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VCP/p97 controls signals of the ERK1/2 pathway

transmitted via the Shoc2 scaffolding complex:

novel insights into IBMPFD pathology
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ABSTRACT Valosin-containing protein (VCP), also named p97, is an essential hexameric
AAA+ ATPase with diverse functions in the ubiquitin system. Here we demonstrate that VCP
is critical in controlling signals transmitted via the essential Shoc2-ERK1/2 signaling axis. The
ATPase activity of VCP modulates the stoichiometry of HUWE?1 in the Shoc2 complex as well
as HUWE1-mediated allosteric ubiquitination of the Shoc2 scaffold and the RAF-1 kinase.
Abrogated ATPase activity leads to augmented ubiquitination of Shoc2/RAF-1 and altered
phosphorylation of RAF-1. We found that in fibroblasts from patients with inclusion body
myopathy with Paget's disease of bone and frontotemporal dementia (IBMPFD) that harbor
germline mutations in VCP, the levels of Shoc2 ubiquitination and ERK1/2 phosphorylation
are imbalanced. This study provides a mechanistic basis for the critical role of VCP in the
regulation of the ERK1/2 pathway and reveals a previously unrecognized function of the
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ERK1/2 pathway in the pathogenesis of IBMPFD.

INTRODUCTION

Valosin-containing protein (VCP), also known as p97, is an AAA+
ATPase (ATPase associated with a variety of cellular activities) motor
protein that regulates a perplexing range of cellular functions (van
den Boom and Meyer, 2018). VCP is well known for its role in many
pathways of the proteasome system and the endoplasmic reticu-
lum-associated protein degradation system (Lipson et al., 2008).
The remarkable diversity of VCP functions is achieved through a
multitude of regulatory cofactors, which control substrate specificity
and fate, subcellular localization, and the oligomeric state of VCP
(Hanzelmann and Schindelin, 2017). In functions such as DNA repli-
cation, assembly of nuclear and Golgi membranes, nonproteasomal
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degradation through macroautophagy, and the endolysosomal
pathway, VCP is involved in remodeling, unfolding, extraction, or
“segregation” of a ubiquitinated substrate from stable protein as-
semblies, membranes, or chromatin (Acs et al., 2011; Meerang
etal., 2011; Dantuma and Hoppe, 2012; Chen et al., 2013; van den
Boom et al., 2016; Papadopoulos and Meyer, 2017; Ye et al., 2017).
The molecular mechanisms underlying the “segregase” activity of
the ring-shaped hexameric VCP assembly rely on conformational
changes induced by ATP binding and hydrolysis by its two ATPase
domains D1 and D2 (Hanzelmann and Schindelin, 2017).

Germline mutations in VCP cause an autosomal dominant and
fatal familial disorder called inclusion body myopathy with Paget’s
disease of bone and frontotemporal dementia (IBMPFD; Watts
et al., 2007; Weihl et al., 2009; Piccirillo and Goldberg, 2012).
IBMPFD is a multisystemic disease characterized by incomplete
penetrance of three main features: disabling muscle weakness, os-
teolytic bone lesions consistent with Paget's disease, and fronto-
temporal dementia (Kimonis et al., 2008a,b). At the cellular level,
IBMPFD is characterized by impairments in protein degradation and
an accumulation of ubiquitinated protein aggregates as well as
other cellular defects, while the molecular basis underlying these
cellular abnormalities remains elusive. A majority of IBMPFD-associ-
ated VCP mutations alter the structural orientation between the
VCP N and D1 domains (Tang et al., 2010), thus modifying the
recognition by cofactors and/or its ATPase hydrolysis (Fernandez-
Saiz and Buchberger, 2010). Being a key mediator of protein
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FIGURE 1: Shoc2 interacts with VCP. (A) Schematic diagram depicting the domains of

VCP protein. The positions of mutants used in this study as well as the prey region of VCP (aa
180-390) obtained in the yeast two-hybrid screening are shown. (B) 293FT cells were
cotransfected with VCP-GFP, HA-M-Ras, or GST-Shoc2. VCP-GFP and HA-M-Ras were
immunoprecipitated and analyzed by immunoblotting using anti-HA, -GFP, or -GST antibodies.

lating the ERK1/2 signals via the Shoc2-
Ras-RAF-1 complex. Importantly, our find-
ings demonstrate that alterations in Shoc2
ubiquitination and ERK1/2 phosphorylation
are also important elements of IBMPFD
pathology.

(C) Coimmunoprecipitation of endogenous Shoc2, VCP, and PSMC5. Shoc2, VCP, and PSMC5

antibodies were used to detect VCP and PSMC5 in Shoc2 immunoprecipitates and in total
lysates of 293FT cells. (D) GFP-tagged VCP was immunoprecipitated from Cos1 cells depleted
of endogenous Shoc2 and stably expressing either YFP-tagged Shoc2 or 7KR mutant Shoc2.
VCP and Shoc2 were detected in GFP immunoprecipitates and lysates using anti-VCP and
anti-Shoc2 antibodies. The results in each panel are representative of those from three

independent experiments.

homeostasis, VCP has emerged as an attractive target for anti-
cancer therapy and development of selective ATP-competitive
small-molecule compounds like CB-5083 (Anderson et al., 2015;
Zhou et al., 2015; Bastola et al., 2016; Vekaria et al., 2016; Gugliotta
etal., 2017; Lan et al., 2017).

In this study, we provide evidence that VCP modulates signals of
the canonical extracellular signal-regulated kinase (ERK1/2) pathway
transduced by the Shoc2 scaffolding module. The scaffolding pro-
teins of the ERK1/2 pathway direct a coordinated effort to govern a
myriad of downstream cellular signaling events (Langeberg and
Scott, 2015). Scaffolds assemble multicomponent interacting mod-
ules to control the specificity, amplitude, and duration of ERK1/2
signals, as well as enhance phosphorylation of specific ERK1/2 sub-
strates (Dhanasekaran et al., 2007; Alexa et al., 2010). Shoc2 is a key
modulator of the ERK1/2 pathway, and its silencing or impairments
in the assembly of the Shoc2 complex have a prohibitive effect on
ERK1/2 activity and disrupt cellular functions (Jang and Galperin,
2016). The detrimental effects of Shoc2 knockout on the embryonic
development of mice and zebrafish underscore the central role of
Shoc2 in the transmission of ERK1/2 signals (Yi et al., 2010; Jang
et al., 2019). Missense mutations in the shoc2 gene give rise to a
developmental disorder with a wide spectrum of physiological and
cognitive deficiencies, known as Noonan-like syndrome with loose
anagen hair (NSLH; Cordeddu et al., 2009; Hannig et al., 2014).

We and others have shown that Shoc2 assembles an intricate
scaffolding complex that includes canonical signaling enzymes (i.e.,
Ras, RAF-1, and the catalytic subunit of PP1c) as well as the E3 ligase
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RESULTS AND DISCUSSION

VCP is a novel partner in the Shoc2
scaffold module

To elucidate the molecular mechanisms
controlling ERK1/2 signals, we performed
the yeast two-hybrid screen of a human
adult/fetal heart library (Jang et al., 2014,
2015). The yeast two-hybrid screen using full-length Shoc2 as a bait
detected 29 cDNA prey fragments all within amino acids 180-390 of
the 97 kDa AAA+ ATPase VCP. All of the isolates extended over the
carboxy terminus of the N domain and part of the D1 domain con-
nected by an interdomain linker (N-D1) of VCP (Figure 1A).

To validate the Shoc2 and VCP interaction, we coexpressed glu-
tathione S-transferase (GST)-fused Shoc2 (GST-Shoc2) and GFP-
tagged VCP (VCP-GFP) in 293FT cells. VCP was detected in the GST
immunoprecipitate, indicating the association of VCP and Shoc2
(Figure 1B). Coimmunoprecipitation of endogenous Shoc2 with HA-
M-Ras and VCP, PSMC5 from 293FT cells further validated that
these proteins form a quaternary complex (Figure 1, B and C).

VCP is known to be associated with the recognition of ubiquiti-
nated substrates (Dantuma and Hoppe, 2012). Thus, to examine
whether VCP recognizes modified Shoc2, we utilized the 7KR (seven
lysines mutated to arginines) mutant of Shoc2 for which ubiquitina-
tion levels are 70-80% lower than those of wild-type (WT) Shoc2
(Jang et al., 2014). The interaction of VCP and Shoc2 was assessed
by immunoprecipitation using Cos1 cells stably expressing either
WT or the 7KR mutant of Shoc2-YFP and depleted of endogenous
Shoc2 (Jang et al., 2014). The amount of VCP in the Shoc2 (7KR)
mutant immunoprecipitate was decreased dramatically, indicating
that VCP is associated with ubiquitinated Shoc2 (Figure 1D). Addi-
tionally, we mapped the VCP-recognition region to the leucine-rich
repeats 12-14 (aa 347-417) of Shoc2 (Supplemental Figure 1). Inter-
estingly, the leucine-rich repeats 12-14 also constitute the HUWE1
binding domain (Supplemental Figure 1E; Jang et al., 2014).

Molecular Biology of the Cell
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VCP is in complex with Shoc2 on endosomes. (A) Post nuclear supernatants (PNSs)
from Cos1 cells were layered on 8-42% sucrose gradients and subjected to ultracentrifugation.
The indicated proteins were identified by immunoblotting (IB) using specific antibodies in
crude endosome (CE) or Golgi and endoplasmic reticulum (G/ER) fractions. (B) VCP was
immunoprecipitated from the crude endosomal fraction and analyzed by using specific anti-VCP
and Shoc2 antibodies. (C) Cos-SR cells depleted of endogenous Shoc2 and stably expressing
Shoc2-tRFP were transfected with VCP-GFP and GST-PSMCS5, permeabilzed with 0.05% saponin
and then fixed, immunostained for GST, and followed by immunofluorescence microscopy.
Insets show high-magnification images of the region indicated by white rectangles. Scale bars:
10 um. (D) Shoc2 was immunoprecipitated from Cos-SR cells depleted of endogenous Shoc2
and stably expressing WT or S?G mutant Shoc2-tRFP. The immunoprecipitates were analyzed
with anti-VCP and -Shoc2 antibodies. (E) Cos1 cells stably expressing the Shoc2-52G mutant
(Shoc2-52G-tR) were transfected with GST-PSMC5 and VCP-GFP. GST-PSMC5 was
immunostained with anti-GST antibody. Cells were fixed and followed by immunofluorescence
microscopy. Insets show high-magnification images of the regions of the cell indicated by white
rectangles. Scale bars: 10 pm. (F) Cos1 cells depleted of endogenous Shoc2 and stably
expressing either full-length Shoc2-tRFP (WT) or the mutant of Shoc2 (A21-C) were transfected
with VCP-GFP. Shoc2 was immunoprecipitated using anti-RFP antibodies. The
immunoprecipitates were analyzed by immunoblotting using anti-RFP and -GFP antibodies. The
results in each panel are representative of those from three independent experiments.

Together, these results demonstrate that VCP is a previously unrec-
ognized interacting partner in the Shoc2-Ras-RAF-1 signaling scaf-
fold complex.

Shoc2 multiprotein complexes are targeted to endosomes upon
activation of the ERK1/2 pathway (Galperin et al., 2012; Jang et al.,
2015). To delineate how VCP affects cellular distribution of the
Shoc2 module, the localization of Shoc2-VCP complexes was ana-
lyzed using complementary methods of subcellular fractionation
and fluorescence microscopy (Figure 2). A crude endosomal fraction
(late and early endosomes; CE) from Cos1 cells was enriched by us-
ing discontinuous sucrose density gradient centrifugation where CE
was at the 8/35% interface of the gradient (de Araujo et al., 2008).
The distribution of the key markers of early endosomes (EEA1/Rab5)
and plasma membrane (Na*/K*-ATPase) indicates that CE as well as
Golgi and endoplasmic reticulum (G/ER) fractions were free of any
significant amount of plasma membranes (Figure 2A). VCP readily
precipitates Shoc2 from the recovered CE protein interface, indicat-
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ing that VCP redistributes to the endosomes
together with Shoc2 (Figure 2B). The total
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munoprecipitation experiments in Figure 1.

Furthermore, we examined the localiza-
tion of VCP-GFP in cells stably depleted of
endogenous Shoc2 and expressing Shoc2-
tRFP together with the oligomeric PSMC5
(GST-PSMC5) that triggers Shoc2 recruit-
ment to late endosomes/multivesicular
bodies (LE/MVBs; Jang et al., 2015). Immu-
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tures were previously characterized as the
late endosomal compartments (Jang et al.,
2015).

The NSLH causative S°G mutant of
Shoc2 that is mislocalized to the plasma
membrane due to aberrant N-terminal my-
ristoylation was used to explore the impact
of subcellular localization on the Shoc2-VCP
complex (Cordeddu et al., 2009; Galperin
et al., 2012). Surprisingly, VCP was almost
undetectable in the Shoc2 immunoprecipi-
tates obtained from the cells stably de-
pleted of endogenous Shoc2 and express-
ing the S?G Shoc2-tRFP mutant (Figure 2D),
indicating that Shoc2-VCP complexes are
formed in a spatially defined manner, likely
on endosomes. Immunofluorescence mi-
croscopy of cells expressing Shoc2 (S?G)-
tRFP, VCP-GFP, and GST-PSMC5 confirmed
findings in Figure 2D by showing no colo-
calization of VCP with the Shoc2 (S2G) mu-
tant (Figure 2E). To further shed light on the
requirements for the correct spatial distribution of the Shoc2-VCP
complex, we utilized the Shoc2 A21-C mutant lacking its PSMC5
binding domain (Jang et al., 2015). This mutant of Shoc2 is exces-
sively ubiquitinated and unable to translocate to the endosomal
compartment (Jang et al., 2015). The A21-C mutant of Shoc2 was
also impaired in its ability to associate with VCP (Figure 2F), indi-
cating that VCP recognizes ubiquitinated Shoc2 only when Shoc2
is recruited to endosomes. Therefore, we hypothesize that VCP is
essential for remodeling the Shoc2 complex on endosomes and
its function is complementary to the function of PSMCS5 in the
complex.

IB:RFP

VCP modulates ubiquitination of Shoc2 on endosomes

VCP uses ATP as an energy source to remodel (unfold/segregate)
ubiquitinated substrates from a variety of macrocomplexes and cel-
lular locations, facilitating their degradation and/or recycling (Ye
etal., 2017). To explore a possible role of VCP in the remodeling of
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FIGURE 3: ATPase activity of VCP is necessary to modulate the interaction of Shoc2 with
HUWET1. (A) Endogenous Shoc2 was immunoprecipitated from 293FT cells transfected with wild-
type (WT) or catalytically inactive (QQ) mutant of VCP-GFP using anti-Shoc2 antibody. The
immunoprecipitates were analyzed by immunoblotting using anti-GFP and -Shoc2 antibodies.
(B) Cos-SR cells (depleted of endogenous Shoc2 and stably expressing Shoc2-tRFP) expressing
the QQ mutant of VCP-GFP and GST-PSMC5 were fixed, immunostained for GST, followed by
immunofluorescence microscopy. Insets show high-magpnification images of the region indicated
by white rectangles. Scale bars: 10 um. (C) 293FT cells were cotransfected with VCP-GFP and
GST-Shoc2. Cells were then treated with the vehicle (dimethyl sulfoxide [DMSO]) or 5 uyM of
CB-5083 for 4 h. GST-Shoc2 immunoprecipitates were analyzed using anti-GST and -GFP
antibody antibodies. (D) Endogenous Shoc2 was immunoprecipitated from Cos1 cells treated
with vehicle (DMSO) or 5 pM of CB-5083 for 4 h. The immunoprecipitates were analyzed by
immunoblotting with using anti-VCP, -HUWE1, RAF-1, Shoc2, and -PSMCS5 antibodies.

(E) GST-Shoc2 was immunoprecipitated from 293FT cells cotransfected with VCP-GFP and
GST-Shoc2 and depleted in HUWE1. The immunoprecipitates were analyzed using anti-GFP

and -GST antibodies. The results in each panel are representative of those from three

independent experiments.

Shoc2 complexes, we expressed the ATPase activity deficient QQ
mutant of VCP (E3%Q, E*’8Q) or treated cells with the VCP ATP-
competitive chemical inhibitor CB-5083 (Anderson et al., 2015). Of
note, CB-5083 has no effect on the levels of the proteins in the
Shoc2 complex (Supplemental Figure 2A) and does not affect the
ATPase activity of PSMC5 (Anderson et al., 2015). Under the experi-
mental conditions with overexpression of the VCP QQ mutant, ac-
cumulation of the ATP-activity deficient VCP in the Shoc2 scaffold-
ing complex was detected (Figure 3A). Importantly, the ATPase
activity deficient QQ mutant was easily detectable on Shoc2-PSMC5
positive endosomes (Figure 3B), suggesting that enzymatic activity
of VCP is not required for Shoc2-VCP recognition and the subcellu-
lar distribution of the Shoc2 complex. These conclusions were sup-
ported further by the findings that, although deficient in VCP asso-
ciation, the Shoc2 (7KR) mutant can be recruited to endosomes as
effectively as its WT counterpart (Supplemental Figure 3, A and B).
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into the underlying mechanisms. These data
also suggest that the ATPase activity of VCP
is a contributing factor into the assembly/
disassembly or “segregation” of the pro-
teins from the Shoc2 signaling module.

We have previously reported that the E3
ligase HUWE1 mediates ubiquitination of
Shoc2, RAF-1, and the kinase activity of
RAF-1 (Jang et al., 2014). Thus, the data in
Figure 3D strongly indicate that the ATPase
activity of VCP may regulate the levels of
Shoc2 and RAF-1 ubiquitination catalyzed
by HUWET. To test this notion, we treated
Cos1 cells with CB-5083 and examined the
ubiquitination of Shoc2 and RAF-1 under
denaturing conditions. Cells treated with
CB-5083 or cells expressing the VCP QQ
mutant had markedly increased levels of
ubiquitinated Shoc2 and RAF-1 (Figure 4, A and B, and Supple-
mental Figure 4A). HUWE1-mediated Shoc2 ubiquitination is
induced by activation of epidermal growth factor receptor (EGFR)
and its time course closely follows the ERK1/2 phosphorylation
curve (Figure 4C, lanes 1-4, and our previous studies, Jang et al.,
2014, 2015). Conversely, in the cells treated with CB-5083, sustained
Shoc2 ubiquitination irrespective of the ERK1/2 phosphorylation
status was detected (Figure 4C, lanes 5-8). In agreement with data
in Figure 4C, CB-5083 treatment led to the accumulation of VCP
and HUWET in Shoc2 immunoprecipitate from the CE (Figure 4D).
The levels of ubiquitinated Shoc2 precipitated from the endosomal
fraction of cells treated with CB-5083 were also significantly higher
than in control cells (Figure 4E), while the overall ubiquitination of
the proteins in the CE fraction was comparable. Taken together, the
above results show that VCP functions as a modulator of Shoc2 and
RAF-1 ubiquitination.

Molecular Biology of the Cell
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FIGURE 4: VCP controls levels of ubiquitination of Shoc2 and affects RAF-1/ERK1/2 activation. (A, B) Endogenous
Shoc2 (A) or RAF-1 (B) was immunoprecipitated from denatured cell lysates of Cos1 cells treated with 5 pM of CB-5083
for 4 h. Shoc2 and RAF-1 ubiquitination was detected by immunoblotting using anti-ubiquitin (Ub) antibody. (C) Cos1
cells were serum-starved for 16 h, treated with 5 pM of CB-5083 for 4 h, and then stimulated with EGF (0.2 ng/ml) for 7,
15, and 30 min. Endogenous Shoc2 was precipitated from denatured cell lysates using anti-Shoc2 antibodies and its
ubiquitination was detected with anti-ubiquitin (Ub) antibody. Immunoblots were analyzed with anti-Shoc2, -Ub, and
-pERK1/2 antibodies. (D) Crude endosomal (CE) subcellular fractions were prepared from Cos1 cells treated with vehicle
(DMSO) or 5 uM of CB-5083 for 4 h. Endosomal Shoc2 was immunoprecipitated and analyzed using the indicated
antibodies. Rab5 was used as a loading control. (E) Shoc2 was precipitated from denatured endosomal fractions
prepared in D using anti-Shoc2 antibodies. Shoc2 ubiquitination was detected with anti-Ub antibody. (F) Cos1 cells were
transfected with GST-Shoc2 and YFP-RAF-1. At 48 h posttransfection, cells were serum-starved for 16 h and treated
with vehicle (DMSO) or 5 pM of CB-5083 for 4 h and then stimulated with EGF (0.2 ng/ml) for 7 min. Shoc2 was
immunoprecipitated using anti-GST antibody. Immunoblots were analyzed with anti-p-RAF-1 (S338), -RAF-1, -GST, and
-pERK1/2 antibodies. Blots from the multiple experiments were analyzed. Bars represent the mean + SE (n = 3) for
pRAF-1 normalized to the value for GAPDH in arbitrary units (p < 0.01, by Student’s t test). The results in each panel are
representative of those from three independent experiments.
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Surprisingly, these experiments also revealed that the amplitude
of phospho-ERK1/2 in the cells treated with CB-5083 was signifi-
cantly higher than in control cells. These findings are in contrast with
the previously understood role of Shoc2 ubiquitination as being a
negative-feedback mechanism to fine-tune the ERK1/2 phosphory-
lation (Jang et al., 2014). Thus, activation of RAF-1 kinase coupled
with the Shoc2 scaffold was examined. Phosphorylation of RAF-1 at
Ser338 was compared in Shoc2 immunoprecipitates from cells
treated with CB-5083 to immunoprecipitates from control cells. In
control cells, phosphorylation of the Shoc2-bound RAF-1 increased
twofold in response to the EGFR stimulation (Figure 4F). However, in
cells treated with CB-5083 no changes in RAF-1 phosphorylation
were observed. Yet, total levels of phospho-ERK1/2 were higher in
the cells treated with the inhibitor. Given the multitude of VCP-con-
trolled cellular functions, it is possible that loss of the VCP-ATPase
activity deregulates negative-feedback loops targeting other com-
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ponents of the ERK1/2 network or rather induces activation of
ERK1/2 via an alternative signaling loop or by kinases other than
RAF-1. Teasing apart precise loops that activate ERK1/2 upon CB-
5083 inhibition will require further investigation. Nevertheless, we
conclude that in the Shoc2 scaffolding module, VCP is likely to regu-
late the HUWE1-mediated Shoc2 ubiquitination by sequestering
the E3 ligase HUWE1 from the complex. Thus, our data suggest that
VCP is recruited to the endosomal compartment together with
Shoc2 where VCP’s ATPase mechanoenzyme activity is exerted to
remodel the Shoc2 scaffolding complex, regulating the Shoc2-
routed RAF-1/ERK1/2 signals.

The Shoc2/ERK1/2 nexus in IBMPFD pathogenesis

The IBMPFD-causing mutations have significant effects on VCP
binding to cofactors as well as its enzymatic activity (Mountassif
et al., 2015). Hence, we tested whether the most-common disease-
related mutation of VCP (Arg'>°His, R'>°H)
affects ubiquitination of Shoc2. To address
this question, we expressed the R'>*H mu-
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tant of VCP or its WT counterpart in Cos1
cells and examined the ubiquitination of
Shoc2. Expression of the VCP R'*H mutant
led to an increased Shoc2 ubiquitination,
whereas expression of its WT counterpart
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Shoc2 (Figure 5A). Next, we analyzed the
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VCP-Shoc?2 interaction under the pathologi-
cally relevant conditions using cultured pri-
mary fibroblasts from three IBMPFD pa-
tients, all expressing VCP proteins altered in
the mutational hotspot, R™H. Fibroblasts
from a healthy relative were used as a base-
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line. Significantly higher ubiquitination of
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Shoc2 was detected when it was immuno-
precipitated from IBMPFD fibroblasts
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(Figure 5B). Accordingly, we found increased
levels of RAF-1 ubiquitination in Cos1 cells

1B:Shoc2

IB:pERK 1/2

expressing the VCP R™H mutant and in
IBMPFD patient fibroblasts (Supplemental
Figure 4, B and C). Importantly, the steady-
state levels of phospho-ERK1/2 were signifi-
cantly higher in IBMPFD fibroblasts com-
pared with normal fibroblasts (Figure 5B),
which was strikingly similar to what we ob-
served in cells treated with the VCP inhibitor
CB-5083 (Figure 4, C and F). Thus, our data
further emphasize that aberrations in the
function of VCP are likely to trigger compen-

FIGURE 5: Ubiquitination of Shoc2 and RAF-1 is altered in fibroblasts from IBMPFD patients.
(A) Endogenous Shoc2 was precipitated from the denatured cell lysates of Cos1 cells expressing
WT or R'SH mutant of VCP-GFP. Shoc2 ubiquitination was detected with anti-Ub antibody.

(B) Endogenous Shoc2 was immunoprecipitated from the denatured lysates of primary fibroblast

satory network responses that are no longer
under the tight fine-tuning of the Shoc2
scaffold. Together, our results show that
VCP is required to balance levels of ERK1/2
activation (Figure 5C).

using anti-Shoc2 antibodies. GM23284, GM22600, and GM22085—fibroblasts harboring VCP

R'5H mutation; GM22757—normal relative control. Shoc2 ubiquitination was detected with
anti-Ub antibody. pERK1/2 was analyzed using specific pERK1/2 (p42/44) antibodies. The results
in each panel are representative of those from three independent experiments. (C) Working
model depicting what is currently understood for the mechanisms modulating the Shoc2-
mediated ERK1/2 signals. Activation of the ERK1/2 pathway is followed by HUWE1-mediated
ubiquitination of Shoc2 and RAF-1 causing the adjustments in the amplitude of ERK1/2 signaling.
Thereafter, PSMCS5 facilitates the recruitment of the Shoc2 complex to endosomes where VCP
recognizes ubiquitinated Shoc2 and HUWE1 and sequesters or “segregates” HUWE1 from the
Shoc2 complex, possibly aiding in the “reactivation” of the Shoc2 signaling module.
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Conclusions

Studies presented here provide new in-
sights into the mechanism modulating ubig-
uitination of Shoc2, RAF-1, and transmission
of signals through the Shoc2 scaffolding
complex. These studies are the first to iden-
tify the AAA+ ATPase VCP as a critical ele-
ment in the ERK1/2 pathway. We present
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compelling evidence that VCP is an integral partner in the Shoc2
signaling module (Figures 1 and 2) showing that VCP is associated
with ubiquitinated Shoc2 (Figures 3 and 4). Given VCP association
with a set of adaptors or cofactors that assist in the recognition of
ubiquitinated proteins, it is unlikely that VCP recognizes Shoc2 with-
out the assistance of a cofactor, but its identity is yet to be deter-
mined. Our findings of VCP and HUWE1 competitive binding to the
scaffold delivered a critical clue to the model in Figure 5C and were
consistent with the observations that perturbations in the ATPase
activity of VCP lead to the increased presence of HUWET in the
Shoc2 complex and altered levels and dynamics of Shoc2 ubiquiti-
nation (Figure 4).

In this model, VCP exerts its mechanoactivity to “sequester” the
E3 ligase HUWE1 from the Shoc2 scaffolding complex in order to
modulate levels of ubiquitin conjugated to Shoc2, which is in agree-
ment with the core biochemical activity of VCP to segregate compo-
nents from multimolecular structures (Meyer et al., 2012; Blythe
etal., 2017). However, it is not clear which one of the proteins in the
Shoc2 complex is an immediate VCP substrate that undergoes un-
folding. If Shoc2 is a substrate, then it is plausible that, in addition to
the sequestration of HUWE1 from the complex, an unfolding of
Shoc2 may also result in the loss of RAF-1 or in an orientation unfa-
vorable for signal transmission. This scenario, however, requires fur-
ther studies using methodologies that can reconstitute remodeling
events in the Shoc2 scaffolding complex in vitro.

The processing of VCP substrates is contingent on the binding of
K48- and K11/K48-conjugated ubiquitin chains by VCP and/or its
adaptors (Wojcik et al., 2004; Jentsch and Rumpf, 2007; Meerang
et al, 2011). In the recent study by Heidelberger et al. (2018),
VCP was linked to the ubiquitination assembled by the E3 ligase
HUWE?1 via Ké-ubiquitin linkages and c-myc activation. Thus, it will
be important to determine the specific Shoc2-ubiquitin links that
are recognized by VCP.

Importantly, results presented here are also in agreement with
earlier observations demonstrating that the ubiquitination of Shoc2 is
controlled in a spatially restricted manner (Jang et al., 2014, 2015).
Much like the E3 ligase HUWE1 and AAA+ ATPase PSMC5, VCP was
found in the complex with WT Shoc2 when targeted to the endo-
somal membranes. In contrast, VCP failed to recognize the aberrantly
targeted to the plasma membrane Shoc2 (S?G) mutant or the mutant
that fails to interact with PSMC5 (Figure 2). An increased ubiquitina-
tion of the endosome-localized Shoc2 in cells treated with CB-5083
further emphasizes the role endosomes play in supporting the spe-
cific microenvironmental requirement for the regulation of signaling.

One unexpected observation was that in the cells treated with CB-
5083 we consistently detected increased phospho-ERK1/2 response
(Figure 4). This prompted us to hypothesize that an abnormal function
of VCP not only affects regulatory mechanisms within the Shoc2 com-
plex but also misbalances a tightly controlled ERK1/2 signaling
network. CB-5083 is currently explored as an approach to target the
proteasomal response in solid and liquid malignancies (Anderson
etal., 2015; Le Moigne et al., 2017; Gareau et al., 2018). Our findings
that VCP inhibition increases ERK1/2 phosphorylation and likely af-
fects downstream transcription needs to be taken into account when
clinical effects of VCP inhibitors are evaluated for anti-tumor activity.

Another key finding of this study is that IBMPFD-causing muta-
tions in VCP perturb ERK1/2 phosphorylation is the evidence that
elevated ERK1/2 activity contributes to the IBMPFD pathogenesis.
These data provide a molecular rationale for exploring strategies to
manage ERK1/2 activity in IBMPFD patients. However, given the
contextual roles of ERK1/2 activation in cell survival and death,
pharmacological modulation of this signaling pathway is likely to
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demand careful optimization. Importantly, this study is the first to
suggest a possible involvement of aberrant ERK1/2 signaling in the
pathogenesis of IBMPFD. Future studies will aid in understanding
the full extent of the mechanisms causing the disease.

Collectively, our findings of VCP as an essential component in
Shoc2-mediated signaling, establish a novel role for this ATPase in
regulating the canonical ERK1/2 signaling pathway. This study not
only provides new insights into the signaling mechanisms but also
underscores how vital it is to understand the molecular and cellular
basis of diseases for dissecting disease pathogenesis and designing
effective management strategies. Further study is needed to clarify
the pathophysiological significance of the interaction between
Shoc2 and VCP in neurodegenerative disorders.

MATERIALS AND METHODS

Antibodies and other reagents

EGF was obtained from BD Biosciences. Antibodies against the fol-
lowing proteins were used: RAF-1, GST, GFP, HA, phosphorylated
ERK1/2 (pERK1/2), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Santa Cruz Biotechnology, Dallas, TX); Shoc2 (Protein-
tech, Rosemont, IL); EEAT and phosphorylated RAF-1 (oRAF-1; Cell
Signaling, Danvers, MA); Rab5 (BD Bioscience, San Jose, CA); RFP
and Na*/K*-ATPase (Thermo Scientific, Waltham, MA); VCP (BioLeg-
end, San Diego, CA); HUWE1 (Bethyl, Montgomery, TX); and ubig-
uitin (Covance, Princeton, NJ); CB-5083 was kindly provided by
Cleave Biosciences (Burlingame, CA).

Yeast two-hybrid screening assays

Full-length human Shoc2 was cloned into the lexA vector pB27 as
an N-LexA-Shoc2-C fusion and screened against a human embryo
ventricle and heart prey cDNA library. Yeast two-hybrid screens were
performed by Hybrigenics SA (Cambridge, MA).

Cell culture, constructs, and transfections

293FT cells (Invitrogen, Carlsbad, CA), Cos? (American Type Culture
Collection, Manassas, VA), and stable cell lines (SR, SY, S2G, A21-C;
derivative of Cos1 cells) were grown in DMEM (Sigma, St. Louis, MO)
containing 10% fetal bovine serum. Shoc2-tRFP, Shoc2-YFP, and
Shoc2-7KR-YFP were described previously (Jang et al., 2014).
Normal fibroblasts (GM22757) and IBMPFD patient fibroblasts
(GM23284, GM22600, GM22085) were obtained from Coriell Insti-
tute (Camden, NJ) and were maintained in FibroLife S2 cell culture
medium containing FibroLife S2 LifeFactors (Lifeline Cell Technology,
Frederick, MD). VCP-GFP constructs (WT, R'>H, E39%Q/E>8Q) were
purchased from Addgene (plasmid #23971, #23972, #23974; Water-
town, MA). The transfection of DNA constructs was performed using
PEI (Neo Transduction Laboratories, Lexington, KY) reagents.

Small interfering RNA transfections

To silence protein expression, small interfering RNA (siRNA) trans-
fections were performed at 24-36 h intervals according to the man-
ufacturer's recommendations, using DharmaFECT reagent 2
(Thermo Fisher Scientific/Dharmacon, Waltham, MA). The siRNA
sequence used to target the HUWET and Shoc2 transcripts was
described previously (Jang et al., 2014).

Immunofluorescence staining and analysis

Cells were grown on glass-bottom dishes and washed with Ca?*,
Mg?*-free phosphate buffered saline (CMF-PBS). For immunostain-
ing with anti-GST antibodies, cells were permeabilized with 0.05%
saponin to reduce cytosol before cell fixation with freshly prepared
4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA)
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for 10 min at room temperature. Immunostaining was performed
according to manufacturer's recommendations for the antibodies
used. All images were acquired using a Marianas imaging system
consisting of a Zeiss inverted microscope equipped with a cooled
CCD CoolSnap HQ (Roper Technologies, Lakewood Ranch, FL),
dual filter wheels, and a Xenon 175 W light source, all controlled by
SlideBook software (Intelligent Imaging Innovations, Denver, CO).
Image analysis was performed using the SlideBook 6 software.
Colocalization analysis was performed using the colocalization
statistical module in SlideBook 6 software.

Sucrose gradient subcellular fractionation

Sucrose gradient subcellular fractionation was performed as de-
scribed previously (de Araujo et al., 2008; Jang et al., 2015). Briefly,
Cos1 cells were grown on 15-cm dishes and then washed and
scraped with a rubber policeman in cold PBS. The cells were then
pelleted, resuspended in homogenization buffer (250 mM sucrose,
3 mM imidazole, pH 7.4, protease and phosphatase inhibitors, and
0.03 mM cycloheximide) and homogenized using a 22G needle.
Homogenization was carried out until ~90% of cells were broken
without major breakage of the nucleus, as carefully monitored by
microscopy. The samples were centrifuged for 10 min at 2000 g at
4°C and the resulting supernatant was designated as the post nuclear
supernatant (PNS). The PNSs were adjusted to 40.6% sucrose con-
centration using 62% sucrose and then overlaid with 1.5 volumes of
35% sucrose and the rest of the tube was filled with 8.6% sucrose.
Sucrose gradients were centrifuged for 6 h at 100,000 x g at 4°C, and
the crude endosomal fraction and Golgi and ER membrane fraction
were collected.

Immunoprecipitation and Western blot analysis

Cells were placed on ice and washed with Ca?*, Mg?-free PBS, and
the proteins were solubilized in 50 mM Tris (pH 7.5) containing
150 mM NaCl, 1% Triton X-100, 1 mM Na3VO,, 10 mM NaF, 0.5 mM
phenylmethylsulfonyl fluoride (Sigma, St. Louis, MO), 10 pg/ml leu-
peptin, and 10 pg/ml aprotinin (Roche, Basel, Switzerland) for
15 min at 4°C. Lysates were then centrifuged at 14,000 rpm for
15 min to remove insoluble material. Lysates were incubated with
appropriate antibodies for 2 h, and the immunocomplexes were
precipitated using protein A- or G-sepharose (GE Healthcare Life
Sciences, Chicago, IL). In the experiments when crude endosomal
fractions were used, Triton X-100 concentration was adjusted to
0.25%. Immunoprecipitates and aliquots of cell lysates were dena-
tured in the sample buffer at 95°C, resolved by electrophoresis, and
probed by Western blotting with various antibodies, followed by
chemiluminescence detection.

Western blotting was done as described previously (Jeoung
et al., 2013). Proteins transferred from SDS-polyacrylamide gels to
nitrocellulose membranes were visualized using a ChemiDoc analy-
sis system (Bio-Rad, Hercules, CA). Several exposures were analyzed
to determine the linear range of the chemiluminescence signals.
Quantification was performed using the densitometry analysis
mode of Image Lab software (Bio-Rad, Hercules, CA).

Denaturing immunoprecipitation for

in vivo ubiquitination assay

To study protein ubiquitination, denaturing immunoprecipitations
were performed as described previously (Jang et al., 2015). Briefly,
cells were lysed in denaturing buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1% Triton X-100, 1% SDS, 1 mM NazVO,, 10 mM NaF, 5 mM
NEM, 10 uM MG132) and boiled for 10 min. Lysates were diluted
1:10 with the same buffer without SDS and incubated with the
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appropriate antibody overnight with rotation at 4°C. Protein G-
agarose was added, and the agarose beads were washed four times
in lysis buffer (without SDS). Proteins were eluted at 95°C in SDS load-
ing buffer, separated by SDS-PAGE, and transferred to nitrocellulose
membrane.

Statistical analyses

Results are expressed as means + SE. The statistical significance of
the differences between groups was determined using either Stu-
dent’s t test or one-way analysis of variance (followed by the Tukey's
test). p < 0.05 was considered statistically significant. All statistical
analyses were carried out using SigmaStat 13.0 (Systat Software,
Chicago, IL).
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