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Abstract

Mixed Lineage Kinase 3 (MLK3) is a mitogen-activated protein kinase kinase kinase (MAP3K) that
activates multiple mitogen activated protein kinase (MAPK) pathways in response to growth factors,
stresses and the pro-inflammatory cytokine, tumor necrosis factor (TNF). MLK3 is required for
optimal activation of stress activated protein kinase/c-Jun N-terminal kinase (SAPK/INK) signaling
by TNF, however, the mechanism by which MLK3 is recruited and activated by the TNF receptor
remains poorly understood. Here we report that both TNF and Interleukin-1p (IL-1pB) stimulation
rapidly activate MLKS3 kinase activity. We observed that TNF stimulates an interaction between
MLKS3 and TNF receptor associated factor (TRAF) 2 and IL-1p stimulates an interaction between
MLK3 and TRAF6. RNA interference (RNAI) of traf2 or trafé dramatically impairs MLK3 activation
by TNF indicating that TRAF2 and TRAF6 are critically required for MLK3 activation. We show
that TNF also stimulates ubiquitination of MLK3 and MLK3 can be conjugated with lysine 48 (K48)-
and lysine 63 (K63)-linked polyubiquitin chains. Our results suggest that K48-linked ubiquitination
directs MLK3 for proteosomal degradation while K63-linked ubiquitination is important for MLK3
kinase activity. These results reveal a novel mechanism for MLK3 activation by the proinflammatory
cytokines TNF and IL-1p.
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1. Introduction

MAPK signaling pathways function to transduce extracellular signals into a wide range of
cellular responses. MAPK signaling pathways consist of a protein kinase cascade, where an
activated MAP3K phosphorylates and activates a MAPK kinase (MAP2K), which in turn,
phosphorylates and activates a MAPK [1]. MAPKSs translocate to the nucleus to activate
transcription factors and regulate genes involved cellular processes such as proliferation,
survival, differentiation and apoptosis [1]. The three most well characterized MAPKSs are
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extracellular signal-regulated kinase (ERK), SAPK/JNK and p38. ERK is predominantly
activated by growth factors, whereas SAPK/INK and p38 MAPK are primarily activated by
environmental stresses and pro-inflammatory cytokines [1,2].

MLK3 is a member of a family of MAP3Ks. Upon activation, MLKSs directly phosphorylate
and activate the MAP2Ks, MKK4/SEK1 and MKK3/6 [3,4]. Activated MKK4/SEK1 and
MKK3/6 directly phosphorylate and activate SAPK/INK and p38, respectively [1]. MLK3 is
activated by epidermal growth factor (EGF), T cell receptor costimulation, TNF, sorbitol,
ceramide and nerve growth factor deprivation in neuronal cells [5-9]. RNAI studies showed
that MLK3 promotes microtubule instability, is required for cell proliferation in colon epithelial
and lung fibroblast cells, and is required for activation of ERK and SAPK/JNK by TNF and
EGF [8,10]. MLKS3 has also recently been found to limit Rho GTPase activity [11].

Activation of MLK3 occurs through autophosphorylation on amino acid residues threonine
277 (Thr277) and serine 281 (Ser281) within the MLK3 kinase domain [9]. Autoinhibition of
MLKS3 kinase activity is mediated by an interaction between its SH3 domain and proline 495
(Pro495) in the C-terminus [12]. MLK3 is required for optimal TNF activation of the SAPK/
JNK pathway, however, the proteins required for MLK3 activation in TNF signaling have not
been identified [8,13].

In inflammatory responses, TNF binds the TNF receptor (TNFR) to activate several signal
transduction pathways including SAPK/IJNK [14]. TRAFs are adaptor proteins recruited to the
cytoplasmic tails of receptors in the TNFR and IL-1 receptor/Toll-like receptor (IL-1R/TLR)
superfamilies [15]. Different TRAFs have different targets to facilitate the activation of
multiple downstream effectors. The signaling pathways activated by TRAFs result in many
different responses including cell survival, proliferation, apoptosis and differentiation [15].
TRAF proteins contain a TRAF domain at the C-terminus, which is important for interactions
with upstream regulators and for mediating TRAF homo or hetero-oligomerization [16]. All
TRAFs, except for TRAF1, also contain an N-terminal RING finger and several zinc finger
motifs, which function in downstream signaling [17].

Multiple studies have demonstrated a requirement for TRAF2 in TNF-stimulated SAPK/INK
activation and TRAF2 has also been shown to activate MAP3KSs such as MEKK1 and
apoptosis-stimulated kinase 1 (ASK1) [18-23]. TRAF6 binds receptors in the IL-1R/TLR
superfamily and cells deficient in TRAF®6 fail to respond to lipopolysaccharide (LPS), IL-1
and IL-8 [24,25]. IL-1- and IL-8-induced TRAF6 activation leads to AP-1 activation via the
SAPK/INK pathway [26]. TRAF6 is ubiquitinated with K63-linked polyubiquitin chains via
the same E2 complex (Ubc13/Uev1A) as TRAF2 resulting in activation of the MAP3K,
TGFB activated kinase 1 (TAKZL), and the 1xB kinase complex [26,27]. The TRAF6 RING
domain is required for the activation of TAK1 or SAPK/INK by TRAF6 [28]. Collectively
these data indicate that TRAF2 and TRAF6 play critical roles in the activation of MAP3KSs in
cytokine signaling.

In this study, we wished to determine if the activation of MLK3 by TNF and IL-1 occurs
through a TRAF-dependent mechanism.We show that MLK3 interacts with TRAF2 and
TRAFG6 in response to TNF and IL-1p, respectively.Depletion of TRAF2 or TRAF6 with RNAI
impaired MLK3 activation by TNF indicating that TRAF2 and TRAF6 are required for TNF-
stimulated MLK3 activation. We show that MLK3 ubiquitination occurs rapidly in response
to TNF and IL-1- and that MLKS3 can be conjugated with K63- and K48-linked polyubiquitin
chains. In addition, our results suggest that K48-linked ubiquitination directs MLK3 for
proteosomal degradation while K63-linked ubiquitination is important for MLK3 kinase
activity.
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2. Materials and methods

2.1 Cell culture and reagents

Human embryonic kidney 293 (HEK293), human epithelial ovarian cancer (SKOV3) and
human colon cancer cells (HT29) were obtained from the American Type Culture Collection.
Cells were grown in a humidified atmosphere with 5% CO, at 37°C. HEK293, SKOV3 and
HT29 cells were cultured in Dulbecco’s Modified Eagle’s Medium (Cellgro) supplemented
with 10% fetal bovine serum (Hyclone). All culture media was supplemented with 25 pg/ml
streptomycin and 25 1.U. penicillin (Cellgro).

Human recombinant TNF and IL-1p were from Biosource. TNF and IL-1 were diluted in
fresh culture media to 50 ng/ml and 20 ng/ml respectively for treatment of cells. MG132
(Peptide International) was used at a final concentration in the media of 10 uM.

2.2. Expression plasmids

Expression constructs for glutathione-S-transferase (GST) fusion proteins of human TRAF2
used in this study were pEBG-GST-WT-TRAF2, pEBG-GST-ATRAF-TRAF2, pEBG-GST-
ARING-TRAF2. Other constructs used in the study were pRK5-FLAG-MLK3 and pCMV-
Myc-TRAF6. pRK5-HA-WT-Ubiquitin, pRK5-HA-K48-Ubiquitin, pRK5-HA-K48R-
Ubiquitin and pRK5-HA-K63-Ubiquitin constructs were provided by Dr. T. Dawson [29].
pRK5-HA-K63R-Ubiquitin was prepared using site-directed mutagenesis with the
QuikChange I1 Site Directed Mutagenesis Kit (Stratagene). The DNA sequence of the mutant
was verified by sequencing at the University of Michigan DNA sequencing core facility.

2.3. Transfections

Transient transfections of DNA plasmids were preformed using Lipofectamine (Invitrogen)
reagent according to manufacturer’s protocol. Transfections of siRNA oligos were performed
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. For
transfections, cells were seeded in either 6 or 10 cm dishes and transfected when cells reached
60 to 70% confluency.

2.4. Immunoblot analysis

Cell extracts were separated by 15% SDS-PAGE. Proteins were transferred to polyvinylidene
fluoride membrane and Western blotting was performed with the following antibodies from
Santa Cruz Biotechnologies: MLK3 (sc-536), GST (sc-459), B-Actin (sc-47778), TRAF2
(sc-876), TRAF6 (sc-7221), HA (s¢c-57592) and Myc (sc-40). Western blotting was also
performed with Ubiquitin antibody (550944) from BD Pharmingen and FLAG antibody
(200472-21) from Stratagene. The phosphorylation-specific MLK3 antibody (28115) was from
Cell Signaling Technology. The secondary antibodies were Immun-Star goat anti-mouse
horseradish peroxidase conjugate (170-5047) and Immun-Star goat anti-rabbit horseradish
peroxidase conjugate (170-5046) from Bio-Rad. Quantitation of signal intensity of Western
blot analysis was performed using Image J software (National Institutes of Health).

2.5. Immunoprecipitation

2.6. RNAI

Immunoprecipitation of endogenous or overexpressed proteins in HEK293 or SKOV3 cells
was performed as previously described [21]. N-ethylmaleimide was added to the cell lysis
buffer to a final concentration of 200 pM to inhibit deubiquitin enzymes where necessary.

TRAF2 and TRAF6 siRNA oligos used in this study were as previously described [30].
Nonspecific siRNA oligos were from Dharmacon.
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3. Results

3.1. TNF and IL-1B activate MLK3 kinase activity

TNF activates the TNFR1 receptor and this leads to activation of SAPK/JNK and p38 MAPK
signaling pathways [31]. To analyze the timing of the activation of endogenous MLK3 by TNF,
SKOV3and HT29 cells were treated with 50 ng/ml of human recombinant TNF for time periods
ranging from 0 to 15 min. Cellular extracts were analyzed by Western blotting with an antibody
that specifically recognizes phosphorylated residues (Thr 277/Ser 281) in the activation loop
of the MLK3 kinase domain. Phosphorylation of these residues is required for MLK3 kinase
activity. We observed that SKOV3 cells had a detectable basal level of endogenous active
MLKS3 that rapidly increased in response to TNF treatment after 1-3 min (Fig. 1A). Similarily,
in HT29 cells, a rapid increase in the level of active MLK3 was observed after TNF stimulation
for 1 min (Fig. 1B). Thus, endogenous MLK3 is activated in response to TNF treatment. These
results are consistent with previous findings that TNF stimulates MLK3 activity in Jurkat T
cells [6]. Interestingly, we observed that IL-1p treatment of SKOV3 cells also caused an
increase in MLKS3 kinase activity that occurred at 3 min, gradually increased through 7 min,
and remained at the highest level between 7 and 15 min (Fig.1C). These data indicate that
treatment of colon or ovarian cancer cells with TNF or IL-1f stimulates a rapid increase in
endogenous MLK3 kinase activity.

3.2. MLK3 interacts with TRAF2 and TRAF6

Previous reports indicated that both TRAF2 and MLK3 are required for TNF stimulated-SAPK/
JNK activation [8,13,19]. We hypothesized that TRAF2 or TRAF6 could function to recruit
MLK3 to the TNFR upon TNF stimulation, thereby facilitating MLK3 activation. To
investigate this possibility, we first tested if TRAF2 or TRAF6 associated with MLK3 in cells.
HEK?293 cells were transiently co-transfected with FLAG-MLK3 and either GST-TRAF2 or
Myc-TRAF6. GST-TRAF2 and Myc-TRAF6 were immunoprecipitated with anti-GST and
anti-Myc antibodies, respectively. Immunoprecipitated complexes were subjected to SDS-
PAGE and Western blot analysis with anti-FLAG antibody to detect co-immunoprecipitated
FLAG-MLK3. We observed that FLAG-MLK3 specifically co-immunoprecipitated with
GST-TRAF2 and Myc-TRAF6 (Fig. 2A). These results demonstrate that MLK3 associates
with TRAF2 and with TRAF6 in cells.

The TRAF domain of the TRAF proteins is required for interactions with downstream targets
such as NIK, GCK, and MEKK1 [21,32,33]. Next, we wished to determine the region of
TRAF2 that is necessary for the interaction with MLK3. HEK?293 cells were transiently co-
transfected with FLAG-MLK3 and GST-TRAF2 (wildtype and truncation mutants) into
HEK?293 cells. The TRAF2 truncation mutants consisted of TRAF2 lacking the C-terminal
TRAF domain (GST-TRAF2-ATRAF) and TRAF2 lacking the N-terminal RING domain
(GST-TRAF2-ARING) (Fig. 2B). FLAG-MLKS3 co-immunoprecipitated with GST-TRAF2-
ARING and with wildtype GST-TRAF2 (GST-TRAF2-WT) but failed to co-
immunoprecipitate with GST-TRAF2-ATRAF (Fig. 2C). These data indicate that the TRAF
domain of TRAF2 is required for the TRAF2-MLK3 interaction.

3.3. TNF and IL-1B induce association of MLK3 and TRAFs

To determine if TNF stimulates an association between endogenous MLK3 and TRAF2, we
treated SKOV3 cells with TNF and immunoprecipitated TRAF2 from cell lysates with anti-
TRAF2 antibody. In the absence of TNF, little endogenous MLK3 co-immunoprecipitated with
TRAF2 (Fig. 3A). However, when cells were stimulated for 1-5 min with TNF, a substantial
increase in the association between MLK3 and TRAF2 was observed (Fig. 3A). This
association was biphasic and decreased substantially at 7-11 min and then reappeared at 15
min. Interestingly, the MLK3-TRAF2 interaction occurred before the TNF-stimulated increase
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in MLK3 kinase activity (refer to Fig. 1A and Fig. 1B). Thus, it is plausible that recruitment
of MLK3 to the TNFR1 could occur through its association with TRAF2, which subsequently
facilitates MLK3 activation.

IL-1p binds receptors in the IL-1R/Toll-like receptor (TLR) superfamily. TRAF®6 is required
for IL-1p signaling and lack of TRAF6 leads to a marked decrease in signaling through these
receptors [24]. We postulated that MLKS3 is recruited to the IL-1p receptor through its
interaction with TRAF6. In order to determine whether IL-1p stimulates an endogenous
association between MLK3 and TRAF6 we treated SKOV3 cells with IL-1 and
immunoprecipitated TRAF6 from lysates with anti-TRAF6 antibody. In the absence of
IL-1p treatment, no endogenous MLK3 co-immunoprecipitated with TRAF6 (Fig. 3B).
However, when cells were stimulated with IL-1p, a rapid increase in the association of MLK3
with TRAF6 was observed starting at 1 min (Fig. 3B). The IL-1p-stimulated association
between MLK3 and TRAF6 occurred before the observed increase in IL-1p stimulated MLK3
kinase activity (see Fig. 1C) suggesting that the interaction with TRAF6 is required for the
activation of MLK3 by IL-1p. Possibly, MLK3 is recruited to the IL-1p receptor via its
interaction with TRAF6 and this interaction facilitates MLK3 activation.

3.4. Silencing either traf2 or trafé impairs TNF activation of MLK3

Next, we wished to determine if TRAF2 or TRAF6 is required for activation of MLK3 by TNF.
Cells were depleted of TRAF2 or TRAF6 with small interfering RNA (siRNA) and TNF-
stimulated MLK3 activity was analyzed. In SKOV3 cells that were untransfected or transfected
with the non-specific siRNA oligos, we observed that TNF stimulation resulted in a substantial
increase in MLK3 kinase activity after 10 min (Fig. 4). This TNF-stimulated increase in MLK3
kinase activity was significantly reduced in SKOV3 cells lacking TRAF2 and dramatically
reduced in cells lacking TRAF6 (Fig. 4). These results suggest that TRAF6, and to a lesser
extent TRAF2, is required for activation of MLK3 by TNF.

3.5. TNF stimulates ubiquitination of MLK3

Most TRAF proteins contain a RING domain that facilitates ubiquitination of targets with K63-
linked polyubiquitin chains [34]. K63 linked polyubiquitination targets proteins for fates other
than proteosomal degradation [26]. Interestingly, activation of the SAPK/INK pathway by
TNF is dependent on TRAF2 K63-linked ubiquitination [35]. We postulated that MLK3 could
be ubiquitinated in response to TNF stimulation and this may also be an important component
of the mechanism of regulation of MLK3 kinase activity. To determine if TNF stimulation
induces MLK3 ubiquitination, HEK293 and SKOV3 cells were treated with TNF and cell
lysates were subjected to immunoprecipitation with anti-MLK3 antibody. Immunoprecipitates
were probed with anti-ubiquitin antibody to detect ubiquitinated MLK3. Fig. 5A shows that
ubiquitinated MLK3 was detected within 1 min after TNF stimulation in HEK293 cells. In
SKOV3 cells, TNF treatment for 1 min stimulated an increase in the level of ubiquitinated
MLK3 (Fig. 5B). When HEK?293 cells were treated with TNF for 5 min and MLK3
immunoprecipitates were washed with a lysis buffer containing 250 mM or 500 mM LiCl to
disrupt non-specific interactions, a high level of ubiquitinated MLKS3 was still observed (Fig.
5C). Also, when HEK?293 cells were treated with TNF and ubiquitinated proteins were
immunoprecipitated from cell lysates with anti-ubiquitin antibody, and then immunoblotted
with anti-FLAG antibody to detect ubiquitinated FLAG-MLKS3, a similar ladder of bands was
observed indicating that MLK3 is directly conjugated with ubiquitin (Fig. 5D). To our
knowledge, this is the first report that MLK3 is ubiquitinated in response to TNF stimulation.

3.6 MLK3 is conjugated with K63- and K48- linked ubiquitin chains

The lysine residues at positions 48 and 63 of ubiquitin provide sites for isopeptide linkages of
other ubiquitin molecules. K48-linked polyubiquitin chains target proteins for proteosomal
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degradation while K63-linked ubiquitin chains serve non-proteolytic functions such as
localization and activation [27]. To determine the linkage between the polyubiquitin chains
that are conjugated on MLK3, HA-tagged Ubiquitin with K48 mutated to arginine (HA-K48R),
with all lysines except K48 mutated to arginine (HA-K48), and all lysines except K63 mutated
to arginine (HA-K63), were transiently overexpressed together with FLAG-MLK3 in HEK293
cells (Fig 6A). Cell lysates were prepared and FLAG-MLK3 was immunoprecipitated with
anti-FLAG antibody.FLAG immunoprecipitates were immunoblotted with anti-HA antibody
to detect ubiquitinated FLAG-MLK3. Ubiquitinated FLAG-MLKS3 was observed in the
immunoprecipitates from cells expressing HA-wildtype (WT), HA-K48R, HA-K48 or HA-
K63 Ubiquitin (Fig 6A). These results indicate that MLK3 can be conjugated with K63- or
K48-linked ubiquitin chains.

Since MLK3 is conjugated with K48-linked ubiquitin chains we wished to investigate if MLK3
protein undergoes proteosomal degradation. HEK293 cells were treated with MG132, a
proteosome inhibitor, for 6 h and stimulated with vehicle or TNF for 0, 0.5 or 6 h (Fig. 6B).
We observed that inhibition of proteosome activity resulted in an increase in the total amount
of endogenous MLK3 protein in cells treated with vehicle or TNF (Fig. 6B). These results
indicate that MLK3 could be degraded via a ubiquitin-proteosome pathway and that K48-linked
ubiquitination of MLK3 may function to target MLKS3 for proteosomal degradation.

To investigate the role of K63-linked ubiquitination in the activation MLK3 kinase activity,
the levels of active MLK3 were analyzed in HEK293 cells co-expressing MLK3 and a ubiquitin
mutant that disrupts K63-linked polyubiquitin chain formation (K63R-Ub). Overexpression of
K63R-Ub with MLK3 resulted in a substantial decrease in the level of active MLK3 in TNF-
treated cells in comparison to cells expressing WT-Ub, indicating that K63-linked
ubiquitination is indeed important for MLKS3 kinase activity (Fig. 6C).

4. Discussion

Both MLK3 and TRAF2 are required for TNF-induced SAPK/IJNK activation. Our data suggest
that MLK3 is recruited to the TNFR via binding to TRAF2 and/or TRAF6, and this interaction
is necessary for MLK3 activation by cytokines. We found that MLK3 associates with both
TRAF2 and TRAF6, and MLK3 specifically interacts with the TRAF domain of TRAF2. This
finding is similar to that observed with other MAP3Ks such as ASK1, which binds the TRAF
domain of TRAF2 to facilitate SAPK/INK activation [22,23]. The TNF-induced interaction
between MLK3 and TRAF2 occurred within 1-3 min whereas activation of MLK3 did not
occur until 3 min after TNF stimulation suggesting that the association between TRAF2 and
MLK3 could be a prerequisite for MLK3 activation. Indeed, silencing of traf2 or trafé
significantly impaired TNF-stimulated MLK3 activation indicating a requirement for TRAF2
and TRAF6 in MLKS3 activation.

TRAF6 interaction with members of the TNFR and IL-1R families is mediated by the death
domain containing adaptor protein MyD88, which recruits IRAK, then TRAF6 associates with
IRAK to elicit signaling by IL-1p and LPS [36]. IRAK phosphorylation results in release of
the IRAK1-TRAF6 complex into the cytoplasm where they activate NF-xB and SAPK/INK
pathways. Similar to TRAF2, TRAF6 activates both NF-xB and SAPK/JNK signaling [24].
We observed an IL-1B-dependent increase in the association between TRAF6 and MLK3 that
occurred before the observed activation of MLK3 by IL-1p, suggesting that this association is
required for MLKS3 activation by IL-1f. These results suggest that MLKS3 is recruited to the
IL-1 receptor through its association with TRAF6. Hence, in addition to its critical role in TNF
signaling, MLK3 may also have an important role in IL-1p signaling.
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We observed that MLK3 was conjugated with K48-linked polyubiquitin chains which
primarily functions to target proteins for proteosomal degradation. Since inhibition of
proteosome activity elevates total MLK3 protein levels we suggest that K48-linked
ubiquitination of MLK3 may function to target MLK3 for proteosomal degradation by the
ubiquitin-proteosome pathway.

Our results indicate that MLKS3 is rapidly ubiquitinated in response to TNF in both HEK293
and SKOV3 cells. This ubiquitination, that occurred within 20 min, had little effect on total
MLKS3 protein levels and is likely not K48-linked ubiquitination. However, it occurs at times
consistent with MLK3-TRAF2 association and MLK3 activation. Therefore, it could be K63-
linked ubiquitination which we have shown to be important for MLK3 kinase activity.

TRAF2 and TRAF6 are ubiquitin ligases that mediate K63-linked polyubiquitination in TNFR
and IL-1R/TLR signaling pathways [35,37]. Furthermore, TNF activation of the SAPK/JINK
pathway is dependent on TRAF2 K63-linked ubiquitination [35]. TRAF2 catalyzes K63-linked
polyubiquitination of receptor interacting protein (RIP) which is required for TNF-induced

activation of NF-«xB [38]. In addition, TRAF6 K63-linked ubiquitination is critically required
for activation of the MAP3K, TAK1 [26]. Possibly, in a similar fashion, TRAF2 and/or TRAF6
signaling promotes TNF-dependent, K63-linked polyubiquitination of MLK3 which facilitates
its activation.Alternatively, TRAF2 or TRAF6 may recruit MLK3 to the intracellular domains
of cytokine receptors where it is ubiquitinated by an E3 ligase, which remains to be identified.

5. Conclusion

Our findings indicate that upon TNF or IL-1 receptor ligation, TRAF2 and TRAF6 interact
with MLK3 and are required for TNF-stimulated activation of MLK3. TNF stimulation
promotes MLK3 ubiquitination and MLKS3 can be ubiquitinated with K48- or K63-linked
chains. We observed that K63-linked ubiquitination is required for optimal MLKS3 kinase
activity and K48-linked ubiquitination is important for proteosomal degradation of MLK3.
Taken together, our results suggest that the interaction with TRAF proteins and ubiquitination
are both integral components in the regulation of MLK3 by the pro-inflammatory cytokines,
TNF and IL-1p.
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Fig. 1. TNF and IL-1p stimulate endogenous MLK3 kinase activity

A) SKOV3 cells were treated with 50 ng/ml TNF for indicated time periods and whole cell
lysates were subjected to SDS-PAGE and Western blotting with a phospho-specific-MLK3
(p-MLK3), B-Actin and total MLK3 antibodies. B) HT-29 cells were treated with 50 ng/ml
TNF for the indicated time periods and cell extracts were analyzed by Western blotting as
described inA). C) SKOV3 cells were treated with I1L-1p for the indicated time periods and
cell extracts were analyzed by Western blotting as described in A).
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Fig. 2. MLK3 interacts with TRAF2 and TRAF6

A) HEK?293 cells were transiently transfected with FLAG-MLKS3 and either GST-TRAF2 or
MYC-TRAF6. GST-TRAF2 and Myc-TRAF6 were immunoprecipitated from cell lysates with
anti-GST and anti-Myc antibodies, respectively, and immunoprecipitates were subjected to
SDS-PAGE and Western blotting with anti-FLAG antibody. Cell extracts were also
immunoblotted with anti-GST, anti-Myc and anti-FLAG antibodies. B) Diagram indicating
the TRAF2 truncation mutants analyzed in experiments in C). C) HEK293 cells were
transiently transfected with FLAG-MLK3 and GST-TRAF2 truncation mutant expression
constructs. GST-TRAF2 truncation mutants were immunoprecipitated from cell lysates and
immunoprecipitates were subjected to SDS-PAGE and Western blotting with anti-FLAG
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antibody. Whole cell lysates were also analyzed by Western blotting with anti-GST and anti-
FLAG antibodies.
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Fig. 3. TNF and IL-1p treatment of cells induces an association between MLK3 and TRAF proteins
A) SKOV3 cells were treated with 50 ng/ml of TNF for indicated time periods. TRAF2 was
immunoprecipitated from cell lysates with anti-TRAF2 antibody and immunoprecipitates were
subjected to SDS-PAGE and Western blotting with anti-MLK3 and anti-TRAF2 antibodies.
B) SKOV3 cells were treated with 20 ng/ml of IL-1p for indicated time periods. TRAF6 was
immunoprecipitated from lysates with anti-TRAF6 antibody and immunoprecipitates were
subjected to SDS-PAGE and Western blotting with anti-MLK3 antibody. Whole cell lysates
were also analyzed by Western blotting with anti-TRAF6 and anti-Actin antibodies.
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Fig. 4. Silencing traf2 or traf6 impairs TNF activation of MLK3

HEK 293 cells were transfected with non-specific, TRAF2 or TRAF6 siRNA oligos.Cells were
then treated with vehicle or TNF for the indicated time periods. Cell lysates were prepared and
subjected to SDS PAGE and Western blotting with anti-phospho-MLK3, anti-MLK3, anti-
Actin, anti-TRAF2, and anti-TRAF6 antibodies.
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Fig. 5. TNF stimulates ubiquitination of MLK3

(A) HEK293 and (B) SKOV3 cells were treated with 50 ng/ml TNF for time periods indicated.
MLK3 was immunoprecipitated from cell lysates with anti-MLK3 antibody (or no antibody
control) and immunoprecipitates were subjected to SDS-PAGE and immunoblotted with anti-
Ubiquitin (Ub) and anti-MLK3 antibodies. (C) HEK293 cells were treated with 50 ng/ml of
TNF for 5 min and MLK3 was immunoprecipitated from cell lysates with anti-MLK3 antibody.
Immunoprecipitates were washed with different concentrations of LiCl and subjected to SDS-
PAGE and Western blotting with anti-Ubiquitin and anti-MLK3 antibodies. (D) HEK293 cells
were treated with 50 ng/ml of TNF for time periods as indicated. Ubiquitinated proteins were
immunoprecipitated with anti-Ubiquitin antibody. Control immunoprecipitation was
performed with no antibody. Immunoprecipitates were subjected to SDS-PAGE and Western
blotting with anti-MLK3 antibody.
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Fig. 6. MLK3 is conjugated with K48- and K63-linked ubiquitin chains

(A) HA-K48R-Ub, HA-K48-Ub, HA-K63-Ub or HA-WT-Ub expression plasmids were co-
expressed with FLAG-MLKS3 in HEK293 cells. FLAG-MLK3 was immunoprecipitated with
anti-FLAG antibody. Immunoprecipitates were subjected to SDS-PAGE and Western blotting
with anti-HA antibody to detect ubiquitinated FLAG-MLKS3 and with anti-FLAG antibody to
detect total FLAG-MLKS3 protein. The levels of ubiquitinated FLAG-MLK3 from the Western
blot were quantitated and normalized to the level of FLAG-MLK3 expression as indicated in
lower panel. To verify expression, HA-ubiquitin proteins were immunoprecipitated from cell
lysates with anti-HA antibody and Western blotting was performed with anti-HA antibody.
(B) HEK?293 cells were treated with 10 uM MG132 for 6 h and treated with vehicle or TNF
(50 ng/ml) for indicated time periods. Whole cell extracts were prepared by lysing cells in 6X
SDS sample buffer. Cell extracts were subjected to SDS PAGE and immunoblotting with anti-
MLK3 and anti-Actin antibodies. (C) HEK293 cells were transiently transfected with FLAG-
MLK3 and HA-WT-Ub or HA-K63R-Ub expression plasmids. Cell extracts were subjected to
SDS PAGE and immunoblotting with anti-phospho-MLK3, anti-FLAG and anti-HA
antibodies.
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