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Negative Regulation of ASK1 by p21<"*! Involves a Small Domain That
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The cyclin-dependent kinase inhibitor p21<'*! regulates multiple cellular functions and protects cells from
genotoxic and other cellular stresses. Activation of apoptosis signal-regulating kinase 1 (ASK1) induced by
inhibition of mTOR signaling leads to sustained phospho-c-Jun that is suppressed in cells with functional p53
or by forced expression of p21<'*'. Here we show that small deletions of p21<'*! around S98 abrogate its
association with ASK1 but do not affect binding to Cdkl1, hence distinguishing between the cell cycle-regulating
functions of p21<"*! and its ability to suppress activation of the ASK1/Jun N-terminal protein kinase (JNK)
pathway. p21<"*! is phosphorylated in vitro by both ASK1 and JNKI1 at S$98. In vivo phosphorylation of p21<"*,
predominantly carried out by ASK1, is associated with binding to ASK1 and inactivation of ASK1 kinase
function. Binding of p21“"?! to ASK1 requires ASK1 kinase function and may involve phosphorylation of S98.

The cyclin-dependent kinase (CDK) inhibitor p21<P! is
known to control the cell cycle and DNA replication. In addi-
tion, it has been shown to be involved in many biological
processes, including differentiation, stress response, apoptosis,
development, and tumorigenesis (reviewed in references 7 and
12). Consistent with its numerous cellular functions, p21<'P*
has been found to participate in a number of specific protein-
protein interactions. In addition to associating with cyclin
CDKs and PCNA (22, 58, 63), p21<'P* has also been reported
to bind to transcription factors (c-Myc [33], E2F [11], C/EBP-a
[54], and STAT3 [10]), proteins involved in apoptosis (pro-
caspase 3 [48], stress-associated protein kinase [47], and apop-
tosis signal-regulating kinase 1 [ASK1] [4]), and other proteins
(SET [14], calmodulin [52], HPV-16 E7 [16], GADD45 [30],
TOK-1 [41], and protein kinase CK 2 [20]).

p21<"P! plays a dual role in cell cycle progression, regulating
both DNA synthesis and CDK activity. p21<"P! binds to cyclin
E-CDK complexes via an amino-terminal binding site, and this
interaction inhibits the activity of these complexes, resulting in
a block in cell cycle progression (46). p21<P! also blocks cell
cycle progression in S phase due to its ability to bind and
inhibit PCNA, a processivity factor for replication polymerases
(31), through a carboxyl-terminal interaction (21) and leads to
inhibition of DNA synthesis (58). However, more recent stud-
ies have shown that p21<'P! also has positive effects on G,
progression (46). p21<'P' was shown to stabilize interactions
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between Cdk4 and cyclin D and promote the formation of
active complexes in a concentration-dependent manner (60).
Several studies (15, 62) have demonstrated that p21<"P! medi-
ates the assembly and activation of cyclin D1-CDK4/6 com-
plexes (36), which function as sensors of growth factors at G,-S
phase.

p21<'P! has also been shown to play a role in enhancing cell
survival. For example, terminally differentiated cells, such as
muscle cells (37), hematopoietic stem cells (9), and macro-
phages (2, 21), were found to contain elevated levels of
p21<"P! and the inhibition of the up-regulation of this protein
resulted in apoptotic cell death. Furthermore, p21<*! can pro-
tect various types of cells from death following exposure to
cytotoxic agents and ionizing radiation. The level of p21<'P! in
cells determines the sensitivity to cisplatin and ionizing radia-
tion. p21<"P! overexpressed in inducible expression systems or
adenovirus gene transfer increases cell survival against prosta-
glandin A2 or p53 overproduction (17, 18). The reduction or
absence of p21<P! expression, however, sensitizes cells to
doxorubicin hydrochloride, camptothecin etoposide, ionizing
radiation, or prostaglandin A2 (42, 53, 59, 60). Because the
p21<'P! protein level is elevated in a diversity of tumors, par-
ticularly in late-stage, aggressive tumors such as glioblastoma
multiforme, the complex functions of p21<"P! suggest that ad-
vanced tumors take advantage of the positive effects of p21<'!
on cell cycle progression and cell survival (3, 13, 15).

The mechanisms by which p21<! can prevent cells from
undergoing apoptosis are not well understood. One mecha-
nism is assumed to involve p21<'P'-dependent cell cycle arrest
(often at G,/M) that would permit repair of DNA damage
(43). Another distinct mechanism is linked to the ability of
p21<"P! to bind and inactivate cyclin A/Cdk2 complexes. It has
been shown that caspase 3-mediated cleavage of p21<'P! is an
important mechanism of cyclin A/Cdk2 activation associated
with death in different cell types (1, 29, 39). Apoptosis induced



VoL. 27, 2007

by various stimuli appears to be mediated by caspase 3 cleav-
age of p21<'P" and subsequent up-regulation of cyclin A/Cdk2
activity. Caspase-dependent Cdk2 activity is a requisite effector
of apoptotic death, and it may be necessary for death-associ-
ated chromatin condensation, cell shrinking, and loss of adhe-
sion to substrate (23).

Recent data also point to more direct mechanisms by which
p21<"P! may inhibit cell death. p21<'P! interacts with pro-
caspase 3 through the amino terminus and suppresses its acti-
vation by masking the serine proteinase cleavage site (29, 40,
48, 49). Procaspase 3-p21<"P' complex formation occurred in
mitochondria and required phosphorylation of p21<"! by pro-
tein kinase A (50). Importantly, phosphorylation of p21<! at
T145 by Akt may cause relocalization of p21<"! to the cyto-
plasm (65), where it may form a complex with ASK1 and
inhibit the stress-activated mitogen-activated protein kinase
(MAPK) cascade and cell death (25).

ASKI1, a mammalian MAPK kinase kinase (MAPKKK), ac-
tivates the Jun N-terminal protein kinase (JNK) and p38 path-
ways and is activated in response to various cytotoxic stresses,
including hydrogen peroxide (H,O,), Fas ligation, tumor ne-
crosis factor (TNF), serum withdrawal, and cancer chemother-
apeutic agents (8, 19, 27, 55). Overexpression of ASKI in
epithelial cells in low serum conditions induced apoptosis (27),
and ASKl-deficient cells were resistant to H,O,- and TNF-
induced apoptosis (56), indicating that ASK1 plays a pivotal
role in stress-induced apoptosis. The kinase activity of ASK1 is
tightly regulated within cells; under nonstressed conditions
ASKI1 is inhibited by association with its physiological inhibi-
tor, thioredoxin (Trx). When cells are exposed to H,O, or
TNF, reactive oxygen species-dependent oxidation of Trx oc-
curs, resulting in dissociation of Trx from ASK1 and thereby
activation of ASK1 (40). Oligomerization-dependent auto-
phosphorylation appears to be the next step required for full
activation of ASKI1 after the release from Trx (19). On the
other hand, the mechanism(s) of how the activated ASKI1
returns to an inactive form has not been elucidated.

Recently we found that the association of p21<'P" with ASK1
can block rapamycin-induced apoptosis in human and murine
cells (25). However, the mechanism by which p21<"! associ-
ates with ASKI1 is not understood. Here we report that
p21Cipl association with ASK1 involves a small region around
S98. ASK1 can phosphorylate p21<'P! at S98 both in vivo and
in vitro, and this phosphorylation appears to be important for
the association of p21<'P! with ASKI.

MATERIALS AND METHODS

Chemicals and antibodies. The JNK inhibitor SP600125, the p38 inhibitor
SB203580, and anisomycin (AN), an activator of JNK and p38, were purchased
from A. G. Scientific (San Diego, CA). ASK C-terminal antibodies (Sc-5294),
p21€iP! rabbit polyclonal antibody (Sc-756), and mouse antihemagglutinin (anti-
HA) monoclonal antibody (Sc-7392) were from Santa Cruz Biotechnology
(Santa Cruz, CA). p21<"P! mouse monoclonal antibody was from BD Pharmin-
gen (Franklin Lakes, NJ). Anti-HA rabbit polyclonal antibody was from BD
Clontech (Mountain View, CA). Purified JNK1 and ASK1 kinases were obtained
from Upstate Biotechnology (Lake Placid, NY).

Cell lines and growth conditions. The Rh30 human rhabdomyosarcoma cell
line expresses both wild-type (WT) and mutant (R273C) p53 alleles and was
grown in antibiotic-free RPMI 1640 under conditions described previously (25).
HEK293T cells were maintained in antibiotic-free Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C
and 5% CO,.
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Cell transfection. 293T cells were transfected by using FuGene 6 (Roche).
Briefly, HEK293T cells were seeded at 2 X 10° cells/10-cm-diameter dish. Trans-
fection was performed 48 h after seeding the cells. Nine microliters of FuGene
6 was added directly to serum-free DMEM, to a total volume of 100 wl, with
gentle mixing. Two micrograms of p21<'P! plasmid DNA (or plasmids encoding
mutants) and 1 pg of ASK1 plasmid DNA were added to prediluted FuGene 6
in 100 wl of DMEM. The mixture was gently tapped to ensure adequate mixing
and set at room temperature for 30 to 45 min. The DNA-FuGene 6 transfection
mixture was added to the dish dropwise, and at the same time the plate contents
were swirled to ensure even dispersal.

Adenoviral infection. Stable lines expressing Rh30/p21 (WT) and Rh30/
ANLSp21 (truncated at residue 140 and lacking the nuclear localization signal)
under control of the metallothionein promoter have been described previously
(25). Both cell lines were infected with replication-deficient adenovirus that
expresses WT or N-terminally or C-terminally deleted human ASK1 constructs.
First, all infections were performed in 2% FBS-DMEM for 2 h, and then cells
were incubated in 10% FBS-DMEM for 22 h, followed by culture in serum-free
medium. The expression of p21<P! or NLSp21©P! was induced with Zn (60 pM)
for 24 h, at which time cell lysates were prepared for immunoprecipitation and
Western blot analysis.

Immunoprecipitation and Western blot analysis. Cells were briefly washed
with ice-cold phosphate-buffered saline. On ice, cells were lysed in 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) buffer (40 mM
HEPES [N-2-hydroxyethylpiperazine-NN-2-ethanesulfonic acid], pH 7.4, 120
mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycophosphate, 50 mM
NaF, 1.5 mM Na;VO,, 0.3% CHAPS, protease inhibitor mixture [1:1,000;
Sigmal]). For immunoprecipitation, lysates were sonicated for 10 s and centri-
fuged at 14,000 rpm for 15 min at 4°C. The protein concentration was determined
by the Bradford method (Bio-Rad, Hercules, CA). Immune immunoprecipita-
tion and Western blot analyses were performed as previously described (25), with
minor modifications.

Protein purification. p21“P! WT and p21©P!-S98E were expressed in Esche-
richia coli with a C-terminal His epitope tag using the expression vector pET24d.
The harvested E. coli cells were disrupted by ultrasonication and centrifuged.
The pellet was dissolved in 6 M urea and purified from the soluble cellular
fraction by Ni>* affinity chromatography in the presence of 6 M urea. p21<iPl-
containing fractions were further purified by reverse-phase C, high-performance
liquid chromatography using a 0.1% trifluoroacetic acid/acetonitrile buffer sys-
tem. The protein sequence was confirmed by matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry (MS). The purified
p21€P! proteins were used for in vitro kinase assays.

In vitro kinase assay. Cells were briefly washed with ice-cold phosphate-
buffered saline and disrupted in CHAPS buffer and then immunoprecipitated
with rabbit polyclonal antibodies to ASKI1 (8, 25) and protein A/G-agarose. The
activity of ASK1 was measured according to the phosphorylation of Mal-E-
MKKG in the presence of [y-P*?]ATP, and radiolabeled material was quantitated
using a Storm 860 phosphorimager (Amersham Biosciences, Sunnyvale, CA).
After detection of phosphorylation of MKKG6, polyvinylidene difluoride mem-
branes were immunoblotted with ASK1 antibody. For the phosphorylation of
p21€iP! by INK or ASKT1 in vitro, full-length p21"P! and mutant p21-S98E were
purified from bacteria. One microgram of purified p21P! or its mutant, p21-
S98E, was incubated with purified active ASK1 or JNK1 kinase (Upstate Bio-
technology) in the presence of [y-P*?JATP in kinase buffer (10 mM Tris, pH 7.4,
10 mM MgCl,) (25). Radiolabeling material incorporated into p21<'P! was quan-
titated as described above. The same membrane was blotted using anti-p21<iP!
antibody.

Mass spectral analysis of the phosphorylation of p21¢P! at serine 98. Kinase
reactions using recombinant p21<'P! and ASKI proteins were carried out as
described above. Reaction mixtures were aliquoted into separate tubes. One
aliquot of each reaction mixture was treated with 10 U of calf intestinal alkaline
phosphatase and incubated at 37°C for 2 h to dephosphorylate the protein. The
control aliquots and alkaline phosphatase-treated aliquots were run on a 10 to
20% sodium dodecyl sulfate gel and stained with SYPRO Ruby protein stain.
Bands of interest were excised, reduced, and alkylated with iodoacetamide, and
chymotrypsin-trypsin double digests were prepared. The digests were desalted
using Cg reversed phase zip tips (Millipore Corporation, Bedford, MA), spotted
on MALDI-TOF plates, and subjected to peptide mass fingerprinting-MS.

MS was performed using the model 4700 proteomics analyzer from Applied
Biosystems (Foster City, CA). It employs MALDI in conjunction with tandem
TOF mass analyzers. The digest was introduced into the instrument in a crys-
talline matrix of a-cyano-4-hydroxycinnamic acid with diammonium citrate as the
additive (final concentration, 2 mM). Database searches were performed with
Applied Biosystems GPS explorer software, which uses the Mascot search en-
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gine. Protein assignments were made on the basis of MS and MS-MS spectra.
NCBInr (November 2004) was used for protein identification.

In vivo kinase assay. p21<'P! or its mutants were coexpressed with ASK1 or
JNKT1 in 293T cells. Twenty-four hours after transfection, the cells were washed
in phosphate-free DMEM medium and labeled overnight with [*PJorthophos-
phate in the phosphate-free DMEM medium. AN (10 uM) was added 3 h before
harvest of the cells. The JNK inhibitor SP600125 (10 wM) was added 10 min
before harvesting the cells. Cells were lysed in CHAPS buffer and immunopre-
cipitated with p21<"P! antibody. Phosphorylated p21<P! was quantitated as de-
scribed above. The same membrane was probed using anti-p21<'P! antibody.

Plasmid construction. p21<'P! expression vector pMT/6CB+/p21 has been
described previously (25). pcDNA/ASK1-WT-HA and pcDNA/ASK1-KM-HA
express WT and kinase-dead ASK1, respectively. All the new p21<iP! plasmids
were constructed in the Flag-tagged vector pCMV-Tag4A. Full-length p21<iP!
and ANLS p21'P! were generated by inserting the fragment into pPCMV-TagdA
at BamHI and EcoRI sites, yielding pCMV-TagdA164 and pCMV-Tag4A140,
respectively. All the point mutations and small deletions were made using the
QuikChange mutagenesis kit (Stratagene). The ASK1 cDNA was cloned into
pMH, a mammalian expression vector (Sacll/NotI site), and expressed with an
HA epitope tag. The point mutations of ASKI were constructed based on
pcDNA/ASK1-WT-HA, and all mutations were confirmed by restriction enzyme
digestion and DNA sequencing. The primers used in the constructions are listed
in Table S1 in the supplemental material.

RESULTS

The kinase domain of ASK1 is essential for its association
with p21“P1, Previously, we demonstrated that rapamycin, a
specific inhibitor of mTOR, induced apoptosis under condi-
tions of serum-free growth only in cells lacking functional p53.
In contrast, rapamycin induced cytostasis in fibroblasts with
functional p53, or in p53~/~ embryo fibroblasts where p53 had
been reexpressed (24). Rapamycin-induced apoptosis was as-
sociated with a prolonged stress response resulting from acti-
vation of ASK1 and leading to increased phospho-c-Jun (p-c-
Jun). In contrast to the apoptosis induced by rapamycin in cells
lacking p53, inhibition of mTOR resulted in a transient eleva-
tion of p-c-Jun in cells with functional p53 or in which p21<!
was overexpressed in the absence of p53. In these cells, p21<P!
was found to associate with ASK1 and inhibit its kinase activity
(25). However, the mechanism by which p21<"P! interacts with
ASK1 and the signaling pathway(s) involved remain to be
elucidated.

Our first objective was to determine which domain(s) of
ASK1 plays a role in association with p21<'P', Rh30/p21 or
Rh30/ANLSp21 cells, engineered to stably express full-length
p21 or ANLSp21 (amino acids [aa] 1 to 140) lacking the nu-
clear localization sequence under a metallothionein promoter
(25) were infected with replication-deficient adenovirus ex-
pressing WT, HA-tagged ASK1, or mutants with deletions in
the N or C terminus. Adenovirus-infected cells were induced
with Zn for 24 h to allow the expression of p21<P! and ANLS
p21<'P!, The results (Fig. 1A) show that both full-length
p21<"Pt and ANLS p21“"P! immunoprecipitated with ASK1 and
ASK1 peptides lacking either the N or C terminus, as deter-
mined by anti-HA or by using a monoclonal antibody against a
C-terminal epitope (aa 1076 to 1375) of ASK1. These results
indicate that neither the N terminus nor the C terminus was
involved in p21<P! association but suggest that the overlapping
region, the ASK1 kinase domain (aa 678 to 936), may be
involved in association of ASK1 with p21<"*, To further define
the region of ASK1 that interacts with p21<'P', we generated
plasmids that would encode small regions of the N- or C-
terminal regions of ASK1 as well as point mutants in the kinase
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domain. Most of these ASK1 deletion constructs failed to be
expressed at a detectable level in Rh30 or HEK293T cells;
however, as shown in Fig. 1B, the N-terminal fragment of
ASK1 (aa 1 to 672), which is readily detected, fails to bind
p21<P!, In addition, the K709R mutation that abrogates ASK1
kinase activity substantially abolished their association (Fig.
1B). This ASK1-K709R mutant lacks kinase activity and has
dominant-negative activity (26). We wondered, therefore,
whether binding of p21<P! to ASK1 was disrupted by this
mutation or whether ASK1 kinase activity was required for
association.

To distinguish between these possibilities we generated sev-
eral ASK1 kinase domain point or double point mutations and
expressed these in 293T cells. In vitro kinase assays for ASK1
activity showed that the GT689/690AA mutant had markedly
decreased kinase activity, whereas no activity was detected for
the R802T mutant (Fig. 1C). Mutation at the ATP binding site
(GT689/690AA) or at the catalytic site (R802T) of ASK1 es-
sentially abolished its association with p21"P! (Fig. 1D). In
contrast, the Y792F mutant retained some kinase activity
(~35% relative to ASK1-WT), consistent with decreased
p21<"P! binding activity (~24% binding relative to ASK1-WT).
Thus, ASK1 mutants with diminished kinase activity appear to
bind less readily to p21<"P!, suggesting that ASK1 activity is
important in its association with p21<'P!,

The JNK inhibitor SP600125 disrupts the association of
ASK1 and p21*', ASK1 is a MAPKKK and phosphorylates
and activates a subgroup of MAPKK, such as MKK3/6, and
MKK4/7 kinases upstream of p38MAPK and JNK, respectively
(8, 19, 27, 55). We hypothesized that either ASK1 or a kinase
downstream modified p21“"P! and that this modification me-
diated the interaction of p21<P! with ASK1. To test whether
JNK or p38 plays any role in the association, we used specific
kinase inhibitors in the association experiments. HEK293T
cells were transfected with expression plasmids encoding HA-
ASK1 and ANLS p21<"P!, Cells were exposed to SP600125
(JNK inhibitor) or SB203580 (p38 inhibitor) for 10 min prior
to cell harvesting. WT ASK1, but not the K709R mutant,
associated with ANLS p21<"P*, The JNK inhibitor (Fig. 2A)
and not the p38 inhibitor (Fig. 2B) disrupted the association of
ASK1 with p21<"P!, As a control we used a CDK4/6 inhibitor
(PD332991) which did not affect the ASK1/p21<"P! interaction
(Fig. 2A). As shown in Fig. 2C, SP600125 (10 wM, 10 min)
suppressed p-c-Jun. Taken at face value, the results indicate
that JNK activation is essential for the possible modification of
p21<"P! and subsequent association with ASK1. However, this
assumes the specificity of SP600125 for inhibition of JNK.

Mutations in p21<"*! around S98 modulate ASK1 associa-
tion. To investigate the possible role of JNK in the p21<'P!/
ASK1 association, we generated p21<P! mutations (T57A and
S130A) at reported JNK phosphorylation sites in the ANLSp21
construct (32). However, we did not see any effect of these two
mutations on association of these proteins (data not shown). In
light of this result, we considered two possibilities: that a kinase
other than JNK modulates p21/ASK1 association (e.g., ASK1)
or that there is an unknown JNK phosphorylation site(s) in
p21<P! in addition to T57 and S130, that may be important for
p21/ASK1 interactions.

The sequence of p21<"P! indicates a putative JNK phosphory-
lation site at S98. Consequently, we generated ANLSp21S98A
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FIG. 1. The ASK1 kinase domain is involved in its association with p21<"'. (A) Rh30/p21 or Rh30/ANLSp21 cells were infected by adenoviral
vectors that express HA-tagged full-length (WT-ASKI1) or epitope-tagged constructs with N- or C-terminal deletions (AN-ASK1, AC-ASK1). Cell
lysates were immunoprecipated (IP) with anti-p21 antibody and immunoblotted (WB) with either a monoclonal antibody recognizing a C-terminal
epitope (C-ASK1) or anti-HA or anti-p21 antibody. Expression of ASK1 and deletion mutants in whole-cell lysates is shown in the bottom panel.
(B) 293T cells were transfected with the HA-tagged WT (ASK1-WT), the kinase-dead mutant (ASK1K709R), or a plasmid encoding the
N-terminal 672 aa (ASK672) and a plasmid encoding ANLSp21. Cell lysates were immunoprecipated with anti-p21 antibody and probed with
anti-HA antibody. Control cells (CTRL) were tranfected with the ANLSp21 plasmid and HA-tagged B-galactosidase. (C) Mutations that inhibit
ASKT1 catalytic activity also reduce ASK1 association with p21. HA-tagged WT or mutant ASK1 constructs were expressed in 293T cells. Lysates
were immunoprecipitated using anti-HA antibody, and ASK1 kinase activity was determined in vitro using the MKK6 peptide as a substrate.
(D) 293T cells were cotransfected with the ANLSp21 plasmid together with plasmids encoding HA-tagged WT or mutant ASK1. The association

of ASK1 with p21<"P! was determined as described above.

and cotransfected it with HA-ASK1 plasmids into HEK293 cells
or cotransfected ANLSp21 with HA-B-galactosidase (control).
No coimmunoprecipitation between p21 and HA-B-galactosidase
was detected, whereas ANLSp21 coprecipitated with HA-ASK1
(Fig. 3A, lanes CTRL and ANLSp21). The S98A mutation almost
completely abolished association with ASK1 (Fig. 3A). Two other
p21<P! mutants were tested, R94T and a double mutant, S98A/
R94T. The R94T mutant also failed to bind ASK1, whereas the
double mutant (S98A/R94T) strongly associated with ASK1, sug-
gesting that the domain around S98 may be critical for association
of p21<'P* with ASK1. The S98E mutation, which mimics the
phosphorylation of S98, associates with ASK1 and also kinase-
dead ASKI1. However, somewhat surprisingly, this latter interac-
tion was also abrogated by SP600125 (Fig. 3B). Together these
data suggest that phosphorylation of S98 may be important for
ASKI1 association but also that activation of ASK1 or JNK is
necessary, as the interaction between ANLS p21S98E and ASK1
was blocked by SP600125. As shown in Fig. 3C, SP600125 also
blocked the interaction of p2198E with kinase-dead ASKI1. To

determine whether JNK activity was required, we used different
small interfering RNA constructs in an attempt to down-regulate
JNK in 293T cells. However, while JNK2 could be reduced
(~60%), INK1 was refractory to this approach. Similarly, at-
tempts to use the JNK-interacting peptide (6, 38) did not atten-
uate phosphorylation of c-Jun. Also, jnkl ™/~ jnk2™/~ double-
knockout cells or jnk1 '~ cells with conditional regulation of jnk2
(28, 35, 44) were not available. We therefore used a different
approach, by asking whether stimulation of JNK increased
the binding of p21 with ASK1. 293T cells were transfected
with HA-Ask1 together with ANLS p21 and after 24 h were
stimulated with the JNK activator AN (0.1 wg/ml) with or
without SP600125 (10 wM). AN stimulated JNK activity
(Fig. 3D), but this did not increase the binding of ASK1 and
p21. SP600125 reduced binding both in the absence and
presence of AN, even when JNK activation was greater in
cells treated with AN and SP600125. Thus, SP600125 inhib-
ited binding of p21 to ASK1 at concentrations that did not
completely inhibit AN-induced activation of JNKs.
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FIG. 2. The JNKI1 kinase inhibitor SP600125 disrupts the association of ASK1 and p21<P*, (A) 293T cells were transfected with HA-ASK1 or
dominant-negative ASK1 (ASK1K709R) plasmids together with the ANLSp21 expression plasmid, ANLSp21, or HA-tagged B-galactosidase
(CTRL). After 24 h, cells were exposed to SP600125 (10 wM) or a CDK4/6 inhibitor (PD332991 [PD]; 10 wM) for 10 min before preparation of
lysates. Cell lysates were immunoprecipitated using anti-p21 antibody, and membranes were probed with anti-HA and anti-p21 antibodies.
Whole-cell lysates were also probed to determine the expression of p21 and HA-ASKI (bottom panels). (B) Cells were prepared as above but
exposed to the p38 inhibitor SB203580 (SB; 10 wM) for 10 min prior to lysis. The results show that SB203580 does not block the association of
p21 with ASKI1. (C) Cells were exposed to increasing concentrations of SP600125 (10 min), and the levels of phosphorylated c-Jun in cell lysates
were determined. B-Tubulin was used to normalize protein loading. IP, immunoprecipitation; WB, Western blotting.

ASK1 phosphorylates p21<P! in vitro. While ASK1 has not
been reported to phosphorylate p21<"P!, we found that p21<'P*!
can be phosphorylated in vitro by recombinant ASK1 kinase
(Fig. 4A). Interestingly, this phosphorylation was inhibited by
the JNK-specific inhibitor SP600125 but was not significantly
inhibited by the p38 inhibitor SB203580. ASK1 immunopre-
cipitated from HEK293T cell lysates also phosphorylated re-
combinant p21<P! in vitro, whereas lysates from cells trans-
fected with ASK-KM, a dominant-negative kinase-inactive
mutant, had far less activity. As a control we used recombinant
p27%iP! which is not phosphorylated by ASK1 (Fig. 4B). In
vitro SP600125 potently inhibited phosphorylation of both
MKKG6 substrate and p21<'P* by recombinant ASK1 at concen-
trations as low as 0.1 uM (Fig. 4C). Thus, the effect of
SP600125 inhibiting ASK1/p21<"P! binding in vivo could be
through inhibition of either ASK1 or JNK.

ASK1 phosphorylates ANLS p21 in vive. To determine
whether in vivo S98 of ANLSp2l can be phosphorylated,
HEK293T cells were transiently transfected with ASK1 or
JNK1 plasmids and coexpressed with ANLS p21<"* WT or the
p21S98E mutant. Twenty-four hours after transfection, cells
were washed with phosphate-free medium and incubated with
[**PJorthophosphate in phosphate-free medium overnight.
Cell lysates were immunoprecipitated with p21<'P* polyclonal
antibody, and incorporated radiolabeled material in p21<'!
was quantified (density of the *?P image/p21 Western blot
image). As shown in Fig. 4D, p21“"! is phosphorylated by
ASKI1 in vivo, although the signal is quite low. There is some
reduction in phosphorylation of the p21S98E mutant by ASK1,
indicating that S98 may be a predominant but not exclusive
phosphorylation site for ASK1 in vivo. Very little ANLSp21<!
was phosphorylated in cells overexpressing JNKI.

To further test whether JNK phosphorylates p21<"! in vivo,
we expressed the WT ASK1 or dominant-negative ASK1-KM
mutant (K709R) together with ANLS p21<"P! in 293T cells.
Thus, where the dominant-negative ASK-KM mutant is ex-
pressed, only JNK and not ASK1 is activated when cells are
treated with AN. As shown in Fig. 4E, AN potently activates
JNK isoenzymes. However, there was no increase of phosphor-
ylation on p21“"P! indicating that JNK may not play a role in

phosphorylation of p21<"P*, This is also consistent with other
results, where we did not find any detectable association of
JNK with p21<"P! in coprecipitation assays (data not shown). In
contrast, p21<"P! was phosphorylated, albeit at a low level, in
cells transfected with ASK1 irrespective of AN treatment.

Rapamycin induces endogenous ASK1-p21<"*! interaction.
Previously, we demonstrated that rapamycin activated ASK1 in
rhabdomyosarcoma cells and that this resulted in association
with p21<iP! when overexpressed. To determine whether rapa-
mycin induced endogenous ASKI activation and association
with endogenous p21<'P', we treated 293T cells with rapamycin
for 1 h and immunoprecipitated endogenous p21<P!. Al-
though levels of p21<'P! are very low in these cells, ASK1
coprecipitated only in the presence of rapamycin. Consistent
with previous studies, rapamycin induced phosphorylation of
c-Jun (Fig. 5A). Rapamycin also activated ASKI, as deter-
mined by in vitro kinase assay using recombinant p21<P! as a
substrate (Fig. 5B). Consistent with previously collected data
(24), rapamycin (10 ng/ml) also induced prolonged activation
of ASK1 in 293T cells which have low p21<! but induced only
transient activation in these cells when transfected with full-
length p21<'P! plasmid (Fig. 5C). The latter result is consistent
with our previous observation of suppression of the rapamycin-
induced stress response (p-c-Jun) in cells with high p21'P! ex-
pression (24). Further, as shown in Fig. 5D, rapamycin induces
prolonged activation of ASK1 in p21~/~ mouse embryo fibro-
blasts (MEFs). p21~/~ MEFs were treated with rapamycin for
up to 2 h, and ASK1 was immunoprecipitated and used in an
in vitro kinase reaction with recombinant p21. These results
are consistent with previous studies showing that prolonged
activation of ASK1 induced by rapamycin occurred only in cells
with mutated p53 or deficient in p21°'P* (24). Consistent with
ASKI activation, phosphorylation of c-Jun was increased by
rapamycin treatment (Fig. SE).

Determination of p21<"*' phosphorylation at S98 by MS
analysis. Phosphorylation of p21"P! at S98 was investigated by
MS characterization of chymotrypsin-trypsin peptides derived
from the kinase-treated recombinant p21<"! protein. Phos-
phorylation at S98 was confirmed based on the following: an
ion signal of m/z 911.64 was observed (Fig. 6A) which corre-
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FIG. 3. Mutations of p21“"P! around S98 modulate association with ASK1. (A) 293T cells were cotransfected with HA-ASK1 and p21-empty
vector (CTRL) or with HA-ASK1 and plasmids encoding ANLSp21, ANLSp21S98A (S98A), ANLSp21R94T (R94T), or a mutant with both
mutations (S98A R94T). After 24 h, cell lysates were prepared and immunoprecipitated with anti-p21 antibody, and membranes were probed with
antibodies against HA and p21. Whole-cell lysates were probed with anti-p21 and anti-HA antibodies to determine expression levels following
transfection (bottom panels). (B) The phosphomimetic p21S98E mutant associates with kinase-dead ASK1 but is blocked by SP600125. 293T cells
were transfected with plasmids encoding ANLSp21 or ANLSp21S98E or WT HA-ASKI1 or a kinase-dead dominant-negative mutant (ASK1-KM).
After 24 h, SP600125 (SP; 10 wM) was added, and after an additional 10 min lysates were prepared and processed as above. (C) 293T cells were
transfected with HA-ASK1 or dominant-negative ASK1 (K709R) plasmids together with the NLSp21S98E mutant expression plasmid. After 24 h
of transfection, cells were exposed to SP600125 (10 wM) for 10 min before preparation of lysates. Cell lysates were immunoprecipitated using
anti-p21 antibody, and membranes were probed with anti-HA and anti-p21 antibodies. Whole-cell lysates were also probed to determine the
expression of p21 and HA-ASK1 (bottom panels). (D) 293T cells were transfected with HA-ASK1 plasmids together with the NLSp21 expression
plasmid. After 24 h of transfection, cells were exposed to SP600125 (10 wM), the JNK activator AN (0.1 pg/ml), or SP600125 (10 pM) in
combination with AN (0.1 pg/ml) for 10 min before preparation of lysates. Cell lysates were immunoprecipitated using anti-p21 antibody, and
membranes were probed with anti-HA and anti-p21 antibodies. Whole-cell lysates were also probed to determine the expression of p21 and
HA-ASK1 (bottom panels). IP, immunoprecipitation; WB, Western blotting.

sponds (within experimental error) to the m/z of 911.53 calcu-
lated for the protonated molecular ion of the unphosphory-
lated peptide of sequence RPGTSPALL (aa 94 to 102).
Furthermore, an ion of m/z 991.54 was observed only in the
ASK1 kinase-treated p21<'P' protein sample. This corre-
sponds, within experimental error, to the m/z of 991.49 calcu-
lated for the protonated molecular ion of the phosphorylated
peptide of sequence RPGTSpPALL. The identity and phos-
phorylation state of the ion were confirmed by tandem MS
(MS-MS). Postsource decay yielded fragments showing the
loss of 80 and 98 Da from the intact peptide, corresponding to
the loss of HPO; and H;PO,, respectively, and sequence ions
consistent with a peptide of the expected sequence, phosphor-
ylated at the serine residue in the fifth position (S98), were also
observed (Fig. 6B). Similar results were obtained in p21<"P!
samples incubated with JNK1 (data not shown).

Association of ASK1 with p21“?! inactivates ASK1 kinase
activity. Our results suggest that phosphorylation of p21<'*! by
ASK1, probably at S98, appears to mediate association with
ASK1; however, the biological significance of this association is
not well understood. To determine whether association of p21<"
with ASK1 inhibited its kinase function, HEK293T cells were
transfected with ASK1 and ANLSp21 WT or mutant plasmids or
ASKI1 plasmid alone as a control. Twenty-four hours after trans-
fection, cell lysates were prepared and incubated with anti-HA
antibody to precipitate ASKI. In vitro kinase assays were con-
ducted using recombinant MKKG6 as a substrate in the presence of
[y-**P]ATP. After detection of phosphorylation of MKK6, mem-
branes were probed with ASK1 antibody. Expression of ANLSp21
or the R94T/S98A double mutant resulted in decreased ASK1
activity (Fig. 7A). In contrast, expression of ANLSp21 S98A and
R94T mutants did not alter the ASK1 kinase activity. These data
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FIG. 4. Askl phosphorylates p21P! in vitro and in vivo. (A) Bacterially expressed purified p21<"P! was incubated with recombinant ASK1 in
the presence of [y-**P]ATP with or without addition of SP600125 (10 uM) or SB203580 (10 uM). In vitro kinase assays were carried out as
described in Materials and Methods. (B) 293T cells were transfected with plasmids encoding HA-ASK1 or the epitope-tagged kinase-dead mutant
ASK-KM. After 24 h, cell lysates were prepared and immunoprecipitated using anti-ASK1 antibody. Immunoprecipitates were used in vitro to
phosphorylate either purified p21 or purified p27%'. (C). The JNK inhibitor SP600125 potently inhibits ASK1-mediated in vitro phosphorylation
of MKKG6 or p21“P!. Recombinant ASK1 was incubated with purified Mal-E-MKKG6 peptide, a known substrate, or purified p21“"P! in the presence
of [y-**P]ATP and increasing concentrations of SP600125 as described in Materials and Methods. (D) ASK1 can phosphorylate p215™! in vivo.
293T cells were transfected with plasmids encoding ANLSp21 or its mutant S98E and cotransfected with ASK1 or JNK1 expression plasmids. The
JNK inhibitor SP600125 was added 10 min before harvesting of cells. Cell lysates were immunoprecipated using anti-p21<' antibody, and
phosphorylated p21<"P! was detected using a PhosphorImager. The same membrane was blotted using antibodies against p21<P'. Levels of ASK1
and JNK1 were determined on whole-cell lysates (bottom panel). Relative activities for phosphorylation of ANLSp21 were calculated from the ratio
of optical densities of the **P-p21<"P'/p21“P! Western blot signals and normalized to that for ANLSp21. (E) ASK1 or ASK1-KM expression
plasmids were cotransfected together with the ANLSp21 plasmid into 293T cells. After 24 h, cells were either not stimulated or stimulated with
AN (10 pg/ml), a known activator of JNK1 and -2, in the presence of [**Plorthophosphate. After 3 h, p21“P' was immunoprecipitated, and
phosphorylated p21 was detected using a PhosphorImager. The membrane was reprobed using anti-p21 antibody. The lower panels show levels
of pJNK1, and the level of pJNK2 in whole-cell lysates was determined using anti-phospho-JNK antibody. Relative activities for phosphorylation
of ANLSp21 were calculated from the ratio of optical densities of the **P-p21<P!/p21<"P! Western blot signals.

does not associate with Cdkl. This indicates that different
regions of p21<'P! are involved in interaction with cdk’s and
ASKI1. We hypothesized that a region around residues 94 to 98
may be involved in association of p21<'P* with ASK1. To test

are consistent with the coimmunoprecipitation results, in which
S98A and R94T mutants did not associate with ASK1 and did not
inhibit ASK1 kinase activity, while the double mutant R94T/
S98A, which restores the association with ASK1, also restores the

ability to inactivate ASK1 kinase activity.

A region of p21<'*! (aa 94 to 98) modulates its interaction
with ASK1. p21<'P! binds to several proteins, including CDKs
and cyclins as well as PCNA (22, 58, 63), through well-defined
domains. We were interested, therefore, in identifying such a
domain of p21<'P! that mediates its association with ASKI.
The kinase domain of ASK1 has significant homology to the
kinase domains of cdkl and cdk2. The domain of p21<'P! that
interacts with cdk’s maps to amino acid residues 49 to 80 (61).
To determine whether this region also plays a role in associa-
tion with ASK1, we generated a ANLSp21 mutant expressing a
peptide with a small deletion at positions 53 to 58 (p21A53/8).
As a control we expressed ANLSp21A120/5, a deletion mutant
lacking residues 120 to 125. The results (Fig. 7B) show that
both deletion mutants still interact with ASK1, while p21A53/8

this idea we generated deletion mutants (A80-85, A94-98, and
A108-112) around this region. The results show that the A94-98
peptide did not coprecipitate with ASK1, whereas the other
two deletions did not effect association with ASK1 (Fig. 7C).
Therefore, a region (aa 94 to 98) of p21<'P! appears to be
essential for ASK1 association.

DISCUSSION

The multiple functions of p21<"P! are determined by protein
partners that form specific protein complexes and by its own
subcellular localization. Nuclear p21<'P! functions to inhibit
cell cycle progression, while cytoplasmic p21<'P' appears to
prevent apoptosis. However, the mechanisms by which p21<P!
can prevent cells from undergoing apoptosis and promote cell
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FIG. 5. Rapamycin treatment induces ASK1 activation and binding of p21<P'. (A) 293T cells were treated with rapamycin (100 ng/ml) for 1 h,
and lysates were prepared, immunoprecipitated (IP) (anti-p21 antibody), and processed as described in Materials and Methods. In the presence
of rapamycin, ASK1 coimmunoprecipitated with p21<"P', and rapamycin also induced phosphorylation of c-Jun. WB, Western blotting. (B) 293T
cells were treated with rapamycin (100 ng/ml) for 1 h, and ASK1 was immunoprecipitated and incubated with recombinant p21<"*! in the presence
of [y-**P]ATP. In vitro kinase assays were carried out as described in Materials and Methods. (C) 293T cells (left) or cells transfected with the p21
plasmid (right) were exposed to rapamycin (10 ng/ml) for up to 2 h. ASK1 was immunoprecipitated, and the activity in phosphorylating
recombinant p21P! was assessed in vitro. ASK1 activity relative to the control is quantitated in the histogram. (D) Rapamycin (Rap) induces
prolonged ASK1 activation in the absence of p21. p21 null MEFs were treated with rapamycin (100 ng/ml) for various lengths of time, from 0 to
2 h, in 10% fetal calf serum medium. Cell lysates were immunoprecipitated with ASK1 antibody. Bacterially expressed purified p21 as ASK1 kinase
substrate was incubated with immunoprecipitated ASK1 in the presence of [**P]JATP. In vitro kinase assays were carried out as described in
Materials and Methods. (E) The activation of ASK1 was also confirmed by the increased phosphorylation of c-Jun by rapamycin treatment. The
same cell lysate was subjected to Western blotting by p-c-Jun and c-Jun.

survival are not well understood. Here, we provide data to
demonstrate that p21<"P! interacts with ASK1 and down-reg-
ulates its kinase activity, thereby attenuating the stress re-
sponse induced by inhibition of mTOR signaling by rapamycin.
Our results indicate that the interaction of p21“"! with ASK1
is mediated by a small region of p21<"" (residues 94 to 98) that
includes S98 and that is phosphorylated by both Askl and JNK
in vitro. Phosphorylation of p21<'P! at S98, which in vivo ap-
pears to be regulated by ASK1, may therefore mediate nega-
tive feedback in the ASKI1 signaling pathway.

The C terminus of p21<'P" (residues 141 to 164) has several
important functions (57, 58); this region contains the NLS, and
hence the ANLS p21“P! (aa 1 to 140) is predominantly cyto-
plasmic (25, 45). We found that ANLS p21<'P! has increased
association with ASK1 compared to wild-type full-length
p21<P1, Since ASKI is localized in the cytoplasm (2), it is
reasonable that ANLS p21“"! has greater opportunity to in-
teract with ASK1. Furthermore, the ANLS p21<'P! lacks the
site that binds the C8 a-subunit of the 20S proteasome and

hence is more stable than the full-length p21<'P!, This may be
another reason why ANLS p21<P! shows increased association
with ASK1.

As a cell cycle regulator, p21<'P! has been shown to associate
with CDKs (22) (63) through their kinase domains. The high
similarity between CDK1, CDK2, and ASK1 kinase domains
(over 40% alignment) suggests that ASK1 may also use its
kinase domain to interact with p21<'P*. Our data do demon-
strate that the kinase domain of ASK1 is involved in its inter-
action with p21<P!. Since p21<'P! has a very flexible structure
and performs a variety of functions (34), it is possible that
p21<"P! interacts with other kinases via their similar kinase
domains, affecting their biological function. For example, it has
been shown that p21<"P! associates with JNK and affects its
kinase activity (64). p21<"P! also forms a complex with Rho
kinase and inhibits its activity in vivo and in vitro (51).

We observed that not only the kinase domain per se but also
the kinase activity of ASK1 is required for its association with
p21<'P!, This suggests that ASK1 or a kinase(s) downstream
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FIG. 6. Determination of phosphorylation of p21(S98) by MS. Phosphorylation of $98 in p21<"P! protein was identified by MS characterization
of chymotrypsin-trypsin peptides derived from the ASK1-treated recombinant p21<"*! protein. MS and MS-MS spectra were obtained on a model
4700 MALDI-tandem TOF spectrometer. MS (A) and MS-MS (B) spectra derived from the singly charged unphosphorylated tryptic peptide
RPGTSPALL (panel A, upper spectrum) and the phosphorylated tryptic peptide RPGTpSPALL (panel A, center spectrum) are shown. (B) The
amino acid sequence from the peptide could be identified from the b and y ion fragment peaks.
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FIG. 7. The association of ASK1 with p21<"P! inactivates ASK1 kinase activity and requires a domain (aa 94 to 98) for association. (A) 293T
cells were transfected with epitope-tagged ASK1 or ASK1-KM alone or ASK1 cotransfected with ANLSp21, ANLSp21S98A, ANLSp211R94T, or
the double mutant. Cell lysates were immunoprecipated using anti-HA antibody, and precipitated samples were used for in vitro kinase assays with
purified MKKG6 as the substrate. The phosphorylation of MKK6 was detected using a PhosphorImager. The same membrane was probed using
anti-HA antibody. WB, Western blotting. (B) 293T cells were either mock transfected (CTRL) or cotransfected with HA-ASK1 and WT ANLSp21
or ANLSp21 deletion mutants (A53-58, lacking the cdk interaction domain) or a control mutant (A120-125). After 24 h, cell lysates were prepared,
and p21 was immunoprecipitated (IP). Membranes were probed with antibodies against p21, Cdkl, and HA. The lower panel shows levels of
HA-ASKI1 and p21 in whole-cell lysates. (C) Identification of the region of p21 involved in association with ASK1. 293T cells were cotransfected
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whole-cell lysates. The association of ASK1 with ANLSp21 or mutants was derived from the ratio of HA to p21 signal in the Western analyses and

normalized to the ratio of ASK1 to ANLSp21.

modifies p21“"?! and that the modification is necessary for
p21“P1-ASK1 association. It is known that ASK1 can activate
JNK and p38 (8, 27, 55). To determine which kinase(s) is
essential for association of p21<"P! with ASK1, we examined
their association in the presence of JNK and p38 inhibitors. We
found that the JNK inhibitor SP600125 almost completely in-
hibited p21“*' binding to ASKI. The immediate suggestion
from these data is that JINK modifies p21<"P! and leads to its
association with ASK1. SP600125 is a reversible ATP compet-
itive inhibitor with more than 20-fold greater selectivity for
JNK than a range of kinases and other enzymes (4). However,
our data show that SP600125 can also potently inhibit recom-
binant ASK1 activity both in vitro with MKK6 or p21<'P! as a
substrate and also in vivo. Consequently, phosphorylation of
p21'P! by ASK1 may also mediate the association of these
proteins.

ASKI1 is a member of the MAPKKK family, and its normal
substrate is a subgroup of MAPKKs. The present study repre-
sents, to our knowledge, the first time that a MAPKKK/ASK1
has been shown to phosphorylate p21<'P', In contrast, we did
not observe phosphorylation of recombinant p27<P! in vitro.
Using purified p21“"P! as a substrate in the in vitro kinase
assay, we found several **P-labeled bands, perhaps indicating
that there is more than one ASK1 phosphorylation site besides
S98. Furthermore, rapamycin treatment activated ASKI,
which phosphorylated p21<'P* in vitro. Using MS we identified
S98 phosphorylation but failed to identify additional sites after
in vitro kinase reactions with recombinant ASK1 or JNKI.
Several kinases have been reported to phosphorylate p21<®!
and mediate important biological processes. For example,
phosphorylation of T145 by AKT leads to cytoplasmic local-
ization and switches p21<'P! function from cell cycle inhibition
to protection from apoptosis (65).

A mutant that mimics phosphorylation at S98, p21S9SE,
associates with ASK1 in coimmunoprecipitation assays; how-
ever, it was unexpected that the JNK inhibitor SP600125 would
also disrupt this association. It is intriguing that a relatively
short exposure to SP600125 results in dissociation of p21<'P
from ASK1 that may be a consequence of inhibitor-induced
conformational change. This may account for the observation
that SP600125 blocked the association of the p21R94T/S98A
mutant with ASK1 and similarly blocked association of the
p21S98E mutant with kinase-dead ASKI.

Even though in vitro JNKI can phosphorylate p21<'P! at
S98, our data do not support JNKSs as the predominant in vivo
kinases. Overexpression of JNKI1, or activation by AN, failed
to increase p21<P! phosphorylation in vivo. Furthermore,
SP600125 inhibited p21-ASKI1 association at concentrations
that did not completely block AN-induced activation of JNK.
To unambiguously define whether JNK played a role in p21S98
phosphorylation in vivo, we attempted to down-regulate
JNK1/2 using small interfering RNA or block JNK activation
using a peptide that prevents JNK from binding to JNK-inter-
acting peptide (6, 38), but we were unable to modify JKN
activity in either 293T or 3T3 cells. jnkl/~ jnk2~/~ double-
knockout (35, 44) or jnk1 ™/~ cells with conditional jnk2 (28)
were not available for these experiments. Single mutations at
other JNK consensus sites (T57, S130) did not decrease
p21“"P1_ASK1 interactions (data not shown). However, a mu-
tation that blocks phosphorylation of S98 (S98A) severely at-
tenuates binding of p21<'P! to ASK1. These data, together with
those for the S98E mutant, strongly implicate phosphorylation
of p21S98 as being important for binding of WT p21 to ASKI.

Rather surprisingly, the p21R94T mutation restored the
ability of the S98A mutant to bind ASK1. This suggested that
a region around residues 94 to 98 could be important in this
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association. To narrow the domain of p21<'P! involved in the
interaction with ASK1, we produced a series of p21<"P! mu-
tants with small deletions (Fig. 6). As a positive control we
introduced deletions into the cdk binding domain (A53-58) and
showed that it failed to associate with Cdk1 in coprecipitation
assays. Deletion of a small sequence around S98 (A94-98)
significantly (>90%) decreased binding to ASKI, whereas
other deletions (A80-85, A108-112) had no observable effect.

Our results suggest that in vivo ASK1 phosphorylates
p21<"P! at S98 and that this phosphorylation is in part neces-
sary for its association with ASK1. However, the finding that
the p21R94T/S98A binds strongly to ASK1 suggests additional
complexities, and further experimentation will be required to
fully elucidate the molecular detail of association of these
proteins. We next questioned the biological significance of
p21<"P1_ASK1 association. We found that binding of p21<"!
inactivates ASK1 kinase activity. In contrast, ASK1 remained
active in rapamycin-treated p21<'P! null MEFs. These data are
consistent with our previous finding that suppression of rapa-
mycin-induced activation of ASK1 correlated with p21<®!
binding (25). The details of the mechanism by which p21<!
inactivates ASK1 kinase activity are not completely under-
stood. Possibly, p21<'P! may mask the kinase domain and pre-
vent its activation of downstream kinases, such as MKK3/6 or
MKK4/7. We observed that only a relatively small fraction of
ASK1 associated with p21<"P!. We have shown previously (26)
that rapamycin treatment leads to a rapid suppression of the
activity of protein phosphatase 5 (PP5) that is physically asso-
ciated with ASK1 and dissociation of the PP2A” regulatory
subunit (PR72) from the ASK1 complex. One possibility is that
p21<'P! stabilizes this complex, maintaining PP5 activity, and
negatively regulates phosphorylation of T838 and T845 of
ASKI1 and its kinase activity. Alternatively, p21<*P! binding to
ASK1 may recruit another PP. This possibility is under inves-
tigation.

The role of p21<"P! in attenuating apoptosis induced by
various stimuli is well established. Results from many studies
suggest that protection of cells is a consequence of cell cycle
arrest, potentially allowing for damage repair in the case of
DNA-damaging stimuli. Interestingly, rapamycin, a specific in-
hibitor of mTOR, in some cells blocks the translation of
p21<iP! subsequent to DNA damage induced by agents such as
cisplatin, selectively potentiating cytotoxicity in cells with func-
tional p53/p21<"P! (5, 64). Our previous studies using cell lines
with mutations of p53 showed that inhibition of mTOR re-
sulted in a rapid and sustained activation of ASK1 and JNK,
increased p-c-Jun, and apoptosis. In cells expressing WT p53
this activation was rapidly suppressed, and suppression was
p21<'P! dependent. Thus, p21<'P! may protect cells from DNA
damage by inducing cell cycle arrest and by suppressing stress
responses caused by nutritional deprivation: for example,
amino acid starvation that is mimicked by rapamycin treat-
ment.
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