MOLECULAR AND CELLULAR BIOLOGY, Feb. 2001, p. 893-901
0270-7306/01/$04.00+0 DOI: 10.1128/MCB.21.3.893-901.2001

Vol. 21, No. 3

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Akt Phosphorylates and Negatively Regulates Apoptosis
Signal-Regulating Kinase 1
ALBERT H. KIM,' GUS KHURSIGARA,' XUAN SUN,> THOMAS F. FRANKE,?> axp MOSES V. CHAO'*

Molecular Neurobiology Program, Skirball Institute for Biomolecular Medicine, New York University
School of Medicine, New York, New York 10016," and Department of Pharmacology,
Columbia University, New York, New York 10032>

Received 28 July 2000/Returned for modification 20 September 2000/Accepted 7 November 2000

The Akt family of serine/threonine-directed kinases promotes cellular survival in part by phosphorylating
and inhibiting death-inducing proteins. Here we describe a novel functional interaction between Akt and
apoptosis signal-regulating kinase 1 (ASK1), a mitogen-activated protein kinase kinase kinase. Akt decreased
ASK1 kinase activity stimulated by both oxidative stress and overexpression in 293 cells by phosphorylating a
consensus Akt site at serine 83 of ASK1. Activation of the phosphoinositide 3-kinase (PI3-K)/Akt pathway also
inhibited the serum deprivation-induced activity of endogenous ASK1 in 1929 cells. An association between Akt
and ASK1 was detected in cells by coimmunoprecipitation. Phosphorylation by Akt inhibited ASK1-mediated
c-Jun N-terminal kinase and activating transcription factor 2 activities in intact cells. Finally, activation of the
PI3-K/AKkt pathway reduced apoptosis induced by ASK1 in a manner dependent on phosphorylation of serine
83 of ASKI1. These results provide the first direct link between Akt and the family of stress-activated kinases.

The cellular decision to undergo apoptosis is determined by
the integration of multiple survival and death signals. The Akt
(protein kinase B) serine/threonine kinases are critical medi-
ators of cell survival in response to growth factor stimulation
and Ca®" influx (16, 17, 49). A number of pro-apoptotic pro-
teins have been identified as direct Akt substrates, including
glycogen synthase kinase 3 (GSK-3), BAD, caspase-9, and
Forkhead transcription factors, which are suppressed upon
phosphorylation by Akt (5, 6, 10, 12, 14, 21, 28, 36).

The c-Jun N-terminal kinase (JNK) and p38 kinase pathways
are two stress-activated mitogen-activated protein kinase mod-
ules stimulated by inflammatory cytokines, oxidative stress, and
osmotic shock (13, 41). In several cell types, the stress-acti-
vated kinases are directly linked to apoptosis (42, 46, 48).
Therefore, one mechanism of cell survival may be to inhibit the
activity of the stress-activated kinase cascades. Specifically, in-
creased Akt activity might lead to the suppression of the JINK
or p38 pathways. In 293 cells, insulin growth factor-1 (IGF-1)
has been shown to inhibit anisomycin and tumor necrosis fac-
tor a (TNF-a)-induced JNK activation, the former blocked by
introduction of kinase-inactive Akt (34). Expression of a con-
stitutively active Akt inhibited JNK activation upon interleu-
kin-4 (IL-4) deprivation in TS1af cells (7). Moreover, in HeLa
cells, Akt activity indirectly antagonized p38 activation through
caspase inhibition (4). However, a direct connection between
the Akt and JNK/p38 pathways has not yet been identified.

Among the stress-activated kinases, apoptosis signal-regu-
lating kinase 1 (ASK1) represents a mitogen-activated protein
kinase kinase kinase family member that acts upstream of JNK
and p38 kinases (25, 45). ASK1 phosphorylates and activates
mitogen-activated protein kinase kinase 4 (MKK4) or MKK7
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and MKK3 or MKK®6, which in turn induce JNK and p38
kinase activities, respectively (24, 25, 45). A variety of stress-
related stimuli activate ASK1, including serum or trophic fac-
tor withdrawal, TNF-a, reactive oxygen species (ROS), micro-
tubule-interfering agents, genotoxic stress, and possibly FasL
(8,9, 18, 25, 26, 39, 43). ASKI1 plays a causal role in cell death
induced by a number of these stimuli (8, 9, 25, 26). Further-
more, overexpression of wild-type or constitutively active
ASKI1 is sufficient to induce cell death through signals involv-
ing the mitochondrial cell death pathway in several cell types
(8, 20, 25, 26, 47). How ASK1 levels and activity are regulated
at a molecular level is not well understood.

In the present study, we demonstrate that ASKI is a sub-
strate for phosphorylation by Akt and that this phosphoryla-
tion is associated with a decrease in stimulated ASK1 kinase
activity. This regulatory event has measurable consequences
for ASK1 downstream signaling, including apoptosis induced
by ASK1. Taken together, these results suggest that ASK1 may
be a physiological target of Akt and raise the intriguing possi-
bility that the ability of Akt to inhibit stress-activated kinases in
specific cell contexts is a consequence of this interaction.

MATERIALS AND METHODS

Cell culture and transfections. Human embryonic kidney 293, 1.929, MCF-7,
and HeLa cells were cultured at 37°C in 5% CO, in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) and penicillin-
streptomycin (GIBCO BRL). For transient transfection of 293 cells (except in
the ATF-2 luciferase assay), cells were cultured in 60-mm-diameter dishes and
transfected with the indicated plasmids using Fugene 6 (Roche) according to the
manufacturer’s instructions. For the luciferase assays, 293 cells plated in six-well
plates were transfected with the indicated plasmids using the calcium phosphate
method. HeLa cell transfections were carried out using Transfast (Promega). For
all experiments, the total plasmid DNA amount was equalized by addition of
vector pcDNA3.

Constructs, recombinant proteins, and antibodies. pcDNA3-hemagglutinin
(HA)-tagged wild-type and kinase-dead human ASK1 (ASK1-HA and ASK1KD-
HA) have been described previously (39). The serine 83-to-alanine mutant of
pcDNA3-ASK1-HA (ASK1S83A-HA), pPCMV6-myc-tagged wild-type Akt (myc-
Akt) and kinase-dead Akt (K179M) (myc-AktKD), EGFP-IRES-HA-Akt (E40K)
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(constitutively active Akt), pEBG-glutathione-S-transferase (GST)-tagged JNK3
(GST-JNK3), and pRC-lacZ were generated by standard PCR and cloning meth-
ods. The EGFP-IRES and pDsRed plasmids were purchased from CLONTECH.
The plasmids encoding ATF-2 (amino acids [aa] 1 to 505) fused to the GAL4
DNA binding domain [GAL4-ATF-2 (WT) and GAL4-ATF-2 (T71A)] and the
luciferase reporter plasmid driven by five tandem GAL4 DNA binding motifs
have been previously described (19). A ¢cDNA sequence encoding a 99-amino-
acid segment of human ASKI (aa 20 to 118) was subcloned distal to a GST
sequence (pGEX-6P-1) by standard PCR and cloning procedures (GST-ASK1).
A similar construct with a serine-to-alanine point mutation at the site corre-
sponding to ASK1 serine 83 (GST-ASK1S83A) was also generated. Both pGEX-
3X-GST-MKKG6 (GST-MKK®6) and pGEX-GST-kinase-dead p38 (GST-p38KD)
have been described previously (23, 37). Bacterially expressed proteins were
produced and isolated using standard GST fusion protein protocols (Pharmacia).

Anti-HA antibodies 3F10 and 12CAS were purchased from Roche. Anti-myc
antibody 9E10, anti-Akt C-20 and the corresponding blocking peptide, anti-
ASK1 H-300, and anti-GST B-14 were purchased from Santa Cruz Biotechnol-
ogy. The anti-phospho-Akt(S473) and anti-phospho-JNK antibodies were ob-
tained from New England BioLabs. The anti-ASK1 DAV antibody has been
described previously (39).

32p.-orthophosphate labeling in cells. Transfected 293 cells were washed twice
and incubated in phosphate-free DMEM for 1 h and then exposed to 100 w.Ci of
[3?PJorthophosphate/ml for 2 h in the presence or absence of dialyzed FBS
(GIBCO BRL). After treatments, cells were washed twice with ice-cold Tris-
buffered saline (10 mM Tris [pH 8], 150 mM NaCl, 1 mM EDTA) and lysed in
1% NP-40 lysis buffer (with 20 mM Tris [pH 8], 200 mM NaCl, 10% glycerol, 1
mM EDTA, 12 mM B-glycerophosphate, 10 mM NaF, 1 mM sodium orthovana-
date, 1 mM phenylmethylsulfonyl fluoride, and 1.5% aprotinin). After lysates
were clarified, ASK1-HA was immunoprecipitated with anti-HA 12CAS followed
by protein A-Sepharose (Sigma). *?P incorporation into ASK1 was visualized
after sodium dodecyl sulfate-8.5% polyacrylamide gel electrophoresis (SDS-
8.5% PAGE) and polyvinylidene difluoride (Millipore) transfer by PhosphorIm-
ager analysis, and ASK1 protein was detected with anti-HA 3F10. Quantitative
densitometric analysis was performed with ImageQuant (Molecular Dynamics).

In vitro phosphorylation. GST-ASK1 or GST-ASK1S83A (2 wg) was incu-
bated with [y->?P]ATP (1 p.Ci; 3,000 Ci/mmol), ATP (5 uM), and 1 mM dithio-
threitol (DTT) in a buffer containing 20 mM HEPES (pH 7.4), 10 mM MnCl,,
and 10 mM MgCl, and used as substrates for preactivated recombinant human
Aktl (1 pg; Upstate Biotechnology). [y-**P]JATP incorporation was then as-
sessed as for in vivo phosphorylation. Proteins were visualized by Coomassie blue
staining.

Immunoprecipitation and immunoblotting. For endogenous coimmunopre-
cipitations, treated cells were washed with ice-cold phosphate-buffered saline
(PBS) and lysed in 0.2% NP-40 lysis buffer with protease and phosphatase
inhibitors. Clarified lysates were precleared with protein G-agarose (Roche), and
Akt was immunoprecipitated using anti-Akt C-20 (with or without preincubation
with the Akt peptide) followed by protein G-agarose. Pellets were washed four
times with 10 ml of the lysis buffer plus phosphatase inhibitors. After SDS-8%
PAGE and polyvinylidene difluoride transfer, proteins were visualized by immu-
noblotting and enhanced chemiluminescence (Amersham). For 293 coimmuno-
precipitation experiments, cells transfected for 36 h with constructs were washed
with ice-cold PBS and lysed in 1% NP-40 lysis buffer with protease and phos-
phatase inhibitors. Clarified lysates were subjected to immunoprecipitation using
the indicated antibodies followed by protein A-Sepharose. Pellets were washed
seven times with 1.5 ml of the lysis buffer plus phosphatase inhibitors. The
procedure to visualize proteins by immunoblotting was described above.

For phospho-JNK assays, 293 cells were transfected with the indicated con-
structs for 24 h, and after treatment, samples were processed largely as described
above for 293 cell coimmunoprecipitation. To detect JNK activity, GST-JNK3
was immunoprecipitated with glutathione-Sepharose (Pharmacia) and subjected
to immunoblotting with anti-phospho-JNK. Membranes were then stripped (10
min each in 0.1 M glycine [pH 2.5], 3.5 M MgCl,, and 1% SDS) and reprobed
with anti-GST B-14.

In vitro kinase assay. Cells were washed with ice-cold PBS and lysed in a buffer
containing 20 mM Tris (pH 7.5), 12 mM B-glycerophosphate, 150 mM NaCl, 5
mM EGTA, 10 mM NaF, 1% Triton X-100, 0.5% deoxycholate, 1 mM DTT, 1
mM sodium orthovanadate, 1 mM phenylmethylsulfonyl difluoride, and 1.5%
aprotinin (33). Clarified lysates were immunoprecipitated with anti-HA 12CAS5
or anti-ASK1 DAYV and then incubated with protein A-Sepharose. The beads
were washed once with lysis buffer and twice with washing buffer containing 150
mM NaCl, 20 mM Tris (pH 7.5), 5 mM EGTA, and 1 mM DTT and subjected
to kinase assays. GST-MKKG6 (0.25 ng) was first incubated with the immune
complex for 15 min at 30°C in a final volume of 20 wl (20 mM Tris [pH 7.5], 20
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mM MgCl,, and 100 pM ATP). Afterwards, the complex was incubated with 0.6
wCi of [y->?P]JATP and GST-p38KD (1.5 pg) in the same solution for 10 min at
25°C. Kinase reactions were terminated by adding Laemmli buffer, and proteins
were resolved by SDS-8.5% PAGE. Phosphorylation of GST-p38KD was mea-
sured by PhosphorImager analysis, and the amount of ASK1 protein in the same
sample was visualized by immunoblotting with anti-HA 3F10 or anti-ASK1
H-300. Both the extent of phosphorylation and the amount of protein were
quantified by densitometric analysis with ImageQuant.

ATF-2 luciferase assay. Either GAL4-ATF-2(WT) or a transactivation-incom-
petent mutant, GAL4-ATF-2(T71A), was cotransfected with a GALA4-driven
luciferase plasmid and the indicated constructs in 293 cells. One day after
transfection, cells were grown for an additional 24 h in DMEM plus 1% FBS,
lysed, and assessed for luciferase activity by a luminometer. All values were first
standardized to the total protein amount and then normalized to mutant GAL4-
ATF-2(T71A) values to account for ATF-2-independent transactivation. Vector
fold activity was calculated by normalizing these subsequent values to the vector
alone (=1.0) in each experiment. To verify the validity of protein normalization,
a lacZ plasmid was cotransfected with the above-described plasmids to standard-
ize values to lacZ transfections instead of protein in separate experiments. These
experiments yielded results similar to those obtained with protein normalization.

Cell death assays. 293 cells plated in six-well plates were cotransfected with the
indicated constructs and pDsRed marker plasmid, washed twice with DMEM,
and incubated in DMEM containing 10 ng of IGF-1/ml for 36 h. Cells were then
suspended in Hank’s balanced salt solution containing trypsin-EDTA and trans-
ferred to 96-well V-bottom plates. Terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling-fluorescein isothiocyanate (TUNEL-FITC)
staining was performed according to the manufacturer’s instructions (Roche). To
assess the percentage of TUNEL-DsRed-double positive cells among DsRed-
positive cells, 1,000 events were counted per condition by flow cytometry.

HeLa cells plated in 35-mm dishes were cotransfected with the indicated
ASK1 and EGFP-IRES constructs. Cells were then serum starved and, following
Hoechst 33342 staining (Molecular Probes), the percentage of green fluorescent
protein (EGFP)-positive cells with fragmented and condensed nuclei was as-
sessed by fluorescence microscopy.

RESULTS

ASKI1 serine 83 is phosphorylated by Akt. Given that serum,
an activator of the P13-K/Akt pathway, inhibits ASK1 activity,
we hypothesized that Akt activation might directly affect the
phosphorylation status and function of ASK1 (39). To investi-
gate whether ASK1 can act as an Akt substrate, we assessed
the extent of [**P]orthophosphate labeling of ASK1 (ASKI1-
HA) in transfected 293 cells (Fig. 1A). In cells stimulated with
serum, cotransfection of Akt (myc-Akt) and ASK1 induced a
high level of ASK1 phosphorylation, which was decreased ap-
proximately 40% by either the phosphoinositide 3-kinase
(PI3-K) inhibitor L'Y294002 or cotransfection of ASK1 with a
kinase-dead Akt construct (myc-AktKD). This suggests that
Akt phosphorylates ASK1 in cells.

In searching for potential phosphorylation sites in ASK1, we
noticed a consensus Akt phosphorylation site at serine 83 (Fig.
1B), which lies within a critical N-terminal regulatory domain
(1, 8, 39). Conservation of this consensus motif (RXRXXS/
TX) in the murine homolog of ASK1 suggested that regulation
of this site may be important for ASK1 function. To test
whether this consensus site on ASKI1 plays a role in Akt-
mediated phosphorylation, we mutated serine 83 to alanine
(ASK1S83A-HA) and performed additional *?P labeling ex-
periments on cells stimulated with IGF-1 (Fig. 1C). While a
low level of *?P-labeled ASK1 was observed for cells trans-
fected with ASK1 alone, introduction of wild-type Akt en-
hanced ASK1 *?P incorporation, whereas introduction of a
kinase-inactive Akt yielded a level of ASK1 phosphorylation
comparable to that for ASK1-HA alone. Mutation of ASK1
serine 83 to alanine decreased Akt-dependent phosphoryla-
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FIG. 1. Akt phosphorylates ASKI1 in cells and in vitro. (A) ASK1 phosphorylation in cells stimulated by serum. 293 cells transiently transfected
for 36 h with 1 pg each of the indicated constructs were deprived of phosphate and serum for 1 h, incubated with or without L'Y294002 (20 pM)
for 1 h, and exposed to [**P]orthophosphate and dialyzed serum for 2 h. Immunoprecipitated ASK1 was assessed for *?P labeling (upper panel)
and protein levels with anti-HA 3F10 (lower panel). The histogram shows mean densitometric ratios (**P-labeling/protein) plus standard errors
of the mean (SEM) from three independent experiments. (B) A consensus Akt phosphorylation site is found in ASK1. Several known Akt
substrates are shown. The phosphorylated serine/threonine site is highlighted. (C) Akt phosphorylates ASK1 on serine 83 in IGF-1-stimulated cells.
Samples were processed as for panel A except that cells were stimulated for 10 min with 100 ng of IGF-1/ml after [**P]orthophosphate incubation.
Dialyzed serum was not present during labeling. Data are representative of three independent experiments. IP, immunoprecipitation; W, Western
blot. (D) In vitro phosphorylation of ASK1 by Akt. GST-ASK1 (aa 20 to 118) and GST-ASKI1S83A were used as substrates for preactivated
recombinant human Aktl (Akt). [y->*P]ATP incorporation (upper panel) and protein levels determined by Coomassie blue staining for substrates
(middle panel) and Akt (lower panel) are shown. Data are representative of three independent experiments.

tion, suggesting that ASK1 serine 83 represents a relevant
phosphorylation site.

To confirm that this phosphorylation in cells reflects a direct
phosphorylation event by Akt, we conducted in vitro phosphor-
ylation experiments. Recombinant Akt phosphorylated a GST
fusion protein containing a 99-amino-acid fragment of human
ASKI1 (aa 20 to 118) (GST-ASKI1), which contains the putative
Akt phosphorylation site. Mutation of ASK1 serine 83 to ala-
nine in this fusion protein (GST-ASK1S83A) eliminated this
phosphorylation event by Akt (Fig. 1D). Taken together, the
phosphorylation results suggest that Akt directly phosphory-
lates ASK1 on serine 83 in cells.

Akt and ASKI1 interact in cells. Other substrates of Akt,
such as BAD, have been shown to associate with Akt (12).
Indeed, an endogenous interaction could also be detected be-
tween ASK1 and Akt in 1929 cells by coimmunoprecipitation
(Fig. 2A). This interaction did not depend on Akt activity,
since association occurred in cells with or without IGF-1 treat-
ment. As a test for the specificity of this interaction, a peptide
competing for binding to anti-Akt antibody eliminated immu-
noprecipitation of the complex. A similar interaction was ob-
served in MCF-7 cells (data not shown). The endogenous in-
teraction observed in cultured cells strengthens the possibility
that these kinases are functionally associated.
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We conducted further immunoprecipitation experiments in
transfected 293 cells to characterize this interaction in more
detail. We verified that transfected Akt and ASKI1 interact in
293 cells by coimmunoprecipitation (Fig. 2B). Serine 83 phos-
phorylation of ASK1 did not appear to regulate this interac-
tion, since ASK1S83A associated with Akt as well. Consistent
with the constitutive nature of the endogenous interaction,
mutation of the ATP-binding site to eliminate the kinase ac-
tivity of either Akt or ASK1 did not disrupt binding (Fig. 2C).
The physical association between Akt and ASK1 supports the
hypothesis that in intact cells, Akt is positioned to utilize ASK1
as a substrate.

Akt phosphorylation of ASK1 decreases stimulated ASK1
kinase activity. To assess the effects of Akt on ASK1 func-
tion, we treated 293 cells expressing a low level of ASK1
with H,O, and measured ASK1 enzymatic activity by a cou-
pled in vitro kinase assay. ROS are sufficient for ASK1
activation and have been implicated in TNF-a-mediated
activation of ASK1 (18, 31, 39). ROS also activate Akt
through a PI3-K-dependent mechanism (27, 44). Wild-type
ASK1 was stimulated approximately twofold by H,O, treat-
ment, but introduction of Akt abolished H,O,-mediated
activation of ASK1 (Fig. 3A). The activity of the mutant
ASKI1S83A could be induced to levels comparable to those
for the wild type when stimulated with H,O,. However,
unlike wild-type ASK1, this point mutant could still be stim-
ulated by H,O, when cotransfected with Akt. This suggests
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FIG. 2. Akt interacts with ASK1 in cells. (A) Endogenous associ-
ation of Akt and ASKI in L1929 cells. Cells were serum starved for 36
h and then treated with or without 100 ng of IGF-1/ml for 7 min.
Endogenous Akt was immunoprecipitated (IP) from lysates with anti-
Akt, and proteins were detected with anti-ASK1 H-300 and anti-Akt.
To confirm that both active and inactive Akt were immunoprecipi-
tated, membranes were stripped and reprobed with anti-phospho-Akt
(S473) (anti-pAkt). As a positive control, crude lysate (left) was probed
for ASK1 and Akt by immunoblotting. Aktp represents immunopre-
cipitation with anti-Akt antibodies preincubated with an Akt peptide.
All data are representative of three independent experiments. W,
Western blot. (B) Akt and ASKI associate independently of ASK1
serine 83 phosphorylation in transfected 293 cells. Cells were trans-
fected with 1 pg each of the indicated constructs for 36 h, and lysates
were subjected to immunoprecipitation and immunoblotting with the
indicated antibodies. (C) Akt and ASK1 binding occurs independently
of kinase activity in transfected 293 cells. Samples were processed as
for panel B.

that ASK1 serine 83 represents a functionally relevant Akt
phosphorylation site in cells.

We confirmed these results in cells transfected with high
doses of the ASK1 construct (Fig. 3B). As reported previously,
high levels of ectopic ASK1 exhibited constitutive activity (31,
39). Introduction of wild-type Akt yielded a moderate 30%
reduction in ASK1 kinase activity, whereas kinase-inactive Akt
did not have a significant effect on ASK1 activity. On the other
hand, ASK1S83A kinase activity was unaffected by wild-type
Akt cotransfection. These results indicate that Akt likely de-
creases ASK1 kinase activity through phosphorylation of ASK1
serine 83.

To determine whether this phosphorylation mechanism oc-
curs in a system endogenously expressing both ASK1 and Akt,
we performed in vitro kinase assays for ASK1 using 1.929 cells.
Serum deprivation for 20 min was sufficient to induce the
activity of endogenous ASK1 approximately twofold in this cell
type (Fig. 3C, lane 3). To test whether activation of the PI3-
K/Akt pathway can inhibit ASK1 activity more specifically, we
used IGF-1, a well-defined stimulus of the PI3-K/Akt pathway.
IGF-1 exposure prevented the activation of ASK1 by serum
deprivation, indicating that signaling pathways stimulated by
this ligand inhibit ASK1 activity. Consistent with a role for Akt
in IGF-1’s inhibitory effect, the PI3-K inhibitor wortmannin
reversed the ability of IGF-1 to block serum deprivation-in-
duced ASK1 activity. Wortmannin in the presence of a high
level of serum did not significantly stimulate ASK1 above con-
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trol levels (Fig. 3C). These results suggest that ASK1 inhibition
by Akt occurs in transfected cells as well as in an endogenous
system.

Akt phosphorylation decreases ASK1 signaling to JNK.
ASK1 stimulates JNK by phosphorylating and activating MKK4
and MKK7, two JNK kinases. To test the effect of Akt phos-
phorylation upon ASKIl-induced JNK activation, 293 cells
were cotransfected with GST-tagged JNK3 and the indicated
constructs, and JNK3 activity was evaluated (Fig. 4A). ASK1
strongly activated JNK3 in this assay. ASK1-mediated JNK ac-
tivity was markedly suppressed by wild-type Akt, while kinase-
inactive Akt had no effect on this JNK activity. ASKI1S83A
activated JNK3 to an extent comparable to that for wild-type
ASK1. However, expression of Akt did not significantly inhibit
ASKI1S83A activity, indicating that Akt inhibition of ASK1, not
signals downstream of ASK1, predominantly accounts for the
decrease in JNK activation.

Akt phosphorylation inhibits ASK1-induced ATF-2 activity.
To investigate whether Akt regulation of ASK1 influences
downstream gene transcriptional events, we examined activat-
ing transcription factor 2 (ATF-2), a transcription factor acti-
vated by JNK and p38 kinases (Fig. 4B). An ATF-2 reporter
assay was used to measure ATF-2 activity in response to trans-
fected ASK1 or ASKIS83A in 293 cells. Although ASK1 and
ASKI1S83A stimulated ATF-2 activity to a comparable extent,
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FIG. 3. Regulation of ASK1 kinase activity by Akt is dependent
on ASK1 serine 83. (A) H,0,-stimulated ASK1 activity is inhibited
by Akt. 293 cells were transfected with 0.25 g of ASKI1-HA or
ASKI1S83A-HA with or without 1 pg of myc-Akt for 20 h. Where
indicated, cells were then exposed to 300 uM H,O, for 10 min.
ASKI1-HA was immunoprecipitated with anti-HA and subjected to a
coupled in vitro kinase assay. After samples were resolved by SDS-
PAGE, kinase activity was visualized by PhosphorImager analysis and
normalized to ASKI protein levels in the same sample by anti-HA
immunoblotting. Values from single transfections were normalized to
ASK1-HA without H,0, (=1.0), and those from double transfections
were normalized to ASK1-HA and myc-Akt cotransfection without
H,O, (=1.0). The histogram shows the means plus the SEM from
three to five independent experiments. (B) The activity of high ectopic
ASK1 is diminished by Akt. 293 cells were transiently transfected with
1 wg each of the indicated constructs for 20 h. Cells were processed for
the ASK1 in vitro kinase assay as for panel A. The histogram shows the
means plus the SEM from five independent experiments. All values
were calculated in reference to ASK1 transfection alone (=1.0). The
asterisk indicates a significant difference from ASK1 at P < 0.01 by
one-way analysis of variance (ANOVA) followed by the Bonferroni ¢
test. (C) Activation of the P13-K/Akt pathway inhibits serum depriva-
tion-induced ASKI1 activity. L929 cells were deprived of serum for 20
min (-S) with or without 100 ng of IGF-1/ml. Where indicated, cells
were treated with wortmannin (W)(200 nM) 10 min prior to and
during serum deprivation. Wortmannin treatment alone was carried
out in DMEM plus 10% FBS. Fold activation was determined in refer-
ence to control cells (=1.0). Immunoprecipitated (IP) ASK1 protein in
the kinase assay samples was detected with anti-ASK1. To verify the
effects of pharmacological treatments, Akt activity was detected with anti-
phospho-Akt(S473) (anti-pAkt), and Akt protein was identified with
anti-Akt. Data are representative of three independent experiments.

coexpression of Akt inhibited wild-type ASK1’s ability to
activate ATF-2 by ~60%, while ATF-2 activated by the
ASKI1S83A mutant was not affected by Akt cotransfection.
Activation of the PI3-K/Akt pathway suppresses ASK1-in-
duced apoptosis. To determine whether cell death induced by
ASK1 can be regulated by Akt, we examined the ability of
ASK1 to induce apoptosis under conditions of growth factor-
stimulated Akt activity (Fig. 5A). After transient transfection
of ASKI1 constructs with a red fluorescent protein plasmid
(pDsRed), 293 cells were incubated with IGF-1 and then as-
sessed for cell death by TUNEL and flow cytometry. In the
presence of IGF-1, ASK1 induced a low level of apoptosis
(13.1%), which was doubled by pretreatment with LY294002.
However, with IGF-1 treatment, ASK1S83A induced a mark-



898 KIM ET AL.

A

ASK1-HA = - - + o+ o+
myc-Akt - + - -+ -
myc-AktKD - -+ - -+
GST-JNK3 + + o+ + o+ o+
IP: Glutathione
W: anti-pJNK | - -~ e -pJNK3
IP: Glutathione P LUNK3
W:anti.GST | e ee—— :]
W: anti-HA ' —_— ——-‘-ASK1
W: anti-Akt | - @D #=|-Akt/KD
ASK1-HA - + + - -
ASK1S83A-HA - - - + +
myc-Akt - - + - +
GST-JNK3 + + + o+ +
IP: Glutathione
W: anti-pJNK o - e |-pJNK3
IP: Glutathione —— — —|-JNK3
W: anti-GST
W: anti-HA -ASK1/S83A
W: anti-Akt — q-Akt
10
2
2 8
=
Q
<
26
e
@
= *
[T) J
g 4
|
o
w 2
=
<
0
Vec Akt ASK1 ASK1S83A
- Akt - Akt

FIG. 4. Akt diminishes ASK1-mediated JNK and ATF-2 activation.
(A) Akt activity decreased ASK1-dependent JNK activity. 293 cells
were transiently transfected for 24 h with 1 ug each of the indicated
constructs, serum starved for 6 h, and treated with 100 ng of IGF-1/ml
for 15 min. GST-JNK3 was immunoprecipitated (IP) from cell lysates
and immunoblotted (W) with anti-phospho-JNK (anti-pJNK). After
immunoblots were stripped, GST-JNK3 protein was identified with
anti-GST. Crude lysates were probed with anti-HA to determine ASK1
protein levels and with anti-Akt to determine Akt protein levels. Data
are representative of three independent experiments. (B) Akt de-
creased ASK1-induced ATF-2 activity. 293 cells were transiently trans-
fected with ATF-2 luciferase plasmids and the indicated constructs for
24 h and then incubated in 1% FBS for 24 h. Cells were lysed and
assayed for luciferase activity. The fold activation was determined in
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edly higher degree of cell death (23.3%) than wild-type ASK1.
This level of cell death was not significantly altered by
LY294002, suggesting that ASK1S83A is not regulated by IGF-
1-stimulated Akt activity.

To test the ability of Akt to inhibit ASKI1-mediated cell
death in another cell context, we performed cell death assays
with HeLa cells (Fig. 5B). We utilized a bicistronic expression
plasmid encoding EGFP (EGFP-IRES) to identify transfected
cells. HeLa cells were transfected with ASK1 constructs and
either EGFP-IRES (vector) or EGFP-IRES-HA-Akt(E40K)
(active Akt), a constitutively active Akt construct. Cells were
then deprived of serum for 24 h, and EGFP-positive cells were
assessed for apoptosis. ASK1 or ASK1S83A expression alone
induced comparable levels of apoptosis. In agreement with the
293 cell results, ASK1-induced death was inhibited ~60% by
Akt cotransfection, whereas death induced by ASK1S83A was
unaltered by Akt. Taken together, these results indicate that
both IGF-1-induced Akt activity and expression of a constitu-
tively active Akt can suppress ASK1-induced cell death.

DISCUSSION

Our results suggest that ASK1 activity and consequent acti-
vation of downstream signaling molecules can be negatively
regulated by Akt stimulation. In support of this hypothesis, Akt
phosphorylated ASK1 on serine 83, a site similar to the con-
sensus sequence previously identified for other Akt substrates.
An association between Akt and ASKI in cells endogenously
expressing these two proteins further suggests a functional link
between these kinases. The interaction between these proteins
is reminiscent of the Akt-BAD interaction observed in trans-
fected cells (12). ASKI1, therefore, can interact constitutively
with Akt, but ASK1 phosphorylation is influenced by Akt ac-
tivity. Collectively, the phosphorylation and coimmunoprecipi-
tation results suggest that ASK1 is an Akt substrate.

Support for a physiological role for Akt-mediated ASK1
phosphorylation comes from several lines of evidence. First,
Akt was able to suppress ASK1’s response to oxidative stress.
Akt, however, had little effect on the H,O, responsiveness of
the ASKI1 point mutant, ASK1S83A, suggesting a specific
phosphorylation event in Akt-mediated inhibition. Moreover,
in cells endogenously expressing ASK1 and Akt, ASK1 activa-
tion by serum deprivation was inhibited by IGF-1 in a manner
dependent on PI3-K/Akt activity. In confirmation of these find-
ings, the kinase activity of highly expressed ASK1 was de-
creased by Akt coexpression, and this inhibition was also de-
pendent on ASKI serine 83. The moderate extent of ASK1
inhibition by Akt (30%) under this stimulus-independent con-
dition perhaps reflects the decreased responsiveness of high
ectopic ASK1 to physiological regulation. Indeed, in our ex-
periments, the kinase activity of highly overexpressed ASK1
could not be stimulated further by H,O, exposure (data not
shown).

Modification of ASK1 function would be predicted to alter

reference to the vector (pcDNA3) alone (=1.0). All bars represent
means plus SEM from three to five independent experiments. The
asterisk indicates a significant difference from ASK1 at P < 0.01 by
one-way ANOVA followed by the Bonferroni ¢ test.
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FIG. 5. Activation of the PI3-K/Akt pathway decreases ASK1-me-
diated apoptosis. (A) 293 cells were cotransfected with 1.75 pg of lacZ
or HA-tagged ASK1 constructs with 0.1 pg of pDsRed as a marker for
24 h. Cells were incubated with or without LY294002 (10 uM) for 1 h,
and then all cells were exposed to 10 ng of IGF-1/ml for 36 h. Cell
death was assessed by TUNEL-FITC staining and flow cytometry for
both TUNEL positivity and DsRed positivity to assay transfected cells
only (upper panel). All bars represent means plus SEM from four to
seven independent experiments. The asterisk indicates a significant
difference from ASK1 at P < 0.05 by one-way ANOVA followed by the
Bonferroni ¢ test. In parallel, sister cultures were transfected with
solutions identical to those used in cultures later assessed for cell
death. Cells were lysed in 1% NP-40 buffer after 24 h, and lysates were
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JNK- and p38-mediated gene transcriptional events as well as
cell viability according to the cellular context. The JNK and
p38 kinase cascades can initiate or modify transcription by
activating several transcription factors, such as members of the
AP-1 family and ATF-2 (30, 41). A constitutively active ASK1
has, for instance, been shown to induce differentiation through
p38 activation in PC12 cells (40). Given Akt’s inhibitory effects
on ASK1-mediated JNK and ATF-2 activities, Akt regulation
of ASK1 may therefore represent an additional role for Akt in
transcriptional control. Akt was initially suggested to influence
gene transcription because of its ability to translocate into the
nucleus (2, 32). More recently, Akt has been demonstrated to
activate transcription factors, such as NF-kB and CREB (15,
35, 38).

An alternative—but not mutually exclusive—role for Akt in
regulating ASK1 function may be to suppress ASK1-induced
cell killing. In our experiments, we found that ASK1 phosphor-
ylation by the PI3-K/Akt pathway could reduce apoptosis in-
duced by transfected ASK1 in 293 and HeLa cells. The cell
death induced by ASK1 in certain contexts may, therefore, be
ameliorated by simultaneous Akt activation. For instance, in
superior cervical ganglion neurons, which die in an ASKI1-
dependent manner upon withdrawal of nerve growth factor,
nerve growth factor-induced survival may in part reflect acti-
vation of Akt and subsequent inhibition of ASK1 (11, 26).

Akt suppression of ASK1 remains to be examined in the
context of other ASK1 regulators. Among the negative regu-
lators are thioredoxin and the cell cycle inhibitor, p21<P/WAF!
(3, 39). The adapter protein, 14-3-3, interacts with ASK1 and
inhibits cell killing without altering ASK1 kinase activity (50).
Certain TNF receptor-associated factor (TRAF) proteins, such
as TRAFs 2, 5, and 6, and ROS can activate ASK1, at least in
part, through ASK1 dimerization (18, 22, 31, 33). Both thiore-
doxin and TRAF2 have been shown to interact with the ASK1
N terminus, a region that contains the Akt consensus site. Akt
phosphorylation of ASK1 may therefore alter the binding af-
finity of ASK1 for TRAF?2 or thioredoxin. It is also conceivable
that Akt phosphorylation of ASK1 cannot occur unless TRAF2
or thioredoxin dissociation from ASK1 occurs first. The rela-
tive impact of these and other ASK1 regulatory proteins on
ASKI1 function may well be cell context specific.

Other molecular targets of Akt may also be responsible for
antagonizing the activity of the stress-activated kinase cascades
in certain cell contexts. Racl, a small G protein activator of the
JNK pathway, has been reported to be phosphorylated by Akt,
an event which leads to decreased Racl GTP-binding affinity
(29). However, this effect was directly tested in vitro only, and

probed for expression of ASK1 constructs with anti-HA (bottom pan-
el). (B) HeLa cells were cotransfected with 0.75 pg of the indicated
ASK1 constructs plus 0.25 pg of EGFP-IRES-HA-Akt (E40K) (active
Akt) or EGFP-IRES (Vector) for 24 h and then serum starved for
24 h. Cells were labeled with Hoechst 33342, and EGFP-positive cells
were scored for apoptosis by nuclear morphology. In each experiment,
100 EGFP-positive cells were counted per condition. The histogram
represents means plus SEM from four independent experiments. As
described for panel A, sister cultures were transfected with solutions
identical to those used in cultures assessed for cell death. Cell lysates
were probed for expression of ASK1 constructs and active Akt with
anti-HA (bottom panel).
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the outcome of Racl phosphorylation on downstream targets
in intact cells has not yet been determined.

Given the growing number of Akt substrates, a central ques-
tion of Akt signaling is whether multiple substrates can be
simultaneously phosphorylated by Akt in a given system. To
our knowledge, no integrated investigation of the Akt effectors
has been carried out in one system. In this vein, we have
conducted preliminary coimmunoprecipitation experiments,
which demonstrated that Akt immunoprecipitated from 1.929
cells associates with both Raf-1 and ASKI, suggesting that
these Akt substrates are positioned to undergo phosphoryla-
tion at the same time (data not shown). Therefore, Akt may
have the potential to deploy several of its reported downstream
functions in parallel, perhaps acting as a central regulator in a
multipathway signaling complex. Clearly, a more thorough
characterization of the kinetics and subcellular localization of
Akt and its different substrates, as well as more genetic evi-
dence, will be required to assess the relative contribution of a
given substrate to Akt function in vivo.

Our results suggest that one point of convergence between
the Akt pathway and the stress-activated kinases is ASK1. The
involvement of Akt in the inhibition of apoptosis regulatory
protein kinases broadens the scope of Akt as a transcriptional
modifier and mediator of cell survival decisions.
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