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Spatial control of Shoc2-scaffold-mediated ERK1/2 signaling
requires remodeling activity of the ATPase PSMC5

Eun Ryoung Jang, Hyeln Jang, Ping Shi, Gabriel Popa, Myoungkun Jeoung and Emilia Galperin*

ABSTRACT

The scaffold protein Shoc2 accelerates activity of the ERK1 and
ERK2 (ERK1/2, also known as MAPK3 and MAPK1) pathway.
Mutations in  Shoc2 result in Noonan-lke RASopathy, a
developmental disorder with a wide spectrum of symptoms. The
amplitude of the ERK1/2 signals transduced through the complex is
fine-tuned by the HUWE1-mediated ubiquitylation of Shoc2 and its
signaling partner RAF-1. Here, we provide a mechanistic basis of how
ubiquitylation of Shoc2 and RAF-1 is controlled. We demonstrate that
the newly identified binding partner of Shoc2, the (AAA+) ATPase
PSMCS5, triggers translocation of Shoc2 to endosomes. At the
endosomes, PSMC5 displaces the E3 ligase HUWE1 from the
scaffolding complex to attenuate ubiquitylation of Shoc2 and RAF-1.
We show that a RASopathy mutation that changes the subcellular
distribution of Shoc2 leads to alterations in Shoc2 ubiquitylation due
to the loss of accessibility to PSMC5. In summary, our results
demonstrate that PSMC5 is a new and important player involved in
regulating ERK1/2 signal transmission through the remodeling of
Shoc2 scaffold complex in a spatially-defined manner.

KEY WORDS: Scaffold, ERK1/2, PSMC5, Remodeling, Shoc2
scaffold

INTRODUCTION

Extensive studies of the signaling pathway mediated by extracellular
signal-regulated kinases 1 and 2 (ERK1/2, also known as MAPK3
and MAPK1, respectively) have resulted in the identification of a
large number of protein—protein interactions as well as multiple
substrates, elucidating the complexity of the ERK1/2 pathway
(Brown and Sacks, 2008; Chen et al., 2001; Katz et al., 2007). The
branching of signals within the ERK1/2 pathway is regulated by
scaffold proteins. Scaffolds assemble multi-component interacting
modules and target these modules to specific cellular locations,
thereby enhancing phosphorylation of specific substrates (Brown
and Sacks, 2008, 2009; Pullikuth and Catling, 2007). Recent studies
have uncovered surprising dynamics within these complexes
(Garbett and Bretscher, 2014). However, the mechanisms by
which scaffolds control the ERK1/2 pathway are poorly understood
(Bhattacharyya et al., 2006; Brown and Sacks, 2009; Good et al.,
2011).

The scaffold protein Shoc2 tethers Ras, RAF-1 and the catalytic
subunit of protein phosphatase 1c¢ (PPlc, also known as PPP1CA)
to accelerate ERK1/2 signals (Rodriguez-Viciana et al., 2006).
Silencing of Shoc2 expression leads to a dramatic decrease in
ERK1/2 activity in a myriad of cells and in C. elegans
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(Rodriguez-Viciana et al., 2006; Sieburth et al., 1998; Yoshiki
et al, 2010). The physiological significance of Shoc2 was
underlined by studies showing that a mouse endothelial Shoc2
knockout leads to embryonic lethality (Yi et al., 2010). Mutations
in Shoc2 affecting either Shoc2 localization (Cordeddu et al.,
2009) or the assembly of the Shoc2 scaffold complex (Hannig
et al., 2014) result in RASopathy — a congenital syndrome with a
spectrum of overlapping symptoms, further emphasizing the
importance of Shoc2. We have previously demonstrated that
upon activation of the ERK1/2 pathway, Shoc2 translocates from
the cytosol to late endosomes and/or multivesicular bodies
(MVBs), possibly as part of the spatio-temporal regulation of
signaling through the Ras—RAF-1 module (Galperin et al., 2012).
We have also reported that the E3 ligase HUWE] modulates
ubiquitylation of Shoc2 and the ubiquitylation of Shoc2-associated
RAF-1 (Jang et al., 2014). Our studies suggest that ubiquitylation
is utilized as a negative-feedback mechanism modulating the
ability of the non-catalytic scaffold Shoc2 to mediate the signaling
activity of the ERK1/2 pathway (Jang et al., 2014). Deciphering
the mechanisms by which Shoc2 regulates activity of the ERK1/2
pathway is necessary for understanding the physiological function
of this essential scaffold.

In this study, we have identified the ATPase PSMC5 as a new
component in the Shoc2—Ras—RAF-1 scaffold complex. PSMC5
(also called rtp6 or Sugl) belongs to a functionally diverse protein
family of the AAA+ ATPases (for ‘ATPases associated with diverse
cellular activities’) (Ferry et al., 2009; Su et al., 2000). A widespread
mechanism underlying the functionally diverse AAA+ ATPases is
the energy-dependent structural remodeling, unfolding and
disassembly of macromolecules and protein complexes. Examples
of active remodeling and destabilization catalyzed by AAA+
enzymes include protein degradation, membrane fusion,
microtubule severing, peroxisome biogenesis, signal transduction
and the regulation of gene expression (Hanson and Whiteheart,
2005; Sauer and Baker, 2011). Although PSMC5 is mainly
implicated in proteolysis as a part of a 19S regulatory complex of
the 26S proteasome, degradation is not the only fate for a protein
substrate that comes in contact with this ATP-dependent unfolding
enzyme (Ferry et al., 2009). A growing body of evidence indicates
that PSMCS has a non-proteolytic function and, acting as part of the
so-called ‘AAA Proteins Independent of 20S’ (APIS) complex, acts
independently from other proteasome subunits (Gonzalez et al.,
2002; Makino et al., 1999). For instance, several biochemical and
genetic studies have indicated that PSMCS plays a distinct
proteasome-independent role in regulating transcription activation
and elongation, DNA repair and chromatin remodeling (Ferdous
etal., 2002; Ferry et al., 2009; Gonzalez et al., 2002; Sulahian et al.,
2006; Swaffield et al., 1992). PSMCS is also involved in facilitating
misfolding and aggregation of proteins with a poly(Q) expansion in
Huntington’s disease (Rousseau et al., 2009). These activities rely
on the non-proteolytic function of PSMCS5 as a remodeling
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chaperone. The role of PSMCS in regulating the ERK1/2 cascade
has not been previously reported or explored.

Here, we show that PSMCS5 modulates the ability of the E3
ligase HUWEIL to ubiquitylate Shoc2 and the Shoc2 signaling
partner RAF-1. We also establish that PSMC5 mediates
redistribution of the Shoc2 multi-protein module to late
endosomes and/or MVBs where it sequesters HUWE!L from the
complex. Such remodeling of the complex results in the attenuated
ubiquitylation of Shoc2 and RAF-1 with corresponding changes
in ERK1/2 activity. Our studies provide evidence that the
mislocalized RASopathy mutant of Shoc2 (Ser2Gly) is hyper-
ubiquitylated owing to the loss of accessibility to PSMCS5. The
ability of PSMCS5 to control the assembly of Shoc2 complexes
provides a new multi-layered paradigm for cross-talk between
dynamics within the scaffold complex assembly as well as cellular
distribution and the dynamics of ERK1/2 signaling.

RESULTS

Interaction of Shoc2 with PSMC5

Shoc? interacts with its signaling partners, Ras and RAF-1 through
the unstructured N-terminal domain and the leucine-rich curvature
of Shoc2 is left available to interact with additional components of
the scaffolding module (Jang et al., 2014; Jeoung et al., 2013). To
further investigate the composition and dynamics of the Shoc2
scaffold complex, we performed a yeast two-hybrid screen in the
human adult and fetal heart library using full-length Shoc?2 as a bait
as described previously (Jang et al., 2014). Six isolates of the
evolutionarily conserved 45 kDa ATPase PSMCS5 were identified.
All of these isolates were mapped and contained nearly the entire C-
terminal ATPase domain (amino acids 244-406) (Fig. 1A).

To validate the interaction of Shoc2 and PSMCS5, we ectopically
expressed a GST-fused Shoc2 (GST-Shoc2) with the HA-tagged
PSMCS (HA-PSMCS) in HEK 293FT cells. HA-tagged M-Ras was
used as a positive control (Fig. 1B). HA-PSMCS5 was readily
immunoprecipitated with GST-Shoc2. To ensure that the
interaction was not due to the GST tag, we also tested tRFP-fused
Shoc2 (Shoc2—RFP) with HA-PSMCS5. We again found that
Shoc2—tRFP co-precipitated with HA-PSMCS5 (Fig. 1C). Using
HEK 293FT cells we were able to show that endogenous Shoc2 co-
precipitates with endogenous PSMCS5, confirming this interaction
under more physiological conditions (Fig. 1D). To determine
whether Shoc2 and PSMCS5 are direct binding partners or interact
through a complex, we purified recombinant His-tagged full-length
Shoc2 and GST-tagged PSMCS (GST-PSMCYS) that self-associates
to form a functional dimer (Zhu et al., 2007). We found that Shoc2
and PSMCS5 interact in vitro, demonstrating a direct binding
between Shoc2 and PSMCS5 (Fig. 1E).

Finally, to determine whether PSMCS5 is part of the Shoc2—Ras—
RAF-1 signaling complex, we expressed GST-PSMCS5 and HA-M-
Ras in stable cells either constitutively depleted of Shoc2 (LV1) or
depleted and then reconstituted with the shRNA-insensitive Shoc2—
tRFP (SR) (Jeoung and Galperin, 2014). As expected, PSMCS5 was
able to precipitate HA-M-Ras only from cells expressing Shoc2
(SR) (Fig. 1F). Cumulatively, these results indicate that PSMCS5 is a
previously undescribed interacting partner in the Shoc2—Ras—RAF-
1 scaffold complex.

PSMCS5 and Shoc2 colocalize on late endosomes and/or MVBs

Knowing that PSMCS is an ATPase subunit of the 19S proteasome,
we next set out to determine whether PSMCS5 is involved in the
turnover of Shoc2 or any of the Shoc2-interacting partners.
Surprisingly, the depletion of PSMCS in cells had no effect on the

protein levels of Shoc2, RAF-1, HUWEI or PPlc either under
steady-state conditions or in cells treated with EGF, suggesting that
PSMCS is not involved in controlling the turnover of the proteins in
the Shoc2 complex (Fig. S1). These results prompted us to
investigate a possible proteasome-independent function of PSMC5
in the Shoc2 scaffold complex. Given that depletion of PSMC5
affects proteasome activity and thereby might alter functions and
levels of various proteins, small interfering RNA (siRNA) depletion
of PSMCS5 is used conservatively in the following experiments
(i.e. only to assess proteins in the Shoc2 complex).

We next compared the subcellular localization of PSMCS5 and
Shoc?2 using live-cell fluorescence microscopy. For studies in living
cells we utilized the tagRFP (tRFP)-fusion protein of Shoc2
described in our earlier studies (Galperin et al., 2012). Given that
overexpression of PSMCS5 does not impair the function of the
proteasome (Rousseau et al., 2009), we utilized a previously
characterized fluorescently tagged PSMCS5 (CFP-PSMCS5)
(Laporte et al., 2008). Fluorescence microscopy revealed that
Shoc2—tRFP and CFP-PSMCS5 are distributed in the cytosol
(Fig. 2A). Surprisingly, we also found a pool of CFP—PSMCS5
and Shoc2—RFP colocalized in intracellular vesicular structures.
These findings were reminiscent of our earlier observations of
Shoc2 translocating on endosomes (Fig. S2) (Galperin et al., 2012).
Shoc2—tRFP- and CFP-PSMC5-containing vesicles were
distributed throughout cells. The majority of these vesicles
appeared as larger Shoc2—tRFP-decorated ‘donut-like’ profiles of
similar intensity with easily recognized limiting membrane. Nearly
all (98%) Shoc2—tRFP-positive vesicles colocalized with PSMCS.
Occasionally, we observed PSMC5-positive vesicles that did not
contain Shoc2 (Fig. 2A, arrow). Some vesicles showed rapid
movement, but most were relatively static with movement over short
distances (Movie 1).

To define the Shoc2- and PSMCS5-containing vesicular
compartments, Cosl cells stably depleted of endogenous Shoc2
and expressing Shoc2—tRFP (SR) were transiently transfected with
GST-PSMC5 and either CFP-Rab5 or CFP-Rab7, resident
proteins of early and late endosomes, respectively. Shoc2 and
PSMCS5 were found on a population of CFP—Rab7-labeled late
endosomes (Fig. 2B), but were not presented on early endosomes
labeled with CFP—Rab5 (Fig. S2A). The Shoc2-positive vesicles
did not colocalize with LAMP1, a marker of lysosomes (Fig. S2B),
suggesting that Shoc2 complexes are not targeted to lysosomes.
Interestingly, many of the Shoc2—tRFP- and GST-PSMC5-positive
vesicles often contained multi-membrane intra-luminal branches
characteristic of large MVBs and in some instances reached 4-5 um
in size (Fig. S2C,D). Therefore, we expressed TSG101-RFP, a
marker for MVBs, in cells expressing Shoc2-GFP and GST-
PSMCS. Partial colocalization of Shoc2—GFP with TSG101-RFP
was observed in live cells (Fig. S2E). To confirm these findings, we
examined localization of Shoc2—tRFP and TSG101 by
immunofluorescence microscopy in cells expressing GST-—
PSMCS5 (Fig. 2C). Similar to the experiments in living cells, the
Shoc2—tRFP- and GST-PSMC5-positive vesicles colocalized with
TSG101-positive immunostaining (Fig. 2C). These data indicate
that PSMC5-Shoc2 complexes are targeted to a subset of late
endosomes and/or MVBs. Our attempts to visualize endogenous
Shoc2-PSMCS5 complexes using immunofluorescence remained
inconclusive due to the highly immunoreactive cytosolic pool of
PSMCS5 that obscured the endosome-localized pool of endogenous
Shoc2-PSMCS5 complexes.

To assess the localization and interaction of Shoc2 and PSMC5
on endosomes further, we isolated a crude endosomal (late and early
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Fig. 1. Shoc2 interacts with PSMCS5. (A) The ‘bait’ and the ‘prey’ regions of Shoc2 and PSMC5 in the yeast two-hybrid screening. (B) HEK 293FT cells were
co-transfected with HA-PSMC5 or HA—M-Ras, and GST-Shoc2. GST-Shoc2 was immunoprecipitated (IP) and analyzed by immunoblotting (IB) using anti-HA
and -GST antibodies. (C) HEK 293FT cells were co-transfected with HA-PSMC5 or HA-M-Ras and Shoc2—-tRFP. HA-PSMC5 and HA-M-Ras were
immunoprecipitated and analyzed using anti-HA and -Shoc2 antibodies. (D) PSMC5 and Shoc2 antibodies were used to detect endogenous PSMC5 in Shoc2
immunoprecipitates of HEK 293FT cells. (E) Recombinant His—Shoc2 was mixed with GST-PSMCS5 coupled to glutathione—Sepharose beads. Complexes were
analyzed using anti-Shoc2 and -GST antibodies. (F) Cos-SR or -LV1 cells were co-transfected with HA-M-Ras and GST-PSMC5. GST-PSMC5 was

immunoprecipitated and analyzed using anti-HA, -GST and -tRFP antibodies.

endosomes) fraction of Cosl cells using a discontinuous sucrose
density gradient centrifugation (Fig. 2D) (de Araujo et al., 2008). In
these experiments, the crude endosomal fraction was enriched at the
8%—-35% interface of the sucrose gradient, whereas the 35%-42%
interface contained Golgi and endoplasmic reticulum (ER). To
demonstrate that the crude endosomal fraction and the Golgi and ER
fraction were free of any significant amount of plasma membrane,
samples of equal protein amounts from both interfaces and the
post nuclear supernatant (PNS) were subjected to western blot
analysis with antibody against Na"/K" ATPase. We did not find
Na*/K*ATPase in the crude endosomal or Golgi and ER fractions,
suggesting that both fractions were largely free of plasma membrane
(Fig. 2D). To determine the purity of the obtained fractions we
examined the distribution of the key markers of early endosomes
(EEA1 and Rab5) and lysosomes (LAMP1) as well as EGFR. Rab5
was found only in the crude endosomal fraction, whereas LAMP1
and EEA1 were also present in the Golgi and ER fraction. Given that
LAMPI and EEAI participate in post-Golgi trafficking events,
these observations were not entirely surprising (Caster and Kahn,
2013; Luo et al., 2006).

Next, we analyzed the distribution of Shoc2 and its interacting
partners RAF-1 and HUWEI on the gradient. Shoc2 and RAF-1
were enriched at the crude endosomal interface (Fig. 2D), whereas
HUWEI1 was present at the crude endosomal and Golgi and ER
interfaces (Fig. 2E). The proteins recovered from either the crude
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endosomal or the Golgi and ER interfaces were then subjected to
immunoprecipitation with anti-Shoc2 antibodies. The total amount
of homogenate that was used in these experiments was comparable
to the amount of total lysate used in immunoprecipitation
experiments in Fig. 1. In this assay, Shoc2 precipitated both
HUWE]1 and RAF-1 from the crude endosomal fraction but not from
the Golgi and ER interface (Fig. 2E). Owing to the limitations in the
detection of PSMCS5 on endosomes, a substantial amount of PSMC5
in Shoc2 precipitates from the crude endosomal fraction was not
always detectable. Nevertheless, similar to the results of live-cell
microscopy (Fig. 2F), Shoc2-PSMC5 complexes were easily found
at the crude endosomal interface of cells expressing the GST-tagged
version of PSMCS5 (Fig. 2F) and siRNA-mediated knockdown of
PSMCS resulted in decreased levels of Shoc2 protein in the crude
endosomal fraction (Fig. 2H). In addition, phosphorylated RAF-1
(pSer338) was also detectable on PSMC5-Shoc2 positive
endosomes using immunofluorescence (Fig. S2F). These data
confirm our observations in Fig. 2A that Shoc2 and PSMCS5 are
partially localized on endosomes and indicate that PSMCS5 is
redistributed to the late endosomes and/or MVBs together with
Shoc2. Moreover, these results also raised the possibility that
PSMCS in the Shoc2 complex might modulate the distribution of the
Shoc2 complexes to endosomes. In addition, these data suggest that
oligomerization of PSMCS5 is necessary for targeting Shoc2 to
endosomes. This notion is addressed in detail below.
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Fig. 2. PSMC5 and Shoc2 colocalize on late endosomes and/or MVBs. (A) Cos-SR cells transfected with CFP—PSMCS5 were followed by live-cell fluorescence
microscopy. The arrow points to a PSMC5-positive vesicle and does not contain Shoc2—tRFP. (B) Cos-SR cells expressing GST-PSMC5 and CFP—Rab7 were
followed by live-cell fluorescence microscopy. (C) Cos-SR cells expressing GST-PSMC5 were fixed, immunostained for TSG101 and followed by
immunofluorescence microscopy. Insets show high magnification images of the regions indicated by white rectangles. Scale bars: 10 um. (D) Post-nuclear
supernatants (PNS) 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. (E) Shoc2 or HUWE1 were
immunoprecipitated from the crude endosomal or Golgi and ER fractions and analyzed by using specific anti-HUWE1, -RAF-1 and -Shoc2 antibodies. (F) Cos-SR
cells expressing control siRNA (siNT), GST-PSMCS5 or siRNA targeting PSMC5 (siPSMC5) were followed by live-cell fluorescence microscopy. Insets show high
magnification images of the regions indicated by white rectangles. Scale bars: 10 pm. (G) Crude endosomal and Golgi and ER subcellular fractions were prepared
from Cos1 cells expressing GST-PSMC5. PSMC5 was immunoprecipitated and analyzed using anti-PSMC5 and -Shoc2 antibodies. (H) Crude endosomal
subcellular fractions were prepared from Cos1 cells transiently transfected with non-targeting siRNA (siNT) or PSMC5 siRNA (siPSMCS5). The expression of the

indicated proteins was analyzed using specific antibodies.

PSMCS5 binds to leucine-rich repeat 21 of Shoc2
To better characterize the interaction between Shoc2 and PSMC5
and to determine the structural element(s) that mediate their
interaction, a series of the previously validated Shoc2 deletion
mutants was utilized (Fig. S3A) (Jeoung et al., 2013). We found that
a fragment of Shoc2 corresponding to leucine-rich repeats (LRRs)
20 to 21 (AN-19) was sufficient for PSMCS5 binding (Fig. S3B, lane
8). These data suggest that the minimal PSMC5 binding domain in
Shoc2 is within LRRs 20 to 21, which does not overlap with the
binding sites of other previously characterized Shoc2 partners.
When mapping the Shoc2—-PSMCS interaction, we found that the
Shoc2—tRFP (AN-11) truncation mutant was localized to
endosomes together with GST-PSMC5 as efficiently as full-
length Shoc2—RFP (Fig. 3A). Deletion of the C-terminus of Shoc2
(A21-C) abolished the distribution of Shoc2 to endosomes.
Cumulatively, these results define a PSMCS5 binding domain
within the LRR21 of Shoc2 and provide evidence that the

interaction of Shoc2 with PSMCS is necessary for the localization
of Shoc2 to endosomes.

Recruitment of Shoc2-PSMCS5 to late endosomes and/or
MVBs requires PSMCS5 oligomerization and its intact ATPase
activity

Next, the functional features crucial for the ability of PSMCS5 to
facilitate recruitment of Shoc2 to endosomes were determined. We
generated a PSMCS5 deletion mutant lacking a coiled-coil domain,
a region mediating the oligomerization of PSMCS, as well as
truncated mutants lacking either the entire N-terminal part (amino
acids 1-184) or the ATPase domain (amino acids 185-406) (Fig.
S3C) (Bar-Nun and Glickman, 2012; Zhu et al., 2007). Consistent
with the results of the yeast two-hybrid analysis (Fig. 1A),
immunoprecipitation showed that PSMC5 recognizes Shoc2
through its ATPase domain and that the loss of the coil-coiled
domain (ACC) in PSMCS did not affect its interaction with Shoc2

4431

Q
Y
C
el
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-



http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.177543/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.177543/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.177543/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.177543/-/DC1

RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 4428-4441 doi:10.1242/jcs. 177543

A

Shoc2-tR
GST-PSMC5

Shoc2(AN-11)-tR
GST-PSMGS&

Shoc2-tR

1-184-A488 185-406-

Shoc2-tR
C-PSMCS5(K196)

Shoc2-tR

Shoc2-tR

Fig. 3. The oligomerization and ATPase activity of
PSMCS5 are necessary for Shoc2—-PSMC5 complex
localization on late endosomes and/or MVBs.

(A) Cos1 cells co-transfected with GST-PSMC5 and
the Shoc2—tRFP truncated mutants depicted in

Fig. S3A, were followed by live-cell fluorescence
microscopy. (B) Cos-SR cells expressing the
GST-PSMC5 mutants depicted in Fig. S3C were
fixed, immunostained for GST and followed by
immunofluorescence microscopy. (C) Cos-SR cells
expressing the CFP-PSMC5 mutants depicted in
Fig. S3C were followed by live-cell fluorescence
microscopy. Insets show high magnification images
of the regions of the cell indicated by white rectangles.
Scale bars: 10 pm.

C-PSMCS5(E250Q)

*a

(Fig. S3D). However, in cells expressing the PSMC5 ACC mutant
we did not observe Shoc2 on endosomes (Fig. 3B). These results
confirm that the binding of Shoc2 to PSMCS5 is mediated by the
region within the ATPase domain, but PSMC5 oligomerization
through the coiled-coil domain is necessary for the endosomal
localization of the PSMC5—Shoc2 complex.

The biochemistry of the AAA+ ATPases is well defined and the
amino acid residues that are required for their ATPase activity in
Walker A and Walker B motif of PSMC5 have been identified
(Hanson and Whiteheart, 2005). To obtain further insights into the
mechanisms of the PSMC5-Shoc2 interaction, we specifically
disrupted the ATP binding and hydrolysis of PSMCS5 by introducing
point mutations changing the essential amino acid residue lysine
196 to methionine (K196M) in the Walker A motif, and glutamic
acid 250 to glutamine (E250Q) in the Walker B motif (Koues et al.,
2008; Zhu et al., 2007). The K196M mutation disrupts nucleotide
binding in PSMCS5, whereas the E250Q replacement perturbs the
nucleotide hydrolysis of PSMCS5 (Fig. S3C). Both the Walker A and
Walker B mutants of PSMCS5 retained the ability to bind Shoc2
(Fig. S3E). However, PSMCS5 and Shoc2 were no longer localized
to endosomes in the cells expressing these ATPase-deficient
PSMC5 mutants (Fig. 3C). Our findings demonstrate that the
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PSMC5-Shoc? interaction is mediated through the ATPase domain
of PSMCS5, but is independent of its ATPase activity. Taken
together, our data indicate that the intact ATPase activity of PSMC5
and its ability to oligomerize are necessary for the effective
recruitment of the PSMC5-Shoc2 complex to endosomes.

PSMC5 controls the composition of the Shoc2 scaffold
complex and levels of ubiquitylation of the proteins in the
complex

To perform their biological functions, multi-protein complexes
undergo constant changes in their composition as well as in the
conformation of the proteins in the complex. PSMCS5 is known to
play a critical role in remodeling of transcriptional complexes
(Ferdous et al., 2002; Gonzalez et al., 2002; Swaffield et al., 1992).
Thus, to explore whether PSMCS5 regulates the composition of
Shoc2 complexes, levels of oligomeric PSMCS were increased by
expressing GST-PSMCS5 in cells. In cells with endogenous levels of
PSMCS5, HUWEI readily precipitated Shoc2. However, in cells
expressing oligomeric PSMCS5, the interaction between Shoc2 and
HUWEI1 was clearly attenuated (Fig. 4A). Conversely, silencing of
PSMCS5 led to increased amounts of HUWEI in complex with
Shoc2 (Fig. 4B). Unlike the wild-type GST-PSMCS5 (WT),
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Fig. 4. PSMC5 modulates the interaction of Shoc2 with HUWE1. (A) Endogenous HUWE1 was immunoprecipitated (IP) from Cos1 cells transfected with
GST-PSMCS5 using an anti-HUWE1 antibody. The immunoprecipitates were analyzed by immunoblotting (IB) using anti-HUWE1 and -Shoc2 antibodies.

(B) Endogenous Shoc2 was immunoprecipitated from Cos1 cells transiently transfected with non-targeting siRNA (siNT) or PSMC5 siRNA (siPSMC5) using anti-
Shoc2 antibody. The immunoprecipitates were analyzed with anti-HUWE1, -PSMC5 and -Shoc?2 antibodies. (C) Endogenous Shoc2 was immunoprecipitated
from Cos1 cells transfected with full-length GST-PSMC5 (WT) or the GST-PSMC5 mutants (-ACC or -E250Q) using anti-Shoc2 antibody. The
immunoprecipitates were analyzed with anti-HUWE1, -PSMC5 and -Shoc?2 antibodies. (D) Lysates of Cos1 cells were mixed with purified in vitro GST-PSMC5
protein (0.25, 0.5 or 1.5 pg). Endogenous Shoc2 was immunoprecipitated using anti-Shoc2 antibody. The immunoprecipitates were analyzed with anti-HUWE1,

-PSMC5 and -Shoc?2 antibodies.

expression of GST-tagged mutants of PSMC5 (E250Q and ACC)
did not result in the loss of HUWE1 from the Shoc2 complex
(Fig. 4C). We determined in our previous studies that Shoc2 or
HUWEI1 do not interact with GST (Jang et al., 2014). Taken
together, these data support the hypothesis that PSMCS5 plays a role
in regulating the composition of the Shoc2 scaffold complexes.

Next, we combined cellular lysates with GST-PSMCS5 protein
purified from E. coli and analyzed the HUWE1-Shoc2—-PSMC5
complexes in vitro (Fig. 4D). Attenuated binding of Shoc2 and
HUWEI in the presence of increasing amounts of the purified GST—
PSMCS indicated that PSMCS5 affects the stoichiometry in the
Shoc2 complex and further confirmed that PSMCS alters the
composition of the proteins in the Shoc2 complex.

We reported that the ability of Shoc2 to accelerate ERK1/2
activity is regulated through HUWEI-mediated ubiquitylation of
Shoc2 and RAF-1 (Jang et al., 2014). Therefore, we examined the
effect of oligomeric PSMCS5 on Shoc2 ubiquitylation. As shown in
Fig. SA, the ubiquitylation of endogenous Shoc2 was dramatically
reduced in cells expressing PSMCS5. By contrast, siRNA-mediated
silencing of PSMCS5 led to a considerable increase in Shoc2
ubiquitylation (Fig. 5B). This increase in Shoc2 ubiquitylation
coincided with the increased binding of HUWEL to Shoc2
(Fig. 4B). Expression of either the E250Q or ACC mutants of
GST-PSMCS5 did not affect the ubiquitylation of Shoc2 (Fig. 5C),
further supporting the notion that PSMC5 changes the composition
of the Shoc2 complex through sequestering HUWEL.

Given that Shoc? is a scaffold that tethers HUWEI to ubiquitylate
RAF-1, we presumed that overexpression of PSMC5 would also
affect HUWE1-mediated ubiquitylation of RAF-1. To determine
whether ubiquitylation of RAF-1 is impacted, stable cells
constitutively depleted of Shoc2 (LV1) and cells depleted and
then reconstituted with the shRNA-insensitive Shoc2-tRFP (SR), as
well as cells expressing non-targeting (NT) short hairpin RNA
(shRNA) were utilized (Galperin et al., 2012). As predicted,

PSMCS5 overexpression induced a clear decrease in RAF-1
ubiquitylation in cells expressing Shoc2 (NT) (Fig. 5D, lanes 1
and 2), whereas in cells lacking Shoc2 (LV1), expression of PSMCS5
had no effect on already reduced basal levels of RAF-1
ubiquitylation (Fig. 5D, lanes 3 and 4). Endogenous Shoc2
reconstituted with Shoc2—tRFP (SR) rescued the ability of
PSMCS5 to decrease RAF-1 ubiquitylation (Fig. 5D, lanes 5 and
6), demonstrating that the presence of Shoc2 is necessary for
PSMC5-controlled RAF-1 ubiquitylation. Accordingly, we
demonstrated that silencing of PSMCS5 leads to increased
ubiquitylation of RAF-1 only in cells expressing Shoc2 (Fig. SE,
lanes 1, 2 and 5, 6). In cells depleted of Shoc2, PSMCS5 knockdown
did not result in changes in ubiquitylation of RAF-1 (Fig. 5E, lanes
3 and 4). These data further support the notion that PSMCS5
sequesters the E3 ligase HUWEI from the Shoc2 complex, thereby
reducing ubiquitylation of the proteins in the module.

Our previous studies have demonstrated that HUWE1-mediated
Shoc2 and RAF-1 ubiquitylation attenuates the amplitude of the
ERK1/2 phosphorylation (Jang et al., 2014). To assess how PSMC5
affects ERK1/2 activity, we examined ERK1/2 phosphorylation in
cells expressing either full-length PSMCS5 (WT) or the PSMCS5
mutants (E250Q and ACC) (Fig. 6A,B). Whereas the full-length
PSMC5 (WT) induced a twofold increase in ERKI1/2
phosphorylation, with the maximum increase being observed
7 min after the stimulation of cells with EGF (Fig. 6A, lanes 4-6),
expression of the ACC or E250Q mutants had no effect on ERK1/2
phosphorylation (Fig. 6A, lanes 7—12). Importantly, expression of
PSMC5 (WT) in Shoc2-depleted cells (LV1) did not result in
increased amplitude of the ERK1/2 phosphorylation (Fig. 6C).

Next, we examined how GST-PSMCS5 affects the ubiquitylation
of Shoc2 in response to activation of the EGFR-ERKI1/2
pathway. We found that expression of GST-PSMCS5 abrogated
the EGF-inducible ubiquitylation of Shoc2 (Fig. 6D, lanes 5-8)
that is usually seen for Shoc2 (Fig. 6D, lanes 1-4) (Jang et al.,
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2014). GST-PSMCS5 appears to abolish the ability of HUWEI to
catalyze the reversible ubiquitylation of Shoc2. Taken together,
these results indicate that alterations in the mechanisms that
control the assembly and/or disassembly of Shoc2—RAF-1-
HUWE! complexes impact on the dynamics of the Shoc2
ubiquitylation resulting in an altered amplitude of the ERK1/2
phosphorylation.

Ubiquitylation of Shoc2 is controlled by PSMC5 on
endosomes

To gain further insights into the PSMCS5-controlled ubiquitylation
of Shoc2, we evaluated whether the Shoc2 localized to endosomes
is ubiquitylated. As shown in Fig. 7A, Shoc2 precipitated from the
enriched crude endosomal fractions was highly ubiquitylated.
However, the ubiquitylation of Shoc2 was strikingly decreased in
cells expressing GST-PSMCS. No effect on the overall
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ubiquitylation of the proteins in the crude endosomal fraction was
detected (Fig. 7A, lysate).

One of the known Shoc2 mutations found in RASopathy patients
leads to protein that is targeted to plasma membrane due to aberrant
N-terminal myristoylation (Cordeddu et al., 2009). This S2G
mutation precludes Shoc2 from being distributed to the late
endosome and/or MVB compartment (Galperin et al., 2012). To
examine ubiquitylation of this plasma-membrane-targeted Shoc2
mutant in the background of cells lacking endogenous Shoc2, we
generated cells stably expressing the Shoc2—tRFP (S2G) mutant and
depleted of endogenous Shoc2 (Shoc2-S2G-tR). Surprisingly,
Shoc2-S2G ubiquitylation was noticeably higher than that of WT
Shoc2 (Fig. 7B) and the expression of GST-PSMCS5 had no effect
on the ubiquitylation of the Shoc2-S2G mutant (Fig. 7C).
Interestingly, the Shoc2-S2G mutant that had an intact PSMC5-
binding motif was not able to precipitate GST-PSMCS5 as
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Fig. 6. PSMC5-modulated ubiquitylation is required to control the ERK1/2 pathway activity. (A,B) Cos1 cells were transfected with full-length GST-PSMC5

(WT) or the GST-PSMC5 mutants (ACC and E250Q). At 48 h post-transfection,

the cells were serum-starved for 16 h and stimulated with EGF (0.2 ng/ml) for 7

and 15 min. The expression of the indicated proteins was analyzed by immunoblotting (IB) using specific antibodies. A representative blot from three experiments

is shown in A. B shows the meanzs.d. (n=3) fold change for phosphorylated ER

K1/2 (pERK1/2; 7 min of EGF treatment) normalized to the value for GAPDH in

arbitrary units (phosphorylated ERK1/2/GAPDH) (a versus b, P<0.01, ANOVA followed by post hoc Tukey test) (B). (C) Cos-NT and -LV1 cells were transiently
transfected with GST-PSMC5. At 48 h post-transfection, the cells were serum-starved for 16 h and stimulated with EGF (0.2 ng/ml) for 7 and 15 min. The
expression of the indicated proteins was analyzed using specific antibodies. (D) Cos1 cells were transfected with GST-PSMC5. Cells were treated as described in

A for indicated times. Shoc2 was precipitated and its ubiquitylation was detected
those from three independent experiments.

effectively as WT Shoc2 (Fig. S4A). It is therefore likely that
PSMCS5 cannot modulate ubiquitylation of the Shoc2-S2G mutant
due to its aberrant cellular distribution. To confirm this hypothesis,
we examined the ubiquitylation of the Shoc2-S2G mutant in cells
depleted of HUWEL. HUWEI depletion resulted in decreased
ubiquitylation of the Shoc2-S2G mutant (Fig. 7D), indicating that
HUWETI is the E3 ligase that ubiquitylates the plasma-membrane-
targeted Shoc2. Immunofluorescence analysis of cells expressing
either Shoc2-WT or the Shoc2-S2G mutant together with GST—
PSMCS further confirmed our findings as shown in Fig. 7A-D. As
seen above, Shoc2-WT was readily recruited to the PSMC5-positive
endosomes (Fig. 7E). However, we did not observe colocalization
of the Shoc2-S2G mutant and PSMCS5 on intracellular
compartments, suggesting that PSMCS5 controls HUWEI-
mediated ubiquitylation of Shoc2 when proteins in the complex
are targeted to late endosomes and/or MVBs.

PSMCS5 regulates EGFR/RAF-1-induced cell growth and
motility

To assess the involvement of PSMC5 in the control of Shoc2-
transduced ERK1/2 signals for cellular functions further, we have
utilized a knockdown and rescue (KDAR) approach (Jeoung and
Galperin, 2014). Here, we used the KDAR approach to
constitutively deplete endogenous Shoc2 in HeLa and Cosl cells

with anti-ubiquitin (Ub) antibody. The results in each panel are representative of

and then rescue this with expression of the Shoc2—tRFP mutant
lacking the PSMCS5-binding domain (A21-C) (Figs 3 and 8§;
Fig. S4B,C). HeLa and Cosl cells depleted of endogenous Shoc2
and then rescued with expression of the full-length Shoc2—tRFP, as
well as cells expressing non-targeting shRNA (NT), were
established in our previous studies (Jang et al., 2014; Jeoung and
Galperin, 2014). All other counterparts in the Shoc2 complex,
including PSMCS5, were not affected or manipulated in any way
offering a clear interpretation of how the loss of PSMCS5 in the
Shoc2 complex affects the cellular functions regulated by Shoc2-
mediated ERK1/2 signals. The stability of the Shoc2-A21-C mutant
and its ability to bind Ras and RAF-1 were assessed in our previous
studies and found to be comparable to that of the full-length Shoc2
(Jeoung et al., 2013). In order to prevent clonal variations due to the
different sites of viral genome incorporation, we utilized pooled
populations of cells in the following experiments. First, we
examined how the loss of PSMCS5 binding affects the
ubiquitylation of the Shoc2-A21-C mutant. We found that the
levels of ubiquitylation of the Shoc2-A21-C mutant were
dramatically higher than that of full-length Shoc2 (Fig. 8A). We
then examined how increased ubiquitylation of the Shoc2-A21-C
mutant affects its ability to accelerate ERK1/2 signals. The
amplitude of RAF-1 phosphorylation at S338 and the
phosphorylation of ERK1/2 were significantly lower in cells

4435

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.177543/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.177543/-/DC1

RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 4428-4441 doi:10.1242/jcs. 177543

A 8(’;3%% B Shoc2-tR
GST-PSMCS -+

GST-PSMC5 -
250K
150 KD

250 KD-|
150 KD~|

100 KD 100 KDy

75 KD| 75KD

IP:RFP

[P:Shoc2

IP:Shoc2

IB:Ub
100 KD

!

IB:RFP

Shoc2-82G-tR

Fig. 7. PSMCS5 controls ubiquitylation of
Shoc2 on endosome. (A) A crude
endosomal (CE) fraction was prepared
from Cos1 cells expressing GST-PSMC5.
Shoc2 was immunoprecipitated (IP) from
the crude endosomal fraction and
analyzed by immunoblotting (IB) using
anti-ubiquitin (Ub) and -Shoc2 antibodies.
(B) Shoc2 was immunoprecipitated from
cells stably expressing either wild-type
(WT) or the S2G mutant of Shoc2—tRFP
using anti-RFP antibody.
Immunoprecipitates were analyzed using

Shoc2-S2G-tR
siHUWEL - +

250 KDA‘
150 KD—
-

100 KD

[P:RFP

75KD~

IB:Ub

IB:RFP

250 KD~
150 KD-|

250 KD
150 KD~

100 KD—| 100 KD

lysate

75 KD+

75 KD+

input
lysate

anti-ubiquitin and -RFP antibodies.

(C) CosT1 cells stably expressing the
Shoc2-S2G mutant (Shoc2-S2G-tR) were
transfected with GST-PSMC5. Shoc2 was
immunoprecipitated using the anti-Shoc2
antibody. Shoc2 immunoprecipitates were

250 KD
150 KD-| $EE0 58

100 KD~

lysale

75 KD+

IB:Ub IB:Ub
100 KD

75 KD 100 KD

H

IB:PSMC5
—

1B:Shoc2
E |

IB:RFP

75 KD

50 KD

GST-PSMC5-A488

merge

expressing the Shoc2-A21-C mutant than in cells expressing full-
length Shoc2 (Fig. 8B). Similar results were observed with HelLa
cells expressing either WT or the Shoc2-A21-C mutant (Fig. S4B).
These findings indicate that loss of the PSMCS5 binding leads to
augmented ubiquitylation of Shoc2 followed by a decreased
amplitude of ERK1/2 phosphorylation. Further analysis revealed
that the growth rates of cells expressing the PSMC5-binding-
deficient A21-C mutant of Shoc2 were markedly decreased as
compared to the growth rates of cells expressing WT Shoc2
(Fig. 8C; Fig. S4C). Additionally, we observed that cells expressing
the Shoc2-A21-C mutant showed an altered morphology and
presented with a rounded epithelia-like shape. To assess whether the
changes in cell morphology were caused by alterations in
formations of lamellipodia and filopodia, we stained for
filamentous actin (Fig. 8D). Cells expressing full-length Shoc2
had easily detectable lamellipodia, filopodia and actin stress fibers.
However, cells expressing the A21-C mutant of Shoc2 lacked
protrusions and exhibited a profound cortical actin staining. We then
monitored whether changes in the morphology of the cells
expressing the Shoc2-A21-C mutant led to their altered motility.
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To measure migration of cells expressing the Shoc2-A21-C mutant
we used a Transwell assay (Fig. 8E). We found that cells expressing
the Shoc2 mutant lacking the PSMC5-binding domain exhibited a
markedly decreased directed migration.

Taken together, the results strongly suggest that PSMCS5 plays a
key role in the mechanisms by which Shoc2 accelerates ERK1/2
signals. Furthermore, these results suggest that the ability of Shoc2
to cycle between its ubiquitylated and non-ubiquitylated forms is
important for its function in transducing ERK1/2 signals for cell
migration and growth.

DISCUSSION

The concept of scaffolding complexes being dynamic entities rather
than stable complexes has recently garnered increased attention
(Langeberg and Scott, 2015; Nussinov et al., 2013). However, very
little is known about the dynamics within these scaffold complexes,
and how these dynamics might relate to their physiological roles. In
our earlier studies, we demonstrated that the E3 ligase HUWEI
provides a negative-feedback mechanism controlling the amplitude
of the Shoc2-transduced ERK1/2 activity. These results suggested
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Fig. 8. PSMC5 modulates Shoc2-transduced cell growth and motility. (A) Shoc2 was immunoprecipitated (IP) from Cos1 cells stably expressing either full-
length Shoc2-tRFP (WT) or the mutant of Shoc2 (A21-C). Shoc2 ubiquitylation was detected with anti-ubiquitin (Ub) antibody. (B) Cos1 cells stably expressing
Shoc2-WT—tRFP or the Shoc2-A21-C—RFP mutant were serum-starved and treated with 0.2 ng/ml of EGF for 7 and 15 min. The cell lysates were probed for RFP,
phosphorylated RAF-1 (S338) (pRAF-1), phosphorylated ERK1/2 (pERK1/2), total ERK1/2 (tERK) and GAPDH. Blots from the multiple experiments were
analyzed. Bars represent the meanzs.d. (n=3) for pERK1/2 (7 min of EGF treatment) normalized to the value for GAPDH in arbitrary units (a versus b, P<0.01, by
Student’s t-test). (C) Equal numbers of Cos1 cells constitutively depleted of endogenous Shoc2 or expressing either Shoc2-WT—RFP or the Shoc2-A21-C—RFP
mutant as well as control cells (Cos-NT) were plated onto 24-well dishes. The cell numbers were counted 24, 48, 72 and 96 h after seeding. The graph depicts the
meanzs.d. number from ftriplicate experiments. (D) Cos1 cells constitutively expressing either Shoc2—tRFP (WT) or the Shoc2-A21-C—tRFP mutant were fixed
and labeled with phalloidin—FITC. Scale bars: 10 um. (E) Cos1 cells constitutively depleted of endogenous Shoc2 and expressing Shoc2-WT—tRFP or the Shoc2-
A21-C—tRFP mutant as well as control cells (Cos-NT) were allowed to migrate in a Transwell migration chamber coated with collagen for 4 h. The migrated cells
were stained with Crystal Violet and counted in three random fields per membrane from three independent experiments. The graph depicts the meants.e.m.
number from triplicate experiments (a versus b, P<0.01, ANOVA followed by post hoc Tukey test). The results in each panel are representative of those from three
independent experiments. Images from the representative experiment are shown. (F) Schematic model of PSMC5 function in Shoc2-mediated ERK1/2 signals.
Shoc?2 incorporates the E3 ligase HUWE1 and AAA+ ATPase PSMCS5 into the Ras and RAF-1 signaling complex. HUWE 1 mediates ubiquitylation of Shoc2 and
RAF-1 to fine-tune the RAF-1 activity. PSMCS5 triggers redistribution of the Shoc2-HUWE 1-Ras—RAF-1 complex to late endosomes and/or multivesicular bodies
(LE/MVBs) to remodel and reactivate the signaling complex. Steps affected by loss of PSMC5 binding are shown by red dotted arrows. Impaired binding of
PSMCS5 and endosomal localization of Shoc2 affects mechanisms regulating assembly of the Shoc2 complexes, ultimately changing amplitude of the ERK1/2
activity. The blue line in the graph shown to the right indicates the threshold of ERK1/2 signaling amplitude controlled by Shoc2.

4437

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 4428-4441 doi:10.1242/jcs. 177543

that ubiquitin modification of a non-catalytic Shoc2 scaffold plays an
active role in the ability of Shoc2 to accelerate ERK1/2 activity (Jang
et al., 2014). Here, the AAA+ ATPase PSMCS5 is shown to be a
newly described component in the Shoc2 scaffolding complex that
facilitates control over the dynamics of the ERKI1/2 signals
transmitted through the Shoc2 complex. Our findings demonstrate
that, as a part of a feedback-loop mechanism, PSMCS5 (1) is recruited
to endosomes together with Shoc2, (2) remodels Shoc2 complexes
by sequestering the E3 ligase HUWEI from the Shoc2 complex, and
(3) modulates ubiquitylation of Shoc2 and RAF-1 to control the
amplitude of the ERK1/2 signals in a spatially defined manner.

PSMCS5 is a part of the Shoc2-Ras-RAF-1 signaling complex
PSMCS is well known for its function as an unfoldase in the 19S
regulatory particle of the proteasome (Forster et al., 2010).
Furthermore, PSMCS5 unfolds proteins in a proteasome-
independent manner [e.g. transcription complexes or poly(Q)
protein aggregates of Huntingtin] (Rousseau et al., 2009; Sun
et al., 2002). Here, we provide compelling evidence that PSMCS5 is
an integral partner in the Shoc2 scaffolding complex. We show that
a pool of endogenous Shoc? is in the same molecular complex with
PSMCS and M-Ras. We demonstrated that PSMCS interacts with
Shoc2 in vitro, in the absence of other components of the complex,
and determined that the Shoc2 C-terminal LRR (LRR 21-C) domain
is sufficient for PSMCS5 binding to Shoc2 (Figs 1 and 3). We also
established that PSMCS is a part of the Shoc2 signaling complex
localized to endosomes (Fig. 2; Fig. S2). Interestingly, another
subunit of the proteasome XAPC7 (also known as PSMA7, RC6-1
and HSPC in mammals) has been identified as specifically
interacting with the late endosomal protein Rab7 and to be
recruited to late endosomes and/or MVBs through this interaction
(Dong et al., 2004). XAPC7 has been reported to interfere with the
transport of membrane proteins from early to late endosomes
without affecting the metabolism of ubiquitylated proteins (Dong
et al., 2004).

PSMC5 remodels Shoc2 complexes on endosomes

Our results show that, in the context of the Shoc2 complex, PSMCS5
ATPase activity leads to the loss of HUWEL from the Shoc2
complex. Changes in the stoichiometry of the HUWE1-PSMC5—
Shoc2 scaffolding module cause a dramatic shift in the dynamics of
Shoc?2 ubiquitylation (Figs 5—7) without affecting the stability of the
proteins in the complex (Fig. S1). Our data establish that Shoc2
provides a binding surface for PSMCS and is the core of the
HUWEI1-PSMCS5 feedback loop. Deficiencies in the ATPase
activity or the ability of PSMCS5 to oligomerize did not affect the
Shoc2-PSMCS5 interaction (Fig. S3C-E). However, silencing of
Shoc2 abrogates the effect of PSMC5 on ubiquitylation of RAF-1,
supporting the notion that Shoc2 is the platform that holds multi-
protein complexes and allows for the dynamics of the feedback
mechanisms regulating ERK1/2 signals.

One of the most intriguing observations of this study is the
finding that PSMCS5 controls ubiquitylation of Shoc2 in a spatially-
restricted manner when the Shoc2-PSMC5 complexes are localized
on late endosomes and/or MVBs. The ubiquitylation of the plasma-
membrane-localized Shoc2 is not controlled by PSMCS5 (Fig. 7).
Our results also demonstrate that PSMCS5 uses its ATP-driven force
to recruit Shoc2 to endosomes. The ATP-hydrolysis- and the
oligomerization-deficient mutants of PSMCS5 lost their ability to
recruit Shoc2 to late endosomes and/or MVBs (Fig. 3B,C). These
findings are consistent with our observations that PSMCS5
oligomerization and intact ATP hydrolysis are essential to control
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HUWEI1-mediated ubiquitylation of Shoc2 and RAF-1 (Figs 4
and 5), and suggest that endosomes provide the specific
microenvironmental requirement for signaling. Moreover, our
finding of enlarged PSMCS5-positive MVBs indicates that proteins
of endocytic machinery regulating membrane fusion are involved,
and future studies are needed to fully elucidate the mechanisms that
govern Shoc2 signaling complexes. Although late endosomes and
MVBs are traditionally regarded as the place of signal attenuation,
signaling complexes that promote signal ERK1/2 activation were
also found on these compartments (Disanza et al., 2009). For
instance, in the case of the adaptor complex pl4—mp1 (also known
as LAMTOR2-LAMTOR3) (Teis et al., 2002) or neutrophillin-
mediated activation of the late-endosomal TrkA receptor (Hisata
et al, 2007), late endocytic compartments provide spatially
confined intracellular platforms controlling both signal intensity
and specificity (Sorkin and Goh, 2009). It is plausible that Shoc2-
and PSMCS5-containing endosomes are an example of signal
compartmentalization to control the intensity of this signal. This
notion would be consistent with our previous hypothesis that
Shoc2-positive late endosomes and/or MVBs are not associated
with the classical ‘signaling” endosomes but likely represent a
specialized population of late endosomes (Galperin et al., 2012).

Functional implications of PSMC5-modulated ubiquitylation
of Shoc2
We found that the loss of PSMCS5 binding by Shoc2 alters the
amplitude of RAF-1 and ERKI1/2 phosphorylation (Fig. 8).
Moreover, cells expressing the PSMCS5-binding-deficient mutant of
Shoc2 (A21-C) exhibit lower rates of growth and decreased motility,
likely due to the aberrations in the Shoc2-mediated ERK1/2 activity.
These data indicated that the Shoc2 module incorporates the AAA+
PSMCS5 unfoldase to provide an additional layer of control over the
amplitude of the ERK1/2 signals transmitted through the module.
HUWEI1-mediated ubiquitylation of Shoc2 and RAF-1 allows for the
dynamic range of RAF-1 activity to be fine-tuned, whereas PSMC5
controls the ability of HUWEI to modify the noncatalytic scaffold
Shoc2 thereby actively monitoring assembly and, possibly, stability
of molecules in the complex. We have yet to understand whether
PSMC5-induced changes in the composition of the Shoc2 complex
ultimately lead to changes in Shoc2 conformation and dissociation of
HUWEI! from the complex or, alternatively, in the active ATP-
dependent unfolding of HUWEI and its dissociation from the Shoc2
complex. It is tempting to speculate that loss of HUWEI from the
complex and de-ubiquitylation of Shoc2 elicits a conformational
change in the scaffold that ‘reactivates’ the ability of Shoc2 to
positively regulate ERK1/2 cascade signal transmission. Given that
PSMCS5 was found to be associated with HUWEIL (Besche et al.,
2009) as well as being able to interact directly with another HECT E3-
ligase, Ufd4p (Xie and Varshavsky, 2000), unfolding of HUWEI by
PSMCS5 is also plausible. Future studies exploring the direct
interaction between HUWEI and PSMCS5 in the context of the
Shoc2 complex will resolve these questions and provide important
mechanistic details on active remodeling within the Shoc2 complex.
In this study, we provide new evidence that ubiquitin
modification of a non-catalytic Shoc2 scaffold plays an active role
in controlling Shoc2 complex assembly and ERK1/2 activity. We
also demonstrate that, by coupling Ras—RAF-1 phosphorylation
signals with Shoc2 ubiquitylation, the ubiquitin machinery governs
assembly of the Shoc2 complex. Therefore, we propose a model that
is based on what is currently understood for the mechanisms
modulating the Shoc2-mediated ERK1/2 signals (Fig. 8F). This
model posits that, in the context of a Shoc2 scaffolding platform,
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activation of the ERK1/2 pathway induces HUWEI1-mediated
ubiquitylation of Shoc2 and the subsequent ubiquitylation of
RAF-1. These modifications of Shoc2 and RAF-1 lead to changes in
the amplitude of ERK1/2 signaling. The mechanical ATP-fueled
force of PSMCS5 then triggers sequestration of HUWEI from the
complex. Our current model also suggests that remodeling of the
Shoc2 complex occurs upon targeting the complex to late
endosomes and/or MVBs. Given that changes in Shoc2
ubiquitylation represent a very dynamic process, it will be
important to identify the deubiquitinating enzyme assisting in the
‘reactivation” of the Shoc2 module. It is conceivable that additional
Shoc2 partners contribute to the process of the complex remodeling.
Additionally, it is possible that PSMCS5-containing Shoc2
complexes are pre-assembled in cells and growth factor stimuli
trigger activation of PSMCS5 and complex remodeling. Future
studies of Shoc2 complexes will resolve the basis for this hypothesis
and identify additional proteins regulating dynamics within the
scaffold complex as well as the full extent of the mechanisms by
which signals transmitted through the complex are regulated.

It is clear, however, that uncontrolled ERK1/2 activity transduced
through the Shoc2 complex leads to changes in cellular behavior
(i.e. altered cell growth and motility) (Fig. 8) and dramatic
consequences during embryonic development (e.g. Noonan-like
RASopathy). Given that developmental processes crucially rely on
tightly controlled signaling activities, aberrations in the mechanisms
that control the timing and amplitude of ERK1/2 signals will have
important implications in development. Not surprisingly, alterations
in this intricate mechanism due to the Shoc2-S2G mutation cause
RASopathy with pathological conditions ranging from distinctive
craniofacial dysmorphisms and a wide spectrum of congenital heart
defects to variable neurocognitive impairments, brain anomalies
and Moyamoya syndrome (Capalbo et al., 2012; Choi et al., 2015;
Gripp et al., 2013; Hoban et al., 2012).

In summary, these studies are the first to identify the AAA+
ATPase PSMCS as a part of ERK1/2 signaling and provide insights
into the new mechanism modulating ubiquitylation of Shoc2 and
RAF-1,and ERK1/2 activity, by controlling the assembly of signaling
scaffold complexes. Ours is also the first report demonstrating a role
for the PSMC5 ATPase in remodeling signaling complexes in a
mammalian system and suggesting that this role in controlling post-
translational modification is evolutionarily conserved.

MATERIALS AND METHODS

Antibodies and other reagents

EGF was obtained from BD Biosciences. Antibodies against the following
proteins were used: GST, RAF-1, HA, PSMCS5, GAPDH, phosphorylated
ERK1/2 (pERK1/2) and EGFR (Santa Cruz Biotechnology); Shoc2
(Proteintech); EEA1 and phosphorylated RAF-1 (pRAF-1; Cell
Signaling); Rab5 (BD Biosciences); RFP and Na'/K" ATPase (Thermo
Scientific); FLAG (SydLabs); HUWE1 (Bethyl); ubiquitin (Covance);
PP1c (Millipore); Rptl (Enzo); LAMP1 (DSHB); TSG101 (GeneTex); anti-
Cyclin B1 antibody was provided by Tianyan Gao (University of Kentucky,
Lexington, KY).

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 (http:/www.hybrigenics-services.com).

Cell culture, constructs and transfections
HEK 293FT cells (Invitrogen), HeLa (ATCC), Cos1 (ATCC), and stable cell
lines (NT, LV1, SR, S2G, A21-C) (derivative of Cosl cells) were grown in

DMEM (Sigma) containing 10% FBS. Shoc2—RFP and its mutants were
described previously (Galperin et al., 2012; Jeoung et al., 2013). The
plasmid carrying full-length PSMCS5 was obtained from Open Biosystems
(Thermo Scientific). The transfections of DNA constructs were performed
using TransIT® (Mirus Bio LLC) reagents. siRNA transfections were
performed as described previously (Jang et al., 2014). The siRNA sequences
used to target the PSMCS5 and HUWEI transcripts were described
previously (Jang et al., 2014; Koues et al., 2008).

Sucrose gradient subcellular fractionation

Sucrose gradient subcellular fractions were prepared as described (de Araujo
et al., 2008). Briefly, Cosl cells were grown on 15-cm dishes, 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 containing protease and phosphatase inhibitors) and homogenized.
Homogenization was carried out until ~90% of cells were broken without
major breakage of the nucleus, as 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 PNS were
adjusted to 40.6% sucrose concentration and then overlaid with 1.5 volumes
0f35% sucrose and the rest of the tube was filled with 8.6% sucrose. Sucrose
gradients were centrifuged for 6 h at 100,000 g at 4°C and the crude
endosomal fraction and Golgi and ER membrane fraction were collected.

Denaturing immunoprecipitation for in vivo ubiquitylation assay,
immunoprecipitation and western blot analysis

Denaturing immunoprecipitation, immunoprecipitation and western blot
analysis were performed as described previously (Jang et al., 2014).

Interaction of recombinant proteins

GST- and His-tagged proteins were affinity purified and stored in PBS and
10% glycerol. Equal aliquots of PSMCS5 coupled to glutathione—Sepharose
beads were then incubated with recombinant His—Shoc2 at 4°C for 2 h.
Beads were washed four times with cell lysis buffer and eluted with 2x
Laemmli sample buffer.

Immunofluorescence staining and analysis

Cell immunostaining, image acquisition and analysis were described
previously (Galperin et al., 2012). For immunostaining with anti-TSG101,
anti-GST and anti-pRAF-1 antibodies cells were permeabilized with 0.05%
saponin prior to cell fixation with 3% paraformaldehyde. For actin staining,
cells were fixed with 4% paraformaldehyde, permeabilized using 0.1%
Triton for 1 min and labeled with phalloidin—FITC for 20 min at room
temperature.

Migration assay

Migration assays were performed using 8.0-um pore 24-well TC inserts
(Greiner Bio-one, Monroe, NC). Filters were coated with 15 pg/ml collagen
at 37°C for 30 min. Cells were trypsinized and collected with serum-free
medium containing soybean trypsin inhibitor (1 mg/ml). Cells were
centrifuged (500 g for 5 min), washed and resuspended in serum-free
medium. Cells (5%10%) were then added to the upper chamber and the lower
chamber was filled with complete medium with 10% serum. Cells were
allowed to migrate at 37°C for 4 h. After removing non-migrated cells,
membranes were fixed in methanol and stained with 1% Crystal Violet.
Migrated cells were counted in three random fields per membrane under the
microscope at x20. Each assay was repeated more than three times.

Cell growth

Equal number of cells were seeded onto 24-well plates at a density of 3x10*
cells per well in the appropriate culture medium with supplements. Cells
were trypsinized and counted at 24, 48, 72 and 96 h after seeding using a cell
counter (TC10™ Automated Cell Counter, Bio-Rad, Inc.).

Statistical analysis
Results are expressed as means+s.d. The statistical significance of the
differences between groups was determined using either Student’s 7-test or
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one-way ANOVA (followed by the Tukey’s test). P<0.05 was considered
statistically significant. All statistical analyses were carried out using
GraphPad Prism (GraphPad Software).
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