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Abstract

The binding of tumor necrosis factor a (TNFa) to cell surface receptors engages multiple signal
transduction pathways, including three groups of mitogen-activated protein (MAP) kinases:
extracellular-signal-regulated kinases (ERKS); the cJun NHy-terminal kinases (JNKs); and the p38
MAP kinases. These MAP kinase signalling pathways induce a secondary response by increasing
the expression of several inflammatory cytokines (including TNFa) that contribute to the
biological activity of TNFa. MAP kinases therefore function both upstream and down-stream of
signalling by TNFa receptors. Here we review mechanisms that mediate these actions of MAP
kinases during the response to TNFa.

1. Introduction

Tumor necrosis factor a (TNFa) is a master cytokine that mediates inflammatory responses
and innate immunity. Moreover, TNFa is implicated in the pathogenesis of several diseases,
including cancer, sepsis, rheumatoid arthritis, diabetes and inflammatory bowel disease [1].
Mechanisms that mediate the actions of TNFa have been intensively studied. Major
pathways activated by TNFa include caspases, NF-xB, and mitogen-activated protein
kinases (MAP kinases). Functional interaction between these signalling pathways can
determine the physiological outcome of TNFa responses. Indeed, a systems biology
approach is required to gain an understanding of the TNFa signalling network. This network
response is further complicated by the finding that the early phase of TNFa signalling
causes expression of inflammatory cytokines that initiate a secondary cytokine-mediated
cellular response that contributes to the biological activity of TNFa [2]. This biphasic nature
of TNFa signalling complicates biochemical analysis of TNFa signalling. For example,
MAP kinases that are activated by TNFa cause increased expression of TNFa by target
cells. Consequently, MAP kinases function both upstream and down-stream of TNFa
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signalling. Here we review mechanisms that mediate this dual role of MAP kinases in signal
transduction mediated by TNFa.

2. Mechanisms of TNFa-stimulated MAP kinase activation

MAP kinase signalling cascades transduce a variety of extracellular signals that regulate
cellular responses implicated in proliferation, differentiation and death [3-5]. Three groups
of MAP kinases have been identified: the extracellular signal-regulated kinases (ERK); the
p38 MAP kinases; and the cJun NH-terminal kinases (JNK) (Figure 1). In general, ERKs
are activated by mitogens and differentiation signals while the JINK and p38 MAP kinases
are activated by stress stimuli. TNFa can activate all three groups of MAP kinases.

MAP kinase pathways share a common structure formed by three sequentially acting protein
kinases, including a MAP kinase kinase (MAP2K or MKK) and a MKK kinase (MAP3K or
MKKK), although non-canonical exceptions (ERK3, ERK4, ERK7, and ERK8) have been
described [6]. The canonical mechanism of MAP kinase activation is caused by MAP2K-
mediated by phosphorylation of a pThr-Xaa-pTyr motif located in the MAP kinase T-loop
[6]. The sequence of this T-loop motif is a defining feature of MAP kinases: Thr-Glu-Tyr
(ERK); Thr-Gly-Tyr (p38); and Thr-Pro-Tyr (JNK). Each MAP2K, in turn, is activated by
phosphorylation of Ser and/or Thr residues in the MAP2K T-loop by one or more members
of the MAP3K protein family (Figure 1). The substrate specificity of MAP2Ks and
MAP3Ks, docking interactions, and scaffold proteins define the different MAPK pathways
[6-8].

Activated MAP kinases transform the external stimulus into the correct physiological
responses by phosphorylation of downstream substrates, including transcription factors,
cytoskeletal proteins, proteins involved in mRNA translation, and other protein kinases that
contribute to the specificity, diversity, and amplification of the MAP kinase cascade (Figure
1). The protein kinases activated by MAP kinases include the p90 ribosomal S6 kinases
(RSK), mitogen and stress activated kinases (MSK), the MAP kinase interacting kinases
(MNK), and MAPK-activated protein kinases (MK) [6].

2.1. ERK MAP kinase signaling pathways

The ERK1 and ERK2 MAP kinases are activated by the MAP2K isoforms MKK1 and
MKK?2 [6]. The activation of MKK1/2 by TNFa is mediated largely by the MAP3K isoform
Tumor Progression Locus 2 (TPL2) [9]. The mechanisms that account for TNFa regulation
of the TPL2-MKK1/2-ERK1/2 [10] pathway remains unclear, but detailed studies of this
pathway in the response to the endotoxin lipopolysaccharide (LPS) have been reported [10,
11]. TPL2 forms a complex with ABIN and p105 NF-kappaB1 in resting cells and is
inactive (Figure 2). TPL2 activation requires Ubch5-promoted (K11, K83 or linear)
polyubiquitin chain-dependent activation of the MAP3K isoform TGFf-activated kinase 1
(TAK1) and phosphorylation/activation of IxB kinase 2 (IKK2) that is recruited to the
receptor signalling complex primarily by polyubiquitin chains synthesized by the linear
ubiquitin assembly complex (LUBAC) [12]. The activated IKK2 phosphorylates p105,
which induces K#8 polyubiquitin chain-dependent proteasomal degradation of p105 NF-
kappaB1 and release of active TPL2 from the p105/ABIN ternary complex [13, 14]. IKK2
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also phosphorylates TPL2 on the activating site Ser-400 [15, 16]. Further studies are
required to determine whether this endotoxin pathway (TAK1-IKK2-TPL2-MKK1/2-
ERK1/2) differs from the signalling pathway that is regulated by TNFa to activate ERK. In
particular, the required role for TAK1 in this pathway is unclear because TAK1 function
appears to be cell type-specific [17] and deficiency of the ubiquitin-binding subunits of
TAK1 (Tab2—/— Tab3—/—) does not block TNFa signaling in fibroblasts [18].

2.2. Stress-activated MAP kinase signalling pathways

The JNK and p38 MAP kinase signalling pathways are collectively named stress-activated
MAP kinases and are potently activated in cells treated with TNFa [19, 20]. These pathways
are engaged by similar MAP3K isoforms, but diverge during the activation of MAP2K
isoforms that selectively activate JNK and p38 MAP kinases (Figure 2). The JNK family
includes three members (JNK1, JNK2, and JNK3) and four members of the p38 MAP kinase
family have been identified (p38a, p38p, p38y, and p388).

JNK is activated by the MAP2K isoforms MKK4 and MKK7 [19]. Indeed, compound
MKKA4/7-deficiency (Mkk4—/— Mkk7—/— mice) prevents TNFa-stimulated JNK activation
[21]. MKK4 and MKKTY preferentially phosphorylate JNK on Tyrosine and Threonine,
respectively [22]. Efficient dual phosphorylation and activation of INK therefore requires
collaborative actions of both MKK4 and MKK7 [21]. Studies of primary fibroblasts
demonstrate that TNFa is a potent activator of MKK?7, but is a poor activator of MKK4
[21]. Consequently, MKKY is essential for TNF-stimulated JNK activation, while MKK4
contributes to the maximum extent of JINK activation [21]. The mechanism that accounts for
the selective activation of MKK7 by TNFa has not been defined. Interestingly, this pathway
appears to be re-wired in immortalized cells in which MKK4 and MKK?7 are co-regulated
[23].

The p38 MAP kinases can be activated by MKK3, MKK4, and MKKG® in vitro, but p38
MAP kinase activation in vivo is primarily mediated by MKK3 and MKK® [24]. Indeed
p38p, p38y, and p388 MAP kinases are not activated in Mkk3—/— Mkk6—/— fibroblasts [25].
In contrast, p38a MAP kinase can be activated by MKK4 in Mkk3—/— Mkk6—/— fibroblasts
in response to stress exposure, but this action of MKK4 is largely redundant with MKK3
and MKKG6 [24]. Studies of fibroblasts exposed to TNFa indicate that MKK3 and MKK6
contribute equally to the activation of p38a and p38p MAP kinase, MKK3 is the major
activator of p388 MAP kinase, and MKKG6 is the major activator of p38y MAP kinase [24,
25].

The activation of p38 MAP kinases (by MKK3 and MKKG®6) and JNK (by MKK4 and
MKKT7) is induced by members of the MAP3K protein kinase family. Roles for ASK1,
MEKK, MLK, TAKZ, and TPL2 isoforms of MAP3K in the TNFa response have been
reported. The relative importance of these pathways appears to be cell type-dependent and
context-specific. Mechanisms that account for the selective involvement of these MAP3K
isoforms in TNFa signalling have not been defined.

2.2.1. Apoptosis-sensing kinase 1 (ASK1)—The MAP3K isoform ASK1 has been
implicated in the activation of JINK and p38 MAP kinases caused by TNFa [26]. The
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mechanism is mediated by TNFa-stimulated production of reactive oxygen species (ROS)
by Riboflavin kinase-mediated activation of NADPH oxidase [27] and ROS derived from
endoplasmic reticulum stress or mitochondria. In the basal state, ASK1 forms an inactive
complex with thioredoxin that is dissociated by exposure to ROS [28]. The released ASK1
forms complexes with TRAF2 and TRAF6 that promote the oligomerization,
phosphorylation, and activation of ASK1 [29-32]. This mechanism of JNK and p38 MAP
kinase pathway activation has been associated with sustained TNFa signalling during the
cell death response.

While ASK1 is broadly expressed in different tissues, the related protein kinase ASK2 is
expressed in a limited number of tissues, including keratinocytes and the intestinal
epithelium [33, 34]. ASK2 function is dependent on ASK1 and both proteins form
complexes in the active state [34]. It is established that ASK2 contributes to JNK and p38
MAP kinase activation and the regulation of inflammatory cytokine expression [33], but the
role of ASK2 in the TNFa signalling response has not been defined.

2.2.2. MAP and ERK kinase kinase (MEKK)—There are four members of the MEKK
sub-group of MAP3K [35]. It has been reported that the MAP3K isoform MEKK1 is
essential for TNFa-stimulated JNK activation [36], but this conclusion has not been
confirmed [37]. Nevertheless, it remains possible that MEKKSs contribute to MAP kinase
regulation by TNFa-related signalling mechanisms, including TRAIL and CD40L [38].
Moreover, MEKK isoforms may contribute to the function of TNFa-activated TAK1 by the
formation of TAK1 complexes with MEKK3 [39] and possibly with other MEKK isoforms.
Questions relating to the role of MEKK isoforms remain unresolved and further studies are
warranted.

2.2.3. Transforming growth factor pB-activated protein kinase 1 (TAK1)—TAK1
plays a key role in ubiquitin-mediated signal transduction by the TNF receptor. The
functional TAK1 complex in vivo includes the ubiquitin binding proteins TAB2 or TAB3
that interact with Ubch5-dependent (K11, K83, and/or linear) polyubiquitin chains formed by
TNF receptor signalling complexes [40]. This ubiquitin-mediated activation of TAK1
triggers the JNK pathway (mediated by MKK4 and MKK?7) and the p38 MAP kinase
pathway (mediated by MKK3 and MKK®6). The TAK1 pathway also activates ERK MAP
kinases by an IKK2/TPL2-dependent pathway (Figure 2).

TAKZ1 was thought to be an essential mediator of TNFa-stimulated JNK and p38 MAP
kinase activation [41]. However, more recent studies have led to a re-evaluation of the role
of TAK1. For example, TAK1-deficiency in embryonic fibroblasts was reported to reduce,
but not eliminate, TNFa-stimulated stress-activated MAP kinase activation [42]. This
observation indicates that TAK1 may play a partially redundant role of TNF-stimulated
activation of stress-activated MAP kinases. Moreover, myeloid TAK1-deficiency was found
to cause no change in MAP kinase activation in peritoneal macrophages and caused an
unexpected (and ROS-dependent) increase in MAP kinase activation in neutrophils [43].
Similarly, compound deficiency of TAB2 and TAB3 did not prevent TNFa signaling [18].
Nevertheless, other studies do support a role for TAK1 in the activation of stress-activated
MAP kinases in myeloid cells [44]. On balance, it is likely that TAK1 plays a contributing
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role in the activation of stress-activated MAP kinases that is partially redundant with other
MAP3K pathways. Further studies to firmly establish this conclusion are warranted.

2.2.4. Mixed-lineage protein kinases (MLK)—It is established that TNFa can activate
Rho family GTPases, including Rac/Cdc42 [45-48] and RhoA [49]. These Rho family
proteins mediate actions of TNFa on cytoskeletal re-organization [45, 49] and the
production of ROS [27, 50]. The mechanisms that account for the activation of these small
GTPases are unclear, but the exchange factors GEF-H1 [49] and p115RhoGEF [51] are
implicated in TNF-stimulated RhoA activation. More recently, it has been demonstrated that
the exchange factor Vav, activated by Src family tyrosine kinases, contributes to TNFa-
stimulated Rac/Cdc42 activation [42].

Rac/Cdc42 can activate the INK signalling pathway [52, 53] mediated by the mixed-lineage
protein kinase (MLK) pathway [54]. Four members of the MLK family have been identified
[55]. Two of these isoforms are widely expressed in many tissues (MLK2 & MLK3) while
the other MLK family members (MLK1 & MLK4) are expressed in a limited number of
tissues, including the brain. Activated Rac/Cdc42 bind to a conserved CRIB motif that
causes MLK activation by disruption of an intramolecular SH3-domain mediated
autoinhibitory interaction [55]. The role of this pathway in vivo has been tested using mouse
models. Thus, compound disruption of the MIk2 and MIk3 genes causes markedly reduced
activation of INK and p38 MAP kinases, but does not alter TNFa-stimulated ERK
activation [42]. A similar phenotype was caused by germ-line knock-in mutation of the
MLK CRIB motif [42]. More recently, the interaction of MLK3 with TRAF2/5 and K3
polyubiquitination of MLK3 have also been proposed to contribute to MLK3 regulation
[56-58]. These data demonstrate that the MLK pathway contributes to TNFa-stimulated
activation of stress-activated MAP kinases.

2.2.5. Tumor Progression Locus 2 (TPL2)—The TPL2 pathway has primarily been
implicated in ERK activation [10]. Nevertheless, cell type-specific roles for TPL2 in TNFa-
stimulated activation of stress-activated MAP kinases have been reported [9]. The
mechanism that accounts for the cell type specificity of this response is unclear.
Nevertheless, TPL2 may partially contribute to stress-activated MAP kinase activation in
TNF-treated cells.

3. Mechanism of MAP kinase regulation of TNFa expression

TNFa plays a central role in innate immunity and inflammation. Consequently, the
production of TNFa is tightly regulated to prevent exaggerated or persistent inflammation.
The regulation of TNFa expression is mediated by both transcriptional and post-
transcriptional mechanisms (Figure 3), including Tnfa mRNA transcription, Tnfa mRNA
nuclear export, Tnfa mRNA stability, translation of pro-TNFa, and shedding of mature
TNFa from the cell membrane [59]. The precursor form pro-TNFa is a membrane protein
that contains the mature cytokine in its extracellular domain [60, 61]; soluble TNFa is
released upon cleavage of pro-TNFa by the metalloproteinase TNFa converting enzyme
(TACE) [62]. Key regulators of Tnfa mRNA expression include NF-xB and members of the
mitogen-activated protein kinase (MAPK) family. Moreover, MAP kinases play central
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roles in TNFa post-transcriptional regulation, including nuclear export of Tnfa mRNA, Tnfa
mRNA stabilization through cis-elements in the 3’ untranslated-region (3’-UTR), Tnfa
mRNA translation, and shedding of soluble TNFa [63, 64].

3.1. Control of TNFa expression by the ERK pathway

Pharmacological inhibition of the ERK pathway was shown to reduce TNFa production by
leukocytes [65]. Subsequent studies indicated that the ERK1 and ERK2 pathways play an
important role in regulating cytokine production by both transcriptional [66, 67] and post-
transcriptional mechanisms [68].

3.1.1. Transcriptional regulation of Tnfa gene expression by the ERK pathway
—NF-kB is a primary transcription factor that controls Tnfa gene expression. Cis-acting
regulatory elements that control maximal Tnfa gene expression include region | (with an
overlapping Sp1/Erg-1 site) and region Il (with CRE and NF-kB sites) [69]. Tnfa gene
expression therefore requires a group of transcription factors (NFkB, EGR-1, ELK-1, ATF-2
and AP-1) that bind these two regions of the Tnfapromoter [70, 71]. Indeed, full Tnfa
promoter induction may require interaction between several of these transcription factors,
including NF-xB, EGR-1 and cJun/AP-1 [72, 73]. However, there is evidence that the
transcription factor requirement for Tnfa gene expression is cell type dependent [74]. ERK-
stimulated Tnfa gene expression may be mediated by activation of one or more of these
transcription factors, including members of the AP-1 group. ERKs may also control Tnfa
gene expression by phosphorylation and activation of the protein kinases MSK1/2 that
phosphorylate histone H3 and the transcription factor cyclic-AMP responsive-element-
binding protein (CREB) and activating transcription factor-1 (ATF-1) [75, 76]. Moreover,
MSK1/2 can promote the expression of IL10, which acts as in an inhibitory feed-back loop
that blocks TNFa expression by macrophages [11].

3.1.2. ERK and nuclear export of Tnfa mMRNA—ERK signalling can control post-
transcriptional regulation of TNFa production by promoting nuclear export of Tnfa mMRNA
to the cytoplasm. Mice lacking TPL2 exhibit defects in ERK pathway activation and
produce low levels of TNFa after endotoxin exposure [77]. It was postulated that ERKs
control nucleocytoplasmatic MRNA transport in these mice by targeting the AU-rich
elements (ARES) in the 3’ untranslated region (UTR) of TNFa mRNA [77]. It was later
demonstrated that Tnfa RNA nuclear export requires not only the ARE elements but also
interaction with two proteins involved in nucleocytoplasm transport, TAP and NxT1 [78].
The importance of ERK in the control of Tnfa mMRNA nuclear export is supported by a study
of dominant negative ERK mutants [78]. However, a recent report showed that TPL2
catalytic activity can regulate TNFa production independently of ERK activation [13].
Further studies to unambiguously identify TPL2 substrates that regulate TNFa production
are required [79]. This is an important area for future research because TPL2 represents a
possible anti-inflammatory drug target [79].

3.1.3. ERK and TNFa mRNA translation—ERK and p38 MAP kinase cooperate to
phosphorylate and activate the MNK1 and MNK2 protein kinases [80, 81]. MNK1 is
recruited to the translation initiation complex by elFAG, where it promotes cap-dependent

Semin Immunol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sabio and Davis

Page 7

translation by phosphorylating elF4E [82]. MNKZ1 also phosphorylates the translational
silencer hnRNP A1, allowing its release from AU-rich elements (ARES) in the 3’
untranslated region (UTR) of Tnfa mRNA [83].

3.1.4. ERK and TNFa shedding—ERKZ1/2 have been proposed to promote the
processing of pro-TNFa by phosphorylation of TNFa converting enzyme (TACE) [84], the
protease that cleaves pro-TNFa to release secreted TNFa [85]. This mechanism may control
TNFa secretion [84]. Confirmation that this phosphorylation event is essential for TNFa
secretion would require the generation of mice expressing a mutated form of TACE that is
refractory to ERK-mediated phosphorylation.

3.2. Control of TNFa expression by the JNK pathway

Studies of embryonic fibroblasts demonstrate that the JINK signalling pathway is not
essential for Tnfa gene expression [86]. However, JNK is required for Tnfa gene expression
by hematopoietic cells [87]. Mechanistic studies of macrophages demonstrate that the
requirement of JNK for Tnfa expression reflects a defect in macrophage polarization [88].
Specifically, INK was required for the differentiation of pro-inflammatory M1 macrophages
that secrete TNFa. Further studies are required to define the mechanism that accounts for
the role of JINK in M1 macrophage polarization.

3.3. Control of TNFa expression by p38 MAP kinase pathway

p38 MAPK was first identified as the primary target of anti-inflammatory pyridinyl
imidazole drugs that inhibit endotoxin-stimulated production of TNFa [89]. Four p38
MAPK isoforms have been identified. These isoforms are widely expressed, although
expression of p38a MAP kinase is low in brain where p38p MAP kinase is the major
isoform [90]. The p38y MAP kinase is expressed in all tissues and is expressed at high
levels in muscle [90]. The p388 MAP kinase is highly expressed in a limited number of
tissues, including neutrophils and endocrine glands [20, 64, 91, 92]. The p38 MAPK family
can be sub-divided into two subsets on the basis of sequence homology, substrate
specificity, and sensitivity to chemical inhibitors [94]: 1) p38a and p38p MAP kinases; and
2) p38y and p388 MAP kinases. These p38 MAPKSs are strongly activated by exposure to
stress and by inflammatory cytokines, including TNFa [93].

The identification of physiological substrates for p38a and p38p MAP kinases was
facilitated by the availability of specific inhibitors of these enzymes, such as the cell-
permeant pyridinyl imidazole SB203580 and related compounds [95]. In contrast, the lack
of specific inhibitors for p38y and p388 MAP kinases has slowed the elucidation of their
biological roles. However, the generation of a potent inhibitor (BIRB796) that can inhibit all
p38 MAP kinase isoforms [95] and the use of p38y/p388 MAP kinase knock-out mouse
models [96] are now helping to identify the physiological roles of these p38 MAPK
isoforms.

The early availability of inhibitors of p38a/p MAP kinase resulted in the discovery that
these isoforms regulated TNFa expression. However, the dual specificity of these inhibitors
for both p38a and p38p MAP kinases prevented the analysis of the relative importance of
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these p38 MAP kinase isoforms. Subsequent studies have relied on the use knockout mice
for this analysis. These studies demonstrated that p38p-deficiency did not affect TNFa
production [90]. In contrast, p38a was found to be a key player in the control of TNFa
production [97]. The central role of p38a MAP kinase in TNFa expression was confirmed
by a chemical genetic approach [98]. This role of p38a MAP kinase is mediated by
regulation of Tnfa mRNA stability and translation initiation. More recently, the p38y and
p385 MAP kinase isoforms were found to play an important role in TNFa production by
regulating Tnfa mRNA translation elongation [64].

3.2.1. The p38 MAPK pathway and transcriptional regulation of TNFa—
Inhibition of p38 MAP kinase reduces Tnfa mMRNA expression by a mechanism that is
mediated, in part, by actions on the Tnfa gene promoter [99]. Indeed, studies of p38a-
deficient macrophages demonstrates reduced recruitment of RNA Pol 11 to the Tnfa
promoter [97]. This effect of p38a MAP kinase-deficiency may reflect defects in p38 MAP
kinase-dependent activation of CREB [97], CCAAT/enhancer-binding protein  (C/EBPp)
[97], C/EBP homologous protein-1 (CHOP) [100], myocyte enhancer factor 2C (MEF2C)
[101], and activating transcription factor-2 (ATF2) [102]. Moreover, p38a MAP kinase
increases NF-kB expression [103] and may mark promoters for increased NF-xB
recruitment by p38a MAP kinase-dependent histone H3 phosphorylation of selected
chromatin targets [104]. p38a MAP kinase (in cooperation with ERK) was also shown to
regulate NF-xB by activating MSK1 [105]. These data indicate that p38a. MAP kinase
regulates Tnfa gene transcription by multiple mechanisms.

Interestingly, p38 MAP kinases can also inhibit NF-xB activity following exposure to TNFa,
[106, 107]. This inhibitory pathway may be mediated by p38 MAP kinase-mediated
negative regulation of TAK1 [108]. The p38 MAP kinases may therefore function both as an
activator of Tnfa gene transcription and as part of a negative autoregulatory mechanism that
limits TNFa expression.

3.2.2. The p38 MAPK pathway and post-transcriptional regulation of TNFa—
Early studies using p38 MAP kinase inhibitors revealed significant reductions in TNFa
production by macrophages independently of major changes in Tnfa mMRNA abundance
[89]. Subsequent studies identified MK2, a protein kinase that is phosphorylated and
activated by p38a MAP kinase, as a critical mediator of post-transcriptional regulation of
TNFa expression [109]. The protein kinase MNK1 (activated by p38a MAP kinase) also
contributes to post-transcriptional regulation of TNFa expression by phosphorylation of
elF4E and promotion of cap-dependent translation [82]. It is now established that p38a
MAP kinase controls post-transcriptional TNFa production by two primary mechanisms: 1)
Tnfa mMRNA stabilization; and 2) Tnfa mRNA translation initiation. These forms of
regulation are mediated, in part, by regulatory cis-elements (e.g. AU-rich elements (ARES))
in the Tnfa mMRNA 3’untranslated region (UTR) [110] that serve as binding sites for proteins
that stabilize Tnfa mRNA [111] and can regulate Tnfa mMRNA translation [11, 112].

It has been demonstrated that Tnfa mRNA that lacks 3’ UTR AREs is unresponsive to post-
transcriptional regulation [112, 113]. The loss of AREs increases Tnfa mRNA stability and
prevents translational repression [47]. The molecular mechanisms regulating ARE-
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dependent Tnfa mRNA regulation are not completely understood. However, various ARE-
binding proteins have been identified as substrates of the p38 MAPK pathway, including
hnRNP A0 [114], tristetraprolin (TTP) [115-117] and hnRNP Al [83].

TNFa production is down-regulated by the zinc finger protein TTP, an mRNA-binding
protein that interacts with the AREs in the Tnfa mRNA. The inhibitory effect of TTP on
TNFa production was identified by the presence of cachexia in TTP knockout mice [118]
caused by increased TNFa expression due to loss of the feedback negative regulation of
TNFa production caused by ARE binding by TTP and stabilization of Tnfa mRNA [119].
Further studies using mice with myeloid-specific TTP-deficiency indicated that TTP
regulates both Tnfa mRNA stability and translation [120]. Importantly, TTP is required for
the defect in TNFa production observed in MK2 knockout mice [121]. MK2 regulates the
expression, stability, and binding of TTP to the ARE elements controlling TNFa expression
[121]. Similarly, MNK1 (activated by p38a MAP kinase) phosphorylates the translational
silencer hnRNP A1, allowing its release from ARES in Tnfa mMRNA [83]. The MK2-
mediated phosphorylation of TTP [122] causes sequestration of TTP/mRNA complexes by
14-3-3 proteins [117] that prevent the recruitment of deadenylases [123, 124] and result in
target mMRNA stabilization. Moreover, MK2-mediated phosphorylation of TTP facilitates an
exchange on Tnfa mMRNA AREs with human antigen R (HUR), which initiates the
translation of Tnfa mRNA [125]. Since translation of Ttp mRNA is also regulated by MK2
[119, 122], this mechanism ensures tight control of the inflammatory response. The relative
importance of these p38a MAP kinase-dependent pathways that control Tnfa mRNA
stabilization and translation remains to be established.

Recent studies have demonstrated that the p38y and p386 MAP kinase isoforms also play
key roles in post-transcriptional regulation of TNFa biosynthesis [64, 126]. Studies using
mice with myeloid-specific p38y/5 gene ablation identified defects in translational
elongation of nascent pro-TNFa protein [64]. This defect in translation elongation was
mediated by eukaryotic elongation factor 2 (eEF2) kinase [64], a protein kinase that
promotes translational elongation and is regulation by inhibitory phosphorylation by the
p38y/6 MAP kinases [24]. Studies of mice with whole body p38y/6 MAP kinase deficiency
identified a defect in ERK activation (caused by TPL2 instability) [126], although decreased
ERK activation was not detected in mice with myeloid-specific p38y/5gene ablation [24].
This difference in ERK pathway regulation in whole body p383/&knockout mice versus
myeloid-specific p38+/5 gene ablation mice may reflect differences in mutational
compensation in these mice. The possible role of ERK pathway defects in the phenotype
caused by p38y/6 MAP kinase-deficiency warrants further study.

4. Conclusions

Significant progress towards understanding the interplay between MAP kinases and TNFa
has been achieved. However, significant questions remain to be resolved. In particular, the
diversity and partial redundancy of the MAP3K pathways that are engaged by TNFa
signalling reveals significant complexity. What mechanisms account for the partial
redundancy of MAP3K isoforms? What is the cause of cell-type specific differences in
MAP3K function? In addition, significant questions remain concerning the relative roles of
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MAP kinase-mediated Tnfa mRNA stabilization, translational initiation, and translational
elongation. Are these regulatory mechanisms co-equal or do specific mechanisms
predominate under specific physiological circumstances? These important questions need to

be

addressed by future research.
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Figure 1. MAP kinase pathways
A general feature of MAPK pathways is a canonical cascade consisting of a MAPK kinase

kinases (MAP3K), a MAPK kinase (MAP2K) and a MAPK. Three groups of MAP kinases
can be defined: ERK (extracellular signal-regulated kinase); JNK (c-Jun N-terminal kinase);
and p38 MAP kinases. These pathways can be activated by many stimuli, including growth
factors, inflammatory cytokines, and a wide spectrum of cellular stresses. The MAP kinases
can phosphorylate downstream targets, including protein kinases, cytosolic substrates, and
transcription factors.
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Figure 2. Activation of MAP kinases by TNFa,
TNFa causes the activation of ERK, JNK, and p38 MAP kinases. TNFa-stimulated ERK

activation is primarily mediated by the TAK1-IKK2-TPL2 pathway. In contrast, TNFa-
stimulated activation of stress-activated MAP kinases (p38 and JNK) is mediated by
multiple pathways, including those engaged by ASK1, MLK, TAK1, and TPL2.
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Figure 3. MAP kinases control of TNFa biosynthesis
MAPK regulates TNFa expression by several mechanisms. Tnfa gene transcription can be

regulated by ERK, JNK and p38a MAP kinases (and by down-stream protein Kinases,
including MSK1/2). In addition, the ERK pathway regulates Tnfa mRNA export to the
cytoplasm, Tnfa mRNA stability, Tnfa mRNA translation initiation (mediated by MNK),
and TNFa shedding by TACE phosphorylation. The p38a MAP kinase pathway regulates
Tnfa mRNA translation initiation and Tnfa mRNA stability (mediated by the MNK and
MK2/3 pathways). Moreover, the p38y/6 MAP kinase pathway controls TNFa translation
elongation by phosphorylation and inactivation of eukaryotic elongation factor 2 Kinase
(eEF2K).
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