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Introduction 

Central dogma of molecular biology defines protein as a molecule made according to 

sequence presented in nucleic acid chains. Upon ribosome driven translation newly formed 

polypeptides adopt an appropriate structural fold spontaneously or with a help of other 

protein factors. In eukaryotic cells, a vast majority of newly formed polypeptides requires 

not only proper folding but also further processing or adjustments to function properly.  

The essential mechanism used by cells to diversify protein functions and dynamically 

coordinate their signalling network is based on covalent protein post-translational 

modifications. There is a large diversity of modifications that a nascent peptide can acquire 

upon its synthesis. Most of the post-translational modifications comprise the addition of 

small chemical groups or organic rings and chains to the protein surface. Methylation, 

acetylation, hydroxylation, phosphorylation, ADP-ribosylation, lipidation, glycosylation and 

many others belong to these types of modifiers and were characterised in the initial stages 

of protein research. 

In the early 1980s, a group of scientists including Aaron Ciechanover, Avram 

Hershko and Irwin Rose discovered a novel mechanism of protein degradation based on a 

heat-stable polypeptide that they named ATP-dependent proteolytic factor 1. It was later 

shown to be identical to ubiquitin, a protein named for its ubiquitous expression. Several 

homologous ubiquitin-like proteins were then found both in eukaryotic and even prokaryotic 

cells. Following studies have uncovered complex molecular machinery responsible for 

reversible attachment of ubiquitin to other proteins.  

A deeper exploration of ubiquitin implicated its importance not only in protein degradation 

but also in an enormous variety of other cellular processes ranging from transcription, 

translation, protein folding to vesicular trafficking, cell cycle, signal transduction and many 

more. Therefore, it is not surprising that defects in the ubiquitin system were linked to 

numerous developmental disorders and human diseases. The tremendous clinical success of 

selective compounds interfering with the ubiquitination machinery positions the ubiquitin 

system at the forefront of targeted drug discovery. 
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1. Ubiquitin system 

Almost every protein in eukaryotic cell is post-translationally modified during its life span. 

After phosphorylation, a covalent attachment of small protein ubiquitin appears to be the 

most common protein modification. During ubiquitination the 8.5-kDa protein ubiquitin is 

covalently linked via its carboxyl group of the C-terminal glycine G76 to the ε-amino group of 

surface exposed lysine side chain or the very N-terminal amino group of a target proteins. In 

rare cases, also other reactive amino acids such as cysteine, threonine or serine might serve 

as a site of ubiquitin attachment (McClellan et al., 2019).  

Ubiquitin is highly conserved among all eukaryotes with about 96% of amino acid sequence 

identity between human and yeasts. Human ubiquitin is encoded by four genes, which are 

expressed in form of two precursors: polyubiquitin - a protein consisting of four or more 

copies of the head to tail linked ubiquitin molecules encoded by UBB and UBC genes; and 

the fusion of ubiquitin and small or large essential ribosomal polypeptides encoded by 

RPS27A and UBA56 genes, respectively (Kimura & Tanaka, 2010). These precursors are 

further cleaved to single ubiquitin units by multiple ubiquitin-specific proteolytic enzymes 

known as deubiquitinases. 

Ubiquitination is reversible, highly versatile and many different forms of this 

posttranslational modification exist. In a process of monoubiquitination a single ubiquitin 

molecule is covalently linked to a protein. Multi-monoubiquitination occurs when several 

lysines of the target protein are tagged with single ubiquitin units. Moreover, ubiquitin itself 

can be further modified with another ubiquitin resulting in the formation of several 

topologically different polyubiquitin chains (Deol et al., 2019; Komander & Rape, 2012). 

The presence of ubiquitin remodels the molecular surface and has a significant impact on 

the properties and functions of substrate proteins. Historically, ubiquitination was 

associated mainly with proteasome mediated degradation. In the past decade, however, it 

became clear that covalent attachment of ubiquitin might alter protein subcellular 

localization, enzymatic activity or protein-protein interactions (Chen & Sun, 2009; Kleiger & 

Mayor, 2014). 

In addition to ubiquitin, several ubiquitin-like (Ubl) proteins including SUMO, NEDD8, ISG15, 

FAT10 and UFM1 were found. Most of these Ubl proteins are used to modify proteins in a 

similar manner as ubiquitin (Cappadocia & Lima, 2018). However, in contrast to ubiquitin, 

their functions are usually restricted to certain cellular processes. 
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1.1 Ubiquitination cascade 

Conjugation of ubiquitin to a target protein is regulated by a sophisticated three-step 

enzyme cascade which requires collaborative action of the E1 ubiquitin-activating enzymes, 

the E2 ubiquitin-conjugating enzymes and the E3 ubiquitin ligases (Fig 1) (Pickart, 2001). The 

ubiquitination process is initiated by the E1 enzyme that hydrolyses ATP and adenylates 

ubiquitin C-terminal glycine. Modified ubiquitin is then attached to the active site cysteine of 

E1, forming ubiquitin-thioester and free AMP. In the second step, ubiquitin loaded on E1 is 

transferred to the catalytic cysteine of the E2 enzyme in an ATP-dependent reaction. The E3 

ligases and also certain E2 enzymes catalyse the final step of the ubiquitination cascade, 

when isopeptide bond between lysine of the substrate protein and the C-terminal glycine of 

ubiquitin is formed (Deshaies & Joazeiro, 2009). 

 

Figure 1: Schematic representation of the ubiquitination cascade 

There are currently two recognized human E1 enzymes that catalyze the first stage of 

ubiquitin cascade: UBA1 and UBA6. To ensure specificity of the transfer only ubiquitin 

charged E1 can bind its cognate E2s with significant affinity (Groettrup et al., 2008; Schulman 

& Wade Harper, 2009). Humans possess 38 different E2 enzymes characterized by their 

highly conserved structure comprising the ubiquitin-conjugating catalytic domain with the 

active site cysteine and selective N-terminal binding motifs, where the respective E3 

enzymes bind. The E2 enzymes are able to govern both initial conjugation of ubiquitin to 

substrate protein and also independent ubiquitin chain elongation, when longer 

polyubiquitin chains are formed (Wickliffe et al., 2011; Wijk & Timmers, 2010). The type of 

ubiquitination is in most cases defined by combined activities of the E2 and E3 enzymes 

(David et al., 2011). Because a single E2 enzyme can bind multiple E3 ligases and vice versa, 

the entire system is very robust and versatile. It is estimated that the human genome 

encodes for more than 600 different E3 enzymes (W. Li et al., 2008). The exact number of all 

human E3 enzymes is not known as many proteins containing domains with a potential E3 

ligase activity were not yet functionally characterized. 

The eukaryotic E3 enzymes can be divided on a basis of their structure and mechanism of 

action into two major classes: the Homologous to the E6-AP Carboxyl Terminus (HECT) 

domain and the Really Interesting New Gene (RING) together with the closely related U-box 
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domain E3 ligases (Buetow & Huang, 2016). HECT domain of the E3 enzymes contains 

catalytic cysteine that receives ubiquitin from E2. The HECT E3 ligase subsequently catalyzes 

ubiquitin conjugation to a specific lysine residue of an associated target protein. In contrast 

to the HECT E3 enzymes, the RING E3 ligases do not form a thioester bond with ubiquitin but 

rather promote the transfer of ubiquitin from E2 on the substrate protein (Zheng & Shabek, 

2017). Therefore, the RING E3 ligases act as specific allosteric adaptors rather than real 

enzymes. 

The RING E3s can be further separated into three families: simple RING E3 ligases, RING-in-

between-RING (RBR) ligases and cullin-RING E3 ligases (CRLs). Mechanistically, the RBRs E3 

enzymes represent RING/HECT hybrids. In RBR enzymes, the first RING domain functions as 

an adaptor by recruiting ubiquitin-charged E2 enzyme. The E2-bound ubiquitin is further 

transferred to the catalytic cysteine of the second RING-like domain in RBR ligase that finally 

mediates ubiquitin conjugation to the substrate (Deshaies & Joazeiro, 2009). CRLs are 

modular protein complexes containing scaffolding protein cullin, which brings in proximity a 

selective substrate recognition unit, the RING E3 and the ubiquitin-charged E2 enzymes. To 

be fully functional CLRs have to be modified with a ubiquitin-like (Ubl) protein NEDD8 

(Schwechheimer, 2018). The cooperative action of all proteins in CRLs complexes is critical 

for the specificity and efficiency of many ubiquitination reactions. 

1.2 Deubiquitination 

The reversiblity of ubiquitination is accomplished by hydrolytic enzymes known as 

deubiquitinases (DUBs). The human genome encodes about 100 DUBs which oppose the 

function of E3 ligases. They can be subdivided into six families: ubiquitin-specific proteases 

(USPs), ovarian tumor proteases (OTUs), ubiquitin C-terminal hydrolyzes (UCHs), Josephin 

and MINDY family, and JAB1/MPN/MOV34 metalloenzymes (JAMMs). The USP, OTU, UCH, 

Josephins and MINDY are cysteine proteases, whereas members of the JAMM family 

coordinate zinc ion in their active site and function as metalloproteases (Abdul Rehman et 

al., 2016; Komander et al., 2009; Morrow et al., 2018). 

DUBs regulate several crucial steps in ubiquitin processing. First, they are required for the 

generation of monoubiquitin by cleaving its precursors or free ubiquitin chains. To keep 

constant levels of free ubiquitin, DUBs can also rescue ubiquitin molecules that were 

accidently bound via their C terminal carboxyl to small cellular nucleophiles such as 

glutathione or polyamines (Reyes-Turcu et al., 2009). Second, DUBs can remove ubiquitin 

from modified proteins reversing their fate (Lee et al., 2011). Third, sequential action of 

DUBs and E3 enzymes may edit the topology of polyubiquitin chains that stay attached to 

proteins (Winborn et al., 2008). Many E3 ligases are known to form a complex with DUB 

enzymes (L. Li et al., 2015). Whether there is a common mechanism important for ubiquitin 
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processing in the E3-DUB complexes remains unclear. It is tempting to speculate that the E3-

DUB pairs are involved in a selective editing of ubiquitin chains during their synthesis. 

1.3 Ubiquitin chains 

In the polyubiquitin chain several ubiquitin molecules are linked together via the C-terminal 

glycine (G76) of distal ubiquitin and one of the seven lysine residues (K6, K11, K27, K29, K33, 

K48, K63) exposed on the surface of proximal ubiquitin. Moreover, ubiquitin N-terminal 

methionine (M1) can serve as a site for the attachment of another ubiquitin, thus giving a 

rise to a special type of so called linear ubiquitin chains (Ikeda & Dikic, 2008; Komander & 

Rape, 2012). Altogether, eight types of polyubiquitin chains can be formed. The abundance 

of each ubiquitin polymer differs between cell types. Quantitative biochemical and mass 

spectrometry analysis revealed K48 and K63 as the most predominant linkages (Swatek et 

al., 2019). Recent studies including our work (see below in section 1.5) determined different 

topologies, unique biochemical properties and biological functions of each ubiquitin chain 

type (Boughton et al., 2020; Michel et al., 2015, 2017; Ohtake et al., 2018). 

Ubiquitin polymers, where all ubiquitin molecules are connected with the same type of 

linkage, are known as homotypic chains. Heterotypic ubiquitin chains containing more than 

one linkage type within the same chain are also found in the cell. Ubiquitin polymers can be 

even branched when multiple ubiquitin moieties are anchored to distinct lysine residues in a 

single ubiquitin (Fig 2). On top of that, other Ubl proteins, such as SUMO and NEDD8 can be 

integrated into ubiquitin chains generating mixed heterologous chains (Swatek & Komander, 

2016). The abundance and biological significance of these highly complex ubiquitin polymers 

are poorly characterized mainly due to the lack of appropriate experimental approaches. As 

novel techniques are being developed, the enigma of ubiquitin code is being gradually 

resolved. 
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Figure 2: Ubiquitin and ubiquitin chains structure A) Ubiquitin structure (PDB: 1UBQ), in 

read are the surface exposed lysines, in green is the N-terminal Met1 residue. B) Structures of 

tetra-ubiquitin K48 (PDB: 1TBE) and tetra-ubiquitin K63 (PDB: 3HM3), in blue are the Ile44 

patches. C) Schematic topology of homotypic ubiquitin chains. 

The type of linkage in the ubiquitin chain is determined either by the E2 enzyme or E3 ligase. 

The RING E3 ligases are usually responsible for the selection of substrate lysine on non-

ubiquitin protein targets. In these cases, chains extension and the linkage type in 

polyubiquitin are determined by associated E2 enzyme. In contrast, the HECT E3 ligases 

synthetize ubiquitin chains of defined topology themselves and in some cases they are even 

able to change linkage specificity despite using the same E2 enzyme (Ye & Rape, 2009). 

To selectively regulate particular ubiquitin modifications, DUBs can display binding and 

hydrolytic specificity for both modified protein and/or a particular type of ubiquitin chain. In 

addition to conserved catalytic domains, accessory modules, motifs and posttranslational 

modifications of DUBs can drive their substrate specificity and enzymatic activity (Mevissen 

et al., 2013; Swatek et al., 2019). Moreover, we and others have shown that the 

deubiquitinating enzyme OTUB1 can inhibit the ubiquitination of target proteins in a 

catalytically independent manner (see below in section 2.3). 

1.4 Post-translational modification of ubiquitin 

As ubiquitin is not only a protein modifier but also protein itself, it can be subject to 

additional post-translational modifications including phosphorylation. Large-scale proteomic 

studies revealed that ubiquitin can be phosphorylated on most of its serine, threonine and 

tyrosine residues. The predominant phosphorylation site in human ubiquitin is at S65 

(Swaney et al., 2015). Under basal conditions, only a very small fraction (1%) of ubiquitin is 

phosphorylated (Yau & Rape, 2016). The importance of ubiquitin S65 modification became 

apparent in the recent studies of neurodegenerative disorders, particularly Parkinson´s 

disease (Okatsu et al., 2015; Shiba-Fukushima et al., 2014, 2017). 

Several genetic and biochemical studies have associated PINK1 kinase with Parkinson´s 

disease (Narendra et al., 2010; Valente et al., 2004). In healthy cells, mitochondria associated 

PINK1 is proteolytically cleaved resulting in the release of its kinase domain to the cytosol. 

Upon indelible damage of mitochondria, cleavage of PINK1 is prevented and the active 

kinase accumulates on the outer membrane of the damaged organelle (Matsuda et al., 

2010). There it phosphorylates ubiquitin S65, increasing the amount of phospho-ubiquitin up 

to 20% of mitochondria associated ubiquitin (Ordureau et al., 2014). Phosphorylation of 

ubiquitin significantly affects not only its fold  and also interactions with E2/E3 enzymes, 

DUBs or ubiquitin-binding domains (Wauer, Swatek, et al., 2015). 
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Additional PINK1 substrate is the counterpart serine residue in the Ubl domain of the RBR 

family E3 ligase Parkin that is often mutated in patients with Parkinson´s disease (Kane et al., 

2014). The E3 ligase Parkin is a perfect example of phospho-ubiquitin meditated signalling, 

which is induced by the activity of PINK1 that decorates proteins on the surface of damaged 

mitochondria with phospho-ubiquitin to mark them for clearance by autophagy. This creates 

novel interaction interface that recruits and activates Parkin, which in turn ubiquitinates 

many surrounding proteins. The newly formed ubiquitin chains are further phosphorylated 

by PINK1, thus forming new binding sites to attract more Parkin molecules resulting in 

amplification of the signal. Finally, a large number of phospho-ubiquitin chains on 

mitochondria surface provide unique binding platform for selective autophagy adaptors, 

which ultimately deliver damaged mitochondria to autophagosome for degradation (Heo et 

al., 2015; Lazarou et al., 2015). 

Our study revealed that ubiquitin phosphorylation is a double-edged sword. We solved the 

crystal structure of partially active E3 ligase Parkin, where the phospho-ubiquitin is bound to 

its allosteric site (Fig 3). This interaction induces dramatic structural reorganization of the 

entire Parkin molecule and it is important for induction of Parkin catalytic activity (Wauer, 

Simicek, et al., 2015).  

 

Figure 3:  Structure of a Parkin bound to phospho-ubiquitin with the close-up view of Parkin 

and phospho-S65 in ubiquitin. Adapted from Wauer T., Simicek M. et al. Nature 2015. 

To validate our structural model, we tested phospho-ubiquitin-binding mutants of Parkin in 

the cellular system. The immunofluorescence experiments revealed that Parkin 

relocalisation to damaged mitochondria and ubiquitination of outer mitochondrial proteins 

is critically dependent on its ability to bind phospho-ubiquitin (Fig 4). On the other hand, we 

and others have shown that Parkin uses phospho-ubiquitin less efficiently than unmodified 

ubiquitin and cannot form polyubiquitin chains composed exclusively of phospho-ubiquitin 

(Wauer, Swatek, et al., 2015). 
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Figure 4: Parkin localization on mitochondria. A) Localisation of wild type (WT) and 

phospho-ubiquitin binding mutant (A320R) of Parkin on damaged mitochondria. Scale bars 

10 μm. B) Parkin-dependent ubiquitination of mitochondria outer membrane protein Tom20. 

Adapted from Wauer T., Simicek M. et al. Nature 2015. 

In addition to phosphorylation, ubiquitin can be posttranslationally modified with acetyl 

residues on K6 and K48. These modifications inhibit a build-up of K6, K11, K48 or K63-linked 

polyubiquitin chains (Ohtake et al., 2015). However, only 0.03% of ubiquitin molecules were 

found to be acetylated in resting cells and the responsible acetylation enzyme is not known 

(Swatek & Komander, 2016). Therefore the biological significance of these modifications 

remains elusive. It is likely that as in the case of PINK1 mediated phosphorylation also 

acetylation of ubiquitin is restricted to the specialised biological processes. 

1.5 Ubiquitin binding domains 

Ubiquitin conjugated to protein substrates is recognized by a wide array of proteins 

containing highly defined ubiquitin-binding domains (UBD). In humans, there are over 200 

different proteins containing UBDs involving approximately 20 different protein families. 

Most of UBDs and smaller ubiquitin binding motifs recognize single mono-ubiquitin. Certain 

UBDs can also selectively bind to specific linkages in ubiquitin polymers. Based on their 

structure, UBDs can be broadly characterized as α-helix based that contain ubiquitin 

interacting motif, zinc-finger based, pleckstrin homology-like or ubiquitin conjugating-like 

domains (Husnjak & Dikic, 2012).  

Except for the flexible C-terminal tail, the ubiquitin structure is relatively rigid with mainly 

polar residues on its surface. Majority of the known UBDs bind to the unique hydrophobic 

patch centered on isoleucine 44 (I44) on the ubiquitin surface. Several other ubiquitin 

interacting interfaces were found comprising aminoacid residues I36, F4 and D58 (Penengo 

et al., 2006; Sloper-Mould et al., 2001). This creates a possibility that a single ubiquitin might 

continually recruit several UBDs. 
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For a long while due to the lack of proper biochemical tools most of the characterized UBDs 

were either unselective or bound to K48 or K63-linked ubiquitin polymers. In our study we 

have described for the first time enzyme-based biochemical approach to generate in vitro 

ubiquitin chains containing K29 and K33 linkage types and determined their 3D structures 

(Michel et al., 2015). Moreover, by studying DUB called TRABID we found a novel UBD 

specifically recognizing these polyubiquitin chains. TRABID contains three N-terminal Npl4-

like zinc finger domains (NZF1-3), where NZF1 acts as a unique K29/K33 UBD. Deletion or 

mutations in NZF1 abrogated ubiquitin binding and cellular localization of TRABID, whereas 

the equivalent mutations in NZF2 or NZF3 did not lead to significant changes (Fig 5) proving 

TRABID NZF1 as an interesting tool to study the atypical K29/K33-lined ubiquitin chains in 

living cells. 

 

Figure 5: Localization of TRABID mutants. A) Localization of catalytically inactive full-length 

GFP-TRABID (ciTRABID). Mutations in the ubiquitin binding interface of NZF1 (NZF1∗) lead to 

a significant decrease in the number of TRABID-positive dots, whereas the equivalent 

mutations in NZF2 (NZF2∗) or NZF3 (NZF3∗) do not change positioning and number of puncta. 

Scale bars, 10 μm. B) Statistical analysis of experiments in A. Adapted from Michel M. et al. 

Mol Cell 2015. 

In general, the affinity of most UBDs for ubiquitin is relatively low, ranging in micromolar 

range. However, the presence of multiple UBDs or ubiquitin interacting motifs in a single 

protein greatly increases the avidity of protein-ubiquitin complex. Further, the combinatorial 

use of UBDs and other protein-protein interaction domains and surrounding sequence 

motifs might contribute to the stabilization of larger protein complexes. Many UBDs 

containing proteins are often themselves monoubiquitinated in a mechanism referred to as 

coupled monoubiquitination, which prevents UBDs in trans binding to the ubiquitinated 

cargo (Woelk et al., 2006). 
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1.6 Ubiquitination as a marker for protein degradation in proteasome 

Historically, the main function of ubiquitin was attributed to its involvement in protein 

turnover mediated by the ubiquitin-proteasome pathway. Later studies, including our work 

associated ubiquitin modifications with autophagy, a proteasome independent degradatory 

route (Pohl & Dikic, 2019; Simicek et al., 2013). 

Proteasome is a large protein assembly with a barrel-shaped structure comprising a central 

proteolytic core made of four ring structures, flanked by two cylinders containing ubiquitin 

receptors that allow entry of ubiquitinated proteins (Bard et al., 2018). The polyubiquitin 

chains are recognised by the proteasome ubiquitin receptors with the highest affinity for 

K48-linked ubiquitin polymers. In vitro, all homotypic ubiquitin chains might be efficiently 

processed by proteasome. In cells, however, particularly K63-linked polyubiquitin and 

branched heterotypic chains are not efficiently processed by proteasome (Kravtsova-Ivantsiv 

& Ciechanover, 2012) and have exclusively non-proteolytic functions (Chen & Sun, 2009; 

Wong et al., 2008). 

In addition to ubiquitin receptors integral to proteasome, eukaryotic cells express several 

soluble ubiquitin binders including RAD23A that shuttle polyubiquitinated proteins to 

proteasome (Dantuma et al., 2009). Even though K48-linked polyubiquitin is most efficient 

marker for proteasome degradation, structural and biophysical experiments revealed that 

RAD23A is not able to distinguish between homotypic K48 or K63-linked chains and 

branched ubiquitin trimers containing these linkages (Nakasone et al., 2013). To shed more 

light on this interesting phenomenon, we studied K63-linkage specific deubiquitinase OTUD1 

found in the previous proteomic study in complex with RAD23A. Our biochemical analysis 

confirmed the interaction and mapped the binding epitope to the catalytic domain of OTUD1 

and Ubl domain of RAD23A. To understand detailed molecular features of this complex, we 

have crystallized both proteins and solved the crystal structure (Fig 6). Close inspection of 

the interaction interface indicates that RAD23A Ubl uses a conserved I49 patch (homologous 

to ubiquitin I44) to bind OTUD1 outside of its catalytic core.    
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Fig 6: Crystal structure of OTUD1 in complex with RAD23A. A) Structure of OTUD1 catalytic 

domain bound to RAD23A Ubl domain. B) Close-up view of the interaction interface 

highlighting aminoacids mediating the interaction. Simicek M. et al. unpublished 

As the crystal structure may lead to artifacts, especially in the case of dynamic protein 

complexes, we applied NMR analysis to examine the interaction characteristics in the 

solution. As shown in Fig 7, the obtained resonance data further supported our structural 

model derived from the crystallographic experiments. 

 

Fig 7: Solution structure of OTUD1 in complex with RAD23A. A) NMR structure of OTUD1 

catalytic domain with superposed RAD23A Ubl. B) NMR structure of RAD23A with superposed 

OTUD1 catalytic domain. Simicek M. et al. unpublished 
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Both structural models suggested that binding of RAD23A does not sterically hinder ubiquitin 

interaction with OTUD1 catalytic core. To test whether OTUD1 bound to RAD23A can still 

associate and cleave K63-linked polyubiquitin, we performed several biophysical 

experiments including surface plasmon resonance (SPR) and in vitro deubiquitinase assay 

(Fig 8). To avoid destruction of di-ubiquitins on the SPR chip, we used catalytically inactive 

OTUD1 C320A 

 

Fig 8: Biophysical and enzymatic analysis of OTUD1-RAD23A complex A) SPR analysis of 

OTUD1 and RAD23A Ubl binding kinetic. B) In vitro deubiquitination assay. OTUD1 was used 

in a single concentration (0.1 μM). Simicek M. et al. unpublished 

In addition to the Ubl domain, RAD23A also possess two UBA domains that can bind longer 

ubiquitin chains. To expose our model to a more complex cellular environment, we used 

RAD23A as bait to purify ubiquitinated proteins from cell lysate. The extracted complexes 

were further treated with wild type (WT) or RAD23A binding mutant (A348R) OTUD1. This 

experiment revealed that RAD23A-bound OTUD1 retains its selectivity for K63-linked 

polyubiquitin on endogenous proteins (Fig 9). 
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Fig 9: Biochemical analysis of OTUD1-RAD23A complex. A) Schematic of the experimental 

setup. B-C) Western blot analysis of the RAD23A pull downs treated with OTUD1. K63-specific 

deubiquitinase AMSH was used as a control. Simicek M. et al. unpublished 

Collectively, our structural, biophysical and biochemical data suggest on a novel model, 

where K63-specific deubiquitinase OTUD1 regulates RAD23A-dependent protein degradation 

in proteasome by editing complex polyubiquitin modifications such as K63-linked 

polyubiquitin, heterologous or mixed ubiquitin chains, which would otherwise inhibit 

proteasome processing as summarized in Fig 10. Even though our knowledge of the ubiquitin 

code is quickly expanding, further cell-based studies are required to elucidate the precise 

role of complex ubiquitin modifications in proteasome degradation.  
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Fig 10: A working model of OTUD1-RAD23A complex function. RAD23A-bound OTUD1 

might selectively edit polyubiuitinated proteins associated with RAD23A UBA to promote fast 

destination and processing of target proteins in proteasome. Simicek M. et al. Unpublished. 
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2. Non-degradative ubiquitination in (non)-oncogenic signaling 

Ubiquitin does not serve only as a tag driving protein degradation. It is also an important 

mediator of additional cellular processes including protein trafficking, cell cycle regulation, 

apoptosis, DNA repair, protein quality control, transcription, translation, signal transduction 

and many others (Kliza & Husnjak, 2020). In this section, several examples of non-

degradative ubiquitination in cell pathophysiology are described in more detail. 

One of the best studied roles of non-degradative ubiquitination in cancer and immune 

disorders is the activation of the transcription factor NF-κB (Skaug et al., 2009). Signals from 

many receptors such as TNFR1, IL-1R1 or TLR4 converge at the stage of the inhibitor of IκB 

kinase (IKK) complex (Zinngrebe et al., 2014). In addition to ubiquitin-mediated proteasome 

degradation of IκB, ubiquitination has been implicated in the dynamic spatiotemporal 

regulation of the IKK complex. Numerous upstream molecules in NF-κB pathway are 

modified with K11, K63 or linear M1-linked ubiquitin chains, which allow transient formation 

of large signaling assemblies. At least two DUBs, A20 and CYLD, were found to negatively 

regulate signaling routes leading to NF-κB activation (Emmerich et al., 2013; Lork et al., 

2017) .  

Sequential recruitment and action of different E3 ubiqutin ligases and DUBs play an intimate 

role in the control of protein assemblies involved in DNA damage response (DDR) that is 

often deregulated in many cancers. For example, the formation of double stranded brakes in 

DNA leads to phosphorylation of histone 2AX (yielding γH2AX) and associated checkpoint 

protein MDC1 by ATM kinase (Eliezer et al., 2014). Phosphorylated MDC1 triggers attraction 

of the E3 ligase RNF8. Ubiquitination products generated by RNF8 are recognized by UBDs of 

another RING domain E3 ligase, RNF168 (Bartocci & Denchi, 2013; Kongsema et al., 2016). 

The primary outcome of RNF8/RNF168-mediated ubiquitination during early steps of DDR is 

recruitment and retention of DNA repair and signaling factors including BRCA1 on chromatin 

sites surrounding DNA lesions (Rosen, 2013). BRCA1 constitutes also E3 ligase activity and 

together with BARD1 assembles K6-linked ubiquitin chains on itself or other DDR proteins 

(Wu-Baer et al., 2003). 

At later stages of DDR, site-specific ubiquitination of DNA sliding clamp PCNA determines 

how the cell will replicate regions of damaged DNA. Monoubiquitinated PCNA is recognized 

by low fidelity DNA polymerases that trigger error prone DNA synthesis while PCNA modified 

with K63-linked ubiquitin chains initiate error free replication by mechanisms that are not 

yet fully understood (Takahashi et al., 2020; Zhao & Ulrich, 2010). 

Modification of integral membrane proteins with ubiquitin generally acts as a sorting signal 

for delivery to specific cellular destinations. In yeasts, ubiquitination mediates Golgi-to-

endosome transport and determines whether a protein will be delivered to the plasma 
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membrane or endosome. In mammalian cells, ubiquitination is often sufficient but not 

required for internalization of membrane receptors by endocytosis (MacGurn et al., 2012). 

Therefore, it is not surprising that many endocytic proteins contain UBDs. For example, 

proteins from the Epsin family interact with ubiquitin attached to membrane proteins via 

tandem UIM motifs and connect ubiquitinated substrates with clathrin and AP-2 adaptors 

(Piper et al., 2014). Internalized receptors are further separated in endosomes and either 

recycled back to the plasma membrane or following ubiquitin-dependent sorting are 

destined to and degraded in lysosomes (Haglund & Dikic, 2012). 

In addition to the regulation of multimeric protein assemblies, ubiquitination might also 

determine the specific subcellular localization of modified protein. As an example, the RING 

family E3 ligase TRAF6 mediates polyubiquitinatination of Akt kinase with K63-linked 

ubiquitin chains (W. L. Yang et al., 2009). This modification is required for the membrane 

localization and full activity of this proto-oncogene. On the other hand, attachment of K48-

linked ubiquitin chains by TTC3 ligase promotes Akt degradation in proteasome (Suizu et al., 

2009). 

The number of cellular events driven by non-degradative forms of ubiquitination is 

overwhelming and our knowledge about this type of posttranslational modification is 

steadily increasing. The above mentioned examples represent only a very small snapshot of 

cellular processes driven by ubiquitin-dependent mechanisms. Particularly in cancer 

research and immunology, the understanding of the ubiquitin regulatory pathway is of high 

importance as many E3 ligases and DUBs constitute potential drug targets (Deng et al., 2020; 

J. Liu et al., 2021).   

The following sections are focused on oncoproteins from the Ras family and our findings 

connecting Ras signaling with ubiquitin machinery.  

2.1 Ras GTPases 

The ability of every cell to perceive and correctly respond to signals from its intra- and 

extracellular environment is mediated by a complex system of the dynamic network of 

signaling pathways. In order to maintain the system flexible cells express many proteins, 

whose activity can be rapidly switched on and off in response to upstream signals. Small 

GTP-binding proteins referred to as monomeric GTPases mastered this activation twist. This 

large protein family is determined by the presence of conserved globular GTP-binding 

domains. All GTPases share the same mechanism of activation mediated by presence of 

guanidine nucleotides in their nucleotide-binding pocket. In the active, GTP-bound state, 

large conformational changes create unique surface epitopes with a high affinity for 

downstream targets. Induction of GTP hydrolysis then returns GTPase to the low affinity 

mode (Biou & Cherfils, 2004). 
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Most the GTPases involved in signal transduction fall within the Ras superfamily that is 

evolutionary very conserved with orthologs found in Drosophila, C. elegans, S. cerevisiae, 

Dictyostelium and plants. Gene duplication has resulted in a large expansion of this protein 

family in all vertebrate genomes. Over 150 members of the Ras superfamily can be 

subdivided into five groups: Ras, Rho, Rab, Ran and Arf (Colicelli, 2004). Proteins from the 

Ras family regulate cell proliferation, differentiation, morphology, and apoptosis (Karnoub & 

Weinberg, 2008). Members of the Rho family are involved in signaling networks that 

regulate actin reorganization, cell polarity, cell cycle progression, and gene expression (Jaffe 

& Hall, 2005; Sit & Manser, 2011). The largest branch of Ras-related GTPases constitutes Rab 

proteins that participate in vesicular cargo delivery and protein trafficking between different 

organelles via endocytotic and secretory pathways (Stenmark, 2009). In humans, the Ras 

subfamily constitute 36 members that are involved in diverse range of cellular functions 

including gene expression, proliferation, differentiation, cell and tissue polarity, autophagy 

and innate immune response (Wennerberg et al., 2005).  

Ras-related GTPases have a relatively small size (183 to 340 amino acids) without any 

conspicuous functional motifs extended from the compact, globular, ∼20kDa GTPase 

domain (G domain). A typical fold of Ras GTPases consists of five α-helices around a central 

six β-sheets that are connected with ten loops. Crucial parts of every G domain are G1-G5-

boxes, highly conserved nucleotide binding elements common to all Ras family members. 

Amino acids present in these motifs are required for coordinating magnesium ion, guanosine 

nucleotides and the actual GTP hydrolysis. Mutations occurring in these regions usually 

affect GTPase activity (Khan & Ménétrey, 2013; Pertz, 2010; Wong et al., 2008). Substitution 

of Ras G12 with any other amino acid prevents access of water molecule needed for the GTP 

hydrolysis and leads to hyperactivation of Ras. Therefore, Ras G12V or similar mutations are 

often found in many human tumors (Hobbs et al., 2016). The surrounding sequences are 

usually specific to a particular protein and contribute to the functional specificity of each 

GTPase. 

Most of the Ras subfamily members localize predominantly to the plasma membrane or 

associate with intracellular vesicles. Membrane localization is determined mainly by 

prenylation of the C-terminal CAAX motif (C = Cys, A = aliphatic, X = C-terminal amino acid), 

in which the cysteine residue is modified by isoprenoid farnesyl or geranyl soon after protein 

synthesis (Gotoh et al., 2001; Hancock, 2003). Processing continues on the cytosolic leaflet 

of the endoplasmic reticulum where RceI enzyme proteolytically removes the AAX motif 

(Boyartchuk et al., 1997). For permanent association with membrane Ras proteins require an 

additional targeting signal. In KRas4B, the second signal is comprised of a polybasic lysine-

rich sequence located upstream of the C-terminal Cys. Positively charged lysine residues 

then facilitate association with negatively charged plasma membrane phospholipids 
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(Quatela et al., 2008). In contrast to KRas, farnesylated HRas and NRas are further modified 

in Golgi with palmitoyl group (Apolloni et al., 2000; Laude & Prior, 2008). A similar 

relationship appears between Rap1 (prenylation + polybasic region) and Rap2 (prenylation + 

palmitoylation) (Canobbio et al., 2008), while other Ras-related GTPases RalA and RalB 

undergo exclusively geranylgeranylation (Falsetti et al., 2007). These modifications are 

essential for facilitating membrane association and subcellular localization and are also 

critical for the correct biological activity of particular GTPase. 

2.2 Mechanisms of Ras activation 

All Ras GTPases cycle between inactive, GDP-bound, and active, GTP-bound states. 

Transition between these states is followed by significant conformational changes localized 

primarily to the switch I and switch II regions. GTP-binding induces reorganization of these 

flexible loops creating the effector binding site. The rate-limiting step in the Ras activation is 

the exchange of GDP for GTP. If not catalyzed, this process is very slow (3.4x10-4sec for HRas) 

even in presence of a high GTP:GDP (10:1) ratio in the cytosol. Therefore, the main pool of 

Ras GTPases is kept inactive in the quiescent cells (Buday & Downward, 2008).  

To promote fast activation of Ras GTPases, a set of enzymes called GTP exchange factors 

(GEF) stabilizes GTPases in their transition ‚open‘ state allowing dissociation of GDP that is 

replaced with more abundant GTP, thus promoting activation of GTPases. The intrinsic 

GTPase activity of Ras proteins is relatively low (~4.2x10-4sec), which would tend to prolong 

signal transduction (Shutes & Der, 2005, 2006). To terminate Ras activity, GTPase activating 

proteins (GAP) greatly enhance GTP hydrolysis leading to deactivation of GTPases. The 

molecular mechanism of GAP mediated GTP-hydrolysis is based on conserved arginine 

residue (Arg finger) that is present in all known GAP proteins. The Arg finger stabilizes the 

negative charges of β and γ phosphate in GTP developing the transition state and positioning 

the conserved glutamine in the GTPase switch II (Q61 in Ras) to activate water molecule for 

in-line nucleophilic attack of the γ phosphate of GTP, eventually establishing a bona fide 

enzymatic active site (Bos et al., 2007; Cherfils & Zeghouf, 2013). Therefore, it is not 

surprising that the second most common Ras mutation occurs in position Q61 (Prior et al., 

2012). 

The third type of GTPase regulators are guanosine nucleotide dissociation inhibitors (GDIs) 

that bound to inactive, GDP-loaded GTPases and block the release of GDP and its exchange 

for GTP. Further, GDI proteins inhibit membrane localization of certain GTPases by 

protecting their lipid modifications. Moreover, all Ras family GTPases may be regulated by 

multiple GEF and GAP proteins enabling dynamic regulation and involvement in different 

signaling pathways (Cherfils & Zeghouf, 2013). The GTPase cycle and accompanying 

regulatory factors are summarized in Fig 11. 
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Fig 11: Schematic of the GTPase cycle in Ras-like GTPases. GEF and GAP enhance the rate of 

guanidine nucleotide exchange and hydrolysis, respectively. GDIs act as inhibitory molecules 

for inactive GDP-bound GTPases and can modulate their release from plasma membrane. 

Adapted from: Toma-Fukai & Shimizu, 2019 

2.3 Non-degradative ubiquitination of Ras 

Beyond oncogenic mutations, overexpression of GEFs and loss of GAPs also contribute to 

tumorigenic properties of Ras (Vigil et al., 2010). Further, post‐translational modifications 

including phosphorylation (Bivona et al., 2006), lipidation (Hancock, 2003), and acetylation 

(M. H. Yang et al., 2013), were described to modulate Ras activity. Polybiquitination 

mediated by the E3 ligases β‐TrCP1, NEDD4 and LZTR1 triggers degradation of Ras in the 

proteasome (Shukla et al., 2014; Steklov et al., 2018; Zeng et al., 2014). Previous studies 

described non-degradative forms of mono- and diubiquitination of several Ras family 

members (Jura et al., 2006; Sasaki et al., 2011; Xu et al., 2010). Our work revealed a novel 

mechanism of non-degradative ubiquitination of Ras-related GTPase RalB in the regulation 

of autophagy and anti-viral response (Simicek et al., 2013). 

Oncogenic Ras is expressed as three major isoforms (HRas, NRas and KRas), which all were 

found to be modified with mono- or diubiquitin without significant effect on their stability 

(Baker et al., 2013). Attachment of single ubiquitin to specific lysines on the Ras surface 

seems to be critical for the Ras driven pathways. For example, the E3 ligase RABEX5 

ubiquitinates NRas and HRas that subsequently relocalize from the plasma membrane to 

intracellular vesicles, leading to inactivation of canonical Ras signalling (Xu et al., 2010). On 

the other hand, ubiquination of HRas on K117 enhances its intrinsic nucleotide exchange and 

promotes GTP loading (Baker et al., 2013). Similarly, ubiquitin conjugated to KRas K147 

impairs the NF1‐mediated GTP hydrolysis and thus increases Ras activity (Sasaki et al., 2011).  
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In our study (Baietti and Simicek et al., 2016), we aimed to identify the enzyme responsible 

for removing ubiquitin from Ras and potentially attenuating Ras signaling. Initially, we 

performed a selective protein-protein interaction assay with a large panel of human DUBs. 

Between other hits, we found OTUB1 as potential Ras interactor. OTUB1 is a unique DUB 

that can inhibit protein ubiquitination both via classical hydrolytic reaction and also non-

catalytically by preventing the E2-mediated ubiquitin conjugation (Pasupala et al., 2018). The 

later mechanism is based on the extended OTUB1 N-terminus that binds and sterically 

interferes with the transition of ubiquitin from the E2 catalytic cysteine to target proteins 

(Wiener et al., 2012).  

Our biochemical analysis revealed that OTUB1 can remove mono- and diubiquitin moieties 

from NRas in a catalytically independent manner. As deletion of OTUB1 N-terminal residues 

1-30 prevented a negative effect on NRas ubiquitination, we concluded that the previously 

described E2-binding mechanism is responsible for the inhibitory effect of OTUB1 on NRas 

mono- and diubiquitination (Fig 12).   

  

Fig 12: OTUB1 regulates NRas ubiquitination in a catalytically independent manner. A) Pull 

down of ubiquitinated NRas from cells with OTUB1 knock down. B) Pull down of ubiquitinated 

NRas from cells overexpressing OTUB1 wild type (WT) and catalytic mutant (C91S). C) In vitro 

ubiquitination assay of NRas with E1 (UBE1), E2 (UbcH5c), E3 (RABEX5) enzymes in presence 

of WT or N-terminally truncated OTUB1. Adapted from Baietti FM. and Simicek M. et al. 

EMBO Mol Med. 2016. 

The OTUB1-mediated inhibition of NRas ubiquitination resulted in relocalization of the 

GTPase to the plasma membrane, where most of the NRas specific GEFs are found. 

Therefore, we hypothesized that OTUB1 not only prevents NRas ubiquitination but also 

indirectly promotes its activity. As expected, the pool of GTP-loaded NRas and also activation 

of the downstream MAPK pathway was significantly potentiated in OTUB1 overexpressing 

cells (Fig 13).  
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Fig 13: OTUB1 potentiates NRAS signaling. A) Isolation of GTP-bound wild type (WT) NRas 

upon serum stimulation from cells with and without overexpression of OTUB1. B) Analysis of 

phosphorylation pattern of the MAPK components upon serum stimulation in cells with and 

without overxpression of OTUB1. Adapted from Baietti FM. and Simicek M. et al. EMBO Mol 

Med. 2016. 

Further mass spectrometry analysis revealed K128 as the predominant ubiquitination site in 

NRas. To gain deeper mechanistic insight on the regulation of NRas activity by non-degrative 

forms of ubiquitination, we developed a method for in vitro site specific ubiquitination of 

NRas. The method is based on the replacement of the isopeptide bond between the C-

terminal ubiquitin glycine and substrate lysine with cysteine-based disulfide bond. The 

strategy for non-enzymatic, site-specific ubiquitination of NRas is shown in Fig 14. 

 

Fig 14: Schematic of the in vitro site-specific ubiquitination of NRas. Simicek M. et al. 

unpublished. 
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This novel approach allowed us to study the interaction properties of NRas conjugated to 

monoubiquitin exclusively at K128. We successfully applied this system to pull down Ras 

regulatory proteins. Results of the biochemical experiments were in line with the biological 

phenotype, when ubiquitinated NRas was able to interact with the GEF protein SOS1. At the 

same time, binding to RAS GAP p120 was largely abolished by ubiquitin on NRas K128. 

Additionally, we performed structural prediction that further supported the experimental 

data. In this model, ubiquitin fused to NRas K128 allowed association with SOS1, while the 

same modification would create sterical hindrance in NRas GAP complex (Fig 15). 

 

Fig 15: Interaction of K128-ubiquitinated NRas with GEF and GAP proteins. A) Pull down of 

NRas and NRas-K128-Ub with SOS1. B) Structural prediction model of NRas-K128-Ub in 

complex with SOS1. C) Pull down of NRas and NRas-K128-Ub with p120GAP. D) Structural 

prediction model of NRas-K128-Ub in complex with p120GAP. Simicek M. et al. unpublished. 

Our results suggested that elevated OTUB1 expression might alter Ras activity independently 

of the classical Ras oncogenic mutations. Analysis of The Cancer Genome Atlas (TCGA) 

revealed a gain of the 11q13.1 locus (Huang et al., 2002), where the OTUB1 gene resides. 

This genomic aberration is commonly found in both human lung adenocarcinomas and lung 

squamous cell carcinomas. Therefore, we quantified the expression of OTUB1 mRNA in 

series of human lung cancer samples and found OTUB1 upregulated in a majority of 

adenocarcinomas and squamous cell carcinomas compared to normal tissue samples. 

Interestingly, patient samples analysis further showed that OTUB1 overexpression was 

mutually exclusive with KRas mutation state (Fig 16). 
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Fig 16: OTUB1 is overexpressed in KRas WT lung tumors. A) OTUB1 mRNA levels in normal 

lung tissue and lung tumors bearing WT or mutant KRas. B) Gain of OTUB1 locus and KRas 

mutations in lung cancers. Adapted from Baietti FM. and Simicek M. et al. EMBO Mol Med. 

2016. 

To experimentally test the possibility that OTUB1 promotes KRas tumorigenic potential, we 

ectopically overexpressed OTUB1 in lung cancer cell lines possessing wild type (WT) or 

mutant KRas. Consistent with our hypothesis, OTUB1 promoted growth only of tumor cells 

with WT but not mutant KRas both in cell culture models and in mouse subcutaneous 

xenografts (Fig 17).  

 

Fig 17: OTUB1 promotes tumorigenic effect of WT KRas in lung tumors. A) Quantification of 

soft agar assay using WT and mutant KRas cell lines. B,C,D) Xenograft tumor growth of 

cancer cells overexpresing control vector (V) or OTUB1. Adapted from Baietti FM. and Simicek 

M. et al. EMBO Mol Med. 2016. 
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In summary, our study pointed to OTUB1 as an important regulator of Ras activity by 

mediating Ras ubiquitination status. Altered ubiquitination affected Ras activity, localization 

and protein-protein interactions but not degradation. Most importantly, our data suggest 

that dysregulation of Ras ubiquitination represents an alternative mechanism to activate WT 

Ras and drive its tumorigenic properties in human lung cancer. 

Our following research identified Ras as a specific substrate of the E3 ligase LZTR1, which 

ubiquitinates Ras on K170. Similarly as in OTUB1 suppressed cells, overexpression of LZTR1 

inhibited Ras plasma membrane localisation (Fig 18). This suggested that LZTR1 could act as 

a tumor suppressor. Indeed, mutations or haploinsufficiency of the LZTR1 gene were 

associated with Noonan syndrome and schwannomatosis (Piotrowski et al., 2014). In our 

model system, LZTR1 deletion or disease-associated mutation affected the activation of 

Ras both in cell culture and in vivo. In summary, our study for the first time provided a 

mechanistic explanation for the partial loss and mutation in LZTR1 gene in human 

disease (Steklov et al., 2018). 

 

Fig 18: Structural superposition of monoubiquitin at K170 of HRas (A) and NRas (B). The 

prediction supports the model, where conjugation of ubiquitin in a near proximity to the 

flexible C-terminus abrogates Ras association with plasma membrane. Adapted from Steklov 

M. at el. Science. 2018. 
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3. Targeting ubiquitin-proteasome pathway in human cancer 

Increased proteosynthesis is required to sustain the needs of highly proliferating malignant 

tissue and is a hallmark of every cancer (Hanahan & Weinberg, 2011). The increased load of 

newly formed polypeptides creates enormous pressure on protein quality control 

mechanisms. To maintain cellular homeostasis, tumor cells tend to acquire very efficient and 

selective protein degradation machinery. Many intracellular proteins are ubiquitinated and 

degraded in proteasome, a complex multiprotein enzymatic assembly with several catalytic 

activities. In neoplastic tissue, proteasome targets participate particularly in the regulation 

of cell cycle, proliferation, differentiation and apoptosis (Jang, 2018). Therefore, fine tuning 

of ubiquitin-proteasome degradation pathway is critical for the survival and progression of 

many tumors. From this developed the idea of targeting the ubiquitin-proteasome system as 

a rational approach in the treatment of human cancers (Manasanch & Orlowski, 2017; Soave 

et al., 2017). 

3.1 Proteasome inhibitors in multiple myeloma  

Haematological malignancies, particularly multiple myeloma (MM), are an extraordinary 

example of critical dependence on fully functional proteasome (Caravita et al., 2006). MM is 

a malignancy of immunoglobulin-producing plasma cells that represent the terminal 

differentiation stage of B-cells. Aberrant plasma cell clones originate from the transformed 

pro-B-cells that home to the bone marrow (Billadeau et al., 1993; Boyle et al., 2014; Garcés 

and Simicek et al., 2020). MM cells produce an large quantity of immunoglobulins that can 

reach up to 30% of the entire proteome (Kumar et al., 2017; Salmon & Smith, 1970). Such a 

massive production of immunoglobulins generates a huge amount of misfolded proteins, 

which are subsequently ubiquitinated and targeted for degradation in proteasome (Aronson 

& Davies, 2012). 

Any disruption of the ubiquitin-proteasome system is fatal and leads to the rapid death of 

MM cells. Therefore, inhibition of proteasome activity has been extensively explored as a 

successful therapeutic strategy in MM. Soon after, proteasome inhibitors became a 

cornerstone of anti-myeloma therapy (Gandolfi et al., 2017; Ito, 2020). Introduction of 

bortezomib, a potent and highly specific proteasome inhibitor, completely revolutionised 

treatment of MM patients. Although the initial outcomes in many patients are very 

promising, bortezomib-based therapy eventually leads to the development of resistance 

(Braggio et al., 2015). An emerging and promising approach to avoid drug resistance is 

targeting other plasma cells specific components of the ubiquitin-proteasome system 

(Bianchi et al., 2009). 
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3.2 Modulation of ubiquitin system to prevent drug resistance in multiple myeloma 

Even though the link between immunoglobulin production capacity and sensitivity to 

proteasome inhibitors was already proposed (Bianchi et al., 2009; Meister et al., 2007), there 

is very limited experimental and real world evidence connecting these two parameters. We 

speculated that ability of myeloma cells to produce immunoglobulins might positively 

correlate with sensitivity to proteasome inhibitors. To evaluate our hypothesis, we 

quantified amount of intracellular immunoglobulin in a cohort of 25 newly diagnosed MM 

patients, who later underwent proteasome inhibitor-based treatment. Firstly, aberrant 

plasma cells were isolated from bone marrow by flow cytometry using a set of unique 

surface markers. Concentration of intracellular immunoglobulins was further measured by 

ELISA assay and plotted against the length of progression free survival (PFS) of each patient. 

As expected, we found a strong correlation between the amount of intracellular 

immunoglobulin and patient PFS. This correlation was independent of the immunoglobulin 

chain type (λ vs κ). Furthermore, the median concentration of intracellular immunoglobulin 

was able to stratify MM patients into two groups: 1) immunoglobulin high - proteasome 

inhibitor responsive; and 2) immunoglobulin low - proteasome inhibitor-resistant (Fig 19).  

 

Fig 19: Amount of intracellular immunoglobulin (Ig) correlates with MM patients PFS. A) 

Schematic of the experimental set up. B) Correlation analysis of ELISA data with PFS. C) 

Kapplan-Meier survival analysis of Ig low and Ig high MM patients. ND = new diagnosis, BTZ 

= bortezomib. Vdovin A. and Simicek M. Unpublished. 

Such a dramatic difference prompted us to identify intrinsic factors that mediate 

immunoglobulin production in MM cells. To this end, we used RNAseq to explore 

transcriptome of more than a dozen myeloma patients with different immunoglobulin 

production capacity. The following bioinformatics analysis together with several filtering 

steps provided multiple hits. Our attention was attracted particularly by the gene encoding 

deubiquitinating enzyme OTUD1, which is specifically expressed in B-cells reaching the peak 

expression in immunoglobulin producing, bone marrow residing plasma cells. Following 

validation by qPCR analysis confirmed that expression of OTUD1 could distinguish patients 

with low and high intracellular immunoglobulin. Additionally, we found that myeloma 
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patients treated with proteasome inhibitors had a significantly worse prognosis when 

expressing low OTUD1 similarly as patients with low intracellular immunoglobulin levels 

suggesting on a functional relationship (Fig 20). 

 

Fig 20: OTUD1 correlates with myeloma capacity to produce immunoglobulins (Ig). A) 

Schematic of RNAseq analysis. B) OTUD1 expression during B-cell development. C) OTUD1 

expression in Ig low and Ig high MM patient samples. D)  Ig quantification in OTUD1 low and 

OTUD1 MM patient samples. E) Kapplan-Meier survival analysis of MM patients group by 

OTUD1 expression levels. NBCs - naïve B-cells, CBs - centroblast, CCs - centrocytes, MBC - 

memory B-cells, prePBs - preplasmablasts, PBs - plasmablasts, EBPs - early plasma cells, 

BMPCs - bone marrow plasma cells. Vdovin A. and Simicek M. Unpublished. 

To validate results from the RNAseq analysis, we created genetic models of several MM cell 

lines with doxycycline-inducible OTUD1 overexpression and shRNA-mediated OTUD1 knock 

down. Similarly to MM patients, cells with OTUD1 overexpression dramatically increased the 

amount of intracellular immunoglobulin. At the same time, higher expression of OTUD1 

potentiated sensitivity to all clinically used proteasome inhibitors. On the contrary, myeloma 

cells with OTUD1 knock down significantly suppressed intracellular immunoglobulin and 

become resistant to all three tested classes of clinically used proteasome inhibitors (Fig 21). 
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Fig 21: OTUD1 expression promotes immunoglobulin (Ig) production and sensitizes MM 

cells to proteasome inhibitors. A) Ig levels in isogennic MM cells with doxycycline-inducible 

OTUD1. B) Ig levels in MM cells shRNA mediated OTUD1 knock down. C) Viability assay with 

OTUD1 overexpressing MM cells. D) Viability assay with OTUD1 knock down MM cells. BTZ = 

bortezomib, CFZ = carfilzomib, IXA = ixazomib. Vdovin A. and Simicek M. Unpublished. 

Our patient data indicated that increased production of immunoglobulin sensitizes myeloma 

cells to proteasome inhibitors. At the same time, elevated expression of OTUD1 promoted 

immunoglobulin synthesis and increased proteasome inhibitor-induced cell death. To 

connect these two phenotypes, we hypothesized that greater immunoglobulin synthesis 

would also lead to a rise in misfolded, highly ubiquitinated proteins, which would saturate 

proteasome eventually leading to a higher cytotoxic effect of proteasome inhibitors. 

Resistance to proteasome inhibitors might be caused by multiple factors including 

overexepression of proteasome catalytic 20S subunits, suppression of the regulary 19S 

proteins or increased enzymatic activity of the chymotrypsin-like protease in the 

proteasome core (Acosta-Alvear et al., 2015; Allmeroth et al., 2020). To examine these 

possibilities, we analysed expression of both 19S and 20S subunits. We observed no 

difference in the amount of proteasome subunits both at mRNA and protein level in MM 

cells with doxycycline-inducible OTUD1 overexpression. At the same time, analysis of the 

proteasome core catalytic activity using fluorogenic substrate revealed no changes upon 

elevated OTUD1 expression (Fig 22). 

 

Fig 22: Expression and activity of proteasome is not affected by OTUD1. A) qPCR analysis of 

proteasome subunits mRNA. B) Western blot analysis of proteasome subunits expression. C) 

Quantitative kinetic analysis of proteasome catalytic activity. Vdovin A. and Simicek M. 

Unpublished. 
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Interestingly, when exploring ubiquitome of myeloma cells, we observed a dramatic increase 

in the total pool of ubiquitinated proteins in cells with OTUD1 overexpression, while in 

OTUD1 knock downs the ubiquitin smear almost disappeared. Because immunoglobulins 

form almost a quarter of all plasma cell proteins, we speculated that the observed changes 

in ubiquitome are due to differences in OTUD1-mediated immunoglobulin levels. Indeed, 

when we knocked down immunoglobulin in the OTUD1 overexpressing MM cells, the 

amount of polyubiquitinated proteins returned to basal state. And finally, the total pool of 

ubiquitinated proteins correlated with levels of intracellular immunoglobulin in primary 

samples from the MM patients before application of therapy. Importantly, the selected 

group of patients later received treatment based on proteasome inhibitors. Analysis of PFS 

revealed a strong correlation with the amount of polyubiquitinted proteins prior to therapy 

(Fig 23).  

 

Fig 23: OTUD1 mediated immunoglobulin (Ig) production leads to accumulation of highly 

ubiquitinated proteins. A) Ubiquitom analysis in MM cells with OTUD1 overexpression. B) 

Ubiquitom analysis in MM cells with OTUD1 knock down. C) Ubiquitom analysis of OTUD1 

overexpressing cells with Ig knock down. D) Ubiquitom analysis and PFS of primary MM 

patient samples. Vdovin A. and Simicek M. Unpublished. 

Our previous structural and biochemical data indicated on the potential role of OTUD1 in 

ubiquitin proteasome system (Fig 10). However, mutation of the RAD23A binding sites in 

OTUD1 did not revert immunoglobulin levels and related phenotype in myeloma cells. 

Therefore, we speculated that another OTUD1 binding partner might account for the 

observed biological effects in MM.  

To get a deeper insight in the OTUD1 interactome, we fused OTUD1 to the promiscuous 

biotin ligase BirA and performed proximity labeling assay. BirA irreversibly attaches biotin 

only to proteins found in a very small perimeter from the enzyme. Therefore, this approach 

allows identification of specific, highly dynamic and transient protein-protein interaction in 
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intact cells. In our system the biotin labeled proteins were isolated by streptavidin pull 

down. Subsequent mass spectrometry analysis identified several novel OTUD1 interactors. 

Between the top hits was the endoplasmic reticulum (ER)-resident peroxiredoxin 4 (PRDX4). 

This enzyme regulates series of redox reactions during disulfide bonds formation, which are 

critical for the very early steps of the immunoglobulin folding inside the ER. Moreover, we 

found that PRDX4 expression follows the capacity of B-cells to produce immunoglobulin 

reaching maximum expression in the bone marrow plasma cells, similarly to OTUD1 (Fig 24).  

 

Fig 24: OTUD1 directly interacts with PRDX4 inside the ER. A) Reciprocal co-

immunoprecipitation of OTUD1 and PRDX4. B) Co-immunoprecipitation of endogenous 

OTUD1 and PRDX4. C) Co-immunoprecipitation of OTUD1 with full length (FL) and cytosolic 

(∆1-38) forms of PRDX4. D) In vitro GST-pull down with recombinant OTUD1 and PRDX4. E) 

PRDX4 expression during B-cell development. NBCs - naïve B-cells, CBs - centroblast, CCs - 

centrocytes, MBC - memory B-cells, prePBs - preplasmablasts, PBs - plasmablasts, EBPs - 

early plasma cells, BMPCs - bone marrow plasma cells. Vdovin A. and Simicek M. 

Unpublished. 

Further biochemical analysis revealed that WT but not the catalytic mutant of OTUD1 was 

able to deubiquitinate PRDX4 both in vitro and in vivo. To avoid potential artifacts, we used 

OTUD1 C320R mutant, which we previously described as the most appropriate substitution 

model for functional DUB studies (Morrow et al., 2018). Additionally, suppression of OTUD1 

in myeloma cells led to a dramatic increase in ubiquitinated form of endogenous PRDX4. 

Finally, in OTUD1 overexpressing cells PRDX4 was stabilized, while in cells with OTUD1 knock 

down PRDX4 almost completely disappeared without affecting PRDX4 mRNA levels. These 

results position OTUD1 as a positive regulator of PRDX4 stability by preventing its ubiquitin-

dependent degradation (Fig 25).  
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Fig 25: OTUD1 deubiquitinates and stabilises PRDX4. A) Immunoprecipitation of 

ubiquitinated PRDX4 in presence of WT or catalytically deficient (C320R) OTUD1. B) In vitro 

deubiquitination assay with purified endogenously ubiquitinated PRDX4 and recombinant 

OTUD1. C) PRDX4 levels in OTUD1 knock down MM cells. D) PRDX4 levels in OTUD1 

overexpressing MM cells. E) Model of OTUD1 mediated PRDX4 stabilization. Vdovin A. and 

Simicek M. Unpublished. 

Whether stabilization of PRDX4 is responsible for the phenotypes observed in myeloma cells 

with altered OTUD1 expression, we performed several rescue experiments by restoring 

normal PRDX4 levels in MM cells with elevated or suppressed OTUD1. Both in OTUD1 

overexpressed and knock down cells restoration of PRDX4 levels almost completely rescued 

all previously detected phenotypes, i.e. immunoglobulin production, ubiquitin levels and 

sensitivity to proteasome inhibitors (Fig 26). 

 

Fig 26: OTUD1 phenotype in MM cells is dependent on PRDX4. A,D) Immunoglobulin levels 

in MM cells with altered OTUD1 and PRDX4 levels. B,E) Ubiquitome analysis of cells used in A 

and D. E,F) Viability assay with cells used in A and D. BTZ = bortezomib. Vdovin A. and Simicek 

M. Unpublished. 
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To summarize the mechanistic part, we have discovered a novel regulatory pathway 

myeloma cells use to produce a large number of immunoglobulins. In brief, OTUD1 stabilizes 

PRDX4 which promotes the initial steps of immunoglobulin assembly. Consequently, rapid 

disulfide bond formation overloads the ER folding capacity. The resulting accumulation of 

misfolded, highly ubiquitinated immunoglobulins saturates proteasome eventually 

sensitizing myeloma for proteasome inhibitors. On the other hand, in cells will low OTUD1 

levels, PRDX4 is quickly degraded and immunoglobulin folding is slowed down. Therefore, 

the amount of misfolded immunoglobulins drops leading to lower proteasome occupancy 

and proteasome inhibitor resistance. 

To therapeutically exploit this mechanism, we asked how to re-sensitize the OTUD1 low or in 

general the immunoglobulin low MM cells. In addition to the already described features, 

myeloma with increased immunoglobulin synthesis exhibit also high ER stress. This is in a 

strong contract to MM cells with diminished immunoglobulin production, where ER stress is 

suppressed. Therefore, we speculated that co-application of selective ER stress inducers 

together with proteasome inhibitors could revert the negative prognosis of the subset of 

proteasome inhibitor-resistant myeloma patients with low capacity to produce 

immunoglobulins. For this reason, we performed a rational screening using several ER-stress 

inducing drugs including already clinically explored compounds. From the tested chemicals 

the best performing candidate was the HSP-90 inhibitor tanespimycin (17-N-allylamino-17-

demethoxygeldanamycin, 17-AAG), which was able to completely revert proteasome 

inhibitor (bortezomib) resistance in the OTUD1 low cells with decreased immunoglobulin 

production capacity. The biochemical analysis confirmed that the mechanism of action of 

bortezomib in combination with 17-AGG can be attributed to the increase of missfolded, 

highly ubiquitinated proteins (Fig 27).  

 

Fig 27: Co-treatment with HSP90 inhibitor resensitises OTUD1 low MM cells to proteasome 

inhibiton. A) Viability analysis of control and OTUD1 knock down MM cells treated with 

HSP90 inhibitor (17-AGG), bortezomib (BTZ) or combination. B) Ubiquitom analysis of the 

cells used in A. Vdovin A. and Simicek M. Unpublished. 
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In conclusion, our study showed that myeloma patients with low expression of OTUD1 have 

impaired immunoglobulin production due to the destabilization of PRDX4. Lower levels of 

misfolded, ubiquitinated immunoglobulins in OTUD1 low myeloma cells result in minor 

occupancy of proteasome and resistance to proteasome inhibitors. The outcome is 

significantly shorter survival, when treatment is applying exclusively proteasome inhibitors. 

Based on our results, we propose the combinatory use of proteasome inhibitors with 

tanespimycin as a novel, promising treatment strategy for myeloma patient with low levels 

of immunoglobulin (Fig 28). In the future, the intracellular immunoglobulin could be further 

explored with larger cohorts and might be considered as a robust and easy-to-detect 

prognostic and treatment stratification marker in MM patients. 

 

Fig 28: Schematic model of the OTUD1-PRDX4 pathway in MM cells. In myeloma with high 

OTUD1 expression PRDX4 is stabilized and promotes formation of immunoglobulins that 

eventually saturate degradation machinery. Therefore, these cells are highly sensitive to 

inhibition of proteasome. In myeloma cells with low OTUD1 expression PRDX4 is destabilized 

and formation of immunoglobulins drops. Thus, protein load on proteasome is diminished 

and the cells become resistant to proteasome inhibitors. Combinatory use of proteasome 

inhibitors with the ER-stress inducing drugs, such as HSP90, is a promising strategy to avoid 

drug resistance in myeloma patient with low immunoglobulins. Vdovin A. and Simicek M. 

Unpublished. 
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Conclusions 

Extensive research over the last few decades has uncovered intricate functions of ubiquitin 

and ubiquitin like proteins in a variety of cellular processes. Numerous publications including 

our work determined the ubiquitin system as robust and flexible machinery that tightly 

regulates many delicate and executive cellular events in a spatiotemporal manner. Highly 

dynamic and complex architecture of ubiquitin moieties ranges from monoubiquitination, 

multi- monoubiquitination, eight different homotypic chains, yet unresolved number of 

heterotypic and branched polyubiquitin polymers, mixed ubiquitin chains containing other 

ubiquitin like proteins up to the second level of posttranslational modification, when 

ubiquitin itself is modified by phosphorylation and other small chemical groups. As 

presented in this Thesis, our work and other studies associated many components of the 

ubiquitin system with human diseases. However, only a limited number of drugs are 

available. Therefore there is a constant need for further understanding of this extremely 

complex and sophisticated regulatory apparatus. 
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Future perspectives 

Even though the ubiquitin system has already been extensively studied, many outstanding 

questions for future research remain. Probably the most difficult and technically challenging 

will be deciphering the complex myriad of ubiquitin chain types and their function in cell 

physiology. Breaking down the ubiquitin code will not only improve our understanding of 

these delicate regulatory entities but especially offer unprecedented possibilities to 

specifically target unique cellular processes in pathological settings. 

Additionally, numerous proteomic studies found tens of thousands of ubiquitination sites in 

human proteins (Kirkpatrick et al., 2005; Wagner et al., 2011). At the moment, we 

understand only a very small fraction of these events and for most we completely lack the 

responsible E3 ligases and DUBs. Sophisticated biochemical approaches such as enzymatic-

based proximity labelling and selective ubiquitin binding domains together with modern 

mass spectrometry might be useful tools to identify the specific enzymes (Baumann, 2012; 

Q. Liu et al., 2018; Roux et al., 2018; Udeshi et al., 2013). 

Drug screening programs offer a plethora of small molecules potentially useful as E3 or DUB 

inhibitors or activators (Bulatov et al., 2018; Collins et al., 2017; Harrigan et al., 2018; Landré 

et al., 2014). A brand new direction is a research focused on the development of small 

molecules that can change the enzyme substrate specificity. Thalidomide derivates, which 

modulate substrate selection of the E3 ligase Cereblon, represent an excellent example of 

this class of drugs (Mori et al., 2018). A huge success of these immunomodulatory agents in 

the treatment of MM (Madan et al., 2011) is encouraging further investigation and rational 

structure based drug design to target ubiquitin processing enzymes. 

Another promising direction is employing the E3 ligase chimeras for targeted degradation of 

proteins that would be otherwise very difficult or impossible to target by small molecular 

compounds (Smith et al., 2019). Future research will likely bring new exciting discoveries 

that will lead to the development of novel tools and approaches for treating human 

diseases. 
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List of abbreviations 

AMP  adenosine monophosphate 
ATP   adenosine triphosphate 
BARD1  BRCA1-associated RING domain protein 1 
BRCA1  breast cancer 1 
CLR   cullin-RING E3 ligase 
CYLD  cylindromatosis deubiquitinase 
DDR  DNA damage response  
DNA  deoxyribonucleic acid 
DUB  deubiquitinase 
ELISA  enzyme linked immunosorbent assay 
ER  endoplasmic reticulum 
GAP  GTPase activating protein 
GDI  guanosine nucleotide dissociation inhibitor 
GDP  guanosin diphosphate 
GEF  GTP exchange factor 
GTP  guanosin triphosphate 
HECT  homologous to the E6-AP carboxyl terminus  
HSP-90  heat shock protein 90 
IKK  inhibitor of IκB kinase 
IL-1R1  interleukin 1 receptor 1 
IκB  inhibitor κB 
LZTR1  leucine zipper like transcription regulator 1 
MAPK  mitogen activated protein kinase 
MDC1  mediator of DNA damage checkpoint protein 1   
MINDY  motif interacting with Ub-containing novel DUB family 
MM  multiple myeloma 
NEDD4  neural precursor cell expressed, developmentally down-regulated 4 
NF1  neurofibromin 1 
NF-κB  nuclear factor κB 
NMR  nuclear magnetic resonance spectroscopy 
NZF  N-terminal Npl4-like zinc finger 
OTU  ovarian tumor protease  
PCNA  proliferating cell nuclear antigen 
PFS  progression free survival 
PINK1  PTEN-induced kinase 1 
PRDX4  peroxiredoxin 4 
qPCR  quantitative polymerase chain reaction 
RABEX5 Rab guanine nucleotide exchange factor 1 
RBR   RING-in-between-RING 
RING   really interesting new gene 
RNF168 RING finger protein 168 
RNF8  RING finger protein 8 
shRNA  small hairpin ribonucleic acid 
SOS1  son of sevenless homolog 1 
SPR   surface plasmon resonance 
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SUMO  small ubiquitin-like modifier 
NEDD8  neural precursor cell expressed, developmentally downregulated 8 
TCGA  the cancer genome atlas 
TLR4  toll-like receptor 4 
TNFR1  tumor necrosis factor receptor 1 
TRABID  tumor-necrosis factor receptor-associated factor-binding protein domain 
TRAF6  TNF receptor associated factor 6 
TTC3  tetratricopeptide repeat domain 3  
UBA1   ubiquitin activating enzyme 1  
UBA6  ubiquitin activating enzyme 6 
UBD   ubiquitin-binding domain 
Ubl  ubiquitin-like 
UCH  ubiquitin C-terminal hydrolyze 
USP  ubiquitin-specific protease 
WT   wild type 
γH2AX  phosphorylated of histone 2AX 
17-AAG 17-N-allylamino-17-demethoxygeldanamycin 
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The deubiquitylase USP33 discriminates between
RALB functions in autophagy and innate immune
response
Michal Simicek1,2, Sam Lievens3,4, Mathias Laga3,4, Dmytro Guzenko5, Vasily N. Aushev6, Peter Kalev1,2,
Maria Francesca Baietti1,2, Sergei V. Strelkov5, Kris Gevaert3,4, Jan Tavernier3,4 and Anna A. Sablina1,2,7

The RAS-like GTPase RALB mediates cellular responses to nutrient availability or viral infection by respectively engaging two
components of the exocyst complex, EXO84 and SEC5. RALB employs SEC5 to trigger innate immunity signalling, whereas
RALB–EXO84 interaction induces autophagocytosis. How this differential interaction is achieved molecularly by the RAL GTPase
remains unknown. We found that whereas GTP binding turns on RALB activity, ubiquitylation of RALB at Lys 47 tunes its activity
towards a particular effector. Specifically, ubiquitylation at Lys 47 sterically inhibits RALB binding to EXO84, while facilitating its
interaction with SEC5. Double-stranded RNA promotes RALB ubiquitylation and SEC5–TBK1 complex formation. In contrast,
nutrient starvation induces RALB deubiquitylation by accumulation and relocalization of the deubiquitylase USP33 to
RALB-positive vesicles. Deubiquitylated RALB promotes the assembly of the RALB–EXO84–beclin-1 complexes driving
autophagosome formation. Thus, ubiquitylation within the effector-binding domain provides the switch for the dual functions of
RALB in autophagy and innate immune responses.

The RAS family of small GTPases function as molecular switches
alternating between inactiveGDP-bound and activeGTP-bound states1.
Once activated, RAS GTPases exert their effects through binding
and activation of downstream effectors. Each RAS GTPase activates
a diverse set of downstream effectors and may propagate multiple
signalling pathways. However, the mechanisms that govern specificity
of the interactions between RAS GTPases and their downstream
effectors are mainly unknown.
Two highly similar RAL proteins, RALA and RALB, constitute a

family within the RAS branch of small GTPases. RALA and RALB
share the same effector molecules and seem to function in distinct but
inter-related biological processes that are largely connected through
their interaction with the RALBP1 protein and the components of the
hetero-octameric exocyst complex. Two components of the exocyst,
SEC5 (EXOC2) and EXO84 (EXOC8), are effector molecules that
mediate RAL regulation of dynamic secretory vesicle targeting and
tethering processes2–6.
RALA mobilizes SEC5 and EXO84 to regulate basolateral delivery

of membrane proteins in polarized epithelial cells4,5 and insulin-
stimulated GLUT4 delivery to the plasma membrane7,8. The binding of

1VIB Center for the Biology of Disease, VIB, 3000 Leuven, Belgium. 2Department of Human Genetics, KU Leuven, Herestraat 49, 3000 Leuven, Belgium.
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5Department of Pharmaceutical and Pharmacological Sciences, KU Leuven, Herestraat 49, 3000 Leuven, Belgium. 6Institute of Carcinogenesis, N.N. Blokhin Russian
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7Correspondence should be addressed to A.A.S. (e-mail: Anna.Sablina@cme.vib-kuleuven.be)

Received 14 March 2013; accepted 20 August 2013; published online 22 September 2013; DOI: 10.1038/ncb2847

RALBP1 to RALA is required for the appropriate mitochondrial fission
and accurate distribution ofmitochondria between daughter cells9.
RALB has been demonstrated to mediate an entirely different set

of cellular processes. Infection with double-stranded RNA (dsRNA)
viruses promotes the formation of the RALB–SEC5 complex that
activates the innate immunity signalling kinase TBK1 and the
subsequent IRF3 transcription-factor-dependent interferon response10.
On the other hand, nutrient starvation or double-stranded DNA
triggers interaction between RALB and EXO84 driving the assembly of
catalytically active ULK1 and the beclin-1–VPS34 autophagy initiation
complex11,12. These data suggest that RALB and the components of
the exocyst complex represent a regulatory hub through bifurcating
activation of TBK1 and beclin-1–VPS34 that helps engage coordinated
activation of the gene expression and organelle biogenesis responses
supporting systemic pathogen recognition and clearance.
The structural data of RAL–effector complexes indicate that the

RAL downstream effectors bind overlapping residues of the RAL
GTPases and compete for RAL binding13–16. It is unclear how specificity
pertaining to effector recognition is achieved by the RAL GTPase.
Here we found that RALB ubiquitylation at Lys 47, controlled by the
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Figure 1 The deubiquitylase USP33 is an interacting partner of the RAL
GTPases. (a) Schematic outline of the MAPPIT technique. The indicated RAL
mutants (baits) were fused to a leptin receptor fragment that is deficient in
STAT3 recruitment sites. The RAL downstream effectors (preys) were tethered
to a GP130 cytokine receptor fragment containing functional STAT3-docking
sites. Association of bait and prey proteins restores a functional leptin
receptor complex. On leptin stimulation, STAT3 activation can be monitored
by a STAT3-responsive luciferase reporter. WT, wild type. (b) MAPPIT screen
identified RAL-interacting proteins. A MAPPIT array covering close to 8,500
preys was screened with RALA-G23V as bait. Data are shown in a volcano
plot of the log ratio of normalized MAPPIT luciferase activity versus P value
Source data can be found in Supplementary Table S1. (c) MAPPIT assay
confirmed interaction between the RAL proteins and USP33. RALA-G23V
or RALB-G23V baits were introduced into HEK293T cells together with
the indicated preys. The results are expressed as a mean of normalized
luciferase activity± s.d (leptin-treated cells versus leptin-untreated cells)
for three independent experiments. Statistics source data can be found in
Supplementary Table S1. (d,e) USP33 interacts with both RALA and RALB.

At 48h post-transfection with tagged USP33 and RAL expression constructs,
the indicated proteins were then immunoprecipitated with anti-Flag (M2)
or anti-HA–agarose, followed by immunoblotting using anti-Flag or anti-HA
antibodies. WCL, whole-cell lysate; IP, immunoprecipitates. (f) Endogenous
USP33 interacts with RALB. Flag–RALB was immunoprecipitated using
anti-Flag (M2) agarose and analysed for co-precipitation with endogenous
USP33 using anti-USP33 antibody. Cells expressing USP33 shRNA were
used as a negative control. (g) GTP binding is not required for interaction
between USP33 and the RAL proteins. The GST-tagged RALA and RALB
were isolated with glutathione–agarose and mixed with lysates derived
from HEK293T cells expressing Flag–USP33 in the presence of GTPγS
or excess of GDP followed by immunoblotting with Flag-specific antibody.
(h) USP33 affects ubiquitylation of RALB, but not RALA. 6xHis-tagged
ubiquitin and Flag–RAL-G23V mutants were introduced into HEK293T
cells stably expressing GFP shRNA or USP33 shRNA. Ubiquitylated RAL
proteins were purified by Co2+ metal affinity chromatography and detected
by antibodies specific to RALA or RALB. Uncropped images of blots are
shown in Supplementary Fig. S7.
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deubiquitylase USP33, determines a choice of RALB to form complexes
with EXO84 or SEC5 to trigger specific cellular responses.

RESULTS
The deubiquitylase USP33 controls ubiquitylation of the
RALB GTPase
To gain insight into the upstream mechanisms of RAL regulation, we
employed the two-hybrid mammalian protein–protein interaction trap
(MAPPIT) approach (Fig. 1a), which allows one to semi-quantitatively
monitor protein–protein interactions in intact mammalian cells17,18.
We found that GTPase-deficient RAL-G23V baits gave rise to robust
MAPPIT signals with each of the tested effector preys, whereas
wild-type RAL proteins, used as baits, scored negative in the assay
(Supplementary Fig. S1a,b). These results are consistent with previous
reports2,3 that confirm the feasibility of the MAPPIT approach for
exploring RAL signalling.
We performed a high-throughput Array MAPPIT screen, in which

the RALA-G23V bait was screened against a library of about 8,500
preys19,20 (Fig. 1b). Importantly, among the top hits we found known
RAL interactors, including RALBP1 (ref. 3), MYO1C (ref. 7), and
the components of the exocyst complex, SEC10 (EXOC5) and SEC8
(EXOC4; ref. 21). We validated RAB34, LSM2, PIH1D2 and USP33 as
potential RALA interactors (Supplementary Fig. S1c).
A recent report has demonstrated that the RAL GTPases undergo

reversible mono- and bi-ubiquitylation22. As enzymes controlling RAL
ubiquitylation warrant further investigation, we focused our further
studies on the ubiquitin-specific protease USP33 (refs 23,24). The
MAPPIT assay confirmed that both RALA and RALB interact with
USP33 (Fig. 1c). When we overexpressed HA-tagged RAL proteins
and Flag-tagged USP33, we found that immune complexes isolated
using either HA- or Flag-specific antibodies contained both the RAL
proteins and USP33 (Fig. 1d,e). We also detected interaction between
endogenous USP33 and Flag-tagged RALB (Fig. 1f), further confirming
that RALB interacts with USP33.
To assess whether USP33 acts downstream or upstream of the

RAL GTPases, we determined whether the interaction between
RALs and USP33 is GTP-dependent by performing USP33–RAL
pulldown experiments in the presence of guanosine gamma thio-
phosphate (GTPγS), a non-hydrolysable GTP analogue, or excess
of GDP. We found that RALA interacts with USP33 in a GTP-
independent manner. Surprisingly, RALB demonstrated a higher
affinity to USP33 in the excess of GDP, indicating that USP33
preferentially interacts with the GDP-bound form of RALB (Fig. 1g).
These results reveal that GTP binding is not necessary for USP33–RAL
interaction, suggesting that USP33 may serve as an upstream regulator
of the RAL GTPases.
To elucidate whether USP33 regulates deubiquitylation of the RAL

proteins, we analysed levels of RAL ubiquitylation in USP33-depleted
cells. Suppression of USP33 by specific short hairpin RNA (shRNA)
(Supplementary Fig. S2a) did not affect levels of ubiquitylated RALA.
In contrast, we observed a significant increase of ubiquitylated RALB
in USP33-suppressed cells (Fig. 1h). We also investigated whether the
deubiquitylase USP20, the closest homologue of USP33, could regulate
ubiquitylation of the RAL GTPases. However, USP20 did not affect
ubiquitylation of the RAL proteins (Supplementary Fig. S3). Given that
we observed an interaction between USP33 and RALB and increased

RALB ubiquitylation in USP33-depleted cells, it seems likely that RALB
is a direct target for the deubiquitylase USP33.

RALB ubiquitylation at Lys 47 determines a choice of its
downstream effectors
Similar RALB protein levels in cells expressing green fluorescent protein
(GFP) shRNA and USP33 shRNA suggest that RALB ubiquitylation
plays a regulatory role rather than targeting RALB for degradation
(Fig. 1h). We next identified sites of RALB ubiquitylation by mass
spectrometry after tandem affinity purification of ubiquitylated RALB
from USP33-depleted cells (Fig. 2a). Mass spectrometry analysis
revealed six sites of RALB ubiquitylation (Fig. 2b and Supplementary
Fig. S4a). We also detected both Lys-48- and Lys-63-linked ubiquitin
linkages, indicating that at least some of the bi-ubiquitylated RALB is
due to tandemmodification. However, a previous report22 also suggests
that the bi-ubiquitylated forms of RALB could consist of two separate
monoubiquitylations at different lysine residues on RALB.
The mass spectrometry analysis suggested that ubiquitylation of

RALB at Lys 47 and Lys 160 is the most abundant in USP33 knockdown
(KD) cells (Fig. 2b). However, whereas we observed rather a slight
increase in ubiquitylation of the RALB-K160R mutant, substitution of
arginine for Lys 47 markedly reduced the level of RALB ubiquitylation
(Fig. 2c). Moreover, USP33 KD did not affect ubiquitylation levels
of the RALB-K47R mutant (Fig. 2d), indicating that USP33 regulates
RALB deubiquitylation at Lys 47. As USP33 preferentially binds to
GDP-bound RALB, we investigated whether RALB ubiquitylation
depends on its GDP–GTP status. We found a significantly increased
level of ubiquitylation of the GTP-bound RALB-G23V mutant when
compared with wild-type RALB (Fig. 2e), indicating that GTP binding
and ubiquitylation at Lys 47 are coupled together. We determined that
approximately 5% of GTP-bound RALB underwent ubiquitylation,
whereas suppression of USP33 led to an increase up to about 14%.
(Supplementary Fig. S4b,c).
Mass spectrometry analysis also revealed that ubiquitylated RALB

was in complex with SEC5, whereas we did not observe EXO84 peptides
(Supplementary Fig. S4d). Consistently, co-immunoprecipitation
revealed that substitution of arginine for Lys 47 led to increased
interaction of RALB with EXO84 and decreased its binding to SEC5
(Fig. 2f,g). On the other hand, the K47R mutation did not alter the
amount of GTP-bound RALB (Fig. 2h). Together, these results suggest
that RALB ubiquitylation does not affect RALB activity but modulates
RALB–SEC5 and RALB–EXO84 complex formation.
To further determine the effect of Lys 47 ubiquitylation on

interactions between RAL and its effectors, we sampled the
conformational space of ubiquitin ligated to Lys 47 of RAL using known
three-dimensional structures of RALA in complex with RAL-binding
domains (RBD) of SEC5 or EXO84 (refs 15,25). By using the Rosetta3
suite26,27, we found that the scoring confidence index28 for the decoys
with a negative energy of ubiquitylated-RALA–EXO84 simulation
is 0.025, indicating that a good binding conformation is unlikely
to be identified. The same index for ubiquitylated-RALA–SEC5 is
0.314, indicating that further modelling is required (Fig. 2i). To
isolate a possible docking solution for the ubiquitylated-RALA–SEC5
complex, we generated a number of higher-quality decoys for Lys-
47-ubiquitylated RALA with and without SEC5-RBD. Assuming that
SEC5 binding does not change ubiquitin position significantly, we cross-
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Figure 2 Ubiquitylation of RALB at Lys 47 determines a choice of
RALB to interact with SEC5 or EXO84. (a) Tandem affinity purification
of ubiquitylated RALB. 6xHis–ubiquitin and Flag–RALB-G23V were
co-transfected into HEK293T cells, and ubiquitylated RALB was purified
using anti-Flag resin followed by Co2+ metal affinity chromatography.
Isolated RALB was visualized by immunoblotting using anti-RALB antibody.
(b) RALB undergoes ubiquitylation on multiple sites. Schematic diagram
of the RALB domains (upper panel). RALB ubiquitylation sites were
identified in two independent tandem mass spectrometry analyses with a
total coverage of 63% of the RALB amino acid sequence (Supplementary
Fig. S4a). The major identified ubiquitylation sites, Lys 47 and Lys 160,
are located in the effector-interacting domain (green) and the G5 box
(red), respectively. (c) Substitution of arginine for lysine at position
47 significantly inhibits ubiquitylation of RALB. (d) USP33 regulates
RALB ubiquitylation at Lys 47. (e) The GTP–GDP status of RALB affects
RALB ubiquitylation at Lys 47. For c–e, 6xHis-tagged ubiquitin and the
indicated RALB mutants were introduced into HEK293T cells expressing
GFP shRNA or USP33 shRNA. Ubiquitylated RALB was purified by Co2+

metal affinity chromatography and detected by antibodies specific to RALB.
WT, wild type. (f) Lack of ubiquitylation at Lys 47 inhibits RALB binding

to SEC5. The indicated Flag-tagged RALB mutants were overexpressed in
HEK293T cells and then immunoprecipitated with anti-Flag (M2) agarose
followed by immunoblotting using anti-SEC5 antibody. (g) Ubiquitylation
at Lys 47 impairs RALB binding to EXO84. Flag-tagged RALB mutants
were overexpressed in HEK293T cells and then immunoprecipitated with
anti-Flag (M2) agarose followed by immunoblotting using anti-EXO84
antibody. (h) Ubiquitylation at Lys 47 does not affect RALB activity.
The activity of RALB mutants was determined by a RALBP1–RBD
binding assay. (i) The Rosetta v3 protocol described in ref. 26 was
used for ubiquitin-docking simulations. The plot represents the energies
of the produced decoys distributed by the root-mean-square deviation
(RMSD) of ubiquitin position relative to RALA from an arbitrarily
chosen decoy. (j) Rosetta modelling of ubiquitylated-RALA–SEC5-RBD
and ubiquitylated-RALA–EXO84-RBD complexes. Superposition of the
top ten refined solutions of ubiquitylated-RALA–SEC5-RBD complex,
selected by combined scores of two independent docking simulations of
ubiquitylated-RALA–SEC5-RBD and ubiquitylated-RALA (left). Simulated
ubiquitin positions linked to Lys 47 of RALA were combined with the
RALA–EXO84 complex (right). Uncropped images of blots are shown in
Supplementary Fig. S7.
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Figure 3 USP33 modulates interactions between RALB and the exocyst
proteins by regulating RALB ubiquitylation at Lys 47. (a) USP33
does not affect RALB activity. The activity of RALB was determined
in HEK293T cells expressing GFP shRNA or USP33 shRNA and
empty vector (V) or HA-tagged USP33 by RALBP1–RBD binding assay.
(b) USP33 modulates interaction between RALB and SEC5. Flag-tagged
RALB was overexpressed in HEK293T cells expressing GFP shRNA,
USP33 shRNA, empty vector (V) or HA-tagged USP33. The indicated
proteins were then immunoprecipitated with anti-Flag (M2) agarose
followed by immunoblotting using anti-Flag or anti-SEC5 antibodies.
(c) USP33 regulates RALB binding to EXO84. Flag-tagged RALB was
immunoprecipitated using anti-Flag (M2) agarose from HEK293T cells
expressing the indicated constructs. The presence of EXO84 in RALB
complexes was analysed by immunoblotting using anti-HA or anti-EXO84
antibody. (d) Activated RALB co-localizes with both EXO84 and SEC5. At
24h after co-transfection with RALB-G23V–EGFP and HA–EXO84, HeLa
cells were immunostained with anti-HA and anti-SEC5 antibodies. Scale

bars, 10 µm. The outlined areas are shown at higher magnification in
the bottom panels. (e) RALB ubiquitylation controls interaction between
EXO84 and SEC5. Flag-tagged SEC5 was immunoprecipitated using
anti-Flag (M2) agarose from HEK293T cells overexpressing RALB-G23V
or RALB-G23V-K47R. The presence of EXO84 in SEC5 complexes was
analysed by immunoblotting using anti-EXO84 antibody. (f) USP33
regulates EXO84–SEC5 complex formation. Flag-tagged SEC5 was
immunoprecipitated using anti-Flag (M2) agarose from HEK293T cells
expressing the indicated constructs followed by immunoblotting using
anti-EXO84 antibody. (g) Suppression of SEC5 affects RALB binding to
EXO84. HA-tagged RALB-G23V was immunoprecipitated from HEK293T
cells expressing the indicated constructs. The presence of EXO84 in
RALB complexes was analysed by immunoblotting using anti-EXO84
antibody. For a–c,f,g immunoblotting using antibodies specific for USP33,
anti-Flag (M2) or anti-HA determined the levels of USP33 suppression
or overexpression. Immunoblot analysis was performed using the indicated
antibodies. Uncropped images of blots are shown in Supplementary Fig. S7.
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checked the outputs of the simulations. The results suggest a particular
position of ubiquitin relative to RALA that allows SEC5 binding but
excludes EXO84 binding (Fig. 2j). As the structures of RALA.GMPPNP
(ref. 16) and RALB.GMPPNP (ref. 14) are broadly similar, and the
residues that interact with effector partners are identical in the RAL
proteins, the generatedmodel could be also extrapolated to RALB.

USP33 determines RALB choice of downstream effectors
RALB ubiquitylation at Lys 47 affected both RALB–SEC5 and
RALB–EXO84 complex formation but did not affect RALB activity,
suggesting that USP33 may regulate interaction between RALB and the
exocyst proteins.We corroborated that USP33 expression did not affect
the amounts of GTP-bound RALA (Supplementary Fig. S5a) or RALB
(Fig. 3a). In consonance with the observation that USP33 suppression
did not influence RALAubiquitylation, we observed no effects ofUSP33
on the RALA–SEC5 complex formation (Supplementary Fig. S5b). In
contrast, USP33 markedly affected interactions between RALB and
the exocyst proteins. USP33 overexpression inhibited the interaction
between RALB and SEC5, whereas USP33 KD promoted this interac-
tion (Fig. 3b). The MAPPIT assay confirmed that USP33 modulated
the interaction between RALB and SEC5 (Supplementary Fig. S5c).
Strikingly, USP33 suppression led to about a fivefold increase in SEC5
binding to RALB, indicating that RALB ubiquitylation significantly
facilitates RALB–SEC5 complex formation. On the other hand, USP33
overexpression triggered the interaction between RALB and EXO84,
whereas USP33 suppression impaired this interaction (Fig. 3c). Taken
together, these results strongly indicate that USP33 switches the balance
between RALB–SEC5 and RALB–EXO84 complex formation.
Nonetheless, steric inhibition of the interaction between ubiquity-

lated RALB and EXO84 only partially explains why binding of EXO84
to RALB is abolished in USP33 KD cells, because most of the RALB is
still present in the non-ubiquitylated form (Supplementary Fig. S4b,c).
Although we did not reveal any redistribution of RALB (Supplementary
Fig. S6a) in USP33-depleted cells, we found significant co-localization
of EXO84, SEC5 and RALB (Fig. 3d and Supplementary Fig. S6b). This
suggests that EXO84 and SEC5 compete for the same intracellular pool
of RALB, whereas their interactions with RALB could promote the
assembly of specific exocyst subcomplexes.
Given that EXO84 and SEC5 directly interact with each other5, we

examined how RALB ubiquitylation affects EXO84–SEC5 complex
formation. We found that overexpression of the RALB-G23V-K47R
mutant, which preferentially binds to EXO84 (Fig. 2g), inhibits the
interaction between EXO84 and SEC5 (Fig. 3e). In contrast, USP33
suppression, which blocks RALB–EXO84 binding but facilitates
RALB–SEC5 interaction, triggered SEC5–EXO84 complex formation
(Fig. 3b,f). This suggests that RALB–SEC5 interaction induced by RALB
ubiquitylation could additionally hinder EXO84 binding to RALB by
sequestrating EXO84 to the SEC5-containing exocyst subcomplexes.
In fact, suppression of SEC5 (Supplementary Fig. S2c) partially
rescued EXO84–RALB interaction, which is completely abolished in
USP33-depleted cells (Fig. 3g).
Together, these results imply a two-level model for USP33-mediated

regulation of EXO84–RALB interactions, in which RALBubiquitylation
not only sterically excludes binding to EXO84 but also hampers
direct RALB–EXO84 interactions by triggering its sequestration to
the SEC5-containing subcomplexes.

RALB ubiquitylation at Lys 47 promotes TBK1–IRF3 signalling
Our results suggest that USP33 coordinates the assembly of specific
exocyst subcomplexes by regulating RALB ubiquitylation, whereas the
differential interaction betweenRALB and the exocyst proteins has been
proposed to represent a regulatory hub through bifurcating activation
of TBK1 and beclin-1–VPS34 (refs 10,11). Therefore, we next assessed
whether USP33 controls this regulatory hub.
Consistent with our observation that suppression of USP33

facilitated RALB binding to SEC5, we found that TBK1–SEC5
interaction was markedly increased in USP33 KD cells (Fig. 4a).
Remarkably, treatment with polyinosine–polycytidylic acid (poly(I:C)),
a synthetic analogue of viral dsRNA (ref. 29), triggered accumulation of
ubiquitylated RALB (Fig. 4b). Poly(I:C)-induced RALB ubiquitylation
led to accumulation of SEC5–RALB complexes (Fig. 4c) and increased
phosphorylation of both TBK1 and IRF3 (Fig. 4d). In contrast,
such effects were significantly suppressed in cells overexpressing the
RALB-G23V-K47R mutant, suggesting that RALB ubiquitylation is
essential to regulate IRF3 activation (Fig. 4c,d). These results suggest
that viral infection triggers RALB ubiquitylation that, in turn, promotes
SEC5–TBK1 complex formation and IRF3 activation.

USP33 triggers the assembly of RALB–EXO84–beclin-1
complexes in response to nutrient deprivation
Recently, it has been shown that under nutrient-rich growth conditions
RALB facilitates SEC5–beclin-1 complex formation, while blocking
EXO84–beclin-1 complex assembly. In contrast, nutrient depriva-
tion drives the assembly of RALB–EXO84–beclin-1 complexes11.
Thus, we examined whether USP33 regulates SEC5–beclin-1 and
EXO84–beclin-1 complex formation. Consistent with our observation
that USP33 KD resulted in the accumulation of RALB–SEC5 complexes,
USP33 KD also promoted interactions between SEC5 and beclin 1
(Fig. 5a–d). On the other hand, overexpression of USP33 mediated the
assembly of EXO84–beclin-1 complexes, whereas the introduction of a
catalytically inactive USP33-C194S-H683Q mutant30 did not have any
effect on EXO84–beclin-1 complex formation (Fig. 5e).
These data suggest that nutrient deprivation should trigger RALB

deubiquitylation. Indeed, whereas nutrient deprivation did not change
ubiquitylation levels of RALA, we found a marked decrease in
RALB ubiquitylation on nutrient starvation (Fig. 5f,g). Remarkably,
nutrient deprivation did not affect ubiquitylation levels of the RALB-
K47R mutant, suggesting that nutrient starvation triggers RALB
deubiquitylation at Lys 47.
To gain insights into the mechanisms underlying RALB deubiq-

uitylation on nutrient deprivation, we assessed USP33 expression
and sub-cellular localization under nutrient-poor growth conditions.
Immunoblot analysis of USP33 expression revealed that nutrient
starvation led to accumulation of endogenous USP33 (Fig. 5h). Con-
sistent with a recent report31, analysis of USP33–mCherry subcellular
distribution revealed conspicuous localization of USP33 in perinuclear
structures in the absence of nutrient deprivation. We did not observe
marked co-localization of RALB and USP33 under nutrient-rich
conditions. On starvation, we observed redistribution of USP33
throughout the cell body. Most RALB-positive vesicular structures
became surrounded and co-labelled with USP33 (Fig. 5i).
A recent report has demonstrated that on nutrient withdrawal

RALB is recruited to sites of nascent autophagosome formation
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Figure 4 RALB ubiquitylation at Lys 47 activates the TBK1 pathway.
(a) Suppression of USP33 facilitates TBK1–SEC5 complex formation.
Flag-tagged SEC5 was introduced into HEK293T cells expressing empty
vector (V) or HA-tagged RALB-G23V together with GFP shRNA or USP33
shRNA as indicated, and then immunoprecipitated with anti-Flag (M2)
agarose followed by immunoblotting using antibody specific for TBK1.
(b) RALB undergoes ubiquitylation in response to poly(I:C) treatment. At
48h after introduction of 6xHis-tagged ubiquitin and Flag–RALB-G23V,
293-hTLR3 cells were treated with 10 µgml−1 of poly(I:C) for 6 h.
Ubiquitylated RALB was purified by Co2+ metal affinity chromatography
and detected by immunoblotting using anti-RALB antibody. (c) RALB

ubiquitylation at Lys 47 is crucial for formation of the RALB–SEC5 complex
in response to poly(I:C) treatment. Flag-tagged SEC5 and the indicated
HA-tagged RALB mutants were introduced into 293-hTLR3 cells. At
48h after transfection cells were treated 100 µgml−1 of poly(I:C) for
6 h. Flag-tagged SEC5 was immunoprecipitated with anti-Flag (M2), and
analysed for co-precipitation by immunoblotting using anti-HA antibody.
(d) RALB ubiquitylation at Lys 47 affects activation of TBK1 and IRF3.
At 48h after transfection with empty vector (V), Flag–RALB-G23V and
Flag–RALB-G23V–K47R, 293-hTLR3 cells were treated with 10 µgml−1 of
poly(I:C) for 6 h. Immunoblot analysis was performed using the indicated
antibodies. Uncropped images of blots are shown in Supplementary Fig. S7.

as it is co-localized with beclin 1, ATG5 and LC3 punctae11.
Consistently, we found marked co-localization of USP33–mCherry
and beclin-1–HA (Fig. 5j). These combined observations indicate that
nutrient deprivation triggers accumulation and relocalization of USP33
to RALB-containing vesicles that results in RALB deubiquitylation and
the assembly of RALB–EXO84–beclin-1 complexes, suggesting that
USP33 plays an essential role in autophagy regulation.

USP33 controls autophagy by regulating RALB deubiquitylation
We next examined the role of USP33 in nutrient-starvation-induced
autophagy. We analysed the conversion of the autophagy marker
light chain 3 (LC3) to the lower migrating phosphatidylethanolamine-
conjugated LC3 form (LC3-II). In consonancewith the observation that
depletion of USP33 switches the balance towards RALB–SEC5–beclin-1
complexes, we found that USP33 KD inhibited accumulation of
LC3–lipid conjugates under both nutrient-rich and nutrient-starved

conditions (Fig. 6a). This inhibition is probably associated with a
decreased autophagic flux as we observed decreased levels of LC3-II in
USP33-depleted cells in the presence of chloroquine, an inhibitor of
autophagosome turnover (Fig. 6a).
Immunostaining of endogenous LC3 also revealed that USP33 deple-

tion significantly impaired both LC3 puncta formation, whereas overex-
pression of a USP33-shRNA-resistant form of USP33 (Supplementary
Fig. S2b) in USP33-depleted cells completely rescued this phenotype
(Fig. 6b–d). In contrast, USP33 overexpression resulted in accumula-
tion of LC3 puncta even in the absence of nutrient limitation, suggesting
that USP33 overexpression is sufficient to increase the autophagic flux
(Fig. 6b–d). We also found accumulation of the autophagy substrate of
p62 (SQSTM1) in USP33-depleted cells (Fig. 6e). Taken together, these
data strongly suggest a role forUSP33 in the control of autophagy.
To further confirm the role of RALB ubiquitylation in

autophagocytosis, we assessed how overexpression of the RALB-G23V
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Figure 5 USP33 triggers RALB–EXO84–beclin-1 complex formation
in response to nutrient starvation. (a–d) USP33 inhibits assembly of
SEC5–beclin-1 complexes. The indicated proteins were immunoprecipi-
tated from cells expressing GFP shRNA or USP33 shRNA with anti-Flag
(M2), anti-HA or anti-SEC5 antibody and analysed for co-precipitation
by immunoblotting using specific antibodies as indicated. (e) USP33
potentiates the interaction between EXO84 and beclin 1. Endogenous
beclin 1 was immunoprecipitated from HEK293T cells, expressing either
empty vector (V), HA–USP33 wild type (WT) or the catalytically inactive
mutant C194S-H683Q, using anti-beclin 1 antibody. Immunoprecipitates
were analysed for co-precipitation by immunoblotting using anti-EXO84
or anti-beclin 1 antibodies. (f,g) RALB but not RALA undergoes
deubiquitylation under nutrient deprivation. 6xHis-tagged ubiquitin and
the indicated RAL mutants were overexpressed in HEK293T cells. At
48h after transfection cells were deprived of nutrients and incubated in
Hank’s buffered salt solution (HBSS) medium for 90min. Ubiquitylated

RAL proteins were purified by Co2+ metal affinity chromatography and
analysed by immunoblotting using anti-RALA or anti-RALB antibodies.
(h) Nutrient starvation results in the accumulation of USP33. HEK TE
cells were incubated in HBSS medium for the indicated periods of time.
Immunoblotting was performed using anti-USP33 antibody. (i) USP33
co-localizes with RALB-positive vesicles in the absence of nutrients. At
48h after co-transfection with RALB-G23V–EGFP and USP33–mCherry,
HeLa cells were incubated in HBSS medium for 90min. Cells were imaged
for EGFP and mCherry fluorescence. Scale bars, 10 µm. The outlined
areas are shown at higher magnification in the bottom panels. Arrows
indicate USP33 co-localization to RALB-positive vesicles. (j) Beclin 1
co-localizes with USP33. HeLa cells were transfected with beclin-1–HA
and USP33–mCherry. At 48h after transfection, cells were incubated in
HBSS medium for 90 minutes and treated as in i. Scale bars, 10 µm. The
outlined areas are shown at higher magnification in the bottom panels.
Uncropped images of blots are shown in Supplementary Fig. S7.
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Figure 6 USP33 regulates autophagy. (a) USP33 depletion inhibits
accumulation of LC3–lipid conjugates. HEK TE cells stably expressing
GFP shRNA or USP33 shRNA were incubated with DMEM or HBSS
medium for 4 h, in the presence or absence of 50 µM of chloroquine (CQ).
Cells were then assayed for the relative accumulation of LC3-I and LC3-II
by immunoblotting analysis using anti-LC3 antibody. LC3-II/GAPDH ratios
have been calculated using ImageJ densitometric analysis. (b–d) USP33
expression levels affect the accumulation of LC3 punctae. Wild-type
USP33 or a USP33-shRNA-resistant USP33 mutant (USP33R) was
introduced into HEK TE cells stably expressing GFP shRNA or USP33
shRNA. The generated cells were incubated in HBSS medium for 4 h.
USP33 was analysed by immunoblotting using anti-USP33 antibody
(b). Representative images of LC3 immunostaining are shown (c).
Endogenous LC3 punctae were quantified using the In Cell Analyser
2000 automatic imaging system and IN Cell Investigator software.
The mean distribution of LC3 punctae per cell is represented as the
mean of two independent experiments. Statistics source data for d

can be found in Supplementary Table S1 (d). (e) USP33 depletion
leads to increased levels of p62. HEK TE cells expressing GFP shRNA
or USP33 shRNA were incubated in HBSS medium for the indicated
periods of time. Immunoblotting was performed using the indicated
antibodies. (f) Overexpression of the RALB-G23V-K47R mutant leads to
accumulation of LC3–lipid conjugates. HEK293T cells overexpressing
the RALB-G23V or RALB-G23V-K47R mutants were assayed for the
relative accumulation of LC3-I and LC3-II by immunoblotting using
anti-LC3 antibody. (g) Ubiquitylation of RALB at Lys 47 determines
a choice of specific pathways to mediate particular cellular functions.
dsRNA, mimicking viral infection, triggers ubiquitylation of RALB. RALB
ubiquitylated at Lys 47 preferentially binds SEC5 that drives SEC5–TBK1
complex formation and activation of IRF3 signalling. In contrast, nutrient
deprivation induces stabilization and relocalization of USP33 that
deubiquitylates RALB at Lys 47. Deubiquitylation of RALB mediates
assembly of the RALB–EXO84–beclin-1 complex that initiates autophagy.
Uncropped images of blots are shown in Supplementary Fig. S7.

or RALB-G23V-K47R mutants affects the amount of LC3-II.
Although RALB-G23V expression induces autophagy11, we found
that overexpression of the RALB-G23V-K47R mutant led to further

accumulation of phosphatidylethanolamine-conjugated LC3 (Fig. 6f),
indicating that both GTP binding and deubiquitylation at Lys 47 are
essential to trigger autophagosome formation.
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DISCUSSION
As for all members of the GTPase family, RAL proteins cycle between
the active GTP- and inactive GDP-bound states. The cycling between
the GDP- and GTP-bound forms is regulated by guanine nucleotide
exchange factors and GTPase-activating proteins (GAPs). A recent
study revealed that K-RAS monoubiquitylation at Lys 147, which
is located within the conserved guanine-nucleotide-binding motif,
disrupts regulation of RAS by GAPs that leads to the increased
amount of the GTP-bound form and enhanced ability to bind its
downstream effectors, PI3K and Raf (ref. 28). We also observed
ubiquitylation of RALB at Lys 160, which corresponds to Lys 147 of
K-RAS, suggesting that reversible ubiquitylation of RALB at Lys 160
could also promote RALB activity.
Once activated, RALB GTPase exerts its effects through activation

of downstream effectors, EXO84 and SEC5. Previous reports
demonstrated that the binding sites for EXO84 and SEC5 on RAL
GTPases are partially overlapping and that both effectors compete
for interaction with RAL proteins in vitro13–16. Here we describe
ubiquitylation at Lys 47 as a crucial regulator of RALB substrate
specificity towards exocyst proteins. Our findings are consistent with
a model in which GTP binding is crucial to turn on RALB activity,
whereas RALB ubiquitylation at Lys 47 serves to tune its activity towards
a particular effector. A higher affinity of USP33 to a GDP-bound
form of RALB may explain why RALB ubiquitylation at Lys 47
and GTP binding are coupled together. It is possible that, on GTP
hydrolysis, GDP-bound ubiquitylated RALB could be more efficiently
deubiquitylated by USP33.
Ubiquitylation of RALB at Lys 47, which is located within the

RALB effector-binding domain, sterically hinders RALB–EXO84
interaction but promotes the assembly of RALB–SEC5 complexes.
It has been predicted that SEC5 is composed of α-helical bundles32,
which are often present in ubiquitin-binding domains33, suggesting
that ubiquitin may provide additional surface area for ubiquitylated-
RALB–SEC5 interaction. Enhanced RALB binding to SEC5 mediated
by RALB ubiquitylation also triggers EXO84 sequestration to
the SEC5-containing subcomplexes that further impedes direct
RALB–EXO84 interaction.
By controlling RALB ubiquitylation at Lys 47, USP33 provides

a regulatory switch to coordinate RALB cellular functions (Fig. 6g).
Virus infection stimulates RALB ubiquitylation and formation of the
RALB–SEC5–TBK1 complexes leading to activation of the innate
immunity signalling kinase TBK1 and the subsequent IRF3 activation.
In contrast, nutrient starvation triggers RALB deubiquitylation that,
in turn, mediates formation of RALB–EXO84–beclin-1 complexes and
induction of autophagy. We can speculate that viral infection and
nutrient starvation may modulate the activity of either RALB-specific
ubiquitin ligases or USP33 to promote respectively ubiquitylation
or deubiquitylation of RALB. In concordance with this idea,
we found that nutrient deprivation triggers accumulation and
relocalization of USP33 to RALB-containing vesicles. However,
further investigation is required to uncover the mechanisms
regulating the activity of USP33 or RALB-specific ubiquitin ligases
in response to diverse stimuli.
Our results suggest that the binding specificity of the small GTPases

could be regulated by ubiquitylation within the effector-binding
domain. These data strongly indicate that, in addition to guanine nu-

cleotide exchange factors or GAPs, ubiquitylation or deubiquitylation
of the RAL GTPases by specific E3 ubiquitin ligases and deubiquitylases
seems to play a crucial role in pertaining specificity of the RAL signalling.
Further studies are necessary to identify E3 ligases and deubiquitylases
responsible for ubiquitylation or deubiquitylation of the RAL proteins
and to elucidate their contribution to regulation of the RAL signalling
pathways. �

METHODS
Methods and any associated references are available in the online
version of the paper.
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METHODS
MAPPIT screen. Microtitre plates for the ArrayMAPPIT screen containing prey
and reporter reverse transfection mixtures were prepared as described previously20.
Each of the preys was present on the plates in 4 replicates. The prey collection
screened in this report corresponds to a subset of close to 10,000 full-length
human ORF preys selected from the human ORFeome collection version 5.1 (http:
//horfdb.dfci.harvard.edu/hv5/). The screen for RALA-G23V-interacting preys was
performed as described previously20. Briefly, HEK293T cells were transfected in bulk
with the pCLG–RALA–G23V bait-expressing plasmid, and 24 h after transfection,
cells were plated to the array screening plates. Twenty-four hours later, duplicate
wells were supplemented with medium with or without 100 ngml−1 leptin, and 24 h
after stimulation, luciferase activity was measured. MAPPIT signals were calculated
as the ratio between the average values of the two leptin-stimulated and the two
unstimulated samples. Preys were ranked according toMAPPIT signal intensity and
within-experiment variation applying a one-sided balanced test34.

Cell culture and lentiviral transduction. 293-hTLR3 cells (Invivogen), HeLa
cells (ATCC), human embryonic kidney cells immortalized by stable expression
of SV40 LT antigen and hTERT (HEK TE), and HEK293T cells (a gift
from W. Hahn, DFCI) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS and penicillin/streptomycin. All cells were tested for
mycoplasma contamination every two weeks using a Mycoplasma Detection Kit
(Lonza). Transient transfections were performed using Lipofectamine LTX (Life
Technologies) or XtremeGene9 (Roche). Lentiviral infections were performed as
described previously35.

Plasmids. Lentiviral pLA–CMV–Flag and pLA–CMV–HA vectors were used
to generate Flag/HA-tagged constructs. The pLKO.1–puro–GFP-shRNA,
pLKO.1–puro–luciferase-shRNA and pLKO.1–puro vectors containing shRNAs
targeting USP33, USP20 or SEC5 (Sigma-Aldrich) were tested as described in
Supplementary Figs S2 and S3. A shRNA-resistant silent mutant of USP33
was generated as described in Supplementary Fig. S2b. Complementary DNA of
RALA (#71078), RALB (#661), RALBP1 (#2384) and EXO84 (#10122) originated
from the Orfeome collection (DFCI). SEC5 cDNA (sc111916) was from Origene;
Flag–TLR3 (#13084), pcDNA4–beclin-1–HA (#24399) and Flag–HA–USP20
(#22573) were from Addgene. For MAPPIT experiments, the RAL baits without
the carboxy-terminal CCIL motif were cloned into the pCLG vector; full-length
cDNAs of preys were subcloned into the pMG2 vector. For GST pulldown, wild-type
RALs without the C-terminal CCILmotif were subcloned into the pGEX-2T4 vector.
The pMT107–6xHis–ubiquitin plasmid was a generous gift from D. Bohmann
(University of Rochester, USA). pcDNA3–HA–Usp33–C214S-H683Q plasmid was
a generous gift from S. K. Shenoy (Duke University, USA). Point mutations were
introduced by using site-directed mutagenesis.

Antibodies. Antibodies were from commercial sources: mouse monoclonal anti-
Flag (Sigma-Aldrich, M2), anti-USP33 (Sigma-Aldrich, 5B5), anti-TBK1 (Imgenex,
108A429), anti-beclin 1 (Cell Signaling, 2A4), anti-RALB (Millipore, 25), anti-RALA
(BD Biosciences, 8/RALA), anti-GAPDH (Sigma-Aldrich, GAPDH-71.1); rabbit
monoclonal anti-beclin 1 (Cell Signaling, D40C5), anti-phospho-IRF3 (S396; Cell
Signaling, 4D4G), anti-IRF3 (Cell Signaling, D6I4C); anti-p62 (Cell Signaling,
D5E2), anti-LC3B (Cell Signaling, D11), anti-phospho-TBK1 (S172; Cell Signaling,
D52C2); rat monoclonal anti-HA tag (Roche, 3F10); rabbit polyclonal anti-
DYKDDDDK (Cell Signaling), anti-HA (Abcam), anti-USP33 (Bethyl Laboratories),
anti-SEC5 (ProteinTech), anti-EXO84 (LifeSpan Biosciences), anti-TBK1 (Cell
Signaling), anti-USP20 (Bethyl Laboratories), anti-SEC5 (Sigma-Aldrich) and anti-
EXO84 (Sigma-Aldrich). See Supplementary Table S1 for more information on
antibodies.

GTS pulldown. BL21 RP Escherichia coli cells expressing GST–RALs were
resuspended inGST buffer (50mMTris, at pH 7.5, 100mMNaCl, 5mM β-ME, 10%
glycerol and protease inhibitor cocktail (Roche)). After binding to glutathione beads,
GST-bound proteins were washed with 10mM EDTA and incubated with 10mM
GDP or 100mM GTPγS. GTP/GDP loading was terminated by 50mMMgCl2. The
beads were washed three times with buffer A (20mM Tris, at pH 7.5, 137mMNaCl,
1% NP-40, 1mMMgCl2 and protease inhibitor cocktail (Roche)).

HEK293T cells overexpressing Flag–USP33 were lysed in buffer A, pre-cleared
with GST-bound glutathione beads, and then incubated with the GST–RALA or
GST–RALB coupled beads. The beads were washed in buffer A, and proteins were
subjected to SDS–PAGE and immunoblotted.

RAL activation assay. Cells were lysed in RAL activation buffer (50mMTris–HCl,
at pH 7.5, 250mM NaCl, 1% NP-40, 10mMMgCl2 and 0.5mM DTT), mixed with
RALBP1-RBD agarose (Millipore) and incubated for 30min at 4 ◦C. The beads were
washed with RAL activation buffer, and proteins were subjected to SDS–PAGE and
immunoblotted.

Immunoblotting and immunoprecipitation. Cells were lysed in co-
immunoprecipitation buffer (50mM Tris, at pH 7.5, 137mM NaCl, 1% NP-40,
5mMMgCl2, 10% glycerol and protease inhibitor cocktail (Roche)). For detection
of ubiquitylated RALB, 50 µMPR-619 (LifeSensors) and 10mM N -ethylmaleimide
(Sigma-Aldrich) were added to the lysis buffer.

Tagged proteins were immunoprecipitated with anti-Flag (M2) agarose or
anti-HA agarose (Sigma-Aldrich) and then eluted with 3× Flag or HA peptides.
For immunoprecipitation of endogenous proteins, cell lysates were incubated with
primary antibodies overnight, and then mixed with protein G-agarose (Roche)
or protein A-Sepharose (GE Healthcare) for 1 h. The beads were washed with
co-immunoprecipitation buffer, and proteins were then eluted with LDS sample
buffer. Image quantification was done using ImageJ software.

Purification of ubiquitylated proteins. HEK293T cells were co-transfected with
6xHis–ubiquitin and Flag–RALs. Ubiquitylated proteins were purified as described
previously22. Briefly, cells were lysed in co-immunoprecipitation buffer containing
EDTA-free protease inhibitor cocktail (Roche). Cell lysates were mixed with His-
buffer A (PBS, at pH 8.0, 6M guanidinium-HCl, 0.1% NP-40 and 1mM β-ME) at
proportion 1:10 and added to TALON beads (Clontech). After binding, the resin
was washed with His-buffer B (PBS, at pH 8.0, 0.1%NP-40, 5% glycerol and 20mM
imidazole), and proteins were eluted in LDS sample buffer.

For TAP purification, HEK293T cells were co-transfected with Flag–RALB and
6xHis–ubiquitin. Cell were lysed in RAL activation buffer, and Flag–RALB was
immunoprecipitated using anti-Flag (M2) agarose (Sigma-Aldrich), washed twice
with lysis buffer, once with buffer containing 50mM Tris, at pH 7.5, 100mM LiCl,
and eluted with 3xFlag peptide. Ubiquitylated Flag–RALB was then purified using
TALON beads (Clontech) as described above.

Mass spectrometry analysis. The RALB-containing beads were washed with
25mM ammonium bicarbonate, re-suspended in 25mM (NH4)HCO3 and
incubated with trypsin (Promega) for 16 h at 37 ◦C. The supernatant was dried and
peptides were re-dissolved in solvent A (2% acetonitrile and 0.1% trifluoroacetic
acid). The peptides were introduced into a liquid chromatography–tandem mass
spectrometry system, an Ultimate 3000 RSLC nano (Dionex) in-line connected to
an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The sample
was loaded on a trapping column, and after back-flushing from the trapping column,
on a reverse-phase column (made in-house, 75 µm inner diameter×150mm length,
3 µm C18 Reprosil-HD beads, Maisch). Peptides were loaded with solvent A at a
flow rate of 10 µl min−1, and separated with a linear gradient from 2% of solvent A′

(0.1% formic acid in 2% acetonitrile) to 50% of solvent B′ (0.1% formic acid in 80%
acetonitrile) at a flow rate of 300 nlmin−1 followed by a steep increase to 100% of
solvent B.

The Orbitrap Velos mass spectrometer was operated in data-dependent mode,
selecting for the ten most abundant peaks in a mass spectrum. From the tandem
mass spectrometry data in each liquid chromatography run, Mascot Generic Files
were created using the Mascot Distiller software (version 2.4, Matrix Science). The
generated peak lists were searched using Mascot Daemon (version 2.4, Matrix
Science) against the Swiss-Prot database (version 2012_10 of UniProtKB/Swiss-
Prot protein database). Methionine oxidation, protein amino-terminal acetylation,
pyroglutamate formation, and diglycine modification of lysine side chains were
set as variable modifications. Mass tolerance on precursor peptide ions was set to
±10 ppm, and on fragment ions to ±0.5 dalton. The peptide charge was set to 1+,
2+ or 3+ and the instrument setting used was ESI-TRAP. Enzyme was set to trypsin,
allowing for one missed cleavage. Only peptides that were ranked first and scored
above the identity threshold score, set at 99% confidence, were withheld.

Rosetta docking. The UBQ_Gp_LYX-Cterm protocol of the Rosetta v3.4 suite26

was used for docking simulations. As base models, we used ubiquitin (PDB 3NS8),
RALA (PDB 1U8Z), RALA–EXO84 (PDB 1ZC3) and RALA–SEC5 (PDB 1UAD).
RALA–EXO84 and RALA–SEC5 complexes as docking partners were treated as one
rigid body. The draft runs for initial sampling had ‘score’ and ‘SASA’ filters disabled
and the number of refinement cycles reduced to 500. Two thousand initial decoys
were produced for ubiquitylated-RALA–EXO84 and ubiquitylated-RALA–SEC5
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complexes, of which 1,945 and 636 respectively had a negative energy score and were
used for calculating the scoring confidence index.

Three hundred and thirteen decoys for ubiquitylated-RALA and 103 decoys
for ubiquitylated-RALA–SEC5 were produced with the recommended high-quality
parameters. To rank the solutions, taking into account information from both sets,
a ‘match score’ has been calculated as

M (xi)=min
j

E (xi)+E(yj )
RMSD(xi,yj )

where xi is a decoy from the ubiquitin–RALA–SEC5 simulation, yj is one from
ubiquitin–RALA, E is the Rosetta energy score, and RMSD is the root-mean-square
deviation of ubiquitin localization between the decoys. The reasoning is that a good
solution would have a good score E(xi) and a close counterpart in the other set (with
low RMSD(xiyj )), which also has a good score E(yj ).

All RMSD calculations in all cases were performed between ubiquitin positions.

Immunofluorescence. Cells were grown on coverslips or non-coated eight-well
chamber slides (Nalge Nunc International). Twenty-four hours after transfection,
cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-
100 in PBS. For HA–beclin-1 immunostaining, samples were blocked with 5%
goat serum, and incubated with anti-HA antibody (Abcam) followed by goat
Alexa488-coupled anti-rabbit antibody (Jackson Immunoresearch). For analysis

of RALB–EXO84–SEC5 intracellular localization, cells were incubated with 0.1M
glycine, at pH 7.4 and blocked with 1% BSA and 10% goat serum in PBS. Primary
antibodies and goat secondary antibodies, Alexa488-coupled anti-mouse antibody
(Invitrogen), Alexa594-coupled anti-rat antibody (Invitrogen), and Alexa647-
coupled anti-rabbit antibody (Invitrogen) were applied diluted in a blocking
buffer. To avoid antibody cross-reactivity, secondary anti-mouse antibodies were
pre-blocked with 10% rat serum. Confocal images were taken using a Leica TCS SP5
II microscope.

For LC3 immunostaining, cells were grown in µ Clear 96-well plate and fixed in
ice-cold methanol. After blocking in 5% goat serum, samples were incubated with
anti-LC3 antibody and labelled with Alexa488-coupled anti-rabbit antibody. Images
were automatically acquired using IN Cell Analyser 2000 (GE Healthcare) and then
analysed using IN Cell Investigator software (GE Healthcare).

Statistical analysis. P values were calculated by two-tailed t -test. All data were
analysed using Graphpad Prism 5 or Excel.

34. Moerkerke, B. & Goetghebeur, E. Selecting ‘significant’ differentially expressed
genes from the combined perspective of the null and the alternative. J. Comput.
Biol. 13, 1513–1531 (2006).

35. Sablina, A. A. et al. The tumor suppressor PP2A Abeta regulates the RalA GTPase.
Cell 129, 969–982 (2007).
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SUMMARY

Protein ubiquitination regulates many cellular pro-
cesses via attachment of structurally and functionally
distinct ubiquitin (Ub) chains. Several atypical chain
types have remained poorly characterized because
the enzymesmediating their assembly and receptors
with specific binding properties have been elusive.
We found that the human HECT E3 ligases UBE3C
and AREL1 assemble K48/K29- and K11/K33-linked
Ub chains, respectively, and can be used in combi-
nation with DUBs to generate K29- and K33-linked
chains for biochemical and structural analyses. Solu-
tion studies indicate that both chains adopt open
and dynamic conformations. We further show that
the N-terminal Npl4-like zinc finger (NZF1) domain
of the K29/K33-specific deubiquitinase TRABID spe-
cifically binds K29/K33-linked diUb, and a crystal
structure of this complex explains TRABID specificity
and suggests a model for chain binding by TRABID.
Our work uncovers linkage-specific components in
the Ub system for atypical K29- and K33-linked Ub
chains, providing tools to further understand these
unstudied posttranslational modifications.

INTRODUCTION

Protein ubiquitination is an important posttranslational modifica-

tion that affects virtually every cellular process. Its best-studied

function is the degradation of proteins by the proteasome

(Hershko and Ciechanover, 1998). However, ubiquitination also

regulates alternative degradation pathways, such as ER-associ-

ated degradation, autophagy, and mitophagy (Christianson and

Ye, 2014; Shaid et al., 2013). In addition, ubiquitination hasmany

non-degradative roles in protein kinase signaling, DNA damage

response, intracellular trafficking, transcription, and translation

(Komander and Rape, 2012).

During ubiquitination, the 76-amino acid protein ubiquitin (Ub)

is attached via its C terminus to, most commonly, Lys residues

on substrate proteins. The versatility of Ub in regulating cellular

processes arises from its ability to form a wide variety of polyUb

chains (Komander and Rape, 2012). Ub has seven internal Lys

residues and an N-terminal amino group, all of which can be

ubiquitinated, leading to the formation of polyUb chains. Proteo-

mic analyses have revealed that all Ub chain linkages exist simul-

taneously in cells (Kim et al., 2011; Wagner et al., 2011; Xu et al.,

2009). Chains can be homotypic, in which only one linkage type

is present, but also heterotypic, in which multiple linkages form

mixed and branched structures (Komander and Rape, 2012).

Importantly, different linkage types have distinct cellular roles.

K48-linked Ub chains are proteasomal degradation signals,

whereas K63-linked Ub chains are mainly non-degradative.

For the remaining six ‘‘atypical’’ linkage types, cellular roles are

less clear. K11-linked chains are important in cell-cycle regula-

tion, where they seem to constitute an alternative proteasomal

degradation signal (Wickliffe et al., 2011) but also have other

roles (Bremm and Komander, 2011), whereas M1-linked chains

have independent non-degradative roles, in particular during

NFkB activation and apoptosis (Iwai et al., 2014). For the re-

maining four chain types, linked via K6, K27, K29, and K33,

very little is known, and proteins generating and recognizing

these chains in eukaryotic cells are still elusive (Kulathu and

Komander, 2012).

The process of ubiquitination is facilitated by an enzymatic

cascade in which an E1 Ub-activating enzyme transfers Ub

onto the active-site Cys of an E2 Ub-conjugating enzyme (Schul-

man and Harper, 2009; Ye and Rape, 2009). The E2 enzyme can

directly discharge its Ub onto substrates, usually with the help of

a RING or U-box E3 ligase (Deshaies and Joazeiro, 2009). Alter-

natively, a subset of E2 enzymes can perform a transthiolation

reaction by transferring Ub onto the active-site Cys of a HECT

or RBR E3 ligase. When charged with Ub, HECT and RBR E3 li-

gases modify substrates in an E2-independent manner (Bernd-

sen andWolberger, 2014). Importantly, a number of E2 enzymes

as well as several HECT and RBR E3 ligases are known to

assemble polyUb in a linkage-specific fashion (Kulathu and

Komander, 2012; Mattiroli and Sixma, 2014). Based on this

knowledge, we have previously described enzymatic assembly

systems for K11- and K6-linked chains using a modified E2-

and a HECT-like E3 ligase, respectively (Bremm et al., 2010;

Hospenthal et al., 2013).

When polyUb chains are generated, they are recognized byUb

binding domains (UBDs), some of which bind polyUb chains in a

linkage-specificmanner (Husnjak andDikic, 2012). Linkage-spe-

cific UBDs for M1-linked chains have been described (e.g., Sato
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Figure 1. Role of HECT E3 Ligases in Assembling Atypical Ub Chains

(A) Domain structures of UBE3C and AREL1 (KIAA0317) (top) and constructs used in this study (bottom).

(B) Schematic of an assembly reaction with UBE3C, UBE2L3 (UbcH7), E1, and WT Ub (left). The linkage composition in the reaction mixture was analyzed by

AQUA-based MS/MS (right).

(legend continued on next page)
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et al., 2011) but are unknown for the remaining atypical chain

types. Deubiquitinases (DUBs) hydrolyze Ub chains, in some

cases with linkage preference (Clague et al., 2013; Komander

et al., 2009). Characterization of the ovarian tumor (OTU) DUB

family has revealed enzymes to hydrolyze atypical chain types

specifically (Keusekotten et al., 2013; Licchesi et al., 2012; Me-

vissen et al., 2013; Ritorto et al., 2014; Rivkin et al., 2013).

In our search for assembly systems of atypical Ub chain types,

we confirmed an earlier report showing that UBE3C primarily as-

sembles K29- and K48-linked chains (You and Pickart, 2001) and

further discovered that the HECT E3 ligase apoptosis-resistant

E3 ubiquitin protein ligase 1 (AREL1), also known as KIAA0317

(Kim et al., 2013), assembles atypical K11- and K33-linked

chains in autoubiquitination reactions and predominantly K33-

linkages in free chains and on reported substrates. Treatment

of assembly reactions with linkage-specific DUBs enabled puri-

fication of K29- and K33-linked polyUb in quantities suitable for

biophysical and structural studies. This enabled the structural

characterization of the polymers and of the K29/K33 linkage-

specific OTU family DUB TRABID (Licchesi et al., 2012). DiUb

of both linkage types adopt open conformations in solution,

similar to K63-linked polyUb. We found that the TRABID N ter-

minus, which contains three Npl4-type zinc finger (NZF) UBDs,

specifically binds K29- and K33-linked diUb, and specificity

can be attributed to the first NZF domain (NZF1). A crystal struc-

ture of NZF1 bound to K33-linked diUb reveals an intriguing fila-

mentous structure for K33 polymers in which NZF1 binds each

Ub-Ub interface. A similar binding mode is observed for K29-

linkages in solution studies, together suggesting a model for

TRABID interaction with atypical chains. Inactive TRABID local-

izes to Ub-rich puncta in cells, and this is attenuated when the

K29/K33-specific binding mode is disrupted by point mutations.

Our work unlocks K29- and K33-linked Ub chains for biochem-

ical studies and provides a launching point for future discoveries

related to these atypical Ub signals.

RESULTS

HECT E3 Ligases Assemble Atypical Ub Chains
The HECT family of E3 ligases contains 28 members, many of

which have important cellular functions (Rotin and Kumar,

2009). Much research has focused on the first discovered mem-

ber, E6AP (Scheffner et al., 1993), and on the NEDD4 family,

which comprises Rsp5 in yeast and nine enzymes in humans

(Rotin and Kumar, 2009). Interestingly, although E6AP assem-

bles K48-linked chains, the NEDD4 family specifically assembles

K63 linkages in vitro. Elegant biochemical and structural work

has identifiedmany features important for linkage specificity (Ka-

madurai et al., 2009, 2013; Kim and Huibregtse, 2009; Maspero

et al., 2013). Because of their ability to dictate linkage specificity

and many hints in the literature (Tran et al., 2013; You and Pick-

art, 2001), we characterized human HECT E3 ligases to investi-

gate their ability to assemble atypical chains.

One way to assess which linkage types are assembled is to

utilize a panel of Ub mutants in which each Lys is mutated to

Arg either inclusively (K0) or with the exception of one position

(Kx-only) (Figure S1A). This analysis reproduced K63 specificity

of NEDD4L (amino acids [aa] 576–955) (Figure S1B) and indi-

cated a broader specificity of the unstudied HECT E3 ligase

AREL1 (aa 436–823, Figure 1A; Figure S1C), which seemed to

assemble K33 linkages efficiently.

Using Ubmutants for chain assembly has multiple caveats. To

understand which linkage types are assembled in E3 ligase reac-

tions with wild-type (WT) Ub, we used absolute quantification

(AQUA)-based mass spectrometry (Kirkpatrick et al., 2006).

For this, tryptic digests of chain assembly reactions are spiked

with isotope-labeled GlyGly-modified standard peptides derived

from each potential linkage site, allowing absolute quantification

of all chain types (Kirkpatrick et al., 2006). NEDD4L assembled

K63 chains almost exclusively (96%) (Figure S1D), whereas

UBE3C assembled K48 (63%), K29 (23%), and K11 linkages

(10%) (Figure 1B), as reported previously (Maspero et al.,

2013; You and Pickart, 2001). Interestingly, AREL1 assembled

36% of K33, 36% of K11, 20% of K48, and small amounts of

K63 and K6 linkages (Figure 1C). The high abundance of K11

linkages in AREL1 reactions contrasts with the finding from

K11-only Ub that was incorporated poorly into chains (Fig-

ure S1C), suggesting that mutated Lys residues are crucial for

assembly of this linkage type by AREL1. Abrogating K11 linkage

production by AREL1 using UbK11R led to 71%of K33 and 24%

of K48 linkages (Figure S1E). The fact that K48 linkages stayed

relatively constant indicated that this chain type is assembled

as a constant byproduct of AREL1.

A recent characterization of AREL1 function (Kim et al., 2013)

has suggested that the pro-apoptotic proteins SMAC, HtrA2,

and ARTS are among its substrates and further indicated that

they interact via the AREL1 HECT domain (rather than an auxil-

iary N-terminal domain). We expressed fragments of SMAC

and HtrA2 (Figure 1D) and used these proteins as in vitro

AREL1 substrates. AREL1 ubiquitinated all proteins efficiently

(Figures 1E and 1F). Strikingly, AQUA analysis of modified sub-

strates showed that AREL1 had assembled >80% of K33 link-

ages in the polyUb chains on all three substrates (Figure 1G).

Generating K29- and K33-Linked PolyUb
AREL1 and UBE3C also assembled free Ub chains. Precipitation

of enzymes by perchloric acid in an assembly reaction enriched

free polyUb chains of varying lengths (see gel in Figure 2A).

AREL1 assembled WT Ub into di- and triUb with (for triUb)

75% of K33-linkages and only 13% of K11-linked and 7% of

K63-linked chains (Figure 2A). Using K11R Ub, we generated

up to 86% of K33 linkages in triUb (Figure 2A). To generate

(C) Reaction as in (B) with AREL1, UBE2L3, E1, and WT Ub.

(D) Domain structures of the pro-apoptotic proteins SMAC and HtrA2 (top) and the expressed constructs used in this work (bottom).

(E) AREL1 is able to assemble chains onto SMAC and HtrA2 in an in vitro ubiquitination reaction that depends on ATP. Ubiquitinated, His6-tagged substrates are

enriched following Ni2+ affinity binding. SM, SMAC (56–239); H359, HtrA2 (359–458); H134, HtrA2 (134–458); x, AREL1; *, UBE2L3.
(F) Western blot against Ub of the Ni2+-enriched reaction from (E).

(G) AQUA MS/MS profiles of the ubiquitinated substrates purified from (E).
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Figure 2. Purification of Unanchored K29/K33 PolyUb Chains
(A) Schematic of the assembly of K33-linked Ub chains using either WT or K11R Ub (top). AQUA profiles of triUb using either WT (top right) or K11R Ub (bottom

right; K6 linkage was excluded from the quantitative analysis because of the K11R substitution). Bottom: corresponding SDS-PAGE gel for assembly of free

chains.�ATP, initial reaction without ATP addition; O/N, overnight incubation of the assembly reaction; +PA, perchloric acid treatment of the assembly reaction.

(B) Schematic representation of the purification of K33-linked polyUb chains. Following the assembly reaction, perchloric acid treatment removes the ubiq-

uitinated and unmodified forms of E1, E2, and E3. Linkage-selective DUBs are then used to remove undesired Ub linkages. An additional perchloric acid step is

required to inactivate the DUBs prior to cation exchange chromatography (bottom), which resolves the homotypic chains based on linkage length. Bottom center:

SDS-PAGE of purified K33-linked di-, tri-, and tetraUb. Bottom right: AQUA MS/MS of purified K33-linked diUb.

(C) Deubiquitinase assay of purified K33-linked di- and triUb. –, no DUB; C, 200 nM Cezanne (K11-specific); T, 350 nM TRABID (K29/K33-specific); B1, 1 mM

OTUB1* (K48-specific); A, 1 mM AMSH* (K63-specific).

(D) K29-linked polyUb chains can be purified analogous to the schematic shown in (B). Purified K29-linked di- and triUb were treated with DUBs as in (C).

(E) AQUA mass spectrometry profile of purified K29 diUb.
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pure K29 and K33 chains from WT Ub, we acid-precipitated the

reaction and treated the free chains with a panel of linkage-spe-

cific DUBs consisting of K11-specific Cezanne (Mevissen et al.,

2013) as well as enhanced versions of K48-specific OTUB1* (an

UBE2D2-OTUB1 fusion) and K63-specific AMSH* (a STAM2-

AMSH fusion) (Figure 2B; Figures S2A and S2B; Supplemental

Experimental Procedures). The resulting K29- and K33-linked

polyUb chains were purified by cation exchange and were

87% and 93% pure, respectively; uncleavable by Cezanne,

OTUB1*, or AMSH*; but hydrolyzed efficiently by the K29/K33-

specific DUB TRABID (Licchesi et al., 2012) (Figures 2C–2E; Fig-

ures S2C and S2D; also see below).

K29- and K33-Linked diUbs Adopt Open
Conformations in Solution
With new linkage types at hand, we set out to understand their

structural features. We crystallized K33-linked di- and triUbs

(Figure S3). The K33-linked diUb crystallized in space group I4,

not observed previously for Ub, and a structure to 1.85 Å resolu-

tion revealed eight molecules forming four identical Ub dimers

with clear electron density for the K33 linkages (Figures S3A

and S3B; Table 1). In this structure, K33-linked diUb is compact,

and distal and proximal Ub moieties interact symmetrically via

their Ile36 hydrophobic patches (Figure S3A). The symmetric

interface did not provide amodel for the conformation of a longer

K33 chain.

A second crystal structure for K33-linked triUb was obtained

at 1.68 Å in space group P212121 with similar unit cell dimensions

as the Ub reference structure (1ubq; Vijay-Kumar et al., 1987),

and also contains only one Ubmolecule per asymmetric unit (Ta-

ble 1). Examination of adjacent asymmetric units only allowed

one possibility for K33 chain formation (Figure S3C), although

the C termini and isopeptide linkages were poorly ordered and

not built in themodel (Figure S3D). The Ubmoieties in K33 chains

were related by translational symmetry and, in contrast to the

compact diUb structure, adopted an open conformation inwhich

Ub moieties do not interact with each other except by two polar

side chain contacts (Figure S3C). The distinct conformations of

di- and triUb could be due to differences in crystallization condi-

tions but highlight the underlying problem that crystallization

Table 1. Data Collection Statistics

K33 diUb K33 triUb TRABID NZF1-K33 diUb

Data Collection

Beamline Diamond I03 Diamond I24 Diamond I24

Space group I 4 P 21 21 21 C 2

a, b, c (Å) 113.08, 113.08, 103.90 28.42, 42.48, 50.52 98.38, 126.51, 78.09

a, b, g (�) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 103.38, 90.00

Wavelength 0.9763 0.9686 0.9686

Resolution (Å) 45.47–1.85 (1.89–1.85)a 23.62–1.68 (1.72–1.68) 38.59–3.40 (3.67–3.40)

Rmerge 4.5 (44.3) 5.1 (77.6) 10.9 (56.2)

I/sI 11.9 (2.5) 19.9 (2.7) 6.6 (2.0)

Completeness (%) 99.8 (100) 99.8 (99.5) 99.9 (100)

Redundancy 3.5 (3.5) 7.3 (7.7) 3.4 (3.4)

Refinement

Resolution (Å) 45.47–1.85 23.62–1.68 38.59–3.40

No. of reflections 55,562 7,363 12,783

Rwork/Rfree 22.9/27.1 19.4/22.5 18.0/22.2

No. of Atoms

Protein 4,788 596 4,076

Ligand/ion 84 5

Water 128 49

B Factors

Wilson B 33.77 26.49 83.17

Protein 70.20 35.00 106.68

Ligand/ion 67.50 83.84

Water 45.90 43.17

RMSDs

Bond lengths (Å) 0.005 0.002 0.002

Bond angles (�) 0.930 0.748 0.603

Ramachandran statistics

(favored /allowed/outliers)

99.0/1.0/0.0 100.0/0.0/0.0 98.8/1.2/0.0

aNumbers in brackets are for the highest-resolution bin.
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Figure 3. NMR Analysis of K29/K33 Chains

(A) BEST-TROSY spectra for 15N-K33 diUb (orange) and 15N-monoUb (black). Complete assignment of resonances from the proximal (p) or distal (d) moieties

from a 13C, 15N-K33 diUb sample are shown.

(B) Chemical shift perturbation of distal (orange) and proximal (beige) resonances with respect to monoUb. Grey bars, exchange-broadened resonances;

asterisks, proline residues.

(legend continued on next page)
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may present an incomplete picture of the dynamic states of free

polyUb in solution.

We therefore turned to nuclear magnetic resonance (NMR),

which is better suited to analyze dynamic Ub chains. When Ub

polymers adopt open conformations in solution, the spectra

resemble free monoUb, showing a small number of perturbations

surrounding the isopeptide linkage. The best example for this is

K63-linkedUb (Varadanetal., 2004)whichdoesnot formadefined

interface in solution (Ye et al., 2012). Contrasting this are compact

conformations in which defined interfaces are formed. In K48-

linked diUb (Varadan et al., 2002), resonances of proximal and

distal Ub moieties adopt distinctly different chemical shift posi-

tions (splitting) because of their different chemical environment.

We assembled K33-linked diUb from 13C, 15N-labeled

monoUb and measured 2D band-selective excitation short tran-

sient transverse relaxation-optimized spectroscopy (BEST-

TROSY) spectra, revealing well dispersed peaks similar to

monoUb (Figure 3A). Assignment of the spectra revealed split-

ting of 16 resonances. The small chemical shift perturbations

(CSPs) in all split resonances could be attributed to the proximal

Ub, whereas the distal Ubwas unperturbed (Figure 3B).Mapping

of the perturbed residues on Ub revealed a small region sur-

rounding the isopeptide bond at K33 (Figure 3C). Almost iden-

tical spectra were obtained for 15N-labeled, K29-linked diUb, in

which 19 resonances were split andmildly perturbed (Figure 3D).

Both diUb spectra resembled the K63 diUb spectrum (Varadan

et al., 2004; Figure 3E). Together, this indicates that both K29-

and K33-linked diUb do not form defined interfaces in solution

but, rather, exist in open conformations.

TRABID K29/K33 DUB Specificity Is Retained with
Longer Chains
TRABID, a DUB from the OTU family, is the only known protein to

date that acts specifically on K29- and K33-linked Ub chains

(Licchesi et al., 2012; Mevissen et al., 2013; Figure 4A). In TRA-

BID, a C-terminal OTU domain of the A20 subfamily is preceded

by an ankyrin repeat Ub binding domain (AnkUBD) that enables a

non-specific OTU domain to preferentially cleave K29- and K33-

linked diUb (Licchesi et al., 2012). This construct hydrolyzes

K63-linked chains with 40-fold lower activity compared to K29

chains (Virdee et al., 2010). Because of the necessity for chemi-

cal synthesis of K27, K29, and K33 linkages, these experiments

were so far confined to diUb cleavage. We now confirm that the

specificity of TRABID AnkOTU also holds true for longer tetraUb

chains. TRABID cleaved K33-linked tetraUb with a significantly

higher activity compared with K63-linked chains (Figures 2C,

2D, and 4B; Figure S4A).

TRABID NZF1 Specifically Binds K29- and K33-Linked
Chains
In addition to the C-terminal AnkOTU catalytic domain, TRABID

contains three N-terminal NZF domains (Figure 4A) that bind

polyUb and are important, together with the AnkUBD, for

TRABID localization to characteristic punctate structures in cells

(Licchesi et al., 2012). Surprisingly, analyzing the preference of

the N-terminal NZF domains in pull-down experiments revealed

the specificity of the 3xNZF module (aa 1–263 or 1–178) for K29-

and K33-linked diUb, whereas K63-diUb binding was barely

detectable (Figure 4C; Figure S4B). This resembled the cleavage

specificity of the AnkOTU catalytic domain (Figure 4B; Licchesi

et al., 2012). Pull-down experiments with individual NZF domains

showed that K29/K33 specificity could be attributed entirely to

the N-terminal NZF1 domain (aa 1–33), which bound these

chains as well as the 3xNZF modules but did not interact with

K63-linked diUb.

To measure affinities, we established a surface plasmon reso-

nance (SPR)-based binding assay in which monoUb and all

types of diUbwere immobilized, and NZF1 binding was detected

by SPR (Figure 4D). Of the nine datasets, seven were fitted to a

one-site binding model with NZF1 affinities between 190–

370 mM (Figures S4C and S4D). For K29- and K33-linked diUb,

fitting to a one-site model resulted in high residuals, and data

were fitted to a two-site binding model, revealing significantly

higher affinities (Kd
high 3.6 and 4.9 mM, respectively, and 180/

200 mM affinities for Kd
low) (Figure S4C). The high binding affin-

ities of K29- and K33-linked diUb were consistent with the pull-

down experiments (Figure 4C).

Curiously, NZF2 and NZF3 did not bind diUb in pull-down as-

says. To understand whether these domains can bind Ub, bind-

ing studies were performed by NMR using 15N-labeled Ub. NZF1

interacts with monoUb, leading to chemical shift perturbation

maps that show the characteristic profile for interactions via

the Ub Ile44 patch (Figure 4E; Figure S4E). This is consistent

with the known binding mode of NZF domains first derived for

Npl4 (Alam et al., 2004), and mapping of perturbed residues on

Ub suggests similar interactions (Figure S4E). Titrations of

NZF2 and NZF3 resulted in similar CSP profiles (Figure 4F; Fig-

ure S4E). Using NMR titration experiments, we derived binding

constants for the monoUb-NZF interactions, with Kd values of

�440 mM for NZF1, �1 mM for NZF2, and �540 mM for NZF3

(Figures S4F and S4G), which is in a typical range for monoUb

binding to small UBDs. Although this showed that all NZF do-

mains are functional in Ub binding, it did not explain why only

NZF1 showed K29/K33 specificity.

Structure of a K33-Linked Ub Polymer Bound to TRABID
NZF1
To understand the underlying molecular basis for the K29/K33

specificity of TRABID NZF1, we crystallized the complex with

K33-diUb and determined a structure to 3.4 Å resolution. High

solvent content (67%, Matthews coefficient � 3.8) led to high-

contrast maps (Figure S5A) and allowed building of a complete

model with good statistics (Table 1). It was immediately apparent

that the arrangement of Ub molecules in the crystal lattice

generated seemingly infinite helical polymers (Figures 5A and

5B; Figure S5B). The K33-filament forms a helix with 5-fold

(C) Resonances that display a perturbation of more than 1 s are mapped onto the surface of monoUb (purple) and cluster around the K33 residue (orange). No

significant perturbations were observed on the distal Ub moiety, consistent with an open conformation of K33 diUb.

(D) BEST-TROSY spectra for 15N K29 diUb (purple) and monoUb (black).

(E) BEST-TROSY spectra for 15N K63 diUb (cyan) and monoUb (black).
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symmetry. The helix turns twice between the first and sixthmole-

cule (Figure 5A). The asymmetric unit contains five Ubmolecules

and five NZF domains (Figures 5A and 5B). The electron density

for K33 linkages can be discerned for one isopeptide bond (Fig-

ure S5C). The electron density for the isopeptide bonds is weak

because of flexibility but also because diUbwas crystallized, and

each linkage in the asymmetric unit is only at half occupancy.

K29 is in close proximity to the tail of the distal Ub, and it is

conceivable that K29-linked polymers interact with TRABID

NZF1 in a similar manner and can form similar filaments. This

was supported by NMR experiments where NZF1 was added

to either 15N-labeled K33- or K29-linked diUb. NZF1 binding

leads to chemical shift perturbations along the same face of

the proximal Ub moieties, indicating that the overall orientation

of the proximal Ub is similar (Figure S5D).

Interactions between Ubmolecules are identical along the fila-

ment and involve exclusively polar contacts (Figure 5C). A distal

Ub interacts with theUb helix of a proximal Ub, forming hydrogen

Figure 4. Characterization of TRABID Specificity

(A) Domain structure of human TRABID. The AnkOTU fragment has been characterized in detail in Licchesi et al. (2012). Boundaries of the NZF domain fragments

analyzed here are shown.

(B) Deubiquitination assay of TRABID AnkOTU against K6-, K33-, and K63-linked tetraUb. See Figure S4A for a reaction at a lower DUB concentration.

(C) Pull-down analysis of NZF fragments with a panel of diUb covering all linkage types. Left: the input chains and GST-NZF constructs used. Right: pull-down

analysis shown by silver stain and anti-Ub western blot. See Figure S4B for additional controls.

(D) SPR binding experiment of NZF1 tomonoUb and the eight different diUb species with error bars representing SEs. Kd values derived from two experiments are

shown. See Figure S4C for best-fit parameters and values of SEs.

(E) NMR analysis of isolated NZF1 binding to 15N-labeled monoUb. The chemical shift perturbation for Ub from binding to 600 mM of NZF1 is shown. Grey bars,

exchange-broadened residues; asterisks, proline residues. See Figures S4E–S4G for titration data.

(F) NMR analyses as in (E) but for NZF2 and NZF3.

A

C

K33 linkage

R72

Q49

Q31

D32

R42

K29

R72

Q49

Q31
D32

R42

B

A

B

C

D

E

Ub A

Ub B

Ub C

Ub D

Ub E

K33

K33

K33

K33

90°

K33 filament - TRABID NZF1 (3.4 Å)

proximaldistal

TRABID NZF1
Ile 44 patch

ASU

Figure 5. Structure of K33 Filaments Bound to NZF1

(A) Structure of the K33-linked Ub filament as observed in the crystal, showing three adjacent asymmetric units (black outline). Ub molecules are shown as a

surface representation with a gradient from orange (distal) to beige (proximal), and Ile44 patches are indicated in blue. NZF1 is shown as a red ribbon with gray

Zn2+ atoms. A schematic is shown below. Right: view of the filament down the 5-fold symmetry axis. ASU, asymmetric unit.

(B) Content of the asymmetric unit, colored as in (A). K33 isopeptide linkages are shown as stick representations; see Figure S5C for electron density.

(C) Close-up view of one Ub in the filament, showing interacting residues as a stick representation. Hydrogen bonds are shown as black dashed lines. The K33

and K29 side chains are also shown.
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bonds between Gln49 (distal Ub) and Gln31 (proximal Ub) and

charged interactions between Arg42 and Arg72 (distal Ub) and

Asp32 (proximal Ub) (Figure 5C). This exposes the hydrophobic

Ile44 and Ile36 patches of eachUbmolecule and enables binding

of one NZF domain to each Ile44 patch along the filament

(Figure 5A).

Explaining the Specificity of TRABID NZF1
for K33 Linkages
Consistent with other linkage-specific NZF domains, NZF1 of

TRABID forms a bidentate interaction across the distal and prox-

imal Ub moieties (Figures 5B and 6A). This has been seen previ-

ously for the TAB2 and HOIL-1L NZF domains, which interact

specifically with K63- and M1-linked diUb, respectively (Fig-

ure 6B; Figure S6A; Kulathu et al., 2009; Sato et al., 2009,

2011), and can be superimposed with TRABID NZF1 with low

root-mean-square deviations (RMSDs) (0.5–0.6 Å). TRABID

NZF1 binds the distal Ub at the Ile44 patch via the canonical

NZF interaction involving Thr14, Tyr15, and Met26 (Figure 6A).

This binding mode through the T-Y/F-F motif is conserved in

all NZF interactions described to date (Figure S6B; Alam et al.,

2004) and is consistent with the NMR interaction data in Figures

4E and 4F (see above). The proximal Ub is bound by TRABID

NZF1 in an unusual way, at a binding site involving the start of

the Ub a helix and two nearby loop regions (Figure 6A). In this

interaction, UbGlu24makes key interactions with a complemen-

tary pocket on NZF1 formed by Tyr15, Asn17, Trp18, and Thr25.

The Ub Glu24 side chain can form hydrogen bonds with side

chains of these four residues (Figure 6A). In addition, the sol-

vent-exposed TRABID NZF1 Trp18 side chain forms apolar con-

tacts with the Asp52-Gly53 loop of the proximal Ub, and NZF1

Ser20 forms a hydrogen bond with the Gly53 carbonyl group

(Figure 6A). All interacting residues in NZF1 are conserved in

evolution (Figure 6C).

A comparison of the TAB2 and HOIL-1L diUb complexes re-

veals howNZF domains have achieved their specificity. Although

the canonical interaction with a distal Ub is conserved, the prox-

imal Ub is rotated in each complex to form distinct interactions

with a second patch on the NZF domain. In the case of TAB2,

the second interaction with a proximal Ub is also via the Ile44

patch (Kulathu et al., 2009; Sato et al., 2009; Figure 6B). In

HOIL-1L, a short helical NZF extension contributes the second-

ary contacts, which are mediated by the Phe4 patch of the prox-

imal Ub (Sato et al., 2011; Figure S6A). Superposition of struc-

tures reveals why TAB2 is unable to bind the K33 filament:

Glu685 would clash directly with Glu24 of the proximal Ub (Fig-

ure S6C). Similarly, TRABID NZF1 Trp18 clashes with the prox-

imal Ub when the TAB2-K63 diUb complex is superimposed

(Figure S6D) (although mutation of this residue did not enable

high-affinity K63 diUb binding; see below). Finally, the structure

also reveals why TRABID NZF2 and NZF3 are unable to bind

K33 polymers: Ser20 in NZF1 is replaced by Lys or Arg residues

in NZF2/3 (Figure S6E), which affects binding (Figure 6E; see

below). However, mutation of Lys165 in NZF3 to Ser did not

enhance binding toK29/K33 chains (data not shown), suggesting

that the remaining differences play a role as well. It is fascinating

that, given their small size, NZF domains have evolved so many

distinct binding modes to recognize different linkage types.

Validation of the TRABID-K33 Chain Interaction
To validate the interaction between TRABID NZF1 and K33-diUb

biochemically, we mutated residues in the interfaces. We

assembled K33-linked diUb from a Ub K11R/E24R mutant that

would abrogate its interactions with the proximal interface of

TRABID NZF1. Indeed, TRABID NZF1 is unable to pull down

K11R/E24R diUb (Figure 6D), confirming that this Ub residue,

which has not been implicated in any other Ub interaction known

to us, is important for TRABID NZF1 binding.

Next, NZF1 was mutated (Figures 6E–6G; Figure S6F). NZF1

W18A and T25D were unable to interact with K33-linked diUb

in pull-down experiments, and Y15F and S20R significantly

weakened binding compared with wild-type NZF1 (Figure 6E).

SPR measurements for these mutants interacting with K29- or

K33-linked diUb revealed that, although Y15F had to be fitted

to a two-site binding model with a lower Kd
high (11 mM), W18A

and T25D fit well with a one-site binding model, indicating that

they interacted only via the Ub Ile44 patch (Figures 6F and 6G;

Figure S6F; Supplemental Experimental Procedures). No binding

could be detected when mutating the canonical Thr14/Tyr15 (to

Leu/Val, termed TY14LV), consistent with disruption of the Ile44

patch interaction.

This shows the importance of these residues for NZF1 Ub in-

teractions, validates the observed binding mode in the structure

for K33-diUb, and further confirms a similar binding mode for

K29-linked chains (Figures 5 and 6). Moreover, this emphasizes

that conserved residues on previously unknown proximal bind-

ing sites in NZF domains (and perhaps other small UBDs) can

furnish UBDs with chain preference.

Localization of Inactive TRABID to Ub-Rich Puncta
Relies on NZF1 Binding to Atypical Ub Chains
Catalytically inactive TRABID C443S (ciTRABID) localizes to

Ub-rich punctate structures in cells, and this depends on its

Ub-binding capability (Licchesi et al., 2012; Tran et al., 2008).

TRABID contains at least six independent Ub binding inter-

faces: at least four in the 3xNZF module, one in the AnkUBD,

and at least one in the catalytic domain. Because our biochem-

ical analysis indicated that NZF1 provides TRABID with high-af-

finity binding for K29/K33 chains, we assessed how important

individual NZF domains are for ciTRABID localization to puncta

(Figure 7).

Mutation of the canonical Ub binding site in NZF1 (NZF1*; Fig-

ure 7A) led to a diffuse (mostly nuclear) ciTRABID localization

without puncta (Figure 7B). In contrast, the same mutation in

NZF2 or NZF3 (NZF2* and NZF3*, respectively) showed identical

punctate pattern as ciTRABID, with a similar number of dots (Fig-

ures 7B and 7C; Figure S7A). This shows that Ub binding by

NZF1 is crucial for forming punctate structures in the ciTRABID

background. We also tested whether the identified mutants in

the proximal Ub binding site of NZF1 are defective in punctum

formation. ciTRABID W18A and ciTRABID T25D showed a

reduction in the number of puncta per cell (Figures 7B and 7C;

Figure S7A). This is consistent with the distal Ub binding

site still being intact and maintaining residual low-affinity Ub

binding capability. However, the significant reduction of dots

with ciTRABID W18A suggests that the NZF1:K29/K33 interface

promotes punctum formation (Figure 7D).
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DISCUSSION

Chain linkage profiling by AQUA mass spectrometry is a power-

ful strategy to discover the missing ligases for atypical chains

and to provide mechanistic insights into Ub chain assembly.

Because of their mechanism of E2-independent linkage determi-

nation, HECT E3 ligases are good candidates to assemble

atypical chains, and, although several have been suggested to

A

C

E

F G

D

B

WT

W
T

WT

WT WT

Figure 6. Explaining the K29/K33 Specificity of TRABID NZF1

(A) Detailed view of the interactions between TRABID NZF1 (red) and K33-linked diUb (orange/beige). Interacting residues are labeled, and hydrogen bonds are

shown as black dashed lines.

(B) As in (A) for the TAB2 NZF interaction with K63-linked diUb (cyan).

(C) Sequence alignment of TRABID NZF1 from a diverse range of species and human TAB2 NZF domains. Interacting residues are indicated with orange (distal

Ub) and beige (proximal Ub) dots. Thr25 in TRABID NZF1 is replaced with Glu685 in TAB2 NZF, which would prevent K29/K33 binding in TAB2 NZF.

(D) Left: Ub chains were assembled into K33 diUb with AREL1 using K11R or K11R/E24R Ub. Right: pull-down assays with TRABID NZF1 and diUb variants.

(E) Pull-down assays as in Figure 4C for TRABID NZF1 mutants.

(F and G) SPR binding experiment of NZF1 and its mutants against K29 diUb (F) and K33 diUb (G) with the respective Kd values indicated. SEs from two ex-

periments are shown as error bars. See Figure S6F for values of SEs and best-fit parameters.

Molecular Cell 58, 95–109, April 2, 2015 ª2015 The Authors 105



assemble atypical linkages, only a subset have been character-

ized biochemically (Tran et al., 2013; You and Pickart, 2001). We

show here that AREL1 predominantly assembles K33 linkages in

free chains and on substrate proteins. Together with UBE3C,

which has been reported to generate K48 and K29 linkages

(You and Pickart, 2001), we provide a protocol to generate

pure K29- and K33-linked polyUb enzymatically for in vitro

analysis.

Our protocol to generate WT K29- or K33-linked polyUb relies

on the recently discovered linkage specificity in DUBs, and we

used these enzymes preparatively to remove unwanted linkage

types in chains. Our redesigned forms of K48-specific OTUB1

and K63-specific AMSH are highly active and have proven to

be useful for this purpose. Together with Ub chain restriction

A

B

C D

Figure 7. Localization of Catalytically Inac-

tive TRABID Mutants in Cells

(A) Constructs used in localization experiments for

GFP-TRABID fusions. Yellow stars indicate single

amino acid substitutions, whereas black crosses

denote two amino acid substitutions that abrogate

Ub binding in the respective domain.

(B) Localization of catalytically inactive full-length

GFP-TRABID (ciTRABID) constructs. GFP-ci-

TRABID localizes to distinct puncta in COS-7 cells.

Mutations in this background that abrogate Ub

binding of NZF1 (NZF1*) lead to a significant

decrease in the number of dots, whereas the

equivalent mutations in NZF2 (NZF2*) or NZF3

(NZF3*) do not lead to a change in the number of

puncta. Cartoon representations of the constructs

are shown as in (A). Scale bars, 10 mm.

(C) The same experiment with single amino acid

substitutions in the proximal Ub binding site of

NZF1.

(D) Statistical analysis of experiments in (B) and (C)

with an average number of puncta per cell for the

different mutants and corresponding SEs. p Values

are given in reference to the ciTRABID mutant, and

significant values (a < 0.05) are shown in boldface.

Error bars represent SEs.

(UbiCRest) analysis (Mevissen et al.,

2013), this highlights the utility of link-

age-specific DUBs in studying the Ub

system.

K29- and K33-linked chains are flexible

and able to adopt multiple conformations,

much like the remaining chain types (Ye

et al., 2012). Although the diUb crystal

structure has captured a compact con-

formation of K33-linked diUb, solution

studies suggest open conformations for

both chain types without formation

of defined interfaces, as reported for

chemically assembled K33-linked chains

(Dixon et al., 2013).

Ub binding proteins can stabilize chain

conformations (Ye et al., 2012), and it is

therefore important to understand how

polyUb is recognized by UBDs in a linkage-specific fashion.

Our discovery of K29/K33 specificity in the N-terminal TRABID

NZF1 domain enabled further insights into linkage-specific

UBDs.NZFdomains are small zinc-binding foldswith remarkable

linkage specificity that is achieved by bidentate interactions,

whereby the�30-aa NZF fold intercalates between and interacts

with two Ub molecules. The TRABID NZF1 contacts the canoni-

cal Ile44 hydrophobic patch on the distal Ub and an unusual sur-

face on the proximal Ub surrounding Glu24 of the Ub helix. The

observed binding mode is validated by mutational analysis,

which indicates that it may be shared between K29- and K33-

linked chains, explaining TRABID NZF1 cross-specificity. The

structure also explains why TAB2 or TRABID NZF2 and NZF3

are unable to bind K29/K33-linked chains in a similar manner.
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A remarkable feature of the structure is the assembly of the

K33 diUb with NZF1 into filaments that make up the entire crys-

tal. In these filaments, each Ub-Ub contact is identical, each

NZF domain binds two Ub molecules, and each Ub binds two

NZF domains. The helical Ub filament bound to NZF1 domains

provides an immediate model for interactions with the TRABID

3xNZF module, which, despite the lack of K29/K33 specificity

in NZF2 and NZF3, could assemble on a Ub filament (Fig-

ure S7B). This is enabled by flexible linkers that vary in

sequence and length but have a minimal length of 35 aa

(NZF1-NZF2) and 28 aa (NZF2-NZF3) throughout evolution (Fig-

ure S7C). Such linkers would easily be able to bridge the space

between adjacent NZF domains when binding a K29/K33 fila-

ment (Figure S7B).

Further studies by complementary techniqueswill be required

to see whether K29- and K33-linked chains indeed form fila-

ments in the presence of NZF1 in vivo. We have previously

described the accumulation of catalytically inactive TRABID

into characteristic Ub-containing puncta in cells, which de-

pends on functional NZF domains (Licchesi et al., 2012). Here

we extend these studies to show that, indeed, NZF1 and its

K29/K33-specific binding mode are important for punctum for-

mation. The cellular structures covered with K29/K33 chains

that lead to punctum formation are intriguing and require further

investigation.

Nonetheless, some new roles of K33-linked chains are

emerging. AREL1 has been reported to ubiquitinate cytosolic in-

hibitor of apoptosis (IAP) antagonists, including SMAC, HtrA2,

and ARTS, which leads to their proteasomal degradation (Kim

et al., 2013). We show here that AREL1 polyubiquitinates

SMAC and HtrA2 with >80% of K33 linkages in vitro. It will be

interesting to see whether K33-linked chains can be linked to

antiapoptotic signaling.

In cells, K33 chains have been found on AMPK kinases

(together with K29-linked chains; Al-Hakim et al., 2008), on

T cell receptor (TCR) z (Huang et al., 2010), and on Coronin-7

(Yuan et al., 2014). The latter study used an elegant Ub replace-

ment strategy where cells express Ub K33R instead of WT Ub

and revealed roles of this chain type in post-Golgi transport

(Yuan et al., 2014). Interestingly, these reports and our previous

work on TRABID (Licchesi et al., 2012) agreed that K33-linked

chains are likely non-degradative, which is consistent with this

chain type not being significantly enriched upon proteasomal in-

hibition (Kim et al., 2011). The ability of K33 chains to act as a

proteasomal degradation signal requires further study.

Such in vivo studies of atypical chain types can now be sup-

plemented with powerful biochemical tools reported here. The

TRABID NZF1 domain could serve as an excellent tool in future

studies, e.g., when used as a Ub chain sensor (Sims et al.,

2012; van Wijk et al., 2012) or as a K29/K33-specific affinity

reagent (Hjerpe et al., 2009). The availability of K29- and K33-

linked polymers and new affinity reagents will enable a better un-

derstanding of these uncharacterized Ub signals.

EXPERIMENTAL PROCEDURES

Please see the Supplemental Experimental Procedures for more detailed

information.

Protein Production

The His6-SUMO-AREL1 (436–823) and His6-SUMO-UBE3C (693–1083) con-

structs (both from the pOPIN-S vector) and the His6-GST-TRABID NZF

construct (from the pOPIN-K vector) were expressed in Rosetta2 (DE3) pLacI

cells and purified by affinity chromatography. Tags were removed by incuba-

tion with SENP1 or 3C protease. Further purification was performed by anion

exchange and/or size exclusion chromatography.

Ub Chain Composition Mass Spectrometry Analysis

Ub chains were separated on a NuPAGE 4%–12% gradient gel (Invitrogen)

before in-gel digestion with trypsin and the addition of Ub AQUA peptide inter-

nal standards according to Kirkpatrick et al. (2006). 10 ml of each sample was

directly injected onto an EASY-Spray reverse-phase column (C18, 3 mm,

100 Å, 75 mm3 15 cm) using aDionex UltiMate 3000 high-pressure liquid chro-

matography system (Thermo Fisher Scientific) and analyzed on a Q-Exactive

mass spectrometer (Thermo Fisher Scientific) using parallel reaction moni-

toring (PRM), similar to Tsuchiya et al. (2013). Data were analyzed further ac-

cording to Kirkpatrick et al. (2006).

K29 Chain Generation

K29-linked polyUb was assembled from 3 mM Ub, 1 mM E1, 10 mM UBE2L3,

and 32 mM His6-SUMO UBE3C (aa 693–1083) in buffer containing 10 mM

ATP, 10 mM MgCl2, 40 mM Tris (pH 8.5), 100 mM NaCl, 0.6 mM DTT, and

10% (v/v) glycerol overnight at 37�C. After precipitation of enzymes by

perchloric acid (0.25% [v/v]), unanchored chains were buffer-exchanged into

50 mM Tris (pH 7.4), 150 mM NaCl, and 4 mM DTT and treated with OTUB1*

(1 mM), AMSH* (1 mM), and Cezanne (400 nM) for 60 min at 37�C. A second

round of acid precipitation and cation exchange chromatography was used

for purification.

K33 Chain Generation

K33-linked polyUb was assembled like K29-linked chains from a reaction that

contained 36 mM AREL1 (aa 436–823) instead of UBE3C. The addition of 10%

(v/v) glycerol in the reaction buffer prevented AREL1 precipitation during the

reaction.

Pull-Down Assays

Pull-down assays were performed as described previously (Kulathu et al.,

2009). Proteins were visualized by silver staining using the Silver Stain Plus

kit (BioRad) according to manufacturer’s protocols or by western blotting us-

ing a rabbit anti-Ub antibody (Millipore).

Nuclear Magnetic Resonance Studies

NMR experiments were performed in NMR PBS (18 mM Na2HPO4, 7 mM

NaH2PO4 (pH 7.2), and 150 mM NaCl) with 5% D2O added as a lock solvent.

NMR acquisition was carried out at 298 K on a Bruker Avance III 600 MHz

spectrometer equipped with a cryogenic triple resonance TCI probe.

Topspin (Bruker) and Sparky (Goddard & Kneller, University of California

San Francisco; http://www.cgl.ucsf.edu/home/sparky/) software packages

were used for data processing and analysis, respectively. 1H,15N 2D

BEST-TROSY experiments (Favier and Brutscher, 2011) allowed the cal-

culation of weighted chemical shift perturbation using the equation

O(D1H)2+((D15N)2/5). Kd values for NZF-Ub interactions were determined ac-

cording to Williamson (2013).

Crystallization, Data Collection, and Refinement

Crystals of K33-linked diUb, triUb, and of the TRABID NZF1-K33 diUb com-

plex were grown by sitting drop vapor diffusion. Diffraction data were

collected at Diamond Light Source beamlines I03 and I24, and the structures

were solved by molecular replacement and refined to the final statistics in

Table 1.

ACCESSION NUMBERS

Coordinates and structure factors for K33-linked di- and triUb and for TRABID

NZF1-K33 diUb have been deposited with the protein data bank under acces-

sion codes 5AF4, 5AF5, and 5AF6.
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Mechanism of phospho-ubiquitin-induced
PARKIN activation
Tobias Wauer1, Michal Simicek1, Alexander Schubert1 & David Komander1

The E3 ubiquitin ligase PARKIN (encoded by PARK2) and the
protein kinase PINK1 (encoded by PARK6) are mutated in
autosomal-recessive juvenile Parkinsonism (AR-JP) and work
together in the disposal of damaged mitochondria by mito-
phagy1–3. PINK1 is stabilized on the outside of depolarized mito-
chondria and phosphorylates polyubiquitin4–8 as well as the
PARKIN ubiquitin-like (Ubl) domain9,10. These phosphorylation
events lead to PARKIN recruitment to mitochondria, and activa-
tion by an unknown allosteric mechanism4–12. Here we present
the crystal structure of Pediculus humanus PARKIN in complex
with Ser65-phosphorylated ubiquitin (phosphoUb), revealing the
molecular basis for PARKIN recruitment and activation. The
phosphoUb binding site on PARKIN comprises a conserved phos-
phate pocket and harbours residues mutated in patients with AR-
JP. PhosphoUb binding leads to straightening of a helix in the
RING1 domain, and the resulting conformational changes release
the Ubl domain from the PARKIN core; this activates PARKIN.
Moreover, phosphoUb-mediated Ubl release enhances Ubl phos-
phorylation by PINK1, leading to conformational changes within
the Ubl domain and stabilization of an open, active conformation
of PARKIN. We redefine the role of the Ubl domain not only as an
inhibitory13 but also as an activating element that is restrained in
inactive PARKIN and released by phosphoUb. Our work opens up
new avenues to identify small-molecule PARKIN activators.

The RING-between-RING E3 ligase PARKIN contains a RING1
domain that binds ubiquitin-charged E2 enzymes, and transfers
ubiquitin from the E2 to an active site Cys residue in the RING2
domain and subsequently to a substrate. Cytosolic PARKIN exists in
an autoinhibited, ‘closed’ conformation13–16, in which binding to E2 is
blocked by the amino-terminal Ubl domain as well as by a ‘repressor’
element (REP), and access to the RING2 active site Cys is blocked by
the unique PARKIN domain (UPD, also known as RING0) (Extended
Data Fig. 1). PhosphoUb binding and/or PARKIN Ubl phosphoryla-
tion are presumed to induce conformational domain rearrangements to
activate PARKIN13–16; however, the mechanism and sequence of events
are unclear. Once activated, PARKIN ubiquitinates numerous mito-
chondrial and cytosolic proteins17, eventually triggering mitophagy.

To understand how phosphoUb induces PARKIN activation, we
used PINK1-phosphorylated ‘ubiquitin suicide probes’18 that can
modify Cys residues near a ubiquitin binding site in vitro19 (Fig. 1a
and Extended Data Fig. 1d). Probes could not modify a previously
crystallized construct of human PARKIN lacking the Ubl domain14

(HsPARKIN(DUbl), amino acids 137–465) (Fig. 1b). Unexpectedly,
a similar fragment of Pediculus humanus corporis (human body louse)
PARKIN (amino acids 140–461, hereafter referred to as PhPARKIN)
was modified by a subset of phosphoUb (pUb) suicide probes (Fig. 1b),
enabling purification of the PhPARKIN–pUb complex and determina-
tion of a crystal structure at 2.6 Å resolution (Fig. 1c, Methods and
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Figure 1 | Generation and structure of
PhPARKIN–phosphoUb complex. a, Schematic
of the generation of phosphoUb suicide probes
used in this study. b, HsPARKIN(DUbl) (left,
amino acids 137–465) and PhPARKIN (right,
amino acids 140–461) were incubated with
indicated ubiquitin suicide probes18 for 1 h in the
presence of PhPINK1 (Methods and Extended
Data Fig. 1d) and resolved on Coomassie-stained
SDS–PAGE gels. UbC2Cl, Ub chloroethylamine;
UbC2Br, Ub bromoethylamine; UbC3Br, Ub
bromopropylamine; UbPrg, Ub propargyl; UbVS,
Ub vinylmethylsulfone; UbVME, Ub
vinylmethylester. The experiment was performed
three times with consistent results. Molecular
weight markers are in kDa. c, Structure of the
PhPARKIN–pUb complex with domains coloured
from blue to cyan (UPD, RING1, IBR, RING2),
grey zinc atoms, red REP, yellow phosphoUb
binding helix (pUBH), and orange phosphoUb.
The catalytic Cys in RING2, and key phosphoUb
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(PDB) accession 4BM9 (ref. 14)).
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Extended Data Figs 1e and 2a). PhPARKIN–pUb resembles autoin-
hibited structures of HsPARKIN (Fig. 1c, d and Extended Data Fig. 2e),
with key differences as described below. The phosphoUb suicide probe
had modified Cys349 in the PhPARKIN in-between-RING (IBR)
domain (Figs 1c and 2a), which in HsPARKIN corresponds to
probe-unreactive Gln347. Notably, HsPARKIN Q347C is modified
by phosphoUb suicide probes (Fig. 2b), indicating a similar binding
mode of phosphoUb in HsPARKIN. Hence, our complex structure
serves as model for phosphoUb binding to HsPARKIN.

PhosphoUb forms an extended interface (1,150 Å2, 25% of ubiquitin
surface) with the RING1 and IBR domains in PhPARKIN, and also

interacts with side chains of the UPD (Fig. 2a and Extended Data
Fig. 3). Key interactions are formed (1) via the phosphate group,
which is located in a pocket formed by His304, Arg307 and Tyr314
of PhPARKIN (Fig. 2c); (2) via the hydrophobic Ile44 patch of
phosphoUb, which binds to an extended helix in the RING1 domain
(amino acids 311–329, hereafter referred to as phosphoUb binding
helix (pUBH)); (3) via a conserved surfaceb-hairpin loop (amino acids
280–288) in RING1 that harbours AR-JP mutations; and (4) via
the phosphoUb carboxy terminus, which forms an intermolecular
parallel b-sheet with a b-strand of the IBR domain (Figs 1c and 2a).
Most residues forming phosphoUb interactions in PhPARKIN are
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Figure 2 | PhosphoUb binding to PARKIN. a, PhosphoUb binding site on
PhPARKIN as in Fig. 1c. Dotted lines indicate hydrogen bonds. The RING1
b-hairpin that harbours patient mutations is highlighted in red. bb, backbone
contacts. b, PhosphoUb suicide probe reactions as in Fig. 1b with UbC2Br and
GST–PhPINK1. The experiment was performed three times with consistent
results. c, Occupied Ser65 phosphate pocket in PhPARKIN (left); identical
pocket in HsPARKIN occupied by a sulfate ion in PDB 4BM9 (ref. 14) (right).
d, Fluorescence polarization experiments characterizing the binding of FlAsH-
tagged phosphoUb to PARKIN variants. Measurements were performed in
triplicate and error bars represent standard deviation from the mean. mP, milli-
polarization unit. e, Binding assays as in d with full-length HsPARKIN and
mutants in the phosphoUb binding site. Binding curves were compiled from
experiments shown in Extended Data Fig. 3d. Measurements were performed
in triplicate and error bars represent standard deviation from the mean.

f, Activity assays of full-length HsPARKIN variants with and without
phosphoUb. After 2 h, reactions were resolved by SDS–PAGE and polyubiquitin
visualized by anti-polyubiquitin western blotting (FK2, Millipore). PARKIN
protein normalization is shown in Extended Data Fig. 3e. The experiment was
performed three times with consistent results. g, YFP–HsPARKIN wild type
or mutants were transfected into HeLa cells, treated with CCCP (10mM) for
1 h and visualized by immunofluorescence. See Extended Data Fig. 4 for
controls and quantification. Scale bars, 10mm. h, HeLa cell lysates expressing
YFP–HsPARKIN wild type or mutants were western blotted for PARKIN (after
immunoprecipitation (IP)) and Tom20 (in whole-cell lysate (WCL)). NS, non-
specific band. The experiment was performed at least twice as biological
replicate for every mutant with consistent results. See Extended Data Fig. 4d and
Supplementary Information. Molecular weight markers are in kDa for b, f, h.
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conserved in HsPARKIN (Extended Data Fig. 3a–c), and in our pre-
vious HsPARKIN structure14 the phosphate pocket is occupied by a
sulfate molecule from the crystallization condition (Fig. 2c).

A fluorescence-polarization-based phosphoUb binding assay
revealed sub-micromolar interactions of phosphoUb with full-length
HsPARKIN, HsPARKIN(DUbl) and PhPARKIN (Fig. 2d). Modifi-
cation with phosphoUb suicide probes of PhPARKIN or HsPARKIN
Q347C (HsPARKIN Q347C–pUb) abrogated phosphoUb binding
(Fig. 2d), indicating that the covalently bound phosphoUb molecule
satisfied the major phosphoUb binding site.

Mutations in the predicted phosphoUb interface in HsPARKIN
reduced or abrogated phosphoUb binding (Fig. 2e and Extended Data
Fig. 3d). HsPARKIN K151E (in the phosphate pocket; Fig. 2c, Ala152 in
PhPARKIN), A320R (pUBH, Thr322 in PhPARKIN, Fig. 2a) or G284R
(b-hairpin, Gly286 in PhPARKIN, Fig. 2a) abrogated phosphoUb bind-
ing (Fig. 2e). HsPARKIN G284R is an AR-JP-derived patient mutation,
and our data provide a rationale for how this mutation leads to defects
in PARKIN function (see below). Similarly, AR-JP mutation L283P
(ref. 20) and cancer-associated H279P (ref. 21) in this region might also
disrupt this loop and affect phosphoUb binding to HsPARKIN.

PARKIN activity can be assessed in autoubiquitination assays4–7,14.
HsPARKIN was activated by phosphoUb, whereas HsPARKIN K151E,
H302A, A320R or G284R showed impaired phosphoUb-induced
activation (Fig. 2f). HsPARKIN K161N (an AR-JP mutation on the
UPD14, see below) and HsPARKIN G319A (see below) bound to and
were activated by phosphoUb (Fig. 2e, f and Extended Data Fig. 3d, e).

In HeLa cells, carbonyl cyanide m-chlorophenyl hydrazone
(CCCP)-mediated depolarization of mitochondria led to rapid mito-
chondrial localization of yellow fluorescent protein (YFP)-tagged
HsPARKIN, while phosphoUb-binding mutants did not show
mitochondrial localization (Fig. 2g and Extended Data Fig. 4a–c).
Moreover, wild-type HsPARKIN ubiquitinated endogenous Tom20
after CCCP treatment, while phosphoUb-binding mutants showed
no apparent activity (Fig. 2h and Extended Data Fig. 4d).

Hence, we reveal that the phosphoUb binding site in PARKIN,
which is conserved in divergent species, harbours AR-JP patient muta-
tions and is important for PARKIN localization in cells (Fig. 2). This
provides the molecular basis for PARKIN translocation to mitochon-
drial phosphoUb7,11,22 (Extended Data Fig. 3g).

Next we addressed the question of how phosphoUb activates
PARKIN. PhosphoUb binds to a straight helix, pUBH, in PhPARKIN
(Figs 2 and 3). In previous PARKIN structures14–16 this helix is kinked at
Gly319 (Ala321 in PhPARKIN). The distinct conformation of the
pUBH does not originate from this sequence difference; a crystal struc-
ture of HsPARKIN(DUbl) G319A still shows a kinked pUBH con-
formation (Extended Data Figs 1e and 5) and HsPARKIN wild type
and G319A have similar biochemical properties (Fig. 2e, f and Extended
Data Fig. 3d, e). Notably, RING1 of the RBR E3 ligase HHARI (ref. 23)
also features a kinked helix in the autoinhibited state (see Extended Data
Fig. 5e–h). A kinked helix would be unable to bind phosphoUb, leading
to a model in which the pUBH is dynamic and straightens upon
phosphoUb binding. pUBH straightening hardly affects RING1
(Extended Data Fig. 6a) but impacts on the position of the IBR domain
(Figs 2 and 3a, b), which rotates and moves by .20 Å as compared to
full-length rat PARKIN (RnPARKIN)16 (Fig. 3a). The conformational
change stretches the IBR–REP linker (14–15 amino acids, Extended
Data Fig. 2a) from spanning 31 Å in RnPARKIN to cover a distance
of 43 Å in PhPARKIN–pUb (Fig. 3b and Extended Data Fig. 6b). This
appears to destabilize inhibitory interactions of REP and RING2 as
suggested by increased B-factors for these domains in PhPARKIN–
pUb (Extended Data Fig. 6c, d).

More importantly, phosphoUb binding also destabilizes the inter-
face between the PARKIN Ubl domain and the RBR core, due to
displacement of the IBR domain and reorganization of the IBR–REP
linker that no longer spans the Ubl surface (Fig. 3b). Using isothermal
titration calorimetry (ITC), we detected binding of isolated HsPARKIN
Ubl (amino acids 1–72) to HsPARKIN(DUbl) in trans (Fig. 3c, dissoci-
ation constant (Kd) ,40mM). Notably, binding is undetectable in the
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presence of phosphoUb, but recovered with phosphoUb-binding-defi-
cient HsPARKIN(DUbl) K151E mutant (Fig. 3c). Hence, phosphoUb
binding releases the Ubl from the PARKIN RBR core.

PARKIN variants lacking the Ubl domain are still autoinhibited14–16

and less well activated by phosphoUb in comparison to full-length
PARKIN7 (Fig. 3d). This indicates that the presence of the Ubl domain
is important for full PARKIN activity. Interestingly, replacing the Ubl
domain (amino acids 1–79) with SUMO, which lacks a Ubl-like hydro-
phobic patch and would not bind RING1, activates PARKIN constitu-
tively, even in the absence of phosphoUb. This suggests that the released
Ubl domain actively helps to unravel the autoinhibited PARKIN confor-
mation. This, together with destabilization of the REP and RING2 auto-
inhibitory interactions, enables RING1 to bind and discharge E2–Ub
conjugates4, and explains how PARKIN is activated by phosphoUb.

An alternative mechanism to activate PARKIN is PINK1-mediated
phosphorylation of Ser65 in the Ubl domain7,9,10, which was also sug-

gested to release the Ubl domain from the PARKIN core9,24. In the
closed conformation of PARKIN, the Ubl domain binds via its Ile44
patch to RING1 (refs 13, 16) (Fig. 4a and Extended Data Fig. 1).
Importantly, PINK1 did not phosphorylate HsPARKIN Ubl I44A
(or ubiquitin I44A) efficiently (Extended Data Fig. 7a, b). This suggests
that PARKIN and PINK1 utilize overlapping binding sites on the Ubl
domain, and that the Ubl domain has to be released from the PARKIN
core for PINK1 to access and phosphorylate it.

Consistently, using a phosphospecific antibody against PARKIN
phospho-Ser65 (anti-pSer65 PARKIN), we found that PARKIN phos-
phorylation is significantly enhanced when phosphoUb is added to
the reaction, and this depends on ubiquitin phosphorylation and
phosphoUb binding (Fig. 4c and Extended Data Fig. 7c, d). Induced
release of the Ubl domain by mutating the binding site on RING1
(HsPARKIN L266R, Fig. 4a) leads to phosphorylation by PINK1 in
the absence of phosphoUb (Fig. 4c and Extended Data Fig. 7c, d),
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routes. Further information on the role of Ubl phosphorylation is in Extended
Data Figs 9 and 10. Molecular weight markers are in kDa for b and c.
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indicating that Ubl release is crucial for enhanced phosphorylation.
These results reveal a new function for phosphoUb, namely to enable
phosphorylation of the Ubl domain (Fig. 4). However, PINK1 can
phosphorylate PARKIN in the absence of phosphoUb in vitro (albeit
inefficiently, Fig. 4b) and in cells7,25, showing that PARKIN is a
dynamic molecule (Fig. 4d) in which the Ubl domain is partially
accessible by PINK1.

We next examined consequences of Ubl phosphorylation in
HsPARKIN. Nuclear magnetic resonance measurements reveal that
the Ubl domain undergoes significant changes when phosphorylated,
in particular in the Ser65 loop and the Ile44 patch (Extended Data
Fig. 8). Disruption of the Ile44 patch prevents re-binding of the Ubl
domain to RING113,24, and probably stabilizes a more open, active
conformation of PARKIN. Moreover, this may also explain why the
phosphorylated Ubl domain cannot compete with phosphoUb for the
phosphoUb binding site (Extended Data Fig. 9). Phosphorylated
HsPARKIN does not impede binding of phosphoUb, but rather
enhances it7 (Extended Data Fig. 9).

Together, this completes our model of PARKIN activation (Fig. 4d).
Autoinhibited PARKIN (Fig. 4d, top left) responds to phosphoUb on
mitochondria, which releases the Ubl to activate PARKIN in a revers-
ible manner (Fig. 4d, top row). PINK1 phosphorylates PARKIN pref-
erentially when the Ubl domain is released (Fig. 4d, bottom middle),
and this leads to irreversible PARKIN activation (Fig. 4d, bottom
right). Alternatively, inactive PARKIN may be phosphorylated by
PINK1 directly7,25 (Fig. 4d, bottom left); this improves phosphoUb
binding, retains PARKIN on mitochondria, and irreversibly activates
PARKIN (Fig. 4d, bottom row).

The conformation of fully active PARKIN remains elusive. Phos-
phorylated PARKIN but not phosphoUb-activated PARKIN exposes
its active site Cys residue7 (Extended Data Fig. 10), further indicating
that PARKIN phosphorylation leads to ‘opening’ of PARKIN. Notably,
mutations in a putative second phosphate pocket in the UPD, which we
reported previously14 and which is distinct from the pocket involved in
phosphoUb binding, prevents phospho-Ubl-induced PARKIN open-
ing and activation (Extended Data Fig. 10c, d). The functional link
between PARKIN phosphorylation and a putative phosphate-binding
pocket in the UPD may suggest that the phosphorylated Ubl domain
binds back to the UPD; however, alternative activation mechanisms or
the involvement of the Ubl–UPD linker cannot be excluded.

Our work is consistent with suggested models of PARKIN-mediated
mitophagy7,25–28 and provides a structural understanding for phosphoUb
binding and allosteric PARKIN activation. We refine the role of the
PARKIN Ubl domain as an essential activating element that is restrained
in autoinhibited PARKIN. The model ensures tight temporal and spatial
regulation of PARKIN activity, and incorporates a commitment step
whereby PARKIN phosphorylation locks PARKIN in the active, open
conformation. Our insights may prove useful pharmacologically,
since small molecules that dislodge the PARKIN Ubl domain from
the PARKIN core may activate PARKIN and benefit patients with
Parkinson’s disease.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size.
Protein expression and purification. HsPARKIN full length, HsPARKIN(DUbl)
(amino acids 137–465), PhPARKIN (amino acids 140–461), PhPINK1 (amino
acids 115–575) as well as Tribolium castaneum PINK1 (TcPINK1, amino acids
128–570) were expressed as GST fusion proteins in Rosetta2 pLacI cells from
pOPIN-K vectors as described14. In short, PARKIN cultures were induced by
adding 200mM ZnCl2 and 50mM IPTG, whereas PINK1 variants and the
HsPARKIN Ubl domain (amino acids 1–72) were induced with 150mM IPTG
followed by 12 h expression at 18 uC. After collection, the cell pellet was lysed by
sonication in lysis buffer (270 mM sucrose, 10 mM glycerol 2-phosphate di-
sodium, 50 mM NaF, 14 mM b-mercaptoethanol, 50 mM Tris (pH 8.0)), in the
presence of lysozyme, DNase I and EDTA-free protease inhibitors. The suspen-
sion was centrifuged and the supernatant applied to Glutathione Sepharose 4B
beads (GE Healthcare). After 1 h of agitation at 4 uC the beads were washed with
high salt buffer (500 mM NaCl, 10 mM DTT, 25 mM Tris (pH 8.5)) and equili-
brated in low salt buffer (200 mM NaCl, 10 mM DTT, 25 mM Tris (pH 8.5)). GST-
tagged proteins were either eluted from beads with low salt buffer containing
40 mM glutathione and purified by gel filtration (Superdex 200, GE Life
Sciences), or cleaved on beads by incubating with GST-3C protease for 12 h at
4 uC before further purification by gel filtration (Superdex 75, GE Life Sciences) in
low salt buffer as a final step. When improved purity was required, such as for
PhPARKIN used in crystallization, an anion exchange step (RESOURCE Q, GE
Life Sciences) using a linear gradient of 75–600 mM NaCl in 10 mM DTT, 25 mM
Tris (pH 8.5) was included before final gel filtration.

N-terminally His6-SUMO-tagged HsPARKIN(DUbl2) (amino acids 80–465)
was expressed as described above and lysed in His6-lysis buffer (200–300 mM
NaCl, 4 mM b-mercaptoethanol, 25 mM Tris (pH 8.5)). After centrifugation,
the protein was affinity purified with Talon Superflow resin (GE Healthcare)
and eluted in 200 mM NaCl, 4 mM b-mercaptoethanol, 25 mM Tris (pH 8.5)
containing 200–250 mM imidazole. Eluted protein was directly applied to gel
filtration (Superdex 75, GE Life Sciences) in low salt buffer. Protein for SUMO-
tag cleavage was dialysed overnight in 200 mM NaCl, 4 mM b-mercaptoethanol,
25 mM Tris (pH 8.5) containing His6-tagged SENP1. The sample was reapplied to
Talon resin, and the flow-through purified by gel filtration (Superdex 75, GE Life
Sciences) in low salt buffer.

Phospho-HsPARKIN for biochemical assays was generated by incubating
32–37mM HsPARKIN, 5.4mM GST–PhPINK1 and 10 mM ATP with 13 ligation
buffer (40 mM Tris pH 7.4, 10 mM MgCl2, 0.6 mM DTT) for 1 h at room temper-
ature. GST–PhPINK1 was removed with Glutathione Sepharose 4B resin (GE
Healthcare) and HsPARKIN was re-purified by gel filtration (Superdex 75, GE
Life Sciences). Consistent phosphorylation levels were checked by western blot
analysis using an anti-pSer65 PARKIN antibody (Abcam cat no. ab154995).
Modification with ubiquitin-based suicide probes. Probe reactions for bio-
chemical assays were performed by incubating 5mM PARKIN with 40mM indi-
cated ubiquitin suicide probe (Figs 1b and 2b) or 20mM Ub-VS (Extended Data
Fig. 10), 1mM PhPINK1 where indicated and 5mM phosphoUb where indicated in
the presence of 1 3 reaction buffer (50 mM Tris pH 7.4, 200 mM NaCl, 10 mM
DTT, 10 mM MgCl2). The reaction took place at room temperature after adding
10 mM ATP and was quenched by adding LDS sample buffer at the indicated time
points. Samples were applied on NuPAGE 4–12% Bis-Tris gels (Invitrogen) and
stained with Instant Blue SafeStain (Expedeon).

To generate the covalent PhPARKIN–pUb complex for crystallization, 46mM
PhPARKIN (amino acids 140–461) was reacted with 230mM UbC3Br probe and
23mM GST–PhPINK1 in the presence of 1 3 reaction buffer. The coupling was
initiated by adding 10 mM ATP and incubated for 6 h at room temperature. The
complex was purified by gel filtration (Superdex 75, GE Life Sciences) in low salt
buffer. Fractions containing PhPARKIN–pUb were pooled, concentrated and
used for crystallization without freezing.
Crystallization, data collection and refinement. PhPARKIN–pUb was crystal-
lized in sitting-drop vapour diffusion at a concentration of ,5.3 mg ml21 at 18 uC.
Crystals were grown in 100 nl protein solution mixed with 100 nl mother liquor
(2% (v/v) PEG400, 2 M ammonium sulfate, 0.1 M HEPES pH 7.5). Before vit-
rification, crystals were soaked in 1.7% (v/v) PEG400, 15% (v/v) glycerol, 1.7 M
ammonium sulfate, 0.085 M HEPES (pH 7.5) for cryo-protection. Diffraction data
were collected at the Diamond Light Source (Harwell, UK), beamline I-04, at 100 K
and a wavelength of 0.97949 Å, to a resolution of 2.62 Å.

The HsPARKIN(DUbl) (amino acids 137–465) G319A mutant was crystallized
at a concentration of 2.4 mg ml21 by mixing 400 nl protein solution with 400 nl
mother liquor (1.8 M lithium sulfate, 0.01 M MgCl2, 0.05 M MES pH 5.6) in a
sitting-drop vapour diffusion set-up at 18 uC. Before vitrification in liquid nitrogen
the crystals were briefly soaked in 1.6 M lithium sulfate, 0.01 M MgCl2, 0.05 M

MES pH 5.4 containing 15% (v/v) glycerol. Diffraction data were collected at the
Diamond Light Source (Harwell, UK), beamline I04-1, at 100 K and a wavelength
of 0.91730 Å, to a resolution of 2.35 Å.

Phasing of the PhPARKIN–pUb data set was performed by molecular replace-
ment with Phaser29 using isolated domains of HsPARKIN(DUbl) (PDB 4BM9
(ref. 14)) and ubiquitin (PDB 1UBq (ref. 30)) as search models. The structure of
HsPARKIN(DUbl) G319A was solved by using HsPARKIN(DUbl) (PDB 4BM9 (ref.
14)) as a refinement model. For both structures, subsequent rounds of model building
in Coot31 and refinement in Phenix32 resulted in final models with statistics shown in
Extended Data Fig. 1e. The HsPARKIN(DUbl) G319A structure was refined with
simulated annealing to reduce model bias. Both structures were refined with TLS,
using different protein chains as individual TLS groups. Final Ramachandran stat-
istics were 95.3%/4.7%/0.0% (favoured/allowed/outliers) for the HsPARKIN G319A
mutant structure, and 96.7%/3.2%/0.1% for the PhPARKIN–pUb structure.
Structure figures were generated with PyMol (http://www.pymol.org).
Fluorescence polarization phosphoUb binding assays. N-terminally FlAsH-
tagged ubiquitin was phosphorylated and purified as described for phosphoUb8

with buffers supplemented with b-mercaptoethanol. Labelling was performed
overnight at 4 uC with 60mM FlAsH-tagged phosphoUb at a ratio of 37.5:1 (v/v)
with Lumio Green (Invitrogen) in 1 3 FlAsH dilution buffer (50 mM Tris (pH 7.4),
1 mM b-mercaptoethanol). Buffer exchange was performed with PD-10 desalting
columns (GE Healthcare) in 50 mM Tris (pH 7.4), 2 mM b-mercaptoethanol and
samples were concentrated to ,8mM FlAsH-labelled phosphoUb. For binding
studies in 384-well low volume plates (Corning), 10ml of 100 nm labelled
phosphoUb was mixed with 10ml of PARKIN serial dilutions in FlAsH buffer
(20 mM Tris (pH 7.4), 100 mM NaCl, 2 mM b-mercaptoethanol, 0.1 mg ml21

bovine serum albumin). Fluorescence polarization (FP 5 (II 2 IH)/(II 1 IH))
was measured using a PheraStar plate reader (BMB Labtech) with the optic module
set to lex 5 485 nm and lem 5 520 nm. Measurements were performed in triplicate
and error bars are given as the standard deviation from the mean. A least square fit
for one binding site was performed using the following equation

FP~(Bmax|X=(KdzX))zNS|Xzbackground

with FP being fluorescence polarization and X the concentration of the titrant, Bmax

is the maximum specific binding, Kd is the equilibrium dissociation constant and
NS the slope for nonspecific binding, which was restricted to values greater than 0.
PARKIN activity assays. Spin-filtered HsPARKIN (2mM) was pre-incubated for
0.5 h at 30 uC with 10 mM ATP, 1 3 ligation buffer (40 mM Tris pH 7.5, 10 mM
magnesium chloride, 0.6 mM dithiothreitol (DTT)), a total concentration of
0.5 mg ml21 ubiquitin and 0.05 mg ml21 phosphoUb or 0.1mM GST–TcPINK1
where indicated. Ubiquitination was initiated by adding 0.1mM E1 and 1mM
UBE2L3 (Fig. 2f and Extended Data Fig. 10d) or 0.2mM E1 and 2mM UBE2L3
(Fig. 3d). The reaction was quenched with LDS sample buffer containing DTT and
iodoacetamide to prevent forming of disulfide bridges. NuPAGE 4–12% gradient
Bis-Tris gels were used for separation, and proteins were transferred on a nitro-
cellulose membrane with subsequent detection using an anti-polyubiquitin FK2
antibody (Millipore).
Immunofluorescence. HeLa cells (originating from ATCC) were nucleofected
with N-terminally tagged eYFP–HsPARKIN (gift from the J. Kittler laboratory)
and grown on coverslips for 24–48 h. After treatment with DMSO or CCCP
(10mM) for 1 h, cells were fixed with 4% paraformaldehyde, washed with 0.1 M
glycine in phosphate buffered saline (PBS), at pH 7.4, briefly permeabilized with
0.2% Triton X-100 in PBS and blocked with a blocking solution containing 10%
goat serum and 0.5% BSA. Samples were further incubated with anti-Tom20
antibody (FL-145, Santa Cruz) followed by goat Alexa647-coupled anti-rabbit
antibody (Life Technologies). Confocal images were taken using a Zeiss
LSM780 microscope.
Immunoblotting and immunoprecipitation. HeLa cells (originating from
ATCC) were transfected with eYFP–HsPARKIN. After 24–48 h, cells were treated
with DMSO or CCCP as before, and lysed in cell lysis buffer (50 mM Tris (pH 7.4),
150 mM NaCl, 1% (v/v) NP-40) supplemented with EDTA-free protease inhibitor
cocktail (Roche), PhosphoSTOP (Roche), as well as 10 mM N-ethylmaleimide
(Sigma-Aldrich) and 10 mM chloracetamide (Sigma-Aldrich) for better detection
of ubiquitinated proteins. For immunoprecipitation of eYFP–HsPARKIN, 500 mg
of cell lysate was incubated with GFP–Trap agarose (Chromotek) for 1 h. The
beads were washed three times with cell lysis buffer, and proteins were eluted with
1 3 LDS buffer. Cells were regularly checked for the absence of mycoplasma
infection using the MycoAlert Kit (Lonza). Antibodies were from commercial
sources: goat anti-GFP (ab6673, Abcam), rabbit anti-Tom20 (FL-145, Santa
Cruz), mouse anti-GAPDH (6C5, Ambion).
Isothermal titration calorimetry. Isothermal titration calorimetry (ITC) experi-
ments were performed in a MicroCal iTC200 machine (GE Healthcare) at 20 uC
with the sample and the ligand in low salt buffer. The cell contained 35mM of
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HsPARKIN(DUbl) and 400mM HsPARKIN Ubl was injected in 2ml injections at
120 s intervals. Protein sample as well as ligand were in low salt buffer and
HsPARKIN(DUbl) was mixed with phosphoUb at a 1:1.2 molar ratio as indicated.
Binding curves were integrated and fitted to a one-site binding model by using the
MicroCal ITC Analysis plug-in for Origin (Malvern).
Phosphorylation assays. PARKIN phosphorylation was performed by incubating
5mM HsPARKIN with 0.5mM GST–TcPINK1, 10 mM ATP, 1 3 reaction buffer
and phosphoUb (14mM unless stated differently). The reaction was quenched at
the given time points with LDS sample buffer and proteins were separated on a
NuPAGE 4–12% gradient Bis-Tris gel, transferred on nitrocellulose membrane
and detected with anti-pSer65 PARKIN antibody (Abcam cat no. ab154995).
Phosphorylation assays of HsPARKIN Ubl domain (amino acids 1–72) and
ubiquitin were performed as described above with 20mM of HsPARKIN Ubl
domain and ubiquitin, respectively. For the ubiquitin phosphorylation assay,
the GST–TcPINK1 concentration was increased to 1.5mM. The reaction was
quenched at the given time points with LDS sample buffer and proteins were
separated on a 15% SuperSep Phos-tag gel (Wako Chemicals) and stained with
Instant Blue SafeStain (Expedeon).
Phosphorylation of the PARKIN Ubl domain for NMR analysis. Isotope-
labelled HsPARKIN Ubl domain (amino acids 1–72) was expressed in M9 min-
imal media supplemented with 4 g l21 13C-glucose, 2 g l21 15N-NH4Cl, trace
elements and BME vitamins (Sigma-Aldrich) and purified as described above.
The final gel filtration was performed in NMR buffer (18 mM Na2HPO4, 7 mM
NaH2PO4 (pH 7.2), 150 mM NaCl, 5 mM TCEP). Isotope-labelled HsPARKIN
Ubl was phosphorylated at room temperature by incubating 80mM HsPARKIN
Ubl with 2.5mM PhPINK1, 1 mM ATP and 1 3 ligation buffer which was adjusted
to 332.5ml with NMR buffer, before addition of 17.5ml D2O as lock solvent. The
reaction was monitored by consecutive 1H,15N 2D BEST-TROSY (band selective
excitation short transients transverse relaxation optimized spectroscopy) experi-
ments and quenched with apyrase.
Solution studies of the phosphorylated PARKIN Ubl domain. NMR acquisi-
tion was performed at 298 K on a Bruker Avance III 600 MHz spectrometer

equipped with a cryogenic triple resonance TCI probe. The software packages
Topspin3.2 (Bruker) and Sparky (Goddard & Kneller, UCSF; http://www.cgl.ucsf.
edu/home/sparky/) were used for data processing and analysis, respectively.
1H,15N 2D BEST-TROSY experiments33 were conducted with in-house optimized
Bruker pulse sequences that contained a recycling delay of 400 ms and 512 3 64
complex points in the 1H,15N dimension, respectively.

Standard HSQC-based Bruker triple resonance pulse sequences were used to
generate backbone chemical shift assignments. CBCACONH and HNCACB spec-
tra were collected with 50% non-uniform sampling (NUS) of 1,024 3 32 3 55
complex points in the 1H, 15N and 13C dimensions. HNCO and HNCACO experi-
ments were acquired using NUS at a rate of 50% with 1,024 3 32 3 48 complex
points in the 1H, 15N and 13C dimensions, respectively. Data set processing was
performed with compressed sensing using the MddNMR software package34.
Weighted chemical shift perturbation calculations were completed using the equa-
tion H((D1H)2 1 (D15N/5)2).

29. McCoy, A. J.et al. Phaser crystallographic software. J. Appl. Crystallogr.40, 658–674
(2007).

30. Vijay-Kumar, S., Bugg, C. E. & Cook, W. J. Structure of ubiquitin refined at 1.8 Å
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OTUB1 triggers lung cancer development by
inhibiting RAS monoubiquitination
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Abstract

Activation of the RAS oncogenic pathway, frequently ensuing from
mutations in RAS genes, is a common event in human cancer.
Recent reports demonstrate that reversible ubiquitination of RAS
GTPases dramatically affects their activity, suggesting that
enzymes involved in regulating RAS ubiquitination may contribute
to malignant transformation. Here, we identified the de-ubiquiti-
nase OTUB1 as a negative regulator of RAS mono- and di-ubiquiti-
nation. OTUB1 inhibits RAS ubiquitination independently of its
catalytic activity resulting in sequestration of RAS on the plasma
membrane. OTUB1 promotes RAS activation and tumorigenesis in
wild-type RAS cells. An increase of OTUB1 expression is commonly
observed in non-small-cell lung carcinomas harboring wild-type
KRAS and is associated with increased levels of ERK1/2 phosphory-
lation, high Ki67 score, and poorer patient survival. Our results
strongly indicate that dysregulation of RAS ubiquitination repre-
sents an alternative mechanism of RAS activation during lung
cancer development.
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Introduction

The RAS small GTPases (HRAS, NRAS, and KRAS) are essential

regulators of diverse eukaryotic cellular processes, such as cell prolif-

eration, cytoskeletal assembly and organization, and intracellular

membrane trafficking [for review (Colicelli, 2004)]. The RAS family

members function as molecular switches alternating between an inac-

tive GDP-bound and active GTP-bound state. The transition between

GDP- and GTP-bound forms is tightly regulated by guanine nucleotide

exchange factors (GEF) and GTPase-activating proteins (GAP).

The RAS small GTPases play a major role in the development of

human cancer. Oncogenic RAS mutations occur in up to 30% of

non-small-cell lung carcinomas (NSCLC), mostly adenocarcinomas

(Karnoub & Weinberg, 2008). The intrinsic GTP hydrolysis activity

of RAS is the predominant target of most common somatic muta-

tions found in the oncogenic variants of RAS alleles (Pylayeva-

Gupta et al, 2011). KRAS-mutant lung adenocarcinomas have higher

levels of the MAPK pathway activation than wild-type (wt) KRAS

tumors. However, the MAPK cascade is also hyperactivated in a

significant proportion of wt KRAS tumors, suggesting that RAS

proteins may be frequently activated by alternative mechanisms not

yet fully elucidated (Network, 2014).

Beyond oncogenic mutations of RAS, up-regulation of RAS-

specific GEFs and functional loss of GAPs also have been shown to

contribute to cancer development and progression (Vigil et al,

2010). In addition, several post-translational modifications, such as

phosphorylation (Bivona et al, 2006), lipidation (Hancock, 2003),

and acetylation (Yang et al, 2013), are known to regulate the func-

tions of RAS GTPases. RAS stability is controlled by the E3 ubiquitin

ligases, b-TrCP1, and Nedd4-1, that directly polyubiquitinate RAS

proteins triggering degradation (Shukla et al, 2014; Zeng et al,

2014). In addition, we and others have recently demonstrated that

RAS family members can undergo reversible mono- and di-ubiquiti-

nation (Jura et al, 2006; Xu et al, 2010; Sasaki et al, 2011; Baker

et al, 2013a; Simicek et al, 2013). However, how reversible ubiquiti-

nation affects RAS activity and its tumorigenic properties remains

very much controversial.

Earlier studies reported that reversible ubiquitination restricts the

activity of HRAS and NRAS, but not that of KRAS, whereas more

recent reports demonstrated that KRAS can also undergo mono- and

di-ubiquitination (Jura et al, 2006). Xu et al (2010) demonstrated

that di-ubiquitination of HRAS and NRAS by the E3 ubiquitin ligase

RABEX5 (RABGEF1) induces their re-localization to the endomembranes,
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leading to a decrease in RAS activity and downstream signaling. On

the other hand, two other groups demonstrated that monoubiquiti-

nation of HRAS at Lys117 accelerates intrinsic nucleotide exchange

and promotes GTP loading, whereas monoubiquitination of KRAS at

Lys147 impaired NF1-mediated GTP hydrolysis (Sasaki et al, 2011;

Baker et al, 2013a,b). Moreover, the KRAS gene fusion with the

ubiquitin-conjugating enzyme UBE2L3 has been identified in meta-

static prostate cancer. The UBE2L3-KRAS fusion protein is highly

ubiquitinated and exhibits transforming activity via specific activa-

tion of AKT and p38 MAPK pathways (Wang et al, 2011).

Taken together, these studies strongly highlight the importance

of reversible ubiquitination of RAS-like GTPases governing down-

stream signaling. These results also suggest that enzymes involved

in RAS ubiquitination may contribute to tumorigenic transformation

by modulating RAS activity. In this study, we focused on the identi-

fication of specific RAS de-ubiquitinating enzymes (DUBs) and their

role in cancer development and progression. We found that OTUB1

up-regulation contributes specifically to the development of wt

KRAS lung adenocarcinomas by inhibiting reversible ubiquitination

of RAS proteins.

Results

OTUB1 controls RAS ubiquitination

To identify DUBs involved in the control of RAS ubiquitination, we

utilized a targeted mammalian protein–protein interaction

(MAPPIT) screen, a two-hybrid technology for the detection of

protein-protein interactions in intact mammalian cells (Lievens

et al, 2009, 2012). As a proof of concept, we applied the MAPPIT

system to examine the interactions between HRAS and its known

downstream effectors (Fig EV1). GTPase-deficient HRAS G12V-

mutant bait gave rise to the robust MAPPIT signals with each of the

tested effector preys (Fig EV1), confirming the feasibility of the

MAPPIT approach to identify novel RAS regulators.

A targeted MAPPIT screen, in which the HRAS G12V bait was

screened against a library of 55 DUBs, identified four DUBs, USP12,

JOSD2, UCHL5, and OTUB1, as potential interactors of HRAS G12V

(Fig 1A). We next assessed whether the candidate DUBs could also

interact with KRAS G12V and NRAS Q61K. The MAPPIT assay

revealed that, in contrast to other tested DUBs, OTUB1 demon-

strated a much higher affinity for both NRAS and KRAS compared

to random non-specific baits, MAL and eDHFR (Fig 1B). Altogether,

the MAPPIT experiments identified OTUB1 (OTU de-ubiquitinase,

ubiquitin aldehyde binding 1), a member of the ovarian tumor

domain protease (OTU) family of DUBs (Wang et al, 2009; Iglesias-

Gato et al, 2015), as a putative binding partner of RAS proteins

(Fig 1A and B).

Using a set of reciprocal immunoprecipitations, we confirmed

that OTUB1 interacted with RAS proteins (Fig 1C–F). We found that

OTUB1 formed a complex with either wt NRAS or constitutively

active form of NRAS Q61K (Fig 1D). Consistently with this observa-

tion, both inactive GDP-bound and active GTP-c-S-bound forms of

NRAS interacted with OTUB1 (Fig 1E), indicating that GTP binding

does not significantly affect the interaction between RAS and

OTUB1. Furthermore, immunofluorescence analysis revealed that

OTUB1 and wt KRAS co-localized at the plasma membrane (Fig 1G).

These results strongly indicate that OTUB1 interacts with RAS

proteins in a GTP-independent manner, suggesting that OTUB1 is an

upstream regulator of RAS GTPases.

We next investigated whether OTUB1 is implicated in the regula-

tion of RAS ubiquitination. Consistently with previous reports (Jura

et al, 2006; Sasaki et al, 2011), we found that all RAS proteins undergo

mono- and di-ubiquitination (Fig 2A–D). Suppression of OTUB1 with

two different shRNAs resulted in increased levels of NRAS monoubiq-

uitination (Fig 2A), whereas overexpression of wt OTUB1 almost

completely abolished ubiquitination of RAS proteins (Fig 2B–D).

OTUB1 has recently emerged as a unique DUB that binds to

several classes of E2s, including Ubc13 and UbcH5C, and inhibits

ubiquitination independently of its proteolytic activity (Nakada

et al, 2010; Juang et al, 2012; Sato et al, 2012; Wiener et al, 2012).

Therefore, we tested whether the catalytic activity of OTUB1 is

essential to promote RAS de-ubiquitination. We found that catalyti-

cally inactive OTUB1 C91S-mutant (Edelmann et al, 2009) as well

as wt OTUB1 dramatically decreased the ubiquitination levels of

Figure 1. The de-ubiquitinase OTUB1 interacts with the RAS GTPases.

A A targeted MAPPIT screen identifies several DUBs as putative RAS interactors. A MAPPIT array containing DUB prey library was screened with HRAS G12V as bait. pSEL
(+2L)-HRAS G12V was expressed in HEK293T cells together with the indicated prey. BRAF served as a positive control. Each measurement was done in triplicate. The
results are expressed as a mean of normalized luciferase activity (leptin-treated cells vs leptin-untreated cells). The overall mean value + 2 s.d. served as a threshold.

B MAPPIT assay confirms the interaction between OTUB1 and RAS proteins. pSEL(+2L) vectors coding RAS proteins were expressed in HEK293T cells together with the
indicated prey. Empty vector and two random baits, MAL and eDHFR, were used as negative controls. REM2 and EFHA1 preys that bind to the bait receptor itself
were used to evaluate the expression of the RAS baits. The results are expressed as a mean of normalized luciferase activity � s.e.m (leptin-treated cells vs leptin-
untreated cells), n = 3.

C NRAS Q61K mutant co-immunoprecipitates with OTUB1. At 48 h post-transfection with Flag-tagged NRAS Q61K and HA-tagged OTUB1 expression constructs, HA-
tagged OTUB1 was immunoprecipitated with anti-HA-agarose followed by immunoblotting using anti-Flag or anti-HA antibodies.

D OTUB1 interacts with wt NRAS and active NRAS-mutant. Flag-tagged NRAS proteins were immunoprecipitated using anti-Flag (M2) agarose from HEK293T cells
overexpressing HA-tagged OTUB1 or empty vector (V).

E GTP binding does not affect the complex formation between NRAS and OTUB1. Recombinant Flag-tagged NRAS was incubated with lysates derived from HEK293T
cells expressing HA-tagged OTUB1 in the excess of GTP-c-S or GDP, followed by immunoblotting with the indicated antibodies.

F OTUB1 interacts with wt KRAS. Flag-tagged KRAS was immunoprecipitated using anti-Flag (M2) agarose from HEK293T cells overexpressing HA-tagged OTUB1 or
empty vector (V).

G OTUB1 co-localizes with KRAS at the plasma membrane. At 24 h after co-transfection with GFP-tagged KRAS and HA–tagged OTUB1, HeLa cells were immunostained
with anti-HA antibody. The outlined areas are shown at higher magnification at the top of each image. Scale bar, 10 lm.

Data information: (C–F) IP, immunoprecipitates; WCL, whole cell lysate.

Source data are available online for this figure.
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Figure 2. OTUB1 triggers membrane localization of RAS ubiquitination by inhibiting its ubiquitination.

A Suppression of OTUB1 expression increases NRAS mono- and di-ubiquitination. 6×His-tagged ubiquitin and Flag-NRAS were introduced into HEK293T cells
expressing shGFP or shRNAs against OTUB1. Ubiquitinated NRAS was purified by Co2+ metal affinity chromatography and detected by anti-Flag antibody.

B–D Catalytic activity of OTUB1 is not required to inhibit RAS ubiquitination. 6×His-tagged ubiquitin and RAS expression constructs were introduced into HEK293T cells
expressing wt HA-OTUB1, the catalytically dead mutant HA-OTUB1 C91S, or empty vector (V). Ubiquitinated RAS was purified by Co2+ metal affinity
chromatography and detected by anti-Flag antibody.

E OTUB1 induces membrane RAS re-localization. Confocal imaging of HeLa cells expressing the indicated constructs. For each sample, z-stacks obtained by scanning
the sample from the apical to the basal layer. Step-size, 2 lm. Scale bar, 20 lm.

F RAS cellular distribution expressed as percentage of cells with specific RAS localization. For quantification of RAS localization, cells were randomly imaged using IN
Cell Analyzer. RAS localization (> 200 cells) was scored as intracellular and diffused (IN), mostly at the plasma membrane (PM), or both intracellular and plasma
membrane (PM/IN). P-value = 0.0005 as determined by chi-squared test, n = 3. Representative images of HeLa cells expressing GFP-tagged KRAS are shown in
Appendix Fig S1. pull-down, PD. whole cell lysate, WCL. not modified, n.m.

Source data are available online for this figure.
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RAS, suggesting that OTUB1 may affect RAS ubiquitination by

inhibiting the E2 ubiquitin-conjugating enzymes (Fig 2B and C). In

fact, in vitro ubiquitination of RAS was abolished by wt OTUB1, but

not by deltaN(1-30) OTUB1-mutant lacking binding to E2

(Fig EV2A). In contrast, incubation of ubiquitinated RAS with wt

OTUB1 did not decrease levels of RAS ubiquitination, thus support-

ing the premise that OTUB1 functions via E2 inhibition independent

of its catalytic activity (Fig EV2B).

Since previous reports demonstrated that reversible ubiquitina-

tion of RAS promotes its endosomal association (Jura et al, 2006),

we tested whether OTUB1 affects the subcellular localization of

RAS. Consistent with the observation that OTUB1 inhibits RAS ubiq-

uitination, analysis of RAS localization revealed that OTUB1 overex-

pression augmented the presence of RAS proteins on the plasma

membrane (Fig 2E and F; Appendix Fig S1). Hence, by inhibiting

RAS ubiquitination, OTUB1 functions to hinder RAS re-localization

from the plasma membrane thereby contributing to the spatial

control of RAS-dependent cellular responses.

OTUB1 triggers RAS activity and downstream signaling

We next analyzed how OTUB1 affects RAS activity and signaling.

We found that overexpression of OTUB1 in HEK293T cells led to

hyperactivation of wt RAS upon serum stimulation (Fig 3A and B).

In concordance with this result, OTUB1 overexpression triggered a

significant increase in phospho-ERK1/2 levels at different time

points after addition of serum (Fig 3C–E). We observed a similar

overactivation of the MAPK pathway, when we overexpressed

catalytically inactive OTUB1 C91S-mutant, indicating that catalytic

activity of OTUB1 is not necessary to induce the MAPK pathway

activation (Fig 3F). In contrast, OTUB1 overexpression did not

dramatically affect phosphorylation levels of AKT1 (Appendix Fig

S2A and B). The latter observation could be due to OTUB1-mediated

inhibition of TRAF6 (Li et al, 2010) that plays a crucial role in AKT

activation (Yang et al, 2009).

On the other hand, when we overexpressed OTUB1 in HEK293T

cells expressing constitutively active RAS-mutants, NRAS Q61K or

KRAS G12V, we did not observe any significant up-regulation of

ERK1/2 phosphorylation, most likely because the MAPK pathway

was already optimally active due to the introduction of the active

RAS-mutants (Fig 3G and H). We also did not observe OTUB1-

induced hyperactivation of the MAPK kinase pathway when we

overexpressed a dominant-negative KRAS S17N-mutant, indicating

that the effect of OTUB1 overexpression is RAS dependent

(Appendix Fig S2C). Taken together, these data indicate that OTUB1

up-regulation leads to activation of wt RAS signaling.

OTUB1 triggers cell transformation by inducing the MAPK
cascade activation

Hyperactivation of the MAPK signaling by OTUB1 overexpression

suggests that OTUB1 overexpression may promote tumorigenic

transformation. Multiple studies have demonstrated that the co-

expression of the telomerase catalytic subunit (hTERT), the SV40

Large T (LT) and small t (ST) oncoproteins, and an activated allele

of RAS (RAS G12V) renders a wide range of human cells tumori-

genic (Zhao et al, 2004), while co-activation of the MAPK and PI3K

pathways suffices to replace RAS G12V in human cell transforma-

tion (Boehm et al, 2007). We used immortalized, but non-malignant

human embryonic kidney epithelial cells expressing hTERT, LT, and

ST (HEK TEST cells) as a model to assess tumorigenic potential of

OTUB1 (Boehm et al, 2007). Given that OTUB1 overexpression up-

regulated the MAPK pathway, but did not affect AKT signaling, we

hypothesized that OTUB1 could cooperate with myristoylated (myr)

and therefore the constitutively active allele of AKT1 (myr-AKT) to

promote cell transformation. In fact, overexpression of OTUB1

together with myr-AKT1 dramatically induced anchorage-indepen-

dent growth, whereas OTUB1 alone was not sufficient to trigger soft

agar colony formation (Fig 3I–K). On the other hand, OTUB1 did

not further accelerate anchorage-independent colony formation of

HEK TE cells overexpressing both a constitutively active MEK1

D218, D222 allele (MEKDD) and myr-AKT, further confirming that

OTUB1 overexpression promotes tumorigenic transformation by

inducing the MAPK cascade activation.

OTUB1 is more frequently up-regulated in wt KRAS
non-small-cell lung carcinomas

Our results suggest that increased OTUB1 expression could be an

alternative mechanism of RAS activation superseding that of RAS

Figure 3. OTUB1 increases RAS activity and enhances MAPK activation in wt RAS cells.

A, B OTUB1 overexpression promotes serum-induced activation of endogenous wt RAS (A) or wt NRAS (B). GTP-bound RAS was pulled down from HEK293T cells
expressing HA-tagged OTUB1 or empty vector (V) using recombinant RAF1 RBD conjugated to agarose beads. Input was controlled by immunoblotting using
anti-panRAS or anti-Flag antibodies.

C, D OTUB1 enhances serum-induced ERK1/2 phosphorylation in endogenous wt RAS (C) or wt KRAS (D). Levels of phosphorylated ERK1/2 and total ERK1/2 in HEK293T
cells expressing HA-tagged OTUB1 or empty vector (V) were analyzed by Meso Scale assay. The results are expressed as a mean of pERK1/2 levels relative to total
ERK1/2 � s.e.m. n = 2. P-values were determined by two-sided t-Test.

E, F Overexpression of wt OTUB1 (E) or the catalytically dead mutant OTUB1 C91S (F) promotes serum-induced MAPK activation in cell expressing wt NRAS. Whole cell
lysates were analyzed by immunoblotting using the indicated antibodies.

G, H Overexpression of OTUB1 has no effect on serum-induced MAPK activation in cell expressing mutant NRAS Q61K or KRAS G12V. Whole cell lysates were analyzed
by immunoblotting using antibodies as indicated.

I Immunoblot of OTUB1 overexpression in immortalized human embryonic kidney epithelial cells (HEK TEST), expressing empty vector (V), myristoylated AKT1
(myr-AKT), MEK1 D218, D222-mutant (MEKDD).

J, K OTUB1 cooperates with active AKT1 to promote anchorage-independent growth. Representative images of soft-agar colonies formed by HEK TEST cells expressing
the indicated constructs. The number of soft agar colonies formed by cells expressing OTUB1 compared to cells expressing an empty vector. Data are presented as
mean � s.e.m. P-values were determined by two-sided t-Test, n = 2.

Data information: (A–H) Serum-starved HEK293T cells expressing the indicated constructs were stimulated with 10% serum for the indicated time periods.

Source data are available online for this figure.
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activating mutations. Analysis of The Cancer Genome Atlas (TCGA)

revealed that gain of the 11q13.1 locus, where the OTUB1 gene

resides, was commonly observed in both lung adenocarcinomas

and lung squamous cell carcinomas (SCC) (Figs 4A and EV3A).

Correlation analysis revealed a strong association between copy

number variation of 11q13.1 locus and OTUB1 expression levels,

suggesting that OTUB1 is commonly up-regulated in lung tumors

due to gain of the 11q13 locus (Figs 4B and C, and EV3A and B).

OTUB1 mRNA expression was also significantly up-regulated in

about 50% of adenocarcinomas and about 80% of SCC compared to

normal tissue samples (Fig 4D–F). These observations are further

consolidated by the increase of OTUB1 in a majority of tumorigenic

lesions compared to their respective matched normal samples

(Fig EV3C and D).

We also observed a higher proportion of wt KRAS lung adenocar-

cinomas with medium/high levels of OTUB1 expression compared

to mutant KRAS tumors (Fig 4D and F). Correlation analysis

revealed that increased expression of OTUB1 (co-occurrence log

odds ratio: �1.478; P-value: 0.014) or a gain of the OTUB1 locus

(co-occurrence log odds ratio: �0.796; P-value: 0.017) and the muta-

tion status of KRAS were mutually exclusive (Fig 4A), suggesting

that OTUB1 overexpression may play a crucial role in tumorigenesis

especially in lung adenocarcinomas harboring wt KRAS.

Furthermore, either 11q13.1 gain or moderate OTUB1 overex-

pression is observed at early stages in lung adenocarcinomas with

no increase in frequency in higher tumor stages (Fig 4G and H). In

contrast, the frequency of KRAS mutations significantly increased

with tumor stage predominantly associated with later stages of

adenocarcinoma progression (Fig 4I). Taken together, these results

suggest the role of OTUB1 up-regulation in promoting cancer devel-

opment in wt KRAS lung tumors.

OTUB1 enhanced tumorigenic growth of lung adenocarcinomas

Next we assessed the contribution of OTUB1 to tumorigenic trans-

formation of non-small-cell lung carcinoma (NSCLC) cells. To exam-

ine whether OTUB1 is essential for growth, we suppressed OTUB1

expression in lung adenocarcinoma cell lines using OTUB1 shRNAs

(Fig 5A). Meso Scale analysis revealed that suppression of OTUB1

in A549 cell line led to decreased ERK1/2 phosphorylation upon

serum stimulation (Fig 5B). Stable knockdown of OTUB1 also

decreased anchorage-independent growth of several NSCLC cell

lines and dramatically suppressed the xenograft growth of A549

cells in immunocompromised mice (Fig 5C–E). Taken together,

these data strongly indicate that OTUB1 expression is essential for

NSCLC tumor growth.

To further elucidate tumorigenic activity of OTUB1, we generated

stable cell lines expressing Flag-tagged OTUB1. In the generated cell

lines, we observed approximately 1.5- to 2-fold increase of OTUB1

expression with respect to endogenous protein levels that corre-

sponds to an increase of OTUB1 expression triggered by 11q13.1

gain (Appendix Fig S3). OTUB1 overexpression in the H1993 cell

line harboring wt KRAS led to a higher and more sustained activa-

tion of ERK1/2 phosphorylation (Fig 6A), whereas the introduction

of OTUB1 into KRAS-mutant A549 cells only slightly increased the

activity of the MAPK pathway (Fig 6B). These results are concor-

dant with the effect of OTUB1 overexpression on the MAPK cascade

activation in HEK293T cells expressing wt RAS or constitutively

active RAS-mutants (Fig 3C–H).

We found that overexpression of OTUB1 in wt KRAS cell lines,

H838, H1437, H1993, and HOP92, increased their ability to form

colonies in soft agar (Fig 6C–E). In contrast, OTUB1 expression did

not significantly affect anchorage-independent growth in KRAS-

mutant cell lines, H2009, HOP62, and A427. A sole mutant KRAS

A549 cell line had increased colony formation in response to OTUB1

overexpression (Fig 6C–E); however, in vivo tumor growth of A549

was not affected upon OTUB1 overexpression (Fig 6F). This indi-

cates that even though OTUB1 is essential to maintain the activity of

mutant RAS, up-regulation of OTUB1 expression does not further

prompt tumorigenic properties of constitutively active RAS-mutants.

Notably, OTUB1 expression in wt KRAS H1993 and H1437 cells

significantly enhanced xenograft growth (Fig 6G). Taken together,

these results suggest that an increase in OTUB1 expression acceler-

ated tumorigenic transformation of wt KRAS NSCLCs.

OTUB1 up-regulation is associated with increased ERK1/2 activity
in a subset of wt KRAS non-small-cell lung carcinomas

To confirm the contribution of OTUB1 to lung cancer development,

we performed immunohistochemistry analysis of a NSCLC tissue

array. OTUB1 immunoreactivity was scored as negative/low,

medium, and high (Fig 7A). We found that more than 70% of

Figure 4. OTUB1 expression is up-regulated in wt KRAS lung tumors.

A Gains of OTUB1 and KRAS mutation are mutually exclusive in lung adenocarcinomas. OncoPrint showing the distribution of KRAS somatic mutations and OTUB1
copy number alterations in TCGA lung adenocarcinomas and squamous cell carcinomas obtained from cBioPortal (Cerami et al, 2012; Gao et al, 2013). Co-
occurrence analysis showing significant mutual exclusivity between KRAS mutation and OTUB1 gain.

B, C OTUB1 overexpression in TCGA lung carcinomas is associated with 11q13.1 copy number alteration. Pearson correlation of OTUB1 copy number (log2 ratio) with
OTUB1 mRNA levels (RNAseq normalized read counts, log2 transformed) was analyzed.

D–F OTUB1 expression in TCGA lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (SCC) patients. Patients were stratified according to their OTUB1 mRNA
levels and/or their KRAS status as described in Materials and Methods. Box whisker plots represent OTUB1 mRNA expression levels in TCGA lung carcinoma patients
determined by RNAseq analysis. P-values were determined by two-sided t-Test. Total number of patients, n.

G Gain of 11q13.1 locus is an early event in lung adenocarcinoma development. TCGA lung adenocarcinoma patients with diploid or gain of the OTUB1 locus
were stratified according tumor stages (T1–T4). Total numbers of patients, n. Statistical comparison of the sample distributions were compared using
Chi-square test.

H OTUB1 mRNA overexpression is an early event in lung adenocarcinoma development. TCGA lung adenocarcinoma patients were stratified by tumor stages (T1–T4)
and OTUB1 expression levels as described in Materials and Methods. Total numbers of patients, n. Statistical comparison of the sample distributions were
compared using Chi-square test.

I KRAS mutation is a late event in lung adenocarcinoma progression. TCGA lung adenocarcinoma patients with different KRAS mutation status were stratified by
tumor stages (T1–T4). Total numbers of patients, n. Statistical comparison of the sample distributions were compared using Chi-square test.
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adenocarcinomas and about 25% of squamous cell carcinomas

exhibited intermediate or strong cytoplasmic OTUB1 positivity

(Figs 7B and EV4A). Consistent with our TCGA data analysis,

OTUB1 positivity was already observed in early stages of lung

adenocarcinomas with strong immunoreactivity found in stages

T2/T3 (Fig 7C). We also stratified the patients according to their

KRAS mutation status. Unfortunately, the low number of mutant

KRAS samples (n = 19) did not permit statistical evaluation of this

subgroup of patients (Fig 7B).

Consistently with our observation that OTUB1 overexpression

induces the MAPK cascade activation in cells with wt RAS, we

found that higher levels of OTUB1 significantly correlated with
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increased levels of ERK1/2 phosphorylation in lung adenocarcino-

mas harboring wt KRAS (Pearson’s coefficient: 0.352; P-value:

0.013) (Fig 7D and E), while mutant KRAS tumors exhibited in

general higher levels of ERK1/2 phosphorylation (Fig 7D and E).

We also observed that, in wt KRAS tumors, intermediate OTUB1

immunoreactivity has a tendency to display a higher proliferative

score, as detected by Ki67 staining (Figs 7F and EV4B). On the

other hand, high OTUB1 expression is mostly associated with
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Figure 5. OTUB1 is essential for tumorigenicity of lung cancer cells.

A Suppression of OTUB1 expression in NSCLC cell lines by specific shRNAs against OTUB1 was confirmed by immunoblotting using antibody against OTUB1.
B OTUB1 suppression decreases serum-induced ERK1/2 phosphorylation. Serum-starved A549 cells expressing shRNAs against OTUB1 or GFP were stimulated with

10% serum for the indicated time periods. Levels of phosphorylated ERK1/2 and total ERK1/2 were analyzed by Meso Scale assay. The results are expressed as a
mean of pERK1/2 levels relative to total ERK1/2 � s.e.m; P-values were determined by two-sided t-Test, n = 2.

C, D OTUB1 suppression impairs the anchorage-independent growth of lung cancer cell lines. Representative images of soft-agar colonies formed by lung cells
expressing shRNAs against OTUB1 or GFP. The number of soft agar colonies formed by cells expressing shOTUB1 compared to cells expressing shGFP. Data are
presented as mean � s.e.m. P-values were determined by two-sided t-Test, n = 3.

E Xenograft tumor growth of A549 cells expressing shRNAs against GFP or OTUB1 subcutaneously injected into nude mice. Data are presented as mean � s.e.m.
P-value was determined by 2-way ANOVA, n = 4.

Source data are available online for this figure.
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Figure 6. OTUB1 promotes tumorigenicity of wt KRAS cells.

A OTUB1 overexpression promotes serum-induced MAPK activation in wt KRAS H1993 lung adenocarcinoma cells.
B OTUB1 overexpression does not affect serum-induced MAPK activation in mutant KRAS A549 lung adenocarcinoma cells.
C Representative immunoblots of Flag-tagged OTUB1 overexpression in lung adenocarcinoma cell lines.
D, E OTUB1 overexpression affects anchorage-independent growth of lung adenocarcinoma cell lines. Representative images of soft-agar colonies formed by the

indicated cells expressing Flag-OTUB1 or empty vector (V). The number of soft agar colonies formed by OTUB1-expressing cells compared to cells expressing an
empty vector. Data are presented as mean � s.e.m. P-values were determined by two-sided t-Test, n = 3.

F, G Xenograft tumor growth of A549, H1993 or H1437 cells expressing Flag-OTUB1 or an empty vector (V) subcutaneously injected into nude mice. Data are presented
as mean � s.e.m. P-values were determined by 2-way ANOVA, n = 4.

Data information: (A, B) Serum-starved lung cells expressing Flag-OTUB1 or an empty vector (V) were stimulated with 10% serum for the indicated time periods. Whole
cell lysates were analyzed by immunoblotting using antibodies against pERK1/2, ERK1/2, Flag, and vinculin.

Source data are available online for this figure.
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Figure 7. OTUB1 up-regulation in wt KRAS lung adenocarcinomas correlates with increased MAPK signaling and poorer patient survival.

A Representative examples of OTUB1 immunostaining in lung adenocarcinomas. Samples were scored as negative/low, medium, or high staining as described in
Materials and Methods. Scale bar, 100 lm.

B OTUB1 expression in lung non-small-cell carcinomas with different KRAS mutation status. OTUB1 expression was assessed in TMA samples by IHC.
C OTUB1 up-regulation is an early event in lung adenocarcinoma development. Lung adenocarcinoma patients expressing different levels of OTUB1 were stratified by

tumor stages (T1–T4). Total number of patients, n.
D Representative examples of phosphorylated-ERK1/2 immunostaining in lung adenocarcinomas. Samples were scored as negative/low, medium, or high staining as

described in Material and Methods. Scale bar, 100 lm.
E OTUB1 levels correlates with increased levels of phosphorylated-ERK1/2 in wt KRAS lung adenocarcinomas. Association between OTUB1 and pERK1/2 expression

levels was assessed in the same tumor samples by IHC.
F Ki67 expression in lung adenocarcinomas expressing different levels of OTUB1. Ki67 expression was assessed by IHC. The percentage of Ki67-positive cells was

counted, and the samples were scored as negative/low, < 10%; medium, between 10 and 40%; and high, > 40%. See Fig EV4, for representative images of Ki67
staining.

G Wt KRAS lung adenocarcinoma TCGA patients with medium OTUB1 expression have poorer overall survival.
H OTUB1 expression levels are not associated with survival rate of KRAS-mutant lung adenocarcinoma TCGA patients.

Data information: (G, H) Patients were stratified according to their OTUB1 mRNA levels and/or their KRAS status as described in Materials and Methods. Overall survival
of lung adenocarcinoma patients expressing different levels of OTUB1 mRNA as measured by Kaplan–Meier curves. P-values were determined by log-rank test.
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intermediate Ki67 staining (Figs 7F and EV4B). This could be

explained by several observations that sustained hyperactivation

of the MAPK pathway may result in growth inhibition rather

than cell proliferation (Pumiglia & Decker, 1997; Ravi et al,

1998).

Multiple reports revealed that the expression of Ki67 in patients

with stages T1–T3 NSCLC is a poor prognostic factor for survival

(Martin et al, 2004). Consistently with these observations, we found

that a moderate up-regulation of OTUB1 is significantly associated

with poorer overall survival in TCGA lung adenocarcinoma patients

with wt KRAS compared to low-expressing OTUB1 (Fig 7G). On the

contrary, moderate OTUB1 expression levels do not affect the

survival of patients harboring KRAS mutation (Fig 7H). Together,

these results support that up-regulation of OTUB1 may play a

crucial role in tumorigenic transformation of cells harboring wt

KRAS by promoting RAS-induced ERK activation.

Discussion

Our study identifies OTUB1 as a key player in the pathogenesis of

wt KRAS lung cancers. Previously, OTUB1 has been implicated in

the regulation of several physiological and pathological processes

independently of its de-ubiquitinase activity. OTUB1 has been

reported to regulate T-cell anergy by enhancing the degradation of

the E3 ligase GRAIL (gene related to anergy in lymphocytes) (Lin

et al, 2009), to augment TGF-b signaling by inhibiting degradation

of phosphorylated SMAD2/3 (Herhaus et al, 2013), and to suppress

DNA-damage-dependent chromatin ubiquitination (Nakada et al,

2010) and MDM2-mediated ubiquitination of the tumor suppressor

p53 (Sun et al, 2012). Here we found that OTUB1 promotes

tumorigenic transformation of wt RAS cells by triggering the RAS/

MAPK pathway. Several lines of evidences support this conclusion.

First, OTUB1 promotes hyperactivation of the MAPK cascade only

when overexpressed in a wt RAS background. Second, OTUB1

replaces activated MEK1-mutant in an experimental model of

human cell transformation. Furthermore, higher levels of OTUB1

expression are observed specifically in lung adenocarcinomas

harboring wt KRAS compared to mutated RAS tumors. Finally,

OTUB1 drives tumorigenic growth of wt RAS, but not mutant KRAS

tumors.

OTUB1 triggers activation of the MAPK pathway by inhibiting

RAS ubiquitination. Consistently with these observations, previous

reports demonstrated that ubiquitination of HRAS and NRAS modu-

lates their ability to activate the MAPK pathway (Xu et al, 2010; Yan

et al, 2010). The RAS-specific E3 ligase RABEX5 may act as a tumor

suppressor by regulating MAPK cascade activation. Rabex5-deficient

mast cells exhibit enhanced and prolonged activation of Ras under

basal conditions (Tam et al, 2004). A Drosophila Rabex5 hypomor-

phic mutation results in giant larvae or pupae, which often contain

melanotic tumors (Yan et al, 2010). This phenotype is also attrib-

uted to dysregulation of RAS signaling (Zettervall et al, 2004; Yan

et al, 2010).

In contrast to these studies and our results, some reports

suggest that ubiquitination of KRAS at Lys117 and Lys147, which

contribute to the formation of a GDP/GTP-binding pocket of RAS,

increases its ability to activate downstream signaling and promote

KRAS tumorigenic properties (Sasaki et al, 2011). However, the

conclusions of these studies are mostly based on the analysis of

Lys117 and Lys147-mutants (Baker et al, 2013a,b), whereas amino

acid substitutions within the GDP/GTP-binding pocket have been

shown to augment the flexibility of the pocket, leading to

increased guanine nucleotide dissociation and higher GTP loading.

Identification of E3 ubiquitin ligases that could ubiquitinate RAS

proteins specifically at Lys117/Lys147 will help to resolve this

apparent conundrum.

Whereas down-regulation or loss of function of RABEX5 in

human cancers has not been reported, we found that OTUB1 expres-

sion is commonly up-regulated in a substantial subset of NSCLCs

harboring wt KRAS. Recent studies also report increased expression

of OTUB1 in prostate, colorectal, and breast cancers that are

associated with poor survival, high metastatic potential, and

chemotherapeutic drug resistance (Liu et al, 2014; Zhou et al, 2014;

Iglesias-Gato et al, 2015; Karunarathna et al, 2015). Importantly,

TCGA data analysis revealed that, similarly to lung adenocarcino-

mas, OTUB1 overexpression in colorectal cancer is mutually exclu-

sive with KRAS mutations (co-occurrence log odds ratio: �3;

P-value: 0.003), whereas RAS genes are rarely mutated in prostate

and breast cancers (Karnoub & Weinberg, 2008). This further con-

firms that OTUB1 up-regulation may contribute to the development

of different tumor types harboring wt RAS. Compellingly, a moder-

ate up-regulation of OTUB1 decreases the overall survival of lung

adenocarcinoma patients with wt KRAS, suggesting that only

medium levels of OTUB1 confers advantage to cancer cells and/or

could affect their chemotherapeutic resistance. On the other hand,

the lack of effect of high OTUB1 expression levels on patients’

survival could be further explained by the alternative interactions of

OTUB1 beyond RAS that for instance were reported to lead to the

stabilization of p53 (Sun et al, 2012) or CK2-mediated OTUB1

nuclear translocation to affect DNA repair (Herhaus et al, 2015).

Oncogenic mutations of the RAS GTPases have been observed in

about one-third of human cancers (Karnoub & Weinberg, 2008).

However, the high prevalence of RAS pathway activation strongly

suggests the existence of alternative mechanisms of RAS/MAPK

activation. Recently, RAS GAPs have emerged as an expanding new

class of tumor suppressor genes that contribute to malignant trans-

formation by triggering RAS activity (Maertens & Cichowski, 2014).

Our data suggest that dysregulation of RAS ubiquitination represents

an alternative mechanism to activate RAS during NSCLC develop-

ment. Advancing knowledge on the regulatory hub controlling RAS

ubiquitination and thus targeting RAS up-regulation could be clini-

cally exploited as a strategy to inhibit the activation of wt RAS in

lung cancers.

Materials and Methods

Cell culture and lentiviral transduction

HEK293T, HeLa, H838, H2009, H1437, A549, and A427 cells were

cultured in DMEM-F12 medium (GIBCO); H1993, HOP62, and

HOP92 were grown in RMPI 1640 medium (GIBCO). All media were

supplemented with 10% fetal bovine serum and 1% penicillin/

streptomycin. Embryonic kidney epithelial cells (HEK TEST) immor-

talized by hTERT, SV40 LT, and SV40 ST and expressing either

empty vector, myristoylated AKT1 (myr-AKT), or MEK1 D218,
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D222-mutant (MEKDD) were a gift from Dr. Hahn (Dana-Farber

Cancer Institute, USA) (Boehm et al, 2007).

Transient transfections were performed using Turbofect, Lipofec-

tamine LTX (Life Technologies), or XtremeGene9 (Roche). Lentiviral

infections were performed as described by the RNAi Consortium

(TRC). Infected cells were selected by treatment with 1–2 lg puro-

mycin (InvivoGen) for 2 days.

Expression vectors and antibodies

Full-length OTUB1 expression constructs were purchased from

ORIGENE. Point mutations to generate OTUB1 C91S were

obtained by QuickChange site-directed mutagenesis PCR (Strata-

gene, La Jolla). Lentiviral pLA-CMV-N-Flag or pLA-CMV-N-HA

vectors were used to generate Flag/HA-tagged constructs. The

pMT107–6×His–ubiquitin plasmid was a generous gift from Dr.

Bohmann (University of Rochester, USA). pLKO.1-puro shGFP

and pLKO.1-puro vectors containing shRNAs targeting OTUB1

(pLKO.1-shOTUB1_1 (TRCN0000004211), pLKO.1-shOTUB1_2

(TRCN0000004213), pLKO.1-shOTUB1_3 (TRCN0000004215))

were purchased from Sigma-Aldrich.

The antibodies used: mouse monoclonal anti-FLAG (Sigma-

Aldrich, M2), anti-RAS (Millipore, Clone 10), anti-vinculin (Sigma-

Aldrich, clone hVIN-1), anti-GAPDH (Sigma-Aldrich, GAPDH-71.1),

anti-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling, 3A7,

#9107), anti-AKT (Cell Signaling, 40D4); rat monoclonal anti-HA

(Roche, 3F10); rabbit monoclonal anti-phospho-p44/42 MAPK

(Erk1/2) (Thr202/Tyr204) (IHC) (Cell Signaling, D13.14.4E, #4370),

anti-Ki67 (Thermo Scientific #RM-9106-S, clone SP6); rabbit

polyclonal anti-DYKDDDDK (Cell Signaling), anti-OTUB1 (Bethyl

Laboratories), anti-OTUB1 (IHC) (Sigma-Aldrich, HPA039176), anti-

phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling,

#9101), anti-pAKT (Cell Signaling, D9E), anti-RABEX5 (Sigma-

Aldrich).

MAPPIT screen

MAPPIT experiments were performed as described previously (Lem-

mens et al, 2015). RAS proteins, expressed through a pSEL(+2L)

vector, served as bait and DUB ORFs were cloned as prey in the

pMG1 vector. The prey collection screened was selected from the

human ORFeome collection versions 5.1 and 8.1 (http://

horfdb.dfci.harvard.edu/hv5/). In brief, 293T cells were transfected

with the bait and prey expressing plasmids combined with the

STAT3-dependent pXP2d2-rPAPI-luciferase reporter plasmid.

Twenty-four hours later, triplicate wells were supplemented with

medium with or without 10 ng/ml erythropoietin. Twenty-four

hours after leptin stimulation, luciferase activity was measured.

MAPPIT signals were calculated as the ratio between the average

values of the leptin-stimulated and the unstimulated samples.

Immunoprecipitation, immunoblotting, and Meso Scale analysis

Cells were washed twice in cold PBS and scraped on ice in lysis

buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% NP-40)

containing protease inhibitor and phosphatase inhibitor cocktails

(Roche). Samples were subsequently cleared by centrifugation for

10 min 16,000 g at 4°C. For immunoprecipitation assays, cells

were lysed in co-immunoprecipitation buffer [50 mM Tris–HCl, at

pH 7.5, 137 mM NaCl, 1% NP-40, 5 mM MgCl2, 10% glycerol, and

protease inhibitor cocktail (Roche)]. Tagged proteins were

immunoprecipitated using anti-Flag (M2) or anti-HA agarose

beads (Sigma-Aldrich) for 2 h at 4°C, washed five times with cold

co-immunoprecipitation and finally eluted with 3 × Flag or HA

peptides according to the manufacture’s protocol. For

immunoblotting, equivalent amounts of cell lysates were sepa-

rated on 4–12% gradient gels (Invitrogen), transferred to nitrocel-

lulose membranes, and incubated with the indicated antibodies.

The signal was visualized with chemiluminescence detection

reagent (Amersham Pharmacia Biotech) using an automated digi-

tal developer.

Meso Scale Discovery 96-well multispot plates were used for

quantitative phospho/total ERK1/2(K15107D) and AKT1

(K15100A3) analyses according to the manufacturer’s instructions

(Meso Scale Diagnostics). Plates were analyzed using MESO Quick-

Plex SQ120 multiplex imager (Meso Scale Diagnostics).

RAS activation assay

The RAS activation assay was conducted according to the manufac-

turer’s protocol (Millipore). Briefly, cells were washed with cold

PBS and lysed in lysis/wash buffer (Millipore). Equal amounts of

clarified cell lysates were mixed with Raf-1-RBD agarose beads

(Millipore) and incubated for 45 min at 4°C. The beads were

washed with lysis/wash buffer three times and eluted by boiling in

2 × SDS buffer. Eluted proteins were subjected to SDS–PAGE and

immunoblotted.

Purification of ubiquitinated proteins

HEK293T cells were co-transfected with 6×His–ubiquitin and Flag–

RASs. Ubiquitinated proteins were purified as described previously

(Simicek et al, 2013). Briefly, cells were lysed in co-immunoprecipi-

tation buffer containing EDTA-free protease inhibitor cocktail

(Roche). Cell lysates were mixed with His-buffer A (PBS, at pH 8.0,

6 M guanidinium–HCl, 0.1% NP-40 and 1 mM b-ME) and added to

TALON beads (Clontech). After binding, the resin was washed with

His-buffer B (PBS, at pH 8.0, 0.1% NP-40, 5% glycerol and 20 mM

imidazole), and proteins were eluted in sample buffer.

For in vitro ubiquitination assay, purified proteins were incu-

bated in the reaction buffer (20 mM Tris, pH 7.4; 50 mM NaCl;

100 lM ZnCl2; 8 mM MgCl2; 4 mM ATP) for 2 h at 30°C. The final

protein concentrations in the reaction mix were as follows: UBE1

(80 nM), UbcH5C (400 nM), ubiquitin (16 lM), RABEX5 (1-76)

(3 lM), Flag–NRAS (2.5 lM), and OTUB1 (3 lM). The reaction was

quenched with 20 mM EDTA, and NRAS ubiquitination was

analyzed by immunoblotting using anti-Flag M2 antibody.

Fluorescence microscopy

For immunostaining, 2 × 104 HeLa cells were plated on 8-well

chamber glass slide (Nalge Nunc International) and fixed 24 h after

transfection with 4% PFA. Immunostaining was performed as

described previously (Simicek et al, 2013). Briefly, cells were

permeabilized in PBS-0.15% Triton and blocked with 1% BSA and

10% goat serum. Primary antibodies and goat Alexa-conjugated
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secondary antibodies were applied by diluting in blocking buffer

before mounting in Citifluor. Images were obtained by using a

confocal Leica SPII microscope (63× magnification) (Leica Microsys-

tems, Wetzlar, Germany).

Cellular distribution of RAS proteins was determined by auto-

matic imaging using the IN Cell Analyzer 2000 system. Data analysis

and image quantification were performed using ImageJ (National

Institutes of Health USA).

TCGA analysis

To generate the OncoPrint of OTUB1 gain and KRAS mutation status

in lung adenocarcinoma (LUAD) and lung squamous cell carcinoma

(LUSC), cBioPortal (http://www.cbioportal.org) (Cerami et al,

2012; Gao et al, 2013) was queried over all completed tumors from

TCGA provisional datasets using the Onco Query Language (OQL),

“OTUB1:GAIN; KRAS: MUT”.

Additionally, clinico-pathological, gene expression, and copy

number alteration data were downloaded from the TCGA data portal

(https://tcga-data.nci.nih.gov/tcga/) for both datasets. For analysis

of OTUB1 expression, OTUB1 read counts from RNASeq analysis

were normalized across all patient samples and log2-transformed.

To determine the copy number status of OTUB1, the mean copy

number segments overlapping the OTUB1 locus were extracted

using a Perl script. OTUB1 gain was determined as samples with a

log2 ratio > 0.1. Pearson correlation between OTUB1 expression

and copy number was performed and plotted in the R statistical

package (Version 3.2.0). Z-score normalization of OTUB1 expres-

sion in tumors compared to matched normals revealed three levels

of expression, negative/low (< 1 s.d.), medium (1–3 s.d.), and high

(> 3 s.d.). Kaplan–Meier survival plots were generated in R compar-

ing the overall survival for each level of OTUB1 expression in both

KRAS wt and KRAS-mutated LUAD using the log-rank test.

Immunohistochemistry

Non-small-cell lung cancer tissue micro-array slides (TristarGroup,

US) were immunostained for OTUB1, Ki67, and pERKs on a Discov-

ery Ventana automated staining platform. OTUB1 and phospho-

ERKs immunohistochemistry was evaluated using a semi-quantita-

tive approach that combines intensity and distribution of immunore-

activity in the epithelial tumor cells. Each single TMA spot was

annotated using the same criteria applied in the HUMAN PROTEIN

ATLAS project (http://www.proteinatlas.org/). Arrays were scored

in a blinded manner on an intensity scale of 0–3 (0, no staining; 1,

low staining; 2, moderate staining; 3, strong staining) and on a

distribution scale of 0–3 (0, none; 1, < 25% tumor area; 2, between

25% and 75% tumor area; 3, > 75% tumor area). Data were then

analyzed combining the intensity and distribution values in a scale

of no/low staining (neg/low), moderate staining (medium), and

strong staining (high). For Ki67 analysis, the percentage of positive

cells was counted and the samples scored on a positivity scale as

neg/low, < 10%; medium, between 10 and 40%; and high, > 40%.

Anchorage-independent growth and tumor xenograft assays

Anchorage-independent growth in soft agar was performed as previ-

ously described in Boehm et al (2007). About 104 cells were plated

in triplicates in 0.35% Noble agar over a 0.5% agar bottom layer.

Three weeks after plating, several random areas were imaged and

colonies were quantified using ImageJ software.

For tumor xenograft assays, 2.0 × 106 cells were injected subcu-

taneously into the lower flanks of 6-week-old female NMRI-nu (nu/

nu) nude mice (Janvier). Tumor growth was monitored 3 times per

week, and volumes were calculated using the following formula:

volume = (tumor width2 × tumor length)/2.

Statistical analysis

Meso Scale measurements, RAS cellular distribution, and colony

quantifications were calculated as percentages from at least three

independent experiments. The error bars indicate the standard error

of the mean (s.e.m.). P-values were calculated by two-tailed t-Test.

All data were analyzed using GraphPad Prism for Apple Mac

(version 6.0f). For the TCGA analysis, two-sided t-Tests determined

the significant differences between groups means based on the

expression levels. Two-way ANOVA was used to analyze xenograft

experiments.

Study approval

The ethical committee of the KU Leuven approved the animal study

(declaration P166/2013).

Expanded View for this article is available online.
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The paper explained

Problem
Hyperactivation of the RAS-MAPK oncogenic pathway is a common
event in lung cancer. Despite many efforts to inhibit the RAS proteins,
selective inhibition of RAS remains a considerable challenge; thus, a
better understanding of the RAS pathway is urgently required to
establish new treatment strategies.

Results
Recent reports demonstrate that reversible ubiquitination of RAS
dramatically affects its activity, suggesting that enzymes involved in
regulating RAS ubiquitination may contribute to malignant transfor-
mation. Our results strongly indicate that dysregulation by RAS mono-
ubiquitination represents an alternative mechanism of RAS activation
during lung cancer development. Specifically, we found that the de-
ubiquitinase OTUB1 promotes lung cancer formation and correlates
with poorer patient prognosis.

Impact
The development of small-molecule modulators of deubiquitinases
has recently attracted the attention of the biomedical industry,
rendering them promising targets for cancer treatment. The results of
our study not only advance our understanding of RAS signaling, but
also subsequently could lead to novel therapeutic approaches.
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SIGNAL TRANSDUCTION

Mutations in LZTR1 drive human
disease by dysregulating
RAS ubiquitination
M. Steklov1,2*, S. Pandolfi1,2*, M. F. Baietti1,2*, A. Batiuk1,2, P. Carai3, P. Najm1,2,
M. Zhang4, H. Jang4, F. Renzi1,2, Y. Cai1,2, L. Abbasi Asbagh1,2, T. Pastor1,2,
M. De Troyer1,2, M. Simicek1,2, E. Radaelli5, H. Brems5, E. Legius5, J. Tavernier6,7,
K. Gevaert6,7, F. Impens8, L. Messiaen5,9, R. Nussinov4,10, S. Heymans3,11,12,
S. Eyckerman6,7, A. A. Sablina1,2†

The leucine zipper–like transcriptional regulator 1 (LZTR1) protein, an adaptor for cullin
3 (CUL3) ubiquitin ligase complex, is implicated in human disease, yet its mechanism
of action remains unknown. We found that Lztr1 haploinsufficiency in mice
recapitulates Noonan syndrome phenotypes, whereas LZTR1 loss in Schwann cells
drives dedifferentiation and proliferation. By trapping LZTR1 complexes from intact
mammalian cells, we identified the guanosine triphosphatase RAS as a substrate for the
LZTR1-CUL3 complex. Ubiquitome analysis showed that loss of Lztr1 abrogated Ras
ubiquitination at lysine-170. LZTR1-mediated ubiquitination inhibited RAS signaling
by attenuating its association with the membrane. Disease-associated LZTR1 mutations
disrupted either LZTR1-CUL3 complex formation or its interaction with RAS proteins.
RAS regulation by LZTR1-mediated ubiquitination provides an explanation for the
role of LZTR1 in human disease.

M
utations concurrent with loss of hetero-
zygosity at leucine zipper–like transcrip-
tional regulator 1 (LZTR1) are associated
with glioblastoma and schwannomatosis
(1–3). LZTR1 mutations predispose for

pediatric neoplasms and are increased over
background in liver and testicular cancers (4, 5).
The most recurrent LZTR1 mutation in cancer
is an inactivating splice-site mutation at codon
217 (fig. S1) (4, 6). LZTR1 constitutes to Noonan

syndrome caused by dysregulation of the gua-
nosine triphosphatase RAS (7–9). However,
how LZTR1 contributes to human disease is
not known.
To uncover Lztr1 disease mechanisms, we used

an Lztr1 deletion mouse model. We found that
loss of Lztr1 is lethal between embryonic day 17.5
(E17.5) and birth (fig. S2A). Lztr1+/− male mice
exhibited decreased weight (fig. S2, B to D) and
facial dysmorphia (Fig. 1A). Lztr1+/− mice, both
male and female, displayed heart malformations,
including decreased left ventricular systolic func-
tion, increased diastolic dimensions, eccentric
hypertrophy, increased cardiomyocyte area, and
reduced longevity (Fig. 1, B and C, and fig. S2, E
and F). Collectively, our results show that Lztr1+/−

mice recapitulate some phenotypes of human
Noonan syndrome patients, indicating that LZTR1
function is evolutionary conserved.
We engineered several cellular models of LZTR1

loss: mouse embryo fibroblasts (MEFs) derived
from Lztr1+/+ and Lztr1−/− mouse embryos, pri-
mary human Schwann cells expressing short
hairpin green fluorescent protein (shGFP) or
shLZTR1, and immortalized human Schwann
cells and HeLa cells with CRISPR-Cas9–mediated
LZTR1-indels (fig. S3). In all tested models, LZTR1
loss increased growth rate (Fig. 1D and fig. S4,
A to C). Overexpression of wild-type LZTR1 (wt-
LZTR1), but not of LZTR1 mutants, reduced the
enhanced growth rate (Fig. 1E and fig. S4, D and
E). Loss of LZTR1 in Schwann cells enhanced two-
dimensional colony and anchorage-independent
(AI) growth (Fig. 1F and fig. S4, F to H), and over-
expression ofwt-LZTR1, but not of disease-associated
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Fig. 1. LZTR1 loss recapitulates disease phenotypes. (A) Morpho-
metric characteristics of the skulls of 12-month-old Lztr1+/+ and
Lztr1+/− male mice. (B) Haematoxylin and eosin–stained heart
ventricular sections. Scale bar, 0.5 mm. The total cardiac area
was quantified by Fiji. In the graph, horizontal lines represent
means ± SD. (C) A mean area of 200 cardiomyocytes measured in
laminin-stained heart sections of Lztr1+/+ and Lztr1+/− mice.
Horizontal lines represent means ± SD. (D) Growth rate of early-
passage MEFs isolated from three Lztr1+/+ and three Lztr1−/−

embryos. (E) Growth rate of Lztr1−/− MEFs expressing an empty

vector (EV), wt-LZTR1, or LZTR1 mutants. n = 3. (F) AI growth of
Schwann cells expressing Cas9 or Cas9/gLZTR1 (gLZTR1, guide
RNA targeting LZTR1). n = 3. (G) AI growth of LZTR1-indel Schwann
cells expressing the indicated constructs. n = 3. M202R, Met202→Arg.
(H) Quantitative real time polymerase chain reaction (qRT-PCR)
analysis of mRNA expression in primary human Schwann cells
expressing shGFP or pooled shLZTR1. n = 3. For (D) to (H), values
are means ± SEM. For (A) to (C) and (F) to (H), P values are from
a two-sided Student’s t test. For (D) and (E), P values were detected
by two-way analysis of variance (ANOVA).
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LZTR1 mutants, suppressed AI growth in LZTR1-
indel cells (Fig. 1G). Furthermore, depletion of
LZTR1 in Schwann cells showed a gene ex-
pression signature (Fig. 1H) resembling that
of proliferating Schwann cells during nerve
regeneration (10). These data suggest that LZTR1
loss drives Schwann cells from quiescent, myeli-
nating cells into proliferating cells.
LZTR1 acts a substrate adaptor for cullin 3

(CUL3) ubiquitin ligase complexes (11). To iden-
tify candidate LZTR1 substrates, we used a mass
spectrometry (MS) Virotrap method, which al-
lowed the trapping of protein complexes from
intactmammalian cells (fig. S5A) (12). The screen
with LZTR1 as bait detected CUL3, Harvey rat
sarcoma viral oncogenehomolog (HRAS), andneu-
roblastomaRAS viral oncogene homolog (NRAS)
among the tophits (Fig. 2A). The reciprocal Virotrap
screenwith theHRAS-deltaCAAXmutant, which
lacks the last four amino acids, confirmed the
complex formation with LZTR1 and identified
CUL3 (Fig. 2B). Furthermore, a panRAS antibody
that recognizes all RAS isoforms coimmunopre-
cipitatedwith hemagglutinin (HA)–tagged LZTR1.
Similarly, Flag-tagged LZTR1 coimmunoprecipi-
tatedwith endogenousRASproteins, but notRAC1
(fig. S5B). Moreover, we introduced a Halo-tag
HiBiT (13) to the LZTR1 locus in HeLa cells and
MEFs (Fig. 2C and fig. S5, C and D). panRAS
antibody coimmunoprecipitated with endoge-
nous RAS and endogenous HiBiT-LZTR1 (Fig.
2C and fig. S5E). Reciprocal coimmunoprecipita-
tions (co-IPs) demonstrated that LZTR1 inter-
acted with each of the three Flag-RAS isoforms
(fig. S5F). Together, these results indicate that
LZTR1, CUL3, and RAS form a complex.
To test whether the LZTR1-CUL3 complex

might control RAS ubiquitination, we performed
an in vitro ubiquitination reaction. We observed
ubiquitination of wt-HRAS specifically in the
presence of the LZTR1-CUL3 complex (fig. S6A).
Coexpression of LZTR1 and CUL3 in human
embryonic kidney (HEK) 293T cells increased
amounts of ubiquitinated RAS (Fig. 2D and fig.
S6B). By contrast, treatment with the cullin
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neddylation inhibitorMLN4924 or loss of LZTR1
led to decreased ubiquitination of all Flag-tagged
RAS protein isoforms (fig. S6, C to F). Thus, the
LZTR1-CUL3 complex can promote ubiquitina-
tion of RAS.
To investigate the role of LZTR1 in ubiquitina-

tion of endogenous RAS, we characterized ubiq-
uitination profiles of Lztr1+/+ and Lztr1−/− MEFs
by MS (Fig. 2E). Ubiquitome analysis revealed
that ubiquitination of Hras at Lys170 (K170) was
abrogated in MEFs lacking Lztr1 (Fig. 2F and
fig. S6G), indicating that endogenous Ras may
serve as a substrate for the LZTR1-CUL3 com-
plex. We also optimized a proximity ligation
assay (PLA) with paired antibodies to ubiquitin
(Ub) and panRAS. Consistent with theMS results,
Hras-K170R (Lys170→Arg) knock-in or depletion
of LZTR1 led to a decrease in panRAS-Ub prox-
imity signals (Fig. 2G and fig. S7). MS analyses
failed to detect any C-terminal peptides of Nras
or Kras, perhaps because these isoforms are not
highly expressed inMEFs and their C termini are
lysine-rich (fig. S8A). However, LZTR1 interacted
with (fig. S5F) and ubiquitinated all three RAS
isoforms (fig. S6F), consistent with evolutionary
conservation of K170 (fig. S8D). Thus, the LZTR1-
CUL3 complex appears to mediate ubiquitination
of all RAS isoforms.

Although multiple truncating and missense
mutations ofLZTR1have been reported inNoonan
syndrome and schwannomatosis (1–3, 14), no
recurrent germline LZTR1 mutations have been
identified to date. Additional sequencing analysis
of blood samples from schwannomatosis pa-
tients revealed several recurrent germline muta-
tions of LZTR1 within the BTB (broad-complex,
tramtrack, and bric-a-brac)–BACK domains pre-
dicted to mediate dimerization and CUL3 bind-
ing (11, 15) (Fig. 3A). Concordantly, the BTB-BACK
LZTR1 mutants, except L812P (Leu812→Pro), ex-
hibited reducedbinding to CUL3 (Fig. 3B and fig.
S9A). Although LZTR1-L812P retained interac-
tion with CUL3, it failed to form dimers (Fig. 3C).
Oligomerization of BTB domains determines
the subcellular distribution of CUL3 adaptors
(15, 16). Indeed, both endogenous and ectopically
expressed HA-tagged LZTR1 showed punctate
endomembrane immunostaining (fig. S9B),
whereas the BTB-BACK domain LZTR1 mutants,
including LTZR1-L812P, showed diffuse cyto-
plasmic staining (Fig. 3D and fig. S9C).
Missense mutations within the LZTR1 Kelch

domain predicted tomediate substrate binding are
also found in humandisease. In co-IP assays, Kelch
domainLZTR1mutants showeddecreasedbinding
to RAS (Fig. 3E). The Kelch domain mutants, like

wt-LZTR1, displayed punctate immunostaining,
but only wt-LZTR1 led to relocalization of RAS
to the LZTR1-CUL3–containing puncta, which
represent loci of LZTR1-CUL3–mediated ubiq-
uitination (Fig. 3F and fig. S9, D and E). Con-
sistently, the LZTR1-L812P mutant, which does
not formpuncta, onlyweakly ubiquitinatedRAS, as
did the LZTR1-Y726* (Tyr726→Stop) mutant (Fig.
3G). Thus, disease-associated LZTR1 mutations
appear to abrogate RAS ubiquitination by dis-
rupting the formation of the RAS-LZTR1-CUL3
complex.
RAS ubiquitination affects RAS–mitogen-

activated protein kinase (MAPK) signaling (17).
Loss of LZTR1 led to increased RAS activity and
phosphorylation of MEK1/MEK2 and ERK1/ERK2
in all tested model systems, whereas enhanced
phosphorylation of V-Akt murine thymoma viral
oncogene homolog (AKT) was cell dependent
(Fig. 4A and fig. S10). After serum stimulation,
Lztr1−/−MEFs showed higher MEK1/MEK2 activ-
ity at all time points, whereas Lztr1+/− MEFs had
higherMEK1/MEK2phosphorylation only at later
time points (fig. S11A). Thus, Lztr1 abundance may
fine-tune the activation of Ras signaling. Restora-
tion of wt-LZTR1 expression in LZTR1-indel cells
decreasedMEK1/MEK2 activity (fig. S11B). Finally,
LZTR1-mutated schwannomas showed strong
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staining of phosphorylated ERK1/ERK2 com-
pared to wt-LZTR1 nerve trunk (fig. S11, C and
D). TheMEK1 inhibitor pimasertib abolished the
colony growth difference between wt-LZTR1 and
LZTR1-mutant cells (fig. S11E). Pimasertib treat-
ment also rescued the embryonic lethality of
Lztr1−/− mice (Fig. 4B). Thus, LZTR1-mediated
phenotypes arise, at least in part, from increased
RAS signaling.
Although our MS analysis detected Ras ubiq-

uitination at several lysines, loss of Lztr1 ab-
rogated ubiquitination of Ras only at K170 (Fig.
4C). Thus, ubiquitination of Hras at K170 may
specifically require Lzrt1. Indeed, though LZTR1

depletion hindered ubiquitination of wt-HRAS,
it did not affect ubiquitination of the HRAS-
K170R mutant (Fig. 4D). Loss of LZTR1 also
abolished the difference in Ras ubiquitination
between wt-Hras and Hras-K170R MEFs (Fig.
4E and fig. S12A). Nonetheless, the LZTR1-
CUL3 complex did ubiquitinate mutant HRAS-
K170R in vitro (fig. S6A). The site specificity in
vivo could be directed by anchoring of RAS to
the membrane. Moreover, overexpression of
the HRAS-K170R mutant led to higher activa-
tion of ERK1/ERK2 than did overexpression of
wt-HRAS, and LZTR1 depletion did not affect
ERK1/ERK2 activity in cells overexpressing HRAS-

K170R (Fig. 4F and fig. S12B). K170R knock-in
MEFs also showed increased MAPK signaling
and growth rates (fig. S12, C and D). Collectively,
these data indicate that LZTR1-mediated ubiq-
uitination of RAS at K170 suppresses RAS-MAPK
signaling.
Ubiquitination of RAS can inhibit its activ-

ity by triggering its degradation (18). However,
quantitative MS analysis did not reveal an in-
crease in RAS protein abundance in Lztr1−/−MEFs
(fig. S6G). wt-LZTR1 and LZTR1-indel Schwann
cells treated with the protein synthesis inhibitor
cycloheximide also showed similar RAS stabil-
ity (fig. S12E), Thus, LZTR1 regulates RAS by a
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nondegradative mechanism. Ubiquitination of
RAS also induces its relocalization to endomem-
branes (19, 20). However, LZTR1 overexpression
increased the endomembrane fraction of both
wt-RAS and the HRAS-K170R mutant (fig. S12F).
LZTR1 alone also only slightly increased RAS
ubiquitination (Fig. 2D) and did not affect the
MAPK pathway (fig. S12G), suggesting that LZTR1
overexpression promotes endomembrane local-
ization of RAS independently of its ability to
mediate ubiquitination at K170.
To assess how ubiquitination of RAS at K170

controls its activity, we elucidated modes of the in-
teraction between RAS and conjugated Ub. LZTR1
colocalized with NRAS at RAB11–Transferrin
receptor–positive recycling endosomes (fig. S13),
suggesting that LZTR1 regulates ubiquitination
of farnesylated and palmitoylated RAS. Therefore,
we performed molecular simulations on lipidated
RAS. In the initial structures of Ub conjugated to
K170 of RAS, the hypervariable regions (HVRs) of
RAS exposed their anchor portions to the solu-
tion. The long-lasting simulations showed that
Ub secured the anchor portion of the HVR by
sequestering the farnesyl and palmitoyl groups
(fig. S14). Concordantly to a rapid kinetics of
spontaneous insertion of lipidated RAS into the
membrane (21–24), the HVRs of nonubiquitinated
RAS straightforwardly associated with mem-
branes. However, Ub conjugation to K170 of RAS
prevented the HVRs from binding to and in-
serting into membranes (Fig. 4G). Thus, ubiq-
uitination at K170 may disrupt the association of
RAS to the membrane. Indeed, loss of LZTR1 or
Hras-K170R knock-in increased the fraction of
membrane-bound RAS (Fig. 4, H and I, and fig.
S15). These results are all consistent with RAS
ubiquitination at K170 inhibiting RAS activity by
impairing its association with the membrane.
Our results indicate that LZTR1-mediated

ubiquitination of RAS on K170 modulates RAS

activity, dysregulation of which leads to human
disease. An accompanying study shows that
LZTR1 dysregulation also confers drug resistance
(25). Understanding this unconventional mech-
anism of RAS activation may help to identify
patients who might benefit from RAS pathway
inhibitors and inform new therapeutic approaches
for these patients.
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Active site alanine mutations convert
deubiquitinases into high-affinity ubiquitin-
binding proteins
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David Komander4 , Titia K Sixma2, Michal Simicek3,4 & Cynthia Wolberger1,*

Abstract

A common strategy for exploring the biological roles of deubiquiti-
nating enzymes (DUBs) in different pathways is to study the effects
of replacing the wild-type DUB with a catalytically inactive mutant
in cells. We report here that a commonly studied DUB mutation, in
which the catalytic cysteine is replaced with alanine, can dramati-
cally increase the affinity of some DUBs for ubiquitin. Overexpres-
sion of these tight-binding mutants thus has the potential to
sequester cellular pools of monoubiquitin and ubiquitin chains. As
a result, cells expressing these mutants may display unpredictable
dominant negative physiological effects that are not related to loss
of DUB activity. The structure of the SAGA DUB module bound to
free ubiquitin reveals the structural basis for the 30-fold higher
affinity of Ubp8C146A for ubiquitin. We show that an alternative
option, substituting the active site cysteine with arginine, can inac-
tivate DUBs while also decreasing the affinity for ubiquitin.
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Introduction

Deubiquitinating enzymes (DUBs) play fundamental roles in ubiqui-

tin signaling through their ability to remove ubiquitin from target

proteins and disassemble polyubiquitin chains [1]. These enzymes

cleave the isopeptide linkage between the C-terminus of ubiquitin

and the substrate lysine or, in some cases, the peptide bond between

ubiquitin and a substrate protein N-terminus. The human genome

encodes more than 90 DUBs [2,3], which can be grouped into

families based on their fold: ubiquitin-specific protease (USP), ubiq-

uitin carboxyl-terminal hydrolase (UCH), ovarian tumor family

(OTU), Machado–Joseph domain (MJD) family, and JAMM/MPN

domain (JAMM), as well as the recently discovered MINDY and

ZUFSP families [4–6]. Studies of deletions as well as disease-causing

mutations have revealed specific functions for individual DUBs in

biological processes including proteasomal degradation, protein traf-

ficking, transcription, DNA repair, infection, and inflammation [7].

The involvement of DUBs in a variety of oncogenic [8], inflamma-

tion, and neurodegenerative pathways [9] has made these enzymes

attractive targets for drug discovery [10].

A common approach to determining the role of a particular DUB

in cellular pathways is to knock down expression of the endogenous

DUB and express a catalytically inactive version of the enzyme [11–

13]. With the exception of the JAMM domain family, which are

metalloproteases, all other DUBs are cysteine proteases with a

papain-like active site in which the catalytic cysteine is activated by

an adjacent histidine [14]. Cysteine protease DUBs are typically

inactivated by substituting the active site cysteine with another

residue. Resulting changes in substrate ubiquitination or down-

stream signaling pathways in cells expressing the mutant DUB are

generally assumed to be due to the absence of deubiquitinating

activity, with the notable exceptions of OTUB1, which inhibits E2

enzymes by a mechanism independent of catalytic activity [15–17]

and OTUD4, which serves as a scaffold for USP enzymes [18].

Whereas serine is the most conservative substitution for the active

site cysteine, alanine substitutions are often used to avoid the possi-

bility that mutants containing a serine substitution may retain some

hydrolase activity.

We report here that some active site cysteine-to-alanine substitu-

tions can dramatically increase the affinity of DUBs for either free

ubiquitin or polyubiquitin chains. This increase in affinity can

confound the interpretation of cell-based experiments, since the

mutant DUB is not only incapable of cleaving ubiquitin from

substrates but has gained the ability to sequester free ubiquitin and
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polyubiquitin chains. Altering levels of free ubiquitin has been

shown to give rise to off-target effects [19]. In addition, these

mutant DUBs may stably associate with (poly)ubiquitinated

substrates and thereby protect ubiquitin chains from cleavage by

other DUBs or prevent interaction with ubiquitin receptors. The

effects of such tight-binding DUB mutants thus have the potential to

confuse interpretation because of the gain of tight ubiquitin-binding

function.

We show here that mutating the active site cysteine of human

USP4 and yeast Ubp8 to alanine increases the affinity of the DUB for

mono- or diubiquitin by 10–150-fold. A similar effect of alanine

substitution was previously found for the OTU enzymes, Cezanne

[20] and OTULIN [21]. The structure of the heterotetrameric SAGA

DUB module containing Ubp8C146A bound to free ubiquitin reveals

the molecular basis for the increased affinity of monoubiquitin for

the mutant enzyme. The alanine substitution alleviates steric

hindrance by the active site cysteine sulfhydryl, allowing the

C-terminal carboxylate of ubiquitin to form additional hydrogen

bonds in the enzyme active site and thus accounting for the high

affinity of the mutant enzyme for free ubiquitin. We show that

substituting the active site cysteine with arginine in representative

USP and OTU DUBs inactivates the enzymes while also disrupting

binding to ubiquitin, generating an inert DUB. Based on these

findings, we strongly recommend that cell-based and in vivo studies

of DUBs avoid the use of active site alanine substitutions and

to instead utilize substitutions such as arginine that ablate both

enzymatic activity and ubiquitin binding.

Results and Discussion

Mutation of active site cysteine to alanine increases affinity of
the SAGA DUB module for ubiquitin

The yeast SAGA complex is a transcriptional coactivator that is

involved in transcription of all RNA polymerase II genes [22,23].

Among the SAGA activities are the removal of monoubiquitin from

histone H2B, which promotes transcription initiation and elongation

[24]. The deubiquitinating activity of SAGA resides in a four-protein

complex known as the DUB module, which comprises the USP

family catalytic subunit, Ubp8, as well as Sgf11, Sus1, and the N-

terminal ~100 residues of Sgf73 [25,26]. Structural studies of the

DUB module complexed with ubiquitin aldehyde [27] and with

ubiquitinated nucleosomes [28] have revealed the overall organiza-

tion of the DUB module and how it interacts with substrate. In addi-

tion to its ability to deubiquitinate histone H2B, the DUB module

can also cleave a variety of ubiquitin substrates in vitro including

ubiquitin-AMC and K48-linked diubiquitin [29]. The affinity of the

DUB module for ubiquitinated nucleosome has been estimated at

around 2 lM [28] and the KM for the model substrate, ubiquitin-

AMC, has been estimated at 24 lM [29]; however, neither the KM

nor binding affinity for other substrates is known.

In order to measure the affinity of the DUB module for other

substrates using binding assays, we expressed and purified catalyti-

cally inactive versions of the DUB module containing Ubp8 with its

active site cysteine, C146, substituted with either serine (C146S) or

alanine (C146A). The absence of catalytic activity for both mutants

was first verified in a ubiquitin-AMC cleavage assay (Fig EV1). We

measured the affinity of both mutant complexes for K48-linked

diubiquitin using isothermal titration calorimetry (ITC; Fig 1E and

F). Whereas DUB module containing Ubp8C146S bound to K48

diubiquitin with a Kd of 4.6 lM, DUB module containing Ubp8C146A

bound to K48-linked diubiquitin with a Kd of 0.47 lM, representing

10-fold tighter binding. We also measured the affinity of the reaction

product, monoubiquitin, to DUB module containing either wild-type

or mutant Ubp8 (Fig 1A–C). Whereas DUB module containing wild-

type Ubp8 or Ubp8C146S bound ubiquitin with a Kd of 13.9 lM and

12.8 lM, respectively, the Ubp8C146A mutant bound ~30-fold more

tightly to monoubiquitin with a Kd of 0.43 lM.

A Ubp8 C146A substitution enables hydrogen bonding with the
ubiquitin C-terminus

To determine the structural basis for the marked increase in affinity

for free ubiquitin when the active site cysteine is substituted with

alanine, we solved the crystal structure of the SAGA DUB module

containing Ubp8C146A bound to free ubiquitin at a resolution of

2.1 Å (Table 1 and Fig 2A). The overall fold and contacts with ubiq-

uitin are virtually identical to those found in the structure of the

wild-type enzyme bound to ubiquitin aldehyde, superimposing all

atoms with an RMSD of 0.58 Å [27]. The active site of the C146A

mutant is virtually identical to that in the wild-type apoenzyme

[29], with no significant reordering of residues (Fig 2B) [29]. In the

Ubp8C146A complex with free ubiquitin, the negatively charged

carboxylate of the ubiquitin C-terminal Gly76 forms two hydrogen

bonds with backbone amides from Ubp8 residues Thr145 and

Ala146, as well as with active site residues, Asn141 and His427

(Figs 2B and EV2). Importantly, the observed position of the ubiqui-

tin C-terminus would not be compatible with the presence of the

wild-type active site residue, Cys146, since the sulfhydryl group

would clash with the C-terminal residue of ubiquitin, Gly76

(Fig 2C). The multiple hydrogen bonding interactions observed

between the C-terminal carboxylate of ubiquitin and Ubp8 can

therefore only occur when the active Cys146 is replaced with the

smaller alanine side chain, thus explaining the higher affinity of

DUB module-Ubp8C146A for free ubiquitin as compared to the wild-

type enzyme.

Active site cysteine-to-alanine substitution increases the affinity
USP4 for ubiquitin

Mutating the active site cysteine to alanine has a dramatic effect on

the affinity of the human USP family DUB, USP4, for free ubiquitin.

USP4 regulates a broad variety of cellular pathways, including TGF-

b and NF-jB signaling as well as splicing [26,30,31]. The affinity of

USP4 for free ubiquitin was measured by fluorescence polarization

using ubiquitin labeled with an N-terminal fluorophore. As shown

in Fig 3, the Kd of ubiquitin for the wild-type enzyme is

92 � 21 nM, whereas USP4 containing an alanine substituted for

the active site cysteine, C311, binds ubiquitin with 0.60 � 0.17 nM

affinity, a ~150-fold difference [32]. The pre-steady-state kinetics of

ubiquitin dissociation measured by fluorescence polarization in a

stopped-flow device shows that the greater affinity of the USP4C311A

mutant is due to a dramatic decrease in off-rate (Fig EV3A). Interest-

ingly, ubiquitin dissociation has been shown to be promoted by

USP4N-terminal DUSP-Ubl domain and to regulate USP4 activity

2 of 9 EMBO reports 19: e45680 | 2018 ª 2018 The Authors

EMBO reports DUB alanine mutants trap ubiquitin Marie E Morrow et al



[32]. The increase in affinity for the mutant enzyme is not unique to

ubiquitin with a free C-terminus, as ubiquitin conjugated to either

an 18-mer peptide or C-terminal fluorophore also binds with similar

affinity to USP4C311A (Fig EV3C and D). Since the active sites of USP

family DUBs are highly conserved, we speculate that the observed

increase in binding affinity is due a relief of steric clash, as is the

case for Ubp8.

Substitution of the catalytic cysteine with arginine disrupts
ubiquitin binding in USP and OTU class DUBs

We sought to identify alternative active site mutations that would abro-

gate catalytic activity as well as reduce the affinity of the inactive DUB

polyubiquitin chains or ubiquitinated substrates. We reasoned that

substituting the active site cysteine with arginine could both inactivate

A B C

D E F

Figure 1. Isothermal titration calorimetry assays of SAGA DUB module binding to K48 diubiquitin or monoubiquitin.

A Binding of wild-type DUBm-Ubp8 to monoubiquitin.
B Binding of DUBmUbp8C146A to monoubiquitin.
C Binding of DUBm-Ubp8C146S to monoubiquitin.
D Binding of DUBm-Ubp8C146R to monoubiquitin.
E Binding of DUBm-Ubp8C146A to K48 diubiquitin.
F Binding of DUBm-Ubp8C146S to K48 diubiquitin.

Data information: Error ranges for Kd values were determined from nonlinear least squares fitting of the data to a one-site binding model.
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the enzyme and prevent ubiquitin binding because of the bulky nature

of the side chain compared to cysteine. To test this hypothesis, we

mutated the catalytic cysteine of Ubp8 to arginine and first verified that

SAGA DUB module containing the mutant Ubp8C146R protein was inac-

tive in a Ub-AMC cleavage assay (Fig EV1). The affinity of the DUB

module containing Ubp8C146R for monoubiquitin as measured by ITC

was comparable to that of the wild-type protein (Fig 1D).

Substitution of the active cysteine with arginine similarly reduces

the affinity for polyubiquitin chains by the OTU family member,

OTUD1, which is also a cysteine protease. This DUB preferentially

cleaves K63-linked polyubiquitin chains [20], has recently been

shown to regulate the nuclear localization and transcriptional coacti-

vator activity of the YAP oncoprotein [33], represses metastasis by

deubiquitinating SMAD7 during TGF-b signaling [34], and negatively

regulates RIG-I-like receptor (RLR) signaling during viral infection by

deubiquitinating Smurf1 [35]. We measured the affinity of catalytic

mutants of OTUD1 for fluorescently labeled K63-linked diubiquitin

using a fluorescence polarization assay (Fig 4A). While OTUD1 with

an alanine substituted for the active site cysteine (OTUD1C320A) binds

K63-linked diubiquitin with a Kd of ~40 lM, an arginine substitution,

OTUD1C320R, not only inactivated the enzyme but also completely

abolished detectable binding to K63-linked diubiquitin (Fig 4A).

Active site arginine substitutions can overcome artifacts of
alanine substitution in cells

As mentioned above, active site cysteine-to-alanine substitutions

that markedly increase DUB affinity for mono- or polyubiquitin may

Table 1. X-ray crystallographic data and refinement statistics.

Wavelength (Å) 0.979

Resolution (Å) 2.10

Unique reflections 54,195

Redundancy 5.7 (5.7)

Completeness (%) 99.2 (99.7)

Average I/r (I) 13.3 (3.0)

Rmerge 0.093 (0.572)

Rmeas 0.103 (0.630)

Rpim 0.043 (0.259)

CC1/2 0.998 (0.857)

CC* 0.999 (0.961)

Refinement statistics

Space group P212121

Unit cell (Å) a = 78.8, b = 103.2, c = 112.8

Molecules per asymmetric unit 1

Rwork (%) 20.1

Rfree (%) 24.9

Rmsd bonds (Å) 0.0198

Rmsd angles (°) 1.855

Protein atoms 6,302

Zinc ions 8

Average B (Å2) 40.3

A B

C

Figure 2. X-ray crystal structure of SAGA DUB module mutant DUBm-Ubp8C146A bound to monoubiquitin.

A Overall structure of complex showing Ubp8 (green) with ubiquitin (yellow) bound to the USP domain.
B Hydrogen bonding contacts between the C-terminal carboxylate of ubiquitin and Ubp8.
C In blue spheres, van der Waals radii of C146 and A146 in steric proximity of ubiquitin’s C-terminal carboxylate (yellow). DUBm-Ubp8WT structure is shown in teal

(PDB ID 3MHH) and DUBm-Ubp8C146A is shown in green.
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render these mutants less suitable for physiological studies. Since such

cysteine-to-alanine mutants are essentially high-affinity ubiquitin-

binding proteins, these DUB mutants have the potential to stabilize

modified substrates and preferred chain types by protecting them from

digestion by other DUBs or proteases. For example, when OTULIN

C129A is expressed in cells, there is a dramatic accumulation of

Met1-linked linear polyubiquitin chains that is not seen when a

mutant that abrogates ubiquitin binding, L259E, is expressed [21].

We hypothesized that substituting the active site cysteine with

arginine could be a general approach in cell-based studies to

inactivating cysteine protease DUBs while also preventing high-

affinity binding to polyubiquitin. To test this idea, we expressed

cysteine-to-alanine and cysteine-to-arginine mutants of two DUBs,

OTUD1 and USP14, in cells and probed their effects on levels of

polyubiquitin. HA-tagged wild-type OTUD1, OTUD1C320A, or

OTUD1C320R was expressed in HEK293 cells and whole cell lysates

were analyzed by immunoblotting with an antibody specific for

K63-polyubiquitin chains. As compared to cells expressing the

wild-type protein, cells expressing OTUD1C320A had increased

levels of K63-linked polyubiquitin (Fig 4B). By contrast, cells

expressing OTUD1C320R did not show enriched levels of K63-linked

chains (Fig 4B).

We also tested the effects of expressing wild-type and mutant

USP14, one of the chain-trimming DUBs that bind to the 26S protea-

some [36,37]. HA-tagged USP14 containing the wild-type active site

cysteine, Cys114, and C114A and C114R mutants were co-expressed

in HEK293 cells along with FLAG-PSMD4, a ubiquitin receptor

within the proteasome [38]. Proteasome-bound ubiquitinated

proteins were co-immunoprecipitated by FLAG-PSMD4 and probed

for ubiquitin (Fig 5). Proteasomes with USP14 C114A bind more

polyubiquitin chains than USP14 C114R and also retain increased

levels of higher molecular weight chains that are unable to be

trimmed compared to wild-type USP14 (Fig 5). Both of these results

are consistent with the idea that the increase in polyubiquitin chains

observed with the cysteine-to-alanine mutants is due to the ability

of this mutant to bind to polyubiquitin chains and protect them from

cleavage by other DUBs. Our results also validate the benefit of

using a Cys to Arg substitution to generate a catalytically inactive

DUB that will neither protect nor sequester polyubiquitin chains and

ubiquitinated substrates.

Implications for cell-based studies of cysteine protease DUBs

The surprisingly high affinity for ubiquitin exhibited by DUBs

containing alanine substituted for the active site cysteine has impor-

tant implications for cell-based assays in which catalytically inactive

DUBs are expressed. We have found that cysteine-to-alanine

Figure 3. Equilibrium binding of USP4 WT and C311A to TAMRA-labeled
monoubiquitin.

Binding was measured by fluorescence polarization using N-terminally TAMRA-
labeled monoubiquitin. The dissociation constants for ubiquitin binding to USP4
WT and C311A are 92 � 21 nM [32] and 0.60 � 0.17 nM, respectively. Error bars
are s.d. calculated on five measurements per point.

A B

Figure 4. Enhanced binding of OTUD1 C320A to K63 diubiquitin in vitro and K63 polyubiquitin chains in cells.

A Equilibrium binding of OTUD1 C320A and C320R to K63-linked diubiquitin was measured by fluorescence polarization using FlAsH-tagged K63-linked diubiquitin in
which the proximal ubiquitin was fluorescently labeled. Error bars indicate s.d. and are based on three measurements per data point. One representative experiment
of two is shown.

B Whole cell lysates of HEK293 cells expressing HA-tagged OTUD1 WT, C320R, and C320A were immunoblotted with indicated antibodies. One representative
experiment of three is shown.
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substitutions in the USP DUBs, Ubp8 and USP4, dramatically

increase their affinity for monoubiquitin (Figs 1 and 3). Similarly,

cysteine-to-alanine substitutions in the active sites of Ubp8 and the

OTU class DUB, OTUD1, also increase DUB affinity for polyubiquitin

(Figs 1 and 4A). The equilibrium dissociation constants of these

mutant DUBs are significantly lower than cellular concentrations of

their substrates, given the estimated concentration of free ubiquitin

in the cell of 4–50 lM [39] and a concentration of polyubiquitin at a

fraction of that [40]. The mutant DUBs are therefore expected to

bind tightly to free ubiquitin and to polyubiquitin chains when

expressed in cells. Particularly in experiments where mutant DUBs

are overexpressed, there is the risk that cellular consequences

ascribed to a lack of catalytic activity in a particular DUB may

instead be due to the ability of the mutant DUB to protect polyubiq-

uitin chains from cleavage or to a difference in free ubiquitin avail-

able to ubiquitin-conjugating enzymes.

The effects of cysteine-to-alanine substitutions shown here for

USP and OTU class DUBs are likely to extend to other cysteine

protease DUBs. The UCH and MJD classes of cysteine protease DUBs

have a conserved active site architecture similar to USP DUBs

[14,41] and could thus form similar interactions with ubiquitin if

the active site cysteine was substituted with alanine (Fig EV4A and

B). Although the MINDY and ZUFSP DUBs share little homology

with the other cysteine protease DUBs [4–6], an alanine substitution

would similarly relieve steric clash in the active site, thus potentially

increasing the DUB’s affinity for ubiquitin (Fig EV4C). These obser-

vations support the recommendation that alanine substitutions

should be avoided in cell-based and in vivo studies of cysteine

protease DUBs.

We have presented an alternative to alanine substitutions that is

equally effective in abrogating DUB activity while having the advan-

tage of preventing ubiquitin binding. In binding assays of Ubp8 and

OTUD1, we show that replacing the active site cysteine with argi-

nine inactivates ubiquitin hydrolase activity while also rendering

the enzyme incapable of binding ubiquitin detectably (Figs 1D and

4). We speculate that the ability of arginine substitutions to abolish

ubiquitin binding to OTU and USP catalytic domains may be

explained by the ability of the arginine side chain to partially occupy

the binding site for the C-terminal ubiquitin Gly-Gly in these DUBs.

Previous data have indicated that the correct orientation of the ubiq-

uitin C-terminal tail in the DUB S1 site is essential for efficient cleav-

age [42,43]. An arginine side chain may mimic these interactions in

cis, to prevent these important substrate interactions. While we did

not test other active site substitutions, it is expected that other

amino acids with side chains that are significantly bulkier than

cysteine would similarly block ubiquitin binding, in addition to

inactivating the enzyme. However, care should be taken to avoid

hydrophobic side chains that could cause the protein to aggregate,

or side chains that are bulky or beta-branched that could interfere

with proper protein folding due to steric clashes with the neighbor-

ing protein backbone. Since lysine can be ubiquitinated and is also

subject to many other post-translational modifications, this substitu-

tion should also be avoided.

We recommend that all cell-based and in vivo studies of cysteine

protease DUBs avoid alanine substitutions of the active site cysteine

and instead utilize arginine substitutions to study effects of inacti-

vating the enzyme. Although the arginine substitution was only

tested here on DUBs from the USP and OTU class, it is likely that an

arginine would similarly interfere with ubiquitin binding to

members of the UCH, MJD, MINDY, and ZUFSP cysteine protease

families. Ideally, DUBs with arginine substitutions should first be

tested in vitro to ensure that this mutation indeed interferes with

ubiquitin binding. Adopting this practice can mitigate spurious or

dominant negative effects and ensure that any observed phenotypes

or changes are due to loss of DUB activity alone rather than an

increase in affinity for ubiquitin.

Materials and Methods

Cloning, protein expression, and purification

Rosetta 2(DE3) pLysS cells (EMD Millipore, Merck KGaA, Darmstadt,

Germany) were transformed with three plasmids encoding (i)

Ubp8WT, Ubp8C146A, Ubp8C146S, or Ubp8C146R (pET-32a, EMD Milli-

pore), (ii) Sus1 (pRSF-1, EMD Millipore), and (iii) Sgf73(1-96)

(pCDFDuet-1 MCSII, EMD Millipore) which was cloned into the

same vector as Sgf11 (pCDFDuet-1 MCSI, EMD Millipore). All

versions of the DUBm complex were co-expressed and purified using

the previously reported protocol for the expression and purification

of wild-type DUBm [27]. Untagged ubiquitin (pET3a) was expressed

in Rosetta 2 cells and, after lysis, was treated with 1% v/v perchloric

acid to precipitate cellular proteins. The supernatant, containing

ubiquitin, was dialyzed overnight into 50 mM sodium acetate pH

4.5, then run on a HiTrap SP column, and eluted over a 0–600 mM

NaCl gradient in 50 mM sodium acetate pH 4.5. Pure fractions were

pooled and buffer exchanged by gel filtration on a HiLoad S75

column into 20 mM HEPES pH 7.5, 50 mM NaCl, and 1 mM DTT.

USP4 (8–925) wild-type and C311A mutant were expressed and

purified as in [32].

pOPINK-OTUD1 catalytic domain (residues 287–435) was trans-

formed into Escherichia coli Rosetta 2 pLysS (Novagen) and grown

to OD 0.6 followed by induction with 0.2 mM IPTG overnight at

20°C. Cells were lysed by sonication in buffer A (50 mM Tris,

Figure 5. Binding of USP14 C114A to ubiquitin chains in cells.

Polyubiquitin chains were co-immunoprecipitated with FLAG-PSMD4, an
ubiquitin receptor for the 26S proteasome, from cells expressing either USP14
wild-type, C114A, or C114R. One representative experiment of two is shown.
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50 mM NaCl, 5 mM DTT, pH 8.5), the lysate was cleared by

centrifugation (44,000 × g for 30 min, 4°C) and subjected to a

glutathione resin (GE Healthcare). The resin was washed with cold

buffer B (50 mM Tris, 500 mM NaCl, 5 mM DTT, pH 8.5) and

subsequently with cold buffer A. The GST-tag was removed by over-

night incubation at 4°C with GST-tagged 3C Precision protease in

buffer A. Eluted protein was further purified by anion-exchange

chromatography and gel filtration in buffer A.

Fluorescence polarization assays

All USP4 pre-steady-state and equilibrium fluorescence polarization

assays were performed as described in [32]. Ubiquitin conjugated to

lysine-glycine and to a SMAD4-derived peptide [32] was a gift of

Huib Ovaa.

Binding assays for OTUD1 interactions with Lys63-linked

chains were performed using Lys63-linked diUb that was fluores-

cently labeled by a FlAsH-tag on the proximal ubiquitin (21). For

this, diUb chains were diluted to 80 nM in FlAsH buffer (50 mM

Tris, 50 mM NaCl, 0.1% b-mercaptoethanol, pH 7.6), and

OTUD1C320A and OTUD1C320R were serially diluted in FlAsH buffer

to the indicated concentration range. 10 ll of fluorescent diUb

was mixed with equal volume of OTUD1C320A and OTUD1C320R at

different concentrations and incubated in room temperature for

1 h before measurement. Fluorescence polarization was measured

in 384-well format employing a Pherastar FS plate reader, using a

fluorescence polarization module with excitation and emission

wavelengths at 485 and 520 nm, respectively. A control was used

for either linear di- or triUb molecules where 10 ll of FlAsH

buffer was added instead. This control was also used for the

normalization of anisotropy reading. All binding assays were

performed in triplicate.

Ubiquitin-AMC hydrolysis assay

Assays were conducted in 384-well black polystyrene micro-plates

at 30°C in a POLARstar Omega plate reader (BMG Labtech, Cary,

NC) using an excitation wavelength of 385 nm and emission wave-

length of 460 nm. Reactions were performed in DUBm assay buffer

containing 50 mM HEPES, pH 7.6, 150 mM NaCl, 5 lM ZnCl2,

5 mM dithiothreitol (DTT), and 7.5% DMSO. The wild-type DUBm

and Ubp8 mutant complexes were held at a concentration of

125 nM. Ubiquitin-AMC (Boston Biochem, Cambridge, MA) was

diluted into assay buffer and incubated at 30°C for 10 min inside the

plate reader. 3 ll of recombinant DUBm was also pre-incubated at

30°C for 10 min before mixing with diluted ubiquitin-AMC buffer to

a total volume of 30 ll. The release of AMC was followed at

460 nm, and the first 0–60 s of data was used to fit initial rate.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry measurements were performed

using a Microcal (Amherst, MA) ITC200 calorimeter at 25°C.

DUBm wild-type, Ubp8 mutant complexes, K48-linked diubiqui-

tin and ubiquitin samples were buffered with 20 mM HEPES,

pH 7, 150 mM NaCl, 5 nM ZnCl2, and 0.5 mM Tris (2-Carboxy-

ethyl) phosphine hydrochloride (TCEP) and thoroughly degassed

before use. The protein concentrations were determined by

amino acid analysis. The sample cell (0.22 ml) contained either

30 lM DUBm-Ubp8WT or DUBm Ubp8 mutant. A total of 20

injections of 40 ll of 0.3 mM K48-linked diubiquitin or

monoubiquitin were carried out at 180 s intervals. The heat

generated due to dilution of the titrants was subtracted for

baseline correction. The baseline-corrected data were analyzed

with Microcal Origin Ver. 7.0 software. All experiments were

duplicated.

Protein crystallization

Protein crystals were grown from a complex of 7 mg/ml DUBm-

Ubp8C146A and 1.8 mg/ml ubiquitin that was incubated on ice for

30 min prior to screening. Complex crystals were grown by hanging

drop vapor diffusion using a 1:1 ratio of protein to mother liquor.

Crystals grew within 2 days at 20°C in 17% PEG3350, 0.1 M HEPES

pH 7.0, and 0.1 M ammonium sulfate. Crystals were looped and

cryoprotected by stepwise incubation in mother liquor containing

increasing concentrations of PEG3350 (17–33%), then flash-frozen

in liquid nitrogen.

Data collection, structure determination, and refinement

X-ray diffraction data for the DUBm-Ubp8C146A and ubiquitin

complex were collected at Stanford Synchrotron Radiation Light-

source beamline BL12-2. Data were collected on a Pilatus detector

using a 10 lm beam at 50% transmission taking 1 s exposures with

0.25° oscillations over 180°. During data collection, the crystal

rotated out of the beam, therefore frames 200–300 out of 720 total

frames were discarded during data reduction and scaling. Data

reduction, scaling, and merging were done in XDS and Aimless

[44]). A 2.1 Å structure was determined by molecular replacement

in Phaser (Phenix) using the coordinates of the wild-type DUBm

bound to ubiquitin aldehyde (PDB ID: 3MHS) as the search model

[27,45]. The structure was refined in PHENIX and Coot was used for

manual model building [45,46]. Data collection and refinement

statistics are shown in Table 1. PyMOL Version 1.5.0.4

(Schrödinger, LLC) was used to generate all structure figures. Coor-

dinates have been deposited in the Protein Data Bank with ID

6AQR.

Immunoblotting and immunoprecipitation

Full-length, N-terminally HA-tagged OTUD1 constructs (WT, C320A,

C320R) were cloned into pcDNA3.1 vector and transiently expressed

in HEK293 cells. Two days after, transfection cells were washed

twice in cold PBS and scraped on ice in lysis buffer (50 mM Tris–

HCl pH 7.5, 150 mM NaCl, 1% NP-40) containing protease inhibitor

cocktail (Roche) and 20 mM N-ethylmaleimide, and incubated for

30 min on ice. Samples were subsequently cleared by centrifugation

for 10 min at 16,000 × g at 4°C. For immunoblotting, equivalent

amounts of cell lysates were separated on 4–12% Bis-Tris gel, trans-

ferred to nitrocellulose membranes, and incubated with the indi-

cated antibodies. The signal was visualized with Pierce ECL

Western Blotting Substrate (Thermo Scientific) and exposed on X-

ray film.

Full-length USP14 (WT, C114A, C114R) and N-terminally Flag-

tagged PSMD4 constructs were cloned into pcDNA3.1 vector and
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transiently expressed in HEK293 cells. Two days after, transfection

cells were washed twice in cold PBS and scraped on ice in lysis

buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% NP-40) contain-

ing protease inhibitor cocktail (Roche) and 20 mM N-ethylmalei-

mide, and incubated for 30 min on ice. Samples were subsequently

cleared by centrifugation for 10 min at 16,000 × g at 4°C. The

cleared lysates were incubated with anti-Flag resin (Sigma-Aldrich)

overnight at 4°C, subsequently washed four times with cold lysis

buffer and eluted with Flag peptide. Eluted fractions were separated

on 4–12% Bis-Tris gel, transferred onto PVDF membranes, and

incubated with the indicated antibodies. The signal was visualized

with Pierce ECL Western Blotting Substrate (Thermo Scientific) and

exposed on X-ray film.

Antibodies

The following antibodies were used in immunoblotting or immuno-

precipitation:

Ub K63, rabbit monoclonal Ab, clone Apu3, Millipore (cat # 05-

1308); HA, rat monoclonal Ab, clone 3F10, Roche (cat # 11 867 423

001); GAPDH, mouse monoclonal Ab, clone GAPDH-71.1, Sigma-

Aldrich (cat # G8795); Ub, mouse monoclonal Ab, clone P4D1,

Santa Cruz (cat # sc-8017); Flag, mouse monoclonal Ab, clone M2,

Sigma-Aldrich (cat # F1804); USP14, rabbit monoclonal Ab, clone

D8Q6S, Cell Signaling Technology (cat # 11931).

Data availability

Coordinates and amplitudes have been deposited in the Protein Data

Bank with accession code, 6AQR.

Expanded View for this article is available online.
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Abstract
The reason why a few myeloma cells egress from the bone marrow (BM) into peripheral blood (PB) remains unknown.
Here, we investigated molecular hallmarks of circulating tumor cells (CTCs) to identify the events leading to myeloma
trafficking into the bloodstream. After using next-generation flow to isolate matched CTCs and BM tumor cells from 32
patients, we found high correlation in gene expression at single-cell and bulk levels (r ≥ 0.94, P= 10−16), with only 55 genes
differentially expressed between CTCs and BM tumor cells. CTCs overexpressed genes involved in inflammation, hypoxia,
or epithelial–mesenchymal transition, whereas genes related with proliferation were downregulated in CTCs. The cancer
stem cell marker CD44 was overexpressed in CTCs, and its knockdown significantly reduced migration of MM cells towards
SDF1-α and their adhesion to fibronectin. Approximately half (29/55) of genes differentially expressed in CTCs were
prognostic in patients with newly-diagnosed myeloma (n= 553; CoMMpass). In a multivariate analysis including the R-ISS,
overexpression of CENPF and LGALS1 was significantly associated with inferior survival. Altogether, these results help
understanding the presence of CTCs in PB and suggest that hypoxic BM niches together with a pro-inflammatory
microenvironment induce an arrest in proliferation, forcing tumor cells to circulate in PB and seek other BM niches to
continue growing.

Introduction

Multiple myeloma (MM) is a hematologic neoplasm char-
acterized by an aberrant expansion of clonal plasma cells
(PCs) inside the bone marrow (BM) [1, 2]. Nevertheless,
growing evidence demonstrates the presence of circulating
tumor cells (CTCs) in peripheral blood (PB) at every stage

of the disease, i.e., from monoclonal gammopathy of
undetermined significance (MGUS) to smoldering and
active newly-diagnosed or relapsed MM [3, 4]. Further-
more, several studies demonstrated that the number of
CTCs detected in PB predicts the risk of malignant trans-
formation in MGUS and smoldering MM [4–7], as well as
survival in patients with symptomatic MM [4, 8–15]. By
contrast, the mechanisms leading to the presence and vari-
able levels of CTCs in the PB of MGUS and MM patients
remains largely unknown [3, 4] since only one study
attempted to characterize them [16]. Interestingly, CTCs
were described as a unique subpopulation of BM clonal PCs
with more immature, quiescent and clonogenic features,
whose circulation in PB was potentially driven by circadian
rhythms.

The complex network of communication between the
circadian clock and tumorigenesis is only beginning to be
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unraveled [17]. In MM, preliminary data pointed to a
marked fluctuation of the daily number of CTCs that
overlapped with CD34 hematopoietic stem cells (HSCs)
[16]. It has been suggested that a circadian, neurally driven
release of HSCs during the resting period may promote the
regeneration of the stem cell niche and possibly other tis-
sues [18]. Thus, it could be that in patients with MGUS and
MM, CTCs may egress into PB to colonize other sites in the
BM or at extramedullary tissues. Such model would fit with
the hypothesis that as the disease progresses and the tumor
microenvironment becomes hypoxic, clonal PCs constantly
invade new regions of the BM through induced systemic
recirculation [19]. Although this hypothesis has never been
demonstrated, the presence of tumor cells throughout the
axial skeleton of most patients suggests continuous dis-
semination from the primary tumor to different BM niches,
leading to the development of active disease at
multiple sites.

Due to an increasing interest in liquid biopsies for
genetic profiling, prognostication and monitoring of patients
with MM, the concordance between the genetic landscape
of paired BM clonal PCs and CTCs has been analyzed in
three recent studies [20–22]. These have found that CTCs
mirror the genetic and transcriptional alterations of clonal
PCs in the BM but, due to the low number of patients
profiled, the presence of subtle molecular differences that
might help explaining the presence of genetically similar
tumor clones in different ecosystems (i.e., BM vs. PB) has
not been investigated. Although detecting and isolating
CTCs for their ulterior characterization is challenging,
such information obtained from larger series of patients
could help explaining MM trafficking through PB, and
may provide a framework to develop specific therapies
targeting CTCs.

Here, we investigated the potential mechanisms inducing
MM trafficking into the bloodstream, by comparing in 32
patients the transcriptional profile of CTCs with matched
BM clonal PCs at the single-cell and bulk levels. Our results
unveil specific biologic functions that help understanding
why MM cells egress from the BM into PB, identify genes
upregulated in CTCs that are associated with more
aggressive disease, and how silencing these genes may
impact on cellular migration and adhesion.

Patients and methods

Data and materials availability

Raw and normalized (RMA) data from Affymetrix arrays as
well as single-cell RNA-seq data (FASTQs, matrix counts
and filtered count matrix with all samples) are deposited in
the NCBI Gene Expression Omnibus (GEO) database with

accession number GSE124438. All other data and proces-
sing code are available from the corresponding author upon
reasonable request.

Patients and sample collection

A total of 64—PB and BM—paired samples from 32
patients were included in this study: 23 newly-diagnosed
MM, eight relapsed MM, and one MGUS. All patients
provided written informed consent and the study was con-
ducted in accordance with the Declaration of Helsinki after
approved by the University of Navarra (164/2015) and
University Hospital Brno (12/3/2014) ethics committees.

Detection and isolation of BM clonal PCs and CTCs

EuroFlow next-generation flow (NGF) cytometry for sen-
sitive detection of PB CTCs was used [4, 23]. Briefly, the
EuroFlow lyse-wash-and-stain standard sample preparation
protocol (adjusted to 106 nucleated cells in BM samples)
together with the optimized 2-tube 8-color EuroFlow NGF
antibody panel for accurate identification of clonal PCs
were used. The two-tube strategy allows detection of
clonality with specific confirmation of light-chain restriction
on phenotypically aberrant PCs, identified either by antigen
underexpression (CD19, CD27, CD38, CD45, and CD81)
and/or antigen overexpression (CD56, CD117, and CD138)
[4, 23, 24]. Data acquisition was performed in a FACS-
Canto II flow cytometer (BD Biosciences, US) using the
FACSDiva 6.1.3 software (BD). Data analysis was per-
formed using the Infinicyt software (Cytognos SL, Spain).

Patient-specific aberrant phenotypes identified with NGF
were used for sensitive isolation of tumor cells from both
PB and BM. Fluorescence activated cell sorting (FACS) of
clonal PCs was performed using a FACSAria II flow cyt-
ometer (BD) following standard procedures [16] for the
isolation of bulk tumor cells, which were cryopreserved in
FBS+ 10% DMSO. For single-cell RNA sequencing
(scRNA-seq), individual CTCs and BM clonal PCs were
sorted into cooled 96-well cell capture plates containing 5
μL of BD reagents and molecular-barcoded poly(T) reverse-
transcription primers for library preparation, following the
instructions of the manufacturer (BD). Four empty wells
were kept per plate as controls for data analysis. To record
the expression levels of each marker per single cell, the
FACS Diva 8.0 “index sorting” function was activated
during sorting. BM clonal PCs and CTC percentages for
each patient are shown in Supplementary Table 1.

Single-cell RNA sequencing

scRNA-seq libraries were prepared after isolating individual
CTCs and BM clonal PCs from three patients, following
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BD Precise WTA Single Cell Assay recommendations (BD)
[25]. Briefly, immediately after sorting, each plate was
sealed, vortexed and spun down to mix cells and the reagent
solution, snap frozen on dry ice and stored at −80 °C for
≤6 weeks until libraries preparation. After retrotranscription,
pooling and purifying samples, second-strand was synthe-
tized, adapters ligated, and the final entire product were
amplified by random primer extension. Final libraries were
sequenced in a single Illumina NextSeq 500 run (Illumina,
US), with a minimum sequencing depth of 81,000 reads/
cell. Of note, PB and BM tumor cells from each patient
were processed in parallel.

Demultiplexing, alignment and matrix counts building
were performed using the BD Precise Whole Transcriptome
Assay Analysis Pipeline. Initial count matrix were merged
and normalized trough SCONE R package (k_ruv= 3) [26];
downstream analysis for identifying differential expressed
genes between clusters was performed with Seurat R
package (version 2.3.4) [27], using a tSNE resolution of 0.9
and with SCORPIUS R package (version 1.0.2) [28] for
inferring PC trafficking through pseudotime. Correlation
analysis was performed on the average expression for each
single-cell using the Seurat::AverageExpression function)
considering a standard deviation of 0.5 and 1 (dashed and
dotted lines in Fig. 1a, respectively), as well as through
Pearson correlation on the normalized log-scale reads count
for the supervised heatmap with patients distribution. Sig-
nificance was considered below an adjusted P value of 0.01
(Bonferroni correction-based) and a q-value
(Benjamini–Hochberg correction-based) of 0.1.

Gene expression profiling

RNA was extracted from CTCs and BM clonal PCs iso-
lated from 29 patients using the AllPrep DNA/RNA micro
kit (Qiagen, Netherlands) and was hybridized on a Gene-
Chip Human Gene 2.0/1.0 ST array (Affymetrix, US)
following manufacturer’s instructions. Processing, nor-
malization and differential expression analysis were per-
formed using the Robust Multi-array Average (RMA)
procedure from limma R package (version 3.34.9) [29].
Significance was considered below an adjusted P value of
0.1. Correlation analysis was performed on the median
expression for each gene, using the same standard devia-
tions mentioned above (Fig. 1e), as well as through
Pearson correlation on the RMA-normalized expression
data for the supervised heatmap with patients’ distribution.
Gene Set Enrichment Analysis (GSEA; version 3.0) [30]
was performed using the curated hallmarks and the bio-
logical process gene sets (Gene Ontology, GO). The
default parameters were used in both analysis, but chan-
ging the permutation type to gene-set. Significance was
established below a false discovery rate (FDR) of 10%.

Cell culture and hypoxic conditions

The MM1.S cell line was purchased from ATCC and
the KMS11 cell line was kindly provided by Irene Ghobrial
from Dana-Farber Cancer Institute (Boston, USA), both
were recently authenticated by STR profiling and tested
for mycoplasma contamination. Both cell lines were grown
in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 1% L-glutamine, and 1%
streptomycin–penicillin, and maintained at 37 °C in a
humidified 5% CO2 incubator. To mimic hypoxic condi-
tions, cells were cultured with or without 100 μM of CoCl2
for 4, 24, and 48 h as previously described [31], all condi-
tions being tested in triplicate. Afterwards, RNA was
extracted using the RNeasy kit (Qiagen, Netherlands) fol-
lowing the manufacturer’s indications and total RNA was
reversed transcribed with M-MLV (Invitrogen, US). Real-
time PCR was performed with SYBR® Green PCR Master
Mix (Life Technologies, US) on an Applied Biosystems
ViiA™ 7 Real-Time PCR System (Thermofisher, US) using
gene-specific primers: B2M as gene control (forward pri-
mer: TGCTGTCTCCATGTTTGATGTATCT; reverse pri-
mer: TCTCTGCTCCCCACCTCTAAGT) and HIF1A (F:
GCTGCCTTCTCCTTCTGAAA, R: TTCTGCGCTG
GTGCTTAGTA), VEGF (F: ATCTTCAAGCCATCCTG
TGTGC; R: TCGGCTTGTCACATTTTTCTTG), CD44 (F:
TGGCACCCGCTATGTCGAG; R: GTAGCAGGGATTC
TGTCTG) and LGALS1 (F: GTGGCTCCTGACGCTA
AGA, R: TAACGGGTGGGCATGAGG). Quantification of
selected genes was normalized to B2M RNA using the
ΔΔCt method. Statistics was performed in R (version 3.5.1)
through ggpubr package [32] using an one-way Anova and
a two-sided Student’s t-test for global and paired compar-
isons, respectively. Significance was established with a P
value below 0.05.

RNA sequencing

Bulk RNA-seq was performed following the MARS-seq
protocol with minor modifications adapted for measuring
RNA expression in bulk cells [33, 34]. Briefly, 50,000 MM1.
S and KMS11 cells were sorted after 24 h in hypoxia (as
described above) in 100 μL of Lysis/Binding Buffer
(Ambion), vortexed and stored at −80 °C until further pro-
cessing. Poly-A RNA was reverse-transcribed using poly-dT
oligos carrying a 7 bp-index. Pooled samples were subjected
to linear amplification by in vitro transcription. Resulting
amplified RNA was fragmented and dephosphorylated.
Ligation of partial Illumina adaptor sequences [33] was fol-
lowed by a second RT reaction. Full Illumina adaptor
sequences were added during final library amplification.
RNA-seq libraries quantification was done with Qubit 3.0
Fluorometer (Life Technologies) and size profiles
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Fig. 1 The transcriptional profile of CTCs mirrors that of BM clonal
PCs. a Correlation between gene expression levels observed in indi-
vidual CTCs and BM clonal PCs from three patients. Every dot cor-
responds to the average expression of each single cell. b Correlation
matrix between individual BM clonal PCs (horizontal axis, green) and
CTCs (vertical axis, red) from each patient (distinctly colored). c tSNE
plot and d pseudotime analysis based on scRNA-seq of patient-
matched CTCs (red) and BM clonal PCs (green). e Correlation

between gene expression levels observed in bulk CTCs and BM clonal
PCs from 29 patients. Every dot corresponds to the median expression
of each gene in all samples. For both correlation plots, dashed and
dotted lines are showing limits delimited by 0.5 and 1 standard
deviation. f Correlation matrix between bulk BM clonal PCs and CTCs
from 29 patients. Each color corresponds to a different patient and
green or red colors indicate BM clonal PCs or CTCs, respectively
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examination with Agilent’s 4200 TapeStation System.
Libraries were sequenced in an Illumina NextSeq 500 at a
depth of 10 million reads per sample. Analysis were per-
formed in R (version 3.5.1) trough DESeq2 [35] considering
an adjusted P value below 0.01.

Cell culture and lentivirus production

Human MM cell lines U226 and MM1.S were maintained
in RPMI-1640 medium containing 100 U/ml penicillin and
100 μg/ml streptomycin, supplemented with 10% (v/v)
FBS and 2 mM GlutaMAX (Gibco, ThermoFisher, US), in
5% CO2 at 37 °C. HEK293T cells used for preparation of
lentiviral particles were maintained in DMEM medium in
the same conditions as MM cell lines. On day 0, HEK293T
packaging cells were plated at a density of 3.5 × 106 cells
per 10 cm plates. On day 1, cells were transfected with
4.5 µg of control —CD44 or FLNA— pLKO.1 plasmid,
1.5 µg of pMD.2G and 6 µg of psPAX2 for lentivirus
packaging (AddGene, US). On day 2, media was
replaced and cells cultured for an additional 24 h to obtain
viral supernatants. On day 3, media containing virus
was harvested, passed through 0.45-μm filters. Overall,
1 × 106 cells/ml were infected with crude viral supernatants
in the presence of 8 μg/ml polybrene and spinoculated at
800 g for 60 min at room temperature, subsequently
incubated in 5% CO2 at 37 °C for 16 h and media was then
replaced. After 48 h of viral infection, cells expressing
shRNAs were selected with puromycin (Sigma-Aldrich,
US) at 1 μg/ml for at least 2 days and subjected to each
assay (in triplicate). Cell lines were routinely tested to rule
out mycoplasma contamination using the MycoAlert
Mycoplasma Detection Kit (Lonza, Swiss).

Immunoblot analysis

Cells were harvested, washed with PBS and lysed in RIPA
buffer containing a protease inhibitor cocktail (cOmplete,
Roche, Swiss). The suspension was incubated for 30 min
on ice and centrifuged at 10,000 g for 10 min at 4 °C.
Protein concentration in supernatant was measured with
the BCA Assay (Thermo Fisher, US). Samples were
mixed with 4X LDS loading buffer, boiled at 95 °C for 5
min and subjected to SDS-PAGE. Afterwards, proteins
were transferred to a PVDF membrane and blocked in
PBS containing 0.1% (v/v) Tween-20 and 5% (w/v)
nonfat dry milk for 1 h at RT. Immunoblots were carried
out with the following antibodies: anti-CD44 (Clone 156-
3C11, Abnova, Taiwan), anti-FLNA (#4762, Cell Sig-
naling Technology, Netherlands) and anti-β-actin (clone
c4, Santa Cruz Biotechnology, US), and visualized on X-
ray films using the ECL Western Blotting Detection
Reagents (GE Healthcare, US).

Migration and adhesion assays

For migration assays, 4 × 105 MM cells labelled with cal-
cein AM (ThermoFisher, US) were suspended in 200 μL of
RPMI-1640 medium with 1% FBS and placed in the upper
chambers, whereas 500 μL of RPMI-1640 medium with
10% FBS and SDF-1α (20 nM) were placed in the lower
chambers of 24-well transwell plates (pore size 8.0 μm,
Costar; Sigma-Aldrich, US). After 4 h of incubation at
37 °C, cells migrating to the lower chambers were quanti-
fied using a fluorescence plate reader (TECAN, Switzer-
land), at an excitation wavelength of 485 nm and emission
wavelength of 525 nm. The relative percentage of migration
was determined by calculating the ratio of fluorescent
intensity of migrated cells to that of cells placed in the upper
chambers.

To measure adhesion, MM cells were pre-labelled with
1 μM calcein AM (ThermoFisher, US) upon incubation at
37 °C for 30 min. After washing with PBS containing
calcium and magnesium, labelled cells were resuspended
in PBS (+Ca and Mg), at a concentration of 1 × 106 ml−1.
Overall, 1 × 105 cells were then incubated in 96-well plates
coated with fibronectin or BSA at 37 °C for 1 h. After
measuring the fluorescent intensity of pre-wash samples,
wells were washed two to three times with PBS. Fluor-
escence was quantified using the same TECAN reader and
excitation/emission wavelengths. The relative percentage
of adhesion was determined by calculating the ratios of the
fluorescent intensity of postwash sample to that of prewash
sample.

Survival analysis

RNA sequencing data (n= 553) from BM clonal PCs of
newly-diagnosed MM patients enrolled in the CoMMpass
study (version IA11) was provided by the Multiple Myeloma
Research Foundation to investigate the prognostic value of
genes upregulated in CTCs (adj. P < 0.1 and logFC ± 0.5).
Expression of these selected genes in each patient was
categorized following the tertile-criteria (“low” if expression
below the lower tertile; “mid”, between the lower and higher
tertiles; and “high” above the highest tertile).

We performed a univariate Cox regression (survival R
package [36]) to determine the prognostic value of indi-
vidual genes, considering statistically significant differ-
ences when P < 0.05. Afterwards, a multivariate Cox
regression model was performed to identify among all
genes differentially expressed in CTCs and the revised
International Staging System (R-ISS), those with inde-
pendent prognostic value. Survival was analyzed through
the Kaplan–Meier method (survminer R package [37]),
and differences between curves were tested for statistical
significance with the two-sided log-rank test. In both
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analysis, patients were stratified according to sex and age.
Progression-free survival (PFS) was defined as the time
from diagnosis to disease progression or death from any
cause. Overall survival was defined as time from diag-
nosis to death from any cause. The median follow-up for
CoMMpass study was of 27.4 months (range, 1.9–58.4).
The UAMS-Total Therapy 2 and 3 (GSE2658, n= 559)
and HOVON65/GMMG-HD4 (GSE19784, n= 282)
datasets were used to validate the prognostic value of
genes differentially expressed in CTCs.

Results

Gene expression of CTCs reflects the transcriptional
state of BM clonal PCs

scRNA-seq was performed in paired CTCs (n= 266) and
BM clonal PCs (n= 340) isolated from three patients. The
median number of detected transcripts was 3674 (range,
1592–13782) and 3442 (range, 1554–13253), respec-
tively. We found a significant correlation in gene
expression between CTCs and BM clonal PCs (r= 0.96,
P < 2.2 × 10−16) (Fig. 1a). Thus, dimensionality reduction
based on t-Distributed Stochastic Neighbor Embed-
ding (t-SNE) and a “temporal trajectory” placing each
individual cell based on pseudotime analysis showed
spatial overlap between CTCs and BM clonal PCs
(Fig. 1b, c). A correlation matrix confirmed the similarity
between the transcriptional states of single PB and BM
tumor cells in each individual patient (Fig. 1d). Only 65
genes displayed differential expression (adjusted P < 0.1)
between CTCs and paired BM clonal PCs (Supplementary
Fig. 1). Interestingly, genes previously identified to be
induced by hypoxia (e.g., DDIT4) and to be implicated in
tumor migration, invasiveness and metastasis (e.g., AGR2,
DDX5, MALAT1, TMED2, TPT1) were overexpressed
in CTCs.

To confirm the high correlation found in gene expression
of paired single CTCs versus BM clonal PCs and to further
investigate for subtle transcriptional differences between
both, we compared gene expression of bulk CTCs and BM
clonal PCs in a larger series of patients. Thus, gene
expression profiling was performed in matched PB and BM
tumor cells from 29 patients, with median numbers of 5200
(range, 800–193119) CTCs and 53956 (range,
2000–2400000) BM clonal PCs. This approach reproduced
previous findings based on scRNA-seq and unveiled once
again a significant correlation in gene expression between
paired CTCs and BM clonal PCs (r= 0.94, P < 2.2 × 10−16)
(Fig. 1e). Similarly, there was great resemblance in the
transcriptional state of CTCs and BM clonal PCs in each
individual patient (Fig. 1f).

Molecular hallmarks of MM trafficking into the
bloodstream

The similarity between the transcriptome of paired CTCs
and BM clonal PCs gave confidence on the accuracy of
gene expression data obtained from low numbers of CTCs.
Furthermore, we hypothesized that beneath such similarity
there could be subtle but consistent differences between
tumor cells egressing from the BM into PB. In such cases,
differentially expressed genes would not result from a ran-
dom process and could represent molecular hallmarks of
MM trafficking into the bloodstream. Thus, downstream
analysis of bulk CTCs and BM clonal PCs showed 259
differentially expressed genes (adjusted P < 0.1), 55 of
which with a logarithmic fold-change (logFC) higher than
±0.5 (Fig. 2a; list of all differentially expressed genes in the
Supplementary Table 2). Unsupervised clustering with dif-
ferentially expressed genes resulted in the segregation
between most of the PB and BM specimens (Fig. 2b). Even
an unsupervised clustering with the top 1000 variable genes
segregated CTCs from patient-matched BM clonal PCs in
24 of the 29 (83%) patients (Supplementary Fig. 2). These
findings prompted us to investigate the significance of those
genes with consistent variable expression.

When compared with BM clonal PCs, CTCs showed
overexpression of genes related with cytoskeleton reorga-
nization and actin filament binding (e.g., CFAP54 [38] or
EZR [39–41]), migration/invasiveness (e.g., EMP3 [42] or
AHNAK [43, 44]), cellular adhesion in MM (e.g., CD44
[45–47], LGALS1 [48, 49] or IQGAP1 [50, 51]) and other
neoplasms (e.g., ADGRE5 [52]), inflammation in MM (e.g.,
BIRC3 [53] or TNFAIP3 [54, 55]) and other cancers (e.g.,
NFKBIA [56, 57] or GBP2 [58, 59] or LGALS3 [60, 61]),
coagulation (e.g., ENPP4 [62]) and cholesterol homeostasis
(e.g., INSIG1, LDLR and STARD4), previously associated
with MM [63] and other tumors [64, 65]. Conversely, genes
responsible for progression through cell cycle (e.g., CENPF
[66] or CDC6 [67]) were downregulated in CTCs.

To investigate which molecular pathways were
deregulated in CTCs and thereby, potentially related to
the egress of tumor cells from the BM into PB, we per-
formed a double GSEA focusing on curated hallmarks and
gene ontology. When compared with BM clonal PCs,
CTCs displayed an enrichment of various biological
functions related to inflammation (e.g., interferon gamma/
alpha response, TNFα signaling via NFκB, complement,
IL6/JAK/STAT3 and IL2/STAT5 signaling), angiogen-
esis, hypoxia and apoptosis (e.g., P53 pathway). Inter-
estingly, genes involved in the epithelial–mesenchymal
transition (EMT) were also overexpressed in CTCs
(Fig. 2c). By contrast, hallmarks of cell cycle (e.g., DNA
repair, mitotic spindle formation, G2M checkpoint or
targets of E2F factors) were downregulated in CTCs.
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Enrichment analysis based on gene ontology confirmed
that biological processes related with inflammation and
cell cycle were upregulated in CTCs and BM clonal PCs,

respectively (Fig. 2d). In addition, CTCs showed an
enrichment in functions such as migration and cellular
adhesion. Altogether, these findings suggest that tumor

Fig. 2 Molecular hallmarks of
MM trafficking into the
bloodstream. a Volcano plot
with differentially expressed
genes between bulk CTCs and
BM clonal PCs. Green-to-red
scale indicates the logarithmic
fold-change (logFC) of genes
with an adjusted P value ≤ 0.1.
Genes with a previously
ascribed role in MM (orange) or
other tumors (blue) are
highlighted. b Bi-clustering
heatmap with differentially
expressed genes (n= 259). Red
and green colors differentiate
CTCs and BM clonal PCs,
respectively; blue–red gradient
shows the expression level for
each gene from low to high
(scaled). c Interaction between
hallmark gene sets and
differentially expressed genes.
Hallmarks enriched in CTCs are
colored in red, whereas those
enriched in BM clonal PCs are
colored in green. The blue to red
gradient represents low to high
logFC of each gene (low–high).
Genes with an ascribed role in
MM and other tumors are
highlighted in orange and blue,
respectively. The barplot in the
right panel represents the
normalized enrichment score
(NES) and the number of genes
involved in each significant
hallmark gene set. d The 50
most significant Gene Ontology
(GO) sets. The color of each dot
indicates if a GO is enriched in
CTCs (red) or BM clonal PCs
(green), and its intensity
correlates with the false
discovery rate (FDR)
logarithmic value (the more
significant, the darker the color).
The size of each dot indicates
the number of genes enriching
for each GO and the position in
the x-axis its NES estimation
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cells in PB may have been forced to egress from hypoxic
and inflammatory BM niches no longer supportive to their
continuous expansion. In such cases, CTCs may have
unique features allowing them to migrate from the PB into
other BM niches.

Knockdown of genes upregulated in hypoxia
reduces migration and adhesion of MM cells

To increase the level of evidence supporting our previous
results, we determined the transcriptional modulation of
MM1.S and KMS11 cells lines under after 24 h in hypoxic
conditions. Up to 304 genes became deregulated with a
logFC above 2 (Fig. 3a) and, notably, double GSEA unveiled
that most hallmarks and gene ontology previously identified
as molecular hallmarks of MM trafficking into the blood-
stream, emerged in MM cell lines under hypoxic conditions
(Fig. 3b). Since we have previously found that CD44 antigen
expression was upregulated in the surface membrane of
paired CTCs versus BM clonal PCs from patients with MM
[16], that CD44 has been described as an essential mediator

of BM adhesion on MM cells [46], and implicated in other
processes such as cellular trafficking [68, 69], EMT [70, 71],
and stemness [70, 71], we selected CD44 as a proof-of-
concept to investigate the impact on migration and adhesion
of silencing a gene that was found to be one of the most
overexpressed in CTCs. shRNA knockdown of CD44
(Fig. 3c) resulted in a significant reduction in the potential of
MM1.S (5.3-fold; P < 0.0004) and U266 (1.8-fold, P=
0.0157) MM cells to migrate in the presence of SDF-1α
(Fig. 3d). Relative adhesion of MM1.S cells to fibronectin
(Fig. 3e) was also impaired by shRNA knockdown of CD44
(2.7-fold; P < 0.02). Of note, CD44 and LGALS1 (another
gene deregulated in CTCs and selected as proof-of-concept)
mRNA levels significantly increased under progressive
hypoxic conditions (Supplementary Fig. 3).

Genes differentially expressed in CTCs are
associated with poor prognosis

If genes differentially expressed in CTCs are the result of a
BM microenvironment that induces MM trafficking into

Fig. 3 Knockdown of genes upregulated in hypoxia reduces migration
and adhesion of MM cells. a Volcano plot and b GSEA analysis with
differentially expressed genes (FDR ≤ 0.01) in MM1.S cells upon
chemically induced-hypoxia with CoCl2. Enriched and non-enriched
functions in hypoxia versus normoxia are colored in light or dark
color, respectively. c Immunoblot analysis of CD44 knockdown in
MM1.S and U266 cells. d MM1.S and U266 cells were placed in the
upper chamber of transwell plates with SDF1-α (12.5 nM) in the lower

chambers. After 16 h, cells migrating to the lower chambers were
quantified. Results are shown as relative migration over the control
(mean ± standard deviation of triplicates). e MM1.S and U266 cells
were incubated in fibronectin-coated plates. After washing, adherent
cells were quantified. Results are shown as relative adhesion over the
control (mean ± standard deviation of triplicates). All graphics are
representative of one experiment (out of three). *P < 0.05, **P < 0.01,
***P < 0.001 compared with control using the Student’s t-test
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PB, they should have an impact on patients’ outcome since
the higher the number of CTCs, the worse the prognosis.
Thus, we used the RNA-seq dataset from BM clonal PCs of

newly-diagnosed MM patients enrolled in the CoMMpass
study, to investigate if the 55 genes previously found to be
differentially expressed in CTCs with a logarithmic fold-

Fig. 4 Genes differentially
expressed in CTCs are
associated with poor prognosis.
a Hazard ratio for progression-
free survival according to low
(green), intermediate (yellow)
and high (red) tertile expression
of each of the 55 genes
differentially expressed in
CTCs, measured by RNA-seq in
BM clonal PCs from MM
patients (n= 553) enrolled in the
CoMMpass study. “Down” and
“up” labels indicate whether
genes are infra- or
overexpressed in CTCs. Genes
highlighted in orange had a
significant impact on
progression-free survival.
Kaplan–Meier curves for
progression-free and overall
survival according to low
(green), intermediate (yellow)
and high (red) tertile expression
of b CENPF and LGALS1 (c)
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change higher than ±0.5, had prognostic value. Interest-
ingly, univariate analysis showed that 29 of the 55 genes
were significantly associated with patients’ outcome
(Fig. 4a). As expected, elevated expression of genes asso-
ciated with progression through cell cycle (i.e., ASPM,
CDC6, CENPF, NUSAP and RRM2) was associated with
inferior PFS. Furthermore, patients whose BM clonal PCs
displayed overexpression of genes related with cell migra-
tion (e.g., ARHGAP21, IQGAP1 or DOCK11) or inflam-
mation and interferon response (CLEC7A, LGALS1,
LGALS3 or MVP) had significantly inferior PFS. Of note,
up to 24 of the 55 genes differentially expressed in CTCs
also had significant prognostic value in the UAMS (Total
Therapy 2 and 3) and/or in the HOVON65 validation
datasets (Supplementary Table 3).

In a multivariate analysis including all 55 genes and the
R-ISS [72], CENPF and LGALS1 showed independent
prognostic value for progression-free and overall survival
(Table 1). Patients with elevated expression of CENPF had
significantly inferior PFS than cases with intermediate and
low expression levels (medians of 22.6, 37.1 and
47.5 months, respectively; P= .0001) (Fig. 4b). Patients
with elevated expression of LGALS1 also had significantly
inferior PFS than cases with intermediate and low expres-
sion levels (medians of 26.7, 43.4 and 41.3 months,
respectively; P= .0008) (Fig. 4c). Of note, overexpression
of CENPF and LGALS1 had a significant impact in patients’
overall survival (Fig. 4b, c).

Discussion

MGUS and MM are characterized by the presence of dis-
seminated disease, including frequent multiple tumors (i.e.,
“plasmacytomas”) throughout the axial skeleton, suggesting
continuous trafficking and spreading from early to late
stages of the disease [19]; in fact, the higher the number of
tumor cells in PB, the worse the prognosis [4–6, 13–16].
This level of evidence supports the study of CTCs as a

potential model to understand dissemination from “micro-
metastatic MGUS to colonized MM” [19], but the genomic
characterization of CTCs in large series of patients has not
been feasible given the complexity of isolating rare tumor
cells from the PB. Thus, the transcriptional state of paired
CTCs and BM clonal PCs has been compared in only two
studies and, due to the small sample size, it was only pos-
sible to infer that CTCs reflected BM disease [20, 21].
Based on the largest series of patient-matched CTCs and
BM clonal PCs ever studied, we here confirm previous
observations about the accuracy of CTCs for transcriptional
liquid biopsies, and provide new insight about the process
of MM trafficking into the bloodstream.

Albeit in low numbers, CTCs are readily detectable in
patients with MGUS and MM using sensitive next-
generation flow cytometry [4], which indicates that cancer
cells are constantly entering the circulation. This probably
explains similarities between CTCs and BM clonal PCs
regarding mutations or copy number alterations [20, 21], and
implies that spreading of MM is not driven by tumor cells
with specific genetic hits. Accordingly, it was suggested that
CTCs represent functional (and not genetic) subclones in the
BM with a quiescent phenotype, which, upon reengagement
with BM stromal cells, display clonogenic potential [19].
Here, we shed light into those findings by showing that the
expression of genes implicated in the progression of cell
cycle are downregulated in CTCs versus BM clonal PCs. In
addition, we unveiled that transcriptional programs related
with inflammation and hypoxia are enriched in CTCs. Albeit
we cannot exclude that some genes may be deregulated as a
consequence of these cells being in PB, these data suggest a
model in which (fully occupied) hypoxic BM niches toge-
ther with a pro-inflammatory tumor microenvironment
induce an arrest in proliferation of cancer, forcing their
recirculation into PB to seek for other BM niches to survive
and continue growing. Amongst others, CTCs displayed
overexpression of LGALS1 and we reproduced here previous
observations showing that its expression becomes upregu-
lated in hypoxic conditions [73]. Furthermore, patients in

Table 1 Multivariate analysis of
progression-free and overall
survival incorporating the
Revised International Staging
System (R-ISS) and all 55 genes
deregulated in CTCs (only those
with significant prognostic value
are shown)

Parameter Group PFS OS

HR (IC95%) P HR (IC95%) P

CENPF (↓) Low (Reference) (Reference)

Int. 1.3 (0.9–2.0) 0.146 1.1 (0.6–2.0) 0.710

High 2.7 (1.9–3.9) 0.000*** 2.7 (1.6–4.6) 0.000***

LGALS1 (↑) Low (Reference) (Reference)

Int. 1.0 (0.7–1.4) 0.821 1.5 (0.9–2.6) 0.101

High 1.5 (1.1–2.1) 0.015* 1.7 (1.0–2.8) 0.048*

R-ISS 1 (Reference) (Reference)

2 1.7 (0.9–3.3) 0.107 4.1 (1.0–17.1) 0.051

3 2.1 (1.1–4.1) 0.024* 5.7 (1.4–23.6) 0.016

HR hazard ratio, CI confidence interval, ↓ infraexpressed in CTCs, ↑ overexpressed in CTCs

***P < 0.001; **P < 0.01; *P < 0.05
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whom BM clonal PCs express high levels of LGALS1 had
inferior survival. That notwithstanding, whether CTCs are
more aggressive than BM clonal PCs warrants further
investigation. Based on the genes and functional pathways
differentially expressed in CTCs, our results also suggest
that in accordance to recent findings described by Takagi
et al. [74], platelets may have a role in promoting hemato-
genous dissemination of MM cells through angiogenesis and
prolonging the survival of CTCs by maintaining an EMT
state and secretion of transforming growth factor β in
response to CTC activation [75].

EMT is a reversible process that occurs during normal
development and cancer progression [76, 77]. Several
studies in solid tumors suggest an association between
EMT and the invasion-metastasis cascade together with
the acquisition of stem cell-like properties leading to
chemoresistance [77]. Interestingly, these stem-like cells
(usually defined as cancer stem cells, CSCs) have elevated
tumor-initiating potential and often express high levels of
CD44 compared with their non-CSC counterparts
[71, 76, 78]. In addition to its potential role as a CSC
marker, CD44 is also known to be involved in homing and
maintaining quiescence in solid tumors [70, 71, 79]. More
recently, Mueller et al. unveiled that CD44 plays a critical
role in the accumulation and survival of clonal mast cells
in tissues, and showed that inhibitors of the Ras-MEK
pathway and STAT5 lead to downregulation of surface
CD44 expression [80]. Here, we confirmed previous
observations on phenotypic grounds and showed that MM
CTCs upregulate CD44 [16]. Furthermore, we found an
enrichment in CD44 and other overexpressed genes (e.g.,
BIRC3, TNFAIP3, KLF6, AHNAK) related with the IL2/
STAT5 and KRAS signaling pathways. We also demon-
strated that amongst others, CD44 and LGALS1 were
upregulated in hypoxic conditions, and that knockdown of
CD44 impaired MM cells’ ability to migrate and adhere,
suggesting that targeting molecular hallmarks of CTCs
may represent a new therapeutic avenue to find drugs that
might prevent the dissemination of MM. Despite previous
evidence of a role for CD44 and cell adhesion in med-
iating resistance to lenalidomide in MM [81], expression
of CD44 in normal cells and immunogenic accumulation
of monoclonal antibodies targeting CD44 in non-tumor
areas limits the use of this antigen for cancer immu-
notherapy [82]. Thus, further studies are warranted to
identify valid therapeutic targets for the eradication of
MM CTCs, such as targeting E-selectin receptor/ligand
interactions as proposed by Natoni et al. [83]. Of
note, it can be hypothesized that such approaches may
have limited value in late stages of the disease while
useful in earlier settings, to eliminate CTCs responsible
for malignant transformation through the progressive
“metastization” of MM.

The conventional paradigm for metastasis postulates that
cancer cells within primary tumors undergo EMT and that
this is necessary to enter circulation and transit to secondary
sites, in which a mesenchymal–epithelial transition occurs
before successful metastatic growth [84]. This paradigm
bears striking parallels with the CSC model, which postu-
lates that a subpopulation of cells within the tumor has
preferential capacity for driving tumor growth and regrowth
at a new site and can effectively recreate tumor hetero-
geneity [84]. Unfortunately, the discovery of therapies tar-
geting CSCs has been unsuccessful probably due to the lack
of markers to unequivocally identify and purify CSCs. It
should be noted that in MM, Roccaro et al. [85] have
reported that CXCR4 regulates the emergence of extra-
medullary (“metastatic”) disease through activation of an
EMT-like transcriptional profile, whereas Matsui et al.
suggested that CSCs lack CD138 expression and are present
in the PB of patients with MM [86, 87]. Based on previous
findings demonstrating that CTCs are the only cells in PB
harboring the same clonotypic VDJ sequence of BM clonal
PCs [88], that CTCs display significantly lower levels
[4, 16] or even absence of CD138 (Supplementary Fig. 4)
together with data from this study showing activation of
EMT and overexpression of CD44 in CTCs, the notion that
this subset of MM cells carries stem cell-like properties
(e.g., quiescence, clonogenic potential, activated EMT
program, high expression of CSC markers and low CD138)
gains further support [19, 89, 90]. Thus, this study should
stimulate other groups to confirm if MM CTCs are meta-
static stem cells and discover effective therapies for their
eradication. Of note, the progressive use of sensitive
EuroFlow NGF cytometry to detect minimal residual dis-
ease [23] and CTCs [4] creates an opportunity to use a
standardized method for isolating these rare clones through
cell sorting.

In summary, here we show that the transcriptional state
of CTCs resembles that of patient-matched BM clonal PCs,
except for a few genes that are involved in interferon and
inflammatory response, hypoxia, cell cycle and migration.
Although we cannot distinguish amongst BM clonal PCs
those that have homed from PB versus those that have never
circulated before, we demonstrated that patients harboring
BM clonal PCs overexpressing CTC-related genes have
more aggressive disease behavior. Thus, deep character-
ization of CTCs might unveil novel therapeutic targets to
overcome disease dissemination and prolong survival of
patients with MM.
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