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Abstract
Mitogen-activated protein kinases (MAPK) integrate signals from numerous receptors and
translate these signals into cell functions. MAPKs are critical for immune cell metabolism,
migration, production of pro-inflammatory mediators, survival, and differentiation. We provide a
concise review of the involvement of MAPK in important cells of the immune system. Certain cell
functions e.g. production of pro-inflammatory mediators resolve quickly and may require a
transient MAPK activation, other processes such as cell differentiation and long-term survival may
require persistent MAPK signal. The persistent MAPK signal is frequently a consequence of
positive feedback loops or double negative feedback loops which perpetuate the signal after
removal of an external cell stimulus. This self-perpetuated activation of a signaling circuit is a
manifestation of its bistability. Bistable systems can exist in “on” and “off” states and both states
are stable. We have demonstrated the existence of self-perpetuated activation mechanism for
ERK1/2 in bronchial epithelial cells. This sustained activation of ERK1/2 supports long-term
survival of these cells and primes them for cytokine transcription. ERK1/2 bistability arises from
repetitive stimulation of the cell. The repeated stimulation (e.g. repeated viral infection or repeated
allergen exposure) seems to be a common theme in asthma and other chronic illnesses. We thus
hypothesize that the self-perpetuated ERK1/2 signal plays an important role in the pathogenesis of
asthma.

Introduction to MAPK
Mitogen-activated protein kinases belong to large family of proline-directed serine-threonine
protein kinases that play a fundamental role in cellular functions. There are six distinct
classes of MAPK—ERK1/2, ERK3/4, ERK5, ERK7/8, JNK1/2/3, and p38 (α/β/γ/δ) MAPK
(reviewed in ref. 1-3). JNK1/2/3 and p38 (α/β/γ/δ) MAPK are collectively called stress-
activated protein kinases (SAPK). ERK5 is also known as big MAPK (BMK1). Not much is
known about ERK3/4 and ERK7/8. The activation of MAPK proceeds through a cascade of
upstream molecules in an orderly fashion. The nature of upstream molecules depends upon
the inciting trigger (receptor vs non-receptor), cell type and the subcellular location of
activation. There is a low level activation of some of the MAPKs, especially that of ERK1/2,
likely due to basal signaling and metabolic needs. Some of the MAPKs, e.g. ERK2 and
p38α, have non-redundant role during embryonic development. Their null mutation is
embryonic lethal (4).

MAPK signaling in the airways from asthmatic patients
The inhibition of MAPK activity via pharmacological or genetic approaches blocks allergic
inflammation of airways. Surprisingly, the literature examining the activation of MAPK in
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asthmatic airways is limited. We thus studied MAPK signaling in the airway biopsy samples
from allergic asthmatic patients and healthy controls (5). Asthmatic patients demonstrated
increased immunostaining for phospho (p)-ERK1/2, p-p38α/β/γ (p-p38) and pJNK1/2/3
(pJNK) (5). pERK1/2 staining was observed especially in airway epithelium and smooth
muscle cells. The phosphorylation of p38 was primarily observed in the basal layer of the
columnar epithelium. It is likely that p38 drives basal metabolic processes for this particular
cell type. There was significant correlation between clinical severity of asthma and intensity
of immunostaining for pERK1/2 and p-p38, and, between pERK1/2 and the number of tissue
eosinophils and neutrophils in the airways. p-JNK primarily stained airway smooth muscle
cells. p-JNK staining was strongest in healthy control subjects.

The expression of two ERK1/2 inducible proteins JunB and sprouty-2 was also significantly
increased in the airway tissue in asthmatic patients (5). JunB is a transcription factor and is a
member of the AP-1 complex (6). Many transcriptional outcomes of ERK1/2 activation are
mediated by the AP-1 complex (7,8). JunB drives Th2 cell differentiation (6). Sprouty-2 is a
cytosolic adapter protein, which regulates receptor-mediated ERK1/2 activation and plays an
important role in bronchial branching during lung development (9). The expression pattern
of Sprouty-2 mirrored that of p-ERK1/2 in the biopsy samples, i.e. predominant expression
occurred in the airway epithelium (5). Another group studied phosphorylation of p38 in
alveolar macrophages obtained from BAL samples of asthmatic patients (10).
Lipopolysaccharide (LPS)-induced p38 activity correlated positively with the disease
severity and negatively with the corticosteroid sensitivity. Results obtained on human
samples are in agreement with data from mouse models of asthma which showed elevated
phosphorylation of p38 in lung lysates after allergen challenge (11).

Effect of ERK1/2 and p38 inhibition on chemokine secretion by epithelial
cells

The ERK1/2 and p38 MAPK pathways differentially regulate various functions of epithelial
cells. Epithelial cells are an important source of chemokines. Both MAPKs regulate the
production of RANTES and eotaxin-3 in primary epithelial cells (5). Only p38 but not
ERK1/2 regulates IL-8 production. Neither pathway is essential for MCP-1 secretion. Based
upon the sensitivity to the MEK1/2 inhibitor PD98059 and response to IL-13/TNFα dual
stimulation we have identified three groups of genes in the BEAS-2B epithelial cell line (5).
Group 1: Genes that are expressed basally and not modified by MEK1/2 inhibition or IL-13/
TNFα stimulation. This group includes the EGF receptor, TSLP, PDGF-β, SCF, and beta
actin. Group 2: Genes that are induced by IL-13/TNFα stimulation and further upregulated
by MEK1/2 inhibition. They include fibronectin and endothelin-1. Group 3: Genes that are
induced by IL-13/TNFα and inhibited by the MEK1/2 inhibitor. This group includes the
chemokines eotaxin-3, RANTES, MCP-1, MMP-9, tenascin and MUC5AC. IL-13 induced
goblet cell hyperplasia and mucin gene induction has been previously reported (12).

The role of ERK1/2 signaling in epithelial cells has been well documented in experimental
models of asthma using mutant mice. IL-13 transgenic mimics many features of asthma
(13). IL-13 signals through STAT6 and ERK1/2 pathways. Interestingly, most of the effects
of IL-13 in this transgenic model were blocked by a MEK1/2 inhibitor suggesting that the
ERK1/2 pathway plays a crucial role in IL-13 induced phenotype in this model (14). This
notion was further confirmed in a recent study involving a knock-in of the Q576R gene
variant of the IL-4 receptor. The Q576R polymorphism increases the risk of atopy and
asthma in humans. The knock-in mutant mice have exaggerated asthma phenotype, which
was mediated by ERK1/2 but not STAT6 or AKT pathways (15).
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MAPK in endothelial cells
Endothelium controls leukocyte and plasma extravasation and its appropriate function is
essential for inflammation. The p38 MAPK plays an important role in endothelial
development and function. The endothelial p38 kinase is activated by growth factors (e.g.
VEGF), pro-inflammatory cytokines (e.g. TNFα), coagulation factors (e.g. thrombin) and
hypoxia (16-20). The p38 MAPK is essential for angiogenesis (21,22). The p38 pathway is
also important for endothelial expression of adhesion molecules (E-selectin, ICAM-1 and
VCAM-1) and chemokines (19,20,23). The p38 MAPK promotes vasodilatation and
increased blood flow through inflamed tissues via upregulation of the nitric oxide (NO)
synthetase (24). The p38 kinase regulates endothelial permeability via effects on
cytoskeleton and intercellular junctions (16,17,23,25). The activation of p38 leads to
increased stress fiber formation, cell contraction and formation of intercellular gaps.
Described processes ultimately result in augmented plasma and leukocyte extravasation
(20,23). One of the downstream effectors of p38 is MK2 (26,27). We have reported that
MK2 is critical for endothelial permeability and for endothelial expression of VCAM-1 and
other pro-inflammatory molecules (23). MK2 knockout mice do not develop Th2-type
airway inflammation despite having an intact systemic Th2 response i.e. normal IL-4 and
IgE production (23). The differential effect of MK2 on endothelium and lymphocytes is a
reflection of the expression level of the kinase in these cell types (23). MK2 controls
endothelium and airway inflammation through NFκB (23). NFκB controls many
inflammation-related genes which can be divided into an early- and a late-induced group
(28,29). VCAM-1 is an example of late-induced genes, which requires sustained NFκB
activity in the nucleus. We have shown that MK2 extends the duration of NFκB in the
nucleus (23). In order to do so, MK2 reduces the amplitude of early NFκB activation and
thus downmodulates the strength of a negative feedback in the NFκB pathway. MK2
suppresses the phosphorylation of NFκB by the kinase MSK1 (23). This phosphorylation
augments NFκB activity (30). MSK1 is phosphorylated by p38 following its translocation to
the nucleus (31,32). This nuclear translocation of p38 is tightly controlled by MK2, which
exports it from the nucleus soon after translocation (33). We have shown that through
reduction of NFκB phosphorylation MK2 diminishes the transcription of the early gene -
IκBα (23). IκBα protein creates a negative feedback by exporting NFκB from the nucleus.
Overall, through effects on NFκB MK2 downmodulates the transcription of early genes (e.g.
IκBα, IL-6, Rel) and promotes the transcription of late genes (e.g. VCAM-1, E-selectin,
MCP-1) (23). The late gene transcripts encode adhesion molecules and chemokines which
are critical for pro-inflammatory functions of endothelium and for development of airway
inflammation (23).

MK2-mediated induction of VCAM-1 and MCP-1 in endothelium was subsequently shown
to be critical for recruitment of macrophages into the blood vessel wall and atherogenesis in
hypercholesterolemic mice (34). Another report demonstrated an important role for MK2 in
stress fiber formation and contraction of the pulmonary endothelium in response to hypoxia
(25). Thus, MK2 regulates pro-inflammatory functions of the endothelium in various disease
conditions.

MAPK in T cells
The MAPK signaling pathways plays a pivotal role in the differentiation of CD4 and CD8 T
cells during thymopoiesis. While ERK1/2 is critical for positive selection, p38 and JNK
promote negative selection (35,36). Targeted deletion of ERK2 in CD4 T cells causes a
failure to differentiate along the CD4 lineage (37). The pharmacological inhibition of
ERK1/2 favors CD8 development (38). The development of T cells in the thymus is an
example of a process where opposite cell fates are linked to the activation of unique groups
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of MAPKs. MAPKs are also important for T cell function in the periphery. ERK1-/- T cells
have slightly reduced capacity to proliferate, manifest reduced capacity to produce Th2
cytokines and increased propensity to differentiate into Th1 cells (39). ERK1-/- mice have
increased severity of experimental autoimmune encephalitis (40,41). ERK1/2 favors Th2
differentiation through multiple mechanisms (42,43). In agreement with the foregoing a
MEK1/2 inhibitor inhibits eosinophilic inflammation of the airway in a mouse model of
asthma (44).

In contrast to ERK1/2, the JNK and p38 MAPKs favor Th1 differentiation. JNK1
(Mapk8)-/- mice produce increased levels of Th2 cytokines due to increased accumulation
of JunB (45). JNK2 (Mapk9)-/- have impaired IFNγ production under Th1 conditions (46).
Double knockout mice manifest heightened IL-2 production suggesting that physiologically
JNK1 and JNK2 negatively regulate the IL-2 response (47). ERK5-/- is embryonic lethal
due its non-redundant role in angiogenesis (48). Targeted null deletion of ERK5 has very
little discernible effect on T cell development and function (49).

T cell resistance to the suppressive action of glucocorticoids is a frequent problem in
asthma. This reduced sensitivity of T cells is attributed to the exposure to the inflammatory
milieu. IL-2, IL-4, co-stimulation via CD28 and bacterial superantigens all play a role.
These factors were shown to promote T cell resistance to glucocorticoids through activation
of ERK1/2 and p38 MAPK (50-52).

MAPK in eosinophils
MAPK, especially p38 and ERK1/2 play an important role in eosinophil differentiation and
activation (reviewed in ref. 53). ERK1/2 and p38 are activated by eosinophil growth factors
e.g. IL-5 and by chemokines e.g. eotaxin (54-57). The stimulation with IL-5 and eotaxin
results in different kinetics and amplitude of MAPK activation. This may account for
differences in biological functions of IL-5 and eotaxin. The differentiation of eosinophils
from the committed bone marrow stem cells in response to IL-5 requires the activation of
p38 and, to a lesser extent, ERK1/2 (54). ERK1/2 is important for eosinophil priming,
degranulation, locomotion, and cytokine and leukotriene production (58,59). Increased
ERK1/2 activation and mediator release have been noted in eosinophils recovered from the
airways of asthmatic subjects (60). The results underscore the biological relevance of
ERK1/2 activation in vivo. The p38 MAPK contributes to eosinophil degranulation,
migration and cytokine production (54).

MAPK in mast cells
ERK1/2, p38, JNK and ERK5 are involved in mast cell activation. ERK1/2 is activated in
response to stimulation of mast cells through c-kit or IgE receptors (61). ERK1/2 is
important for mast cell differentiation/proliferation, survival and eicosanoid release (62-64).
Pak1 is an upstream activator of both ERK1/2 and p38 pathways. Studies using PAK1
knockout mast cells suggest that ERK1/2 is responsible for mast cell proliferation whereas
p38 is important for mast cell migration (63). ERK1/2 controls mast cell survival through
phosphorylation of BIM (64). The regulation of mast cell mediator release and cytokine
production is complex and seems to be receptor-dependent. MEKK2 activates JNK and
ERK5. Mast cells from MEKK2-/- mice are unable to produce cytokines such as IL-4, IL-6,
and TNFα upon stimulation through the IgE receptor or c-kit (65). Pharmacological inhibitor
studies suggest that the release of eicosanoids and GM-CSF production depends upon
ERK1/2 and possibly JNK (66). The p38 pathway has been reported to control IL-4
secretion (67). Studies with Fyn deficient mast cells showed an important role for JNK and
p38 but not ERK1/2 in eicosanoid and cytokine secretion (68).
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MAPK in dendritic cells
The p38 and ERK1/2 MAPK have opposing effects on the ability of dendritic cells (DC) to
activate T cells. p38 is critical for upregulation of MHC II and co-stimulatory molecules, for
production of IL-12 and for DC migration (69-71). We have shown that the activation of
p38 in DCs plays a role in chronic asthma in the mouse model (72). In our model of chronic
asthma mice are immunized and, then, repeatedly challenged via intranasal route with three
allergens (dust-mite, ragweed and Aspergillus extracts) for 8 weeks. The airway
inflammation, hyperreactivity to methacholine and remodeling persist at least for three
weeks after the last allergen exposure. Triple allergen-stimulated DCs but not single
allergen-treated DCs show strong p38 activation and p38 inhibitor-sensitive induction of
MHC II and CD40 molecules. DCs isolated from mice with chronic asthma have enhanced
ability to stimulate T cell proliferation. DC functions differentially depend on the strength
and the duration of p38 signaling. DC migration seems to be induced by weak and transient
p38 signals while strong and persistent signals favor cytokine production (71). The role of
ERK1/2 in DC is complex. ERK1/2 antagonizes p38 and induces IL-10 production
(71,73,74). ERK activation seems to be responsible for maintenance of DC in their
immature state and for their tolerogenic effect. However, the role of DC-derived IL-10 in T
cell differentiation is likely to be concentration and context dependent. Pulendran and
colleagues (75,76) have shown that ERK1/2, through the induction of c-Fos, inhibits IL-12
production by DC. An increase in IL-10 and decrease in IL-12 favors Th2 differentiation.

MAPK in macrophages
The p38 MAPK is an important regulator of macrophage function. p38α is a dominant
variant of p38 in macrophages (77). Studies using pharmacological inhibitors or the
dominant negative mutant of p38α indicated a role of the kinase in the expression of a wide
range of pro-inflammatory factors e.g. TNFα IL-1β chemokines, inducible nitric oxide
synthase (iNOS) or cyclooxygenase 2 (COX2) (77-81). A recent study on mice with
conditional inactivation of p38α in macrophages has demonstrated that this kinase may have
more limited role (82). p38α is important for production of select chemokines (CXCL1 and
CXCL2) and IL-10. IL-10 is linked to anti-inflammatory functions of macrophages.
Accordingly, dependent on the type and the duration of a disease p38 stimulates pro- or anti-
inflammatory functions of macrophages (82). The macrophage-expressed p38α promotes the
development of sodium dodecyl sulfate (SDS)-induced chronic skin inflammation but
blocks UVB-induced acute skin inflammation (82). A separate study has shown that ERK1/2
synergizes with p38 in the production of IL-10 (83). They also mediate the induction of
arginase I upon stimulation with IL-13 (84). Arginase I is a marker of alternatively activated
macrophages and exerts anti-inflammatory activities through suppression of nitric oxide
release. Alveolar macrophages have been shown to suppress allergic inflammation in
airways in a mouse model of asthma (85,86). Thus, p38 and ERK1/2 may exert both pro-
and anti-inflammatory activities in asthma. The dual nature of p38α in regulation of
inflammation may provide explanation for only transient effect of p38α inhibitors in
rheumatoid arthritis in humans (87-89).

MAPK in B cells
ERK1/2 kinases are critical for signal transmission from pre-BCR and B cell development
(90,91). Deletion of both ERK1 and ERK2 blocks pre-BCR induced B cell proliferation and
the transition of pro-B to pre-B cells. ERK1/2 are also activated downstream of BCR in
mature B cells (92). ERK1/2 regulates B cell proliferation and survival (93,94). In addition
to the immunostimulatory signal, which promotes B cell proliferation and immunoglobulin
secretion in response to foreign antigens, BCR can also induce an inhibitory signal which
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endorses B cell tolerance to self-antigens. The inhibitory mechanism involves chronic
ERK1/2 activation (95). The self-antigen induced persistent ERK signal blocks the TLR-
induced differentiation of B cells into plasma cells (95). This tolerance mechanism may be
disrupted in lupus and other autoimmune diseases where CpG motifs in self-DNA are
thought to trigger autoantibody production (95). B cell development and mature B cell
proliferation is normal upon inactivation of JNK1, JNK2 or p38α genes (96). Normal
phenotype is likely due to functional redundancy among stress-activated MAPK. Defects are
observed upon simultaneous inactivation of JNK and p38 pathways. Expression of the
kinase-dead JNK/p38 activator - MEKK1 in mice blocks the germinal center formation,
thymus-dependent antigen-induced B cell proliferation and antibody production (97). p38
and ERK1/2 have opposing effects on the class switch recombination to IgE. While p38
promotes, ERK1/2 blocks this process (98,99).

Figure 1 summarizes the role of various MAPK signaling pathways in the pathogenesis of
asthma.

ERK1/2 and signaling bistability
Biological systems respond to environmental cues with two distinct output modes. In an
analog output mode the response is linear and proportionate to the strength of the agonist
(Figure 2, left bottom panel). In a digital output mode the response is all or none at an
individual cell level (Figure 2, right bottom panel). With the increasing strength of the
agonist, the number of cells but not signaling intensity per cell increases (Figure 2, top right
panel). One of the interesting properties of the ERK1/2 signaling module is its ability to
switch back and forth between analog and digital output mode (100-102). Digital systems
manifest hysteresis. In physics hysteresis is history dependence of physical systems (103).
This frequently applies to magnetic materials -- as the external field with the signal from the
microphone is turned off, the little magnetic domains in the tape do not return to their
original configuration, thus storing memory (music). Systems that display hysteresis can
toggle between two alternative stable steady states. This is known as system bistability. A
bistable system exists in two states—an “on” state, and an “off” state. These two states are
transitioned through an unstable intermediate state (101,102). Early examples of biological
bistable systems include the lambda phage lysis-lysogeny switch and the hysteretic lac
repressor system (104). Lisman in 1985 first suggested that a bistable system could serve as
a self-sustaining biochemical memory (105).

Bistability arises from a positive feedback loop or a mutually inhibitory, double-negative
feedback loop (102). Ferrell and associates have mathematically shown that when the
strength of positive feedback exceeds a certain limit (f=0.08), the system shows hysteresis
and becomes bistable (106,107). In confirmation they have shown that progesterone-induced
activation of MAPK and Cdc2 induces a self-sustained activation mechanism in frog
oocytes, which is dependent upon a positive feedback loop (107). Disruption of the positive
feedback loop at the level of c-Mos (Raf-1) abrogates the signaling memory. ERK1/2
bistability is not unique to oocyte as it has also been studied in mammalian cells. Using a
combination of computational and biological experiments Bhalla and Iyengar showed that a
single stimulation of fibroblasts with PDGF led to ERK1/2 MAPK activation, whose
duration was dependent upon a positive feedback loop through cytoplasmic phospholipase
A2 (cPLA2) and protein kinase C (PKC) (108). The duration was shortened in the presence
of cPLA2 and PKC inhibitors. The duration of ERK1/2 signal is also determined by the
level of phosphatases that are present in the cells. ERK1/2 is regulated by MAPK specific
phosphatases as well as non-specific phosphatases. The authors showed that at a low level
expression of MKP1 ERK1/2 showed a switch-like “off’ and “on” response, which is typical
of digital output from a bistable system. In contrast, at a high level expression of MKP1 the
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system showed a gradual time and dose-dependent response, typical of analog output from a
monostable system. In T cells digital vs analog output is determined by the nature of the
agonist used. Superantigen-loaded dendritic cell stimulation results in digital output whereas
stimulation with SDF-1 elicits an analog output (109). KSR1, a scaffold protein, plays a
crucial role in switching the output from analog to digital. Bistability is not unique for
ERK1/2. Its presence has also been demonstrated in other MAPK family members (110) as
well as upstream activators—Ras (111) and Sos (112). Since many biological processes
have built-in negative and positive feedback loops, they all could potentially function as
bistable systems.

As mentioned, bistability can function as a biochemical memory. For this reason, the
ERK1/2 signaling pathway has been studied in the CNS for its potential role in memory.
Indeed, ERK1/2 and one of its downstream effector CREB have been shown to play a
critical role in neuronal plasticity, long-term potentiation (LTP) and memory formation
(reviewed in ref. 113 & 114). Mice with functional ERK1/2 deficiency have impaired
protein synthesis as well as selective defects in LTP and memory consolidation (115-117).
The definition of memory is the retention of an acquired (learned) signal. In neuronal
networks, the result of this signal is expression of an activation path whose physiological
manifestation is a particular pattern of neural firing. System memory in organs outside the
central nervous system (CNS) is rarely invoked and studied. There are memory T cells and
B cells but their mechanism is different from that in the CNS. T and B cell memory is
maintained by the persistence of antigen-specific cell clones and can be evoked by a specific
antigen during a later encounter. Whether or not these cells utilize a signaling memory is
unknown.

The CNS memory is classified into episodic memory and semantic memory (118). Episodic
memory is the explicit memory of events and context, which includes time, space, and
associated emotions. Semantic memory is knowledge independent of context. It is a form of
declarative memory that requires repetition for consolidation (119). The repetition of the
memory-forming event for consolidation is an important concept. Indeed, when one
carefully examines the development of a chronic disease such as asthma, repetition of the
initial inciting trigger seems to be a common finding. Many children develop wheezing
during a viral infection. This usually resolves without sequelae. However, if the wheezing
recurs on subsequent infections, this recurrence usually heralds the development of chronic
asthma (120,121). Once developed the affected children begin to experience wheezing and
other asthma symptoms when exposed to diverse environmental stimuli without regard to
the viral infection. This suggests that repetition of the inciting trigger leads to the formation
of a system memory, which then drives the process in a self-perpetuated manner. We
applied this logic of repeated stimulation inducing system memory in signaling studies. We
asked if repeated stimulation would lead to the development of a self-perpetuated
mechanism of activation of ERK1/2 (formation of bistability). We tested this hypothesis
using airway epithelial cells.

A single stimulation of epithelial cells with cytokines and growth factors (IL-4, IL-6, IL-13,
eotaxin, and EGF) causes rapid ERK1/2 activation, which returns to baseline in 24 hr.
Interestingly, repeated stimulation on 3 consecutive days leads to sustained activation of
ERK1/2 but not JNK, p38 or STAT6 (122). The ERK1/2 activation lasts for 3-7 days and
depends upon a positive feedback mechanism involving spry 2 and Fyn. Repeated
stimulation leads to increasing expression of the adapter protein Spry 2, which directly
activates Fyn kinase. The activation of Fyn creates a positive feedback loop by further
activating ERK1/2 (Figure 3) (122). It also creates a double negative feedback loop by
phosphorylating and inhibiting the E3 ubiquitin ligase Itch (123). Itch physiologically
ubiquitinates JunB, a downstream ERK-inducible transcription factor (124). By inhibiting
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Itch Fyn stabilizes JunB and further augments spry 2 production. Spry 2 is known to inhibit
another E3 ubiquitin ligase Cbl, which is responsible for receptor degradation (125-127). By
inhibiting Cbl spry 2 prolongs receptor signaling. This is another example of a double
negative feedback loop. Thus, there are multiple positive and double negative feedback
loops that can perpetuate ERK1/2 signaling in the cell. Overexpression of spry 2 induces and
its genetic deletion abrogates ERK1/2 bistability. The sustained pERK1/2 is excluded from
the nucleus and partially compartmentalized to the Rab5+ endosomal compartment.
Consequently, many genes which are induced during a single stimulation are silent upon
repeated stimulation. The epigenetic regulation may also be involved as demonstrated in the
repeated stimulation model of macrophages using LPS (128). We have shown that there is
only a small group of genes which remains active in repeatedly stimulated epithelial cells
and this group includes regulators of MAPK signaling (122). We hypothesize that these
MAPK regulators contribute to sustained ERK1/2 signal.

What are the benefits of sustained but compartmentalized ERK1/2 activation in epithelial
cells? We have shown that cells with this sustained endosomal pERK1/2 manifest resistance
against growth factor withdrawal-induced cell death (122). The survival pathway likely
involves endosomal proteins as cells with reduced amounts of Rab5 demonstrate increased
apoptosis. Cells with sustained endosomal pERK1/2 are also primed for heightened cytokine
production. Prolonged cell survival and cellular priming are two important features of
asthma. We examined the biological relevance for ERK1/2 bistability in asthma (122).
Epithelial cells from human asthma and from the mouse model of chronic asthma manifest
increased pERK1/2. A significant part of this pERK1/2 is associated with Rab5+
endosomes. The increase in pERK1/2 is associated with a simultaneous increase in spry 2
expression in these tissues. The results from this study suggest that the ERK1/2 pathway
develops bistability upon repeated stimulation. We speculate that ERK1/2 bistability serves
as a signaling memory for epithelial priming of the immune system in chronic asthma.

Conclusions and future perspective
One of the key molecules that played a critical role in ERK1/2 bistability was the adapter
protein spry 2. Depending upon the structure (presence of binding sites for agonists and
antagonists), concentration and subcellular localization the adapter/scaffold proteins can
generate a linear (analog) or a non-linear (digital) response from a system (109,111, and
112). Engineered modification of adapters and their application in simple biological systems
such as yeasts have validated this point (129,130). Interestingly, this principle applies not
only to cytosolic adapters but also transcription factors and repressors. For example, it has
been shown that the transcriptional output is analog with increasing concentrations and
DNA binding of the transcription factor NFκB (131). On the other hand, if the DNA binding
sites show cooperativity, which is an adapter/scaffold-like behavior, then the output is
digital. Adapters/scaffold proteins that bind both agonists and antagonists have the potential
to drive a system from analog to digital and generate system memory. Interestingly, most
signaling pathways employ adapter proteins along their activation pathway. Adapter proteins
are seldom pathway-specific. So, the use of non-specific adapter proteins allows versatility
(analog vs. digital), robustness and memory generation, all of which serve to make the
system adaptive—the principal tenet of evolution.
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Figure 1.
The importance of ERK, p38 and JNK in asthma.
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Figure 2.
Top panel: A diagrammatic presentation of analog and digital output of pERK1/2 with the
increasing concentration of an agonist. Bottom panel, left: A monostable system showing a
linear dose-response relationship. Right: A bistable system showing a non-linear hysteretic
property with the increasing concentration of the agonist.
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Figure 3.
A schematic presentation of positive and double negative feedback loops leading to ERK1/2
bistability
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