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MAPK kinase kinase regulation of SAPK/JNK
pathways

Lisa Stalheim and Gary L. Johnson

Abstract

SAPK/INK members of the MAPK family are regulated by at least fourteen
known MAPK kinase kinases (MKKKs). In addition to the kinase domain, each
MKKK encodes different protein interaction domains and motifs to control their
interaction with upstream GTPases such as Rho, Rac and Cdc42, downstream
MAPK kinases, and scaffold proteins that assemble the MKKKs into signaling
complexes for the control of physiological responses to a plethora of different
stimuli. Several MKKKs coordinately regulate the SAPK/JNK pathway with other
MAPKSs including p38, ERK1/2 and ERKS. It is the diversity of MKKKs within
the MAPK signaling network that provides the signaling specificity for activation
of MAPKs including SAPK/JNKs and the integration with other signaling path-
ways within cells.

1 Introduction

SAPKs are MAPKs shown to be activated by many different stress stimuli, hence
their name stress-activated protein kinases (SAPKs) (Kyriakis et al. 1994). The
same kinases were shown to phosphorylate c-Jun at Ser 64 and 73 (Pulverer et al.
1991; Smeal et al. 1992; Derijard et al. 1994), hence the name Jun N-terminal
kinases (JNKs). There are three SAPK/INK genes (JNK1, JNK2, JNK3). Herein,
for simplicity they are referred to as JNKs. INK1 and JNK2 are expressed ubiqui-
tously while JNK3 has a more limited expression primarily in brain, heart, and tes-
tis (Pulverer et al. 1991; Derijard et al. 1994; Kyriakis et al. 1994; Yang et al.
1997). Including c-Jun, several members of the AP-1 transcription factors are sub-
strates for JNKs including JunD, ATF2, and ATF3 (Behrens et al. 1999; Shaulian
and Karin 2001). Phosphorylation of AP-1 members by JNKs enhances AP-1 tran-
scriptional control of specific gene expression. The importance of AP-1 in the
transcriptional control of many different genes involved in homeostasis and the
role of JNKSs in regulating AP-1 activity led to an intense study of JNK regulation
and it is now clear that JNKs have many substrates in addition to AP-1. The tar-
geted gene disruption of JNK1, JNK2, and JNK3 has defined tissue-specific func-
tions for each isoform including the control of metabolism, apoptosis, motility,
proliferation, DNA repair, and the regulation of genes involved in homeostasis
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MAPK kinase kinases that regulate the SAPK/JNK Pathway
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TAK1
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o2 MEKK1 MEKK3
MKK1/2 MKK4/7 MKK3/6 MKKS
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Migration, Transcription, Translation, Metabolism

Fig. 1. MKKKs that control the MAPK pathways. There are twenty defined MKKKSs
known to regulate MAPK pathways. MKKXKs phosphorylate and activate specific MKKs.
Activated MKKs phosphorylate and activate specific MAPKs. The MKKKs and MKKs
that regulate JNKs are highlighted in dark grey.

such as proteases and cytokines (Yang et al. 1997; Kuan et al. 1999; Sabapathy et
al. 1999; Chang et al. 2003).

INKs, like all MAPKSs, are part of a three kinase signaling module (Fig. 1).
JNKSs are phosphorylated and activated by the MAPK kinases, MKK4 and MKK7.
MKK4 and MKK?7 are phosphorylated and activated by MAPK kinase kinases
(MKKKs). Interestingly, whereas there are eleven MAPKs (JNK1/2/3, ERK1/2,
p38, o/B/y/6, ERKS and ERK?7), there are only seven MKKs and at least twenty
MKKXKs. It is noteworthy that fourteen of the twenty defined MKKXKSs activate the
MKK4/7—JNK1/2/3 pathway, demonstrating the importance of the INK signaling
pathway in the cellular response to stimuli that frequently involve potentially
harmful or lethal consequences for the cell. Such stress stimuli include irradiation,
toxins, drugs, osmolarity, temperature, changes in cell shape, adherence, cy-
toskeletal dynamics, and responses to antigens, growth factors and cytokines. Ta-
ble 1 shows a partial list of substrates for JNKs that control adaptive responses of
the cell to these different stimuli.
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Table 1. Phosphorylation substrates for JNKs

Category Substrate

Transcription factors c-Jun

JunD

ATF2

ATF3

Elk-1

Elk-3

P53

NFAT4

HSF-1

c-Myc

Androgen receptor

RXRa

RARa
Signaling proteins IRS-1

Paxillin

14-3-3
Microtubule-associated proteins MAP1

MAP2A

Tau

Doublecortin (DCX)

Amyloid 3 precursor protein
Bcl family proteins Bcl-2

Bel-xl

Mcl-1

Smac

Bim

Bmf
Nuclear core complex Nup214

2 Organization of the MKKK-MKK4/7-JNK1/2/3 signaling
module

Specificity in the organization of JNK signaling modules is controlled in part by
recognition motifs for MKKK-MKK4/7 and MKK4/7-JNK1/2/3 interactions. A
docking site referred to as DVD (domain for versatile docking) encoded near the
C-terminus of MKK4 and 7 interacts with the N-lobe of the kinase domain of the
specific MKKK (Takekawa et al. 2005), providing a docking mechanism for se-
lective interaction of MKKKs and MKKs. Docking sites between the JNKs and
MKK4 and 7 provide specificity in the interaction of the MKK and MAPK
(Jacobs et al. 1999; Sharrocks et al. 2000; Fantz et al. 2001; Ho et al. 2003;
Mooney and Whitmarsh 2004; Ho et al. 2006). Similar recognition motifs are pre-
sent in JNK substrates such as c-Jun and ATF-2 (Sharrocks et al. 2000).

There are also several scaffolding proteins that organize specific JNK signaling
modules. These scaffold proteins generally have no catalytic function, but rather
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Fig. 2. Dendrogram showing the twenty MKKKs based on homology of their kinase do-
main primary amino acid sequences. The MAPKSs activated by each MKKK are shown in
the highlighted circles on the dendrogram.

have docking sites for binding specific MKKKs, MKKSs, and MAPKs. Scaffold
proteins that regulate the JNK signaling module include the JIP (JNK Interaction
Proteins) 1-4 proteins, POSH (Plenty of SH3s), JKAP1 (SKRP), filamin, CrkII
and IKAP (Morrison and Davis 2003). Scaffold proteins play an important regula-
tory role in controlling JNK signaling because they frequently bind specific
MKKKSs and localize the signaling module within the cell. Thus, scaffold proteins
can regulate the spatio-temporal dynamics of JINK signaling.

3 MKKKs as signaling hubs controlling JNK activation

Figure 1 shows the MKKKs that have been defined to regulate MKK-MAPK
modules. Of the twenty MKKKs, fourteen have been shown to regulate JNK activ-
ity. Six MKKKs regulate the ERK1/2 pathway while only two MKKKs are de-
fined to regulate the ERKS pathway. Nine MKKXKSs are known to regulate the p38
pathway. The restricted number of MKKKs regulating the ERK1/2 and ERKS
pathways implies a more restricted response and function for these MAPKs. For
example, ERK1/2 is important in regulating cell proliferation in response to tyro-
sine kinases. The fact that ERKS5 has a single MKK and only two defined MKKKs
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shown to physiologically regulate ERKS5 activity suggests a rather restricted func-
tion for this MAPK. Physiologically, ERKS appears important in regulating vascu-
lar development and maintenance of the vasculature in adults. In contrast, the
large number of MKKKs that regulate JNK and p38 indicates a role for these
MAPKSs in the response to diverse stress stimuli.

Figure 2 shows a dendrogram for the relationship of the different MKKKs
based on sequence homology of their kinase domains. Based on the kinase ho-
mologies, the MKKKs can be divided into six groups: MEKK, MLK, Raf,
Tao/Tpl2, Mos, and TAK1. Among these twenty known MKKKs, members of the
MEKK, MLK, TAO, and TAK1 groups regulate JNK activation. The properties of
each group of MKKKs controlling JNK activation is discussed below.

3.1 MLKs (mixed lineage kinases)

The MLK group has seven members that can be further divided into the MLKs
(MLK1, 2, 3, 4), DLKs (DLK, LZK), and ZAK (Gallo and Johnson 2002). The
members of the MLK subgroup each have an N-terminal Src-homology-3 (SH3)
domain, kinase domain, leucine zipper region and a Cdc42/Rac interactive binding
(CRIB) domain. DLKs and ZAK have kinase domains and leucine zipper regions
but lack the CRIB and SH3 domains. ZAK is structurally similar to the DLKs but
also encodes a sterile-alpha motif that mediates homo- or hetero-dimerization.

3.2 MEKKs (MAPK-ERK kinase kinases)

MEKK1, MEKK2, and MEKK4 have each been shown to regulate the JNK path-
way in response to different stimuli. MEKKI1 is a large 196 kDa protein with
complex regulation. MEKK1 appears to be regulated by both Rac/Cdc42 and
RhoA GTPases (Fanger et al. 1997; Gallagher et al. 2004). Furthermore, MEKK 1
is the only member of the MKKK-MKK-MAPK signaling network that has a cas-
pase 3 cleavage site. MEKKI1 is also the only member of the MAPK signaling
network to encode a RING domain containing E3 ubiquitin ligase function. The
MEKK1 RING domain has been shown to regulate auto-ubiquitination of MEKK1
that inhibits its kinase activity as well as ubiquitinate and stimulate the degrada-
tion of ERK1 and c-Jun (Lu et al. 2002; Witowsky and Johnson 2003; Xia et al.
2007). MEKK1 is also one of only a few proteins in defined proteomes to encode
a SWIM domain whose function in MEKK1 remains undefined (Makarova et al.
2002).

Whereas MEKK regulates both the ERK1/2 and JNK pathways, MEKK2
regulates the ERKS and JNK pathways. MEKK?2 is only one of two MKKKs, the
other being MEKK3, which regulate the MEK5-ERKS pathway (Nakamura and
Johnson 2003; Uhlik et al. 2004; Nakamura et al. 2006). MEKK?2 and MEKK3
encode PB1 (Phox-Bemlp) domains that selectively heterodimerize with the
MEKS5 PB1 domain to form a functional MEKK?2 (or MEKK3)-MEKS5-ERKS5 ter-
nary complex (Nakamura and Johnson 2003; Nakamura et al. 2006). The C-
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terminal moiety of the MEKK?2 domain is also capable of binding MKK7 for JNK
activation. In contrast, the MEKK3 PB1 domain does not bind MKK?7. Thus,
MEKK?2, but not MEKK3, regulates JNK activation.

MEKKH4 selectively phosphorylates MKK3, MKK4, and MKK6 leading to the
activation of both JNK and p38. MEKK4 binds Cdc42 and Rac via a CRIB do-
main and kinase-inactive MEKK4 inhibits Cdc42 and Rac activation of JNK
(Fanger et al. 1997; Gerwins et al. 1997). MEKK4 also binds GADDA45 a, B and y
proteins (Mita et al. 2002; Chi et al. 2004; Miyake et al. 2007), resulting in activa-
tion of MEKK4 kinase activity. MEKK4 and MEKK1 also bind the scaffold pro-
tein Axin, leading to JNK activation (Zhang et al. 1999; Zhang et al. 2001; Luo et
al. 2003; Wong et al. 2004), suggesting MEKK4 and MEKK1 control JNK activa-
tion in the non-canonical Wnt signaling pathway.

3.3 ASK1 (apoptosis signal-regulating kinase 1)

ASKI1 binds thioredoxin near its N-terminus and is activated in response to reac-
tive oxygen species that cause the release of thioredoxin (Hayakawa et al. 2006).
In addition, ASK1 binds JIP scaffold proteins and phosphorylates MKK4, MKK7,
and MKK3, thereby activating both JNK and p38. ASK1 has been found to be ac-
tivated by LPS and various pro-inflammatory cytokines.

3.4 TAK1 (TGFB-activated kinase 1)

TAKI is activated in response to IL-1, TNFa, and LPS stimulation of cells. In re-
sponse to pro-inflammatory stimuli, TAK1 forms a complex with TAB1, which
forms a complex with TAB2, TAB3, and the E3 ubiquitin ligase TRAF6 (Wang et
al. 2001; Kanayama et al. 2004). This activated TAK1 complex coordinates the
activation of MKK4, MKK®6, and IKK leading to the activation of JNK, p38, and
NF-«B.

3.5 TAO1 (thousand and one-amino acid kinase 1)

TAOI1 and the related kinase TAO2 were cloned using degenerate oligonucleo-
tide-based PCR cloning strategies for kinases related to the yeast Ste20 kinase
(Chen et al. 1999; Zhou et al. 2004). Other than overexpression studies showing
TAO kinases activate JNKs and p38, little is known about their function.

The different MKKKs described above that regulate the INK pathway should
be thought of in the greater context of the MAPK signaling network. The differing
regulatory domains and motifs encoded in each MKKK selectively control their
activation, inactivation, and association with regulatory proteins and scaffold pro-
teins to mediate localization within the cell. As we see with most MKKKs that
regulate the INK pathway, MKKKs are often able to phosphorylate more than one
MKK and thus regulate more than one MAPK pathway (see Fig. 1). Many
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MKKKs that regulate JNK also regulate p38 consistent with a coordinated activa-
tion of JNK and p38 in response to stress stimuli. In contrast, MEKK1 activates
JNK and ERK1/2, and MEKK?2 activates JNK and ERKS5. It is the differential
control of MKKK activation and the organization of MKKKs with other proteins
in signaling complexes that provide an amazing combinatorial diversity for the in-
tegration of MAPK networks for control of cellular responses to many different
stimuli.

4 Insight into the function of MKKKSs regulating the JNK
pathway from targeted gene knockouts

The function of MKKKs controlling the JNK pathways have been defined using
biochemical and cell biological approaches, but elucidation of physiological func-
tions has mostly come from targeted gene knockouts. Of the MKKKs that regulate
the JNK pathway the phenotypes of MEKK1, MEKK?2, MEKK4, ASK1, TAKI,
and MLK3 knockouts in mice have been reported. A brief description of the phe-
notypes of these knockout mice demonstrates their selective function in cellular
and animal physiology (see Table 2 for summaries of phenotypes).

4.1 MEKK1

Mice having the targeted deletion of MEKK1 generally appear normal at birth and
are fertile. In a SVEV 129 mouse genetic background, MEKK 1-null neonates have
open eyes at birth, indicative of an epithelial morphogenesis defect (Yujiri et al.
1998, 2000; Zhang et al. 2003; Xia and Kao 2004; Xia and Karin 2004). In addi-
tion, MEKK1 deficient mice have wound healing and homeostasis defects associ-
ated with defective tissue remodeling. MEKK 1-deficient cells have defective mi-
gration due to a loss of calpain activation required for release of focal adhesions at
the rear of migrating cells (Cuevas et al. 2003). MEKK1 has also been shown to
be required for activin-dependent epithelial cell migration (Zhang et al. 2005). In
human breast cancer cell lines and mouse fibroblasts, MEKK1 has also been
shown to be a primary regulator of urokinase-type plasminogen activator (uPA),
which is required for cell invasion of the extracellular matrix (Witowsky et al.
2003). MEKKI1 has been shown to regulate c-Jun, JunB, and Fra-2 expression and
degradation and hence is a key regulator of AP-1 function (Cuevas et al. 2005).
The role MEKK1 plays in the control of AP-1 function, protease expression, cell
migration, and invasion is consistent with its involvement in wound healing, tissue
remodeling, and tumor metastasis. In a transgenic model of metastatic breast can-
cer, MEKK1 deficiency markedly delayed tumor metastasis to the lungs. This was
found to be due to a delay in dissemination of tumor cells because of an inability
of the tumor to breakdown the basement membrane surrounding the tumor cell-
filled ducts of the mammary gland (Cuevas et al. 2006). Recently, MEKK1 defi-
ciency in a C57/Bl16 background has also been shown to be involved in fetal liver
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Table 2. Phenotypes of MKKKSs Regulating INK

MKK Described knockout phenotypes
MEKK1 Epithelial morphogenesis defects (open eyes at birth, defective tissue re-
modeling)

Defective cell migration, loss of calpain activation
Inhibition of urokinase-type plasminogen activator expression
Suppressed cell invasion and dissemination of tumor cells
Defective fetal liver hematopoiesis
CDA40 control of germinal center formation and B cell antibody produc-
tion
TH2 T cell tolerance

MEKK?2 Mice normal and fertile at birth
Suppressed TNFa, IL1o & B and IL-6 production in response to FGF-2
Defective IgE-Fc[1R1 signaling in mast cells
Role in osteoclast function

MEKK4 Neural tube closure defects (exencephaly with enhanced apoptosis)
Neuronal migration defects
Skeletal defects

ASK1 Viable and fertile
Fibroblasts have altered response to reactive oxygen species
Decreased TNFa production in response to LPS
Resistant to LPS-induced toxic shock

TAK1 Embryonic lethal due to vascularization defects
Critical for IL-1 and TNFa signaling
MLK3 Viable and fertile

Mild defect in epidermal tissue of the dorsal midline

hematopoiesis (Bonnesen et al. 2005), CD40 regulation of germinal center forma-
tion and B cell antibody production (Gallagher et al. 2007), and a JNK-Itch E3
ubiquitin ligase-mediated TH2 process in TH2 tolerance and lung inflammation
(Venuprasad et al. 20006).

4.2 MEKK2

Mice having the targeted deletion of MEKK?2 appear normal at birth and are fertile
(Kesavan et al. 2004). MEKK?2 deficiency has been shown to inhibit activation of
ERKS in response to growth factors such as FGF-2 in fibroblasts and IgE stimula-
tion of the FceR1 in mast cells (Garrington et al. 2000; Kesavan et al. 2004). Like
MEKK1, MEKK?2 has been shown to regulate the repertoire of proteins in the AP-
1 complex. MEKK2-/- fibroblasts are inhibited in the induction of c-Jun, Fra-1,
and Fra-2 mRNA in response to FGF-2 (Kesavan et al. 2004). FGF-2-induced ex-
pression of TNFa, IL1a and B, and IL-6 was inhibited in MEKK2-/- fibroblasts as
is the expression of specific mast cell cytokines in response to IgE (Garrington et
al. 2000). Interestingly, the knockout of MEKK1 and MEKK?2 both alter the con-
trol of AP-1 components but do so differently, rendering distinct phenotypes. It
was also shown that in osteoblasts, TGF or bone morphogenesis protein (BMP)
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activates MEKK?2 and JNK. Smurf-1, a HECT domain ubiquitin ligase, binds
MEKK?2 to promote its degradation and negatively regulate osteoclast function to
suppress osteogenic activity (Yamashita et al. 2005).

4.3 MEKK4

The MEKK4 protein is highly expressed in the developing central nervous system.
MEKK4 knockout mice have been generated by homologous recombination and
MEKK4 knockin mice have been generated by genetic mutation to generate a
kinase-inactive MEKK4 (Abell et al. 2005; Chi et al. 2005). The phenotypes of
MEKK4 knockout and knockin mice are overlapping but not identical. Prenatal le-
thality is often seen due to severe defects in both the neural tube and skeleton.
Both the knockout and kinase-inactive MEKK4 have exencepahly associated with
enhanced apoptosis in the neural tube and loss of both JNK and p38 activity. The
phenotype of the MEKK4 knockout and kinase-inactive knockin are extremely
similar to the knockout phenotype for the adaptor protein TRAF4 (Abell et al.
2005; Abell 2005). Abell et al. (Abell and Johnson 2005) showed that MEKK4
binds Traf4, promoting MEKK4 oligomerization and activation. This indicates
that MEKK4 and TRAF4 are in a common biochemical and genetic pathway. Re-
cently, MEKK4 was shown to be involved in regulating filamin-A expression and
controlling neuronal migration in developing forebrain (Sarkisian et al. 2006).
Filamin-A is an actin-binding protein essential for cytoskeletal rearrangement and
cell locomotion. Loss of MEKK4 expression disrupts filamin-A expression and
phosphorylation. The loss of MEKK4 and the resulting phenotype seen in the de-
veloping forebrain is similar to that seen with filamin-A mutations that contribute
to periventricular heterotopia (PVH), a congenital malformation of the human
cerebral cortex.

4.4 ASK1

Mice deficient in ASK1 are viable and fertile. ASK1-/- mouse embryonic fibro-
blasts respond to reactive oxygen species (H,O,) with a normal transient activa-
tion of JNK and p38. However, the prolonged activation of these two MAPKs is
lost, demonstrating that ASK1 is required for the prolonged phase of JNK and p38
activity in response to H,O, (Tobiume et al. 2001). A similar loss of prolonged
JNK and p38 activation is seen in ASK1-/- fibroblasts in response to TNFa.
ASK1-/- mice also have diminished TNFa production in response to LPS and are
resistant to LPS-induced toxic shock (Matsuzawa et al. 2005). The regulation of
ASKI in response to LPS is through the MyD88/TRAF6 signaling pathway and
plays an important role in the control of cytokines for the innate immune response.
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4.5 TAK1

The TAK1 knockout mouse is embryonic lethal (Shim et al. 2005; Omori et al.
2006). There is defective vascularization of TAK1-/- embryos and yolk sacs, indi-
cating that TAK1 plays an essential role in vascular development (Jadrich et al.
2006). The role of TAKI in IL-1 and TNFa signaling suggests it plays an impor-
tant role in the inflammatory response (Sato et al. 2005, 2006). TAK1-/- fibro-
blasts show decreased IL-1B-induced IL-6 production (Sato et al. 2005) and
TAKI1-/- keratinocytes have a reduced survival when challenged with TNFo
(Omori et al. 2006). Conditional keratinocyte deletion of TAK1 results in a severe
post-natal inflammation with elevated levels of inflammatory cytokines and
keratinocyte apoptosis (Omori et al. 2006).

4.6 MLK3

MLK3-/- mice have no obvious phenotype except for a mild defect in the epider-
mal tissue of the dorsal midline (Brancho et al. 2005). MLK3-/- mice are viable
and fertile. TNFo, -stimulated JNK activation was partially inhibited in MLK3-/-
fibroblasts, but there was no measurable inhibition of ERK1/2 or p38 signaling.
The response to UV irradiation, sorbitol, anisomycin, and ceramide was normal in
regards to JNK and p38 activation.

Therapeutically, MLKs have been intensely studied. Inhibition of MLK kinase
activity by small molecules such as CEP-1347, an indolocarbazole that is a deriva-
tive of K252a, protects neurons from apoptosis. The compound was well-tolerated
in humans but performed poorly in trials for neurodegenerative diseases including
Parkinson’s and Alzheimer’s disease (Wang et al. 2004).

5 Conclusions

MKKKs are upstream regulators of the MAPKs that integrate MAPK signaling
networks with the complex cellular response to many different stimuli. MKKKs
that regulate the JNK pathway are clearly involved in neural and vascular devel-
opment, immune response, and inflammation. MKKXKs as therapeutic drug targets
are now being explored for small molecule inhibition. Inhibition of a specific
MKKK has the potential to selectively inhibit stimulus-specific activation of
MAPKSs (Johnson et al. 2005). The continued characterization of MKKKs and
their function in cells and animal physiology is needed to define their utility as
therapeutic targets in human disease.
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Alternative p38 MAPK pathways

Francisco Ifiesta-Vaquera, Guadalupe Sabio, Yvonne Kuma, and Ana Cuenda

Abstract

There are four members of the mammalian p38 mitogen-activated protein kinases
(MAPKSs) family (p38a, p38pB, p38y, and p385) which are about 60% identical in
their amino acid sequence but differ in their expression patterns, substrate speci-
ficities, and sensitivities to chemical inhibitors such as SB203580. Much attention
in recent years has been focused on studying the role of the p38a isoform, which
is widely referred to as p38 in the literature. However, there are other p38 iso-
forms (p38P, p38y, and p38d) whose roles among the cellular functions and the
implication in some of the pathological conditions have not been precisely defined
so far. Here, we focus on the emergent roles of the alternative p38y and p385
MAPK pathways and their implication in different biological processes. It is now
clear that these p38MAPKSs show similarities to the classical p38MAPK, but with
some differences that challenge the paradigm of the archetypical p38MAPK path-
way.

1 Introduction

The mammalian p38 subfamily of MAPK has four members encoded by different
genes, which share high sequence homologies and are designated as p38a., p38p,
p38y, and p383. Among all p38 MAPK isoforms, p38a. is the best characterised
and is expressed in most cell types. p38a MAPK was identified in 1994 by several
groups as a 38 kDa polypeptide that underwent activation in response to endotoxin
treatment, cellular stress or cytokines (Cohen 1997). Two to three years after the
identification of p38a, three additional isoforms were described: p38p (also called
SAPK2b) (Jiang et al. 1996), p38y (also called SAPK3 and ERK6) (Mertens et al.
1996; Lechner et al. 1996), and p385 (also called SAPK4) (Goedert et al. 1997a;
Jiang et al. 1997). The initially described p38p (Jiang et al. 1996) was subse-
quently designated p38B1 to differentiate it from p38P2, cDNA sequences lacks
24 base pairs (resulting in a 8 amino acid deletion) that appears to affect activity
of the kinase (Enslen et al. 1998; Stein et al. 1997). The absence of this insertion
in the genomic DNA and cDNA sequences suggests that it may be a cloning arte-
fact, and p38pB2 is the predominant isoform of p38f (Beardmore et al. 2005).

All p38 MAPKSs are strongly activated in vivo by environmental stresses and in-
flammatory cytokines, and less by serum and growth factors. The activation of
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Fig. 1. p38 MAPK signalling pathways. The p38 MAPK subfamily can further be divided
into two distinct groups: p38a/p38P and p38y/p383, which differ in their expression pat-
terns, substrate specificities, sensitivities to chemical inhibitors, and biological functions.
The activation of p38 MAPKs occurs via dual phosphorylation of their TGY motif by
MKK3 and MKKS6. Different MKKKs have been described to be specifically upstream of
the p38 pathways. It has been described that MLK3, MRK, Cot or PAPK preferentially
regulate the p38y and p385 MAPK pathways.

p38 MAPKSs occurs via dual phosphorylation of their TGY motif, in the activation
loop, by MKK3 and MKK6. Although all p38 isoforms are widely expressed,
p38a and p38P are ubiquitously expressed, whereas p38y and p385 appear to have
more restricted expression: p38y is most significantly abundant in skeletal muscle
and p385 is mainly found in testes, pancreas, kidney, and small intestine (Mertens
et al. 1996; Jiang et al. 1997; Goedert et al. 1997a; Court et al. 2002).

The p38 MAPK subfamily can further be divided into two distinct subsets, on
the one hand p38a and p38P and on the other, p38y and p38d (Fig. 1). This is evi-
dent, firstly, from their amino-acid sequence identity; p38c and p38f are 75%
identical, whereas p38y and p38d are 62% and 61% identical to p38a., respec-
tively. Of note, p38y and p383 are more identical (~70%) to each other. Secondly,
their susceptibilities to inhibition at low concentrations by the compounds,
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SB203580 and SB202190. /n vitro and in vivo assays demonstrated that only p38a
and p38p are inhibited by these compounds, whereas p38y and p38d were com-
pletely unaffected by the drugs (Goedert et al. 1997a; Kuma et al. 2005). The basis
of this inhibition was revealed in the crystal structure of p38a complexed with
SB203580. Thr106 in the hinge of the p38a and p38B ATP binding pocket inter-
acts with a fluorine atom in the SB203580 structure. This orients the drug to inter-
act with His107 and Leul08 of the pocket preventing ATP binding (Eyers et al.
1998; Gum et al. 1998). p38y and p38d possess Met, a large side chain amino acid,
at the Thr106 equivalent position in the ATP binding pocket that prevents inhibi-
tor binding (Eyers et al. 1998; Gum et al. 1998). A third difference between these
two subgroups of p38MAPKs is with regard to substrate selectivity of these
kinases. For example, microtubule-associated protein Tau is a better in vitro sub-
strate for p38y and p386 than p38a and p38f (Goedert et al. 1997b; Feijoo et al.
2005), and this is also true for the scaffold proteins o1-syntrophin, SAP90/PSD95
and SAP97/hDlg (Hasegawa et al. 1999; Sabio et al. 2004, 2005). Conversely,
MAPKAP-K2, MAPKAP-K3 and glycogen synthase are better phosphorylated by
p38a and p38p than p38y and p383 (Cuenda et al. 1997; Goedert et al. 1997a;
Kuma et al. 2004).

2 The p38y and p385 MAPK pathways

Upstream activators of p38y and p38d are the kinases MKK3 and MKKS6, al-
though it has been shown that in vitro, MKK4, an activator of JNK, may also
phosphorylate and activate them (Cuenda et al. 1997; Goedert et al. 1997a). Using
MKK targeted gene disruption and siRNA approaches, it has been shown that in
response to most stimuli MKK3 and MKK6 are the main p38a activators but, in
some circumstances, such as ultraviolet radiation, MKK4 may contribute to p38
activation (Brancho et al. 2003). Unlike p38a., the activation of the isoforms p38y
and p38d has not been extensively examined in MKKSs knockouts.

The major MKK required for the activation of specific p38 MAPK may be de-
termined by several factors, one is the cell type as the level of expression varies
(Tanaka et al. 2002; Wang et al. 2002), another is the nature and also the strength
of the stimuli. It has been suggested that the pattern of downstream p38 MAPK
activation in the particular response may be determined by the level of MKKG6 ac-
tivity, which activates all p38 isoforms in vitro triggered by a given stimulus
(Alonso et al. 2000). Moreover, there are two important structural requirements
for selective activation of p38 MAPK isoforms by MKKSs, common docking se-
quences in the N-terminal of the MKK and isoform-specific sequences of the
p38MAPK isoforms within the activation loop (Enslen et al. 2000).

Different MKKXKs has been described to be specifically upstream of the p38y
and/or p386 pathways (Fig. 1), these include the Mixed lineage kinase 3 (MLK3),
which form a complex with the scaffold protein JNK-interacting proteinl (JIP2)
and MKKs to activate p385 (Morrison and Davis 2003). All proteins, polyploidy-
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associated protein kinase-A (PAPK-A), which is a member of the Ste20/germinal
centre kinase family (Nishigaki et al. 2003); MLK related kinase (MRK) (Gross et
al. 2002) and the protein Cot, which is a serine/threonine kinase implicated in cel-
lular transformation (Chiariello et al. 2000) activate p38yMAPK pathway. In addi-
tion, overexpression of the small G-proteins Rit or RhoA also causes p38y MAPK
activation (Sakabe et al. 2002; Marinissen et al. 2001; Singh et al. 2003).

2.1 p38y and p385 substrates

The elucidation of physiological roles and the identification of physiological sub-
strates for p38a and p38B have been facilitated by the availability of specific
pyridinyl imidazole inhibitors such as SB203580 or SB202190 (Cuenda et al.
1995; Davies et al. 2000). So far, such specific inhibitors for p38y and/or p385 are
not available and the delineation of pathways in which these MAPKSs are involved
has been difficult. However, this problem can be partly solved by the use of
p38 knockouts. Recently, knockout mice for p38p, p38y, and p385 and double
p38y/p38d knockout mice have been generated, which are viable and fertile (Sabio
et al. 2005; Beardmore et al. 2005). Moreover, the diaryl urea compound
BIRB796 (Parguellis et al. 2002) is not only a potent inhibitor of p38a and p38p,
but also inhibits p38y and p385 at higher concentrations in cell-based assays pro-
viding a new tool for identifying physiological roles of these two p38 MAPK iso-
forms by using varying concentrations of this new compound in combination with
the pyridinyl imidazoles (Kuma et al. 2005).

Several physiological substrates for p38y and p386 MAPK isoforms have been
described in the past years (Fig. 1). A feature that makes p38y unique among the
p38 MAPKSs is its short C-terminal sequence —.KETXL, an amino acid sequence
ideal for binding PDZ domains in proteins. p38y binds to the PDZ domain of a va-
riety of these proteins, such as ol-syntrophin, SAP90/PSD95 and SAP97/hDlg,
and under stress conditions is able to phosphorylate them and may modulate their
activity (Hasegawa et al. 1999; Sabio et al. 2004, 2005). One of the tools used in
the identification of physiological substrates for p38y is the cell permeant peptide
TatSAPK3C which contains the last nine residues of p38y fused to the cell-
membrane transduction domain of the human immunodeficiency virus-type 1
(HIV-1) Tat protein. This peptide specifically blocks the phosphorylation of PDZ
domain-containing proteins by p38y in intact cells by preventing the association of
the kinase with the PDZ domain of the substrate (Sabio et al. 2004, 2005). These
PDZ domain containing proteins are scaffold proteins usually targeted to the
plasma membrane cytoskeleton at specialised sites such as the neuromuscular
junction and gap junctions through protein-protein interactions. In the case of
SAP97/hDlg, its phosphorylation by p38y provided a mechanism of dissociating
SAP97/hDlg from the cytoskeleton (Sabio et al. 2005). Another p38y substrate
that does not require PDZ domain binding interactions is the mitochondrial protein
Sab (Court et al. 2004).
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On the other hand, p38d possibly plays a role in cytoskeleton regulation as it
has been reported to phosphorylate the cytoplasmic protein stathmin, which has
been linked to regulation of microtubule dynamics (Parker et al. 1998). Micro-
tubule-associated protein Tau is another protein substrate of p383 (Goedert et al.
1997b; Feijoo et al. 2005; Yoshida and Goedert 2006). Eukaryotic elongation fac-
tor 2 (eEF2) kinase was identified in a screen for substrates for p385 and later
shown to be inhibited upon phosphorylation on Ser359 (Knebel et al. 2001, 2002).

3 Biological roles of p38y and p3856 MAPK pathways

Evidence from a number of studies carried out during the past few years suggest
that many physiological functions of the p38MAPK isoforms may overlap but
may not necessarily be redundant and/or identical. Thus, it has been shown that in
several human breast cancer cells p38f increases, whereas p38y and/or p38d in-
hibit AP-1-dependent transcription and cell proliferation induced by MKK6 (Pra-
manick et al. 2003). Additionally, it has been found a selective regulation of
p38MAPK isoforms activation in response to a variety of extracellular stimuli. For
example: in murine mesangial cells, transforming growth factor-f selectively acti-
vated p38a and p385 (Wang et al. 2002); in PC12 cells, hypoxia selectively acti-
vated p38a and p38y (Conrad et al. 1999); and both the effect of the pro-apoptotic
compound LY83583 in renal carcinoma cells and the suppression of antioxidant
response element by MKK6 in HepG2 cells, depended on p38y and p389, but not
p38a or p38B (Ambrose et al. 2006; Keum et al. 2006).

3.1 Cell cycle and cellular transformation

Most of the work published on cell cycle regulation by p38 MAPK pathway has
been focussed on studying the role of the isoforms p38a and B, but in the case of
p38y, several reports indicate its role controlling cell cycle. Thus, it has been
claimed that its activation after ionizing radiation could be dependent on ATM and
cause G2/M cell cycle arrest (Wang et al. 2000). However, all p38 MAPKSs show
robust induction by stresses such as ultraviolet radiation, whereas their induction
by ionizing radiation is highly infrequent (Liu et al. 1996; Y. Kuma, A. Cuenda,
unpublished results). Moreover, overexpression of MRK-B, which is a MKKK
that preferentially activates p38y and JNK, causes G2 arrest (Gross et al. 2002).
On the other hand, it has been shown that Xenopus p38y promotes meiotic G2/M
transition in Xenopus oocytes treated with progesterone and activates XCdc25C by
phosphorylating it at Ser205, whereas p38a or p38f3 have no effect (Perdiguero et
al. 2003). Fully grown Xenopus oocytes are arrested in G2/prophase of meiosis I
and are induced to proceed through meiosis by progesterone stimulation (Per-
diguero et al. 2003).
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There are a number of recent publications providing evidence for the role of
p38y MAPK pathway in cellular transformation. Overexpression of the active
form of Rit, a Ras family member, in NIH3T3 cells, causes transformation and
stimulates p38y, but not other p38MAPKs, ERK1/2, or ERKS. These results sug-
gest that p38y activation may be requited for the ability of Rit to stimulate gene
expression and cellular transformation (Sakabe et al. 2002). Recent data suggest
that K-Ras positively regulate the expression of p38y isoform and that depletion of
p38y suppressed Ras transformation in rat intestinal epithelial cells (Tang et al.
2005) and Ras-increased invasion in breast cancer cells (Qi et al. 2006). The
mechanism by which p38y may promote Ras transformation is not clear, but it has
been suggested that may be through a complex formation with ERK proteins
(Tang et al. 2005). Additionally, functional p38y protein was expressed only in K-
Ras-mutated human colon cancer cells, and p38y transcripts were ubiquitously in-
creased in a set of primary human colon cancer tissues (Tang et al. 2005). More-
over, p38y expression is increased in hepatoma cell line HLE (Liu et al. 2003) and
is regulated by the TNF-related apoptosis inducing ligand (TRIAL) and IL-8 in
cellular lines from ovarian cancer (Abdollahi et al. 2003). However, in pancreatic
cancer cells the levels of p38y seems to be decreased (Crnogorac-Jurcevic et al.
2001).

3.2 Cellular differentiation

Similar to other systems, p38a and p38f have been suggested to play important
roles in mediating keratinocytes responses to cellular stresses and cytokines,
whereas p380 has been suggested to play an important role in inducing keratino-
cyte differentiation by regulating the expression of involucrin, which is a protein
expressed during keratinocyte differentiation (Eckert et al. 2003). Keratinocyte
differentiation is a multistage process that is initiated in the proliferative basal
layer of the epidermis and proceeds through the metabolically active spinous and
granular layers, until the cell is released from the cell surface at the cornified en-
velope (Eckert et al. 2003). It has been shown that activation of exogenously ex-
pressed p38d by differentiation-inducing agents such as a bioactive green tea
polyphenol (EGCG), okadaic acid (OA), or the phorbol ester TPA correlated with
increased involucrin promoter activity in keratinocytes via increased activity at
AP1, Spl, and C/EBP sites (Balasubramanian et al. 2002; Efimova et al. 2003). Of
note, this occurred in an SB203580-independent manner, moreover, p38y is not
expressed in keratinocytes (Dashti et al. 2001). The mechanisms by which p385
may regulate keratinocyte differentiation is still unknown. It has been found that
in keratinocytes expressing exogenous p386 this forms a complex with ERK1/2
(Efimova et al. 2003). The complex is constitutively present in both treated and
untreated cells. Significant ERK1/2 activity, but little p385 activity, is observed in
untreated cell; but treatment with the above mentioned agents resulted in a reduc-
tion of ERK1/2 activity and an increase in the p38d activity within the complex
(Eckert et al. 2004).



Alternative p38 MAPK pathways 23

More data supporting the idea that p386 may play a role in keratinocyte differ-
entiation came from a study carried out in lesional psoriasis skin (Johansen et al.
2005). Psoriasis is a chronic inflammatory skin disorder characterised by keratino-
cytes hyperproliferation and differentiation, as well as by increased expression of
inflammatory cytokines such as TNFa and IL-8. It has been shown that the activ-
ity of p38a, p38P, and p385 are augmented in lesional psoriasis skin compared
with nonlesional psoriasis skin (Johansen et al. 2005). However, the regulation of
keratinocyte differentiation does not seem to be exclusive for p389, thus, it has
been shown that treatment of keratinocytes with agents to deplete cholesterol, in-
duces the upregulation of involucrin mRNA in a p38a depending manner, but not
by p38d (Jans et al. 2004). Moreover, in the presence of exogenous constitutively
active MKK6 or MKK7, a role of p38a has also been identified (Dashti et al.
2001).

On the other hand, it has been also claimed that p386 may have a dual role in
keratinocytes contributing not only to the differentiation process, but also to their
apoptosis in a PKC8 dependent manner and in response to OA or H,O, (Efimova
et al. 2004; Kraft et al. 2006). It is important to notice that most of the evidences
involving p38d in regulating keratinocyte differentiation or apoptosis are based in
overexpression experiments and require verification using other tools to both, in-
hibit the activity, or the expression of different p38MAPKs.

It has been suggested that p38y and/or p385 may also be involved in other dif-
ferentiation processes such as myogenesis or T-cell development. Most of the
work that demonstrates the requirement for p38 MAPK in myogenesis is based on
the use of the compound SB203580, which only inhibits p38a and p38p (Lluis et
al. 2006). Whether different p38MAPK family members have a role in the differ-
entiation processes remains to be determined. Given that p38y expression is ex-
ceptionally high in skeletal muscle in comparison to other tissues, it is not surpris-
ing that it may play a cardinal role in skeletal muscle differentiation. Indeed,
Lechner et al. (1996) initially showed that overexpression of p38y in skeletal mus-
cle cells leads to differentiation from myoblast to myotubes, and that a dominant-
negative mutant of p38y prevented this differentiation process. Moreover, others
have reported an increase in endogenous p38y protein levels as myoblast differen-
tiate into myotubes (Tortorela et al. 2003; Cuenda and Cohen 1999).

Additionally, p38a/p pathway has been implicated in T-cell development
through the use of both, specific inhibitors such as SB203580 and the expression
of dominant negative or active p38a or MKK6 (Diehl et al. 2000). These results
have suggested that the p38a/p activity is required to maintain normal numbers of
CD4/CD8 double-negative thymocytes, but that p38 activity inhibits the formation
of double positive cells. However, the role of the isoforms p385 and/or p38y can-
not be rule out since it has been shown that p38a knockout does not result in de-
fects in T and B cell development and proliferation in response to different stim-
uli, including antigen-receptor ligation (Kim et al. 2005) and p38f knockout does
also not result in major problems in thymocyte development (Beardmore et al.
2005). This suggests that either p38a or p38p is dispensable for thymocyte devel-
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opment or that in T cells there is compensation by other p38MAPK isoforms in
the single knockouts.

3.3 Cytoskeletal organization

Evidence indicating a role of these p38 MAPK isoforms in modulation of cy-
toskeletal organization comes from recent studies. Thus, it has been shown that the
protein SAP97/hDlg, which is the mammalian homologue of the Drosophila tu-
mour suppressor Dlg, is a physiological substrate for the p38y MAPK.
SAP97/hDlg is a scaffold protein that forms multiprotein complexes with a variety
of proteins and is targeted to the cytoskeleton by its association with the protein
guanylate kinase-associated protein (GKAP), which is associated to the intermedi-
ate filaments. The p38y-catalysed phosphorylation of SAP97/hDlg triggers its dis-
sociation from GKAP and, therefore, releases it from the cytoskeleton (Sabio et al.
2005). This is likely to regulate the integrity of intercellular complexes, cell shape
and volume as in adaptative to changes in the environment.

Moreover, p385 may play a role in cytoskeleton regulation as it has been re-
ported to phosphorylate the cytoplasmic protein stathmin, which is linked to regu-
lation of microtubule dynamics (Parker et al. 1998). Microtubule-associated pro-
tein Tau is another protein substrate of p385 (Goedert et al. 1997b; Feijoo et al.
2005; Yoshida and Goedert 2006). Tau binds to B-tubulin and promotes micro-
tubule assembly playing major regulatory roles in the organization and integrity of
the cytoskeleton network under normal physiological conditions. Functionally,
Tau is modulated by phosphorylation, since its ability to bind and stabilise micro-
tubules correlates inversely with its phosphorylation which may facilitates its self-
assembly. In past few years, it has been shown that Tau is a good in vitro substrate
for the p38 isoforms p383 and p38y, and its phosphorylation by these two en-
zymes results in a reduction in its ability to promote microtubule assembly
(Goedert et al. 1997b; Feijoo et al. 2005). Moreover, overexpression of p38y in
neuroblastoma induces Tau phosphorylation, which correlates with a decrease on
Tau associated to the cytoskeleton and an increase of soluble Tau (Jenkins et al.
2000). It has been reported as well that p385 is the major Tau kinase in neuroblas-
toma in response to osmotic shock (Feijoo et al. 2005) and that the p38MAPK ac-
tivator, MKK6, has also been found to be active in neurodegenerative diseases
(Zhu et al. 2001). Moreover, oxidant agents implicated in Alzheimer’s disease can
cause hyperphosphorylation in rat brain and also induce the activation of p389,
which indicates that this kinase may be involved in Tau phosphorylation (Yin et
al. 2006). On the other hand, it has been shown using phosphospecific antibodies
that p38MAPKSs phosphorylate Tau on residues phosphorylated in a Tau obtained
from patients suffering Alzheimer’s disease (Goedert et al. 1997b; Feijoo et al.
2005). All these evidences indicate that pP38MAPKSs can regulate Tau hyperphos-
phorilation in neurodegenerative disease and could be potentially good therapeutic
targets for those diseases.
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More evidences suggesting a possible role of p38y and/or p385 in citoskeleton
remodelling come from the role of some of their upstream activators, Rho-A and
PARP-A, have controlling this process (Nishigaki et al. 2003; Singh et al. 2003).

4 More alternative p38MAPK pathways?

In addition to four p38MAPK isoforms, there are some alternative spliced variants
of p38a, which regulation, biological functions, and whether or not these differ
from the described for p38a, remain to be elucidated. Thus, four alternatively
spliced forms of p38a have been described: p38a, CSAID-binding protein 1
(CSBP1), Max-interacting protein 2 (Mxi2), and Exon skip (Exip) (Han et al.
1994; Lee et al. 1994; Zervos et al. 1995; Sudo et al. 2002). p38a is the major
splice variant, it is also known as a stress activated protein kinase-2a (SAPK2a)
(Cohen 1997) and was identified also as a polypeptide receptor for a class of
pyridinyl imidazole anti-inflammatory drugs, called cytokine-suppressive anti-
inflammatory drugs (CSAIDs), with SB203580 being the most extensively studied
compound (Lee et al. 1994). p38a was also named CSBP2 from CSAID-binding
protein 2. CSBP1 was identified in the human monocytic cell line THP.1 as a
polypeptide that differs from p38a only in an internal 25-amino acid sequence
(Lee et al. 1994), whereas in Exip, the absence of exons 10, 11, and 112 results in
the shift of the reading frame at the exon 9—12 junction to produce a unique 53-
amino-acid C-terminus. Exip overexpression can induce an early onset of apop-
tosis in Hela cells (Sudo et al. 2002), and it has been reported that participates in
interleukin-1 (IL-1) receptor-proximal complex and in downregulation of the NF-
kappaB pathway (Yagasaki et al. 2004). The alternative splicing variant Mxi2 was
identified in Hela cells and is abundantly expressed in kidney (Zervos et al. 1995;
Faccio et al. 2000). Mxi2 lacks the last 80 residues of p38a, most of the kinase
domain XI, and has a distinct C-terminal sequence of 17 amino acids (Zervos et al.
1995). Mxi2 is not activated in response to stress stimuli or in the presence of
MKK3/MKKS6, as judged using ATF2 as a substrate, but deletion of the unique C-
terminal amino acid generates an active kinase (Faccio et al. 2000). Conversely,
Mxi2 interacts with ERK1/2 sustaining ERK phosphorylation levels, therefore,
prolonging its signal (Sanz-Moreno et al. 2003). It is likely that the C-terminus of
Mzxi2 has a role in mediating other protein-protein interactions since it is reported
to bind to the serine protease Omi (Faccio et al. 2000). Mxi2 also interacts with
and phosphorylates the c-Myc partner protein Max (Zervos et al. 1995).

5 Concluding remarks

Studies carried out during the last few years tried to answer the question of why a
variety of p38MAPK isoforms and alternative splice variants are needed in mam-
malian cells. It should be noted that most of the studies to date have focused on
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the role of the p38a isoform, which is widely referred as p38 in the literature.
However, there are three other alternative p38 isoforms (p38f, p38y, and p380)
whose roles among the cellular functions and the implication in some of the patho-
logical conditions described here have not been precisely defined so far. One im-
portant question that remains to be answered is whether these p38MAPK isoforms
are differentially activated by certain stimuli to mediate specific signals. For ex-
ample, in the implication of p38MAPK in cancer, some isoforms may play a pro-
oncogenic role whereas other p38 isoforms act as tumour suppressors, although,
not much evidence exist so far. It is important to notice that the cell culture and
overexpression studies outlined here require verification using in vivo models, in-
cluding the generation of mice with tissue-specific inactivation of the individual
p38MAPK family members. These mice, in combination with both, the use of
siRNA techniques and new kinase inhibitors, such as the compound BIRB0796,
should provide powerful biological models and tools to address the specific roles
of each p38MAPK isoform.
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The regulation of stress-activated MAP kinase
signalling by protein phosphatases

Stephen M. Keyse

Abstract

The regulated dephosphorylation of mitogen-activated protein kinases (MAPKSs) is
a key determinant of the biological outcome of signalling. Because MAPKSs re-
quire phosphorylation on both threonine and tyrosine residues for activation, they
are potential substrates for all three major classes of protein phosphatase. These
include serine/threonine phosphatases, protein tyrosine phosphatases (PTPs) and a
dedicated subfamily of dual-specificity thr/tyr MAPK phosphatases (MKPs). This
review summarises genetic and biochemical studies in model organisms including
yeasts, Drosophila, and C. elegans, which have provided evidence for a complex
interplay between upstream activators and these enzymes in regulating stress re-
sponsive MAPK pathways. Such studies have provided important insights into the
regulation of the stress-responsive JNK and p38 MAPK pathways in mammals,
where genetic experiments are beginning to reveal important roles for dual-
specificity MKPs in regulating diverse physiological endpoints. These include re-
sistance to environmental stress, immune function, and metabolic homeostasis.

1 Introduction

Mitogen-activated protein kinase (MAPK) signalling pathways are conserved
from yeast to man and regulate numerous physiological processes including pro-
liferation, differentiation, development, immune function, stress responses, and
apoptosis (Chang and Karin 2001; Pearson et al. 2001; Johnson and Lapadat 2002;
Wada and Penninger 2004; Qi and Elion 2005). Prominent amongst these path-
ways are MAPK isoforms, which respond to various physical and chemical
stresses. In Saccharomyces cerevisisiae these include the high osmolarity glycerol
(Hogl) MAPK which regulates the cellular response to osmotic stress and Mpkl
which regulates cell integrity (Qi and Elion 2005). In mammalian cells there are
two major stress-responsive MAPK pathways. Firstly, the c-Jun amino-terminal
kinases (JNKs 1-3) that regulate responses to radiation and chemical stress and
mediate inflammation and apoptosis (Davis 2000). Secondly, the p38 MAPKs
(a,3,0, and y), which are most similar to the Hogl MAPK of budding yeast and
are activated in response to stress and pro-inflammatory cytokines. (Kumar et al.
2003; Schieven 2005).
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MAPK signalling cascades consist of a conserved module in which a MAP
kinase kinase kinase (MKKK or MEKK) phosphorylates and activates a MAP
kinase kinase (MKK or MEK). The latter enzyme is a dual-specificity protein
kinase that activates the MAPK by phosphorylating both threonine and tyrosine
residues within the conserved signature sequence T-X-Y (Marshall 1994). The
component kinases of the MAPK module may interact sequentially to propagate a
signal, but can also be further organised into specific signalling complexes
through interactions with scaffold proteins such as the JNK-interacting proteins
(JIPs) (Garrington and Johnson 1999; Morrison and Davis 2003).

One highly conserved property of MAPK cascades is that biological outcome is
determined by the magnitude and duration of signalling (Marshall 1995; Sabbagh
et al. 2001). This highlights the potential importance of negative regulatory
mechanisms in determining the output of MAPK pathways, a concept reinforced
by mathematical modelling of MAPK signalling behaviour (Asthagiri and Lauf-
fenburger 2001; Bhalla et al. 2002). One major point of control occurs at the level
of the MAPK itself, via the intervention of specific protein phosphatases. As
MAPK activation requires phosphorylation of both a threonine residue and a tyro-
sine residue, dephosphorylation of either can inactivate these enzymes. This can
be achieved by serine-threonine phosphatases, tyrosine-specific phosphatases, or
dual-specificity (Thr/Tyr) phosphatases. With respect to the regulation of stress-
activated MAPK pathways, work in a variety of model systems including yeasts,
drosophila, C. elegans and mammals has demonstrated that all three classes of
protein phosphatase act to regulate these pathways in vivo (Keyse 2000; Saxena
and Mustelin 2000).

2 Regulation of stress-activated MAPKs by protein
phosphatases in S. cerevisiae

A combination of biochemical and genetic studies have revealed considerable
complexity in the regulation of stress-activated MAPK signalling by protein phos-
phatases in S. cerevisiae and these studies may provide important paradigms for
the regulation of their mammalian counterparts. The Hogl MAPK is activated in
response to osmotic stress and mediates an adaptive response by increasing glyc-
erol production and mediating transient inhibition of both protein synthesis and
progression through the cell cycle (O'Rourke et al. 2002). In common with other
MAPK pathways, signalling must be returned to basal levels so that the cell can
then respond to further osmotic challenge. In addition, constitutive activation of
Hogl is lethal. Two tyrosine-specific protein phosphatases Ptp2 and Ptp3 are re-
sponsible for inactivation of Hogl (Fig. 1). Of these, Ptp2, which is a nuclear
phosphatase, is the major regulator of Hogl, with Ptp3 playing a lesser role
(Jacoby et al. 1997; Wurgler-Murphy et al. 1997). Interestingly, in addition to
regulating the activity of Hogl, these two phosphatases also play a role in deter-
mining the subcellular localisation of this MAPK (Mattison and Ota 2000). It was
noted that the nuclear retention of Hogl was impaired in a strain lacking Ptp2,
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Fig. 1. A complex network of protein phosphatases is responsible for the regulation of
stress-activated MAPK signalling in S. cerevisiae. Positive interactions are indicated by ar-
rows, while negative regulation by protein phosphatases is indicated by bars. Different line
weights indicate the relative potency of activities. For details see text.

while in a strain lacking Ptp3, Hogl accumulated in the cell nucleus. This sug-
gested that these two proteins acted as a nuclear anchor and cytoplasmic tether for
Hogl respectively. In agreement with this idea, overexpression of Ptp2 caused nu-
clear sequestration of Hogl while overexpressing Ptp3 caused cytoplasmic reten-
tion of the MAPK.

In addition to these tryrosine-specific phosphatases, three type-2C ser-
ine/threonine phosphatases (PP2C) known as Ptcl, Ptc2, and Ptc3 in yeast are also
involved in regulation of Hogl activity (Fig. 1) (Maeda et al. 1994; Warmka et al.
2001; Young et al. 2002). Ptcl suppresses basal Hogl activity and inactivates
Hogl during adaptation to osmotic stress (Warmka et al. 2001), while both Ptc2
and 3 seem to set a maximum limit on the levels of Hogl activity which can be
achieved in response to stress (Young et al. 2002). The mechanism by which
PP2Cs are able to target components of the MAPK pathways is unclear. However
global protein-protein interaction studies in S. cerevisiae using 2-hybrid screening
identified a Nap-1 binding protein (Nbp2) as a binding partner for Ptcl. This
237aa SH3 domain containing protein was then found to bind specifically to Ptcl
and to negatively regulate the Hogl kinase (Mapes and Ota 2004). The Pbs2 pro-
tein kinase acts as a MKK for Hogl and also as a scaffold to assemble Hogl and
upstream activators including the MKKKs Stel1l and Ssk2/22. Nbp2 binds Pbs2
via its SH3 domain, thus acting as an adaptor protein to bring Ptc1 to the scaffold
complex where it exerts its phosphatase activity towards Hogl (Mapes and Ota
2004).

A second stress-responsive MAPK in budding yeast is Mpkl, which acts in a
signalling pathway to maintain cell integrity and can be activated in response to
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heat shock and oxidative stress. Like Hogl, Mpkl is also targeted by the tyrosine-
specific phosphatases Ptp2 and Ptp3, with Ptp2 the major regulator of this MAPK
(Fig. 1) (Mattison et al. 1999). Interestingly, Ptp2 and Ptp3 also target the phero-
mone-responsive Fus3 MAPK which regulates the mating response, but with a re-
ciprocal specificity when compared with their activities towards Hogl and Mpk1
(Zhan et al. 1997; Zhan and Guan 1999). This serves to emphasise the complexity
and potential for cross-regulation of MAPK pathways by protein phosphatases in
Vivo.

In addition to Ptp2 and Ptp3, Mpkl is also regulated by two dual-specificity
protein phosphatases Msg5 and Sdpl (Fig. 1). Msg5 was first identified as a regu-
lator of the Fus3 MAPK, where it acts as part of a negative feedback loop to con-
trol the adaptive response to pheromone (Doi et al. 1994). With respect to Mpkl,
Msg5 appears to be the major phosphatase acting on this MAPK at least in un-
stressed cells (Flandez et al. 2004; Martin et al. 2005). Sdp1, a phosphatase which
is most similar in sequence to Msg5, also has activity towards Mpkl. Sdp! inter-
acts with Mpkl and regulates the activation of this MAPK in response to heat
stress (Collister et al. 2002; Hahn and Thiele 2002). Unlike Msg5, which also
regulates Fus3, the binding of Sdp1 appears to be specific for Mpk! indicating that
this phosphatase is dedicated solely to the regulation of this MAPK pathway. Fi-
nally, the type-2C serine/threonine phosphatase Ptc1 has also been implicated in
regulation of Mpkl1 in the context of inheritance of endoplasmic reticulum (ER).
Both Ptcl and its binding partner Nbp1 are required for the delivery of ER tubules
to the periphery of daughter cells and loss of either protein results in increased
levels of Mpkl phosphorylation (Du et al. 2006). However, it is as yet unclear
how Ptcl is targeted to Mpk1 in this process (Fig. 1).

In conclusion, the complex negative regulatory network of enzymes, which
regulate stress-activated MAPK signalling in budding yeast encompasses mem-
bers of all three major classes of protein phosphatase. Within this network, a sin-
gle MAPK can be regulated by members of all three major classes of protein
phosphatase, as is the case for Mpkl, or like Hogl by a combination of tyrosine-
specific and serine/threonine phosphatases. The fact that both Ptp2/Ptp3 and Ptcl
are involved in the regulation of the Hogl and Mpk1 pathway adds the possibility
of signal integration at the level of MAPK dephosphorylation. Finally, Ptp2 is
regulated at the transcriptional level by activation of both Hogl and Mpk1 indicat-
ing that it functions as part of a negative feedback control in regulating these
MAPKSs. In contrast, although Sdp1 is inducible in response to activators of the
Mpk]1 pathway, such as heat and oxidative stress, the Sdp1 gene is transcription-
ally regulated downstream of protein kinase A (PKA) (Hahn and Thiele 2002),
thus providing a mechanism of regulated crosstalk between these distinct signal-
ling pathways.
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3 Regulation of JNK and p38 MAPKSs in Drosophila and C.
elegans

3.1 The Drosophila phosphatase puckered plays key roles in
development, stress responses and ageing

The first genetic evidence linking a dual-specificity MKP to the physiological
regulation of a stress activated MAPK in a higher eukaryote came from studies of
the puckered (puc) phosphatase in Drosophila. Basket (bsk), the Drosophila homo-
logue of JNK plays a key role in dorsal closure during embryogenesis. This proc-
ess involves morphological change and migration of lateral epithelial cells, which
eventually cover the dorsal region of the embryo. Mutations in puc affect this
process (Ring and Martinez Arias 1993) and puc was later found to encode a dual-
specificity protein phosphatase with significant homology to DUSP1/MKP-1 a
mammalian dual-specificity MAPK phosphatase (MKP) (Martin-Blanco et al.
1998). Furthermore, puc expression is dependent on the activity of either Bsk or its
upstream activator hemipterous, indicating that, like certain of the phosphatases
which regulate MAPK signalling in yeast, puc functions as part of a negative
feedback loop to regulate JINK activity (Martin-Blanco et al. 1998). Interestingly,
flies which are heterozygous for loss of function mutations in puc and thus display
increased JNK signalling activity are both resistant to oxidative stress and showed
dramatic increases in median and maximum life expectancy (Wang et al. 2003).
More recently it has also been shown that puc is a key regulator of apoptosis in
epithelial cells, where it acts to restrain basal JNK activity. Furthermore, puc also
regulates y-radiation-induced apoptosis where radiation both upregulates JNK ac-
tivity and induces puc expression in a p53 dependent manner (McEwen and Peifer
2005). Overall, this work demonstrates a central role for puckered in regulating
the JNK pathway both during development and also in response to cellular stresses
which affect cell viability and the ageing process and underlines a key role for a
dual-specificity MKP in setting the balance between cell proliferation differentia-
tion and apoptosis.

3.2 The vhp-1 phosphatase plays key roles in regulating stress
responses and immunity in C. elegans

Despite sequence similarity between puckered and mammalian MKPs within its
catalytic domain, this enzyme does not contain an amino-terminal rhodanese- ho-
mology domain and the relationship between puc and mammalian dual-specificity
MKPs remains unclear. However, recent work in C. elegans has now identified
vhp-1, a phosphatase which is most similar to DUSP16/MKP-7, a mammalian
MKP which selectively inactivates the JNK and p38 MAPKSs (Mizuno et al. 2004).
Unlike puc, vhp-1 does possess an N-terminal rhodanese-homology domain and
this also contains a conserved MAPK interaction motif (KIM). Loss of vip-1
function causes larval arrest and this phenotype is suppressed by deletion of the
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Fig. 2. The integration of signalling through the pmk-1 (p38) and kgb-1 (JNK) MAPK
pathways by the dual-specificity MAPK phosphatase vhp-1 in C. elegans. Positive interac-
tions are indicated by arrows, while negative regulation by protein phosphatases is indi-
cated by bars. For details see text.

C. elegans JNK homologue kgb-1. Interestingly, deletion of two other C. elegans
JNK homologues jnk-1 and kgb-2 did not rescue the larval arrest caused by loss of
vhp-1, indicating that this phosphatase is specific for one individual JNK isoform
(Mizuno et al. 2004). Mek-1, the upstream activator of kgb-1, had previously been
implicated in stress responses triggered by exposure to metal ions (Koga et al.
2000). Consistent with a role for vip-1 in regulating the response to heavy metal
stress, loss of vAp-1 partially suppressed the Cu®" sensitive phenotypes of mek-1
and kgb-1 mutants. Furthermore, the latter result suggested that kgb-/ was not the
only MAPK target of vhp-I involved in regulating metal resistance. As
DUSP16/MKP-7 can also inactivate p38 MAPK in mammalian cells, the C. ele-
gans p38 homologue pmk-1 was investigated as a possible target for vip-1. Muta-
tion of pmk-1 caused a modest sensitivity to Cu®" and enhanced the metal sensitiv-
ity of the kgb-1 mutant but, most importantly, it also suppressed the resistance of
the kgb-1,vhp-1 double mutant. Taken together these data suggest that the pmk-1
and kgb-1 MAPK pathways serve mutually redundant roles in the response to
heavy metals and that vip-1 negatively regulates both pathways (Fig. 2) (Mizuno
et al. 2004).

Finally, both p38 and JNK serve evolutionarily conserved roles in mediating
immune function and, in C. elegans, the pmk-1 pathway mediates innate immunity
against bacterial pathogens (Kim et al. 2002). Subsequent work showed that vip-1
also regulates pathogen resistance by inactivating pmk-1. The activity of pmk-1 in
this pathway was mediated by mek-1 the upstream activator of kgb-1(Kim et al.
2004). Thus, the regulation of p38 and JNK pathways in mediating immunity and
stress responses by common components suggests critical roles for mek-1 and vhp-
1 in the integration of diverse signals contributing to pathogen resistance in C.
elegans (Fig. 2). Furthermore, this work suggests a mechanism by which signals
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transduced by distinct MAPK pathways may be subject to physiological integra-
tion at the level of regulation by MKPs.

4 Mammalian MKPs play essential roles in the regulation
of both JNK and p38 MAP kinase signalling

4.1 A subset of mammalian MKPs can regulate stress-activated
MAPK pathways

The dual-specificity MKPs constitute a family of ten proteins which share a com-
mon structure comprising a C-terminal catalytic domain with sequence similarity
to the prototypic dual-specificity protein phosphatase VH-1 of vaccinia virus and
an amino-terminal domain containing two regions of sequence similarity with the
cell cycle regulatory phosphatase Cdc25 (Camps et al. 2000; Keyse 2000; Theo-
dosiou and Ashworth 2002). This latter region has structural homology with the
rhodanese family of sulphotransferases (Bordo and Bork 2002) and also contains a
conserved kinase interaction motif (KIM) which is responsible for MAPK sub-
strate recognition and binding. Of these proteins, six MKPs have been identified
as potential regulators of the stress-activated MAPK pathways in mammalian cells
(Table 1). Three of these, DUSP1/MKP-1, DUSP2/PACI, and DUSP4/MKP-2 are
inducible nuclear phosphatases which are able to interact with and inactivate all
three classes of MAPK, namely ERKs, JNKs, and p38 MAPK, albeit with varying
specificities (Chu et al. 1996). A second group of three MKPs comprising DUSPS,
DUSP10/MKP-5 and DUSP16/MKP-7 are highly specific for the JNK and p38
MAPKSs having little or no activity towards the “classical” Ras/ERK MAPK
pathway (Muda et al. 1996; Tanoue et al. 1999, 2001; Theodosiou et al. 1999;
Masuda et al. 2001).

4.2 DUSP10/MKP-5 plays a key role in adaptive and innate immunity

DUSP10/MKP-5 is the first of three MKPs that specifically target the stress-
activated MAPKSs to be the subject of a mouse knockout experiment (Zhang et al.
2004). DUSP10/MKP-5 is inducible in a mouse macrophage cell line in response
to bacterial lipopolysaccharide (LPS) and also expressed in the T cell compart-
ment suggesting an involvement in immune regulation. Deletion of the murine
DUSP10MKP-5 gene does not cause gross developmental abnormalities, nor is
DUSP10/MKP-5 essential for the development of the immune system. However,
mice lacking DUSP10/MKP-5 exhibit higher JNK (but not p38 MAPK) activity in
both the Thl and Th2 subsets of T helper cells and also in LPS treated macro-
phages, suggesting that DUSP10/MKP-5 might regulate innate or adaptive im-
mune responses.

In support of this, LPS-treated peritoneal macrophages from DUSP10/MKP5™”"
animals produce increased levels of the pro-inflammatory cytokines interleukin-6
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(IL-6) and tumour necrosis factor (TNF) when compared to wild type cells and in-

jection of LPS into DUSP10/MKP-5"" mice leads to increased serum TNF produc-

tion (Zhang et al. 2004). The T-cell priming activity of LPS-treated antigen pre-
senting cells (APC) lacking DUSP10/MKP-5 was also greatly enhanced indicating

that MKP-5 is a negative regulator of innate immunity (Zhang et al. 2004). To ex-

amine the role of DUSP10/MKP-5 in effector T-cell function, CD4 T cells were

differentiated into Th1 and Th2 cells. These cells were found to produce increased
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levels of IFN-y and IL-4 respectively when compared to wild type.
DUSP10/MKP-5" CD8 T-cells also produced more IFN-y and TNF in vitro.
These results indicate that cytokine expression in effector T-cells is also subject to
negative regulation by DUSP10/MKP-5.

Finally, DUSP10/MKP-5 ”~ mice were characterised using in vivo immune and
autoimmune models. Firstly, mice were immunised with myelin oligodendrocyte
glycoprotein (MOG) peptide to induce experimental autoimmune encephalomye-
litis (EAE). DUSP10/MKP-5 7 animals exhibited a reduced incidence and sever-
ity of disease suggesting that MKP-5 plays a crucial role in the generation and/or
expansion of autoreactive T cells in EAE (Zhang et al. 2004). To examine T-cell
mediated immunity to infection, animals were infected with lymphocytic
choriomeningitis virus (LCMV). MKP-5 " mice cleared virus and exhibited little
difference in primary T-cell response when compared with wild type mice. How-
ever, they responded to a second viral challenge by producing markedly elevated
levels of serum TNF and this is probably responsible for the immune-mediated
death of these animals two to four days later. Overall this work demonstrates that
DUSP10/MKP-5 negatively regulates the JNK signalling pathway and serves an
important role as a negative regulator of innate and adaptive immunity. The role of
DUSP10/MKP-5 in regulating p38 MAPK activity is not yet clear nor is the extent
to which this MKP may be involved in regulating mammalian stress responses.
Further study of these knockout mice and cells derived from them will be required
to clarify these issues. In addition, it will be crucial to generate mouse knockouts
for DUSP8 and DUSP16/MKP-7, which also encode MKPs that selectively inac-
tivate the stress-activated MAPKs.

5 Inducible nuclear MKPs play key roles in stress
resistance, immune function, and metabolic homeostasis

The inducible nuclear MKPs constitute a subfamily of four enzymes
DUSP1/MKP-1, DUSP2/PAC-1, DUSP4/MKP-2, and DUSP5/hVH3. Initial stud-
ies of mice lacking DUSP1/MKP-1 failed to uncover any significant phenotype
(Dorfman et al. 1996). However, more extensive and detailed characterisation of
this animal model has now provided compelling evidence for key physiological
roles for DUSP1/MKP-1 in regulating signalling through the ERK, JNK, and p38
MAPK pathways.

5.1 DUSP1/MKP-1 is a key regulator of stress resistance

Mouse embryo fibroblasts (MEFs) obtained from DUSP1/MKP-1 null animals
show increased JNK and p38 activities in response to a range of activating stimuli
when compared to wild type cells (Wu and Bennett 2005). Furthermore, MEFs
lacking DUSP1IMKP-1 display lower growth rates and are more sensitive to ani-
somycin-induced apoptosis when compared with wild type cells. This was the first
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indication that DUSP1/MKP-1 might promote cell survival by attenuating signal-
ling through the stress-activated MAPK pathways (Wu and Bennett 2005). Subse-
quent studies have now demonstrated that MEFs lacking DUSP1/MKP-1 exhibit
elevated JNK and p38 activities when exposed to either hydrogen peroxide or cis-
platin and are more sensitive to killing by these agents (Wang et al. 2006; Zhou et
al. 2006). Interestingly, DUSP1/MKP-1was first identified as a hydrogen peroxide
inducible gene in human skin fibroblasts (Keyse and Emslie 1992) and is also in-
ducible by cisplatin (Sanchez-Perez et al. 2000). This work links induction of
DUSP1/MKP-1 to a protective role against oxidative stress and DNA damaging
agents and suggests that pharmacological inhibition of DUSP1/MKP-1 activity
might be a useful strategy to modify tumour response to cisplatin.

5.2 DUSP1/MKP-1 regulates both immune and metabolic function

Loss of DUSP1/MKP-1 increases the duration of p38 activation in mouse macro-
phages exposed to bacterial lipopolysaccharide (LPS), suggesting that this phos-
phatase might regulate the innate immune response (Zhao et al. 2005). Recent
work has now confirmed such a role as DUSP-1/MKP-1"" mice respond to LPS
challenge by overproducing certain cytokines, including TNFa, IL6, and IL10, are
acutely sensitive to lethal endotoxic shock and also exhibit a marked increase in
both the incidence and severity of autoimmune arthritis following injection of
chicken type-II collagen (Chi et al. 2006; Hammer et al. 2006; Salojin et al. 2006;
Zhao et al. 2006). Thus, DUSP1/MKP-1 controls the levels of both pro-
inflammatory (TNFa) and anti-inflammatory (IL10) cytokines in response to LPS
challenge. The overproduction of TNF in MKP”" macrophages was seen only at
early times after exposure to LPS and was suppressed as production of IL10 in-
creased at later times. This indicates that the regulation of immune responses by
DUSP1/MKP-1 is complex and reflects a dynamic balance between MAPK acti-
vation and the activity of MKP-1 in the temporal regulation of both pro-and anti-
inflammatory mediators during the innate immune response (Chi et al. 2006).

It is interesting to compare the immune defects seen in the DUSP1/MKP-1""
animals with those reported for the DUSP10/MKP-5 knockout (Zhang et al. 2004)
as both phosphatases are able to target the same subset of MAPKs. However, loss
of DUSP10/MKP-5 appears to have a greater effect on signalling through the JINK
pathway while the effects of knocking out DUSP1/MKP-1 in cells of the immune
system are more consistent with increased signalling through the p38 MAPK
pathway (Hammer et al. 2006).

DUSP1/MKP-1 is widely expressed in mouse tissues (Carrasco and Bravo
1993; Kwak et al. 1994), and therefore its function is unlikely to be restricted to
immune regulation. A recent study, again using the DUSP1/MKP™ mice, reveals
that this enzyme also plays a key role in metabolic homeostasis. Increased activa-
tion of JNK and p38 is seen in white adipose tissue (WAT), skeletal muscle and
liver in DUSP1/MKP-1 null mice, while ERK activities are only elevated in WAT
and muscle (Wu et al. 2006). It was noticed that the null animals gained signifi-
cantly less weight than wild type animals following weaning onto a chow diet and
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were also resistant to obesity induced by a high-fat diet. However, despite in-
creased MAPK activities in insulin-responsive tissues, DUSP1/MKP”" mice fed a
high fat diet still developed glucose intolerance and hyperinsulinemia. Thus,
DUSP1/MKP-1 must regulate body mass independently of glucose homeostasis.
This was unexpected as elevated JNK activity has been associated with obesity
and insulin resistance, while mice lacking JNK1 are resistant to diet induced obe-
sity and also exhibit insulin sensitivity.

The reasons for this apparent discrepancy could lie in two key properties of
DUSP1/MKP-1. First, DUSP1/MKP-1 targets all three major MAPK pathways in
insulin responsive tissues and each of these may play an independent role in meta-
bolic regulation. For instance, p38 MAPK can regulate energy expenditure via ac-
tivation of peroxisome proliferator-activated receptor gamma (PPARgamma)
coactivator lalpha (PGC-1lalpha)(Fan et al. 2004), while mice lacking the ERK1
MAPK also display resistance to diet induced obesity coupled with protection
from the development of insulin resistance (Bost et al. 2005). Thus, it is possible
that the phenotype of the DUSP1/MKP-1" mice reflects complex changes in the
activities of all three major classes of MAPK in target tissues rather than just the
hyperactivation of JNK. Second, DUSP1/MKP-1 is a nuclear phosphatase and its
inability to regulate cytosolic pools of MAPKSs such as JNK may underpin some
of the phenotypic changes observed. For instance while nuclear accumulation of
phospho c-Jun is seen in the livers of DUSP1/MKP-1" mice, phosphorylation of
insulin receptor substrate-1 (IRS-1), a cytoplasmic target for JINK, was unchanged
(Wu et al. 2006)

5.3 DUSP2/PAC-1 is a positive regulator of certain inflammatory
responses

DUSP2/PAC-1 was originally identified as a mitogen-inducible MKP of human
T cells and can inactivate ERK1/2 and p38 MAP kinases in vitro and in vivo
(Rohan et al. 1993; Ward et al. 1994; Chu et al. 1996). The DUSP2/PAC-1 gene is
also a transcriptional target of p53 in cells following either growth factor with-
drawal or oxidative stress and is implicated in p53-mediated apoptosis (Yin et al.
2003). The results of deleting the murine DUSP2/PAC-1 gene have only recently
been reported (Jeffrey et al. 2006). Animals lacking DUSP2/PAC-1 have a com-
plex phenotype with respect to the regulation of MAP kinase activities in immune
effector cells and this has revealed an unexpected positive function for
DUSP2/PAC-1 in the induction and maintenance of certain inflammatory re-
sponses.

Micro-array analysis of gene expression in wild type versus DUSP2/PAC-1
null macrophages following LPS stimulation reveals lower levels of pro-
inflammatory mediators and cytokines including IL-6, IL12a, cyclooxygenase-2,
IL-1B, and inflammatory chemokines. Furthermore, this deficit was rescued by re-
expression of wild type but not a catalytically inactive mutant of DUSP2/PAC-
1(Jeffrey et al. 2006). DUSP2/PAC-1 mice were then tested in an autoimmune
(K/BxN serum-induced) model of inflammatory arthritis in which pathology is
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driven by effector leukocytes (mast cells, neutrophils, and macrophages). Wild
type mice injected with arthritogenic K/BxN serum developed inflammatory ar-
thritis within two days and showed eventual joint destruction. However,
DUSP2/PAC-1 null littermates were protected and showed greatly diminished pa-
thology.

Biochemical evidence links DUSP2/PAC-1 to negative regulation of ERK and
p38 but not JNK in vitro and in vivo (Chu et al. 1996). However, both mast cells
and macrophages derived from animals lacking DUSP2/PAC-1 display increased
activation of JNK while ERK and p38 activities are actually reduced when com-
pared to wild type controls (Jeffrey et al. 2006). In addition, pharmacological in-
hibition of JNK activity in these cells led to a significant increase in ERK activity
suggesting the elevated JNK activity in DUSP2/PAC-1 null cells is responsible for
the decrease in ERK activation.

In conclusion, recent knockout experiments have provided contrasting and
complex immune system phenotypes. Loss of DUSP10/MKP-5 and DUSP1/MKP-
1 reveals that these phosphatases are negative regulators of cytokine synthesis and
play essential non-redundant functions in innate and adaptive immunity. In con-
trast, the combination of increased JNK activation and reduced ERK and p38 ac-
tivities seen in DUSP2/PAC-1 null animals translates into a quite different out-
come, with a deficit in cytokine gene expression accompanied by protection from
inflammatory arthritis. These studies demonstrate that MKP function may be
complex and that the ability of these enzymes to differentially modulate multiple
MAP kinase pathways can give rise to quite distinct biological outcomes.

6 Summary

Studies of the functional interactions between stress-activated MAPK pathways
and protein phosphatases in yeasts, Drosophila and C. elegans have revealed im-
portant regulatory principles that extend beyond simple dephosphoryla-
tion/inactivation and are often conserved in mammalian systems. Studies in S.
cerevisiae were the first to invoke the regulation of a single MAPK by more than
one class of protein phosphatase and to suggest that these enzymes could also pro-
vide a mechanism for crosstalk between distinct signalling pathways. In addition,
the concept that protein phosphatases act to determine not only the activity but
also the subcellular localisation of their MAPK substrates was first demonstrated
in S. cerevisiae. In Drosophila, functional studies of the puckered phosphatase re-
inforced the concept that MKPs can participate as components of negative feed-
back loops to control MAPK activity, while the observation that the vip-1 phos-
phatase regulates both JNK and p38 MAPKSs in C. elegans suggested that MKPs
could serve to integrate signalling through multiple MAPK pathways. Recent ge-
netic studies of the regulation of stress-activated MAPK pathways in mice lacking
single MKPs such as DUSP1/MKP-1 and DUSP2/PACI have revealed that these
enzymes control the activities of two or more MAPK pathways in certain tissues
and that the resulting integration of these distinct signalling pathways is crucial to
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the regulation of important physiological endpoints such as immune function and
metabolic control. Certain issues remain to be addressed with respect to these
knockout models. These include the apparent discordance between DUSP2/PACI1
substrate specificity in vitro and in vivo and the changes in individual MAPK ac-
tivities on deletion of this gene. More detailed studies of existing mouse mutants
coupled with the generation of additional single and compound null mice will be
essential in revealing the full extent to which the mammalian MKPs exert regula-
tory control over the physiological outputs of MAPK signalling.
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Transcriptional regulation by the p38 MAPK
signaling pathway in mammalian cells

Eusebio Perdiguero and Pura Mufioz-Cénoves

Abstract

The p38 MAPK signaling pathway plays a key role in numerous physiopathologi-
cal processes, as inferred from the effects of specific pharmacological inhibitors
and of catalytically inactive and constitutively active forms of different pathway
components, both in cell culture and in genetically modified mouse models. The
p38 pathway is clearly involved in coupling extracellular stimuli to the gene tran-
scription machinery in different mammalian cells. Beyond the classical involve-
ment in inflammation and stress responses, p38 MAPK has been shown to control
the growth and differentiation programs of particular cell types. In this review, we
first highlight the characteristics of the p38 pathway components and of the
mammalian transcription machinery. Secondly, we discuss the mechanisms by
which p38 MAPK controls skeletal myocyte, adipocyte, and cardiomyocyte
growth and differentiation, by regulating the sequential activation of ubiquitous
and tissue-specific transcription factors and transcriptional coactivators, including
chromatin-associated activities.

1 Transcription in mammalian cells

Transcription is the primary process that is used by cells to regulate the gene ex-
pression program, the development of organs and tissues, and also for the progres-
sion of abnormal events like tumors and cancer (Levine and Tjian 2003). The con-
trol of transcription in mammalian cells is beautifully and utterly complex and has
not yet been fully unraveled. Transcription initiation requires interactions between
sequence-specific transcription factors and their cognate regulatory sequences on
the promoters of specific genes, as well as remodeling of local chromatin struc-
tures. In addition, chromatin histones are subject to a plethora of different modifi-
cations. All those steps are controlled in time and space by multiple intracellular
signaling pathways which modify the activity of the transcription factors, direct
the function of chromatin remodeling activities and RNA polymerases, and there-
fore control which genes are transcribed, and which are not, along the various
stages of the cell cycle (Orphanides and Reinberg 2002; Levine and Tjian 2003).
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1.1 Regulatory DNA elements

A typical mammalian gene contains a compact core promoter upstream the tran-
scription start site. In general, promoters are selected for expression by the binding
of TATA-binding protein (TBP) to the TATA element and many associated fac-
tors that form generic transcription factor complexes (as TFIID) and promote the
formation of the preinitiation complex that recruits and activates the RNA poly-
merase II. In addition to the core promoter, there are binding sites for proximal
regulatory factors and enhancer sequences. Each enhancer is responsible for a sub-
set of the total gene expression pattern, mediating the expression within a specific
cell type or developmental stage, and contains binding sites for different sequence-
specific transcription factors (Orphanides and Reinberg 2002; Levine and Tjian
2003).

1.2 Chromatin modifying activities

Two main enzymatic activities induce chromatin modifications and regulate ac-
cessibility of promoter binding sites to transcription factors: chromatin modifying
complexes and chromatin remodeling complexes (Narlikar et al. 2002; Kadam and
Emerson 2003). Core histones are acetylated by histone acetyltransferase (HAT)
enzymes, which weaken the histone—-DNA interaction and have been therefore as-
sociated with transcriptional activation. Acetylation, however, is a reversible proc-
ess as deacetylation is regulated by histone deacetylases (HDACs), being gener-
ally associated with transcriptional repression (McKinsey et al. 2002b; Narlikar et
al. 2002). On the other hand, ATP-dependent chromatin remodeling enzymes, like
those of the SWI/SNF complex, loosen DNA-histone contacts and thus facilitate
the movement of the nucleosomes along a particular DNA sequence (Kadam and
Emerson 2003).

1.3 Transcription factors

Transcription factors are proteins responsible for the coordinated expression of
genes through specific binding to gene promoter and enhancer sites (Orphanides
and Reinberg 2002). Their function can be directly or indirectly regulated by pro-
tein phosphorylation and dephosphorylation through different mechanisms: by
controlling the time that transcription factors spend in the nucleus, by targeting
transcription factors or their coregulators for proteolytic degradation, by modulat-
ing protein-protein interactions between transcription factors, coregulators and the
basal transcription complex, and by regulating transcription factor DNA binding
(Whitmarsh and Davis 2000).
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2 The p38 MAPK signaling pathway

2.1 MAPK pathways

The family of mitogen-activated protein kinases (MAPKSs) controls an enormous
number of processes, ranging from gene expression, metabolism, cell prolifera-
tion, division and differentiation, to apoptosis, embryogenesis or synaptic plastic-
ity among others (Pearson et al. 2001; Hazzalin and Mahadevan 2002; Johnson
and Lapadat 2002; Edmunds and Mahadevan 2004; Thomas and Huganir 2004).
MAP kinases are regulated by phosphorylation by upstream kinases, which to-
gether encompass a three-component linear kinase cascade (Pearson et al. 2001;
Johnson and Lapadat 2002). Each of the MAP kinases has at least two cognate
MAP kinase kinases (MKKs or MAP2Ks) and several MAP kinase kinase kinases
(MKKKs or MAP3Ks). Four different MAP kinase pathways have been de-
scribed: extracellular signal-regulated kinases (ERKS), stress-activated protein
kinases (SAPKs) comprising the c-Jun N-terminal (JNK) and p38 MAP kinases,
respectively, and ERKS5/big MAP kinase 1 (BMK1).

2.2 p38 MAPKs

The p38 MAPK pathway was initially described as being preferentially activated
by different types of stress and cytokines. Since then, numerous studies have im-
plicated this pathway in the regulation of a wide spectrum of cellular processes,
including cell cycle arrest, apoptosis, senescence, regulation of RNA splicing, tu-
morigenesis, as well as growth and differentiation of particular cell types such as
adipocytes, cardiomyocytes and myoblasts (reviewed in Han and Molkentin 2000;
Nebreda and Porras 2000; Bulavin and Fornace; Olson and Hallahan 2004;
Schieven 2005; Zarubin and Han 2005; Keren et al. 2006). In mammals, there are
four p38 MAP kinases, p38a, p38p, p38y (SAPK3, ERK®6), and p385 (SAPK4).
p38a is ubiquitously expressed whereas p38p3, p38y, and p38d have a more re-
stricted pattern of expression (Schieven 2005). The identification of physiological
substrates for p38 MAP kinases has been facilitated by the availability of specific
pyridinyl imidazole inhibitors such as SB203580 and SB202190 (which specifi-
cally inhibit p38a and p38f isoforms), and the recently reported inhibitor of the
four p38 isoforms (BIRB0796) (Kuma et al. 2005) (Fig.1) (See Table 1 for knock-
out mice phenotypes).

2.3 Upstream kinases

There are two main MKKs known to activate p38s, MKK3, and MKK6. MKK6
activates all four p38s and MKK3 activates p38a, p38y, and p385. MKK4, an up-

stream kinase of JNK, can also, in some cases, activate p38a and p385 (Nebreda
and Porras 2000; Zarubin and Han 2005). In addition, two MKK-independent



54 Eusebio Perdiguero and Pura Muiioz-Canoves

Table 1. Phenotypes of knockout mice of p38 MAP kinase pathway components

Genes Phenotype References

MKK3 Viable and fertile. Defects in Thl (Luetal. 1999; Wysk et al.
CD4" immune response 1999)

MKK6 Viable and fertile. Defects in thy- (Tanaka et al. 2002; Suzuki
mocyte development et al. 2003)

MKK3/6 Die at midgestation. Defects in (Brancho et al. 2003)

angiogenesis, placental insuffi-
ciency and anemia

p38a Die at midgestation. Defects in (Adams et al. 2000; Allen et
angiogenesis, placental insuffi- al. 2000; Mudgett et al. 2000;
ciency and anemia Tamura et al. 2000)

p38P Viable and fertile. No obvious (Beardmore et al. 2005)
phenotype

p38y Viable and fertile. No obvious (Sabio et al. 2005)
phenotype

p38d Viable and fertile. No obvious (Sabio et al. 2005)
phenotype

p38y/d Viable and fertile. No obvious (Sabio et al. 2005)
phenotype

mechanisms of p38 MAPK activation have been described: (i) p38a autophos-
phorylation mediated by TAB1 (transforming growth factor-p-activated protein
kinase 1 (TAK1)-binding protein) (Ge et al. 2002) and (ii) T-cell receptor (TCR)-
induced atypical phosphorylation of p38a/p38 by ZAP70 which then induces its
autophosphorylation in T cells (Salvador et al. 2005). Several MKKKs participate
in the activation of the p38 cascade, TAK1, ASK1/MAPKKKS5, DLK/MUK/ZPK,
MEKK4, MLK3, and ZAK (Nebreda and Porras 2000; Gallo and Johnson 2002;
Zarubin and Han 2005). Also contributing to p38 activation upstream of MKKs
are the low molecular weight GTP-binding proteins of the Rho family such as
Racl and Cdc42, which can then bind to MEKKI1, MLKI, or p2l-activated
kinases (PAKs), resulting in activation of p38 via MKKKs (Kyriakis and Avruch
2001).

2.4 Downstream substrates

The p38 MAPKSs phosphorylate Ser/Thr residues of their substrates, which include
protein kinases, transcription factors, cell cycle regulators and cytoskeletal pro-
teins among others.

2.4.1 Protein kinases

Multiple protein kinases are known to be phosphorylated by p38a/f, such as
MAPK-activated protein kinase-2 (MK2), MK3 and MKS5/PRAK, MAPK-
integrating kinase (MNK) I and 2, mitogen and stress-activated protein kinase
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Fig. 1. Transcription-associated protein targets of p38 MAPKs in mammalian cells. In
mammals, there are four p38 MAP kinases, p38a, p38f3, p38y, and p383, which are all
phosphorylated and activated by the MAPK kinase MKK6. Another p38 MAPK kinase is
MKK3, which activates p38a., p38y and p385. Once activated, p38 MAPKs phosphorylate
Ser/Thr residues of their substrates, which include transcription-associated proteins (mainly
transcription factors —in black-, and the SWI/SNF chromatin remodeling complex compo-
nent BAF60 —in grey-), as well as protein kinases, which in turn phosphorylate additional
transcription-associated proteins (transcription factors —in black-, and histone H3 and
HMGNI —in grey-). SB203580 and SB202190 are specific inhibitors of the p38a and p38f3
isoforms while BIRB0796 is an inhibitor of the four p38 isoforms.

(MSK) 1 and 2, and casein kinase (CK2) 2 (Kyriakis and Avruch 2001; Zarubin
and Han 2005). p383 phosphorylates eEF2 kinase. After activation, MK2/MK3,
MSK1/2 and MNK1/2 can phosphorylate numerous proteins implicated in tran-
scriptional regulation (Fig. 1) (Roux and Blenis 2004).

2.4.2 Transcription factors

Numerous transcription factors can be directly phosphorylated and activated by
p38 MAP kinases (See Table 2 for details).
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Table 2. Transcription-associated proteins directly regulated by p38 MAP kinases

Factor Regulation Pathway References
MEF2A/  Activation Skeletal and cardiac mus-  (Ornatsky et al. 1999; Yang et
C/D cle differentiation al. 1999; Zhao et al. 1999; Han
Cardiac hypertrophy and Molkentin 2000; Penn et al.
2004)
E47 Activation, Skeletal muscle differen-  (Lluis et al. 2005)
heterodimeri- tiation
zation
MRF4 Repression Skeletal muscle differen-  (Suelves et al. 2004)
tiation
BAF60 Activation Skeletal muscle differen-  (Simone et al. 2004)
tiation
C/EBPB,  Activation Adipocyte differentiation, (Wang and Ron 1996; Engelman
CHOP cellular stress et al. 1998)
NFATc4  Inactivation Downregulation of adi- (Yang et al. 2002)
pocyte differentiation
NFATcl, Activation RANKL? signaling in os-  (Mansky et al. 2002; Matsumoto
MITF teoclast differentiation et al. 2004)
MafA/B,  Activation Lens differentiation (Sii-Felice et al. 2005)
c-Maf
GATA-1  Activation IL-9 expression in mast (Stassen et al. 2006)
cells
C/EBPg Activation Neutrophil differentiation  (Williamson et al. 2005)
PGC-lo.  Activation Metabolism, mitochon- (Puigserver et al. 2001; Fan et
drial biogenesis al. 2004; Akimoto et al. 2005)
Smad3 Activation TGF-f signaling (Furukawa et al. 2003; Wang et
al. 2006)
pS3 Activation UV-induced cellular (Bulavin et al. 1999; Huang et
stress, G2/M checkpoint al. 1999; Pedraza-Alva et al.
2006)
HBP1 Stabilization Gl arrest (Yee et al. 2004)
STAT1/3  Activation IFN-a, IFN-y, IL-2, IL-4,  (Goh et al. 1999; Gollob et al.
/4/6 IL-12, and IL-13 respon- 1999; Pesu et al. 2002; Ram-
ses sauer et al. 2002; Xu et al. 2003)
c-Fos Activation UV response, cellular (Tanos et al. 2005)
stress
NFATp Nuclear ex- Downregulation of cal- (Gomez del Arco et al. 2000)
port cium signaling
ATE2 Activation Cellular stress, insulin re-  (Cuenda and Cohen 1999; Ou-
sistance wens et al. 2002; Shen et al.
2006)
ATF6 Activation ER® stress (Luo and Lee 2002)
Elk1, Activation Cellular stress (Whitmarsh et al. 1997; Yang et
Sap-1, al. 1998; Bebien et al. 2003)
SRF,
CREB
Usf-1 Activation UV response, cellular (Galibert et al. 2001; Corre et al.

stress

2004)

Note: * Receptor activator of NF-kB ligand; ® Endoplasmic reticulum
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2.4.3 Other substrates

p38a has been reported to regulate several cell cycle related proteins, like Cdc25B
and Cdc25C (Bulavin et al. 2001), cyclin D1 (Casanovas et al. 2000), and cyclin
D3 (Casanovas et al. 2004), p21/Cip1l (Kim et al. 2002), and p27/Kipl (Faust et al.
2005), being then implicated in G1 and G2/M arrests (Wang et al. 2000; Bulavin
et al. 2001; Yee et al. 2004) and in contact inhibition (Faust et al. 2005). Other
substrates include cytosolic phospholipase A2 (cPLA2) (Kramer et al. 1996), per-
oxisome proliferator-activated receptor (PPARa) (Barger et al. 2001), phosphory-
lated heat- and acid-stable protein 1 (PHAS-1) (Jiang et al. 1997), Na'/H" ex-
changer isoform-1 (NHE-1) (Khaled et al. 2001), p47phox (El Benna et al. 1996),
TAKI1 binding protein (TAB-1) (Cheung et al. 2003), Stathmin/Op18 (Mizumura
et al. 2006), and keratin 8 (Ku et al. 2002). p38a, p38y, and p38d phosphorylate
the microtubule-associated protein Tau (Buee-Scherrer and Goedert 2002) while
p38P phosphorylates glycogen synthase (Kuma et al. 2004). p38y is able to bind
and phosphorylate PDZ domain-containing proteins like ol-syntrophin
(Hasegawa et al. 1999), synapse-associated protein 90 (SAP90/PSD95) (Sabio et
al. 2004) and synapse-associated protein 97 (SAP97/hDlg) (Sabio et al. 2005). On
the other hand, p38d specifically phosphorylates fibroblast growth factor homolo-
gous factor 2 (FHF2) (Schoorlemmer and Goldfarb 2002) and Stathmin (Parker et
al. 1998).

2.5 Downregulators

Dephosphorylation has been described as the major system to downregulate
MAPK activities. Among the dual-specificity phosphatases specific to the MAPKs
(MAP kinase phosphatases, MKP) (Keyse 2000; Tamura et al. 2002), several
members can efficiently dephosphorylate p38a and p38p; however, p38y and p38d
are resistant to dephosphorylation by all known MKP family members (Tanoue et
al. 2001). In addition, other phosphatases, such as the members of the PP2C fam-
ily, PP2Ca and PP2C8/Wip1, have been shown to dephosphorylate p38a (Tamura
et al. 2002; Yamaguchi et al. 2005).

3 Consequences of p38 MAPK activation on growth and
differentiation of mammalian cells

The genes regulated by p38 MAPK in mammalian cells code for a wide range of
cytokines, extracellular matrix proteins, cell surface receptors, and transcription
factors. Notably, most of the p38 direct phosphorylation substrates are also tran-
scription factors (see Table 2), suggesting the implication of this signaling path-
way in the regulation of mammalian gene transcription. p38-mediated posttrans-
criptional regulation is also an important step contributing to the overall
expression of certain genes, especially of inflammatory cytokines. Beyond its
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classical function in inflammatory and stress responses, p38 regulates the growth
and differentiation-specific gene expression programs of particular cell types. In
this section, we will discuss the functional consequences of ectopic p38 activation
and inhibition in skeletal myogenesis, adipogenesis, and cardiac hypertrophy, as
well as the underlying transcriptional regulatory mechanisms, with a special em-
phasis on the emerging discrepancies on the positive and negative function of p38
signaling in these three cellular processes.

3.1 Skeletal muscle proliferation and differentiation

Skeletal myogenesis is controlled by a family of muscle-specific regulatory factors
(MRFs), including MyoD, Myf5, myogenin, and MRF4, which in concert with
members of the ubiquitous E2A and myocyte enhancer factor 2 (MEF2) families,
activates the differentiation program by inducing transcription of regulatory and
structural muscle-specific genes (Sartorelli and Caretti 2005). Numerous studies
have shown that the p38 MAPK signaling pathway is a critical regulator of skele-
tal muscle differentiation. Treatment with the p38 inhibitor SB203580 prevented
the fusion of myoblasts into myotubes, as well as the induction of muscle-specific
genes (Cuenda and Cohen 1999; Zetser et al. 1999; Li et al. 2000; Wu et al. 2000).
Moreover, myoblasts obtained from p38a. deficient mice showed delayed cell cy-
cle exit and continued proliferation, as well as impaired differentiation and fusion
in vitro, correlating with extended activation of the JNK pathway, upregulation of
cyclin D1 and hyperphosphorylation of pRb (Perdiguero et al. 2007).

3.1.1 Regulation of myogenic transcription factor activity by p38
MAPK

The first potential explanation for the positive effect of p38 in myogenesis arose
from the finding that activation of p38 induced the transcriptional activity of
MEF2 proteins (Han et al. 1997) (Fig. 2). The interactions between MEF2 and
MRFs during muscle differentiation (Black and Olson 1998) raised the possibility
that p38-mediated phosphorylation of MEF2 family members might contribute to
the transcriptional synergy between MyoD and MEF2 (Forcales and Puri 2005;
Keren et al. 2006). In addition, phosphorylation of the obligate MyoD partner E47
by p38 has been shown to have important consequences on muscle gene transcrip-
tion (Lluis et al. 2005). In particular, p38-mediated phosphorylation of E47 at
Ser140 induced MyoD/E47 heterodimer formation, subsequent binding to the
cognate E-box on muscle promoters and activation of muscle-specific gene tran-
scription. Studies using forced dimers of MyoD and/or E47 fusion proteins have
demonstrated that heterodimers may provide an scaffolding that is conformation-
ally preferable than the homodimers for establishing a coactivator bridge between
the proximal E-boxes and the minimal promoter to activate transcription, through
p300 HAT (Dilworth et al. 2004). In this scenario, p38 might be favoring both the
formation of the functional MyoD/E47 transcription factor as well as the subse-
quent interaction with DNA and chromatin-associated proteins.
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Fig. 2. Control of muscle-specific gene expression by p38 MAPK. Early myogenic differ-
entiation: p38 MAPK is activated at the onset of muscle differentiation and phosphorylates
E47, promoting the formation of the functional MyoD/E47 heterodimer and subsequent to
the E-box on muscle differentiation-specific promoters. HATs (p300/PCAF) are recruited
to regulatory regions through association with MyoD/E47. Phosphorylation by p38 also al-
lows targeting of the SWI/SNF chromatin remodeling components (BAF60) to the muscle
promoters as well as increased transcriptional activity of MEF2, which via interaction with
MyoD contributes to the overall induction of muscle-specific gene transcription. Finally,
p38 facilitates the progression of RNA polymerase II, in a MyoD-mediated feed-forward
circuit. Late myogenic differentiation: Since E47 can heterodimerize with MRF4 (whose
expression is induced at late stages of differentiation), it is proposed that p38 phosphoryla-
tion of E47 will promote the formation of the MRF4/E47 heterodimers (as it does with
MyoD/E47), and the subsequent binding to the E-boxes on target genes. MRF4 phosphory-
lation by p38 in its N-terminal transactivating domain leads to an overall reduction of
MRF4-mediated muscle transcription.
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3.1.2 Regulation of chromatin-associated activities by p38 MAPK

An important study by Simone and colleagues showed that SB203580 treatment of
myoblasts prevented the association of MyoD and the ATPase subunits of the
SWI/SNF complex, BRG1 and BRM, to muscle differentiation-specific loci, al-
though neither the acetylation status of histones nor the recruitment of p300 and
PCAF coactivators/acetylaces were affected (Simone et al. 2004). Interestingly,
the SWI/SNF structural subunit BAF60 could be phosphorylated by p38 MAPK in
vitro (Simone et al. 2004), although the functional relevance of this event has yet
to be established. Notably, the inhibition of BRG1/BRM recruitment to muscle
promoters by SB203580 myoblast treatment correlated with reduced levels of ac-
tive RNA polymerase II at muscle differentiation-specific promoters (Simone et
al. 2004) (Fig. 2). Moreover, a muscle gene transcription circuitry initiated by
MyoD in association with MEF2 and RNA polymerase II was facilitated by p38
(Penn et al. 2004). Indeed, the expression of late-activated differentiation genes
could be advanced by precocious activation of p38 and expression of MEF2D,
demonstrating a mechanism for temporally patterning muscle gene expression
through a MyoD-mediated feed-forward circuit involving p38 (Penn et al. 2004).
Taken together, these findings establish a link between differentiation-activated
p38 and recruitment of chromatin-remodeling complexes to transcriptionally ac-
tive loci during skeletal myogenesis, thus extending the function of p38 beyond its
ability to activate gene expression by direct phosphorylation of transcription fac-
tors. Importantly, de Angelis and colleagues, using a MEF2 transgenic reporter
mouse, showed that SB203580 treatment blocked MEF2 activity and differentia-
tion in the somites, while commitment to the myogenic lineage was not affected
(de Angelis et al. 2005), demonstrating the in vivo functionality of
p38a/B activation in myogenic differentiation during early mouse development.

3.1.3 Negative regulation of muscle-specific transcription by p38
MAPK

An unexpected inhibitory function of p38 MAPK at late stages of myogenesis has
been recently reported in two independent studies. One study showed that inhibi-
tion of p38 activity at late stages of myoblast differentiation resulted in increased
expression of certain skeletal muscle genes (Suelves et al. 2004). In particular, p38
phosphorylated in vitro and in vivo Ser31 and Ser42 in the N-terminal transactivat-
ing domain of MRF4, leading to downregulation of its transcriptional activity,
which induced a repressive, but selective, effect on the expression of muscle genes
during terminal differentiation (Suelves et al. 2004) (Fig. 2). Using a different ap-
proach, Weston and colleagues showed that treatment of primary limb mesenchy-
mal cultures, which should differentiate to cartilage, with p38a/p38p inhibitors,
enhanced muscle formation rather than promoting chondrogenesis (Weston et al.
2003). Likewise, the transcriptional activity of MEF2-GAL4 fusion proteins ex-
pressed in primary cultures was also enhanced by treatment with the p38a/p38[3
inhibitors (Weston et al. 2003).
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3.2 Adipocyte differentiation

The peroxisome proliferator-activated  receptors (PPARs) and the
CCAAT/enhancer-binding protein (C/EBP) families of transcription factors are
master regulators of adipocyte differentiation (Rosen and MacDougald 2006). The
C/EBPp and C/EBPS isoforms are rapidly induced upon adipocyte differentiation
and are responsible for activating the late adipogenic regulators C/EBPoa and
PPARY, which together activate the majority of genes expressed in differentiating
adipocytes (Wu et al. 1995; Darlington et al. 1998; Engelman et al. 1998). Inde-
pendent studies have demonstrated a positive role for the p38 MAPK signaling
pathway in the induction of adipogenic differentiation, although recent evidence
has began to challenge this conclusion. p38 activity was shown to increase at the
onset of adipocyte differentiation, induced by adequate hormonal stimulation of
3T3-L1 fibroblasts, decreasing at later differentiation stages. In accordance with it,
SB203580 treatment of 3T3-L1 fibroblasts during only the early stages of differ-
entiation was sufficient to block adipogenesis, as evidenced by the lack of adipo-
cyte-specific genes and a fibroblast-like morphological appearance (Engelman et
al. 1998). Conversely, overexpression of constitutively active MKK6 in fibroblasts
induced extensive p38-dependent adipocyte conversion in the absence of hormo-
nal stimulation (Engelman et al. 1999). However, persistent activation of p38 in
adipocytes led to cell death. Thus, p38 hyperactivation promoted two distinct re-
sponses in the 3T3-L1 model system: adipocyte conversion in fibroblast and cell
death in fully differentiated adipocytes.

3.2.1 Regulation of adipogenic differentiation by posttranslational
modification of transcription factors by p38 MAPK

Subsequent studies tried to provide mechanistic explanations to the early proadi-
pogenic role of p38. C/EBPB, the key initial adipogenic factor, was phosphory-
lated by p38 in vitro and in vivo, in a SB203580-dependent fashion (Engelman et
al. 1998). Moreover, the transcriptional induction of PPARY, a gene whose expres-
sion is induced by C/EBPJ, was impaired in the presence of p38 inhibitors in 3T3-
L1 fibroblasts, and this impairment was attributed to a decreased phosphorylation
and posttranslational activation of C/EBPp.

At variance with the proadipogenic effect of p38, alternative studies showed
that p38 activity was capable of inhibiting adipocyte differentiation through an in-
direct mechanism, involving the dominant-negative regulator of C/EBP, CHOP.
CHOP could be phosphorylated by p38 on Ser78 and Ser81, serving as a link be-
tween p38 and cellular growth and differentiation processes (Wang and Ron
1996). In the context of adipogenesis, while overexpression of CHOP was capable
of blocking adipogenic differentiation of 3T3-L1 cells (Batchvarova et al. 1995), a
p38-nonphosphorylatable form of CHOP was a poor inhibitor of adipogenesis.
Taken together, this suggested that p38 activity could prevent adipocyte differen-
tiation via CHOP posttranslational modification. Interestingly, a similar mecha-
nism has been proposed for the function of the NFATc4 protein in adipocyte dif-
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ferentiation (Ho et al. 1998; Yang et al. 2002). Dephosphorylation of NFATc4
was shown to promote its nuclear localization, thereby increasing PPARY expres-
sion, via two distinct NFAT binding elements in the PPARy2 gene promoter,
which resulted in induction of adipocyte differentiation (Yang et al. 2002). Con-
versely, phosphorylation of NFATc4 at multiple residues, including Ser168 and
Ser170, by p38 kinase promoted NFAT nuclear export and inhibited adipose cell
differentiation of fibroblasts (Yang et al. 2002). More recently, novel evidence for
a negative role of p38 in adipogenesis has been reported using various experimen-
tal models, including embryonic to adult stage cells (Aouadi et al. 2006b). In this
study, pharmacological inhibition of p38 or knockout of the p38a gene increased
adipogenesis in primary embryonic fibroblasts and preadipocytes, as well as in
embryonic stem cell lines, via enhancement of the expression and transcriptional
activity of C/EBPf and PPARy (Aouadi et al. 2006b); importantly, these effects
were blunted by rescue of p38 in p38a-deficient cells, indicating that p38 activity
negatively regulates adipogenesis via inhibition of both adipogenic transcription
factors (Aouadi et al. 2006b). Taken together, the different studies evidence dis-
crepancies on the role of p38 in adipogenesis: p38 inhibition decreased PPARy ac-
tivity in one cellular model, 3T3-L1 cells, and had the opposite effect in primary
cells. Since the referred primary cultures were obtained from mouse embryos to
adults, they likely represent more physiological experimental models than the es-
tablished 3T3-L1 cell line (Aouadi et al. 2006a). These observations strongly sug-
gest that the regulation of PPARy by the p38 pathway involves molecular partners
that are different in 3T3-L1 cells from the other primary cell models. It is tempting
to propose that p38 might be acting on PPARy coactivators involved in adipo-
genesis, such as steroid receptor coactivator, CREB-binding protein, or p300, al-
though no clear evidence exists of their phosphorylation by p38. PPARY corepres-
sors might alternatively be involved in p38 regulation, especially because they
regulate the PPARYy transcriptional activity in adipocytes (Guan et al. 2005).

3.2.2 Regulation of mitochondrial gene expression in brown adipose
tissue by p38 MAPK

PPAR-interacting protein la (PGC-1a) was isolated as a coativator of PPARy and
is considered a master regulator of mitochondrial gene expression, thereby activat-
ing mitochondrial biogenesis and oxidative metabolism (Puigserver et al. 1998;
Wu et al. 1999; Akimoto et al. 2005). Key cellular signals that control ther-
mogenesis, energy and nutrient homeostasis, such as cAMP and cytokine path-
ways, were shown to strongly activate PGC-1a in brown adipose tissue (BAT).
(Puigserver and Spiegelman 2003). Activated PGC-1a was also shown to stimu-
late fiber-type switching in skeletal muscle (see below), and multiple aspects of
the fasting response in liver. Transcription of the uncoupling protein-1 (UCP1)
gene is almost exclusively restricted to BAT where its major function in diet-
induced and in non-shivering thermogenesis depends on the capacity to uncouple
oxidative phosphorylation from ATP generation (Dulloo et al. 2004). Several
physiological stimuli including cold exposure and sympathetic signaling via nore-
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pinephrine and cAMP as well as thyroid hormone regulate UCP1 gene expression
in rodents. The cAMP response of the UPC1 gene is achieved predominantly
through an enhancer region (Kliewer and Willson 1998; Puigserver et al. 2001),
which contains two key elements: a peroxisome proliferator response element
(PPRE) and a cAMP response element (CRE). Importantly, the cAMP-dependent
transcription of the UPC1 gene was shown to be regulated through these two ele-
ments by p38 MAPK in a coordinated manner (Cao et al. 2004). In a first step,
p38 phosphorylates PGC-1a., thereby enhancing its activity as a nuclear coactiva-
tor of gene transcription in coordination with PPARy, which in turn binds to the
PPRE element on the UPC1 promoter. In a second step, p38 directly stimulates
expression of the UPC1 gene through phosphorylation of the transcription factor
ATF2, which binds to a CRE site (Cao et al. 2004). Finally, the PGC-1a gene it-
self also possesses a CRE, serving as a target for positive autoregulation in a p38-
dependent manner (Puigserver and Spiegelman 2003) (Fig. 3). Taken together, a
model for the mechanistic implication of p38 in BAT thermogenesis emerges: by
increasing the overall amount of PGC-1 (via induced transcriptional synthesis and
protein stability, see below), p38 may prime the cell for a persistent increase in
UCP1 expression. Despite the better understanding of the role of p38 in the regu-
lation of the UPC1 and PGC-1a genes in BAT, the detailed sequence of signaling
events downstream of cAMP/PKA which result in p38 activation remains to be
known.

3.2.3 Regulation of PGC-1a coactivator activity by p38 MAPK

How is PGC-la activity regulated by p38 MAPK? Fundamental studies by
Spiegelman’s group demonstrated that p38 was able to phosphorylate PGC-1a in
three residues (Thr262, Ser265, and Thr298) leading to increased protein stability
(Puigserver et al. 2001). Interestingly, these phosphorylations occurred in a region
(aa 170-350) mediating a repressive effect in transcription, which also served for
docking of different transcription factors (Puigserver et al. 1999). Transcription
factor docking on PGC-1o. was shown to cause a conformational change that ac-
celerated the binding of other transcriptional effector proteins into this complex,
including CBP/p300 and SRC-1 (Puigserver and Spiegelman 2003). Further stud-
ies identified the 160 myb binding protein (p160™®") as a repressor of PGC-la.
(Fan et al. 2004). Importantly, the binding and repression of PGC-1a. by p160™®"
could be disrupted by p38 phosphorylation of PGC-1a (Fig. 3). Of note, this re-
pression did not require removal of PGC-1a from chromatin (Fan et al. 2004),
suggesting that p160™®" may be, or engage, a direct transcriptional suppressor.
Overall, p160™®" constitutes a potent negative regulator of PGC-1a. function, pro-
viding a molecular mechanism for the activation of PGC-1a by p38 MAPK.



64 Eusebio Perdiguero and Pura Muiioz-Canoves

Environmental Stimuli

Thermogenic changes, exercise

ca  (MKK) | camp

BHOOT | l

o, V;T?J
jﬁ%ﬁwﬂ&ﬂ&rﬁﬁﬁi' 0

FGC-1 pene

@
DOBDHD

Tx Factor. Pccj"'l Ym?z‘;. CREB) ' —é
-'“.?llr.\;if.}?t’ %) Bl

. Tar.get gene
UPC, slow musde gane...

Fig. 3. p38 MAPK induces a positive autoregulatory loop for the transcriptional coactivator
PGC-1a. p38 activation induced either by exercise (in slow-twitch muscle) or by environ-
mental stimuli such as cold or diet (in brown adipose tissue) can promote PGC-la-
mediated transcription. There are three crucial targets of p38 in the induction of PCG-1a-
mediated transcription. One target is ATF2, which is phosphorylated by p38 and coordi-
nates the transcriptional induction of the PGC-1a gene itself and on the mitochrondrial
genes through their CREs. The second target is the MEF2 transcription factor in muscle,
which once phosphorylated and activated by p38, can directly interact with PGC-1a on the
PGC-1a promoter, resulting in a positive autofeedback regulation of PGC-1a transcription.
The third p38 target is the PGC-1a protein itself. Stimulation of p38 directly phosphory-
lates the PGC-1o. protein, inhibiting the binding of p160™®", which derepresses PGC-1a.
function, resulting in its activation and stabilization (see dashed box). Activation of PGC-
la then drives transcription of target genes, including 1) the PGC-1a gene itself; 2) the
UCP1 gene in BAT, through its association with PPARy bound to the UCP1 promoter; 2)
oxidative slow fiber-type genes in muscle, though its association with MEF2. In brown adi-
pose tissue, B-Adrenergic stimulation triggers activation of a cAMP and PKA signaling
cascade, in addition to p38. PKA phosphorylates CREB transcription factor, which is also
involved in the induction of PGC-1a gene expression. In slow-twitch muscle, besides acti-
vating p38, exercise-induced neuromuscular activity elevates intracellular Ca™, which in
turn results in activation of the calcineurin pathway, which in parallel, can stimulate MEF2
activity and promote PGC-1a transcription.
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3.2.4 Regulation of oxidative metabolism in muscle by p38 MAPK

Similarly to BAT, PGC-1a has the ability to promote mitochondrial biogenesis
and respiration in skeletal muscle. Slow-twitch muscle is composed primarily of
type I fibers that are rich in mitochondria and rely on oxidative metabolism, while
fast-twitch muscle is mainly composed by type 2b highly glycolytic fibers. Inter-
estingly, PGC-1a was found expressed at much higher levels in slow-twitch mus-
cle, suggesting a role for this protein in fiber-type regulation (reviewed in Bassel-
Duby and Olson 2006). This interpretation was supported by muscle-specific
overexpression of PGCla in transgenic mice, which resulted in increased mito-
chondrial biogenesis and slow-twitch fibers (Lin et al. 2002). Interestingly, endur-
ance training exercise has been shown to induce PGC-1oo mRNA and protein ex-
pression in rats and human, at least in part, because of increased transcription
(Pilegaard et al. 2003). Transcriptional analysis revealed that PGC-1a regulates its
own promoter activity in a positive autoregulatory loop, through MEF2 binding,
possibly via a MEF2-PGC-1a direct interaction (Fig. 3) (Michael et al. 2001;
Handschin et al. 2003). Given that both MEF2 and PGC-1a are phosphorylation
substrates of p38, and since p38 activity was found to be induced by endurance
training (Yu et al. 2001), a p38/MEF2/PGC-1a pathway could be proposed under-
lying exercise-stimulated slow-twitch-fiber oxidative metabolism. Recent studies
have further shown that exercise-induced activation of p38 promoted PGC-
la gene transcription in slow-twitch muscle by phosphorylating and activating
ATF2 and MEF2 directly, and by inhibiting repression of PGC-1a function by
p160™PF which in turn exerted a positive autofeedback regulation of PGC-1a
transcription, possibly through interaction with and activation of MEF2 (Akimoto
et al. 2005) (Fig. 3). Taken together, these studies provide evidence linking activa-
tion of the p38 MAPK pathway to brown adipose tissue and muscle adaptation
through its regulatory control of PGC-1a expression and posttranslational activity,
thereby influencing the subsequent mitochondrial and oxidative gene transcription
response.

3.3 Cardiomyocyte hypertrophy

3.3.1 Positive regulation of hypertrophic growth in neonatal
cardiomyocytes by p38 MAPK

The heart is capable of significant cellular adaptation and molecular reprogram-
ming following both physiologic and pathologic stimulation. Postnatal cardio-
myocytes are terminally differentiated cells incapable of cell division, which re-
spond to external stimuli by adaptative growth (hypertrophy) (Chien et al. 1991).
Usually, these adaptations are initiated by stress-responsive signaling pathways,
including that of p38 MAPK. Despite the important research effort in analyzing
the role of p38 signaling in regulating cardiac hypertrophy, conflicting conclu-
sions have been obtained as to whether p38 exerts a positive or negative effect on
this process. The first studies implicating p38 signaling as an effector of the hyper-
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trophic cardiac response were mainly performed in neonatal cardiomyocytes. Syn-
thetic p38 inhibitors or catalytically inactive forms of p38a/p38f were reported to
attenuate agonist-induced cardiomyocyte hypertrophy in vitro (Zechner et al.
1997; Nemoto et al. 1998; Wang et al. 1998; Liang and Gardner 1999; Liang et al.
2000). Conversely, overexpression of activated MKK3 or MKK6 induced hyper-
trophy and atrial natriuretic factor (ANF) expression in cultured neonatal cardio-
myocytes, reinforcing the implication of p38 as a positive transducer of the car-
diomyocyte growth response (Zechner et al. 1997; Nemoto et al. 1998; Wang et al.
1998). Since the MEF2 transcription factor regulates the expression of most car-
diac expressed genes and its transcriptional activity is positively regulated by di-
rect p38 phosphorylation, MEF2 constituted a likely effector of p38 in the cardiac
hypertrophic gene expression response (Han and Molkentin 2000). In agreement
with this, MEF2A and MEF2C, the predominant forms upregulated during cardiac
hypertrophy, were shown to be required for normal postnatal growth of the myo-
cardium (Kolodziejczyk et al. 1999). Taken together, these data strongly sug-
gested that the p38 pathway transduced signals leading to the hypertrophic re-
sponse in cultured neonatal cardiomyocytes.

3.3.2 Negative regulation of hypertrophic growth in mouse cardiac
tissue by p38 MAPK

At variance with the above conclusions, overexpression of either activated MKK3
or MKKG6 by transgenesis in the mouse heart did not induce hypertrophic growth,
suggesting that p38 activation is not causal in the cardiac growth process in vivo
(Liao et al. 2001). In addition, mice expressing catalytically inactive forms of
p38a or p38p specifically in the heart presented a similar cardiac hypertrophic re-
sponse compared to wild type controls (Zhang et al. 2003). Furthermore, trans-
genic mice overexpressing catalytically inactive forms of MKK3, MKK6 and
p38a they all exhibited an importantly enhanced cardiac hypertrophy both at base-
line and following different hypertrophic stimuli (Braz et al. 2003; Liang and
Molkentin 2003). Which is then the mechanism responsible for the enhanced hy-
pertrophy upon inhibition of p38 signaling in the heart? Numerous studies point
towards the transcription factor NFAT as the p38 phosphorylation target and ef-
fector of this response. It is well known that N-terminal phosphorylation of NFAT
transcription factors by p38 hampers their dephosphorylation by the phosphatase
calcineurin and their subsequent nuclear translocation (Gomez del Arco et al.
2000; Porter et al. 2000; Yang et al. 2002). Indeed, mice with cardiac-specific de-
ficiency in NFATc3 presented a reduced ability to hypertrophy in response to ac-
tivated calcineurin and pressure-overload stimulation (Wilkins et al. 2002). In
agreement with the proposed p38-NFAT pathway, transgenic mice overexpressing
catalytically inactive p38a exhibited enhanced NFAT transcriptional activity in
the heart, suggesting that p38 prevents the prohypertrophic-stimulating effect of
NFAT transcription factors in cardiac tissue. This conclusion was further rein-
forced by the reversal of the p38a inhibition-mediated hypertrophic response by
genetic disruption of the calcineurin AP gene (Braz et al. 2003). Taken together,
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Fig. 4. p38 prevents cardiomyocyte growth by antagonizing calcineurin-mediated NFAT
nuclear translocation. p38 phosphorylates NFAT factors, promoting their cytoplasmic se-
questration and/or nuclear export, thus antagonizing the effect of calcineurin-mediated
dephosphorylation, which is activated by calcium signals, for the induction of hypertrophic
response genes in cardiomyocytes.

these results strongly suggest that NFAT proteins are central mediators of the car-
diac hypertrophic response and that alterations in the activity p38 MAPK can
modify the growth response through a mechanism involving enhanced cal-
cineurin-NFAT signaling (Fig. 4) (Wilkins and Molkentin 2004). Interestingly,
several studies have demonstrated that MEF2 transcription factors are also down-
stream targets of calcineurin signaling, although the underlying mechanism has
not been elucidated. Consequently, MEF2 proteins could potentiate the activity of
NFATSs on the promoters of genes involved in the cardiomyocyte hypertrophic re-
sponse (McKinsey et al. 2002a; Czubryt and Olson 2004).

Nevertheless, the involvement of p38 in cardiac hypertrophic growth is still far
from clear. In a recent study using cardiac-specific p38a-deficient mice, pressure
overload induced normal hypertrophic responses in these mice but also cardiac
dysfunction and heart dilatation, indicating that p38 plays a critical role in the car-
diomyocyte survival pathway in response to pressure overload, while hypertrophic
growth is unaffected despite the absence of p38a (Nishida et al. 2004). While part
of the controversy may be ascribed to the inherent differences between the in vitro
and in vivo models used for cardiomyocyte hypertrophy (Liang and Molkentin
2003), differences in hypertrophic stimuli, in the degree of p38 activation or inhi-
bition resulting from the different pharmacological and transgenic strategies, as
well as in the genetic background of the mice used in these studies, could all ac-
count for the referred discrepancies.
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3.3.3 Regulation of cardiomyocyte proliferation by p38 MAPK

In contrast to adult cardiomyocytes, which are terminally differentiated cells,
mammalian cardiomyocytes do proliferate during fetal development. An elegant
recent study using mice with a cardiac-specific deletion of p38a showed induced
proliferation of fetal cardiomyocytes in vitro, correlating with upregulation of
Cdc2, Cdc25B, cyclin D, and cyclin B expression, which are required factors for
cell cycle progression (Engel et al. 2005). More importantly, post-mitotic, differ-
entiated adult cardiomyocytes were capable of proliferation in the absence of
p38a. This study established p38 as a key negative regulator of cardiomyocyte
proliferation, most likely by modulating important cell cycle factors.

A very recent study by Ambrosino and colleagues has demonstrated a house-
keeping function of p38a in embryonic cardiomyocyte proliferation (Ambrosino
et al. 2006). By analyzing the differences in the transcriptome of normally prolif-
erating wild type and p38a knockout immortalized embryonic cardiomyocytes,
many potential components of the myocardium extracellular matrix were found
upregulated in the absence of p38a, such as collagen 1A1 (COL1Al). TEF-1, a
known regulator of heart-specific gene expression, and C/EBPp, were identified as
the two transcription factors whose binding sites were most enriched in the pro-
moters of p38a-regulated genes. In particular, the upregulation of COL1A1 gene
expression in p38a-deficient cardiomyocytes could be related to the binding of the
transcriptional activator TEF-1 and the simultaneous release of the cardiac tran-
scriptional repressor C/EBPp at the COL1A1 loci, respectively (Ambrosino et al.
2006). Thus, the basal level of p38 activity in non-stimulated cardiomyocytes may
be implicated in the inhibition of profibrotic and prohypertrophic pathways, which
are activated upon heart injury and play a key role in the hypertrophic and repair
response (McKinsey and Olson 1999; Ambrosino et al. 2006). These studies fur-
ther indicate that C/EBP and TEF-1 transcription factors are important mediators
of p38 MAPK function in cardiomyocytes.

4 Conclusions and perspectives

The p38 MAP kinase signaling pathway has been implicated in a broad variety of
cellular responses, including inflammation, cell cycle, cell death, senescence, tu-
morigenesis as well as development and cell growth and differentiation. Accord-
ingly, its activity controls the expression of a large number of genes, acting at dif-
ferent steps along the gene expression pathway (i.e. transcription, mRNA stability
and translation). Although new evidence linking p38 to senescence and cancer as
well as cytokine regulation at the posttranscriptional level has shed more light on
p38 function and regulation, its implication as a regulator of transcription factor
activity on the differentiation and growth of specific cell types is still obscure. In-
deed, its predicted positive influence in tissue-specific processes such as cardiac
hypertrophy and adipogenesis has been challenged in the last years. The postu-
lated p38/MEF2 axis acting positively on cardiomyocyte hypertrophy in cell cul-
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ture has not been validated in vivo; indeed, transgenic mice expressing mutant ver-
sion of the p38 pathway components rather support a negative role of p38 in this
process via phosphorylation of the transcription factor NFAT. Similarly, the re-
ported positive influence of p38 on the C/EBP/PPAR adioponenic regulators lead-
ing to adipocyte differentiation needs to be reexamined based on divergent con-
clusions emerging from different studies. Most of the discrepancies could well
arise from the variable levels of p38 inhibition or activation resulting from the dif-
ferent experimental strategies utilized and, even more, from the use of in vitro ver-
sus in vivo models. Furthermore, the nature of the cell culture model (established
cell line versus primary cell) might also influence the final output and subsequent
conclusions. Despite these cautious arguments, both cell culture and transgenic
mouse approaches should be valuable tools to get a better understanding of p38-
mediated cell differentiation processes if uniformly and coordinately used.

At variance with the nebulous picture on the role of p38 in the transcriptional
control of cardiac- and adipogenic-specific genes, findings from last years have
unambiguously demonstrated that p38 plays a fundamental role in skeletal muscle
differentiation, and have shed more light on its underlying mechanisms of action.
Indeed, p38 emerges as a pivotal molecule orchestrating sequential events in the
myogenic transcription pathway, by regulating key myogenic transcription factors
(including MEF2, E47/MyoD and MRF4) as well as chromatin remodeling activi-
ties associated to the muscle differentiation gene program.

When analyzing processes as complex as tissue-specific differentiation and
growth responses, it should be emphasized that the p38 pathway does not operate
in isolation. p38 can be activated by numerous extracellular upstream inputs.
Moreover, the activating intracellular upstream signals can be general (MKK4),
specific (MMK3/6) or MAPKK-independent (TAB1). In addition, an extra level
of divergence occurs downstream of the p38 pathway, and each of the multiple
p38 protein targets can interact with other cellular components, to coordinate di-
verse cellular processes. Moreover, p38 interacts with other MAPK kinases and a
plethora of other signaling pathways. In view of the controversy concerning the
positive or negative influence of p38 on certain cellular growth and differentiation
transcriptional processes, future work should focus on its interaction with the dif-
ferent signaling pathways and downstream transcriptional effectors. In addition,
the relative contribution of the four p38 MAPK family members to cell-specific
differentiation processes remains to be elucidated. Most of the work that demon-
strates the involvement of p38 in distinct cell responses is based on the use of syn-
thetic compounds such as SB203580, which only inhibit the activity of p38a and
p38P, or on the use of constitutively active or catalytically inactive MKK3/MKK6
forms. Whether different p38 isoforms regulate the expression of particular sub-
sets of genes, at different stages of differentiation, and whether they possess in-
ducing or repressing activities, remain to be determined. The identification of new
substrates for the different p38 family members as well as upstream mechanisms
and crosstalk with other signaling pathways will undoubtedly increase our under-
standing of how p38 regulates cell type-specific growth and differentiation.
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Regulation of gene expression in response to
osmostress by the yeast stress-activated protein
kinase Hog1

Eulalia de Nadal and Francesc Posas

Abstract

Exposure of cells to an increase in extracellular osmolarity results in rapid activa-
tion of a highly conserved stress-activated protein kinase (SAPK) pathway, known
in the budding yeast Saccharomyces cerevisiae as the HOG pathway. Activation
of the HOG pathway is essential for the induction of adaptive responses required
for cell survival upon osmostress. Regulation of gene expression is a major adap-
tive response required for cell survival in response to osmostress. The HOG path-
way controls gene expression through several mechanisms, such as direct regula-
tion of transcription factor activities, the recruitment of the RNA Polymerase II at
osmoresponsive promoters and chromatin modification via recruitment of the
Rpd3 histone deacetylase complex. Moreover, recent studies have shown that
SAPKSs can be recruited to the coding regions of osmostress genes acting as a tran-
scriptional elongation factor. This review summarizes the current knowledge on
the regulation of gene expression by the SAPK Hogl and discusses new insights
from yeast that could be relevant to mammals.

1 Introduction

MAP kinase (MAPK) cascades are common signaling modules found in both
higher and lower eukaryotic organisms and are composed of three consecutively
activated tiers of kinases: MAPKKK, MAPKK, and MAPK. Eukaryotic organisms
contain multiple MAPK families organized in discrete cascades. One of these is
the stress-activated protein kinase (SAPK) cascade that plays an essential role for
proper cell adaptation to extracellular stimuli (Kyriakis and Avruch 2001). A pro-
totype of the SAPK family is the yeast Saccharomyces cerevisiae Hogl MAPK,
the homolog of the mammalian p38, which specifically responds to increases in
extracellular osmolarity and is required for cell survival under these conditions.
Several lines of evidence clearly demonstrated a functional preservation of MAP
Kinases and adaptative responses from yeast to mammals (reviewed in Sheikh-
Hamad and Gustin 2004). Thus, new insights from yeast could be relevant to un-
derstand the osmostress response in mammals.
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Adaptation to osmostress requires the accumulation of intracellular osmolytes
such as glycerol to increase the total intracellular solute concentration, thereby
providing osmotic stabilization. The HOG (High Osmolarity Glycerol) pathway is
the signal transduction network necessary to achieve this end. However, os-
mostress not only induces osmolyte accumulation, but also has a great impact on
cellular physiology, such as cytoskeleton reorganization, changes in cell-wall dy-
namics, alteration of ion homeostasis, metabolic adjustments and cell-cycle arrest,
as well as a very notable effect on gene expression (reviewed in Hohmann 2002).
In this review, we focus on the role of Hogl SAPK in the regulation of gene ex-
pression upon osmostress.

2 Regulation of HOG signaling

There are two branches of the HOG pathway that can lead to the phosphorylation
and activation of the MAPKK Pbs2 and its cognate MAPK Hogl (Fig. 1) (Dard
and Peter 2006; de Nadal et al. 2002; Hohmann 2002; Westfall et al. 2004). The
first branch leads to the activation of the Ssk2 and Ssk22 MAPKKKs that sequen-
tially activate Pbs2. This branch involves a “two-component” osmosensor, com-
posed of the Sln1-Ypd-Sskl proteins (Maeda et al. 1994; Posas et al. 1996; Posas
and Saito 1998). The SInl transmembrane protein has intrinsic histidine kinase ac-
tivity and, using a phospho-relay mechanism involving the Ypdl and Sskl pro-
teins, it controls the activity of Ssk1, which in turn interacts with and regulates the
Ssk2 and Ssk22 MAPKKKSs. The second branch involves the transmembrane pro-
tein Shol and possibly the Msb2 protein (a mucin-like protein with a single
transmembrane segment) (Cullen et al. 2004; Maeda et al. 1995; O'Rourke and
Herskowitz 2002), although additional components still need to be identified.
Shol-dependent signaling requires the G-protein Cdc42, the Ste50 protein and the
Ste20 and Cla4 kinases, members of the PAK (p21-activate protein kinase) family
(Dan et al. 2001; Reiser et al. 2000; Posas et al. 1998; Raitt et al. 2000; Truckses
et al. 2006; Winters and Pryciak 2005). When stimulated by osmostress, the Shol
branch activates the Stell MAPKKK and subsequently Pbs2 (Posas and Saito
1997). Although the basic mechanism of Pbs2 activation by the Shol module re-
mains unclear, it has recently been described that Cdc42, Ste50, and Shol act as
adaptor proteins that control the flow of the osmostress signal from Ste20/Cla4 to
Stell, and then on to Pbs2 (Tatebayashi et al. 2006; Zarrinpar et al. 2004).

Hogl is phosphorylated by Pbs2 within seconds of exposing cells to os-
mostress. The magnitude and duration of signaling through SAPKs are critical de-
terminants for Hogl-mediated biological effects and depend on the severity of the
stress. In response to a mild osmotic shock (e.g. 0.4 M NaCl), Hogl phosphoryla-
tion is rapid and very transient. In response to a more severe stress (e.g. 1| M
NaCl), signaling is stronger and clearly more sustained (Hohmann 2002; Klipp et
al. 2005). In addition, the HOG pathway is controlled by specific feedback
mechanisms that downregulate signaling, both under basal conditions and during
adaptation. Two major families of phosphatases interact with and inactivate Hogl:
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Extracellular hyperosmolarity

1
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Fig. 1. Schematic diagram of the yeast HOG pathway. Pbs2 integrates signals from two ma-
jor independent upstream osmosensing mechanisms, which leads to the activation of spe-
cific MAPKKKSs. Under osmostress, activated Pbs2 activates the Hogl MAPK, which in-
duces a set of osmoadaptive response.

the Ser/Thr protein phosphatase type 2C (mainly Ptcl) and the protein tyrosine
phosphatases (Ptp2 and Ptp3) (Jacoby et al. 1997; Warmka et al. 2001; Wurgler-
Murphy et al. 1997). Recent data suggested that the main role of the phosphatases
is to constantly counteract pathway activation to reduce noise instead of providing
a pathway-intrinsic feedback loop. Thus, additional systems apart from phosphata-
ses must exist to account for the downregulation of signaling (Klipp et al. 2005).
Studies using a Hogl-green fluorescent protein (GFP) fusion revealed that un-
der basal conditions the MAPK Hogl cycles between cytoplasmic and nuclear
compartments. When activated, Hogl concentrates in the nucleus from which it is
reexported after adaptation. Hogl translocation occurs very rapidly, is transient
and correlates with its phosphorylation. The duration of Hogl nuclear residence is
modulated by the presence of nuclear targets (Ferrigno et al. 1998; Reiser et al.
1999). Moreover, the protein tyrosine phosphatases Ptp2 and Ptp3 regulate the
MAPK localization by binding Hogl. It has been reported that Ptp2 is a nuclear
tether for Hogl while Ptp3 is a cytoplasmic anchor (Mattison and Ota 2000).
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3 The Hog1 MAPK as a central component of
transcription activation upon osmostress

Once inside the nucleus, Hogl regulates gene expression allowing cells to adapt to
osmostress conditions. Several genome-wide transcription studies revealed that a
large number of genes (7% of the genome approximately) show significant but
transient changes in their expression levels after an osmotic shock (Causton et al.
2001; Gasch et al. 2000; Posas et al. 2000; Rep et al. 2000). These osmostress-
regulated genes are implicated mainly in carbohydrate metabolism, general stress
protection, protein production and signal transduction (reviewed in Hohmann
2002). Significantly, the transcriptional induction of the majority of genes that
strongly respond to osmostress (approximately 75%) is highly or fully dependent
on the presence of the MAPK, indicating that the HOG pathway plays a key role
in global gene regulation under osmostress conditions.

It has been described that initial exposure of cells to osmostress causes nonspe-
cific dissociation of many proteins from chromatin. Indeed, as an immediate re-
sponse to osmostress, Hogl reconstitutes the transcriptional capacity of the cell by
modulating the ionic balance inside the cell via the control of both a Na™-H" anti-
porter (Nhal) and a potassium channel (Tokl). Thus, it is proposed that Hogl-
stimulated Na" efflux allows DNA binding proteins to reassociate with DNA as a
short-term response (Proft and Struhl 2004).

There is no unique mechanism by which Hogl modulates gene expression.
Once in the nucleus, Hogl directly phosphorylates and modifies the transcrip-
tional properties of several DNA binding proteins. However, the finding that Hog1
itself associates with chromatin has added a new and exciting dimension to gene
regulation by signaling kinases. Next, we will discuss in detail each of the distinct
proposed mechanisms by which the MAPK Hogl modulates gene expression dur-
ing osmostress signaling.

4 Transcriptional regulators downstream of the HOG
pathway

At least five transcription factors have been reported to be controlled by the Hogl
MAPK: the bZIP protein Skol/Acrl, the MADS box protein Smpl, the Hotl pro-
tein and the redundant zinc finger proteins Msn2 and Msn4. These factors are un-
related, and the mechanisms by which Hogl regulates their function may differ
from one to another. Global gene expression analyses carried out to dissect the
specific roles of these transcription factors have revealed that each one of them
can account for only a small subset of the osmostress inducible genes. Actually,
additional transcription factors probably remain to be described for the regulation
of gene expression upon stress by Hogl.
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4.1 The bZIP protein Sko1

Skol, also known as Acrl, is a protein belonging to the ATF/CREB family of
APl-related transcription factors that contains a leucine zipper for dimerization
and an adjacent basic transcription activation domain (Nehlin et al. 1992; Vincent
and Struhl 1992). The analysis of the ENA/ promoter, which encodes a plasma
membrane Na-export pump, showed that regulation by the HOG pathway was
mediated through a cyclic AMP response element (CRE)-like sequence that was
bound by the bZIP transcriptional factor Skol protein (Proft and Serrano 1999).
The significant role of Skol in mediating Hogl-dependent response was con-
firmed by other studies, which identified upstream CRE sequences in the GRE?2
and HALI genes (Marquez et al. 1998; Rep et al. 2001). Actually, by combining
chromatin immunoprecipitation (ChIP) and microarrays analyses, it has been es-
timated that yeast cells contain approximately forty Skol target promoters (Proft
et al. 2005).

Genetic data indicated that Skol represses stress gene expression from CRE
sites by recruiting the general corepressor complex Ssn6-Tupl to target promoters.
Moreover, Skol physically interacts with Tupl (Pascual-Ahuir et al. 2001). Induc-
tion of Skol dependent osmo-regulated genes involves the release of repression,
and this process is completely dependent on the HOG pathway (Garcia-Gimeno
and Struhl 2000; Proft and Serrano 1999). In vivo coprecipitation and phosphory-
lation studies showed that Skol and Hogl interact and that Sko1 is phosphorylated
upon osmostress by the MAPK (Proft et al. 2001). Hence, the role of Skol in
regulation of gene expression upon stress goes further than recruiting Ssn6-Tupl
to repressed promoters. Indeed, Hogl dependent phosphorylation switches Skol
from a repressor into an activator. During osmostress, Tupl remains bound to tar-
get promoters together with Skol. Phosphorylation of Skol by Hogl modifies its
association with Tup1-Ssn6 (Proft et al. 2001) and allows for the recruitment of
the remodeling complexes SAGA and SWI/SNF to osmostress inducible promot-
ers to activate gene expression (Proft and Struhl 2002).

4.2 The MADS box protein Smp1

Smpl is a member of the MEF2C family of transcription factors (Yu et al. 1992)
reported to act downstream of Hogl. It was identified by a genetic screen that iso-
lated genes whose overexpression was able to induce STLI expression (see be-
low). In vivo coprecipitation and phosphorylation studies showed that Smp1 and
Hogl interacted and that Smp1 was directly phosphorylated upon osmostress in a
Hogl-dependent manner. Phosphorylation of Smp1 by the MAPK is important for
its function, since a mutant allele unable to be phosphorylated by the MAPK dis-
played impaired stress gene expression. Furthermore, the same study reported that
Smp1l might play an important role not only in osmostress responses, but also in a
new function for the Hogl MAPK required for cell survival in stationary phase
(de Nadal et al. 2003). In mammals, regulation of MEF2A and MEF2C factors has
been shown to be under the control of the p38 MAPK (Kyriakis and Avruch 2001;
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McKinsey et al. 2002). There is evidence indicating a crucial role for p38 MAPK
signaling via the MEF2 transcriptional regulators during early mammalian somite
development and myotome formation (de Angelis et al. 2005; Berkes and Tapscott
2005).

4.3 The zinc finger proteins Msn2 and Msn4

Several stressful conditions, including osmostress, induce the expression of genes
controlled through the so-called Stress Response Element (STRE) via the tran-
scriptional regulators Msn2 and Msn4 (Martinez-Pastor et al. 1996; Schmitt and
McEntee 1996). Under normal conditions, these transcription factors reside in the
cytosol. However, upon environmental stress or when glucose is suddenly with-
drawn, they are rapidly concentrated to the nucleus. Localization and activity of
Msn2 is controlled by the protein kinase A, the protein kinase Snfl and the protein
phosphatase 1 by modulating the phosphorylation state of several sites in its nu-
clear localization signal (De, V et al. 2005; Gorner et al. 2002; Gorner et al. 1998).
In addition, it has been demonstrated that Msn2 activity is also regulated by deg-
radation (Durchschlag et al. 2004). A more detailed description on the function
and control of these transcription factors can be found in a chapter of this volume
(G. Ammerer).

Global expression analyses have uncovered a remarkable correlation between
MSN2/MSN4 and HOGI-dependent gene expression (Rep et al. 2000). For in-
stance, expression of genes such as CTT/, which encodes cytosolic catalase, or
HSP12, a small heat shock protein, is strongly induced in response to osmotic
stress in a Hogl and Msn2/Msn4 dependent manner. Actually, transcription regu-
lation of these genes is thought to be achieved through controlled recruitment of
Msn2 to respective target promoters (see below).

4.4 The Hot1 transcription factor

Hotl (High-Osmolarity-induced Transcription) is a nuclear transcription factor
that was identified in a two-hybrid screening for proteins interacting with Hogl
(Rep et al. 1999). It was reported that Hotl affects expression of a small subset of
Hogl dependent genes, including GPDI and GPP2, involved in glycerol biosyn-
thesis, and STL1, which encodes a glycerol proton symporter (Ferreira et al. 2005;
Rep et al. 2000).

As revealed by ChIP analyses, Hotl binds to the STL/ promoter only under
osmostress and needs the MAPK Hogl to associate with the chromatin. On the
other hand, binding of Hotl to the GPD/ promoter occurs under all conditions, al-
though the level of the transcription factor at the promoter increases under stress.
It is worth noting that Hotl is necessary for the recruitment of Hogl to Hotl-
responsive genes (Alepuz et al. 2001). However, although the Hotl transcription
factor is phosphorylated by the MAPK, its phosphorylation does not seem to be a
crucial step in transcriptional activation (Alepuz et al. 2003). Thus, in addition to
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the role of Hogl in the direct modification of transcription factor activities, there
must exist other mechanisms by which the MAPK modulates gene expression
upon osmostress (see below).

5 Hog1 is part of the transcription complexes at the
promoters of osmostress genes

One of the most remarkable discoveries about how the MAPK Hogl modulates
gene expression was the fact that during stress induction the Hogl kinase itself
cross-linked with several target promoters such as GPDI, STLI, HSP12, and
CTTI. Thus, while in a more traditional scenario, a MAP kinase would control the
activity of a transcriptional regulator, the appearance of Hogl at target promoters
indicated that Hogl itself might take part in the activation process (Alepuz et al.
2001; Chellappan 2001). The association of Hogl to chromatin depends on its ac-
tivity but not on its nuclear accumulation because the artificial increase of the
amount of nuclear Hogl by adding a nuclear localization signal on the MAPK did
not result in enhanced chromatin association (Alepuz et al. 2001). Actually, re-
cruitment of the MAPK to target promoters is mediated through physical interac-
tion with specific transcription factors that function as anchors to chromatin. For
instance, recruitment of Hogl to the S7TL/ promoter depends on the activator
Hotl, whereas recruitment of the kinase to the CT7! promoter depends on the
transcriptions factors Msn2 and Msn4 (Alepuz et al. 2001). Recent evidence has
shown that binding of Hogl to stress promoters is general but restricted to os-
moresponsive genes (Pascual-Ahuir et al. 2006; Pokholok et al. 2006; Proft et al.
2006) and that other MAP kinases such as Fus3 and Kss1 also are recruited to
chromatin (Pokholok et al. 2006).

Recruitment of the active Hogl MAPK by the Hotl activator is critical for gene
expression. However, phosphorylation of Hotl or Msn2 and Msn4 by the MAPK
seems not to be essential for gene expression. The observation that the kinase ac-
tivity of Hogl is needed for transcriptional activation but that the phosphorylation
of transcription factors is not an absolute requirement indicated that Hogl must
induce activation of gene expression by a mechanism other than phosphorylation
of the activator (Alepuz et al. 2003). In fact, it has been reported that a critical step
to induce gene expression upon stress is the recruitment of the RNA Polymerase 11
complex by Hogl to the promoters. Similar to the MAPK and the transcriptional
regulators, the RNA Polymerase II machinery is recruited to osmoresponsive
genes in response to stress and this association depends on both active Hogl and
the presence of the specific transcription factors. Furthermore, Hogl interacts with
the RNA Polymerase II holoenzyme upon osmostress. The functional relevance of
the interaction of Hogl with RNA Polymerase II has been further exemplified by
the fact that artificial recruitment of Hogl to DNA is able to induce gene expres-
sion upon stress (Alepuz et al. 2003).

The p38 MAPK interacted with the core of the RNA Polymerase II in human
cells (Alepuz et al. 2003). These data suggested that a novel conserved mechanism
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for regulation of gene transcription mediated by stress-activated MAPKSs could ex-
ist among eukaryotic cells. Indeed, during skeletal myogenesis, p38 kinases were
recruited to the chromatin and selectively targeted the SWI-SNF chromatin-
remodeling complex to muscle-regulatory elements (Simone et al. 2004).

6 Regulation of chromatin remodeling by the Hog1 MAPK

The specific chromatin association of Hogl to stress-responsive promoters sug-
gested that the MAPK could be playing a role in chromatin modification (Alepuz
et al. 2001; Chellappan 2001). A genetic screen designed to identify mutations that
render cells osmosensitive at high osmolarity showed that the Rpd3 histone deace-
tylase complex plays an important role in osmostress gene expression (de Nadal et
al. 2004). Rpd3 is a member of a family of five related histone deacetylases in
yeast that also comprises of Hdal, Hosl, Hos2, and Hos3 that has been demon-
strated to regulate the expression of a large number of genes (Bernstein et al.
2000; Sabet et al. 2004). There are two known Rpd3 complexes that share a core
of three subunits including Rpd3, Sin3, and Umel. Whereas the large Rpd3L
complex is recruited to the promoters and functions in transcription initiation, the
small Rpd3S functions together with the histone methyltransferase Set2 in the
elongation process (Carrozza et al. 2005; Keogh et al. 2005). It has been described
that cells lacking genes that encode the Rpd3 histone deacetylase, and other com-
ponents of the large Rpd3L complex, rendered cells osmosensitive and showed
compromised expression of osmostress genes. Actually, microarrays analyses
showed that more than 90% of genes induced in response to stress that are Hogl
dependent have a significant reduction in expression in a RPD3 mutant strain.
Moreover, Hogl interacts physically with Rpd3 and, on stress, targets the deacety-
lase to specific osmostress-responsive gene promoters. Binding of the Rpd3/Sin3
complex to stress-specific promoters is dependent on the presence of Hogl. There-
fore, upon osmostress, Hogl is recruited to osmoresponsive promoters by specific
transcription factors. Hogl binding then facilitates direct recruitment of the Rpd3
deacetylase complex to these promoters, leading to histone deacetylation, entry of
RNA Polymerase II and induction of gene expression (de Nadal et al. 2004).

Although histone deacetylation has been traditionally associated with the re-
pression of gene expression (Robyr et al. 2002), the histone deacetylase Hos2, that
belongs to the same family as Rpd3, was shown to induce transcription of the /INO
and GAL genes (Wang et al. 2002). In response to osmostress, as well as to heat
stress, it seems that the Rpd3 complex functions positively to induce transcription.
Moreover, there are many examples of particular genes in which a decrease in his-
tone acetylation is associated with transcription induction (Bernstein et al. 2000)
(Deckert and Struhl 2001). On the other hand, the role of Rpd3 in osmostress
promoters might not be restricted to altering chromatin structure but might also
provide a unique binding surface or recognition motifs for the recruitment of acti-
vators, as it has been proposed for acetylation and deacetylation in gene expres-
sion (Millar and Grunstein 2006).



Regulation of gene expression by yeast Hogl 89

In addition to Rpd3 complex, two major complexes have been identified as es-
sential for cell viability in high osmolarity conditions: the SAGA and Mediator
complexes. Several observations indicate that whereas Mediator is crucial for
proper gene induction upon both mild and high osmostress conditions, the role of
SAGA at the promoters seems to be dependent on the extent of the osmostress.
This leads to different promoter regulation as a function of the extent of the stim-
uli perceived by the cell (Zapater, Posas, and de Nadal; unpublished data). There-
fore, recruitment of chromatin-remodeling/modifying activities such Rpd3 (de
Nadal et al. 2004), SWI/SNF (Proft and Struhl 2002), SAGA, or Mediator (Zapa-
ter, Posas and de Nadal; unpublished data) by Hogl may lead to alteration of local
chromatin structure and/or recruitment of other coactivators, facilitating the addi-
tional role of Hogl in recruitment and activation of the RNA Polymerase II
holoenzyme.

Recent evidence has shown that p38 also modulates gene expression through
remodeling the structure of chromatin (reviewed in (Clayton and Mahadevan,
2003; de Nadal et al. 2002; Edmunds and Mahadevan 2004)). For instance, p38
has been shown to recruit the SWI/SNF complex to transcriptionally activate sev-
eral loci during skeletal myogenesis (Simone et al. 2004). Likewise, p38, through
the downstream mitogen and stress-activated kinase 1/2 (MSK1/2), elicits phos-
phorylation of the high-mobility-group protein HMG-14 at Ser6 and of distinct
pools of histone H3 at Ser10 or Ser28 concomitant with gene induction (Dyson et
al. 2005; Soloaga et al. 2003).

7 Hog1 MAPK and transcription elongation

In addition to its various functions during transcription initiation, Hogl also be-
haves as a transcriptional elongation factor that is selective for genes induced in
osmostress conditions. Elongation factors are defined by their ability to associate
with or affect the activity of the transcriptional elongation complex and they can
affect the elongation rate or processivity of RNA Polymerase II or mRNA matura-
tion (Mason and Struhl 2005); (Sims III et al. 2004). Recently, it has been de-
scribed that Hogl interacted with elongating RNA Polymerase II (phosphorylated
at serine 2 and 5 of the C-terminal domain) as well as with general components of
the transcription elongation complex upon osmostress (Proft et al. 2006). Addi-
tionally, genome-wide location analysis have revealed binding of stress-activated
Hogl to promoters but also to ORF regions of osmoresponsive genes (Pascual-
Ahuir et al. 2006; Pokholok et al. 2006; Proft et al. 2006). Thus, Hogl is both re-
cruited to promoters and coding regions of genes whose expression is induced
upon osmotic shock and selectively travels with elongating RNA Polymerase 11
through stress-responsive genes. Binding of the MAPK to coding regions is inde-
pendent on the promoter bound-specific transcription factors but depends on the
3’UTR region of osmostress genes. However, the mechanism by which the MAPK
is recruited to the 3’regions of osmoresponsive gene remains unknown (Proft et al.
20006).



90 Eulalia de Nadal and Francesc Posas

By uncoupling Hogl-dependent transcription initiation from transcription elon-
gation, it has been demonstrated that Hogl at coding regions is essential for proper
accumulation of stress-responsive mRNAs. Furthermore, Hogl is important for
increased association of RNA Polymerase II and elongation factors at coding re-
gions, strongly suggesting that it directly affects the process of RNA Polymerase
I elongation (Proft et al. 2006). Several lines of evidence have suggested that the
requirement of the MAPK Hogl in elongation could be important for the function
of the transcriptional elongation complex at the initial stages of elongation. Simi-
larly to transcription initiation, one candidate for such a function could be the
modification of the nucleosomes occupying the stress-responsive ORF regions
during the initial rounds of transcription. Alternatively, Hogl, perhaps by phos-
phorylation of some unknown substrate, may mediate the correct assembly of
processing activities required for efficient mRNA production in response to stress
(Proft et al. 2006; Edmunds and Mahadevan 2006).

Different studies have highlighted the role for the MAPK in the posttranscrip-
tional control of gene expression. For instance, inhibition of the HOG pathway
leads to destabilization on the ARE-bearing transcript (AU-rich element, present
in 3’UTR transcripts) (Vasudevan and Peltz 2001). Likewise, it has been demon-
strated that Hogl regulates 3’-UTR-mediated translation by modulating recruit-
ment of Pabl and Publ, which can interact with the translation machinery
(Vasudevan et al. 2005). Nevertheless, more detailed studies have to be carried out
to shed some light on the regulation of mRNA stability and the translational proc-
ess upon stress conditions.

8 Conclusions and perspectives

It has become clear that the MAPK Hogl regulates gene expression upon os-
mostress by different mechanisms (Fig. 2). This MAPK not only modifies directly
stress-dependent transcriptional regulators by phosphorylation, but also associates
specifically to stress responsive promoters to recruit the Rpd3 histone deacetylase
complex and the preinitiation transcriptional machinery. Moreover, the role of
Hogl in the regulation of the transcription cycle is not limited to transcription ini-
tiation but rather extents to the process of transcription elongation acting as a se-
lective elongation factor for genes induced by osmostress.

Some key questions regarding the control of gene expression by the MAPK
Hogl still remain to be elucidated. A major issue is the identification of MAPK
targets that are specifically modified to regulate transcription initiation as well as
during elongation or termination. Although the binding proteins required for re-
cruitment of Hog1 at the promoters seem to be identified, at least in part, the iden-
tity of the proteins/mechanisms that define its selectivity during the process of
elongation remain uncharacterized. A second issue that remains open is the identi-
fication of new transcriptional regulators or chromatin remodeling/modifying
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Fig. 2. Activation of the Hogl MAPK has an essential role in transcription regulation of
osmostress genes. In osmostress conditions, Hog1 is activated and concentrates into the nu-
cleus, where it regulates different aspects of the transcription cycle. Hogl modulates tran-
scription initiation by direct regulation of transcription factor activities (A), stimulation of
the recruitment of the RNA Polymerase II at the promoters (B), recruitment of the Rpd3
histone deacetylase complex, and modification of chromatin (C). Furthermore, the MAPK
is recruited to the coding regions of osmostress genes behaving as selective a transcriptional
elongation factor.

factors necessary for a proper transcriptional response upon osmostress. Further-
more, it is also important to characterize the processes regulated by the MAPK
Hogl after the pre-mRNA molecule is already produced; for instance mRNA
maturation, mRNA export or mRNA stability. Last but not least, it is of great in-
terest to study the role of Hogl in the control of mRNA translation in response to
stress.
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Regulation of tumorigenesis by p38a MAP kinase

Ignacio Dolado and Angel R. Nebreda

Abstract

p38a is a stress-activated protein kinase that can suppress tumor formation by
negatively regulating cell cycle progression or by inducing apoptosis. More re-
cently, the ability of p38a to induce cell differentiation has also been connected to
tumor suppression. Accordingly, several proteins that can potentially downregu-
late the activity of p38a have been found overexpressed in human tumors and
cancer cell lines. However, p38a can impinge on cancer progression by modulat-
ing other cellular responses, in addition to proliferation and differentiation, such as
cell migration as well as the processes of invasion and inflammation. This could
explain why, in some cancer types, p38a activation has been correlated with ma-
lignancy and poor prognosis rather than with tumor suppression. Here, we will re-
view the evidence connecting p38a to distinct cancer traits and will discuss the
mechanisms that may account for the oncogenic and tumor suppressor roles of
p38a.

1 Introduction

p38a mitogen-activated protein kinase (MAPK), also known as RK, CSBP, and
SAPK?2a, was originally identified as a 38-kDa protein that mediated the inflam-
matory effect of several cytokines, as well as the target of anti-inflammatory drugs
and an important regulator of the cellular responses to stress (Freshney et al. 1994;
Han et al. 1994; Lee et al. 1994; Rouse et al. 1994). Three other p38 MAPK fam-
ily members were subsequently identified (p38B, p38y, and p385), with p38p
showing the highest similarity to p38a in terms of substrate specificity and sensi-
tivity to inhibitors (Nebreda and Porras 2000; Ono and Han 2000).

In addition to the p38 MAPK family, three other major MAPK pathways have
been characterized in mammals: the mitogenic extracellular-signal regulated
kinases (ERK1 and ERK?2), the stress-activated c-jun-N-terminal kinases (JNK1,
JNK2, and JNK3), and the ERKS5/BMKI1 cascade. These four MAPK pathways
are structurally related and share some regulatory mechanisms, but have been
shown to play different roles in tumorigenesis. For instance, constitutive activation
of the ERK1/ERK2 pathway is necessary and sufficient for cell transformation
(Cowley et al. 1994; Mansour et al. 1994) and has been detected in many human
tumors (Gollob et al. 2006). Consequently, inhibitors of the ERK1/ERK2 pathway
have been developed for cancer therapeutics (Sebolt-Leopold and Herrera 2004).
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The role of the INK pathway in cancer is less straight forward, as reviewed else-
where (Engelberg 2004; Manning and Davis 2003; Rennefahrt et al. 2005). Essen-
tially, JNKs can have both oncogenic effects, based on their ability to activate the
proto-oncogene c-Jun, and tumor suppressor roles, due to their pro-apoptotic ac-
tivity (Fan and Chambers 2001; Kennedy et al. 2003; Tront et al. 2006). It is there-
fore likely that the overall effect of JINKs in tumor development will depend on
the balance between oncogenic and tumor-suppressive functions, which in turn
may be affected by factors such as signal intensity and JNK isoform cross-talk.
For example, apoptosis induction has been associated only with sustained JNK ac-
tivation (Brozovic et al. 2004; Ventura et al. 2006). Furthermore, whereas JNK2
has been proposed as an oncogene, JNK1 and JNK3 are tumor suppressor candi-
dates (Rennefahrt et al. 2005).

Evidence accumulated over the last years support the function of p38a as a tu-
mor suppressor (Bulavin and Fornace 2004), which seems to be mostly based on
the ability of p38a to negative regulate cell cycle progression as well as to mediate
apoptosis induction. For instance, mouse embryo fibroblasts (MEFs) deficient in
either p38a (Bulavin et al. 2002) or the p38 MAPK activators MKK3 and MKK6
(Brancho et al. 2003) are able to produce higher oncogene-induced tumor burden
in nude mice than their wild type counterparts. In addition, genetic inactivation in
mice of the PPM1D/Wipl phosphatase, which can de-phosphorylate p38 MAPKs,
results in reduced mammary tumorigenesis that correlates with increased p38
MAPK activity levels (Bulavin et al. 2004). p38a can also suppress tumor forma-
tion by inducing terminal differentiation (Puri et al. 2000). In agreement with
these observations, several proteins that can potentially downregulate p38a signal-
ing have been found overexpressed in human tumors and cancer cell lines, includ-
ing the phosphatases PPM1D/Wipl and DUSP26/Mkp8 (Bulavin et al. 2002; Li et
al. 2002; Yu et al. 2006) and the ASK1 inhibitors Gstm1 and Gstm2 (Dolado et al.
2007). Furthermore, some human tumors, such as hepatocellular carcinomas
(Iyoda et al. 2003), have lower p38 MAPK activity levels than the corresponding
non-tumorigenic tissues. While these results are all consistent with a tumor sup-
pressor role of p38a, the picture is more complex if one takes into account the
function of p38a in cell migration as well as in key processes for cancer progres-
sion such as invasion and inflammation. In this review we will discuss the evi-
dence linking p38a to distinct cancer features.

2 Cell cycle regulation

Cell cycle deregulation is considered one of the hallmarks of cancer and is nor-
mally associated with uncontrolled cell proliferation and checkpoint failure. In-
deed, more than half of human cancer cells are thought to have impaired G1
checkpoints (Kawabe 2004). Interestingly, p38a can negatively regulate cell cycle
progression both at the G1/S and the G2/M transitions, and several mechanisms
have been proposed to be involved in each case.
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2.1 Inhibition of the G1/S transition

p38a can induce a G1/S delay in response to stress either at the transcriptional
level, by downregulating cyclin D1 (Lavoie et al. 1996) or by upregulating the cy-
clin-dependent kinase (CDK) inhibitor p16™*** (Bulavin et al. 2004; Wang et al.
2002), or by phosphorylation-mediated mechanisms that trigger the degradation of
D-type cyclins (Casanovas et al. 2000, 2004) and Cdc25A (Goloudina et al. 2003)
or the stabilization of the CDK inhibitor p21“"" (Kim et al. 2002a) and the cyclin
D transcriptional repressor HBP1 (Yee et al. 2004). In addition, p38a can modu-
late the expression and activity of the tumor suppressor p53 both at the transcrip-
tional and posttranslational levels (Bulavin and Fornace 2004), which also con-
tributes to the p38a-mediated G1 cell cycle arrest through the induction of p21¥".
Of note, the upregulation of p21P! expression mediated by p38a, but in a p53-
independent manner, is also essential for H-Ras®'*"-induced cell cycle arrest
(Nicke et al. 2005). Furthermore, the induction of G1 cell cycle arrest under condi-
tions of high cellular density, a process called cell-cell contact inhibition, is also
regulated by p38a and probably involves the CDK inhibitor p27"' (Faust et al.
2005). Noteworthy, the ability of p38a to regulate progression through the G1
phase of the cell cycle has been recently shown to be relevant for both myogenesis
and hematopoiesis in vivo. Thus, in response to the accumulation of reactive oxy-
gen species (ROS), p38a induces the upregulation of the G1 cell cycle inhibitors
p16™* and p19***, which in turn limit the lifespan of hematopoietic stem cells
(Ito et al. 2006). Conversely, p38a-deficient myoblasts are impaired in cell cycle
exit and continuously proliferate in differentiation-promoting conditions, which
may be accounted for by the enhanced activation of JNK/c-Jun in the absence of
p38a (Perdiguero et al. 2007).

2.2 Inhibition of the G2/M transition

p38a has also been associated with G2/M cell cycle arrest or delay induced by a
variety of stresses, including ultraviolet (UV) light, methylating agents, osmotic
shock, and inhibitors of topoisomerase II or histone deacetylases (Mikhailov et al.
2005). At the mechanistic level, MAPK-activated protein kinase 2 (MAPKAP-K2,
lately referred to as MK-2) has been proposed as a key mediator of the p38a-
induced G2/M arrest (Manke et al. 2005; Reinhardt et al. 2007). MK-2 is activated
by p38a phosphorylation and in turn can phosphorylate Cdc25B and Cdc25C,
which induces their binding to 14-3-3 proteins. This prevents Cdc25 from activat-
ing the Cdc2/Cyclin B complex and inhibits mitosis entry. Interestingly, Cdc25B
can be also directly phosphorylated by p38a, independently of MK-2 (Lemaire et
al. 2006), but the contribution of this phosphorylation to the p38a-induced G2/M
arrest needs further investigation. In addition, downregulation of cyclins A and B
expression may also contribute to the G2 cell cycle arrest induced by p38a. in vitro
(Garner et al. 2002) as well as in vivo (Engel et al. 2005). Moreover, recent studies
in mouse thymocytes support an in vivo role for p38a in the pS3-mediated G2/M
arrest in response to DNA breaks (Pedraza-Alva et al. 2006).
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Table 1. p38a. as a mediator of cell cycle arrest

Cell Cell Malig- Inducer Phenotype (mecha- Reference

type®  line nancy” nism)*

FI BJ - Oncogenic H- Irreversible cell cycle  (Wang et al.
Ras, Active arrest (1 p16™<4?) 2002)

MKK3 and
MKK6
MEFs - Ppm1d/Wipl Irreversible cell cycle  (Bulavin et al.
deletion arrest (1 pl6™*and  2004)
p19ARY)
CCL- - Active MKK3 Gl delay (| cyclin (Lavoie et al.
39 D1) ) 1996)
CCL- - Active MEKK3  G1/S arrest (1 p21°P")  (Todd et al.
39 2004)
CCL- - Active MEKK3  G2/M arrest (| cyclins  (Garner et al.
39 A and B1) 2002)
NIH - MKK3, MKK6, G1/S arrest (Molnar et al.
3T3 Cdc42 1997)
NIH - Sodium arsenite  Inhibition of prolif- (Kim et al.
3T3 eration (1 p21°'P" 2002b)
NIH - Active MKK6 Inhibition of prolif- (Chen et al.
3T3 eration 2000)
DFs - UV irradiation G2/M arrest (Cdc25B  (Bulavin et al.
phosphorylation) 2001)
EN Cardio - Active MKK3 Inhibition of prolif- (Engel et al.
myo- eration (] cyclins A2 2005)
cytes and B)
Myobl - Serum with- Cell cycle exit (Perdiguero et
asts drawal (JINK/c-Jun path- al. 2007)
way)
HE Tecells - Active MKK6 Mitotic arrest (1 pS3)  (Pedraza-Alva
et al. 2006)
Granta + Osmotic shock Gl delay (| cyclin (Casanovas et
519 D1) al. 2000)
Daudi + Etoposide G2/M arrest (Cdc25 (Kurosu et al.
phosphorylation) 2005)

EP Ptk1 - Topoisomerase ~ G2/M arrest (Mikhailov et
I and HDACs al. 2004)
inhibitors

mIMC - Osmotic shock G2/M arrest (Dmitrieva et
D3 al. 2002)
HOSE - Oncogenic H- Inhibition of prolif- (Nicke et al.
Ras eration (1 p21°'P" 2005)
RIE-1  + Active MKK6 Inhibition of prolif- (Pruitt et al.
eration (| cyclin D1) 2002)
T24 + Sodium arsenite  Inhibition of prolif- (Chen et al.
Active MKK6 eration 2000)
U208 + UV irradiation G2/M arrest (Cdc25 (Manke et al.
phosphorylation) 2005)
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Cell Cell Malig- Inducer Phenotype (mecha- Reference
type®  line nancy” nism)*
HeLa + UV irradiation G2/M arrest (Cdc25B  (Bulavin et al.
phosphorylation) 2001)
HeLa  + Osmotic shock S phase arrest (Goloudina et
(Cdc25A degradation)  al. 2003)
UM  + Temozolomide G2/M arrest (Cdc25C  (Hirose et al.
G phosphorylation) 2003)

*FI, fibroblast; EN, endothelial; HE, hematopoietic; EP, epithelial
b _, non-transformed; +, transformed/tumorigenic
1, upregulation; |, downregulation

2.3 Stimulation of cell cycle progression

As mentioned above, the ability of p38a to phosphorylate specific proteins is im-
portant for the induction of cell cycle arrest. Intriguingly, it has been recently pro-
posed that p38a positively regulates mitotic progression in HeLa cells in a kinase-
independent fashion (Fan et al. 2005). The relevance of this observation and the
putative mechanism involved remain to be elucidated. However, it should be
noted that the S. cerevisiae p38 MAPK homolog Hogl might regulate transcrip-
tion by a mechanism that does not require its kinase activity (De Nadal et al. 2004;
Proft et al. 2006).

It is conceivable that the function of p38a in cell cycle progression could de-
pend on both the type and the malignant stage of the cell. Accordingly, p38a
stimulates proliferation in transformed chondrosarcoma cells, but not in primary
non-tumorigenic chondrocytes (Halawani et al. 2004; Yosimichi et al. 2001). On
the other hand, p38a activation has no effect in the proliferation of hepatocarci-
noma cells (Aguirre-Ghiso et al. 2004) or E1A/H-Ras®'?"-transformed MEFs, but
inhibits cell cycle progression in primary MEFs (Bulavin et al. 2004).

An extensive review of the literature (Table 1) argues that p38a activation in
fibroblasts, hematopoietic and epithelial cells, either by UV light, osmotic shock,
oncogenic H-Ras or active MKK3 and MKKS6, leads in all cases to cell cycle ar-
rest or delay, which is in agreement with the above mentioned p38a anti-
proliferative roles. Noteworthy, this effect appears to be independent of the trans-
formed phenotype of the cells (Table 1). In contrast, p38a has a positive role in the
proliferation of cytokine-stimulated hematopoietic cells and human breast cancer
cells (Table 2). Thus, p38a implication in both the production of inflammatory cy-
tokines and the signal rely from inflammatory cytokine receptors (see Section 5.1)
may determine its pro-oncogenic activity in cytokine-sensitive neoplasias, such as
hematological malignancies (Platanias 2003), prostate cancer (Ricote et al. 2006),
and melanoma (Recio and Merlino 2002). Perhaps, low levels of active p38a (i.e.
after cytokine stimulation) can stimulate proliferation, in contrast to the strong,
stress-induced p38a activation that mediates cell cycle arrest. On the other hand,
the pro-tumorigenic effect of p38a in human breast cancer (Lee et al. 1999; Neve
et al. 2002) might be accounted for by the participation of p38a-activated tran-
scription factors, such as the cAMP-responsive element binding protein (CREB)
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Table 2. p38a. as an inducer of cell proliferation

Cell Cell Malig-  Inducer Mechanism*® Reference

type”  line nancy”

HE CT6 - IL-2, IL-7 N.D. (Crawley et al. 1997)
BaF3 - GCSF N.D. (Rausch and Mar-

shall 1999)

OCI- + GCSF N.D. (Srinivasa and Doshi
AMLS 2002)
Mo7e + TNF-a N.D. (Liu et al. 2000)
MM.1 + - 1 paracrine IL-6 (Hideshima et al.
S expression (by 2003)

bone marrow
stromal cells)

EP 22Rvl  + Oncostatin- ~ N.D. (Godoy-Tundidor et
M (OSM) al. 2005)
T47D + HeregulinBl 1 cyclins D1 and (Neve et al. 2002)
(HRG) D2
MCF-7 + Estradiol 1 cyclin D1 (Lewis et al. 2005)
Spermine
MCF-7 + pp60"°° 1 cyclin D1 (Lee et al. 1999)

*HE, hematopoietic; EP, epithelial
-, non-transformed; +, transformed/tumorigenic
°N.D., no determined; 1, upregulation

(Sabbah et al. 1999), in the proliferative response triggered by the oestrogen re-
ceptor, which is usually overexpressed in breast cancer cells. Consequently, p38a
has been found over-activated and associated with poor outcome in 20% of pri-
mary human breast carcinomas (Esteva et al. 2004) and has been suggested as an
early marker for mammoplasty screening (Gauthier et al. 2005).

3 Regulation of cell survival and apoptosis

Alterations in cell survival programs are thought to play important roles in cancer.
In fact, whereas the acquisition of invasiveness is regarded as the deadliest charac-
teristic of cancer, the development of drug resistance may account for the failure
of treatment, and ultimately death, of more than 90% of metastatic cancer patients
(Dean et al. 2005). It is therefore not surprising that numerous proteins involved in
the regulation of apoptosis have been found silenced or deregulated in animal can-
cer models and human tumors (Johnstone et al. 2002); hence, providing a molecu-
lar basis for the common clinical occurrence of cancer drug resistance and recur-
rence. In this context, the modulation of p38a activity might be a strategy worth
exploring for sensitizing cancer cells to apoptotic death, which might prove useful
for cancer therapy.
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Transcription of
pro-apoplotic genes

Fig. 1. Pathways potentially involved in the pro-apoptotic effect of p38a. A variety of
apoptotic stimuli can activate p38a and some of the upstream kinases involved in particular
pathways have been identified, such as MEKK1 for UV irradiation (Zhuang et al. 2006) or
MINK (Nicke et al. 2005) and ASK1 (Matsukawa et al. 2004) for oxidative stress. In turn,
p38a activation can induce apoptosis by several mechanisms; see text for details. The
dashed lines indicate mechanisms that are not well characterized.
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Table 3. p38a as a mediator of the apoptotic response

Cell  Cell line Inducer Mechanism” Reference
type*
FI NIH3T3 Cisplatin 1 p53 (Sanchez-Prieto et
al. 2000)
MEFs Serum ERK inhibition, 1 Fasand  (Porras et al. 2004)
withdrawal Bax
MEFs Serum Akt inhibition (Zuluaga et al.
withdrawal 2007)
MEFs Serum Bcl-2 phosphorylation (De Chiara et al.
withdrawal 2006)
EN Cardio- Serum ERK inhibition, 1 Fas and  (Porras et al. 2004)
myocytes withdrawal,  Bax
UV irradia-
tion, Anti-
Fas anti-
body
Cardio- H,0, ERK inhibition (Liu and Hofmann
myocytes 2004)
EA.hy926  Doxorubicin | BCLx (Grethe et al. 2004;
TNF-a |BAD phosphorylation Grethe et al. 20006)
HDMECs  y-irradiation  N.D. (Kumar et al. 2004)
HE Thymo- FasL Cytosol translocation of (Farley et al. 2006)
cytes Bcl-2 and BCLy.
Thymo- Active | Bel-2 (Merritt et al. 2000)
cytes MKK6
S49.1 Glucocorti-  N.D. (Miller et al. 2005)
coids
CEM Glucocorti- 1 Bim (Lu et al. 2006)
coids
Jurkat Cannabi- N.D. (Herrera et al. 2005)
noids (THC)
Jurkat Oxidative N.D. (Chen et al. 2006)
stress
ML-1 Vinblastine ~ N.D. (Stadheim et al.
2001)
U937 Paclitaxel N.D. (Yu etal. 2001)
EP MCF7 UV irradia- 1 p53 (Bulavin et al. 1999)
tion
HepG2 Methyl- 1Tp53 (Kwon et al. 2002)
cholan- Bax phosphorylation (Kim et al. 2006)
threne
Stauro-
sporine,
HzOz
PC12 Arsenite Bim phosphorylation (Cai et al. 2006)
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Cell  Cell line Inducer Mechanism” Reference
type’
H1299, v-irradiation  Bak and Bax conforma- (Choi et al. 2006)
H460 tional activation
HeLa Taxol, No- Bak and Bax conforma- (Deacon et al. 2003)
codazole tional activation
A2780S Cisplatin Bak and Bax conforma- (Yuan et al. 2003)
tional activation
2008 Cisplatin 1 FasL (Mansouri et al.
2003)
SW480 Cisplatin |EGFR pro-survival sig- (Zwang and Yarden
naling 2006)
WM35, mda-7/IL-24 1 GADD proteins (Sarkar et al. 2002)
MeWo
CGNs Anti-Fas an-  Rb inhibition (Hou et al. 2002)
tibody
CRCcells  Serum N.D. (Fassetta et al. 2006)
withdrawal,
substrate de-
tachment
HN4 Deferoxam-  N.D. (Lee et al. 2006)
ine
Ecal09, Cisplatin N.D. (Brozovic et al.
HaCaT, 2004; Coltella et al.
HelLa, 2006; Losa et al.
TOV2IG, 2003; Zhang et al.
OV-90, 2005)
SK-OV-3
MCF7, Paclitaxel N.D. (Bacus et al. 2001;
TOV2IG, Coltella et al. 2006)
OV-90,
SK-OV-3

*FI, fibroblast; EN, endothelial; HE, hematopoietic; EP, epithelial
°N.D., not determined; 1, upregulation; |, downregulation

3.1 Apoptosis induction

p38a mediates apoptosis induction in normal and tumorigenic cell lines following
various stimuli (Table 3), including chemotherapeutic drugs (Olson and Hallahan
2004), death receptor signals (Farley et al. 2006; Grethe and Porn-Ares 2006; Hou
et al. 2002; Porras et al. 2004), UV irradiation (Bulavin et al. 1999), and condi-
tions that mimic the tumor environment such as serum withdrawal and substrate
detachment (Fassetta et al. 2006; Porras et al. 2004). In some cases, apoptotic
stimuli trigger p38a activation via secondary effects such as ROS production or
the induction of DNA damage (Fig. 1). In particular, the ability of p38a to sense
oncogene-induced ROS and to induce apoptosis is likely to play a key role in the
suppression of tumor initiation (Dolado et al. 2007).
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Several mechanisms have been proposed to underlie the induction of apoptosis
by p38a (Fig. 1), including the phosphorylation-dependent inactivation of the pro-
survival proteins Bcl-2 and Bcly;, as well as the activation of the pro-apoptotic
proteins BAD, Bim, Bax, and Bak. BAD activation may be triggered by the
PP2A-mediated inhibition of ERK1/ERK2 and Akt, three kinases that can phos-
phorylate and directly inhibit BAD function (Table 3). In addition, de novo tran-
scription of pro-apoptotic genes such as Fas, Bax, and Apaf-1 by the transcription
factors p53, E2F1, or STAT3 can mediate the regulation of both the extrinsic and
intrinsic apoptotic pathways by p38a (Bulavin et al. 1999; Hou et al. 2002; Porras
et al. 2004; Sanchez-Prieto et al. 2000). Furthermore, a recent report has found
that p38a may sensitize cells to apoptosis by phosphorylating the epidermal
growth factor receptor (EGFR) and inducing its internalization (Zwang and
Yarden 2006). Studies in mice also support a pro-apoptotic role for p38a in vivo
(Wada and Penninger 2004; Yang et al. 20006).

Whether these different mechanisms operate simultaneously in p38a-induced
apoptosis or their individual contribution is regulated in a context-dependent man-
ner are still open questions. It is noteworthy, however, that whereas p38a has been
shown to promote apoptosis in fibroblasts and endothelial cells through the p38a-
induced and PP2A-dependent inactivation of the ERK1/ERK2 and Akt survival
pathways (Grethe and Porn-Ares 2006; Porras et al. 2004; Zuluaga et al. 2007),
this mechanism might not be operative in tumorigenic cell lines (Li et al. 2003).
Indeed, substrate attachment has been shown to be necessary for the PP2A-
mediated dephosphorylation of Akt in non-transformed cells (Zuluaga et al. 2007),
suggesting that alterations in cell adhesion proteins usually found in cancer cells
(i.e. downregulation of E-cadherin or miss-expression of integrins) may contribute
to impair, at least in part, p38a-mediated pro-apoptotic signaling in tumor cells.

In addition to the malignant state of the cell, the stimulus type may also deter-
mine how p38a induces apoptosis. For instance, the p38a-mediated inhibition of
the ERK1/ERK2 pathway seems to be consistently used for membrane receptor-
induced apoptosis (Grethe and Porn-Ares 2006; Porras et al. 2004), whereas p38a
and p53 have been linked in several cases of DNA damage-induced apoptosis
(Bulavin et al. 2001; Kwon et al. 2002; Sanchez-Prieto et al. 2000). As mentioned
above, p38a can contribute to p53 stabilization and activation by several mecha-
nisms, including direct phosphorylation by p38a (Bulavin and Fornace 2004) as
well as MK-2 mediated inhibition of Hdm-C (Weber et al. 2005). Furthermore, we
have recently identified a new p38a substrate named ZnF-HIT1 or p18"*™" that
contributes to DNA damage-induced apoptosis by stimulating the expression of
pS3-regulated pro-apoptotic genes (Cuadrado et al. 2007).

3.2 Anti-apoptotic roles

In contrast to the well-established pro-apoptotic effects of p38a, several studies
have also described previously unexpected pro-survival roles (Table 4). These
anti-apoptotic effects seem to be mainly related to the inflammatory response
(Kumar et al. 2003; Saklatvala 2004) (see Section 5), as p38a mediates cell
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Table 4. p38a as an inhibitor of apoptosis

Cell line Inducer Mechanism® Reference
Myocytes TNF-a 1 NF-«B/IL-6 (Craig et al. 2000)
Jurkat T - N.D. (Nemoto et al. 1998)
cells
Leukocytes - Caspases-3/8 inactiva- (Alvarado-Kristensson et
tion by phosphorylation al. 2004)
CLLB - 1 MMP-9 (Ringshausen et al. 2004)
cells
CLLB mda-7/IL-24 1 IL-2 (Sainz-Perez et al. 2006)
cells
Thymo- Photodynamic N.D. (Cappellini et al. 2005)
cytes, Jur-  therapy
kat
Macro- Lipopolysaccha- 1 NF-kB-regulated (Park et al. 2002b)
phages ride genes
HeLa, T24  Photodynamic 1 COX-2 (Hendrickx et al. 2003)
therapy
Daudi Etoposide Induction of G2/M arrest  (Kurosu et al. 2005)
U1810 y-irradiation 1 Ku86, 1 Ku-DNA- (Cosaceanu et al. 2006)
NSCLC binding
(increased DNA repair)
PC-12 TNF-a Induction of differentia-  (Park et al. 2002a)
tion
1 NF-xB
MCEF-7 TNF-a (Weldon et al. 2004)

?N.D., not determined;?, upregulation

survival in several cases by inducing anti-apoptotic inflammatory signals, such as
the cytokine interleukin (IL)-6 or the transcriptional regulator nuclear factor kB
(NF-kB) (Table 4). However, independently of its role in inflammation, p38a can
also protect differentiated PC12 tumor cells from apoptosis induced by tumor ne-
crosisfactor (TNF)-a (Park et al. 2002a). Since differentiated, non-proliferative
cells are usually refractory to apoptosis, it is plausible that p38c may sometimes
mediate cell survival by inducing differentiation, for example in neuronal cells
(Mao et al. 1999), and cell cycle arrest. Accordingly, p38a can induce a quiescent
cancer state, known as cancer dormancy, which has been proposed to be important
for the acquisition of drug resistance in cancer (Ranganathan et al. 2006).

p38a has also been involved in the establishment of the G2/M checkpoint in re-
sponse to various cytotoxic agents (see Section 2.2). This cellular response is
aimed at repairing damaged DNA and it is therefore necessary for normal cell
homeostasis, but it may also potentially lead to apoptosis resistance in cancer cells
by antagonizing chemotherapy-induced DNA damage (Kawabe 2004; Reinhardt et
al. 2007). Indeed, one of the hallmarks of cancer cell resistance to apoptosis is en-
hanced DNA-repair activity (Kohno et al. 2005). The involvement of p38a in
DNA-repair signaling suggests that after certain stimuli p38a might, instead of
triggering apoptosis, induce cell cycle arrest and DNA repair, thus, protecting can-
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cer cells from apoptosis. In agreement with this idea, p38a activation has been as-
sociated with apoptosis-protective effects in hematopoietic cancer cells exposed to
DNA-damaging agents such as etoposide (Kurosu et al. 2005) and photodynamic
therapy-induced ROS (Cappellini et al. 2005). Furthermore, p38a mediates cell
survival in U1810 non-small-cell lung cancer cells exposed to y-irradiation by in-
creasing the expression and activity of the DNA-repair proteins Ku86 and Ku70
(Cosaceanu et al. 20006).

In summary, the implication of p38a in DNA repair and cell differentiation (see
Section 4) illustrates how tumor-suppressive mechanisms of normal cells can
sometimes be switched to promote survival in cancer cells.

3.3 Reconciling pro- and anti-apoptotic functions

In the light of the above considerations, the bottom-line question is why the acti-
vation of p38a leads to apoptosis induction in some cases whereas it enhances
survival in others. A popular explanation is that cell type-specific differences may
account in most cases for the variability observed. However, other hypothesis may
be proposed, such as the influence of the signal intensity/duration or the cross-talk
with other signaling pathways.

The biological output of p38a activation might be determined by the inten-
sity/duration of the signal. Hence, high activation of p38a following chemothera-
peutic drugs would normally lead to apoptosis, whereas milder stimuli such as cy-
tokines could result in the expression of anti-apoptotic proteins (i.e. IL-6) and the
subsequent enhancement of cell survival. Indeed, cisplatin is known to require
high and sustained activation of p38a for apoptosis induction, whereas apoptotic
resistance correlates with transient activation of p38a (Brozovic et al. 2004; Losa
et al. 2003; Mansouri et al. 2003). In agreement with this, whereas acute exposure
to cisplatin leads to p38a-mediated apoptosis in a wide range of tumor cell lines
(Table 3), chronic exposure of HeLLa or MCF7 cells to increasing doses of cis-
platin or TNF-q, respectively, leads to the development of p38a-dependent drug
resistance (Brozovic et al. 2004; Weldon et al. 2004). These two antagonistic ef-
fects of p38a on cell survival could be explained by the differential regulation of
p38a target recruitment depending on p38a activity levels, as previously proposed
for other proteins such as p53 (Bensaad and Vousden 2005), MKK6 (Alonso et al.
2000), and ERK (Murphy and Blenis 2006). Thus, low levels of p38a activity may
trigger the expression of pro-survival or differentiation-inducing proteins (Lluis et
al. 2006; Saklatvala 2004), whereas higher p38a levels might additionally induce
pro-apoptotic signaling that, due to its higher intensity or faster induction, could
override the concomitant pro-survival signals. Accordingly, several p38a-
mediated apoptotic mechanisms have been shown to function at the posttransla-
tional level (i.e. Bcl-2/Bcly; inactivation by phosphorylation), arguing in favor of a
faster kinetic of induction than, for example, the translational-dependent regula-
tion of survival cytokines by p38a (Saklatvala 2004).

Another factor that may regulate the biological output of p38a activation could
be the cross-talk with other signaling pathways. For instance, apart from inducing
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p38a activation, cisplatin activates the pro-survival PI3K/Akt pathway in breast
cancer cells, which compensates for the p38a-mediated apoptotic signal
(Winograd-Katz and Levitzki 2006). Akt has also been reported to inhibit the acti-
vation of p38a by MEKK3 and ASKI1 in epithelial and endothelial cells (Gratton
et al. 2001; Yuan et al. 2003), hence providing protection against the pro-apoptotic
activity of p38a. Consequently, the interplay between the p38a and PI3K/Akt
pathways may determine the extent of p38a-mediated apoptosis in response to
chemotherapy treatments. In agreement with this, the chemotherapeutic agent
taxol can activate pro-survival proteins such as NF-kB and p21-activated kinase
(PAK) in parallel to p38a, which also results in a reduced apoptotic effect (Olson
and Hallahan 2004). The JNK pathway, which is activated by most p38a-
activating stimuli due to the sharing of several upstream regulators by both MAPK
pathways (Ichijo 1999), can also sometimes have opposite effects to p38a on
apoptosis-inducing proteins, such as BAD (Tourian et al. 2004). In conclusion, the
activation of p38a may not necessarily always lead to apoptosis induction, due to
the opposing effects of pro-survival pathways that are concomitantly activated by
the same stimuli.

Finally, the relative activity levels of different p38 MAPK family members
may also explain the controversial effect of p38a activation on cell survival. In
particular, p38B has been proposed to have anti-apoptotic effects in various cell
lines (Kaiser et al. 2004; Nemoto et al. 1998; Silva et al. 2006).

4 Regulation of cell differentiation

The first link between cancer and deregulated cell differentiation was the identifi-
cation of embryonic biochemical markers in hepatomas, which led to the sugges-
tion that lack of differentiation might contribute to tumor formation (Potter 1978).
Subsequently, numerous reports have confirmed the link between cancer and cel-
lular de-differentiation. For instance, the ability of several oncogenes to block cell
differentiation has been proposed to mediate their transforming activity, for exam-
ple Notch in breast, pancreatic, and lymphoid cancers (Sjolund et al. 2005) and
Bcer-Abl in lymphoblastic leukemia (Klein et al. 2006). Furthermore, the early ob-
servation that most cells within a tumor are differentiated and weakly tumorigenic,
has lead to the formulation of a recent theory that postulates that a few undifferen-
tiated cancer stem cells within a tumor (i.e. < 1%) are the true initiators and sus-
tainers of cancer (Houghton et al. 2006). This has been supported by the isolation
of cancer cells with stem cell-like properties from several human tumors and can-
cer cell lines (Dean et al. 2005). Consequently, treatments that specifically induce
stem cell differentiation might represent an attractive approach for cancer therapy
(Edsjo et al. 2006).

Along these lines, p38a is emerging as an important regulator of differentiation
in several cell types, including adipocytes, neurons, myocytes, and hematopoietic
cells (Lluis et al. 2006; Nebreda and Porras 2000; Uddin et al. 2004). Indeed, p38a
can orchestrate the cellular differentiation process by multiple mechanisms, such
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as by activating differentiation-inducing transcription factors (i.e. MyoD and
MEF2), by promoting cell cycle exit prior to the onset of differentiation
(Perdiguero et al. 2007) or by targeting chromatin-remodeling enzymes to specific
loci, thereby inducing the transcription of differentiation-specific genes (for fur-
ther details see the chapters by Perdiguero and Mufioz-Canoves and by Crump et
al.). In vivo studies with mice have also recently shown the importance of p38a for
myoblast differentiation (Perdiguero et al. 2007) as well as for maintenance of the
differentiated state in adult cardiomyocytes (Engel et al. 2005), although in both
cases the primary effect of p38a seems to be at the level of the cell cycle arrest re-
quired for differentiation.

Interestingly, forced activation of p38a in human cancer cell lines such as mus-
cle rhabdomyosarcoma (Puri et al. 2000) and renal carcinoma A-498 cells (Finn et
al. 2004) triggers a more differentiated and less transformed phenotype. We have
also recently found that p38o-deficient mice are highly sensitized to K-Ras®'*"-
induced lung tumorigenesis, which is mostly due to the inability of lung epithelial
cells to undergo accurate differentiation in the absence of p38a (Ventura et al.,
submitted). These results provide in vivo evidence for the relevance of the differ-
entiation-inducing activity of p38a for tumor suppression. p38a has also been
shown to induce the in vitro differentiation of embryonic stem cells into cardio-
myocytes (Aouadi et al. 2006; Schmelter et al. 2006), as well as to mediate a pro-
liferation arrest, which was concomitant with the onset of differentiation, in hepa-
tocyte growth factor-treated mesenchymal stem cells (Forte et al. 2006). Whether
p38a might also induce the differentiation of cancer stem cells needs further in-
vestigation.

5 Inflammation

The roles of p38a in the production of pro-inflammatory cytokines and in the sig-
nal rely from cytokine receptors have been intensively studied. This work has led
to the development of several p38a inhibitors currently undergoing clinical trials
for inflammatory diseases (Kumar et al. 2003; O'Neill 2006; Saklatvala 2004).
However, there is some concern that inhibition of p38a to ameliorate chronic in-
flammation might result in a higher predisposition to cancer, given the evidence in
support of p38a as a tumor suppressor (Bulavin and Fornace 2004; Dolado et al.
2007). On the other hand, chronic inflammation is also a potent cancer promoter
(Baniyash 2006; Karin 2006; Philip et al. 2004), which has been linked to en-
hanced cancer cell survival as well as to the induction of DNA damage, angio-
genesis and invasion. Thus, the pro-inflammatory role of p38a may not only con-
tribute to cancer progression but also compromise cancer treatment by increasing
the sensitivity of normal tissues to chemotherapeutic drugs (Li et al. 2006;
Ramesh and Reeves 2005).

p38a can induce the expression of the pro-inflammatory protein cyclooxy-
genase (COX)-2 (Park et al. 2002b), which has been correlated with bad prognosis
in breast cancer as well as with the development of drug resistance in bladder
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(T24) and cervix (HeLa) carcinoma cell lines. Indeed, COX-2 may promote can-
cer progression by enhancing both cell survival (Surh et al. 2001) and invasivity
(Timoshenko et al. 2006). Furthermore, the pro-inflammatory cytokines TNF-a
and IL-1, the pro-survival cytokines IL-2 and IL-6 and the angiogenic cytokine
IL-8 have all been shown to be induced posttranscriptionally by p38a, some times
indirectly through p38a-regulated kinases such as MK-2 and mitogen- and stress-
activated kinase (MSK)-1 (Arthur and Darragh 2006; Kumar et al. 2003; Saklat-
vala 2004). In addition, p38a may induce the transcription of some of these cyto-
kines by enhancing the activity of transcription factors such as NF-kB (Carter et
al. 1999; Karin 2006). Thus, p38a can cooperate in cancer progression by induc-
ing angiogenesis and invasion both via direct mRNA stabilization and indirectly
by NF-kB-mediated transcription of pro-inflammatory proteins.

6 Cell migration and invasion

p38a may also have a direct role in tumor invasion and angiogenesis, independ-
ently of its role in inflammation. For instance, p38a has been shown to induce the
expression of metalloproteinases (MMPs) such as MMP-1, MMP-3, and MMP-13
(Ono and Han 2000; Saklatvala 2004), which are key proteins for matrix remodel-
ing and degradation by metastatic cells (Coussens et al. 2002). Vascular endothe-
lial growth factor (VEGF), a potent inducer of tumor survival and angiogenesis
(Carmeliet 2005), has been also shown to be expressed in a p38a-dependent man-
ner in various cytokine-stimulated cellular systems (Wang et al. 2004a; Yamamo-
to et al. 2001; Yoshino et al. 2006). In addition, p38a may cooperate as well in the
overexpression of VEGF and other angiogenic factors in hypoxic tumors in a
process known as the “angiogenic switch”, which correlates with enhanced cancer
aggressiveness and bad prognosis (Hanahan and Folkman 1996; Zhou et al. 2006).
Indeed, p38a can activate hypoxia-inducible factor (HIF)-1, a transcription factor
that plays a key role in the hypoxia-driven expression of angiogenic factors, at
least in part through the stabilization of its a-subunit (Emerling et al. 2005; Naka-
yama et al. 2007; Shemirani and Crowe 2002). In contrast, p38a has been attrib-
uted a metastasis suppressor role in human ovarian cancer (Hickson et al. 2006),
although this has not been confirmed to date in other tumor types, including pros-
tate, breast and pancreatic cancers (Vander Griend et al. 2005; Wang et al. 2004b).
Furthermore, recent experiments using mouse xenografts and cultured cancer cells
support a role for p38a in lung metastasis (Hiratsuka et al. 2006; Matsuo et al.
2006).

In addition to help creating the right conditions for metastasis, by enhancing
tumor angiogenesis (i.e. VEGF expression) and matrix degradation (i.e. MMPs
expression), p38a may also regulate cancer cell migration. Thus, p38a mediates
the migration of IL-12-stimulated HelLa cells and Ras-transformed breast
(MCF10A) and pancreatic (PANC-1) cell lines (Dreissigacker et al. 2006; Kim et
al. 2003), as well as of other cell types stimulated by several chemotactic stimuli
(McMullen et al. 2005; Rousseau et al. 2006). At the mechanistic level, the role of
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p38a in cell migration seems to rely mostly on its ability to induce actin polymeri-
zation and cytoskeleton remodeling through its downstream kinase MK-2, which
phosphorylates the protein Hsp27 and induces its release from F-actin caps
(Rousseau et al. 2006). Additionally, MK-2 may also activate the protein kinase
LIMK1, which in turn phosphorylates and inactivates the actin-depolymerazing
protein cofilin (Kobayashi et al. 2006). A recent report has also implicated p38a in
epithelial cell migration, although via a more indirect mechanism. Namely, p38a
can induce the phosphorylation of ligand-bound EGFR at tyrosine-1045, which
triggers EGFR degradation. This p38a effect prevents recycling of the active
EGFR receptor from the early endosomes back to the plasma membrane and
seems to be associated with a proliferation-to-migration shift in the cellular re-
sponse (Frey et al. 2006).

7 Concluding remarks

p38a has been proposed to have a tumor suppressor role based on its ability to
negatively regulate cell proliferation and to induce cell death (Bulavin and For-
nace 2004). Accordingly, a variety of anti-cancer drugs require a functional p38a
pathway for efficient action (Olson and Hallahan 2004). However, most of these
studies have been limited to the investigation of p38a functions in the context of
the cancer cell and during tumor initiation. On the other hand, the potential impli-
cation of p38a in the interplay between tumor cells and the extracellular matrix or
the immune system are largely unknown, despite the key roles of these interac-
tions for cancer progression (Baniyash 2006; Comoglio and Trusolino 2005).

Consequently, we do not have much information on the roles of p38a in ad-
vanced cancer stages, as well as in the regulation of tumor environment-induced
paracrine signaling. This might underlie the apparent controversy on the role of
p38a in cancer. Thus, in spite of the many tumor-suppressive functions of p38a
(see Sections 2.1, 2.2, 3.1, and 4), increased levels of phosphorylated p38a have
been correlated with malignancy in follicular lymphoma (Elenitoba-Johnson et al.
2003), as well as in non-small-cell lung, thyroid and lymph node-positive breast
carcinomas (Esteva et al. 2004; Greenberg et al. 2002; Pomerance et al. 2006).
Furthermore, p38a has been shown to contribute to the invasiveness of breast,
prostate and pancreatic cancers (Chen et al. 2004; Dreissigacker et al. 2006; Kim
et al. 2003), as well as to the maintenance of the neoplastic phenotype in Ras-
transformed human fibroblasts and epithelial cells (Weijzen et al. 2002). In addi-
tion, the use of chemical inhibitors such as SB203580 has shown the requirement
of p38a (and maybe also p38p) for the proliferation of cancer cell lines, including
chondrosarcoma, prostate carcinoma and melanoma cells (Halawani et al. 2004;
Recio and Merlino 2002; Ricote et al. 2006). Thus, whereas p38a may suppress
tumor initiation, it seems to serve oncogenic functions in cancer progression. Per-
haps, this explains why p38a has not been found mutated or downregulated in
human cancers to date, in contrast to other well-established tumor suppressor pro-
teins (Johnstone et al. 2002).
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Given the complex network of tumorigenesis-related functions coordinated by
p38a, it is likely that both the type and stage of the tumor will have to be carefully
taken into account in any rationale attempt to modulate p38a activity for cancer
therapy. Hence, whereas p38a activation by chemotherapeutic agents may prove
beneficial for first-line treatment of early-stage non-recurrent solid tumors (which
are naturally sensitized to apoptosis), it might have little effect or even result haz-
ardous in apoptosis-resistant metastatic cancers, which might in turn take advan-
tage of p38a activity to further migrate and invade or to enter an apoptosis-
resistant but reversible dormant state (Ranganathan et al. 2006). Similarly, chemo-
therapy-induced activation of p38a might result in therapeutic benefit in well-
irrigated solid tumors, especially in combination with anti-angiogenic therapy to
target for example VEGF. However, the same approach might be questionable in
the case of hypoxic tumors that, apart from being less sensitive to chemotherapy
due to poor blood irrigation, may instead capitalize on p38a activation by the
treatment-induced inflammatory response to enhance angiogenesis and further in-
vasion. In contrast, p38a inhibition might be of therapeutic benefit in these types
of aggressive and resistant tumors (i.e. metastatic and hypoxic), if combined with
simultaneous activation of p38a-independent apoptotic signaling. Another poten-
tial use of the p38a inhibitors could be in combination with drugs that induce
DNA damage, because cancer cell death could be stimulated by impairing p38a-
mediated cell cycle arrest and repair mechanisms (Reinhardt et al. 2007). Further
work, including the use of specific mouse tumor models, should help to better de-
fine the roles of p38a in tumorigenesis and the potential value of this signaling
pathway as a target for cancer therapy.
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Control of cell cycle by SAPKs in budding and
fission yeast

Sandra Lopez-Aviles and Rosa M. Aligue

Abstract

In yeast cells as well as in higher eukaryotic organisms, the response to environ-
mental stress is through the activation of the MAP kinases pathway, which in-
duces the expression of genes involved in maintaining the cellular homeostasis.
This pathway is activated after a variety of cellular stimuli and regulates numerous
physiological processes, particularly the cell division cycle. Progression through
the cell cycle is critically dependent on the presence of environmental growth fac-
tors and stress stimuli, and failure to correctly integrate such signals into the cell
cycle machinery can lead to accumulation of genetic damage and genomic insta-
bility. Here, we considered the molecular mechanism by which cell cycle control
is regulated by stress-activated protein kinase (SAPK) signalling pathway in yeast,
Saccharomyces cerevisiae and Schizosaccharomyces pombe.

1 Introduction

Although both yeast are evolutionarily divergent, common mechanisms control
their cell cycles that are conserved throughout eukaryotes (Nurse 1990). A highly
conserved class of molecules termed cyclin dependent kinases (CDKs) plays a
central role in coordinating the cell cycle in all eukaryotes. In both, fission and
budding yeast, the cell cycle is controlled at G1-S transition and G2-M transitions
by a single highly conserved CDK named Cdc28 and Cdc2 of S. cerevisiae and S.
pombe, respectively (Morgan 1997; review in Humphrey and Pearce 2005). For-
mation of the active CDK requires its association with a cyclin molecule, its phos-
phorylation by a CDK-activating kinase and dephosphorylation by members of the
Cdc25 family of phosphatases. Passage through cell cycle transitions depends on
the periodic activity of CDKs, which is mainly regulated by the abundance of the
cyclin molecules that fluctuate through the cell cycle. In addition, Cdk-cyclin
complexes can be inhibited by the binding of CDK inhibitors (CKIs) (Humphrey
and Pearce 2005).
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2 Cell cycle control by SAPKs in Saccharomyces
cerevisiae

2.1 Cell cycle regulation

In the budding yeast Saccharomyces cerevisiae, the primary CDK involved in cell
cycle control is the Cdc28 kinase. Late G1 progression and passage through
START are controlled by the association of Cdc28 with three G1 cyclins: Clnl, 2,
and 3, which also target the Clb-Cdc28 inhibitor Sicl for degradation (Wittenberg
et al. 1990; Schwob and Bohm et al. 1994). Subsequently, the correct timing of S
phase entry requires the association of Cdc28 with the B-type cyclin CIb5 and 6
whereas G2 progression and the onset of M-phase require its association with Clbs
1-4 (Nasmyth 1993). Entry into M-phase is specifically controlled by the Cdc28-
CIb2 complex, which is held in check by the protein kinase Sweel (Weel in S.
pombe). Swel is thought to delay entry into mitosis until critical cell size has been
reached (Rupes 2002; Kellogg 2003; Harvey et al. 2005) or in response to defects
in bud formation or cytoskeletal function, which are monitored by the morpho-
genesis checkpoint (Lew 2003). The checkpoint kinase Hsll monitors cytoskele-
ton alterations, delays bud formation and regulates Swel stability (Cid et al. 2001;
Lew 2003). Under normal conditions, Hsll binds to the septin ring at the bud
neck, which triggers the recruitment of Hsl7 and phosphorylation and degradation
of Swel prior entry into mitosis (Versele and Thorner 2005; Keaton and Lew
2006).

Cell cycle progression by such Cyclin-CDK complexes is often inhibited via
signal transduction pathways as a result of either intracellular stimuli.

2.2 Stress-activated protein kinase pathway and cell cycle control

To maximize the probability of survival and proliferation, cells coordinate various
intracellular activities in response to changes in the extracellular environment.

In response to an increase in extracellular osmolarity, cells induce an elaborate
program that includes changes in transcription and translation as well as in cell
cycle progression to allow cells to adapt. Central to this response is a stress-
activated protein kinase (SAPK) signalling pathway known as the high osmolarity
glycerol (HOG) pathway in budding yeast (de Nadal et al. 2002).

The HOG pathway is composed by the MAPK Hogl, its MAP2K Pbs2 and a
set of three MAP3K Ssk2/Ssk22 and Stel1, which are activated by two independ-
ent upstream regulatory branches that are defined by two putative osmosensors,
Sinl and Shol (Hohmann 2002).

Activation of the HOG pathway regulates the expression of genes involved in
adaptation to high osmolarity by modulating the activity of several transcription
factors as well as through chromatin remodelling (Proft and Struhl 2002; de Nadal
et al. 2003). Activation of the HOG pathway by exposure to high osmolarity or
mutations that lead to activation of the Hogl SAPK also results in a transient cell
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Fig. 1. Regulation of the G1-S transition by the SAPK Hogl in budding yeast. (A) Cell Cy-
cle progression into S-phase is driven by the formation of Clns-Cdc28 complex and degra-
dation of Sicl inhibitor by the SCF complex. At G1, Sicl stability is reduced by phos-
phorylation on its N-terminal domain by Clnl, 2-Cdc28 complexes. Phosphorylated Sicl is
then recognized by the Cdc4 ubiquitin ligase of the SCF complex and targeted for degrada-
tion. (B) Hogl activation promotes Sicl stabilization and prevents entry into S-phase by in-
hibiting Clbs-Cdc28 complexes. Activation of Hogl also inhibits CLN1 and CLN2 expres-
sion that results in a decrease of Cln-Cdc28 activity required for Sicl phosphorylation and
degradation. Hogl directly phosphorylates Sicl, which interferes with the binding of Cdc4
and subsequently prevents its degradation.

cycle arrest in G1 or G2 (Alexander et al. 2001; Belli et al. 2001; Escote et al.
2004; Zapater et al. 2005; Clotet et al. 2006).

Activated Hogl leads to G1 arrest by a dual mechanism that involves down
regulation of cyclin expression and direct phosphorylation of the CDK-inhibitor
Sicl (Fig. 1). This combination results in Sicl stabilization and inhibition of cell
cycle progression to prevent premature entry into S phase before proper cell adap-
tation (Escote et al. 2004; Zapater et al. 2005). In response to osmotic stress, bud-
ding yeast cells also arrest at G2 by a mechanism involving the product of SWE1
gene (Alexander et al. 2001). Recently, it has been shown that in response to
stress, Hogl controls G2 progression by down regulating cycling B (CIb2) levels
as well as through direct phosphorylation of the Hsll kinase, which leads to the
stabilization of the Swel kinase and subsequently the decrease in Cdc28-Clb2 ac-
tivity (Fig. 2) (Clotet et al. 2006).

In budding yeast, osmotic stress also regulates exit from mitosis, the cell cycle
transition from mitosis to G1. Exit from mitosis is triggered by the protein phos-
phatase Cdc14 that acts antagonizing Cdc28-Clbs function (reviewed in Stegmeier
and Amon 2004). The Cdc14 phosphatase is tightly regulated by a competitive in-
hibitor Cfil/Netl. The inhibitor holds Cdc14 inactive in the nucleolus during G1,
S and early M phases. During anaphase, Cdc14 is released from its inhibitor by the
mitotic exit network (MEN) and spreads through the nucleus and cytoplasm to in-
duce exit from mitosis.
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Fig. 2. Regulation of the G2-M transition by the SAPK Hogl in budding yeast. (A) At G2,
Swel first accumulates on the nucleus of unbudded cell. Following bud emergence, Hsl1
becomes activated at the septin scaffold tethers Hsl7, which in turn recruits Swel and Cdc5
(Polo kinase) to the septin collar. Phosphorylation of Swel at the bud neck leads to Swel
degradation and allows progression to mitosis. (B) Upon stress, Hogl phosphorylates a
residue within the Hsl7 site of the Hsl1 kinase, which results in delocalization of Hsl7 from
the septin collar and leads to Swel accumulation and cell cycle arrest.

Initially, it was observed that the failure of certain MEN mutants to exit from
mitosis was suppressed by high osmotic conditions (Grandin et al. 1998). Recent
work has shown that the suppression of the mitotic defects of MEN mutants by
high osmolarity is accompanied by the release of Cdc14 from the nucleolus and is
mediated by the HOG pathway, indicating that the HOG pathway brings about
exit from mitosis in MEN mutants by promoting the release of Cdc14 from its in-
hibitor in the nucleolus (Reiser et al. 2006). Interestingly, this work also shows
that only one of the two branches of the HOG pathway, the Shol branch, is re-
quired for promoting exit from mitosis in MEN mutants, which represents up to
now the first specific function for the Shol branch of the HOG pathway.

3 Cell cycle control by SAPKs in Schizosaccharomyces
pombe

3.1 Cell cycle regulation

In the fission yeast Schizosaccharomyces pombe, the major point of control over
the cell division cycle occurs not at the G1/S transition but immediately prior to
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the onset of M-phase (Egel 2005). A signal transduction network regulating the
activity of a homologous Cyclin-CDK pair, the Cdc13-Cdc2 kinase complex, gov-
erns the timing of mitotic initiation. Moreover, since the components of this net-
work exist in humans, G2/M control in fission yeast has served as a paradigm for
this evolutionary conserved process (Nurse 1990; Hayles et al. 1994). Phosphory-
lation of Cdc2 on tyrosine-15, which is critical for the inhibition of the complex, is
catalysed by Weel and Mikl1, whereas dephosphorylation of this residue by the
Cdc25 phosphatase is the key event driving the initiation of mitosis (Gould and
Nurse 1989; Aligue et al. 1997; Egel 2005). The activity of Cdc25 is tightly regu-
lated throughout the cell cycle, being low during interphase and activated only as
cells enter mitosis, in part because of phosphorylation of Cdc25 by Cdc2-Cdcl3
and polo-like kinases at multiples sites within its N-terminal regulatory domain
(Egel 2005). Cdc25 is also subject to negative regulatory phosphorylation when
the genome is either damaged or not completely replicated. In these situations,
Cdc25 is phosphorylated by the Chkl and Cdsl kinases (review in Karlsson-
Rosenthal and Millar 2006). In fission yeast, this occurs on at least nine phos-
phorylation sites in the N-terminal regulatory domain of the protein, and the phos-
phorylation of these sites is necessary for checkpoint arrest (Furnari et al. 1999;
Zeng and Piwnica-Worms 1999).

3.2 Stress-activated protein kinase pathway and cell cycle control

Genetic analysis in fission yeast has identified a number of pathways that influ-
ence the timing of mitosis. In particular, the stress activated Styl (also known as
Spcl) MAP kinase, a member of the stress-activated protein kinase (SAPK) sig-
nalling pathway, has been found to link the cell cycle to the extracellular environ-
ment (review in Pearce and Humphrey 2001). The Sty1/Spcl pathway, like the
HOG pathway, is stimulated by osmotic shock and it controls expression of genes
important for osmoadaptation. However, regarding the pathway control there are
some differences. Most significantly, while HOG pathway is apparently mainly
responsive to osmotic shock, Styl/Spcl activity can be stimulated by a whole
range of stress conditions (Hohmann 2002). The central elements of the stress-
activated MAP kinases pathway in fission yeast are the MAPK Styl/Spcl, the
MAP2K Wisl and the MAP3K Wak1 and Winl (review in Hohmann 2002). Cells
deleted for Sty1/Spcl or Wisl are highly elongated as a consequence of a delay in
the timing of mitotic initiation, which is exacerbated in response to stress. Al-
though such mutants still undergo cell cycle arrest in response to stress, they are
unable to resume proliferation and die (review in Pearce and Humphrey 2001),
suggesting that Styl/Spcl pathway is required for recovery from stress-induced
cell cycle arrest.

A number of effectors of the Styl/Spcl MAP kinase have been identified in-
cluding the Atfl and Papl transcription factors, which are homologues to mam-
malian ATF-2 and c-Jun, respectively (Shiozaki and Russell 1996; Wilkinson et
al. 1996). In addition, Styl/Spcl binds and phosphorylates two downstream
kinases, Cmk2 and Srk1 (Styl-regulated kinase), which are related to the mam-
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malian calmodulin-dependent and MAPKAP kinases and to the budding yeast
RCK1 and RCK2 kinases, which were identified as suppressors of checkpoint mu-
tants of DNA replication (Dahlkvist et al. 1995; Alemany et al. 2002; Sanchez-
Piris et al. 2002; Smith et al. 2002). Recently, a molecular link between the SAPK
pathway and the G2-M transition has been described through the Srk1 kinase (Lo-
pez-Aviles et al. 2005) and the Plo1 kinase (fission yeast Polo kinase) (Petersen
and Hagan 2005). The Srkl kinase associates with Styl/Spcl MAP kinase and
regulates the onset of mitosis by phosphorylating and inhibiting the Cdc25 phos-
phatase (Lopez-Aviles et al. 2005). Phosphorylation by Srk1 causes Cdc25 to bind
to Rad24, a 14-3-3 protein family member, promoting accumulation of Cdc25 in
the cytoplasm and thus inducing cell cycle arrest in G2 phase (Fig. 3A). Moreover,
Srk1 phosphorylates and inhibits Cdc25 in the same sites that are phosphorylated
by Chkl and Cdsl, the DNA-damage and replication checkpoint kinases. How-
ever, unlike Chkl and Cdsl, Srkl does not regulate Cdc25 in response to DNA
damage but during normal cell cycle and in response to non-genotoxic environ-
mental-stress, such as high osmolarity (Fig. 3A). Thus, the Srk1 kinase is consid-
ered as a non-genotoxic checkpoint kinase (Lopez-Aviles et al. 2005). The Plo1
kinase has been shown to be involved in mitotic commitment and recovery from
stress (Petersen and Hagan 2005). During recovery from a heat stress-induced cell
cycle arrest, phosphorylation of Plol1 kinase in serine 402 (Ser402) is necessary to
promote association of Plol to the poles of the cell and re-initiation of mitosis
(Fig. 3B) (Petersen and Hagan 2005). Phosphorylation of Plo1 on Ser402 requires
the Sty1/Spcl kinase, although this must be indirect because this site lacks the ca-
nonical proline +1 in the consensus site for SAP kinases (Manke et al. 2005) and
also because phosphorylation is delayed relative to Styl/Spcl activation. At the
present, it is not known whether phosphorylation of Plo1 at Ser402 is necessary to
control re-entry into mitosis under these conditions by regulating Weel, Cdc25, or
Mrcl (the fission yeast homologue of Claspin) as described in other organisms
(van Vugt et al. 2004; review in Mamely et al. 2006). However, these results indi-
cate that activation of SAP kinase induces cell cycle arrest and adds a new role to
the SAP kinase pathway, which is to prepare the cell for checkpoint recovery (Pe-
tersen and Hagan 2005).

The Styl/Spcl pathway has also a role during mitosis regulating the spindle
orientation checkpoint. Perturbation of the actin cytoskeleton delays entry into
anaphase in fission yeast cells. Cells treated with the actin depolymerising agent
latrunculin or cells carrying mutations in the actin gene enter mitosis and form a
short, misorientated spindle (review in Gachet et al. 2006). Although, the control
of the spindle orientation by the astral microtubules has been controversial (Zim-
merman et al. 2004; Gachet et al. 2006), it has been shown that the spindle orien-
tation checkpoint is regulated by Styl/Spcl kinase (Gachet et al. 2006). The
Sty1/Spcl is activated and localized to the nucleus by addition of low doses of la-
trunculin, but not by benomyl or thiabendazol (TBZ), which are microtubule in-
hibitors that activate the spindle association checkpoint. Moreover, it has been
also reported that deletion of the Sty1/Spcl substrate Atfl rescues the mitotic de-
lay imposed by the spindle assembly checkpoint activated in microtubule forma-
tion mutants (Oliferenko and Balasubramanian 2002). Recent work by Kawasaki
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Fig. 3. Regulation of the G2-M transition by the SAPK Sty1/Spcl in fission yeast. (A)
Upon stress, Styl/Spcl phosphorylates and activates Srk1 kinase, which in turn phosphory-
lates Cdc25 phosphatase and inhibits progression to mitosis. Phosphorylation by Srkl
causes Cdc25 to bind to Rad24, a 14-3-3 protein family member, and accumulation of
Cdc25 in the cytoplasm. (B) The Styl/Spcl activation modulates recovery from a heat
stress-induced cell cycle arrest through the Plo1 kinase. Phosphorylation of Plo1 on Ser402
promotes its recruitment to SPB (spindle pole body) and thus re-initiation of mitosis during
recovery from the stress. Although, SerS402 phosphorylation requires activation of
Sty1/Spcl, it is not known the molecular mechanism which Plo1 activates progression to
mitosis.

et al. (2006) has described an additional role for the MAPK Sty1 in chromosome
segregation. Activation of the MAPK Styl pathway by high osmotic conditions
suppressed the #s (temperature sensitive) mutant phenotypes of separase and se-
curin (Cut2 and Cutl, respectively in fission yeast) which are essential for sister
chromatid separation. Prior to anaphase, securin inactivates separase by forming a
complex, which is essential for cell viability (Kawasaki et al. 2006). Degradation
of securin occurs at the onset of anaphase and subsequently activation of separase,
which specifically cleaves the subunit Sccl/Rad21 of the cohesion complex lead-
ing to chromosome separation. The authors showed that genetic suppression of se-
curin and separase mutants under stresses occurs through a Sty1-dependent tempo-
ral arrest of the cell division, where the level of securin dramatically increased
together with the enhanced complex formation between securin and the mutant
separase (Kawaski et al. 2006).
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All these data suggest that the SAPK pathway has an integral role in mitosis to
prevent sister chromatid separation in response to perturbation of actin, micro-
tubules attachment to chromosomes and securin degradation.

Recent studies have shown that Wsh3/Tea4, a novel cell-end protein in fission
with a role in bipolar growth during normal cell cycle, contributes together with
the Winl MAP3K from the stress-signalling pathway, to cell-polarity maintenance
under stress conditions (Tatebe et al. 2005).

4 Concluding remarks

In the last years, several studies in mammalian and yeast cells point to a consider-
able role for SAP kinase pathways in regulating different cell cycle stages in re-
sponse to environmental stress (review in Pearce and Humphrey 2001). The regu-
lation of multiple cell cycle control components by the SAPK is required to
transiently arrest cell division and generate the required response for cellular adap-
tation and prevent the accumulation of genetic damage and genomic instability. In
the same way, cells can be subjected to stress at any stage of cell division. There-
fore, in response to stress the SAPK pathway is able to regulate G1-S, G2-M tran-
sitions, mitosis progression and exit, through the components that govern the cell
cycle control.

As observed in yeast, mammalian cells also respond to stress by modulating
cell cycle progression. Similarly as reported in budding yeast, the control of G1-S
is achieved in mammalian cells by the regulation of cyclin A or D1 levels, as well
as the phosphorylation of critical cell cycle regulators such as pRB, p53, p21,
HBP1, or Cdc25A (Wilkinson and Millar 2000; Ambrosino and Nebreda 2001;
Barnouin et al. 2002; Zapater et al. 2005). In fission yeast, a homologous mecha-
nism regulating G1-S transition remains to be described.

Studies in fission yeast have been focused on the regulation of G2-M transition
by the stress pathway. As mentioned above, the G2-phase arrest and recovery
upon environmental stress are regulated by Srkl and Plol1 kinases, respectively. In
mammalian cells, they have been described as conserved mechanisms in response
to DNA damage, but not to environmental stress. In response to UV-induced DNA
damage, the MAPKAP-K2 (MAPK-activated protein kinase 2), which is structur-
ally related to Srk1, associates to and is activated by the p38 SAPK (Manke et al.
2005). Human PIk1 is required for checkpoint recovery in response to DNA dam-
age, primarily by inactivating Weel (van Vugt et al. 2004). Therefore, the cell cy-
cle role of MAKAP-K2 and Plk1 under environmental stress conditions has to be
further analysed.

In budding yeast, the regulation of the G2-M transition by the SAPK pathway
is governed by different components. The SAPK Hogl induces G2 arrest by direct
control of the Cdc28-Clb2 activity, downregulating Clb2 cyclin levels and phos-
phorylating the Hsl1 kinase, a component of the morphogenesis checkpoint.

Mitosis progression monitored by the spindle orientation, assembly checkpoints
as well as chromosome segregation, is also modulated by SAPK pathway in fis-
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sion yeast. It will be interesting to determine whether analogous SAPK-mediated
responses occur in other organisms.

The SAPK pathway also seems to regulate the exit of mitosis through control-
ling the Cdc14 activity (Reiser et al. 2006). While, high osmolarity is the first ex-
tracellular signal shown to affect the Cdc14 phosphatase, authors have also shown
the first positive role of the SAP kinase in cell cycle progression in yeast. This ob-
servation is interesting because while cells delay commitment to mitosis after
stress in order to avoid incorrect mitosis execution, it will make sense that cells in
M-phase activate the resumption of M-phase to adapt and recover from the stress
insult in interphase.

Finally, in budding and fission yeast, great strides have been made in dissecting
the molecular mechanisms that coordinate the stress response and the cell cycle
events for proper cellular adaptation and correct cell division. The identification of
additional substrates of SAPK pathway will provide new insights.
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Hog1-mediated metabolic adjustments following
hyperosmotic shock in the yeast Saccharomyces
cerevisiae

Bodil Nordlander, Marcus Krantz, Stefan Hohmann

Abstract

Yeast cells exposed to hyperosmotic conditions adjust their metabolism in order to
increase the production of the compatible solute glycerol. The MAPK Hogl seems
to affect glycerol production rapidly by stimulating flux through glycolysis and
long-term via the transcriptional upregulation of genes encoding enzymes in glyc-
erol formation. In addition, the glycerol channel Fpsl rapidly closes after a hy-
perosmotic shock to ensure efficient glycerol accumulation. Hogl seems to modu-
late basal Fpsl activity and the MAPK is needed to allow complete closure of
Fpsl. Moreover, the expression of a number of metabolic genes is affected in both
Hogl-dependent and independent ways. How those changes contribute to osmotic
adaptation of yeast cells is not completely understood. To separate and analyze the
different roles of Hogl in the adjustment of metabolism will probably need a time-
resolved holistic view on all components involved and a combination of theoreti-
cal modelling and experimentation. In addition, there is a need for more detailed
analysis of direct and indirect Hogl-targets to elucidate the impact of such regula-
tory interactions.

1 Yeast osmoregulation and carbon metabolism

Maintenance of the cellular water balance is fundamental for life. The process of
controlling the water balance is constantly active in living cells to maintain an ap-
propriate intracellular environment for biochemical processes as well as turgor of
cells and organisms. In the laboratory, the osmoregulatory system is most conven-
iently studied as a response to osmotic shock. Rapid and dramatic changes in the
extracellular water activity cause either water efflux, and hence cell shrinkage
(hyperosmotic shock), or influx and concomitant cell swelling (hypo-osmotic
shock). The yeast Saccharomyces cerevisiae, as a free-living organism experienc-
ing both slow and rapid changes in extracellular water activity, has proven a suit-
able and genetically tractable experimental system to study the underlying signal-
ling pathways and regulatory processes governing osmoregulation. Although far
from complete, the present picture of yeast osmoregulation is both extensive and
detailed (de Nadal et al. 2002; Hohmann 2002; Klipp et al. 2005).
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Fig. 1. The High Osmolarity Glycerol (HOG) pathway. The Slnl-branch and the Shol-
branch converge at the MAPKK Pbs2. Activated Pbs2 phosphorylates and thus activates the
MAPK Hogl. Hogl regulates events, which affect translation capacity, metabolism, cell-
cycle progression, transmembrane transport, and the expression of genes such as STLI,
GPD1, GPP2, and GRE?.

Following a hyperosmotic shock, yeast cells shrink within seconds and the
HOG (High Osmolarity Glycerol) signal transduction system becomes activated
within less than one minute (Fig. 1) (de Nadal et al. 2002; Hohmann 2002). First
responses mediated by active Hogl appear to encompass stimulation of ion export
(Proft and Struhl 2004), an arrest of the cell division cycle (Escote et al. 2004;
Clotet et al. 2006) and a diminished translational capacity (Bilsland-Marchesan et
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al. 2000; Teige et al. 2001). The glycerol channel Fpsl rapidly closes (Luyten et
al. 1995; Tamas et al. 1999). In addition, it has been reported that the Hogl-
dependent activation of the Pfk26 enzyme causes activation of the glycolysis to
enhance production of the osmolyte glycerol (Dihazi et al. 2004). Glycerol accu-
mulation is essential for the adaptation to hyperosmotic conditions (Albertyn et al.
1994a; Ansell et al. 1997). A significant portion of active Hogl accumulates in the
nucleus and localises to target promoters where it controls gene expression (Gasch
et al. 2000; Posas et al. 2000; Rep et al. 2000; O'Rourke and Herskowitz 2004;
Pokholok et al. 2006). Genes encoding enzymes in glycerol production and active
glycerol uptake are among those upregulated in a Hogl-dependent manner. A
mathematical model of osmoregulation explains that once the cell commences
reswelling due to glycerol accumulation, the HOG pathway signalling input is
terminated, Hogl becomes dephosphorylated at a higher rate than it becomes
phosphorylated and the pathway signalling is decaying. Finally, the osmotic re-
sponse adapts to a level required for growth at higher osmolarity (Klipp et al.
2005).

Adjustment of cellular metabolism, especially glycolysis, is crucial for osmotic
adaptation. Most significantly, yeast cells re-direct carbon towards enhanced pro-
duction of glycerol to restore turgor pressure. Hence, central yeast carbon metabo-
lism plays a significant role in osmotic adaptation (Fig. 2). Glucose (GLC-D) and
fructose (FRU) are the preferred carbon sources. They are transported into yeast
cells via the sugar transporters Hxt1-4, 6, and 7. Following uptake, glucose and
fructose are phosphorylated by the hexokinase isoform Hxk2; expression of the
isoform Hxk1 as well as the glucose-specific glucokinase Glk1 is upregulated un-
der stress and starvation conditions (Gasch et al. 2000). Glucose-6-phosphate
(G6P) is converted to fructose-6-phosphate (FO6P) by phoshoglucose isomerase
(Pgil). Fructose-6-phosphate is phosphorylated by phoshofructokinase to 1,6-
bisphosphate (FDP), and from this point onwards catabolism follows the standard
scheme of glycolysis to pyruvate (PYR). Under conditions of glucose excess,
yeast cells metabolise most pyruvate via pyruvate decarboxylase (Pdcl, 5, and 6)
and alcohol dehydrogenase (Adhl and 2) to ethanol (ETOH) and CO,. Only when
glucose is limited and oxygen available S. cerevisiae oxidises most pyruvate com-
pletely to CO, via the pyruvate dehydrogenase complex and the TCA cycle. The
unusual behaviour to ferment excess sugar to ethanol even in the presence of oxy-
gen is though to provide yeast with a competitive advantage in its natural envi-
ronment, since yeast is highly tolerant to ethanol (Goncalves and Planta 1998;
Hohmann and Meacock 1998; Ozcan and Johnston 1999; Gramser 2005).

Trehalose (TRE) and glycerol (GLYC) metabolism branch off from central
glycolysis (Thevelein and Hohmann 1995; Hohmann 2002). The disaccharide tre-
halose is produced from two molecules of glucose-6-phosphate (G6P). One mole-
cule of glucose-6-phosphate is first converted to UDP-glucose (UDPQG) in two re-
actions catalysed by phosphoglucose isomerase (Pgml and Pgm2) and UDP-
glucose pyrophosphorylase (Ugpl). UDP-glucose and glucose-6-phosphate are
then combined by trehalose-6-phosphate synthase (Tpsl) to trehalose-6-phosphate
(TREG6P), which is dephosphorylated by trehalose-6-phosphatase (Tps2) to treha-
lose. For degradation trehalose is hydrolysed to two glucose residues by a cyto-
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plasmic trehalase (Nthl and 2). Trehalose can be transported across the plasma
membrane under certain conditions but this does not seem to be a physiologically
relevant process (Francois and Parrou 2001).

Glycerol is produced in two steps from the glycolytic intermediate dihydroxya-
cetone phosphate (DHAP). Those steps are catalysed by NAD-dependent glycerol-
3-phosphate dehydrogenase (Gpdl and 2) and glycerol-3-phosphatase (Gppl and
2) (Hohmann 2002). Glycerol can also be utilised as a carbon and energy source.
Glycerol is taken up by proton symport mediated by Stll while glycerol efflux
from the cell is passive and mediated by Fpsl (Luyten et al. 1995; Oliveira et al.
2003; Ferreira et al. 2005). Glycerol is phosphorylated to glycerol-3-phosphate
(GLYC3P) by glycerol kinase (Gutl) and converted to dihydroxyacetonephos-
phate by the FAD-dependent glycerol-3-phosphate dehydrogenase (Hohmann
2002).

Interestingly, mutations blocking trehalose or glycerol metabolism lead to
complete deregulation and arrest of the main glycolytic pathway. Hence, these two
branches have important regulatory and/or metabolic buffering roles. Knockout of
TPS1 (but not TPS2) results in an inability of yeast cells to grow on glucose due to
an imbalance in metabolite levels between the upper and lower part of glycolysis.
This phenomenon has been explained by a feedback on the hexokinases via treha-
lose-6-phosphate, although the regulatory details are not fully explained
(Thevelein and Hohmann 1995). Similarly, a complete block of glycerol produc-
tion (by deletion of GPDI and GPDZ2) causes an inability of yeast cells to grow
with glucose as carbon source in the absence of oxygen. This is because glycerol
production seems to be the only way for re-oxidising access NADH when the res-
piratory chain is inactive (Ansell et al. 1997).

2 Osmolytes: glycerol and trehalose as cell protectants

During steady-state growth, the cell keeps its intracellular environment at a
slightly higher osmotic pressure than the external environment. This difference is
due to the high cytosolic concentration of solutes and/or ions as compared to the
external concentration causing a force for water inflow. As the cell wall is less
elastic than the plasma membrane, it resists the expansion of the cell and creates
turgor pressure, which is defined as the difference in hydrostatic pressure between
the inside and the outside of the cell (Marechal et al. 1995; Martinez de Maranon
et al. 1996; Gervais and Beney 2001). The cell wall, which provides cell shape
and physical shelter but also a protection against bursting upon an instant hypo-
osmotic shock, allows the cell to survive in environments where water availability
continuously changes (Gervais and Beney 2001; Harold 2002). When yeast cells
are exposed to an increased external osmotic pressure, two distinct phases of os-
moregulation are observed. First, the passive phase, which corresponds to rapid
water flow across the plasma membrane, loss of turgor and a volume decrease.
The final volume depends on stress intensity. Second, the cell responds by actively
triggering an increased accumulation of glycerol to lower the osmotic potential,
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thereby allowing passive water uptake and re-established volume and turgor
(Marechal et al. 1995; Martinez de Maranon et al. 1996; Gervais and Beney 2001).

The accumulation of osmotically active compounds, more commonly named
“compatible solutes”, is a common strategy to protect cells from prolonged dehy-
dration and death (Yancey et al. 1982). The molecules known to serve as compati-
ble solutes fall into a limited number of chemical categories, such as polyols
(glycerol, sorbitol, inositols, etc), small carbohydrates (e.g. trehalose), amino acids
and derivatives (glycine, proline, taurine, etc), and methylamines (e.g. glycine be-
taine). These compounds have very little impact on cellular functions. In addition,
most organic osmolytes are believed to be highly soluble, neutral at physiological
pH, but also effective in stabilising proteins and other cell components (Yancey et
al. 1982; Kempf and Bremer 1998; Yancey 2005). A number of these organic os-
molytes seems to have unique properties besides maintaining cell volume, for ex-
ample, in antioxidation, in providing redox-balance, in detoxifying sulphide as
well as in stabilising cellular proteins and structures mentioned above (Yancey
2005).

In response to hyperosmotic stress, S. cerevisiae mainly produces the three-
carbon polyol glycerol as well as the disaccharide trehalose (Blomberg and Adler
1992). Although accumulated to high concentrations, glycerol does not disturb vi-
tal cellular processes, but rather protects macromolecular structure and function
under dehydration. According to the preferential exclusion model, glycerol is be-
lieved to stabilise and promote native conformations of proteins and subunit ag-
gregations. This could be explained by the fact that glycerol itself is excluded
from the vicinal hydration sphere of proteins which would minimize protein-
solvent interactions (Yancey et al. 1982; Blomberg and Adler 1992).

While glucose-growing yeast cells accumulate glycerol under hyperosmotic
stress, cells growing on galactose or ethanol seem to accumulate trehalose in addi-
tion to glycerol (Andre et al. 1991; Hounsa et al. 1998). Moreover, glycerol is es-
sential for growth under moderate osmotic stress whereas trehalose contributes to
survival under severe osmotic stress (Hounsa et al. 1998; Hohmann 2002). While
exponentially growing cells are susceptible to dehydration, stationary phase cells
contain increased levels of trehalose and an enhanced ability to survive dehydra-
tion. Such a correlation between trehalose accumulation and yeast stress tolerance
is observed under a number of different growth conditions, which has been inter-
preted as indication for a role of trehalose in stress protection. This may be true
under certain conditions while significant acquisition of stress tolerance has been
observed even in mutants unable to accumulate trehalose (De Virgilio et al. 1994;
Hottiger et al. 1994; Hottiger 1987; Thevelein and Hohmann 1995; Hounsa et al.
1998; Singer and Lindquist 1998; Francois and Parrou 2001).

Trehalose is a widespread disaccharide throughout the biological world (Elbein
et al. 2003) and believed to have a number of important functions. During almost
complete dehydration, such as spore formation, the yeast cell accumulates treha-
lose. Desiccation causes destabilisation of the lipid bilayer through fusion and
lipid phase transitions and it has been shown that trehalose inhibits both these
transitions, thus protecting and preserving membrane structure. Trehalose also
preserves labile proteins during drying, protects proteins from denaturation, and
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Fig. 2. Glycolysis and its branches. Osmotic stress leads to transcriptional upregulation of
genes encoding enzymes in glycerol production and trehalose turnover. Enzymes are indi-
cated by spheres and coloured according to osmotic induction of their corresponding genes.
Enzymes are connected with their substrates and products by dashed lines. Metabolic con-
versions are indicated by solid arrows. Induction and repression are derived from three in-
dependent time course experiments, from which the lowest peak change has been selected
(Gasch et al. 2000; Krantz et al. 2004). Red and green colours indicate induction and re-
pression, respectively, ranging between +3 and -3 on a log2 scale for genes showing a con-
sistent expression pattern. Transcripts with ambiguous changes are shown as white spheres.
Hog! dependence is indicated with increasing line thickness from -2 to -5 on a log2 scale,
and dashed lines for an effect between -1 and -2 (Rep et al. 2000).
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prevents the aggregation of denaturated proteins to promote a subsequent refold-
ing by molecular chaperons (Thevelein 1984; Singer and Lindquist 1998; Francois
and Parrou 2001; Elbein et al. 2003). Still, the precise roles of trehalose in yeast
physiology are not fully understood.

3 Flux control and potential direct effects on metabolism
by Hog1: PFK2

Following hyperosmotic shock glycerol accumulation starts within less than one
minute resulting in substantial glycerol levels already after twenty minutes (Klipp
et al. 2005). This rapid increase seems to be mainly due to basal glycerol produc-
tion and closure of the glycerol channel Fpsl, but there are also indications of a
more direct regulation of glycolytic flux by Hogl to increase glycerol production
(Tamas et al. 1999; Dihazi et al. 2004; Krantz et al. 2004). In addition, Hogl pro-
motes increased expression of genes involved in glycerol metabolism to further
enhance and maintain glycerol production over a longer period of time (Albertyn
et al. 1994a; 1994b; Ansell et al. 1997; Pédhlman et al. 2001). The different events
known so far contributing to glycerol accumulation are shown in Figure 4.

Cells regulate their glycolytic flux in order to survive under different stress
conditions. In the past, one regulatory concept was that of rate-limiting steps,
which would control the pace of the throughput of the pathway. However, Meta-
bolic Control Analysis (MCA) led to the view that glycolytic flux is regulated
more subtly and that regulation is shared between all steps (Westerhoff 1995).
Several enzymes in glycolysis are allosterically regulated, such as hexokinase (by
trehalose-6-phosphate in vitro (Blazquez et al. 1993)), phosphofructokinase (see
further), or pyruvate kinase (by fructose-1,6-bisphosphate (Murcott et al. 1992;
Jurica et al. 1998)) suggesting that allosteric effectors as well as global substrates
such as ATP, ADP, NAD+, and NADH could potentially have pronounced roles
in regulating the flux (Gancedo 1989; Sierkstra et al. 1992). After a hyperosmotic
stress, there are changes in the expression of a large number of genes encoding
metabolic enzymes. These changes vastly exceed those that could be contributed
to Hogl directly (Fig. 2, 3). The question is whether these changes are required
for, or rather an effect of, adaptation to high glycerol production and growth under
the stress condition. In summary, the regulation of the flux seems to depend on the
coordinated triggering of multiple events, such as protein modification and modu-
lation of gene expression, but also the allosteric regulation of enzymatic activities
(Goncalves and Planta 1998), an effect which might be the most immediate one
when the cell is experiencing acute stress conditions like hyperosmotic stress.

Phosphofructokinase was for a long time thought to be the main control point
for steady-state glycolytic flux. Today it is no longer considered to have a major
control of the flux under steady-state conditions (Westerhoff 1995). However, in
vitro studies have shown that the enzyme is sensitive to a number of regulators,
such as fructose-6-phosphate, fructose-1,6-bisphosphate, ATP, AMP, NH,", and
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Fig. 3. Transcriptional response. The promoters to which Hogl, Msn2, Msn4, Skol, and
Smp1 localise are indicated with solid arrows. Each of these factors, as well as Hotl and
Msnl1, has been implicated in the transcriptional response to osmotic stress. While osmotic
stress leads to an altered expression of hundreds of genes (Gasch et al. 2000; Rep et al.
2000) a large part of this response is not stress-specific and includes for example transient
repression of many ribosomal protein genes. Consistently, the targets of the transcriptional
regulators known to be involved in the osmotic stress response are clearly not enough to ac-
count for these extensive changes, even though their targets include other transcription fac-
tors such as Sok2 and Cin5. Which physiological alterations cause these widespread tran-
scriptional changes remains unknown. The regulatory network is derived from global
localisation studies where Msnl had no high confidence targets and data for Hotl was
missing (Maclsaac et al. 2006; Pokholok et al. 2006). Colouring is as in Figure 2, with gray
ORFs indicating that information is missing.
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Fig. 4. Glycerol accumulation. Expression of the GPDI and GPP2, which encode enzymes
in glycerol synthesis, is upregulated in a HOG-dependent manner. Gpd1 exerts a major con-
trol on glycerol production and hence an increase of Gpd-proteins increases glycerol forma-
tion. Hogl appears to be involved in the regulation of the PFK2-enzyme (Ptk26/Ptk27). An
increased activity of PFK2 enhances the production of the allosteric activator F26BP, which
activates phosphofructokinase. Such stimulation might increase the pool of DHAP, the sub-
strate for Gpd. The glycerol export channel Fpsl closes quickly following hyperosmotic
stress. Hog1 might be involved in the closure of Fps1 since a hoglA shows a slighter higher
glycerol leakage under basal as well as hyperosmotic conditions as compared to wild type.

fructose-2,6-bisphosphate (Reibstein et al. 1986; Gancedo 1989). Fructose-2,6-
bisphosphate (F26BP) was considered as the most significant activator of phos-
phofructokinase because of its strong in vitro activating effect (Bartrons et al.
1982; Schaftingen 1982). However, a simultaneous overproduction of phos-
phofructokinase and F26BP in vivo did not increase the glycolytic flux and a strain
devoid of F26BP did not significantly affect the steady-state glycolytic flux (Boles
et al. 1996; Muller et al. 1997; Goncalves and Planta 1998). However, when trans-
ferring respiring F26BP -deficient mutant cells to conditions where glucose is
fermented, glucose consumption, and ethanol production rates were initially di-
minished as compared to wild type. This led to the interesting idea that F26BP ac-
tivation of phosphofructokinase is important during transitions between different
metabolic conditions (Boles et al. 1996; Goncalves and Planta 1998).

The two genes PFK26 and PFK27 encode the 6-phosphofructo-2-kinase, PFK2.
PFK2 catalyses the conversion of fructose-6-phosphate to the allosteric activator



150 Bodil Nordlander, Marcus Krantz, Stefan Hohmann

F26BP (Aragon et al. 1987; Boles et al. 1996). The expression of PFK27 is stimu-
lated by glucose and sucrose, but not by galactose and maltose, whereas the ex-
pression of PFK26 is higher in respiring cells (Boles et al. 1996; Goncalves et al.
1997; Goncalves and Planta 1998). During growth on ethanol, the major PFK2
isoform Pfk26 is believed to be present in an inactive form, which can be readily
activated by protein kinase A upon the transition to the fermentative mode of me-
tabolism. Thus, the rapid increase in the level of cAMP after the addition of, for
example, glucose was shown to be responsible for the rapid activation of 6-
phosphofructo-2-kinase activity (Francois et al. 1984; Goncalves and Planta 1998;
Dihazi et al. 2003). The Pfk27 enzyme is assumed to be constitutively active. The
activity of the Ptk26 enzyme seems to be modulated by post-translational modifi-
cations, such as phosphorylation and acetylation (Dihazi et al. 2001, 2003, 2004,
2005). The cAMP-dependent protein kinase A phosphorylates and activates Pfk26
at Ser644 of the consensus phosphorylation site (RRYS) located within the C-
terminal domain of the protein (Francois et al. 1984; Dihazi et al. 2003).

Upon hypo-osmotic shock, Pfk26 is inactivated in vivo, which probably is
caused by the phosphorylation of Ser652; this phosphorylation appears to be me-
diated in vitro by protein kinase C (Dihazi et al. 2001). The opposite stress condi-
tion, hyperosmotic shock, causes activation of the enzyme in a Hogl-dependent
manner. The Pfk26 peptide Tg;.19; is phosphorylated on four sites and the se-
quence reveals several potential MAPK consensus sequences as well as potential
targets for other kinases. The removal of this peptide from the protein resulted in a
catalytically inactive enzyme (Dihazi et al. 2004). Although different mutants in
the HOG pathway, such as hogl/Aand pbs2A mutants, do not show the os-
moshock-dependent activation of PFK2 normally observed in wild type cells
(Dihazi et al. 2004), a direct involvement of Hogl in the phosphorylation of the
enzyme has not been demonstrated yet.

Following osmotic shifts there are rapid changes in the amount of intracellular
glucose-6-phosphate and glycerol illustrating that metabolism is redirected (Dihazi
et al. 2001, 2004). Survival after a hypo-osmotic shock requires a rapid decrease
in the intracellular glycerol content which depends on glycerol outflow through
the Fpsl channel protein and (probably) a decrease in the production of glycerol
(Tamas et al. 1999; Dihazi et al. 2001). The accumulation of glucose-6-phosphate,
which occurs after a hypo-osmotic shock, results in an increased availability of es-
sential precursors for cell wall material such as glucans (Boada et al. 2000;
Shahinian and Bussey 2000). Following hyperosmotic shock, increased glucose-6-
phosphate consumption and enhanced glycerol production are observed. More-
over, it was shown that the overproduction of PFK2 increased glycerol accumula-
tion dramatically compared to cells lacking this enzyme (Dihazi et al. 2004). Po-
tentially, stimulation of phosphofructokinase by F26BP increases the pool of the
glycolytic intermediate dihydroxyacetonephosphate (DHAP). In glycerol produc-
ing cells, the regeneration of NADH is continuously required to support the mas-
sive glycerol production while maintaining a proper NADH/NAD+ ratio and
hence redox balance in the cell. Blomberg et al. demonstrated an increase in ace-
tate production in cells exposed to 0.7M NaCl which could enhance NADH re-
generation (Blomberg and Adler 1989). Metabolic Control Analysis showed that
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the Gpd enzymes exerts a major control on glycerol production, but also revealed
that the optimal strategy to improve glycerol production would be to simultane-
ously increase the levels of DHAP, the Gpd enzyme level as well as the
NADH/NAD-+ ratio (Cronwright et al. 2002). This strategy seems to be employed
by the yeast cell.

4 Glycerol export and import

The aquaporin family of transmembrane proteins encompasses water-specific aq-
uaporins as well as aquaglyceroporins with permeability for glycerol and other
small uncharged compounds (Hohmann 2001; Pettersson et al. 2006). Fpsl is
characterised by six transmembrane domains where loops B and E dip back into
the membrane and meet in the central plane of the membrane bilayer. These two
loops are part of the transmembrane pore constriction and contain the two NPA
motifs, which are characteristics for the aquaporin family. Fpsl, like many other
fungal aquaglyceroporins, has long extensions at the N- and the C-terminus
(Pettersson et al. 2005).

The yeast plasma membrane is rather impermeable for glycerol (Oliveira et al.
2003) and hence employing a regulated glycerol export channel allows yeast cells
to rapidly control and fine-tune their glycerol content. Mutants lacking Fps1 dis-
play a higher intracellular glycerol level (Tao et al. 1999) but under hyperosmotic
conditions accumulate glycerol with a similar profile as wild type cells (Tamas et
al. 1999). When yeast cells are then exposed to a hypo-osmotic shock, i.e. by
transfer into distilled water, most of the intracellular glycerol is released to the sur-
rounding medium within less than three minutes. Rapid glycerol export is fully
dependent on Fpsl (Tamas et al. 1999). Mutants lacking Fpsl are sensitive to a
hypo-osmotic shock and only a fraction of the cells survives such a treatment
(Tamas et al. 1999). Deletion of FPS! is lethal when combined with mutations
that affect the strength of the cell wall, illustrating the role of Fpsl as an osmotic
pressure safety valve (Tamas et al. 1999; Tong et al. 2004).

Fps1 is probably regulated through a gating mechanism. Constitutively open
Fpsl mutants exist and those mediate glycerol efflux even under hyperosmotic
conditions. As a consequence, such yeast cells are unable to properly accumulate
glycerol, which they try to compensate by enhanced glycerol production (Tamas et
al. 1999, 2003; Hedfalk et al. 2004; Karlgren et al. 2004). Mutants expressing
open Fpsl grow more poorly under hyperosmotic conditions. Hence, mutants
lacking Fpsl are sensitive to hypo-osmotic stress while mutants with overactive
Fpsl are sensitive to hyper-osmotic stress, illustrating the importance of Fpsl for
yeast osmoregulation. While proteins with similar functions in regulated osmolyte
efflux exist in probably most organisms, the precise type of aquaglyceroporin rep-
resented by S. cerevisiae Fpsl appears to be a yeast-specific invention in evolution
(Pettersson et al. 2005).

The control mechanism of Fpsl has been investigated by targeted and random
mutagenesis. It appears that three regions play a role in Fpsl gating:
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1. The B-loop. A random genetic screen for constitutively open Fpsl
(Karlgren et al. 2004) identified residues G348 and H350, both facing the
intracellular mouth of the pore in the B-loop. Both residues are located just
adjacent to the conserved NPA motif (residues 352-354). It is possible that
the mouth of the cytoplasmic side of the pore serves as the target for the
closing mechanism.

2. The region of about 40 amino acids proximal of the first transmembrane
domain was first identified by truncation analysis and then by targeted and
random point mutations (Tamas et al. 1999, 2003; Karlgren et al. 2004).
Within this domain 15/18 residues are conserved in all yeast orthologues.
Also the spacing of this region to the first transmembrane domain is con-
served (18 residues), and several mutations in this region affecting gating
have been identified. We assume that this proximal domain serves as a
“lid” that interacts with the B-loop, but direct evidence for such a scenario
is presently missing.

3. The ten amino acids immediately distal of the sixth transmembrane domain
are also highly conserved (8/10 identical in all yeast sequences). Trunca-
tion of the C-terminus within this sequence, but not further downstream,
renders Fpsl constitutively active (Hedfalk et al. 2004; Karlgren et al.
2004). The C-terminal extension may have a more indirect role in gating,
for instance by supporting a specific configuration of the N-terminal exten-
sion and/or oligomerisation. Usually, aquaporins are tetramers.

A link between the Fpsl N-terminus and Hogl signalling was recently discov-
ered in an entirely different context. Fpsl mediates the influx of toxic trivalent ar-
senite into yeast cells (Wysocki et al. 2001), a feature it shares with other
aquaglyceroporins. Hydrated arsenite resembles glycerol. Mutants lacking Fpsl
are highly tolerant to arsenite while expression of constitutively open Fpsl causes
arsenite hypersensitivity (Wysocki et al. 2001). Mutants lacking Hogl are sensi-
tive to arsenite. It appears that the Hogl target in the acquisition of arsenite toler-
ance is Fpsl. Hogl phosphorylates T231 in the highly conserved N-terminal do-
main and this effect seems to cause inactivation of Fpsl (Thorsen et al. 2006).
Mutation of this residue causes constitutively open Fpsl, arsenite sensitivity and
also hyper-osmosensitivity (Tamas et al. 2003; Karlgren et al. 2004; Thorsen et al.
2006). However, whether the same Hogl-dependent mechanism controls Fpsl
also following hyper-osmotic shock is presently unclear. Rather, the Hogl effect
may represent a long-term control of Fps1 activity.

Measuring the expression of the Sugar Transporter-Like gene STLI is fre-
quently done to investigate HOG pathway activity since the STL/ expression in
response to hyperosmotic shock is strong and completely Hogl-dependent (Rep et
al. 2000). Stl1 represents a glycerol uptake system in yeast that transports glycerol
by proton symport during conditions where glycerol symport is functional. Ex-
pression of STLI is subject to glucose-induced inactivation and stimulated upon
the diauxic shift in a Cat8-dependent manner (Haurie et al. 2001; Ferreira et al.
2005). This suggests that the physiological role of Stl1 is in glycerol uptake for its
utilisation as a carbon source. Under hyperosmotic stress, Stl1 may support glyc-
erol accumulation by taking up glycerol from the environment. Active glycerol
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uptake under osmotic stress is observed in many other yeasts (e.g. Prista et al.
2005).

5 Integration: a potential timeline of adjustments under
osmo-stress

Establishing a detailed timeline of the relative quantitative importance of different
control mechanisms acting on glycerol accumulation will require a combination of
mathematical modelling and experimental studies. Such a model could integrate
HOG signalling, transcription, translation, metabolism as well as the biophysical
changes that occur due to the water movement over the membrane. An integrative
view of the system should facilitate our understanding of how certain processes,
often studied in isolation, are interconnected. In addition, as turgor maintenance is
performed independently by each cell, it will be necessary to analyse single cells
to capture cell-to-cell variations and thereby important system parameters such as
noise and thresholds. Such an approach will allow predicting cellular events in a
more precise way.
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Control of mRNA stability by SAPKs

Miguel A. Rodriguez-Gabriel and Paul Russell

Abstract

Control of mRNA turnover is an essential step in the regulation of gene expression
in eukaryotes. The concerted action of many enzymes regulates the way each
mRNA is degraded. Moreover, the degradation of each mRNA is influenced by
the environment surrounding the cell. The connection between the environment
and changes in the half-lives of mRNAs is regulated by the activity of stress acti-
vated MAP kinases (SAPKs) and their substrates. Here, we will describe some of
those mechanisms, and how SAPKs regulate mRNA stability in eukaryotic cells.

1 Introduction

Stress activated MAP kinases (SAPKs) are kinases activated in response to exter-

nal stimuli, like stress, hormones, growth factors, etc. There are two families of

SAPKs: the c-Jun N-terminal kinases (JNKs) and the p38 kinases. After activa-

tion, they coordinate the activation of gene transcription, protein synthesis, cell

cycle machinery, cell death, and differentiation exerting a profound effect in many
physiological processes including cell proliferation, inflammation, and develop-
ment (Kyriakis and Avruch 2001). SAPKs are highly conserved in eukaryotes

from yeast to human (e.g. mammalian p38, p38-like S. cerevisiae Hogl and S.

pombe Spcl/Styl), and because of their importance in cell physiology and disease,

they are the subject of intense study.

One of the main functions of SAPKs is the regulation of transcription factors
that bind DNA promoters and regulate transcription of different genes. This regu-
lation is achieved through the phosphorylation of transcription factors like ATF2
or c-Jun (Kyriakis and Avruch 2001). However, it is becoming clear that there is
another important function of SAPKSs that contributes to the correct and timely ex-
pression of genes: the control of mRNA stability. Changes in turnover rates of in-
dividual mRNAs have great effects in their steady-state levels (Ross 1995; Ca-
ponigro and Parker 1996; Wilusz et al. 2001). The advantages of this additional
level of regulation are several:

l. Speed: translation and degradation occur with pre-existing mRNAs, saving
time in the production of additional mRNAs when necessary, or eliminat-
ing mRNAs when the translational machinery needs to be dedicated to
other functions.
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2. Economy: for similar reasons, stabilization of mRNAs can save precious
energy used in transcription, giving an important advantage to the always
energy-efficient cell machinery.

3. Control: control of mRNA stability is an additional layer of post-
transcriptional regulation that helps to finely adjust the appropriate levels
of each mRNA to the environmental conditions.

We are going to discuss some of the mechanisms that control mRNA decay and

how SAPKS relate to them.

2. Eukaryotic mRNA turnover

2.1. Proteins involved

Through the study of yeast and mammals, two general pathways of mRNA decay
have been identified in eukaryotic cells (Parker and Song 2004)(Fig. 1). In the first
pathway, the mRNA poly(A) tail is first shortened by mRNA deadenylases. After
deadenylation, a decapping enzyme formed by Dcpl and Dcp2, removes the cap
structure in 5°, allowing the 5°-3° digestion of the mRNA by Xrnl exonuclease

(Parker and Song 2004). In the second mechanism, deadenylation is followed by

3’-5’ degradation of the mRNA by the cytoplasmic exosome, a multisubunit com-

plex formed by many exonucleases (Anderson and Parker 1998; Chen et al. 2001;

Wang and Kiledjian 2001; Mukherjee et al. 2002).

There are other pathways of mRNA degradation that are more specialized:

A. Nuclear degradation of pre-mRNAs that failed to complete processing
(Moore 2002).

B. Degradation of mRNAs with early stop codons in a process referred to as
nonsense-mediated decay (NMD). Those mRNAs are degraded by decap-
ping independent of deadenylation or by accelerated 3’-5’ exonucleolytic
digestion (Muhlrad and Parker 1994; Cao and Parker 2003; Lejeune et al.
2003; Mitchell and Tollervey 2003; Takahashi et al. 2003).

C. mRNAs lacking stop codon are degraded in a processes named non-stop
decay (NSD), by the cytoplasmic exosome (Frischmeyer et al. 2002; van
Hoof et al. 2002).

As mentioned above, the first step in the general degradation of mRNA in eu-
karyotes is deadenylation. At least three different complexes with deadenylation
capacity have been identified in eukaryotes: the Ccr4/Pop2 complex (Tucker et al.
2001), the Pan2/Pan3 (PAN) complex (Tucker et al. 2001), and poly(A)-specific
exonuclease referred to as PARN (Astrom et al. 1992; Korner and Wahle 1997).
In mammalian cells, PARN possesses the major deadenylase activity in vitro (Gao
et al. 2000). The poly(A)-binding protein (Pabl) can have opposing effects on the
different deadenylating activities, being able to inhibit Ccr4/Pop2 and PARN ac-
tivity and stimulating PAN. As proposed by Parker and Song (Parker and Song
2004), the composition of the mRNA-protein complex (mRNP) would have im-
portant implications for the regulation of mRNA turnover. First, the changes in
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Fig. 1. Main mRNA degradation pathways in eukaryotes. Deadenylation-dependent and
deadenylation-independent mechanisms of mRNA decay are depicted with the main en-
zymes involved.

mRNP composition will alter the susceptibility to different deadenylases. Second,
the alteration of one deadenylase would affect a specific set of transcripts. Third,
mRNA binding proteins could function by attracting or repelling deadenylase ac-
tivities to the 3° end of the mRNA.

2.2 Localization

Several studies have shown that mRNA turnover could take place in cytoplasmic
bodies. In yeast, many enzymes involved in mRNA degradation like decapping
enzymes or exonucleases have been localize to discrete cytoplasmic bodies, were
mRNA degradation intermediates have also been found (Sheth and Parker 2003).
A different structure, the stress granules, are also cytoplasmic structures that con-
tain translationally repressed mRNAs and mRNAs targeted for degradation
(Kedersha and Anderson 2002; Anderson and Kedersha 2006). They may function
as a triage system to select mRNAs that need to be translated or degraded, depend-
ing of the physiological conditions of the cell.
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3 mRNA cis acting elements

The decay rates of specific mRNAs can be determined by their sequence elements.
The best studied are AU-riche elements (AREs), which are generally found in the
3’ untranslated region (UTR) of mRNAS. AREs modulate stability at the level of
deadenylation, decapping or 3’-5’ degradation, and can also control translational
efficiency (Shaw and Kamen 1986; Chen and Shyu 1995; Bakheet et al. 2001;
Wilusz and Wilusz 2004). Proteins that associate with these AREs can either en-
hance or inhibit mRNA decay rates. Several of these proteins have been described,
such as AUF1, Tristetraprolin (TTP), HuR, KSRP, NF90, and TIA-1 (Wilusz and
Wilusz 2004). They belong to different protein families, they have different ef-
fects on mRNA stability (stabilizing or destabilizing), and modulate different as-
pects of mRNA metabolism like deadenilation, exosome binding, or decapping.

AU-binding proteins recruit the exosome to degrade ARE-containing mRNAs
(Chen et al. 2001). Regulated ARE-mediated mRNA decay is also conserved in
Saccharomyces cerevisiae (Vasudevan and Peltz 2001), and possibly in other eu-
karyotic microorganisms, opening the possibility of studying these processes in
model organisms.

Although the exosome does not exhibit ARE-binding activity, it is recruited to
ARE-RNAs through interactions with several ARE-binding proteins such us
KSRP and TTP, which in turn recruit the exosome to affect 3°-5° mRNA degrada-
tion. ARE-mediated mRNA stability is also regulated by microRNAs in mammal-
ian cells (Jing et al. 2005).

4 Control of mMRNA stability by SAPKs

Mammalian SAPKs (JNK and p38) regulate mRNA stability. Stabilization of In-
terleukin-2 mRNA by the c-Jun NH2-Terminal Kinase Pathway (Chen et al.
1998). The main target of p38 MAP kinase is the kinase MK2, and this signaling
pathway regulates the stability and translation of tumor necrosis factor(TNF) and
IL-6 mRNAs through a process that involves the AU-rich elements in the 3° UTR
of these mRNAs (Kotlyarov et al. 1999; Neininger et al. 2002). Microarray ex-
periments demonstrated that many ARE-containing mRNAs are regulated by p38
activity, but many others are regulated independently of p38 (Frevel et al. 2003).

SAPK p38 signals to cytokine induced mRNA stabilization via MK2 and AU-
rich elements (Winzen et al. 1999); it also stabilizes mRNA that contain
cyclooxygenase-2 and TNF AREs by inhibiting deadenylation (Dean et al. 2003)
and has been found to regulate both the translation and the stability of inflamma-
tory mRNAs. The mRNAs regulated by p38 share common AU-rich elements
(ARE) present in their 3'-untranslated regions. AREs act as mRNA instability de-
terminants but also confer stabilization of the mRNA by the p38 pathway. In re-
cent years, AREs have shown to be binding sites for numerous proteins as men-
tioned before. However, it is unclear which protein is responsible for mRNA
stabilization by p38 (Dean et al. 2004).
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4.1 RNA binding proteins involved in SAPK regulation of mRNA
stability

4.1.1. Csx1

Schizosaccharomyces pombe Csx|1 is a protein with three RNA recognition motifs
(RRMs). Under oxidative stress, Csx1 is able to stabilize the mRNA encoding the
transcription factor Atfl, being the csx/A cells sensitive to oxidation. This regula-
tion of Atfl mRNA half-life is specific of oxidative stress and it is not produced
under other types of insult. The absence of Csx1 protein produces a decrease in
Atfl mRNA that, in turn, affect the expression of multiple mRNAs necessary for
the correct response to oxidation in fission yeast (Rodriguez-Gabriel et al. 2003).

Csx1 binds to Atfl mRNA and regulates its turnover rate, and this seems to be
the way Csx1 regulates its half-life. Under oxidative stress, Csx1 is phosphory-
lated dependent on the activity of the p38-like kinase Spcl/Styl, and correlating
with the stabilization of Atfl mRNA. However, the relationship between this
phosphorylation and Csx1 function is unclear (Rodriguez-Gabriel et al. 2003).

Two other RRM-containing proteins have been involved in the regulation of
Atfl mRNA stability in response to oxidative stress in S. pombe: Cipl and Cip2
(Csx1 Interacting Protein 1 and 2). These two proteins interact with Csx1 protein.
Elimination of any of them is able to rescue the sensitivity of csx/4 cells to oxida-
tion. Moreover, the absence of Cipl or Cip2 can override the rapid disappearance
of Atfl mRNA in csx/A cells and re-establish the correct expression of many of
the Csx1-regulated mRNAs (Martin et al. 2006).

4.1.2 HUR

HuR is a mammalian RNA-binding protein that also has three RRMs. HuR binds
to several mRNAs (e.g. those that encode TNFalpha, ATF3, p21WAF1) through
their 3"’AREs and helps to stabilize them (Wang et al. 2000; Dean et al. 2001; Gi-
les et al. 2003; Pan et al. 2005; Xu et al. 2005). It has been reported that HuR does
not alter accumulation of target mRNAs in the absence of the destabilizing func-
tion of tristetraprolin (TTP), indicating the functional relationship between both
proteins (Katsanou et al. 2005). The way in which HuR functions is still contro-
versial. Recent reports describe the function of HuR in the derepression of gene
expression produced by miRNA binding to 3'UTRs. After HuR action, those
mRNAs can be released from P-bodies and translated into proteins in response to
stress (Bhattacharyya et al. 2006). In some cases, like urokinase and urokinase re-
ceptor mRNAs, the stabilization is linked to cytoplasmic accumulation of HuR in-
duced by activated MK2, joining p38 pathway and mRNA stabilization (Tran et
al. 2003).

4.1.3 TTP (Tristetraprolin)

TTP downregulates IL-2 gene expression through ARE-mediated mRNA decay
(Ogilvie et al. 2005). It is thought that this regulation is possibly achieved by TTP
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promoting deadenylation of ARE-containing substrates by PARN (Lai et al.
2003). One of the most interesting effects of TTP is the delay of tumor progres-
sion. Tumor suppression can be achieved by interfering with RNA turnover
(Stoecklin et al. 2003). However many of the phenotypes related with TTP defi-
ciency are related with its regulation of TNF alpha mRNA regulation. TTP *"mice
have high levels of TNF alpha mRNA. These mice suffer cachexia, arthritis, and
autoimmunity resulting from TTP deficiency. Many of the phenotypes of TTP *-
mice can be overcome by injection of TNF alpha antibodies (Taylor et al. 1996).
TTP destabilizes TNF alpha mRNA (Carballo et al. 1998), binding to its AU-rich
element and promoting its deadenylation (Lai et al. 1999).

TTP deficient cell lines are less sensitive to p38 inhibitors, indicating a possible
role of TTP in p38 pathway (Carballo et al. 2001). However there are other reports
indicating that p38 does not alter TTP function (Rigby et al. 2005). Depending of
the type of stress, TTP can localize to stress granules, were it could regulate deg-
radation of ARE-containing mRNAs along with other ARE-binding factors as
TIA-1 and HuR. TTP becomes activated in a p38 dependent manner, binds to 14-
3-3 and is excluded from the stress granules (Stoecklin et al. 2004). Therefore,
ARE-containing mRNAs are stabilized. It is thought that exclusion of TTP from
the stress granules allows HuR to exert its stabilizing effect.

Mitogen-activated protein kinase p38 controls the expression and posttransla-
tional modification of TTP, regulating TNF alpha mRNA stability (Mahtani et al.
2001), and cyclin D and myc mRNAs (Marderosian et al. 2006). The abundance
of TTP mRNA is regulated by p38 and TTP itself (Tchen et al. 2004).

MK2 regulates TNF mRNA stability and translation mainly by altering TTP
expression, stability and binding to AREs (Hitti et al. 2006). MK2 phosphorylates
TTP of in vivo sites, including Ser178, that is a site required for 14-3-3 binding
(Chrestensen et al. 2004). MK2 induced TTP:14-3-3 complexes prevent stress
granule association and ARE-mRNA decay (Stoecklin et al. 2004).

4.1.4 AUF1

AUF1 has several isoforms. It facilitates rapid decay of AU-rich mRNAs (Sarkar
et al. 2003). It has opposite functions to HuR, and the balance of this two proteins
could be important for the regulation of mRNA stability (Lu and Schneider 2004).

4.1.5 NF90

Nuclear export of NF90 is required for interleukin-2 mRNA stabilization (Shim et
al. 2002), and it could have overlapping functions with HuR.

4.1.6 RHAU

The RHAU RNA helicase facilitates mRNA deadenylation and decay. It interacts
with PARN and exosome and the RNA binding proteins HuR and NFAR1 (Tran
et al. 2004).
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4.1.7 KSRP

KSRP, a KH domain RNA binding protein, was cloned and purified as a compo-
nent of a splicing complex (Min et al. 1997). It interacts with ARE, exosome and
PARN to promote mRNA decay (Gherzi et al. 2004). In fact, tethering KSRP to
mRNAs elicit mRNA decay (Chou et al. 2006). It was recently shown that phos-
phorylation of KSRP in a p38 dependent manner regulates myogenic transcripts,
linking SAPK activity and mRNA stability through this RNA binding protein
(Briata et al. 2005).

4.1.8 TIA-1 and TIAR

TIA-1 and TIAR show alternative forms of splicing that present several RNA rec-
ognition motifs (Beck et al. 1996). TIAR is essential for primordial germ cell de-
velopment (Beck et al. 1998), and TIA-1 -/- mice develop mild arthritis, with
overproduction of TNF alpha and cyclooxigenase-2 by some cell types (Phillips et
al. 2004). Proteins from the TIAR/TIA-1 family bind AREs and can also regulate
pre-mRNA splicing (Forch et al. 2000). During stress, TIA-1 shuttles between the
cytoplasm and the stress granules, accompanying the recruitment of mRNAs to
these granules (Kedersha et al. 2000; Kedersha and Anderson 2002). It seems that
the main function of the TIAR/TIA-1 family members is the translational repres-
sion of mRNAs in response to stress (Mazan-Mamczarz et al. 2006). Although the
relationship of these proteins with SAPKs has not been clearly demonstrated, they
seem to work in the same situations and under similar stress conditions, opening
the possibility of a biochemical relationship between them.

5 Concluding remarks

The role of SAPK pathways in the regulation of posttranscriptional events, and
more specifically of mRNA turnover rates, has been the subject of numerous stud-
ies in recent years. The participation of SAPKs (and its substrates) in the regula-
tion of mRNA stability, the importance of RNA binding proteins in this process,
and the different cis elements found in mRNAs (AU-rich elements and others) are
well established facts. However, there are still many open questions that lay
ahead: how is the combination of RNA binding proteins regulating RNA turn-
over? How are they regulated? How do they interplay with deadenylation machin-
ery, or exosome, or decapping enzymes? How is everything coordinated to func-
tion as a eukaryotic operons (Keene and Tenenbaum 2002)? Is it possible to target
those mechanisms for therapeutic approaches? With the current rate of progress
we can expect answers to these questions in the not too distant future.
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Intrinsically active (MKK- independent) variants
of SAPKs - How do they work?

Inbal Maayan and David Engelberg

Abstract

The activity of Stress activated protein kinases (SAPKs) is critical for proper de-
velopment, differentiation, and survival. Several SAPKs are expressed in each eu-
karyotic cell and are co-activated in response to stimulation. It is difficult there-
fore to reveal the specific functions of each SAPK. These functions could be
accurately addressed by expression of SAPKs mutants that are spontaneously ac-
tive in vivo. We have recently produced such mutants of the yeast Hogl and of the
four isoforms of mammalian p38. Here, we summarize the current understanding
of their mechanism of action. Structural studies show that the mutations cause
conformational changes at the L16 domain, primarily the disruption of a hydro-
phobic core. These changes confer an auto-phosphorylation capability to the en-
zyme and consequently activation. In addition, the mutants are spontancously re-
cruiting specific upstream components for increasing their activity. We suggest
that this process emulates the natural mechanism of p38 activation, achieved via
phosphorylation of Tyr323 (the "bypass" pathway). This notion suggests that the
intrinsically active mutants are legitimate for biological studies.

1 Introduction

Mitogen activated protein kinases (MAPKs) form a family comprised of signaling
mediators involved in critical cellular and multi-cellular functions (Davis 2000;
Ono and Han 2000; Kyriakis and Avruch 2001; Pearson et al. 2001; Rubinfeld and
Seger 2005; Zarubin and Han 2005; Murphy and Blenis 2006; Yoon and Seger
2006). The MAPKs, which are conserved in all eukaryotes, are divided to sub-
groups according to sequence similarity and biological activity. In mammals there
are at least three major subgroups, ERK, JNK, and p38. Each of these subfamilies
includes a number of isoforms. Also, most of the isoforms give rise to several
splicing variants (Jiang et al. 1997; Casanova et al. 2000; Faccio et al. 2000; Yung
et al. 2000; Sudo et al. 2002; Aebersold et al. 2004; Shaul and Seger 2006). While
the ERK subfamily is activated mainly by growth factors, the JNKs and p38s sub-
families respond to a variety of stress conditions and therefore they are also called
Stress Activated Protein Kinases (SAPKs) (Kyriakis et al. 1994). It should be
noted, however, that no MAPK is signal specific and many MAPKs are concomi-
tantly induced in the same cell (to different levels) by any given stimulus.
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Once activated, MAPKs may induce different biological outcomes depending
on the cell type and/or the particular signal involved. The SAPKs, for example,
could stimulate in some systems, or under some conditions, apoptosis or cell cycle
arrest (Eilers et al. 1998; Davis 2000; Porras et al. 2004). In other systems, they
induce differentiation or proliferation (Morooka and Nishida 1998; Williams et al.
1998; Zetser et al. 1999; Keren et al. 2006). It is still unknown what are the
mechanisms through which the same enzymes impose different effects in different
cell types, or under different conditions.

SAPKs are associated with many diseases. For example, over activated p38 is
correlated with several types of cancer and with inflammatory diseases (Schett et
al. 2000; Kumar et al. 2003; Uzgare et al. 2003; Bulavin and Fornace 2004; Or-
chel et al. 2005; Schieven 2005; Westra and Limburg 2006). Over activation of
JNK is associated with neuronal degenerative diseases (Zhu et al. 2001; Lagalwar
et al. 2006). In some other types of cancer, inactivation of JNK or p38 seems to be
involved (Bulavin and Fornace 2004; reviewed by Engelberg 2004). In all these
cases, it is not known whether the abnormal SAPKs activity is the direct cause of
the disease or maybe just one of its consequences.

The involvement of SAPKs in so many cellular and multi-cellular functions and
their role in currently non-curable diseases, underlie the need to understand the
precise unique activities of each SAPK. This mission is not trivial not only be-
cause many isoforms and splicing variants are co-activated, but also because there
is a complex crosstalk between the MAPK cascades. Therefore, it is impossible to
insulate one MAPK and study its biochemical and biological activities. As a con-
sequence, despite many years of research the specific role of each particular
SAPK, in health or in disease, is still not known.

A useful tool for accurately revealing the role of each MAPK would be intrinsi-
cally active variants of each enzyme. Such molecules are by definition independ-
ent of upstream regulation and when expressed in a biological system they sponta-
neously execute biochemical, molecular, and biological functions of the parental
protein. As these activities are executed when cells are not exposed to stress or
other stimulations, and all other MAPKs are essentially dormant, this approach
accurately discloses the molecular targets and the biological effects of the given
active MAPK. It is required, of course, that besides its intrinsic activity, the active
variant maintains all properties of the native parental protein.

Recently, we developed such active variants of all members of the p38 family,
including the yeast Hogl (Bell et al. 2001) and all isoforms of the human p38
(Diskin et al. 2004; Avitzour et al. 2007). In this chapter, we briefly review the
development of these active variants and describe in detail our current understand-
ing of their mechanism of action. Understanding this mechanism is critical be-
cause it will reveal whether the mutants are imitating natural activating mecha-
nisms, making them legitimate tools for biological studies.
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2 Intrinsically active variants of SAPKSs - bypassing their
natural mode of activation

In order to be active, a MAPK has to be phosphorylated on a unique motif con-
taining Thr and Tyr residues separated by only one amino acid (Cobb and Gold-
smith 1995; Canagarajah et al. 1997; English et al. 1999). This unique dual phos-
phorylation is catalyzed by proteins known as MAPK kinases (MAPKKs, also
called MKKs and MEKSs), which are themselves activated via phosphorylation
catalyzed by enzymes called MAPKK kinases (MAPKKKs, also called MKKKs
or MEKKs). Although this relay race of phosphorylation is required for the activa-
tion of every MAPK in nature, there seem to be some additional cascades that ac-
tivate MAPKSs via alternative routes that bypass the MEKK-MEK module. One
example is the activation of the mammalian MAPK p38a by the TAB1 protein in
response to stimulation with TGFp (Ge et al. 2002). TABI associates directly with
p38a and induces an auto-phosphorylation activity. Another example exists in T
cells. In these cells, ligand- bound T cell receptor (TCR) recruits the tyrosine
kinase ZAP70 that in turn phosphorylates p38a on Tyr323. This phosphorylation
induces auto-phosphorylation and activation of p38a (Salvador et al. 2005).

MKKSs and MKKKs are not specific and can activate more than one protein so
that activation of one of those kinases leads to activation of several MAPKs. Also,
ZAP70 phosphotylates many other substrates in addition to p38a (Hivroz and
Fischer 1994; Scielzo et al. 2006). Therefore, the best way to study the specific ef-
fects of a given MAPK is to exclusively activate it, and not upstream activators.
Exclusive activation could be achieved by expressing an intrinsically active vari-
ant of the MAPK of interest. This mission is however not trivial because in spite
of the comprehensive knowledge about the mechanism of MAPK activation and
the structural requirements involved, it is still not known how to mimic by
mutagenesis the PO4-Thr - Xaa - PO,4-Tyr motif or the resulting structural changes
(Hanks and Hunter 1995; Canagarajah et al. 1997; English et al. 1999) . As a re-
sult, researchers applied indirect and not entirely specific approaches including us-
ing active forms of upstream components (Cowley et al. 1994; Mansour et al.
1994, 1996; Gillespie-Brown et al. 1995), exposing cells to relatively specific
stimuli (Han et al. 1994; Minden et al. 1994; Zetser et al. 1999), or producing
MEK-MAPK chimera (Robinson et al. 1998; Zheng et al. 1999; reviewed by
Askari et al. 2006).

Another approach was to try to isolate intrinsically active MAPKSs using unbi-
ased genetic screens in Drosophila melanogaster and in S. cerevisiae. These
screens searched for gain-of-function mutations hoping that the mutated proteins
would acquire an intrinsic unregulated activity. These screens uncovered several
interesting mutations in the yeast MAPKs Kss1 and Fus3, and in the Drosophila
Erk2 MAPK (Rolled) (Brill et al. 1994; Brunner et al. 1994; Hall et al. 1996;
Madhani et al. 1997). These mutations rendered MAPKs biologically hyperactive,
but none of them made the proteins intrinsically active. All of them were still de-
pendent on their upstream kinases (Bott et al. 1994; Brill et al. 1994; reviewed by
Askari et al. 2006). Therefore, in order to obtain variants of MAPKSs that are abso-
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lutely independent of their upstream MAPKK, we devised a different genetic
screen. The rationale was that a screen for gain-of-function mutants, that are truly
independent of the upstream cascade, should not be performed in the background
of wild type cells, but rather in cells lacking the upstream activator altogether (i.e.
MAPKKA cells). For details on the rationale and the methodology see (Engelberg
and Livnah 2006). We applied this rationale in the yeast Hogl system (screening
for active Hogl in the background of pbs2A cells). This screen led to the discov-
ery of nine HOG/ alleles, each carrying a single point mutation (Bell et al. 2001).
Each of these Hogl mutants enabled pbs2A cells to grow under hyper-osmotic
conditions and was shown biochemically to be intrinsically active. Combination of
two point mutations in the same Hogl protein caused an increase in catalytic ac-
tivity and a severe growth arrest on the yeast cells (Yaakov et al. 2003). The syn-
ergism observed by integrating the two mutations may suggest that each acts via a
different mechanism. This notion is also supported by the observation that the lev-
els of the catalytic activities manifested by the mutants are different (Bell et al.
2001; Yaakov et al. 2003; Diskin et al. 2004) (Tablel).

The mammalian homologs of the yeast Hoglp are members of the p38 subfam-
ily that is composed of four isoforms (a, B, y, and J). Sequence alignment of these
isoforms with HOG/ shows that some of the nine point mutations, identified to
render Hogl active, occurred in residues conserved in one or more isoforms (Bell
et al. 2001; Askari et al. 2007) (Tablel). Three of the residues; Y68, D170, and
W332, were found to be conserved in all p38 isoforms. Another residue, A314,
was not conserved in p38y (but was in all other isoforms) and Phe322 was con-
served in p38f and p38a. Most importantly, Phe318 of Hogl, when mutated gave
rise to the most active Hogl allele (Bell et al. 2001) that was found to be con-
served only in p385. All other isoforms possess a Tyr residue at this position. In
p38a, it is Tyr 323 which was recently shown to be phosphorylated by ZAP70
(Salvador et al. 2005) (Table 1). This conservation led us to insert systematically
the activating mutations to the conserved residues in p38s. We first inserted seven
mutations into p38a. Only three of them: D176A, F327S, and F327L rendered
p38a intrinsically active (Diskin et al. 2004) (Table 1). Later, we mutated Tyr323
to either Ser or Leu and found these mutants to render the kinase intrinsically ac-
tive, but to a low level (Avitzour et al. 2007)(Table 1). Finally, we inserted some
mutations to other p38 isoforms, and found the resulting proteins to be intrinsi-
cally active (Askari et al. 2007; Avitzour et al. 2007)(Table 1). As marked in Ta-
ble 1, the spontaneous activity of all mutants was demonstrated both in vivo in
mammalian cell lines (Askari et al. 2007) and in vitro using recombinant proteins
purified from E. coli cells (Avitzour et al. 2007; Diskin et al. 2007). Thus, bona
fide intrinsically active variants have been obtained for the yeast MAPK Hogl as
well as for all the different isoforms of the mammalian MAPK p38. Further stud-
ies confirmed that the active mutants maintained the biological and pharmacologi-
cal properties of the parental protein (Diskin et al. 2004; Askari et al. 2007; Avit-
zour et al. 2007).
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3 Mechanism of activation of native SAPKs and of
intrinsically active SAPKs

3.1 The role of the phosphoacceptors in the intrinsically active
variants

How do the mutations render Hogl and p38s intrinsically active? To date, all
known MAPK activation mechanisms, those dependent on the
MAPKKK/MAPKK systems as well as those bypassing these cascades, lead ulti-
mately to dual phosphorylation at the MAPKs' phosphorylation lip.

As the phosphorylation of the phosphoacceptors is essential for activation of
SAPKs by all activating mechanisms, it was most important to test whether the in-
trinsically active variants are bypassing this requirement. Two facts may suggest a
model in which the mutants do not require phosphorylation for activity: 1) The
mutants are biologically active in cells lacking their relevant MEKs (Bell et al.
2001; Yaakov et al. 2003; Diskin et al. 2004; Askari et al. 2007). 2) They are cata-
lytically active when expressed in and purified from E. coli cells (Diskin et al.
2004; Avitzour et al. 2007). Namely, the activating mutations may be directly en-
forcing an active fold on the molecule, mimicking the fold naturally conferred by
phosphorylation. Such a model implies that in the mutants, the Thr and Tyr resi-
dues in the phosphorylation lip are dispensable for activity. Several approaches
were taken to test this model. First, we inserted into all Hogl active variants the
mutations Tyr176 Phe, Thr174Ala, or both. We found that all Hogl active vari-
ants, mutated in the Tyr phosphoacceptor, are still biologically active, and even
maintain their unusual capabilities of rescuing pbs2A cells (Bell and Engelberg
2003). On the other hand, when the Thr residue in Hogl phosphorylation lip
(Thr174) was changed to Ala, all Hogl variants lost their capability to rescue
yeast cells from hyper-osmotic stress, even in the presence of Pbs2. Kinase assays
performed with immunoprecipitated proteins, demonstrated a clear correlation be-
tween the biological activity and the catalytic activity (Bell and Engelberg 2003).
Namely, intrinsically active Hogl molecules that also harbor a T174A mutation
lost all catalytic activity, whereas active variants harboring the Y176F mutation
were catalytically active in the absence of any stimulation. However, although
maintaining their spontaneous catalytic activity, the active mutants, carrying in
addition the Y176F mutation, were significantly less active than those carrying the
native Y176. Also, the catalytic activity of the molecules mutated in Tyr176 did
not increase upon exposure to hyperosmotic stress (Bell and Engelberg 2003). The
deleterious effect of the Thr174Ala mutation on all active mutants may suggest
that Thr174 phosphorylation is crucial for their activity. However, in spite of sig-
nificant efforts to measure phosphorylation of Thr174 of the active variants in
pbs2A cells (in which the mutants are active) the Thr phosphoacceptor was not
demonstrated to be phosphorylated (Bell and Engelberg 2003; Yaakov et al.
2003). Thus, these combined results suggest that in the active mutants the phos-
phoacceprots are not dispensable, but there is a different role to each one of them.
While the Tyr176 residue is not vital for activity, it is clearly required for enhanc-
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ing the activity after exposure to osmotic stress. The Thr174 residue is essential
for activity, probably not as a phosphoacceptor, but as a structural component,
stabilizing the protein in its active fold imposed by the activating mutation. This
idea is supported by the fact that even a Thr174Glu mutation is deleterious to
Hogl activity (Bell and Engelberg 2003). Such different roles for the phosphoac-
ceptors in SAPKs activation are not unique to the active mutants, but reflect
probably the situation in native MAPKs as well. For example, native Hogl, mu-
tated in the Tyr phosphoacceptor, is biologically active. When such a molecule is
overexpressed, it rescues hogl/A cells from hyperosmotic stress showing that
Tyr176 is not essential for survival (Bell and Engelberg 2003). Various roles were
also suggested for mono-phosphorylated ERKs (Prowse et al. 2001; Zhou and
Zhang 2002). In addition to their unusual property of intrinsic activity, which re-
quires intact Thr174 and allows them to rescue pbs2A cells, the Hogl active mu-
tants acquired the property to become spontaneously dually phosphorylated if
Pbs2 is present. Thus, the active Hogl mutants, just like the native Hog1, manifest
their maximal activity when dually phosphorylated.

Just like the Hogl active mutants, the active p38 mutants require an intact TGY
motif for their activity (Askari et al. data not shown). In this case, however,
Thr180 is clearly crucial as a phosphoacceptor. This notion is based on the obser-
vation that all intrinsically active p38 variants were found to be phosphorylated on
Thr180 but not on Tyr182, when purified from E. coli (Avitzour et al. 2007;
Diskin et al. 2007). Their activity could be further activated after incubation with
the relevant MAPKK, MKK6, most probably through additional phosphorylation
of Tyr182 in the phosphorylation motif. For example, when purified from E. coli
cells, the active double mutant p38a°'7**3?7 reaches activity level of 25% in ref-
erence to the phosphorylated p38a™*(Diskin et al. 2004), and exhibits an activity
level of more than 100% after in vitro activation by MKKG6 (Askari et al. 2007).
Curiously, the maximal activity obtained by p38a mutated in its Tyr phosphoac-
ceptor, (phosphorylated by MKK®6) is 25% of maximum, similar to the basal activ-
ity manifested by the intrinsically active p38a variant (Diskin et al. 2007). An-
other indication for the crucial role of Thr180 phosphorylation is that when the
mutants were purified from bacteria that were grown at 20°C they were not phos-
phorylated and not active. Similarly, when the intrinsically active p38a variants
were synthesized in an in vitro expression system they were not phosphorylated
and not active (Maayan et al., data not shown). In both cases, the un-
phosphorylated, inactive, purified proteins could be phosphorylated and activated
by their native MAPKK, MKKS®6, indicating that some level of phosphorylation is
essential for the mutants’ activity. Also, similar to the Hogl mutants, the p38 mu-
tants are spontaneously dually phosphorylated in vivo (see below).

In summary, the Thr phosphoacceptor at the phosphorylation lip is critical for
the intrinsic activity of both Hogl and p38 active variants. In the p38 mutants, it
must be phosphorylated. In the Hogl mutants, we could not detect spontaneous
phosphorylation of this threonine, but it may be phosphorylated at low levels, be-
low our detection threshold. Thus, although the active mutants were isolated from
MEK™ cells, and although active as recombinant proteins, phosphorylation still
plays an important role in their activation. In fact, the mutants manifest their
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maximal activity in vivo, in wild type cells (yeast or mammalian) when they are
spontaneously dually phosphorylated.

3.2 The mutants acquired an auto-phosphorylation capability

On one hand, the activity of the p38 mutants is absolutely independent of up-
stream regulation, particularly that of MEKSs (they are active as purified recombi-
nant proteins). On the other hand, their activity is dependent on Thr182 phos-
phorylation. How are the mutants become phosphorylated on Thr182 than? It is
unlikely that a bacterial protein, a MEK-like kinase, is responsible for phosphory-
lating the recombinant active SAPKs, because such a kinase would phosphorylate
p38™" as well. It seems more likely that the mutants auto-phosphorylate. This idea
is not unforeseen because several studies showed that MAPKSs are capable of auto-
phosphorylation. Particularly, as described above, auto-phosphorylation of p38a is
normally induced by either association with TABI, or by Tyr323 phosphorylation.
Other MAPKs (e.g. ERKs, JNKs) were also reported to auto-phosphorylate on
both Thr and Tyr (Seger et al. 1991; Wu et al. 1991; Rossomando et al. 1992; Cui
et al. 2005). We tested the potential auto-phosphorylation activity of all intrinsi-
cally active p38 isoforms. We observed that while wild type p38 molecules
showed almost no such activity, the active mutants manifested significant auto-
phosphorylation capabilities (Bell et al. 2001; Avitzour et al. 2007; Diskin et al.
2007). Curiously, p38p™" showed some auto-phosphorylation activity that was
much lower than that of the p38°'7** active variant (Avitzour et al. 2007). Bio-
chemical and biological assays revealed a strong correlation between the auto-
phosphorylation capability of a p38 protein and its catalytic activity towards ex-
ternal substrates. Hence, p38a™" and p385™" that had no auto-phosphorylation
ability were not catalytically active, while the p38a”'"**, p38p°!"** and p385™*S
active mutants, that displayed high levels of auto-phosphorylation, showed high
level of catalytic activity (Avitzour et al. 2007). Accordingly, p38p™", which pos-
sesses some basal auto-phosphorylation activity, also manifests a measurable basal
catalytic activity (Avitzour et al. 2007).

This model, suggests that the active p38 variants acquired a capability of mono-
auto-phosphorylation activity (on Thr182), can also explain the fact that all active
mutants, those of Hogl and those of all p38 isoforms, are much more active in
vivo (in yeast or in mammalian cells) than in vitro (as purified recombinant pro-
teins). Namely, in vivo, the active variants are dually phosphorylated, whereas in
vitro they are mono-auto-phosphorylated. It is not clear how the mutants are spon-
taneously dually phosphorylated in vivo, but in yeast their dual phosphorylation is
clearly dependent on Pbs2 because they are not phosphorylated in pbs2A cells
(Bell et al. 2001; Yaakov et al. 2003). In mammalian cells, phosphorylation of p38
mutants is partially reduced in MKK3/6” cells (Askari et al. 2007). An open ques-
tion here is how do the mutants spontaneously (i.e. in the absence of external
stimulation) recruit the upstream kinases. One explanation could be that the mu-
tants have acquired high affinity to MEKs and get phosphorylated in the absence
of any external signal. However, we do not favor this model. We think that the
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mutants could not have acquired an increased affinity to MEK because they were
initially isolated from cells in which the relevant MEK was knocked out (Bell et
al. 2001). An alternative (and more preferred by us) explanation is that the active
mutants initiate a positive feedback loop. Namely, downstream targets of the ac-
tive SAPKs activate (for example via some exocrinic effect) an upstream compo-
nent of the SAPK cascade. Further research is clearly required to reveal the exact
mechanism of the mutants’ spontaneous phosphorylation in vivo. In summary, the
active SAPKs have the capability to auto-phosphorylate in vivo and in vitro. In
vivo they are also further phosphorylated spontaneously by MEK.

3.3 Structural changes due to activation

The biochemical and biological data reviewed above suggest that the activating
mutations may be mimicking the effect of the bypassing pathways. The location of
many of the activating mutations at the L.16 domain, adjacent to Tyr323, suggests
that they may be mimicking the effect of Tyr323 phosphorylation. Do the muta-
tions impose conformational changes similar to those imposed by ZAP70-
mediated Tyr323 phosphorylation? Or they impose perhaps changes acquired by
p38 following dual phosphorylation? Or do they acquire yet another conformation,
unique to the mutants, which has no biological relevance? The complete answer to
these questions cannot be provided now because crystal structures of Tyr323-
phosphorylated or Tyr182/Thr184-phosphorylated-p38 have not been obtained
yet. To date, the only available structure of active p38 is that of active p38y and is
at relatively low resolution (Bellon et al. 1999). However, the 3D structures of
non-active p38a and of some of the active p38a mutants are available at high reso-
lution (Wilson et al. 1996; Wang et al. 1997; Diskin et al. 2007), allowing impor-
tant insight into the structure-function relation of the kinases.

Detailed data on the structural differences between the active and inactive
forms of a MAPK is available to date only for the mammalian Erk2 MAPK. Com-
paring the Ekr2 and the phosphor-Erk2 crystal structures reveals a phosphoryla-
tion-dependent movement and re-orientation of the phosphorylation lip toward the
L16 domain and creation of a 3/10 helix within the L16. Those changes expose the
pt1 substrate binding domain and probably also lead to dimerization of Erk2
(Zhang et al. 1994; Canagarajah et al. 1997; Khokhlatchev et al. 1998; Cobb and
Goldsmith 2000). Other domains in the protein remain essentially unchanged sup-
porting the idea that the L16-phosphorylation lip association is sufficient for acti-
vation.

Most of the activating mutations (six out of nine), isolated in the Hogl screen,
are located in the L16 domain. Another mutation, D170A, is located within the
phosphorylation lip. Analysis of the structure of the non-active p38a revealed a
hydrophobic core that is stabilized by three aromatic residues (Tyr69, Phe327, and
Trp337), two of which are located within the L16 region. Strikingly, all three resi-
dues are homologous to residues that were found mutated in the Hogl screen (Ta-
ble 1). The crystal structure of the intrinsically active mutant p380™2"" showed
that the mutated Phe327 residue can no longer participate in the stabilization of
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the hydrophobic core, strongly suggesting that disruption of this core imposes p38
and Hogl activation (Diskin et al. 2007). Yet, not any type of destabilization
would render the kinase active. For example, mutating Phe327 to Ala has no effect
(Diskin et al. 2004). Also, mutating Tyr69 to His and Trp337 to Ala did not induce
activity in p38a (Diskin et al. 2004; Askari et al. 2007), although similar muta-
tions in Hogl did impose activity. There is most probably a defined subset of al-
lowed conformations in the region of the hydrophobic core that evoke activity.
Systematic mutagenesis and resolution of the activity and structures of the result-
ing proteins would reveal these conformations. We predict that phosphorylation of
Tyr 323 increases the charge and polarity in the vicinity of the hydrophobic core,
affecting mainly Phe327 that is nearby. The result is a disruption of the hydropho-
bic core leading to auto-phosphorylation just as the activating mutations do.

Another interesting region is the phosphorylation lip. Unlike the situation in
Erk2 in which this lip acquires a stable structure that associates with L16
(Canagarajah et al. 1997), in p38 this element is highly disordered and therefore
can not be seen in the crystal structures. One of the activating mutations, Asp170
in Hogl, or Aspl176 in p38, is located within the phosphorylation lip. This muta-
tion is sufficient to generate an intrinsic activity and when combined with another
mutation, such as Phe327Leu or Phe327Ser, it gives rise to higher activity. The
p38a”'7%A, p38pPI"" and p38y>'"°* mutants show auto-phosphorylation activity
(Avitzour et al. 2007). As in the case of all p38 structures obtained so far (Wilson
et al. 1996; Wang et al. 1997), the crystal structures of the mutant p380°'"** also
does not disclose the fold of the phosphorylation lip, not allowing to appreciate the
effect of the mutation on this region. The p38a”'’** structure revealed no confor-
mational changes in any other domain in reference to the native inactive p38a
structure (Diskin et al. 2007). The DI176A mutation confers an auto-
phosphorylation capability to the p38 molecule, similar to the effect of mutations
in the L16. Perhaps, similar to the case of active ERK2, the phosphorylation lip
associates with L16 that consequently acquires a new fold, implying that the
D176A mutation does cause a conformational change in the L.16 by the movement
of the phosphorylation lip. It should be appreciated that the crystal structures of
the active mutants were obtained from non-phosphorylated, non-active proteins
(purified from bacteria grown at 20°C) and the putative effect of D176A mutation
on the L16 domain could not be seen in the crystal structure due to the inactive
protein state.

The fact that the mutations D176A and F327L or F327S synergies (Diskin et al.
2004) may suggest that each one imposes some change in L16 and together they
destabilize the hydrophobic core, giving rise to one of the potent allowed active
folds.

4 Discussion

The identification of truly intrinsically active Hogl and p38 variants allows for the
first time examination of the unique and specific roles of a given SAPK without
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activating any other unwanted component in the cell. Indeed, the first application
of the p38 mutants in biological systems revealed a different role for p38a and
p38y in the activation of the AP-1 transcriptional machinery. Active mutants of
p38a were shown to dramatically induce AP-1 activity in human cells (HEK293)
whereas active variants of p38y suppressed this activity (Askari et al. 2007). It
should be noted that such results are valid only if the active mutants maintain all
properties of their wild type original protein. Indeed, it seems that the active vari-
ants created so far, maintain substrate specificity, target genes specificity and sen-
sitivity for inhibitors, similar to these of the parental native protein (Diskin et al.
2004; Askari et al. 2007; Avitzour et al. 2007). As we outlined in this chapter,
these properties are maintained because the mutations induced intrinsic activity by
imposing structural changes and mechanism of activation similar to those induced
by natural activating systems. It seems, therefore, that the mutants are legitimate
for biological studies.

Although the exact activation mechanism imposed by the activating mutations
is still not known, the information accumulated so far indicates that their mecha-
nism of activation most probably emulates the natural "bypass" activation mecha-
nism reported to occur in T cells. Namely, the mutations mimic the changes im-
posed on p38 molecules by Tyr323 phosphorylation. The original mutations that
served as a basis for mutating all of the p38 family were isolated in the yeast Hogl
that was not reported to be activated via bypass pathways. Furthermore, Hogl
harbors a Phe at a position equivalent to Tyr323 in p38a. Curiously, p38d also
harbors a Phe at this position. p38f and p38y harbor a Tyr at this position, just as
p38a does. In all these SAPKs this position is one of the best targets for activating
mutations although only p38a was reported to be naturally activated via phos-
phorylation at Tyr323 and only in T cells. The finding that mutating this position
in all p38s and even in the yeast Hogl protein induce intrinsic activity, may sug-
gest that a bypass pathway exists not only for p38a and not only in T cells. Such
pathways may exist actually from early in evolution. We have recently observed
indeed Hogl activation in response to osmotic stress in pbs2A cells (Maayan et al.,
unpublished data). It is easy to envisage how the putative bypass pathways acti-
vate p38a, p38P, and p38y because they all have the target Tyr residue. How p383
and Hogl are activated by such a pathway remains a puzzle.

The mutations found to render Hogl and p38 active are conserved not only in
these MAPKs, but also in ERKs and JNKs. We believe, therefore, that the insights
from Hogl and p38s active variants can be used for the design of mutations to be
inserted to other MAPK families in order to create intrinsically active variants.
This issue should be addressed with precautions because the mutants may be mim-
icking a pathway that does not exist for ERKs or JNKs. These kinases do not have
a conserved tyrosine, equivalent to Tyr323 of p38s. Thus, activating mutations of
ERKs and JNKs may reside in different domains of the molecules. Curiously,
however, ERKs harbor a Phe at this position similar to p383 and Hogl (Bell et al.
2001). Also, in all MAPKs, the phosphorylation lip and the L16 domains under-
goes structural changes upon activation and are key targets for mutagenesis.
Therefore, even if the exact mutations that render Hogl and p38 active will not be
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relevant for activation of JNK and ERK, the L16 and the phosphorylation lip are
clearly attractive targets for mutagenesis.
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Regulation of MAPK signaling in yeast

Fabian Rudolf, Serge Pelet, Matthias Peter

Abstract

Mitogen activated protein kinase (MAPK) pathways orchestrate the response of
cells to their changing extracellular environment. Budding yeast has proven to be
a useful model system to elucidate the basic principles of these complex signal
transduction processes. Yeast cells use six MAP-kinases, which respond to diverse
conditions such as pheromone signals, osmolarity, cell wall stress and nutritional
status. Depending on the external and internal conditions, multiple signals must be
integrated leading to a defined output and different signaling kinetics. In this re-
view, we will discuss the molecular architecture of the mating and high-
osmolarity-glycerol (HOG) MAPK pathways, and compare their underlying sig-
naling parameters. These two pathways use shared components and by contrasting
their activation and regulation we try to deduce common and specific principles
for MAPK signaling in yeast. Among those, we will summarize and discuss recent
findings, which shed light on positive and negative feedback mechanisms. Finally,
we will highlight the importance of quantitative measurements in single cells,
which are necessary to unravel stochastic cell-to-cell variations and account for
the dynamic signaling kinetics.

1 Introduction to MAPK signaling during mating and high
osmolarity conditions in yeast

Activation of the mating pathway by binding of pheromone to its receptor leads to
three hallmark events required for the formation of diploid cells: (1) cells syn-
chronize their cell cycle by arresting at “Start”, (2) initiate a transcriptional pro-
gram, and (3) polarize towards the source of pheromone. An impressive body of
work identified the components and general wiring of the mating pathway
(Dohlman and Thorner 2001). In short, haploid yeast cells exist either as ”a” or
”o”’— mating types. Cells of opposite mating type communicate with each other by
pheromones; a-cells secrete a-factor and detect a—factor via the a—factor receptor
(Ste2p), while a—cells secrete a—factor and sense a-factor via the a-factor receptor
(Ste3p). Both receptors belong to the family of G-protein coupled receptors
(GPCR), and are coupled intracellularly to the same heterotrimeric G-protein
composed of the a—subunit Gpalp, the farnesylated (-subunit Ste4p and the y—

subunit Stel8p (Fig.1A). Receptor-activation triggers dissociation of the a-subunit
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Fig. 1. The mating (A) and HOG (B) MAPK-signaling pathways in budding yeast. The
MAPKKKSs are shown in light gray, the MAPKKSs in dark gray and the MAPKs in black.
Arrows indicate activation and phosphorylation events; phosphorylated species are indi-
cated with an encircled “P”.

from the obligate B/y —heterodimer, which binds the scaffold protein Ste5p and
thereby recruits the three kinases Stellp (MAPKKK), Ste7p (MAPKK), and
Fus3p (MAPK). Moreover, Ste50p tethers Stel1p to the membrane. Activation of
Stellp requires a phosphorylation signal by the PAK-like kinases Ste20p and
Cladp (Heinrich et al. 2006), which are recruited and activated by the small
GTPase Cdc42p in its GTP-bound form (Cdc42p-GTP). Phosphorylated Stellp
activates Ste7p, which in turn doubly phosphorylates Fus3p in its activation loop.
Activated Fus3p rapidly dissociates from Ste5p and phosphorylates substrates in
the cytoplasm and nucleus, thereby orchestrating the different processes required
for mating. In addition to Fus3p, the homologous MAPK Kss1p plays a redundant
role, but differs in the way it regulates the pathway. Shared among all MAPK is an
association with actively transcribed genes in the nucleus (Pokholok et al. 2006).
In contrast, the high osmolarity glycerol (HOG) pathway transiently adapts
cells to a changed environment. The response is triggered by a shift in osmotic
pressure of the medium (Fig. 1B) (Hohmann 2002). Although the osmostress sen-
sors remain elusive, two redundant pathways converge on the MAPKK Pbs2p.
The SInlp branch involves a phosphorelay consisting of Slnlp, Ypdlp, Ssklp, and
the two redundant MAPKKK Ssk2p and Ssk22p. In contrast, the Sholp branch in-
volves the MAPKKK Stellp, which in turn is activated by the Cdc42p-
Ste20p/Cladp module and recruited to the plasma membrane by Ste50p and
Sholp. Different binding events are needed to activate Pbs2p: Ssk2p and Ssk22p
directly dock onto Pbs2p, while the interaction of Stel1p and Pbs2p is bridged by
Sholp. Pbs2p activates the MAPK Hoglp, which induces a transcriptional pro-
gram to ensure long-term adaptation to the changed environment, while phos-
phorylated targets of Hoglp located in the cytoplasm and the nucleus aim to rap-
idly respond by various mechanisms. Crucial among them is a rise of internal
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osmolarity by retention and increased synthesis of intracellular glycerol to balance
osmolarity.

Recently, it has become clear that in addition to the described general wiring of
these MAPK pathways, the cells have to deal with the stochastic nature of the re-
actions. This can lead to a large noise in the response of the system and the cell
has to be able to tightly regulate (probably by redundant mechanisms) the overall
level of active MAPK produced by the cascade. Quantitative data from single cell
measurements have allowed formalizing a methodology to understand which fac-
tors contribute to the level and noise of the pathway output. Moreover, single cell
analysis provided new insights into positive and negative feedback mechanisms
that control signaling kinetics and contribute to signaling specificity. Below, we
will first summarize these recent findings starting with the analysis of noise in
pathways obtained from single cell data. Then we will focus on the activation,
regulation and specificity of the two pathways.

2 Quantifying signaling at the single cell level

Yeast cells exposed to a-factor are forced to take a decision: either to keep prolif-
erating in the haploid state or to mate with their partner and generate a diploid cell.
Conceptually, the mating process is an “all or none” response, and thus analogous
to a cell fate decision. Since the analysis of whole populations inevitably results in
averaging the response, it is important to monitor signaling output in single cells
in order to understand cell-to-cell variations. Most popular are transcriptional re-
porters, which express green fluorescence protein (GFP) under the control of a
promoter regulated by the signaling pathway of interest. For example, cell-to-cell
variations in the mating pathway were studied by expressing GFP or another color
variant from either a mating-specific (e.g. FUSI) or a constitutively-active (e.g.
ADH1) promoter, and fluorescence-levels in single cells were quantified and cor-
related after exposure of the cells to a-factor (Colman-Lerner et al. 2005). The re-
sulting signal was analyzed under the simplified assumption, that the transcrip-
tional output is composed of two modules (Fig. 2A). (1) The pathway capacity is
defined as all the events, which start from signal recognition at the plasma mem-
brane to binding of the transcription factor to the promoter (thus including the
MAPK cascade), while (2) the expression capacity is a general measure of the
ability to transcribe and translate proteins. Single cell measurements allowed a de-
tailed analysis of the factors influencing these two capacities.

A simple example for stochasticity in chemical reactions is the evolution of ac-
tivated species as a function of time in different compartments (cells). Conceptu-
ally, averaging over all compartments would lead to a ”smooth” response vs. time
curve, while a single compartment may manifest a more complex behavior (Fig.
2B). In biological systems, stochastic noise can be caused by unequal distribution
of the reaction partners. In the mating pathway, the noise in the expression capac-
ity accounts for roughly 80% of the observed cell-to-cell variation, while the
pathway capacity is responsible for only 20%. Therefore, it is not surprising that a
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Fig. 2. (A) Differentiation between pathway and expression capacity. The pathway capacity
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strong correlation between constitutive and pathway-specific fluorescence emis-
sion is observed for a given cell, manifesting the stochastic distribution of the ex-
pression machinery. Consistent with this notion, the 5% of cells with the highest
and lowest mating specific expression showed a fourfold difference in expression
capacity (inferred from the constitutive promoter) at any given a-factor concentra-
tion.

In contrast, the variation in pathway capacity is dependent on the o-factor con-
centration. The noise in pathway capacity will only equal the transcription noise if
lower pheromone concentrations are used, while higher concentrations lead to a
more uniform reaction. This stimulus-dependant fine-tuning of the signaling
seems to rely more on Fus3p (kss/A cells) while Ksslp (fus34 cells) leads to lar-
ger variation in pathway output (Colman-Lerner et al. 2005). However, the under-
lying mechanism for this observation needs to be investigated.

3 Regulation of mating signaling

3.1 Pathway activation

The key control responsible for pheromone-induced MAPK signaling involves the
activation of the MAPKKK Stellp. Two interdependent steps are necessary: (1)
the MAPKKK needs to be activated (phosphorylated) to be catalytically active
and (2) the activated MAPKKK has to physically interact with the downstream
MAPKK (Fig. 3A). In some cases, an auxiliary molecule termed scaffold facili-
tates the second step.

3.1.1 Activation of Ste11p

Stellp consists of an N-terminal regulatory domain followed by the catalytic
kinase domain. Stellp needs to be activated by Ste20p (a p2l-activated like
kinase (PAK)), which in turn is activated by Cdc42p-GTP. Ste20p is able to phos-
phorylate Stellp on three sites (Drogen et al. 2000), possibly independent of a
stimulus. Abolishing these sites by a triple alanine—mutation (Stellp-Ala3) ren-
ders the pathway inactive, while a triple phospho-mimic aspartic acid-mutation
leads to a hyperactive allele (Stellp-Asp3), sufficient to activate the pathway
upon overexpression. However, expression of Stellp-Asp3 or Stel1p-4 (another
hyperactive-mutant) from the endogenous promoter only results in a weak consti-
tutive response. While both activated stel/-alleles bypass the need for Ste20p
(Lamson et al. 2006), they still require o-factor to fully activate the pathway.
Thus, a second stimulus-dependent signal is necessary for full activation of the
MAPK-cascade in vivo.
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Fig. 3. (A) Schematic drawing of basal (right box) and stimulus-dependent activation (left
box) of the mating pathway. (B) Inactive state of the cascade: The receptor is unoccupied,
and the heterotrimeric G-protein is assembled. Ste50p and Cdc42p stabilize and activate
Ste20p, which phosphorylates and thereby “pre-activates” Stellp at the plasma membrane,
while Ste5p, Ste7p and Fus3p are in the cytoplasm. (C) Activated state of the cascade.
Upon a-factor binding, the B/y subunit of the G-protein dissociates from Gpalp, allowing
Stedp to interact with the RING domain of Ste5p. This regulated interaction together with
two constitutive membrane-binding domains (PM and PH) recruit and stabilize Ste5p at the
plasma membrane, and allows its interaction with Stellp.

3.1.2 Pathway activation upon a-factor treatment

Available evidence suggests that this second activation signal may be membrane
recruitment of the scaffold protein Ste5p, which positions phosphorylated Stellp
in close proximity to Ste7p and thereby promotes local activation of Ste7p (Fig.
3B, Fig. 3C). Work on Ste5p demonstrated that membrane recruitment is stimulus
regulated and depends on three distinct docking/interaction domains (PM (plasma
membrane), RING (really interesting new gene) and PH (pleckstrin homology)
domains). The RING domain interacts with the B/y-heterodimer, which dissociates
from the trimeric G-protein upon receptor activation thereby transmitting the sig-
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nal. However, the RING-domain alone is not sufficient for membrane-localization
(Inouye et al. 1997). An amphipathic a-helical stretch in the amino-terminus of
Ste5p (PM-domain) leads to an insertion into the cytoplasmic monolayer of the
PM (Winters et al. 2005). A SteSp-mutant protein lacking this stretch fails to lo-
calize to the PM and as a consequence such cells are unable to signal. Similarly,
the PH-domain specifically binds to phosphatidylinositol 4,5-bisphosphate
(P1(4,5)P2) (Garrenton et al. 2006) and a mutant unable to bind this phospholipid
is signaling deficient. Therefore, only the additive effect of these three potentially
regulatable membrane localization domains allows SteSp to stably relocate to the
plasma membrane, and promote signal transduction. In contrast, the transport of
SteSp to the membrane does not appear to be regulated, because the timescale of
translocation is consistent with cytoplasmic diffusion.

The above described two-step activation of mating signaling (Stel 1p activation
and Ste5p membrane recruitment) ensures a specific signal amplification, prevents
spurious activation and signaling during unfavorable times (see below). Addition-
ally, this tightly regulated two-input system can control the main pathway output
and is the rate-limiting step of MAPK activation. Mechanistically this could be
achieved through regulated membrane localization of a relative small number of
SteS5p (compared to the other components of the MAPK signaling pathway), as it
is observed in normally growing cells. Stellp in turn may directly control the
pathway output by further increasing its activity in the presence of the mating sig-
nal, most likely through phosphorylation of its amino-terminal regulatory domain
at the plasma membrane.

3.2 Spatial/temporal regulation

After the regulated assembly of an active signaling complex at the membrane, the
pathway output is fine-tuned by several means described below. Most importantly,
as the pheromone gradient also contains spatial information, the spatial and tem-
poral regulation of signaling must be modulated by regulated docking interactions
between pathway components and kinetic control of the pathway (Remenyi et al.
2006). The latter is also important to alter the signaling strength, which will be
discussed in detail below.

3.2.1 Regulation by docking interactions — spatial regulation

For a long time, SteSp was considered a prototypical scaffold protein with the sole
function to position the three kinases of the MAPK module at the right place and
time (Elion 2001). Supporting this model, distinct Ste5p sites interact with Stellp,
Ste7p, and Fus3p and mutants lacking individual binding regions were incapable
of signal transduction (Choi et al. 1994). Two lines of evidence challenge this pas-
sive role: (1) Ste5p needs to homodimerize via its RING domain, and overexpres-
sion of an artificially dimerized Ste5p leads to constitutive activation of the path-
way (Sette et al. 2000). (2) Careful examination of the Fus3p-binding pocket
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Fig. 4. (A) Negative feedback mechanism of activated Fus3p on the signaling cascade. (B)
This feedback can be reduced by using a non-phosphorylatable SteSp mutant (T287V) or a
non-docking mutant (ND) for Fus3p. (C) The amount GFP fluorescence expressed from the
FUS1-promotor upon addition of increasing a.-factor concentrations provides evidence for a
negative feedback effect of Fus3p docking on Ste5p and the resulting phosphorylation of
threonine 287. Increased signaling was observed when preventing this negative feedback by
a non-docking mutant STE5"® or unphosphorylable mutant STE5™"V. Adapted from Bhat-
tacharyya et al. (2006).

demonstrated that a SteSp-mutant unable to bind Fus3p is not only functional, but
the signaling output is even increased (Bhattacharyya et al. 2006).

The latter effect can partially be attributed to an inhibitory phosphorylation of
T287, as shown by quantitative analysis of a non-phosphorylatable SteSp mutant
(STE5™"YY in vivo (Fig. 4C). The non-binding mutation is epistatic to the non-
phosphorylatable mutation, suggesting that bound Fus3p phosphorylates T287. In-
deed, binding of a Ste5p-peptide to Fus3p slightly distorts the structure such that
the activation loop reaches into the kinase domain, giving rise to the autocatalytic
production of monophosphorylated Fus3p, which in turn phosphorylates Ste5p on
T287 (Bhattacharyya et al. 2006). Taken together, these results demonstrate that
Ste5p serves not only as a passive scaffold, but fine tunes pathway capacity via a
yet unidentified mechanism. Moreover, as stated above, fus3A cells also exhibit a
higher pathway variation at high a-factor concentrations, but it is unclear whether
this is connected to the inhibitory phosphorylation on Ste5p.
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3.2.2 Kinetics - temporal regulation

First kinetic parameters were derived using fluorescence recovery after photo-
bleaching (FRAP) measurements. They revealed a highly dynamic membrane as-
sociation of several signaling components of the mating pathway. Ste5p exhibits a
turnover at the plasma membrane of roughly five seconds, while Fus3p exchanges
with a half-time of only 0.5 seconds (van Drogen et al. 2001). Moreover, the dis-
sociation rate of activated Fus3p from Ste5p is higher compared to inactive (non-
phosphorylated) Fus3p, implying that a single membrane-bound Ste5p scaffold
can produce a large number of activated Fus3p molecules, leading to a rapid am-
plification of the signal by generating doubly-phosphorylated MAPKs. Mechanis-
tically, these phosphorylations can occur in a processive manner, meaning that a
single MAPK-MAPKK binding event leads to the doubly-phosphorylated MAPK
(Fig. 5A). Alternatively, MAPK-phosphorylation may be distributive and require
two separate MAPK-MAPKK binding events, each giving rise to one phosphory-
lation (Huang and Ferrell 1996). Indeed, distributive phosphorylation is the mo-
lecular basis for the sigmoid stimulus/response curve observed with the Xenopus
p42 MAPK pathway, and therefore follows the kinetics predicted based on theo-
retical considerations. The mating pathway also shows a sigmoid stimu-
lus/response curve (Fig. 4C), but it remains to be determined whether a distribu-
tive mechanism is responsible for this behavior or if the sigmoid
stimulus/response kinetic is achieved by other means.

Several mechanisms control the strength and duration of MAPK mating pathway.
The signal is dampened by Fus3p-dependent rapid internalization and degradation
of pheromone-bound receptors in the vacuole (Hicke and Riezman 1996). More-
over, Fus3p phosphorylates Sst2p, the GTPase-activating protein for the Ga. sub-
unit, thereby inactivating the heterotrimeric G-protein and therefore downregu-
lates the pathway capacity (Chasse et al. 2006). Additionally, some mechanisms
directly inactivate the MAP-kinases. The phosphatase Msg5p physically interacts
and dephosphorylates Fus3p (Doi et al. 1994). Cells lacking Msg5p or expressing
a mutant form that is unable to bind Fus3p, exhibit an increased signaling output,
demonstrating that Msg5p is an integral component of the MAPK-signaling cas-
cade. As the substrate specificity of protein phosphatases is generally rather low, it
is possible that Msg5p not only dephosphorylates Fus3p but also contributes to the
inactivation of the upstream kinases Ste7p and Stellp. Active Stellp and Ste7p
are subjected to ubiquitin-dependent degradation and thereby inactivated (Esch
and Errede 2002; Wang et al. 2003) (Fig. 5B). Although the importance of these
degradation pathways remains to be investigated, available evidence suggests that
interfering with the degradation machinery may lead to a prolonged activation of
Fus3p.
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Fig. 5. (A) Scheme for processive or distributive phosphorylation of the MAPK. ”P” indi-
cates singly phosphorylated, ”PP” doubly phosphorylated MAPK. (B) Scheme for kinase
inactivation by degradation (reported for MAPKKK and MAPKK) or dephosphorylation
(shown for MAPK) of the doubly-phosphorylated, active species.

4 Regulation of mating signaling by internal and external
factors

The potential to respond to pheromone is regulated by internal and external signals
including certain cell cycle stages and unfavorable conditions such as stress and
poor nutrients. The molecular mechanisms underlying these switches are partially
elucidated and probably rely on inhibition of either one of the two activation
modes (Ste5p recruitment and Stellp activation) as this would lead to a block in
signal transduction.

Exponentially growing cells are unable to signal during cell cycle stages with
high Cdc28p/Cln2p activity, namely between “Start” and the end of “S-phase”.
Moreover, overexpression of the G1l-cyclin Cln2p renders cells insensitive to o-
factor (Hartwell 1980; Oechlen and Cross 1994). Indeed, quantitative single cell
analysis showed that cell-to-cell variations are cell cycle-dependent (Colman-
Lerner et al. 2005) and the overall variability was significantly reduced in syn-
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chronized populations and by specific inactivation of the Cdc28p-kinase. Genetic
epistasis analysis suggested that the CDK-inhibited step in the mating cascade oc-
curs either on SteSp, Stellp, or Ste20p (Wassmann and Ammerer 1997; Oehlen
and Cross 1998). Indeed, Ste5p is phosphorylated by Cdc28p/Cln2p at eight sites
adjacent to the Ste5p PM-domain (Strickfaden et al. 2007). Mimicking the bulk
electrostatic charge mutation to glutamic acid residues inhibits the mating re-
sponse, while conversely mutating all phosphorylation sites to alanine renders the
pathway insensitive to Cln2p overexpression, and abolishes the cell-cycle-
dependent regulation of the mating response. These data suggest that the mating
pathway senses the cell-cycle state by monitoring Cdc28p-Cln2p activity via mul-
tisite phosphorylation of SteSp, which interferes with its membrane localization
and therefore prevents signal transduction (Serber and Ferrell 2007; Strickfaden et
al. 2007). It is possible that other signals including general stress or starvation
conditions also use Ste5p membrane recruitment as a switch to block signal trans-
duction. Alternatively, these signals may either regulate Stel 1p activation by inac-
tivating the Cdc42p/Ste20p branch, or by activating negative regulators such as
Msg5p.

5 The Osmotic stress pathway

The HOG pathway allows cells to adapt to a change in the environment. The stim-
uli triggering the pathway are diverse and can range from a raise in surrounding
osmolarity to arsenite poisoning. Adaptation to a changing environment is ex-
pected to be a continuous and reversible process and independent of the cell cycle
stage. In contrast to the mating pathway, the HOG pathway has different (yet un-
known) sensors/receptors and fewer regulatory steps within the cascade are
known.

5.1 Pathway activation by stress signals

Unlike the mating pathway, the HOG pathway is activated by multiple stress sig-
nals, all leading to activation of the MAPKK Pbs2p. Two distinct branches, named
after their trans-membrane proteins Sholp and SInlp, have been identified and
both appear to function downstream of the unknown osmo-sensor(s) (Fig. 1B).
Sholp and Sinlp activate Stellp and the two redundant kinases Ssk2p and
Ssk22p, respectively. The activated MAPKKK’s phosphorylate Pbs2p, which di-
rectly interacts and activates the MAPK Hoglp. Abolishing the individual interac-
tions leads to signaling-defective mutants, because Pbs2p serves both as a
MAPKK and scaffold for the pathway. The Pbs2p-Hoglp interaction seems to be
unregulated, and the critical step for the activation of either osmo-sensing branch
is to recruit Pbs2p in physical proximity to the activated, specific MAPKKK’s at
the plasma membrane.
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The Slnlp-branch uses the redundant MAPKKK Ssk2p and Ssk22p, which are
activated by a phospho-relay system involving SInlp, Ypdlp, and Ssklp. Pathway
activation is triggered by a direct physical interaction with Pbs2p, which is medi-
ated by a conserved MAPKKK docking site on Pbs2p (Posas et al. 1996). In con-
trast, the Sholp branch is activated by direct, probably simultaneous binding of
Stellp and Pbs2p (Posas and Saito 1997; Zarrinpar et al. 2004). Under normal
conditions, Sholp forms a homooligomer, which dissociates upon osmo-stress in a
Hoglp-dependant manner (Hao et al. 2007). The dissociation does not seem to be
involved in signal transduction per se, but in adaptation to sustained stimulus, as a
phospho-mimic mutation diminishes signaling. The effect of this negative feed-
back loop on HOG signal transduction can be compared to the SS72-dependant re-
ceptor desensitization in the mating pathway. Activation of Pbs2p is mediated by a
direct interaction between a PxxP-binding motif in Pbs2p and the C-terminal SH3
domain in Sholp (Zarrinpar et al. 2004). In vivo, the Sholp-Pbs2p interaction is
transient and regulated by Pbs2p kinase activity, as shown by co-localization of
Sholp with an overexpressed, kinase-inactive Pbs2p-GFP (Reiser et al. 2000).
However, more work is needed to elucidate the importance of this regulatory step
for Hoglp signaling kinetics. As in the mating pathway, activation of Stellp re-
quires phosphorylation by the Cdc42p/Ste20p/Cla4p module (Tatebayashi et al.
2006). Consistent with this notion, the non-phosphorylatable Stellp-Ala3 is un-
able to activate Fus3p, Ksslp or Hoglp, while Stel 1p-Asp3 bypasses the need of
the upstream PAK-like kinases and is able to activate all three MAPKSs. Interest-
ingly, signaling-specificity is provided by the scaffold Ste5p and Pbs2p, and the
two pathways can even be re-wired by engineered fusion proteins of Stel1p with
Ste5p and Pbs2p (mating stimulus leads to HOG output and vice versa) (Park et al.
2003).

5.2 Internal regulation of the HOG pathway

Analogous to other MAPKs, Hoglp has to be doubly phosphorylated on T174 and
Y176, two residues located in the activation loop, to achieve full catalytic func-
tionality. While mutations in T174 render Hoglp inactive, cells expressing a
Hoglp-mutant that cannot be phosphorylated on Y176 (by a mutation of Y176 to
phenylalanine) are able to grow on hyperosmotic media and induce a normal tran-
scriptional program upon osmotic shock. Surprisingly, however, these cells are
unable to phosphorylate Hoglp substrates (Bell et al. 2001; Bell and Engelberg
2003). The regulatory consequences of this mutation are not entirely clear and
await further investigations.

A striking difference between the cellular dynamics of Hoglp and Fus3p is
their re-localization to the nucleus. While Fus3p and Ksslp rapidly shuttle be-
tween the cytoplasm and the nucleus in the presence or absence of a—factor (van
Drogen et al. 2001), Hoglp accumulates in the nucleus upon activation by osmotic
stress. However, in both cases physical association with target genes is only de-
tected upon pathway activation (Pokholok et al. 2006; Proft et al. 2006). The re-
localization of Hoglp is dependent on double phosphorylation and thus provides a



Regulation of MAPK signaling in yeast 199

convenient readout to quantify Hoglp-activity in single cell experiments. Phos-
phorylated Hoglp is retained in the nucleus by tight association with the transcrip-
tion factors Hotlp, Msn2p and Msn4p (Reiser et al. 1999). The phosphatase Ptp2p
counteracts this retention by dephosphorylating Hoglp in the nucleus, and un-
phosphorylated Hoglp is actively exported into the cytoplasm. In addition, Hoglp
activates cytoplasmic phosphatases, thereby, triggering a negative feedback loop
to restrict its own activity (Wurgler-Murphy et al. 1997). Other phosphatases may
also counteract Pbs2p and Stellp. In contrast to the mating pathway, degradation
of activated components has not been reported to date for the HOG pathway.

6 Specificity/crosstalk between the two pathways

Specificity is used to describe the remarkable transcriptional fidelity of the differ-
ent MAPK-pathways, despite the fact that they use common components. For ex-
ample, high salt condition specifically upregulate Hog1p-dependent transcriptional
targets, but do not affect targets of the mating pathway. However, when sogIA or
pbs2A cells are exposed to high osmolarity conditions, these cells ectopically acti-
vate the mating pathway (O'Rourke and Herskowitz 1998). This phenomenon has
been termed “crosstalk”, and generally refers to a situation where a specific input
for one pathway also activates the other. The crosstalk of hogl A cells triggered by
high osmolarity conditions depends on an intact mating MAPK-cascade as stel /A,
ste7A, fus3AkssIA or stel2A double or triple mutant cells do not show transcrip-
tional induction characteristic for the mating response. Further, crosstalk depends
on an intact Sholp-branch of the HOG pathway and on impaired Hoglp-activity
as shown by the use of a drug-inhibitable Hoglp-as mutant (Westfall and Thorner
2006). The salt-induced transcriptional program alone is neither required to induce
nor sufficient to prevent crosstalk as shown by the afore mentioned Hoglp-Y176F
mutation (Bell and Engelberg 2003). Together, these findings imply that Hoglp
directly phosphorylates target(s) required to prevent crosstalk. Although several
models have been proposed to explain crosstalk, the exact mechanism still remains
elusive. An elegant speculation suggests that crosstalk depends on the leakage of
activated Stel 1p, perhaps by a defect in degrading its activated pool.

7 General principles for yeast MAPK regulation

Conceptually, different modes of MAPK-activation are plausible. The traditional
view envisions that inactive MAPKKK and MAPKK are bound to a scaffold
molecule and activated upon stimulation of the sensor/receptor. In contrast, we
propose that the regulated step is most likely the complex formation between a
pre-activated MAPKKK and the MAPKK. This involves two steps directly regu-
lated by the stimuli; membrane-recruitment of the scaffold/ MAPKK complex and
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MAPKKK activation. Although both parts of this two-step activation scheme can
be regulated, membrane-recruitment appears to be rate-limiting.

The signaling complexes are formed and activated at the cell membrane and
faithful transduction is achieved by specific docking interactions between the
components. The strength of those docking interactions, together with the phos-
phorylation mode represents a first layer of kinetic pathway regulation. In this re-
spect, docking interactions could be regulated upon kinase activation. As observed
for Fus3p, it seems plausible that the turnover of activated MAPK at the mem-
brane represents a mechanism conserved among all MAPK cascades. As dis-
cussed, the pathway output is mainly regulated by dephosphorylation and degrada-
tion of activated components. It appears that pathway-specific phosphatases play
an important role by inactivating MAPK’s and possibly other upstream kinases.
Most phosphatases involved in MAPK regulation are upregulated at the transcrip-
tional level upon pathway activation (Doi et al. 1994; Jacoby et al. 1997; Gasch et
al. 2000; Roberts et al. 2000), which increases the rate of dephosphorylation over
time and thereby strengthens negative feedback regulation. On a shorter timescale,
degradation of activated components may be more important, however, the
physiological role of these mechanisms remains to be investigated. It will be im-
portant to determine whether these mechanisms also operate in other MAPK
pathways in yeast, and whether they may have been conserved during evolution.

The fundamental physiological difference of the mating and stress MAPK-
pathways is reflected by the complex activation and regulation mode of the mating
pathway. Mating is a potentially hazardous process, because it alters the cell fate.
Therefore, cells must be able to prevent activation of the mating pathway during
unfavorable conditions. In contrast, the stress pathway needs to be activated under
all conditions to prevent lethal damage. We expect that the sophisticated tasks of
the scaffold protein Ste5p (pathway activation, regulation by extracellular signals,
regulated docking interactions) may have evolved to solve the complex regulation
required to orchestrate the mating process with cellular conditions. Contrary to the
long held dogma, we emphasize that the Ste5p-Fus3p interaction is not necessary
for signal transduction, but serves to fine-tune/downregulate the pathway output.

8 Single cell measurement - future research

Decades of research on MAPK signaling in yeast lead to the understanding how
the different pathways are wired and what general mechanisms are used for their
regulation. As a next step it will be important to describe these mechanisms on a
molecular level, and quantify their contributions for faithful signal transduction
and signaling kinetics. Elucidating these mechanisms will require careful bio-
chemical analysis of the different components, and quantitative single-cell meas-
urements with specific reporters that monitor the individual steps of MAP-kinase
signaling. Only quantitative data on the cellular level will provide the accuracy
necessary to discriminate between multiple activation patterns. Finally, such data
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will be crucial to experimentally validate the mathematical models that have been
proposed to describe MAP-kinase signaling.
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Modeling the dynamics of stress activated
protein kinases (SAPK) in cellular stress
response

Edda Klipp and Jorg Schaber

Abstract

Experimental research has revealed components and mechanisms of cellular stress
sensing, signaling, and adaptation. In addition, mathematical modeling has proven
to foster the understanding of basic principles of signal transduction and signal
processing. In the following, we will give an outline of the modeling process and
introduce basic concepts for dynamic model analysis. We briefly review basic dy-
namic properties of stress activated protein (SAP) or mitogen activated protein
(MAP) kinase (K) cascades that demonstrate why this type of signaling pathways
is so abundantly used in cellular information processing and response.

1 Introduction

In the past few years, a series of modeling approaches have been developed and
adopted to support the understanding of the complex behavior of signaling net-
works in general and of MAPK cascades in particular. The concepts range from
very abstract models that elucidate some key properties of signaling pathways
(e.g. Heinrich et al. 2002; Papin and Palsson 2004), to very detailed models that
precisely monitor the dynamics of specific regulatory events (e.g. Vaseghi et al.
2001; Schoeberl et al. 2002; Swameye et al. 2003; Yi et al. 2003). A systematic
overview of structural properties and dynamic features of signaling pathway mod-
els are given in Tyson et al. (2003) and Papin et al. (2005). A series of studies
conducted by Ferrell and co-workers (Ferrell 1996, 1998, 2002; Ferrell and Bhatt
1997) investigated so-called ultrasensitivity, that is, the ability of the cascade to
convert a graded input stimulus into a switch-like all-or-none output signal. Other
theoretical studies investigated further striking features of MAPK cascade dynam-
ics (Bhalla and Iyengar 1999).

The complexity of biochemical networks is far from being resolved experimen-
tally. Nevertheless, there is need to understand their behavior in a rational way,
which is often hard to achieve by intuition. Establishing models of such networks
supports the integration of experimental knowledge into a consistent picture, the
formulation of hypotheses, and cognitions in a precise language. It serves to test,
support, or falsify hypotheses about the underlying biological mechanism. Model-
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ing may integrate different parts of the whole and, thereby, allow analysis of prop-
erties that only emerge upon the interaction of elements in a comprehensive net-
work. A sound model can produce predictions that can be experimentally tested
and it can simulate processes that are experimentally hidden.

In the following, we will give an outline of the modeling process and introduce
some basic concepts for model analysis that will be exemplified with a typical
model of a MAPK cascade.

2 Mathematical modeling in systems biology

2.1 Purpose of modeling

The development of a model serves the abstract and condensed representation of
facts or hypotheses to allow for the analysis of their relations and to gain under-
standing about their internal organization and their communication with the envi-
ronment.

Although data in biological research is currently exploding in number, such
data is useless without sufficient interpretation. A computational model can, on
the one hand, serve the data interpretation; on the other hand, it can point to bio-
logical aspects that are still not sufficiently experimentally resolved. Within the
field of Systems Biology, the view has been established that experimental research
and model development should go hand in hand in an iterative manner including
formulation of an initial model, hypothesis generation, experimental testing of hy-
potheses, model-based experimental design, model refinement upon new data, etc.

The iterative modeling and experimentation process is hard to follow in publi-
cations (Schuster et al. 2006), since they often only represent the final results.
Model improvement with time and with accumulating experimental information is
documented, for example, for yeast cell cycle (Novak et al. 1999; Chen et al.
2000, 2004; and others) and for signaling pathways (Bhalla and Iyengar 1999,
2001; Bhalla 2002, 2004).

2.2 Model development in five steps

2.2.1 Defining the scope

Usually, an experimental observation inspires the formulation of a hypothesis as
the first step. In the second step, we define what questions the model is supposed
to answer; this is referred to as, the scope of the model. The scope determines
what components and processes the model will take into account or omit and it de-
fines the system’s boundaries. The initial model is usually formulated as a word
model. The word model itself is also subjected to a process of refinement and so-
phistication in the course of model development. A graphical representation of the
model structure, such as a diagram, is also helpful.
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2.2.2 Verification

Subsequently, the word model is translated into a mathematical model (for an
overview of mathematical techniques, see below). To assure that our model, in
principle, is able to answer our initial question, we must verify that our model can
achieve this independently of choice of specific parameter values, that is, in a
qualitative way. When there is no mathematical theorem available that tells us
something about the general properties of our system, verification of the proposed
model behavior is generally obtained by playing around with the model structure
and its parameters, checking whether it behaves in the way we want or not. Verifi-
cation of the model structure is an important step in the process of model devel-
opment because it can save much time and effort later on. When the model is not
able to fit observed data, this might be due to a general problem of the model
structure. Having checked this in advance, we can avoid validating a model in
vain. Generally, it is also desirable to learn more about the general properties of
the model; for example, steady states and bifurcation points. When we study
metabolic systems, we can apply mathematical tools like metabolic control analy-
sis (see Section 2.4.2) to analyze the system.

2.2.3 Validation

Having verified that the model can principally reproduce our expectations, we can
validate that the model can also reproduce our observations in a quantitative man-
ner. This is achieved by adjusting the model parameters such that the components
of the model match observational data. It is important to gain further support for
our model by testing whether it is also able to reproduce independent data without
changing the fitted parameters. Independent in this sense means that the data was
neither used to fit the parameters nor to develop our model. We need a training
data set and test data set. The test data generally describe the same phenomena but
under slightly different conditions. It is a prerequisite for a sound model valida-
tion, that is, the model should be able to reproduce observed data under different
conditions but with the same parameters that were used to reproduce the training
data set. This is supposed to reflect the fact that our model accurately describes the
intrinsic structure of the studied system and, like nature, is able to adequately ad-
just its reaction to a changing environment/input without changing internal struc-
ture and interactions.

2.2.4 Sensitivity analysis

It is important to know the limits of applicability of a model to determine to what
extent possible predictions and conclusions hold. Moreover, it is important to
know what parameters are sensitive, and specifically, what changes have a sub-
stantial impact on the system’s behavior, and thus have to be determined with
great accuracy. To achieve this, we must conduct a sensitivity analysis. Usually,
this is achieved by changing one parameter value at a time and looking at the re-
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sulting change of a specific output variable. A classical measure of sensitivity is
the relative sensitivity S that is defined as

_40 p. 0
o M’

where AO/O is the relative change of some output of interest and Ap/p is the rela-
tive parameter change, compared to the initial state of parameter, respectively. S is
easy to interpret, as S = 1 means that a certain percentage change of a parameter
yields the same percentage change of the considered output. Usually, when |S] < 1,
p is considered as non-sensitive. When |S] >> 1, p is considered as sensitive. The
range in which p is changed depends on the uncertainty with which p is deter-
mined. This can be the measurement error or some other knowledge about the
range in which p can vary.

Sensitivity of parameters contains important information about our system. It
shows where small measurement errors can have drastic consequences for the sys-
tem behavior but also where additional research or measurements might be ade-
quate. Sensitive parameters may indicate interesting drug targets. Sensitivity
analysis refers to the robustness and resilience of the system.

It is also important to explore the sensitivity to changes in the input stimuli,
since biological systems are subjected to varying environmental conditions. More-
over, a structural sensitivity analysis, that is to say, changing model formulas, pro-
vides valuable information about what features of the model that are necessary to
exhibit a certain behavior and what parts can be omitted or simplified.

The sensitivity analysis relates to and complements the two preceding steps:
verification and validation. Verification analyzes the theoretical properties of our
model system, that is to say, the qualitative structure of the state space. Validation
determines a concrete state of the system that reflects observed biological phe-
nomena, that is, where our system is quantitatively located in the theoretical state
space. Finally, sensitivity analysis provides a quantitative picture of the state space
around our system.

2.2.5 Predictions

We can then use the model to explore more systematically regions of the state
space that are of particular interest and make predictions. The model ideally
should be able to predict future experiments. When the model correctly predicts
the experiments we gain confidence in the model and also in the original hypothe-
sis. Moreover, the model can be used to design future experiments. In combination
with the sensitivity analysis, we can determine where additional measurements
give us most information about the system.

If the model does not correctly predict the experiments, it has to be checked
whether the experiments still comply with the original hypothesis. If they do, we
have to modify the model; otherwise, we have to modify the hypothesis.
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2.3 Mathematical modeling of biochemical reaction networks

2.3.1 Differential equations

In the following, we will consider the concentration change of compounds in-
volved in a signaling process over time. This is frequently done by describing the
temporal changes with ordinary differential equations (ODEs). For every individ-
ual compound, it holds that its concentration S; (t) is increased by the reactions

producing it and decreased by the reactions consuming it:

dSét(t): Sv- S, 2)

producing consuming

The dynamics of the complete network S(t): (Sl (t), S, (t),...,S,, (t))T is expressed

by the balance equations

B i(s(o)p). ®

where S, v, and p denote the vectors of the concentrations, reaction rates, and pa-
rameters of the system and ¢ is the time. NV is the stoichiometric matrix that con-
tains the information, which compounds are produced and consumed in the indi-
vidual reactions (see Section 2.4.1). The reaction rates are dependent on the
concentrations of their substrates and possible modifiers, but also on thermody-
namic conditions and on the specific molecular mechanisms of the reaction. Typi-
cal expressions for the reaction rates are the so-called mass action rate law

vi(Si)=k;-S; (4)
or the Michaelis-Menten rate law
|
v ( S; ) — [ max®i 5)
KM + Si
or the Hill kinetic
|
v;(8;)= et (©)
Ky +S;

In these equations, k; is a rate constant, V,,,, the maximal rate obtained for in-

finitive substrate concentrations, K, is the Michaelis-Menten or half-saturation
constant, the concentration at which half of V,,,, is reached, and # is the so-called

Hill coefficient that determines the sigmoidal shape of v(S;) . The mass action law
implies a linear dependence of rate on substrate concentration, while hyperbolic
Michaelis-Menten kinetics and sigmoidal Hill kinetics show saturation. Note that
more elaborated kinetic mechanisms are described, especially for more substrates
and for reversible reactions.
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In modeling of metabolic reactions, the rate is proportional to the concentration
of the catalyzing enzyme, which is frequently considered as constant and incorpo-

rated in the rate constant or maximal velocity, such that k; =k jEj or

v,

max = k j+E;. For modeling of signaling pathways, it is more appropriate to
consider the catalyzing reagent specifically, since it is another pathway component
with temporally changing concentration.

Cellular signaling pathways have to cross several boundaries such as the cell
membrane, the nuclear envelope, or the mitochondrial membranes. This may
make it necessary to include different compartments into the model. Moving be-
tween compartments has different effects in discrete or continuous settings. If one
molecule leaves a compartment, then one molecule will arrive in the neighboring
compartment. If one um of a substance leaves a compartment, the concentration
change in the neighboring department depends on their relative volumes.

Assume that we consider processes involving two compartments cx and cy,
such as cytosol and nucleus, including transport between both compartments, as
well as volume changes of the compartments. Then the temporal evolution of a
compound 7 in compartment cx reads:

ds i ox r r+t V }’+ll+t2 i ox dV
3 ) CcX
Z n;v;+ > niw; 7 anjw BT @)
Jj=1 j=r+l ex o j=r+n+l cx

(and analogously for compartment cy) where r is the number of biochemical reac-

tions with the rates v ; i and ¢, and ¢, are the number of transport steps from nu-

cleus (cy) to cytosol (cx) and vice versa with the rates w , respectively. The quan-

tities n;; denote the stoichiometric coefficients of the compounds in the respective

reactions or transport steps. The change of the volumes can depend on various
processes, which are not in the scope of this study.

2.3.2 Other modeling techniques

Depending on the available experimental information, the purpose of modeling,
the experience and preference of the modeler signaling pathways can be described
with different techniques. In general, all approaches rely on a description of the
network structure with a graph representing as edges for the interaction (activa-
tion, inhibition, complex formation) between the nodes, to be exact, the different
signal molecules. Boolean networks or Petri nets describe the states of individual
nodes in a discrete fashion and these states are updated along a discretized time
axis according to the rules assigned to the edges. In their basic version, Boolean
networks allow only for two states (1 or 0, i.e., active or not active). Petri nets as-
sign individual tokens to the places (i.e. nodes). More sophisticated approaches
tend to consider more different states.

The dynamics on a continuous time scale can also be simulated in a stochastic
manner, for example, with one of Gillespie’s methods by assuming discrete state
values, such as, molecule numbers (Gillespie 1977).
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2.3.3 Parameter estimation

The model shall explain observed data. This is usually achieved by adjusting the
parameters such that the model simulations match the observed data. This can be
done by hand, however, this task should be left to computer programs, because of
its enormous complexity and pitfalls. When working with a parameter estimation
program, we first have to tell the program what we mean by ‘matching the ob-
served data’ in mathematical terms, that is, provide it with a goal or objective
function. A common approach is to minimize the sum of squared residuals (SSR)
as a function of the parameter vector p

arg min SSR(p) = arg minirf (p) ®)
im1
where the residuals 7(p)=y, - f,(p,x,) are the distances between the observed

data y, and the simulation results fl.(p, x,.) at the independent variable x;. This

approach is so popular because it comes with an important theoretical result. In
case, the residuals ; (p) are identically independently and normally distributed,

then, for large number of data points n, the parameter vector p that minimizes

SSR(p) is also normally distributed with an approximate covariance matrix

SZC_I(f)) where

c(p)= (af g;’x)J (af %XU and s* = SSR(p)/(n - p). )

s* is the estimated variance of the residuals, p is the number of parameters and su-
perscript T indicates the transposed matrix. From C approximate confidence inter-
vals and regions for p can be computed (Seber 2003) giving an estimate of the

quality of the estimator. There also exist other methods for parameter estimation,
like, for example, Bayesian Estimation (Gelman et al. 1995) and Robust Estima-
tion (Rousseuw and Leroy 1987).

It has to be noted that despite the large theoretical body on least squares esti-
mates most of the theorems, like the one indicated in (9), are only valid approxi-
mately or asymptotically in the sense that they become correct as n approaches in-
finity. More importantly, all the theory assumes is that the model at hand is the
correct one and the estimated parameter is close to the ‘true’ parameter that actu-
ally produced the data. Despite these obvious shortcomings, many concepts of the
asymptotic theory are very useful for parameter estimation, even though they
should be handled with care.

There is a wealth of algorithms available that help to optimize the goal func-
tion. They can be classified into local and global optimization algorithms. Local
optimization algorithms usually employ the derivative of the objective function
(Newton, Steepest Descent, Conjugate Gradient) to find an optimum near the
starting point. Global optimization algorithms (Random Walk, Simulated Anneal-
ing, Evolutionary Algorithms) seek to find the global optimum and differ in the
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way they sample the parameter space and accept new states. In Systems Biology,
optimization landscapes are mostly hilly and, therefore, global optimization algo-
rithms are recommendable. A recent study (Moles et al. 2003) compared several
global optimization algorithms for fitting a nonlinear biochemical model with 36
parameters. In this study, the algorithm Stochastic Ranking Evolutionary Strategy
(SRES) (Runarsson and Yao 2000) performed best. The authors of this chapter
have also good experience with the Differential Evolution algorithm (Price and
Storn 1997; Storn and Price 1997). Recently, a hybrid approach combining global
and local optimization algorithms applied to biochemical systems has been pre-
sented that seems promising (Rodriguez-Fernandez et al. 2006).

2.4 Analysis of models

The model can be analyzed in various ways to test whether its behavior really re-
flects the aspects that we wanted to represent and to deduce predictions based on a
presumably appropriate description. We will use the classical form of a MAPK
cascade (Fig. 1) to exemplify the following analysis techniques.

2.4.1 Stoichiometric analysis

Purely based on the stoichiometry, that is, on the wiring, is the analysis of the
stoichiometric matrix N (equation 3). The linear dependence of rows of the
stoichiometric matrix points to moiety conservation in the system, that is to say, it
reveals which compounds or moieties are neither produced nor degraded by the
network in total, such as the sum of differently modified forms of a protein. In
mathematical terms, one has to find a regular matrix G such that G- N =0 . Then
the formula G-§ = const. expresses the conservation relations. The linear de-
pendence of columns of N ( N- K =0 with regular matrix K) reveals the depend-
ence of fluxes in steady state; that is to say, steady state fluxes are linear combina-
tions of the columns of matrix K. For example, in an unbranched pathway, all
fluxes must be the same in case of steady state. Since we focus on transient instead
of steady state, we will not consider matrix K further. For the MAPK cascade in
Figure 1 the stoichiometric matrix reads:

-1 1 0 0 O O O O 0 o MAPKKK
1 -1. 0 0 0 O O O O 0| MAPKKK-P
o 0 -1.1 0 O O O 0 O MAPKK
o o 1 -1 -1 1 0 O O O MAPKK — P
N={0 0 0 O 1 -1 0 O 0 O MAPKK - PP (10)
o o0 o0 o O O -11 0 O MAPK
o o0 o0 o O O 1 -1 -1 1 MAPK — P
o 0 0 o O O o o0 1 -1 MAPK — PP
Vi V2 V3 V4 Vs Vg V7 Vg Vg Vjp
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Fig. 1. Schematic representation of the MAPK cascade. Odd numbered reactions are cata-
lyzed by upstream kinases. Even numbered reactions are catalyzed by phosphatases.
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The conservation matrix can be calculated as

1 1.0 00O0O0O
G=/0 01 1 1 0 0 Of. an
00O0O0O0OT1T11

This can be interpreted as a conservation of the protein concentration at each level
within the considered period; that is,
MAPKKK (t)+ MAPKKK _ P(t)= MAPKKK ,,, = const.,

MAPKK (¢)+ MAPKK _ P(t)+ MAPKK _ PP(t)= MAPKK,, = const., and
MAPK(t)+ MAPK _ P(t)+ MAPK _ PP(t)= MAPK,,, = const.

This finding is in agreement with the assumption that protein synthesis and degra-
dation are slow processes compared to the protein modification upon signal acti-
vation.

2.4.2 Metabolic control analysis

Metabolic control analysis (MCA) (Kacser and Burns 1973; Heinrich and
Rapoport 1974) seeks to quantify the impact of individual rates or parameters on

the steady state values of variables such as fluxes J, and concentrations Sy .

Quantitative measures are the so-called flux control coefficients

Jj . .
Cv‘f =v; / Jj-oJ; /6v,~ or the concentration control  coefficients
; .



214 Edda Klipp and Jorg Schaber

S

C>k =v; /S -8Sy [ov; , which are normalized derivatives of the variables (J ; or
Vi .

S ) with respect to rates v;. The theorems of MCA (Reder 1988) establish a rela-

tion between the control coefficients, which are a property of the whole system,
and the local sensitivities of the individual rates v; with respect to the compound

concentrations S (5;; =S} [v;-0v; [0S, ) and the network stoichiometry N.

These relations refer to steady state. The sensitivities g;’k can be calculated from

the rate laws. Although the more interesting aspect of a signaling pathway is its
dynamic behavior, we can analyze the impact of small parameter changes on the
initial state before stimulation by using MCA.

In MCA, a parameter sensitivity measure is often applied, the response coeftfi-
cient R. The analysis of time-dependent response coefficients is especially inter-
esting for signaling pathways. They are defined as follows

L.(?Sj(t)
S;e) op

They quantify the impact of a parameter value on the dynamics of a compound,
not only on its steady state value (Ingalls and Sauro 2003). Figure 2 shows the
time-courses for the response coefficient of the concentration of MAPK-PP on the
kinetic parameters of the individual reactions. We observe that the value of the re-
sponse coefficients change over time, such that the impact of individual parame-
ters is different at different time points. Thus, if we would like to increase the con-
centration of MAPK-PP at its highest peak, we should preferentially increase ks
and decrease kg, but if we are interested in the period after return to the original
state, we should alter k; and k,.

Please note that control and response coefficients refer only to infinitesimal
changes of rates or parameters, which we interpreted in the above discussion as
percentage change. Large changes may alter the system strongly and cannot be
predicted in a general form but measured by the general sensitivity (equation 1)
that has a similar form as (equation 12).

Ry ()= (12)

3 Studied phenomena

3.1 Dynamic behavior and parameters

The specific behavior of a biochemical network is determined by (i) its wiring,
expressed by the stoichiometric matrix NV, (ii) by the kinetic laws of the individual
reactions including the involvement of modifiers that are not substrate or product
of this reaction, (iii) by the values of the kinetic parameters, and (iv) by the com-
pound concentrations such as initial concentrations and conserved moieties.
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Fig. 2. Time-dependent response analysis with respect to the time course of MAPK-PP
(a.u.: arbitrary units). A. Response coefficients for selected parameters. The coefficients
with respect to k; or k; are always positive; their increase would lead to an increase of the
time course of MAPK-PP. While this is almost constant for k7, the response coefficient for
ki assumes a minimum during the rise of MAPK-PP. The coefficients with respect to k, or
k¢ are always negative; their increase would lead to a decrease of the time course of MAPK-
PP. Both represent kinetic parameters of phosphatase that downregulate the pathway. B.
Response coefficients for initial concentrations. The response coefficients for unphosphory-
lated kinases can be positive or negative with varying magnitude, depending on the initial
conditions. C. Time course of MAPK-PP for comparison. D. Time course of receptor for
comparison. Parameter values: k=1, MAPK(0)=MAPKK(0)=MAPKKK(0)=1, all other ini-
tial concentrations are zero.

In order to obtain a satisfactory picture of the studied object, all four aspects
must be appropriate. The wiring scheme is frequently (but not always!) suffi-
ciently well known from experimental information. For some metabolic reactions,
the kinetic mechanism is also determined together with the respective parameters.
However, kinetic laws and parameters are often not well defined by experimental
information, whereas concentrations or number of molecules are often known to a
satisfactory extent. In the following, we will highlight some selected aspects of the
dynamic behavior of MAPK cascades.
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3.2 Ultrasensitivity, amplification, and robustness

The conserved signaling structure of the MAPK cascade prompts the questions
why exactly this architecture is so widely used. It has been hypothesized that sta-
bility of the signal off-state, signal amplification, and robustness are important
evolutionary targets (Bhalla and Iyengar 1999;Barkai and Leibler 1997; Brown et
al. 1997). Stability of the steady state, when there is no signal present at the recep-
tor (signal-off state), is of importance for signaling networks, if they do not want
to run the risk of auto activation. Moreover, a signal should be amplified or at
least not damped on the way from the cell membrane to its target site. Last but not
least, the signaling network should be robust to perturbations like variations in the
environment and mutations.

Stability of the off-state is achieved by a property called ultrasensitivity. This
means that activation of the cascade is not achieved unless the receptor activity
passes a certain threshold beyond which maximal signal strength is quickly
achieved. This is also called switch-like behavior. In the MAP kinase cascade of
Figure 1, the stimulus-response curves of the second and third layer (MAPKK and
MAPK) are sigmoidal due to double phosphorylation (dashed curve in Fig. 3).
This can also be seen from the mathematical expression for the concentration of
the double phosphorylated form P of the kinases of the second and third level in
response to the stimulus s assuming mass-action kinetics (equation 4),

2
Pls)=—— kiks , (13)
N k1k3 +Sk1k4 +k2k4

where ki, k3 and k,, k, are the rate constants of the phosphorylation and dephos-
phorylation reactions, respectively.

Even stronger ultrasensitivity can be achieved by additional saturation effects
of the reactions (Ferrell and Bhatt 1997) (solid curve in Fig. 3). Ultrasensitivity
can also be amplified by additional levels in a kinase cascade (Ferrell 1997). De-
pending on the parameters and molecule numbers of the involved kinases, several
cascade steps can also lead to signal amplification (Heinrich et al. 2002). A recent
study showed that a cascade of 3 and 4 levels maximizes the sensitivity of the sig-
nal amplitude in case of signal amplification, which might be an indication why
there are often three levels of kinases (Binder 2005). This can be viewed as an ad-
vantageous regulatory property of the transient response, as the signal amplitude
can be rapidly regulated for example to avoid crosstalk (see Section 3.6). On an
evolutionary time scale, MAP kinase cascades are more robust to parameter per-
turbation than single molecule systems with similar properties, mainly because ef-
fects of parameter changes can compensate each other in networks with more re-
actions (Bluthgen and Herzel 2003).
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Fig. 3. Stimulus — response curves. On the x-axis shows the strength of the stimulus and the
y-axis the strength of the steady state response of the phosphorylated form of a kinase as-
suming different kinetics and phosphorylated mechanisms. Solid line: 2-step phosphoryla-
tion mechanism as in Figure 1 with Michaelis-Menten kinetics (ultrasensitive). Dotted
curve: 1-step phosphorylation mechanism with mass action kinetics (not ultrasensitive).

Dashed curve: 2-step phosphorylation mechanism with mass action kinetics as in Figure 2
(ultrasensitive).

3.3 Relative importance of kinases and phosphatases

MAPK cascades are regulated by the activity of kinases that phosphorylate the
proteins, and by phosphatases that in turn ensure the dephosphorylation. While
kinases activate and phosphatases deactivate, both partners are necessary to de-
termine the basic level of activation in absence of external stimuli, but also
strength and duration of activation in its presence. It has been discussed that
kinases are responsible for the amplitude of the signal, while phosphatases deter-
mine its duration (Hornberg et al. 2005). Interestingly, this holds only for weakly
activated cascades (Heinrich et al. 2002), while strongly activated cascades show
the tendency of prolonged activation upon increase of stimulus. This is based on
conservation of MAP kinase proteins on each level, which limits the increase of
the active form upon strong activation (Fig. 4). This way, neither kinases nor
phosphatases alone determine the properties amplitude or duration. Instead, the
critical quantity is their ratio. If the ratio of kinase and phosphatase activity is
pushed above a critical value, we observe an increase in the amplitude; if the ratio
is below, then we find increase in the duration.
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Fig. 4. Impact of kinases and phosphatases. Shown in each case the time course of MAPK-
PP (Fig. 1) for various combinations of parameter values. It is obvious that changing the
values of kinases or phosphatases can in result in changes of amplitude or duration, respec-
tively. A. Equal phosphatases k=p=1 for even ; varying low values k;=k of kinases, i.e. odd
i (values as indicated). B. Equal phosphatases k;=p=1 for even i; varying high values k=k of
kinases, i.e. odd i (values as indicated). C. Equal kinases k=k=1 for odd #; varying high val-
ues , k=p of phosphatases, i.e. even i (values as indicated). D. Equal kinases k=k=1 for odd
i; varying low values k;=p of phosphatases, i.e. even i (values as indicated)

3.4 Regulation of MAPK cascade by receptor activity

The function of MAPK cascades is to transfer a signal perceived by a receptor
(and possibly transmitted by further protein interactions) to downstream targets.
The profile of receptor activation itself (or more precisely, the input function for
the activation of MAPKKK) is, therefore, critical for the concentration profile of
the cascade output, i.e. MAPK-PP. It is important to consider the duration of re-
ceptor activation. If the receptor is only transiently activated, then the MAP
kinases will also be transiently activated, since the phosphatases lead to their
dephosphorylation after receptor deactivation. If the receptor is permanently acti-
vated, then a MAPK cascade without additional regulatory interactions will reach
a new steady state with activated kinases. Their level depends, of course, on the
specific parameter values. Regulatory interactions such as feedback inhibition (see
below) can imply oscillations or pathway downregulation in the presence of active
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Fig. 5. Relation between receptor profile and profile of MAPK-PP. A and B: A transient
rise of MAPK-PP (A, curve a) can result from a transient activation of the receptor (B,
curve a). Sustained receptor activation (B, curve b) can lead to sustained activation of the
kinase (A, curve b). However, if the kinase activation induces processes such as transcrip-
tion and translation that activate eventually the phosphatases, then sustained receptor acti-
vation (B, curve c¢) may not be reflected in the kinase activation. In the present example, the
kinase shows damped oscillations (A, curve c). C and D: transient receptor activation with
increasing values of amplitudes causes transient activation of kinases with increasing values
of amplitudes and increasing values of duration, respectively. (Curves with same letters
correspond). Parameters as in Figure 2.

receptor (Kholodenko 2000b). Figure 5 shows some examples that illustrate the
effects.

3.5 Regulation of MAPK cascade by downstream processes -
feedback

Figure 1 shows the basic version of MAPK cascade regulation. Various additional
regulatory interactions have been suggested, such as the activation of pathway in-
put by MAPK-PP, that is to say, its upstream activators or the receptor
(Kholodenko 2000a). An alternative regulatory mechanism is the induction of
phosphatases by the downstream kinase. For example, it was proposed that double
phosphorylated Hogl (Hogl-PP) acts as a transcription factor that induces the
transcription of genes coding for phosphatases, which in turn are involved in the



220 Edda Klipp and Jorg Schaber

dephosphorylation of Hog1-PP or its upstream kinases (Jacoby et al. 1997). Since
this process involves several time consuming steps, including transcription and
translation, it may lead to a delay between the activation of the MAPK and its de-
activation. Such delay processes have a high chance of leading to oscillations. A
case of damped oscillations is shown in Figure 5 (A, curve c). Furthermore, tran-
scriptional activation of phosphatases is a possible mechanism for pathway down-
regulation, which on one hand ensures that the pathway target, i.e. the MAPK, was
successfully activated; but on the other hand, does not require downregulation of
the receptor.

3.6 Crosstalk and dynamics

There are many different ways in which signaling pathways can interact with each
other, a phenomenon often called crosstalk. For example, different pathways can
be triggered by the same receptor or they can share components that once acti-
vated by one pathway leak into another pathway and, thereby, activate it (for an
overview of different ways of pathway crosstalk see Schwartz and Baron 1999;
Schwartz and Madhani 2004; Cowan and Storey 2003). In modeling crosstalk,
there has been the issue of quantifying the amount of crosstalk. Some studies ana-
lyzed the topological and structural properties of signaling networks by, for exam-
ple, classifying modes of interaction (Papin and Palsson 2004) or by counting the
theoretically possible interactions between pathways (Binder and Heinrich 2004).
However, in order to understand crosstalk mechanisms the dynamic behavior of
interacting pathways is also important. One study analyzed the steady state of a
simple dynamic model of a three step signaling cascade of two pathways that
shared the middle kinase (Fig. 6) (Somsen et al. 2002). In this study, the authors
argued that signal specificity, that is to say, activation of the third kinase by one
input signal only, could be achieved despite of the fact that there was no physical
separation of the cascades (Fig. 6A). However, signal specificity could only be
achieved by high inputs. This can be illustrated by the steady state response curve
of the output of one pathway (Fig. 6B). It can be seen that component Y is acti-
vated at high levels of R, its specific input, when S, its foreign input, is low but
also at intermediate levels of S irrespective of R. As a consequence, Y will be acti-
vated (YP) by both R and § in the dynamic case; only the response to the foreign
signal will be delayed (Fig. 6C). Therefore, considering the dynamic case, no sig-
nal specificity is achieved. In signaling, it is rather the transient dynamic behavior
than the steady state behavior that is important and in this case it seems unlikely
that the proposed model of Somsen et al. (2002) occurs in nature, because there
will always be a crossactivation.

Two recent studies address the dynamic features of pathway crosstalk. By ana-
lyzing the activation of pathways by a so-called intrinsic and an extrinsic stimulus,
respectively, one study defined measures for pathway specificity and fidelity
(Komarova et al. 2005). These measures give useful insights how pathways inter-
act with each other. However, it is important to note that these measures refer to
responses to one stimulus at a time. However, it can be assumed that cells usually
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Fig. 6. Crosstalk: comparison of steady state and dynamic behavior exemplified for the
Somsen model (Somsen et al. 2002). A: Model scheme, adapted. B: Steady state response
of YP to input R and S. C: Dynamics of YP, assuming as input a unit step at t=500 with an
exponential decay.

process multiple information in parallel and these measures give no clue how sig-
nals interact while being transmitted concomitantly. It can be expected that signals
amplify or inhibit each other when transmitted at the same time. Thus, it does not
suffice to study each signal in isolation but also to study the cell’s response to
multiple stimuli at the same time. Schaber et al. (2006) proposed crosstalk meas-
ures that include parallel multiple pathway activation called the intrinsic and ex-
trinsic specificity that yield a better understanding of how the pathways dynami-
cally interact

4 Discussion/Summary

We have studied different mechanisms that are involved in the temporal regulation
of MAPK cascades. We have shown that the dynamics of the activated proteins
cannot be predicted solely on the basis of the network structure or on the basis of
steady state investigations. MAPK cascades are highly regulated. One can expect
that the kinetic properties of the proteins making up such cascades have evolved to
ensure the proper behavior, that is, robust response to input signals with variable
strength and shape, but also fragility, which appropriately encode the environ-
mental information transmitted by different signal properties.
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Stress-activated protein kinase signaling in
Drosophila

Gerasimos P. Sykiotis and Dirk Bohmann

Abstract

Genetic analyses in Drosophila have shown that the components of the Stress-
Activated Protein Kinase (SAPK) pathways are structurally and functionally con-
served in this organism. The genetic tractability of the fruit fly has facilitated in
vivo analyses of SAPK signaling that would have been exceedingly difficult to
carry out in mammalian systems. This approach has yielded important new
knowledge about the in vivo functions of JNK in development, wound healing, in-
nate immunity, developmental and TNF-mediated apoptosis, oxidative stress resis-
tance and lifespan regulation. Similarly, the Drosophila p38 pathway appears to
be involved in development, immunity, and stress response, but more research is
needed to fully understand its components and functions. It is anticipated that ge-
netic approaches in Drosophila will continue to produce novel insights into SAPK
signaling that are directly relevant to rodent models and humans.

1 Introduction

The c-Jun N-terminal Kinase (JNK) and p38 are jointly referred to as the Stress-
Activated Protein Kinases (SAPKs). SAPK signaling is activated in adverse bio-
logical conditions and contributes to the organism’s response to various endoge-
nous stress signals, such as Tumor Necrosis Factor (TNF) and interleukins, and to
a range of environmental stressors, including UV and ionizing radiation, free oxy-
gen radicals, mechanical stress, and xenobiotics. JNK and p38 signaling has been
implicated in diverse physiological and pathological phenomena, including wound
healing, inflammation, and cancer. In light of their widespread roles in health and
disease, it is not surprising that SAPKs have been the objects of intense scientific
scrutiny (>15,000 hits in Pubmed as of October 2006). While the bulk of this re-
search has been done in mammalian cell or animal systems, the SAPKSs are struc-
turally and functionally conserved in genetically simpler model organisms like
yeast, Caenorhabditis elegans and Drosophila melanogaster (Kockel et al. 2001;
Martin-Blanco 2000; Stronach and Perrimon 1999). The structural and functional
conservation of genes and pathways between Drosophila and man means that re-
sults obtained using this genetically tractable model organism should be relevant
also for humans. In addition to the ease and speed of genetic manipulation, ex-
perimental advantages of Drosophila include the lack of genetic redundancy, the
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use of developmental phenotypes as readouts of functional assays, the generation
of clones of homozygous mutant cells within a heterozygous tissue, and the feasi-
bility of gene manipulation via RNA interference in vivo. The application of these
approaches to the study of JNK and p38 in Drosophila has yielded novel insight
into the in vivo functions of the SAPK pathways. This review will summarize this
knowledge, with an emphasis on recent findings on the role of Drosophila JNK
and p38 in stress defense.

2 Structural conservation of the JNK and p38 pathways in
Drosophila

The distinguishing feature of Mitogen-Activated Protein Kinase (MAPK) signal
transduction pathways is their hierarchical assembly: a MAPK is activated through
phosphorylation by an upstream MAPK kinase (MAP2K), which in turn is acti-
vated by a MAP3K. The Drosophila genome encodes conserved kinases at each
level of hierarchy in the JNK and p38 branches of MAPK signaling (and also in
the Extracellular Signal-Regulated Kinase, ERK, branch) (Fig. 1). While bio-
chemically these kinases generally conform to the characteristics of their respec-
tive groups as defined in mammals, the Drosophila SAPK pathways are geneti-
cally much less redundant than their mammalian counterparts. In mammals, most
nodes in the JNK and the p38 cascades are represented by three or four gene prod-
ucts, which overlap in their function and tissue specificity. Conversely, Droso-
phila typically has but a single gene for each signaling component. For example,
mammalian JNKs are encoded by three genes (JNK1, JNK2, and JNK3), which
give rise to at least ten splice forms (Gupta et al. 1996); Drosophila, on the other
hand, has only one JNK gene, named basket (bsk) (Riesgo-Escovar et al. 1996;
Sluss et al. 1996). With regard to the p38 branch, there are only two p38 genes in
the fly, D-p38a and D-p38b (Han et al. 1998a, 1998b), compared to four in mam-
mals (Ono and Han 2000). One level higher, the Drosophila MAP2Ks are repre-
sented by the MKK7 homologue Hemipterous (Hep) in the JNK pathway (Glise et
al. 1995), and the MKK3 homologue Licorne (Lic) in the p38 pathway (Suzanne
et al. 1999). There is also an MKK4 homologue (CG9738), which can specifically
activate JNK in cultured Drosophila cells (Han et al. 1998b; Boutros et al. 2002);
however, this family member is not genetically characterized, and its in vivo re-
quirement for JNK responses is unclear. As in mammals, the level of SAP3Ks
shows the greatest degree of diversity. The Drosophila genome contains six possi-
ble SAP3K genes: slipper (slp), which encodes a homologue of the MLKs
(Stronach and Perrimon 2002), D-Askl (also known as pk92B) (Kuranaga et al.
2002), D-Tak1 (Takatsu et al. 2000), D-MEKK (Inoue et al. 2001), and two oth-
ers with similarity to Tak and M3K12 (CG4803 and CG8789) that are less well
characterized. In contrast to mammals, however, each of these enzymes is encoded
by a single gene rather than a gene family (as is also the case for MAPKs and
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Fig. 1. MAP kinase signaling components in Drosophila. The kinases of the different sig-
naling tiers are represented in common rows as indicated. Abbreviated Drosophila names
are indicated with the name of the cognate family of vertebrate homologues shown below.
Elements of SAPK signaling are shown in red/yellow/green. Signaling relationships are not
clearly established in all cases and are tentatively assigned by color-coding. Cases where no
information is available (CG4803 and CG8789) are left white. The Raf-ERK MAPK path-
way is marked in blue.

MAP2KSs). In addition to these three core kinases, some pathways include up-
stream MAP4Ks and/or downstream MAPK-activated protein kinases (MAP-
KAPs). For example, the Drosophila homolog of NIK (NCK interacting kinase)
has been identified as a JIN4K that functions as an upstream component of the JNK
cascade in development (dorsal closure) and in immune responses (Su et al. 1998).
Finally, the MAPK pathways comprise important negative regulators, the MAPK
phosphatases (MKPs), which are also conserved from yeast to humans (Keyse
2000). The expression of these MKPs is often upregulated in response to signaling
through their respective MAPK branch, thus giving rise to a negative feedback
loop. For the Drosophila JNK pathway there is only one JNK-specific phos-
phatase, encoded by the puckered (puc) gene (Martin-Blanco et al. 1998). A p38-
specific phosphatase in Drosophila has not yet been reported.

Due to the lack of redundancy, the genetic analysis of SAPK signaling is rela-
tively straightforward in Drosophila as compared to mammals. For example, loss-
of-function mutations of various members of the same branch cause by and large
the same phenotype. This is nicely illustrated by the embryonic development phe-
notypes of JNK pathway mutants (Kockel et al. 2001). The lack of genetic redun-
dancy simplifies genetic interaction studies, and facilitates the establishment of
epistatic relationships. For example, once the developmental phenotype of a muta-
tion in the pathway has been established, this phenotype can serve as the basis for
genetic screens to identify additional pathway components. This approach has
been very fruitful in the analysis of JNK signaling, and there is a large body of lit-
erature describing the developmental functions of JNK. In fact, in their extensive
review of JNK in Drosophila development, Stronach and Perrimon (1999) remark
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that relatively little is known about the role of the Drosophila SAPKs in actual
stress responses. Nevertheless, more recent work has begun to employ Drosophila
to understand the functions of SAPKs in stress defense; these studies have shown
that, as in higher organisms, SAPK signaling in flies is pleiotropic. This has been
best documented for the JNK pathway, which has been studied much more exten-
sively, but seems to be the case also for p38 signaling. In the following, we will
describe the various biological phenomena in which stress responses mediated by
Drosophila JNK and p38 play a role.

3 JNK signaling in Drosophila

3.1 Morphogenesis, wound healing, and immunity

The study of JNK signaling in Drosophila began in 1996, at a time when the role
of the mammalian pathway in various stress response paradigms was already well
established. Interestingly, the first functions ascribed to JNK pathway components
in Drosophila had no obvious connection to stress signaling; instead, they illus-
trated the role of JNK in tissue morphogenesis: it was found that Drosophila em-
bryos lacking the JNKK Hep were incapable of completing an epithelial cell sheet
movement called dorsal closure (Glise et al. 1995; Harden 2002). Once the failure
of dorsal closure was determined to be a phenotype resulting from defective INK
signaling, many other pathway components were rapidly identified. These in-
cluded Basket (JNK) (Riesgo-Escovar et al. 1996), Slipper (MLK) (Stronach and
Perrimon 2002), Kayak (Fos) (Zeitlinger et al. 1997) 1(2)IA109 (Jun) (Hou et al.
1997; Kockel et al. 1997; Riesgo-Escovar and Hafen 1997), Misshapen (Msn) (Su
et al. 1998), and Puckered (Puc) (Martin-Blanco et al. 1998). Dorsal closure is a
developmental function, and has no obvious connections with stress responses.
However, it was quickly recognized that the closure of the dorsal opening in the
Drosophila embryo resembles phenomenologically the epithelial cell movements
that mediate the healing of a wound (Goberdhan and Wilson 1998; Riesgo-
Escovar and Hafen 1997). It was therefore speculated that JNK might also con-
tribute to injury-induced tissue remodeling and wound repair. This hypothesis was
subsequently confirmed, as it was shown that JNK signaling is rapidly and spe-
cifically induced in models of injury that use Drosophila embryos, larvae, imagi-
nal discs, or adults (Bosch et al. 2005; Galko and Krasnow 2004; Mattila et al.
2005; Ramet et al. 2002); the loss of JNK function results in defects in wound
healing. This example demonstrates how the use of Drosophila provided new in-
sight into JNK signaling: First, a role for JNK in development was established.
Then, the availability of mutants with a defined phenotype facilitated the identifi-
cation of additional pathway components, and the elucidation of their epistatic re-
lationships. Finally, the developmental mutant phenotype suggested the possible
involvement of the pathway in another phenomenon (wound healing), and Droso-
phila was again used as a tool to validate that hypothesis.
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An extension of this line of investigation led to the discovery that, in addition to
mediating the response to sterile wounding, the Drosophila INK pathway is also
activated by microbial infection. Although Drosophila does not possess adaptive
immunity, it has a conserved innate immune response system. It had been ob-
served that the response of adult flies to sterile injury and infection is remarkably
overlapping: the genomic gene expression profiles after sterile wounding and mi-
crobial infection are qualitatively very similar (Boutros et al. 2002; Jasper and
Bohmann 2002). It was then shown that the JNK pathway, likely activated by D-
TAKI1, cooperates with the fly version of the NF-kB systems (Dif and Relish
pathways) to induce an innate immune response.

3.2 Oxidative stress defense and lifespan regulation

Initially, Goberdhan and Wilson (1998) suggested that, in addition to its role in
development, the Drosophila INK might also function as a bona fide SAPK. This
hypothesis was soon validated: it was shown that Bsk can be activated in cultured
Drosophila cells treated with LPS, in a way that is reminiscent of the response of
the pathway in mammals (Sluss et al. 1996). Later, genomic experiments showed
that the transcriptional response of adult flies to oxidative stress was in a signifi-
cant part dependent on an intact JNK signaling pathway (Jasper et al. 2001; Wang
et al. 2003; Zou et al. 2000). Adult flies feeding on the free radical generator
Paraquat mount a (partly) JNK-dependent transcriptional anti-oxidant response,
which encompasses the induction of defense genes encoding glutathione S-
transferases, metallothionines, heat shock proteins, etc. Consistently, flies in
which the JNK pathway was modestly activated (for example, by moderate over-
expression of JNKK, or by heterozygosity for the JNK phosphatase Puckered),
showed increased resistance to oxidative stress (Wang et al. 2003). These and
other experiments clearly demonstrated that the Drosophila INK pathway can me-
diate reactive oxygen species-inducible gene expression and confer oxidative
stress resistance to the organism. The oxidative stress theory of aging posits that
the ability of an organism to cope with and defend itself against reactive oxygen
species contributes to longevity (Stadtman 2001). Consistent with this thesis and
with the increased tolerance of JNK gain-of-function flies to Paraquat, it was
found that JNK signaling and the transcriptional program it elicits can extend life-
span in Drosophila (Wang et al. 2003, 2005). A similar role of JNK in anti-
oxidant defense and lifespan regulation was described in C. elegans (Oh et al.
2005). These examples demonstrate how the use of simpler model organisms pro-
duced knowledge about SAPK signaling that would have been exceedingly diffi-
cult to derive from mammalian systems.

3.3 JNK-dependent apoptosis during development

Another example for the utility of Drosophila as a genetically accessible model
organism for the in vivo study of stress signaling mechanisms is the control of
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apoptosis during organogenesis. Imaginal disc development has been a spectacu-
larly powerful model to study the relationships of patterning, signaling, growth
control and morphogenesis in the context of an intact tissue. Much of the signaling
circuitry that is now commonly understood to drive metazoan development has
been originally deciphered through studies in the Drosophila wing, eye, or leg
imaginal discs. Such studies have shown that JNK signaling can serve as a system
that cleans up developmental mistakes. An illustrative demonstration of such a
role came from Adachi-Yamada et al. (1999a), who showed that when cells in the
wing imaginal disc receive combinations of morphogen signals (TGF-B and Wnt-
type factors in this case) falling outside the physiological range, JNK is activated,
leading to apoptotic removal of the potentially miss-programmed cells. Thus, the
evident function of JNK in this context is to detect and eliminate mistakes in de-
velopmental programming. A different example, with a probably similar mecha-
nistic basis, is the removal of unusually slow growing cells from developing
imaginal discs. This phenomenon, which is referred to as cell competition, is ob-
served when neighboring cells in a developing disc proliferate at different rates
(Vidal and Cagan 2006). Such a situation can arise, for example, when one cell
population has sustained somatic mutations or is otherwise damaged in a way that
might compromise the integrity or function of the developing organ. In this sce-
nario, the slower growing cells are again removed via JNK-dependent apoptosis
(Moreno et al. 2002a; Ryoo et al. 2004). Interestingly, this process is independent
of the absolute rate of cell proliferation: the cells that are removed by cell compe-
tition would be able to grow into a full-sized organ if they were not juxtaposed to
faster growing cells. Remarkably, even wild type cells will be eliminated if they
come under the influence of unusually fast growing cells, such as cells in which
Myc is over-activated to oncogenic levels (Moreno and Basler 2004). The mecha-
nism that measures differences in cell growth rates and triggers the activation of
JNK signaling and apoptosis is not ultimately clear, but has been connected to un-
even distribution of survival signals between the slower and faster growing cells
(Adachi-Yamada and O'Connor 2002; Moreno et al. 2002a). The understanding of
such interactions among different cell groups within a tissue, and the role that JNK
is playing in this context, could be informative for tissue interactions in cancer; for
example, the interplay between malignant cells and their neighboring normal or
cancer stromal cells. Studies in Drosophila have the potential to make further con-
tributions to this important field, which is poorly understood at present.

3.4 JNK in TNF- and irradiation-induced apoptosis

One of the best-studied regulators of apoptosis is TNF. It was recently shown that
Drosophila possesses a conserved TNF pathway. Although the general functional
principles remain conserved between insects and mammals, some of the circuitry
wiring that was added during evolution is not present in flies. The Drosophila
homologue of TNF is encoded by the gene eiger (Igaki et al. 2002; Moreno et al.
2002b) and signals via the fly TNF receptor Wengen (Kanda et al. 2002; Kauppila
et al. 2003). Reminiscent of TNF signaling in mammals, the activation of Wengen
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in response to Eiger relays a potent apoptotic stimulus in various cell types. In ad-
dition to JNK, Eiger-mediated apoptosis requires the caspase-9 homolog DRONC
and the Apaf-1 homolog DARK. However, in contrast to the situation in mam-
mals, the death signal is transduced exclusively via JNK, whereas the Caspase 8-
dependent branch of the pathway that leads to cytochrome C release from the mi-
tochondria in mammalian cells is not triggered by Eiger/Wengen signaling in flies
(Moreno et al. 2002b). Simplifying the pathway further, the activation of NF-kB,
which is considered an integral part of the TNF response in mammals, is not con-
served in Drosophila. Therefore, it appears that the evolutionarily older TNF re-
sponse comprises Caspase 9-mediated activation of the INK pathway; whereas the
Caspase 8 and NF-«kB branches of TNF signaling emerge as more recent additions.
For these reasons, the genetic dissection of TNF signaling and the role of JNK in
the control of apoptosis should be more accessible to genetic analyses in Droso-
phila than in mammalian systems.

One of the questions that could be addressed using the fruit fly model is which
transcription factors and mediators are involved downstream of JNK in apoptotic
responses. Moreover, it has been proposed that the cellular context determines
survival or death in response to genotoxic stresses; this tenet has been supported
by systems biology approaches in cell culture (Janes et al. 2005), but in vivo ex-
perimental evidence is scarce. Recent work has begun to investigate these issues
by studying the downstream effectors of irradiation-induced JNK-mediated apop-
tosis. It was shown that both y-irradiation and UVC irradiation can activate JNK in
imaginal discs, presumably by inducing DNA damage (McEwen and Peifer 2005;
Luo et al. 2007). In response to y-irradiation, JNK activity and puc expression are
increased in a p53-dependent manner; in this case, JNK acts upstream of both the
pro-apoptotic gene reaper and the effector caspases (McEwen and Peifer 2005).
Consistent with other studies (Ryoo et al. 2004), it was found that if cell death is
inhibited, JNK signaling actually promotes tissue overgrowth (McEwen and Peifer
2005). These findings demonstrate the importance of cellular context for JNK-
mediated life or death decisions. Similarly, JNK is activated in response to UVC
irradiation, and promotes apoptosis by transcriptionally upregulating the pro-
apoptotic gene hid (Luo et al. 2007). The transcription factors Foxo and Fos medi-
ate hid induction by JNK. Since Foxo can also mediate cell protective effects in
response to JNK signaling (Wang et al. 2005), it appears again that the cellular
context determines the outcome on cell survival or apoptosis; in the case of UVC
irradiation, the activities of the pro-survival EGFR and insulin pathways and the
pro-apoptotic INK cascade are integrated at the level of Foxo (Luo et al. 2007).
Thus, Drosophila is providing an in vivo system to test and validate systems biol-
ogy-derived predictions about the interplay of TNF, EGFR, insulin, and JNK sig-
naling in the decision between cell death and survival (Janes et al. 2005).
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4 p38 signaling in Drosophila
4.1 ldentification of the fruit fly p38 homologues

In contrast to the plethora of studies on Drosophila JNK signaling, surprisingly lit-
tle is known about the p38 pathway in this organism; in fact, some of the available
data appear controversial and confusing, thus leaving the outstanding questions
about the role of this pathway in the fruit fly without definitive answers (Table). It
is, therefore, more appropriate to present a historical account of this field of re-
search up to now. p38 signaling in Drosophila was first described less than ten
years ago (Han et al. 1998a, 1998b). These early studies showed that Drosophila
possesses two p38 homologues, D-p38a and D-p38b. Thus, there may be some
genetic redundancy at the MAPK level in this branch of MAPK signaling in Dro-
sophila, which is in contrast to the ERK and JNK cascades. Han et al. (1998a)
showed that D-p38a is phosphorylated and activated by osmotic stress, heat shock,
serum starvation, and H,O, in cultured Drosophila cells. Interestingly, however,
LPS (a known activator of mammalian p38) did not activate D-p38a in this study.
The functional homology of D-p38a to the yeast p38 homolog HOG1 was shown
by its ability to partially rescue the sensitivity of HOGI mutants to increased os-
molarity. Shortly afterwards, a different group (Han et al. 1998b) independently
reported on both D-p38a and D-p38b, and identified their role in the regulation of
Drosophila’s innate immune response. The two D-p38 proteins are encoded by
different genes, and are 75% identical. D-p38a is one amino acid longer than D-
p38b (366 vs. 365). High amounts of D-p38a mRNA are detectable in the early
embryo, suggesting maternal deposition and a possible role in early embryonic
development. Both D-p38a and D-p38b are expressed throughout embryonic de-
velopment, showing higher expression in the gut. Both D-p38s could phosphory-
late D-Jun and mammalian ATF-2 in in vitro kinase assays. The Drosophila
MKK3 was identified as an upstream kinase that can activate both D-p38s in cul-
tured Drosophila cells. In cultured cells, both D-p38 isoforms were activated by
UV light and by LPS, which is in contrast to the report by Han et al. (1998a). Im-
portantly, this study showed that D-p38 downregulates the innate immunity re-
sponse: the p38 inhibitor SB203580 (an anti-inflammatory drug) increased the in-
duction of anti-microbial peptides by LPS in cultured cells, whereas the
overexpression of D-p38a blocked the expression of anti-microbial peptides by
bacterial challenge in larvae.

4.2 p38 in Drosophila development

The conservation of p38 signaling in Drosophila prompted investigations of its
potential contribution to developmental processes, a task for which model organ-
isms like the fruit fly are well suited. Three groups provided evidence for roles of
the p38 pathway in Drosophila development. Adachi-Yamada et al. (1999b) iden-
tified D-p38b independently, and used various loss of D-p38b function conditions
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Table 1. Outstanding questions about the Drosophila p38 pathway

. What are the physiological and/or developmental roles of D-p38b? Is this iso-
form functionally redundant with D-p38a?

. Is D-p38 a mediator or a suppressor of the immune response?

. Which MAP3K(s) and MAP2K(s) functions upstream of D-p38 in stress re-
sponses in vivo? Can D-p38 be activated by stress in a MAP2K-independent
manner?

. Is the developmental function of the MAP2K Licorne mediated by D-p38? Do
the D-p38 kinases have roles in development under non-stressful conditions
(like INK does)?

. Is there a D-p38-specific phosphatase (analogous to Puckered in the JNK
branch)?

to address its developmental role (expression of dominant-negative D-p38b, re-
duction of gene dose using a deficiency uncovering D-p38b, expression of D-p38b
anti-sense RNA, and treatment with SB203580). Loss of D-p38b function in the
wing disc caused a phenotype that mimicked the loss of the morphogen Dpp, and
also modified the phenotypes of Dpp loss- and gain-of-function conditions. More-
over, D-p38b was phosphorylated by the activation of Dpp signaling through a
constitutively active Dpp receptor, and suppressed the induction of a Dpp target
gene. These data showed that p38 signaling can modulate the outcomes of Dpp
signaling on wing morphogenesis and vein differentiation. However, the authors
acknowledged that it remains unclear whether D-p38 is a downstream component
of canonical Dpp signaling in these processes, or whether these effects are only
observed under extreme conditions induced by genetic manipulations (which per-
haps generate cellular stress).

Suzanne et al. (1999) reported the developmental phenotype caused by the loss
of D-MKK3 (which they named Licorne). They generated animals lacking mater-
nally deposited and zygotically expressed Licorne and Hemipterous (interestingly,
lic and hep are neighboring genes) and selectively supplied Lic and/or Hep from
transgenes. Their analysis showed that /ic (but not sep) is required during oogene-
sis in the germline for correct asymmetric development of the egg. Loss of lic
function affects the dorsal-ventral and anterior-posterior patterning of the eggshell
and the embryo. Although this study clearly implicated the D-p38 MAP2K D-
MKK3 in development, it did not address whether the developmental effects of
Licorne are actually mediated by D-p38. The anatomic location of Licorne func-
tion in the egg and its downstream targets in oogenesis remain unknown.

Finally, D-p38 was implicated in planar polarity signaling downstream of the
MAP4K misshapen (msn) and the Frizzled effector disheveled (dsh) (Paricio et al.
1999). However, the evidence for the role of D-p38 was derived only from the
ability of chromosomal deficiencies uncovering the D-p38a and D-p38b loci to
modify strong msn and dsh gain-of-function phenotypes. Similarly, the suggestion
that the MAP3K D-TAKI1 might serve as an upstream kinase of D-p38 was also
based on the ability of these deficiencies to modify an eye phenotype generated by
the overexpression of D-TAK1 (Mihaly et al. 2001). Thus, all of these develop-
mental studies could not provide conclusive evidence for the role of p38 signaling
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in Drosophila development. Ideally, loss-of-function alleles of the two D-p38 iso-
forms should be employed for this inquiry.

4.3 Genetic analysis of the fruit fly p38 pathway

Before D-p38 mutants became available, however, more insight into the role of
p38 signaling in vivo was gained from the identification of the Drosophila
MAP3K D-MEKKI1, which is similar to the mammalian MEKK4/MTK1. Through
genetic and biochemical studies in D-MEKK mutants, Inoue et al. (2001) pro-
vided evidence that D-MEKKI1 activates D-p38 in response to heat shock and os-
motic stress, and is required for normal resistance to these stresses. However, the
phosphorylation of D-p38 in response to heat shock and osmotic stress was re-
duced but not abolished in D-MEKK 1 mutants, suggesting that another MAP3K is
also partially responsible for D-p38 activation in the stress response. The down-
stream effector of D-MEKK(1 is also not known. Although, D-MEKK1 was identi-
fied as a Licorne-binding protein in a yeast two-hybrid screen, Licorne apparently
cannot be phosphorylated by D-MEKK1, and it is not required for the activation
of D-p38 by D-MEKK1. Moreover, unlike /ic mutants, D-MEKK mutants do not
show any developmental defects. These observations suggest that one or more
MAP2Ks other than Licorne are the direct targets of D-MEKKI1 in response to en-
vironmental stresses. Also, D-MEKK] mutant flies show a normal immune re-
sponse and normal Dpp signaling. A later study of the D-MEKK mutants found
that they are also sensitive to oxidative stress (Paraquat), and confirmed that they
have normal survival after septic injury (Brun et al. 2006). Only a small subset of
immunity genes (the turandot genes) were found to be regulated via D-MEKK1;
whether D-p38 mediates their induction downstream of D-MEKK!1 is not known.
Overall, these results contrast with the original findings of Han et al. (1998b) and
Adachi-Yamada et al. (1999b), which suggested a role of D-p38 in the immune re-
sponse and in wing morphogenesis. These discrepancies could be explained either
by genetic redundancy at the level of MAPKs, MAP2Ks, and/or MAP3Ks, by
specificity of the signaling response for the various activating stresses or physio-
logical cues, or/and by signaling selectivity from each hierarchical level of MAPK
signaling to the lower one (e.g. D-MEKK-1 might activate only one of the two D-
p38 isoforms in vivo, through one or more MAP2Ks). To address these possibili-
ties, loss-of-function alleles in all identified D-p38 pathway components are
clearly required.

The generation of a D-p38a null mutation was an important step in this direc-
tion (Craig et al. 2004). D-p38a mutants are viable and fertile, and they have no
observable developmental defects. However, they are susceptible to some envi-
ronmental stresses, including heat shock, oxidative stress (H,0,), and dry starva-
tion. Interestingly, the phenotypes of D-p38a mutants only partially overlap with
those of D-MEKKI mutants: D-p38a mutants are sensitive to heat shock but not
osmotic stress, whereas D-MEKK] mutants are sensitive to osmotic stress but not
heat shock (Inoue et al. 2001). These discrepancies suggest that D-p38a might
mediate some, but not all of the functions attributed to D-p38 signaling. Moreover,
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D-p38a mutants showed a normal response to immune challenge, healed their
wounds and survived bacterial infections normally, and had a normal lifespan at
25°C and 29°C (Craig et al. 2004). The observation that D-p38a mutants do not
show developmental defects suggests that D-p38b might function downstream of
Licorne in establishing the polarity of the egg, and/or that it can compensate for
D-p38a in this process. However, the overexpression of a D-p38b anti-sense con-
struct in a D-p38a mutant background did not result in any developmental pheno-
types. Evidently, D-p38b null alleles are urgently required (together with null mu-
tations in D-MKK3/licorne and D-MKK4) to decipher the complexities and the
functional roles of p38 signaling in vivo.

4.4 RNA interference in cultured Drosophila cells

In lieu of such a complete collection of null mutants, a few studies have used RNA
interference to dissect p38 signaling in cultured Drosophila cells. The approach
was to knock down one or multiple MAP2Ks and MAP3Ks by RNAI, and then
evaluate the activation of p38 by a range of stimuli. Using this strategy, Zhuang et
al. (2006a) showed that the activation of p38 by various stimuli in Schneider cells
was not mediated by D-MKK4. This finding is consistent with the fact that D-
MKK4 cannot phosphorylate D-p38 in Schneider cells (Han et al. 1998b — please
note that this study is often erroneously cited as having shown that D-MKK4 does
activate D-p38). In contrast, D-MKK3 is the major mediator of D-p38 signaling in
Schneider cells: the activation of D-p38 by heat shock and UV radiation was al-
most abolished by D-MKK3 RNAI, and the activation by NaCl (increased osmo-
larity) and peptidoglycan (PGN, the active component of LPS) was significantly
reduced but not completely blocked. With regard to the MAP3Ks, this study found
that UV and PGN activate D-p38 through D-MEKKI1, heat shock activates D-p38
through both D-MEKK1 and D-ASK1, and maximal activation of D-p38 by NaCl
requires all four Drosophila MAP3Ks (D-MEKK1, D-ASK1, D-TAKI1, and D-
MLK). A similar study showed that the activation of D-p38 by the heavy metals
arsenic and cadmium is mediated by D-MEKK1 and does not require D-MKK4
(Ryabinina et al. 2006). In addition to D-MEKK1, the other MAP3Ks were re-
quired for full activation of D-p38 by cadmium, but not by arsenic. It was also
found that D-ASK1 is required for D-p38 activation by resveratrol. The cell cul-
ture approach taken in these two studies is attractive, because of the feasibility of
manipulating multiple signaling components in a defined cellular context while
applying stressful conditions. However, residual protein activity and off-target ef-
fects are general pitfalls of RNAi studies. Perhaps more importantly, the degree to
which the results can be extrapolated from the cultured cell line to the organism is
unclear. For example, the cell culture experiments identified D-MKK3 as a major
mediator of D-p38 activation in response to osmotic stress (Zhuang et al. 2006a).
However, it was previously shown that D-MKK3/Licorne is not activated by os-
motic stress in larvae (Inoue et al. 2001). Thus, the MAP2K that is relevant to D-
p38 activation by stresses in vivo is unknown. Importantly, a MAP2K-independent
activation mechanism of mammalian p38 has been described, in which auto-
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phosphorylation of p38 is facilitated by the adaptor protein TAB1 (Ge et al. 2002).
The Drosophila TAB2 homolog is required for the immune activation of D-JNK
and NF-kB (Zhuang et al. 2006b); however, the potential role of the Drosophila
TABI in D-p38 activation has not been addressed.

4.5 Downstream effectors and upstream components of Drosophila
p38 signaling

Although information about the upstream regulators of D-p38 is accumulating,
very little is known about its downstream targets. A recent study showed that the
Drosophila ATF-2 homolog mediates stress responses downstream of D-p38
(Sano et al. 2005). In in vitro kinase assays D-ATF-2 was phosphorylated only by
D-p38 and not by D-JNK; in mammals, however, ATF-2 is phosphorylated by
both p38 and JNK (Raingeaud et al. 1995; Gupta et al. 1995, 1996). In cultured
Drosophila cells, the phosphorylation of D-ATF-2 in response to osmotic stress
was blocked by the p38 inhibitor SB203580. Overexpressing dominant-negative
forms of D-p38 and D-ATF-2 in the developing wing showed a genetic interaction
between D-p38 and D-ATF-2 (Sano et al. 2005). Importantly, overexpressing D-
ATF-2 in embryos increased their sensitivity to osmotic stress. D-ATF-2 was also
found to positively regulate the transcription of several genes in response to os-
motic stress. Some of these genes are involved in immunity, suggesting that D-
ATF-2 might mediate a positive role of D-p38 in immunity gene expression.
However, the precise role of D-p38 in the immune response is still unclear: the
early findings of Han et al. (1998b) suggested that D-p38 actually downregulates
(rather than activates) immunity gene expression; on the other hand, the D-p38a
mutant flies showed a normal immune response phenotype (Craig et al. 2004). D-
p38b and D-ATF-2 null alleles (if viable) might clarify and reconcile these contra-
dictory findings.

A few additional studies have explored the upstream activators, downstream
targets, and physiological roles of D-p38. The overexpression of the Drosophila
MLK, Slipper, in cultured cells resulted in phosphorylation of D-p38 (Sathyanara-
yana et al. 2003); however, the activation of D-MLK by ceramide activated the
JNK branch of MAPK signaling, but not D-p38 (Sathyanarayana et al. 2002).
LK®6, the Drosophila homolog of the MAPK-interacting kinases 1 and 2 (MNK1
and MNK2), was presumed to be regulated by D-p38 (as the mammalian MNKs
are regulated by ERK and p38) (Reiling et al. 2005). However, another study
showed that LK6 could bind to D-ERK/Rolled but not to D-p38, and was not acti-
vated by arsenic (a p38 activator) (Parra-Pallau et al. 2005). Two reports show that
Drosophila Schneider cells undergo myogenic differentiation after induction of
DNA double strand breaks, or after treatment with drugs that induce replication
stress (Hossain et al. 2003, 2005). The pharmacological inhibition of p38 (using
SB203580) suppresses this effect (as does the inhibition of the other MAPK
branches). These findings are consistent with the role of p38 in vertebrate myo-
genesis (Keren et al. 2006), and suggest that Drosophila might serve as a tractable
genetic model to dissect this process.
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5 Outlook

The components of the SAPK pathways are structurally and functionally con-
served in Drosophila, facilitating the in vivo analysis of SAPK signaling employ-
ing the “awesome power” of this genetic model system. This approach has yielded
important new knowledge about the in vivo functions of JNK in development,
wound healing, innate immunity, apoptosis, oxidative stress resistance, and life-
span regulation. Similarly, the Drosophila p38 pathway appears to be involved in
development, immunity, and stress response. However, the small degree of genetic
redundancy at the p38 kinase level, together with the incomplete repertoire of p38
pathway mutants, still hinders a thorough understanding of the pathway’s physio-
logical roles. D-p38b mutants, in particular, are absolutely required to address the
outstanding questions (Table), before potential breakthroughs similar to those de-
rived from the study of the JNK branch can be achieved. It is anticipated that ge-
netic approaches in Drosophila will continue to produce novel insights into SAPK
signaling that are directly relevant to rodent models and humans.
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Protein kinases as substrates for SAPKs

Alexey Kotlyarov and Matthias Gaestel

Abstract

The stress-activated protein kinases (SAPKs) consist of the c-Jun N-terminal
kinases (JNKs or SAPK1a, B, v) and of the four p38 MAPK-isoforms SAPK2a, b,
SAPK3 and SAPK4 and phosphorylate a wide variety of different substrate pro-
teins such as transcription factors, enzymes, and structural proteins. Of these
kinases, only SAPK2s are known to phosphorylate and regulate downstream
kinases; thereby, appending an additional level to this stress activated kinase cas-
cade. Historically, these downstream kinases were designated as mitogen- and
stress-activated protein kinases — MSKs, as MAPK-interacting protein kinases —
MNKs, and as MAPK-activated protein kinases — MAPKAPKSs or MKs. Although
their kinase domains are phylogenetically related and show some similarities in
regulation, the downstream kinases regulate gene expression at different levels,
which contribute to orchestration of the stress response.

1 Definition of kinases downstream to SAPKs

Excellent reviews which summarize and discuss specific groups of MAPK- and
SAPK-activated protein kinases already exist (Roux and Blenis 2004; Gaestel
2006; Hauge and Frodin 2006) and, therefore, we will mainly focus on providing
recent new information on the group of SAPK-regulated protein kinases. Accord-
ing to the definition of SAPK-regulated protein kinases, the number of these en-
zymes is limited and contains the different subgroups of Mitogen- and stress-
activated kinases (MSKs), MAPK-interacting kinases (MNKs) and MAPK-
activated protein kinases (MAPKAPKSs or MKs). Remarkably, there are no protein
kinases known to be downstream to SAPKI1/INKs, instead all known SAPK-
regulated kinases are substrates for SAPK2/p38. Since activation by SAPK2s in
vivo could not be detected for some enzymes of the MNK- and MK-subfamilies,
these enzymes have to be excluded from this review. As shown in Figure 1A, pro-
tein kinases which are activated by the SAPK2s in vivo are MK2, MK3, MNK1,
MSK1, and MSK2. MKS5 (also known as PRAK) neither binds to SAPK2a/p38a
nor is activated by SAPK2-specific stimuli (Shi et al. 2003). Recently, it has been
shown that the atypical protein kinases ERK3 (Schumacher et al. 2004; Seternes et
al. 2004) and ERK4 (Aberg et al. 2006; Kant et al. 2006) are responsible for its ac-
tivation by cytoplasmic anchoring. However, in oncogenic ras-induced senescence
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Fig. 1. A) Phylogenetic tree of the group of kinases activated by MAPKs and SAPK2s. By
homology of the catalytic domain all of these kinases belong to the calcium/calmodulin-
regulated family of protein kinases (CaMK)(Manning et al. 2002). Protein kinases activated
by the SAPK2s in vivo are MAPK-activated protein kinase (MAPKAPK or MK) 2 and
MK3, MAPK-interacting kinase (MNK)1, Mitogen- and stress-activated kinase (MSK)1
and MSK2. B) Schematic presentation of the primary structure, domains and sequence mo-
tifs of MSK1/2, MNK1, and MK2/3 from human. Incoming arrows represent regulation
phosphorylations by SAPKs. Phosphorylation sites are indicated. NES — nuclear export
signal, NLS — nuclear localisation signal.

activation of MKS5 apparently proceeds in an SB203580-dependent manner (Sun et
al. 2007). MNK2 lacks the SAPK2/p38-specific residues in its interaction domain
leading to exclusive activation by classical MAPKs such as ERK2 but not by
SAPK?2 in vivo (Scheper et al. 2003; Parra et al. 2005).
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2 Primary structure and overview

The primary structure of the five remaining SAPK-regulated protein kinases is
shown in Figure 1B. While MK2, MK3, and MNKI1 contain a single cal-
cium/calmodulin-regulated kinase (CaMK)-type catalytic domain, MSK1 and
MSK?2 display two different catalytic domains, a N-terminal kinase domain (NTK)
of the PKA/G/C (AGC)-type and a C-terminal kinase domain (CTK) of the
CaMK-type. Accordingly, regulation of MSKs is more complex and involves in-
tramolecular regulatory phosphorylations between the two catalytic domains
(McCoy et al. 2005). All five protein kinases are activated by SAPK2-
phosphorylation (incoming arrows in Fig. 1B) within the catalytic domain at the
kinase activation loop as well as in regulatory regions outside the catalytic domain
(Ben-Levy et al. 1995; Engel et al. 1995). Furthermore, all five kinases contain
SAPK2-docking sequence motifs and signal sequences which may determine sub-
cellular localization (Ben-Levy et al. 1998; Deak et al. 1998; Engel et al. 1998;
Parra-Palau et al. 2003). Since these signals partially overlap (MSK1/2, MK2/3)
and are in the vicinity of regulatory phosphorylation sites as well, steric or allos-
teric co-regulation of these signals seems possible and probable. In MK2/3 and
MNKI1 the CaMK-like catalytic domain is responsible for substrate phosphoryla-
tions while in MSK1/2 the AGC-like catalytic domain phosphorylates the known
substrates (See Table 1).

3 SAPK-regulated kinases in detail

3.1 MSKs

MSK1/2 are structurally very similar to another group of kinases, the p90 ribo-
somal S6 kinases (RSKs), which also contain two catalytic domains (NTK, CTK)
separated by a linker region containing a hydrophobic motif (Hauge and Frodin
2006). In contrast to RSKs, where a MAPK docking site for ERK1/2 is present in
the C-terminus, this docking site in MSKs contains two more basic amino acid
residues, which now also enable p38 to bind to the C-terminus. Furthermore,
MSK1/2 display bipartite nuclear localisation signals overlapping with this basic
MAPK docking site. Hence, in contrast to RSKs, which are localised in cytoplasm
and nucleus and are activated exclusively by the classical MAPKs, MSK1/2 are
restricted to the nuclear compartment and are activated by both ERKs and p38.

3.1.1 Regulation by SAPKs

There are also differences in the mechanisms of activation of RSKs and
MSK1/2. While for full activation of RSKs the cooperation between ERKs phos-
phorylating the CTK and the linker domain including the hydrophobic motif and
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Table 1. Three subgroups of SAPK-regulated kinases

Subfamily MSK1/2 MNK1 MK2/3

Phosphoryla-  -RRXS(P)- -KXXS(P)- -L/F/IGXRXXS(P)-

tion site mo- -ARXS(P)- -RXS(P)- -RXXS(P)-

tifs -KRKXS(P)- -HXRXXS(P)- -LRXXXS(P)-
-RRXXS(P)- -ASASSS(P)- -KXXS(P)-
-QRXXS(P) -YGGSSS(P)-

Sub-cellular Nucleus (Deak et al. Cytoplasm (and nucleus) Nucleus and cytoplasm —

localisation 1998) — constitutively exported  activation-dependent

Substrate pro-
teins

Target genes

Level of con-
trol of gene
expression
Small mole-
cule inhibi-
tors

Physiological
functions

Knockout
mice

CREB S133/ATF1 S63
(Deak et al. 1998; Ar-
thur and Cohen 2000;
Wiggin et al. 2002)
Histone H3 S10, 28,
HMG-14 S6 (Soloaga et
al. 2003)

NF-kB  p65  S276
(Vermeulen et al. 2003)
ER81 S191,S216
(Janknecht 2003)
Nur77, Nurrl,
Norl(Darragh et al.
2005)
c-fos
2006)
transcription

(Schiller et al.

H89

Ro 318220 (Deak et al.
1998)
Imidazo(4,5-c)pyridine
1,2,5-oxadiazol-3-yl
(Bamford et al. 2005)
Chromatin remodelling,
Transcriptional regula-
tion of the inflammatory
and stress response,
Induction of immediate
early genes

MSK1/2 DKO is viable
and shows reduction in
c-fos and junB gene
transcription in response
to anisomycin or UV
(Wiggin et al. 2002)

from nucleus (Parra-Palau
etal. 2003)

elF4E S209 (Waskiewicz
et al. 1997, 1999; Pyron-
net et al. 1999)

hnRNP Al S192, S310
(Buxade et al. 2005)
hSpry2  S112,
(DaSilva et al. 2006)

S121

TNF (Buxade et al. 2005)

translational control

CGP57380 (Knauf et al.
2001)

Regulation of protein
translation

MNK1/2 DKO is viable
and shows lack of phos-
phorylation of eIF4E
(Ueda et al. 2004)

shuttling (Ben-Levy et al.
1998; Engel et al. 1998)
Hsp25 S15, S86; Hsp27
S15,S78,S82 (Gaestel et
al. 1991; Landry et al.
1992; Stokoe et al. 1992b)
TTP (Chrestensen et al.
2004; Stoecklin et al.
2004)

Others see (Gaestel 2006)

TNF, IL-6, IL-1,
IFNy (Kotlyarov et al.
1999)

mRNA stability and trans-
lation

MK2-1 (2,4-diamino-5H-
chromeno-
(2,3-b)pyridine-3-
carbonitrile)

(Vertii et al. 2006)

Inflammation,
Regulation of phosphory-
lation of sHsps and stress
resistance, Generation of
14-3-3 binding sites

MK2/3 DKO is viable
(Ronkina et al., 2006),
MK2 knockout is resistant
against endotoxic shock
(Kotlyarov et al. 1999)
and more susceptible to
Listeria infection (Lehner
et al. 2002)

subsequent docking of PDK1 and phosphorylation of the NTK by PDK1 is neces-
sary, MSK1/2 can be fully activated by p38 or ERKs in a complex scenario with-
out the help of further kinases (McCoy et al. 2005). First, p38 (or ERKSs) phos-
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phorylates the activation loop of the CTK of MSK1/2 (T581, cf. Fig. 1B) and a
serine residue within the linker region (S360). The activated CTK than phosphory-
lates two other serines, one in the hydrophibic motif (S376) and the other at the
activation loop of the NTK (S212). In the non-phosphorylated state the NTK dis-
plays a sterically blocked ATP-binding site due to formation of a three-stranded
beta sheet unique for MSKs (Smith et al. 2004). Especially phosphorylation of the
hydrophobic motif leads to large conformational changes (Frodin et al. 2002)
probably reforming the alphaB helix from the three-stranded beta sheet which is
necessary for NTK activity (Smith et al. 2004). The activated NTK is responsible
for substrate phosphorylation and for auto-phosphorylation of the C-terminus of
MSK1/2 (S750, S752, S758). It is assumed that this auto-phosphorylation is the
first step of inactivation of MSKs (Hauge and Frodin 2006).

3.1.2 Substrates and function of MSK1/2

According to the constitutive nuclear localisation of MSK1/2, the targets of
MSKs are exclusively nuclear and comprise transcription factors and components
of the chromatin. Phosphorylation of the cAMP-responsive element binding pro-
tein (CREB) and the closely related transcription factor ATF1 at S133 and S63,
respectively, by MSKs (Deak et al. 1998; Arthur and Cohen 2000) explains the
stress- and cytokine-dependent activation of cAMP-responsive genes and was
verified in MSK1/2 double knockout mice (Wiggin et al. 2002). Accordingly,
MSKI1 has been recently described as the protein kinase responsible for inter-
leukin-1-stimulated CREB-mediated expression of the immediate early gene c-fos
in keratinocytes (Schiller et al. 2006). In addition, the transcription factor ER81,
which is involved in ontogenesis and breast tumour formation, is phosphorylated
by MSKI at two different sites, serine 191 and serine 216, and activated in its
transcription capability (Janknecht 2003). Unexpectedly, mutation of both MSK1
phosphorylation sites of ER81 did not abrogate the ability of MSK1 to stimulate
ER81 function. Since MSK1 also associates with CBP/p300, it is supposed that
MSK1 might target ER81 cofactors as well (Janknecht 2003). Interestingly, MSK1
is also involved in an essential crosstalk to NF-kB signalling and, hence, contrib-
utes directly to the inflammatory response. It associates with the p65 NF-kB sub-
unit in a stimulus-dependent manner and phosphorylates it at serine 276
(Vermeulen et al. 2003). This mechanism is responsible for the stimulation of the
trans-activating capacity of p65 NF-kB. Another cross talk of SAPKs with TGF3-
signalling exists via MSK1-dependent binding of Smad3 to the transcriptional
co-activator CBP/p300 (Abecassis et al. 2004). Whether TGF[-signalling is sig-
nificantly impaired in MSK knockout mice is not known so far.

Apart from regulation of transcription factors, MSKs also contribute to tran-
scriptional regulation by modification of chromatin proteins as shown by the re-
duced or abolished phosphorylation of histone H3 at serines 10 and 28 and high
mobility group protein HMG-14 at serine 6 in mice lacking MSK1 and MSK2
(Soloaga et al. 2003). Since a distinct sub-fraction of H3 has been shown to be
phosphorylated both on S10 and S28 within the same molecule during nuclear in-
terface (Dyson et al. 2005), specific immediate early gene activation by MSKs
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seems probable at this level as well. MSK-mediated H3 phosphorylation might
also influence other H3 modifications such as methylation, ubiquitylation, or ace-
tylation in a highly dynamic manner (Hazzalin and Mahadevan 2002; Clayton et
al. 2006). This idea is supported by the finding that changes in histone H3 phos-
pho-acetylation during early embryonic stem cell differentiation are directly medi-
ated by mitogen- and stress-activated protein kinase 1 (Lee et al. 2006). In contrast
to activation of immediate early genes by H3 phosphorylation, MSK1 has also
been described to phosphorylate serine 1 in histone H2A and to inhibit transcrip-
tion in a chromatin-dependent manner (Zhang et al. 2004). In oncogene-
transformed fibroblasts with upregulation of Ras-activity an increased H3 serine
10 phosphorylation by MSK1 is observed. However, this phosphorylation seems
to be exclusively due to ERK-mediated activation of MSK1 independent of
SAPKs (Drobic et al. 2004). An increased level of phospho-MSK1 has also been
recently reported for vulnerable neurons from patients with Alzheimer’s disease
compared to age matched controls (Webber et al. 2005).

Besides interaction of MSKs with SAPKs and MAPKSs, in endothelial cells the
CTD of MSKI1 seems also to interact with group V secretory phospholipase A,
(Marchand et al. 2006). The facts that vascular endothelia growth factor (VEGF)
stimulates MSK1 activation and platelet-activating factor (PAF) synthesis by
SPLA2 in parallel and that mutants of MSK1 interfere with PAF synthesis support
the notion that MSK1 plays an essential role in PAF synthesis (Marchand et al.
2006). This idea should be proofed using MSK-deficient mice.

3.2 MNKs

There are two human MNK genes, mnk1 and mnk2, each gene coding for the long
(a) and short (b) alternatively spliced isoforms (MNK1a, MNK1b, MNK2a, and
MNK2b) (Scheper et al. 2003; O'Loghlen et al. 2004). Alternative splicing affects
neither the N-terminus, bearing a stretch of basic residues (KR-box) that functions
as a nuclear localisation signal and as a binding region for the eukaryotic initiation
factor 4G, nor the kinase domain, but leads to a changed C-terminus. MNK1a and
MNK2a contain putative nuclear export motifs and MAP kinase-binding sites C-
terminal of the central kinase domains, both of which are removed by alternative
splicing in MNK1b and MNK2b. These shorter MNK-b isoforms were not yet
identified in mice.

MNKs kinase domains are architecturally distinct from other protein kinases.
MNKSs contain three insertions in the conserved kinase domain, one of which with
a cluster of four cysteines, arranged in a manner suggesting a metal ion binding
site. This zinc finger-like module within the kinase domain could provide a bind-
ing platform for proteins and/or nucleic acids (Jauch et al. 2005). Additionally,
MNKSs contain an atypical magnesium binding motif and this results in unusual ar-
rangement of the activation segment and an ATP-competitive conformation of the
magnesium-binding DFD-motif that differs from the conserved DFG sequence of
most other kinases. Recent studies revealed that in non-phosphorylated MNK1 the
activation segment is converted into an auto-inhibitory module which exhibits a
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conformation that obstructs ATP binding (Jauch et al. 2006). Non-canonical ar-
rangement of the kinase domain and structural transitions accompanying MNK ac-
tivation can be implied for the design of MNK-specific inhibitors.

3.2.1 Regulation by MAPKs

Both MNK1 and MNK2 are directly activated in vitro by the MAPKs/ERK 1,2 and
SAPK2/p38, which phosphorylate one or two threonine residues (e.g. T197 and
T202 of the mouse MNK1), located in the activation loop. Studies with ectopically
expressed MNKs shown that MNK is strongly activated by growth factors, cellu-
lar stresses, and inflammatory cytokines via ERK and/or the p38 MAPK, depend-
ing on the signalling context, whereas MNK2 has a relatively high basal activity
that is hardly affected by changes in MAPK activity. Studies with MNK1/2 chi-
meric proteins (Parra et al. 2005) demonstrated that specific features of the cata-
lytic domain and C-terminus cause constant MNK2 binding to phospho-ERK,
which can continue to phosphorylate MNK?2 and keep it in an activated state, but
not to SAPK2.

Examination of in vivo phosphorylation state of MNKs specific substrates in
available SAPK2 and MAPK knockout models could be used to further define the
impact of these kinases in MNK activation.

3.2.2 Substrates and function

The first well characterized substrate for the MNKSs is eukaryotic initiation factor
4E (elF4E) (Waskiewicz et al. 1997). eIF4E is regulated by elF4E binding pro-
teins (4E-BPs), which in their hypophosphorylated form inhibit cap-dependent
translation, and by direct phosphorylation by MNKs. MNKs binding to the C-
terminal region of elF4G containing two atypical HEAT repeats (Bellsolell et al.
20006) is required to recruits the kinase to the e[F4F and subsequent eIF4E phos-
phorylation at S209 (in human eIF4E). Stimulation of cap-dependent mRNA
translation by mitogens, growth factors, serum, and other nutrients is correlated
with phosphorylation of eIF4E at this site. Phosphorylation of eIF4E reduces its
affinity for the cap structure and may also limit cap-dependent mRNA translation
(Knauf et al. 2001; Zuberek et al. 2004).

Whether phosphorylation of elF4E at Ser209 exerts a positive or inhibitory ef-
fect on translation efficiency has remained controversial (reviewed in Scheper and
Proud 2002). Genetic characterization of the Drosophila homologue of Mnk1/2,
Lk6 was simultaneously reported by two groups. In both studies Lsk6 loss of func-
tion mutation leads to dramatically reduced eIF4E phosphorylation, but compari-
son of phenotypes reveals surprising differences. Arguier et al. (2005) observed a
significant growth reduction of Lk6 mutants in contrast to Reiling et al. (2005)
who stated dispensable Lko6 function, at least under high protein diet. The effects
of Lk6 activity could be context-dependent and lead either to growth stimulation
or inhibition, depending on the dietary conditions.

Targeted disruption of the mouse MNK1 and MNK2 genes was described by
Ueda et al (2004). In this study exons 5 and 6 of the MNK1 gene or exons 5 to 9
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of the MNK2 gene were replaced with a Neo" cassette. The single KO mice, as
well as MNK 17~ MNK27~ DKO mice were viable, fertile, and did not show devel-
opmental abnormalities. LPS or insulin-induced upregulation of eIF4E phosphory-
lation in the spleen, liver, or skeletal muscle was abolished in MNKI1™" mice,
whereas the basal eIF4E phosphorylation levels were decreased in MNK2 ™™ mice.
In MNK1-MNK2 DKO mice, no phosphorylated eIF4E was detected in any tissue
studied, even after LPS or insulin injection. However, neither general protein syn-
thesis nor cap-dependent translation, as assayed by a bicistronic reporter assay sys-
tem, was affected in MNK-deficient embryonic fibroblasts, despite the absence of
phosphorylated eIF4E. Thus, MNK1 and MNK2 are exclusive elF4E kinases both
in cultured fibroblasts and adult tissues, and they regulate inducible and constitu-
tive elF4E phosphorylation, respectively. These results strongly suggest that eIF4E
phosphorylation at Ser209 is not essential for cell growth during development. In-
stead, the phosphorylation of eI[F4E may play a role in the fine control of limited
genes through regulation of mRNA translation, stabilization, or processing.

Recently, evidence was provided that the MNKs play roles in the posttranscrip-
tional regulation of TNFa synthesis in T cells by mechanisms that involve its
3'UTR (Buxade et al. 2005). Inhibition of TNF production is paralleled by inhibi-
tion of the phosphorylation of eukaryotic initiation factor 4E (eIF4E). Overexpres-
sion of MNK1 enhances protein expression from a reporter containing the TNFa
3"UTR, whereas inhibition or knockdown of MNKs blocks synthesis of endoge-
nous TNFa. T-cell activation results in phosphorylation of known AU-rich bind-
ing protein hnRNP A1l at two MNK sites, and decreases its ability to bind the
TNFo mRNA in vivo, in a MNK-dependent manner. Binding of MNK to the
elF4G, which interact with eIF4E and the poly(A) binding protein can potentially
recruit the MNKSs to the 3'UTR and associated ARE-binding proteins as hnRNP
Al. Participation of MNKSs in mRNA processing (van der Houven van Oordt et al.
2000) could also explain the altered nuclear-cytoplasmic transport of TNF mRNA
in TPL2 knockout mice (Dumitru et al. 2000).

In residential macrophages, the combination of p38 and ERK1/2 regulate trans-
lation of TNFa, presumably through MNK1 - an addition to the well established
p38-MK2/3 axis. TNFa production is inhibited in a concentration-dependent man-
ner by MNKI1 inhibitor CGP57380 (Andersson and Sundler 2006; Cherla et al.
2006). Recently, a MNK-dependent relocalisation of hnRNP Al to the stress
granules (SGs) under the stress conditions was demonstrated (Guil et al. 2006).
SGs and processing bodies are distinct RNA-containing cytoplasmic domains
playing important role in RNA metabolism and posttranslational regulation of
gene expression, recently reviewed in (Anderson and Kedersha 2006). These RNA
granules contain various ribosomal subunits, translation factors, decay enzymes,
helicases, scaffold proteins, and RNA-binding proteins, including MK2/3 sub-
strates such as TTP and Hsp25. Dynamic nature and extreme complexity of RNA
bodies hinder our understanding of this crucial regulatory mechanism. Detailed
biochemical examination of interactions, combined with immuno-localisation and
comparative phenotypic characterisation of knockout animals could help to un-
ravel their spatial organization and mode of action in future.
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Lately, Sprouty (hSpry2) was identified as a new MNK substrate (DaSilva et al.
2006). Sprouty proteins are negative feedback modulators of receptor tyrosine
kinase (RTK) pathways in Drosophila melanogaster and mammals. Phosphoryla-
tion of hSpry2 on S112 and S121 by MNKI1 antagonizes the phosphorylation of
hSpry2 on Y55. Consequently, serine phosphorylation of hSpry2 stabilizes the
protein by interfering with tyrosine-dependent degradation via the ubiquitin-
proteasome pathway. Involvement of MNKI1 in the regulation of RTK pathways
through Sprouty provide the explanation for suppression of Ras/ERK signalling in
Drosophila eye development by Lk6 (Huang and Rubin 2000).

3.3 MK2/3

MK?2 was first purified in 1992 (Stokoe et al. 1992a) and characterised as a small
heat shock protein Hsp25/Hsp27 kinase (Stokoe et al. 1992b) activated by
SAPK2s (Freshney et al. 1994; Rouse et al. 1994). MK3 was identified as a gene
product possibly involved in small cell lung cancer (Sithanandam et al. 1996) and
by homology cloning (McLaughlin et al. 1996). Both kinases are structurally very
closely related (cf. Fig. 1) and activated exclusively by SAPK2s.

3.3.1 Regulation by SAPKs

MK?2 and 3 form a relatively stable complex with SAPK?2 in which both proteins
are mutually stabilised (Kotlyarov et al. 2002; Sudo et al. 2005). After activation
of SAPK2, for full activation of MK2/3 phosphorylation of two or three sites is
necessary (Ben-Levy et al. 1995; Engel et al. 1995). One regulatory phosphory-
lated threonine residue is located at the activation loop of the kinase implicating
direct activation and, for MK2 there is also another serine residue within the cata-
lytic domain, which is phosphorylated and might contribute to direct regulation of
catalytic activity as well. Interestingly, in both MK2 and MK3 there is a second
phosphorylated threonine residue, which has been described as the major phos-
phorylation site of MK2 located in a hinge region between catalytic domain and
C-terminal extension (Stokoe et al. 1992a). The C-terminal extension contains an
auto-inhibitory A-helix which might bind to the catalytic domain (Engel et al.
1995; Zu et al. 1995) as well as signals for sub-cellular localisation (NLS, NES).
Hence, the phosphorylation site in the hinge region might regulate kinase activity
and localisation in parallel. Indeed, it could be demonstrated that phosphorylation
of this threonine residue leads to parallel activation and nuclear-cytoplasmic trans-
location of MK2 (Ben-Levy et al. 1998; Engel et al. 1998) due to a switch from an
inactive closed conformation where the A-helix binds to the catalytic core and the
NES is masked to an active open conformation where the NES can bind to the ex-
port receptor (Neininger et al. 2001; Meng et al. 2002). A similar mechanism is
supposed for MK3 which also shows activation-dependent nuclear export (Tanoue
et al. 2001; Zakowski et al. 2004). Both MK2 and MK3 show the same SAPK2-
dependent characteristics of activation by cytokines and stress (Clifton et al. 1996;
Ronkina et al. 2007).
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3.3.2 Substrates and function of MK2/3

A wide variety of substrates have been described for MK2/3 ranging from proteins
involved in regulation of actin polymerisation, such as small Hsps (Stokoe et al.
1992b), via transcription factors, such as SRF (Heidenreich et al. 1999), E47
(Neufeld et al. 2000), ER81 (Janknecht 2001) and HSF1 (Wang et al. 2006), to
RNA-binding proteins, such as hnRNP A0 (Rousseau et al. 2002), poly A-binding
protein (Bollig et al. 2003), or TTP (Chrestensen et al. 2004; Stoecklin et al. 2004)
(see Gaestel 2006, and supplementary Table thereof). Recently, interesting targets
of MK2/3 involved in chromatin remodelling and cell cycle regulation, such as the
component of the polycomb gene repressive complex Bmil (Voncken et al. 2005),
the phosphatases Cdc25B,C (Manke et al. 2005), and the ubiquitin-ligase HDM2
(Weber et al. 2005) have also been identified. Although some of the substrates
have been demonstrated only for one of both kinases, there is no obvious differ-
ence in substrate specificity between MK2 and MK3 (Clifton et al. 1996). The
MK?2/3 substrate recognition motif overlaps with the motif of 14-3-3 binding sites,
opening the intriguing possibility that MK2/3 may regulate 14-3-3 binding of their
substrate proteins (Manke et al. 2005; Gaestel 2006).

An idea about MK2 and MK3 function came from their mouse knockouts.
MK2-deficient mice are viable and fertile, but show a compromised expression of
TNF and other inflammatory cytokines in response to LPS-challenge which results
in increased resistance against endotoxic shock (Kotlyarov et al. 1999) and colla-
gen-induced arthritis (Hegen et al. 2006) as well as increased susceptibility to in-
fection (Lehner et al. 2002). Furthermore, MK2 deficient cells show defects in
migration and chemotaxis (Hannigan et al. 2001) and altered susceptibility to
stresses such as heat shock or arsenite treatment (Vertii et al. 2006). Interestingly,
the defect in production of TNF and other cytokines in MK2-deficient macro-
phages is due to changes in post-transcriptional regulation of cytokine-mRNA sta-
bility and translation and depends on the presence of AU-rich elements in the 3°-
region of the mRNA (Han and Ulevitch 1999; Kotlyarov et al. 1999; Winzen et al.
1999; Neininger et al. 2002). Hence, RNA-binding substrates of MK2 are of spe-
cial interest to understand the molecular mechanism of this regulation. The LPS-
induced phosphorylation-dependent binding of the MK2-substrate hnRNP A0 to
specific cytokine mRNAs (Rousseau et al. 2002) and the MK2-dependent stabili-
sation and inactivation of the TNF-mRNA destabilising protein TTP (Stoecklin et
al. 2004; Brook et al. 2006; Hitti et al. 2006) provide first examples for the com-
plex mechanisms of this regulation of mRNA stability and translation. However,
especially the mechanism of regulation of translation of specific cytokine mRNAs
by phosphorylation is not well understood so far.

As mentioned above MK3 displays extensive structural similarities to MK2 and
identical functional properties in vitro, but the clear phenotype of MK2-deficient
mice indicates that MK3 can not compensate for MK2 due to the significantly
lower level of expression and activity of MK3 (Ronkina et al. 2007). Adequately,
MK3-deficient mice do not show a significant phenotype and an effect of deletion
of MK3 on TNF production and TTP stability can only be detected in a MK2-free
background by comparing MK2/3 DKO with MK2 KO (Ronkina et al. 2007).
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Hence, it seems that both kinases share the same physiological function in vivo but
are expressed to different levels. However, a specific unknown function for MK2
or MK3 or compensation between both kinases for another function, such as
chromatin remodelling or cell cycle regulation cannot be excluded at the moment.

4 Summary and Perspectives

Protein kinases downstream to SAPK2/p38 contribute to the regulation of gene
expression at different levels. While MSKs act at the level of chromatin remodel-
ling and transcription, MKs can determine specific transcript stability and transla-
tion and MNK regulates general translation initiation. However, the borders be-
tween these functions are leaky, since MKs are also involved in chromatin
remodelling (Voncken et al. 2005) and transcriptional regulation. MNK also regu-
lates translation of specific AU-rich element carrying mRNAs (Buxade et al.
2005). In addition to regulation of gene expression, MKs contribute to cell migra-
tion and stress resistance. The future understanding of concerted action of protein
kinases downstream to SAPK2/p38 will significantly contribute to the physiology
of stress response and inflammation.
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Functions of stress-activated MAP kinases in the
immune response

Mercedes Rincon and Roger J. Davis

Abstract

The stress-activated protein kinases (SAPK) represent one group of mitogen-
activated protein kinases (MAPKs) that are activated by antigen receptors, Toll-
like receptors, cytokine receptors, and physical-chemical changes in the environ-
ment. The SAPK are established to be important mediators of intracellular signal-
ing during both adaptive and innate immune responses. Here, we summarize re-
cent findings concerning the role of two sub-groups of SAPK — cJun NH,-terminal
kinase (JNK) and p38 MAPK.

1 Introduction

The stress-activated protein kinases JNK and p38 MAPK are activated during both
innate and adaptive immune responses. The trigger for SAPK activation can be
mediated by multiple cell surface receptors, including antigen receptors, Toll-like
receptors, and cytokine receptors. Detailed studies have implicated both JNK and
p38 in the development of normal immune responses. Nevertheless, the identifica-
tion of the specific roles of SAPK in immune responses has been difficult because
SAPK signaling pathways appear to function in many of the highly specialized
cell types that mediate the immune response.

The purpose of this review is to provide a summary of the known roles of the
JNK and p38 sub-groups of SAPK in different immune cells. We will also discuss
how these specific responses in individual cell types contribute to the generation
of an in vivo immune response.

2 SAPK Functions in macrophages and dendritic cells

2.1 Role of JNK

Macrophages and dendritic ells are key components of the innate immune system.
Macrophages (together with neutrophils) represent the first defense against patho-
gen infections in part due to their active phagocytic function. Macrophages are
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Fig. 1. Regulation of macrophage function by JNK and p38 MAPK.

also one of the first source of inflammatory cytokines such TNFa., IL-1f3, and IL-
6. A variety of Toll-like receptors (TLR) in these cells mediates the response to
different components of pathogens. JNK is one of the pathways stimulated by
these receptors. While a large number of studies have described the activation of
JNK in macrophages in response to different stimuli (e.g. cytokines, LPS, oxida-
tive stress) less is known about the specific contribution of the isoforms JNK1 and
JNK2 to macrophage functions. Overexpression of a dominant negative SAPKb
mutant in a macrophage cell line inhibits TNFa translation, but not transcription,
in response to LPS (Swantek et al. 1997). Pharmacological inhibitors and peptide
inhibitors of JNK have been shown to induce apoptosis of macrophages and in-
hibit CFS-1-dependent differentiation of bone marrow cells into macrophages
(Himes et al. 2006). Activation of macrophages by Plasmodium falciparum GPI
anchors (pfGPI) and secretion of cytokines such as TNFa play a role in the pa-
thology of malaria. pfGPI has been shown to activate JNK in macrophages, and
the production of TNFa induced by pfGPI is decreased in Jnk2”" macrophages,
but not in JukI”" macrophages (Lu et al. 2006), showing the specific role of INK2
in response to pfGPI signaling (Fig. 1).

Although there have not been any reports describing a requirement of JNK for
macrophage phagocytic activity, a study by Ricci et al. has shown a defective up-
take and degradation of modified lipoproteins and foam cell formation in Jnk2™"
macrophages (Ricci et al. 2004). No significant defect was found in Jnk!”™ macro-
phages. The apparent mechanism for the impaired uptake in Jnk2" macrophages is
the requirement of JNK2-mediated phosphorylation of the scavenger receptor A
(SR-A) for internalization of lipids (Fig. 1). This defect in Jnk2” macrophages has
been associated with the resistance of these mice to develop atherosclerosis (see
below).

Despite the number of studies indicating that the JNK pathway is triggered by
TLRs, no reports have shown a requirement of JNK for TLR function. A recent
study using JNK1 and JNK2 deficient mice has shown that JNK1, but not JNK2,
is required for expression of TLR1 in macrophages (Anguita et al., personal com-
munication).
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The role of JNK in dendritic cell (DC) functions (e.g. antigen processing and
presentation, cytokine production, costimulation) remains unclear. Studies using
pharmacological inhibitors have suggested a possible role for JNK in chemokine-
induced DC migration (Hu and Ivashkiv 2006; Iijima et al. 2005) and DC apop-
tosis (Kriehuber et al. 2005; Handley et al. 2005). Pharmacological inhibition of
JNK also appears to interfere with the upregulation of CD80, CD83, and CD86 in
human DCs by LPS (Nakahara et al. 2004). However, the conclusions of these
studies are exclusively based on the use of drugs that have a poorly established
specificity. To date, no studies using JNK-deficient mice have described a defect
in dendritic cell function.

2.2 Role of p38 MAPK

The function of the p38 MAP kinase pathway in macrophages and DC has been
investigated in detail, although most studies are based on the use of a pharmacol-
ogical inhibitor of this kinase and only limited data are available from genetic
analysis. The p38 MAP kinase pathway is activated by TLRs. Activation of p38
MAP kinase by different TLR ligands in macrophages has been shown to regulate
the expression a number of pro-inflammatory factors including cytokines (e.g.
TNFa, IL-6), Cox2, iNOS. This effect is mediated by p38 MAP kinase acting
through at both transcriptional and posttranscriptional mechanisms (e.g. mRNA
stability and translation) (Fig. 1).

Several studies have proposed that p38 MAP kinase is required for maturation
of monocyte-derived DC, since drug-induced inhibition of this pathway prevents
DC maturation induced by LPS, TNF or UV-B (Nakagawa et al. 2004; Puig-
Kroger et al. 2001; Arrighi et al. 2001; Xie et al. 2003). Pharmacological inhibi-
tion of p38 MAP kinase also interferes with LPS-stimulated endocytosis of anti-
gens by mature DC, an effect that appears to be mediated by blocking podosome
(F-actin reach structure) disassembly (West et al. 2004), suggesting that p38 MAP
kinase can also be involved in antigen uptake. Upon internalization, the
phagosome fuses with lysosomes. This event has been shown to depend on TLR-
mediated p38 MAP kinase activity (Blander and Medzhitov 2004), although other
reports have disputed this finding (Yates and Russell 2005). Thus, p38 MAP
kinase may control more than one aspect of the internalization and destruction of
infectious agents. The role of p38 MAP kinase on the phagocytic uptake of micro-
organisms has not been established. A recent study has suggested that p38 MAP
kinase negatively regulates the expression of CTIIA, a master regulator for MHC
class II, in dendritic cells and macrophages by decreasing histone acetylation of
the CTIIA promoter (Yao et al. 2006), suggesting that activation of p38 MAP
kinase can interfere with MHC class II antigen presentation.
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3 SAPK functions in B cells

3.1 Role of JNK

The regulation of JNK in B cells has been extensively examined. JNK is activated
in these cells in response to B cell receptor (BCR) ligation, CD40-CD40 ligand in-
teraction, LMP1 (Epstain Barr oncogenic latent membrane protein 1) ligation,
LPS, CD22 crosslinking, CD53 ligation, and CpG motifs among others. However,
little is known about the function of JNK in B cell development, B cell prolifera-
tion/survival, or antibody production. No apparent defect in proliferation, survival,
and function of B cells were found in JNK1 or JNK2 -deficient mice (Yang et al.
1998; Dong et al. 1998; Sabapathy et al. 1999, 2001) or in Mkk4 "Rag2” chimeric
mice (Swat et al. 1998). Mkk7"~ Ragl™ chimeras also have normal numbers of B
cells in bone marrow and peripheral tissues, and B cell differentiation was also
normal. However, peripheral B cells in these mice are hyper-proliferative in re-
sponse to BCR and CD40 ligation as well as in response to LPS (Sasaki et al.
2001). Since MKK?7 does not seem to activate other MAPK groups except the
JNK subfamily, it is possible that the hyperproliferation observed in these MKK7-
deficient B cells is due to insufficient activation of JNK. A recent study in
Map3k1**" mice lacking activity of the MAPKK kinase MEKK 1, an upstream ac-
tivator of both the JNK and p38 MAP kinase signaling pathways, have defective
germinal center formation and reduced production of antibodies associated with a
hypo-proliferation of B cells upon CD40 stimulation (Collins et al. 1996). It is,
however, unclear whether this phenotype is mediated by JNK since the activation
of both JNK and p38 MAP kinase was impaired in these cells.

Other studies have also supported a role of JNK in survival in B cells. JNK1
can provide survival signals for BCR-ABL-transformed B lymphoblasts since de-
fective transformation of pre-B cells by BCR-ABL has been observed in vivo and
in vitro in JNK1-deficient mice that could be rescued by expression of Bel2 (Hess
et al. 2002). Interestingly, a recent study also shows that inactivation of JNK in
Theileria-transformed B lymphocytes leads to lymphocyte apoptosis, further sup-
porting an anti-apoptotic role for JNK activation (Lizundia et al. 2006). Thus,
while JNK may mediate cell death or inhibit proliferation in non-transformed B
lymphocytes, it provides survival signals in transformed B lymphoblasts.

3.2 Role of p38 MAPK

The p38 MAP kinase pathway has been shown to be activated in B cells in re-
sponse to BCR and CD40 signals. However, to date, no role for p38 MAP kinase
in B cell development, B cell activation, antibody production and generation of
memory cells has yet been described. p38a MAPK —deficient mice are not viable
because of a placental development defect and Epo deficiency (Adams et al. 2000;
Allen et al. 2000; Tamura et al. 2000). p38a””Rag” chimeras have normal B cell
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Fig. 2. Regulation of thymocyte development by JNK and p38 MAPK.

development and B cell proliferation in response to antigen receptor (Kim et al.
2005), but this could be due to a compensation effect by the presence of other
members of the p38 family.

4 SAPK Functions in T cell development

4.1 Role of JNK

Several processes are critical for the generation of CD4" and CD8" T cells in the
thymus: a) proliferation and expansion of T cell precursors (early thymocyte de-
velopment), b) V(D)J recombination of TCRP and allelic exclusion for clonal
specificity (early T cell development), c) negative selection of autoreactive T
cells, d) positive selection in the context of appropriate MHC, e) lineage commit-
ment to CD4 or CD8 T cells. JNK does not seem to be involved in early thymo-
cyte development. However, several studies using JNK deficient mice or trans-
genic mice expressing a dominant negative JNK mutant have implicated JNK in
the negative selection of thymocytes (Behrens et al. 2001; Rincén et al. 1998; Sa-
bapathy et al. 1999; Sabapathy et al. 2001) (Fig. 2). The potential contribution of
JNK to regulate the presence of autoreactive cells in the periphery and the devel-
opment of autoimmune disease, due to impaired negative selection, is not yet es-
tablished.

4.2 Role of p38 MAPK

p38 MAPK, like JNK, has also been implicated with the deletion of CD4" CD8"
double positive (DP) thymocytes (Sugawara et al. 1998; Tanaka et al. 2002) (Fig.
2), but the contribution of p38 MAPK to the development of autoimmune dis-
eases, due to the presence of autoreactive T cells in the periphery, remains to be
established. However, it has been demonstrated that p38 MAPK plays an impor-
tant role in early thymocyte development. p38 MAPK is activated in immature
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double negative (DN)3 thymocytes, but it is inactivated once these cells differenti-
ate into DN4 thymocytes (Diehl et al. 2000; Sen et al. 1996). Constitutive activa-
tion of p38 MAP kinase in vivo has been shown to block thymocyte development
at the DN3 stage (Diehl et al. 2000). p38 MAP kinase induces a G2/M cell cycle
checkpoint in DN3 thymocytes by phosphorylating and activating p53 (Pedraza-
Alva et al. 2006). V(D)J recombination of TCRp occurs specifically at the DN3
stage and it is associated with the generation of double stranded breaks (DSBs).
The presence of DSBs represents the DNA damage signal that activates p38 MAP
kinase to trigger a G2/M cell cycle checkpoint that allows DNA repair prior to the
cell division and differentiation into DN4 thymocytes (Pedraza-Alva et al. 2006)
(Fig. 2). Thus, p38 MAP kinase is activated not only by cytokines, but also by
other stress signals in the immune system, and it could be involved in maintenance
of genomic stability in thymocytes and T cells.

It has been shown that p38a deficiency in p38a” Rag” chimeras does not af-
fect T cell development (Kim et al. 2005). No defects in T cell development have
been reported in p38p, p385, and p38y (Beardmore et al. 2005; Sabio et al. 2005).
This could be due, in part, to compensation by other p38 MAP kinase members
since the four members (p38a, p38P, p385, and p38y) are expressed in thymocytes
(Beardmore et al. 2005), and studies using double or triple knockout mice may be
needed.

5 SAPK functions in CD4" T cells

5.1 Role of JNK

While JNK3 expression is restricted to brain, heart, and testis, JNK1 and JNK2
are ubiquitously expressed in most analyzed tissues. However, JNK1 and JNK2
are expressed at very low levels in the spleen. Furthermore, JNK1 and JNK2 gene
and protein expression is extremely low naive CD4" and CD8" T cells (and also B
cells) prior to stimulation (Weiss et al. 2000). Activation through the T cell recep-
tor (TCR) and, most likely a combination of cytokines, induces the expression of
both JNK1 and JNK2 in T cells (Weiss et al. 2000) (Fig. 3). In addition, the ex-
pression level of the upstream JNK activators, MKK4 and MKK?7, is also low in
CD4" T cells, but is upregulated following activation. This increase in JNK path-
way gene expression has also been identified using microarray analysis of non-
activated and activated T cells (Teague et al. 1999). It remains unknown why the
expression of these otherwise ubiquitous protein kinases is turned off specifically
in these cells. Whether the reduced expression of the JNK pathway in naive T
cells increases cell survival or whether this represents an additional mechanism to
prevent unwanted activation of naive T cells remains to be examined. Since the
upregulation of JNK expression during activation of CD4" T cells parallels that of
IL-2 it is unlikely that JNK could play a key role in the induction of this cytokine.
Indeed, IL-2 production in CD4" T cells from Jnk2”" mice (Yang et al. 1998) and
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Fig. 3. Regulation of CD4" Th1 cell differentiation by JNK.

JnkI”" mice (Dong et al. 1998) is normal. Furthermore, CD4" T cells from Jnkl -
Jnk2"" Ragl”™ chimeras and Mkk7 ~ Rag” chimeras produce increased levels of
IL-2 (Dong et al. 2000, 1998). Reduced IL-2 production by total T cells from
Jnk2” mice has been described (Sabapathy et al. 1999); however, this could be
due to the presence of both CD4" and CD8" T cells in the same cell culture.

Although JNK does not appear to play a role in the early activation of naive
CD4" T cells, both INK1 and JNK2 are involved in the differentiation of these
cells into effector Th1l and Th2 cells. The expression JNK1 and JNK2 in Thl and
Th2 cells are similar and are greatly increased compared with naive CD4" T cells.
However, while JNK activity can be rapidly induced in effector Thl cells, mini-
mal JNK activity could be detected in effector Th2 cells upon restimulation (Yang
et al. 1998). This selective activation of the INK pathway in Th1 cells is likely due
to the selective expression in these cells, but not in Th2 cells, of GADD45y, a pro-
tein that mediates activation of MEKK4, an upstream activator of JNK and p38
MAP kinases (Chi et al. 2004; Lu et al. 2001). These observations suggest a non-
redundant role of JNK in Thl differentiation and/or secretion of cytokines upon
antigen stimulation. Accordingly, Th2 differentiation and IL-4 production by
CD4" T cells from Jnk2”" mice is normal, but Thl differentiation and IFNy pro-
duction are impaired (Yang et al. 1998). A more recent study has shown that ana-
log peptides of an immunodominant epitope of myelin basic protein that activate
JNK (and p38), but not ERK, differentiate a ThO reactive clone into Thl cells. In
contrast, analog peptides that activate ERK, but not JNK or p38, differentiate ThO
cells into Th2 cells (Singh and Zhang 2004). Although the mechanism by which
JNK regulates Th1 differentiation remains unclear, the expression of IL-12R2 on
differentiating CD4" T cells may represent one example of a relevant gene that is
regulated by JNK (Yang et al. 1998) (Fig. 3).

Differentiation of CD4" T cells from JnkI”™ mice into effector Thl cells is ap-
parently normal, but Th2 differentiation is enhanced. This observation suggests
that JNK1 is a negative regulator of Th2 cytokine expression (Dong et al. 1998). A
Th2 bias has also been observed in CD4" T cells from dnJNK " /Jnk2”" mice (Jnk2"
" crossed with transgenic mice expressing a dominant negative JNK 1 mutant) and
Mkk7"~ Ragl™ chimeric mice (Dong et al. 2000) (Fig. 3). The negative effect of
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JNK1 on IL-4 and other Th2 cytokines has been proposed to be mediated, in part,
by an inhibitory effect of JNK on NFATcl since JNK has been shown to phos-
phorylate and inhibit some of the NFAT members (Chow et al. 1997, 2000). How-
ever, an alternative mechanism has been recently proposed by Gao et al. (2004).
JunB, a member of the Jun family of transcription factor, has been shown to spe-
cifically accumulate in Th2 relative to Thl cells (Rincon and Flavell 1999) and be
a positive regulator of IL-4 gene expression (Hartenstein et al. 2002; Li et al.
1999). The study by Gao et al. (2004) shows that JNK increases ubiquitination and
degradation of JunB. However, they propose that this effect is not due to a direct
effect of JNK on JunB. Instead, JNK appears to phosphorylate and activate the E3
ubiquitin ligase Itch which, in turn, mediates ubiquitination of JunB, and thereby
its degradation. JunB accumulation has been observed in T cells from both Itch
deficient mice and in Jnkl ”~ mice (and slight reduction in Jnk2"" mice). Thus, it is
possible that increased IL-4 production and Th2 differentiation in Jnk/™ mice is
mediated by the accumulation of JunB in these cells.

5.2 Role of p38 MAPK

The role and regulation of p38 MAP kinase in CD4" T cells has been recently re-
viewed by (reviewed by Dodeller and Schulze-Koops 2006). Ligation of TCR
causes activation of p38 MAPK in CD4+ T cells. Full activation of p38 MAPK
appears to require ligation of other receptors (e.g. TCR CD28, 4-1BB, ICOS, and
Fas) and also cytokines (e.g. IL-12, IL-18, TNFa) The relative contribution of all
these stimuli and the co-integration of these different signals to the regulation of
p38 MAP kinase during the activation and differentiation of T cells remains to be
established.

p38 MAPK activation is not required for IL-2 production and cell proliferation,
but it is implicated in the differentiation of naive T cells into effector cells
(Dodeller and Schulze-Koops 2006). Indeed, several studies using both pharma-
cological inhibitors and genetically manipulated mice have demonstrated the in-
volvement of the p38 MAPK pathway in the production of IFNy by CD4" T cells
(Rincon and Pedraza-Alva 2003). However, it is unclear whether TCR ligation
provides the major signal that activates p38 MAP kinase during the differentiation
of Thl cells, or whether cytokines (e.g. IL-12 or IL-18) are key p38 MAP kinase
stimuli in this process (Berenson et al. 2006) (Fig. 4). Although less explored,
other biological components present during the activation of T cells such hista-
mine) can also contribute to the regulation of this signaling pathway (Noubade and
Teuscher, personal communication). Similar caveat needs to be considered for the
activation of the INK pathway during CD4" and CD8" T cell activation and differ-
entiation.

p38 MAP kinase is normally activated by phosphorylation at Thr'® and Tyr'®?
by upstream the MAPKK MKK3, MKK®6 and, to a lesser extent, MKK4 (Brancho
et al. 2003). An alternative pathway of activation has been recently identified in T
cells. In this pathway, p38 MAP kinase is phorphorylated at Tyr’>® by Zap70 upon
TCR ligation (Ashwell 2006; Salvador et al. 2005). A recent study on p38 MAP
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Fig. 4. Regulation of Thl cell development by p38 MAPK.

kinase structure has proposed that phosphorylation of p38 MAP kinase in this
residue can induce a conformational change in the L16 loop causing p38 MAP
kinase dimerization (Diskin et al. 2007). The proximity of p38 MAP kinase in the
dimers could lead to autophosphorylation of p38 MAP kinase at Thr'*® and Tyr'®%,
Dlgh1 has been proposed to be the adapter molecule that connects TCR, Lck, and
Zap-70 with p38 MAP kinase (Round et al. 2007). It has also been suggested that
activation of p38 MAP kinase through Dlghl positively regulates NFAT (Round
et al. 2007). However, other studies have shown that Dilghl and p38 MAP kinase
are negative regulators of this transcription factor (Gomez del Arco et al. 2000;
Xavier et al. 2004). In addition, while NFATcl and NFATc2 factors are highly
expressed in cell lines and activated T cells, the levels of these factors in naive
CD4" T cells are minimal (Dienz et al. 2007), suggesting that NFAT is probably
not the major target of p38 MAP kinase in these cells. While the phosphorylation
of p38 MAP kinase at Ty’> contributes to the activation of this kinase in a T cell
line, there is no evidence that this phosphorylation is important for activation of
p38 MAP kinase in CD4" and CD8" T cells.

6 SAPK functions in CD8" T cells

6.1 Role of JNK

Although both CD4" T cells and CD8" T cells are both activated by antigen via the
TCR, CD8" T cells have specific functions and requirements that clearly distin-
guished from CD4" T cells. Thus, CD8" T cells produce substantially lower levels
of IL-2 and they require need CD4" T cell help for optimal proliferation. CD8" T
cells produced IFNy more rapidly than CD4" T cells. In addition, CD8" T cells
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Fig. 5. Role of INK in CD4" T cell function.

also become cytotoxic effector cells and express and secrete molecules that are not
present in activated CD4" T cells or effector CD4" Th1 and Th2 cells. The role of
JNK in CD8" T cells is also different than in CD4" T cells. The loss of Jnk2
causes hyperproliferation of CD8" T cells in vitro that does not appear to be due to
a decreased activation induced cell death (Conze et al. 2002). Instead, it seems to
be caused by increased production of IL-2, a major growth factor of CD8" T cells
(Conze et al. 2002). Thus, not only is JNK2 dispensable for IL-2 production by
CD8" T cells, it is also a negative factor for the expression of this cytokine. In-
creased expansion of antigen (virus) specific CD8" T cells in Jnk2”" mice has also
been observed in vivo upon infection with lymphocytic choriomeningitis virus
(LCMV) (Arbour et al. 2002) (Fig. 5).

CDS8" T cells that lack JNK1 are hypoproliferative in vitro and they produce
lower levels of IL-2. However, the hypoproliferation is not caused by an impaired
IL-2 production since the addition of exogenous IL-2 does not rescue the defect.
Instead, it appears that the defect is caused by impaired expression of IL-2Ra
CD25) in these cells (Conze et al. 2002). In this case, decreased JNK1 may cause
a decrease in c-Jun levels that may be responsible for impaired IL-2Ra gene ex-
pression. The hypoproliferation of INK1-deficient CD8" T cells in vitro also cor-
relates with decreased expansion of virus-specific CD8" T cells in Jnkl”™ mice
upon infection with LCMV (Arbour et al. 2002). However, although no effect of
JNK1-deficiency was observed in cell death of CD8" T cells in vitro, increased
apoptosis of virus-specific CD8" T cells were observed in vivo (Arbour et al.
2002) (Fig. 5). A recent study has shown that the pharmacological inhibitor of
JNK can prevent activation induced cell death of a CTL clone (Mehrotra et al.
2006). Thus, JNK1 is required for expansion of CD8" T cells by regulating the
levels of growth factor receptors as well as the sensitivity of these to cells to acti-
vation-induced death. This role of INK1 is consistent with the finding that Jnk/-/-
mice exhibit major defects in tumor immunosurveillance mediated by CD8" T
cells that is associated with decreased CTL function and reduced expression of T-
bet, eomesodermin, and perforin (Gao et al. 2005).
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6.2 Role of p38 MAPK

The p38 MAPK is activated during stimulation of CD8" T cells. Studies using
transgenic mice expressing dominant-negative p38 MAPK in T cells have shown
that p38 MAP kinase is needed for production of IFNy by CD8" T cells (Merritt et
al. 2000). However, activation of p38 MAP kinase in vivo caused by transgenic
expression of a constitutive active MKK6, an upstream activator of p38 MAP
kinase, induces selective death of CD8" T cells, but not CD4" T cells (Merritt et
al. 2000) (Fig. 6). Thus, activation of the same signaling pathway causes different
outcomes in CD8" T cells and CD4" T cells. The molecular mechanism that ac-
counts for this difference between p38 MAPK function in these T cell sub-sets
remains unclear. There are four members of this family of kinases (p38a, p38[3,
p38y and p380); differential expression of these isoforms may contribute to the
different responses to p38 MAPK activation. However, no obvious differences in
the expression of the four p38 MAPK isoforms has been detected (N. Farley and
M. Rincon, unpublished observations). Alternatively, differential expression of
pro- or anti-apoptotic targets of p38 MAPK may confer resistance to CD4" T cells
to p38 MAPK-induced cell death.

Pharmacological inhibition of p38 MAPK reduces IL-2 production by CD8" T
cells in response to peptide and APCs (Tham and Mescher 2001) and inhibition of
p38 MAPK by expression of dominant-negative p38 MAPK results in increased
proliferation (Merritt et al. 2000). p38 MAPK may therefore contribute to the pro-
liferation of CD8" T cells. No studies have implicated p38 MAP kinase in the
regulation of cytotoxic activity of CD8" T cells.

CD8" T cells appear to be more sensitive to Fas-induced death than CD4" T
cells (Fortner and Budd 2005). Indeed, a recent study has been shown that p38
MAPK plays a role in Fas-induced death in CD8" T cells through activation of the
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mitochondrial apoptosis pathway and subsequent caspase activation (Farley et al.
2006) (Fig. 6). Fas ligation activates p38 MAP kinase, decreases the amount of
mitochondrial Bel2 and BelXL, and activates caspase 9 and caspase 3 in CD8' T
cells. Inhibition of p38 MAP kinase by expression of a dominant-negative p38
MAPK mutant, or treatment with a pharmacological inhibitor, prevents caspase 3
activation and apoptosis of CD8" T cells in response to Fas ligation. This effect
appears to be mediated by translocation of BclIXL and Bcl2 from mitochondria to
cytosol, most likely because of phosphoryation by p38 MAP kinase. Pharmacol-
ogical inhibition of p38 MAPK also blocks Fas-mediated apoptosis of human
CDS8" T cells by HIV-infected macrophages (Muthumani et al. 2005). Thus, p38
MAP kinase appears to play a major role in CD8" T cell death.

7 SAPK functions in other T cell populations

Conventional CD4" T helper and CD8" T cytotoxic cells represent the majority of
T cells in the peripheral immune system. However, recently, studies have focused
on the important roles of other subset of T cells. The studies described above for
CD4" and CD8" T cells were based primarily on T cells bearing variable of
TCRs. A minor subgroup of these cells defined as invariant NKT (iNKT) cells are
mostly CD4" T cells bearing an invariant TCR (Val4 Jal8 associated with V38,
VB7 and VP2) that is restricted by the CD1d MHC I-like molecule and recogniz-
ing glycolipids instead of protein (Bendelac et al. 2006). While iNKT cells repre-
sent a minor subpopulation of T cells (less than 5% in spleen), they can play a ma-
jor role in the initiation and direction of the immune response because they are
capable of secreting large amounts of cytokines (e.g. TNFa, IL-6, IL-4 and IFNy)
very rapidly (within 90-120 minutes) upon activation in vivo. Interestingly, no
studies have addressed the potential role of JNK in the development of these cells
or cytokine secretion by these cells. The production of IL-4 by iNKT cells can
have profound effects on Th2 differentiation of CD4" T cells. It is possible that
some of the effects of JNK that have been attributed to CD4" T cells may have
been due to the role of JNK in iNKT cells if these cells were present in the prepa-
ration of CD4" T cells. It remains unknown if p38 MAP kinase is important for
development and/or activation of iNKT cells.

T regulatory (Treg) cells have been the major focus of research in immunology
because of the important role of these cells in the control of in vivo immune re-
sponses. Treg cells differ from conventional CD4" T cells in their impaired prolif-
eration capacity as well as the pattern of cytokines that they secrete. Potential roles
of JNK or p38 MAPK in cytokine expression and/or proliferation of these cells
have not yet been explored. Interestingly, fibroblasts from JukI™Jnk2"" mice con-
stitutively express TGFf1, indicating that JNK is a repressor of TGFp1 gene ex-
pression (Ventura et al. 2004). Since TGFf has been implicated as one of the
mechanisms by which Treg suppress CD4" T cell activation, it is possible that
JNK may play a role in these cells.
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In addition to a3 T cells, yd T cells play a major role in tissues including skin.
Little is known about signal transduction in these cells probably due to their lim-
ited number, and no studies have examined the role of JNK or p38 MAPK in these
cells.

Finally, unlike naive CD4" and CD8" T cells, memory CD4" and CD8" T cells
are capable of secreting large amounts of effector cytokines very rapidly. The
regulation and the role of the JNK and p38 MAPK pathways in these cells remains
unexplored. Interestingly, while the levels of JNK1 are practically undetectable in
naive CD4" T cells, INK1 expression is increased in memory-like phenotype
CD4" T cells prior to activation (M. Rincon, unpublished studies).

In conclusion, studies of the function of JNK and p38 MAPK pathways in these
minor T cells subsets will be a fruitful area for future research. It is likely that
these protein kinase signaling pathways play a major role in these cells during an
in vivo immune response. Indeed, impaired function of these minor T cell sub-sets
may contribute to some of the observed phenotypes of Jnkl-/- and Jnk2-/- mice.

8 SAPK functions during an in vivo immune response

Several studies have examined the role of SAPK using pharmacological inhibitors
and genetically modified mice that lack expression of specific SAPK isoforms in
different models of infectious diseases, autoimmune disease, and allergic diseases.
These studies indicate that SAPK contribute to in vivo immune responses. Indeed,
studies of MAPK phosphatase-deficient mice (Mkp!”~ and Mkp5" mice) indicate
that the resolution of immune responses involves the downregulation of JNK and
p38 MAPK activation (Chi et al. 2006; Zhang et al. 2004; Zhao et al. 2006). Nev-
ertheless, the final outcome of diseases responses reflects the combined functions
of SAPK in different cells of the immune system.

In a mouse model of malaria, Jnk2”™ mice exhibit higher survival rates when
challenged with Plasmodium berghei. In contrast, Jnk1”™ mice respond like wild
type mice (Lu et al. 2006). The protective effect in Jnk2”™ mice has been attributed
an impaired production of TNFa by macrophages.

Infection of Jukl™ mice with LCMV results in a lower number of virus-specific
CDS8" T cells, and lower activated CD8" T cells than wild type mice. However,
JnkI”" mice clear LCMV infection with the same kinetics than wild type mice
(Arbour et al. 2002). Jnk2”" mice have increased virus-specific CD8" T cells, but
there is no difference in virus clearance either. Thus, in addition to CD8" T cells,
other cells may account for virus clearance and those may not be affected by the
JNK-deficiency. JnkI”" mice appear to be more susceptible to Leishmania infec-
tion than wild type mice, and this phenotype has been associated to the in vitro
Th2 bias of CD4" T cells from these mice (Constant et al. 2000). Finally, studies
of Influenza virus demonstrate a role of p38 MAPK in the immune response to in-
fection (Conze et al. 2000).

SAPK have been associated with the development of arthritis and increased
JNK and p38 MAPK activation have been found in joint synoviocytes. Overex-
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pression of human TNFa in transgenic mice causes the development of inflamma-
tory arthritis. The disruption of JNK1 expression (JukI™ mice) in these mice did
not affect synovial inflammation, bone destruction and cartilage damage charac-
teristic of this disease (Koller et al. 2005), indicating that JNK1 is not required for
the development of inflammatory arthritis. The absence of INK2 (Jnk2”~ mice) has
little effect on inflammation, but decreases joint damage probably by interfering
with MMP expression in collagen-induced model of arthritis (Han et al. 2001). In
contrast, inhibition of both JNK1 and JNK2 with the pharmacological inhibitor
SP600125 inhibits IL-1-induced collagenase-3 gene expression in synoviocytes
and adjuvant-induced arthritis in a rat model. Similarly, disruption of the p38
MAPK pathway by targeted deletion of the upstream activator MKK3 (Mkk3™"
mice) interferes with the development of collagen-induced arthritis (Inoue et al.
2006) and Lyme arthritis (Anguita et al. 2002).

Another type of autoimmune disease that affects a large number of individuals
is type 1 (insulin-dependent) diabetes caused by autoimmune destruction of f3 cells
in the pancreatic islets. Destruction of B cells is associated with a CD4" Thl type
of immune response. Studies of nonobese diabetic (NOD) mice have shown that
Jnk?2 deficiency decreases destructive insulitis and reduces progression of diabetes
(Jaeschke et al. 2005). In this case, the protective effect of INK2-deficiency ap-
pears to be due to the decreased Th1l immune response and a bias to Th2 immune
response (Jaeschke et al. 2005), that correlates with the in vitro studies in these
mice (Yang et al. 1998). Studies of another autoimmune disease, encephalomye-
litis, demonstrate that JNK1-deficiency prevents disease progression, in part, be-
cause of increased expression of the anti-inflammatory cytokine IL-10 by macro-
phages (Tran et al. 2006).

Finally, a recent study has examined the role of JNK in the development of
atherosclerosis. ApoE™" Jnk2”" mice develop less atherosclerosis than ApoE™™ mice,
but ApoE™ JnkI™ mice develop normal atherosclerosis (Ricci et al. 2004). Phar-
macological inhibition also reduces atherosclerosis. The resistance to development
of atherosclerosis in Jnk2"™ mice appears to be due to a defect in foam cell forma-
tion by macrophages.

The pyridinyl imidazole inhibitors of p38 MAP kinase were first identified as
anti-arthritic drugs prior to its association with this signaling pathway (Lee et al.
1993). Today, a large number of p38 inhibitors have been developed by a variety
of pharmaceutical corporations (Kumar et al. 2003). Due to the role of p38 MAP
kinase in the production of proinflammatory cytokines such as TNFa, pharmacol-
ogical inhibitors of this kinase have been tested in a number of diseases where
pathogenesis is associated with the presence of these cytokines, including Rheu-
matoid arthritis, Crohn’s disease and inflammatory bowel disease (IBD) (Hommes
et al. 2002; Kumar et al. 2003; Pargellis and Regan 2003). Preclinical studies with
these compounds have been successfully done in animals, primarily in rats for ad-
juvant-induced arthritis and collagen-induced arthritis (Kumar et al. 2003). Phase I
clinical trials with healthy volunteers or rheumatoid arthritis patients have also
been carried on. While the compounds seem to be effective in lowering the levels
of proinflammatory cytokines, they also have some adverse effects including liver
damage (elevated levels of transaminases) or, in some cases, adverse neurological
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effects (Kumar et al. 2003). Despite of many years of phase I clinical trials, there
is still more to do to improve the efficacy of these promising compounds while re-
ducing their adverse effects.

9 Concluding remarks

Significant progress has been achieved towards understanding the role of SAPK in
the immune response. Specific roles of individual SAPK isoforms in different
immune cell types have been described. These studies suggest that SAPK repre-
sent potential targets for therapeutic intervention in disease processes. Neverthe-
less, there remains much to learn concerning the molecular mechanisms that ac-
count for SAPK functions. Future research challenges include the definition of the
role of SAPK in all immune cell types. In addition, methods that will overcome
the technical limitations caused by the lethality that results from compound muta-
tions in the JNK and p38 MAPK pathways in mice need to be developed. It is
likely that research progress during the next few years will prove to be very excit-
ing.
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Stress-activated MAP kinases in chromatin and
transcriptional complexes

Nicholas T. Crump, Ya Ting Han, and Louis C. Mahadevan

Abstract

Stress-activated MAP kinases (SAPKs) are activated by stressors or by certain
physiological stimuli and mediate an intracellular response appropriate to the
change in environment. Long-term adaptation requires reprogramming of tran-
scription and one of the most significant actions of SAPK cascades is therefore in-
duction of gene expression. SAPKs and their downstream kinases phosphorylate
many chromatin-associated and transcription factors. Further, they can induce lo-
calised histone modification by regulating histone acetyltransferases and deacety-
lases. p38/SAPK2 also elicits phosphorylation of the nucleosomal proteins histone
H3 and HMGNI (previously HMG-14) via the downstream mitogen- and stress-
stimulated kinases MSK1/2. Finally, recent evidence indicates a novel non-
enzymatic SAPK function in transcriptional complexes, suggesting a more struc-
tural role. The yeast SAPK Hoglp is recruited to a proportion of its target genes
on activation and localises beyond the promoter into coding regions. The observa-
tion that Hoglp interacts with elongating RNA polymerase II in addition to sev-
eral transcriptional elongation factors has led to the suggestion that this SAPK
may behave like an elongation factor at some target genes. The generality of this
new function is discussed.

1 Introduction

One of the challenges associated with existing as a unicellular organism in a dy-
namic environment is the need to respond rapidly and appropriately to extracellu-
lar stimuli. In lower eukaryotes, this is in part achieved by signalling through the
mitogen-activated protein kinase (MAPK) cascades (Widmann et al. 1999), where
stresses outside the cell are transmitted across the cell membrane to stress-
activated MAPKs (SAPKs), which elicit appropriate responses through modula-
tion of gene expression and protein activity. In higher eukaryotes, MAPK cas-
cades have been harnessed for cellular responses to a variety of extracellular stim-
uli including a number of different growth factors and cytokines, in addition to
their role in the stress response.

MAPK signalling is transmitted through a three-tiered cascade of phosphoryla-
tion events, with MAPKs activated by MAPK kinases (MAPKKs) and MAPKKs
in turn activated by MAPKK kinases (MAPKKKSs). In many systems, the mecha-
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nism by which signals are transduced from extracellular receptors or stress stimuli
to produce MAPKKK activation is poorly understood, although STE20 kinases
and small G proteins have both been implicated (Chang and Karin 2001). Down-
stream targets of MAPK signalling cascades are highly varied, and in the case of
stresses they combine to produce cellular adaptations to respond to the new envi-
ronment. MAPKSs are involved in regulating a diverse selection of processes, in-
cluding cell proliferation, cell survival and apoptosis, movement, metabolism, and
differentiation (Posas et al. 1998; Chang and Karin 2001; Kyriakis and Avruch
2001). Often this involves modulating enzyme function, but a significant propor-
tion of the effects of MAPK signalling is enacted via changes in gene expression.
This review discusses mechanisms by which SAPK-mediated signalling effects
these changes, focussing on their interactions with chromatin-associated and tran-
scription factors and on their role in eliciting localised histone modification at tar-
get genes.

MAP kinases are proline-directed serine/threonine kinases (Widmann et al.
1999) that produce a response through phosphorylation either directly or indirectly
by one of their downstream kinases. Phosphorylation can control protein activity
in many different ways, with MAPKs observed to regulate enzyme activity, nu-
cleocytoplasmic shuttling, protein stability, and DNA binding affinity, as well as
directly modulating the transactivation/repression activity of transcription factors
(Yang et al. 2003). Recently, however, a new method by which SAPKs influence
gene expression has been identified. The yeast SAPK Hoglp has been shown to
play a role in transcription, potentially independent of its kinase activity, through
direct interactions with the transcriptional machinery and other transcription fac-
tors, apparently acting like a transcription elongation factor (Alepuz et al. 2003;
Proft et al. 2006).

1.1 SAPK cascades in yeast and mammals

Yeast cells show at least five distinct MAP kinase pathways, although there ap-
pears to be some overlap between them (Posas et al. 1998; Widmann et al. 1999).
Much of the work into SAPK-mediated control of gene expression has involved
the yeast MAPK Hoglp, which interacts with many different factors to modulate
expression at a number of subclasses of genes (Fig. 1). The protein is activated
under conditions of high osmolarity (Hog = high osmolarity glycerol) by the
MAPK kinase Pbs2p, which targets a dual tyrosine/threonine element, inducing
Hoglp to interact with and modulate the activity of many factors (de Nadal et al.
2002; O'Rourke et al. 2002). The interacting partners of Hoglp are diverse, and
range from transcription factors specific to subclasses of the osmoresponsive
genes (Proft et al. 2001; Proft and Struhl 2002; Alepuz et al. 2003; de Nadal et al.
2003), to more general factors such as the RNA polymerase II (Pol II) holoenzyme
(Alepuz et al. 2003; Proft et al. 2006).

In mammalian cells, the two main SAPK pathways are JNK (c-Jun N-terminal
Kinase, also known as SAPK1) and p38 (also known as SAPK2), although the
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Fig. 1. Activated Hoglp stimulates gene expression from multiple classes of gene under
osmostress. The transcription complexes formed in response to high osmolarity at (A)
Hotlp-, (B) Msn2/4p- and (C) Skolp-regulated promoters. (A) Under stressed conditions
Hotlp anchors phosphorylated Hoglp at the gene promoter. Hoglp then recruits the RNA
polymerase II holoenzyme to the promoter. Independently, Hoglp interacts with the HDAC
complex Rpd3p/Sin3p to induce localised histone deacetylation at the promoter, which may
aid Pol II entry. Hoglp also appears to form a part of the elongating transcriptional appara-
tus. (B) Msn2/4p-dependent promoters appear to function similarly to the Hotlp-regulated
system, with Msn2/4p recruiting the kinase to the gene promoter. (C) Skolp-regulated
genes are repressed under non-stressed conditions by the Skolp-Cyc8p-Tuplp repressor
complex. Active Hoglp phosphorylates Skolp, switching the complex from repressive to
activatory and allowing Cyc8p-Tuplp to recruit the nucleosome remodelling complexes
SAGA and SWI-SNF to the promoter, aiding Pol II entry.

—ac

ERK (Extracellular signal-Regulated Kinase) pathway is also capable of weakly
responding to some stresses. The BMK1/ERKS pathway responds to both stress
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and mitogenic stimuli (Chang and Karin 2001; Kyriakis and Avruch 2001). The
evolutionary conservation of MAPK proteins is clearly demonstrated in comple-
mentation experiments, where human ERK1 and JNK/SAPK1 MAPKSs introduced
into yeast cells are capable of functioning in the pathways that regulate filamen-
tous growth and osmostress, respectively (Galcheva-Gargova et al. 1994; Atienza
et al. 2000).

In mammals, the diversity of stimuli which activate MAPK pathways is neces-
sarily much greater than in yeast, with roles in controlling cell-cell communication
and differentiation pathways, as well as responding to a vast number of extracellu-
lar factors, stresses and pharmacological agents (Chang and Karin 2001; Kyriakis
and Avruch 2001). The diversity of SAPK targets is maintained, with the activities
of a number of transcription factors and other nuclear factors influenced by these
kinases (Fig. 2). p38/SAPK2 also phosphorylates several downstream kinases
(Kyriakis and Avruch 2001), which themselves target a number of nuclear pro-
teins, including the histone H3 N-terminal tail and the high-mobility group protein
HMGNI1, formerly known as HMG-14 (Thomson et al. 1999b; Clayton and Ma-
hadevan 2003).

2 Phosphorylation of sequence-specific transcription
factors and recruitment of histone-modifying enzymes

Active Hoglp regulates expression of a number of different classes of genes, dis-
tinguished by a requirement for different transcription factors (Fig. 1). One class
(Skolp-dependent genes, Fig. 1C) is maintained in an inactive state under normal
osmotic conditions by the repressor complex Skolp-Cyc8p-Tuplp (Proft et al.
2001). On activation, Hoglp phosphorylates the Skolp component, an
ATF/CREB-related factor, which converts the complex from repressor to activa-
tor. Transcriptional activation by this complex is mediated, at least in part, by
Cyc8p-Tuplp-mediated recruitment of the SAGA acetyltransferase and SWI-SNF
chromatin remodelling complexes to the promoter, allowing nucleosomal altera-
tions concomitant with gene activity (Proft et al. 2001).

Similarly, mammalian SAPKs phosphorylate sequence-specific transcription
factors to mediate recruitment of histone acetyltransferase (HAT) activities to
gene promoters (Fig. 2). For example, the ternary complex factor (TCF) family
protein Elk-1 is phosphorylated by both INK/SAPK1 and p38/SAPK2 (Li et al.
2003), recruiting the acetyltransferase activity of p300 to targeted promoters. In-
terestingly, the Elk-1-p300 interaction exists even in the absence of phosphoryla-
tion, with the modification required to activate the HAT (Nissen et al. 2001). One
possible model is that phosphorylation induces conformational changes in the pre-
assembled complex, stimulating the HAT activity of p300. Phosphorylation of
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Fig. 2. Stress activated MAPK signalling produces multiple and varied downstream effects.
MAPKK/MKK, MAPK kinase; MAPK, mitogen-activated protein kinase; JNK/SAPKI,
Jun N-terminal kinase/stress-activated MAPKI1. Solid lines represent phosphorylation
events; dashed lines are recruitment events. ATF-2 is labelled as a putative HAT.

CREB by MSK1/2 (a downstream kinase activated by p38/SAPK2, see Section
4.1) similarly correlates with recruitment of CBP/p300 (Deak et al. 1998; Wiggin
et al. 2002), which can then recruit the p300/CBP-associated factor P/CAF, an-
other HAT (Yang et al. 1996).

In addition to recruiting activatory HATs to the promoter, SAPKs can also dis-
rupt inhibitory histone deacetylase (HDAC) complexes that maintain genes in an
inactive state. INK/SAPK1 was first identified as a kinase which targeted the N-
terminus of the transcription factor c-Jun, with phosphorylation inducing its activ-
ity (Pulverer et al. 1991). However, it has recently been suggested that this modi-
fication is not in itself activatory, but rather acts to derepress transcription (Weiss
et al. 2003). In the nucleus, c-Jun dimerises with itself or other members of the
Jun/Fos family to form the AP-1 (Activating Protein 1) transcription factor (Karin
et al. 1997), which binds conserved promoter elements in a JNK/SAPKI-
independent manner. In the absence of INK/SAPK1 phosphorylation, c-Jun has
been shown to bind a repressive complex, which includes HDAC3. JNK/SAPK1
phosphorylation of c-Jun induces dissociation of the HDAC, allowing AP-1 to ac-
tivate transcription at the promoter (Weiss et al. 2003).

A similar inhibitory mechanism appears to regulate Elk-1 activity (Yang and
Sharrocks 2004). In quiescent (Gy) cells, the protein is present in a repressive
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state, due to the addition of a SUMO (small ubiquitin-related modifier) moiety. On
stimulation with growth factors this modification is rapidly lost, coincident with a
rapid increase in Elk-1 phosphorylation. Loss of SUMOylation, in concert with
phosphorylation, correlates with the conversion of Elk-1 from repressive to active
transcription factor. Yang and Sharrocks (2004) showed that the SUMO mark on
Elk-1 allows the protein to recruit HDACs to gene promoters, implying that gene
activation by SAPKs involves both recruitment of HAT activity (via un-
SUMOylated Elk-1) and removal of repressive deacetylases.

3 Phosphorylation of general transcription factors

SAPK targets are not limited to specific transcription factors: p38/SAPK2 and its
yeast homologue have been shown to interact with the RNA polymerase II (Pol II)
holoenzyme (Alepuz et al. 2003; Proft et al. 2006). Phosphorylation of TATA-
binding protein (TBP) by p38/SAPK2 has been observed at NFkB- and AP-1-
dependent promoters, inducing a higher affinity TBP-TATA box interaction and
presumably enhancing the frequency of transcriptional initiation (Carter et al.
1999, 2001). Similarly, work with Hoglp suggests that the kinase activity of this
enzyme may be required for holoenzyme activation at osmosensitive promoters,
although it is unclear which, if any, components of the complex are phosphory-
lated (Alepuz et al. 2003).

As discussed in Section 2, SAPKs act by phosphorylating many transcription
factors, stimulating some to recruit histone modifying enzymes to the promoter.
However, SAPKSs also act directly on the modifying enzymes themselves (Fig. 2).
Both INK/SAPKI and p38/SAPK2 are known to phosphorylate the putative ace-
tyltransferase ATF-2 upon stimulation (Kawasaki et al. 2000). p38/SAPK2 also
interacts with the chromatin remodelling complex SWI-SNF, which is required for
transcriptional initiation at many promoters (Simone et al. 2004). Activation of
p38/SAPK?2 is necessary for SWI-SNF recruitment to myogenic loci during skele-
tal myogenesis, and in vitro active p38/SAPK2 phosphorylates the SWI-SNF
component BAF60, suggesting that this is the necessary activity for the in vivo re-
cruitment.

4 Phosphorylation of nucleosomal proteins

In addition to phosphorylating transcription factors, SAPKs have a specific role in
directly modifying chromatin at target genes, through a process known as the nu-
cleosomal response, by acting on the histone H3 N-terminal tail and the non-
histone chromosomal protein HMGN], also known as HMG-14 (Clayton and Ma-
hadevan 2003). The basic unit of chromatin is the nucleosome, comprising ap-
proximately 147 base pairs of DNA wrapped around an octamer of two each of the
core histones H3, H4, H2A and H2B. Crystallographic studies have revealed the
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nucleosome to be of defined structure, with the globular domain of each histone
buried within the nucleosome and their N-terminal tails protruding (Luger et al.
1997). The tails are therefore accessible for modification, for example, by HATs,
methyltransferases and kinases, and these modifications play a central role in
regulating gene expression (Mellor 2005).

The histone H3 tail has two phosphorylation sites targeted via the p38/SAPK?2
cascade: serine-10 and serine-28 (Clayton and Mahadevan 2003). These residues
are present in the same sequence environment: Ala-Arg-Lys-Ser (ARK-S), which
is retained throughout the Eukaryotic Kingdom, implying functional importance.
Both modifications occur at two distinct points in the cell cycle: globally on mi-
totic condensed chromosomes (Cheung et al. 2000), and locally at specific loci of
active and inducible genes (Clayton and Mahadevan 2003). Histone phosphoryla-
tion at these residues is therefore implicated in two opposing processes, regulated
by different proteins. Mitotic phosphorylation is produced by members of the
Aurora kinase family (Cheung et al. 2000), regulated by cell cycle proteins,
whereas the kinases responsible for inducible gene phosphorylation are found
downstream of the ERK and p38/SAPK2 MAP kinases (Clayton and Mahadevan
2003).

4.1 Inducible histone H3 phosphorylation is mediated by MSK1/2

Stress-induced histone H3 phosphorylation was first discovered through **P-
labelling studies in mouse fibroblasts (Mahadevan et al. 1991), where stimulation
of quiescent (Gy) cells with various stresses or growth factors results in localised,
transient phosphorylation of histones at the loci of the immediate-early (IE) genes,
such as c-jun and c-fos. Using a combination of selective agonists and pharmacol-
ogical inhibitors, the mediators of this process were shown to be ERK or
p38/SAPK2 (Clayton and Mahadevan 2003), depending on the stimulus used.
However, the downstream kinase responsible for directly targeting the H3 tail
proved more elusive.

The mitogen- and stress-stimulated protein kinases, MSK1 and MSK2, were
identified by their homology to the N-terminal domain of the MAPK downstream
kinase MAPKAP-K1 (Deak et al. 1998), and a combination of pharmacological
experiments and MSK1/2 single- and double-knockout mouse cells confirmed
these proteins to be the histone H3 kinases. It was also suggested that RSK2 (Ri-
bosomal S6-kinase, also known as MAPKAP-K1b) has a role in histone H3 phos-
phorylation, based on work with Coffin-Lowry cells, which are defective in this
protein (Sassone-Corsi et al. 1999). However, more recent studies have demon-
strated that this cell line shows a normal inducible histone H3 phosphorylation re-
sponse, indicating that RSK2 is not essential for this process (Soloaga et al. 2003).

MSK1/2 phosphorylates histone H3 efficiently at both serines 10 and 28
(Dyson et al. 2005), but there remains a major unanswered question regarding how
it selects one site or the other for phosphorylation. In two independent im-
munofluorescence studies, H3S10P and H3S28P were localised to distinct loci
within the intact mouse nucleus (Dunn and Davie 2005; Dyson et al. 2005). Fur-
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ther, sequential immunoprecipitations failed to detect any histone H3 tails bearing
both modifications (Dyson et al. 2005), suggesting an exquisite level of discrimi-
nation by MSK1/2 or their interacting partners. Thus, although the intracellular
circuitry from plasma membrane to histone has been elucidated, the issue of site
selectivity in the histone H3 tail remains a mystery.

The evolutionary conservation of SAPK proteins has been described (Section
1.1), and similarly, sequences within the histone H3 tail are among the most
widely conserved throughout eukaryotes. Curiously, the MSK proteins responsible
for SAPK-mediated H3 phosphorylation are less well conserved. Homologues are
absent from the yeast genomes, and the closest equivalent in fruit fly, JIL-1, has
not been shown to be activated by p38/SAPK2-mediated phosphorylation. Never-
theless, heat-shock elicits histone H3 phosphorylation at the Hsp70 locus on Dro-
sophila polytene chromosomes, by an as yet unknown mechanism (Nowak and
Corces 2000). Surprisingly, heat-shocked mouse cells do not show any increase in
H3 phosphorylation at the Hsp70 locus (Thomson et al. 2004), despite the obser-
vation in Drosophila cells, and in contrast to observations after sodium arsenite
treatment, where p38/SAPK2 activation and histone H3 phosphorylation at Hsp70
are both clearly seen. These observations raise interesting questions regarding the
evolution of this pathway, especially concerning the “tandem-kinases” (which
have two kinase domains) including RSKs, MSKs and JIL-1, and the functional
conservation of histone H3 phosphorylation at inducible genes.

4.2 Molecular function of histone H3 phosphorylation

Whilst the significance of phosphorylating enzymes and interacting partners by
SAPKs is often reasonably apparent, the purpose of histone phosphorylation is
less clear. MSK1/2 double-knockout cells (Soloaga et al. 2003), or cells treated
with an MSK-specific inhibitor (Thomson et al. 1999a), in which inducible his-
tone H3 phosphorylation is severely reduced, do not show serious disruption of
targeted gene induction, although efficiency of induction is affected. This suggests
that the nucleosomal response is not essential to stimulate expression from these
genes, but the mark may influence their precise expression profiles. In contrast,
work at the Hsp70 locus suggests that H3 phosphorylation can be essential for in-
duction of this gene, although curiously whilst this requirement is observed on
treatment with sodium arsenite, it is unnecessary for Hsp70 induction upon heat-
shock (Thomson et al. 2004). The effects of histone phosphorylation likely act in
concert with other factors at the promoter, dependent on the signalling pathways
induced.

How might histone phosphorylation induce gene expression? One mechanism
would rely on altered electrostatics and sterics of a phosphorylated H3 tail. How-
ever, there is evidence to suggest that the modification may act as a docking site
for chromatin modifying or transcription factors, with a mammalian interacting
partner for phosphorylated histone H3 recently identified. Members of the 14-3-3
family have been shown bound to phosphoacetylated histone H3 peptides on affin-
ity columns and, by chromatin immunoprecipitation, localised to the same posi-
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tions at c-jun and c-fos as phosphoacetylation (Macdonald et al. 2005). Structures
of 14-3-3C bound to both phospho- and phosphoacetyl-H3 have been solved, dem-
onstrating that this interaction is strictly dependent on the phosphate moiety and
the acetylation state of the tail does not affect 14-3-3 binding (Macdonald et al.
2005).

The dimeric nature of 14-3-3 proteins provides the possibility that they act as
an adaptor to recruit other phosphoproteins to the nucleosome. 304 interacting
partners for 14-3-3C were identified in HeLa cells (Meek et al. 2004) and 170 pro-
teins were isolated bound to FLAG-tagged 14-3-3 in HEK293 cells (Jin et al.
2004), of which many were identified as chromatin-binding proteins involved in
transcriptional regulation. Thus, phosphorylated histone H3 at inducible genes
may act as a recruitment site for other factors to modulate gene expression, via the
adaptor 14-3-3 proteins.

5 SAPKs may also act independently of their kinase
activity

Until relatively recently, the effects of SAPK signalling were assumed to be solely
due to their kinase activity. However, new evidence has shown that several of
these proteins also have a second kinase-independent role in transcriptional regu-
lation (Fig. 1). The process involves a direct interaction between SAPK and target,
resulting in recruitment or modulated activity of the factor without requisite phos-
phorylation. Most of the work on this mechanism has involved the yeast Hoglp,
but there is some, albeit circumstantial, evidence that the mammalian JINK/SAPK 1
and p38/SAPK2 may also possess novel activities (Edmunds and Mahadevan
2004).

Active Hoglp is recruited to Hotlp-dependent osmoresponsive gene promoters
(Fig. 1A) by the transcription factor Hotlp (Alepuz et al. 2003), but, although
Hotlp is phosphorylated at several residues by the kinase, these modifications are
not required for interaction with Hoglp and probably have no role in Hotlp regu-
lation. Hoglp at the promoter then recruits Pol 11, and appears to act as an anchor
for the transcriptional apparatus at the promoter. In the absence of osmotic stress,
Hotlp-dependent promoters are devoid of the transcriptional machinery, and os-
motic stress-induced holoenzyme recruitment is lost in #og/A mutant cells. Hoglp
interacts with multiple components of the Pol II holoenzyme; in addition to the
polymerase itself (via subunits Rpb1p and Rpb2p), the kinase will bind the TFIIH
subunit Kin 28 and the Mediator complex (Alepuz et al. 2003).

Hoglp also recruits other components to its target gene promoters (Fig. 1), for
example the Rpd3p-Sin3p HDAC complex (de Nadal et al. 2004). Mutants in rpd3
and sin3 are sensitive to osmotic stress and, strikingly, rpd3AhogIA and
sin3AhoglA double mutants are no more osmosensitive than rpd3A or sin3A
alone. Similarly, under osmostress the rpd3A strain showed reduced expression of
more than 90% of Hoglp-dependent genes, implying a role for the HDAC com-
plex in gene expression at these loci. Hoglp interacts with Rpd3p both in vivo and
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in vitro, suggesting a direct role for the SAPK in recruitment of the deacetylase
complex (de Nadal et al. 2004).

The authors also showed, by point mutation, that the deacetylase activity of
Rpd3p is absolutely required for gene expression. At first glance this seems a little
counterintuitive: why would recruiting a normally repressive HDAC complex re-
sult in activation of a gene? Intriguingly, at the HSPI2 gene locus hypoacetylation
seems to be maintained strictly at the promoter region (where the complex is
bound). The fact that rpd3A mutants show reduced Pol II recruitment to the
HSP12 promoter under osmostress implies that the absence of this modification
may play a role in encouraging Pol II entry to the promoter (de Nadal et al. 2004).

Recent global analyses have provided insight into activated Hoglp recruitment
to its target genes. Pokholok et al. (2006) used TAP-tagged Hoglp to characterise
SAPK occupancy by ChIP-on-chip (combining chromatin immunoprecipitation
with DNA microarray technology), identifying 36 genes bound under osmotic
stress. Similarly Proft et al. (2006) established 72 genes which are enriched in
Hoglp at least 1.5-fold upon osmostress. A functional role for Hoglp at the gene
locus is suggested by the fact that a catalytically inactive mutant does not localise
to the native CTT! or TSLI genes (Proft et al. 2006).

Both studies described a similar kinase distribution across the target genes, with
Hoglp not confined to the promoter regions (Pokholok et al. 2006; Proft et al.
2006), despite the fact that Hoglp recruiters Hotlp and Skolp are specifically as-
sociated with their binding sites here (see Fig. 1). The kinase displayed a distribu-
tion profile more like that of Pol II, spanning the open reading frame (ORF) of
STL1 and GRE?2, with an apparent reliance on sequences in the 3° untranslated re-
gion (UTR) of each gene (Proft et al. 2006). This is consistent with in vitro pull-
down experiments, which show active Hoglp preferentially interacting with the
elongating form of Pol II (with the polymerase CTD hyperphosphorylated). Active
Hoglp also coimmunoprecipitated with several TAP-tagged elongation factors,
including Sptdp, TFIIS, Paflp and Thplp and, therefore, presumably itself forms a
part of the transcriptional elongation complex (Proft et al. 2006). In addition to the
revelation that SAPKSs act directly in the transcription process, this discovery is in-
teresting as it suggests the existence of gene-specific elongation factors; previ-
ously all identified factors have shown little if any preference for classes of gene
(Sims et al. 2004). However, whilst Proft et al. (2006) do not show a phosphoryla-
tion target for Hoglp within the transcriptional elongation complex, it is possible
that the role of the SAPK in this complex requires kinase-mediated activation of
one or more components.

Pokholok et al. (2006) also looked at the genomic distributions of several other
S. cerevisiae protein kinases, including the MAPKs Fus3p and Kss1p and protein
kinase A subunits Tpklp and Tpk2p. ChIP-on-chip analyses localised these pro-
teins to both the promoter and transcribed regions of their target genes (Pokholok
et al. 2006), raising the possibility that like Hoglp, these kinases also have a role
in transcriptional elongation.
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5.1 A role for mammalian SAPKs in transcriptional and elongation
complexes?

A key question then is whether a similar process occurs in mammalian SAPK sig-
nalling. There is some evidence that these kinases may have a role at their target
gene loci; the Hoglp homologue p38/SAPK?2 associates with the MYOG and CKM
gene promoters during myogenesis (Simone et al. 2004). In addition p38/SAPK2
constitutively coimmunoprecipitates with Pol II (whereas the Hoglp-Pol II inter-
action is stress-dependent) (Alepuz et al. 2003), but the fact that the holoenzyme is
a target for phosphorylation by the kinase suggests this may be little more than a
mechanism to quickly target the complex on activation. As yet there is no evi-
dence of p38/SAPK2 association with the elongating transcriptional machinery in
mammals, and it may be that this property is confined to yeast.

However, a more limited role for nuclear translocation and/or transcription fac-
tor-binding in mammalian SAPK signalling may be supported. For example, both
JNK/SAPKI1 and p38/SAPK2 have been observed bound to their target transcrip-
tion factors c-Jun and ATF-2, respectively, even in their inactive states (Read et al.
1997; Bruna et al. 2003). However, it is possible that the interaction between
DNA-bound AP-1 and inactive INK/SAPK1 serves as a further mechanism for re-
pression, as this interaction prevents low levels of active INK/SAPK1 from ran-
domly stimulating AP-1 activation (Bruna et al. 2003) until levels of active protein
are high enough to displace the inactive factor. Alternatively, if the interaction is
maintained with active INK/SAPK1, it may serve as an anchoring platform to al-
low the kinase to recruit further factors to the promoter, analogous to the Hotlp-
Hoglp partnership.

6 Concluding remarks

Despite the complexity of responses mediated by the SAPK cascades, they do not
act in isolation within the cell. Often, parallel independent pathways are activated
by the same stimulus, resulting in changes that can act in concert with those pro-
duced by the SAPKs. For example, treatment of murine fibroblasts with arsenite
results in activation of Hsp70 transcription, mediated via two independent path-
ways (Thomson et al. 2004). Activation of p38/SAPK2 produces histone H3
phosphorylation via MSK1/2, but at the same time Hsfl (heat shock factor 1)
stimulates acetylation of histone H4, and both of these modifications are required
to induce gene expression.

Many different chromatin and transcription factors are controlled by SAPK
signalling (Fig. 1 & 2). The key control mechanism is phosphorylation, which can
result in stimulation or inhibition of an activity, or induce new binding partners
and disrupt other interactions. In the case of histone H3, phosphorylation can also
provide novel binding sites to allow further interactions mediated via 14-3-3.
However, recent evidence has demonstrated that the actions of SAPKSs are not lim-
ited to phosphorylation. Work with the yeast Hoglp has established novel interac-
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tion and recruitment activities for MAP kinase proteins, including a role in tran-
scriptional elongation. Future work will help to confirm whether similar activities
can be found in the mammalian homologues, or whether these adaptations are lim-
ited to our unicellular relatives.
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SAPK and translational control

Malin Hult and Per Sunnerhagen

Abstract

Posttranscriptional control of translation is essential for rapid adaptation to chang-
ing environmental conditions, and also in some instances of hormonal control.
General translational control, which affects all mRNAs, can target the initiation or
the elongation step. General regulation of initiation commonly targets the transla-
tion initiation factors elF2a or e[F4E; a common target for regulation of elonga-
tion is eEF-2. In all these cases, SAPK signalling has been shown to play a role.
Posttranscriptional regulation of individual mRNAs is ultimately determined by
cis-acting sequences, most famously the ARE sequences. SAPK’s are also impli-
cated in translational control of individual mRNA species through ARE’s and
probably other sequence elements. In addition, SAPK signalling can influence the
use of alternative translation start sites, and transcription and mRNA stability of
components of the protein synthesis machinery. While most knowledge of transla-
tional control is derived from mammalian systems, yeast genetics is recently pro-
viding complementary understanding.

1 Background and paradigms for control of translation

Translation of genetic information from RNA to protein sequence is far more en-
ergy-consuming than replication or transcription, which can be understood already
from the much larger numbers of protein molecules synthesised. Therefore, there
is a need to for global regulation of translation in response to cellular stress or nu-
trient limitation. This targets not only initiation and elongation of individual
mRNAs. Under such conditions, the cell rapidly shuts down production of the
components required for protein synthesis. This type of regulation affects gene
products where control is organised in distinct groups. One group, where the gene
products are localised in the nucleolus, comprises synthesis of ribosomal RNA and
the enzymes required for covalent modifications (mainly methylation) of it, and
assembly and transport of ribosomes. A second group consists of the cytoplasmic
ribosomal proteins. Expression of these two groups is controlled at the levels of
initiation of transcription, mRNA stability, and efficiency of translation, and is
regulated by several signalling chains, most notably the TOR pathway. It is nota-
ble that mitochondrial protein synthesis is under independent control; thus, at least
in yeast, mitochondrial ribosomal proteins are controlled independently of their
counterparts in the cytoplasm (Ihmels et al. 2005). In addition to regulating the
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amount of the translation apparatus, global translation efficiency is controlled
through the activity level of translation factors. The current understanding is that
this occurs mainly at the initiation step. In terms of the influence of intracellular
signalling, two modes of control at this level are best characterised.

2 Global controls of translation

2.1 Global control of initiation by phosphorylation of elF2a

The initiation factor elF2 has the task of delivering methionine-charged initiator
tRNA to the 40S ribosomal subunit, commonly seen as the rate-limiting step in
translation. The elF2a subunit needs to be in its GTP-bound state to perform this
action. e[F2a can be phosphorylated by the kinase Gen2 (or, in addition in mam-
malian cells, either of the kinases PERK, HRI, or PKR). This phosphorylation
converts elF2a to a competitive inhibitor of elF2B, another subunit of the elF2
complex. elF2B is the guanine nucleotide exchange factor for elF2a, and so this
effectively shuts down reloading of elF2a into its active GTP-bound form. Many
of the described cases of translational regulation through elF2a phosphorylation
involve the TOR pathway (e.g. Cherkasova and Hinnebusch 2003; for review, see
Dever 2002). What concerns SAPK pathways, a case is reported from in fission
yeast where phosphorylation of elF2a occurs upon exposure to hydrogen peroxide
to a higher degree in cells carrying spcl-mi3, a mutant sty/ allele, than in wild
type cells (Dunand-Sauthier et al. 2005).

2.2 Global control of initiation by phosphorylation of elF4E/4E-BP

In eukaryotes, initiation complex elF4F interacts with the 5’-cap of mRNAs and
with polyA-binding protein, to promote formation of a circular structure of the
mRNA and start of translation. The elF4F complex is formed by the factors
elF4A, elF4E, and elF4G. The cell can modulate formation of ¢IF4E complex
through elF4E-binding proteins (4E-BPs). These compete with eIF4G for binding
to eIF4E, using the same interaction domain. Thus, 4E-BPs will inhibit translation
initiation by disruption of the elF4F complex. This inhibition can be overcome by
phosphorylation of 4E-BPs, which is increased through growth-promoting condi-
tions and growth-factor signalling pathways (for review see Preiss and Hentze
2003).

In mammalian cells, SAPK signalling does impinge on regulation through 4E-
BPs. MAPK-dependent phosphorylation of e[F4E enhances its binding to the cap
structure and increases overall translation. This can be mediated by Mnkl, a
MAPK-activated protein kinase (MAPKAPK) that is a substrate of both ERK1
and p38 (Wang et al. 1998; Waskiewicz et al. 1999). Phosphorylation of elF4E is
enhanced by treatment with stress agents, but this is mediated differently depend-
ing on the type of stress: phorbol esters activate both ERK and p38, whereas other
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agents such as arsenite or anisomycin confer a phosphorylation of eIF4E that is
only p38-dependent (Wang et al. 1998). The eIF4E phosphorylation in these cases
is paralleled by increased phosphorylation of Mnkl. However, still other stress
agents (heat shock or oxidative stress) do increase phosphorylation of both p38
and Mnk1, yet do not affect eI[F4E phosphorylation. Instead, the authors observed
increased binding of eIF4E to 4E-BP1, which in turn obstructs eIF4E phosphory-
lation. This implies that other pathways than p38 regulate the ability of 4E-BP1 to
bind elF4E; alternatively, different levels of activation of p38/Mnkl1 could affect
phosphorylation of eIF4E and 4E-BP differently with the same end result.

As we have seen, translational regulation occurs during rapid environmental
changes, but also appears in quite different contexts. In neurons, the enormous dis-
tance between nucleus and extremities makes posttranscriptional control essential
(Klann et al. 2004). There is evidence of MAPKSs exerting translational control in
neurons, where brain-derived neurotrophic factor (BDNF) increases overall trans-
lation. BDNF confers phosphorylation of eIF4E, which is abolished by the MEK
inhibitor PD98059 (Takei et al. 2001). Selective inhibition of ERK in the forebrain
after birth caused long-term memory defects in transgenic mice (Kelleher et al.
2004). The authors ascribe this to misregulation of translation, as these defects
were accompanied by the expected reduction in phosphorylation of eIF4E and 4E-
BP, and by reduction of translation from a range of mRNAs known to be stimu-
lated by MEK and ERK activity. SAPKs may also influence translation rates in
neurons although it is not obvious if this action is on elF4E. Inflammation in neu-
rons increases the protein level of the ion channel TRPV1, without affecting the
mRNA level, and this increase of translational efficiency is sensitive to the p38
inhibitor SB203580 (Ji et al. 2002).

4E-BPs were first characterised in mammalian cells, and it is not yet clear how
significant this kind of regulation is in yeast. There are two proteins in budding
yeast with sequence similarity to 4E-BPs. Mutants lacking one of them, Eapl, are
resistant to rapamycin, hinting at the possibility that TOR signalling uses this
mechanism to dampen global translation (Cosentino et al. 2000).

2.3 Global control of elongation

The initiation step obviously offers the most economical way to regulate transla-
tion as a whole. However, an additional control on the elongation step provides a
means to conserve existing active translation complexes, to buffer against rapid
fluctuations in the environmental, nutrient, or hormone status. If elongation is also
regulated, the cell can quickly resume its previous level of translation once condi-
tions improve. Another argument is based on fidelity; high levels of translation
elongation factors together with only few active mRNAs could lead to increased
translation error rates (Browne and Proud 2002).

Elongation factor 2 (eEF-2) is a G-protein required for the translocation step of
translation elongation. Its activity can be controlled through posttranslational
modifications: ADP-ribosylation of a diphthamide (a converted histidine residue)
near the C-terminus inactivates it. There is also a conserved site in eEF-2 (T56);
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phosphorylation at this position is likewise inhibitory. In vertebrates, this residue
is targeted by the dedicated eEF-2 kinase, which in part mediates stress-induced
regulation of translation elongation. eEF-2 kinase has been reported to be regu-
lated in a p38d-dependent way (Knebel et al. 2001). Likewise, in vitro methods
identify eEF-2 kinase as a substrate of p380 (Knebel et al. 2001; Cohen and Kne-
bel 2006).

Phosphorylation of eEF-2 kinase is not solely carried out by p38. In one study,
the authors concluded that out of five phosphorylation sites in eEF-2 kinase, two
(S359 and S377) are controlled through p38 (being sensitive to inhibition by
SB203580), and one of these two (S377) is phosphorylated by a MAPKAPK
(MK2, MK3, or MK5) (Knebel et al. 2002). eEF-2 kinase is also inhibited by ribo-
somal protein S6 kinase by phosphorylation on S366 (Wang et al. 2001).

We have seen examples above of control of translation initiation in neurons as a
result of BDNF signalling. Translation elongation may also be under control of
BDNF and MAPKs. BDNF reduces phosphorylation of eéEF-2 and increases phos-
phorylation of eEF-2 kinase. Both these effects were mitigated by inhibition of
MEK (Inamura et al. 2005).

In yeast, a dedicated eEF-2 kinase has not been identified. It is possible that in-
stead the SAPKs themselves or their downstream kinases carry out phosphoryla-
tion of eEF-2. In budding yeast, it was observed that the global down-regulation of
translation upon hyperosmotic shock is dependent on Hogl. Specifically, tran-
scription of several genes encoding ribosomal proteins was not depressed in sogl
mutants as in the wild type (Uesono and Toh 2002). Likewise, the decrease in
polysomal content followed by recovery following adaptation to hyperosmosis is
deregulated both in hog! and rck2 mutants (Teige et al. 2001; Uesono and Toh
2002). The discovery that S. cerevisiae eEF-2 is phosphorylated during hyperos-
motic shock in an RCK2-dependent way (Teige et al. 2001) raises the question this
task is carried out by Rck?2 directly. This finding implies that the elongation step
of translation is under control of the HOG pathway, but it is not clear if this path-
way also exerts direct control on proteins involved in the initiation step of transla-
tion. A global investigation of total and polysome-associated mRNAs in rck2 mu-
tant cells revealed extensive misregulation of mRNAs encoding translation
components (Swaminathan et al. 2006), but did not unequivocally identify elonga-
tion as the critical step for regulation by Rck2.

3 Individual control of mMRNA species — AREs

The best-characterised cis-regulatory motif in mRNAs are the A/U-rich elements
(ARESs), most often located in the 3°-UTR of mRNAs. These were first described
in the 1980’s in mammalian mRNAs encoding cytokines and cytokine receptors
(Caput et al. 1986), and have been reviewed extensively (e.g. Barreau et al. 2005).
Much of the research effort that has gone into characterisation of these mecha-
nisms relies on their importance for inflammatory processes; pro-inflammatory
agents such as bacterial lipopolysaccharides ultimately influence production of
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proteins such as tumour necrosis factor alpha (TNFa) and cyclooxygenase 2
(COX-2) through SAPK pathways that impinge on translation and mRNA stability
through AREs. This control mechanism is essential for the rapid upregulation and
ensuing downregulation of cytokines in the inflammatory process. JNK is required
for the increased translation of TNFa after exposure to lipopolysaccharides
(Swantek et al. 1997). Glucocorticoids inhibit JNK and thus act as anti-
inflammatory agents. This action is both on the translation efficiency and mRNA
decay levels (Kontoyiannis et al. 1999; Lasa et al. 2002).

3.1 ARE-binding proteins under SAPK control

AREs recruit ARE-binding proteins that mediate the effects of signalling on
mRNA stability and translation. Tristetraprolin (TTP) is one of the ARE-binding
proteins implicated in posttranscriptional regulation of TNFo. MK2-deficient
mice have decreased TNFa levels whereas TTP-deficient mutants have the oppo-
site phenotype. Double knockout mice lacking both MK2 and TTP likewise have
increased TNFa levels, showing that TTP acts downstream of MK2 (Hitti et al.
2006). Given that TTP is a known substrate for MK2 (Mahtani et al. 2001), it is
likely that TTP is the main target of MK2 in regulation of TNFa.

Another example of how MAPK pathways can regulate translation through
ARE-binding proteins is given by heterogeneous nuclear ribonucleoprotein K
(hnRNP-K). This protein requires phosphorylation by ERK to localise to the cyto-
plasm and control translation of mRNAs carrying a differentiation-control element
(Habelhah et al. 2001). Phosphorylation of hnRNP-A0, another ARE-binding pro-
tein, is phosphorylated in vivo in a p38-dependent way, and this promotes its in-
teraction with ARE elements (Rousseau et al. 2002). Interestingly, a recent in vitro
study identified hnRNP-AOQ as a substrate for MK2 (Cohen and Knebel 2006).

3.2 MAPK-activated protein kinases in signalling through AREs

Some of the downstream targets of SAPK’s are reached through dedicated down-
stream kinases, called MAPK-activated protein kinases (MAPKAPK) in mammal-
ian cells, which are physically associated with the MAPK. The best documented
case of functional cooperation is between p38 and MAPKAPK-2 (MK2). This
control pathway is particularly obvious in the case of regulation through ARE’s,
although not all effects are necessarily mediated by MK2.

Translation of TNFao mRNA is dependent on p38 and MK2 acting through an
ARE in its 3’-UTR. Thus, mice lacking MK2 express reduced levels of TNFa pro-
tein, but mutating this ARE restores TNFa synthesis (Neininger et al. 2002). Al-
though it is clear that MK2 has a role in regulating TNFa production, some stud-
ies indicate that other downstream targets of p38 are also implicated in this
regulation. Thus, whereas it is possible to virtually abolish TNFa translation with
the p38 inhibitor SB202190 (Piecyk et al. 2000), TNFa translation is only reduced
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to about half in MK2/MK2" mice (Kontoyiannis et al. 2001). Phenotypes of mice
lacking MK2, MK3, or both kinases suggest a considerable functional overlap be-
tween them with respect to control of TNF synthesis. Likewise, overexpression of
MK3 can rescue mice lacking MK2 (Ronkina et al. 2007).

4 Links between translation and mRNA degradation

An mRNA under translation is intrinsically protected to some degree from mRNA
degradation, for example, through shielding of the cap structure from the decap-
ping enzymes by the cap-binding translation initiation factor elF4F, and through
blocking of access of deadenylating exonucleases by polyA-binding protein. Thus,
it is not always possible to dissect the effects by a cellular function such as the
SAPK pathways on mRNA turnover from its effects on translation.

In some cases, though, detailed studies have shown that for instance an ARE
can act uniquely on either translation or mRNA turnover. Thus, interleukin 10 (IL-
10) inhibits translation of TNF in an ARE-dependent way, without altering mRNA
stability (Kontoyiannis et al. 2001).

In epithelial cells, up-regulation of IL-8 protein by pro-inflammatory stimuli is
due exclusively to an increase in translation rate. The authors showed that this in-
crease is dependent on p38, as neither IL-8 mRNA transcription nor decay rates
were affected by the p38 inhibitor SB203580, whereas IL-8 protein levels were
(Yu et al. 2003).

Translation of the S. cerevisiae mRNAs MFA2 and TIF514 are both inhibited
by glucose. For TIF514, mRNA stability is also decreased under these conditions,
but this is not the case for MFA2 (Vasudevan and Peltz 2001; Vasudevan et al.
2005). For MFA2, this translational repression is dependent on an intact HOG
pathway. Repression involves binding of Pabl to an ARE in the 3’-UTR of MFA2,
and Pabl binding is dependent on the presence of Publ (Vasudevan et al. 2005).

It has also been argued that the action of p38 through the ARE of TNFa or
COX-2 mRNA is primarily to inhibit deadenylation, rather than degradation of the
mRNA body (Dean et al. 2003). This could explain why p38 acting though AREs
appears to regulate translation efficiency in some instances and mRNA stability in
others, as deadenylation affects both processes.

5 IRES

Translation of cellular mRNAs normally initiates by a cap- and elF4F-dependent
mechanism, through binding of initiation factors to the 5’-end of the mRNA and
interactions with the polyA-tail in the 3’ end, followed by scanning downstream
for the first available start codon. An alternative mechanism, first discovered for
polioviral mRNAs, ignores the cap and instead uses internal ribosomal entry sites
(IRES). These are characterised by stem-loop structures in the 5’-UTR, to which
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an initiation complex lacking eIF4E can bind directly and start translation. Viral
proteases can cleave elF4G. This interferes with its binding to eIF4E and thus pre-
vents cap binding, leading to a general depression of cellular translation, but
leaves the truncated elF4G capable of interacting with an IRES. By this mecha-
nism, viral mRNAs carrying an IRES can escape the general depression of protein
synthesis in infected cells, and instead become preferentially translated. More re-
cently, it has been realised that IRES-dependent initiation may be used also for
certain cellular mRNAs. For a review of IRES-dependent initiation, see Komar
and Hatzoglou (2005).

During the apoptotic process, IRES-dependent translation becomes more im-
portant in relative terms, as elF4G also gets cleaved. It has been shown, using
overexpression of MKK6 or inhibition using SB203580, that IRES-dependent
translation of c-myc in apoptotic cells requires p38 (Stoneley et al. 2000a, 2000b).

Further support for p38 enhancement of IRES-dependent translation of c-myc,
and also of cyclin D1, comes from a study where the impact of AKT activation
was investigated. It was found that AKT suppressed the IRES activity of both
transcripts, as seen by the increased IRES activity after rapamycin addition. On
the other hand, both the p38 and ERK pathways enhanced IRES activity, as wit-
nessed by suppression of the IRES by the inhibitors SB203580 or PD98059 (Shi et
al. 2005).

6 Indirect effects on translation through transcriptional
and posttranscriptional regulation

There are also indirect ways whereby SAPKs can affect translation, such as
through regulation of genes encoding components of the translation machinery,
and several examples of this exist. As previously mentioned, S. cerevisiae hogl
mutants fail to downregulate genes encoding ribosomal proteins on osmotic shock
(Uesono and Toh 2002). Although regulation of TNFa by p38 on the translational
level is well established, another mechanism may operate as well, as activation of
the transcription factor NF-kB by p38 with ensuing increased transcription of the
gene encoding TNFa has been reported in primary macrophages (Campbell et al.
2004). Also, transcription of the gene encoding 4E-BP1 is dependent on the tran-
scription factor Egr-1, which in turn can be activated by p38 (Rolli-Derkinderen et
al. 2003). Fission yeast has two genes encoding isoforms of elF4E. One of them,
tif452", is required for survival under stress conditions (Ptushkina et al. 2004).
Under stress conditions activating Sty1, ¢if452" is upregulated (Chen et al. 2003).
The gene has a motif in the promoter region implicated in transcriptional regula-
tion though Sty1, indicating also an indirect involvement of this SAPK in transla-
tion. Thus, as the effectors of SAPK pathways are found on several levels in the
cell, and as the translational machinery is a main target for regulation upon stress
by virtue of its large energy consumption, it is logical that SAPKs affect global
translation by parallel mechanisms.
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As an example of further complications in the issue, it has been shown that the
amount of TTP, a protein involved in regulating translation of selected mRNAs, is
regulated through the stability of its mRNA. p38 stabilises the TTP mRNA
through an ARE in its 3’-UTR, and this effect is mediated through MK2 (Tchen et
al. 2004).

7 Concluding remarks

As we have seen, SAPK pathways act on several control levels. To conclude that a
SAPK pathway influences translation of a given set of mRNAs from studies using
MAPK inhibitors or mutants deficient in the SAPK itself is complicated because a
MAPK pathway can affect transcriptional initiation and mRNA stability, in addi-
tion to translational efficiency. Therefore, it would be desirable to analyse path-
way components that selectively affect one branch. The MAPKAPK’s are promis-
ing in this regard as they do not have a direct role in transcription.

There could be yet undiscovered ways by which SAPK’s affect translation. For
instance, in fission yeast, a novel checkpoint-like mechanism has been identified
that acts in G1 upon UV irradiation. Initiation of DNA replication is delayed in the
absence of the canonical activation of the Rad3 (Atm/Atr homologue) protein
kinase, and instead the effect is accompanied by depressed protein synthesis,
which is dependent on active Gen2 and phosphorylation of elF2a (Tvegérd et al.
2007). Similarly, Gen2 and elF2a phosphorylation dependent reduction of transla-
tion is seen in mammalian cells upon UV treatment (Jiang and Wek 2005). The
mechanism for this is not clarified, however, it is interesting to note that in mam-
malian cells, irradiation with short-wave UV light causes TIA-R (see Rodriguez-
Gabriel and Russell, this volume) to selectively bind to mRNAs encoding proteins
in translation, including eIF4A, eIF4E, and eEF1B, repressing their translation
(Mazan-Mamczarz et al. 2006). As UV light activates the SAPK’s JNK, p38 and
Styl, it is tempting to speculate about a role for them in these processes.

The study of translation has so far been driven more by biochemistry than ge-
netics, which can be understood from the realisation that many genes required for
translation are essential. As a consequence, most of the data in the field does not
come from yeast but chiefly from mammalian systems. On the other hand, in the
S. cerevisiae genome many genes encoding ribosomal proteins and translation fac-
tors are duplicated, leading to situations where deletion of one gene in a pair gives
only a marginal phenotype. This could be attacked using parallel quantitative phe-
notypic assays, trying to identify situations where a functional differentiation has
evolved between the members of a gene pair. It is to be expected that combina-
tions of molecular genetics, genomics, and phenomics approaches in yeast will
yield novel insights in SAPK control of translation.



SAPK and translational control 307

Acknowledgements

This review was produced in the course of the EC-financed QUASI project.

References

Barreau C, Paillard L, Osborne HB (2005) AU-rich elements and associated factors: are
there unifying principles? Nucleic Acids Res 33:7138-7150

Browne GJ, Proud CG (2002) Regulation of peptide-chain elongation in mammalian cells.
Eur J Biochem 269:5360-5368

Campbell J, Ciesielski CJ, Hunt AE, Horwood NJ, Beech JT, Hayes LA, Denys A,
Feldmann M, Brennan FM, Foxwell BM (2004) A novel mechanism for TNF-alpha
regulation by p38 MAPK: involvement of NF-kappa B with implications for therapy in
rheumatoid arthritis. J Immunol 173:6928-6937

Caput D, Beutler B, Hartog K, Thayer R, Brown-Shimer S, Cerami A (1986) Identification
of a common nucleotide sequence in the 3'-untranslated region of mRNA molecules
specifying inflammatory mediators. Proc Natl Acad Sci USA 83:1670-1674

Chen D, Toone WM, Mata J, Lyne R, Burns G, Kivinen K, Brazma A, Jones N, Bahler J
(2003) Global transcriptional responses of fission yeast to environmental stress. Mol
Biol Cell 14:214-229

Cherkasova VA, Hinnebusch AG (2003) Translational control by TOR and TAP42 through
dephosphorylation of e[F2alpha kinase GCN2. Genes Dev 17:859-872

Cohen P, Knebel A (2006) KESTREL: a powerful method for identifying the physiological
substrates of protein kinases. Biochem J 393:1-6

Cosentino GP, Schmelzle T, Haghighat A, Helliwell SB, Hall MN, Sonenberg N (2000)
Eaplp, a novel eukaryotic translation initiation factor 4E-associated protein in Sac-
charomyces cerevisiae. Mol Cell Biol 20:4604-4613

Dean JL, Sarsfield SJ, Tsounakou E, Saklatvala J (2003) p38 Mitogen-activated protein
kinase stabilizes mRNAs that contain cyclooxygenase-2 and tumor necrosis factor AU-
rich elements by inhibiting deadenylation. J Biol Chem 278:39470-39476

Dever TE (2002) Gene-specific regulation by general translation factors. Cell 108:545-556

Dunand-Sauthier I, Walker CA, Narasimhan J, Pearce AK, Wek RC, Humphrey TC (2005)
Stress-activated protein kinase pathway functions to support protein synthesis and
translational adaptation in response to environmental stress in fission yeast. Eukaryot
Cell 4:1785-1793

Habelhah H, Shah K, Huang L, Ostareck-Lederer A, Burlingame AL, Shokat KM, Hentze
MW, Ronai Z (2001) ERK phosphorylation drives cytoplasmic accumulation of
hnRNP-K and inhibition of mRNA translation. Nat Cell Biol 3:325-330

Hitti E, lakovleva T, Brook M, Deppenmeier S, Gruber AD, Radzioch D, Clark AR, Black-
shear PJ, Kotlyarov A, Gaestel M (2006) Mitogen-activated protein kinase-activated
protein kinase 2 regulates tumor necrosis factor mRNA stability and translation mainly
by altering tristetraprolin expression, stability, and binding to adenine/uridine-rich
element. Mol Cell Biol 26:2399-2407



308 Malin Hult and Per Sunnerhagen

Thmels J, Bergmann S, Gerami-Nejad M, Yanai I, McClellan M, Berman J, Barkai N
(2005) Rewiring of the yeast transcriptional network through the evolution of motif
usage. Science 309:938-940

Inamura N, Nawa H, Takei N (2005) Enhancement of translation elongation in neurons by
brain-derived neurotrophic factor: implications for mammalian target of rapamycin
signaling. J Neurochem 95:1438-1445

Ji RR, Samad TA, Jin SX, Schmoll R, Woolf CJ (2002) p38 MAPK activation by NGF in
primary sensory neurons after inflammation increases TRPV1 levels and maintains
heat hyperalgesia. Neuron 36:57-68

Jiang HY, Wek RC (2005) GCN2 phosphorylation of elF2alpha activates NF-kappaB in re-
sponse to UV irradiation. Biochem J 385:371-380

Kelleher RJ, 3rd, Govindarajan A, Jung HY, Kang H, Tonegawa S (2004) Translational
control by MAPK signaling in long-term synaptic plasticity and memory. Cell
116:467-479

Klann E, Antion MD, Banko JL, Hou L (2004) Synaptic plasticity and translation initiation.
Learn Mem 11:365-372

Knebel A, Haydon CE, Morrice N, Cohen P (2002) Stress-induced regulation of eukaryotic
elongation factor 2 kinase by SB 203580-sensitive and -insensitive pathways. Biochem
J367:525-532

Knebel A, Morrice N, Cohen P (2001) A novel method to identify protein kinase substrates:
eEF2 kinase is phosphorylated and inhibited by SAPK4/p38delta. EMBO J 20:4360-
4369

Komar AA, Hatzoglou M (2005) Internal ribosome entry sites in cellular mRNAs: mystery
of their existence. J Biol Chem 280:23425-23428

Kontoyiannis D, Kotlyarov A, Carballo E, Alexopoulou L, Blackshear PJ, Gaestel M,
Davis R, Flavell R, Kollias G (2001) Interleukin-10 targets p38 MAPK to modulate
ARE-dependent TNF mRNA translation and limit intestinal pathology. EMBO J
20:3760-3770

Kontoyiannis D, Pasparakis M, Pizarro TT, Cominelli F, Kollias G (1999) Impaired on/off
regulation of TNF biosynthesis in mice lacking TNF AU-rich elements: implications
for joint and gut-associated immunopathologies. Immunity 10:387-398

Lasa M, Abraham SM, Boucheron C, Saklatvala J, Clark AR (2002) Dexamethasone causes
sustained expression of mitogen-activated protein kinase (MAPK) phosphatase 1 and
phosphatase-mediated inhibition of MAPK p38. Mol Cell Biol 22:7802-7811

Mahtani KR, Brook M, Dean JL, Sully G, Saklatvala J, Clark AR (2001) Mitogen-activated
protein kinase p38 controls the expression and posttranslational modification of
tristetraprolin, a regulator of tumor necrosis factor alpha mRNA stability. Mol Cell
Biol 21:6461-6469

Mazan-Mamczarz K, Lal A, Martindale JL, Kawai T, Gorospe M (2006) Translational re-
pression by RNA-binding protein TIAR. Mol Cell Biol 26:2716-2727

Neininger A, Kontoyiannis D, Kotlyarov A, Winzen R, Eckert R, Volk HD, Holtmann H,
Kollias G, Gaestel M (2002) MK2 targets AU-rich elements and regulates biosynthesis
of tumor necrosis factor and interleukin-6 independently at different post-
transcriptional levels. J Biol Chem 277:3065-3068

Piecyk M, Wax S, Beck AR, Kedersha N, Gupta M, Maritim B, Chen S, Gueydan C, Kruys
V, Streuli M, Anderson P (2000) TIA-1 is a translational silencer that selectively regu-
lates the expression of TNF-alpha. EMBO J 19:4154-4163



SAPK and translational control 309

Preiss T, Hentze MW (2003) Starting the protein synthesis machine: eukaryotic translation
initiation. Bioessays 25:1201-1211

Ptushkina M, Malys N, McCarthy JE (2004) eIF4E isoform 2 in Schizosaccharomyces
pombe is a novel stress-response factor. EMBO Rep 5:311-316

Rolli-Derkinderen M, Machavoine F, Baraban JM, Grolleau A, Beretta L, Dy M (2003)
ERK and p38 inhibit the expression of 4E-BP1 repressor of translation through induc-
tion of Egr-1. J Biol Chem 278:18859-18867

Ronkina N, Kotlyarov A, Dittrich-Breiholz O, Kracht M, Hitti E, Milarski K, Askew R,
Marusic S, Lin LL, Gaestel M, Telliez JB (2007) The mitogen-activated protein kinase
(MAPK)-activated protein kinases MK2 and MK3 cooperate in stimulation of tumor
necrosis factor biosynthesis and stabilization of p38 MAPK. Mol Cell Biol 27:170-181

Rousseau S, Morrice N, Peggie M, Campbell DG, Gaestel M, Cohen P (2002) Inhibition of
SAPK2a/p38 prevents hnRNP A0 phosphorylation by MAPKAP-K2 and its interac-
tion with cytokine mRNAs. EMBO J 21:6505-6514

Shi Y, Sharma A, Wu H, Lichtenstein A, Gera J (2005) Cyclin D1 and c-myc internal ribo-
some entry site (IRES)-dependent translation is regulated by AKT activity and en-
hanced by rapamycin through a p38 MAPK- and ERK-dependent pathway. J Biol
Chem 280:10964-10973

Stoneley M, Chappell SA, Jopling CL, Dickens M, MacFarlane M, Willis AE (2000a) c-
Myc protein synthesis is initiated from the internal ribosome entry segment during
apoptosis. Mol Cell Biol 20:1162-1169

Stoneley M, Subkhankulova T, Le Quesne JP, Coldwell MJ, Jopling CL, Belsham GJ,
Willis AE (2000b) Analysis of the c-myc IRES; a potential role for cell-type specific
trans-acting factors and the nuclear compartment. Nucleic Acids Res 28:687-694

Swaminathan S, Masek T, Molin C, Pospisek M, Sunnerhagen P (2006) Rck?2 is required
for reprogramming of ribosomes during oxidative stress. Mol Biol Cell 17:1472-1482

Swantek JL, Cobb MH, Geppert TD (1997) Jun N-terminal kinase/stress-activated protein
kinase (JNK/SAPK) is required for lipopolysaccharide stimulation of tumor necrosis
factor alpha (TNF-alpha) translation: glucocorticoids inhibit TNF-alpha translation by
blocking INK/SAPK. Mol Cell Biol 17:6274-6282

Takei N, Kawamura M, Hara K, Yonezawa K, Nawa H (2001) Brain-derived neurotrophic
factor enhances neuronal translation by activating multiple initiation processes: com-
parison with the effects of insulin. J Biol Chem 276:42818-42825

Tchen CR, Brook M, Saklatvala J, Clark AR (2004) The stability of tristetraprolin mRNA
is regulated by mitogen-activated protein kinase p38 and by tristetraprolin itself. J Biol
Chem 279:32393-32400

Teige M, Scheikl E, Reiser V, Ruis H, Ammerer G (2001) Rck2, a member of the
calmodulin-protein kinase family, links protein synthesis to high osmolarity MAP
kinase signaling in budding yeast. Proc Natl Acad Sci USA 98:5625-5630

Tvegard T, Soltani H, Skjelberg HC, Krohn M, Nilssen EA, Kearsey SE, Grallert B, Boye
E (2007) A novel checkpoint mechanism regulating the G1/S transition. Genes Dev
21:649-654

Uesono Y, Toh EA (2002) Transient inhibition of translation initiation by osmotic stress. J
Biol Chem 277:13848-13855

Wang X, Flynn A, Waskiewicz AJ, Webb BL, Vries RG, Baines IA, Cooper JA, Proud CG
(1998) The phosphorylation of eukaryotic initiation factor eIF4E in response to phor-
bol esters, cell stresses, and cytokines is mediated by distinct MAP kinase pathways. J
Biol Chem 273:9373-9377



310 Malin Hult and Per Sunnerhagen

Wang X, Li W, Williams M, Terada N, Alessi DR, Proud CG (2001) Regulation of elonga-
tion factor 2 kinase by p90(RSK1) and p70 S6 kinase. EMBO J 20:4370-4379

Waskiewicz AJ, Johnson JC, Penn B, Mahalingam M, Kimball SR, Cooper JA (1999)
Phosphorylation of the cap-binding protein eukaryotic translation initiation factor 4E
by protein kinase Mnk1 in vivo. Mol Cell Biol 19:1871-1880

Vasudevan S, Garneau N, Tu Khounh D, Peltz SW (2005) p38 mitogen-activated protein
kinase/Hoglp regulates translation of the AU-rich-element-bearing MFA2 transcript.
Mol Cell Biol 25:9753-9763

Vasudevan S, Peltz SW (2001) Regulated ARE-mediated mRNA decay in Saccharomyces
cerevisiae. Mol Cell 7:1191-1200

Yu Y, Zeng H, Lyons S, Carlson A, Merlin D, Neish AS, Gewirtz AT (2003) TLRS-
mediated activation of p38 MAPK regulates epithelial IL-8 expression via posttrans-
criptional mechanism. Am J Physiol Gastrointest Liver Physiol 285:G282-290

Hult, Malin
Department of Cell and Molecular Biology, Goteborg University, Box 462,
405 30 Goteborg, Sweden

Sunnerhagen, Per
Department of Cell and Molecular Biology, Gdteborg University, Box 462,
405 30 Goteborg, Sweden
Per.Sunnerhagen@cmb.gu.se



Index

active variants of SAPKs, 173
Adipocyte differentiation, 63
ageing, 38

Analysis of models, 212
apoptosis, 106, 229, 230
ARE, 163, 302
ASK1,6,9,10

AUF1, 165

C. elegans, 38

carbon metabolism, 141
Cardiomyocyte, 67
cardiomyocyte proliferation, 70
Cdc25, 134

Cdc25B, 101

Cdc25C, 101

cell cycle, 101, 129

Cell cycle, 21, 100, 104

cell differentiation, 114

Cell migration and invasion, 116
cell survival, 106

Cellular differentiation, 22
cellular transformation, 21

chromatin, 283

Chromatin modifying activities, 52
chromatin remodeling, 89
chromatin-associated activities, 62

Crosstalk, 220
Csx1, 164
Cytoskeletal organization, 24

development, 38, 232
differentiation, 58
Drosophila, 38, 225
DUSP1/MKP-1, 38, 44, 45
DUSP10/MKP-5, 41
DUSP2/PAC-1, 46

elF2a, 300
elongation, 293

feedback, 219
Fus3, 37

gene expression, 81
glycerol, 145
Glycerol, 153

histone-modifying enzymes, 286
HOG pathway, 82, 143, 189, 199
Hogl, 34, 81, 82, 104, 130, 141, 171
Hotl, 87

Hsll, 131

HuR, 164

hypertrophic growth, 68

immunity, 38, 41, 228, 261, 273
Inflammation, 46, 115
IRES, 305

INK, 1, 3, 33, 41, 225, 261

kgb-1, 40
KSRP, 166

lifespan, 229

macrophages and dendritic cells, 261
Mathematical modeling, 206, 209
mating signaling, 193

MEF2, 59

MEKK, 5

MEKK1, 7,9

MEKK2, 9

MEKK4, 9, 10

metabolism, 141

mitochondrial gene expression, 64
MK2, 163, 303

MK-2, 101

MK?2/3, 252

MKK3, 55

MKK4/7, 3

MKKS®, 55

MKKXK, 3,4, 7

MKP, 33, 38, 41

MLK, 5

MLK3, 9, 11

MNKs, 249

Model development, 206



312 Index

Modeling, 205
Morphogenesis, 228

Mpkl, 37

MRFs, 59

mRNA degradation, 162, 304
mRNA stability, 159
MSK1/2, 289

MSKs, 246

Msn2 and Msn4, 87
muscle-specific transcription, 62
MyoD, 59

NF90, 165
nucleosomal proteins, 288

osmoregulation, 141
oxidative metabolism, 67

p16™%* and p19**F, 101

p21°°' 101

p27%%! 101

p38, 17, 33,41, 51, 53, 163, 165, 171,
225,232,261

p38a., 53

p38B, 99

p38y, 99

p385, 99

p38a., 17,99

p38p, 17

p38%, 17,19, 21

p38y, 17, 19, 21

Pbs2, 82

PFK2, 149

PGC-1a., 65

pmk-1, 40

proliferation and differentiation, 59

protein phosphatases, 33

Ptcl, 36, 84

Ptc2, 36

Ptc3, 36

Ptp2, 34, 84

Ptp3, 34, 84

Quantifying signaling, 190

Rck2, 302
Regulation of MAPK signaling, 187
RHAU, 166

SAPK, 81, 159, 205, 261, 299
SAPK functions in B cells, 264
SAPKs, 171, 243, 283

Sicl, 131

single cell, 190, 202

Skol, 86

Smpl, 86

Spcl/Styl, 164
Specificity/crosstalk, 201
Srkl, 134

Stell, 193

stress resistance, 44

stress responses, 38
Sty1/Spcl, 133

T cell development, 265

T cells, 266, 269

TAK1, 6,9, 11

TAO1, 6

targeted gene knockouts, 7
the mating pathway, 187
TIA-1 and TIAR, 166
transcription, 283
transcription activation, 51, 85
transcription elongation, 90
transcription factors, 56, 63, 286
translational control, 299, 304
trehalose, 145

TTP, 165

tumorigenesis, 99

vhp-1, 38
wound healing, 228

yeast, 34, 81, 129, 141, 187, 284




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




