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MAP kinases control many cellular events from
complex programs, such as embryogenesis, cell dif-
ferentiation, cell proliferation, and cell death, to
short-term changes required for homeostasis and
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acute hormonal responses.! The C. elegans genome
sequence contains 15 MAP kinase-related genes.?
Five of these genes encode obvious homologues of the
known mammalian enzymes; the others resemble
MAP kinases but may not be functionally similar to
the characterized mammalian kinases. cDNAs encod-
ing nearly 20 MAP kinases have been found in
mammals. The increased complexity of mammalian
genomes relative to that of worm suggests that this
number accounts for fewer than one-half of the MAP
kinases in mammals. These statements are all based
on the assignment of a kinase to the MAP kinase
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subfamily based on its overall sequence identity
(Table 1). Some of these related kinases, although
as similar by sequence, lack the dual-phosphorylation
motif (Thr-Xxx-Tyr) that has been considered a
hallmark of the MAP kinases. The sequence relation-
ships among these kinases and some of their up-
stream regulators have been analyzed, suggesting the
manner in which some of these pathways may have
arisen.’™>®

Although each MAP kinase has unique character-
istics, a number of features are shared by the MAP
kinase pathways studied to date. MAP kinases are
activated by protein kinase cascades that contain at
least two upstream kinases (Figure 1). The kinases
immediately upstream are members of the MAP
kinase/ERK kinase or MEK family. MAP kinases
require tyrosine and threonine phosphorylation, both
catalyzed by MEKSs, to become highly active.5” As a
consequence, these kinases are inactivated by all
three major groups of protein phosphatases: those
removing phosphate from serine/threonine or from
tyrosine and the dual-specificity phosphatases which
remove phosphate from both.»# A major subgroup of
the dual-specificity phosphatases is known as MAP
kinase phosphatases or MKPs because it specifically
dephosphorylates members of the MAP kinase family
(for an extensive review see ref 9 and an article by
Guan and co-workers in this issue). MAP kinases
phosphorylate serine or threonine residues most often
followed by proline residues.! Substrates usually
contain substrate-interaction or docking domains
that are required for high-affinity interactions with
the enzymes.’® Finally, MAP kinase cascades are
organized in complexes by scaffolding or linker pro-
teins, the prototype being Ste5p identified in the
pheromone-induced mating pathway of budding yeast,
that contribute to their specificity and localization.'~%5

This review contains an overview of the regulation
and functions of mammalian MAP kinases including
literature through early fall of 2000. Topics presented
include control of localization, protein complexes,
interactions with nuclear receptors, newly identified
substrates, and gene disruptions.

Il. ERK1 and ERK2

A. ldentification

ERK1 and ERK2, 43 and 41 kDa, are 83% identi-
cal, with most differences outside the kinase core
(Table 1, Figures 2 and 3.)¢17 They are expressed to
varying extents in all tissues, including terminally
differentiated cells, and have been estimated to be
present in the range of 100—500 nM in tissues of
greatest abundance. In fibroblasts, they are activated
strongly by growth factors, serum, and phorbol esters
and also to a lesser degree by ligands for hetero-
trimeric G protein-coupled receptors, cytokines, trans-
forming growth factors, osmotic stress, and micro-
tubule disorganization.? In differentiated cells they
are often activated by the primary stimuli that
regulate tissue-specific functions, e.g., glucose in
islets, transmitters in brain, and secretagogues in
endocrine tissues.18722
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Table 1. Mammalian MAP Kinases
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sequence identity  sequence identity to

MAP kinase other names P site motif to ERK2%in % listed relative in % ref
ERK1P p44 MAPK TEY 88 16
ERK2P p42 MAPK TEY 100 17
ERK3aP p63, rat ERK3 SEG 43 ERK3g, 74 17
ERK3p° human ERK3 SEG 42 ERK3a, 74 468
JNK1P SAPKy TPY 40 JNK2, 87 223-225
JNK2P SAPKa TPY 41 223-225
JINK3P SAPKp TPY 40 JNKZ2, 88 223-225
p38ad p38; CSBP TGY 50 322-324
p38p° p38—2 TGY a7 p38a, 75 325,326,331
p38y° ERKG6; SAPK3 TGY 44 p38a, 62 327,328
p38ad SAPK4 TGY 42 p38a, 64 329—-331
ERKS5P BMK1 TEY 51 445,446
ERK7® TEY 41 459
relative

NLK Nemo-like kinase TQE® 46 461
MAK? Male germ cell-associated kinase TDY 37 466
MRKP MAK-related kinase TDY 37 467
MOK® TEY 30 464
KKIALRE® TDY 32 469

a |dentity comparing the catalytic core only, residues 16—350 of ERK2. ? Rat. ¢ Human. ¢ Mouse. ¢ Similar to CDKs.

? 2 9
A MAP kinase Ras Rac,? Rac,? Ras,?
cascade ﬂ ﬂ ﬂ

MEKK Raf MEKK1-4 TAK,ASK,TAO MEKK2,3

MEK MEK1/2 MEK4/7 MEK3,6 MEKS

MAPK ERK1/2 JNK/SAPK p38 ERKS

Rsk, Mnk, Jun, TCFs, Mnk, Msk TCFs,

Msk, TCFs ATFs, IRS1, MAPKAPs, MEF2s

Bcl-2 TCFs, ATFs,
MEF2s

Figure 1. MAP kinase cascades. Enzyme cascades shown are described in the text. A few substrates of each pathway are
noted. Abbreviations: ERK, extracellular signal-regulated kinase; MEK, MAP/ERK kinase; MEKK, MEK kinase; TCF,
ternary complex factor; ATF, activating transcription factor; MEF, myocyte-enhancing factor; IRS1, insulin receptor
substrate 1; Rsk, ribosomal S6 kinase; Mnk, MAP kinase-interacting kinase; Msk, mitogen- and stress-activated protein

kinase; MAPKAP, MAP kinase-activated protein kinase.

B. Structure and Activation Mechanism

The three-dimensional structures have been solved
for the low-activity, unphosphorylated form and high-
activity, phosphorylated form of ERK2.2324 Like other
protein kinases, ERK2 has two domains (Figure 2).
The N-terminal domain is composed primarily of
strands along with two helices, o helix C and a helix
L16 contributed by a C-terminal extension to the
catalytic core. The C-terminal domain consists pri-
marily of o helices with four short § strands that
contain several residues involved in catalysis. A
flexible linker allows the domains to rotate apart to
release substrates or together to close the active site.

The active site is at the domain interface.?32* A
surface loop, L12, at the exterior of the active site
controls the conformational transitions of the protein
kinase. L12 is referred to as the activation loop or
phosphorylation lip because it contains the activating
sites of phosphorylation. The two phosphoacceptor
sites, Y185 and T183 in ERKZ2, are in this loop and
must both be phosphorylated to activate the ki-

nases.%’ Protein substrates contact the surface of the
o-helical domain as well as parts of L12 in the
immediate vicinity of the tyrosine phosphorylation
site. L12 is shorter in several of the other MAP
kinases and is in a different conformation in each of
the MAP kinase structures presently available. In
unphosphorylated ERK2, L12 partially blocks the
binding site for protein substrates. This appears to
be a common feature in the function of L12 in MAP
kinases. In ERK2, L12 also contacts the MAP kinase
insert, an a-helical insert present in MAP kinases
and the cyclin-dependent kinases (CDKSs).

Phosphorylation increases ERK2 activity substan-
tially, yielding a turnover number of 40—100 min~?
with myelin basic protein or the peptide ERKtide as
substrate and a 50 000-fold increase in kgat.?> ERK1/2
are phosphorylated on tyrosine before threonine in
vitro and in cells.?62” Phosphorylation is nonproces-
sive in that there are apparently two separate
enzyme—substrate interactions required.?®2° Once
ERK2 is tyrosine-phosphorylated, threonine phos-
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L16 extension

%" MAP kinase
insert

Figure 2. Three-dimensional structure of ERK2. The
active site of protein kinases are formed at the interface
of the two folding domains. ATP is represented in the ERK2
active site. Phosphorylation sites (Y185 and T183) within
the activation loop, the MAP kinase insert, the common
docking or CD domain, a helix C, and the C-terminal
extension, L16, are indicated.

.. Raf-1

" CR1 CR2 Kinase
Ras binding Cys rich

MEK1

domain

Figure 3. Schematic diagrams of Raf-1, MEK1, and
ERK2. (Top) Raf-1. In Raf-1, the kinase domain and the
two cysteine-rich domains (CR1 and CR2) are shown.
Several phosphorylation sites are indicated by P. Serines
259 and 621, which are 14—3—3 binding sites, are indicated
with the number sign (#). The serine/tyrosine cluster,
residues 338—341, which have been shown to activate Raf-1
when phosphorylated, are indicated by an asterisk (*).
Additional phosphorylation sites are indicated in the kinase
activation loop. (Middle) MEK1. The docking or D domain,
nuclear export sequence (NES), proline-rich domain, and
kinase domain are indicated. Activating phosphorylation
sites are in the activation loop, and modulatory sites are
in the proline-rich domain. (Bottom) ERK2. The kinase
domain is shown. The common docking or CD domain and
the C-terminal extension, L16, are also shown.

phorylation begins and activates the kinase. L12 and
the C-terminal extension, L16, display distinct con-
formations in the structure of phosphorylated ERK2
that provide a basis for understanding the functions
of each phosphorylation in kinase activation.?®?4 On
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the basis of both the structure and mutagenesis
experiments, phosphotyrosine 185 appears to induce
a rearrangement of L12. This residue binds to two
basic residues in a pocket on the exterior of the
C-terminal domain of the kinase core, relieving the
interference at the protein substrate binding site. As
a consequence of the refolding of L12, Y185 forms
part of the surface to bind the proline at the P + 1
residue of the protein substrate. Phosphothreonine
183, like the stable phosphothreonine residue in L12
of cyclic AMP-dependent protein kinase (PKA), aids
in orienting active site residues in the N-terminal
domain in part through interactions with an arginine
residue in helix C.3%3! Given the nature of these
changes, it is not surprising that incorporation of
acidic residues in place of the two ERK2 phospho-
rylation sites does not constitutively activate ERK2
or other MAP kinases.*?

C. MEKs (Also Known as MAP Kinase Kinases or
MKKSs)

MEK1 and MEKZ2, the first identified members of
this dual-specificity family of protein kinases, acti-
vate ERK1/2 in vitro and in transfected cells.33-36
Like MAP kinases, MEKSs are activated by over 1000-
fold by phosphorylation of two residues.®’~3° However,
both phosphorylations are on either serine or threo-
nine, and each of the two will partially increase the
activity of MEK1/2. Unlike the MAP kinases, these
enzymes have proven amenable to activation by
mutagenesis, which has been examined in some
detail.®® Both replacement of the two sites of phos-
phorylation with acidic residues (often called DD, EE,
or DE mutants) and deletions in the N-terminus yield
proteins with significantly elevated activity. Because
the MEKS, but not the ERKSs, have been activated
by these acidic substitutions, MEK mutants have
been used extensively to probe the functions of ERK1/
2.4041 In general, MEK family members are among
the most selective protein kinases known in that they
phosphorylate very few substrates. MEK1/2 have not
been shown to phosphorylate any other MAP kinases
or other proteins of physiologic relevance. However,
another MEK family member, MEK4, has been
shown to phosphorylate at least one protein other
than MAP kinases, suggesting that other MEKs may
also have a few non MAP kinase substrates.*?

MEK1 and MEK?2 also contain three nonenzymatic
domains that are important for their functions: an
ERK1/2 binding site, a proline-rich domain, and a
nuclear export sequence (NES; discussed further in
section I1.H; see Figure 3). MEKSs, like a number of
other protein kinases, have been shown to form
complexes with substrates through binding sites that
are distinct from the active site. The impact of these
docking sites on the formation of Michaelis complexes
has not been thoroughly explored but is believed to
facilitate the association of the inactive forms of
MEKSs with their MAP kinase substrates. The ERK1/2
binding site is located near the MEK N-terminus
(Figure 3). This binding site is known as a docking
or D domain and is also present in MAP kinase
substrates and other proteins as described later.*3=45
The binding site on MEK1/2 contains basic and
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Figure 4. Ras activation complexes. (A) MP1 links ERK1
and MEKZ1 to enhance their activation by Raf-1. (B) KSR
also promotes activation of the ERK1/2 cascade through
its interactions with the kinase components of the cascade.

hydrophobic residues. A site of interaction known as
the CD domain on the C-terminal domain of ERK2
contains an acidic cluster.*34¢ MEK—ERK interac-
tions are complex and involve multiple additional
regions of ERK1/2 which determine specificity and
efficiency of activation. Mutations that modify or
delete the D domain on MEK1 interfere with activa-
tion of ERK1/2 by MEKSs in cells.** Among the most
compelling evidence for the importance of the D
domain comes from analysis of the mechanism of
action of anthrax lethal factor; it cleaves the MEK D
domain, thereby preventing ERK activation.*” The
importance of MEK—ERK docking has also been
suggested by the use of MEK1 peptides encompassing
the D domain. These peptides affect the subcellular
distribution of ERK2 as described further below and
also block cell cycle progression.*® Because these
peptides apparently compete for binding to a sub-
strate association domain on ERKZ2, it is not possible
to state definitively that their effects are due solely
to an impact on ERK—MEK interaction, as opposed
to interactions of ERKs with possible targets. Nev-
ertheless, these studies demonstrate that docking
interactions, in addition to enzymatic functions, are
essential to signal transmission through this cascade.

The proline-rich domain is inserted in the C-
terminal half of the catalytic domain of MEK1/2,
between kinase subdomains 1X and X, and is absent
from other MEK family members.*5 This domain
encompasses potential sites for interaction with SH3
domains, is subject to phosphorylation by several
protein kinases in intact cells, and seems an obvious
site for association of linker proteins that may
appropriately localize or otherwise nucleate the
components of this cascade via MEK.49~54

At least two proteins bind to the proline-rich
insertion of MEK1. One is MP-1, a ~13 kDa protein
identified by Weber and colleagues as an insert
binding protein through a two-hybrid screen.>® MP-1
also binds to ERK1 with considerable selectivity over
ERKZ2, suggesting that MP-1 may function with only
one of these two similar ERKs (Figure 4A). When
expressed in transfected cells, MP-1 increases ERK1
activation.®® The second is Grb10.5 Grb10, like Grb2,
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was isolated in a binding screen using the tyrosine-
phosphorylated, C-terminus of the EGF receptor.
Grb10 may target MEK1 and the ERK1/2 cascade to
mitochondria. It has been proposed that from this
location it may allow transmission of ERK1/2-de-
pendent cell survival signals.5”

D. Raf Isoforms and Small G Proteins

Kinases that phosphorylate MEKs are known as
MEKKSs. Several will phosphorylate MEK1/2 in vitro.
However, outside of oocytes, where Mos is the rel-
evant MEKK for the ERK1/2 pathway, Raf isoforms
appear to be the major or perhaps only catalysts of
MEK1/2 activation.58~¢° There are three isoforms:
A—Raf, B—Raf, and Raf-1. Each is composed of three
domains (Figure 3): the kinase domain at the C-
terminus and the two N-terminal regulatory do-
mains. An activated mutant of Raf, RafBXB, lacks
the majority of these regulatory domains.*

Because Raf-1 is widely distributed in the body and
expressed in most cultured cells, it has received the
most attention. The other isoforms are more re-
stricted in expression, with B—Raf expressed par-
ticularly in neuronal tissues. Regulation of the MEKK
level enzymes is generally more complex than that
of MEKs and MAP kinases. Two major events,
binding to GTP-liganded Ras and phosphorylation,
activate Raf-1. Under most circumstances, associa-
tion with Ras is required for activation.52-66

Phosphorylation may occur on several residues.5673
A cluster of residues, Ser338, Ser339, Tyr340, and
Tyr341, N-terminal to the kinase domain of Raf-1
appear to be most important for activation. One or
more of these sites are phosphorylated by Src, the
p2l-activated protein kinase PAK, and, most likely,
other kinases. It is not yet clear if activity increases
in proportion to the number of sites that are phos-
phorylated nor if Ras is absolutely required in all
cases, although it clearly is in some.

Two additional sites, Ser259 and Ser621, are
thought to regulate association of Raf-1 with 14—3—
3.67.74-84 14-3—3 proteins bind certain sequences
containing phosphoserine in a number of proteins
and may sequester the proteins or aid in formation
of appropriate complexes. Mutation of Ser621 de-
stroys Raf activity, leading to the conclusion that
binding of 14—3—3 to this site stabilizes Raf activity.
Mutation of Ser259, on the other hand, greatly
increases Raf activity, suggesting that 14—3—3 may
also suppress Raf activity directly or indirectly. This
residue has been proposed as a site for phosphoryl-
ation by Akt.85-87 Multiple Akt sites have been found
on B—Raf.?” Raf also forms complexes with hsp90 and
p50. Their significance in Raf function has been
inferred in part from the actions of geldanamycin,
which disrupts their interaction with Raf.81.8288

There are differences in regulation of Raf-1 and
B—Raf, particularly due to apparent distinctions in
effects of the small G proteins Ras and Rapla.8®~93
While Raf-1 seems to be responsive to H—, K—, and
N—Ras, B—Raf is also activated by Rap1a.8%92% This
has been studied most thoroughly in PC12 cells.
Another Ras family member, TC21, may interact
with Raf-1 and B—Raf, apparently activating them.®®
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The first experiments demonstrating interaction of
Ras and Raf also showed that MEK1 was in the same
complex.?? The domains of Raf and MEK that interact
have not yet been identified; however, a mutation in
the activation loop of Raf-1 has been found that
ablates its ability to bind MEK1 by two-hybrid
analysis.®® In addition, changes in the MEK1 proline-
rich insert influence Raf association, although the
insert does not directly bind to Raf.>* The stable
association of Raf-1 with MEK appears to be another
essential interaction in the ERK1/2 cascade. Raf-1
also binds to the Raf-1 kinase-inhibitory protein
(RKIP), which interferes with Raf-MEK association
and blocks MEK phosphorylation and activation by
Raf.%”

E. Activation from the Cell Surface

Cell surface receptors transmit activating signals
to MAP kinases through a variety of mechanisms.
Two examples are the pathways involved in tyrosine
kinase receptor activation by growth factors and
activation by G protein-coupled receptor (GPCR)
signaling.®®*° Ligand-bound receptor tyrosine kinases
autophosphorylate. Adaptors which contain modular
protein—protein interaction domains, such as Shc
and Grb2, then mediate the formation of multiprotein
complexes through two types of protein—protein
interactions. The first consists of interactions be-
tween the SH2 domains of the modular proteins and
phosphotyrosine motifs on the receptors or their
substrates. The second is the recognition of proline-
rich motifs on the modular proteins by SH3 domains
located on son of sevenless (Sos) and other Ras-
activating guanine nucleotide exchange factors (GEFs).
These GEFs stimulate Ras to exchange GDP for GTP,
which allows Ras to interact not only with Raf to
activate the kinase cascade, but with a wide range
of other downstream effectors as well.

GPCRs also stimulate ERKs through increasing
the activity of a Raf isoform; however, they do so by
a more diverse array of mechanisms (Figure 5'). The
mechanism appears to depend on the class of G
protein, cell type, and expression of effector mol-
ecules. The mechanism utilized by Gs-coupled recep-
tors has been particularly difficult to discern. GTP-
liganded Gas engages adenylyl cyclase to increase the
production of cAMP. However, increasing cAMP
concentration may increase, decrease, or have no
effect on ERK1/2 activity depending on cell type.
cAMP activates PKA, which can apparently reduce
Raf-1 activity through direct phosphorylation.00.101
However, in neuronal cells, PKA may also phospho-
rylate and activate the small G protein, Rapla, which
can increase ERK1/2 activity through the activation
of B—Raf.8%1%2 In addition, cAMP can influence Rapla
activity through the activation of a cAMP-binding
Rapla GEF.°11%3 Gs activation of ERK1/2 has also
been proposed to involve Src. In one model, Gs
activation of Src occurs through a PKA-dependent
switching of receptor coupling from Gs to Gi.*%* Gai
activation of Src will be discussed further below.
Alternatively, Gas or Gai but not other Ga subunits
can directly interact with Src, causing an increase
in Src activity toward substrate in vitro and in cells
(Figure 5199),
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Figure 5. Activation of ERK1/2 by GPCRs through gy
subunits of heterotrimeric G proteins. (A) One model
supports the role of PI-3 kinase and Src, along with one or
more other tyrosine kinases (see text). (B) A second model

is based on direct activation of Src by the o subunits of Gs
or Gi (see text).

There is also evidence that free gy subunits result-
ing from Gai activation are active signal transducers
involved in ERK1/2 activation (Figure 5'6107) |n
contrast to the direct mechanism shown for Gas and
Gaui activation of Src, it is believed that G-fy subunit
activation of Src involves phosphatidylinositol-3 Ki-
nase (P1-3 kinase).'%8 Activated Src then phosphory-
lates receptor tyrosine kinases, PYK2 or FAK to
stimulate the recruitment of Ras activating com-
plexes to the membrane in an analogous mechanism
to that just described for growth factor receptors.109-111

Active Gag subunits directly interact with PLCf
to stimulate the production of diacylglycerol (DAG)
and IP3;. DAG activates the several PKC isoforms in
a calcium-dependent or independent manner, thereby
increasing their activity. PKC stimulation of ERK1/2
has been observed in a number of contexts and may
involve the direct phosphorylation of Raf-1, although
the sites of phosphorylation are still in dispute.®
Addtional Go.g mechanisms have also been described,;
however, it is not clear if they act in concert with or
instead of PKC. GTPase-deficient mutants of Gal2
and Gal3 can inhibit ERK activation in some situ-
ations. These mutants can also increase the activities
of other MAP kinases, the c-Jun N-terminal kinase/
stress-activated protein kinase (JNK/SAPK), and
p38, possibly through the small G protein Rac.*?113

F. Regulation by Nuclear Hormone Receptors

Some nuclear receptors regulate the ERK1/2 MAP
kinase pathway through direct interactions with
signaling elements upstream in the Ras activation
pathway; the mechanism shares components and
bears a strong resemblance to that used by growth
factor receptors to control ERK1/2. A possible model
is shown in Figure 6. Estradiol treatment of human
mammary cancer MCF-7 cells or Cos cells transiently
transfected with human wild-type estradiol receptor
o (ERa) caused rapid and transient tyrosine phos-
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Figure 6. Regulation of ERK2 by nuclear receptors.
Nuclear receptors may regulate ERK1/2 through complexes
composed of the estrogen receptor, Src and Shc.

phorylation of Shc, accompanied by activation of
p2iras, ERK1, and ERK2.14

Estradiol stimulated progression of NIH 3T3 cells
to S-phase of the cell cycle equally well if cells were
transiently transfected with a transcriptionally inac-
tive mutant ERa or the wild-type ERa, supporting
the idea that a nontranscriptional mechanism was
involved.'*> Microinjection of cells with various an-
tibodies or inhibitors of the MAP kinase pathway
inhibited the proliferative response to progestin or
estrogen.

Interestingly, progestins activate the ERK1/2 cas-
cade in a manner that requires binding to the
progestin receptor B (PRg) but also requires ERa and
can be blocked by the anti-estrogen ICI 182,780 as
well as the anti-progestin RU486.16 Immunoprecipi-
tation of PR also brought down ER, both before and
after progestin or estrogen treatment of cells. Anti-
ER antibodies co-immunoprecipitated PR and c-Src
only after progestin or estrogen treatment. PR did
not associate with c¢-Src in the absence of ER,
providing evidence that the ER interacts with Src.

Improta-Brears et al. showed that estradiol treat-
ment of MCF-7 cells led to a rapid activation of MAP
kinase that was coincident with mobilization of
intracellular calcium stores but did not result in
activation of Raf-1.1*" In other work, explants of rat
cerebral cortex, activation of the MAP Kkinase path-
way by estradiol was blocked by the MEK1 inhibitor
PD98059 but not by the ER antagonists ICI 182,780
and ICI 164,384.18 |n these cells, the ER co-immu-
noprecipitated with hsp90 and B—Raf but not MEK1.
Other researchers have observed rapid activation of
MAP kinase pathways by estrogen but have yet to
demonstrate any interaction between the estrogen re-
ceptors and proteins of the MAP kinase cascade.119124

Davis et al. demonstrated in 293T cells that treat-
ment with thyroxine (T4) increased translocation of
its receptor TRA1 to the nucleus and resulted in
phosphorylation of ERK1 and ERK2.12> ERK1/2 and
TRp31 were co-immunoprecipitated from the nucleus
after cells were stimulated with T4. This association
was blocked by the MEK inhibitor PD98059 and the
T4 inhibitors tetrac and triac. T4 activated TRj31 by
ERK1/2-mediated serine phosphorylation (in vitro)
and dissociation of the co-repressor, SMRT (cells).
The region of TRA1 that binds to ERK1/2 was the
second zinc finger domain; the complementary region
of ERK1/2 was not examined.

Song et al. were able to separate rapid activation
of ERK2 and genomic responses to 1a,25-dihydrox-

Chemical Reviews, 2001, Vol. 101, No. 8 2455

yvitamin D3 in a human acute promyelocytic leuke-
mia cell line (NB4) by using constrained analogues
of 1a,25-dihydroxyvitamin D3.1%6 As these analogues
had a low affinity for the 1o,25-dihydroxyvitamin D3
receptor, the authors pursued explanations other
than direct interaction with MAP Kinase proteins (for
an issue devoted to rapid responses of steroid hor-
mones, see ref 127).

G. Protein Complexes

As suggested earlier, the formation of complexes
in the ERK1/2 cascade is essential for signal trans-
mission and function of the pathway. However, some
of the proteins that mediate formation of complexes
have only recently been identified, and their impor-
tance to cascade function has only been evaluated in
a few contexts. Furthermore, it seems likely at this
time that there are several distinct complexes that
may lead to ERK1/2 activation. Perhaps these com-
plexes mediate responses to different ligands and are
directed to distinct sites of action in cells. Kinase
suppressor of Ras (KSR), Sur-8, and connector en-
hancer of KSR (CNK) have been implicated in Ras
activation of the ERK1/2 pathway through genetic
exploration in the fruit fly and the nematode; their
functions in mammals are being probed as homo-
logues have been identified.

KSR was discovered in the two pathways that have
been most often employed to delineate the growth
factor receptor/Ras pathway as it controls cell fate:
the photoreceptor system in Drosophila and the
vulval induction pathway in C. elegans. A screen for
mutants with impaired signaling between Ras and
Raf led to the discovery of KSR in each system.128-130
The mechanism of action of KSR was initially mys-
terious. KSR contains a protein kinase-like domain,
with all conserved residues except the catalytic lysine
normally found in subdomain Il of the protein ki-
nases (equivalent to K52 of ERK?2). Interestingly, its
domain organization most resembles Raf in that it
has an N-terminal cysteine-rich region and a C-
terminal kinase domain. Although the question of
whether KSR is actually a protein kinase has not
been unequivocally resolved, its major function ap-
pears to be to bind the kinases of the ERK1/2 MAP
kinase module (Figure 4B?3171%) Its kinase-like
domain binds to both Raf-1 and MEK1. Binding to
MEK1 is essential for its function.’® KSR binds
ERK2 through its cysteine-rich domain.'31-133 While
KSR is assumed to act in the Ras pathway, KSR also
binds to y subunits of heterotrimeric G proteins,
suggesting that KSR may also act in signaling by G
protein-coupled receptors.36

Sur-8 was identified in a screen for suppressors of
an activated Ras allele in C. elegans which causes a
multivulval phenotype.3:138 Depressed Sur-8 func-
tion did not yield any obvious phenotype, except if
there was another defect in the nematode ERK
pathway. Nevertheless, overexpression of Sur-8 en-
hanced the Ras-induced phenotype and increased Raf
activity. Overexpressed Sur-8 had no effect on the
pathway if activated mutants of Raf and MEK were
used to induce the phenotype. Under some circum-
stances, Sur-8 co-immunoprecipitated with Ras and
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Figure 7. Model for regulation of the nuclear localization of ERK2. ERK2 may be actively imported into the nucleus in
a dimeric form or by diffusion. ERK2 is actively exported in a CRM1-dependent manner. Binding to MEK1 appears to be
a major mechanism for cytoplasmic retention via active nuclear export. Other proteins may also anchor ERK2 in the

cytoplasm and in the nucleus.

Raf; thus, Sur-8 may enhance signaling through this
cascade by promoting the interaction of Ras with Raf.
In contrast to KSR, it does not appear to bind to the
other components of the kinase cascade.

CNK was identified in a screen for enhancers and
suppressors of KSR in the fly photoreceptor system.
CNK enhanced the rough eye phenotype caused by
expression of a fragment of KSR and suppressed
phenotypes caused by activated alleles of ras.139.140
Drosophila CNK is a large protein with several
modular protein interaction domains and two SH3
binding sites. Drosophila CNK binds to the kinase
domain of Raf-1; its overexpression inhibits Raf
function. A possible mammalian homologue of CNK,
also known as membrane-associated guanylate ki-
nase-interacting protein (MAGUIN)-1, lacks the do-
main of the fly protein that binds Raf, yet it appar-
ently retains this binding capacity through its central
PH domain.*? Its role in the mammalian pathway
is unclear.

MEKKU1 is a 195 kDa protein which binds several
components of MAP Kkinase pathways. Its relation-
ship to the JNK/SAPK is described in section IV.
MEKK1 also binds to ERK2, MEK1, and Raf-1.14?
Because MEKKZ1 is strongly associated with the
actin, microtubule, and intermediate filament cyto-
skeleton, it may serve to connect a small fraction of
the ERK1/2 cascade to this cellular compartment.43
Gene disruption experiments suggest that MEKK1
has a limited impact on the ERK1/2 pathway.44145

H. Regulation of Subcellular Localization

ERK1/2 are distributed throughout cells. In un-
stimulated fibroblasts, the majority of these proteins
appear to associate with the microtubule cytoskel-
eton.1#6.147 Stimulation of cells often causes a signifi-
cant population of ERK1/2 to accumulate in the
nucleus, in contrast to their relative exclusion from

the nucleus in resting cells.?*8~1%0 |n other cell types,
ERK1/2 may be localized to membrane specializa-
tions'®:152 and not enter the nucleus even when
activated. Proteins that bind to ERK2 in the cyto-
plasm, such as the smooth muscle protein calponin,
may alter its activation-induced redistribution.53

Underscoring the importance of localization of MAP
kinases for their function, the nuclear localization of
ERK1/2 is essential for morphological transformation
of 3T3 fibroblasts and neurite extension in PC12 cells,
a model system for neuronal differentiation.'%4155
Studies of ERK in presenescent and senescent fibro-
blasts show that ERK1/2 become inactivated and
cytoplasmic in senescent cells.**® Findings discussed
below suggest that multiple regulated events and the
relative concentrations of several proteins in cells will
impact the nuclear accumulation of ERK1/2. These
are represented in the model in Figure 7 and include
the following: binding to proteins retained in the
cytoplasm; diffusional entry into and exit from the
nucleus; phosphorylation-induced dimerization; ac-
tive nuclear import; nuclear export; and binding to
nuclear proteins.149:150.157-159

One of the most important proteins in determining
the localization of ERK1/2 is MEKZ1.46:155,157,159-161
MEK?U1 is as abundant as ERK2 and is usually found
in the cytoplasm due to a very active nuclear export
sequence (NES).1627164 Deletion of this NES causes
accumulation of MEK1 in the nucleus. In contrast
to the behavior of endogenous ERK2, when ERK2 is
overexpressed at a high level in fibroblasts, it is more
readily detected in the nucleus as well as the cyto-
plasm. This is consistent with the conclusions of
Ferrell and co-workers, who found that ERK2 was
present at equal concentrations in both cytoplasmic
and nuclear compartments of Xenopus oocytes (per-
sonal communication). Coexpression of MEK1 causes
ERK2 to be excluded from the nucleus as long as cells
are quiescent.*® This indicates that MEK1 is suf-
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ficient to maintain the expected localization of ERK2,
although this does not prove that MEK1 is exclu-
sively responsible for ERK2 export. Leptomycin, an
inhibitor of nuclear export via the export receptor
CRM1, causes the accumulation of ERK2 in the
nucleus, also consistent with the idea that ERK2 is
exported via an NES, perhaps that of MEK1.157:159
Fusion of ERK2 to MEKJ1 yields a protein which is
excluded from the nucleus, unless the NES is inac-
tivated by mutagenesis, also indicating the domi-
nance of the MEK1 NES.1%

The nuclear uptake of MEK1 itself is also regu-
lated, although its NES has made the regulation of
its localization more difficult to analyze. MEK1
uptake was increased when cells were stimulated
with growth factors. Phosphorylation or mutation of
the phosphoacceptor sites to acidic residues increased
nuclear uptake. Mutations that impair MEK1 kinase
activity were without effect; however, blocking MEK
activity pharmacologically interfered with uptake.
These studies indicate that phosphorylation of MEK1
and downstream signaling induced by it are impor-
tant for its nuclear accumulation.'®* This is consistent
with the idea that active MEK1 may enter cells to
activate nuclear pools of ERK2.

Other proteins may impact ERK2 localization in a
similar manner. In smooth muscle calponin, which
is highly expressed in muscle, is thought to retain
ERK2 in the cytoplasm due to their stable associa-
tion, apparently through the calponin CH1 domain.6®
The phosphatase PTP—SL has also been proposed to
prevent entry of ERK2 into the nucleus.'®® Like
MEK1, PTP—SL contains a D domain-like sequence
which is required for interaction with ERK2. Activa-
tion of ERK2 has been shown to favor dissocation
from both MEK1 and PTP—SL, thereby enhancing
ERK2 nuclear accumulation. Introduction of peptides
containing this D domain-related sequence from
either MEK1 or PTP—SL promotes nuclear accumu-
lation of ERK2, presumably by competing for associ-
ation with these or other D domain-containing pro-
teins. PKA phosphorylates PTP—SL within the ERK2
binding site, inhibiting its association with ERK2 and
enhancing its nuclear entry.'®® Control of nuclear
transport may not be a linear response, i.e., from
upstream activators to ERK1/2, but may also involve
molecules downstream in the pathway and those that
are affected by multiple signaling cascades.

ERK?2 forms dimers upon phosphorylation which
promote its nuclear accumulation.'® Although the
mechanism has not been determined, ERK2 mutants
that dimerize less well are less able to accumulate
in the nucleus. As a monomer, ERK2 is small enough
to enter and exit the nucleus by diffusion through
nuclear pores. To examine nondiffusional entry,
ERK2 was fused to -galactosidase. This -galactosi-
dase fusion protein was unable to translocate to the
nucleus in the presence of active transport inhibitors
such as wheat germ agglutinin, which blocks nuclear
pores, or mutant nuclear import factors, implying an
active import mechanism.®® An ERK2 fusion protein
mutant that failed to dimerize also failed to enter the
nucleus, additional evidence that dimerization is
important for nuclear entry or retention.*® Analysis
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of the crystal structure of phosphorylated ERK2
revealed that dimerization is mediated by mostly
hydrophobic interactions between the activation loop
and L16.

A number of nuclear binding sites for ERK2 have
been proposed that have been studied primarily in
relation to the role of ERKSs in cell cycle progression.
These include topoisomerase Ila and components of
the nuclear spindle assembly.1%” In several cell types,
ERK1/2 are activated in the nucleus during mitosis
and found on kinetochores, asters, and the midbody
during mitosis. Among several possible ERK1/2 func-
tions specific to this localization, the kinetochore
motor protein CENP-E was identified as a potential
ERKZ1/2 substrate.168.169

|. Pathway Inhibitors

Highly selective inhibitors of ERK1/2 have not been
reported; however, drugs that are related to the
microtubule drug taxol inhibit these kinases.'’® In
contrast, inhibitors of MEK1/2 are in widespread use.
PD98059, found in an in vitro screen for blockers of
ERK activation,*’*12 and U0126, identified in a cell-
based screen for inhibitors of activating protein
(AP)-1 transactivation,'”® are noncompetitive inhibi-
tors with respect to both substrates. It has been
suggested that these drugs bind and stabilize the
low-activity structures of MEK1/2. The use of these
drugs, in addition to kinase-deficient forms of ERK1/
2, has implicated ERK1/2 in the regulation of prolif-
eration of fibroblasts and some cancer cells by growth
factors and steroid hormones, control of cell motility,
long-term potentiation in neurons, and circadian
rhythm %8174 Because these drugs are noncompetitive
with ATP, it has been assumed that they were among
the most selective inhibitors available.r’%173 However,
although they have no effects on most other MEK
family members, they inhibit MEKS5 of the ERK5
pathway.'”® Blockade of MEKS5 occurs at concentra-
tions just above those that block MEK1/2. A second-
generation MEK inhibitor with a different chemistry
(PD184352) is currently in clinical trials for treat-
ment of cancer.7®

J. Substrates and Targeting Motifs

1. Substrate Specificity and Targeting Motifs

ERK1/2, like other MAP kinases, phosphorylate
serine/threonine residues followed by proline residues
in their substrates. ERK1/2 may also have a second-
ary preference for proline at the P-2 position, such
that the consensus sequence is PXS/TP. Many MAP
kinases form tight complexes with their substrates
through docking sites within the substrates. These
docking sites increase not only the specificity of
substrate recognition, but also the efficiency of phos-
phorylation and activation of substrates by MAP
kinases.

The docking or D domains found in transcription
factors, such as Elk-1 and the MEF2 family, MEKs
and PTPs, resemble the delta domain, which was the
first domain identified that mediated the stable
association of a substrate with any MAP kinase
family member 4345177178 The typical D domain con-
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sists of two or more basic residues (Lys or Arg)
followed by a (L/I)X(L/I) motif. Both basic and hy-
drophobic residues are important for binding to
ERK1/2. The D domain can lie either upstream or
downstream of the phosphoacceptor site of the sub-
strate to mediate the stable interaction with MAP
kinases. The D domain is recognized by ERK1/2,
JINKI/SAPKSs, and p38 MAP kinases, probably through
interaction with their common docking (CD) do-
mains,*346 discussed below.

Jacobs et al. identified a different docking motif
FXFP in transcription factors LIN-1, SAP-1, and Elk-
1. Unlike the D domain, FXFP is, thus far, reported
to be recognized only by ERK1/2.45177.17% This motif
is found in the sequences of substrates not only of
mammalian ERK1/2, but also of the C. elegans and
Drosophila ERK1/2 orthologs. Currently, it is not
clear which sequences in ERK1/2 interact with the
FXFP motif. Some proteins such as Elk-1 have both
the D domain and the FXFP motif. These motifs can
work in combination to give higher affinity for ERK1/
2. D domains may play a bigger role than the FXFP
motif because mutations in the D domain cause more
severe effects than the those in the FXFP motif.

Several protein kinase substrates of ERK1/2 in-
cluding Rsks and Mnks contain the docking motif
LAQRR.180.181 The motif in Rsks and Mnkz2 is recog-
nized only by ERK1/2. The LAQRR binding site on
ERKZ1/2 is believed to be the CD domain. One variant
motif LA(K/R)RR found in Mnk1 and MSK1 interacts
with both ERK1/2 and p38. Another variant sequence
LX(K/R)(R/K)RK, found in MSK2, PRAK, and MAP
kinase-activated protein (MAPKAP) kinases 2 and
3, interacts only with p38.

The CD domain is an acidic cluster DXX(D/E)
located just following the kinase domain in ERK1/2
and is conserved in all MAP kinases.*346 The acidic
residues probably bind to basic residues in the D
domain and other docking motifs. The CD motif in
ERK2 serves as a docking site for MEK1, MKP-3, and
Mnk1 and is required for efficient enzymatic reac-
tions. The electrostatic interaction is not the only
determinant of MAP kinase-substrate interaction.
Two hydrophobic residues in the D domain are also
important for its function.

Since ERK1/2 were first identified as kinase activi-
ties, there has been an intense search for physiologi-
cal substrates. ERK1/2 target cytoplasmic proteins,
membrane proteins, cytoskeletal proteins, and nuclear
proteins. One subset of ERK1/2 targets are protein
kinases, which include Rsk1—-3, MAPKAP Kkinase-2
and -3, Mnk1, and Mnk2.181-187 |n addition to en-
hancing gene expression via intermediary kinases
which increase the accessibility of DNA, MAP kinases
also phosphorylate transcription factors directly and
increase their activity. ERK1/2 phosphorylate ternary
complex factors such as EIlk1, c-Fos, c-Jun, and the
estrogen receptor, among others.18-192 Membrane
protein substrates include cytosolic phospholipase A2
and the epidermal growth factor receptor.t®31%4 |n-
formation on these ERK1/2 substrates has been
reviewed elsewhere multiple times.! The rest of this
section will focus on substrates identified over the
last 3 years.
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2. Membrane Proteins

Binding of tumor necrosis factor-a. (TNF) to its
receptor CD120a (p55) leads to apoptosis and tran-
scription of proinflammatory genes as well as activa-
tion of the ERK1/2 pathway. CD120a is phospho-
rylated by ERK2 on Thr236 and Ser270 within the
membrane proximal region of the cytoplasmic do-
main.1®51% When phosphorylated, the receptor moves
from the plasma membrane and Golgi to the endo-
plasmic reticulum. Cotransfection of receptor and
constitutively active MEK1 led to receptor phospho-
rylation in vivo, supporting the idea that this func-
tional change is caused by ERK1/2.

Syk is a protein tyrosine kinase that functions
downstream of antigen receptors such as the type 1
Fca receptor on mast cells. Syk activation leads to
degranulation, and phosphorylation on tyrosine and
serine enhanced this activity. ERK1 formed a com-
plex with Syk and phosphorylated it in rat mucosal
type mast cells, RBL-2H3.19"1% MEK inhibitors
decreased the antigen-induced phosphorylation of
Syk and suppressed degranulation of cells. This is
one example of ERKs functioning in their own
positive feedback regulation.

ERKSs induce negative feedback on their activation
by phosphorylation of upstream components of the
kinase cascade including a number of tyrosine kinase
receptors, Sos, Raf, and MEK.! Qgier-Denis et al.
recently reported that ERK2 phosphorylated G alpha
interacting protein or GAIP, a regulator of G protein
signaling (RGS) that acts as a GTPase activating
protein (GAP) for Gai3.1 The likely site of phospho-
rylation was Ser151, which lies in the GAIP RGS
domain. GAIP and Gai3 are involved in regulating
lysosomal-autophagic catabolism signaling in human
colon cancer HT-29 cells. The GAP activity of GAIP
was stimulated by ERK2 phosphorylation and di-
minished when Serl151 of GAIP was mutated to
alanine. This study suggests that ERK1/2 cause
negative feedback of not only tyrosine kinase signal-
ing, but also heterotrimeric G protein signaling.

Calnexin is an endoplasmic reticulum type 1 inte-
gral membrane protein phosphorylated by ERKL1 in
vitro at the same Ser563 site phosphorylated in
viv0.2%% Phosphorylation increased calnexin associa-
tion with membrane-bound ribosomes. ERK activity
coimmunoprecipitated with calnexin in Rat-2 cells,
which was prevented by transfection of dominant
negative MEK1.

3. Cytosolic, Cytoskeletal, and Mitochondrial Proteins

Other signaling enzymes in addition to protein
kinases are ERK1/2 targets. Phosphodiesterase (PDE)
4D3 is a cAMP-specific phosphodiesterase which
degrades intracellular cAMP to terminate cAMP-
dependent responses. ERK2 phosphorylated PDE4D3
on Ser579 in its C-terminus, thereby reducing its
PDE activity by 75%.2°1 Stimulation of COS-1 cells
with EGF promoted the phosphorylation of PDE4D3
and the concomitant decrease in its activity. The
sensitivity of this phosphorylation to blockade by a
MEK inhibitor supported the conclusion that ERK2
catalyzed phosphorylation of the PDE in cells.
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ERK1/2 also phosphorylate structural proteins
such as neurofilament subunits. Neurofilaments (NF)
are neuron-specific intermediate filaments in large
myelinated axons. Their phosphorylation is vital to
the regulation of NF activity. KSP repeats in the
C-termini of NF-M and NF—H are phosphorylated
by ERK2 in vitro.2%2 Cotransfection of constitutively
active MEK into NIH3T3 cells with NF-M resulted
in NF-M phosphorylation. Stimulation of cells with
EGF resulted in phosphorylation of NF-M in vivo,
suggesting that ERK1/2 may be relevant NF kinases
under certain circumstances.

Paxillin is a multifunctional docking protein in-
volved in cell adhesion. In vivo labeling studies in
PMA-treated El4 thymona cells led to phosphoryla-
tion of paxillin via PKC and ERK1/2.2%% Consistent
with a role for ERK1/2, MEK inhibitors reduced
paxillin phosphorylation in these cells. Effects of
phosphorylation on paxillin function were not delin-
eated.

The rate-limiting step in the biosynthesis of pyri-
midine nucleotides is performed by carbamoyl phos-
phate synthetase, which is in a multifunctional
enzyme complex in mitochondria. Allosteric modula-
tion of the activity of the complex by substrates and
products is regulated by MAP kinase phosphoryla-
tion.?% Feedback inhibition, induced by uridine tri-
phosphate, was lost upon phosphorylation by ERKs.
In addition, activation by phosphoribosyl pyrophos-
phate was enhanced. Both of these effects were
blocked by MAP kinase inhibition. These changes in
allosteric control both increase the biosynthesis of
pyrimidines which supports cell proliferation.

4. Nuclear Proteins

Among nuclear ERK2 substrates is steroid receptor
coactivator-1 (SRC-1).205-207 SRC-1 is a coactivator
involved in activation of genes induced by the nuclear
receptor superfamily and is ubiquitously expressed
in mammalian tissues. SRC-1 interacts with cAMP-
response element binding protein (CBP) to enhance
both estrogen receptor- and progesterone receptor-
mediated gene activation. SRC-1 has intrinsic histone
acetyltransferase activity (HAT) which is involved in
chromatin remodeling. SRC-1 also recruits p300/
CBP-associated factor (P/CAF). Two out of seven
phosphorylation sites found in SRC-1 expressed in
COS-1 cells have consensus sequences for ERK1/2.207
Phosphorylation of SRC-1 in vitro with ERK2 fol-
lowed by tryptic phosphopeptide mapping revealed
phosphorylation on Thr1179 and Ser1185 and to a
lesser extent Ser395. Thr1179 and Ser1185 phospho-
rylation sites both lie within the intrinsic HAT region
of SRC-1 and may be responsible for regulating this
activity. Thus far, more direct evidence for regulation
of SRC-1 by ERK1/2 activity in vivo is lacking.

Both ERK2 and p38 kinases, but not JNK, have
been shown to phosphorylate the transcription factor
Pax6 in vitro and in vivo.2°82%° Pax6 is a member of
the paired box-containing Pax gene family originally
identified in Drosophila.?°® These proteins are in-
volved in organ development (eyes, nose, pancreas,
and central nervous system) in mammals. Three out
of four putative MAP kinase phosphorylation con-
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sensus sites (Thr323, Ser376, and Ser413) within the
transactivating domain of Pax6 were phosphorylated
in vitro by both ERK2 and p38. Overexpressed Pax6
was phosphorylated on Ser413 in cells stimulated
with serum or phorbol ester or coexpressing either
MEKZ1 or MKK®6b. Phosphorylated Pax6 displayed a
transactivating activity that was increased 3- and 16-
fold, respectively. When Ser413 was mutated to
alanine in these experiments, p38 phosphorylation
was abolished and ERK phosphorylation was reduced
by 30%.

ERKs, along with INK and p38, associate with and
phosphorylate the transcriptional regulator nuclear
factor of activated T cells (NFATc).?10-212 ERK, JNK,
and p38 associate with the N-terminus of the regula-
tory domain in cells transfected with NFATc. These
kinases phosphorylated NFATc on Serl72. Cal-
cineurin dephosphorylates NFATc and causes its
translocation to the nucleus where it induces expres-
sion of immunoregulatory genes. Overexpression of
ERK2 inhibited ionomycin-induced NFATc nuclear
localization in T cells, while MEK inhibitors had the
opposite effect.

ERK?2 has been shown to phosphorylate multiple
members of the signal transducer and activator of
transcription (STAT) family, notably STAT3. STAT5a
coimmunoprecipitates with ERK2 via its C-terminal
transactivation domain in unstimulated Chinese
hamster ovary cells and is phosphorylated by the
kinase on Ser780.2* When activated by growth
hormone, STAT5a was phosphorylated on multiple
residues, which led to transcriptional activation of a
reporter gene. MEK inhibitors were able to block
STAT5a activity, demonstrating that phosphorylation
by ERK1/2 was important for its maximal activation.

5. Targets of Downstream Protein Kinases

Rsk2 and MSK1, two other ERK1/2 substrates,
have been shown to phosphorylate the conserved
Ser10 residue of histone H3, a core protein of the
nucleosome.?'47216 When phosphorylated, H3 acti-
vates immediate early gene expression, chromatin
remodeling, and chromatin condensation during mi-
tosis. ERK1/2 and p38 also phosphorylate Ser10 in
vitro. Inhibitors and dominant negative mutants of
ERK2 and p38 both block H3 phosphorylation in-
duced by ultraviolet B in the JB6 C1 41 mouse
epidermal cell line, indicating that these kinases
either directly or indirectly regulate the function of
H3.

K. Disruption of Genes in the Cascade

Mouse gene disruption experiments are playing a
critical role in determining the physiological func-
tions of specific components of the ERK1/2 cascade.
Gene knockouts of Raf-1, B—Raf, A—Raf, MEK1, and
ERK1 have been reported, as well as a double
knockout of Raf-1 and B—Raf. With the exception of
ERK1, these gene disruptions adversely affect devel-
opment and lead to death during embryogenesis or
shortly after birth. In this section, reports describing
the phenotypes of mice lacking kinases of the ERK1/2
cascade are summarized.
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Table 2. Summary of Disruptions of Genes in MAP Kinase Pathways
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gene knockout lethality/viability phenotype ref
A—Raf 1—-3 weeks; 50% survive neurological defects; megacolon 220
to adulthood on 129/0LA
genetic background
B—Raf E10.5-12.5 vascular defects; abnormal apoptosis, 218
especially of endothelial cells
Raf-1 E10.5—12.5; survive to term abnormal placental development; abnormal 217
on CD1 genetic background development of skin, eyelids, and lungs
B—Raf/Raf-1 E8.5 abnormal development beyond blastocyst stage 219
Mekk1 viable defective INK activation in response to many 144,145,310
stress stimuli in Mekk1—/— ES cells; eyelid defect
Mekk3 E11.5 defective angiogenesis, esp. in labyrinthine placenta 455
Mek1 E10.5 defective angiogenesis in labyrinthine placenta 221
Mkk3 viable defective IL-12 production in LPS-stimulated 350
macrophages and CD40-stimulated dendritic cells
defective IL-1 and IL-6 secretion in TN 349
o-stimulated Mkk3—/— fibroblasts
Mkk4/Sek1 E10.5-12.5 defective liver development; immunological defects 313-315,
in Mkk4/Sek1—/—,Rag2—/— chimeras 470—-473
Erkl viable impaired thymocyte proliferation and maturation 222
in response to TCR-ligation
Jnkl viable activated Jnk1—/— CD4+ T cells preferentially 316
differentiate into Th2 effector cells
Jnk2 viable altered T cell activation, differentiation and apoptosis 317,318
Jnk3 viable resistance to excitotoxicity-induced hippocampal apoptosis 319
Jnk1/Ink2 E10.5-11.5 abnormal apoptosis during embryonic brain development; 320,321
exencephaly
p38a E10.5—11.5 (some survive to E16.5) defective angiogenesis in labyrinthine placenta 442—-444
defective definitive erythropoiesis; defective 443
erythropoietin expression
defective MAPKAP—K2 activation in arsenite-treated 441
p38a.—/— ES cells; decreased IL-1-stimulated
IL-6 secretion in differentiated p38a—/— ES cells
1. Raf-1 domain.?® B—Raf —/— mice died in utero (E 10.5—

The Raf-1 (c-Raf) gene was disrupted by replacing
the first coding exon with a drug-resistance gene.?'”
This strategy blocked production of the full-length
(74 kDa) Raf-1 protein but unexpectedly generated
a 62 kDa N-terminally truncated Raf-1 protein. This
mutant form of Raf-1 was found at a low level and
was about 10% as active as wild-type Raf-1 from
serum- or phorbol ester-treated cells.?’” Mouse em-
bryos homozygous for the mutated Raf-1 allele grew
more slowly by embryonic (E) day 10.5 and died by
E 12.5. The histology of mutant placentae revealed
gross defects, in particular, reduced spongiotropho-
blast and labyrinthine layers, leading to the conclu-
sion that embryonic lethality in Raf-1 mutant mice
likely results from poor placental function.

The genetic background profoundly affected the
severity of developmental defects observed in the
Raf-1 mutant mice. Most Raf-1 mut/mut embryos
died by E 12.5 on a 129/C57B6 background. In
contrast, when the mutated Raf-1 allele was evalu-
ated on the outbred CD1 background, two-thirds of
the homozygous mutant mice survived until birth.
Developmental defects were observed in Raf-1mut/
mut mice after midgestation. Certain epithelial tis-
sues were abnormal, including the eyelids and skin.
The cause of death of these animals was attributed
to failed lung maturation. Fibroblasts derived from
these embryos did not proliferate normally in re-
sponse to serum growth factors.

2. B-Raf

The gene encoding B—Raf was disrupted by elimi-
nating the exon encoding part of the Ras-binding

12.5) from vascular deficiencies including enlarged
and poorly formed vessels, which were prone to
ruptures, indicating that its major actions were on
the normal development of the vasculature. This was
somewhat surprising given the high expression of
B—Raf in neuronal and neuroendocrine tissues. The
elimination of B—Raf also led to abnormal patterns
of apoptosis throughout the developing embryos;
however, only the vascular endothelium displayed
greater total cell loss.

3. Raf-1 and B—Raf

The phenotypes of mice lacking either Raf-1 or
B—Raf imply that they are required in distinct
developmental programs.?17:21® Mice heterozygous for
the disrupted Raf-1 and B—Raf alleles were crossed
to probe for possible overlapping functions of these
two Raf genes.?'® Raf-1/B—Raf-deficient embryos
underwent normal development only to the blastocyst
stage, revealing a function in early development that
was shared by these two Raf isoforms. The authors
also found gene dosage effects on development, in
that defects in mice lacking three of these four Raf
alleles were more severe than in animals lacking only
two of the four alleles.

4. A—Raf

Animals in which the A—Raf gene had been dis-
rupted did not express detectable A—Raf protein.??°
As with Raf-1, the phenotype was influenced by
mouse strain. On a C57B6 background, A—Raf —/—
animals were normal in size until 2—3 days after
birth and survived no more than 3 weeks. These
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young A—Raf —/— animals displayed neurological
defects by behavioral measures, without identifiable
histological abnormalities, and megacolon. In con-
trast, on a largely 129/OLA genetic background, one-
half of the A—Raf-deficient mice, although small,
survived to adulthood. The abnormalities were largely
absent in the adult survivors.

5. MEK1

Insertional mutagenesis was used to disrupt the
mouse MEK1 gene. The MEK1 —/— embryos, which
died around E 10.5, were small with swollen yolk sac
blood vessels that lacked red blood cells.??! The
abnormal placentae contained an ill-defined spon-
giotrophoblast layer and a compressed labyrinthine
layer. The histological evidence indicated a failure
of angiogenesis into the labyrinthine layer. In addi-
tion to the apparent role of ERK1/2 in angiogenesis,
analysis of migration of fibroblasts from these em-
bryos suggested a requirement for ERK1/2 in the
stimulation of migration by extracellular matrix
under some but not all conditions.

6. ERK1

The ERK1 gene was disrupted by deleting residues
encoding a portion of the catalytic core.??? Consistent
with the selective loss of ERK1 but not ERK2 protein,
ERK activity in lysates from —/— embryonic fibro-
blasts stimulated with serum was one-half that of
wild-type cells. The Kinetics of ERK2 activation by
serum in these cells were altered in that activation
was prolonged. ERK1 —/— mice displayed no obvious
differences from the wild-type controls. The only
changes in proliferation of various types of cells from
ERK1 —/— animals were noted in thymocytes. The
thymocytes proliferated less robustly upon activation
of the T cell receptor and matured into single-positive
(CD8+ or CD4+) thymocytes more slowly. The defect
in maturation may have been due to reduced positive
thymic selection, because apoptosis in thymocytes
from the ERK1-deficient mice was unchanged.

1. INK/SAPKs

A. ldentification

JNK1, -2, and -3, also known as SAPKy, SAPKa,
and SAPKS, exist as 10 or more spliced forms.223-225
Over the MAP kinase catalytic core they are 87—88%
identical to one another (Table 1). They are ubiqui-
tous, although JNKS is present primarily in brain.
They are identified as stress-activated protein Ki-
nases because their activities increase in response
to cytokines, UV irradiation, growth factor depriva-
tion, and agents that interfere with DNA and protein
synthesis, for example, and less robustly to ligands
for some G protein-coupled receptors, serum, and
growth factors. They are involved in cytokine produc-
tion and other aspects of the inflammatory response,
more generally in the function of the immune system,
stress-induced and developmentally programmed
apoptosis, actin reorganization, and in cell transfor-
mation.??¢ These kinases have been reviewed in detail
elsewhere (Kyriakis, J. M.; Avruch, J. Physiol. Rev.,
in press).
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B. Structure

Like ERK1/2, JNK/SAPKSs are activated by phos-
phorylation of a tyrosine and a threonine residue,
which in all INK/SAPKs are separated by proline,
in their activation loops. JNK/SAPKs contain the
same core structure with interesting differences in
the conformation of the activation loop which reveal
differences in mechanism of regulation.??” The N- and
C-terminal domains of the kinase are rotated farther
apart in JNK3 relative to ERK2.2325227-229 As with
ERK?2, the activation loop is not positioned ap-
propriately for protein substrate binding, but in
JNKS this loop is four residues shorter and folded
up between the domains rather than extended out-
ward. The tyrosine phosphorylation site, Tyr223, is
solvent exposed in JINK3; the comparable residue in
ERK2 is buried. In INK3, the P+1 site, which binds
proline following the phosphoacceptor site in sub-
strates, is blocked by Arg 230, which just follows the
loop. The phosphate anchor ribbon which interacts
with ATP is better ordered in JNK3 compared to
ERK2 and the ATP binding mode similar to that of
cAMP-dependent protein kinase.3%.3%.230

C. MEKs

MKK4 (SEK1, MEK4, JNKK1, SKK1) and MKK7
(MEKY7, INKK2, SKK4) are the predominant MEKSs
in INK/SAPK pathways. Their specificity is some-
what relaxed compared to MEK1/2 because they will
also phosphorylate p38 MAP kinases in vitro, and
some evidence suggests they may do so in cells under
certain circumstances.?®' Although MKK4 has the
capacity to activate JINK/SAPKs and p38s by phos-
phorylating both threonine and tyrosine phospho-
rylation sites, in vitro a preference for tyrosine is
revealed. Perhaps MKK7 displays complementary
behavior in that it displays a preference for the
threonine residue. These kinases may cooperate to
activate INK/SAPKs in cells.?3223 Threonine phos-
phorylation may be most important for activity
changes of JNK3.233234 These MEKSs are phospho-
rylated on two sites, a serine and a threonine, in their
activation loops. Like MEK1/2, replacement of these
residues with acids generates forms which have
enhanced activity in cells.

Although MAP Kkinases are the best characterized
substrates of MEKs, MKK4 has an additional sub-
strate, the retinoid X receptor (RXR). This receptor
forms heterodimers with the retinoic acid receptor
to regulate gene transcription induced by retinoic
acid. Cell stresses, such as anisomycin, or constitu-
tively active MKK4 caused the phosphorylation of the
RXR, inhibition of subsequent gene expression in-
duced by the RXR, and accelerated RXR degradation
by the proteasome.*? Inhibitory forms of INK/SAPKSs
did not block the effects of constitutively active
MKK4, indicating that JNK/SAPKs were not re-
quired. These effects of cell stresses on RXR were
significantly reduced in cells lacking MKK4 and were
restored by reintroduction of MKK4 by transfection.
Thus, phosphorylation of the RXR by MKK4 mediates
the inhibition of retinoid signaling by cell stresses.
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D. MEKKs and Small G Proteins

The MEKKSs in the INK/SAPK pathway have been
identified by cDNA cloning and expression studies.
Because overexpression of a number of kinases leads
to activation of INK/SAPKSs, confirmation that these
MEKKSs are important for INK/SAPK regulation has
been more difficult to obtain and has relied signifi-
cantly on gene disruption. Enzymes with MEKK
activity include relatives of the yeast MEKK, Stellp,
and a more upstream kinase in the yeast pheromone
response pathway, Ste20p.235-2%7

Among homologues of Stellp that activate JINK/
SAPKs when overexpressed are MEKK1—4,238-241
These kinases range in size from 70 to nearly 200
kDa. Like Raf, these kinases have C-terminal cata-
lytic domains and N-terminal regulatory domains.?%
In their kinase domains, MEKKs2—4 are ~50%
identical to MEKK1.238-241 Other MEKKSs for JNK/
SAPK pathways are much less closely related. The
mixed lineage kinase MLK3/PTK-1/SPRK is strongly
linked to INK/SAPK activation, not only because its
overexpression activates the pathway, but also be-
cause it binds to JNK pathway scaffolding proteins,
as described more fully below.?42.243

Other MEKKSs that activate JNK/SAPKs based
primarily on overexpression in transfected cells are
as follows: MAP three kinase (MTK1),238:240,241,244,245
tumor progession locus 2 (Tpl-2/Cot),?*¢ dual-leucine
zipper kinase (DLK),?*” mixed lineage kinase MLK2/
MST,?*8 TGFf-activated kinase (TAK1),2*° apoptosis
signal regulating kinases (ASK1)/MAPKKK5250251
and ASK2/MAPKKK®6,252 dendritic cell-derived pro-
tein kinase (DPK),?*® and thousand and one amino
acid kinases 1,2 (TAOs1,2).2542% Several of these
kinases also activate other MAP kinase pathways as
well as other signaling cascades such as that activat-
ing NF-«B. Disruption of the MEKK1 gene indicates
that it is important in regulation of INK/SAPKs by
some but not all stimuli.*4*

Several groups linked JNK/SAPK activation to
small G proteins, especially Rac and Cdc42, in a
manner that is variably related to the p21-activated
kinase PAK or to MLK3.256-260 The v-Crk oncogene
activates JNK through the R—Ras in fibroblasts.?5!
Constitutively active mutants of R—Ras, H—Ras, and
Racl enhanced JNK activity. Likewise, dominant-
negative mutants of these proteins, alone with ki-
nase-dead MLK3, blocked JNK activation by v-Crk.
On the basis of the use of dominant negative mu-
tants, Vavl-dependent stimulation of JNK/SAPKs
was mediated by a pathway consisting of Rac, he-
matopoietic progenitor kinase-1 (HPK1), MLKS, and
MKK7.262 Rho has also been linked to JNK activa-
tion.?83 Several other kinases that appear to be
upstream of MEKKSs in the JNK pathway are the
Nck-interacting kinase (NIK),?5* HPK 265266 germinal
center kinase (GCK),?®” NIK-like embryo-specific
kinase NESK,?%8 and the HPK/GCK-like kinase
HGK.2%9

E. Activation from the Cell Surface

Mechanisms for ligand- or stress-activation of INK/
SAPKs are best delineated for G protein-coupled
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receptors. A number of studies described next indi-
cate a role of pertussis toxin-sensitive hetero-
trimeric G proteins, Gi and Go, although the steps
between G proteins and the JNKs are less well
explored.?’® G12, G13, Gq, and G16 also activate
JINK/SAPKS,112.271,272

Although Gi is a frequent element in INK activa-
tion, the downstream mechanisms linking to JNK/
SAPKSs, particularly the effects of calcium, may be
cell-type- or ligand-dependent. Activation of INK1 by
endothelin in Rat 1 cells was partially blocked by
pertussis toxin, suggesting that it is regulated in part
by Gi or Go. Neither PKC nor Ca?* was required for
JNK activation in this system.?”® Thyrotropin-stim-
ulating hormone (TSH) also activated JNK in a
pertussis toxin-sensitive manner in thyroid cells. The
increase in JNK activity was unaffected by PI-3
kinase inhibitors but was blocked by inhibitors of
protein kinase C.?’ Activation of the m3, but not the
m2, acetylcholine receptor stimulated JNK activity
in CHO cells overexpressing these receptor types.?’®
Agonist stimulation was pertussis toxin-sensitive,
consistent with mediation by Gi or Go, but was
reduced by preventing the influx of extracellular
Ca?*". Two studies have demonstrated that gonadot-
ropin releasing hormone stimulated JNK activity in
rat pituitary gonadotrophs, either alphaT3—1 or
primary cells.?’6277 There was agreement that Cdc42
was required but disagreement about PKC which was
only required in one case. In addition, one study
found that Src and MEKK1 were also required but
that Ras was not, while the other concluded that INK
activation was dependent on PAK1 and intracellular
calcium but independent from extracellular calcium.

JNK/SAPKs may be activated by Sy subunits or a
subunits in a manner that may depend on tyrosine
kinases.?’8280 Constitutively activated mutants of
Gail, Gai2, and Gai3 activated JNK in 293 cells,
while comparable mutants of Gao and Goz did not.
Activation of INK by Gai was inhibited by dominant-
negative mutants of the small G proteins Rho and
Cdc42 as well as tyrosine kinase inhibitors but not
by dominant-negative Rac or inhibitors of PI-3 ki-
nase. The microtubule-disrupting drug vincristine
activated JNK1 in HL60 cells.?®° JNK1 activation and
IL-1 production were blocked by piceatannol, an
inhibitor of the tyrosine kinase Syk, but not by an
inhibitor of Src, suggesting that Syk is upstream.

F. Interactions with Nuclear Receptor Signaling
Pathways

Like ERK1/2, the activities of JNK/SAPKs are
influenced by nuclear hormones. Swantek initially
demonstrated that activation of INK/SAPKSs in mac-
rophages and other cell types is inhibited by gluco-
corticoids in a manner that depends on the presence
of nuclear receptors but not on transcription.?8* The
mechanism has not been elucidated, but the site of
inhibition appears to lie upstream of MEK7. Dexa-
methasone also inhibited TNF-a-induced JNK phos-
phorylation in HelLa cells, based on immunofluores-
cence with anti-phosphoJNK antibodies.?®? A possibly
similar effect has been observed with retinoic
acid.?83284 The transcriptional activation function of
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Figure 8. Multiple mechanisms may assemble compo-
nents of the INK/SAPK pathway. One major group of
complexes may be organized by JIP and similar proteins.
Kinases themselves, such as MEKK1, may organize signal-
ing complexes in this cascade.

the retinoic acid receptor was required for the long
term but not the acute suppression of JINK/SAPK
activity. The effect could be detected at the level of
MKK4, which was also inhibited. At least part of the
suppression was due to the induction of MKP-1.

G. Protein Complexes

An answer to questions about specificity in MAP
kinase pathways was suggested with the discovery
that the Ste5p protein of the yeast pheromone
response pathway is a scaffold for the components of
the MAP kinase cascade in that system. Since that
time, a major focus has been the identification of
scaffolds for the mammalian cascades that might
prevent inadvertent crosstalk between pathways.!®

While nothing like Ste5p has been discovered in
the ERK1/2 pathway, proteins that appear to func-
tion primarily as scaffolds have been found for the
stress kinase cascades. The first of these was JNK
inhibitory protein (JIP) 1. Several other JIPs and
proteins known as JSAPs have been found, some with
sequences related to JIP1 and others with unrelated
sequences.?82% |n general, these proteins bind some
or all of the INK/SAPKs, MKK4 or MKK7 (but each
scaffold probably binds only one or the other), and
MEKK level enzymes of the mixed-lineage kinase
subgroup, e.g., MLK3 or DLK, or MEKK1 (Figure 8).
They may also bind kinases that are thought to lie
upstream of the MEKK level enzymes such as HPK1.
These scaffolds may also contain other modular
protein—protein interaction domains such as SH3
domains and may homo- or hetero-oligomerize with
other similar proteins.

At least two of the MEKKSs that regulate JNK/
SAPKs, MEKK1 and MEKK2, possess their own
binding sites for multiple components of the JNK/
SAPK pathway. Thus, the MEKKSs themselves may
also contribute significantly to organization, localiza-
tion, and function of the downstream MAP kinases.
For example, MEKK1 is localized largely on actin
fibers, focal adhesions, and microtubules and may
provide a mechanism for regulation of the INK/SAPK
cascade on the cytoskeleton.?*3 MEKK1 also binds a
possible upstream kinase, the Nck-interacting kinase
NIK.2%4 Nck, through NIK and MEKK1, may link
tyrosine phosphoproteins and Sos to JINK/SAPKs.?%t
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H. Regulation of Subcellular Localization

Like ERK1/2, JINK/SAPKs may redistribute from
cytoplasm to the nucleus upon activation. In un-
stimulated cells, INK/SAPKs may be more readily
detected in nuclear fractions, although it may be
more difficult to define a low-activity condition for
these kinases. Using antibodies to phosphorylated
JNK, the active form was localized to punctate
structures along microtubules and to nuclear speckle
populations in neurons.?®? Adriamycin stimulated
JNK activity and caused an increase in nuclear
immunostaining particularly on nuclear speckles
with the antiphosphoJNK antibody. The active ki-
nase colocalized with snRNPs, suggesting some func-
tion in the regulation of splicing factors. Ischemia
was also found to promote the translocation of INK1
from the cytoplasm to the nucleus in rat heart.?®®
Reperfusion following ischemia blocked further nuclear
translocation of JNK1.

There are differences in localization of INK/SAPK
isoforms. In a different study, the three major forms
were found widely distributed in brain, although
JNK2 was present at lower concentrations than the
other two. JNK2 was present in the nucleus and
cytoplasm of neurons of adult mice, while INK1 was
primarily in the cytoplasm and dendrites.?®*

|. Pathway Inhibitors

Pharmacological inhibitors specific for the JNK/
SAPK pathway are not yet available. An inhibitor of
JNK/SAPK activation, CEP-1347, was identified in
a screen for molecules that promoted neuronal sur-
vival.2?52% CEP-1347 prevented death of neurons
that had been deprived of growth factors and also
inhibited JNK1 activation with equivalent 1C50s;
ERKZ1/2 activity was unaffected. This inhibitor also
inhibited JNK1 activation in fibroblasts by ultraviolet
irradiation, osmotic shock, and glycosylation inhibi-
tors. CEP-1347 did not inhibit a kinase downstream
from p38 MAP kinase, indicating that neither the
ERK nor p38 pathways are affected by the drug. A
concern is that the compound did not inhibit JNK1
activation by MEKKU1 in fibroblasts, consistent with
the conclusion that neither JNKs nor MEKSs 4 or 7
are affected. The target appears to be further up-
stream. Pathways branching from its upstream tar-
get, in addition to JNKs, may also be affected.
Because CEP-1347 is a derivative of K-252a, a broad
specificity protein kinase inhibitor, it may be ex-
pected to have a number of secondary targets.

Most studies have relied on transfection of kinase
dead forms of INK/SAPKSs or inhibitors that may also
have additional actions.?812%7 Using a catalytically
defective mutant, Swantek and colleagues showed
that JNK/SAPKs were required for translational
induction of TNF-o by lipopolysaccharide.?®! The p38
inhibitors SB203580 and SB202190, described below,
also block JNK activity at concentrations above those
necessary to block p38. Using this strategy, Le-
Niculescu and co-workers provided evidence that
JNK-induced apoptosis of neuronal cells, caused by
growth factor withdrawal or by KCI, was due at least
in part to the induction of Fas ligand in a manner
that required phosphorylation of c-Jun.
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J. Substrates and Targeting Domains

1. Specificity and Targeting Domains

The idea that MAP kinases bind stably to their
substrates arose with studies of INK/SAPKs, which
were extracted with c-Jun.29%82% A motif in c-Jun
called the delta domain was required for its stable
association with INK/SAPKSs. The site to which the
delta domain binds on INK/SAPKSs is believed to be
an insert between subdomain IX and X of certain
JNK/SAPK splice variants not present in other MAP
kinases. INK/SAPKSs, like ERK1/2, also bind to D
domains, presumably through their CD motifs. Also
like ERK1/2, INK/SAPKSs phosphorylate substrates
in membranes, in the cytoplasm, on the cytoskeleton,
and in the nucleus. This section of the review is
limited to substrates or functions identified in the
last 3 years.

2. Membrane Substrates

Insulin receptor substrate-1 (IRS-1) is tyrosine-
phosphorylated in response to insulin receptor acti-
vation and mediates much of the insulin-signaling
in cells. TNF-a inhibits insulin action by inhibiting
tyrosine phosphorylation of IRS-1.3% This effect ap-
pears to be mediated by activation of JINK which
phosphorylated IRS-1 on serine residues. The site of
IRS-1 phosphorylation in anisomycin-activated cells
was Ser307, near its PTB domain.?® IRS-1 has 14
potential INK consensus binding motifs, based on the
binding site identified in JIPs. Binding of JNK to
IRS-1 was suggested by coimmunoprecipitation with
a fragment of IRS-1 containing amino acid residues
555—898.

3. Cytoplasmic and Cytoskeletal Substrates

In KB-3 cells treated with vinblastine (a microtu-
bule-damaging agent), JINK1 and JNK2 were acti-
vated and antiapoptotic proteins, Bcl-2 and Bcl-x.,
were phosphorylated.3°* Specific JNK phosphorothio-
ate antisense oligonucleotides were able to block this
vinblastine-induced phosphorylation of both Bcl-2
and Bcl-x. by 85% and 65%, respectively. When
phosphorylated, Bcl-2 becomes inactivated and apo-
ptosis occurs. It is unclear what the outcome of Bcl-
X, phosphorylation is, but it is assumed that it is
involved in its regulatory activity in some manner.

In a yeast two-hybrid screen searching for Droso-
phila JNK (DJNK) interacting partners, a novel
protein named p150-Spir was cloned.??® p150-Spir
belongs to the Wiscott—Aldrich syndrome protein
(WASP) homology domain 2 (WH2) family involved
in actin reorganization. p150-Spir contains four WH2
domains and one motif related to the FXFP docking
motif. In NIH3T3 cells, INK and p150-Spir colocal-
ized to discrete regions around the nucleus and JNK
phosphorylated residues in the C-terminus of p150-
Spir in vivo and in vitro.

4. Nuclear Substrates

Yeast two-hybrid experiments using JNKS3 as bait
in a human brain cDNA library identified the first
novel substrate for INK3.32 DENN/MADD is a splice
variant of mitogen-activated kinase activating death
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domain that is differentially expressed in neoplastic
vs normal cells. Both DENN/MADD and JNK3 were
colocalized to large pyramidal neurons in human
hippocampus by in situ hybridization. In these hy-
poxia-sensitive neurons, DENN/MADD and JNK3
both translocated to the nucleus under hypoxia/
ischemic stress. INK3 phosphorylated DENN/MADD,
although the sites were not determined.

The nuclear localization of NFATc1 is regulated by
JNK. Calcineurin, a protein phosphatase that medi-
ates calcium signals during T cell activation, dephos-
phorylates cytoplasmic NFATc1 and causes its nuclear
translocation and activation of cytokine expression.3%3
Calcineurin interacts with NFATcl via the PXIXIT
motif within the N-terminus.3** JNK, however, phos-
phorylates Ser117 and Serl72 of NFATcla and
isoforms as determined by in vitro mutational analy-
sis and in vivo labeled-phosphopeptide mapping.3%
Residues 126—138 were also required for INK bind-
ing. These phosphorylation and binding sites are near
or within the calcineurin-targeting domain of NFATc1,;
phosphorylation by JNK inhibited calcineurin-stim-
ulated nuclear accumulation of NFATc1 specifically
in T cells. Thus, activation of INK inhibits NFATc1
activity by preventing its nuclear translocation.

Activation of JNK and p38 are capable of increas-
ing the stability of activating transcription factor-2
(ATF-2) factor by preventing ubiquitination and
degradation.3°¢ Phosphorylation on Thr69 and Thr71
in the N-terminus of ATF-2 is presumed to cause a
conformational change that promotes ATF-2 homo-
and heterodimerization and DNA binding capability.
In human fibroblasts stimulated with TNF-a, okadaic
acid, which inhibits phosphatase activity, increased
the duration of INK phosphorylation of ATF-2 and
increased its transactivation activity by blocking
proteasome-mediated degradation.

Several proteins, including heat shock transcrip-
tion factor-1 (HSF-1), are substrates for both ERK1/2
and JNK/SAPKs.397 HSF-1 regulates the expression
of heat shock proteins to promote cell survival.
Normally, HSF-1 is a phosphorylated monomer in the
cytoplasm; during environmental stress, however,
HSF-1 becomes a more highly phosphorylated trimer
and translocates to the nucleus. As a result, HSF-1
binds DNA and increases its transcription of target
genes. JNK immunoprecipitated from heat shock-
activated HelL a cells phosphorylated HSF-1 on Ser363
within its regulatory domain. Mutation of this site
to alanine reduced JNK phosphorylation. JNK also
bound to residues 203—224 of HSF-1, within its
conserved D domain. JNK binding and phosphory-
lation resulted in rapid clearance of HSF-1 punctate
granules from the nucleus and subsequent suppres-
sion of transcriptional activity.

STAT3 is another substrate phosphorylated by
both ERK1/2 and JNK/SAPKs.3083% |n EGF-stimu-
lated cells STAT3 is phosphorylated by ERK2 on
Ser727, enhancing STAT3 activity.®® JNK isolated
from cells treated with TNF-a,, UV, anisomycin, or
transfected with MEKK1 phosphorylated STAT3 in
vitro, resulting in negative regulation of STAT3 DNA
binding and transcriptional activity. PD98059 had no
effect on this inhibitory regulation by JNK.
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K. Functions Deduced from Gene Disruption

The physiological functions of a number of the
kinases of the INK/SAPK cascade have been exam-
ined by gene disruptions in mice. Specifically, mouse
knockouts of MEKK1, MKK4/SEK1, JNK1 (SAPKGg),
JNK2 (SAPKa), and JNK3 (SAPKb) have been re-
ported. These studies are providing critcal insights
into the relative roles various JNK/SAPK cascade
components have in the regulation of apoptois and
in immune cell biology.

1. MEKK1

The mouse MEKK1 gene has been knocked out by
two groups of investigators.144145310 While the initial
report suggested that the gene was essential for
survival, later reports agreed that animals were
viable but displayed a defect in eyelid closure.
MEKK1—/— ES cells were used to examine the
essentiality of MEKK1 for the activation of JNK by
various stress signals or pro-inflammatory stimuli as
well as the role of MEKKZ1 in apoptosis. When treated
with nocodazole or sorbitol, MEKK1—/— embryonic
stem (ES) cells displayed higher rates of apoptosis
than wild-type cells, supporting the conclusion that
MEKKZ1 provides an antiapoptotic signal. Opposite
conclusions have been drawn from experiments with
overexpressed MEKK1, where, following caspase
cleavage, MEKK1 acts to promote apoptosis.3'1312 In
the absence of MEKKZ1, activation of INK/SAPKSs in
ES cells by UV, anisomycin, or heat shock was
unchanged, but significant decreases in activation
were noted with serum, LPA, cold stress, and no-
codazole.'** A partial loss of ERK1/2 activation by
sorbitol, serum, and LPA was observed, while no
effects on p38 were identified. The other group found
that MEKK1 was required for JNK activation by
growth factors, TNFa, IL-1, double-stranded RNA,
and LPS and no loss of ERK1/2 activation by growth
factors.1#®

2. MKK4/SEK1

Three groups of investigators have knocked out the
mouse gene for MKK4/SEK1; each has reported that
MKK4/SEK1—/— mice die by E 12.5.3137315 |n two
cases, investigators found that although yolk sac
hematopoiesis appeared normal, MKK4/SEK1 —/—
embryos were anemic.313314 Histological examination
of livers from MKK4/SEK1 —/— embryos revealed a
paucity of hepatocytes relative to the livers of wild-
type embryos. Rates of apoptosis in livers or cultured
hepatocytes from MKK4/SEK1 —/— mice were in-
creased as compared to wild-type animals. These
findings led to the conclusion that MKK4/SEK1 is
essential for the survival and/or proliferation of
hepatocytes in vivo.

The role of MKK4/SEK1 in JNK/SAPK and p38
activation was investigated using MKK4/SEK1 —/—
ES as well as mouse embryo fibroblasts (MEFs) from
MKK4/SEK1 —/— mice.?* INK/SAPK activation was
eliminated or drastically reduced in MKK4/SEK1—/—
ES cells either treated with anisomycin or exposed
to UV radiation or heat shock. Under these same
cellular stress conditions, MKK4/SEK1—/— ES cells
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had normal p38 activation profiles. Experiments with
MKK4/SEK1 —/— MEF cells showed dramatic de-
creases in both INK/SAPK and p38 activities follow-
ing exposure to IL-1 or TNFo.3* Anisomycin-trig-
gered activation of both JNK/SAPK and p38 was
abolished in MKK4/SEK1 —/— MEF cells. While p38
activation in response to sorbitol was unchanged in
MKK4/SEK1 —/— MEF cells, INK/SAPK activation
was eliminated in response this osmotic stressor.

3. JNK1

Four exons of the JNK1 gene were deleted to
disrupt it.3® The homozygous null mice had no
obvious defects and were fertile. They displayed
differences in differentiation of T cell populations.

4. JNK2

Two groups knocked out the INK2 gene.317318 |n
both cases the JNK2 —/— mice were viable and
fertile. The conclusions of the two groups regarding
the defects observed were different. Yang et al. found
that mature (peripheral) CD4+ T cells from JNK2
—/— mice are impaired in differentiation into the Tyl
effector cells following antigen stimulation.3” IL-12-
induced secretion of the Tyl-specific cytokine inter-
feron (IFN)y was reduced. Sabapathy et al. found
that T cell activation and apoptosis were impaired
in response to antigen stimulation.3!8 Secretion of IL-
2, IL-4 (Ty2-specific), and IFNy (Tnl-specific) from
peripheral T cells was reduced in response to in vitro
stimulation with anti-CD3 antibodies. Sabapathy et
al. also compared effects of anti-CD3 antibody on
wild-type and JNK2 —/— mice. The immature CD4+,
CD8+ thymocytes did not undergo apoptosis nor-
mally induced by the anti-CD3 antibody but did
demonstrate normal apoptosis when exposed to UV
radiation, dexamethasone, or anti-Fas antibody.

5. JNK3

JNK3 —/— mice were apparently normal and
fertile.31® Because JNK3 is expressed primarily in
brain, this organ was examined in detail and dis-
played normal histology. To test any possible abnor-
malities in response to stress, kainate, which acti-
vates JNKs in neuronal cultures, was used to induce
seizures and neuronal damage. Loss of JNK3 re-
sulted in either less severe kainate-induced seizures
or a higher survival rate following seizures than in
normal mice. As expected, kainate-induced c-Jun
phosphorylation and AP-1 activity were reduced in
the hippocampus of JINK3 —/— mice, as was apopto-
sis. Thus, INK3 appears to be essential for neuronal
apoptosis induced by excitotoxic stress.

6. JNK Double Knockouts

Animals lacking individual JNK genes were crossed
to examine effects of eliminating multiple INKs 320.821
JNK1/INK3 and JNK2/JNK3 double mutant mice,
like the individual knockouts, survived to term and
appeared normal.’?® JNK1/JNK2 double mutants
displayed defects in developmentally programmed
neuronal apoptosis and died by E 11.5. A major defect
was hindbrain exencephaly. One group concluded
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that either INK1 or JNK2 was essential for apoptosis
in the hindbrain.3?° The second group found increased
hindbrain apoptosis in the mice lacking JNK1 and
JNK?2, suggesting the opposite conclusion, that INK1/2
were essential to prevent inappropriate apoptosis.$?!

IV. p38 MAP Kinases

A. Identification

Four members of the p38 MAP kinase family have
been cloned and characterized (Table 1). p38a is 50%
identical to ERK2 and bears significant identity to
the yeast kinase Hoglp involved in the response to
hyperosmolarity.3?2-324 Because the human p38a
homologues were identified as molecules that bind
to pyridinyl imidazole compounds, which were known
to inhibit the release of proinflammatory cytokines
from LPS-stimulated monocytes, these p38a proteins
were also designated as cytokine suppressive anti-
inflammatory drug binding proteins (CSBPs).5 Three
additional p38 family members, p383,325326 p38y,327:328
and p386,32°~33L range from 47% to 42% identical to
ERK2 but are 75%, 62%, and 64% identical to p38a,
respectively. Alternatively spliced variants of p38 and
p3843 have been reported, including one named Mxi,
which lacks the last 80 residues of p38o. and contains
in their place 17 unrelated residues.?313%2 This form
of p38a was isolated from a two-hybrid screen with
Max, a protein that heterodimerizes with the tran-
scriptional regulator c-Myc.

The p38 subgroup containing the ubiquitously
expressed p38a and p38p is inhibited by pyridinyl
imidazole drugs, while the other two p38 kinases,
p38y and p380, are insensitive to these drugs.3* p38y
and p386, with 67% identity to each other, have
distinct expression patterns. p38y is primarily ex-
pressed in skeletal muscle, and its expression is
upregulated during muscle differentiation.?” p386
expression is also developmentally regulated and is
most highly detected in lung, kidney, endocrine
organs, and small intestine.33*

Differential expression, activation, and substrate
specificity of different p38 isoforms result in their
divergent physiological functions in different cellular
contexts. For example, the MADS-box transcription
factors MEF2A and MEF2C are preferentially phos-
phorylated and activated by p38a and p38432 but not
by p38y or p384.178 In human neutrophils, only p38a
and p38o could be detected and p38a specifically
mediated LPS-induced cellular events, such as adhe-
sion, NF-«B activation, and synthesis of TNFo.3% In
cardiomyocytes, p384 is involved in a hypertrophic
response whereas p38a seems to be the primary p38
isoform mediating apoptosis.3*¢ Studies in Hela cells
indicated that while p38a. induces apoptosis, p38532
promotes cell survival.®¥” p38 isoforms, like other
MAP kinases, have overlapping and distinct physi-
ological roles.

B. Structure

p38 contains little more than the kinase catalytic
domain. The short N- and C-terminal extensions bear
little homology to other known proteins except the
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related p38 family members and JNK isoforms. The
structures of unphosphorylated and phosphorylated
p38 have been solved by X-ray crystallography,
providing insight into the mechanism controlling
activation and substrate specificity.?28:229.338-340 The
fold and topology of p38 is similar to that of ERK2,
despite significant differences in the conformation of
the activation loop.?322° The C helix of p38 is also
rotated 6 D away from its location in ERK2. The
interactions between L16 and the N-terminal domain
are not as strong. The result is a relatively open ATP
binding site in p38. The phosphorylation lip sequence
in p38 is six residues shorter than in ERK2, placing
the Thr and Tyr phosphorylation sites in distinct
positions in p38. In p38, as in JNK3, this sequence
is folded up between the two domains. The Gly
residue in the Thr-Gly-Tyr (TGY) dual-phosphoryla-
tion motif, as well as the length of the loop, contrib-
utes to p38 substrate specificity. The P+1 specificity
pocket is blocked by the C-terminus of the lip in p38.
The length of the activation loop also plays an
important role in controlling autophosphorylation,
yet modifications of the loop structure do not result
in any change in the selection of p38 by MEKs.3*! p38
specificity is also influenced by docking sites within
various substrates as described for ERK2.178.179.181,299

C. MEKs

MEK3 and MEK®6 are thought to be the major
kinases responsible for p38 activation in cells (Figure
13427-345) MEK4 also displays activity toward p38 in
vitro.®*2 In MEK4 —/— fibroblasts both INK and p38
lost their responsiveness to TNFa, interleukin-1, and
hyperosmotic stress, suggesting that crosstalk exists
between these two stress-sensitive pathways.?* There
was also evidence that MEK7 activates p386, indi-
cating that MEK7 may be an additional MEK family
member that regulates p38.33

Reflecting the specificity observed for MEKs and
the relatively low sequence identity among p38 iso-
forms, selective activation of different p38 isoforms by
distinct MEKs was observed. For instance, MEKGS is
a common activator for all four p38 isoforms, where-
as MEKS3 activates only p38a, y, and §.325.329:330,346-348
The difference in substrate selectivity of MEK3 and
MEK®6 may account, in part, for their nonredundant
functions, revealed by targeted gene disruption stud-
ies in mice.34%3% Furthermore, expression of activated
mutants of MEK3b (MEK3bE) and MEK6b (MEKGbE)
elicited different biological responses in cardiomyo-
cytes,3¥ suggesting that this signaling specificity is
crucial for the generation of appropriate biological
responses by the p38 pathway. Consistent with the
emerging theme of MAP kinase docking sites con-
tributing to signaling specificity, selective docking
interactions between MEK3/6 and p38 MAP kinases
may also contribute to the signaling specificity of the
p38 pathway.343

D. MEKKs and Upstream Regulators

MEKSs 3 and 6 are phosphorylated and activated
by a plethora of MEKKs and MLKSs, yet details
regarding their relative contribution to the p38
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pathway are poorly understood. MEKKs 1—3 have
been implicated in p38 activation, although they
preferentially regulate JINKs and ERKs.?41:351352 MEK4
may transmit the MEKK1 signal to p38 in 3T3
cells,®2 and MEK3 may transmit the MEKKS signal
as shown by cotransfection studies.35!

Members of the MLK family contain an SH3
domain, leucine zippers, and a small GTPase binding
domain.?*? Protein—protein interactions through these
domains facilitate integration of signals by MLKs
from upstream regulators to the downstream MAP
kinases. Four MLK family members have been
implicated upstream of p38: MUK/ZPK/DLK,?47:353
MTK1/MEKK4,34 MLK2/MST,3%-3% and MLK3/PTK/
SPRK.242243 Qverexpression of these MLK family
members always leads to coactivation of JINK and
p38. The relevant contribution to cellular responses
has not been fully resolved, although in COS-7 and
Hela cells MTK1-mediated activation of p38 seemed
to be the primary pathway triggered by environmen-
tal stress (osmotic shock, UV radiation, and aniso-
mycin).3%*

Other kinases that may regulate p38 include
Tpl2,246 ASK1,%0 and TAK1.2493% Tpl2 may prefer-
entially regulate JNK, whereas overexpressed ASK1
and TAK1 are more effective activators of the p38
pathway. Mammalian homologues of the yeast Ste20p
also regulate stress-responsive pathways. Although
the majority of the family members, such as GCK,
HPKZ1, NIK, and GLK, have only displayed activities
on the JNK pathway,264.266.267.357 TAQ1/2 and PAKSs
have been implicated in both the JNK and the p38
pathways.?54255.358-361 pAK 1 mediates IL-1 activation
of p38, whereas ASK1 plays a key role in p38-
mediated apoptosis induced by TNF-0.?° The pro-
teins that couple these kinases to extracellular cues
remain to be fully identified.

TAOL1 and 2 have MEKK activity and can activate
MEKSs 3, 4, and 6 in vitro.?>*2% TAO1/2 bind to MEK3
and MEK®6 but not to other known MEKSs such as
MEK4, although MEKA4 is an in vitro substrate. The
stable association of MEK3 or MEK6 with TAO
proteins may link their physiological functions to p38
as binding to MEKK1/2 may link them to INK/SAPK
pathways. A third TAO-like kinase, JNK inhibitory
kinase or JIK, is nearly 90% identical to TAOL in its
catalytic domain; effects of JIK on the p38 pathway
have not been reported.362

Rac and Cdc42, the Rho family small GTPases, are
potential regulators of the p38 pathway.?56:358.3%9
Dominant-negative Rac or Cdc42 inhibited p38 activ-
ity in response to IL-1 stimulation,®® suggesting that
these molecules are important signaling intermedi-
ates. PAK appeared to be one of the mediators
between Rac/Cdc42 and p38, since PAK binds to the
Cdc42/Rac GTPase-binding (CRIB) domains and
dominant-negative PAK can inhibit p38 activation by
Rac/Cdc42.3°® MTK1/MEKK4, MLK2, and MLK3
have also been shown to bind Rac and Cdc42 in their
CRIB domains,?41:363 constituting alternative path-
ways linking small GTPases to p38.

E. Activation from the Cell Surface

The mechanisms by which heterotrimeric G pro-
teins activate the p38 signaling cascade are depend-
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ent on the cellular system. For example, in human
embryonal kidney 293 cells, p38 was activated through
m1 and m2 muscarinic acetylcholine and -adrener-
gic receptors and apparently through Ggy and Gag/
11.3%4 In alA-adrenergic receptor (alA-AR)-trans-
fected PC12 cells, both INK and p38 were significantly
activated by norepinephrine.3 In adult rat ventricu-
lar myocytes (ARVMSs), activation of p38 played a
protective role in 5-AR-stimulated apoptosis and the
protective effects of Gi were mediated by p38.3%¢ In
contrast, activation of p38 by the somatostatin sst2-
(a) receptor isoform was essential in mediating anti-
proliferative events.3%” In primary cultures of cardiac
myocytes, activation of p38 by a G protein-coupled
receptor agonist, endothelin-1, involved protein Ki-
nase C but not Gi or Go.%% In human neutrophils,
interaction of chemokines such as FMLP or platelet-
activating factor (PAF) with their respective GPCRs
selectively activated p38 but not JNK.3%° In CHO
cells, PAF-induced activation of p38 was attenuated
by RGS16, and this attenuation was prevented by a
constitutively active form of Gall Q209L, suggesting
that Gag/11 is involved in p38 activation by PAF.370
In aT3—1 cells, gonadotropin-releasing hormone
(GnRH) induction of immediate early genes involved
PKC-dependent activation of the p38 pathway.3"*

IL-1 is one of the best characterized agonists for
the stress-responsive pathways. Upon IL-1 stimula-
tion, the IL-1 receptor-associated kinase (IRAK) and
MyD88 form a complex, from which IRAK is subse-
guently released. IRAK then binds to TNF receptor-
associated factor 6 (TRAF6), resulting in the interac-
tion between TRAF6 and TAK1. TAK1 then trans-
duces the signal to the stress-responsive MEKs 3727374
The TNFa receptor also sequentially recruits inter-
mediate molecules, such as TNF receptor-associated
death domain protein (TRADD), Fas-associated death
domain protein (FADD) and TNFa receptor associ-
ated protein 2, 5, 6 (TRAF2, 5, 6) in a ligand-
dependent manner. These molecules then activate
JNK and p38 through mediation of caspases or
ASK1.245375-378 A novel adaptor protein, Daxx, was
recently shown to directly associate with both the cell
death-inducing receptor, Fas, and ASK1 and is
therefore, a crucial signaling molecule regulating
JNK and p38.379:380 A collagen receptor, integrin a2bl,
upregulates collagen gene transcription through
p38a,%8! although the exact mechanism is ill defined.
Intermediate molecules transducing signals from
other extracellular stimuli, such as UV irradiation,
high osmotic stress, and heat shock, to the p38 MAP
kinase remain to be elucidated.

p38 can be activated by various physical and
chemical stresses, such as oxidative stress in mac-
rophages,38238 hypo-osmolarity in human embryonic
kidney 293 cells,3! UV irradiation in PC12 cells,38
hypoxia in bovine pulmonary artery fibroblasts,38
cyclic stretch in mesangial cells,® and ischemia/
reperfusion in perfused heart.3®” p38 is activated by
IL-1 in KB cells,®® |IL-17 stimulation of articular
chondrocytes,?° and IL-18 stimulated U1 monocytic
cells.3%0 p38 is also involved in the immune responses
to pathogens in various cells, for example, baby
hamster kidney (BHK) cells infected by Herpes
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simplex virus type-1,°! Rat-1 cells stimulated by
Clostridium botulinum C3 toxin,3%? and macrophages
stimulated by soluble staphylococcal peptidoglycan.3®?

F. Subcellular Localization

The subcellular localization of p38 and its move-
ments following activation are little understood.
Immunofluorescence microsopy demonstrated that
p38 is present in both the nucleus and cytoplasm of
activated cells.®%* p38 was also reported to translocate
from the cytosol to the nucleus in response to certain
stresses, such as myocardial ischemic stress.3% A p38
kinase substrate, MAPKAP kinase-2 mediated nuclear
export of p38 following stimulation.3?® Tyrosine de-
phosphorylation of p38a regulated directly by PTP—
SL tyrosine phosphatase and indirectly by PKA
provides another mechanism regulation cytoplasmic
retention of p38a..168 Differential subcellular localiza-
tion of p38a and p38/ was observed in adult mouse
brain, suggesting that these p38 isoforms may have
differential physiological functions and mechanisms
of subcellular localization.3°7

G. p38 Inhibitors

Pyridinyl imidazole compounds are well character-
ized inhibitors of p38a. They also work on p384 but
not on vy or ¢ isoforms. The structures of unphospho-
rylated p38a alone and in complex with five different
drug inhibitors have been solved by X-ray crystal-
lography, providing insight into the mechanism con-
trolling activator and substrate specificity.?28:229.338-340
Inhibitors bind in an extended pocket in the ATP-
binding site, thereby inhibiting p38 activity. These
structures have facilitated the design of more selec-
tive and tight binding inhibitors for the treatment
of inflammation and other diseases.

H. Substrates

1. Cytoskeletal and Cytosolic Proteins

p38 phosphorylates the microtuble-associate pro-
tein (tau) at physiologically relevant sites, suggesting
that cellular stress may contribute to tau hyperphos-
phorylation during the development of tau pathol-
ogy.3% p386 phosphorylates stathmin, linking stress-
induced intracellular signaling cascades to regulation
of microtubule dynamics.?® In stimulated platelets,
p38 is involved in early phosphorylation of cytosolic
phospholipase A2 (cPLA2).4% By phosphorylating the
Na*/H* exchange isoform-1 (NHE—1), p38 plays an
important role in angiotensin Il-mediated regulation
of NHE—1 in vascular smooth muscle cells.*%!

2. Nuclear Substrates

p38 phosphorylates and enhances the activity
of many transcription factors, including ATF-1/
2,384,:394,402.403 myocyte enhancer factor 2C (MEF2C),*%4
and MEFZA,178’405 Sap_1,4067408 E|k-l,407'408 NF-KB,409'410
CHOP/GADD153,%1! Ets-1,42 the Myc binding part-
ner MAX,3%2 heat shock transcription factor-1 (HSF-
1),4% and p53.4* p38 controls an important cis-
element, the AP-1 B binding site through different
mechanisms, and thereby regulates the expression
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of many genes, including c-jun. p38 phosphorylates
ATF2 and promotes its subsequent heterodimeriza-
tion with Jun family transcription factors and as-
sociation with the AP-1 binding site.

p38 also indirectly regulates AP-1 activity through
induction of c-fos and c-jun. By phosphorylating the
ternary complex factors Elk-1 and Sap-1, p38 up-
regulates the SRE-dependent c-fos gene. c-fos is also
induced by binding of cyclic AMP response element-
binding protein (CREB) to to its CRE consensus
sequence following phosphorylation of MAPKAP-
kinase 2, another substrate of p38.4% c-jun transcrip-
tion, on the other hand, can be induced by phospho-
rylation of MEF2C and MEF2A by p38.

CHOP10/Gadd153%'! and C/EBPb,*> members of
the C/EBP family of transcription factors, are also
controlled by p38 in mediating the effects of cellular
stress on growth and differentiation. Phosphorylation
of p53 by p38 mediates N-terminal phosphorylation
and apoptosis in response to UV radiation,*'® provid-
ing one mechanism of p38 regulation of apoptosis.
In newly generated postmitotic neurons, MEF2 is
activated by p38 in response to calcium influx; thus,
it regulates neuronal survival, defining a function for
the p38-MEF2 pathway during nervous system de-
velopment.+7

3. Substrates of Downstream Protein Kinases

While some transcription factors are direct targets
of p38, others are phosphorylated by downstream
protein kinases that are themselves activated by p38.
For example, MAPKAP kinase-2 and a closely related
protein kinase, MAPKAP kinase-3, were isolated as
substrates of p38a.324418419 Activated MAPKAP ki-
nase-2 and MAPKAP kinase-3 phosphorylate various
substrates such as CREB,*% ATF1,4%% SRF,%2° small
heat shock protein 27 (HSP27),%*° and tyrosine hy-
droxylase.*?? MAPKAP kinase-5 is another homo-
logue that can be activated by p38 in vitro.*?? Other
protein kinases that were identified as downstream
substrates of p38 include MNKZ1,%418 MSK1 (or
RSK—B or RLPK),*37425 and p38-regulated/activated
kinase (PRAK).*?6 MNK1 strongly binds to p38 and
ERK1/2 and phosphorylates eukaryotic initiation
factor 4E (elF-4E). Activation of MNKZ1 by mitogen
or stress can be blocked by inhibitors of either p38
or MEK1. MNK1 may therefore be a convergence
point between growth factor-activated and stress-
activated protein kinase cascades. MSK1 is another
protein kinase that mediates both mitogen- and
stress-induced responses. Stress-induced activation
of CREB and ATF1 by MSK1 is sensitive to SB203580,
again linking p38 to these transcription factors.
PRAK activity is upregulated by p38a and p38p both
in vitro and in vivo. In-gel kinase assays demon-
strated that PRAK is a major stress-activated protein
kinase that phosphorylates HSP27, providing an
alternative mechanism of small heat shock protein
phosphorylation by p38.

4. Gene Induction and mRNA Stabilization

Studies on p38-regulated gene expression have
been greatly facilitated by the use of p38 inhibitors
as well as inactive and constitutively active forms of
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MEK3 and MEKSG6. p38 regulates the expression of
many cytokines, transcription receptors, and cell
surface receptors. In stimulated human macrophages
and murine microphages, p38 mediates the induction
of MRNA synthesis and protein secretion of IL-13 and
TNFo.%?” p38 also mediates the production of IL-6
in human fibroblast-like synoviocytes*?® and IL-8 in
human monocytes and polymophonuclear cells.*?® In
rat pulmonary myofibroblasts, p38 regulates IL-1-
induced platelet-derived growth factor receptor-a
expression at the translational level by signaling the
synthesis of an mRNA-stabilizing protein.*3° p38 was
also reported to regulate jun-B, c-jun and c-fos.37:431
Other genes that are upregulated by p38 include
cyclooxygenase (COX)-2 in human monocytes and
human mammary epithelial cells,*¥243 HIV-LTR in
hela cells,*3* CD23 in U937 cells,*3® Fgl-2 in macro-
phages,**® phosphoenolpyruvate carboxykinase in
hepatoma cells,*¥” inducible nitric oxide synthase
(iNOS) in chondrocytes®® and oligodendrocytes,*3®
and vascular cell adhesion molecule (VCAM)-1 in
human umbilical vein endothelial cells.**® Negative
regulation of cyclin D1 gene by p38 was observed in
CCL39 cells.* Future identification of additional
genes regulated by p38 will provide more insight into
the physiological functions of p38.

. Functions Deduced from Gene Disruption

1. MKK3

MKK3 —/— mice appeared normal at birth and
were fertile.®®® p38 was less sensitive to LPS, but
equally responsive to sorbitol, in macrophages and
dendritic cells from these animals compared to wild-
type. JNK activation by LPS was not impaired.
Consistent with reduced p38 activation, the LPS-
stimulated increases in IL-12 mRNA and secretion
from macrophages were impaired, while no changes
were observed in secretion of TNFa and IL-6. Defi-
ciencies in cytokine production were also noted in
other cell types. Activation of both p38 and JNK by
UV, sorbitol, and IL-1 was normal in MEF cells from
MKK3 —/— mice.®* In MEFs, activation of p38 by
TNFo was reduced and the secretion of IL-1 and IL-6
was severely impaired. These studies confirm a link

between MKK3 and p38 in the cytokine biosynthe-
Si5.349’350

2. p38o.

Four groups of investigators have recently pub-
lished papers describing the phenotype of p38a-defi-
cient mice; each group concluded that the loss of p38a
leads to death during embryogenesis.*1~444 Three of
the four reports were in agreement that p38a-defi-
cient mice die at E 10.5—11.5 as a result of defective
angiogenesis within the labyrinthine placenta.*42-444
Allen et al. described experiments using cells derived
from the knockout mice and did not report on the
time or cause of death.**! Mudgett et al. found that
in addition to the placental defect, angiogenesis was
also abnormal in the yolk sac and the embryo itself.***
Adams et al. reported severe underdevelopment of
the embryonic myocardium and abnormal blood ves-
sel formation in the head but concluded that these
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abnormalities are secondary effects caused by poor
placental function.**?> These authors succeeded in
rescuing p38a —/— embryos from midgestational
death by fusing morula-stage p38o—/— embryos with
tetraploid p38a +/+ cells (this strategy yields p38a
—/— embryos bearing genetically wild-type placen-
tae). Mutant mice rescued in this manner displayed
normal heart and vessel development and survived
to term, leading the authors to conclude that the
placenta is likely the only organ in which p38a
function is critical for proper embryonic development.

Tamura et al. found that although many p38a —/—
embryos died at around E 11.5, some survive to as
late as E 16.5, appearing normal but slightly pale.*43
These authors carefully evaluated the hematopoietic
profiles of these longer-lived embryos and concluded
that the mice have a defect in definitive erythropoie-
sis resulting from defective erythropoietin expression.

V. ERK5

A. ldentification

ERKS5 is a ~100 kDa protein, one of the largest
known MAP kinase family members.#45446 The core
catalytic domain is at its N-terminus and 51% identi-
cal to ERK2. The 400 amino acids C-terminal to the
catalytic domain are not required for activity and,
as of yet, have no defined function. Like ERK2, ERK5
contains a TEY motif in the activation loop.

B. MEKs

Tyrosine and threonine are phosphorylated by the
upstream activator, MEK5, which may be found as
o or 3 isoforms, depending on tissue type.**>44” The
other known MEKSs do not appear to influence ERK5
activity.

C. Activation and Upstream Regulators

ERKS5 activity increases in response to stimuli
inducing both cell proliferation, such as growth
factors and serum, and stress responses. Initial
attempts to delineate the signal transduction path-
ways involved in ERK5 activation have implicated
Src and Ras as regulators of ERKS5 signaling in some
circumstances.*48-450 Receptors that couple to Gg and
G12/13 but not Gi also regulate ERK5 activity.*5!

In addition, recent reports have identified MEKK3
and Tpl2 (Cot-1) as MEKS5 kinases. MEKK3 immu-
noprecipitated from transfected 293 cells phospho-
rylated MEKS5 in vitro and interacted with MEKS5 in
a two-hybrid assay; however, a similar direct link
between MEKS5 and Tpl2 remains to be estab-
lished.452453

D. Pathway Inhibitors

While no inhibitors have been reported that selec-
tively block ERKS5 activation or activity, the MEK1/2
inhibitors discussed earlier, PD98059 and U0126,
inhibit MEKS5 at concentrations only slightly above
the effective range for inhibition of MEK1/2.17> Ac-
tivation of ERK5 by EGF was blocked by both
inhibitors. On the basis of in vivo studies, ERKS5 is
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also dephosphorylated by MKP-1 and MKP-3, which
have a preference for ERK1/2 compared to the stress-
responsive kinases.'’®

E. Substrates

ERKS5 substrates include the MEF2 family mem-
bers, MEF2A, C, and D, and the Ets-like transcrip-
tion factor Sapla.l’®4%4 ERKS5 is believed to influence
c-Jun-mediated transcription in a MEF2-dependent
manner. ERK5 contains a sequence that may func-
tion as a possible CD domain, as discussed above for
ERK1/2; however, it is not known whether it is
required for recognition of substrates by ERKS5.

F. Disruption of a Gene Encoding a Probable
Pathway Component

1. MEKK3

To disrupt the MEKK3 gene, sequence encoding a
portion of its catalytic domain was removed. The
MEKKS3 —/— mice died around E 11 apparently of
defects in angiogenesis.**®> A major site of this failure
was the labyrinthine layer of the placenta; defective
angiogenesis prevented the fetal blood vessels from
sufficient contact with the maternal blood supply.

VI. Orphan MAP Kinases

A. ERKS3 Isoforms

ERK3 is among the least studied of the MAP
kinase family because substrates have not been
identified. Two ~63k forms, which are being desig-
nated ERK3a and ERK3p, are 74% identical in their
catalytic domains and appear to be encoded by
different genes. Multiple longer forms of ERK3a have
been found.*645" ERK3 contains a single serine
phosphoacceptor site in its activation loop. ERK3a
is constitutively localized to the nucleus.**® A kinase
that may lie upstream of ERK3 in a cascade has been
characterized.*%®

B. ERK7Y

ERKY7 at 61 kDa is 40% identical to ERK2 in the
catalytic domain and contains the same TEY motif
in the activation loop.*>°® Regulators of ERK7 have
not been identified but are likely distinct from those
that activate ERK2 or other characterized MAP
kinases. Autoregulation has been suggested. Al-
though its substrate specificity is not known in detail,
the chloride channel-related protein CLIC3 binds to
the noncatalytic tail of ERK7.46°

C. NLK

The nemo-like kinase NLK, a homologue of Droso-
phila nemo, is over 45% identical to ERK2 in its
kinase domain.*¢ Despite this identity, like ERK3 it
lacks the tyrosine phosphoacceptor site in the activa-
tion loop. Evidence suggesting that NLK must be
considered a MAP kinase family member comes from
the demonstration that an activated mutant of MEK6
activates NLK. The C. elegans NLK homologue lit-1
is downstream of Mom-4, the worm homologue of
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TAK1, an MEKK in the p38 pathway. In worms, lit-1
negatively regulates Wnt signaling.#62:463

D. MOK

MOK is 30% identical to ERK2.%6* In contrast to
NLK, MOK has both the tyrosine and threonine
phosphoacceptor sites in its activation loop. Phorbol
ester and okadaic acid increase its activity, making
it appear more like ERK1/2 in its sensitivity. Other
kinases more similar to MOK are male germ cell
associated kinase (MAK) and the MAK-related ki-
nase, MRK 4657467
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