Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 13169-13174, November 1997
Immunology

Preferential activation of the p46 isoform of JNK/SAPK in mouse

macrophages by TNF«

EDWARD D. CHAN*, BRENT W. WINSTONT¥, MATTHEW B. JARPET, MURRY W. WYNESS,

AND Davip W. H. RicHEs* 87l

TDivision of Basic Sciences, Department of Pediatrics, National Jewish Medical and Research Center, Denver, CO 80206; and "Departments of Pharmacology and
Biochemistry and Molecular Genetics, *Division of Pulmonary Sciences and Critical Care Medicine, Department of Medicine, and ¥Department of Immunology,

University of Colorado Health Sciences Center, Denver, CO 80262

Communicated by Philippa Marrack, National Jewish Center, Denver, CO, September 15, 1997 (received for review July 23, 1997)

ABSTRACT A pleiotropic cytokine, tumor necrosis fac-
tor-a (TNFa), regulates the expression of multiple macro-
phage gene products and thus contributes a key role in host
defense. In this study, we have investigated the specificity and
mechanism of activation of members of the c-Jun-NH,-
terminal kinase/stress-activated protein kinase (JNK/
SAPK) subfamily of mitogen-activated protein kinases
(MAPKSs) in mouse macrophages in response to stimulation
with TNFa. Exposure of macrophages to TNFa stimulated a
preferential increase in catalytic activity of the p46 JNK/
SAPK isoform compared with the p54 JNK/SAPK isoform as
determined by: (i) separation of p46 and p54 JNK/SAPKs by
anion exchange liquid chromatography and (ii) selective im-
munodepletion of the p46 JNK/SAPK from macrophage
lysates. To investigate the level of regulation of p46 JNK/
SAPK activation, we determined the ability of MKK4/SEK1/
JNKK, an upstream regulator of JNK/SAPKs, to phosphor-
ylate recombinant Kinase-inactive p46 and p54 JNK/SAPKGs.
Endogenous MKK4 was able to transphosphorylate both
isoforms. In addition, both the p46 and p54 JNK/SAPK
isoforms were phosphorylated on their TPY motif in response
to TNFa stimulation as reflected by immunoblotting with a
phospho-specific antibody that recognizes both kinases. Col-
lectively, these results suggest that the level of control of p46
JNK/SAPK activation is distal not only to MKK4 but also to
the p54 JNK/SAPK. Preferential isoform activation within
the JNK/SAPK subfamily of MAPKs may be an important
mechanism through which TNFa regulates macrophage phe-
notypic heterogeneity and differentiation.

Tumor necrosis factor-a (TNFa), a pleiotropic cytokine pro-
duced mainly by macrophages, has been shown to regulate the
expression of many of the individual functional activities and
gene products that collectively mediate the heterogeneous role
of macrophages in inflammation, wound repair, and fibrosis (1,
2). Work reported by this laboratory has focused on delineat-
ing the mechanisms controlling the expression of insulin-like
growth factor I (IGF-I), a macrophage-derived growth factor
implicated in normal wound repair and in the pathologic
processes involved in tissue fibrosis, especially pulmonary
fibrosis (3), and for which TNFa has been shown to play an
integral role (4, 5). In previously reported work, we showed
that stimulation of mouse macrophages with TNFa led to an
increase in IGF-I protein synthesis that was regulated at a
pretranslational level following specific ligation of the TNFa
receptor CD120a (p55) (6, 7). The 5’ flanking region of the
IGF-I gene contains canonical cis-regulatory sequences for
several transcription factors including AP- 1 (8). Because AP-1
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has been shown to be activated by TNFa (9) and its DNA-
binding activity is mediated by the homodimeric protoonco-
gene product c-Jun or the heterodimeric c-Jun-c-Fos (10), the
present study focuses on the signaling mechanisms utilized by
TNFa that may contribute to the activation of AP-1.

In seeking to define these events, we have investigated the
activation of members of the mitogen-activated protein kinase
(MAPK) family of protein Ser/Thr kinases in mouse bone
marrow-derived macrophages and whose downstream targets
include both c-Jun and c-Fos. Currently, the MAPK family
comprises three subfamilies, namely: () the extracellular sig-
nal-regulated kinases or ERK subfamily represented by
pa2mavk/en2 and pddmapk/erkl (11), (i) the c-Jun NH,-terminal
kinases/stress-activated protein kinases or JNK/SAPK sub-
family, represented by the p46 JNK/SAPK and p54 JNK/
SAPK isoforms and their variants (12-16), and (iii) the p38™rk
subfamily (17). Previous work from this laboratory has shown
that ligation of CD120a (p55) by TNFa in mouse macrophages
stimulates a rapid, transient, and selective activation of the
p42mapk/ek2 (18) and that ligation of CD 120a (p55) is rapidly
(within 30 sec) followed by the activation of MEK kinase
(MEKK) and by the c-Raf-1-independent activation of the
specific MEK isoform, MEK1 (19, 20). Thus, unlike the
responses of many other cell types in which dual activation of
pa2mapk/enk2 and pd4mark/ekl occurs in a c-Raf-1-dependent
fashion (21), the activation of the ERK family in macrophages
in response to TNFa is restricted at the level of both the
p42mapk/ek2 and the upstream kinases that regulate its act-
ivation. Although there are clear examples in which both
pd2mapk/ek2 and pd4mapk/erkl have been shown to be equally
effective at phosphorylating and activating the same substrate,
each enzyme has also been shown to display the ability to
phosphorylate distinct substrates (22). Thus, the pattern of
restricted activation of ERKs seen in macrophages is strongly
suggestive that each kinase may phosphorylate a distinct group
of substrates.

The JNK/SAPK subfamily of MAPKs has also been shown
to be activated by TNFa (9, 13, 23) and has been defined
principally on the basis of the ability of its members to activate
the transcription factor c-Jun by phosphorylating residues Ser
63 and 73 located in the transactivation domain of the NH,
terminus of c-Jun (12). As with the ERK subfamily, emerging
data suggest that p46 and p54 JNK/SAPKs, while showing
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some overlap in their catalytic activity, may also express
distinct substrate preferences. For example, Kallunki et al. (24)
have shown p54 JNK/SAPK to bind c-Jun with 25-fold greater
affinity than p46 JNK/SAPK and have suggested that at the
concentration of c-Jun encountered intracellularly, p54 JNK/
SAPK is more likely to phosphorylate c-Jun than p46 JNK/
SAPK, raising the question of alternative role(s) of p46
JNK/SAPK. Similarly, in COS cells expressing epitope-tagged
p46 JNK/SAPK and p54 INK/SAPK, it was shown that the
specific activation of p54 JNK/SAPK was approximately 10-
fold greater than that of p46 JNK/SAPK (23). Importantly,
these investigators showed that in HOGI-deficient yeast
(which are overly sensitive to osmotic stress), human p46
JNK/SAPK, but not p54 INK/SAPK, was able to complement
the deficiency in HOG1 expression, establishing that p46 and
p54 INK/SAPKs are not simply redundant kinases but can
exhibit distinct functions (23). More recently, it has been
suggested that in small cell lung cancer, activation of different
JNK isoform activities may dictate the relative responsiveness
of these tumor cells to the apoptotic effects of UV-irradiation
with JNK1 activation signaling greater apoptosis than the
signaling by the JNK2 isoform (25).

These issues thus raise the question of the role that signaling
heterogeneity within the INK/SAPK subfamily may play in the
varied functional responses in macrophages (26), in particular
with respect to the activation of AP-1. To address this question,
we have investigated the restriction of INK/SAPK activation
in mouse bone marrow-derived macrophages following expo-
sure to TNFa. In this report we show that although both major
isoforms of JNK/SAPK are present in mouse macrophages,
TNFa preferentially activates the p46 JNK/SAPK isoform. To
establish the level of this isoform preference, we will show that
endogenous macrophage MKK4/JNKK/SEK1 is able to
transphosphorylate both p46 and p54 JNK/SAPK isoforms
and that both isoforms are phosphorylated in response to
stimulation with TNFa. Thus, these data suggest that the level
of control of the preferential activation of p46 INK/SAPK is
likely to be distal to the p54 JNK/SAPK.

MATERIALS AND METHODS

Materials. C3H/HeJ mice were used throughout the study
and were bred at the National Jewish Center Biological
Resource Center. Rabbit polyclonal anti-p46 JNK/SAPK,
rabbit polyclonal anti-MKK4 (C-20), and phospho-specific
JNK/SAPK antibodies were purchased from Santa Cruz Bio-
technology. Anti-SAPK antibody raised against p54 SAPKp in
rabbits was a kind gift from John Kyriakis (Boston, MA).
Anti-JNKK (MKK4, SEK1) antibody used for immunopre-
cipitation was purchased from PharMingen. Phospho-specific
SEK1 (MKK4, JNKK) antibody was obtained from New
England Biolabs. Recombinant c-Jun;.;o-GST and histidine-
tagged kinase inactive p46 JNK/SAPK were generously pro-
vided by Gary Johnson (National Jewish Medical and Re-
search Center, Denver, CO). Recombinant kinase inactive p54
SAPKB-GST was a kind gift from James Woodgett (Princess
Margaret Hospital, Toronto).

Macrophage Isolation and Culture. Monolayers of mouse
bone marrow-derived macrophages were prepared as previ-
ously described (6). On day 5, the colony-stimulating factor
1-containing medium was replaced with colony-stimulating
factor 1-free medium [DMEM with penicillin (100 units/ml),
streptomycin (100 wg/ml), and 0.1% (vol/vol) heat-inactivated
FCS] for 18 hr prior to stimulation with TNFa.

Determination of JNK/SAPK Activity. For measurement of
JNK/SAPK activity, macrophage monolayers were stimulated
as described (18) and then lysed at 4°C with 500 ul of an
ice-cold lysis buffer [S0 mM Tris-HCI buffer, pH 8.0, contain-
ing 137 mM NaCl, 10% glycerol, 1% (vol/vol) Nonidet P-40,
1 mM NaF, 10 pg/ml leupeptin, 10 pug/ml aprotinin, 2 mM
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Na3VOy, and 1 mM phenylmethylsulfonyl fluoride (PMSF)]
(12). JNK/SAPK activity in each sample of lysate was bound
to 15 ul of 1:1 slurry of lysis buffer:c-Jun;.7o-GST-Sepharose
beads and incubated at 4°C for 2 hr. The beads were then
washed twice with lysis buffer and twice with JNK/SAPK
buffer (20 mM Hepes buffer, pH 7.2, containing 30 mM
B-glycerophosphate, 10 mM p-nitrophenylphosphate, 10 mM
MgCly, 0.5 mM DTT, and 50 uM NazVO,). The activity of
JNK/SAPK was detected by phosphorylation of the c-Jun-
GST fusion protein in an in vitro kinase assay and was assessed
by incorporation of [y-3?P]ATP (10 uCi/sample; 1 Ci = 37
GBq) in JINK/SAPK buffer incubated at 30°C for 30 min. The
phosphorylation reactions were terminated by the addition of
an equal amount of 2X Laemmli sample buffer containing 20
mM DTT and boiled for 5 min. The proteins present in the
supernatant were separated by SDS/PAGE and transferred
onto nitrocellulose membranes, and 32P-labeled c-Jun-GST
was detected by autoradiography. For immunoprecipitation of
JNK/SAPK, the cell lysates were initially precleared with 15 ul
of protein A-Sepharose beads for 10 min at 4°C. Then 1 ug of
p46 INK/SAPK antibody was added along with 15 ul of a 1:1
slurry of lysis buffer:protein A-Sepharose beads. The samples
were incubated for 2 hr at 4°C. The JNK/SAPK assay was
carried out in the presence of INK/SAPK buffer, [y->?P]ATP
(10 pCi/sample), and 2 pg of soluble c-Jun;_7-GST per
sample.

Resolution of JNK/SAPK Isoform Activities by Liquid
Chromatography. Unstimulated or TNFa-stimulated macro-
phage monolayers (=11 X 10° cells) were scraped into 500 pul
ice-cold lysis buffer [S0 mM B-glycerophosphate buffer, pH
7.2, containing 1 mM EGTA, 2 mM MgCl,, 0.5% (vol/vol)
Triton X-100, 1 mM DTT, 0.1 mM Na3VOy, 2 ng/ml leupep-
tin, and 2 pg/ml aprotinin]. Postnuclear supernatant was
loaded onto an anion-exchange column (Mono Q, Biologic,
Hercules, CA) equilibrated in 50 mM B-glycerophosphate, pH
7.2, containing 1 mM EGTA, 1 mM DTT, 0.1 mM NazVO,,
and 0.05 M NaCl and was eluted at a flow rate of 60 ml/hr for
40 ml with a linear gradient of 0.05-0.2 M NacCl in equilibra-
tion buffer. Two-milliliter fractions were collected, and 500-u.l
aliquots were tested for JNK/SAPK activity as described
above. In addition, TCA-precipitated fractions were analyzed
for INK/SAPK proteins by SDS/PAGE, transferred to nitro-
cellulose membranes, and immunoblotted with p46 JNK/
SAPK and p54 JNK/SAPK antibodies.

In Vitro Kinase Assay Of MKK4. MKK4 catalytic activity
was measured by immunoprecipitating MKK4 and subjecting
it to an in vitro kinase assay using kinase-inactive p46 or p54
IJNK/SAPKs as substrates in the presence of [y->’P]ATP.
Mouse macrophages were lysed with 1 ml EB lysis buffer [10
mM Tris'HCI buffer, pH 7.4, containing 5 mM EDTA, 50 mM
NaCl, 0.1% (wt/vol) BSA, 1.0% (vol/vol) Triton X-100, 5 mM
NaF, 1 mM PMSF, 2 mM Na3;VO,, and 20 pg/ml aprotinin],
and postnuclear supernatants were precleared with 15 ul of
protein A-Sepharose beads. MKK4 was immunoprecipitated
by incubation at 4°C for 2 hr with 0.5 ug of anti-JNKK (MKK4,
SEK1) antibody and 15 ul of protein A-Sepharose beads. The
beads were then washed twice with EB lysis buffer and twice
with PAN buffer (10 mM Pipes buffer, pH 7.0, containing 21
pg/ml aprotinin, and 100 mM NaCl). MKK4 activity was
assayed in a kinase reaction buffer [40 mm Hepes buffer, pH
7.2, containing 25 mM B-glycerophosphate, 2 mM NazVOy, 20
mM MgCly, 2 mM DTT, [y-2P]ATP (20 nCi/sample)] and 1
wg of either kinase inactive p46 JNK/SAPK or kinase inactive
p54 SAPKB-glutathione S-transferase (GST) per sample for
30 min at 30°C. The phosphorylation reactions were termi-
nated with an equal volume of 2X Laemmli sample buffer
containing 20 mM DTT and boiled for 5 min. The phosphor-
ylated proteins were separated by SDS/PAGE and electro-
blotted onto nitrocellulose membranes.
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Western Blot Analysis. Samples were separated by SDS/
PAGE, transferred onto nitrocellulose membranes, and
probed with the p46 INK/SAPK, p54 JNK/SAPK, phospho-
specific INK/SAPK, or MKK4 antibodies as described (27).
Bound antibodies were then detected by enhanced chemilu-
minescence (Amersham, Arlington Heights, IL) as previously
described (18, 20).

RESULTS

Activation of JNK/SAPK by TNFa. To investigate the
activation of INK/SAPK, monolayers of mouse bone marrow-
derived macrophages were exposed to increasing concentra-
tions of TNFa (0.1-40 ng/ml) for 10 min at 37°C before being
lysed and analyzed for total INK/SAPK activity. As illustrated
in Fig. 14, stimulation with TNF« resulted in a concentration-
dependent activation of JNK/SAPK that peaked at a TNFa
concentration of 1 ng/ml. The time course of activation of
JNK/SAPK was investigated by incubating macrophage mono-
layers with 40 ng/ml of TNFa or with medium alone for time
intervals up to 30 min before assaying for JINK/SAPK activity.
As shown in Fig. 1B, peak activation of JNK/SAPK was
detected approximately 10—15 min after the addition of TNFe,
although the activity still remained elevated above that of
unstimulated cells at 30 min. To verify that mouse macro-
phages expressed both the p46 and p54 INK/SAPK isoforms,
macrophage whole cell lysates, together with equal amounts
(20 ng) of His-tagged recombinant p46 and p54 JNK/SAPK
were separated by SDS/PAGE, transferred to nitrocellulose
membranes, and immunoblotted with an antibody that recog-
nizes both JNK/SAPK isoforms. As shown in Fig. 2, both p46
and p54 INK/SAPK isoforms are expressed in roughly equiv-
alent amounts in mouse macrophages. Using scanning densi-
tometry to compare the p46 and p54 signals in the macrophage
whole cell lysate with the standard recombinant proteins, we
estimated that there were 21.2 ng of p46 JNK/SAPK per 10°
cells and 28.1 ng of p54 JINK/SAPK per 10° cells.

Separation of p46 JNK/SAPK and p54 JNK/SAPK by
Anion-Exchange Liquid Chromatography. To investigate the
relative contribution of p46 JNK/SAPK and p54 JNK/SAPK
catalytic activity in response to TNFa, we separated the two
kinases by anion-exchange liquid chromatography of detergent
lysates of unstimulated and TNFa-stimulated mouse macro-
phages over a Mono-Q column and investigated the colocal-
ization of JNK/SAPK activity with p46 and p54 JNK/SAPK
proteins. Each fraction was assayed for: (i) INK/SAPK activity
and (i) immunoreactive p46 INK/SAPK and p54 JNK/SAPK
following TCA precipitation and analysis by SDS/PAGE and
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Fic. 1. Concentration dependence and time course of JINK/SAPK
activation by TNF« in mouse macrophages. (4) Bone marrow-derived
macrophages were stimulated with the indicated concentrations of
TNFa for 10 min. (B) Macrophages were stimulated with 40 ng/ml of
TNF« for 2-30 min as shown. These results are representative of three
experiments.
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FI1G. 2. Immunoblot of a macrophage whole cell lysate and recom-
binant histidine-tagged p46 and p54 JNK/SAPK isoforms showing
that both p46 and p54 JNK/SAPKs are expressed in similar levels in
mouse macrophages. Lanes: 1, macrophage whole cell lysate; 2, 20 ng
His-tagged p46 JNK/SAPK; 3, 20 ng His-tagged p54 JNK/SAPK.
Identical results were obtained in two independent experiments.

immunoblotting of nitrocellulose blots with anti-p46 JNK/
SAPK and anti-p54 INK/SAPK antibodies. Following stimu-
lation with TNFa under optimal conditions (40 ng/ml, 10 min),
two major peaks of JNK/SAPK activity were detected in
macrophage lysates (Fig. 34). The first and most significant
peak was eluted at a salt concentration of approximately 70
mM NaCl and colocalized with p46 INK/SAPK (Fig. 3B). p54
JNK/SAPK was eluted at a NaCl concentration of approxi-
mately 140 mM (Fig. 3C) and was fully separated from p46
JNK/SAPK. p54 INK/SAPK was associated with a low level
of INK/SAPK activity that comprised a shoulder of the second
peak of activity. In addition, probing with an anti-phospho-
JNK antibody showed that these same fractions also contained
phosphorylated p54 INK/SAPK (data not shown). Integration
of the areas under the activity curves revealed that p46
JNK/SAPK represented 83% of the total INK/SAPK activity.
The second peak of INK/SAPK activity eluted at approxi-
mately 180 mM NaCl and did not colocalize with either p46
JNK/SAPK or p54 INK/SAPK (Fig. 34). However, immu-
noblotting with anti-p427@k/erk2 anti-pddmark/erkl - and anti-
p38mark antibodies revealed the JNK/SAPK activity to be
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FiG. 3. Separation of p46 JNK/SAPK and p54 JNK/SAPK by
anion-exchange liquid chromatography. Macrophage monolayers were
incubated in medium in the presence or absence of TNFa. (A4)
Mono-Q column assay of unstimulated (—-O-) and TNFa-stimulated
(-@-) whole cell lysates from a gradient of 0.05 M NaCl to 0.2 M NaCl
at a flow rate of 60 ml/hr. JINK/SAPK activity was assayed by the solid
phase in vitro kinase assay and was quantitated by Phospholmager
analysis measured in arbitrary units. (B) Immunoblot with the p46
JNK/SAPK antibody. (C) Immunoblot with the p54 JNK/SAPK
antibody. These results are representative of three experiments.
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colocalized with p4dark/erkl but not with p387P% or pd2mavk/erk2
(data not shown). Although members of the ERK subfamily
are not believed to phosphorylate intact c-Jun (28, 29), work
reported by Pulverer ef al. (30) has suggested that ERKs may
phosphorylate Ser 63 and 73 of the truncated c-Jun;.7o-GST
substrate used in these studies. However, ERK activation of
c-Jun in vivo is unlikely because ERKs also phosphorylate
c-Jun at Ser 243, which may negate any c-Jun activation (9, 31,
32).

Immunodepletion with the p46 JNK/SAPK Antibody. Con-
firmatory data that the p46 JNK/SAPK isoform was prefer-
entially activated by TNFa were obtained by immunoprecipi-
tating detergent lysates from TNFa-stimulated macrophages
with the anti-p46 JNK/SAPK specific antibody and (i) mea-
suring residual JNK/SAPK activity in the postimmunoprecipi-
tation lysate and (if) determining the extent of recovery of the
kinase in the immunoprecipitate using soluble c-Jun;.79-GST as
substrate. As shown in Fig. 44, immunoprecipitation with the
anti-p46 JNK/SAPK antibody removed the majority of the
catalytically active JNK/SAPK present initially in the whole
cell lysate, and this was recovered in the immunoprecipitate.
Quantification of the kinase activity by scanning densitometry
before and after immunodepletion of p46 JNK/SAPK re-
vealed that the p46 JNK/SAPK activity represented approx-
imately 76% of total INK/SAPK activity. Separation of the
pre- and postimmunoprecipitation lysates by SDS/PAGE fol-
lowed by immunoblotting with the anti-p5S4 SAPK antibody
confirmed the specificity of the immunoprecipitation, in that
equivalent amounts of the p54 JNK/SAPK were present
before and after immunoprecipitation with the p46 JNK/
SAPK antibody (Fig. 4B). These data thus support the con-
clusion that the p46 isoform is the predominant JNK/SAPK
isoform activated by TNFa.

MKK4/JNKK/SEK1 Is Phosphorylated in a Time-
Dependent Fashion by TNFa. To further explore the mecha-
nism underlying the preferential activation of p46 INK/SAPK,
we investigated the activation of MKK4/JNKK/SEKI1, an
upstream kinase implicated in JINK/SAPK activation in mouse
macrophages stimulated with TNFa. Macrophage monolayers
were stimulated with TNFa at 40 ng/ml for time intervals
between 1 and 10 min and lysed in the presence of protease and
phosphatase inhibitors. After separation by SDS/PAGE, im-
munoblotting of the whole cell lysates with a phospho-specific
MKK4 antibody that detects MKK4 /JINKK/SEK1 phosphor-
ylated on residue Thr-223 revealed a time-dependent increase
in MKK4/JNKK/SEK1 phosphorylation that was undetect-
able at 1 min of TNF« stimulation but that peaked at 5 min
before returning toward baseline by 10 min (Fig. 5). Thus,
MKK4/INKK/SEK1 was rapidly and transiently phosphory-
lated in mouse macrophages in response to TNFa with a time
course that is similar to the level of activity of JNK/SAPK.

MKK4/JNKK/SEK1 Is Catalytically Active in Mouse Mac-
rophages. We next questioned whether the selectivity in p46
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F1G. 4. Immunodepletion with the p46 INK/SAPK antibody. (4)
JNK/SAPK activity in the pre- and post-p46-immunoprecipitation
lysates. INK/SAPK activity in the immunoprecipitate (IP) was de-
tected with soluble c-Jun-GST. (B) Immunoblot of the pre- and
postimmunoprecipitated lysates with the p54 JNK/SAPK antibody.
These results are representative of three experiments.
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F1G.5. Time course of phosphorylation of MKK4/JNKK/SEK1 in
response to TNFa. TNFa-stimulated macrophage whole cell lysates
were immunoblotted with phospho-specific SEK1 antibody. These
results are representative of three independent experiments.

JNK/SAPK isoform activation may be due to a specificity in
the catalytic activity of the MKK4 /INKK/SEKI1. Activation of
JNK/SAPK is mediated by dual phosphorylation of Thr-183
and Tyr-185 by MKK4/JNKK/SEK1 (33-35) and other less
well characterized kinases (36). The approach used to inves-
tigate this issue was to immunoprecipitate MKK4/JNKK/
SEK1 from TNFa-stimulated mouse macrophages and deter-
mine the ability of the kinase to transphosphorylate kinase-
inactive p46 and p54 JNK/SAPKs in vitro. As shown in Fig. 6
(Upper), immunoprecipitation of MKK4/JNKK/SEK1, fol-
lowed by an in vitro kinase assay using histidine-tagged kinase-
inactive p46 and kinase-inactive p54-GST JNK/SAPK as
substrates, revealed that in TNFa-stimulated cells, MKK4/
JNKK/SEKI1 exhibits similar catalytic activity toward both
isoforms of JNK/SAPK. Immunoblotting with an MKK4/
JNKK/SEK1 (C-20) antibody revealed that the kinase was
immunoprecipitated in equal amounts from each sample (Fig.
6 Lower).

Phosphorylation of p46 and p54 JNK/SAPK. To investigate
which JNK/SAPK isoform(s) were phosphorylated by TNFq,
macrophage monolayers were stimulated with TNFa (10 ng/
ml) for 10 min, lysed as described earlier, incubated with
c-Jun;.79-GST-Sepharose beads, and, following washing, the
bound proteins were separated by SDS/PAGE. As shown
previously, there was abundant JNK/SAPK activity upon
TNFa stimulation (Fig. 74). The nitrocellulose membranes
were then immunoblotted with a phospho-specific INK/SAPK
antibody that detects phosphorylated Thr-183 and Tyr-185
residues on both JNK/SAPK isoforms. As shown in Fig. 7B,
phosphorylated p46 and p54 JNK/SAPK were bound to the
c-Jun;_79-GST-Sepharose beads following stimulation with
TNFa with the p54 isoform showing greater binding of the
phospho-specific antibody than the p46 isoform. Thus, al-
though catalytic activity is preferentially exhibited by the p46
JNK/SAPK isoform, both isoforms are appropriately phos-
phorylated by their upstream kinase(s).

DISCUSSION

As more information has become available, it has become
increasingly apparent that differential activation of the three
MAPK subfamilies and their individual subfamily members
plays an important role in regulating distinct, and frequently
opposing, cellular functions. For example, in 1.929 and U937
cells, exposure to TNFa results in the activation of the
JNK/SAPK cascade and the initiation of programmed cell
death (37, 38). However, as shown by Xia et al. (39), concom-
itant activation of ERKs during JNK/SAPK activation rescues
PC12 cells from apoptosis following nerve growth factor
withdrawal, suggesting that ERK activation can dramatically
alter the consequences of INK/SAPK activation. The results
from the present study and from previous work from this
laboratory suggest that differential and preferential activation
of MAPK subfamily members in macrophages may also play an
important role in the responses of these cells to TNFa. In
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results are representative of three independent experiments.

previous work, we have shown that incubation with TNFe,
which induces differentiative responses in macrophages (6, 26),
initiates the selective activation of MEKK (19), MEK1 (20),
and p427merk/ek2 (18). In contrast, the macrophage-specific
growth factor colony-stimulating factor 1 activates c-Raf-1 and
pddmapk/ekl (18, 19), suggesting that differential activation
within the ERK subfamily may contribute to different func-
tional and/or proliferative responses by these cells. The results
from the present study, in which we have shown differential
regulation of the p46 and p54 JNK/SAPK isoforms by TNFa,
suggest that discrimination in the pattern of regulation of the
JNK/SAPK subfamily may further contribute to the hetero-
geneity in functional responses in macrophages. In addition,
the findings of preferential activation of p46 JNK/SAPK by
TNFa support the notion that the p46 and p54 JINK/SAPKs
are independently regulated. These findings may thus have
broader implications on the heterogeneous activation of var-
ious transcription factor elements by members of the JNK/
SAPK subfamily (16) and may partly explain the pleiotropic
properties of TNFa.

Three approaches were used to determine how and where
within the signaling cascade the preferential activation of p46
JNK/SAPK was regulated. First, we investigated the activation
and role of the upstream kinase MKK4/JNKK/SEKI1 in
JNK/SAPK activation. Using a phospho-specific antibody that
recognizes phosphorylated Thr-223, we have shown that stim-
ulation of mouse macrophages with TNF« leads to a rapid and
transient phosphorylation of MKK4/INKK/SEKI1. Thus,
these data demonstrate the TNFa-dependent activation of
MKK4/INKK/SEKI1 in primary cultures of mouse macro-
phages. In addition, they imply that this kinase may play a role
in subsequent JNK/SAPK activation in these cells. Second,
based on these findings, we questioned whether endogenous

A} JNK Activity B) p-JNK Western
TNF {10 ng/ml) + wcl + wal
P54 —- —
paG —=- -_—
c-Jun-GST — [ -~ 8
-

Fic. 7. JNK/SAPK activities in unstimulated and TNFa-
stimulated mouse macrophages and corresponding immunoblots with
the phospho-specific INK/SAPK antibody. (4) JNK activity. (B)
Immunoblot with phospho-specific JINK/SAPK antibody. wcl, whole
cell lysate. These results are representative of three independent
experiments.

macrophage MKK4/INKK/SEK1 was able to transphospho-
rylate p46 and p54 JNK/SAPKSs using an immunoprecipita-
tion/in vitro kinase assay employing kinase-inactive recombi-
nant p46 and p54 INK/SAPKs as substrates. The data clearly
indicated that MKK4 was equally capable of phosphorylating
both JNK/SAPK isoforms, suggesting that the level of regu-
lation was distal to MKK4. Third, this conclusion was sup-
ported by the finding that both p46 and p54 JNK/SAPK
isoforms were phosphorylated on Thr-183 and Tyr-185 using
a phospho-specific antibody that recognizes this phosphory-
lated motif on both JNK/SAPK isoforms.

These collective findings suggest that the level of control is
distal to the p54 JNK/SAPK isoform and is targeted at
regulation of p54 catalytic activity. Potential mechanisms and
their feasibility are as follows: (i) Activation of a p54 JNK/
SAPK-specific phosphatase by TNFa. This possibility is sup-
ported by previous work showing that the protein synthesis
inhibitor cycloheximide is a potent activator of p54 JNK/
SAPK but not of p46 INK/SAPK (14), suggesting that a labile
phosphatase that requires translation to maintain its level may
basally restrict p54 JNK/SAPK (15). However, based on the
finding that both p46 and p54 JNK/SAPK were bound by
c-Jun;_79-GST beads and phosphorylated on their respective
TPY motif, as discussed above, this possibility would seem
untenable. (if) Although there may exist as yet uncharacterized
JNKKs that preferentially activate p46 JNK/SAPK upon
TNFa stimulation, that both isoforms were phosphorylated by
MKK4/INKK/SEKI suggested to us that the level of regula-
tion is not directed at MKK4 /JNKK/SEKI. (iii) An inhibitor
that specifically inactivates p54 JNK/SAPK catalytic activity.
This possibility is supported by recent data showing that a
nonenzymatic inhibitor of cyclin-dependent kinases inhibits
IJNK/SAPK activity (40). This p21 inhibitor is activated by
DNA-damaging stimuli such as UV-irradiation, suggesting
that it may serve to regulate JNK/SAPK activation. Although
the p21 protein inhibited both p46 JNK/SAPK and p54
JNK/SAPK, there were clear differences in the level of
inhibition of these different isoforms, raising the possibility of
differential regulation of JNK/SAPK isoform activity by this
inhibitor. (iv) Another potential mechanism for the p46 JNK/
SAPK selectivity by TNFa may be due to differential effects
of a scaffolding protein on the different isoforms of JNK/
SAPKs. Although this has not been specifically reported in the
MAPK family, it has been suggested (11) that an analogous
mechanism may regulate differential activation of protein
kinase C isozymes by the 14-3-3 zeta protein (41).

These findings raise a number of questions concerning the
preferential activation of p46 JNK/SAPK by TNF« in mac-
rophages. Could this be a cell-type-specific response that may
be shared by other activators of the INK/SAPK cascade? This
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possibility seems unlikely because previous studies have doc-
umented concurrent activation of both the p46 and p54
JNK/SAPK isoforms in mouse bone marrow-derived macro-
phages and RAW264.7 cells following stimulation with lipo-
polysaccharide (42) and in the human macrophage cell line
U937 in response to stimulation with both cycloheximide and
anisomycin (43). What are the functional consequences of a
preferential activation of p46 JNK/SAPK? This issue currently
remains enigmatic. Kallunki et al. (24) have suggested that p54
may preferentially activate c-Jun and AP-1. Perhaps the low
level of p54 JNK/SAPK activity detected after stimulation
with TNFa« is sufficient to activate AP-1. Alternatively, per-
haps the diminished activity of p54 JNK/SAPK serves to
protect macrophages from apoptotic cell death in response to
TNFa. Although these possibilities are currently speculative,
the underlying questions clearly need to be addressed in the
future.

In summary, we have shown that the p46 JNK/SAPK
isoform is preferentially activated in mouse bone marrow-
derived macrophages by TNFa and that this selectivity is not
due to an inability of MKK4/JNKK/SEKI1 to phosphorylate
p54 INK/SAPK but appears to be localized downstream of the
kinase, possibly involving an inhibitor of p54 JNK/SAPK
catalytic activity. The activation of p42mePk/e<2 (18) and p46
JNK/SAPK by TNFa occurred over a similar time course and,
combined with the ability of ERKs to enhance the transcrip-
tion of c-Fos and JNK/SAPK to activate c-Jun, suggests
cooperation between these two MAPK pathways in mediating
the effects of TNFa. A possible consequence of the activation
of these two pathways by TNF« is the increased transcription
of genes whose promoters contain a binding site for AP-1, such
as IGF-I, which we have previously shown to be stimulated by
TNFa (6). Furthermore, the results of this study reveal the
complexities of the JINK/SAPK signal transduction pathways
by TNFa and may provide additional insights as to how an
array of genes may be regulated by TNFa.
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