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Simple Summary

c-Jun N-terminal kinase (JNK) is a critical regulator of cellular stress responses within our
cells. Extensive biochemical and in vivo characterization in the 1990s and 2000s provided
significant insight into the substrates, regulatory networks, physiological relevance, and
function of JNK in the determination of cell fate. These studies provide the foundation for
ongoing research in the field today. Over the past decade, advances in microscopy and
biosensor development have provided novel insights into the function of JNK both through
time and space within cells. Critically, these studies have illustrated how the single-cell
dynamics of JNK activation contribute to differential cell fates within cell populations and
the mechanisms driving these patterns. The goal of this review is to highlight our current
understanding of JNK as a spatiotemporal regulator of cell function and identify remaining
knowledge gaps and emerging research areas that will provide further insight into the
cellular functions of this critical cellular kinase.

Abstract

c-Jun N-terminal kinase (JNK) is a highly conserved, stress-activated protein kinase that
plays key roles in cellular development and cell fate. An extensive study over more than
30 years has identified roughly 100 substrates for this kinase including the transcription
factor c-Jun and other cell fate effectors. These studies have shown that JNK activation is
tightly regulated both spatially through recruitment to subcellular locations and tempo-
rally through specific activation dynamics. Ultimately, these two regulatory mechanisms
contribute to JNK’s function as a major driver of cell fate and function. A growing field
of live-cell imaging, biosensor development, and other novel approaches to manipulate
kinase function and localization are now providing novel insights into JNK function at the
single-cell level. The purpose of this review is to illustrate our historical understanding
of the spatiotemporal functions of JNK signaling within cells as well as emerging studies
within the field. Ultimately, we aim to provide insight into remaining knowledge gaps
within the field and how emerging technologies may help address these questions.

Keywords: JNK; cell fate; gene expression; spatial localization; temporal dynamics

1. Introduction
Initially identified as a microtubule-associated kinase [1], c-Jun N-terminal kinase

(JNK) or stress-activated protein kinase (SAPK) has been extensively studied over multi-
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ple decades. Stress-activated protein kinases are highly conserved with homologs span-
ning yeast, Drosophila, and ultimately multiple isoforms within mammalian systems
(JNK1/2/3) [2]. Early seminal studies of JNK include the identification of the major
substrate c-Jun, demonstration of the in vivo relevance of JNK, and identification of the ar-
ray of stimuli that drive JNK activation [3]. Among the most well-studied functions of JNK
is its ability to mediate the balance of both cell death and cell survival as a stress-activated
protein kinase. A key underlying feature of this regulation is the notion of temporal reg-
ulation (i.e., how a pathway is activated over time). Early studies demonstrated that a
transient or short pulse of JNK activation was associated with cell survival, whereas a
transition to a prolonged, sustained activation was associated with the induction of cell
death [4,5]. With the growing advent of live-cell imaging methods and biosensor devel-
opment, numerous groups have demonstrated that temporal dynamics play critical roles
across the spectrum of stress-responsive pathways; including p53, NF-kB, and FOXO [6–9].
These same approaches have provided tremendous insight into the regulation and function
of JNK at the single cell level, which we highlight in this review.

Beyond temporal regulation, research has also shown that the spatial localization
(i.e., where JNK is within the cells) adds an additional regulatory layer to the function of
JNK. Notably, the recruitment of JNK to the outer mitochondrial membrane (OMM) via
the scaffold protein Sab appears to be required for the prolonged activation of JNK [10].
However, JNK has been shown to localize to numerous cellular compartments, including
the nucleus, cytoskeleton, and stress granules. The purpose of this review is to summarize
our current understanding of the molecular networks that mediate JNK signaling, how
these impact both the temporal and spatial function of JNK, and ultimately how these
dynamics contribute to JNK’s biological function. Within this paper, we highlight remaining
gaps within the study of spatiotemporal JNK biology and posit how emerging technologies
and methodologies may promote further interrogation of this critical signaling network.

2. Network Architecture and Regulation of JNK Signaling
JNK is a member of the mitogen-activated protein kinase (MAPK) family [11]. As

in other MAPK signaling networks, JNK is primarily regulated as part of a three-kinase
cascade (MAP3K, MAP2K, MAPK) which ultimately results in activating the dual phos-
phorylation of threonine and tyrosine residues of JNK within the highly conserved TPY
motif [11]. The phosphorylation and dephosphorylation of this motif, typically driven by
dual-specificity MAPK phosphatases (MKPs), is one of the primary mechanisms of JNK
regulation [12]. However, other regulatory mechanisms include the spatial sequestration
and degradation of JNK or its downstream substrates. Within this section, we provide
a brief overview of the classical MAPK cascade which regulates JNK as well as known
negative regulators that shape the activation kinetics of JNK in response to cellular stimuli
before concluding with a summary of known downstream substrates of JNK signaling that
function as the effectors of JNK-mediated cellular responses. It should be noted that within
mammalian cells, JNK consists of three distinct genes, JNK1 [13], JNK2 [14], and JNK3 [15].
JNK1 and 2 are ubiquitously expressed in most tissues; however, JNK3 expression is re-
stricted to the heart, brain, and testes [11]. While each of these isoforms exhibit significant
homology and redundancy in some functions, studies have shown differences in activity
among JNK1, 2, and 3. For example, JNK2 exhibits higher affinity for c-Jun [14], JNK1 and
JNK2 exhibit differential effects on fibroblast proliferation [16], and JNK3 is a driver of
neuronal cell death [17,18]. A summary of some known differences between these genes
is highlighted in Table 1. However, the activation of these three variants occurs through
similar mechanisms and regulators as discussed in the following sections.
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Table 1. Summary of JNK gene and isoform differentiation.

JNK Isoform Location Functions Citations

JNK1 Ubiquitously expressed
throughout most tissues

Lower c-Jun affinity than JNK2; JNK1 loss reduces liver
injury, reduces fibroblast growth, decreases epidermis

cell layers; JNK1 activity negatively regulates
Th2 differentiation

[13,14,16,19–23]

JNK2 Ubiquitously expressed
throughout most tissues

Higher affinity for c-Jun than JNK1; JNK2 loss increases
liver injury, increases fibroblast growth, and drives

keratinocyte hyperplasia; JNK2 activity is required for
Th1 differentiation

[14,19,20,22,24]

JNK3 Brain, heart, testes,
and pancreas

Neuronal apoptosis and inflammation, regulates β-cell
function, regulates ischemia-induced brain injury [15,17,23,25]

2.1. Regulation of JNK Through the MAPK Cascade

Members of the MAPK family are primarily regulated through a three-kinase signaling
module (MAP3K, MAP2K, and MAPK) that is highly conserved across a range of species
from yeast to humans (Figure 1) [26]. Typically, these cascades are oriented in association
with specific scaffold proteins to facilitate activation [27]. In mammalian cells, the MAPK
pathways consist of the ERK, p38, and JNK signaling networks; however, the activation
mechanisms across these three pathways are largely similar. Upon initial stimulation,
the initiating kinase of this cascade, MAP3K (MAP kinase kinase kinase), becomes active
through a variety of mechanisms including recruitment to specific receptors [28], relief of
autoinhibition [29,30], dimerization [31], and phosphorylation [11,32]. While the repertoire
of MAP2K and JNK are relatively limited, significant diversity exists in the families of
MAP3K that can ultimately regulate the activation of JNK. These range from apoptosis-
stimulating kinases (ASK1-3), mixed lineage kinases (MLK1-4, DLK, LZK, and ZAK),
MEKK1-4, TAK1, and TAOK1-3 [33]. This range of diversity potentially allows the specific
activation of JNK and other pathways in response to a diverse range of stimuli [34]. An
ongoing question within the field is how these diverse MAP3Ks function in driving specific
downstream responses, and emerging studies using MAP3K profiling are beginning to
highlight key roles for these kinases [35]. For example, ZAK is a critical sensor of ribotoxicity.
In unstressed conditions, ZAK remains associated with ribosomes, but upon ribosome
disruption, via collisions or stalling, ZAK undergoes autophosphorylation and is released
to initiate the downstream activation of JNK [36,37]. In contrast, TNFα, binding to the
TNF receptor, can recruit ASK1 via TRAF2 to promote dimerization and activation by
relieving its repression by 14-3-3 and Trx-1 binding [28,38,39]. Once active, ASK1 can relay
the signal to the MAP2Ks, which can then phosphorylate and activate JNK. Recent studies
also implicate MAP3K5 (ASK1) as a regulator of pyroptosis via JNK [40].

Once MAP3Ks have become active, they can then phosphorylate and activate the
downstream MAP2Ks (MAP kinase kinase). Specifically, JNK is activated via two MAP2Ks,
MKK4 and MKK7. MKK7 is considered a specific activator of JNK [41], while MKK4 coor-
dinates the activation of both JNK and p38 [42]. Similar to MAP3Ks providing specificity in
activation, MKK4 and MKK7 appear to regulate distinct responses. For example, MKK7 is
primarily activated in response to cytokine signaling and regulates JNK-mediated cytokine
production [43,44]. Once activated, MKK4 and MKK7 will activate JNK via dual phospho-
rylation of the threonine and tyrosine residues within the TPY motif. Interestingly, while
both MKK7 and MKK4 can phosphorylate JNK, they appear to work synergistically with
one another, as MKK7 shows stronger preferences for phosphorylation of the threonine
site, while MKK4 favors the tyrosine site [41]. While MKK4 and MKK7 are the classical
activators of JNK, emerging evidence suggests that the MAPK cascade may be more flexi-
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ble than initially thought, as the MAP2K MKK3, originally thought to be specific to p38
activation, has been shown to induce JNK activity in Drosophila [45]. Therefore, despite
extensive study, a further interrogation of network architecture and signaling crosstalk is
needed to effectively parse out the regulation of JNK via the MAPK cascade.

Figure 1. JNK signaling cascade. Schematic overview of the general JNK signaling cascade. Upstream
MAP3Ks are activated in response to an array of stimuli, including UV-light and oxidative stress,
and relay signals downstream through MKK4 and MKK7 to JNK. JNK can then phosphorylate both
nuclear and non-nuclear substrates to shape gene expression and cell fate. Inactivation is driven by
an array of phosphatases (DUSPs and PPs) as well as additional regulators.

2.2. Negative Regulation of JNK Signaling

While the phosphorylation of JNK within the TPY motif represents the mechanism of
JNK activation, dephosphorylation of this same motif acts as the primary mechanism of
negative regulation. This dephosphorylation is catalyzed by dual-specificity phosphatases
(DUSPs), which are also termed mitogen-activated protein kinase phosphatases (MKPs).
These phosphatases can directly regulate JNK by dephosphorylation of the critical thre-
onine and tyrosine sites or indirectly by acting as scaffolds. While the DUSP family of
proteins contains several members, many of these proteins are localized to specific cellular
compartments and exhibit preferences for specific MAPKs [46]. The direct dephosphoryla-
tion of JNK occurs via DUSP1, 2 [47,48], 3 [49], 6 [50], 8 [51], and 16 [52]. JNK activation
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is also subject to DUSP regulation through indirect mechanisms. DUSP9 and DUSP14
inhibit the activation of upstream MAP3Ks, which prevents signal propagation to the
MAP2Ks. DUSP9 inactivates ASK1 [53], and DUSP14 interferes with TAK1 activation
through dephosphorylation of the TAK1 binding protein TAB1 [54]. Scaffolding DUSPs
also regulate JNK activation through upstream targets; however, these effects can be more
complex than simple inactivation. For example, DUSP19 interacts with MKK7, and early
studies found inhibitory effects on downstream JNK activation [55]; however, this effect
may be concentration dependent, as at higher doses, DUSP19 potentiates signaling through
JNK2 [56]. DUSP23 is another scaffolding protein that tethers MKK4 and JNK. However,
instead of inhibiting JNK activation, it acts as a positive regulator [57].

Outside of DUSPs, JNK has been shown to be regulated via a number of other in-
teraction partners, including Glutathione S-Transferase Pi (GTSP) [58], an isoform of p73,
∆Np73 [59], and SRFP [60]. However, precise molecular mechanisms behind some of these
regulators are unclear. Beyond the direct regulation of JNK, the downstream regulation of
effector molecules can further shape JNK-mediated responses.

2.3. Effectors of JNK Function: Downstream Substrates

Once activated, JNK phosphorylates serine and threonine residues on target proteins
in a proline-directed manner with a consensus sequence of PX(S/T)P [61]. These target
proteins span an array of cellular compartments, including the cytoskeleton [62], mitochon-
dria [63–65], and the nucleus where JNK phosphorylates numerous transcription factors,
including c-Jun on serine 63 and serine 73, to drive gene expression [66–68]. Currently, the
number of known JNK substrates is estimated to be around 100 unique proteins [69]. As a
result of the diverse localization of these substrates, JNK can drive a variety of downstream
cellular responses. This includes the regulation of cell death and apoptosis through the
direct phosphorylation of pro-apoptotic proteins like Bim [65] and Bid [70], the indirect
release of pro-apoptotic factors like Bax by the phosphorylation of repressors [71], and
the phosphorylation of anti-apoptotic proteins like Mcl-1 [72]. JNK also regulates mi-
tochondrial fission through the phosphorylation of Drp-1 [63] and mitophagy through
the phosphorylation of BNIP3 [64]. Finally, the regulation of gene expression by JNK is
another major output of downstream effectors. This is commonly thought to be driven
by c-Jun/AP-1, but other transcription factors like p53 [67], c-Myc [68], STAT [73], and
FOXO [74] are regulated via JNK. With this wide array of potential downstream responses
driven by JNK activation, cells must have a mechanism for providing specificity to these
responses driven by JNK. Within the remaining sections of this review, we focus on two
regulatory mechanisms. The first is the temporal dynamics of how JNK is activated over
time, while the second is the spatial localization that limits where JNK is active.

3. Temporal Dynamics of JNK in the Regulation of Cell Fate
and Function

While the core biochemical architecture of the JNK signaling network is well estab-
lished, existing and emerging evidence demonstrates that the temporal dynamics of JNK
activation, such as the duration of activity over time, are critical determinants of down-
stream cellular responses, including both cell fate and gene expression. Within this section,
we highlight both the foundational work that demonstrated roles for JNK dynamics in
cell fate determination as well as emerging findings leveraging advances in microscopic
imaging that further support and expand upon this work.
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3.1. JNK Dynamics in Cell Fate Determination in Cell Populations

JNK activity has long been associated with a dichotomy of regulating both cell survival
and apoptosis. Initial studies first demonstrated that JNK played a critical role in the in-
duction of neuronal apoptosis following the withdrawal of nerve growth factor (NGF) [75].
Consistent with this role, JNK1/2-deficient MEFs exhibit resistance to UV-induced apop-
tosis [76] and fibroblasts expressing S63A, S73A mutations within c-Jun show resistance
to apoptosis [77]. This pro-apoptotic effect is not restricted to JNK1/2, as JNK3 also plays
specific roles in neuronal apoptosis [18]. Similarly, JNK has known roles in driving cell
death in response to TNFα [38], H2O2 [78], endoplasmic reticulum stress (ER-stress) [10]
and in some instances of γ-irradiation [4,5]. In contrast, JNK activity has been shown to
play key roles in development, cellular survival, proliferation, and transformation. For
example, the loss of both JNK1 and JNK2 results in embryonic lethality, demonstrating a
requirement for normal development [79], and the loss of JNK also promotes premature cel-
lular senescence [80]. The JNK target c-Jun is also critical to maintain cellular proliferation
by driving the expression of cyclin D1 [81], and cellular transformation via Ras requires
c-Jun [82].

Extensive work has demonstrated that these seemingly contradictory outcomes rely
on the relative duration or dynamics of JNK activation over time (Figure 2). For example,
prolonging JNK activation in response to sodium orthovanadate by co-treatment with
PMA, and Ionomycin increased cell death in Jurkat cells [4]. Similarly, chemigenetic
approaches also demonstrate the importance of sustained JNK activation in the transduction
of apoptotic signals [83]. These dynamics are not limited to transient or sustained dynamics
either, as biphasic patterns of JNK activation regulate cellular responses to ER stress. An
early cytoprotective pulse promotes the expression of anti-apoptotic genes, which was
followed by a delayed cytotoxic rise in JNK activation [84,85]. One limitation of these early
studies is the reliance on immunoblots or other population level measurements [86,87]
that limit the ability to track cellular heterogeneity. Additionally, the reliance on fixed
time points provides only a snapshot in time. However, developments within the field of
microscopy and fluorescence approaches have now provided unprecedented insight into
the single cell biology of JNK signaling.

 

Figure 2. Temporal dynamics of JNK and response. JNK exhibits an array of temporal dynamics
including transient (A), sustained (B), pulsatile or oscillatory (C), and biphasic activation (D). These
patterns are associated with discrete cell fate outcomes including survival, proliferation, apoptosis,
pyroptosis, and ER-stress responses.
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3.2. Live-Cell Imaging and Single-Cell Dynamics in the Regulation of Cell Fate

Over the last decade, attention has shifted from population dynamics to single-cell
dynamics of signaling molecules (e.g., kinases) to evaluate their consequences in cellular
responses. This trend has been accelerated and supported by the tremendous advance-
ments in the development of new sophisticated tools and methods including biosensors for
live-cell imaging, mathematical and computational modeling, optogenetic systems, and
microfluidic devices [88–91]. Initially, two fluorescent protein FRET-based systems were
used to characterize the signaling dynamics of kinases [92,93]; however, these approaches
can be challenging to optimize and often require specialized filter sets. More recently,
the development of single fluorescent protein kinase translocation reporters (KTRs) [89]
has greatly accelerated the study of kinase dynamics in single cells across diverse
stimuli [35,40,94–96]. These simple biosensors allow for complex multiplexing, increasing
the range of pathways that can be imaged simultaneously.

Studies that have utilized these biosensors have not only supported prior findings
but have offered additional insights into the behavior of single cells and heterogeneity in
responses across cells. For example, the relative strength of negative regulation by p38 or
the phosphatase DUSP1 can shape temporal JNK dynamics to a range of stimuli, includ-
ing sorbitol, TNFα, anisomycin, and IL-1β [95]. Variations in the cell-to-cell expression
of DUSP1 also determines whether cells exhibit sustained JNK activation and undergo
UV-induced cell death [95]. In contrast, oxidative stress-induced JNK activation exhibits
secondary pulses associated with cell death, while cells that survive tend to lack additional
JNK activation [96]. The same JNKKTR-based approach has also shown that the levels of
ZAK help regulate cell survival, tolerance, or apoptosis in response to ribotoxic stress [37].
Other single-cell dynamics that have been observed include the biphasic activation of JNK
with early JNK activation tightly correlated with a mitochondrial ROS (mtROS) spike that
licenses inflammasome assembly [40]. This early phase is subsequently followed by a
second phase of JNK activation 2 h later driven by a MAP3K5/JNK2 signaling complex to
promote GSDMD mobilization and pyroptotic cytokine release [40]. While these studies
illustrate the potential applications of the JNKKTR biosensor, the growing use of computa-
tional approaches coupled with imaging are providing even further insights into the roles
of JNK over time. For example, fluorescence imaging coupled with TENSOR models has
defined roles for biphasic JNK signaling in the induction of senescence and regulation of
the senescence-associated secretory phenotype (SASP) [97].

While the above approaches primarily focus on the relationship between JNK acti-
vation and cell fate, recent studies are using these tools to explore how the combinatorial
array of MAP3K and MAP2K proteins contribute to the regulation of these signaling net-
works over time. A systematic analysis of MAP3Ks has shown that different MAP3Ks
elicit distinct MAPK dynamics for ERK, JNK, and p38 [35]. Interestingly, these studies
suggest that JNK dynamics alone do not specify cell fate. Rather, the complex combination
of ERK, JNK, and p38 activation is ultimately what determines the distinction between
proliferation or cell death [35]. Studies utilizing fluorescent tracking of the MAP2K MKK4
have also shown that the spatiotemporal dynamics of the MAP2K may contribute to JNK
dynamics albeit without a direct measure of single-cell kinase activity [98]. We anticipate
that future studies exploring the network of positive and negative regulators of JNK will
provide further insight into how these proteins contribute to the dynamic patterns of JNK
activation. However, it is important to note that many of our current live-cell readouts of
kinase activity have specific limitations. For example, FRET-based reporters require precise
calibration, often suffer from low signal-to-noise ratios, and imaging rates can be limited
by hardware potentially missing very rapid or slow responses [99]. KTRs have their own
set of limitations, including a reliance on cellular transport rates, sensitivity to crosstalk
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with other kinases, small dynamic range, and they do not distinguish between JNK iso-
forms [89,100]. Naturally, the overexpression of reporters can also potentially interfere with
endogenous signaling. Addressing these weaknesses will be crucial to future studies of
temporal signaling, and enhanced KTRs are already being developed to overcome some of
these weaknesses [101].

3.3. JNK Dynamics in the Regulation of Gene Expression

Most prior studies of JNK activation dynamics have largely focused on cell fate
regulation without a clear focus on transcriptional regulation despite the transcription
factor c-Jun being the most well-characterized substrate of JNK. Dynamic studies of other
transcription factors, including p53 [102–105] and NF-kB [8], have shown that temporal
dynamics can have significant impacts on gene expression patterns. These patterns often
rely heavily on the mRNA and protein stability of the downstream targets [8,104–106].
Based on these findings, it is rational to hypothesize that the dynamics of JNK activation
are likely to influence the dynamic patterns of gene expression. Recent findings support
this hypothesis, as research has demonstrated that the duration of JNK activation results in
a dynamic phosphorylation of c-Jun over time [107]. Initially, this drives phosphorylation
at the activation sites serine 63 and serine 73, promoting the release of the transcriptional
repressor MBD3 and association with the activator TCF4 to promote transcriptional activity.
However, as activation persists, the phosphorylation of threonine 91 and 93 rises, resulting
in the displacement of TCF4 and returning c-Jun to an inactive state. Temporal dosing
strategies to enrich specific JNK dynamics also support a role in the regulation of gene
expression. For example, sustained, transient, or pulsed JNK activation drives distinct
clusters of gene expression patterns [91]. Consistent with the prolonged activation of JNK
pushing c-Jun to an inactive state, a transient cluster of gene expression was observed even
with sustained JNK activation. These findings suggest that a short, pulsatile activation of
JNK may be optimal for transcriptional regulation, while prolonged JNK activation drives
non-transcriptional responses involved in the induction of cell death. Similar to p53 and
NF-kB, computational modeling suggests that JNK-dependent gene expression patterns
are heavily reliant on the mRNA stability of the target gene; however, other potential
mechanisms include promoter strength or combinatorial regulation [91]. However, further
study is needed to see if similar promoter decoding mechanisms exist for JNK and c-Jun
mediated transcription as has been seen for p53 [108] and yeast promoters [109]. Within
Table 2, we summarize our basic understanding of phenotypic outcomes related to specific
JNK dynamics.

Table 2. Summary of observed JNK dynamics and phenotypes.

Dynamics Duration Phenotypic Outcomes (Cell Fate) References

Transient Activation Minutes to a few hours Cell survival and proliferation [91,95,110]

Sustained Activation Extended, unattenuated plateau
lasting 4 to 12+ h. Apoptosis [91,97,111]

Pulsatile/Oscillatory Intermittent bursts recurring over
several hours.

Frequency dependent: survival,
cell death, gene regulation [91,95]

Biphasic Dynamics
Two distinct waves (Wave 1:

~15–30 m; Wave 2: delayed 2–6 h
later).

Pyroptosis, ER-stress response,
senescence regulation [40,84,97]

4. Spatial Dynamics of JNK in the Regulation of Cell Fate and Function
The functional output of JNK signaling is determined as much by where active JNK is

located as by when and how much it is activated. Spatial compartmentalization concentrates
JNK with specific upstream kinases, scaffolds, substrates, and regulatory proteins to create
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microdomains that bias signaling toward distinct outcomes. The following section compiles
the current mechanistic knowledge of JNK’s compartment-specific interactors (Figure 3), the
molecular mechanisms that control JNK localization, and the downstream consequences of
those interactions while also highlighting current gaps in our understanding.

Figure 3. Overview of cellular JNK spatial dynamics. (A) JNK associates with the JIP-1 scaffold com-
plex alongside MLK and MKK7 on the microtubule network. This localization regulates microtubule-
associated proteins (MAPs) to drive microtubule (MT) remodeling. (B) At the outer mitochondrial
membrane, JNK binds to SAB, resulting in an increased production of reactive oxygen species (ROS).
Elevated ROS levels subsequently activate ASK1, establishing a positive feedback loop that sustains
JNK activation. (C) Under stress, the unfolded protein response (UPR) triggers the IRE1–TRAF2
signaling axis, leading to the increased phosphorylation of JNK. (D) JNK complexes with importin
proteins (IMP3 and IMP7/9) to translocate through nuclear pores into the nucleus. Once inside,
it phosphorylates key transcription factors to modulate gene expression. (E) JNK phosphorylates
certain Golgi apparatus functional proteins which can increase Golgi fragmentation. Increased
fragmentation increased inflammasome formation and therefore cytokine production. (F) In the
cytoplasm, JNK targets the RNA-binding and processing proteins 4E-T and DCP1a, driving the
formation and assembly of processing bodies (P-bodies). (G) JNK phosphorylates actin-binding
proteins (ABPs) to regulate actin filament dynamics.

4.1. Scaffold-Mediated Cytoplasmic Organization

Scaffold proteins are the primary architects of JNK spatial specificity, functioning as
molecular platforms that sequester JNK isoforms with their respective upstream activators
(MAP3Ks and MAP2Ks) and downstream targets. By organizing these components into
discrete signalosomes, scaffolds ensure signal fidelity, prevent unwanted crosstalk with
other MAPK pathways, and determine the specific subcellular neighborhood where JNK
will phosphorylate its substrates to initiate the appropriate cellular cascades [112]. Within
this section, we highlight our current understanding of the known JNK scaffolding proteins
and the functional outcomes of interactions. These include the JNK-interacting protein
family (JIPs), WD repeat-containing protein 62 (WDR62), Plenty of SH3 (POSH), and β-
arrestins. It should be noted that while we have a strong understanding of the scaffolds
that orient JNK signaling complexes, we have little understanding of how these scaffolds
contribute to the temporal dynamics of JNK previously described.
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4.1.1. JNK-Interacting Protein Family (JIP1-4)

The JNK-interacting protein family (JIP) consists broadly of four known JNK scaffolds
(JIP1-4). Structurally, each of these proteins contain a JNK-binding domain or D-domain that
allows for interaction with JNK [27]. JIP1 and JIP2 are structurally similar, as each contain
an additional SH3 domain that facilitates the dimerization and phosphotyrosine-binding
domain to bind cargo. JIP1 is characterized by its ability to assemble a discrete signaling
module consisting of JNK, MKK7, and members of the Mixed Lineage Kinase (MLK)
family [113]. Beyond its structural role, JIP1 is a key regulator of neuronal development,
where it facilitates the localization of JNK to the growth cones of developing axons [114,115].
It also plays a vital role in metabolic homeostasis, as it modulates the JNK response to
inflammatory stimuli in insulin-sensitive cells [116].

While JIP2 shares significant sequence homology and function with JIP1, it is present
in higher concentrations in the brain and nervous tissue as compared to JIP1 which is more
ubiquitously expressed throughout the body [113]. In the brain, JIP2 acts as a molecular
“GPS” and transport adapter that physically directs JNK signaling to specific locations
in the neuron, such as synapses, to enable specialized functions like axon guidance and
remodeling [117]. Another major difference between JIP1 and JIP2 is in the subcellular
localization. JIP1 tends to be located more densely in the cell surface projections, whereas
JIP2 is generally distributed uniformly across the cytoplasm. JIP1 also exhibits higher
affinity for binding with JNK than JIP2 [113].

Unlike JIP1 and JIP2, both JIP3 and JIP4 are structurally distinct scaffolds as they lack
the SH3 and PTB domains common to JIP1 and 2 [27]. The expression of JIP3 is highly
enriched in the central nervous system. It serves as a specialized adapter that links the
JNK (primarily JNK3) signaling module directly to the kinesin-1 motor complex. JIP3
acts as a bridge that links the kinesin-1 motor to JNK. JIP3 binding to kinesin light chains
(KLCs) engages the motor with microtubules, while its binding to kinesin heavy chains
(KHCs) directly triggers the motor’s motility and speed. The result of this interaction is the
coordinated transport of JNK signaling cargo to the ends of nerve cells, which is essential
for axon elongation during development and axon regeneration following an injury [118].
Additionally, JIP3 localizes to discrete exocytic vesicles and may recruit JNK to its substrate
paxillin to facilitate neurite outgrowth [119].

JIP4 is encoded by the SPAG9 gene, which also encodes the other JNK scaffold
variants JLP (JNK-associated Leucine Zipper Protein) and SPAG9 (sperm-associated
antigen 9) [120–122]. Like JIP3, JIP4 binds JNK and kinesin-1, but it differs significantly
from JIP3 in overall function, as JIP4 specifically activates the p38 MAPK pathway rather
than JNK despite having similar structural domains [120]. Instead of acting as a scaffold,
JIP4 serves as a substrate, being actively phosphorylated by JNK. Unlike other JIPs, which
localize JNK to activate it in specific signaling modules, JIP4 localizes JNK without activat-
ing it, suggesting it might act as a storage site or a transport vehicle rather than a signaling
hub for JNK [120]. As all four of these JIP proteins rely on a JNK-binding domain to
associate with JNK, the overexpression of this domain can be used to inhibit JNK activation
by competing for JNK binding with active scaffold complexes [123].

4.1.2. WD Repeat Domain 62 (WDR62)

WDR62 is a scaffold protein that specifically associates with JNK but not with ERK
and p38 [124], and mutations in WDR62 have been associated with microcephaly [125].
During mitosis, WDR62 localizes to the centrosomes and the spindle poles where it serves
as a physical platform to recruit JNK and its upstream activator, MKK7 [126,127]. This
WDR62/JNK1 interaction is required for timely mitotic progression, and disruption either
through the loss of WDR62, inhibition of JNK, or loss of specific JNK phosphorylation
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on WDR62 disrupts this process [126,128]. This disruption may be the result of altered
phosphorylation kinetics of the JNK substrates Cdc25C and Ch1, both of which help coor-
dinate cell cycle progression [129,130]. In contrast to the known roles of WDR62 in mitotic
progression, it has also been shown to coordinate the recruitment of JNK to stress granules
and P-bodies during the induction of cellular stress in response to an array of stimuli [124].
Interestingly, while WDR62 promotes JNK activation, it does not facilitate AP-1 dependent
transcription, potentially coupling JNK function to post-transcriptional regulation [124].
Additional evidence suggests that JNK activity promotes stress granule formation, but the
role of JNK in stress granules and P-bodies remains relatively understudied [131].

4.1.3. Plenty of SH3 (POSH and POSH2)

Both POSH and POSH2 are large scaffold proteins characterized by the presence of
multiple SH3 domains and an integrated RING finger domain that confers E3 ubiquitin
ligase activity [132,133]. Despite structural similarities, POSH and POSH2 carry out distinct
molecular functions. POSH interacts with JIPs to form the POSH–JIP apoptotic complex
(PJAC) to promote apoptosis in association with Rac1, MAP3Ks (MLK), MAP2Ks (MKK4/7),
and JNK [134]. In addition to playing a key role in apoptosis, POSH also facilitates neuronal
migration through an association with Rac1 and localization to the Proximal Cytoplasmic
Dilation of the Leading Process (PCDLC) of migrating neurons, potentially ensuring that
JNK is at the correct location to promote migration [135]. POSH’s ubiquitin ligase activity
also distinguishes it from other scaffolds, allowing for additional protein control by modu-
lating protein stability. While JNK is not a target of POSH-mediated ubiquitination, POSH
can regulate the stability of itself and other cellular pathways [132,136].

In contrast to POSH, POSH2 (or POSHER) appears to promote cell survival by reg-
ulating POSH expression in unstressed conditions [137]. However, this is likely context
dependent, as the overexpression of POSH2 can still induce JNK-dependent apoptosis in
specific cell lines models [138]. POSH2 also shows binding to both inactive and active Rac1,
further differentiating it from POSH and suggesting that these proteins are not simply
functionally redundant [137].

4.1.4. β-Arrestin-2

In contrast to the previously discussed scaffolds, β-arrestin-2 is unique as a multifunc-
tional adapter that traditionally facilitates the desensitization and endocytosis of G-protein
coupled receptors (GPCRs) [139]. However, yeast two-hybrid screens identify β-arrestin-2
as specific interacting partner with the JNK3 isoform [140] unlike other scaffolds which
bind multiple JNK isoforms. Like other scaffolds, β-arrestin-2 can orient the JNK3 signaling
cascade through association with the MAP3K, ASK1, and MKK4 [140,141]. Under basal
conditions, β-arrestin-2 actively sequesters JNK outside the nucleus to prevent unwanted
transcription [142]. While the functional role of β-arrestin-2/JNK3-mediated signaling is
still being explored, recent studies suggest potential importance in dopamine-mediated
behavioral responses and in pancreatic islet cell growth [143,144].

4.2. JNK Interactions with Cytoskeletal Proteins

The structural integrity and dynamic versatility of the cell are maintained by the
cytoskeleton, which is a complex network of protein filaments that JNK modulates to
coordinate morphological changes. By phosphorylating specific cytoskeletal components
and their regulatory proteins, JNK serves as a bridge between extracellular stress signals
and physical cellular remodeling.
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4.2.1. Actin

Actin filaments are semi-flexible, polar polymers that form the primary machinery
for cell shape maintenance, cytokinesis, and the generation of contractile forces. JNK
does not directly phosphorylate actin but rather regulates actin and cytoskeletal structures
through the association with actin binding proteins (ABP), such as MARCKS-like protein-1,
cofilin-1, CapZIP, SMTL2, paxillin, and the β-catenin/α-catenin complex [145–150]. The
interaction of JNK with these proteins can have profound impacts on cytoskeletal function.
For example, the phosphorylation of paxillin promotes cellular migration [150] and the
phosphorylation of β-catenin promotes the dissociation of cell-to-cell contacts and adherens
junctions [148]. More recently, JNK has been shown to regulate the assembly of cilia through
its action in actin regulation [151].

4.2.2. Microtubules (MTs)

Microtubules are stiff, hollow tubes composed of α-and β-tubulin dimers that function
as a structural scaffold and transport system for intracellular organelles and vesicles. JNK
and microtubules have a bidirectional signaling relationship, as microtubule dynamics can
control JNK activation and JNK can directly influence microtubule dynamics. Since JIPs
act as cargo of kinesins, microtubules are a key part of JNK spatial regulation [152]. Cell
starvation can lead to the hyperacetylation of MTs which can then recruit and stimulate JNK
via the increased binding of additional JIP-bearing kinesins to MTs [153]. Other types of cell
stress, such as oxidative stress, have also been shown to result in different JNK-mediated
microtubule effects [154]. JNK indirectly regulates MTs by phosphorylating microtubule-
associated proteins (MAPs). JNK is known to phosphorylate MAP1B, MAP2, and Tau to
increase neuronal growth and stability [155,156]. JNK also directly phosphorylates kinesin
motors (KIF5C) [157] and their cargoes (synaptotagmin-4 [158], Bim, and Bmf [65]) to
regulate MT-based transport. In the case of Bim and Bmf, this phosphorylation is critical
for release from motor complexes and the induction of apoptosis.

4.2.3. Intermediate Filaments (IFs)

Intermediate filaments provide the cell with mechanical durability and stress resis-
tance, acting as a tensile scaffold that anchors organelles and maintains the structural
integrity of the nuclear envelope. IFs, like MTs, have a bidirectional relationship with JNK.
IFs like desmin, vimentin and keratin-8 (K8) act as scaffolding proteins that bind to JNK to
control its spatial localization and substrate availability. Desmin and vimentin increase JNK
(specifically JNK2) activity [159], while K8 has the opposite effect and may sequester JNK
from its substrate c-Jun [160]. This recruitment of JNK to K8 results in the phosphorylation
of K8 in response to both Fas stimulation and in response to the transglutaminase-2 binding
of JNK [160,161]. This phosphorylation of K8 can promote perinuclear reorganization and
cell migration in cancer cells [161]. Other IFs phosphorylated via JNK included both heavy
and medium neurofilaments (NFH and NFM) as well as the nuclear IF Lamin B1 [162,163].

4.3. Organelle- and Synapse-Specific JNK Localization

Not only can JNK mediate cytoskeletal remodeling and transport, JNK can also be
localized to an array of cellular organelles and structures. Subcellular organelles act as
specialized signaling hubs that allow the cell to compartmentalize JNK activity, ensuring
that stress responses are specific to the localized damage. By anchoring JNK to specific
organelle membranes, the cell can fine-tune its metabolism, protein folding, and communi-
cation pathways before committing to a global response like apoptosis. Within this section,
we focus upon the localization of JNK to non-nuclear organelles and cellular structures
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independent of its known nuclear localization and function, which will be discussed within
the next section.

4.3.1. Mitochondria

Mitochondria are the primary sites of ATP production and are central regulators of the
intrinsic apoptotic pathway driven by the release of cytochrome c from the intermembrane
space [164]. In response to severe cellular stress, JNK translocates to the outer mitochondrial
membrane via the membrane-bound scaffold protein SAB (SH3BP5), which is the only
identifiable docking site for JNK on the outer mitochondrial membrane (OMM) [165]. This
interaction typically signals irreversible cell death. When phosphorylated JNK binds to
the kinase interaction motif (KIM) of SAB, this triggers a signaling cascade that results in
dysregulation of the electron transport chain (ETC) and an increase in ROS production [10].
These ROS diffuse into the cytosol and activate the upstream MAP3K ASK1, creating a self-
sustaining loop that maintains and amplifies JNK activity [166]. As previously highlighted,
JNK can also potentiate the induction of apoptosis by phosphorylating or regulating the
localization of many pro-apoptotic factors [65,71,167]. Critically, blocking this interaction
between JNK and Sab has been shown to represent a potential therapeutic approach to
disrupt JNK-mediated apoptosis [168,169]. Outside of its role in apoptosis, JNK can also
regulate both mitochondrial fission and mitophagy through the phosphorylation of Drp1
and BNIP3 [63,64].

4.3.2. Endoplasmic Reticulum (ER)

The endoplasmic reticulum is responsible for protein synthesis, folding, and calcium
homeostasis. When the ER is stressed, which is generally caused by an accumulation of
misfolded proteins, a condition known as the Unfolded Protein Response (UPR) occurs.
The UPR includes the activation of JNK by the ER transmembrane protein IRE1α and the
adaptor TRAF2 [170]. Persistent JNK activation at the ER eventually leads to the depletion
of calcium stores and the activation of caspases, linking ER stress to cellular death via
JNK signaling [171]. This process can be dynamic; as discussed earlier, ER stress can
induce two phases of JNK activation with the early activation, favoring the expression of
pro-survival genes before ultimately driving cell death at later phases [84]. Interestingly,
mitochondria-ER contact sites (MERCS) have been shown to be critical signaling nodes
to regulate crosstalk between ER and mitochondrial function and apoptosis; however,
there has been no direct link shown between JNK and MERCs to date [172]. Given the
importance of these organelle–organelle contacts, future research to define JNK’s potential
roles is critical.

4.3.3. Golgi Apparatus

The Golgi apparatus serves as the central sorting and dispatching station for pro-
teins and lipids within the secretory pathway. When triggered by inflammatory signals
(like IL-1β) or when treated with anisomycin, JNK can phosphorylate numerous proteins
(GRASP55, GRASP65, CAMSAP2, TJAP1, YIPF2) associated with Golgi apparatus function
and assembly [173]. This results in the formation of an increasingly fragmented Golgi which
promotes increased secretion rates of cytokines during stress. Given the recent implications
of JNK in inflammasome activation and GASDMD pore formation, this positions JNK as a
critical regulator of cytokine release [40]. Other Golgi-bound proteins like AKRL1/2 are
able to increase JNK activity by promoting signal transduction through the MAP3K TAK1
and both MKK4 and MKK7 [174]. The mechanistic implications of this potential signaling
network is currently unclear, though in certain studies, AKRL1/2 have been associated with
Huntington’s disease [175], which would be consistent with JNK’s significant functions in
regulating neural development and function.
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4.3.4. Synapse

JNK is localized to the synapse through its association with several scaffold proteins
that have already been discussed such as JIP, β-arrestin-2 and POSH. These scaffold proteins
organize JNK and its activators into signalosomes and facilitate its delivery to and from
synapses, where it is usually carried by kinesins on microtubules. The synapse itself serves
as a critical regulator of JNK function. For example, the stimulation of postsynaptic NMDA
receptors (NMDARs) acts as a powerful activator of the JNK signaling cascade. When JNK
is activated by pre-synaptic NMDARs, it acts as a physiological effector and interacts with
the T-SNARE proteins Syntaxin-1, Syntaxin-2, and SNAP-25 to facilitate neurotransmitter
release [176]. At the postsynaptic density (PSD), the amount of JNK present directly controls
the amount of key receptor and scaffold proteins, such as GluN2A, GluN2B, GluA1, GluA2,
PSD-95 and drebrin; this helps to control the amount of neurotransmitter received [177].

4.3.5. Stress Granules and P-Bodies

As previously indicated, JNK can localize to both stress granules and P-bodies, which
play a crucial role in the regulation of mRNA and translation [178]. This localization relies
on the previously discussed WDR62 scaffold [124]. However, the precise role of JNK within
these membraneless organelles remains unclear. JNK-mediated phosphorylation of the
eIF4E-binding protein 4E-T can promote P-body assembly, but it does not appear to alter
protein synthesis rates [179]. Phosphorylation of the decapping enzyme DCP1α is also
important for P-body formation and the localization of DCP1α, but it does not appear
to influence its enzymatic activity [180]. However, mutant DCP1α results in an altered
expression of IL-1-induced genes, suggesting potential mRNA stability regulation via JNK-
mediated P-bodies [180]. As such, the further exploration of JNKs role in stress granule
and P-body function is needed to understand the mechanistic role of JNK in regulating the
function of these structures.

4.4. Nuclear Translocation and Genetic Targets

The translocation of JNK into the nucleus is a highly orchestrated transition that begins
with the kinase’s release from cytoplasmic sequestration, which is the default location of
JNK under normal conditions. JNK is often tethered to scaffold proteins such as JIP1, which
keep the signaling module localized to specific cytoplasmic neighborhoods to prevent
premature activation. Because JNK lacks a classical nuclear localization signal, it relies on
specific importins to facilitate its movement through the nuclear envelope. Upon exposure
to environmental stress or growth factors, JNK forms a heterotrimer with the importin
proteins Imp7/9 and Imp3 [181]. This complex carries JNK to the nuclear envelope where
it passes through the nuclear pores. IMP7/9 carry JNK through the pore where Ran further
dissociates the complex, freeing JNK within the nucleus.

Once inside the nucleus, JNK acts as a master epigenetic and transcriptional architect
by physically modifying the Transactivation Domain (TAD) of essential transcription factors.
The most prominent target is c-Jun, which JNK phosphorylates to enhance its ability to
form the AP-1 complex and initiate gene transcription. The biological breadth of nuclear
JNK signaling is achieved through its interaction with a diverse array of transcription
factors beyond the AP-1 family, including ATF2, Elk1, p53, and FOXO proteins [66,74,182].
JNK’s ability to phosphorylate these various targets allows it to function as a molecular
switch that can drive vastly different pathways depending on the cellular context and the
specific assembly of transcription complexes.
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5. Clinical Relevance of JNK as a Therapeutic Target
As we have highlighted within this review, JNK plays critical roles in an array of cellu-

lar functions including cell survival, death, and inflammatory response. Not surprisingly,
JNK has been an attractive therapeutic target based on these cellular functions in both
cancer and inflammatory disease. Numerous kinase inhibitors have been developed to
target JNK activation, including ATP-competitive inhibitors and covalent inhibitors [183].
However, clinical efficacy has been elusive for the direct inhibition of JNK activity. For
example, the inhibitor CC-930 was evaluated in clinical trials of pulmonary fibrosis and
ultimately discontinued due to adverse toxicity [184]. More recent trials using more ad-
vanced inhibitors are showing potential promise, as the peptide inhibitor brimapitide
shows efficacy in preventing hearing loss [185] and CC-90001 exhibits decreased adverse
effects as a treatment for pulmonary fibrosis [186]. However, at present, there remain no
FDA-approved JNK inhibitors. In contrast to the global inhibition of JNK activity, the
disruption of JNK’s interaction with specific partners may represent the best approach to
minimize the toxicity associated with JNK inhibition. Preclinical studies using the JNK-Sab
inhibiting peptide Tat-SabKIM1 has shown improvements in rat models of ischemia and
6-hydroxydopamine models of Parkinson’s disease [168,187]. However, this peptide has
not been evaluated in clinical trials to date. Other strategies to target JNK include targeting
downstream transcription via AP-1. T-5224, a small molecule inhibitor of AP-1, limited
arthritis by inhibiting matrix metalloproteinase production, but clinical trials were ulti-
mately discontinued [188]. As such, there is a remaining need to better understand the
links between JNK activation, localization, and function to better target it in the clinic.

6. Discussion: Gaps and Opportunities
Within this review, we have highlighted our current understanding of the biochemical

function and regulation of JNK through both temporal and spatial mechanisms. The timing
of JNK activation plays precise roles in the determination of cell fate in response to an
array of stimuli. Furthermore, where JNK is located upon activation further specifies
the cellular response by localizing to mitochondria to induce apoptosis, inducing gene
expression through nuclear localization, or remodeling cytoskeletal structures to adapt
to stimulation. Ultimately, JNK is a critical spatiotemporal regulator of both cell fate
and function. However, despite extensive study, there are many remaining gaps in our
understanding of how the spatial and temporal activation of JNK coordinate to contribute
to its diverse functions within a cell. With the continued growth of single-cell and live
cell-based approaches, we anticipate that continued studies exploring these areas will offer
additional insight into the function of this critical signaling pathway. In this section, we
highlight two specific areas of potential future research exploration.

6.1. Dynamic Regulation of Transcription Beyond Jun

While c-Jun is the most well-known and characterized of JNKs substrates, proteomic
studies have identified numerous transcription factors as substrates of JNK. Included
among these are major transcriptional regulators such as c-Myc [68], p53 [189], and the
STAT [73] family of transcription factors. In the case of p53, JNK has been shown to
phosphorylate p53 at S6, T81, and potentially S33 in human cells [67,189,190] and S34
in mouse cells [182], often in response to UV-associated stress to potentiate apoptosis;
however, recent studies also implicate JNK and p53 crosstalk in mediating cell death during
replication catastrophe [191]. While these phosphorylation sites appear to increase the
stability of p53 and promote transcriptional activity, the interplay of JNK and p53 may
be complex and context dependent. Evidence suggests that inactive JNK can promote
p53 degradation in unstressed cells [192], and the loss of JNK can promote premature
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senescence via the upregulation of p53 [80]. Similarly, c-Jun can transcriptionally repress
the expression of p53 [193], suggesting that JNK can regulate both the accumulation and
repression of p53 through multiple mechanisms. Interestingly, p53 itself may influence the
dynamics of JNK activity, as the binding of p53 prevents the dephosphorylation of JNK
via MKP5 (DUSP10) [194]. Given that p53 has been shown to exhibit an array of temporal
dynamics in response to a variety of stimuli [195–197], mediating both cell fate [6,7,198]
and transcriptional responses over time [96,102,104,105,199], it is likely that these two
critical stress-responsive pathways play an important role in the temporal coordination of
cellular stress and repair. However, our current understanding of the temporal crosstalk
between these pathways is relatively limited. In response to oxidative stress, it was shown
that the dynamics of p53, JNK, and p38 ultimately play a role in mediating cell death
or survival [96], but further exploration of the temporal crosstalk is likely needed across
multiple stimuli.

Beyond p53, JNK activity is also highly integrated with NF-kB signaling, albeit more
indirectly, as NF-kB opposes JNK-mediated cell death via the transcriptional regulation of
anti-apoptotic proteins like XIAP [200,201]. Like p53, NF-kB is a highly dynamic transcrip-
tion factor whose dynamics play a key role in mediating inflammatory responses [202,203].
The iterative modeling of gene regulatory networks in response to a variety of inflammatory
signals suggests potential transcriptional crosstalk between AP-1, NF-kB, and p38 regulated
gene expression, further highlighting the need for multifactorial temporal studies [204].
Even transcriptional regulation via c-Jun/AP-1 alone may be more temporally complex
than initially thought. Within mammalian cells, the 53 bZIP proteins, like c-Jun, can po-
tentially engage in 1431 distinct dimer combinations, and in many cases, these dimers
exhibit distinct DNA-binding capacity [205,206]. Given that Jun and Fos family proteins,
the most well-known components of AP-1, can exhibit varying expression patterns over
time [207,208], it is possible that the prolonged activation of JNK may drive distinct tran-
scriptional profiles over time. As such, the continued development of fluorescent reporters,
CRISPR-mediated tagging, and advances in live cell imaging is likely to provide further
insight into the complex transcriptional network associated with JNK activity.

6.2. Dissecting the Relationship of Spatial and Temporal JNK Activity

Throughout this review, we highlight that both the spatial location and temporal
dynamics of JNK play a critical role in mediating cellular responses ranging from gene ex-
pression to cell fate, cytoskeletal organization, and intracellular transport. At the organismal
level, the localization and activity of JNK can have significant impacts on growth and de-
velopment. For example, JNK signaling within the Drosophila regulates wing growth [209]
and wound healing in a localization-dependent manner [210]. Similarly, recent studies
using the JNKKTR have shown differences in spatial JNK activity within the developing
spinal cord of zebrafish and a role in glial cell cycling during injury [211]. However, at
the cellular level, we have less understanding of how the spatial and temporal patterns of
JNK relate to one another. FRET-based sensors have provided some hints that the spatial
activity of JNK may change over time [93]: FRET sensors tethered to mitochondria, the
plasma membrane, or localized to the nucleus have shown that upon anisomycin treat-
ment, JNK was active within all three compartments. However, activation at mitochondria
and the plasma membrane may precede nuclear activation albeit with relatively modest
changes with peak FRET emissions for mitochondria at ~20 min and peak nuclear signal
at ~80 min [93]. Some limitations of these studies are that they lack the deep temporal
information acquired, with recent JNKKTR studies spanning hours to days, and utilize a
single stimulus, which may limit our ability to track prolonged changes to JNK activity
over time or in response to different stimuli. Additional evidence also suggests that Sab
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is critical for the maintenance of sustained JNK activation associated with the induction
of cell death [10]. However, these studies lack the fine temporal and spatial resolution to
define a direct relationship. The development of novel optogenetic tools to precisely manip-
ulate both protein localization and activation in a precise spatial and temporal manner via
light may provide novel approaches to dissecting these relationships [212]. Additionally,
proximity-based proteomics tools like BioID and APEX2 should provide further insight
into not only specific JNK substrates but also the spatial identity of these substrates through
time [213,214].

7. Conclusions
JNK is a master regulator of cell fate, gene expression, and cellular function across

biological systems. In order to tightly coordinate appropriate cellular responses to stress
stimuli, JNK activity is regulated through both space and time. Despite extensive research
over multiple decades, many knowledge gaps remain in how individual cells ultimately
regulate cell fate determination and how spatial localization and temporal dynamics
coordinate to drive these effects. We envision that future research utilizing advanced single-
cell approaches will provide insight into how the diverse array of scaffolds, phosphatases,
and substrates ultimately shape the dynamic response of JNK through space and time.
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ABP Actin-binding protein
ASK1 Apoptosis-stimulating kinase 1
BNIP3 BCL2 interacting protein 3
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DLK Dual leucine zipper kinase
Drp-1 Dynamin-related protein 1
DUSP Dual specificity phosphatase
ER-stress Endoplasmic reticulum stress
ERK Extracellular signal-regulated kinase
FOXO Forkhead box O
FRET Förster resonance energy transfer
GSDMD Gasdermin D
GTSP Glutathione S-Transferase Pi
IF Intermediate filament
IL-1β Interleukin-1 beta
IMP Importin
JNK c-Jun N-terminal kinase
JIP JNK-interacting protein
K8 Keratin-8
KIF5C Kinesin family member 5C
KTR Kinase translocation reporter
LZK Leucine zipper kinase
MAP Microtubule-associated protein
MAPK Mitogen-activated protein kinase
MAP2K MAP kinase kinase
MAP3K MAP kinase kinase kinase
MBD3 Methyl-CpG-binding domain protein 3
MEF Mouse embryonic fibroblast
MERCS Mitochondria-ER contact sites
MKK3 Mitogen-activated protein kinase kinase 3
MKK4 Mitogen-activated protein kinase kinase 4
MKK7 Mitogen-activated protein kinase kinase 7
MKP MAPK phosphatase
MLK Mixed lineage kinase
MT Microtubule
mtROS Mitochondrial ROS
NFH Heavy neurofilament
NFM Medium neurofilament
NGF Nerve growth factor
NMDAR NMDA receptor
OMM Outer mitochondrial membrane
PMA Phorbol 12-myristate 13-acetate
POSH Plenty of SH3
PSD Postsynaptic density
ROS Reactive oxygen species
SAB SH3 domain-binding protein 5 (SH3BP5)
SAPK Stress-activated protein kinase
SASP Senescence-associated secretory phenotype
SRFP Secreted frizzled-related protein
STAT Signal transducer and activator of transcription
TAB1 TAK1-binding protein 1
TAD Transactivation Domain
TCF4 Transcription factor 4
TNFα Tumor necrosis factor alpha
TRAF2 TNF receptor-associated factor 2
Trx-1 Thioredoxin-1
UPR Unfolded protein response
UV Ultraviolet
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WDR62 WD repeat-containing protein 62
ZAK Sterile alpha motif and leucine zipper containing kinase
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