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Abstract

Cells in the human body are frequently challenged with a wide range of stresses, including
inflammation, oxidative stress, and UV light. In order to adapt to such stresses, multiple
signaling pathways have evolved to repair the stress-induced damage or eliminate severely
damaged cells through induction of apoptosis. Such crucial cell fate decisions between cell
survival and death are, at least in part, mediated by the stress activated protein kinases
(SAPKSs), c-Jun N-terminal kinase (JNK) and p38. Increasing evidence suggests that crosstalk
signaling between JNK and p38 pathways is an important regulatory mechanism in the
inflammatory and stress responses. Specifically, suppression of INK signaling by p38 and its
physiological relevance have been documented in cell lines and animal models. However, the
effects of this cross-inhibition of JNK by p38 on the precise signaling dynamics, cell-to-cell
variation, and cell fate decisions at the single-cell level remain unknown. To address these
questions, | established a multiplexed live-cell imaging system based on kinase translocation
reporters and simultaneously monitored p38 and JNK activities with high sensitivity and
specificity at single-cell resolution. The imaging system enabled visualization of various JNK
and p38 activity dynamics in response to different stresses, such as anisomycin, osmotic
stress, UV light, and pro-inflammatory cytokines. Under all stress conditions, p38 suppressed
JNK activity in a cross-inhibitory manner. Quantitative experimental analysis revealed that
p38 antagonized JNK through both post-translational and transcriptional mechanisms, and
that the relative strength of these cross-inhibition mechanisms was dependent on the
stimulant. Phosphorylation of TGF-f activated kinase 1 binding protein (TAB1) and
induction of dual specificity phosphatase 1 (DUSPI) were confirmed to be involved in post-
translational and transcriptional cross-inhibition of JINK, respectively. Strikingly, inhibition
of JNK by p38 reduced the cell-to-cell variation of JNK activity after stress exposure,
suggesting that cross-inhibition of JNK by p38 generated cellular heterogeneity in JNK
activity. Single cell analysis of endogenous DUSP1 protein levels revealed that the cell-to-
cell variation in JNK activity arose from heterogeneous DUSP! induction after UV exposure.
Strikingly, this heterogeneity in JNK activity was associated with cell survival and death in
response to UV stress. These data indicate that cell-to-cell variation in JNK activity leads to

fractional killing in response to UV stress.
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1-1 Stress activated protein kinases JNK and p38

c-Jun N-terminal kinase (JNK) and p38 are stress-activated protein kinases (SAPKs) that
convert a variety of environmental stress and inflammatory signals to diverse cellular
functions, such as cell cycle arrest, apoptosis, and inflammatory responses (Cuadrado and
Nebreda, 2010; Johnson and Lapadat, 2002; Weston and Davis, 2007) (Figure 1). They
belong to the family of mitogen-activated protein kinases (MAPK), which are activated in a
three-tiered pathway architecture. MAPK kinase kinases (MAPKKK, MAP3K, MEKK or
MKKK) phosphorylate and activate MAPK kinases (MAPKK, MAP2K, MEK or MKK),
which in turn phosphorylate and activate MAPKs. Human JNK proteins are encoded by three
genes, MAPKS (JNK1), MAPK9 (JNK2), and MAPK10 (JNK3), of which JNK1 and JNK2
are ubiquitously expressed, while JNK3 is primarily expressed in the brain (Bode and Dong,
2007). Four genes encode human p38 proteins, namely MAPK14 (p38a), MAPKI11 (p38P),
MAPKI2 (p38y), and MAPK13 (p389). Only p38a is highly expressed in most cell types,
while p38p is ubiquitously expressed at very low levels and p38y/p385 exhibit tissue-specific
expression patterns (Ono and Han, 2000).

JNK proteins are activated by the MKK4 and MKK7 MAPKKSs, while p38 is mainly
activated by MKK3 and MKK®6, but also by MKK4. In contrast to the limited number of
MAPKKSs, numerous MAPKKKs function upstream of p38 and/or JNK, including
MEKK1/2/3/4, apoptosis signal-regulating kinase 1 (ASK1), thousand-and-one amino acids
protein kinases 1/2 (TAO 1/2), transforming growth factor B-activated kinase 1 (TAK1), and
mixed lineage kinases (MLKSs) (Cuevas et al., 2007). These MAPKKKSs allow responses to
diverse stress signals such as oxidative stress, osmotic shock, ultraviolet (UV) irradiation,
DNA damage, heat shock, protein synthesis inhibitors, and pro-inflammatory cytokines
(Cuevas et al., 2007).

After activation, SAPKs phosphorylate their target substrates, including protein
kinases, regulatory proteins, and various transcription factors, in order to exert their diverse
functions (Raman et al., 2007; Wagner and Nebreda, 2009). A major target of INK is the
transcription factor c-Jun (Dérijard et al., 1994; Hibi et al., 1993), but JNK also
phosphorylates other transcription factors, such as activating transcription factor 2 (ATF2)
(Gupta et al., 1995), Elk-1 (Whitmarsh et al., 1995), p53 (Fuchs et al., 1998), and c-Myc
(Noguchi et al., 1999) , as well as cytosolic regulatory proteins such as Bcl-2 and 14-3-3
proteins (Yamamoto et al., 1999; Yoshida et al., 2005). The large number of downstream

substrates of INK allows this pathway to regulate a variety of cellular functions, ranging from
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apoptosis induction to enhanced survival and proliferation. The diverse outcomes of INK
signaling were attributed to differences in cell type and stimulus, but also intensity and
duration of JNK activation (Bode and Dong, 2007). p38a phosphorylates and activates
several protein kinases, including MAPK-activated kinase 2 (MK2) (Rouse et al., 1994),
MK3 (McLaughlin et al., 1996), mitogen and stress activated kinase 1 (MSK1) (Deak et al.,
1998), MAPK interacting protein kinase 1 (MNK1), and MNK2 (Waskiewicz et al., 1997).
p38 also regulates many transcription factors, such as p53 (Bulavin et al., 1999), ATF2
(Raingeaud et al., 1995), Elk-1 (Raingeaud et al., 1996), and myocyte specific enhancer
factor 2 (MEF2) (Han et al., 1997; Zhao et al., 1999), and regulatory proteins, such as Cyclin
D (Casanovas et al., 2000), Bax (Kim et al., 2006), and BimEL (Cai et al., 2006). The many
p38 substrates enable a broad spectrum of cellular responses, including induction of
inflammation, apoptosis, and cell cycle arrest (Cuenda and Rousseau, 2007; Ono and Han,

2000).
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Figure 1. SAPK pathways.
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The JNK and p38 pathway are activated by environmental stresses and inflammatory stimuli. The different
upstream activators, MAPKKs and MAPKKKs, and downstream substrates are depicted, which lead to a broad
range of biological responses.

1-2 Crosstalk of JNK and p38

Crosstalk between the JNK and p38 MAPK pathways is an important regulatory mechanism
in the context of both cell lines and animal models. In particular, increasing evidence
supports that the p38 pathway can negatively regulate JNK, an example of so-called “cross-
inhibition”. The first indication for this cross-inhibition is the finding that chemical inhibition
and/or knock out (KO) of p38a increased JNK activity in response to pro-inflammatory
cytokines and osmotic shock in a epithelial cell line, as well as in mouse embryonic
fibroblasts (MEFs) and lipopolysaccharide (LPS)-stimulated macrophages (Cheung et al.,
2003). As to the mechanism underlying this cross-inhibition, it has been proposed that p38
inhibits TAK1, a common upstream MAPKKK of p38 and JNK, by phosphorylation of
TAKI1-binding protein (TAB1) (Cheung et al., 2003) (Figure 2). In support of the role of
TAKI1 in cross-inhibition, another study has shown that p38a depletion in the intestine and
skin caused aberrant activation of TAK1 and JNK after chemically induced inflammation,
rendering these tissues more sensitive to inflammation-induced apoptosis than that of the wild
type mouse (Caballero-Franco et al., 2013). Mice with liver-specific deletion of the p38a
gene exhibit increased proliferation of chemically induced liver cancer cells by the
enhancement of MKK7-dependent JNK activation (Hui et al., 2007). These mice also exhibit
increased JNK and MKK3/6/4 activation by LPS (Heinrichsdorff et al., 2008). Another study
reported that JNK activation by p38 inhibitors was dependent on the MAPKKK MLK3 and
MKK4/MKK?7 in a lung cancer cell line (Muniyappa and Das, 2008). Altogether, p38
suppresses JNK via different MAPKK/MAPKKK in tissue specific manners.

p38a upregulates transcription of dual specificity phosphatase 1 (DUSPI) gene, also
known as MAPK phosphatase-1 (MKP-1); this transcription product dephosphorylates and
inactivates p38 and JNK (Ananieva et al., 2008; Chi et al., 2006; Hammer et al., 2006; Zhao
et al., 2006). Mechanistically, p38 activates MSK 1, MSK1 then activates the transcription
factor cAMP response element-binding protein (CREB), and CREB induces DUSPI gene
expression (Ananieva et al., 2008; Staples et al., 2010) (Figure 2). For example, myoblasts
lacking p38a showed continuous proliferation under differentiation-promoting conditions,
and this effect was caused by persistent JNK activation because of a reduction of DUSP!

expression (Perdiguero et al., 2007). Abrogation of p38a also led to greater JNK
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phosphorylation in macrophages and keratinocytes in response to LPS and UV irradiation,
respectively, through the reduced induction of DUSP/ (Kim et al., 2008). Moreover, DUSP1
depletion has been shown to increase JNK activity, and thereby sensitize MEFs to UV-
induced apoptosis (Staples et al., 2010). Taken together, these results demonstrate that p38a
negatively regulates JNK signaling by different mechanisms, namely, post-translational
modification at the level of an upstream MAPKKK and MAPKK and/or transcriptional
induction of a JNK-inactivating phosphatase. Notably, these mechanisms are believed to be
dependent on the cell types and stimuli (Wagner and Nebreda, 2009). Although the cross-
inhibition of JNK by p38 and its physiological relevance have been documented in cell
populations by biochemical studies, the degree of cell-to-cell variability and the dynamics of

crosstalk between JNK and p38 signaling at the single cell level have not been addressed.

/ TAK1 \
TAB1 2
T4
MKK3/6 a3 ® MKK4/7

+ _/‘ .

MSK1
CREB

DUSP1

Figure 2. Crosstalk between the p38 and JNK pathway.

p38 phosphorylates TAB1 on Ser423 and Thr431, which leads to inhibition of TAK1 and consequently reduced
activation of downstream protein kinases. p38 also induces DUSP! gene expression through MSK1 and CREB
activation. DUSP1 dephosphorylates and thereby inactivates JNK and p38.

1-3 Cell signaling dynamics in cell fate decisions

Complex signaling networks enable cells to sense environmental signals, process the
information, and finally induce specific cell fates to adapt the environmental changes. An
increasing number of studies suggests that the dynamic patterns of signaling molecules

control cellular responses (Levine et al., 2013; Purvis and Lahav, 2013). Signaling dynamics
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are defined as the temporal change in the activity, concentration, localization, or modification
state of a signaling molecule. Information can be encoded for example as the amplitude,
frequency, duration, onset, rate, or integral of a signaling curve. Researchers in this field have
been specifically interested in the following questions: How are signals encoded in dynamic
patterns? How are signaling dynamics decoded to cellular phenotypes?

One of the earliest concepts emerging from the study of signaling dynamics is that
different upstream signals can lead to different signaling dynamics of the same molecule,
which are associated with or at least precede different cell fates (Figure 3A). In a pioneering
example, striking difference in the fate of rat neuronal precursor cells was demonstrated upon
stimulation by epidermal growth factor (EGF) and nerve growth factor (NGF), both of which
signal through the MAPK extracellular signal-regulated kinase (ERK). EGF led to transient
activation of ERK and proliferation, while NGF induced sustained ERK activity and
differentiation of the cells (Marshall, 1995). In another classic example, different
inflammatory stimuli induced distinct activity profiles of the nuclear factor-kappaB (NF-kB)
pathway. Tumor necrosis factor a (TNFa) generated oscillations of NF-«B, whereas LPS led
to single prolonged activation curve with slower kinetics. These dynamics were accompanied
with distinct target gene expression patterns (Werner et al., 2005). Moreover, the tumor
suppressor p53 shows stimulus-dependent dynamic behavior, which correlates with different
cell fates. DNA damage caused by y-irradiation leads to a series of repeated p53 pulses and
transient cell-cycle arrest. In contrast, DNA damage caused by UV irradiation triggered a
single, prolonged pulse of p53 accumulation and apoptosis (Purvis et al., 2012). These
examples indicate that signaling dynamics correlate with specific cellular responses and fates.
Further elegant perturbation studies using genetic, pharmacological, and optogenetic
strategies showed that dynamical patterns not only correlate, but cause certain cellular
responses (Aoki et al., 2013; Purvis et al., 2012; Santos et al., 2007).

In earlier studies, temporal signaling patterns had been measured across populations
of cells, which in some cases could lead to a misrepresentation of the individual signaling
dynamics in the cells. Technical advances in fluorescent probes and live-cell imaging,
however, enabled tracking of signaling responses at single-cell resolution. Those technologies
uncovered that individual cells can respond heterogeneously to an uniform environmental
stimulus. For example, when cells are exposed to cytotoxic agents, some cells undergo
apoptosis, while a fraction of cells survives; a phenomenon called fractional killing.
Quantitative imaging identified signaling thresholds in cytokine-induced caspase 8§ activity or

chemotherapy-induced p53 activity, that distinguished surviving from dying cells (Paek et al.,
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2016; Roux et al., 2015) (Figure 3B). Such fractional killing can lead to resistance to
chemotherapy and is thus a major obstacle to effective cancer treatment. In some cases,
specific mutations can allow a subset of cells to survive (Holohan et al., 2013). Analysis of
isogenic cells revealed that intrinsic noise and stochastic fluctuations of gene expression can
increase cell-to-cell variability of protein abundances, which is known as non-genetic
heterogeneity (Brock et al., 2009; Spencer et al., 2009).

In response to environmental stresses, cells might either undergo cell-cycle arrest and
seek to repair the stress-induced damage or, if the damage is too severe, undergo senescence
or apoptosis. The stress inputs are sensed and transmitted to a number of intracellular
signaling cascades and the SAPK and p53 pathways are of particular importance among
others. As discussed above, several mechanisms have been proposed for p53 to explain the
alternative cell fate decisions in a manner dependent on the signaling dynamics or signaling
threshold. However, especially many cancer cells do not harbor functional p53, suggesting
that alternative pathways like the SAPKs might be involved in the cell fate decisions between
cell survival and death. Measuring the single-cell dynamics of SAPKs will be key to

understand how JNK and p38 regulate cell fate decisions.
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Figure 3. Encoding and decoding of cell signaling dynamics.

(A) Different stimuli induced specific signaling dynamics of key signaling proteins and lead to alternative cell
responses.

(B) Signaling thresholds were identified to distinguish between dying and surviving cells.

1-4 Live-cell imaging of protein kinase activities

Understanding the role of signaling dynamics in biological responses requires collection of
high-quality time series data at appropriate sampling frequency. Development of fluorescent
biosensors and live-cell imaging techniques has immensely improved our ability to quantify
and explore the dynamic behavior of signaling molecules in single cells. For monitoring
activities of protein kinases (from hereinafter referred to simply as kinase), such as JNK and
p38, different types of fluorescent protein (FP)-based reporters have been developed.

To date, Forster resonance energy transfer (FRET) biosensors are the most commonly
used tools for monitoring kinase activity in living cells, and, indeed, FRET biosensors for
JNK and p38 MAPK are available nowadays (Fosbrink et al., 2010; Komatsu et al., 2011;
Tomida et al., 2015). Most genetically-encoded FRET biosensors for kinases consist of a
single polypeptide comprising a substrate peptide and a phospho-binding domain (PBD),
connected by a flexible linker and flanked by a pair of donor and acceptor FPs, typically a
yellow FP (YFP) and cyan FP (CFP) (Komatsu et al., 2011). Phosphorylation of the substrate
sequence by the target kinase induces a conformational change due to binding of the PBD to
the phosphorylated substrate, resulting in an increase in the FRET efficiency (Figure 4A).
FRET biosensors allow measurement of kinase activities specific to subcellular
compartments and ratiometric imaging (FRET/CFP ratio) makes these sensors not only
robust to small focus drifts and object motions but also independent of expression levels, in
comparison to most single-fluorophore kinase reporters (Maryu et al., 2018). For these
advantages, FRET biosensors are widely being used for cell biology applications. However, a
caveat of the FRET biosensors is that simultaneous imaging of multiple kinase activities is
technically challenging with a FRET biosensor, since most FRET biosensors consist of two
fluorophores such as YFP and CFP.

To overcome this issue, single-fluorophore kinase translocation reporters (KTRs)
provide a powerful alternative by multiplexed imaging using differently colored FPs
(Durandau et al., 2015; Li et al., 2017; Maryu et al., 2016; Regot et al., 2014). Upon
phosphorylation by the kinases, these reporters translocate from the nucleus to cytosol, and
subsequently go back to the nucleus upon de-phosphorylation. Such nucleocytoplasmic

shuttling mimic the relocalization of some authentic target proteins of kinases (Hao et al.,
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2013; Komeili and O’Shea, 1999; Nardozzi et al., 2010). The prototype KTR is an engineered
protein construct in which the kinase docking site of a substrate is fused to a bipartite nuclear
localization signal (bNLS) and nuclear export signal (NES), as well as a FP (Regot et al.,
2014). The negative charge introduced by phosphorylation inhibits the bNLS and enhances
the NES signal, presumably by changing affinities to the nuclear import and export
machinery, respectively. Upon phosphorylation, nuclear import and export of the KTR are
decreased and increased, respectively, leading to the translocation of the reporter from
nucleus to cytosol. Thus, the ratio of cytosolic to nuclear fluorescence intensity (C/N ratio)
can be used as a proxy for kinase activity (Regot et al., 2014). The visualization of kinase
activity requires only one FP, which can be flexibly swapped with another FP. Multiplexed
imaging using translocation reporters is relatively simple, as long as different FPs with
minimal spectral overlap are used. For example, KTRs enabled visualization of ERK, JNK,
and p38 activities simultaneously in single cells (Regot et al., 2014). Thus, translocation

reporter are a powerful tool for analysis of multiple kinase pathways in single cells.

A FRET
YFP Kinase
‘7
Phosphatase
PBD Substrate ®
peptide U
B

Klnase
Phosphalase

Figure 4. Principles of fluorescence reporters for kinases.
(A) FRET biosensor for kinase activity.
(B) KTR.

1-5 Objective

The SAPKs JNK and p38 are central signaling transmitters in the cellular response to

environmental stress and inflammatory signals. An increasing number of studies identified
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crosstalk between the JNK and p38 pathways as a critical regulatory mechanism in the stress
and inflammatory response in different biological contexts. However, it is still unknown, how
this crosstalk affects signaling dynamics, cell-to-cell variation, and cell fates at the single-cell

level. In this study, [ aim to address these questions by analysis of following objectives:

e Establishment and characterization of a multiplexed imaging system for p38 and JNK
activities

e Quantitation of signaling dynamics of p38 and JNK in various stress and
inflammatory conditions

e Analysis of crosstalk between p38 and JNK using genetic and pharmacological
perturbation

e Analysis of molecular mechanisms underlying the cross-inhibition of JNK by p38

e Analysis of heterogeneity in JNK and p38 activities during stress response in single
cells.

e Effect of cell-to-cell variation in SAPK signaling dynamics on cell fate decisions
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2-1 Plasmids

Standard molecular biology methods were used for plasmid constructions. To generate
pT2Apuro-NLS-iRFP-NLS, the NLS of SV40 large T antigen (PKKKRKYV) was attached to
the 5’ and 3’ end of iRFP by PCR and this fragment was inserted into the pT2 Apuro vector
(Kawakami and Noda, 2004). The pT2Apuro vector is a Tol2 transposon vector with IRES-
pac (puromycin resistance gene) and was kindly gifted from Dr. K. Kawakami (National
Institute for Genetics, Japan). The JNK KTR sequence was obtained by PCR from
pLentiPGK Puro DEST JNKKTRClover (Regot et al., 2014), a kind gift from Dr. M. Covert
(Addgene plasmid #59151). JINK KTR and mCherry were then cloned into pPCAGGS (Niwa
et al., 1991), an eukaryotic expression vector, or pPBbsr, a piggyBac transposon vector with
IRES-bsr (blasticidin S resistance gene) (Yusa et al., 2009), producing pCAGGS-JNK KTR-
mCherry and pPBbsr-JNK KTR-mCherry. The pPB backbone was obtained as a kind gift
from Dr. A. Bradley (Wellcome Trust Sanger Institute, UK). p38 KTR (Regot et al., 2014)
was generated by PCR from annealed sense- and antisense Oligo DNAs and inserted into a
pPBbsr-mEGFP vector, resulting in pPBbsr-p38 KTR-mEGFP. For construction of pPBbsr-
mEGFP-MK2, pCAGGS-mKO-MK2, and pPBbsr-mKO-MK2, the cDNA of human
MAPKAPK?2 was retrieved from a HeLa cDNA library by PCR and cloned into the pPBbsr
or pCAGGS vectors along with mEGFP or mKO. To ease transfection of following three
reporters, a polycistronic vector encoding NLS-iRFP-NLS, JNK KTR-mCherry, and mKO-
MK2 was constructed. To do so, the reporters were connected by sequences for the self-
cleaving P2A peptide (GSGATNFSLLKQAGDVEENPGP) by PCR, and the polycistronic
cassette was cloned into the pPBbsr vector. This vector was named pNJP (Nuclear, JNK, and
p38 reporter). I amplified the cDNA of human TABI from HeLa cDNA by PCR and
introduced the S423A and T431A point mutations by two-step overlap-extension PCR. The
cDNAs of TABI wildtype and SATA were cloned into the lentiviral vector pCSlIneo vector
with IRES-neo (neomycin resistance gene), to obtain pCSIlIneo-TAB1-wt and pCSIIneo-
TAB1-SATA. The CSII-EF lentiviral vector was a kind gift from Dr. H. Miyoshi (RIKEN,
Japan).To construct the caspase 3 FRET biosensor EC-RP (Albeck et al., 2008), annealed
Oligo DNAs for the caspase 3 substrate site (SGLRSSGDEVDRVYGSGS) were cloned
between the FPs of pPBbsr2-YPet-SECFP-NES (Komatsu et al., 2011) by linker ligation,
producing the vector pPBbsr-EC-RP-NES. pX459 (pSpCas9(BB)-2A-Puro) and
lentiCRISPR v2 were kind gifts from Dr. F. Zhang (Addgene plasmids #48139 and #52961)
(Ran et al., 2013; Sanjana et al., 2014).
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Table 1. List of plasmids.

Noda, 2014

Plasmid name Source Identifier
pT2Apuro-NLS-iRFP-NLS This study N/A
pLentiPGK Puro DEST JNKKTRClover Regot et al., 2014 addgene #59151
pCAGGS-JNK KTR-mCherry This study N/A
pPBbsr-JNK KTR-mCherry This study N/A
pPBbsr-p38 KTR-mEGFP This study N/A
pPBbsr-mEGFP-MK2 This study N/A
pCAGGS-mKO-MK2 This study N/A
pPBbsr-mKO-MK2 This study N/A
pNJP This study N/A
pCSlIneo-TAB1-wt This study N/A
pCSlIneo-TAB1-SATA This study N/A
pT2Apuro-IC-RP-NES This study N/A
pPBbsr-EC-RP-NES This study N/A
perky p38 NES Tomida et al., 2015 | N/A
lentiCRISPRv2-hMAPK 14 This study N/A
lentiCRISPRv2-hMAPKS8 This study N/A
lentiCRISPRv2-hMAPK9 This study N/A
lentiCRISPRv2-hTAB1 This study N/A
lentiCRISPRv2-hMAP3K7 This study N/A
lentiCRISPRv2-hDUSP1 This study N/A
lentiCRISPRv2-RLuc8 Aoki et al. 2017 N/A
pX459-hDUSP1-3’end This study N/A
pCAGGS-mScarlet-loxP-P2A-dTKneo-pA-loxP- | This study N/A
stop

pCAGGS-T2TP Kawakami and N/A
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pCMV-mPBase(neo-) Yusa et al., 2009 N/A
psPAX?2 Didier Trono lab addgene #12260
(unpublished)

pCMV-VSV-G-RSV-Rev Miyoshi et al., 1998 | N/A

2-2 Reagents

Reagents and antibodies were purchased from following sources (Table 2).

Table 2. List of reagents.
Reagent Source Identifier
Chemicals, peptides, and recombinant proteins
Actinomycin D Sigma Aldrich A1410
Anisomycin Sigma Aldrich A9789
BIRB 796 Calbiochem 506172
Blasticidin S InvivoGen ant-bl-1
DMSO Nacalai Tesque 13445-74
G418 InvivoGen ant-gn-5
IL-1B (recombinant, human) R&D Systems 201-LB-005
JNK inhibitor VIII Cayman Chemical 15946
Puromycin InvivoGen ant-pr-1
SB203580 Selleck Chemicals S1076
Sorbitol Wako 198-03755
TNFa (recombinant, human) R&D Systems 210-TA-005

pAb

VX-745 Adipogen SYN-1123-M001
Antibodies

Anti-mCherry antibody Abcam ab167453
Anti-monomeric Kusabira Orange 2 MBL PMO51IM
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Anti-RFP mAb MBL M204-3

SAPK/JNK Antibody Cell Signaling Technology [ #9252

Phospho-SAPK/INK (Thr183/Tyr185) | Cell Signaling Technology | #9255
(G9) Mouse mAb

JNKT1 (2C6) Mouse mAb Cell Signaling Technology [ #3708
JNK2 (56G8) Rabbit mAb Cell Signaling Technology | #9258
p38 MAPK Antibody Cell Signaling Technology | #9212

Phospho-p38 MAPK (Thr180/Tyr182) | Cell Signaling Technology | #9216
(28B10) Mouse mAb

TABI1 (C25E9) Rabbit mAb Cell Signaling Technology | #3226
TAKI1 (D94D7) Rabbit mAb Cell Signaling Technology | #5206
aTubulin Antibody (DM1A) Santa Cruz sc-32293
Anti-a-Tubulin pAb MBL PMO054
IRDye 680LT goat anti-rabbit IgG LI-COR Biosciences 925-68021
IRDye 800CW donkey anti-mouse IgG | LI-COR Biosciences 925-32212

2-3 Maintenance of cell lines

HelLa cells were obtained from the Human Science Research Resources Bank (Japan).
MCFI10A and A549 cells were purchased from American Type Culture Collection. NIH3T3
cells were a gift from Dr. J. Nakayama (National Institute for Basic Biology, Japan).
MCFI10A cells were kept in DMEM/F12 (Invitrogen) supplemented with 5% horse serum
(Invitrogen), 20 ng/ml epidermal growth factor (Nacalai), 100 ng/ml cholera toxin (List
Biological Laboratories), 10 pg/ml insulin (Nacalai), 0.5 mg/ml hydrocortisone (Nacalai),
100 u/ml penicillin/100 pg/ml streptomycin (Nacalai). A549, NIH3T3, and HeLa cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (Wako; Nacalai)
supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich). Antibiotics were added,

if required.
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2-4 Transient and stable expression

A transient expression system was established by transfection of HeLa cells with pPCAGGS
vectors using 293fectin (Invitrogen) according to the manufacturer’s protocols. On the other
hand, to establish stable cell lines expressing the fluorescent reporters, Tol2- and piggyBac-
transposon based systems were applied. The transposase encoding pPCAGGS-T2TP vector (a
kind gift of Dr. K. Kawakami, National Institute for Genetics, Japan) and pCMV-mPBase
(neo-) vector (a kind gift of Dr. A. Bradley, Wellcome Trust Sanger Institute, UK) were co-
transfected with the reporters encoding pT2Apuro and pPBbsr vectors, respectively, using
293fectin. One day after transfection, cells were selected with 1 pg/ml puromycin or 20
ug/ml blasticidin S for at least one week. The reporter HeLa cell line expressing NLS-iRFP-
NLS, INK KTR-mCherry, and mKO-MK2 simultaneously, were generated by introducing
the piggyBac and Tol2 transposon system. Subsequently, clonal cell lines were isolated by
single-cell cloning and screened for iRFP, mCherry, and mKO expression. Moreover, to ease
generation of cell lines expressing the three reporters, the piggyBac transposon system was
applied to stably transfect the polycistronic vector pNJP. However, it is worth to mention that
the expression levels of the polycistronic construct were reduced in comparison to the
reporters when they were individually expressed. For generation of other cell lines stably
expressing NJP using the piggyBac transposon system, Lipofectamine 3000 Reagent
(Thermo Fisher Scientific) was used to transfect NIH3T3 and A549 cells. MCF10A cells
were transfected by Viromer RED (Lipocalyx). For functional analysis of TABI protein,
HeLa TABI1 KO cells were complemented with the wild-type or mutant TAB1, using
lentivirus-mediated gene transfer system. Concisely, the lentiviral pCSIIneo vector was
transfected into Lenti-X 293T cells (Clontech) along with the packaging plasmid psPAX2 (a
gift from Dr. D. Trono -Addgene plasmid #12260), and pCMV-VSV-G-RSV-Rev (a kind gift
of Dr. Miyoshi, RIKEN, Japan) by using the linear polyethyleneimine “Max” MW 40,000
(Polyscience). Target cells were infected with the virus-containing media after two days. The
cells were selected beginning at two days after infection, by at least one week of treatment

with 1 mg/ml G418. All cells were kept at 37 °C in a humidified atmosphere of 5% COa.

2-5 CRISPR/Cas9-mediated KO

For KO of human DUSP1, MAPKS, MAPK9, MAPK 14, MAP3K?7, and TABI genes by the
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
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protein-9 nuclease (Cas9) system, I designed custom single guide RNAs (sgRNA) sequences
targeting the start codon or first exon using the CRISPR Design online tool
(http://crispr.mit.edu, Zhang Lab, MIT). The TAB1 sgRNA is homologous to a sequence
upstream of the start codon, enabling exogenous expression of TAB1 in TABI KO cells,
although they stably express the sgRNA and Cas9. The sgRNA targeting sequences are given
in Table 3. Oligo DNAs for the sgRNAs were annealed and inserted into the lentiCRISPR v2
vector that was digested with BsmBI restriction enzyme (Addgene plasmid #52961) (Sanjana
et al., 2014). Lentiviral gene transfer was used to introduce the sgRNA/Cas9 cassette into
HelLa cells. After selection of infected cells by 2 ug/ml puromycin for at least two days, cells
were subjected to single-cell cloning. Western blotting confirmed depletion of target proteins.
Since specific antibodies for DUSP1 were not available, DUSPI KO was validated by
sequencing and indel analysis using the TIDE webtool (https://tide-calculator.nki.nl/)
(Brinkman et al., 2014).

Table 3. Targeting sequences for CRISPR/Cas9 mediated gene KO.

Target targeting sequence

hDUSP1 CTACTAACCTGATCGTAGAG
hMAPKS ACGCTTGCTTCTGCTCATGA
hMAPK9 TCAGTTTTATAGTGTGCAAG
hMAPK 14 AGCTCCTGCCGGTAGAACGT
hMAP3K7 CATCTCACCGGCCGAAGACG
hTABI1 CCTCCTCTGCGCCGCCATCT
RLuc8 AGGTGTACGACCCCGAGCAG

2-6 CRISPR/Cas9-mediated knock-in

A previously described protocol was used to establish a HeLLa DUSP1-mScarlet knock-in
(KI) cell line (Komatsubara et al., 2017). The sgRNA target sequence was designed to
overlap the stop codon of the DUSP1 gene (CCCGTGGCCTTTCAGCAGCT), so that this
sgRNA does not recognize the sequence after KI. Annealed Oligo DNA for the sgRNA was
inserted into the Bpil digested pX459 vector, generating pX459-hDUSP1-3’end. The donor
vector pPCAGGS-mScarlet-loxP-P2A-dTKneo-pA-loxP-stop comprised mScarlet, loxP, P2A,
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a fusion of truncated herpes simplex virus type 1 thymidine kinase (dTK) and bacterial
neomycin phosphotransferase (neo) (dTKneo), a poly(A) signal, and loxP. Linear double
stranded (ds) donor DNA template with 40 bp left and right homology arms (40 bp
upstream/downstream of the DUSP1 stop codon) was amplified by PCR. HeLa cells were
plated on a 35 mm dish and transfected with 50 ng of the dsDNA donor and 1 pg pX459-
hDUSP1-3’end by using 293fectin. One day after transfection, cells positive for pX459-
hDUSP1-3’end were selected by 1 pg/ml puromycin for 2 days. Afterwards, cells were
treated with 500 pg/ml G418 to select of knock-in cells for 10 days. Then, clonal cell lines
were isolated by limiting dilution method in presence of 500 pug/ml G418. To remove the
loxP flanked P2A-dTKneo-poly(A) selection cassette by recombination, knock-in cells were
infected with adeno-associated virus expressing Cre recombinase (AAV-Cre). To produce
AAV, LentiX 293T cells were co-transfected with pAAV-Cre, pAAV-DJ, and pHelper and
after 3 days cells collected and resuspended in 1 mL DMEM medium. AAV was extracted by
four freeze-thaw cycles and removal of cell debris by centrifugation. At least five days after
infection, cells were selected with 50 uM Ganciclovir for further 5 days. Genomic DNA of
KI cells before and after AAV-Cre infection was extracted with QuickExtract DNA
Extraction Solution (Epicentre) and analyzed by PCR. Correct KI of mScarlet was further
validated by DNA sequencing and Western blotting.

2-7 RNA isolation and quantitative PCR analysis

Total RNA was extracted by using QIAshredder Kit (QIAGEN) and RNeasy Plus Mini Kit
(QIAGEN), following the manufacturer's instructions. After quantification of total RNA
amount, reverse transcription was performed using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific), followed by quantitative PCR analyses using
the THUNDERBIRD SYBR qPCR Mix (TOYOBO) or Power SYBR Green PCR Master
Mix (Thermo Fisher Scientific). Measurements were conducted on an Applied Biosystems
StepOne Real-Time PCR System (Thermo Fisher Scientific). The AACt method was applied
for normalization to the housekeeping gene GAPDH and representation of data as fold
changes compared to control samples (Schmittgen and Livak, 2008). Following primer
sequences were used: DUSP1 Fw: ACCACCACCGTGTTCAACTTC; DUSP1 Rv:
TGGGAGAGGTCGTAATGGGG; GAPDH Fw: GAGTCCACTGGCGTCTTCAC; GAPDH
Rv: GTTCACACCCATGACGAACA.
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2-8 Western Blotting

HeLa cells grown on 6-well or 12-well plates were starved in DMEM medium or FluoroBrite
DMEM (Life Technologies) supplemented with 1x GlutaMax (Life Technologies) and 0.2%
FBS for at least 3 h and treated with inhibitors and stimulants, when indicated. Cells were
lysed in 100 to 300 pul of 1x sodium dodecyl sulphate (SDS) sample buffer (62.5 mM Tris-
HCIl pH 6.8, 12% glycerol, 2% SDS, 0.004% Bromo Phenol Blue, and 5% 2-
mercaptoethanol). After sonication using the ultrasonic wave disruption system Bioruptor II
(Cosmo Bio), the samples were separated by SDS-polyacrylamide gel electrophoresis using
13-well or 17-well Extra PAGE One Precast 5- 20% gradient gels (Nacalai) and transferred to
Immobilon-FL polyvinylidene fluoride membranes with 0.45 um pore size (Millipore) using
a wet transfer system (Biorad). Membranes were blocked with Odyssey blocking buffer (LI-
COR) or skim milk for 1 h and then subsequently incubated with primary antibodies diluted
in Odyssey blocking buffer or TBS Tween-20 overnight. Subsequently, membranes were
incubated with IRDye680LT- and IRDye800CW-conjugated secondary antibodies (LI-COR)
diluted in Odyssey blocking buffer. Two-channel infrared fluorescence detection (700 nm
and 800 nm) was conducted by an Odyssey Infrared imaging system (LI-COR) or Odyssey
CLx imaging system (LI-COR). Fluorescent signals were analyzed by the Odyssey imaging
softwares, Odyssey V3.0 or Image Studio Ver 5.2.

2-9 UV-C irradiation

Cells were irradiated with UV-C light (254 nm) using a CL-100 Ultraviolet Crosslinker
(UVP). Just before irradiation most of the medium (4/5th of volume) is removed and cells are
left in minimal medium (1/5th of volume), in order they do not dry out. The same culture

medium was added back to cells, directly after UV irradiation.

2-10 Apoptosis assay

Apoptosis was quantified by caspase 3 activation by using the FRET biosensor effector
caspase reporter protein (EC-RP), which is specifically cleaved by effector caspases (Albeck
et al., 2008). EC-RP comprises YPet, a caspase 3 substrate (SGLRSSGDEVDRVYGSGS),
SECFP, and NES. The intact reporter shows a high FRET/CFP ratio, while cleavage of the
reporter by active caspase 3 leads to a drop in the FRET/CFP ratio. A HeLa cell line stably
expressing EC-RP was established by the piggyBac system. These cells were plated to four-
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compartment CellView cell culture dishes (Greiner Bio-One) with 3 x 10 cells per well in
500 pl medium. The following day, cells were starved for at least 3 h in FluoroBrite
DMEM supplemented with 1x GlutaMax and 0.2% FBS, pretreated with inhibitor for
about 15 min, and irradiated with UV-C, when indicated. 12 h after UV-C stimulation,
EC-RP fluorescence was measured by an IX81 inverted microscope using a 20x
objective lens, as described earlier. CFP and FRET images were acquired in 4 to 5
positions per condition. The background was corrected by subtraction of a minimum
projection image, the intensities of both the CFP and FRET channels were measured in
single cells and exported to Excel Software (Microsoft Corporation) to calculate the
FRET/CFP ratio. At least 2000 cells per condition from at least 3 independent
experiments were analyzed. EC-RP FRET/CFP ratios showed a bimodal distribution.
Cells with a low FRET/CFP ratio (< 2) were defined as apoptotic. Time-lapse imaging
verified that apoptotic cells did not detach from the glass bottom dish during 12 hours

after UV exposure.

2-11 Live-cell imaging

Stable cell lines were imaged, unless otherwise indicated. Cells were seeded to four-
compartment CellView cell culture dishes (Greiner Bio-One) or 35 mm glass-bottom dishes
(Asahi Techno Glass) and cultured for at least 24 h. Before imaging, the culture medium was
replaced with FluoroBrite DMEM supplemented with 1x GlutaMax and 0.2% FBS for at least
3 h and cells were pretreated with inhibitors for about 15 min, if applicable. UV irradiation
was performed just before image acquisition, while other stimuli were added after start of
imaging. For long-term time-lapse imaging (48 hours), cells were kept in FluoroBrite DMEM
supplemented with 1x GlutaMax and 5% FBS. Fluorescence imaging was performed in a 37
°C and 5% CO; environment with an IX81 inverted microscope (Olympus), equipped with a
Spectra-X light engine illumination system (Lumencor), a MAC5000 controller for filter
wheels, a UPlanSApo 60x/1.35 oil objective lens (Olympus), an IX2-ZDC laser-based
autofocusing system (Olympus), XY stage (Ludl Electronic Products), an incubation chamber
(Tokai Hit), a GM-4000 CO?2 supplier (Tokai Hit), and a Retiga 4000R cooled Mono CCD
camera (QImaging). Long-term imaging was also conducted with an IX83 inverted
microscope (Olympus), equipped with a Spectra-X light engine illumination system

(Lumencor), a U-CBF control box for filter wheels (Olympus), UPlanSApo 20x/0.75 and
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UPlanSApo 40x2/0.75 dry objective lenses (Olympus), an [X3-ZDC2 laser-based

autofocusing system (Olympus), [X3-SSU ultrasonic stage (Olympus), an IX3WX incubation
chamber (Tokai Hit), an STX Stage Top Incubator (Tokai Hit), and a Prime sCMOS camera

(Photometrix). Dichroic mirrors, excitation, and emission filters are listed in Table 4.

MetaMorph software (Molecular Devices) was used to operate the microscope.

Table 4. Dichroic mirrors and filter sets.

FP Lumencor Excitation filter Dichroic mirror Emission filter
illumination
IX81
mKO Green 549/15 | FF01-543/3 20/80 beamsplitter FF01-563/9
(Semrock) (Chroma) (Semrock)
mCherry Green 549/15 | FF01-580/20 20/80 beamsplitter FF01-641/75
(Semrock) (Chroma) (Semrock)
iRFP Red 632/22 open FF408/504/581/667/ | FF01-692/LP
762-Di01 (Semrock) [ (Semrock)
mScarlet Green 549/15 | FF01-580/20 86006bs (Chroma) FF01-641/75
(Semrock) (Semrock)
Clover Cyan 475/28 open 86006bs (Chroma) FF01-542/27
(Semrock)
FRET Blue 438/24 open XF2034 455DRLP FF01-542/27
(Omega Optical) (Semrock)
CFP Blue 438/24 open XF2034 455DRLP FF01-483/32
(Omega Optical) (Semrock)
IX83
mKO Green 549/15 | FF01-543/3 BK7 glass (EKSMA | FF01-563/9
(Semrock) Optics) (Semrock)
or
mCherry Green 549/15 | FF01-575/15 FF409/493/573/652/ | FF01-641/75
(Semrock) 759-Di01 (Semrock) | (Semrock)
iRFP Red 632/22 open BLPO01-664R
(Semrock)
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2-12 Image analysis

Image analysis was conducted in the MetaMorph software, basically as previously reported
(Maryu et al., 2016). For background correction, blank positions (medium only) or minimum
planes were subtracted, in order to flat-field the images. To determine the cross-excitation
and bleed-through, HeLa cells expressing only one reporter were imaged in each fluorescent
channel. If necessary, bleed-through was corrected by subtraction. It should be noted, that for
each microscope setting, the cross-excitation and bleedthrough need to be remeasured. For
C/N ratio analysis, nuclear and cytosolic regions of interest were placed in single cells and
the average fluorescence intensities were extracted. The C/N ratio was calculated as the

quotient of cytosolic and nuclear fluorescence intensities using Excel software.

2-13 Quantification of signaling activities

The strength of signaling activities and cross-inhibition in Figure 14D was determined as in
the following section: First, the stimulation-to-JNK edge activities were retrieved from the
JNK KTR-mCherry C/N ratios in the presence of SB203580 for each stimulation at the
indicated time point. Likewise, each stimulation-to-p38 edge activity was picked up from the
mKO-MK2 C/N ratio at the indicated time point of the DMSO control. Next, each
transcriptional cross-inhibition activity by p38 was determined by subtraction of the INK
KTR-mCherry C/N ratio of the DMSO control from the JNK KTR-mCherry C/N ratio of the
actinomycin D condition at the indicated time point. Finally, each post-translational cross-
inhibition activity by p38 was quantified by subtraction of the JINK KTR-mCherry C/N ratio
of the actinomycin D condition from JNK KTR-mCherry C/N ratio of the SB203580

condition at the indicated time point.

2-14 Regression analysis

Solver functions of Microsoft Excel were used for non-linear regression of dose responses.
Concisely, experimental data were fitted with the Hill function to extract EC50 and nH
values. Logistic regression analysis was conducted by using Python with the scikit-learn

library.
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2-15 Statistical analysis

Statistical analysis was performed in Microsoft Excel software. To compare two sets of data,
a two tailed, unpaired Student’s t-test was used based on the result of the F-test. The F-Test
tests the null hypothesis that the variances of two populations are equal. For the Student’s t-
test, p-values < 0.05 were considered significant, with following levels: *p < 0.05, **p <

0.01, ***p < 0.001.
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Chapter 3

Results
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3-1 A multiplexed imaging system for p38 and JNK activities

To visualize the activities of p38 and JNK simultaneously at the single cell resolution, the
first aim was to establish a multiplexed imaging system based on genetically-encoded, single
fluorophore, translocation reporters. I first used the previously reported JINK KTR and p38
KTR, which convert phosphorylation signals into nucleo-cytoplasmic shuttling events (Regot
et al., 2014). The cytoplasmic to nuclear fluorescence intensity ratio (C/N ratio) of a KTR
serves as quantitative read-out of the target kinase activity. The KTR reporters were stably
expressed in HeLa cells and their response to the protein synthesis inhibitor anisomycin was
monitored, which is a potent activator of JNK and p38 pathways. JNK KTR showed robust
translocation from the nucleus to cytosol (shown in later figures), however, p38 KTR

exhibited poor cytosolic translocation (Figure 5A).
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Figure 5. Comparisons of KTRs for p38 kinase activity.

(A) HeLa p38 KTR-mEGFP and mEGFP-MK2 cells were stimulated with 1 pg/ml anisomycin. Representative
images are shown. Scale bar: 20 pm.

(B) Mean mEGFP-MK2 and p38 KTR-mEGFP C/N ratios with SD are shown for cells from (A). n = 38 cells
for p38 KTR-mEGFP, n = 34 cells for mnEGFP-MK2 from two independent experiments.

(C) The fold increases in the p38 KTR-mEGFP and mEGFP-MK2 C/N ratios after 30 min of 1 pg/ml
anisomycin treatment are shown for single cells from (A) and as mean (red line). n > 50 cells for each condition
from two independent experiments. Significance was tested by a Student’s #-test. ***p<0.001.

This prompted me to develop an improved translocation-based reporter for p38
activity. Fortunately, the p38a substrate MAPKAPK?2 (MK2) naturally redistributes between
the nucleus and cytosol, in a manner dependent on the phosphorylation status (Anton et al.,
2014; Engel et al., 1998; Meng et al., 2002; Trask et al., 2006). MK2 contains a constitutively
accessible NLS and stress-regulated NES sequence in the C-terminal regulatory domain.
Activation of MK2 by phosphorylation on Thr222 and Thr334 de-masks the NES, leading to
its nuclear export (Engel et al., 1998; Gaestel, 2006). Therefore, I tested MK2 as a live-cell
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imaging reporter for p38 activity. Strikingly, mEGFP-MK?2, comprising monomeric EGFP
(mEGFP) and full-length MK2, surpassed p38 KTR-mEGFP in terms of the C/N ratio
increase in response to anisomycin (Figures 5B and 5C). These data suggest, that the MK2-
based reporter monitors p38 activity with higher sensitivity than the previously reported p38
KTR. Henceforward, the MK2-based probe was used for imaging of p38 activity.

For co-visualization of JNK and p38 activities, JNK KTR was fused to mCherry and
MK?2 to monomeric Kusabira Orange (mKO). Furthermore, an NLS flanked near-infrared FP
(iRFP) was used as a nuclear marker (Figure 6A). Use of FPs in the red color range not only
allows combination with CFP/YFP-based FRET biosensors and optogenetic tools of blue
light range, but also reduces phototoxicity to cells. To examine possible cross-excitation
and/or bleed-through, I imaged HeLa cells expressing each reporter with all combinations of
detection channels and determined their relative contribution to the fluorescence (Figure 6B).
The bleed-through and cross-excitation of JNK KTR-mCherry, mKO-MK2, and NLS-iRFP-
NLS were minimal with the here applied microscope settings (Figure 6B), allowing
multiplexed imaging of these reporters without linear unmixing.

For the following imaging experiments, I established a HeLa cell line stably
expressing each of the three reporters by transposon-mediated gene transfer and single-cell
cloning, hereinafter referred to as clonal HeLa reporter cells. Anisomycin stimulation induced
translocation of INK KTR-mCherry and mKO-MK2 from the nucleus to cytosol (Figure 6C),
which was quantified as the C/N ratio in single cells (Figure 6D). The mKO-MK2 and JNK
KTR-mCherry C/N ratios began to rise about 5 and 10 min after addition of anisomycin and
reached maximal levels about 20 and 30 min after stimulation, respectively (Fig. 6D).

To study the effect of reporter concentration on the C/N ratio, JINK KTR-mCherry and
mKO-MK2 were transiently overexpressed in HeLa cells. For both reporters, the increase in
the C/N ratios upon anisomycin stimulation inversely correlated with the expression levels
(Figure 6E, left), suggesting that high expression level of the reporters may impede
visualization of the translocation, probably because of the existence of a rate-limiting step in
nuclear import/export. Meanwhile, in the range of stable expression, the C/N ratio was
independent of the reporter expression levels (Figure 6E, right). To minimize the effect of
reporter concentrations on the output, we thus established stable cell lines for all experiments

using KTR reporters.
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Figure 6. Establishment of a multiplexed imaging system for monitoring JNK and p38 kinase activities.
(A) Structure of the INK reporter JINK KTR-mCherry, p38 reporter mKO-MK2, and nuclear marker NLS-iRFP-
NLS. NLS, nuclear localization signal; NES, nuclear export signal.

(B) Bleed-through analysis of HeLa cells individually expressing JNK KTR-mCherry, mKO-MK2, or NLS-
iRFP-NLS. Representative images are shown in a pseudo-color scale. The values indicate the fraction of
fluorescence leakage. Scale bar: 60 um.

(C) Clonal HeLa reporter cells were treated with 1 pg/ml anisomycin and imaged over time. Scale bar: 20 pm.
(D) INK KTR-mCherry and mKO-MK2 C/N ratios were quantified for single cells from (C). n = 20 cells each.
(E) HeLa cells transiently or stably expressing JNK KTR-mCherry and mKO-MK2 were stimulated with 1
pg/ml anisomycin for 60 min. Correlations of the C/N ratios with the single cell expression levels are shown.
Pearson correlation values from linear regression are indicated. n > 40 cells for each condition.

To achieve stable expression of all three reporter proteins at equimolar concentrations,
next [ generated a polycistronic plasmid named pNJP (Nuclear, JNK, and p38 reporter). This
vector encoded NLS-iRFP-NLS, INK KTR-mCherry, and mKO-MK2, linked by self-
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cleaving P2A peptide sequences in the piggyBac backbone (Figure 7A). HeLa cells stably
expressing NJP showed localizations of JNK KTR-mCherry, mKO-MK2, and NLS-iRFP-
NLS that were comparable to those of the individually expressed reporters (Figures 6C and
7B), indicating that the reporters were successfully separated from each other. This was
further confirmed by western blot analysis against mCherry and mKO, showing bands

corresponding to JNK KTR-mCherry (~33.6 kDa) and mKO-MK2 (~70.2 kDa) (Figure 7C).
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Figure 7. Development of a polycistronic reporter construct NJP.

(A) Structure of the polycistronic pNJP reporter, comprising NLS-iRFP-NLS, INK KTR-mCherry, and mKO-
MK2, connected by self-cleaving P2A sequences. The point of cleavage is indicated by a red arrowhead.

(B) Representative images of NLS-iRFP-NLS, JNK KTR-mCherry, and mKO-MK2 stably expressed from
pNJP in HeLa cells. Scale bars: 20 um.

(C) Western blot analysis of HeLa cells which stably expressed pNJP with anti-mCherry and anti-mKO. HelLa
wildtype cells served as negative control and JNK KTR-mCherry (33.6 kDa) or mKO-MK2 (70.2 kDa)
expressing cells as positive controls (red arrowhead).

3-2 Specificity and sensitivity of mKO-MK2 and JNK KTR-
mCherry

Next, I evaluated the specificity of the reporters by small-molecule inhibitors and gene KO
experiments. JNK inhibitor VIII, but not the p38 inhibitor SB203580 instantly reduced the
anisomycin-stimulated increase in the C/N ratio of JNK KTR-mCherry (Figure 8A, top).
Interestingly, p38 inhibition rather increased the C/N ratio of JINK KTR-mCherry, as

discussed in detail in a later section (Figure 8A, top, orange line). As expected, the increase in

34



the C/N ratio of mKO-MK?2 was repressed after addition of SB203580, while JNK inhibitor
VIII had no effect (Fig. 8A, bottom). Moreover, MAPKS (JNK1) and MAPK9 (JNK?2) double
KO completely suppressed the anisomycin-induced increase in the C/N ratio of JNK KTR-
mCherry, while MAPK 14 (p38a) KO slightly enhanced the C/N ratio of INK KTR-mCherry,
comparable to the effect of p38 inhibition (Figure 8B, top). As anticipated, translocation of
mKO-MK?2 was largely prevented in p38a KO cells, but was unaffected by JNK1/2 KO
(Figure 8B, bottom). The KO of JNK1/JNK2 and p38a was confirmed by western blot
analysis (Figure 8C).

To further validate the dynamics of JNK KTR-mCherry and mKO-MK2, I compared
the time courses of the C/N ratios to the endogenous phosphorylation of bulk JNK and p38
obtained by immunoblotting (Figure 8D). The kinetics of the change in the JNK KTR-
mCherry and mKO-MK2 C/N ratios upon stimulation with anisomycin were comparable to
those of INK and p38 phosphorylation, respectively, with a time lag of 5 to 10 min (Figure
8E); the lag may have been attributable to the delayed substrate phosphorylation after kinase
activation and/or nucleocytoplasmic shuttling.

Taken together, these data demonstrate that INK KTR-mCherry and mKO-MK?2

reliably monitor JNK and p38a activities, respectively.
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Figure 8. Specificity of JNK KTR-mCherry and mKO-MK2.

(A) Clonal HeLa reporter cells were stimulated with 1 pg/ml anisomycin and after 30 min treated with 10 pM
JNK inhibitor VIIT (JNKiVIII), 10 uM SB203580 (SB), or 0.1% DMSO (arrow). Mean JNK KTR-mCherry and
mKO-MK2 C/N ratios with SD are shown. n = 40 cells each from two independent experiments.

(B) HeLa wildtype, MAPK8/9 (JNK1/2) double KO, and MAPK14 (p38a) KO cells expressing NJP were
stimulated with 1 pg/ml anisomycin. Mean JNK KTR-mCherry and mKO-MK2 C/N ratios with SD are shown.
n = 20 cells each from one representative experiment.

(C) Western blot analysis of MAPK14 (p38a) KO and MAPKS (JNK1) MAPK9 (JNK?2) double KO with
antibodies against total p38, JNK1, INK2, and a-tubulin as a control.

(D) Western blot analysis of endogenous JNK and p38 phosphorylation in 1 pg/ml anisomycin treated HeLa
cells. Representative blots out of three independent experiments are shown.

(E) Time courses of p-JINK/JNK and p-p38/p38 ratios upon 1 pg/ml anisomycin stimulation from Western blot
analysis from (A). All time courses were normalized between 0 and 1 using minimum and maximum values and
presented as the mean with SD. n = 3 independent experiments.

For assessment of the sensitivity and dynamic range of the reporters, I studied their
dose-dependent response to anisomycin (Figure 9A). Both, mKO-MK2 and JNK KTR-
mCherry, demonstrated a moderately switch-like response of the C/N ratios (Figure 9B). Under
the same conditions, phosphorylation of p38 (Thr180 and Tyr182) and JNK (Thr183 and
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Tyr185), which are the activation markers, also exhibited a similar dose-response to
anisomycin (Figure 9C). Direct comparison of the C/N ratios and normalized levels of
phosphorylated protein kinase demonstrated a strong linear correlation (Figure 9D). These data
imply that the dynamic range of the translocation reporters covers the full range of JNK and
p38 activity following anisomycin stress. In conclusion, the results showed that this system
allows us to quantitatively monitor stress-induced p38 and JNK activity-dynamics with high

specificity and sensitivity at the single cell level.
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Figure 9. Sensitivity of JNK KTR-mCherry and mKO-MK2.

(A) Titration of HeLa reporter cells with anisomycin for 1 h. Representative images are given. Scale bar: 20 um.
(B) Dose-response curves of the JNK KTR-mCherry and mKO-MK2 C/N ratios after 1 h anisomycin treatment.
Experimental data are presented as the mean with SD and were fitted with the Hill function. Derived EC50
values and Hill coefficients (nH) are indicated. n > 100 cells each, from at least three independent experiments.
(C) Western blot analysis of endogenous p38 and JNK phosphorylation in HeLa cells after 1 h anisomycin
titration. Representative blots out of three independent experiments are shown.

(D) Correlation of INK KTR-mCherry and mKO-MK2 C/N ratios with normalized p-JNK/JNK and p-p38/p38
ratios, respectively. Data were obtained after 1 h treatment with various doses of anisomycin and/or SB203580
and are presented as the mean with SD.Pearson correlation values from a linear regression are shown. n =3 for
western blot data and n > 60 cells for imaging data.
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3-3 Basal p38 and JNK activities during cell cycle progression

Since a role of JNK and p38 in cell cycle progression had been proposed in literature
(MacCorkle and Tan, 2005), I investigated the JNK and p38 activities without addition of any
external stress stimuli. The basal JNK and p38 activities in single cells were monitored over
entire cell cycles for two days, aligned at mitotic exit and displayed till mitotic entry (Figure
10). Interestingly, JNK and p38 activities showed inverse patterns: JNK activity was low in
the first half of the cell cycle and started to increase in the latter half of the cell cycle with an
acute peak at the G2/M transition (Figure 10A and 10B). In contrast, p38 activity rose
slightly in the first half of cell cycle and decreased again in the second half of the cell cycle
(Figure 10A and 10B). Our data confirmed previous biochemical studies reporting that JNK
activity is high in G2 phase and early mitosis (Gutierrez et al., 2010) and p38 signaling needs
to be inactivated for the G2/M progression (Ambrosino and Nebreda, 2001; Bulavin et al.,
2001; Thornton and Rincon, 2009).
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Figure 10. Basal JNK and p38 activities during cell cycle.

(A) Clonal HeLa reporter cells were imaged without stimulation. Single cell INK KTR-mCherry and mKO-
MK2 C/N ratios are displayed as heat maps from mitotic exit to mitotic entry. Each line represents the activity
dynamics in a single cell, with red colors indicating high and blue colors indicating low kinase activities. n =51
cells from one representative experiment.

(B) Mean JNK KTR-mCherry and mKO-MK?2 C/N ratios with SD are shown for cells from (A). n =51 cells.
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3-4 Crosstalk between JNK and p38 signaling pathways

In the past decades, an increasing number of studies has provided compelling evidence of the
interplay of p38 and JNK pathways at a population level. Pharmacological inhibition and KO
of p38a caused JNK hyper-activation in cell lines and mouse models, indicating that p38
signaling suppresses JNK activity (Caballero-Franco et al., 2013; Cheung et al., 2003;
Heinrichsdorff et al., 2008; Hui et al., 2007; Jones et al., 2018; Kim et al., 2008; Perdiguero
et al., 2007; Pereira et al., 2013; Staples et al., 2010). Thus, the inhibition of INK by p38
seems to be a fundamental mechanism in the control of SAPK signaling. Although this
crosstalk has been well-documented in cell populations, it is basically unstudied how it
regulates dynamical patterns and cell-to-cell variation of SAPK signaling at single-cell
resolution.

The aforementioned imaging system for p38 and JNK activities provides a potent tool
to investigate the crosstalk of p38 and JNK in individual cells. For this purpose, clonal HeLa
reporter cells were pretreated with DMSO or p38 inhibitors and then stimulated with two pro-
inflammatory cytokines, TNFa and interleukin-1f (IL-1B), or three stress inputs, anisomycin,
sorbitol, and UV-C (Figures 11A and 11B). In control cells, I observed distinct kinetics of
JNK and p38 activities for the different stimuli; TNFa and IL-1 stimulation resulted in
transient JNK and p38 activation, while the other stress inputs induced JNK and p38
activities in a more sustained fashion within the time frame of observation (Figure 11B, grey
lines). Interestingly, JNK activity showed substantial heterogeneity among single cells,
whereas the p38 response appeared more uniform in each condition (Figure 11A). When p38
was inhibited by SB203580, JNK activity was significantly higher than in the DMSO-treated
control cells in response to the inflammatory cytokines and stress conditions (Figure 11B,
orange lines), and the cell-to-cell variability of JNK activity appeared to be lower (Figure
11A). Two different p38 inhibitors reproduced this observation for all the different stimuli;
VX-745, an ATP-competitive p38 inhibitor, and BIRB 796, an allosteric p38 inhibitor,
resulted in higher JNK activities than in the DMSO control (Figures 11B and 11C).
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Figure 11. Cross-inhibition of JNK activity by p38 in various stress conditions.

(A) Clonal HeLa reporter cells were pretreated with 0.1% DMSO or 10 pM SB203580 and then stimulated with
200 mM sorbitol, 10 ng/ml TNFa, 10 ng/ml IL-18, 100 J/m? UV-C, 10 ng/ml anisomycin or imaging medium as
control. Representative images of INK KTR-mCherry and mKO-MK2 after 30 min of TNFa treatment and 1 h
of treatment with the other stimuli are shown. Scale bar: 20 pum.

(B-C) Clonal HeLa reporter cells were pretreated with 0.1% DMSO, 10 uM SB203580, 1 uM VX-745, or 0.5
uM BIRB 796 and then stimulated at elapsed time 0 min as described in (A). Mean JNK KTR-mCherry and
mKO-MK2 C/N ratios with SD are shown. n > 50 cells each from two independent experiments.

To confirm the cross-inhibition of JNK by p38 at the endogenous level, I analyzed the

endogenous activation of JNK after stress exposure by western blotting. In line with the
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imaging results, SB203580 pretreatment resulted in significantly higher levels of phospho-
JNK (Thr183 and Tyr185) for all tested stimuli than DMSO pretreatment (Figure 12A, left).
Interestingly, phosphorylation of p38 itself was unchanged by SB203580 pretreatment in the
same samples (Figure 12 A, right), indicating that p38 does not induce negative feedback in

the observed timescale, but rather specifically cross-inhibits JNK activity.
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Figure 12. Crosstalk of JNK and p38 signaling pathways.

(A) Western blot analysis of the effect of SB203580 on JNK and p38 phosphorylation under various stresses.
HeLa cells were pretreated with 0.1% DMSO (D) or 10 uM SB203580 (SB) and then stimulated with 10 ng/ml
TNFa for 30 min and with the other stimulants 10 ng/ml IL-1f, 10 ng/ml anisomycin, 200 mM sorbitol, and 100
J/m? UV-C for 60 min. Representative blots out of three independent experiments are shown. The SB/DMSO
ratio is the fold change of p-p38/p38 or p-JNK/JNK in the SB203580 over DMSO-treated samples. n=3
independent experiments. Significance was tested by a Student’s #-test. ns = not significant, *p<0.05.

(B) Clonal HeLa reporter cells were pretreated with 0.1% DMSO or 10 uM JNK inhibitor VIII and then
stimulated with 200 mM sorbitol, 10 ng/ml TNFo, 10 ng/ml IL-1B, 100 J/m?> UV-C, or 10 ng/ml anisomycin.
Mean JNK KTR-mCherry and mKO-MK2 C/N ratios with SD are shown. n = 50 each from two independent
experiments.

I also tested the effect of INK inhibition on p38 activity. Surprisingly, JNK inhibitor
VIII partially reduced p38 activity in response to TNFa, IL-1p, anisomycin, and UV-C
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(Figure 12B). This might indicate that JNK signaling positively regulates p38 activity, but the
possibility of off-target effects of JNK inhibitor VIII could not be excluded. I therefore
focused on the effect of p38 signaling on JNK activity in the present study.

To test how cross-inhibition of JNK by p38 desensitizes JNK activation upon
anisomycin treatment, I examined the dose-dependency of JNK activities in control and
SB203580-pretreated cells. SB203580 shifted the EC50 of the JNK response to lower
concentration and converted the JNK activity response to a more switch-like output (Figure
13A). At the single cell level, JNK did not show an ““all-or-none” response, but rather a
graded response, as evidenced by the unimodal distribution of JNK activity (Figure 13B).
This was especially evident for stimulation at around the EC50 concentration (7.5 ng/ml for
SB203580 pretreatment), which yielded in only one peak of half maximal JNK activities
(Figure 13B, right). Although bi-stability has been reported for individual anisomycin-
stressed HeLa cells using a FRET biosensor (Fosbrink et al., 2010), meaning that cells either
show a full or no response, our data suggest that the JNK activation was graded at the single
cell level.

I also quantified the relationship of JNK and p38 activity over a range of SB203580
concentrations. SB203580 pretreatment dose-dependently reduced anisomycin-induced p38
activity and increased JNK activity (Figure 13C). Plotting JNK versus p38 activities for each
inhibitor dose revealed a clear negative correlation of JNK and p38 activities, reinforcing that

p38 signaling inhibits JNK activity (Figure 13D).
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Figure 13. Cross-inhibition of JNK activity by p38.

(A) Clonal HeLa reporter cells were pretreated with 0.1% DMSO or 10 uM SB203580 and stimulated with
various doses of anisomycin. Mean JNK KTR-mCherry C/N ratios with SD at 60 min of anisomycin treatment
are shown. The dose responses were fitted with the Hill function (black lines). EC50 values and Hill coefficients
(nH) are indicated. n > 86 cells each from two independent experiments.

(B) Distributions of single cell INK KTR-mCherry C/N ratios at 60 min of anisomycin treatment for 0.1%
DMSO and 10 pM SB203580-pretreated cells from (A). n > 86 cells each from two independent experiments.
(C) Clonal HeLa reporter cells stably were pretreated with the indicated doses of SB203580 and then stimulated
with 10 ng/ml anisomycin. Mean JNK KTR-mCherry and mKO-MK2 C/N ratios are shown. n = 20 cells each.
(D) Correlation of JINK KTR-mCherry and mKO-MK2 C/N ratios (1 h after anisomycin stimulation) for
conditions from (C). The Pearson correlation coefficient R from a linear regression model is indicated. Data are
presented as the mean with SD. n = 20 cells each.

3-5 Transcriptional and post-translational cross-inhibition of
JNK by p38

The next aim was to investigate the molecular mechanisms mediating the cross-inhibition of
JNK by p38. As reviewed in the introduction, two possible mechanisms had been proposed:
(1) p38 directly or indirectly regulates a MAPKK/MAPKKK upstream of JINK by post-
translational modification, (2) p38 signaling induces transcription of DUSPI, which
inactivates JNK. According to the current state of knowledge, the mode of cross-inhibition
depends on the context, such as cell type and stimulus (Arthur and Ley, 2013; Wagner and
Nebreda, 2009).
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To determine the contribution of post-translational mechanisms, first I analyzed how
fast p38 inhibition could induce JNK hyper-activation. We would expect that the inhibition
through post-translational processes would lead to increased JNK activity on a faster time
scale than the inhibition through transcriptional regulation. Indeed, treatment with SB203580
after stress exposure instantaneously led to higher JNK activity than the DMSO control in all
tested conditions (Figure 14A), suggesting that fast post-translational mechanisms
contributed to the early cross-inhibition of JNK for all tested stimuli.

To further differentiate the post-translational and transcriptional modes of cross-
inhibition, I compared the effect of actinomycin D, which only inhibits transcriptional
inhibition of JNK, to the effect of p38 inhibition by SB203580, which inhibits both modes of
cross-inhibition (Figure 14B). SB203580 led to higher stimulant-induced JNK activities than
actinomycin D in all conditions, indicating that post-translational processes were generally
involved in suppression of INK (Figure 14C, top panels). Actinomycin D considerably
enhanced the JNK activation in response to IL-13, UV-C, and anisomycin, but not to TNFa.
and sorbitol (Figure 14C, top panels). These results suggest that additional transcriptional
mechanisms mediate suppression of JNK following IL-18, UV-C, and anisomycin stress.
With regard to p38 activities, actinomycin D prolonged the transient p38 activation by the
cytokines, IL-1P and TNFa, but had no effect on the more sustained p38 activities induced by
the other stimulants (Figure 14C, bottom panels), indicating that phosphatases induced by
these stress stimuli did not inhibit p38, but rather specifically inactivated JNK.

The differences in the sensitivity to actinomycin D and SB203580 allowed to quantify
how much transcriptional and post-translational mechanisms contribute to the cross-
inhibition of JNK by p38 (Figure 14D). The difference of JNK activity between actinomycin
D and DMSO control indicated the effect of transcriptional cross-inhibition, while the
difference of JNK activity between SB203580 and actinomycin D pretreatment indicated the
effect of a post-translational mechanism, as described in more detail in the materials and
methods section. Interestingly, in the sorbitol (osmotic shock) and TNFa conditions,
primarily, post-translational mechanisms drive cross-inhibition of JNK, whereas for IL-1p,

UV-C, and anisomycin stress, both modes cooperate (Figure 14D).
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Figure 14. Post-translational and transcriptional cross-inhibition of JNK activity by p38.

(A) Clonal HeLa reporter cells were stimulated with 200 mM sorbitol, 10 ng/ml TNFa, 10 ng/ml IL-1, 100
J/m? UV-C, or 10 ng/ml anisomycin and treated with 0.1% DMSO or 10 pM SB203580 at indicated time points
(dashed line). Mean C/N ratios with SD are shown. n > 20 cells for each condition.

(B) Scheme of cross-inhibition mechanisms of JNK by p38.

(C) Clonal HeLa reporter cells were pretreated with 0.1% DMSO, 1 pg/ml actinomycin D, or 10 uM SB203580,
then treated with stimulants as described in (A). Mean C/N ratios with SD are shown. n = 70 cells each from at
least two independent experiments.

(D) Strength of INK and p38 activation and post-translational and transcriptional cross-inhibition for conditions
from (C) at indicated time points. Edge thickness is proportional to the strength of pathway activities.
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3-6 Transcriptional cross-inhibition of JNK by p38

Prior work had shown that p38 promotes DUSPI gene expression via activation of MSK1/2
and the transcription factor CREB; DUSPI in turn inactivates JNK (Ananieva et al., 2008;
Ferreiro et al., 2010; Kim et al., 2008; Staples et al., 2010).
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Figure 15. Transcriptional cross-inhibition of JNK by p38-induced DUSPI expression.

(A-B) Fold changes in DUSPI mRNA levels in 0.1% DMSO, 1 ug/ml actinomycin D, or 10 uM SB203580
pretreated HeLa cells after stimulation with 10 ng/ml anisomycin (A) or 100 J/m? UV-C (B). Data are shown as
mean with SD. n = 3 independent experiments.

(C) Validation of DUSPI KO in clonal cell lines by sequencing and indel analysis of the DUSPI target locus.
(D-E) Time courses of INK KTR-mCherry and mKO-MK2 C/N ratios in DUSP KO and RLuc KO HeLa NJP
cells after 10 ng/ml anisomycin (D) or 100 J/m? UV-C (E) stimulation. C/N ratios are shown as mean with SD. n
=50 cells for each condition from two independent experiments.

(F) Model of transcriptional cross-inhibition of JNK by p38-induced DUSP! gene expression.
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Thus, I examined the role of DUSP1 in cross-inhibition of JNK by p38 in anisomycin
and UV-C stress conditions, which exhibited the strongest transcriptional mode of cross-
inhibition. Indeed, anisomycin and UV-C stress induced DUSPI mRNA in a manner
dependent on p38 (Figures 15A and 15B). To further study the effect of DUSP1, we
established CRISPR/Cas9 mediated DUSPI KO cells. Frameshift insertions/deletions at the
DUSPI target locus gene were confirmed by sequencing of two different clonal cell lines
(Figure 15C). DUSPI KO cells showed increased and more sustained JNK activities than
RLuc control KO cells upon anisomycin and UV-C stimulation, while no clear effect on p38
activities was observed (Figure 15D and 15E). These data strongly suggest that p38-induced
DUSPI is involved in suppression of JNK in response to anisomycin and UV-C (Figure 15F).

3-7 Post-translational cross-inhibition of JNK by p38

With regard to a post-translational mechanism of cross-inhibition, it had been reported that
TAK1 and TABI were components of negative feedback regulation of MAPKs by p38
(Cheung et al., 2003). As outlined in the introduction, TAK1 is a MAPKKK upstream of the
JNK and p38 pathways (Ninomiya-Tsuji et al., 1999) and its adapter protein TAB1 binds to
and thus activates TAK1 kinase (Mendoza et al., 2008; Shibuya et al., 1996). It has been
proposed that p38-mediated phosphorylation of TAB1 reduces TAK1 and downstream kinase
activities in response to proinflammatory cytokines and LPS (Cheung et al., 2003) (Figure
16A).

To examine whether the TAK1/TAB1 complex was involved in the regulation of JNK
by p38 following cytokine stimulation, I first assessed whether JNK and p38 activities were
dependent on TABI and TAK1 by using CRISPR/Cas9-mediated KO cells. Depletion of
TAB1 and TAKI1 protein was confirmed in KO cell lines by western blotting (Figure 16B and
16C). On the one hand, TABI and MAP3K7 (TAK1) KO completely prevented TNFa- and IL-
1B-induced JNK activities (Figure 16D). On the other hand, TNFa-stimulated p38 activation
was only dependent on TAK1, but surprisingly not TAB1 (Figure 16E). IL-1B-induced p38
activation was partially suppressed in TAK7 KO and TAB1 KO cells (Figure 16E). Since
TABI phosphorylation by p38 likely has a pivotal role in JNK activity inhibition (Cheung et
al., 2003), I constructed non-phosphorylatable alanine mutants of the p38 phosphorylation
sites in TAB1, namely Ser423 and Thr431, and predicted that this TAB1 SATA mutant could
rescue and even increase JNK activity in 7AB1 KO cells. While TAB1 wildtype rescued JNK
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activation in response to TNFa and IL-1p, expression of TAB1 SATA resulted in even higher
JNK activities (Figure 16D). In contrast, TAB1 SATA mutation had no effect on p38
activation (Figure 16E), suggesting that phosphorylation of TAB1 on Ser423 and Thr431
reduces TAK1 activity towards JNK, but probably not p38 in living cells. In summary, my
imaging system confirms that phosphorylation of TAB1 by p38 mediates posttranslational

cross-inhibition of JNK in response to pro-inflammatory cytokines.
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Figure 16. Post-translational cross-inhibition of JNK by p38-mediated TAB1 phosphorylation.

(A) Model of post-translational cross-inhibition of JNK by p38-mediated TAB1 phosphorylation.

(B) Western blot analysis of the TAB1 in HeLa wildtype (wt) cells, TABI KO cells, TABI KO cells expressing
an empty control construct, TABI KO cells complemented with TAB1-wt or TAB1 S423A T431A (SATA).

(C) Western blot analysis of TAK1 in HeLa wt and MAP3K7 (TAK1) KO cells.

(D-E) JNK KTR C/N and mKO-MK2 C/N ratios in NJP expressing HeLa wt, TAK! KO, TABI KO cells, and
TAB1 KO cells complemented with TAB1-wt or TAB1-SATA after stimulation with 10 ng/ml TNFa for 30 min
or 10 ng/ml IL-1f for 50 min. The central line, top and bottom edges indicate the median, 25th, and 75th
percentiles, respectively, with the whiskers denoting 1.5 times the interquartile range. Red crosses are outliers. n
> 37 cells for each condition from at least two independent experiments. Significance was tested against the wt
control by a Student’s #-test. ns, not significant; *p<0.05, **p<0.01, ***p<0.001.

3-8 Cross-inhibition by p38 generates cell-to-cell heterogeneity
in JNK activity

Since the consequence of SAPK crosstalk on the single cell kinase activities has remained
virtually unstudied in the literature, [ was keen to examine the effect of p38-mediated cross-

inhibition on the cell-to-cell heterogeneity in JNK activity. As mentioned before, I found that
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stress- and cytokine-dependent JNK activities varied greatly among single cells, whereas p38
activities appeared more uniform in the same cells (Figure 11A). To quantitate cell-to-cell
heterogeneity, I henceforward apply the coefficient of variation (CV) of C/N ratios, which is
simply calculated by the ratio of SD and mean. For example, anisomycin- induced JNK
activities had a broad distribution with a CV of ~ 0.39, compared to a relatively small CV of
~0.21 for p38 activities (Figure 17A). Strikingly, when cells were pretreated with p38
inhibitor, the elevated JNK activities exhibited reduced cell-to-cell variation with a CV of ~
0.18 (Figure 17A). The time course of the CV reflected this finding; upon anisomycin
stimulation the CV of JNK activity increased gradually and modestly, while in presence of
SB203580, the CV of JNK activity declined remarkably over time (Figure 17B). Noteworthy,
the CV of JNK activity plateaued to the minimum around 30 min after anisomycin
stimulation in SB203580-pretreated cells, although the JNK activity had not reached its
maximum at that time yet (Figures 11B and 14C). This comparison indicates that the reduced
CV was not the result of saturation of JNK activity or limiting dynamic range. Consistently,
anisomycin stress in MAPK14 (p38a) KO cells led to lower cell-to-cell variability of JNK
activity than in control cells (Figures 17C and 17D). This SB203580-induced decline of the
CV of JNK activity was also observed for other stimuli. SB203580 led to smaller CVs of
JNK activity in response to TNFa, IL-1, sorbitol, and UV-C, in comparison to the control
(Figure 17E). We thus hypothesize, that p38-mediated cross-inhibition of JNK generates
cellular heterogeneity in JNK activity.
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Figure 17. Cross-inhibition of JNK by p38 generates cell-to-cell heterogeneity in JNK activity.

(A) Histograms of the single cell INK KTR-mCherry and mKO-MK2 C/N ratios in 0.1% DMSO or 10 uM
SB203580-pretreated clonal HeLa reporter cells after 60 min treatment with 10 ng/ml anisomycin. The
coefficient of variation (CV) is denoted. n > 350 cells per condition from four independent experiments.

(B) The time course of the CV of the JNK KTR-mCherry and mKO-MK2 C/N ratios in 0.1% DMSO or 10 uM
SB203580-pretreated clonal HeLa reporter cells upon 10 ng/ml anisomycin stimulation. n = 50 cells each from
two independent experiments.

(C) Representative images of JNK KTR-mCherry and mKO-MK2 in NJP expressing HeLLa p38a KO and RLuc
KO cells upon stimulation with 10 ng/ml anisomycin. Scale bar: 20 pm.

(D) The time courses of CV of JINK KTR-mCherry and mKO-MK2 C/N ratios for cells from (C). n= 110 cells
for p38a KO and 120 cells for RLuc KO from two independent experiments.

(E) The CV of the JINK KTR-mCherry and mKO-MK2 C/N ratios at 30 min treatment with 10 ng/ml TNFa and
60 min treatment with the other stimuli 200 mM sorbitol, 10 ng/ml IL-1B, 100 J/m? UV-C, and 10 ng/ml
anisomycin is shown for 0.1% DMSO or 10 uM SB203580-pretreated clonal HeLa reporter cells. n = 50 cells
per condition from two independent experiments.
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Interestingly, the CV of p38 activity was constant upon anisomycin treatment (Figure
17B and 17D). Similar results were obtained with two different p38 reporters, p38 KTR and
the FRET biosensor perky p38 NES (Figures 18A - 18F).
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Figure 18. Cell-to-cell variability in p38 signaling.

(A-C) HelLa cells expressing p38 KTR-mEGFP were pretreated with 0.1% DMSO or 10 uM SB203580 and
stimulated with 10 ng/ml anisomycin. Representative images of p38 KTR-mEGFP (A), the time courses of the
mean p38 KTR-mEGFP C/N ratios with SD (B), and the CVs are shown (C). Scale bar: 20 um. n = 75 cells for
each condition from two independent experiments.

(D-F) HeLa cells transiently expressing perky p38 NES were pretreated with 0.1% DMSO or 10 pM SB203580
and stimulated with 10 ng/ml anisomycin. Representative ratio images in the IMD mode (D), the time courses of
the mean FRET/CFP ratios with SD (E), and the CVs are shown (F). Scale bar: 20 pm. n = 50 cells for each
condition from two independent experiments.

To test the generality of the observation, I examined the effect of SB203580 on JNK
activity in various cell lines: A549, a lung cancer cell line; MCF10A, a normal-like human
mammary epithelial cell line; and NIH3T3, a mouse embryonic fibroblast cell line. First of
all, p38 inhibition potentiated and sustained UV-C-induced JNK activities in all cell lines.

Second, the CV of JNK activity increased after UV-C stress exposure in all cell lines. And
third, SB203580 remarkably reduced the CV of JNK activity in all tested cell lines (Figures
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19A - 19F). Taken together, cross-inhibition of JNK by p38 produces cell-to-cell variability

of JINK activity in a wide range of cell lines.
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Figure 19. Cross-inhibition of JNK by p38 generates variability in JNK activity in various cell lines.
(A-C) Representative images of INK KTR-mCherry and mKO-MK2 in NJP expressing A549 (A), MCF10A
(B), and NIH3T3 cells (C) which were pretreated with 0.1% DMSO or 10 uM SB203580 and irradiated with

100 J/m? UV-C. Scale bar: 20 um.

(D-F) Mean C/N ratios with SD and the time courses of the CV of JNK KTR-mCherry and mKO-MK2 C/N
ratios are shown for cells from (A-C). n > 24 cells from at least two independent experiments.
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Furthermore, the CV of JNK activity substantially decreased over time in UV-C and
anisomycin-stressed DUSPI KO cells, compared to the control cells (Figures 20A - 20D).
The CV of p38 activity was not affected by the perturbation of DUSPI KO (Figures 20B and
20D). These findings point out that DUSP1 is involved in generation of variable JNK
activities, and furthermore hint at the idea that noise in the p38-mediated DUSPI gene

induction might be a potential source for the heterogeneity in JNK activities.
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Figure 20. DUSP1 generates heterogeneity in JNK activity in response to anisomycin and UV-C.

(A) Representative images of JNK KTR-mCherry and mKO-MK2 in NJP expressing HeLa DUSPI KO and
RLuc KO control cells upon irradiation with 100 J/m? UV-C. Scale bar: 20 pm.

(B) The time course of the CV of INK KTR-mCherry and mKO-MK2 C/N ratios is depicted for NJP expressing
DUSPI KO and RLuc KO control cells upon 100 J/m?> UV-C stimulation. n = 50 cells per condition from two
independent experiments.

(C) Representative images of JNK KTR-mCherry and mKO-MK2 in NJP expressing HeLa DUSP/ KO and
RLuc KO control cells upon stimulation with 10 ng/ml anisomycin. Scale bar: 20 um.

(D) The time course of the CV of INK KTR-mCherry and mKO-MK2 C/N ratios is shown for DUSPI KO and
RLuc KO control cells upon 10 ng/ml anisomycin stimulation. n = 50 cells per condition from two independent
experiments.



3-9 JNK activity correlates with fractional killing upon UV-C

stress

The discovery of cross-inhibition-induced JNK activity heterogeneity leads to the question,

whether this cell-to-cell variability in JNK activity impacts cellular phenotypes. To address

this question, I chose UV-C-induced cell death as output, since it has been reported that JNK

activity is necessary for UV-C-induced activation of the apoptosis pathway (Chen et al.,

1996; Tournier et al., 2000).
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Figure 21. Cell-to-cell variation in JNK activity leads to fractional killing upon UV-C treatment.
(A) Representative images of clonal HeLa reporter cells, which were irradiated with 100 J/m? UV-C. Yellow

asterisks indicate apoptotic cells. Scale bar: 20 um.

(B) Timecourses of JNK KTR-mCherry and mKO-MK2 C/N ratios upon 100 J/m? UV-C stimulation for dying
(red lines) and surviving (blue lines) cells from (A). Black dots indicate apoptosis. n = 10 representative cells.
(C) Heatmaps of INK KTR-mCherry and mKO-MK?2 C/N ratios for cells from (A). White traces indicate cells
that underwent cell death. n = 70 cells from four independent experiments.
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For this purpose, clonal HeLa reporter cells were irradiated with 100 J/m? UV-C,
followed by observation of JINK, p38 activities and cellular outcomes (survival and
apoptosis) in single cells for 12 h (Figure 21A). Rapid and transient increase in JNK and p38
activities was observed within 30 min in both surviving and dying cells (Figure 21B).
Strikingly, 2 h post UV-C exposure, JNK activity markedly increased again in the cells that
were doomed to die (Figures 21B and 21C). Meanwhile, p38 activity also increased after 2 h,
but did not show a significant difference between surviving and dying cells (Figures 21B and
21C). This was reproducible in MCF10A cells, which also showed elevated second phase
JNK activities in the cells that were doomed to undergo apoptosis, but comparable p38

activities in surviving and dying cells (Figure 22).

MCF 10A
JNK activity (C/N) p38 activity (C/N)
v g '_.I—_ e -
.—.._I—l—-l—
2 2
w pw »
E 0]
O § o i
0 0.35

Dying

0 2 4 6 8 10 0 2 4 6 8 10
Time (hours) Time (hours)

Figure 22. UV-C-induced JNK and p38 activities in MCF 10A cells.
Heatmaps of INK KTR-mCherry and mKO-MK2 C/N ratios in NJP expressing MCF 10A after irradiation with
100 J/m? UV-C. n= 50 cells from two independent experiments.

The next aim was to determine which of p38 or INK activities was correlated with
cell death. For this, the average kinase activities of single cells in the initial phase (<2 h) and
later phase (> 4 h) were extracted from the time lapse data and compared between dying and
surviving cells (Figure 23). As evident in the histograms, the mean JNK activities of the later
phase were significantly associated with the dying cells (Figure 23A). The other three
parameters, i.e. mean JNK activity in initial phase, mean p38 activity in initial phase, and
mean p38 activity in later phase, did not significantly differ between dying and surviving
cells (Figure 23A and 23B). Logistic regression analysis was conducted to assess the
probability of cell death as a function of the mean JNK activity in the later phase. A threshold
in JNK activity (C/N) of 0.68 was determined (Figure 23A, green curve).
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Figure 23. Later phase JNK activities are associated with cell death upon UV-C stimulation.

(A-B) Histograms of averaged JNK KTR-mCherry and mKO-MK2 C/N ratios in the initial phase (<2 h) and
later phase (> 4 h) after 100 J/m? UV-C stimulation are shown for dying (red) and surviving (blue) cells. The
green dashed line represents the estimated probability of cell death as a function of JNK activity, which is
obtained by the logistic regression. Data were analyzed by Dr. Yohei Kondo.

In line with previous studies (Chen et al., 1996; Staples et al., 2010; Tournier et al.,
2000), INK inhibitor pretreatment markedly prevented UV-C-induced apoptosis, confirming
that JNK signaling has an essential role in the induction of apoptosis (Figure 24A). Of note,
addition of JNK inhibitor 2 h after UV-C blocked apoptosis as much as pretreatment,
implying that the later phase JNK activity is required for apoptosis, but not the initial peak in
JNK activity (Figure 24B). (Chen et al., 1996)

To examine whether the long-term heterogeneity in JNK activity was also a result of
p38-mediated suppression, I studied the effect of SB203580 on long-term JNK activity
dynamics. Inhibition of p38 activity by SB203580 led to prolonged UV-induced JNK
activities in single cells (Figures 24C and 24D), indicating that cross-inhibition of JNK
activities by p38 originated the long-term cell-to-cell-variability in JNK activities. I predicted
that sustained JNK activities by SB203580 treatment would result in higher apoptosis
following UV-C, however, the fraction of apoptotic cells showed no difference between

SB203580 and control pretreatments (Figure 24A). I reasoned, that p38 activation might also
promote cell death, so that blocking of apoptosis-promoting effects by SB203580 would
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neutralize the effect of increased JNK activity. Therefore, I looked for an approach to

specifically stop the cross-inhibition of JNK without inhibiting p38 activity.
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Figure 24. Role of JNK and p38 in UV-C induced cell death.

(A) Apoptosis of 0.1% DMSO, 10 uM JNK inhibitor VIII (JNKi), or 10 pM SB203580 (SB)-pretreated HeLa
cells 12h after 100 J/m? UV-C or mock treatment. Data are shown as the mean with SD. n = 3 independent
experiments.

(B) Apoptosis of 0.1% DMSO or 10 uM JNK inhibitor VIIT (JNKi)-treated HeLa cells 12 h upon 100 J/m? UV-
C. JNK inhibitor was added before (pre) or 2 h after UV-C irradiation. Data are shown as the mean with SD. n =
3 independent experiments.

(C) INK KTR-mCherry and mKO-MK2 C/N ratios of 10 pM SB203580-pretreated clonal HeLa reporter cells
are shown for dying (red lines) and surviving (blue lines) cells after 100 J/m? UV-C stimulation. Black dots
indicate apoptosis. n = 10 representative cells.

(D) Heatmaps of INK KTR-mCherry and mKO-MK2 C/N ratios of SB203580-pretreated cells from (C). n =58
cells.

3-10 Efficiency of DUSP1 induction determines cell fate after
UV-C stress

As has already been demonstrated in Figure 15, DUSP1 depletion abrogates p38’s
transcriptional cross-inhibition of JNK. I adopted this approach to study the role of cross-
inhibition of JNK in the cell death decision. DUSP1 KO strongly potentiated and maintained

JNK activity in every cell, compared to the control RLuc KO control cells, which did not
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affect the heterogeneous JNK responses (Figure 25A). Importantly, DUSP1 KO sensitized
cells to UV-C-induced cell death, as evident from the increased fraction of apoptotic cells
(>90%) and accelerated cell death (Figures 25B and 25C). JNK inhibition largely suppressed
apoptosis of DUSPI KO cells, suggesting that the lethality of DUSP1 KO cells was attributed
to the increased JNK signaling (Figure 25B). SB203580 slightly, but significantly
ameliorated apoptosis of DUSPI KO cells (Figure 25B), supporting the idea that p38 has two
antagonistic roles in UV-C-induced cell death. On the one hand, p38 protects from apoptosis
by repressing JNK activity via DUSPI induction, on the other hand p38 mildly promotes

apoptosis in a manner independent of DUSPI.
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Figure 25. DUSP1 generates cell-to-cell heterogeneity of JNK activation and protects from cell death.

(A) Heatmaps of JINK KTR-mCherry and mKO-MK2 C/N ratios in NJP expressing HeLa DUSPI KO and RLuc
KO control cells upon 100 J/m? UV-C. n = 49 cells for RLuc KO and n = 100 cells for DUSPI KO.

(B) Apoptosis of 0.1% DMSO, 10 uM JNK inhibitor VIII (JNKi), 10 uM SB203580 (SB)-pretreated DUSP!
KO cells and RLuc KO control cells 12 h after 100 J/m? UV-C or mock treatment. Data are shown as the mean
with SD. n = 3 independent experiments.

(C) Histogram of the time duration till cell death of DUSPI KO and RLuc KO HeLa cells upon 100 J/m?> UV-C
treatment, determined by live-cell microscopy. n = 255 cells for RLuc KO and n = 347 cells for DUSP1 KO.

These data point to the hypothesis that variability in p38-induced DUSP1 levels might
be a source for the cell-to-cell heterogeneity of INK activity. First, I confirmed that UV-C
irradiation induced DUSPI mRNA expression with a peak at 2 h and that this induction was
dependent on p38 activity (Figure 26A). To track single cell DUSP1 protein levels, I
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knocked-in mScarlet to the 3’end of DUSPI gene by CRISPR/Cas9-mediated gene transfer
(Figure 26B). For positive and negative selections, a loxP-flanked dTKneo selection cassette
was attached to mScarlet via a P2A sequence and at a later step eliminated by Cre-mediated
recombination (Figure 26B). Western blot analysis of clonal DUSP1-mScarlet knock-in cells
before Cre expression detected a band corresponding to the size of DUSP1-mScarlet of 68
kDa (Figure 26C). Notably, these bands could not be observed after removal of the dTKneo
cassette (Figure 26C). The drop of expression after removal of the selection cassette is
reasonable, since DUSP] is usually not expressed in the basal state, and suggests a role of
3’UTR of DUSPI gene in the mRNA stability. Importantly, UV-C stress led to an increase in
mScarlet fluorescence in a fraction of cells (Figure 26D). The DUSP1-mScarlet fluorescence
started to rise behind DUSPI mRNA, which is possibly due to the slow maturation of
mScarlet (Bindels et al., 2017). To analyze the relationship between DUSP1 levels and JNK
activity, JNK KTR-Clover was co-expressed in DUSP1-mScarlet knock-in cells. The
induction of DUSP1-mScarlet was heterogeneous among cells and, strikingly, cells with high
DUSPI1-mScarlet levels exhibited low JNK activity (Figure 26E). Plotting single cell INK
activities versus DUSP1 levels revealed a negative correlation between JNK activities and
DUSPI1 levels (Figure 26F). Furthermore, the cells that induced DUSP1-mScarlet expression
survived after the UV-C treatment, while the cells without DUSP1-mScarlet induction
exhibited apoptosis (Figure 26G).
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Figure 26. DUSP1 levels negatively correlate with JNK activity.

(A) Fold changes of DUSPI mRNA levels of 0.1% DMSO or 10 uM SB203580 (SB)-pretreated HeLa cells
after 100 J/m? UV-C. Data are shown as mean with SD. n = 3 independent experiments.

(B) Scheme of the DUSP1-mScarlet knock-in method.

(C) Western blot analysis of HeLa DUSP1-mScarlet KI clones 8 and 11 before and after AAV-Cre infection.
(D) Representative images of HeLa DUSP1-mScarlet KI cells (clone 8) after stimulation with 100 J/m? UV-C.
Scale bar: 20 um.

(E) Representative images of INK KTR-Clover expressing HeLa DUSP1-mScarlet KI cells are shown at § h 20
min after 100 J/m? UV-C treatment. Scale bar: 30 um.

(F) Negative correlation of single cell INK KTR-Clover C/N ratios with DUSP1-mScarlet levels at 8 hours 20
min after 100 J/m? UV-C exposure. n = 200 cells from two independent experiments. The Pearson correlation
value R was obtained by linear regression.

(G) Time courses of DUSP1-mScarlet for dying (red lines) and surviving (blue lines) cells after stimulation with
100 J/m? UV-C. Black dots indicate apoptosis. n = 54 cells from two independent experiments.
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In conclusion, I propose that in response to UV-C stress, fluctuation in p38-induced
DUSPI gene induction generates cell-to-cell heterogeneity in JNK activity and determines
the cell fate decision, survival or cell death, leading to fractional killing. Loss of cross-

inhibition by p38 would result in excessive JNK activities above the threshold and cause

complete cell death (Figure 27).
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Figure 27. Cross-inhibition by p38 causes cell-to-cell variability of stress-induced JNK activities which
determines life-death decisions.

Cross-inhibition of INK by p38-induced DUSP1 expression generates heterogeneity in JNK activity upon UV-C
stress and leads to fractional killing (left). In absence of DUSP1-mediated cross-inhibition, increased JNK
activities would lead to complete cell death (right).
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Chapter 4

Discussion and Conclusion
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In this study, I established a highly specific and sensitive multiplexed imaging system for
JNK and p38 activities, which enables simultaneous visualization of two kinase activities in
living cells at single-cell resolution. This imaging system provides a potent tool to
quantitatively investigate the crosstalk of JNK and p38 kinases. Tracking the signaling
dynamics in diverse stress and inflammatory conditions and targeted perturbations of SAPK
activity by pharmacological and genetic manipulations provided compelling evidence that
p38 signaling antagonizes JNK activity through both post-translational and transcriptional
mechanisms with the relative strength of each pathway depending on the stimulant. With
respect to molecular mechanisms, I could confirm and expand the idea that TAB1/TAKI1 and
DUSPI gene expression were involved in post-translational and transcriptional cross-
inhibition of JNK, respectively. To take full advantage of my imaging system, I performed
multiplexed live cell imaging, and strikingly, revealed that p38-mediated cross-inhibition of
JNK generated remarkable cell-to-cell heterogeneity in JNK activity. Analysis of endogenous
DUSPI1 protein levels strongly suggests that variability in DUSPI expression causes the cell-
to-cell heterogeneity in JNK activity. Finally, I found that this cell-to-cell heterogeneity in
JNK activity not only correlated with, but also caused fractional killing in response to UV-C
stress. Therefore, I can infer that p38-mediated cross-inhibition of JNK determines the cell
fate decision between survival and cell death in response to UV-C stress.

The findings of this work are in good agreement with previous cell population-based
studies that p38 suppresses JNK signaling in diverse cellular contexts (Caballero-Franco et
al., 2013; Cheung et al., 2003; Heinrichsdorff et al., 2008; Hui et al., 2007; Jones et al., 2018;
Kim et al., 2008; Staples et al., 2010). While most of these reports described cross-inhibition
in a specific cell type and stimulatory condition, this study expands that view by the
quantitative evaluation of post-translational and transcriptional mechanisms under various
stress and inflammatory stimuli (Figure 14D). Thus, this study suggests that multiple
mechanisms cooperate to keep JNK activity in check, while the relative strength of these
cross-inhibition mechanisms is dependent on the type of stimulant. Here, I have described
cross-inhibition of JNK by p38 upon five different stimuli. Furthermore, I have also shown an
inverse correlation between JNK and p38 activities during cell cycle progression in the
absence of any stimuli. | have observed minimal JNK and relatively high p38 activities in the
first half of cell cycle and increasing JNK and minimal p38 activities in the second half of
cell cycle (Figure 10). It is tempting to speculate that p38’s cross-inhibition of JNK also

operates in the absence of any stimuli, but this remains to be determined.
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As an example of post-translational cross-inhibition, Cheung et al. proposed that in
response to pro-inflammatory cytokines and osmotic stress, p38 mediates negative feedback
control of TAK1 and downstream kinases by phosphorylating TAB1 on Ser423 and Thr431
(Cheung et al., 2003). My results support this model in that the rescue experiment with the
non-phosphorylatable TAB1 mutant further increased JNK activity upon stimulation with
TNFa and IL-1p (Figure 16D). However, as opposed to the model of negative feedback, this
non-phosphorylatable TAB1 mutant did not affect p38 activity itself (Figure 16E). As a
matter of fact, Cheung et al. carefully characterized TAB1 phosphorylation, TAK1 activity,
and JNK activation, but did not show p38 activation (Cheung et al., 2003). One possible
explanation for this finding is that TABI is essential for TAKI1 activity towards JNK, but not
p38 in HeLa cells. This is supported by the observation that TNFa-induced JNK activation
was completely impaired in 7ABI and TAK 1 KO cells, whereas TNFa-induced p38 activation
not changed in 7AB1 KO cells (Figures 16D and 16E). Another possible explanation is that a
p38-specific MAPKKK may compensate for the p38 activation. In fact, it has been reported
that TAO2, a MAPKKK that preferentially activates the p38 pathway, is activated by
sorbitol-induced osmotic stress (Chen and Cobb, 2001).

As for transcriptional inhibition of JNK, it is well documented that p38 can induce
expression of DUSP1, a phosphatase of JNK and p38, in response to various stresses and
inflammatory stimuli (Ferreiro et al., 2010; Kim et al., 2008; Staples et al., 2010; Tomida et
al., 2015). In line with these studies, DUSP KO prolonged and potentiated JNK activity in
response to anisomycin and UV-C stress (Figure 15D and 15E). However, it is elusive why
DUSPI1 hardly inactivated p38 in my system, when cells were treated with anisomycin and
UV-C (Figure 5D and 15E). This observation could possibly be explained by substrate
preference of DUSP1 for JNK over p38. In this regard, it has been reported that DUSP1 binds
to JNK1 with higher affinity than to p38a, which is paralleled with higher catalytic activation
of DUSP1 (Slack et al., 2001). In line with my data, a previous study demonstrated that UV-
C-stimulated JNK phosphorylation is quickly downregulated in MEFs within 90 min,
concomitant with DUSP1 induction, while p38 phosphorylation decreases with much slower

kinetics, with some level remaining up to 6 h after UV-C irradiation (Staples et al., 2010).

Taken together, neither TABI1 phosphorylation in the case of TNFa and IL-1f3, nor
DUSPI induction in the case of anisomycin and UV-C downregulate p38 activity efficiently,
although two mechanisms inactivate JNK, as demonstrated by multiplexed imaging (Figures

15D, 15E, 16D, and 16E). In support of our imaging results, also p38 inhibition did not affect
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the level of endogenous p38 phosphorylation itself, as demonstrated by western blot analysis
(Figure 12A). These results challenge the previous view of negative feedback control of
SAPK signaling by p38 and instead suggest a model of cross-inhibition, in which p38 rather
specifically suppresses JNK activation, but not its own activation.

One of the key findings of this study is that cross-inhibition by p38 generates cell-to-
cell variability in JNK activity. I found that this principle is applicable to many different
inflammatory and stress conditions (Figure 17E) and a broad range of different cell lines
(Figure 19). In contrast, the cell-to-cell variation of p38 remains constant upon stimulation
(Figures 17B and 18). Interestingly, high-content imaging of multiple signaling pathways
based on FRET biosensors demonstrated that CV of single cell JNK activities after EGF
stimulation was by far the highest among more than 15 key signaling nodes, such as EGFR,
Ras, Rac, ERK, Akt, and so on (Kuchenov et al., 2016), implying that cell-to-cell
heterogeneity in JNK activity may be exceptionally high compared to other signaling
pathways.

What is the biological relevance of cross-inhibition and heterogeneity of JNK
signaling? Here, I exemplified the importance of p38-mediated cross-inhibition and resulting
heterogeneity in JNK activity with fractional killing in response to UV-C. Staples ef al.
reported in their cell-population study that p38-induced DUSPI protects MEFs from UV-C-
induced apoptosis by inactivating JNK (Staples et al., 2010). My imaging system supports
this finding and has further revealed that UV-C stress leads to variable JNK activation at the
single cell level and that this heterogeneity in JNK activity is significantly associated with the
cell fate of survival or death (Figure 21). In particular, cells with low JNK activity in later
phase survived, while cells with higher JNK activity underwent apoptosis, implying the
existence of a critical threshold of INK activity for the execution of apoptosis (Figure 23).
My data provided evidence that cell-to-cell variability in p38-induced DUSPI expression
caused heterogeneous JNK activity after UV-C stress and thereby governed the cell fate
(Figures 25 and 26). Blocking this cross-inhibition leads to aberrantly high JNK activation
above the threshold and thereby to cell death (Figure 25). Thus, DUSP1-mediated cross-
inhibition of JNK seems to be crucial to protect the cells from UV-C stress-induced
apoptosis.

As mentioned above, cell-to-cell variability of DUSPI induction causes cell-to-cell
variability of JNK activity. However, how DUSPI induction varies between cells remains
elusive. It is proposed that the intrinsic noise of gene expression results in variability in the

abundance of proteins across a cell population and in the same cell over time, which is known
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as non-genetic heterogeneity and can eventually lead to resistance or persistence to anticancer
drugs or antibiotics at the population level (Brock et al., 2009; Wakamoto et al., 2013). It is
therefore possible that plasticity in the cellular state or noise in the stress-induced gene
expression might have led to the variability in DUSP1 expression levels. According to this
mechanism, it is plausible that the heterogeneity in cross-inhibition of JNK by p38 confers
resistance to cells against stress stimuli. On the other hand, it is unknown how post-
translational cross-inhibition by p38 generates heterogeneity in JNK activity and whether it is
linked to cellular outcomes. Future work is needed to elucidate the degree to which the cross-
inhibition via p38 contributes to the heterogeneous JNK activity, and the mechanism
underlying this effect.

Intriguing studies using mouse models of conditional p38a KO have demonstrated
that p38-mediated cross-regulation of JNK is crucial for tissue homeostasis. For example,
p380. KO leads via aberrant JNK activity to excessive proliferation and inadequate
differentiation in the intestine, skin, and liver and make those tissues prone to damage and
environmental insults (Caballero-Franco et al., 2013; Heinrichsdorff et al., 2008; Hui et al.,
2007). In some cases, p38a KO can even promote tumor development by upregulation of the
JNK pathway (Hui et al., 2007). These studies let us speculate that heterogeneity in JNK
activity, e.g. after EGF stimulation, might also regulate the cell fate decision whether to
proliferate or not. It would also be interesting to explore in future studies, whether
heterogeneity in p38-mediated cross-inhibition of INK exists in vivo and whether it plays a
role in tissue vulnerability and homeostasis.

Targeting p38-mediated suppression of JNK could potentially be beneficial for
combination anticancer therapy. Since p38 inhibition turned fractional to complete killing of
cells after DNA-damaging UV-C irradiation, p38 inhibition has potential to be used in
combination with DNA damage-inducing chemotherapeutic drugs to increase their efficacy.
In fact, it has been reported that p38 inhibition potentiated the anti-leukemic activity of Smac
mimetics, via JNK mediated upregulation of TNF production (Lalaoui et al., 2016).
Furthermore, inhibition of p38 sensitizes tumor cells to cisplatin-induced apoptosis by
activating the JNK pathway (Pereira et al., 2013). Since the timing and the order of drug
administration can affect the efficacy of the combinatorial therapy due to rewiring of specific
signaling pathways (Chen et al., 2016; Lee et al., 2012), it would first of all be crucial to
examine how p38 inhibition affects JNK signaling pathway and sensitivity to drugs. Our
imaging system provides a suitable platform to quantitatively understand the effect of p38

inhibition and its timing on drug-induced JNK signaling dynamics and cell death.
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Our imaging system is based on KTRs, which enabled multiplexed imaging of the
signaling dynamics of the three MAPKs ERK, JNK, and p38 in single cells (Regot et al.,
2014). Since the p38 KTR reporter showed limited nucleo-cytoplasmic shuttling, here I took
advantage of the naturally shuttling p38 substrate MK?2 as a live-cell imaging reporter for p38
activity, which showed higher sensitivity than p38 KTR. This translocation of MK2 has been
used for screening p38 inhibitors (Anton et al., 2014; Trask et al., 2006). Exogenous
expression of MK2 had no obvious effect on the phenotype of HeLa cells during their
maintenance and cell death studies; however, it remains to be examined whether MK2
overexpression perturbs the signaling and affects the phenotype of the cells of interest.
Nevertheless, this highly sensitive and specific multiplexed imaging system will be useful to
quantitatively evaluate the complex crosstalk of INK and p38, reveal the heterogeneity of
their interaction among single cells, and ultimately study the role of their signaling dynamics

in phenotypic outcomes.
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