
proliferation, migration, and apoptosis. An exhaustive analysis of
cell proliferation measured by endpoint 5-ethynyl-2 deoxyuridine
(EdU) incorporation, phosphor-Rb, Myc, and p21 immunofluores-
cence showed that whereas the ERK + p38 combination blocks
proliferation, the ERK + JNK combination increased proliferation
by 10-fold, about an order of magnitude more than with ERK activ-
ity alone (Figure 5B). Similar combinatorial effects were observed
when measuring apoptosis with live measurements of caspase-
3/7; whereas the ERK + p38 combination inhibited apoptosis,
the JNK + p38 combination increased apoptosis (Figure 5C). Since
each MAPK combination was triggered by induction of a different
MAP3K, one possibility is that other downstream effects of these
MAP3Ks are responsible for the observed cell fate differences.
To address this possibility, we hypothesized that using the triple
MAPK activators (MEKKSs) (Figure 4A) in the presence of specific
MAPK inhibitors would allow us to direct cells into different fates
in a predictable manner. Indeed, artificial induction of the ERK +
JNK activity pattern, using the triple MAPK activator MEKK2 in
the presence of p38 inhibitor, phenocopied the MLK cell-cycle in-
crease (Figure 5D). Both ERK and JNK activities were necessary
for the observed cell-cycle increase (Figure 5D). Similarly, using
both MLK and MEKK inductions in the presence of ERK inhibitor
induced massive JNK-dependent apoptosis (Figure 5E). Taken
together, this analysis suggests that MAP3K-driven combinations
of MAPK activities control cell fate.

To further explore this idea in a more physiological context, we
examined how MAPK combinations influence proliferation and
programmed cell death in response to environmental perturba-
tions. In particular, we focused on MLK signaling that preferen-
tially activates the ERK + JNK activity combination (Figure 4A)
and promotes proliferation of MCF10A cells (Figure 5B). Thus,
to directly visualize cell-cycle entry while quantifying MLK
signaling, we generated a new reporter cell line expressing the
ERK and JNK biosensors together with a CDK2 activity
biosensor that allows measuring the proliferation quiescence de-
cision in single cells (Spencer et al., 2013). Results showed that
cells that exit quiescence in response to EGF or S1P stimulation
have significantly higher MLK-driven JNK signaling (Figures 6A
and 6B). Of note, blocking either ERK or JNK with specific inhib-
itors was sufficient to abolish the proliferative effects of these
stimuli (Figures 6C and 6D). This data suggest that the MLK-
driven ERK + JNK combination promotes exit from quiescence
in epithelial cells. To test this hypothesis during natural stimula-
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tion, we used osmotic stress, which normally activates all three
MAPK pathways, in the presence or absence of a p38 inhibitor.
Results showed that indeed p38 inhibition upon osmostress
leads to increased proliferation (Figure S11). Finally, we argued
that if the difference between pro-proliferation and pro-apoptotic
signaling depends on the presence of ERK activity, inhibition of
ERK upon S1P signaling would redirect cell fate from prolifera-
tion to apoptosis. Indeed, S1P stimulation in the presence of
ERK inhibitor caused widespread apoptosis (Figure 6E). Simi-
larly, TNF-a stimulation in WT or COTX® cells showed that elim-
inating the ERK signal in the COT® results in elevated apoptosis
(Figure 6E). Overall, our data indicate that JNK-mediated cell fate
decisions depend on the global MAPK signaling state of the cell
(Figures 6F and S12). When ERK signaling is inactive, JNK pro-
motes apoptosis; however, in the presence of ERK activity, cells
are protected from apoptosis and JNK activity enables cell-cycle
entry. Together with the finding that MAP3Ks elicit unique com-
binations of MAPK activities, we propose that MAP3KSs drive cell
fate choices by combinatorial control of MAPK activity.

DISCUSSION

Through systematic genetic and chemical perturbations paired
with live imaging, we determined that extracellular stimuli elicit
distinct configurations of downstream ERK, JNK, and p38
MAPK activity and that these combinations are largely depen-
dent on the MAP3K mediating the signal. We combined an arti-
ficial overexpression system with the use of natural stimuli and
found that, in both cases, the activation of MAPKSs in isolation
is rare and that the combined activity of ERK + JNK has different
functional outcomes than ERK or JNK alone. These findings sug-
gest that combinatorial MAPK signaling downstream of a spe-
cific MAP3K leads to changes in cell behavior. Thus, our studies
place MAP3Ks as critical nodes of input-output specificity within
the MAPK network. Even though MAPKSs have been extensively
studied, the MAP3Ks that mediate signaling are often less under-
stood. In fact, we know very little about the upstream activators
of most MAP3Ks (with the exception of RAFs, ASKs, and ZAKs).
We propose that identifying the MAP3Ks that mediate signaling
in different contexts will enable a better understanding of the
input-output specificity of this clinically relevant network. As an
example, recent studies to understand the ribotoxic stress
response through the MAP3K ZAK have identified a critical role
for ribosome collisions in controlling cell fate upon environmental
stress (Wu et al.,, 2020). Future studies centered on other
MAP3Ks and their primary upstream triggers are needed to un-
derstand the underlying logic of the MAPK signaling network.

Figure 4. MAP3Ks elicit unique combinations of MAPK activity

(A) Serum-starved MCF10A cells containing indicated that TRE3G::MAP3K constructs were treated with doxycycline (2 ng/mL), imaged for 24 h over 5-min
intervals, and quantified as the ratio cytoplasmic over nuclear KTR intensity. Five representative single-cell activity traces are overlaid with the average (>350

cells per condition).

(B) Ratio of p38 to JNK was calculated by dividing P38/JNK biosensor activity. Heatmap illustrating the P38/JNK activity ratios in each MAP3K induction.
(C) Serum-starved MCF10A cells containing ASK1 or COT were treated with doxycycline (2 pg/mL) in the presence or absence of p38 inhibitor (SB203580) and
imaged every 5 min for 24 h. Four representative single-cell traces of the cytoplasmic to nuclear ratio of each KTR are plotted over time.

(D) Venn diagram representing the signaling activities of each MAP3K.

(E) Adapted from the human kinome tree. Unrooted phylogenetic relationship of all human protein kinases. Green lines indicate MAP3Ks, pink indicates MAP2Ks,
and orange indicates MAPKSs. Right: unrooted trees representing the phylogenetic relationships of the STE kinases (top) and TKL kinases (bottom), adapted from

the human kinome tree (Cell Signaling Technology [CST]).
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Figure 6. TKL kinases coordinate single-cell fates in multicellular contexts

(A) Schematic of multiplexed cell line containing reporters for CDK2, ERK, or JNK activity.

(B) Serum-starved MCF10A cells were stimulated with EGF or S1P and imaged every 5 min for 24 h. Distribution plots indicate the average JNK or ERK activity in
cells that have low or high CDK2 activity (n > 600 cells).

(C and D) Serum-starved cells were treated with indicated inhibitors or vehicle control. Cells were treated with EGF (10 ng/mL) (C) or sphingosine-1-phosphate
(100 uM) (D). After 20 h, cells were incubated with EAU for 4 h before fixation. Boxplots represent relative percentage of cells in the S phase, as normalized to the
vehicle control.

(E) Serum-starved cells were incubated with caspase dye as described in Figure 1 and treated with JNK inhibitor or vehicle control. Cells were then treated with
TNF-a (10 ng/mL) or sphingosine-1-phosphate (100 M). Relative apoptotic rates are quantified as described in STAR Methods.

(F) Schematic depicting MAP3K specificities toward ERK, JNK, or p38 (left) and the cell fates associated with each combination of MAPK activation (right).
P values were quantified using two-way ANOVA (C-E). *p < 0.05, **p < 0.01, and ***p < 0.001.

We found that many inputs and MAP3Ks exhibit promiscuity  further highlight the importance of understanding MAP3Ks in
within the MAPK network. We find that all MAP3KSs activate the disease progression.
ERK pathway through either cell-autonomous or non-cell-auton- Many human diseases, from cancer to autoimmunity, are disor-
omous mechanisms. This widespread ERK activation is likely to  ders of dysregulated multicellularity. The two phylogenetically
contribute to cancer progression beyond the RAS-RAF-driven  distinct groups of MAP3KSs, the sterile (STE) and tyrosine kinase-
tumorigenesis. Indeed, many different MAP3Ks (COT, MLK, like (TKL) MAP3Ks, which are related by sequence homology to
TAK1, ZAK, and MEKK) have been shown to contribute to drug  the yeast MAP3Ks or tyrosine kinases, respectively, also appear
resistance to RAF inhibition (Cuevas et al., 2006; Johannessen to be differentially activated by environmental stress (oxidative
et al.,, 2010; Li et al., 2018; Marusiak et al., 2014). These studies  stress, ASK; osmotic stress, MEKKS) or cytokines/growth factors

Figure 5. MAP3KSs coordinate cell fate through combinations of MAPK activity

(A) PCA of RNA sequencing results of indicated MAP3K inductions.

(B) Cell fate analysis by RNA sequencing (fold-change cell-cycle markers), EAU incorporation, and immunofluorescence (pRb, Myc, and p21), as described in
STAR Methods. Violin or boxplots represent the relative changes in cell fate, colors represent the log, fold change over the parental (see STAR Methods for
details) (n > 2,000 cells for all imaging assays).

(C) Cell fate analysis by RNA sequencing, live imaging (deltaX-Y [dXY], caspase dye) violin or boxplots represent the relative changes in cell fate, colors represent
the log, fold change over the parental (see STAR Methods for details) (n > 250 cells per live conditions).

(D) MCF10A cells containing TRE3G::MLK3 or TRE3G::MEKK2 were grown to confluence before overnight serum starvation and treatment with doxycycline
(2 ng/mL) and indicated inhibitor or vehicle control. Boxplots represent fold change of EdU+ cells in each condition over the no doxycycline control. Statistical
significance was determined over the doxycycline + vehicle of a given cell line.

(E) Serum-starved MCF10A cells containing TRE3G::MLK3 or TRE3G::MEKK2 were treated with vehicle control or indicated inhibitor combination and doxy-
cycline (2 pg/mL) and imaged every 5 min for 24 h in media containing 10 uM CellEvent Caspase-3/7 Green Detection Reagent (see STAR Methods for details).
Boxplots indicating the percentage of cells in each technical replicate that initiate apoptosis. Colors indicate the fold change over the no doxycycline control for
that cell line (n > 800 cells per condition). For all boxplots, p values were quantified using two-way ANOVA. For all violin plots, p values were quantified using two-
way ANOVA and a Bonferroni correction. *p < 0.05, **p < 0.01, and ***p < 0.001.

892 Cell Systems 13, 885-894, November 16, 2022



Cell Systems

(cytokines, TAK; growth factors, RAF, MLKs) (Figure 2). In addition,
we found that STE and TKL MAP3Ks preferentially activate the
SAPKs, p38, and JNK, respectively (Figure 4). With regard to cell
fate, the STE MAP3Ks drive cell-cycle arrest and survival, thereby
promoting unicellular fithess. However, the TKL MAP3Ks promote
cell-cycle progression or apoptosis. Taken together, it is tempting
to speculate that the evolution of the MAPK signaling network
played animportant role in the unicellular to multicellular transition.
In fact, recent efforts in defining the evolutionary transitions that
enabled multicellularity suggest that rewiring of signaling networks
may have played a critical role (Sebé-Pedrés et al., 2017; Suga
etal.,, 2014).

Overall, this study represents an unprecedented analysis of
MAPK signaling network dynamics. Our findings reveal an essen-
tial role for MAP3Ks in driving cell fate through combinations of
MAPK activity. We anticipate that future network-level studies
considering different signaling hubs simultaneously will enable a
better understanding of the fundamentals of signaling-mediated
control of cell fate.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-MEK1/2

Rabbit monoclonal anti-Phospho-MEK1/2
(Ser217/221)

MEKY (phospho S271 + T275) antibody

Rabbit monoclonal anti-Phospho-SEK1/
MKK4 (Ser257)

Mouse monoclonal anti-HSC 70
IRDye 800CW Donkey anti-Rabbit IgG
IRDye 680RD Goat anti-Mouse IgG

Rabbit monoclonal anti-Phospho-MKK3
(Ser189) /MKKB6 (Ser207)

Rabbit polyclonal anti-COT

Rabbit monoclonal anti-TAK1

Cell Signaling Technology
Cell Signaling Technology

Abcam
Cell Signaling Technology

Santa Cruz Biotechnology
Licor
Licor
Cell Signaling Technology

Genetex

Cell Signaling Technology

Cat#4694 (L38C12); RRID:AB_10695868
Cat#9154 (41G9); RRID:AB_2138017

Cat#4762; RRID:AB_304598
Cat#4514S (C36C11); RRID:AB_2140946

Cat#7298; RRID:AB_627761
Cat#926-32213; RRID:AB_621848
Cat#926-68070; RRID:AB_10956588
Cat#9231; RRID:AB_2140799

Cat#GTX102711 [N3C3];
RRID:AB_1950870

Cat#5206 (D94D7); RRID:AB_10694079

Chemicals, peptides, and recombinant proteins

Ulixertinib
Selonsertinib
URMC-099
TAK-632

Ponatinib

Gefitinib

BIRB-796

JNK-XVI (JNK-inh-8)
Cot-inhibitor-1

Selleck Chemicals
Selleck Chemicals
Selleck Chemicals
Selleck Chemicals
Selleck Chemicals
Selleck Chemicals
Selleck Chemicals
MedChem Express
MedChem Express

Cat#S7854
Cat#S8292
Cat#S7343
Cat#S7291
Cat#S1490
Cat#S1025
Cat#S1574
Cat#HY-13319
Cat#HY-32015

SB-203580 Sigma-Aldrich Cat#S8307
5Z-7-Oxozeaenol Sigma-Aldrich Cat#09890
Batimastat Selleck Chemicals Cat#S7155
TNF-a Gibco Cat#PHC 3015
IL1B R&D Systems Cat#201-LB-005
H,O, Thermo Fisher Cat#H325-500
Sorbitol Thermo Fisher Cat#50-70-4
Sodium Chloride Fisher Scientific Cat#7647-15-5
KClI Fisher Scientific Cat#7447-40-7
Sphingosine-1-phosphate Fisher Scientific Cat#13-701
Prostaglandin E2 Millipore Sigma Cat#P5640
Oleoyl-L-a-lysophosphatidic acid Millipore Sigma Cat#L7260
sodium salt

Poly(1:C) Sigma-Aldrich Cat#P1530
Cyclohexamide Sigma-Aldrich Cat#C4859
EGF PreproTech Cat#AF-100-15
Anisomycin Apexbio Cat#B6674
EdU Thermo Fisher Cat#A10044
Critical commercial assays

RNeasy Micro Kit Qiagen Cat#74004
CellEvent Caspase 3/7 Green Dye Invitrogen Cat#C1-423

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and processed RNA sequencing data This paper NCBI GEO: GSE213882

Human reference genome NCBI build 38,
GRCh38

Genome Reference Consortium

http://www.ncbi.nlm.nih.gov/projects/
genome/assembly/grc/human/

Single cell imaging data This paper https://github.com/regotlab/MAP3K-
signaling/tree/master
https://doi.org/10.5281/zenodo.7153234

Experimental models: Cell lines

Human MCF 10A ATCC Cat#CRL-10317

Human HEK293FT Thermo Fisher Cat#R70007

Oligonucleotides

See Table S1 N/A

Recombinant DNA

pTA30 PGK:ERK-KTR-mCerulean3 Aikin et al., 2020 N/A

(Hygromycin)

pSR1846 PGK:JNK-KTR-mRuby2 Regot et al., 2014 N/A

(Blasticidin)

pAP50 PGK:p38-KTR-mClover Aikin et al., 2020 N/A

pSR1881 H2B-iRFP Regot et al., 2014 N/A

pAP53 TRE3G:MEK1DD (puro) Aikin et al., 2020 N/A

pHC141 TRE3G:MEK2DD (puro) Aikin et al., 2020 N/A

pYL49 TRE3G:MAP2K7EEEdeltaN (puro) This paper N/A

pYL47 TRE3G:MAP2K4EEdeltaN (puro) This paper N/A

pAP54 TRE3G:MAP2K5DD (puro) This paper N/A

pAP55 TRE3G:MAP2K3DD (puro) Aikin et al., 2020 N/A

pAP128 TRE3G:MAP3KS (puro) This paper N/A

pPAP107 TRE3G:ASK1 (puro) This paper N/A

pAP131 TRE3G:TAK1 (puro) This paper N/A

pPAP124 TRE3G:YSK4 (puro) This paper N/A

pAP122 TRE3G:MAP3K15 (puro) This paper N/A

pAP148: TRE3G:TNNI3K (puro) This paper N/A

pAP116: TRE3G:ILK (puro) This paper N/A

pAP95: TRE3G:MEKK2 (puro) This paper N/A

pAP115: TRE3G:ARAF (puro) This paper N/A

pAP111: TRE3G:MAP3K14 (puro) This paper N/A

pAP112: TRE3G:TAOKS (puro) This paper N/A

pAP114: TRE3G:MAP3K12 (puro) This paper N/A

pAP109: TRE3G:MAP3K13 (puro) This paper N/A

pAP113: TRE3G:MAP3K11 (puro) This paper N/A

pAP93: TRE3G:MAP3KS5 kinase This paper N/A

domain (puro)

pAP96:TRE3G:MEKK2 kinase This paper N/A

domain (puro)

DHB-mVenus Spencer et al., 2013 Addgene Cat#136461

pTA70 ADAM17 CRISPR KO Assembly 1 Aikin et al., 2020 N/A

(Neomycin)

pAP177 MAP3K8 CRISPR KO Assembly 1 This paper N/A

(Neomycin)

PAP194 MAP3K7 CRISPR KO Assembly 2 This paper N/A

(Neomycin)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB MathWorks www.mathworks.com

Metamorph Molecular Devices https://www.metamorphsoftware.com/
Python Python Software Foundation www.python.org

Neural Net Segmentation This paper https://doi.org/10.5281/zenodo.7153234
CellProfiler Broad Institute Cellprofiler.org

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sergi Re-
got (sregot@jhmi.edu).

Materials availability
All materials will be made available upon request.

Data and code availability

RNA sequencing data sets has been deposited to the NCBI GEO database (GSE213882). Live imaging data of MAP3K inductions and
MAPK inputs is available from: https://github.com/regotlab/MAP3K-signaling/tree/master, DOls are listed in the key resources table.
All original code has been deposited at Github and is publically available. DOlIs are listed in the key resources table. Any additional
information to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
MCF10A human mammary epithelial cells (ATCC) were grown at 37° and 5% CO2 in DMEM/F12 (Gibco) with 5% horse serum (HS)
(Sigma), 10 ug/ml Insulin (Sigma), 20 ng/ml EGF (Peprotech), 1x Penicillin-Streptomycin (P/S) (Gibco), 0.5 mg/ml Hydrocortisone
(Sigma), 100 ng/ml Cholera Toxin (Sigma). Cells were passaged every 3 days with 0.25% Trypsin-EDTA (Gibco), were mycoplasma
free, and were verified by STAR-profiling (ATCC).

HEK293-FT cells were cultured in DMEM (Gibco) with 10% fetal bovine serum (FBS; Omega Scientific), 1% MEM non-essential
amino acids (NEAA; Gibco), 1% Glutamax (Gibco), 1% MEM sodium pyruvate (Gibco), 1x Penicillin-Streptomycin (P/S) (Sigma),
and 500 pg/ml Geneticin (Gibco).

METHOD DETAILS

Stable cell lines were generated with lentivirus produced in HEK293-FTs (Thermo) with third-generation packaging plasmids and Lip-
ofectamine 2000 (Thermo). Viral supernatants were collected 48 hours after transfection and incubated in MCF10As with polybrene
(10 pg/ml, EMD Millipore). To create multiplexed MAPK biosensor cells, MCF10As were infected with a lentiviral H2B-iRFP vector
(Addgene) and sorted. We used gateway cloning to introduce ERK-KTR-mCer3, JNK-KTR-mRuby2, and p38-KTR-mClover
into PGK pLenti DEST vectors (Addgene), infected and selected the H2B-iRFP MCF10As (Blasticidin 3 png/ml and Hygromycin
10 pg/ml Corning). We isolated moderately expressing clones using cloning cylinders (EMD Millipore). For inducible cells, a
gateway-ready reverse TET trans-activator (tTA) plasmid was created by adding the rtTA with a 2A peptide to the Puromycin resis-
tance gene in a CMV Puro DEST plasmid (Addgene) by gibson cloning(Gibson et al., 2009). Human coding sequences were acquired
from either Addgene or the Thermo Ultimate ORF Collection, sequence-verified, and introduced in the tTA CMV Puro DEST plasmid
by gateway cloning(Campeau et al., 2009). These plasmids were used for lentivirus, and infected cells were selected with Puromycin
(1 ng/ml, Sigma). Single-cell clones were then selected using cloning cylinders (EMD Millipore).

For inhibitor experiments, small molecules or antibodies and doxycycline were dissolved to a 10X working concentration in imaging
media before addition. The final DMSO concentration did not exceed 0.15%. Inhibitors used include the ERK inhibitor Ulixertinib, the
ASK inhibitor Selonsertinib, the MLK inhibitor URMC-099, the RAF inhibitor TAK-632, the MEKK inhibitor Ponatinib, the EGFR inhib-
itor Gefitinib, and the p38 inhibitor BIRB-796, all from Selleck Chemicals. The JNK inhibitor JNK-XVI (JNK-inh-8) and the COT inhibitor
Cot-inhibitor-1 were obtained from MedChem Express. The p38 inhibitor SB-203580, and the TAK1 inhibitor 5Z-7-Oxozeaenol were
obtained from Sigma.

The COT, TAK, and ZAK knockout cell lines were created using the CRISPR V2 Neo system (a gift from Dr. Andrew Holland)
and specific gRNA oligos. MAPK biosensor cells were infected with lentivirus carrying these plasmids, selected with Neomycin
(500 pg/ml, Sigma), and clonally expanded before western blot validation.
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Live Imaging

Cells were plated at *2.710A5 cells/well in fibronectin-coated (EMD Millipore) 96-well glass-bottom plates (Thermo Scientific or Cell-
vis) 48 hr before imaging. The following day, monolayers were serum-starved with 0.5% HS, phenol-red-free DMEM/F12 containing
1% Glutamax (Gibco). Monolayers were imaged using a Metamorph-controlled Nikon Eclipse Ti-E epifluorescence microscope with
a 20x air objective and a Hamamatsu sCMOS camera. The multi-LED light source SpectraX (Lumencor) and the multiband dichroic
mirrors DAPI/FITC/Cy3/Cy5 and CFP/YPF/mCherry (Chroma) were used for illumination and imaging without any spectral overlap.
Temperature (37°C), humidity, and CO2 (5%) were maintained throughout all imaging using OKO Labs control units. Time-lapse im-
ages were captured at 5-minute intervals. Sample sizes were selected by attempting to capture at least 300 cells from each popu-
lation. Key conditions from imaging experiments were performed at least twice, with one independent replicate presented in figures.
All experiments have at least two technical replicates per independent experimental replicate.

Image Analysis and Quantification

Primary time-lapse images were subjected to flat-fielding and registration before further analysis. Tet-induction experiments were
segmented and tracked as previously described (Aikin et al., 2020). All other imaging experiments were analyzed using python based
neural net segmentation. Binary images where then imported into CellProfiler for measurement. As described in Aikin et al., the cy-
toring is determined as the area that projects out from the identified nuclei for a diameter of 4 pixels, unless in any area it encounters
another cytoring, in which case it is segmented at the intersection. Intensity ratios were calculated as previously described (Regot
et al., 2014). Single-cell traces were chosen by random plotting of distinct cells and selection of those that were tracked throughout
the whole experiment. Peak counting was performed with software based on findPeaks and as previously described (Aikin
et al., 2020).

Immunoblotting

Cells were plated to confluency in 6-well plastic cell culture plates and starved with 0.5% HS, DMEM/F12 overnight before specified
treatment and lysate collection. Protein samples were collected in RIPA buffer (CST) with 1x HALT protease/phosphatase inhibitor
(Thermo) and reduced in Laemlli SDS buffer (BioRad) with BME (Sigma). Protein was loaded onto 4-15% gradient polyacrylamide
gels (Bio-Rad). After electrophoresis proteins were transferred to Trans-Blot nitrocellulose membranes (Bio-Rad, 1704159EDU).
Blots were probed overnight at 4 °C with mouse MEK1/2 (CST 4694S), rabbit pMEK1/2 (CST 9154S), rabbit pMKK7 (Abcam
ab4762), rabbit pMKK4 (CST 4514S), rabbit pMKK3/6 (CST9231), rabbit COT (Genetex GTX102711), TAK1 (SCBT), mouse anti-
HSC70 (Santa Cruz Biotechnology), and IRDye donkey anti-rabbit 800 and goat anti-mouse 680 secondary antibodies (LiCor) before
imaging. All images were acquired on an Odyssey Infrared Scanner (LiCor).

Cell Death Assay

To measure cell death, MCF10A cells were plated (27,000 cells per well) onto glass-bottom 96 well imaging plates (Thermo Fisher
Scientific) and starved as described above. 24 hours later, the cells were incubated with 10 uM of CellEvent Caspase-3/7 Green
Detection Reagent (Thermo Fisher Scientific, C10423) and imaged as previously described (Wu et al., 2020) following treatments
as stated.

Experimental replicates and statistical power

All live imaging experiments have two technical replicates that are combined and represented in the main figures and are represen-
tative of at least three independent experimental replicates unless otherwise stated. All fixed imaging experiments have ten technical
replicates and at least two independent experimental replicates. All western blots have at least three independent replicates. To
overcome issues with high power, we first quantified p-values of large data sets using 2-way Anova and then applied a Bonferroni
correction (‘ns’, not significant, *p<0.05, **p<0.01, **p<0.001).
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