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Otubain 1: a non-canonical deubiquitinase with an emerging role 
in cancer

Matthew Saldana, Kacey VanderVorst, Anastasia L. Berg, Hyun Lee, and Kermit L. 
Carraway III
Department of Biochemistry and Molecular Medicine, UC Davis School of Medicine, UC Davis 
Comprehensive Cancer Center, Research Building III, Room 1100B, 4645 2nd Avenue, 
Sacramento, California 95817, USA

Abstract

The ubiquitin system regulates diverse biological processes, many involved in cancer 

pathogenesis, by altering the ubiquitination state of protein substrates. This is accomplished by 

ubiquitin ligases and deubiquitinases (DUBs), which respectively add or remove ubiquitin from 

substrates to alter their stability, activity, localization, and interactions. While lack of catalytic 

activity makes therapeutic targeting of ubiquitin ligases difficult, DUB inhibitors represent an 

active area of research and the identification of cancer-associated DUBs may lead to the 

development of novel therapeutics. A growing body of literature demonstrates that the DUB 

Otubain 1 (OTUB1) regulates many cancer-associated signaling pathways including MAPK, ERa, 

EMT, RHOa, mTORC1, FOXM1 and P53 to promote tumor cell survival, proliferation, 

invasiveness, and therapeutic resistance. In addition, clinical studies have associated elevated 

OTUB1 expression with high grade, invasiveness, and metastasis in several tumor types including 

lung, breast, ovarian, glioma, colon, and gastric. Interestingly, in addition to catalytic DUB 

activity, OTUB1 displays a catalytic-independent, non-canonical activity where it inhibits the 

transfer of ubiquitin onto protein substrates by sequestration of E2 ubiquitin conjugating enzymes. 

The aim of this review is to describe the canonical and non-canonical activities of OTUB1, 

summarize roles for OTUB1 in cancer-associated pathways, and discuss its potential therapeutic 

targeting.
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Introduction

Ubiquitination, the post-translational addition of the ubiquitin protein to target proteins, 

controls various cellular processes by altering protein stability, localization, activity, or 
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interactions. This process is accomplished by ubiquitin ligases, E2 ubiquitin conjugating 

enzymes (E2s), and E1 activating enzymes (E1s). E1s activate and transfer ubiquitin to E2s, 

forming an E2-ubiquitin conjugate. Ubiquitin ligases then bind the E2-ubiquitin conjugate 

and, in the case of RING and U-box type ubiquitin ligases, transfer the ubiquitin directly 

onto the substrate. For HECT and RBR type ubiquitin ligases, ubiquitin is initially 

transferred onto the ubiquitin ligase and subsequently transferred onto the substrate. In all 

instances, the ubiquitin carboxy terminus is ligated to the epsilon-amino group of a substrate 

lysine residue, forming an isopeptide bond. This process can occur once, resulting in 

monoubiquitination, or repeatedly, resulting in polyubiquitin chain formation. Polyubiquitin 

chain function is determined by which ubiquitin lysine is used to link adjacent ubiquitins. 

For example, lysine 48 (K48) chains typically signal for proteasomal degradation, while K63 

chains often regulate lysosomal targeting and protein interactions (Komander & Rape 2012). 

In opposition to ubiquitin ligases, deubiquitinases (DUBs) cleave the isopeptide bond, 

partially or completely removing the polyubiquitin chain, with some DUBs displaying 

preference for certain linkages. Thus, DUBs modify or reverse the effects of ubiquitin 

ligases (Clague et al. 2013).

Several pathways critical for cancer development and progression such as apoptosis, cell-

cycle progression, receptor downregulation, migration, and invasion are maintained in 

homeostasis by the balance between ubiquitination and deubiquitination (HuangFu & Fuchs 

2010, Gallo et al. 2017). Indeed, many ubiquitin ligases and DUBs are critical regulators of 

tumor promoting or suppressive pathways. One of the most well studied examples is the 

regulation of the tumor suppressor P53 by the ubiquitin ligase MDM2 and the 

deubiquitinase USP7. MDM2 ubiquitinates P53, causing its proteasomal degradation and the 

overexpression of MDM2 in NIH3T3 cells renders them tumorigenic (Fakharzadeh et al. 
1991). In contrast, USP7 deubiquitinates and stabilizes P53, leading to cellular growth 

suppression and apoptosis (Li 2002). Although ubiquitin ligases remain challenging drug 

targets due to their lack of catalytic activity, DUB inhibitors have entered the clinical setting 

for the treatment of cancer (D’Arcy et al. 2015, Wang et al. 2016). Thus, the identification of 

cancer-associated DUBs may reveal novel therapeutic targets.

Accumulating evidence suggests that the recently identified DUB OTUB1 has a critical role 

in cancer initiation and progression. Several studies demonstrate that OTUB1 regulates 

apoptosis, therapeutic resistance, proliferation, migration, and invasion in several cancer 

types. Interestingly, in addition to canonical DUB activity, OTUB1 possesses a non-

canonical, catalytic-independent activity where it inhibits the transfer of ubiquitin onto 

protein substrates by binding to the ubiquitin-charged E2. This review will describe the 

canonical and non-canonical activities of OTUB1, summarize OTUB1’s regulation of 

cancer-associated pathways, and discuss OTUB1’s potential therapeutic targeting.

Otubain 1: a non-canonical deubiquitinase

Identified by Borodovsky and colleagues, OTUB1 is the founding member of the ovarian 

tumor (OTU) domain family of DUBs (Borodovsky et al. 2002). The OTU domain 

characterizes a larger superfamily of predicted cysteine proteases that possess a catalytic 

triad typically comprised of aspartate, cysteine, and histidine residues (Makarova et al. 
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2000). A subsequent study purified OTUB1 from HeLa cells using the DUB probe ubiquitin 

aldehyde (Ubal) and demonstrated that OTUB1 is an active DUB. This study also coined the 

name Otubain for OTU domain containing Ubal binding protein, identified the OTU domain, 

and defined the catalytic residues of OTUB1 as D88, C91, and H265 (Balakirev et al. 2003) 

(Figure1). Biochemical analysis determined OTUB1 is specific for cleaving K48-linked 

polyubiquitin chains, but has no activity for K63-linked chains. OTUB1 also demonstrated 

weak activity for NEDD8, an ubiquitin-like modifier (Edelmann et al. 2009).

Located at locus 11q13.1, OTUB1 is expressed in a variety of human tissues, with high 

expression observed in the brain (Fagerberg et al. 2014). In the NIH3T3 mouse fibroblast 

cell line, OTUB1 is one of the most highly expressed DUBs (Schwanhausser et al. 2011). In 

addition, full knockout of OTUB1 results in embryonic lethality in mice, while heterozygous 

knockout leads to a reduction in grip strength and a decrease in lean body mass 

(mousephenotype.org [5–29-18]). As mentioned above, in addition to canonical 

deubiquitinase activity, OTUB1 displays a catalytic-independent, non-canonical activity 

where it inhibits ubiquitin transfer onto protein substrates by binding to the ubiquitin-

charged E2 (Nakada et al. 2010) (Figure2). Thus, OTUB1 can decrease a protein’s 

ubiquitination state by removing ubiquitin (canonical-activity) or preventing ubiquitin 

conjugation (non-canonical activity).

The non-canonical activity of OTUB1 was discovered by the Durocher laboratory in 2010, 

when they identified OTUB1 as a DUB that suppresses K63 chromatin ubiquitination in 

response to DNA damage (Nakada et al. 2010). This observed K63-directed activity 

conflicted with previous reports that OTUB1 DUB activity is specific for K48 linkages. To 

resolve the discrepancy, the investigators demonstrated, with a series of OTUB1 mutants, 

that the reduction in ubiquitination was independent of OTUB1’s DUB activity. Further 

biochemical analysis revealed that OTUB1 binds to the E2 UBC13 and prevents the 

ubiquitin ligase RNF168 from ubiquitinating chromatin at sites of DNA damage. In addition, 

OTUB1 displayed an increased affinity for the ubiquitin-charged form of UBC13. Other 

studies have confirmed this interaction and identified other OTUB1-interacting E2s 

(Markson et al. 2009, Sowa et al. 2009, Zulkifle 2013) (Figure3).

Regulation of OTUB1 activity

Since the discovery of OTUB1’s non-canonical activity, multiple studies have demonstrated 

that it non-canonically inhibits the ubiquitination of many proteins, suggesting that OTUB1 

regulates several biological pathways in this manner. In addition, targets of OTUB1’s DUB 

activity have been identified. Importantly, critical interaction surfaces, key residues, and 

modes of regulation for the non-canonical and canonical activities have been elucidated. 

These will be discussed below.

Crystallographic analysis by Juang and colleagues of OTUB1 in complex with the ubiquitin-

charged E2 UBCH5B identified three interaction surfaces important for OTUB1’s non-

canonical activity. These include interaction of the E2 with an N-terminal alpha helix and 

the C-terminus of OTUB1, interaction of the donor ubiquitin (ubiquitin conjugated to the 

E2) with the N-terminal alpha helix and OTU core of OTUB1 and, unexpectedly, interaction 
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of a free ubiquitin with the C-terminus of OTUB1. Strikingly, the structure revealed that the 

donor and free ubiquitins are positioned in a manner that mimic the cleavage product of a 

K48 DUB reaction, with the epsilon-amino group of K48 from the donor ubiquitin facing 

the C-terminus of the free ubiquitin, both positioned near the catalytic cysteine of OTUB1 

(Juang et al. 2012) (Figure4). Termed “product inhibition mimicry” by the authors, this 

OTUB1-E2 inhibition complex is likely conserved across E2s non-canonically targeted by 

OTUB1, as they share high sequence homology (Nakada et al. 2010). Indeed, a different 

study modeling the E2 UBC13 interaction with OTUB1 found almost identical OTUB1 

residues are critical for mediating an inhibitory complex (Sato et al. 2012).

Expanding on this study, Weiner and colleagues found that free ubiquitin binding to 

OTUB1’s C-terminus allosterically triggers the formation of the E2/ubiquitin binding alpha 

helix in OTUB1’s N-terminus and that this is essential for E2 inhibition. Consistent with this 

observation, deletion of the first 45 residues of OTUB1 abolishes the ability of OTUB1 to 

non-canonically inhibit E2s. In addition, in vitro work demonstrated that in the absence of 

free ubiquitin, OTUB1 does not bind to ubiquitin-charged E2s and that free ubiquitin 

enhances E2 binding in a concentration dependent manner (Wiener et al. 2012). 

Interestingly, OTUB1’s DUB activity is also regulated by E2 enzymes. In this study, under 

physiological concentrations of free ubiquitin, uncharged E2s stimulate DUB activity by 

stabilizing OTUB1’s N-terminal E2/ubiquitin binding alpha helix, thus increasing OTUB1’s 

affinity for K48 ubiquitin chains. In contrast, charged E2s inhibit DUB activity, which the 

authors attribute to the formation of the non-canonical inhibition complex described above. 

This complex would preclude the binding sites for polyubiquitin chains and inhibit catalysis. 

(Wiener et al. 2013).

Transcriptional and post-transcriptional regulation of OTUB1

Regulation of OTUB1

Transcriptional and translational controls of OTUB1 have been described. In a recent study, 

upregulation of OTUB1 is demonstrated to be downstream of the CXCL12/CXCR7/ERK 

signaling axis in MCF7 breast cancer cells. The authors suggest that the upregulated OTUB1 
mediates endocrine therapy resistance by deubiquitinating ERa and enhancing ERa-

mediated transcription (Hao et al. 2018). As the CXCL12/CXCR7 signaling axis contributes 

to the development and progression of other endocrine-related cancers, such as prostate (Sun 

et al. 2010) and ovarian (Yu et al. 2014), this pathway may be activated by a variety of 

tumors to stimulate OTUB1’s tumorigenic effects.

Translational regulation of OTUB1 has also been described. MiR-542–3p, a tumor 

suppressor miRNA, was demonstrated to directly downregulate OTUB1 in gastric 

adenocarcinoma (Yaun et al. 2017)(see below). Importantly, the tumor suppressive effects of 

miR-542–3p were shown to be partially dependent on OTUB1 downregulation. As 

miR-542–3p also functions as a tumor suppressor in breast (Wu et al. 2017) and lung (Liu et 
al. 2017) carcinomas, use of this miRNA to suppress OTUB1 could offer clinical benefit.
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Monoubiquitination of OTUB1 regulates its non-canonical activity

While investigating OTUB1’s ability to inhibit P53 ubiquitination (see below), the Dai 

laboratory identified a slightly larger form of OTUB1 that was consistent with a 

monoubiquitination event. Further study confirmed that OTUB1 is monoubiquitinated 

primarily at lysine 59 or 109 by UBCH5 and that this is required for non-canonical 

regulation of P53. Indeed, mutation of all lysines on OTUB1, generating a form of OTUB1 

unable to be ubiquitinated, failed to inhibit P53 ubiquitination and bind to UBCH5 (Li et al. 
2014). This suggests UBCH5-mediated monoubiquitination may regulate the non-canonical 

activity of OTUB1 for a broad range of targets and could be a site for therapeutic 

intervention.

Hydroxylation of Asparagine 22 restricts the OTUB1 interactome

Expanding on their previous finding that OTUB1 is hydroxylated (Scholz et al. 2013), 

Scholz and colleagues determined the factor inhibiting HIF hydroxylates OTUB1 at N22 and 

that this restricts the OTUB1 interactome (Scholz et al. 2016). Interestingly, although the 

authors demonstrate that an absence of hydroxylation has no effect on OTUB1 DUB activity, 

their observations emphasize that N22 lies at the junction between the N-terminal E2/

ubiquitin binding helix and the remaining, unstructured N-terminus (Figure1). Thus, this 

modification may regulate OTUB1’s non-canonical activity.

Phosphorylation of Serine 16 triggers nuclear localization

Several studies have determined that OTUB1 is phosphorylated on multiple residues 

(Edelmann et al. 2010, Herhaus et al. 2013). Subsequent investigation determined that CK2 

phosphorylates OTUB1 at S16 and that this triggers OTUB1 nuclear localization (Herhaus et 
al. 2015). While the authors determined S16 phosphorylation does not affect the DUB or 

non-canonical activities of OTUB1, they did demonstrate that cytoplasmic localization was 

required for OTUB1 to inhibit chromatin ubiquitination in response to DNA damage. This 

suggests that CK2 may broadly control OTUB1 activity by restricting its access to substrates 

in the cytosol or nucleus.

OTUB1 regulates several cancer-associated pathways and correlates with 

aggressive clinical disease

A growing number of studies have identified OTUB1 as a regulator of pathways important in 

cancer development and progression. In addition, clinical data from multiple cancer types 

demonstrates that high OTUB1 expression is associated with aggressive clinical disease and 

poorer patient survival. The majority of these studies support an oncogenic role for OTUB1; 

especially in the context of tumor migration, invasion, and metastasis. However, some 

studies demonstrate OTUB1 potentiates growth suppressive pathways such as P53 and 

TGFb, suggesting that the contribution of OTUB1 to cancer development and progression 

may be context or tumor type-dependent. A list of cancers and cancer-associated pathways 

that OTUB1 targets is depicted in Table 1, while key individual studies are summarized 

below.
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Activation of RAS in lung cancer

The RAS GTPases are the most frequently mutated oncoproteins in cancer and activate 

many downstream signaling cascades such as MAPK, PLC, and RAC to promote tumor cell 

growth, survival, and migration (McCormick 2015). While several mechanisms exist to 

regulate their activity, ubiquitination has been shown to suppress RAS activity and relocalize 

RAS from the plasma membrane to endosomes (Xu et al. 2010). In an effort to identify 

factors that regulate RAS ubiquitination, Baietti et al. demonstrated that OTUB1 non-

canonically inhibits the monoubiquitination of RAS in lung carcinoma cells and stimulates 

the accumulation of RAS at the plasma membrane (Baietti et al. 2016). Additionally, 

overexpression of OTUB1 potentiated serum-induced phosphorylation of ERK1/2 in cells 

expressing wild type (WT) RAS but had no effect in the presence of dominant negative (DN) 

or constitutively active RAS, indicating that the effects of OTUB1 on ERK1/2 are RAS 

dependent. Further, overexpression of OTUB1 enhanced soft agar colony formation and 

xenograft tumor growth of lung carcinoma cell lines harboring WT RAS but not in those 

expressing hyperactive, mutant RAS. Interestingly, silencing of OTUB1 in the mutant RAS 

lung carcinoma cell line A549 suppressed ERK1/2 signaling, soft agar colony formation, 

and xenograft tumor growth. The authors suggest that while endogenous expression levels of 

OTUB1 are required to maintain mutant RAS activity, overexpression of OTUB1 does not 

further potentiate mutant RAS activity.

To further validate this data, the investigators analyzed human lung tumors and patient data 

sets for gene expression and copy number aberrations. They found that OTUB1 copy 

number gain occurs in human lung tumors and that it is mutually exclusive with KRAS 

mutational status. In addition, OTUB1 copy number is constant throughout tumor stage, 

indicating that OTUB1 gain is an early event; in contrast, KRAS mutational status increases 

with stage. Immunohistochemical analysis of human tumors demonstrated that in WT 

KRAS tumors, high OTUB1 levels are significantly correlated with increased ERK1/2 

phosphorylation. Survival analysis of individuals with WT RAS tumors demonstrated that 

patients expressing moderate levels of OTUB1 have significantly poorer survival compared 

to tumors with low OTUB1 expression. No survival difference with respect to OTUB1 

expression was observed in mutant RAS tumors, supporting a role for OTUB1 

overexpression in the WT RAS setting. As RAS is considered “undruggable” (McCormick 

2015), therapeutic inhibition of OTUB1 could offer a successful avenue for the in-direct 

inhibition of RAS in lung and other RAS-dysregulated cancers.

Suppression of the estrogen receptor

Activation of the estrogen receptor alpha (ERa) by estrogen affects the development of 

certain breast and endometrial carcinomas (Ali et al. 2004, Yue et al. 2010). In 2009, 

Stanisic and colleagues identified OTUB1 as an ERa interacting protein that deubiquitinates 

ERa in a manner dependent on its canonical DUB activity, as the C91S catalytically-inactive 

OTUB1 mutant restored ERa ubiquitination. Surprisingly, when the effect of OTUB1 on 

ERa-mediated transcription was analyzed, both OTUB1 WT and C91S inhibited 

transcriptional activity, whereas an OTUB1 mutant incapable of binding ubiquitin, 

potentiated ERa-mediated transcription. Strengthening these findings, silencing of OTUB1 

lead to an increase in several ERa-regulated transcripts when endometrial cancer cells were 
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treated with estrogen (Stanisic et al. 2009). Taken together, these observations suggests that 

OTUB1 regulates ERa canonically, by directly interacting with and deubiquitinating ERa 

and non-canonically, by possibly suppressing the activity of an unidentified ubiquitin ligase 

important for ERa transcriptional activity. Future studies will need to investigate whether 

OTUB1 suppresses ERa-mediated tumor growth, a question not answered by this study.

Deubiquitination of FOXM1 in breast and ovarian carcinomas

The FOXM1 transcription factor promotes cell cycle progression and Epithelial-

Mesenchymal Transition (EMT) in various tumor types by promoting the expression of 

several genes including CCND1, CCNB1, AURKB, BIRC5, SNAI2, and VEGFA (Saba et 
al. 2016). In addition, several studies demonstrate that FOXM1 mediates therapeutic 

resistance across multiple tumor types (Alvarez-Fernandez & Medema 2013). Together, 

these studies highlight the critical role for FOXM1 in tumor development, progression, and 

recurrence. Recently, two studies revealed that OTUB1 deubiquitinates FOXM1 in breast 

and ovarian cancer cells.

In breast cancer, OTUB1 is proposed to mediate epirubicin resistance by deubiquitinating 

and stabilizing FOXM1. In support of this, OTUB1 was observed to diminish the cytotoxic 

effects of epirubicin and potentiate cell proliferation in a manner dependent on FOXM1 and 

OTUB1 DUB activity. Furthermore, analysis of 116 patient samples demonstrated that 

OTUB1 and FOXM1 expressions significantly correlate, however no association of OTUB1 

expression with histological type, lymph node status, or stage was observed. Although no 

association with patient survival was initially seen, multivariate cox regression analysis 

controlling for clinicopathological parameters demonstrated that OTUB1 did significantly 

associate with poorer overall and disease-specific survival. In addition, survival analysis of 

the chemotherapy treated portion of this group (n=60) demonstrated that high OTUB1 

expression significantly associates with poorer overall and disease-specific survival 

(Karunarathna et al. 2016).

In ovarian cancer, deubiquitination and stabilization of FOXM1 by OTUB1 was also 

observed. Here, OTUB1 overexpression potentiated proliferation, migration, and invasion of 

SKOV3 ovarian cancer cells in vitro, while xenografts demonstrated a significant increase in 

tumor growth rate and size. Importantly, FOXM1 dependence was demonstrated in all 

studies, as knockdown of FOXM1 attenuated the effects of OTUB1 overexpression. Analysis 

of 200 patient samples demonstrated that OTUB1 expression significantly correlates with 

stage, tumor size, spread to local tissues, and recurrence. Survival analysis revealed that 

patients with high OTUB1 and FOXM1 expression have a significantly shorter disease-free 

and disease-specific survival (Wang et al. 2016).

As FOXM1 is upregulated in many tumor types (Alvarez-Fernandez & Medema 2013), 

these studies underscore the broad role OTUB1 may play in promoting therapeutic 

resistance and tumor progression across multiple tumor types, highlighting the OTUB1-

FOXM1 axis as a promising therapeutic target.
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OTUB1 promotes invasion in glioma, colon, gastric, and esophageal cancer via EMT

Glioblastoma, a high grade glioma, is the most deadly form of brain cancer, with a 5 year 

survival rate of 5% (Goodenberger & Jenkins 2012). One factor contributing to this poor 

prognosis is its diffuse and infiltrative growth pattern which primarily arises through cell 

migration and invasion (Noroxe et al. 2016). In a recent study (Xu et al. 2017), high OTUB1 

expression in human glioma samples (n=89) was significantly associated with tumor grade 

and poor survival, but not tumor size. In addition, a significant inverse relationship was 

observed between OTUB1 and E-cadherin protein expression, suggesting a role for OTUB1 

in EMT activation. To investigate this, the U87MG glioblastoma cell line, which 

demonstrated high expression of OTUB1 and EMT-associated genes, was used in OTUB1 

knockdown in vitro experiments. OTUB1 silencing decreased the expression of the EMT-

associated genes MMP2, MMP9, SNAI2, and VIM. In addition, a significant reduction in 

wound closure and transwell migration was observed with OTUB1 knockdown. As OTUB1 

stabilizes Snail to promote EMT in esophageal cancer (see below), it’s possible that OTUB1 

initiates a Snail-induced EMT in glioma and other tumor types to promote tumor 

progression.

Two independent studies also observed OTUB1 overexpression in colorectal cancer (CRC). 

In the first (Liu et al. 2014), analysis of 27 CRC patient samples revealed that OTUB1 
transcript is significantly elevated in tumors relative to adjacent, normal mucosa. In addition, 

an examination of clinicopathological variables found that OTUB1 expression significantly 

correlates with tumor size, poor tumor differentiation, and lymph node metastasis in 108 

patient samples. In the second study (Zhou et al. 2014), survival analysis (n=260) revealed 

that OTUB1 expression was negatively correlated with overall and progression-free survival 

and that OTUB1 serves as an independent prognostic factor for both. Correlation of OTUB1 

with clinicopathological features revealed that OTUB1 expression was significantly 

associated lymph node and distant metastasis. Consistent with these clinical data, in vitro 
migration and invasion assays using CRC cell lines revealed that OTUB1 overexpression 

promoted, while knockdown inhibited, migration and invasion. OTUB1 did not affect 

proliferation. To identify an underlying mechanism, the authors assessed whether OTUB1 

affected EMT-associated markers. ZEB1, B-catenin, E-cadherin, N-cadherin, and Vimentin 

protein expression were all modulated by OTUB1 overexpression and knockdown. In 

addition, immunohistochemical analysis revealed that OTUB1 expression was negatively 

correlated with E-cadherin protein expression in CRC tissue samples. A role for OTUB1 in 

promoting CRC liver metastasis in vivo was evaluated by spleen and tail vein injections 

using OTUB1-overexpressing CRC cells. In these mouse models, OTUB1 significantly 

increased the number of metastatic liver nodules. In vitro analysis of several EMT-promoting 

pathways demonstrated that OTUB1 stimulates the nuclear translocation of NF-kB, a known 

promoter of EMT in CRC (Bates et al. 2004). Therefore, NF-kB induced EMT may be a 

pathway OTUB1 engages to potentiate CRC metastasis. Interestingly, NF-kB can also 

stimulate the unfolded protein response (UPR) pathway by driving the transcription of 

stress-response genes (Tam et al. 2012). OTUB1 has also been demonstrated to interact with 

c-IAP1, a constitutive partner of the UPR initiating TRAF2 protein (Goncharov et al. 2013). 

As several reports indicate that the UPR promotes EMT (Zhong et al. 2011, Shen et al. 
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2015), it is possible that OTUB1 activates the UPR pathway to enhance EMT and/or that 

OTUB1 activates the UPR to mediate distinct tumorigenic effects.

A mechanism for OTUB1 overexpression in CRC was recently elucidated, where OTUB1 
was identified as a target of miR-542–3p, a tumor suppressor miRNA (Yaun et al. 2017). In 

this study, ectopic expression of miR-542–3p attenuated proliferation, migration, and 

invasion, while it promoted apoptosis. Bioinformatic analysis revealed a miR-542–3p 

consensus sequence in the 3’-UTR of OTUB1 and further analysis demonstrated that 

OTUB1 expression is directly downregulated by miR-542–3p. Importantly, expression of an 

OTUB1 construct resistant to miR-542–3p binding partially rescued the tumor suppressive 

effects of miR-542–3p by restoring the proliferative, migratory, and invasive potential of 

CRC cells. This suggests that the tumor suppressive effects of miR-542–3p are partially 

mediated by the downregulation of OTUB1. Supporting this, expression of a miR-542–3p 

resistant OTUB1 construct restored the expression of the EMT and anti-apoptotic markers 

BCL2, phospho-AKT, MMP9, MMP2, and N-cadherin, which were suppressed by 

miR-542–3p. As several studies demonstrate that OTUB1 engages EMT to promote tumor 

cell migration and invasion, therapeutic use of miR-542–3p to downregulate OTUB1 may 

suppress the development of an invasive phenotype in many tumor types.

Stimulation of migration and invasion by OTUB1 was also observed in gastric 

adenocarcinoma (Weng et al. 2016). In this study, OTUB1 significantly associated with 

gastric adenocarcinoma invasion in the clinical setting and promoted the expression of 

invasion-associated genes in vitro. Immunohistochemical analysis of OTUB1 expression in 

tumor, dysplastic, and normal tissue demonstrated that the percentage of samples with high 

OTUB1 expression significantly increased as the tissue became more malignant (normal 9%, 

dysplastic 33%, tumor 76%). In addition, high OTUB1 expression was significantly 

associated with aggressive clinical features including invasive depth, lymph node status, 

stage, and nerve invasion. No association with tumor size was found. Survival analysis 

demonstrated that patients with high OTUB1 expression exhibit a significantly shorter 

disease-free survival (DFS) and disease-specific survival (DSS). Importantly, OTUB1 was 

determined to be an independent risk factor for DSS but not DFS. Because of OTUB1’s 

association with invasive clinical properties, in vitro migration and invasion assays were 

performed. OTUB1 overexpression in AGS and HGC-27 gastric cancer cell lines 

significantly enhanced wound closure ability and transwell migration. Expression analysis of 

invasion-associated genes in these cell lines demonstrated that OTUB1 significantly 

increased the transcript and protein levels of N-cadherin, MMP2, and MMP9, while the 

opposite effect was observed for E-Cadherin. Similar to the CRC studies, this work suggests 

that OTUB1 promotes gastric adenocarcinoma invasion through EMT.

OTUB1 also promoted EMT in esophageal squamous cell carcinoma (ESSC) (Zhou et al. 
2018). This study determined that WT OTUB1, but not a mutant harboring mutations at all 

catalytic triad residues, increased the protein expression of Snail, a master promoter of EMT 

(Wang et al. 2013). This effect was post-translational, as no effect on Snail transcript was 

observed but OTUB1 did extend Snail protein half-life. Next, the investigators assessed 

whether OTUB1 modulation of Snail altered the expression of EMT-associated genes and 

found that OTUB1 overexpression increased Snail, N-cadherin, and Vimentin expression 
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while reducing E-cadherin expression. The opposite was observed with OTUB1 knockdown. 

Transwell assays revealed that OTUB1 overexpression increased, while knockdown 

decreased, migration and invasion of ESSC cells. Importantly, knockdown of Snail 

significantly attenuated the ability of OTUB1 to promote migration and invasion, 

demonstrating that Snail is required for these effects. In support of these in vitro data, in 
vivo studies demonstrated that OTUB1 knockdown significantly reduced the number of lung 

metastases in a tail-vein injection mouse model, suggesting that OTUB1 facilitates tumor 

cell survival in the circulation and/or the seeding of lung metastasis. In addition, analysis of 

patient samples revealed that OTUB1 is significantly upregulated in ESSC tissue compared 

to matched, normal tissue (n= 48). Importantly, OTUB1 is positively associated with Snail 

expression in these tissues. Survival analysis demonstrated that high OTUB1 expression is 

significantly associated with shorter overall survival (n=143). Taken together, the results of 

this study suggest that OTUB1 may potentiate the metastatic spread of ESSC by induction of 

a Snail-mediated EMT.

Activation of RhoA-mediated invasion in prostate cancer

Activation of the androgen receptor (AR) by dihydroxytestosterone (DHT) promotes the 

growth, migration, and invasion of prostate cancer (PCa) cells (Culig and Santer 2014). A 

2015 study (Iglesias-Gato et al. 2015) demonstrated that OTUB1 potentiates androgen-

dependent and androgen-independent PCa cell invasion in vitro in a canonical manner. 

Interestingly, OTUB1 did not affect proliferation. Focusing on OTUB1 in the androgen-

dependent setting, the authors performed a proteomic screen and a phospho-protein array 

with and without OTUB1 knockdown. The proteomic screen revealed that OTUB1 silencing 

reduced the expression of several AR regulated proteins, while the array demonstrated that 

OTUB1 silencing opposed AR signaling. In particular, the data suggests that OTUB1 

facilitates the androgen-mediated reduction in S392 phosphorylation of P53. 

Phosphorylation tightly regulates P53 tumor suppressive activity and reduced P53 levels 

have been associated with increased cell migration via RhoA activation (Gadea et al. 2007, 

Du et al. 2016), indicating that OTUB1 may promote PCa cell invasion by altering P53/

RhoA activity. Strikingly, the authors demonstrate that DHT treatment caused a reduction in 

P53 and activation of RhoA in a manner dependent on OTUB1 DUB activity. In addition, 

OTUB1 also stimulated RhoA activation in a DHT/AR-independent manner. Collectively, 

these data suggests that, while AR signaling can modulate OTUB1/RhoA mediated PCa cell 

invasion, AR signaling is not required.

In the same study, immunohistochemical analysis of human PCa tissue demonstrated 

significantly higher OTUB1 expression in luminal epithelial tumor tissue compared to 

unmatched, normal tissue independent of tumor grade. To investigate the in vivo effects of 

OTUB1, mouse xenografts were performed with OTUB1-knockdown PCa cells. The results 

demonstrated that OTUB1 silencing reduced primary tumor growth and that OTUB1-

knockdown tumors displayed lower Ki67 positivity relative to their controls. This contrasts 

with the in vitro assays, where OTUB1 did not affect proliferation. OTUB1 silencing also 

significantly reduced the number of metastatic foci in the lymph nodes and completely 

blocked metastasis to the liver and kidneys. Taken together, this study suggests that OTUB1 

contributes to PCa growth and metastatic potential.
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Potentiation of TGFb signaling and migration

The TGFb signaling pathway has contrasting effects on tumor biology. In the early stages of 

tumor development TGFb signaling exerts anti-proliferative effects by inhibiting cell cycle 

progression via cyclin-dependent kinase inhibition, which downregulates the expression of 

c-myc and promotes apoptosis (Lin & Zhao 2015). However, in advanced tumors, TGFb 

signaling promotes malignancy by stimulating angiogenesis, immune system evasion, and 

invasiveness (Lin & Zhao 2015). TGFb signaling is initiated by extracellular ligands, such as 

TGFb, binding to their cognate cell surface receptors. This stimulates the phosphorylation of 

the SMAD2 and SMAD3 transcription factors, which complex with SMAD4 and translocate 

to the nucleus to stimulate the transcription of target genes (Massague 2008). Regulation of 

TGFb signaling occurs at multiple levels, including the ubiquitin-dependent degradation of 

activated, phosphorylated SMADs by the ubiquitin ligase NEDD4L (Gao et al. 2009). 

Recently, OTUB1 was identified as an inhibitor of NEDD4L-mediated ubiquitination of 

SMAD2 and SMAD3 (Herhaus et al. 2013). Interestingly, these investigators demonstrate 

that OTUB1 specifically interacts with phosphorylated SMAD2. Additionally, knockdown 

of OTUB1 reduced the expression of phosphorylated SMAD2 upon TGFb treatment and 

these effects were rescued with either proteasome inhibition or the expression of a 

knockdown resistant OTUB1 construct, suggesting that OTUB1 protects phospho-SMAD2 

from proteasomal degradation. Effects on TGFb-induced transcription were also observed, 

as OTUB1 knockdown decreased luciferase activity from a TGFb responsive luciferase 

construct and reduced the expression of several TGFb responsive genes in a human 

keratinocyte (HaCAT) cell line. Using the same cell line, the group demonstrated that 

OTUB1 knockdown impaired cell migration in response to TGFb. Investigation into the 

biological mechanism revealed that OTUB1 inhibits NEDD4L-mediated ubiquitination of 

SMAD2 and SMAD3 in a manner dependent on lysine residue K17 and the N-terminus of 

OTUB1. Collectively, these data demonstrate that OTUB1 regulates TGFb signaling and 

downstream biological effects. Future studies should examine the effect of OTUB1 on TGFb 

signaling in the context of tumorigenesis and tumor cell migration.

Suppression of mTORC1: a role in autophagy

The multi-component mTORC1 kinase is a critical cellular nutrient sensor that, under 

optimal nutrient conditions, stimulates cell growth and inhibits autophagy (Bar-Peled & 

Sabatini 2014). DEPTOR, an mTORC1 component, suppresses mTORC1 activity but is 

rapidly degraded by the SCFβ-TRCP ubiquitin ligase following mTORC1 activation (Gao et 
al. 2011). In a recent study (Zhao et al. 2018), OTUB1 overexpression was found to post-

translationally stabilize DEPTOR and rescue SCFβ-TRCP-mediated reduction in DEPTOR 

expression, suggesting that OTUB1 blocks SCFβ-TRCP-mediated DEPTOR ubiquitination. 

Importantly, OTUB1−/− Hela cells displayed a striking reduction in endogenous DEPTOR 

expression. Further analysis determined that ubiquitination of ectopic DEPTOR was 

inhibited non-canonically; as OTUB1 WT and C91S, but not D88 (a residue required for 

non-canonical activity), suppressed DEPTOR ubiquitination. In addition, amino acid-

induced mTORC1 signaling was enhanced by OTUB1 knockdown. Examination of the 

biological consequences of OTUB1’s suppression of mTORC1 demonstrated that OTUB1 

silencing inhibited starvation-induced autophagy in lung carcinoma cells, as determined by a 

decrease in the number of LC3II- positive puncta, an autophagy marker. OTUB1 knockdown 
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also increased cell viability and size, two biological outputs inversely associated with 

autophagy (Neufeld 2012). As autophagy can promote tumor progression by enhancing 

metastasis (White 2015), future studies should focus on whether OTUB1-enhanced 

autophagy supports tumor metastasis. In addition, the ability of OTUB1 to regulate other 

forms of autophagy should be investigated.

Regulation of P53, MDMX, and c-IAP: a role in apoptosis

Although the majority of studies point to a tumorigenic role for OTUB1, the laboratory of 

Mu-Shui Dai has published studies indicating that OTUB1 promotes apoptosis in some 

contexts. A study from 2012 found that OTUB1 non-canonically inhibits MDM2-mediated 

ubiquitination of P53 to promote its stabilization (Sun et al. 2012). OTUB1 overexpression 

was demonstrated to increase the expression of P53 transcriptional targets and induce 

apoptosis of osteosarcoma and lung cancer cell lines in a P53-dependent manner. Mutational 

analysis of OTUB1 found that D88, a catalytic triad residue, abrogated OTUB1’s ability to 

inhibit P53 ubiquitination, induce P53 transcriptional targets, and potentiate apoptosis. 

Interestingly, OTUB1 was also found to directly bind and weakly deubiquitinate P53, which 

may further enhance OTUB1-mediated P53 stabilization. Biochemical interrogation into the 

OTUB1-P53 interaction revealed that OTUB1 binds to the DNA binding domain of P53 and 

P53 interacts with the N- and C-termini of OTUB1. To investigate the biological 

implications of OTUB1-mediated P53 stabilization, studies investigating P53 activity in 

response to DNA damage were conducted. Expression of the OTUB1 D88 mutant or 

OTUB1 knockdown attenuated the induction of P53-induced transcripts following DNA 

damage of osteosarcoma cells. Importantly, these effects were rescued by a knockdown 

resistant OTUB1 construct.

A subsequent study by the Dai laboratory determined that OTUB1 promotes apoptosis by 

stabilizing MDMX (Chen et al. 2017), a regulator of P53 levels and activity (Wade et al. 
2010). In this study, OTUB1 was shown to non-canonically inhibit MDM2-mediated 

ubiquitination of MDMX. Interestingly, previous studies have demonstrated that MDMX 

can recruit phosphorylated P53 to the mitochondria to potentiate the intrinsic apoptotic 

pathway. This study demonstrated that OTUB1 not only stabilized cytosolic MDMX but also 

increased its abundance at the mitochondria. Taken together, these investigators suggest a 

model where OTUB1 plays a multifaceted role in promoting P53-induced apoptosis where it 

1) directly stabilizes P53 by inhibiting MDM2 and 2) stabilizes MDMX to allow 

phosphorylated P53 to localize to the mitochondria and activate the intrinsic apoptotic 

pathway. Future studies should examine whether MDMX depletion attenuates OTUB1-

induced apoptosis.

A role for OTUB1 in the extrinsic apoptotic pathway has also been suggested (Goncharov et 
al. 2013). This study found that OTUB1 deubiquitinates and stabilizes c-IAP1 upon TNFR 

activation. These investigators demonstrate that activation of TNFR in the presence of 

OTUB1 knockdown accelerates c-IAP1 degradation and alters TNFR signaling to promote 

caspase-8 activation and apoptosis. Importantly, this enhanced apoptosis was dependent on 

TNFR and caspase activation, as inhibition of either rescued cell viability. In addition, 

OTUB1 was shown to be recruited to TNFR complexes upon ligand activation, further 
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supporting a role for OTUB1 in regulating ligand-activated TNFR signaling. In Zebrafish, 

depletion of OTUB1 lead to blood vessel narrowing and reduced blood flow, a phenotype 

similar to c-IAP1 loss in this study.

Development of an OTUB1 inhibitor

As OTUB1 potentiates several cancer-promoting pathways, development of an OTUB1 

inhibitor may offer substantial clinical benefit for some patients. Discussed below are 

methods and properties of OTUB1 that could be exploited for the successful development of 

an inhibitor.

DUBs are considered druggable targets due to their active site cysteines which readily react 

with electrophiles (D’Arcy et al. 2015). Indeed, several compounds demonstrate broad or 

narrow specificity towards DUBs, with some entering the clinical setting (D’Arcy et al. 
2015, Wang et al. 2016). Although most of these target the active site residue to inhibit 

catalytic activity, OTUB1 represents a unique target due to its canonical and non-canonical 

activities. In theory, therapeutic agents could be identified that inhibit its canonical activity, 

non-canonical activity, or both. Compounds that inhibit the catalytic activity of a broad 

range of cysteine-dependent DUBs, such as N-ethylmaleimide, have been demonstrated to 

inhibit OTUB1 catalytic activity (Balakirev et al. 2003). In addition, inhibitors that 

demonstrate some specificity for OTUB1 have been characterized (Ernst et al. 2013). In this 

study, ubiquitin point mutants were synthesized and screened for binding to various DUBs. 

Ubv.B1.1 was identified as an ubiquitin mutant that bound to the distal ubiquitin binding site 

of OTUB1 and was demonstrated to inhibit OTUB1 catalytic activity and interfere with 

OTUB1-E2 complex formation. Thus, Ubv.B1.1 likely inhibits both canonical and non-

canonical OTUB1 activity. In addition, the small molecule PR-619 is predicted to inhibit 

OTUB1 DUB activity based on its ability to block OTUB1 binding to an active site probe 

(Altun et al. 2011). Although promising, PR-619 has broad activity and would likely need 

modification to narrow its specificity.

High-throughput screening techniques that rely on ubiquitin chain cleavage have identified 

compounds that inhibit DUB catalytic activity (Arnst et al. 2013). While similar methods 

may identify OTUB1 canonical inhibitors, identification of non-canonical inhibitors is a 

more difficult challenge. Inhibition of OTUB1’s non-canonical activity would require 

prevention of the OTUB1-E2 interaction. Thus, these compounds would be protein-protein 

interaction inhibitors, targeting one of the critical OTUB1-E2 interaction surfaces mentioned 

above. Although progress has been made in their identification, such compounds are 

considered difficult to synthesize (Arkin et al. 2014). An alternative approach could take 

advantage of the “product inhibition mimicry” model described above which proposes the 

non-canonical property of OTUB1 relies on the formation of a ternary complex between the 

E2 conjugated to a donor ubiquitin, a free ubiquitin, and OTUB1. This complex positions the 

epsilon-amino group of K48 from the donor ubiquitin and the C-terminus of the free 

ubiquitin over the catalytic cysteine, mimicking the cleavage product of a deubiquitinase 

reaction. Theoretically, compounds that bind to OTUB1’s catalytic cysteine and sterically 

interfere with “product inhibition mimicry” complex formation would inhibit the OTUB1-

E2 interaction and, thus, the non-canonical activity of OTUB1. An unanswered but 
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interesting question is whether treatment of OTUB1 with a general DUB inhibitor that binds 

catalytic cysteines will inhibit OTUB1 non-canonical activity. This mechanism would likely 

involve inhibitor-mediated steric hindrance between the inhibitor and the donor and free 

ubiquitins mentioned above. Of course, these compounds would also inhibit DUB activity 

and be considered dual inhibitors. High-throughput screening for non-canonical inhibitors 

could take advantage of the unique property of the OTUB1 interacting E2 UBC13, which 

can synthesize polyubiquitin chains in the absence of an ubiquitin ligase (Juang et al. 2012). 

Upon binding to UCB13, OTUB1 caps the elongating ubiquitin chain and inhibits 

polyubiquitin chain synthesis (Juang et al. 2012). Indeed, several groups have used this 

property to screen for OTUB1 mutations that abolish non-canonical activity, albeit with low-

throughput techniques (Juang et al. 2012, Sato et al. 2012). With modification, this activity 

could be used for high-throughput screening of non-canonical inhibitors. Thus, high-

throughput screening for canonical, non-canonical, and dual OTUB1 inhibitors is possible.

Conclusion

A majority of the studies described above suggest a protumorigenic role for OTUB1, 

particularly with regard to tumor progression. However, its effects on tumor growth are 

mixed. Some studies demonstrate that OTUB1 associates with or potentiates tumor growth 

(lung, breast, ovarian), while others demonstrate no involvement or a suppression of growth 

by OTUB1 (osteosarcoma, glioma, colon, gastric). Although assay variability could account 

for these discrepancies, the effects of OTUB1 are likely tumor type and/or stage dependent. 

In particular, the mutational and/or activation status of P53 and TGFb are likely significant 

determinants of OTUB1’s effects. TGFb and P53 exert opposing effects on tumor biology 

based on mutational status and/or tumor stage. In the early stages of tumorigenesis, P53 and 

TGFb suppress tumor growth by thwarting oncogenic cellular changes and inhibiting 

proliferation, respectively (Massague 2008, Sun et al. 2012). However, during tumor 

progression, TGFb signaling switches from antiproliferative to promigratory (Massague 

2008) and P53 mutation results in the expression of an oncogenic form of P53 (Soussi & 

Wiman 2015). Thus, OTUB1 may be tumor suppressive early in tumorigenesis, where it 

promotes WT P53 function and suppresses growth through TGFb. However, once WT P53 

function is lost and TGFb signaling becomes promigratory, OTUB1 can stimulate the 

oncogenic pathways described above, while bypassing the tumor suppressive effects of WT 

P53 and TGFb. Although OTUB1 inhibition in the clinical setting may be difficult, due to 

OTUB1’s broad tissue distribution and high cellular expression, therapeutic targeting of this 

DUB may offer substantial benefit to individuals diagnosed with a wide range of tumors.
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Figure 1). 
Schematic diagram of the OTUB1 protein. Experimentally confirmed post-translational 

modifications are shown above the structure with their corresponding residue designations. 

The E2/Ub binding alpha helix (residues 23–44) [lined shading], ovarian tumor (OTU) 

domain (residues 85–95 and 265–270) [gray shading], and catalytic residues (D88, C91, 

H265) are also depicted. Pi (phosphorylation), OH (hydroxylation), and Ub (ubiquitination/

ubiquitin).
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Figure 2). 
The canonical and non-canonical activities of OTUB1. On the left, the canonical, 

deubiquitinase activity of OTUB1 is depicted, with OTUB1 using its catalytic activity to 

cleave a polyubiquitin chain from a protein substrate. On the right, the non-canonical 

activity of OTUB1 is depicted, with OTUB1 inhibiting ubiquitin transfer onto a protein 

substrate by binding to the ubiquitin charged E2. Ub (ubiquitin).
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Figure 3). 
E2 ubiquitin conjugating enzymes that interact with OTUB1. Depicted are the E2 ubiquitin 

conjugating enzymes that have been experimentally determined to interact with OTUB1. 

Also given are brief descriptions of the polyubiquitin linkage type(s) synthesized and 

biological functions for each. (ERAD) Endoplasmic reticulum associated protein 

degradation, K (lysine), Ub (ubiquitin).
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Figure 4). 
The non-canonical “product inhibition mimicry” complex. Depicted is a ternary complex of 

OTUB1, an ubiquitin-charged E2, and a free ubiquitin. This complex mimics the products of 

a K48 deubiquitinase reaction, with the epsilon-amino group (NH3+) of K48 from the donor 

ubiquitin facing the C-terminus (COO-) of the free ubiquitin, both positioned near the 

catalytic cysteine (C91) of OTUB1. K (lysine), Ub (ubiquitin).
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