
DISCUSSION

Apoptosismarks a turning point in the autoimmune destruc-
tion of pancreatic � cells and for the induction of type 1 diabe-
tes.We have reported previously that in response to an influx of
cytokines, the early activation of MLK3 compromises mito-
chondrial integrity. Mitochondria damaged by MLK3 action
are more vulnerable to the late effects cytokines, which enable
the progression toward � cell apoptosis (23). In this study, we
have focused our efforts on understanding receptor-mediated
signaling events that lead toMLK3 activation. Our results show
that IL-1� stimulatesMLK3 activity by promoting atypical Lys-
63-linked ubiquitination via the E3 ligase activity of TRAF6.
Furthermore, ubiquitination of MLK3 appears to facilitate the
dimerization and autophosphorylation of MLK3.
JNK signaling has been shown to occur in the context of a

three-tiered signaling module consisting of a MAPKKK, MKK,
and JNK scaffolded by a single protein (54). The existence of
multiple candidate proteins for participation at each level of the
module suggests that signal-specific activation of JNK could be
achieved via unique signaling modules. In this regard, targeted
deletion ofMKK7 orMLK3was found to attenuate JNK activa-
tion by cytokines like TNF-a and IL-1� (4, 22). Other studies
reveal that JIP1 selectively associates with MLK3 and MKK7
kinases for the activation of the JNK stress kinase response (55).
Thus, although the possibility exists for MLK3 to form stimu-
lus-specific modules with other signaling components, IL-1�
appears to preferentially employ the MLK3-MKK7-JNK-JIP1
complex.
Studies on the dynamics of MLK-JIP1 interaction suggest

that MLK activation occurs off the JIP1 scaffold. Dissociation
from the JIP1 scaffold releases the conformational constraints
imposed on MLK3, permitting the energetically favored
dimeric state and ensuing activation of the kinase by cross-
phosphorylation of the dimer pair (52). Proximity of the newly
released active MLK3 is thought to enable phosphorylation of
JIP1-boundMKK7and the subsequent activation of JNK.Other
reports suggest that active JNK itself phosphorylates JIP1,
reducing its affinity for MLK3, and thereby sustains its activa-
tion (52, 56). Phosphorylation of MLK3 and the ensuing asso-
ciation of JNK with the JIP1 scaffold both appear to be critical
for maintenance of free and active MLK (52). Furthermore, the
status of JIP1 phosphorylation also contributes to its interac-
tion with the MLK family of kinases (52, 57).
Although the impact ofMLK3 dissociation from JIP1 is clear,

the specific events that initiate dissociation of MLK3 from JIP1
remain unclear. An obvious candidate is the possible phosphor-
ylation of JIP1 by specific incoming signals, a hypothesis that
merits further examination. The more likely scenario is that
multiple events are triggered by the incoming cytokine signal,
which in turn initiate the dissociation of MLK3 from JIP1.
The results presented in this study suggest that TRAF6-me-

diated, Lys-63-linked ubiquitination of MLK3 can serve as one
such trigger for IL-1�-induced activation of the MLK-JNK
pathway. Our assertion is supported by multiple observations
including a) the inability of PXE, the TRAF6-interaction
mutant, and the K264R substitution mutant of MLK3 to disso-
ciate from JIP1 in response to IL-1� treatment; b) the PXE and

K264R mutants are catalytically inactive; c) the dominant neg-
ative inhibition of TRAF6 action inhibits IL-1�-mediated
MLK3 dimerization and dissociation from JIP1; and d) A20, a
specific Lys-63-linked deubiquitinase of TRAF6, alters the
behavior of wild-type MLK3 to resemble that of the PXE and
K264R MLK3 mutants.
Mutational analysis of a few candidate lysines showed that

Lys-264, located in the kinase domain, could serve as an ub
acceptor site in the MLK3 protein. It is also plausible that the
position of the lysine within a few amino acids of theDFGmotif
in the activation loop may somehow alter the structure of the
MLK3, precluding its ubiquitination. Interestingly, theMAP3K
TAK1, also a target for TRAF6, has been shown to undergo
Lys-63-linked ubiquitination at Lys-158, which is in close prox-
imity to the activation loop of the kinase (58, 59). Lys-264 in
MLK3 is located in kinase subdomain 7, just preceding the acti-
vation loop of MLK3 catalytic domain. The structure of the
MLK kinase domain (60) predicts that a lysine at this position is
likely to be exposed and surface-accessible for TRAF6-medi-
ated ubiquitination. Nevertheless, future studies, including
structural analyses, will unambiguously reveal whether lysine
264 in the kinase domain of MLK3 is a bona fide ub acceptor
site.
In addition to providing insight into themechanismofMLK3

activation, understanding the dynamics of the MLK3-JIP-JNK
module in the � cell also provides some clarity on the mecha-
nisms regulating� cell death. JIP1 expression is highly enriched
in the pancreatic� cell and neurons, as reflected by its alternate
name: islet-brain 1 (IB1) (61). Mutations in IB1/JIP1 have been
linked to familial autosomal dominant diabetes, and haploin-
sufficiency of JIP1 is associated with an increase in JNK activity
(50). These results are consistent with our data and suggest that
appropriate levels of JIP1 are required to sequester MLK3 in its
monomeric inactive state. In contrast, overexpression of JIP1
enhances � cell survival, possibly by altering the stoichiometric
balance with other components of theMLK3-MKK7-JNK-JIP1
module and, thus, disrupting cytokine-dependent JNK signal-
ing (50).
Understanding IL-1� signaling in � cells is also merited

because of the paradoxical endogenous production of IL-1� by
the islet (62, 63). IL-1� activates MLK3 via the canonical IL-1/
TLR signaling pathway and engages the MyD88 adaptor (42)
which, in turn, recruits IL-1 receptor-associated kinases IRAK4
and IRAK1 (35, 36), whose phosphorylation induces the
recruitment and Lys-63-linked autoubiquitination of TRAF6.
Activated IRAK/TRAF6 complexes are thought to dissociate
from the receptor complex for downstream Lys-63-linked
ubiquitination of TRAF6 substrates (34). Consistent with this
mechanism, our data show that MLK3 activation is attenuated
upon overexpression of dominant negative MyD88.
Beyond the immediate dynamics of theMLK3-JIP1 signaling

module, the biomedical significance of this study is under-
scored by results showing a significant decrease in cytokine-
induced proapoptotic BAX conformational change upon
expression ofMLK3-K264R, a putative ub acceptor sitemutant,
or the presence of A20/TNFAIP3, a Lys-63-linkage-specific
deubiquitinase. As reported in our previous study, BAX confor-
mational change is the most proximal and reliable functional
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readout of MLK3 activation in � cells. A20 belongs to the ovar-
ian tumor domain family of deubiquitinases (46) and is induced
by cytokine-mediated transcriptional activation of NF�B (64)
to restrict cytokine action in a negative feedback loop (65).
Unlike other substrates of A20, we were unable to show a direct
association ofMLK3 andA20.However, A20 does interact with
TRAF6, and consistent with the ability of A20 to deubiquitinate
TRAF6 (26), our studies showed that the presence of A20 pre-
vented MLK3 dissociation from JIP1 and also influenced the
subsequent events of dimerization and autophosphorylation-
dependent activation of theMLK3/JNKcascade. A20-mediated
inhibition of MLK3 also compared well with the repressive
effect of dominant negative TRAF6.
Published reports indicate a potent protective effect of A20

against cytokine-induced inflammation and apoptosis of the �
cell (27, 66). Genetic ablation of murine A20 expression results
in cachexia (67) and the persistent inflammation of multiple
organs (65). In humans,A20 genemutations are associatedwith
several autoimmune disorders, including type 1 diabetes (68,
69), which highlights the significance of our study and provides
important clues for therapeutic intervention.
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Supplementary Data Legends: 

 

Supplementary Table 1. Cytokine secretion in Human SICC. Average cytokine secretion by 

splenocytes isolated from human spleen in response to co-stimulation with anti-CD3 and anti-CD 

antibodies. Cytokine analysis was conducted as instructed by the manufacturer using the Beadlyte Mouse 

Multi-Cytokine Detection System (Upstate,Charlottesville, VA) and the Luminex 100 LabMAP System, 

with cytokine concentrations interpolated against the linear range on the standard curves (Softmax Pro, 

Molecular Devices, Sunnyvale, CA). 

 

Supplementary Figure 1. MLK3 colocalizes with TRAF6. HeLa cells cotransfected with HA-MLK3-

WT and Flag-TRAF6-WT were fixed in 2% paraformaldehyde, permeabilized and the epitope tags were 

visualized using primary antibodies conjugated to Alexa Fluor 488 (HA, shown in green) or 555 (Flag, 

shown in red). Nuclei were counterstained with DAPI (shown in blue). Distinct colocalization of MLK3 

(green) and TRAF6 (red) was observed as a yellow signal in the merged image (panel 4). Bar=10µm. 

 

Supplementary Figure 2. Lysine 130 and 180 are not required for IL-1ß dependent ubiquitination 

of MLK3. Two candidate lysine ub acceptors in MLK3 were mutated and expressed in Min6 cells co-

expressing Myc-Ub-K63 only and HA immunoprecipitates were examined for ubiquitination by 

immunoblotting for Myc. IL-1ß dependent ubiquitination was observed in cells expressing HA-MLK3-

WT (lanes 1 and 2), K130R (lanes 3 and 4) and K180R (lanes 5 and 6). Inputs for total MLK3 are shown 

in the bottom panel and were probed for HA.  

 

Supplementary Figure 3. Efficacy of TRAF6 siRNA. HeLa and HEK293 cells were plated at a density 

of 0.5X106 cells/cm2 and the following day increasing concentrations of human TRAF6 smartpool 

(Thermo Scientific) were transfected using Lipofectamine 2000 (Invitrogen) as per manufacturers 

instructions. A non-targeting siRNA pool was used as a control. Efficacy of the siRNA was examined by 

immunoblotting for endogenous TRAF6 (Cell Signaling) from total cell lysates and GAPDH (Fitzgerald) 

was used as a control. Transfection of either 50nM (lane 2) or 100nM (lane 3) of siRNA inhibits TRAF6 

protein expression compared to the non-targeting control (lane 1). Similar results were obtained at both 24 

and 48 hours post transfection. Human TRAF6 smartpool was used at 50nM for all subsequent 

experiments.  

 

 

 



Supplementary Figure 4. TRAF6 interaction with MLK3 and lysine 264 of MLK3 are required for 

JNK activation. In a duplicate experiment to that that shown in Figure 3A of the manuscript, pulldowns 

of GST-JNK were performed using IL-1ß-treated HEK293 cells (lanes 2-6), followed by Western 

Blotting with antibodies as shown.  Cells were transfected with GST-JNK along with control vector 

(lanes 1-3), Myc-A20 (lane 3), or GST-MLK3 constructs mutated for the ubiquitin acceptor site (KR, lane 

4), or for the TRAF6 binding motif (PxE, lane 5). Inputs of Myc-A20, and total MLK3 and JNK proteins 

are shown.  MLK3-WT (lane 6) was used here for comparison with the respective MLK3 mutants. To 

confirm GST pulldowns represented total levels of phospho-JNK, depletion of GST-JNK from the 

unbound fraction was examined by immunoblotting for phospho-JNK (lower panel). Activation of 

endogenous JNK in response to IL-1ß was observed in all treated lanes (lanes 2-6) and the depletion of 

GST-JNK from the lysate was observed in all samples.  

 

Supplementary Figure 5. MLK3 colocalizes with JIP1. HeLa cells co-transfected with HA-MLK3-WT 

and either Myc-JIP1 were fixed in 2% paraformaldehyde, permeabilized and the epitope tags were 

visualized using primary antibodies conjugated to Alexa Fluor 488 (HA, shown in green) or 555 (Myc, 

shown in red). Nuclei were counterstained with DAPI (shown in blue). Distinct colocalization of MLK3 

(green) and JIP1 (red) was observed as a yellow signal in the merged image (panel 4). Bar=10µm. 

 

Supplementary Figure 6. Inhibition of MLK3 attenuates cytokine-dependent conformational 

change of BAX in Min6 insulinoma cells.        Min6 cells were treated with conditioned medium from 

unstimulated splenocytes (Row 1) or conditioned medium from stimulated splenocytes (Rows 2 and 3), in 

the presence or absence of MLK3 inhibitor CEP11004.  Cells were fixed and stained for a conformational 

change in endogenous BAX using 6A7 antibody (column 1, red), raised against the hydrophobic region of 

BAX exposed for mitochondrial outer membrane localization. Nuclei were counterstained with DAPI 

(column 2, blue) and the merged image is shown in column 3. Bar=10µm.  

 

Supplementary Figure 7. Ubiquitin-acceptor mutant of MLK3 (K264R) has a protective effect on 

BAX localization. (A) HeLa cells co-transfected with Bax-RFP and either GFP-MLK3-K264R, GFP-

MLK3-WT alone or GFP-MLK3-WT in combination with the deubiquitinase Myc-A20, were fixed and 

stained for expression of conformationally altered Bax (Bax6A7) or Myc-A20. Bax6A7 immunoreactivity 

(upper panel, blue) was specific for the punctate pattern of Bax-RFP (red) and absent from cells with 

diffuse cytoplasmic Bax-RFP, demonstrating that punctate Bax expression was in the conformationally 

altered state required for mitochondrial translocation. In contrast to the the punctate Bax-RFP expression 

observed in cells expressing GFP-MLK3-WT (green), diffuse cytoplasmic localization of Bax-RFP was 



seen in cells co-expressing Myc-A20 (blue) or GFP-MLK3-K264R (lower panels). Bar=10µm. (B) Using 

a similar strategy to (A), Bax-RFP localization was tested in response to cytokines in HepG2 cells 

expressing either HA-MLK3-K264R, HA-MLK3-WT alone or HA-MLK3-WT in combination with the 

deubiquitinase Myc-A20 (RFP shown in red, HA in green, Myc in blue). Similar to published data from 

our lab, cytokine treatment in the presence of MLK3-WT resulted in a punctate pattern of BAX-RFP 

localization (panel 2). In contrast, the diffuse cytoplasmic localization of BAX-RFP observed in untreated 

cells (panel 1), was maintained when either Myc-A20 or HA-MLK3-K264R was expressed in the 

presence of cytokines (panel 3 and 4). A higher magnification inset from the merged panel is included for 

clarity. Bar=10µm.  

 

Supplementary Figure 8. Ubiquitin-acceptor mutant of MLK3 (K264R) and the deubiquitinase A20 

facilitates survival of Min6 cells in response to cytokines. Min6 cells expressing either HA-MLK3-

K264R, HA-MLK3-WT alone or HA-MLK3-WT in combination with the deubiquitinase Myc-A20, were 

plated on extracellular matrix and treated with conditioned media from stimulated splenocytes for 24 

hours. Cells were fixed in 2% paraformaldehyde, permeabilized and the TUNEL assay was performed 

according to the manufacturers instructions (Roche Applied Science). Epitope tags were visualized using 

primary antibodies conjugated to Alexa Fluor 647 (HA, psuedocolored green) or 555 (Myc, 

pseudocolored blue). Nuclei were counterstained with DAPI (shown in grayscale) and the TUNEL 

positive cells were psuedocolored red. Due the low transfection rate of Min6 cells, duplicate images for 

each condition are presented. Representative images from three separated experiments demonstrate that 

following treatment with conditioned media TUNEL positive cells were observed in cells expressing HA-

MLK3-WT at a higher frequency compared to HA-MLK3-K264R and cells co-expressing Myc-A20 in 

the presence MLK3-WT. This observation correlated with an increased rate of survival in cells expressing 

the ubiquitin acceptor mutant (K264R) and the deubiquitinase A20 as shown in graphical format. The 

survival rate in untransfected cells remained the same between groups and served as an internal control.  
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