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Proteomic profiling of VCP substrates links VCP to
K6-linked ubiquitylation and c-Myc function
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Abstract

Valosin-containing protein (VCP) is an evolutionarily conserved
ubiquitin-dependent ATPase that mediates the degradation of
proteins through the ubiquitin–proteasome pathway. Despite
the central role of VCP in the regulation of protein homeosta-
sis, identity and nature of its cellular substrates remain poorly
defined. Here, we combined chemical inhibition of VCP and
quantitative ubiquitin remnant profiling to assess the effect of
VCP inhibition on the ubiquitin-modified proteome and to probe
the substrate spectrum of VCP in human cells. We demonstrate
that inhibition of VCP perturbs cellular ubiquitylation and
increases ubiquitylation of a different subset of proteins
compared to proteasome inhibition. VCP inhibition globally
upregulates K6-linked ubiquitylation that is dependent on the
HECT-type ubiquitin E3 ligase HUWE1. We report ~450 putative
VCP substrates, many of which function in nuclear processes,
including gene expression, DNA repair and cell cycle. Moreover,
we identify that VCP regulates the level and activity of the
transcription factor c-Myc.
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Introduction

Regulated protein degradation through the ubiquitin–proteasome

and autophagy–lysosome pathway plays essential roles in the

maintenance of cellular homeostasis [1]. Functional dysregulation

of these degradation mechanisms is associated with the develop-

ment of neurodegenerative diseases and cancer [2–6]. Valosin-

containing protein (VCP, also known as p97) is an evolutionarily

conserved chaperone-like AAA ATPase that structurally remodels

ubiquitylated substrates prior to their degradation by the protea-

some [7–10]. VCP executes its cellular functions in conjunction

with different adaptor proteins that contain ubiquitin-binding

domains and hence mediate the interaction with substrates. The

majority of known VCP adaptors harbor ubiquitin-X (UBX) or

UBX-like domains that bind to the N-terminus of VCP [11,12].

VCP has been extensively studied in the context of the endoplas-

mic reticulum-associated degradation (ERAD), where it is essential

for the extraction of misfolded proteins from the ER membrane

[13,14]. In addition, VCP is involved in the degradation of protein

aggregates, stress granules, and organelles through the

autophagy–lysosome pathway [15–18]. More recent studies

showed that VCP can also remodel proteins in other cellular

compartments, including nucleus and outer mitochondrial

membrane, and that VCP-mediated remodeling is not necessarily

associated with protein degradation [19–22]. However, despite the

essential role of VCP in the remodeling and degradation of

proteins, the scope and nature of its substrates in human cells

remain poorly understood.

Inhibition of the ubiquitin–proteasome system (UPS) by protea-

some inhibitors is effective in the treatment of multiple myeloma

that has been shown to display high levels of proteotoxic stress

[23,24]. Targeting other components of the UPS, including VCP,

emerged as a promising therapeutic strategy for the treatment of

cancer [25]. A recent study reported the synthesis and characteriza-

tion of the potent, orally bioavailable VCP inhibitor CB-5083 that is

currently in clinical trials for the treatment of refractory multiple

myeloma and advanced solid tumors [26].

Previous studies employed affinity purification of VCP adap-

tors or size exclusion chromatography after VCP inhibition

combined with quantitative mass spectrometry (MS) for system-

atic analysis of VCP substrates in human cells [27,28]. Recently,

methods for mapping of endogenous ubiquitylation sites based on

the enrichment of ubiquitin remnant (di-glycine-modified)

peptides followed by identification using MS were introduced

[29–31]. Functional inhibition of VCP leads to increased ubiquity-

lation of substrate proteins, which is a consequence of their

inability to undergo proteasomal degradation or merely extraction

from cellular structures or larger protein complexes [26,32,33].
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Therefore, to reveal the substrate spectrum of VCP in human

cells, we employed quantitative MS based on stable isotope label-

ing with amino acids in cell culture (SILAC) and ubiquitin

remnant profiling for proteome-wide analysis of ubiquitylation

sites after chemical inhibition of VCP. We demonstrate that inhi-

bition of VCP globally perturbs cellular ubiquitylation patterns

and results in increased ubiquitylation of a different subset of

proteins compared to proteasome inhibition. We show that VCP

inhibition increases the abundance of K6-linked ubiquitylation

that is dependent on the HECT-type ubiquitin ligase HUWE1. We

further used a K6-linked ubiquitin-specific affimer to identify

proteins modified with K6-linked ubiquitylation. Our data uncover

~450 putative VCP substrates, many of which are present in the

nucleus, and function in gene expression, DNA repair and cell

cycle regulation. Moreover, we identify the transcription factor

c-Myc as a novel chromatin-associated substrate of VCP and

demonstrate that VCP regulates the level and activity of c-Myc.

Results

VCP inhibition globally perturbs cellular ubiquitylation patterns

To compare the changes in cellular ubiquitylation after VCP and

proteasome inhibition, human osteosarcoma (U2OS) cells were

treated with the allosteric VCP inhibitor NMS-873, the competitive

VCP inhibitor CB-5083, or the proteasome inhibitor MG132 [26,33].

Western blot analysis of protein ubiquitylation in total cell lysates

showed that treatment of cells with VCP inhibitors substantially

increased the abundance of ubiquitylated protein species as previ-

ously reported [26,33] (Fig EV1A and B). An even greater increase

in protein ubiquitylation was observed in cells treated with the

proteasome inhibitor, showing that VCP inhibition selectively

increases the ubiquitylation of a smaller set of proteins (Fig 1A).

Increasing concentrations of VCP inhibitor did not further increase

the amount of ubiquitylation, indicating that the observed effect on

protein ubiquitylation is selective and not caused by incomplete

inhibition of VCP (Fig EV1A).

Next, we employed MS-based proteomics to assess the effect

of chemical inhibition of VCP on the ubiquitin-modified

proteome in a site-specific manner. A side-to-side comparison of

protein ubiquitylation after VCP and proteasome inhibition was

used to differentiate between proteasome-dependent and indepen-

dent effects. We employed SILAC to quantify ubiquitylation site

abundance in the different experimental conditions: “light”

labeled cells were mock-treated, “medium” labeled cells were

treated with the proteasome inhibitor MG132, and “heavy”

labeled cells with the VCP inhibitor NMS-873 or CB-5083

(Fig 1B). In addition to the ubiquitin-modified proteome, we also

quantified the changes in protein abundance in the same experi-

ment. Using this strategy, we quantified 7,464 endogenous di-

glycine-modified sites after treatment of cells with NMS-873, of

which 63% and 40% were quantified in two and three indepen-

dent replicate experiments, respectively (Fig 1C, Dataset EV1).

Note that di-glycine-modified peptides can also result from tryp-

tic digestion of NEDD8 and ISG15-modified proteins; however,

due to the low cellular occurrence of these modifications, it is

likely that a large majority of the quantified di-glycine-modified

peptides originate from ubiquitylated proteins. The replicate

experiments showed a high quantitative reproducibility (q = 0.82–

0.9; Figs 1D and EV1C). VCP inhibition globally perturbed cellu-

lar ubiquitylation patterns, but resulted in an upregulation of a

relatively smaller fraction of sites compared to inhibition of the

proteasome (Fig 1E). Inhibition of the proteasome increased the

abundance of 45% of all quantified ubiquitylation sites, whereas

16% of sites increased in abundance after chemical inhibition of

VCP (Fig 1E). Inhibition of VCP using different inhibitors, NMS-

873 and CB-5083, showed similar effects on ubiquitylation site

abundance (q = 0.63, P value = 0) (Fig EV1D, Dataset EV2).

Despite the dramatic effects on protein ubiquitylation, cellular

protein levels were only slightly affected by inhibition of VCP

or the proteasome (Fig 1F). We found that the abundance of

25 proteins increased more than twofold after VCP inhibition

and that the majority of these proteins is involved in the

unfolded protein response as previously reported [26,33]

(Fig EV1E).

▸Figure 1. VCP inhibition globally perturbs cellular ubiquitylation.

A VCP inhibition increases the cellular levels of ubiquitylated protein species. Total cell lysates from mock-treated U2OS cells, cells treated with the proteasome
inhibitor MG132 (10 lM, 6 h), or the VCP inhibitor NMS-873 (5 lM, 6 h) were separated by SDS–PAGE. Proteins were detected by indicated antibodies.

B Schematic representation of the experimental strategy for quantitative analysis of ubiquitylation sites and proteins after chemical inhibition of VCP. “Light” labeled
U2OS cells served as control, whereas “medium” and “heavy” labeled cells were treated with MG132 (10 lM, 6 h) and NMS-873 (5 lM, 6 h) or CB-5083 (0.5 lM, 6 h),
respectively. Cells were lysed, and equal amounts of proteins extracted from three differentially labeled cell populations were pooled and digested in solution with
trypsin. Ubiquitin remnant peptides were enriched using di-glycine-lysine-specific antibodies and fractionated by micro-SCX. For proteome analysis, proteins were
separated by SDS–PAGE and digested in-gel using trypsin. Peptide fractions were analyzed by LC-MS/MS, and the raw data were processed using MaxQuant software.

C The bar graph shows the number of sites quantified in 1, 2, 3, or 4 ubiquitin remnant profiling replicate experiments. The line indicates the cumulative fraction of
sites quantified in at least 1, 2, 3, or 4 replicate experiments.

D Quantitative reproducibility between the replicate experiments. The heat map shows the Spearman’s rank correlation coefficient that was calculated to determine
the experimental reproducibility of ubiquitylation sites quantified after VCP inhibition.

E The cumulative density plot shows the distribution of logarithmized SILAC ratios of quantified di-glycine-modified (e.g., ubiquitylated) peptides in ubiquitin remnant
profiling experiments after VCP or proteasome inhibition. VCP inhibition increases the abundance of 16%, whereas proteasome inhibition 45% of quantified
ubiquitylation sites.

F Inhibition of VCP and proteasome has a minor effect on protein levels. The density plot shows the distribution of logarithmized SILAC ratios of quantified protein
groups after VCP or proteasome inhibition.

G Quantification of the free ubiquitin pool in cells treated with VCP inhibitor NMS-873 or proteasome inhibitor MG132. Cells were treated with MG132 (10 lM) or NMS-
873 (5 lM) for different time points, and the free ubiquitin levels were quantified. The bar plots show the mean and SD calculated from three replicate experiments.
The values were normalized to the DMSO-treated control. Antibody against ubiquitin (P4D1) was used to detect free ubiquitin using Western blotting.
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All core histones and ribosomal proteins that are known to be

modified by non-degradative, regulatory ubiquitylation showed

decreased ubiquitylation after VCP inhibition, indicative of the cellu-

lar ubiquitin pool depletion that was shown to occur as conse-

quence of proteasome inhibition (Fig EV1F) [29,31,34–36]. Indeed,

relative quantification of the free ubiquitin pool revealed a twofold

reduction in free ubiquitin levels after 4-h treatment of cells with

NMS-873 (Fig 1G).

VCP inhibition increases the cellular abundance of
K6-linked ubiquitylation

VCP has been shown to target proteins modified with homotypic

K48-linked and heterotypic K11/K48-branched ubiquitin chains for

proteasomal degradation [7–9,37–42]. However, it remains unclear

whether other types of ubiquitin chains can serve as signal for

protein remodeling or degradation by VCP. To gain insights into the

ubiquitin signals that are important for VCP functions, we investi-

gated the cellular abundance of all seven internal ubiquitin linkage

types. Based on the SILAC ratio of the ubiquitin linkage-specific

peptides quantified in ubiquitin remnant profiling experiments, we

determined the relative changes in ubiquitin linkage type in cells

after VCP or proteasome inhibition. Notably, the ubiquitin remnant

peptide resulting from tryptic digestion of K6-linked ubiquitin

showed a significant increase in abundance after VCP inhibition but

not after proteasome inhibition (4.6-fold after 6-h treatment), point-

ing to a possible role of this atypically linked ubiquitin in VCP func-

tions (Fig 2A and B). K48-linked ubiquitylation increased in

abundance to a similar extent after both treatments and the abun-

dance of K63-linked ubiquitylation did not significantly change

(Fig 2A). In agreement with previous studies that reported the role

for K11-linked ubiquitylation and K11/K48-branched ubiquitin

chains in VCP functions [37–39,41–43], K11-linked ubiquitylation

increased in abundance after VCP inhibition (Fig 2A). We observed

that K27-linked ubiquitylation specifically decreased in abundance

after treatment of cells with the VCP inhibitor (Fig 2A). To exclude

possible indirect effects of the ubiquitin pool depletion on the abun-

dance of different ubiquitin linkages, we performed a time course

experiment that revealed an increase in K6-linked ubiquitylation

already 30 min after treatment of cells with the VCP inhibitor

(Fig 2C). At this early time point, we did not observe any effect of

VCP inhibition on free ubiquitin levels (Fig 1G). Importantly, the

increase in the cellular abundance of K6-linked ubiquitin was also

observed after transient knockdown of VCP (Fig EV2A). We could

validate the increase of K6-linked ubiquitylated protein species

using a K6-linked ubiquitin-specific affimer and Western blotting

with an ubiquitin-specific antibody (Fig EV2B).

To date, only the ubiquitin ligase parkin that plays a role in mito-

phagy has been unambiguously demonstrated to assemble K6-linked

ubiquitylation in vivo [44–46], leaving the scope and function of this

atypical ubiquitylation largely unexplored. Therefore, we performed

a pull down of ubiquitylated proteins using the K6-linked ubiquitin-

specific affimer [47] to identify proteins that are modified with K6-

linked ubiquitylation after inhibition of VCP by quantitative MS

(Dataset EV3). From four replicate experiments, we identified 83

proteins that were consistently enriched in the K6-linked ubiquitin-

specific affimer pull downs and are therefore likely modified with

K6-linked ubiquitin (Fig EV2C). Because these pull downs could not

be performed under denaturing conditions, it is possible that some

of these proteins tightly bind to K6-linked ubiquitylated proteins.

Interestingly, the majority of the identified proteins is involved in

receptor endocytosis, cell cycle, ERAD pathway, or proteasomal

degradation, pointing to a functional role of K6-linked ubiquitylation

and VCP in these cellular processes (Fig 2D). In addition, we found

a group of proteins that is not engaged in any functional associa-

tions (Fig 2D). Considering that K11- and K48-linked ubiquitylation

also increases in abundance after VCP inhibition, it is likely that

some of these proteins are modified with heterotypic (mixed or

branched) ubiquitin chains consisting of K6/K11/K48 linkages.

Comparison of the results of the K6-linked ubiquitin-specific pull

downs with ubiquitin remnant profiling experiments showed that

proteins identified in the K6-linked ubiquitin-specific pull downs are

indeed in average more ubiquitylated after VCP inhibition but not

after proteasome inhibition (Fig EV2D). We employed the previ-

ously described ubiquitin replacement strategy [48] to confirm the

presence of K6-linked ubiquitylation on ARL2, DCAF7, DNAJB2,

HGS, and STAM2 (Fig EV2E).

We also identified several ubiquitin ligases in the K6-linked ubiq-

uitin-specific pull downs, among which the HECT-type E3 ligase

HUWE1 was most strongly enriched (Fig 2D, Dataset EV3). To test

whether HUWE1 might be responsible for assembling K6-linked

ubiquitylation that accumulates in cells after VCP inhibition, we

▸Figure 2. VCP inhibition increases the cellular abundance of K6-linked ubiquitylation.

A Quantification of ubiquitin linkage-specific peptides after proteasome or VCP inhibition. The bar plot shows the mean and SD of logarithmized SILAC ratios VCP or
proteasome inhibitor/control of ubiquitin linkage-specific peptides from four replicates. The table indicates the mean of the logarithmized SILAC ratios of ubiquitin
peptides corresponding to seven ubiquitin linkages quantified in the four ubiquitin remnant profiling experiments after proteasome (MG132, 10 lM, 6 h) or VCP
(NMS-873, 5 lM, 6 h) inhibition. Non-paired t-test was used to calculate the significance levels from four replicate experiments. The peptide resulting from tryptic
digestion of K6-linked ubiquitin increases in abundance exclusively after VCP inhibition.

B Mass spectrometric parent ion scan of the peptide MQIFVK(gl)TLTGK resulting from tryptic digestion of K6-linked ubiquitin. The SILAC triplet shows the relative
abundance and mass to charge (m/z) of the peptide in mock-treated cells and cell treated with MG132 or NMS-873. The relative abundance of the peptide increases
4.3-fold after VCP inhibition.

C The line plot shows logarithmized SILAC ratios VCP inhibitor/control of ubiquitin linkage-specific peptides quantified after treatment of cells with NMS-873 for
different time points.

D Functional interaction network of proteins enriched in K6-linked ubiquitin-specific pull downs after VCP inhibition using NMS-873 (5 lM, 6 h). Only proteins that
were found to be significantly enriched from four replicate experiments are shown. Ubiquitin was removed from network for clarity. Proteins identified in the pull
down that do not form a functional network are indicated on the right. Proteins with ubiquitylation site(s) that decreased at least twofold after knockdown of
HUWE1 in ubiquitin remnant profiling experiment are labeled in red. The complete list of quantified proteins can be found in Dataset EV3.

E HUWE1 knockdown decreases the abundance of K6-linked ubiquitin. The bar plot shows logarithmized SILAC ratios HUWE1 knockdown/control of ubiquitin linkage-
specific peptides. The complete list of ubiquitylation sites quantified after HUWE1 knockdown can be found in Dataset EV4.
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transiently knocked down HUWE1 expression using siRNA and

monitored the abundance of different ubiquitin linkage-specific

peptides by ubiquitin remnant profiling (Figs 2E and EV2F). Strik-

ingly, knockdown of HUWE1 resulted in a dramatic decrease of K6-

linked ubiquitylation in cells treated with VCP inhibitor, indicating

that HUWE1 is responsible for assembling K6-linked ubiquitin on

proteins that accumulates after VCP inhibition (Fig 2E). In accor-

dance, ubiquitylation of a large number of proteins identified in the

K6-linked ubiquitin-specific pull downs decreased at least twofold

after knockdown of HUWE1 (Fig 2D, Dataset EV4). The abundance

of K48-linked ubiquitylation also decreased after knockdown of

HUWE1, suggesting that HUWE1 assembles heterotypic (mixed or

branched) K6/K48-linked ubiquitin chains in vivo (Fig 2E, Dataset

EV4).

VCP substrates share secondary structure features and many
localize to nuclear compartments

The ATPase VCP plays essential roles in remodeling and degrada-

tion of cellular proteins; however, identity and properties of its

substrates remain largely unknown. To determine significantly

regulated ubiquitylation sites after VCP inhibition, we applied a

moderated t-test (limma algorithm; Figs 3A and EV3A) [49]. This

analysis identified 806 significantly upregulated and 636 down-

regulated sites (P < 0.01; Fig 3B, Dataset EV1). Notably, inhibi-

tion of the proteasome led to a significant up- and

downregulation of a far greater number of ubiquitylation sites

compared to VCP inhibition (2,120 and 977, respectively; Fig 3B,

Dataset EV1). We considered proteins as putative VCP substrates

that showed at least one significantly upregulated ubiquitylation

site and no downregulated ubiquitylation sites after VCP inhibi-

tion. Based on these criteria, 456 proteins were identified as

putative VCP substrates. This group of proteins contained the

previously identified VCP substrates XPC, DDB2, RNA pol II,

MCM7, and MFN2 supporting the validity of our approach

(Dataset EV1) [16,50–56]. It is possible that some of these

proteins are not direct substrates of VCP, but that the increase in

their ubiquitylation occurs as an indirect consequence of VCP

inhibition. Interestingly, we found that one-third of the identified

VCP substrates, similarly to proteasome substrates, contain multi-

ple lysine residues that act as ubiquitin acceptor sites (Fig 3C).

Next, we investigated whether VCP substrates share common

structural or biochemical properties that can explain why they

depend on remodeling by VCP. Secondary structure prediction

revealed a significantly higher occurrence of a-helices in VCP

substrates compared to non-substrates (Fig 3D). In contrast to a-
helices, the frequency of beta-sheet and turn secondary structures

as well as the molecular weight did not differ significantly

between VCP substrates and non-substrates (Fig 3D and E).

Notably, we found that VCP substrates contain less low complex-

ity, disordered regions in their structure than non-substrates or

proteasome substrates (Figs 3F and EV3B). VCP substrates are

also significantly more hydrophobic in nature than non-substrates

(Fig 3G).

In human cells, VCP-dependent protein remodeling was mainly

studied in the context of proteasomal degradation of substrate

proteins. However, it has been reported that VCP confers protea-

some-independent functions in mitosis, where it extracts Aurora B

kinase from mitotic chromosomes without subsequent degradation

[20,21]. Notably, 119 out of 456 VCP substrates identified in our

study displayed increased ubiquitylation exclusively after VCP but

not after proteasome inhibition, suggesting that these proteins are

subjected to proteasome-independent regulation by VCP (Fig 4A).

Proteins whose ubiquitylation increased in abundance exclu-

sively after VCP inhibition are involved in vesicle-mediated trans-

port and negative regulation of EGFR signaling pathway (Figs 4B

and EV4A, Dataset EV5). For instance, components of EGFR signal-

ing pathway and endosome trafficking through the ESCRT pathway

such as EPS15, STAM, TOM1, and GRB2 contain ubiquitylation sites

that are only upregulated after VCP inhibition (P < 0.01; Fig EV4A

and B). We also identified STAM and TOM1 in the K6-linked ubiqui-

tin-specific pull downs, suggesting that these proteins are modified

by and/or tightly bind to K6-linked ubiquitin chains (Fig 2D).

Proteins whose ubiquitylation increases after VCP and protea-

some inhibition are involved in the mitotic nuclear envelope disas-

sembly, cell cycle regulation, gene expression, and DNA repair

(Fig 4B–D, Dataset EV5). In addition, proteins localized to

membrane compartments including the ER membrane and nuclear

pore are overrepresented in this group (Fig 4B and C). Cell cycle

regulators including cyclin D1/2, cyclin-dependent kinases 1 and 6,

MAD2L1, DDB1/2, MCM7, and GADD45A were also identified as

VCP-dependent proteasome substrates (Figs 4C and EV4C). Ubiqui-

tylation of these proteins increased in abundance also after short-

term treatment with the VCP inhibitor that does not result in cell

▸Figure 3. Ubiquitin remnant profiling identifies the cellular substrates of VCP.

A Identification of significantly upregulated ubiquitylation sites after VCP inhibition from four replicate experiments was done using the limma algorithm. P value
< 0.01 corrected for multiple hypothesis testing was used as cutoff to determine upregulated and downregulated ubiquitylation sites after VCP inhibition. Color
coding indicates the number of experiments in which the site was quantified. The complete list of regulated ubiquitylation sites and proteins can be found in Dataset
EV1.

B The bar graph shows the number of significantly up-, non-, and downregulated ubiquitylation sites after VCP or proteasome inhibition.
C VCP substrates are subjected to multisite ubiquitylation. The bar plot shows the fraction of proteins containing 1, 2–3, 4–6, and > 6 upregulated ubiquitylation sites

after proteasome or VCP inhibition.
D Secondary structure properties of VCP substrates. The secondary structure was predicted for identified VCP substrates (proteins with at least one upregulated and no

downregulated site after VCP inhibition) and non-substrates (proteins with ubiquitylation sites that were not upregulated after VCP inhibition). VCP substrates
display a significantly higher occurrence of a-helices compared to non-substrates, whereas the occurrence of b-sheet and turn structures does not differ significantly.

E The molecular weight does not differ between VCP substrates and non-substrates.
F VCP substrates contain less disordered, low complexity regions compared to non-substrate proteins.
G VCP substrates are significantly more hydrophobic compared to non-substrate proteins. The GRAVY (grand average of hydropathicity) score was calculated for VCP

substrates and non-substrates.

Data information: The lower and upper hinges of the box plots represent the first and third quartiles, respectively. The line in the center of the box corresponds to the
median of the data range. Significance was estimated using Wilcoxon rank sum test.
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cycle defects (Fig 4E). In agreement with the finding that many cell

cycle regulators are VCP substrates, knockdown of VCP resulted in

cell cycle progression defects, which manifested as an arrest of cells

in G1 and G2/M phase as it has been previously reported (Fig 4F)

[57,58].

VCP regulates the level and function of the transcription
factor c-Myc

Level and activity of the transcription factor c-Myc have been shown

to be extensively regulated by dynamic ubiquitylation and deubiqui-

tylation that is mediated by a number of ubiquitin ligases and

deubiquitylating enzymes [59]. We found that inhibition of VCP and

proteasome increases ubiquitylation of c-Myc on lysine 148,

suggesting that c-Myc is a substrate of VCP (Figs 5A and EV5A and

B). Denaturing pull downs of GFP-tagged c-Myc validated that VCP

inhibition results in increased c-Myc ubiquitylation (Fig 5B). To test

whether VCP regulates c-Myc degradation, we chemically inhibited

VCP by NMS-873 or CB-5083 and monitored c-Myc levels by

Western blotting. The cellular abundance of c-Myc increased ~2-fold

after inhibition of VCP supporting that c-Myc is a substrate of VCP-

dependent proteasomal degradation (Figs 5C and EV5C–E). VCP

inhibition also increased the levels of ectopically expressed tagged

c-Myc as expected if VCP regulates c-Myc post-translationally

(Fig EV5F). Confocal microscopy of endogenous c-Myc confirmed

that the nuclear levels of c-Myc increase after VCP inhibition

(Fig EV5G).

To investigate whether c-Myc also interacts with VCP, we

pulled down GFP-tagged c-Myc from cellular lysates and identi-

fied its interaction partners by SILAC-based quantitative MS. In

addition to known interaction partners such as Max [60], VCP

was significantly enriched in the c-Myc pull downs (Fig 5D,

Dataset EV6). We identified a number of other proteins enriched

in c-Myc immunoprecipitates that were previously not reported

◀ Figure 4. VCP confers proteasome-dependent and independent functions.

A The bar plot shows the number of proteins containing upregulated ubiquitylation sites after VCP and proteasome inhibition or exclusively after VCP inhibition.
Ubiquitylation of 119 proteins is upregulated exclusively after inhibition of VCP but not the proteasome (P < 0.01).

B Biological processes (BP), cellular compartments (CC), and molecular functions (MF) associated with VCP substrates. The plot shows significantly overrepresented
Gene Ontology terms associated with proteasome-dependent and independent VCP substrates compared to non-substrates (P < 0.01). Redundant terms were
removed for clarity. The complete list of enriched terms can be found in Dataset EV5.

C Cell cycle regulators and nuclear pore proteins are overrepresented among VCP substrates. Analysis of functional associations among identified VCP substrates
involved in the cell cycle regulation and DNA repair. Only interactions with a STRING score above 0.7 are represented in the network. The node size depicts the
number of upregulated ubiquitylation sites on the indicated proteins. Proteins with upregulated ubiquitylation sites exclusively after VCP inhibition are shown in
orange and proteins with upregulated ubiquitylation sites after VCP and proteasome inhibition are shown in blue. Proteins that contain VCP upregulated and
downregulated sites are indicated with the dotted line.

D Analysis of functional associations among VCP substrates involved in nucleotide-excision repair. The node size depicts the number of upregulated ubiquitylation sites
on the indicated proteins. Proteins with upregulated ubiquitylation sites exclusively after VCP inhibition are shown in orange and proteins with upregulated
ubiquitylation sites after VCP and proteasome inhibition are shown in blue.

E The line plot shows logarithmized SILAC ratios VCP inhibitor/control of ubiquitylation sites on different cell cycle regulators quantified after treatment of cells with
NMS-873 for different time points.

F Knockdown of VCP results in G1 and G2/M cell cycle arrest. U2OS cell cycle was analyzed upon knockdown of VCP using two different siRNAs or siRNA pool using flow
cytometry.

▸Figure 5. Transcription factor c-Myc is a substrate of VCP.

A c-Myc ubiquitylation on K148 increases after VCP and proteasome inhibition. Mass spectrometric parent ion scan of the peptide LVSEK(gl)LASYQAAR corresponding to
di-glycine-modified K148 in c-Myc. The SILAC triplet shows the relative abundance and mass to charge (m/z) of the di-glycine-modified peptide in mock-treated cells
and cells treated with MG132 or NMS-873.

B c-Myc ubiquitylation increases after VCP inhibition. GFP-tagged c-Myc was overexpressed in U2OS cells that were either mock-treated or treated with NMS-873
(5 lM, 6 h). Proteins were extracted from cells, and GFP-tagged c-Myc was enriched using GFP-Trap agarose. Pull downs were washed under denaturing conditions
to remove interaction partners and blotted with the ubiquitin antibodies.

C Cellular levels of c-Myc increase after VCP inhibition. Total cell lysates from U2OS cells treated with increasing concentrations of NMS-873 for 6 h were resolved by
SDS–PAGE and subjected to Western blotting. Quantification of the c-Myc Western blot normalized to b-actin 6 h after NMS-873 (5 lM) treatment is shown. The bar
plot shows the mean and SD calculated from four replicate experiments. **P < 0.01 (two-tailed, unpaired, equal variance Student’s t-test).

D Identification of c-Myc interaction partners by quantitative MS. c-Myc-GFP and interaction partners were immunoprecipitated from SILAC-labeled U2OS cells
using GFP-Trap agarose, and proteins were resolved by SDS–PAGE. After in-gel digestion of proteins using trypsin, peptides were analyzed by LC-MS/MS.
Identification of significantly enriched proteins from three replicate experiments was done using the limma algorithm (P < 0.01). VCP was specifically pulled
down by c-Myc-GFP compared to the control pull down performed from cells expressing GFP only. The complete list of quantified proteins can be found in
Dataset EV6.

E Functional interaction network of identified c-Myc interaction partners. Proteins previously reported to interact with c-Myc in the BioGRID protein–protein
interaction database are labeled in yellow.

F c-Myc interacts with VCP in vivo. U2OS cells were co-transfected with c-Myc-GFP and Strep-Flag-VCP, and lysates were subjected to StrepTactin Sepharose pull
downs. Enriched proteins were resolved by SDS–PAGE and blotted with the indicated antibodies. Asterisk indicates c-Myc band arising from re-blotting of the
membrane.

G c-Myc interacts with VCP in an ubiquitin-dependent manner. U2OS cells were co-transfected with c-Myc-GFP and Strep-Flag-VCP, and lysates were subjected to
StrepTactin Sepharose pull downs. Enriched proteins were treated with the recombinant catalytic domain of USP2, resolved by SDS–PAGE, and blotted with the
indicated antibodies. Asterisk indicates c-Myc band arising from re-blotting of the membrane.

H c-Myc ubiquitylation on K148 decreases after HUWE1 knockdown. Mass spectrometric parent ion scan of the peptide LVSEK(gl)LASYQAAR corresponding to di-glycine-
modified K148 in c-Myc. The SILAC pair shows the relative abundance and mass to charge (m/z) of the di-glycine-modified peptide in cell transfected with non-
targeting, control or HUWE1 targeting siRNA.
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to bind c-Myc highlighting the complex regulation of this tran-

scription factor in cells (Fig 5E). We validated the interaction

between c-Myc and VCP in cells by immunoprecipitation of VCP

or c-Myc followed by Western blotting (Figs 5F and EV5H).

Treatment of immunoprecipitates with the catalytic domain of

USP2 abolished the binding between c-Myc and VCP, indicating

that the interaction occurs in an ubiquitin-dependent manner

(Fig 5G). Among the identified c-Myc interaction partners was

also HUWE1, which has been previously reported to be involved

in ubiquitylation and regulation of c-Myc (Fig 5E) [61–63]. Ubiq-

uitin remnant profiling revealed that knockdown of HUWE1

specifically decreased the ubiquitylation of c-Myc on lysine 148

after VCP inhibition, suggesting that HUWE1-dependent ubiquity-

lation is important for c-Myc binding to VCP (Fig 5H).

In line with the hypothesis that VCP might be required for extrac-

tion of c-Myc from the highly structured c-Myc-Max heterodimer

and chromatin, and its subsequent degradation through the protea-

some, we found that knockdown of VCP resulted in increased asso-

ciation of ubiquitylated c-Myc with chromatin (Fig 6A). In addition,

the amount of endogenous Max that co-immunoprecipitated with

Myc increased in VCP knockdown cells (Fig 6B).

It has been shown that ubiquitylation and proteasomal turnover

of chromatin-associated c-Myc positively regulates its function in

gene expression by promoting the assembly of protein complexes

involved in transcriptional elongation [64–68]. To investigate the

functional consequences of VCP-dependent c-Myc degradation, we

monitored the transcriptional activity of c-Myc using the pMyc-TA-

Luc luciferase reporter construct. Notably, we found that downregu-

lation of VCP decreased the basal levels of c-Myc transcriptional

activity despite the increased cellular levels of c-Myc in these condi-

tions (Fig 6C). The transcriptional activity of ectopically expressed

tagged version of c-Myc also decreased after VCP knockdown in

agreement with the finding that VCP regulates c-Myc function on

the post-translational level (Fig 6C).

We also tested whether VCP regulates the transcription of c-

Myc target genes in U2OS cells (Fig EV5I). In line with the obser-

vation that VCP depletion decreased c-Myc transcriptional activity,

we found that the ability of endogenous c-Myc to promote the

expression of its target genes decreased upon depletion of VCP

(Fig 6D). To further study the effects of VCP inhibition on gene

expression, we performed RNA sequencing in untreated cells and

in cells treated with the VCP inhibitor NMS-873. Chemical inhibi-

tion of VCP resulted in significant upregulation of 1,507 and

downregulation of 2,594 genes (Dataset EV7). As previously

reported for CB-5083, enrichment analysis of genes upregulated

after VCP inhibition using NMS-873 revealed genes involved in

the unfolded protein response (Fig EV5J). Inhibition of VCP also

significantly decreased the transcription of the c-Myc target genes

Skp2, Tfap4, and E2f2 as observed by RT–PCR after knockdown

of VCP. Furthermore, gene set enrichment analysis (GSEA)

showed that multiple sets of Myc-induced genes were significantly

repressed after VCP inhibition (Fig 6E). Taken together, our data

demonstrate that VCP-dependent degradation of ubiquitylated

c-Myc on chromatin is important for promoting its function in

gene expression (Fig 6F).

Discussion

VCP is an evolutionarily conserved ATPase that plays essential roles

in regulating the degradation of cellular proteins through the ubiqui-

tin–proteasome system [7–9,19]. The function of VCP in the degra-

dation of misfolded proteins during ERAD is well established

[13,69]. In addition, VCP has been implicated in the remodeling and

degradation of specific proteins in other cellular compartments [19].

However, most studies performed so far focused on single VCP

substrate proteins leaving the scope of VCP in the cellular protein

homeostasis as well as the identity and properties of its substrates

largely undefined.

In this study, we combined enrichment of ubiquitin remnant

peptides and SILAC-based quantitative MS to monitor changes in

the ubiquitin-modified proteome after VCP inhibition and to define

the substrate spectrum of VCP in human cells. We identified many

previously known as well as ~450 novel putative VCP substrates

and provide information about the ubiquitylation sites that respond

to VCP inhibition, thereby enabling further focused studies of VCP

▸Figure 6. VCP regulates the activity of c-Myc in gene expression.

A VCP inhibition promotes the association of c-Myc with chromatin. Chromatin-associated proteins were extracted from cells with increasing concentrations of salt
(100–300 mM NaCl). Individual protein fractions from untreated and VCP inhibitor-treated cells were subjected to Western blotting using the indicated antibodies.
Knockdown of c-Myc was used as control to confirm the specificity of the detected bands.

B c-Myc interaction with endogenous Max is enhanced after VCP knockdown. c-Myc-Flag-Strep was ectopically expressed in U2OS cells and pulled down using
StrepTactin Sepharose. Bound proteins were resolved by SDS–PAGE and blotted with the indicated antibodies.

C VCP promotes c-Myc transcriptional activity. U2OS cells were transfected with VCP siRNA or a non-targeting, control siRNA and c-Myc transcriptional activity was
monitored with luciferase-based c-Myc reporter assays in cells expressing endogenous c-Myc and upon c-Myc overexpression. The bar plot shows the mean and SD
calculated from three replicate experiments. ***P < 0.001, **P < 0.01, *P < 0.05 (two-tailed, unpaired, equal variance Student’s t-test). The Western blot shows the
levels of VCP and c-Myc in one of the representative experiments. The line indicates cropped lanes.

D RT–PCR analysis of c-Myc target gens and VCP in U2OS cells transfected with control, non-targeting siRNA and two VCP siRNA sequences. The bar plot shows the
mean and SD calculated from three replicate experiments. ***P < 0.001, **P < 0.01, *P < 0.05 (two-tailed, unpaired, equal variance Student’s t-test).

E c-Myc-induced genes are repressed after chemical VCP inhibition. Total RNA-seq analysis was performed from U2OS cells treated with the VCP inhibitor NMS-873
(5 lM NMS-873, 4 h) or from mock-treated cells. GSEA analysis of regulated genes in comparison with previously identified sets of MYC-regulated genes (upper
panel). Enrichment plots showing the most significant MYC-induced gene sets (lower panel). The complete results of the differential expression analysis after VCP
inhibition can be found in Dataset EV7.

F Schematic representation of the model for c-Myc regulation by VCP. c-Myc binds chromatin at transcription start sites as heterodimer with Max and promotes the
transcription of many genes. Ubiquitylation of c-Myc on lysine 148 that is dependent on HUWE1 leads to binding of VCP. Remodeling of c-Myc by VCP might be
required for its removal from the highly structured c-Myc/Max heterodimer. VCP-dependent turnover and proteasomal degradation of c-Myc on chromatin promotes
its activity in gene expression.
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in different cellular processes. We revealed that VCP substrates are

poor in disordered, low complexity regions. It has been previously

shown that the proteasome requires unstructured initiation sites in

substrate proteins for efficient degradation, and that the degradation

of tightly folded proteins is enhanced when an unstructured region

is attached to a substrate [70,71]. Our study now provides evidence

on a proteome-wide level that the amount of disordered regions is

one of the features that determines the requirement of VCP for

degradation of proteins by the proteasome in human cells.

We demonstrate that VCP regulates a number of nuclear

proteins involved in gene expression, DNA repair, and cell cycle

regulation. In addition to nucleotide-excision repair factors, we

also identified DNA double strand-break repair proteins including

TRIM28/KAP1, BRCC3, and UIMC1/RAP80 as putative VCP

substrates. Degradation of cell cycle factors CCNE1, CDC25A, and

CDK inhibitor FAR1 has been previously shown to be mediated by

VCP or its yeast homologue cdc48, respectively [58,72,73]. Our

findings indicate that VCP mediates the degradation of additional

cell cycle regulators.

Interestingly, one-third of the identified VCP substrates showed

increased ubiquitylation only after inhibition of VCP, but not after

proteasome inhibition, suggesting that VCP does not mediate

proteasomal degradation of these proteins. In human cells, VCP

has been shown to extract Aurora B kinase from chromatin with-

out subsequent degradation [20,21]. Our data suggest that the

scope of VCP in the proteasome-independent extraction of

proteins from cellular structures or protein complexes is broader

than previously anticipated and extends to other cellular

processes including vesicle-mediated transport and EGFR signaling

pathway.

Apart from the identity and nature of proteins regulated by

VCP, the types of ubiquitin chains that function in concert with

VCP in different cellular processes have not been systematically

investigated. It has been shown that K11/K48-branched ubiquitin

chains are more efficiently recognized by VCP compared to homo-

typic K11- or K48-linked chains [41,42]. In support of this, we find

that VCP inhibition leads to an upregulation of K11- and K48-

linked ubiquitylation in cells. Importantly, we associate K6-linked

ubiquitylation with VCP functions and define a network of proteins

regulated by this atypically linked ubiquitylation. Little is known

about the cellular functions of K6-linked ubiquitylation: K6-linked

ubiquitin can be assembled by the ubiquitin ligase parkin and has

recently been implicated in the mitochondrial quality control [44–

46,74]. We show that the K6-linked ubiquitylation that accumu-

lates in cells after VCP inhibition is assembled by the HECT-type

ubiquitin ligase HUWE1. While this work was under review, David

Komander and colleagues reported that HUWE1 can assemble K6-

linked ubiquitylation and identified mitofusin-2 as a substrate [47].

A recent study that systematically investigated proteins binding to

differently linked diubiquitin identified VCP as specific interactor

of K6- and K48-linked diubiquitin [75]. Interestingly, the UBA

domain of the VCP adaptor UBXN1 was also shown to bind K6-

linked ubiquitin [76]. We identified UBXN1 in the K6-linked ubiq-

uitin-specific pull downs and showed that UBXN1 is ubiquitylated

by HUWE1. However, it remains to be investigated whether

UBXN1 recruits proteins modified with K6-linked ubiquitylation to

VCP in cells or if other VCP cofactors and adaptors are involved.

HUWE1 and VCP have been recently shown to jointly regulate a

cytosolic protein quality control pathway that degrades unassem-

bled soluble proteins [77]. It is plausible that K6-linked ubiquityla-

tion of proteins mediated by HUWE1 and recognized by VCP is

important in this pathway.

The cellular levels and functions of the transcription factor c-

Myc are extensively regulated by dynamic ubiquitylation and

deubiquitylation that is mediated by a number of ubiquitin ligases

and deubiquitylating enzymes [59]. c-Myc binds chromatin only

after forming a heterodimer with Max and activates the transcrip-

tion of many genes [78–80]. It has been previously shown that c-

Myc ubiquitylation occurs on multiple lysine residues, and that

proteasomal degradation positively regulates c-Myc function in

gene expression activation [29,31,59,64]. However, the detailed

mechanism underlying c-Myc degradation on chromatin remains

unknown. Using affinity purification-MS with c-Myc as bait, we

found that c-Myc interacts with VCP. Chemical inhibition or

knockdown of VCP results in increased c-Myc ubiquitylation and

increased c-Myc protein levels on chromatin. Thus, VCP might be

needed to extract c-Myc from the Myc/Max heterodimer before its

degradation by the proteasome, which has been reported to be

recruited to sites of active transcription [81–86]. In budding yeast,

it has been shown that cdc48 is required for the release of the

ubiquitylated transcriptional repressor a2 from chromatin prior to

its degradation [87]. We now show that VCP can also remodel and

degrade transcription factor c-Myc in human cells. Importantly,

VCP-dependent degradation promotes c-Myc function in the acti-

vation of gene expression. At least three ubiquitin ligases,

FBXO28, HUWE1, and SKP2, have been reported to positively

regulate c-Myc function in gene expression [61,64–67]. We show

that VCP inhibition leads to increased c-Myc ubiquitylation on its

N-terminal lysine (K148) that is dependent on HUWE1. In a

c-Myc/Max highly structured heterodimer, K148 is located away

from the DNA and is thus readily accessible to other proteins and

to the ubiquitylation machinery. We found that ubiquitylation of

this site is dependent on HUWE1; however, we never detected

c-Myc in K6-linked ubiquitin-specific pull downs, indicating that

K148 in c-Myc is predominantly modified with K48-linked ubiqui-

tylation. Interestingly, K148 on c-Myc is also acetylated by the

acetyltransferase p300 [88]. It is possible that dynamic modifi-

cation of this amino acid residue by acetylation and ubiquitylation

co-regulates c-Myc interaction with VCP and thereby its function

in gene expression regulation.

Taken together, we employed ubiquitin remnant profiling to

define the response of the cellular ubiquitylome to VCP inhibition

and to identify VCP substrates. We demonstrate that VCP regu-

lates many nuclear and chromatin-associated proteins and

promotes the degradation and activity of the transcription factor

c-Myc. Furthermore, we show that VCP inhibition increases the

cellular abundance of K6-linked ubiquitylation that is dependent

on HUWE1, and define the network of proteins that are regulated

by this atypical ubiquitylation. Proteasome inhibitors are used in

clinics for the treatment of multiple myeloma. The VCP inhibitor

CB-5083 is currently explored as an alternative approach to target

the UPS in different types of hematological and solid malignancies

[25,26]. We find that VCP inhibition increases ubiquitylation of a

different subset of proteins compared to proteasome inhibition,

thus providing information that might help to understand the clin-

ical effects of these inhibitors.
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Material and Methods

Cell culture

Human osteosarcoma cells (U2OS) were obtained from ATCC and

cultured in D-MEM medium supplemented with 10% fetal bovine

serum, L-glutamine, penicillin, and streptomycin. U2OS ubiquitin

replacement cells were generously provided by Wade Harper (Har-

vard Medical School, Cambridge, MA) and previously described

[48]. To induce ubiquitin shRNA expression and expression of

shRNA-resistant replacement wild-type and K6R ubiquitin, cells

were treated for 4–5 days with 2 lg/ml doxycycline. For SILAC

labeling, cells were cultured in media containing either L-arginine

and L-lysine, L-arginine [13C6] and L-lysine [2H4], or L-arginine

[13C615N4] and L-lysine [13C6-15N2] (Cambridge Isotope Laborato-

ries) as described previously [89]. All cells were cultured at 37°C in

a humidified incubator at 5% CO2.

Transfection of siRNA

Cells were transfected with siRNAs using Lipofectamine RNAiMAX

(Life Technologies) according to the manufacturer’s instructions.

Cell lysis

Cells were treated with 10 lM MG132 (Sigma), 5 lM NMS-873, or

0.5 lM CB-5083 (Selleckchem) for the indicated periods and subse-

quently washed with ice-cold phosphate-buffered saline. Cells were

lysed in modified RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl,

1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate) supplemented

with protease inhibitors (Complete protease inhibitor cocktail

tablets, Roche Diagnostics), 1 mM sodium orthovanadate, 5 mM

b-glycerophosphate, 5 mM sodium fluoride, and 10 mM N-ethyl-

maleimide (all from Sigma). NaCl was added to a final concentration

of 500 mM, and lysates were briefly sonicated to release the

chromatin-bound proteins. Subsequently, lysates were cleared by

centrifugation at 16,000 × g for 15 min and protein concentrations

were estimated using QuickStart Bradford Protein assay (Bio-Rad).

Cellular fractionation was performed as described previously [90].

MS sample preparation

Proteins were precipitated in fourfold excess of ice-cold acetone and

subsequently re-dissolved in denaturation buffer (6 M urea, 2 M

thiourea in 10 mM HEPES pH 8.0). Cysteines were reduced with

1 mM dithiothreitol and alkylated with 5.5 mM chloroacetamide [91].

Proteins were digested with endoproteinase Lys-C (Wako Chemicals)

and sequencing grade modified trypsin (Sigma). Protease digestion

was stopped by addition of trifluoroacetic acid to 0.5%, and precipi-

tates were removed by centrifugation. Peptides were purified using

reversed-phase Sep-Pak C18 cartridges (Waters) and eluted in 50%

acetonitrile. For ubiquitin remnant peptide enrichment, 20 mg of

peptides was re-dissolved in immunoprecipitation buffer (10 mM

sodium phosphate, 50 mM sodium chloride in 50 mM MOPS pH 7.2).

Precipitates were removed by centrifugation. Modified peptides were

enriched using 40 ll of di-glycine-lysine antibody resin (Cell Signaling

Technology). Peptides were incubated with the antibodies for 4 h at

4°C on a rotation wheel. The beads were washed three times in ice-

cold immunoprecipitation buffer followed by three washes in water.

The enriched peptides were eluted with 0.15% trifluoroacetic acid in

H2O, fractionated in six fractions using micro-column-based strong-

cation exchange chromatography (SCX) [92], and desalted on

reversed-phase C18 StageTips [93].

For proteome analysis, 20 lg of protein from each SILAC condi-

tion (60 lg in total) was pooled and separated by SDS–PAGE.

NuPAGE� LDS Sample Buffer (Life Technologies) supplemented

with 1 mM dithiothreitol was added to the sample. The sample was

heated at 70°C for 10 min, alkylated by addition of 5.5 mM chloroac-

etamide, and loaded onto 4–12% gradient Bis–Tris gels. Proteins

were stained using the Colloidal Blue Staining Kit (Life Technolo-

gies) and digested in-gel using trypsin. Peptides were extracted from

gel and desalted on reversed-phase C18 StageTips [93].

MS analysis

Peptide fractions were analyzed on a quadrupole Orbitrap mass

spectrometer (Q Exactive Plus, Thermo Scientific) equipped with a

UHPLC system (EASY-nLC 1000, Thermo Scientific) as described

[94,95]. Peptide samples were loaded onto C18 reversed-phase

columns (15 cm length, 75 lm inner diameter, 1.9 lm bead size)

and eluted with a linear gradient from 8 to 40% acetonitrile contain-

ing 0.1% formic acid in 2 h. The mass spectrometer was operated in

data-dependent mode, automatically switching between MS and

MS2 acquisition. Survey full scan MS spectra (m/z 300–1,700) were

acquired in the Orbitrap. The 10 most intense ions were sequentially

isolated and fragmented by higher energy C-trap dissociation (HCD)

[96]. An ion selection threshold of 5,000 was used. Peptides with

unassigned charge states, as well as with charge states < +2, were

excluded from fragmentation. Fragment spectra were acquired in

the Orbitrap mass analyzer.

Peptide identification

Raw data files were analyzed using MaxQuant (development

version 1.5.2.8) [97]. Parent ion and MS2 spectra were searched

against a database containing 88,473 human protein sequences,

human protein sequences obtained from the UniProtKB released in

December 2016 using Andromeda search engine [98]. Spectra were

searched with a mass tolerance of 6 ppm in MS mode, 20 ppm in

HCD MS2 mode, strict trypsin specificity and allowing up to three

miscleavages. Cysteine carbamidomethylation was searched as a

fixed modification, whereas protein N-terminal acetylation,

methionine oxidation, N-ethylmaleimide modification of cysteines

(mass difference to cysteine carbamidomethylation), and di-glycine-

lysine were searched as variable modifications. Site localization

probabilities were determined by MaxQuant using the PTM scoring

algorithm as described previously [97,99]. The dataset was filtered

based on posterior error probability (PEP) to arrive at a false discov-

ery rate of below 1% estimated using a target-decoy approach

[100]. Di-glycine lysine-modified peptides with a minimum score of

40 and delta score of 6 are reported and used for the analyses.

Computational analysis

Statistical analysis was performed using the R software environ-

ment. Correlation coefficient and significance were determined
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using Spearman’s rank method. Differences in SILAC ratio variance

were assessed using the Siegel–Tukey test. Biophysical protein prop-

erties were determined using the ProtParam module from the Biopy-

thon project [101]. The GRAVY score is defined by the sum of

hydropathy values of all amino acids divided by the protein length

[102]. The fraction of protein sequence containing disordered

regions for each protein was determined using MobiDB 2.0 [103].

Statistical significance was calculated using Wilcoxon rank sum test.

Functional protein interaction network analysis was performed

using interaction data from the STRING database [104]. Only inter-

actions with a score > 0.7 are represented in the networks. Cytos-

cape version 3.1.1 was used for visualization of protein interaction

networks [105]. For GO enrichment analysis, Gene Ontology Anno-

tation was obtained from Uniprot and the significance of the enrich-

ment of a specific term was determined using Fisher’s exact test. P

values were corrected for multiple hypotheses testing using the

Benjamini and Hochberg FDR.

Pull-down assays for detection of ubiquitylated proteins

Vectors encoding GFP-tagged proteins or GFP alone were transfected

using polyethylenimine in U2OS cells. After 48 h, transfected cells

from one 100-mm dish were lysed in 300 ll of lysis buffer (50 mM

Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100,

protease inhibitors (Complete protease inhibitor cocktail tablets,

Roche Diagnostics), 10 mM N-ethylmaleimide), and lysates were

prepared as described above. 20 ll of pre-equilibrated GFP-Trap_A

beads (Chromotek) was added to the cleared lysate and incubated

1 h at 4°C on a rotation wheel. For detection of protein ubiquityla-

tion, washing was performed as follows: The beads were washed

once with buffer containing 10 mM Tris–HCl pH 7.5, 150 mM NaCl,

0.5 mM EDTA, protease inhibitors, 10 mM N-ethylmaleimide

followed by three washes with 8 M urea, 1% SDS in 1× PBS and

once with 1% SDS in 1× PBS [106]. Bound proteins were eluted in

NuPAGE� LDS Sample Buffer (Life Technologies) supplemented

with 1 mM dithiothreitol, heated at 70°C for 10 min, and loaded

onto 4–12% gradient SDS–PAGE gels.

Pull-down assays for analyzing protein interactions

Cells were lysed in lysis buffer (50 mM Tris–HCl pH 7.5, 150 mM

NaCl, 1 mM EDTA, 0.5% Triton, protease inhibitors (Complete

protease inhibitor cocktail tablets, Roche Diagnostics), 10 mM N-

ethylmaleimide), and lysates were prepared as described in “Cell

lysis” section. 20 ll of pre-equilibrated GFP-Trap_A beads (Chro-

motek) or StrepTactin Sepharose (IBA) was added to the cleared

lysate and incubated 1 h in the cold room on a rotation wheel

followed by four washes with lysis buffer. In case of USP2 cd diges-

tion, immunoprecipitates were washed twice with lysis buffer, incu-

bated for 15 min with 500 nM USP2 cd on ice, and washed

subsequently twice with lysis buffer. For SILAC pull downs, after

the third wash, beads from each SILAC condition were pooled.

Bound proteins were eluted in NuPAGE� LDS Sample Buffer (Life

Technologies) supplemented with 1 mM dithiothreitol, heated at

70°C for 10 min and loaded onto 4–12% gradient SDS–PAGE gels.

In case of MS analysis, protein samples were alkylated with 5.5 mM

CAA and then resolved by SDS–PAGE. Proteins were stained using

the Colloidal Blue Staining Kit (Life Technologies) and digested

in-gel using trypsin. Peptides were extracted from gel and desalted

on reversed-phase C18 StageTips.

Cycloheximide chase assay

Cells were transfected with the siRNA targeting VCP or a non-

targeting control siRNA using Lipofectamine RNAiMAX (Life Tech-

nologies) according to the manufacturer’s instructions. After 72 h,

cells were treated for the indicated time points with 100 lg/ml of

cycloheximide (SIGMA) and then lysed.

Enrichment of K6-linked ubiquitylated proteins

One 150-mm dish was used for each SILAC condition in pull-down

experiments. Cells were mock-treated or treated with NMS-873 for 6 h

and lysed in 500 ll of modified RIPA buffer (50 mM Tris–HCl pH 7.5,

150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate,

protease inhibitors, 10 mMN-ethylmaleimide). Lysates were prepared

as described in “Cell lysis” section. Lysates were incubated with 1 lg
of GFP-tagged Anti-diUbiquitin K6-linkage Affimer (Avacta Life

Sciences) overnight in the cold room on a rotation wheel (2 mg of

protein lysate/condition). Next day, 15 ll of pre-equilibrated GFP-

Trap agarose was added for 1 h. The improved dimerized version of

the GFP-tagged K6-linked ubiquitin-specific affimer was used in this

study [47]. The beads were washed four times with modified RIPA

buffer supplemented with protease inhibitors and 10 mM NEM. After

the fourth wash, beads from each SILAC condition were pooled.

Bound proteins were eluted in NuPAGE� LDS Sample Buffer (Life

Technologies) supplemented with 1 mM dithiothreitol, heated at 70°C

for 10 min, alkylated by addition of 5.5 mM chloroacetamide for

30 min [91], and loaded onto 4–12% gradient SDS–PAGE gels.

Proteins were stained using the Colloidal Blue Staining Kit (Life Tech-

nologies) and digested in-gel using trypsin. Peptides were extracted

from gel and desalted on reversed-phase C18 StageTips.

SDS–PAGE and Western blotting

Proteins were resolved on 4–12% gradient SDS–PAGE gels (NuPAGE�

Bis–Tris Precast Gels, Life Technologies) and transferred onto nitrocel-

lulose membranes. Membranes were blocked using 10% skimmed

milk solution in PBS supplemented with 0.1% Tween-20. Secondary

antibodies coupled to horseradish peroxidase (Jackson ImmunoRe-

search Laboratories) were used in a 1:5,000 dilution for immunodetec-

tion. The detection was performed with SuperSignal West Pico

Chemiluminescent Substrate (Thermo Scientific).

Cell cycle analysis

Cells were transfected with VCP targeting or control, non-targeting

siRNA. 72 h post-transfection cells were incubated with 10 lM EdU

for 1 h prior to collection and fixed in 4% paraformaldehyde solu-

tion. Permeabilization of the cells was performed by incubation in

1% BSA in PBS. Click reaction was performed (Alexa Fluor 647

(Thermo Fisher Scientific), 10 mM (+)-sodium L-ascorbate and

2 mM copper (II) sulfate pentahydrate in PBS) for 1 h. Subse-

quently, cells were incubated for 20 min with 7-AAD viability stain-

ing solution (eBioscience) before analysis by flow cytometry using a

BD LSRFortessa SORP.
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c-Myc reporter assay

U2OS cells were seeded into six-well plates and transfected with

40 pmol of the indicated siRNA using Lipofectamine RNAiMax (Life

Technologies) according to the manufacturer’s instructions. After

6 h, the cells were co-transfected with 1 lg of the indicated expres-

sion plasmid and 1 lg of the c-Myc reporter construct (Qiagen, CCS-

012L). After 72 h, the luciferase activity was assayed using Dual-Glo

Luciferase Assay System (Promega) according to the manufacturer’s

instructions. The measurement was performed on Tecan infinite

200Pro plate reader.

Chromatin extraction assay

Cell were washed twice in ice-cold PBS and then resuspended in

Buffer A (10 mM HEPES-KOH pH 7.5, 10 mM KCl, 1.5 mM MgCl2,

0.34 M sucrose, 10% glycerol, 1× Protease Inhibitor Cocktail

(Sigma), 1 mM DTT and 0.1% Triton X-100). After a 15-min incuba-

tion on ice, whole cell extract was collected and incubated with

DNase for 1 h. Cytoplasmic fraction was collected after centrifuga-

tion for 5 min at 1,300 × g. Pellet was washed once with Buffer A,

and the nuclei were incubated for 1 h on ice with Buffer B (20 mM

HEPES pH 7.5, 3 mM EDTA, 10% glycerol, 125 mM potassium

acetate, 1.5 mM MgCl2, 1 mM DTT, 0.5% NP-40, 1× Protease Inhi-

bitor Cocktail (Sigma), DNase). Lysate was centrifuged high speed

for 15 min, and the first chromatin fraction was collected from the

supernatant. Pellet was resuspended in buffer containing increasing

concentrations of NaCl and incubated for 30 min at 4°C. After each

extraction step, the chromatin fraction was collected by high-speed

centrifugation.

RT–PCR of c-Myc target genes

RNA extraction was performed using the RNeasy Plus Mini Kit (Qia-

gen) followed by cDNA synthesis using the QuantiTect Reverse

Transcription Kit (Qiagen) according to the manufacturer’s instruc-

tions. Quantitative real-time PCR was performed on a ViiA 7 Real-

Time PCR System (Thermo Fisher Scientific) using PowerUp SYBR

Green Master Mix (Thermo Fisher Scientific). Data were normalized

to B2M gene.

RNA sequencing

Total RNA extraction was performed using the RNeasy Plus Mini Kit

(Qiagen). The extraction was performed according to the manufac-

turer’s protocol followed by an additional purification starting with

the gDNA elimination to improve RNA quality. NGS library prep

was performed with Illumina’s TruSeq stranded mRNA LT Sample

Prep Kit following Illumina’s standard protocol (Part # 15031047

Rev. E). Libraries were prepared with a starting amount of 1,000 ng

and amplified in 10 PCR cycles.

Libraries were profiled in a DNA 1000 chip on a 2100 Bioana-

lyzer (Agilent technologies) and quantified using the Qubit dsDNA

HS Assay Kit in a Qubit 2.0 Fluorometer (Life technologies).

All six samples (three replicates of mock-treated and three

replicates of NMS-873 treated cells) were pooled in equimolar

ratio and sequenced on 1 NextSeq 500 Midoutput Flowcell, single

read for 1 × 159 cycles plus seven cycles for the index read.

Reads were aligned on the Homo sapiens genome assembly hg19

(GENCODE release 19) and ERCC (External RNA Control Consor-

tium) reference sequences using STAR (version 2.5.2b, parame-

ters: –outSJfilterReads Unique –outFilterMismatchNmax 2 –

outFilterMultimapNmax 10 –alignIntronMin 21 –sjdbOverhang

158 –clip3pAdapterSeq AGATCGGAAGAG) [107]. The feature-

Counts program (version 1.5.1, parameter: -s 2) was used to

count the number of reads overlapping genes [108]. Differentially

expressed genes (DEGs) were determined using DESeq2 (release:

1.16.1) with an FDR cutoff of 1% and ERCC spike-in controls for

normalization [109]. The Gene Ontology (GO) and pathway

enrichment analysis of DEGs were performed using clusterProfiler

(release: 3.4.4) and ReactomePA (release: 1.20.2) packages,

respectively [110,111].

The Gene Set Enrichment Analysis (GSEA) was performed with

the C2 gene sets from MSigDB (http://software.broadinstitute.org/

gsea/msigdb). The list of genes was ranked using the sign of the

shrunken log2 fold change multiplied by the inverse of the FDR. The

number of permutations was set to 1,000, and significant gene sets

(P < 0.005) related to MYC were selected.

Immunofluorescence and confocal microscopy

Cell were washed 3× with PBS before fixation using 4% PFA

solution in PBS containing Hoechst dye (5 lg/ml) for 15 min.

After blocking and permeabilization in 0.2% BSA, 0.1% Triton X-

100 in PBS for 15 min, cells were stained with c-Myc antibody

(1:100 dilution in 1% BSA) for 1 h. Cells were then incubated

with Alexa Fluor 488 goat anti-rabbit IgG (1:1,000 dilution in 1%

BSA, Life Technologies) and mounted with fluorescent mounting

medium (Dako). Images were acquired with the TCS SP5 confo-

cal microscope (Leica) using a 63× oil objective (NA 1.4), fluo-

rescence excitation with an Argon ion laser (488 nm) and

constant imaging and detection settings. Image analysis was done

in Fiji [112] with a custom written macro measuring the mean

intensity of nuclei with an area of 100–400 lm2 in a maximum

z-projection.

List of antibodies used in this study

Name Supplier Dilution

VCP (7F3) CST (#2649) 1:1,000

c-Myc (Y69) Abcam (ab32072) 1:1,000

GFP (B-2) Santa Cruz Biotechnology (sc-9996) 1:1,000

FLAG M2 SIGMA (F1804) 1:2,000

b-Actin SIGMA (A2228) 1:10,000

GADD45A (H-165) Santa Cruz Biotechnology (sc-797) 1:2,000

Ubiquitin (P4D1) Santa Cruz Biotechnology (sc-8017) 1:1,000

CCND2 (D52F9) CST (#3741) 1:1,000

MAX (C-17) Santa Cruz Biotechnology (sc-197) 1:1,000

H2A (L88A6) CST (#3636) 1:1,000

Vinculin SIGMA (V9264) 1:10,000

HUWE1 CST (#5695) 1:1,000

HA Roche Diagnostics (11867423001) 1:5,000

16 of 20 EMBO reports 19: e44754 | 2018 ª 2018 The Authors

EMBO reports Analysis of VCP substrate networks Jan B Heidelberger et al

http://software.broadinstitute.org/gsea/msigdb
http://software.broadinstitute.org/gsea/msigdb


List of RT–PCR primers used in this study

Name Sequence 50–30

Ncl ACTGACCGGGAAACTGGGTC

TGGCCCAGTCCAAGGTAACT

E2f2 ACAAGGCCAACAAGAGGCTG

TCAGTCCTGTCGGGCACTTC

rRNA AACGGTGGTGTGCGTTCCC

TCTCGTCTCACTCAAACCGCC

c-Myc TCCTACGTTGCGGTCACA

GCTCGGTCACCATCTCCA

B2m GTGCTCGCGCTACTCTCTC

GTCAACTTCAATGTCGGAT

Vcp TGGAGTTCAAAGTGGTGGAAA

ATGGCAGGAGCATTCTTCTCA

Skp2 CTGTCTCAAGGGGTGATTGC

TGTACACGAAAAGGGCTGAA

Tfap4 ACGGAGAGAAGCTCAGCAAG

TGAAGCGCTTGAGCTGTGT

Gnl3 TATCCATGGGGCTTACAAGG

CTGGACTTCGCAGAGCAAG

List of siRNA sequences used in this study

Name Sequence 50–30

VCP siRNA 1 GAAUAGAGUUGUUCGGAAU[dT][dT]

VCP siRNA 2 GGAGGUAGAUAUUGGAAUU[dT][dT]

c-Myc GGUCAGAGUCUGGAUCACC[dT][dT]

CTR siRNA 1 UGGUUUACAUGUCGACUAA[dT][dT]

CTR siRNA 2 UGGUUUACAUGUUUUCUGA[dT][dT]

HUWE1 siRNA GAGUUUGGAGUUUGUGAAG[dT][dT]

Data availability

The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium (http://proteomecentral.proteomexc

hange.org) via the PRIDE partner repository [113] with the dataset

identifier PXD003936. The genomics data have been deposited in
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sion number GSE107313.

Expanded View for this article is available online.
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