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Endosomal trafficking is a key mechanism to modulate signal propagation and cross talk. Ubiquitin adaptors, along with endo-
somal sorting complex required for transport (ESCRT) complexes, are also integrated to terminate ligand-receptor activation in
late endosomes and multivesicular bodies (MVBs). Within these pathways, we recently demonstrated that the protein SIMPLE is
anovel player in MVB regulation. SIMPLE is also clinically important and its mutation accounts for the Charcot-Marie-Tooth
type 1C (CMT1C) disease. MVB defects of mutation and deletion of SIMPLE, however, are distinct. Here, we show that MVB de-
fects found in mutation but not deletion of SIMPLE lead to impaired turnover and accumulation of ESCRT-0 protein Hrs puncta
in late endosomes. We further uncover increased colocalization of ubiquitin ligase TRAF6 and Hrs in late endosomes. Upon
stimulation with interkeukin-1 or transforming growth factor 3, prolonged activation of p38 kinase/JNK is detected, while nu-
clear accumulation of NF-kB and phosphorylation of SMAD?2 is reduced with CMT1C mutation. The aberrant kinetics we ob-
served in inflammatory signaling may contribute to increased tumor susceptibility and changes in the levels of chemokines/cyto-

kines that result from CMT1C mutation. We propose that altered endosomal trafficking due to malformations of MVBs and
subsequent atypical signaling kinetic may account for a toxic gain of function in CMT1C pathogenesis.

Receptor internalization is a fundamental cell signaling process
that functions to limit ligand-receptor activation and to facil-
itate signaling cross talk (1-5). Internalized receptors are routed
through endocytic endosomes and multivesicular bodies (MVBs).
Ubiquitin adaptors, such as hepatocyte growth factor-regulated
tyrosine kinase substrate (Hrs/Hgs), signal transducing adaptor
molecule (STAM), target of Myb protein 1 (Tom1) and arrestin
proteins, function to selectively sort internalized membrane re-
ceptors (6-8). Ubiquitin adaptors also recruit multiprotein endo-
somal sorting complex required for transport (ESCRT) complexes
to late endosomes/MVBs for the formation of intraluminal vesi-
cles (ILVs) (9-12), which can be released extracellularly as exo-
somes (13-15). Thus, late endosomes/MVBs are critical hubs for
sorting receptor signaling complexes for degradation, recycling,
or secretion (16-18).

Current models indicate that Hrs, as a member of the ESCRT-0
complex, interacts with ligand-bound, ubiquitin-conjugated
membrane receptors and facilitates their trafficking to the endo-
somal compartments (8-12). Ligand-bound, internalized recep-
tors continue to signal downstream effectors in endosomes until
dissociation of ligands from receptors with exposure to the
low-pH environment of late endosomes/MVBs (3-5, 8). Ligand-
free receptors are either recycled back to the plasma membrane or
degraded through lysosomes to terminate the intracellular signal-
ing. This degradation route is mediated by Hrs and additional
ESCRT complexes. Hrs binds to ESCRT-1 protein Tsg101, which
in turn recruits additional ESCRT-2 and ESCRT-3 components to
initiate invagination on the endosomal membrane to generate
ILVs inside the MVBs. Membrane receptors trafficked to ILVs are
subjected to degradation once MV Bs fuse with lysosomes. Disrup-
tion of MVBs can cause an imbalance in the turnover of mem-
brane receptors, lead to aberrant cell signaling (19, 20), ultimately
resulting in a range of pathological insults.

While membrane receptors are degraded, the turnover of Hrs
requires its dissociation from the endosomal compartments and
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its return to the cytosol for recycling or degradation (21-23). Dis-
sociation from the endosomal membrane is facilitated by Tyr-
phosphorylation and ubiquitination of Hrs. Hence, endosomal
localization and turnover of Hrs is dynamic, which is triggered by
extracellular stimulation upon membrane receptor activation and
is terminated by phosphorylation and ubiquitination of Hrs.

We recently demonstrated that the protein SIMPLE [small
integral membrane protein of the lysosome/late endosome] is a
novel player in MVB regulation (24). We showed that SIMPLE is
located in late endosomes, MVBs, and lysosomes. Furthermore,
deletion of SIMPLE [Simple '~ ] reduces the formation of MVBs
in primary embryonic fibroblasts (MEFs). Thus, SIMPLE is a pre-
viously unrecognized non-ESCRT protein in MVB biogenesis.

SIMPLE is also clinically important in that specific point
mutations in one of the alleles causes autosomal-dominant Char-
cot-Marie-Tooth type 1C (CMT1C) demyelination (25-29). To
better character CMT1C pathogenesis, we generated a physiolog-
ical knock-in mouse model with one mutated SIMPLE allele
(Simple™*N'*) (24). In Simple™**N'* MEFs and Simple™'>N'*
primary Schwann cells, along with the CMT1C patient B cells, we
found improper formation of MVBs. Malformations in the MVBs
of Simple™ ™" MEFs, however, are distinct from Simple '~
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MVBs (24). Multilamellar tubules are found in Simple '~ MEFs,
while vacuolated MVBs are evident in Simple™ ™" MEFs. Al-
though deletion or mutation of SIMPLE arrest cells at different
stages of endosomal trafficking in MVB formation, both models
(Simple™'~ and Simple™ >N ") showed a lack of ILV's and reduced
exosome secretion. These data confirm SIMPLE as a novel player
in endosomal trafficking and MVB formation.

Pathologically, Simple™"*'* mice developed modest neuro-
logical defects, while Simple™'~ mice did not show any symptom
(24). In particular, Simple™ ™" mice exhibited paralysis at an
old age. The lack of neurological/locomotion defects in SIMPLE-
null mice was also reported independently using another line of
Simple™'~ mice (30). These data indicate that a SIMPLE mutation
exclusively elicits CMT1C demyelination, which is not seen in
Simple™’~ mice. Altogether, these data suggest the possibility that
the mutation of SIMPLE imparts a toxic gain of function for
CMT1C pathogenesis.

The purpose of this study is to elucidate the possible gain of
function elicited by the mutation of SIMPLE to further under-
stand CMT1C pathogenesis. Here, we report that mutation, but
not deletion, of SIMPLE leads to accumulation of Hrs puncta
in primary fibroblasts. Accumulation of Hrs puncta is also ob-
served in CMT1C patient B cells and primary mouse Schwann
cells. We further uncover increased colocalization of TRAF6
and Hrs in late endosomes. We also show that upon mutation
of SIMPLE, the kinetics of p38 kinase and c-Jun N-terminal
kinase (JNK) activation is altered, while nuclear accumulation
of NF-kB is reduced in interleukin-1 (IL-1) challenge. Signal-
ing kinetic elicited by transforming growth factor beta
(TGF-B) is also altered in Simple™*™'" MEFs. The aberrant
kinetics in inflammatory signaling correlate with increased
tumor susceptibility and potentiated levels of chemokines/cy-
tokines in Simple”'*N'* mice. We propose that altered endo-
somal trafficking due to malformations of MVBs and subse-
quent atypical inflammatory signaling kinetics may account for
the gain of function elicited by the SIMPLE mutation in
CMTIC patients.

MATERIALS AND METHODS

Reagents. Polyclonal antibody against SIMPLE was generated with
COOH-terminal peptide DVDHYCPNCKALLGTYKRL as an antigen us-
ing standard techniques (24). The primary antibodies used were SIMPLE
(Sigma; HPA006960), EEA1 (Cell Signaling; 3288), Rab7 (Cell Signaling;
9367), Rab11 (Cell Signaling; 5589), Hrs (Santa Cruz; SC271925), Tsg101
(Santa Cruz; SC22774), JNK (Santa Cruz; SC474), phospho-JNK (Cell
Signaling; 9255), p38 kinase (Cell Signaling; 8690), phospho-p38 kinase
(Cell Signaling; 9211), TAK1 (Cell Signaling; 5206), phospho-TAK1 (Cell
Signaling; 4531), TRAF6 (Santa Cruz; SC7221 and SC8409), phospho-Tyr
clone 4G10 (EMD Millipore; 05-321), ubiquitin (Santa Cruz; SC8017),
IkB (Cell Signaling; 4814), NF-kB (Santa Cruz; SC372), SMAD2 (Cell
Signaling; 5339), phospho-SMAD2 (Cell Signaling; 3108), V5 (Santa
Cruz; SC81594), and HA (Santa Cruz; SC7392). Tubulin (E7) antibody
was obtained from monoclonal antibody facility (University of Iowa).
IL-1 and TGF- were obtained from PreproTech. Cytokine/chemokine
antibody arrays were obtained from RayBiotech.

Mice. Animal experiments were performed in accordance with the guide-
lines of the Albert Einstein College of Medicine Institute of Animal Studies.
Generation of Simple™ /" mice with a C—A point mutation on codon 115
in exon 3 of the SIMPLE gene (T115N) was reported previously (24). The
generation of Simple™'* mice and mating to obtain Simple™’~ mice has also
been described (24). Simple™ "™+ and Simple ™ mice were backcrossed
into C57BL/6 more than 10 times before use. Subcutaneous implantation
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(2 X 10° cells/mouse) and tail vein injection (0.4 X 10° cells/mouse) of B16

melanoma cells into C57BL/6 backcrossed Simple™* and Simple™*N'*
mice was carried out as described previously (31).
Cell culture. Primary MEFs with Simplet’*, Simple™ "N/*,

Simple™'~, and Simple™ *N'T11°N genotypes were isolated from embry-

onic day 13.5 (E13.5) pups and cultured as described previously (32).
Primary mouse Schwann cells were isolated from dorsal root ganglia of
E13.5 pups and cultured as described previously (33). Epstein-Barr virus-
transformed B cells from control and CMTIC patients were cultured as
described previously (34). COS and B16F10 melanoma cells were cultured
in Dulbecco modified Eagle medium. Transient transfection on COS cells
were carried out using Lipofectamine according to the manufacturer. All
media were supplemented with 10% fetal calf serum, 2 mM L-glutamine,
penicillin (100 U/ml), and streptomycin (100 pg/ml) (Invitrogen). Cells
were transfected by using Lipofectamine (Invitrogen).

Confocal microscopy. Cells were plated on coverslips 24 h before the
experiment. Cells were washed three times in cold phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde for 15 min. Paraformal-
dehyde was quenched by 0.1 M glycine in PBS for 10 min. After incubation
in blocking solution (0.5% bovine serum albumin, 0.1% saponin, and 1%
fetal bovine serum in PBS), the cells were incubated with primary anti-
bodies at 4°C overnight, followed by secondary antibodies for 1 h at room
temperature. All images were taken with Leica AOBS SP2 confocal micro-
scope with a 63X objective lens, and primary representative images were
shown. Processing and the brightness of images were uniformly adjusted
to enhance contrast using Adobe Photoshop.

Image and statistical analysis. Colocalization was analyzed in merged
images using ImageJ software, and the relative numbers of colocalized
puncta were counted and presented. Densitometry was performed to de-
termine intensity in coimmunoprecipitation. The data are shown as
means * the standard errors of the mean. Two-way analysis of variance
(ANOVA) was performed, and P values of <0.05 were considered signif-
icant.

RESULTS

Accumulation of Hrs puncta upon CMT1C mutation of SIMPLE.
ESCRT protein complexes play a key role in endosomal mem-
brane invagination, which generates ILVs inside MVBs (9-12).
Indeed, deletion of the ESCRT protein Hrs (ESCRT-0) or Tsg101
(ESCRT-1) (35, 36) leads to empty vacuoles, which are highly
resemble to those found in Simple™ >/ MEFs (24). The similar
vacuolated morphology in MVB defects suggested that regulation
and function of ESCRT proteins might be affected upon the
CMT1C mutation of SIMPLE. To investigate the possibility of
a toxic gain-of-function mechanism upon CMT1C mutation of
SIMPLE, we examined the subcellular localization of Tsgl01
and Hrs. We performed confocal microscopy and found that
endogenous Tsgl01 exhibited perinuclear staining and that
its distribution was indistinguishable among Simple™™",
Simple™*N'* "and Simple”’~ MEFs (Fig. 1A).

Next, we examined the subcellular distribution of Hrs. In
Simple*’* and Simple”'~ MEFs, Hrs exhibited similar diffused
staining with occasional tiny speckles around the perinuclear re-
gion (Fig. 1A). In Simple™"*N'* MEFs, however, we found the
accumulation of Hrs puncta that were larger in size (Fig. 1A).
Among the punctated staining pattern in Simple”' ™" MEFs, we
found partial colocalization of Hrs and Rab7, a marker for late
endosomes (Fig. 1B). Minimal colocalizations in the puncta, how-
ever, were detected by Hrs and early endosome antigen 1 (EEA1)
(Fig. 1C), or Hrs and Rab11, a marker for recycling endosomes
(Fig. 1D). Together, these data indicate that mutation, but not
deletion, of SIMPLE leads to accumulation of Hrs in the late en-
dosome compartments.
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FIG 1 Accumulation of Hrs puncta upon CMT1C mutation of SIMPLE. Confocal microscopy was performed and primary MEFs obtained from Simple™’™,
Simple™'~, and Simple™'*™'" mice were costained for endogenous Hrs and Tsgl101 (A), Rab7 (B), EEA1 (C), and Rab11 (D). Costaining of Hrs-Rab7 (B) and
Hrs-Rab11 (D) in Simple™!*N/T11>N MEFs is also shown. DNA in nuclei was visualized using DAPI (blue). Representative images were shown. (E) Colocalization
of Hrs-Rab7 puncta in Simple™*’*, Simple™'~, Simple""*'*  and Simple™""*N/"11>N MEFs was quantified. *, P < 0.05; **, P < 0.01.

Given that SIMPLE is widely expressed, we further ascer-
tained accumulation of Hrs puncta in CMT1C patient B cells and
mouse primary Simple”' ™" Schwann cells (Fig. 2). Notably, the
Schwann cells are suggested to account for the CMT1C neuropa-
thy based upon increased sensitivity of this cell type. Confocal
microscopy indicated increased colocalization of Hrs-Rab7
puncta in the CMT1C patient B cells (Fig. 2A) and Simple™ >N+
Schwann cells (Fig. 2B). In Simple™™* Schwann cells, the Hrs-
Rab7 puncta were localized along the cell periphery and were also
obvious in the spindle extensions (Fig. 2B). Thus, these data indi-
cate that CMT1C mutation of SIMPLE leads to the accumulation
of Hrs in the late endosome compartments in multiple cell types.

CMT1C is an autosomal-dominant neuropathy and mutation
of one copy of the SIMPLE allele is sufficient to cause demyelina-
tion. The possible gain of function elicited by the mutation of
SIMPLE would suggest that the normal SIMPLE allele might not
contribute to the pathogenesis. Indeed, we observed vacuolated
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appearances in MVBs in Simple and Simple
MEFs but not Simple”’~ MEFs (24). All three genetic models,
however, showed reduced exosome production. Thus, we exam-
ined whether Hrs puncta was accumulated in Simple™/?N/T115N
MEFs. Similar to Simple™''*™'* MEFs, Simple™'>N"1>N MEFs
showed the accumulation of Hrs puncta which were colocalized
with Rab7 (Fig. 1B) but not Rab11 (Fig. 1D). The accumulation of
Hrs-Rab7 puncta in Simple™"*™'" and Simple™ >N'T11>N MEFs,
therefore, was independent of the normal SIMPLE allele and
was only observed following the CMT1C mutation of SIMPLE
(Fig. 1E).

Regulation of Hrs upon CMT1C mutation of SIMPLE. Endo-
somal localization and turnover of Hrs is dynamic, which is trig-
gered by extracellular stimulation (e.g., serum) upon membrane
receptor activation (3-5, 8) and is terminated by phosphorylation
and ubiquitination of Hrs (21-23). To investigate whether the
dynamics of endosomal localization accounted for the accumula-
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FIG 2 Accumulation of Hrs puncta in CMT1C patient B cells and in primary
Schwann cells. Confocal microscopy was performed and costained for endog-
enous Hrs and Rab7 on control and CMT1C patient B cells (A) or Simple™”"
and Simple™ >N+ mouse Schwann cells (B). DNA in nuclei was visualized
using DAPI (blue). Representative images are shown. Colocalization of Hrs-
Rab7 puncta was quantified. *, P < 0.05; **, P < 0.01.

tion of Hrs puncta in Simple™ >™* MEFs, we examined the effect
of extracellular stimulation using serum. Serum stimulation in-
creased the accumulation of Hrs puncta in Simple"*™* MEFs
(Fig. 3A). Hrs puncta formed under serum stimulation in
Simple™*N"* MEFs were more readily visualized by their in-
creased size and number. Serum treatment also led to lesser dif-
fused Hrs staining and more formation of tiny speckles in
Simple™”" and Simple”’~ MEFs (Fig. 3A). The tiny speckles in
Simple and Simple”’~ MEFs, however, were not as pro-
nounced as the distinctive Hrs puncta in Simple™*'* MEFs.
We also examined the effect of serum withdrawal on the dy-

+/+
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namics of the Hrs puncta (Fig. 3B). Serum withdrawal led to a
time-dependent reduction of Hrs puncta in Simple™ ">+ MEFs.
By 1 h after serum withdrawal, the size and number of Hrs puncta
were less evident in Simple” ™" MEFs. By 4 h after serum with-
drawal, tiny speckles along with a diffused pattern of Hrs were
observed in Simple”'*™* MEFs. For Simple™’* MEFs under se-
rum culture, a tiny speckled pattern of Hrs was observed, which
became diffused upon serum withdrawal. Together, these data
indicate that the accumulation of Hrs puncta in Simple™'>N*
MEFs is dynamic and is regulated by extracellular stimulation.

Given that the turnover of Hrs on the endosomal membrane is
regulated by ubiquitination and Tyr phosphorylation (21-23), we
further examined posttranslational modifications of endogenous
Hrs in Simple™" and Simple™'*™* MEFs. Under both basal and
serum-treated conditions, the extent of ubiquitination of Hrs in
Simple™*™* MEFs remained lower than in Simple™" MEFs
(Fig. 3C). Under the basal condition, the extent of the Tyr phos-
phorylation of Hrs in Simple™*™'* MEFs was reduced com-
pared to Simple™’" MEFs (Fig. 3C). Upon serum stimulation, Tyr
phosphorylation of Hrs was increased, as reported previously (21—
23). The extent of Tyr phosphorylation of Hrs under serum stim-
ulation, however, was indistinguishable in Simple™™ and
Simple™*N* MEFs. Together, these data indicate that reduced
ubiquitination may in part contribute to the impaired turnover of
Hrs in Simple™ ™" MEFs.

Dysregulated TRAF6-TAKI1 axis upon CMT1C mutation of
SIMPLE. The accumulation of Hrs puncta and its dynamic nature
suggested a role for SIMPLE in modulating cell signaling. A com-
plex protein-protein interaction network is critical for receptor
signaling and subsequent internalization (2-5, 7, 10-12). Thus, we
performed binding assays to identify protein interactors to further
investigate the possible role of SIMPLE in endosomal signaling.
We found that SIMPLE interacted with Tsg101 and all members of
the Nedd4 E3 ligase family (Fig. 4A). Indeed, previous reports
demonstrated that the PTAP and PPXY motifs are required for the
interaction of SIMPLE with Tsg101 and Nedd4 E3 ligase, respec-
tively (34, 37).

In addition, we found that SIMPLE interacts with an ESCRT-0
protein Tom1 and a signaling adaptor Tab2 (Fig. 4B). Tom1 and
Tab2 play an important role in the internalization and signal
propagation upon stimulation with inflammatory cytokines, such
as IL-1 and TGF-B (38-44). Tom1 is an ubiquitin adaptor and
interacts with receptor adaptor SARA and Tollip for its role in
TGF- and IL-1 signaling, respectively (8, 33, 63). Tab2 provides
an ubiquitin platform and recruits TGF-B associated kinase
(TAK1) in TGF-B and IL-1 signaling (41, 45-48). Furthermore,
distinct types of ubiquitin conjugation mediated by different
ubiquitin E3 ligases are required for activation, propagation, and
termination of the inflammatory signaling (42, 49-53). Some of
these ubiquitin ligases, such as Nedd4 and Itch, are known
SIMPLE interacting proteins (Fig. 4A) (34, 37). Lastly, SIMPLE is
also known as LITAF, which is induced upon inflammation and
modulates cytokine gene induction (54-56). Together, these ob-
servations strongly suggested that SIMPLE might play a role in
ubiquitin-mediated inflammatory signaling. The accumulation of
Hrs puncta further suggested a possible alteration in inflamma-
tory signaling in Simple™ ™" MEFs.

Next, we examined ubiquitination of key signaling compo-
nents in the inflammatory pathway in Simple*’* and
Simple™*"* MEFs. Among them, the TRAF family of ubiqui-
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The levels of pTyr and Ub modification of Hrs were quantified. *, P < 0.05.

tin ligases serves as a critical node for recruiting upstream ki-
nases, such as TAKI, for activation of downstream signaling
effectors (46, 57, 58). Coimmunoprecipitations indicated in-
creased ubiquitination of the TRAF6 adaptor in Simple™*™'*
MEFs (Fig. 4C). In Simple™*™* MEFs, the ubiquitinated
TRAF6 also showed increased recruitment of TAK1 kinase (Fig.
4D). Indeed, TAK1 was phosphorylated and ubiquitinated
more definitively in Simple™ ™+ MEFs than in Simple™’*
MEFs (Fig. 4C and D). These data indicate increased formation
of a TRAF6-TAK1 complex and potentiated phosphorylation
of TAK1 in Simple™*N* MEFs.

We further investigated the localization of TRAF6 by confocal
microscopy. We found partial colocalization of TRAF6 with the
Hrs puncta in Simple”™ ™" MEFs (Fig. 4E). TRAF6 was also par-
tially colocalized with the late endosome marker Rab7 in
Simple™ >N+ MEFs (Fig. 4F). In Simple™’* MEFs, TRAF6 exhib-
ited a diffused cytoplasmic pattern. These data indicate that mu-
tation of SIMPLE leads to the colocalization of TRAF6 in the Hrs
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puncta in Simple”"*™* MEFs. Collectively, accumulation of Hrs
puncta and their colocalization with TRAF6 in the late endosomes
may account for the increased ubiquitination and phosphoryla-
tion of TAKI.

Altered kinetics of p38 kinase and JNK phosphorylation
upon CMT1C mutation of SIMPLE. The TRAF6-TAK1 axis me-
diates phosphorylation of mitogen-activated protein kinases
(MAPKs), including p38 kinase and JNK (46, 59—61). The pres-
ence of TRAF6 in the accumulated Hrs puncta and the increased
phosphorylation of TAK1 suggested that phosphorylation of
the p38 kinase and JNK might be altered in Simple™ "™/ *
MEFs. We examined the phosphorylation of p38 kinase and
JNK under basal conditions and upon stimulation with IL-1 for
different times in Simple™ "™, Simple™", and Simple '~
MEFs (Fig. 5). We found that optimal phosphorylation of p38
kinase and JNK occurred at about 5 to 15 min after IL-1 stim-
ulation. The kinetics of p38 kinase and JNK phosphorylation
were indistinguishable in Simple™”" and Simple '~ MEFs
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V5-tagged Tom1 and Tab2. The presence of Tom1 and Tab2 in SIMPLE immunoprecipitates (IP) was determined by immunoblotting (IB). (C and D) Cell lysate
prepared from Simple ™" (WT) and Simple™*™* (MT) MEFs was immunoprecipitated (IP) with an antibody against TRAF6 or TAK1. The ubiquitination (Ub) of
TRAF6 or TAK1 is shown in panel C. Association and phosphorylation (P) of TAK1 in the immunoprecipitates was examined by immunoblotting (IB) as shown in panel
D. Antibody against TRAF6 or TAK1 (Ab) was loaded in reference to the IgG in the immunoprecipitates. The levels of ubiquitinated TRAF6 or TAK1 were quantified.
*, P < 0.05; **, P < 0.01. (E and F) Confocal microscopy was performed, and primary MEFs obtained from Simple™* and Simple™*'* mice were costained for
endogenous TRAF6 and Hrs (E) or TRAF6 and Rab7 (F). DNA in nuclei was visualized by using DAPI (blue). Representative images are shown. The colocalization of
Hrs-TRAF6 and TRAF6-Rab7 puncta was quantified. ¥, P < 0.05; **, P < 0.01.
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FIG 5 Dysregulated IL-1 signaling upon CMT1C mutation of SIMPLE. Primary MEFs prepared from Simple™" and Simple '~ mice (A and C) or Simple™’*

T115N/+

and Simple

mice (B and D) were treated or not treated with IL-1 for the times indicated. A cell lysate prepared was immunoblotted for phosphorylated

(indicated by a “P-” prefix) and total p38 kinase and JNK, and the results are shown in panels A and B. The expression levels of IkB and tubulin are also shown
in panels C and D. The relative levels of phosphorylation of p38 kinase and IkB expression were also quantified and graphed. ¥, P < 0.05.

(Fig. 5A). The kinetics of p38 kinase and JNK phosphorylation
in Simple” ™" MEFs, however, were different (Fig. 5B). In
particular, the phosphorylation at the basal level and late stage
of p38 kinase and JNK was elevated in Simple”!*™'* MEFs.
These data indicate that mutation of SIMPLE leads to aberrant
activation kinetics in p38 kinase and JNK.

We further performed confocal microscopy to investigate the
kinetics of p38 kinase and JNK phosphorylation in Simple™ >N+
MEFs. Under the basal condition, partial staining of phospho-p38
kinase and phospho-JNK was found in Simple”''*™" nuclei but
not in Simple™”* nuclei (Fig. 6). Optimal phosphorylation and
nuclear localization of p38 kinase and JNK were evident after 10
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+ +/+
T115N/ /+ hu-

min of IL-1 stimulation in both Simple and Simple
clei. After 30 and 45 min of IL-1 stimulation, staining of phospho-
p38 kinase and phospho-JNK was minimal in Simple™" nuclei.
Staining of phospho-p38 kinase and phospho-JNK, however, re-
mained evident in many of the Simple™*™'* nuclei after 30 or 45
min of IL-1 stimulation. These data confirm that the mutation of
SIMPLE elicits aberrant signaling kinetics with prolonged activa-
tion of p38 kinase and JNK.

Altered kinetics of NF-kB activation upon CMT1C mutation
of SIMPLE. The TRAF6-TAKI axis also mediates nuclear accu-
mulation of NF-kB through the activation of the IkB protein ki-
nase (IKK) pathway (46, 59, 61, 62). We examined the kinetics of

July 2015 Volume 35 Number 14


http://mcb.asm.org

Role of SIMPLE in Cell Signaling

A
SimpleT 115+ Simple*’* 100 —
- ation (min) - ation (min) & .
4 stimutation (! 1 stimulation
Untreated %/\ Untreated }//‘ % *
G 5 = 80 C
= ; T115/+
S':{ . M simple )
S [ Simple”™*
E *k D Simp/e'/'
% I simple”15T11N
S 40
€
=
Q
(&)
© ok
& 20 =
<@
o
=3
=z — -
o .
0 10 30 45
IL-1 (min)
B T115/- /-
Simple™ 1%+ Simple™* 100

- silmu\a\'\or\ (min)
Untreated Untreated

FIG 6 Increased nuclear localization of p38 kinase and JNK upon CMT1C mutation of SIMPLE. Primary MEFs prepared from Simple™’™"
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mice were treated (10, 30, and 45 min) or not treated with IL-1. Confocal microscopy was performed to detect the phosphorylation of p38 kinase (P-p38) (A) or
JNK (P-JNK) (B). DNA in nuclei was visualized using DAPI, and this is represented in the red channel. The percentage of cells with nuclear accumulated P-p38

kinase or P-JNK was quantified. *, P < 0.05; **, P < 0.01.

NE-kB nuclear accumulation upon IL-1 stimulation by confocal
microscopy (Fig. 7A). At 10, 30, and 45 min after IL-1 stimulation,
nuclear accumulation of NF-«kB was found in Simple™”" MEFs
(Fig. 7A). IL-1 also led to nuclear accumulation of NF-kB in
SimpleT”ﬂ\’/+ MEFs after 10 or 30 min of stimulation. By 45 min,
however, many Simple”''*™* MEFs did not show nuclear accu-
mulation of NF-kB. These data further indicate altered kinetics of
NF-kB activation upon SIMPLE mutation.

Nuclear accumulation of NF-kB is controlled by the level of
IkB protein, which is degraded upon phosphorylation by the
IKK pathway (48). Activation of the NF-«B pathway, however,
provides a negative-feedback regulation and re-expression of
IkB protein suppresses and terminates nuclear accumulated
NF-kB. Thus, we examined the levels of IkB protein upon IL-1
stimulation by immunoblot analysis (Fig. 5C and D) and con-
focal microscopy (Fig. 7B). We found that the levels of IkB
protein in Simple™’" MEFs were abrogated after 10 min of IL-1
stimulation (Fig. 5C and D). By 25 min after IL-1 stimulation,
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the expression of IkB protein had reappeared, and the levels of
kB protein were further accumulated in Simple ™" MEFs by 45
min. The kinetics of IkB protein expression was indistinguish-
able between Simple*’* and Simple '~ MEFs (Fig. 5C). In
Simple™*N"* MEFs, however, the degradation of kB protein was
incomplete after 10 to 20 min of IL-1 stimulation (Fig. 5D). At 45
min after IL-1 stimulation, the expression levels of IkB protein in
Simple™ >N * MEFs were lower than in Simple*’* MEFs. Confo-
cal microscopy also indicated similar altered expression of the IkB
protein in Simple”''"™* MEFs compared to Simple™’" MEFs
(Fig. 7B). These data confirm that mutation of SIMPLE leads to
distorted kinetics in the activation of NF-kB, which is partly due to
incomplete degradation of IkB.

Dysregulated TGF-f signaling upon CMT1C mutation of
SIMPLE. In addition to the IL-1 signaling, Tom1, Tab2, TRAF6, and
TAKT1 also play a role in TGF-p signal transduction (63-66). TGF-3
signaling leads to the activation of MAPKs, as well as the phosphor-
ylation of transcription factor SMAD2 (67-69). Thus, we examined
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expression of IkB was quantified. *, P < 0.05.

the phosphorylation of p38 kinase and SMAD?2 upon stimulation
with TGF-B for different times in Simple™ ™™, Simple™", and
Simple™’~ MEFs (Fig. 8). Similar to the IL-1 stimulation, we
found that optimal phosphorylation of p38 kinase occurred at
about 5 to 15 min after TGF-$ stimulation. Phosphorylation of
SMAD?2 also showed similar activation kinetics after TGF-[3 stim-
ulation. The kinetics of p38 kinase and SMAD2 phosphorylation
were similar in Simple™" and Simple '~ MEFs (Fig. 8A). In par-
allel to IL-1 stimulation, administration of TGF- also altered the
kinetics of p38 kinase phosphorylation in Simple™** MEFs
(Fig. 8B). In particular, phosphorylation of p38 kinase at the
basal level and the late stage were elevated in Simple” '™ MEFs
upon TGEF-B stimulation. Phosphorylation kinetics of SMAD2
in Simple™ ™" MEFs, however, was reduced compared to
Simple*’* MEFs. These data indicate that mutation, but not de-
letion, of SIMPLE also leads to aberrant signaling kinetics with
prolonged activation of p38 kinase but diminished SMAD?2 phos-
phorylation upon TGF-f3 stimulation.

Increased tumor susceptibility upon CMT1C mutation of
SIMPLE. Given the dysregulated activation kinetics in the IL-1
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and TGF-3 pathways, we sought to determine whether CMT1C
mutation would exert in vivo pathological consequence. In addi-
tion to peripheral neuropathy, dysregulation of SIMPLE is also
associated with arrhythmias and sudden cardiac death in patients
with idiopathic prolonged QT interval duration (LQT syndrome)
(70, 71). SIMPLE also contributes to tumorigenesis (72-74), in
which inflammatory pathways such as those utilized by IL-1 and
TGEF-B are frequently altered.

We first tested whether CMT1C mutation would affect tumor
susceptibility in a syngeneic xenograft model using B16 melanoma
cells. Subcutaneous implantation of B16 melanoma cells led to
formation of tumor mass at the injected site. The tumor masses
from Simple™ ™" mice, however, were larger than those from
Simple*’* mice (Fig. 9A). These data indicate increased tumor
susceptibility upon CMT1C mutation of SIMPLE.

We further ascertained tumor susceptibility in Simple
mice by tail vein injection of B16 melanoma cells, which led to the
deposits of melanin and the formation of dark nodules with pri-
mary colonization in the lung (Fig. 9B). At day 10 postinjection,
the numbers and sizes of dark nodules formed in Simple™ >N *

T115N/+
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FIG 8 Dysregulated TGF-@ signaling upon CMT1C mutation of SIMPLE. Primary MEFs prepared from Simple*’* and Simple ™'~ mice (A) or Simple*’* and
Simple™1°N'* mice (B) were treated or not treated with TGF-B for the times indicated. A cell lysate was prepared and immunoblotted for phosphorylated
(indicated by a “P-” prefix) and total p38 kinase and SMAD?2. The expression levels of tubulin are also shown. The relative levels of phosphorylation of p38 kinase
and SMAD2 were quantified. *, P < 0.05.

lungs were elevated compared to Simple™" lungs. We also ob-  numbers and sizes of dark nodules formed in Simple”*™'* lungs
served increased numbers and sizes of dark nodules in andlivers were more evident (Fig. 9B and C). Furthermore, addi-
Simple™*N'* livers (Fig. 9C), which is a common secondary site  tional dark nodules were detected in Simple™ !> kidneys (Fig.
for tumor cell colonization. By day 22 postinjection, the increased ~ 9C), which were not found in Simple™ ™" kidneys, by day 22
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FIG 9 Increased tumor susceptibility upon CMT1C mutation of SIMPLE. (A) Simple™* (n = 7) and Simple""*™* (n = 6) mice were subcutaneously
implanted with B16 melanoma cells (2 X 10° cells/mouse) in the upper right chest. A tumor mass on day 10 postimplantation was isolated and weighed. *, P <
0.05. (B and C) Simple™’* (n = 21) and Simple™!*N'* (n = 12) mice were injected with B16 melanoma cells (0.4 X 10° cells/mouse) via tail vein. Tumor cells
that colonized to form dark nodules in the lung were visualized at day 10 or day 22 postinjection as shown in panel B. The numbers and sizes of dark nodules that

colonized in the liver and kidney at day 10 or day 22 postinjection were also determined, as shown in panel C. ¥, P < 0.05; ND, not detected. (D) Simple
mice were intravenously inoculated (B16) or not inoculated (control, CTL) with B16 melanoma cells. Serum samples were incubated with

T115N/+

Simple

antibody arrays to determine the relative abundance of different cytokines/chemokines. The level of cytokine/chemokine detected in control Simple

+/+ and

7+ serum

was used as a reference for normalization. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

postinjection. These data confirm increased tumor susceptibility
upon CMT1C mutation of SIMPLE.

Previous reports showed that SIMPLE plays a key role in
cytokine production upon lipopolysaccharide (LPS) challenge
(54, 56). Increased tumor susceptibility upon CMT1C muta-
tion of SIMPLE suggested that the levels of cytokine and
chemokines might be altered. Thus, we collected serum from
both Simple™*N'" and Simple™* mice upon intravenous inocu-
lation or not with B16 melanoma cells. Cytokine/chemokine anal-
ysis indicated the level of CCL1, CCL12, CCL17, CCL19, CCL20,
and CCL25 chemokines were specifically elevated in Sinple’ ™" se-
rum samples upon B16 challenge (Fig. 9D). We also found that the
levels of several chemokines and immune cell mitogens were ele-
vated in Simple™ ™" sera compared to Simple’" sera. The in-
duction of these cytokines/chemokines was independent of B16
injection. These included IL-10, IL-12, XCL1 TPO, sTNFRIIL, and
CXCLI1. There were also some cytokines/chemokines, such as
CXCL16, macrophage colony-stimulating factor (M-CSF), vascu-
lar endothelial growth factor (VEGF), and CXCL4, in which the
levels were comparable in both Simple™ ™" and Simple™’" sera.
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Collectively, these data indicate that changes in the profiles of
cytokines/chemokines may be associated with increased tumor
susceptibility and aberrant kinetics in inflammatory signaling
upon CMT1C mutation of SIMPLE.

DISCUSSION

In this report, we show that mutation, but not deletion, of protein
SIMPLE leads to accumulation of Hrs puncta. We also show al-
tered signaling kinetics in Simple”™ ™" MEFs upon IL-1 or
TGF-B challenges. Dysregulated inflammatory signaling may
contribute to the increased tumor susceptibility and abnormal
levels of chemokines/cytokines in Simple ™" mice. These find-
ings, therefore, demonstrate altered signaling kinetics upon mu-
tation of SIMPLE, which exhibit distinct defects in MVBs. These
data also for the first time provide a possible understanding of the
toxic gain of function in CMT1C pathogenesis.

Protein SIMPLE and receptor trafficking. We have uncovered
the accumulation of Hrs puncta in Simple” > MEFs. We found
that the accumulation of Hrs puncta is dynamic and is caused, in
part, by its impaired turnover after receptor signaling. Reduced
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ubiquitination and Tyr phosphorylation support the impaired
turnover and the accumulation of Hrs in Simple”" '™ late endo-
somes. Ubiquitination is a result of opposing actions of ubiquitin
ligases and deubiquitinases (50, 75). Similarly, Tyr phosphoryla-
tion is mediated by an overall balance of kinases and phosphata-
ses. Perhaps, recruitment of ubiquitin ligases and/or deubiquiti-
nases to late endosomes is altered upon CMT1C mutation. By the
same token, the binding of kinases and/or phosphatases may be
affected upon CMTI1C mutation. Thus, the changes in the
SIMPLE binding partners affect turnover of inflammatory recep-
tors and/or ESCRT proteins in late endosomes.

The role of SIMPLE in inflammatory signaling is highly similar
to that of the arrestin protein family (a-arrestins and -arrestins)
in modulating G protein-coupled receptor (GPCR) signaling (2,
76, 77). In particular, similar signature binding motifs that facili-
tate receptor endocytosis and endosomal trafficking are found in
both SIMPLE and arrestin proteins. First, both SIMPLE and B-ar-
restin proteins encode a di-Leu type AP2 binding motif to facili-
tate clathrin-mediated receptor internalization (24, 76, 78). Second,
SIMPLE interacts with Nedd4 E3 ubiquitin ligases via the PPXY mo-
tifs (34, 37). PPXY motifs are also found in all of the a-arrestin pro-
teins except the Arrdc5 member (79, 80). Third, SIMPLE encodes a
PTAP motif for its interaction with ESCRT-1 protein Tsg101 (34, 37).
Interaction with Tsg101 is unique for Arrdcl among the six members
of the a-arrestin family (81). Homo- and heteromerization among
a-arrestin and B-arrestin proteins (82) may further assemble a com-
posite complex that resembles SIMPLE, encoding all three signature
binding motifs.

In addition to endosomal trafficking in the intracellular compart-
ments, SIMPLE also functions highly similarly to the a-arrestin pro-
tein Arrdcl in the production of extracellular nanovesicles. Extracel-
lular nanovesicles include microvesicles budded from plasma
membrane and exosomes derived from MVBs (83-85). Extracellular
nanovesicles have been shown to mediate intercellular signaling (86,
87). Previous reports indicated that Arrdcl plays a key role in the
budding of microvesicles from the plasma membrane (88, 89). Bud-
ding of microvesicles mediated by Arrdcl is analogous to the invagi-
nation of the endosomal membrane for the generation of ILVs and
exosomes: our initial findings of SIMPLE in MVB biogenesis (24).
Collectively, we surmise that SIMPLE acts, in parallel to the arrestin
proteins in the GPCR pathway and budding of microvesicles, as a
ubiquitin adaptor to downregulate inflammatory receptor signaling
and participate in exosome production in MVBs.

Protein SIMPLE and inflammatory signaling. Our data indi-
cate a role for SIMPLE in inflammatory signaling mediated by
IL-1 and TGF-B. The possible involvement of SIMPLE in other
inflammatory pathways, such as the Toll-like receptor (TLR)
complex and tumor necrosis factor alpha (TNF-a) signaling,
however, cannot be excluded. In particular, the TLR complex and
the TNF-a receptor elicit a similar ubiquitin platform for the re-
cruitment of various signaling adaptors and upstream kinases (50,
90). Many of these adaptors and upstream kinases (e.g., Tollip and
TAK1) are also associated with the IL-1 and TGF- signaling
pathways. In addition, Tom1, which interacts with SIMPLE and
was proposed as an ancestral type ESCRT-0 (91, 92), facilitates the
internalization and termination of the activated TLR complex and
the TNF-a receptor (93). Furthermore, previous reports showed
that SIMPLE-null mice are less sensitive to challenge by a lethal
dose of LPS, in part due to altered cytokine levels (54, 56, 94).
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Thus, we expect a similar role for SIMPLE in the TLR complex and
the TNF-a receptor signaling pathway.

We have uncovered aberrant signaling kinetics upon IL-1 or
TGEF-B stimulation in Simple”' !> MEFs. We found prolonged
activation of p38 kinase and JNK, whereas the nuclear accumula-
tion of NF-kB is reduced upon IL-1 stimulation. Similarly, upon
TGEF-B challenge, phosphorylation of p38 kinase is extended,
whereas the activation of SMAD2 is diminished in Simple™" ™"
MEFs. The differential effects displayed in Simple™ '*™'* MEFs are
highly reminiscent of the “biased” signaling reported in the GPCR
pathway (95-97).

Current models indicate that activation of the GPCR pathway
elicits protein kinase A (PKA) activation via accumulation of sec-
ond messenger cyclic AMP. Ligand-bound GPCR also leads to
increased phosphorylation of MAPKSs via 3-arrestin scaffolds. De-
letion of B-arrestin proteins or administration of modified ligands
can preferentially elicit either a PKA response or a MAPK activa-
tion (95-97). The “biased” GPCR signaling seems to exert a ben-
eficial therapeutic response in a context-dependent manner to-
ward specific disease types (98—101). Given the differential effects
on p38 kinase/JNK and NF-kB/SMAD2 in Simple™ >N+ MEFs, it
is tempting to speculate that similar “biased” signaling mecha-
nisms are present in the inflammatory pathways. Thus, in parallel
to the synthetic ligands that selectively activate “biased” GPCR
pathways, molecular engineering to produce recombinant IL-1 or
TGE-B ligands/biologics may be carried out. Such “biased” re-
agents may elicit a preferential signaling and achieve a differential
therapeutic response, allowing future exploitations that target the
beneficial side of the inflammatory pathways.

CMTIC pathogenesis. Previously, we showed that the
CMT1C mutation elicits distinctive MVB morphology that is not
found in the SIMPLE-null mice (24). Here, we extend the exclu-
sive changes and show the accumulation of Hrs, along with abnor-
mal IL-1 and TGF- signaling kinetics, in Simple”**'* MEFs but
not in Simple '~ MEFs. These selective defects in MVB structure,
Hrs accumulation, and aberrant inflammatory signaling kinet-
ics may contribute to locomotion defects and paralysis that are
found in Simple™ "> mice but not in Simple '~ mice (24,
30). Further investigation to uncover the exclusive molecular
and pathological changes upon SIMPLE mutation will expose
and provide new understanding of this toxic gain-of-function
CMT1C pathogenesis.

The molecular basis for onset in CMT1C patients is a pressing
question in the CMT1C pathogenesis. Given the dysregulated in-
flammatory responses, we propose that an injury-repair imbal-
ance could be a trigger for the CMT1C onset. Increased inflam-
mation and a subsequent aberrant response due to the SIMPLE
mutation will alter the injury-repair balance. This model suggests
that a yet-to-be-detected repair signal may reset the balance of
injury to repair to maintain nerve function during development
or before disease onset in asymptomatic CMT1C carriers. None-
theless, fortuitous exposure to damaging agents that elicit inflam-
matory injury (or reduce repair compensation) may account for
the onset in CMT1C by tilting the injury-repair balance.

The injury imbalance is not limited to inflammatory signaling per
se. In addition to IL-1, TGF-3, TLR, and TNF-« signaling as promi-
nent inflammatory pathways, SIMPLE interactors Tom1 and Tab2
are also important for bone morphogenic protein (BMP) signaling
(8, 102). BMP signaling employs a cascade similar to that for the
TGF-B pathway, including receptor Ser kinases and SMAD tran-
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scription factors (103). BMP signaling plays a critical role in growth,
differentiation, maintenance, and regeneration (104). Given that
most CMT diseases are symmetric and lead to injury in both legs
(105), an improper maintenance with aberrant signaling kinetics may
also contribute to the onset of demyelination.

Peripheral demyelination is the only known symptom in CMT1C
patients thus far. SIMPLE, however, is widely expressed in many dif-
ferent cell types. Other defects in CMT1C patients are emerging (28,
70-72, 74, 106). For example, nucleotide polymorphism at the
SIMPLE locus shows strong correlation with patients diagnosed with
idiopathic LQT syndrome. SIMPLE expression is also associated with
tumorigenesis. Given the ubiquitous expression of SIMPLE and its
basic function in endosomal signaling and MVB regulation, addi-
tional defects may be dependent on cellular states and specific path-
ological triggers. Thus, a defined pathological challenge will reveal
additional biological roles for SIMPLE in future studies.

Although we have shown that Simple”'*™" mice exhibit in-
creased tumor susceptibility, it is currently not known whether
CMT1C patients are more prone to tumorigenesis. A challenging
impediment is the low prevalence of CMT1C (1:~400,000) in
humans (25, 107, 108). Further examination of our Simple” >N+
mice and their derived primary cells, the most physiological rele-
vant model with one mutated SIMPLE allele, may reveal in
CMTIC patients broader pathophysiological defects that have
thus far remained undetected.

Conclusion. We have demonstrated here that mutation, but
not deletion, of SIMPLE affects the turnover of the ESCRT-0 Hrs
protein and elicits aberrant kinetics in inflammatory signaling.
The aberrant kinetics likely contributes to the increased tumor
susceptibility in Simple”'>™"* mice. Thus, dysregulated signaling
kinetics could account for a toxic gain of function and the onset of
CMTIC pathogenesis.
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