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Otubain 1 in T cell homeostasis and programmed cell death 
 

Albert Chuh-kai Lee 
 

ABSTRACT 
 

Ubiquitination is a process used by cells to tightly control signaling 

pathways by covalently attaching a ubiquitin molecule to a target substrate. This 

process is reversible by the activity of deubiquitinating enzymes. Otubain 1 

(Otub1) is a novel deubiquitinating enzyme whose physiologic relevance in an in 

vivo setting had not been described. In this dissertation, we describe two novel 

functions of Otub1, discovered after creating and analyzing Otub1-deficient 

(Otub1-/-) mice. 

We first found that Otub1-/- mice die during late embryonic development. 

To examine whether Otub1 plays a role in the functioning of immune cells, we 

reconstituted irradiated recipients with Otub1-/- fetal livers to create chimera. At 

baseline in the absence of overt stimulation, Otub1-/- chimera had more memory-

phenotype CD8+ T cells than wildtype and T cell homeostasis was disrupted in a 

cell-intrinsic manner. Otub1-/- T cells also hyperrespond to homeostatic signals, 

particularly IL7 stimulation.  

While studying Otub1’s role in T cell homeostasis, we also discovered it 

had a role in regulating programmed cell death. Using mouse embryonic 

fibroblasts (MEFs) and a human cell line, we found that Otub1-deficiency or 

Otub1 knockdown sensitizes the cell to undergo more TNF-induced apoptosis 
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and necroptosis. Specifically, Otub1-deficiency led to increased formation of the 

necrosome, the Rip3-containing complex that drives necroptosis. This function 

may in part be driven by an accelerated loss of cellular inhibitor of apoptosis 

protein-1 (c-IAP1) in Otub1-/- cells as compared to wildtype. Together, we have 

shown that Otub1 has important in vivo roles in regulating T cell homeostasis and 

programmed cell death. Along with other studies, this work establishes Otub1 as 

a critical regulator of diverse signaling pathways and opens up several future 

avenues of investigation. 
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Introduction 
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Introduction to signaling 

Organisms need to interact with their environments in order to survive and 

propagate. Even the simplest unicellular organisms must complete basic tasks 

such as detecting essential nearby nutrients or potential threats and react 

accordingly. How the organism senses its surroundings and triggers the 

appropriate response is the basis of signal transduction. This becomes even 

more critical in multicellular organisms where individual cells must coordinate 

activities that ultimately benefit the whole. For example, metazoans needed to 

develop a defense network to fend off foreign invaders that seek to usurp their 

resources. This immune system requires the coordination of multiple cell types in 

order to sense a dangerous infection and respond effectively while avoiding 

damage to itself (Murphy et al. 2008). This coordination requires several cellular 

and molecular signaling events occurring simultaneously in a tightly regulated 

manner. If the regulation is faulty, then the immune response may be inadequate 

to fend off infection or, alternatively, the response damages its own cells and 

tissues. Thus, we and many generations of scientists seek to understand the 

regulation of these signaling events. 

In a multicellular organism, cells can communicate with each other in 

many ways across long and short distances (Alberts et al.). In one common 

method, a protein called a cytokine is produced by one cell which can then bind 

to its specific receptor to trigger a response in another cell. Upon binding to their 

ligands, receptors trigger a series of reactions in the cell that form the basis of 
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signal transduction pathways. Oftentimes, this involves some posttranslational 

modification of signaling components that can lead to signal propagation. One 

commonly used modification is the covalent attachment of a 76-amino acid 

polypeptide called ubiquitin. 

 

Introduction to ubiquitination 

Originally identified in 1975 as a lymphocyte-differentiation-promoting 

factor, ubiquitin was found to be highly conserved among multiple kingdoms from 

bacteria to plants and animals (Goldstein et al. 1975). A large body of work then 

identified and characterized ubiquitin’s role in regulating protein degradation 

which ultimately led to the 2004 Nobel Prize in Chemistry (Ciehanover et al. 

1978, Ciechanover et al. 1980, Hershko et al. 1980, Hershko and Ciechanover 

1992). Multiple ubiquitin molecules can also be linked to form long chains. 

Originally, these ubiquitin chains were only known to target proteins for 

proteasomal degradation (Hershko and Ciechanover 1992). Ubiquitin molecules 

linked by their lysines in the 48th position (K48) are thought to tag a substrate for 

proteasomal degradation. However, more recent work has shown that other 

types of ubiquitin chains exist and can have other functions as well (Liu et al. 

2005). NF-κB signal propagation requires K63 ubiquitin chains that act as 

scaffolding to recruit additional signaling molecules (Deng et al. 2000). 

Ubiquitination is a 3-step process that involves a separate enzyme for 

each step (E1, E2, E3) (Pickart 2001). First, the activating E1 enzyme activates 
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ubiquitin by forming a thioester bond with its C-terminus. Second, the activated 

ubiquitin is transferred over to the conjugating E2 enzyme. Third, the E3 ligase 

catalyzes the formation of an isopeptide bond between the C-terminal glycine of 

ubiquitin and a lysine residue on a specific substrate (or another ubiquitin). 

Ubiquitination is also a reversible process. Ubiquitin chains can be cleaved by 

the activity of deubiquitinating enzymes (DUBs), which can also have substrate 

specificity similar to E3 enzymes (Sun 2008).  

 

Critical role of E3 ligases and DUBs in regulating immune responses  

Because this is where specificity is determined, there has been a large 

amount of interest in determining the functions and substrates of E3 enzymes 

and DUBs. Through studies using gene-deleted mice, several E3s and DUBs 

have been identified to have important functions in signaling pathways that 

control immune responses. For example, absence of A20, a protein that can act 

as both an E3 and a DUB, leads to MyD88-dependent Toll-Like Receptor driven 

inflammation (Lee et al. 2000, Wertz et al. 2004, Turer et al. 2008). Absence of 

Cezanne, a DUB, leads to several effects in immune cells including 

hyperresponsive B cells and intestinal follicular lymphoid hyperplasia (Hu et al. 

2013). Reduction of deubiquitinating enzyme A (DUBA) leads to an exaggerated 

production of type I interferon production (Kayagaki et al. 2007). All 3 of these 

proteins belong to a family of DUBs defined by their Ovarian-tumour-related 

protease (OTU) domains, which mediates their catalytic activity (Sun 2008). 
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Otubain 1 is another OTU-containing DUB whose physiologic function is largely 

unknown and will be the focus of this dissertation. 

 

Otubain 1, a novel deubiquitinating enzyme 

Otubain 1 (Otub1) is a well-conserved 31kD protein that was identified by 

immunoprecipitating with Ubiquitin aldehyde, a non-specific inhibitor of several 

DUBs (Balakirev et al. 2003). As the name implies, Otub1 contains an OTU 

domain with the conserved catalytic triad of cysteine, histidine, and aspartate 

residues as well as ubiquitin binding domains and a putative NLS (Figure 1.1). 

Several groups have shown in cell-free systems that Otub1 has the canonical 

ability to cleave polyubiquitin chains with specificity towards K48 linkages 

(Balakirev et al. 2003, Edelmann et al. 2009, Wang et al. 2009). This suggests 

that Otub1 likely has a role in stabilizing proteins by preventing their proteasomal 

degradation. Indeed, a few studies have supported this idea, identifying functions 

in regulating the stability of estrogen receptor, the small GTPase RhoA, and c-

IAP1 (Stanisic et al. 2009, Edelmann et al. 2010, Goncharov et al. 2013). 

Alternatively, Otub1 has been shown recently to have a non-canonical 

ability to block the formation of K63 linkages by inhibiting E2 enzymes (Nakada 

et al. 2010, Sato et al. 2012, Wiener et al. 2012). In fact, this was the first detailed 

description of how a DUB could inhibit E2 activity and other proteins have 

subsequently been described to have similar abilities (Shembade et al. 2010). 

Otub1’s non-canonical function has been theorized to play a role in regulating 
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Figure 1.1: Conserved domains of OTUB1. The labeled aspartate, cysteine, and 
histidine form the catalytic triad of the Ovarian tumor (OTU) domain. Nuclear 
localization signal (NLS). Ubiquitin interaction motif (UIM). Ubiquitin-associated-
like domain (UBA). LxxLL motif
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DNA damage repair, p53 stability, and type I interferon production (Li et al. 2010, 

Nakada et al. 2010, Sun et al. 2012). 

Yet, despite several studies regarding its biochemical structure and 

function in vitro, Otub1’s predominant physiological role remains a mystery. 

Moreover, Otub1’s role in the immune system, if any, is still unclear. One paper 

showed that Otub1 could restrict interferon-β production in 293t cells after Sendai 

virus infection, possibly by affecting the level of ubiquitination on the signaling 

proteins TRAF3 and TRAF6 (Li et al. 2010). Another study described how Otub1 

could bind and decrease levels of GRAIL, an E3 ligase that mediates CD4 T cell 

anergy (Soares et al. 2004). Additionally this paper identified a second isoform of 

Otub1, generated by an alternative reading frame. This isoform resembles the 

main protein only in its last 140 amino acids and is therefore lacking many of the 

same conserved domains including most of the OTU domain. When 

overexpressed, this isoform gives opposing phenotypes to the main protein. How 

this isoform functions or whether it is also conserved is unclear. With both of 

these studies on Otub1 in the immune system, it remains to be seen whether or 

not Otub1 has such functions in primary cells or in an in vivo system. 

 

The goal of this thesis was to identify potentially novel functions of Otub1 using a 

newly created Otub1 knockout mouse. This tool allowed us to study the impact of 

Otub1-deficiency in vivo, avoiding the caveats regarding physiologic relevance 
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associated with cell line and cell-free studies. Here we will introduce and describe 

Otub1’s role in two areas: T cell homeostasis and programmed cell death. 

 

CD8+ T cell homeostasis and the origin of memory-phenotype cells 

The size and composition of the pool of circulating CD8+ T cells is 

critically important for effective immunity towards pathogens. In young mice, the 

majority of circulating CD8+ cells is naïve and can be identified by low CD44 

expression. Upon stimulation by an antigen presented by MHC Class I (pMHC), 

the naïve CD8 cell will clonally proliferate and become activated as evidenced by 

interferon γ production and upregulation of CD44 (Williams and Bevan 2007). 

After the initial response, the CD8 population will contract, leaving only a small 

percentage of memory cells that express high levels of both CD44 and CD122 

(IL-2/15Rβ). Moreover, these memory cells can be divided into CD44hiCD62Lhi 

“central memory” and CD44hiCD62Llo “effector memory” cells. Central memory 

cells generally reside in secondary lymphoid tissues, undergo a relatively high 

rate of homeostatic proliferation as compared to effector memory cells, and 

rapidly expand during secondary infection (Wherry et al. 2003). 

However, in the absence of infection, naïve CD8+ T cells must be kept in a 

quiescence state so that they do not jeopardize the host or use unnecessary 

resources. At the same time, they must be maintained in order to respond to an 

infection. This T cell homeostasis requires tightly regulated signaling, mostly from 

their T cell receptor (TCR) and interleukin-7 receptor (IL7Rα) (Surh and Sprent 
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2008). Adoptively transferred naïve CD8+ T cells do not survive in IL7-/- hosts or 

if IL7 activity is blocked with antibodies (Schluns et al. 2000). In addition, naïve 

cells also require interactions with self-pMHC and that reducing TCR signaling in 

these cells shortens their lifespan (Labrecque et al. 2001). Memory phenotype 

CD44hi CD8+ T cells on the other hand require IL15 for survival and a low-level of 

homeostatic proliferation. IL15-/- mice lack these cells and any adoptively 

transferred memory-phenotype cells do not survive long without IL15 (Kennedy et 

al. 2000, Judge et al. 2002). The case for the factors regulating CD4+ T cell 

homeostasis is less clear than CD8+ cells although it appears both TCR and 

IL7Rα still play important roles. For example, tonic signaling from MHC Class II 

appears to have a role but may not be absolutely required and remains 

controversial (Takeda et al. 1996, Dorfman et al. 2000, Sprent and Surh 2011).  

Many of the signaling pathways that control T cell homeostasis also 

control a model simply called homeostatic proliferation or lymphopenia-induced 

proliferation (LIP). LIP is induced when naïve CD8+ T cells are transferred to a 

lymphopenic environment (e.g. irradiation, RAG deficiency). Upon transfer, these 

cells proliferate and upregulate expression of CD44 and CD122, adopting a 

memory phenotype (Ernst et al. 1999, Goldrath and Bevan 1999, Schluns et al. 

2000). More specifically, they adopt a central memory phenotype as they 

continue to express high levels of CD62L. Importantly, LIP is dependent on TCR 

and IL7Rα while IL15 is also believed to be important (Surh and Sprent 2008).  
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While LIP was originally thought of as an artificially induced model to study 

these signaling pathways, there is increasing evidence that a low-level amount of 

LIP occurs physiologically and is important for T cell homeostasis. In normal adult 

mice, circulating CD8+ cells are mostly composed of CD44lo naïve cells and 

CD44hi activated “memory phenotype” cells. While some of these memory 

phenotype cells are true memory cells leftover from prior infections, it is believed 

that a significant proportion never encountered foreign antigen (Sprent and Surh 

2011). Instead, they are theorized to arise from low-level homeostatic 

proliferation to self-ligands (Haluszczak et al. 2009). For example, memory 

phenotype cells persist in many unmanipulated TCR transgenic lines on a RAG-

deficient background. Moreover, they persist even in neonatal and germ-free 

mice (Le Campion et al. 2002, Schüler et al. 2004, Huang et al. 2005). This 

theory was further supported by a study using tetramer staining to determine that 

10-30% of the MP population in unimmunized and germ-free mice was specific 

for foreign antigens that they had never encountered (Haluszczak et al. 2009).  

 

γc cytokines signal through the JAK/STAT pathway 

T cell homeostasis is tightly regulated by cytokines whose receptors share 

the common gamma chain (γc), in particular IL2, IL7 and IL15 (Figure 1.2). High 

affinity IL2 and IL15 receptors are heterotrimeric complexes that share both the 

γc (CD132) and IL-2Rβ (CD122) subunits. They each have IL2Rα (CD25) and 

IL15Rα to complete the complex. The IL7 receptor consists of the common γ 
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phospho-STAT5

Figure 1.2: IL2, IL7, and IL15 signal through receptor complexes that share the 
common gamma chain and other subunits. All three also primarily transmit their 
effects through phosphorylating STAT5.

Adapted from Rochman et al. (2009)
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chain and IL7Rα (CD127). IL-2, IL-7 and IL-15 also share signaling components 

downstream of their receptors (Shuai and Liu 2003, Rochman et al. 2009). After 

binding the ligand, the receptors multimerize allowing the associated JAK1 and 

JAK3 (Janus Kinase) to phosphorylate the cytoplasmic tails of the receptor. 

STAT5 (Signal transducer and activator of transcription 5) then binds to these 

regions and is itself phosphorylated by JAK1 and JAK3. The phosphorylated 

STAT5 then dimerizes and enters the nucleus to initiate the transcription of 

survival and proliferation genes. This pathway is negatively regulated by a 

number of molecules including SOCS1 (suppressor of cytokine signaling) which 

inhibits STAT5 phosphorylation in a negative feedback loop (Chong et al. 2003, 

Ilangumaran et al. 2003).  

 

Programmed cell death within the immune system 

 Programmed cell death is a critical function of metazoan species. 

Individual cells are induced to undergo cell death in a manner that benefits the 

organism as a whole. Multiple cell types utilize this ability in normal development 

and homeostasis. Each day, millions of new cells are produced throughout the 

organism, from skin cells to intestinal epithelial cells. The production of these new 

cells must be balanced by programmed cell death so that they do not overwhelm 

the resources of the organism. When this balance is disrupted by a defect in cell 

death, the resulting uncontrolled growth is the basis for cancer. The immune 

system, in particular, is sensitive to perturbations in cell death. Immunologic cells 
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are produced in high numbers on a daily basis and must be controlled in order to 

prevent the system from targeting itself such as in autoimmune diseases. 

 An example of where programmed cell death is critical for normal immune 

system homeostasis is in the thymus. Developing thymocytes are tightly 

regulated by programmed cell death. Less than 5% of thymocytes actually 

survive thymic selection and make it into the periphery (Sprent and Kishimoto 

2002). The greater majority of these thymocytes do not receive enough 

stimulation through their TCR and die by neglect as they lack the signals required 

to inhibit the cell death machinery. Thymocytes also are negatively selected and 

are induced to die when they interact too strongly to self-ligand presented on 

MHC molecules. When key proteins required for programmed cell death are 

deleted, thymocytes become resistant to both death by neglect and negative 

selection (Opferman and Korsmeyer 2003). Moreover, this increased thymocyte 

survival can lead to a predisposition towards autoimmunity (Bouillet et al. 1999).  

 Programmed cell death is also a critical component for the immune system 

to properly function. For example, in response to an infection, reactive T and B 

cells must clonally expand several orders of magnitude to mount an effective 

defense. Once the infection is cleared, this expanded population of lymphocytes 

must be reduced through induced cell death, leaving only a small population of 

memory cells (Krammer et al. 2007). As will be discussed below, a deficit in cell 

death pathways can lead to an accumulation of activated lymphocytes, and 

predisposing the organism to autoimmunity and lymphomas (Adachi et al. 1995).  
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Apoptosis: The classic form of programmed cell death 

 Traditionally speaking, cells programmed for cell death die by apoptosis, a 

term originally used to describe the cellular morphology of certain dying cells 

(Cohen et al. 1992). First described in 1972, apoptotic morphology includes 

dramatic cell-shrinkage, plasma membrane untethering or blebbing, and 

chromatin condensation followed by nuclear collapse (Kerr et al. 1972). 

Apoptosis can be triggered both by extrinsic and intrinsic signals. Extrinsic stimuli 

involve triggering “death” receptors on the surface of the cell whereas intrinsic 

signals are generally initiated at the level of the mitochondria (Fulda and Debatin 

2006). Both types trigger cell death through the activation and activity of 

caspases, cysteine proteases that cleave specifically after aspartic-acid residues. 

The death receptors are part of the tumor necrosis factor (TNF) receptor 

superfamily that share a cytoplasmic domain called the death domain (Fulda and 

Debatin 2006, Park et al. 2007). This death domain is critical for the transduction 

of the external stimuli. Notable members of this TNF receptor superfamily include 

Fas (CD95), TNF receptor 1 (TNFR1), Fn14, and TNF-related apoptosis inducing 

ligand receptor 1 (TRAIL-R1). Their respective ligands are Fas ligand (FasL), 

TNF, TNF-like weak inducer of apoptosis (TWEAK), and TRAIL.  

 These TNF family death receptors induce extrinsic apoptosis in several 

types and play an important role in the normal development and function of the 

immune system. For example, when Fas is deleted or mutated in a mouse, the 
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mice develop significant lymphadenopathy, splenomegaly, and produce large 

amounts of autoantibodies (Adachi et al. 1995, Nagata and Golstein 1995, 

Nagata and Suda 1995). In addition, mature T cells in these mice do not die after 

they expand during an infection, leading to an accumulation of activated cells in 

the lymph nodes and spleens (Nagata 1997).  

 

Signal transduction of apoptotic stimuli 

 The signaling events that occur after death receptor ligation depend on the 

type of stimuli and the state of the cell. When the prototypical TNF binds to 

TNFR1, one of two general complexes form: A pro-survival complex called 

“complex I” that activates NF-κB and MAP kinase signaling pathways or a pro-

death complex called “complex II” that activates caspases (Micheau and 

Tschopp 2003, Park et al. 2007, Walczak 2011). In the case of the former, after 

binding to its ligand, TNFR1 trimerizes and recruits the adaptor TNFR-associated 

death domain (TRADD) to the membrane along with Receptor-interacting protein 

1 (Rip1). TNFR-associated factor 2 (TRAF2) is then recruited to the complex to 

serve as scaffolding for cellular inhibitor of apoptosis protein 1 and 2 (c-IAP1/2). 

This collection of proteins is known as complex I (Figure 1.3a). c-IAPs are E3 

ubiquitin ligases and attach K63-linked ubiquitin chains to the complex, namely 

Rip1. Ubiquitinated Rip1 then activates transforming growth factor β-activated 

kinase 1 (TAK1) through the recruitment of TAK1-binding protein 2 and 3 

(TAB2/3). TAK1 then leads to the recruitment and activation of NF-κB essential 
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Modified from Han et al. (2011) 

Figure 1.3: TNF stimulation through TNFR1 can lead to the formation of com-
plexes with opposing downstream functions. (a) Upon binding to TNF, TNFR1 
trimerizes and recruits TRADD, c-IAP1/2, TRAF2/5, and RIP1 to form complex I. 
c-IAP1/2 then ubiquitinates RIP1 with K63 linkages which can then trigger pro-
survival NF-κB and MAP kinase signaling pathways. (b) If the ubiquitination of 
RIP1 is blocked or caspase 8 activity is promoted, then TRADD recruits FADD, 
caspase 8, and deubiquitinated RIP1 to form the cytoplasmic complex II. Cas-
pase 8 then activates itself by auto-cleavage and triggers the apoptotic pathway. 
(c) If caspase 8 activity is blocked, then complex II recruits RIP3 to form com-
plex IIb or the necrosome. RIP3 then phosphorylates effectors that ultimately 
lead to necrosis. 
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modulator (NEMO) and inhibitor of κB kinases (IKKs) that induce pro-survival 

NF-κB dependent genes. The recruitment and activation of NEMO/IKK has also 

been recently shown to be dependent on the activity of linear ubiquitin chains 

produced by linear ubiquitin chain aseembly complex (LUBAC) (Rahighi et al. 

2009, Tokunaga et al. 2009). 

 Alternatively, if the poly-ubiquitination of Rip1 is blocked, complex I is 

internalized and TRADD associates instead with Fas-associated death domain 

protein (FADD). FADD recruits caspase 8 which activates itself upon self-

cleavage. This complex consisting of FADD, deubiquitinated Rip1, TRADD, and 

cleaved caspase 8 is known as complex II (Figure 1.3b). Active cleaved caspase 

8 then activates downstream caspases and the apoptotic death machinery.  

  

Life versus death after TNF stimulation 

An area that has garnered a great deal of interest is understanding the 

circumstances under which the pro-death complex II forms as opposed to the 

pro-survival complex I. Towards this end, several studies have identified the 

ubiquitination status of Rip1 as a key determinant (Bertrand et al. 2008, Lu and 

Walsh 2012). When Rip1 is ubiquitinated by c-IAP1/2, pro-survival NF-κB 

signaling is promoted. When Rip1 is prevented from being ubiquitinated by c-

IAP1/2 or is deubiquitinated by cylindromatosis protein (CYLD), pro-death 

complex II forms. For instance, the loss of c-IAP1/2 is known to trigger cell death 

in a Rip1-dependent manner (Wang et al. 2008). c-IAP1/2 degradation can occur 
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through the activity of second mitochondria-derived activator of caspases (Smac) 

which causes c-IAP1/2 to auto-ubiquitinate with K48 linkages and target itself for 

proteasomal degradation (Deng et al. 2003, Varfolomeev et al. 2007, Vince et al. 

2007, Bertrand et al. 2008). Chemically synthesized Smac mimetics are now 

commonly used to induce TNF-stimulated death as anti-cancer therapeutics as 

well as in experimental models to better understand the underlying signaling 

events.  

The central importance of Rip1’s ubiquitination status is also supported by 

the role of CYLD.  As previously mentioned, CYLD is a deubiquitinating enzyme 

that can remove ubiquitin on Rip1. In the absence of other pro-death signals, 

TNF stimulation induces a partially active form of caspase 8 to cleave CYLD, 

thus promoting pro-survival NF-κB signaling. In contrast, if CYLD is prevented 

from being cleaved, complex II formation is favored leading to the propagation of 

pro-death signals (O'Donnell et al. 2011). 

Blocking NF-κB activity is another way of inducing death after TNF 

stimulation (Micheau and Tschopp 2003). Cell lines that are deficient in a key NF-

κB kinase respond to TNF stimulation by dying. This effect can also be 

experimentally induced by using the protein synthesis inhibitor, cycloheximide 

(CHX). The proposed mechanism by which NF-κB blockade promotes TNF-

induced cell death is by blocking the NF-κB dependent induction of cellular 

FLICE-like inhibitory protein (cFLIP) (Wang et al. 2008). cFLIP is an endogenous 
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inhibitor of caspase 8 and when NF-κB activity is blocked, the loss of cFLIP leads 

to increased caspase 8 activity and cell death. 

 

The discovery of a new form of programmed cell death: Necroptosis 

Traditionally speaking, apoptosis was considered the only form of 

programmed cell death whereas necrosis was an unregulated and passive 

process. However, there were a number of reports that suggested that at least 

some forms of necrosis could be induced after stimulation in a caspase-

independent manner. In 1999, Vercammen et al. found that when they stimulated 

the mouse fibrosarcoma line, L929, with TNF, the cells unexpectedly would die 

even in the presence of a pan-caspase inhibitor, ZVAD (Vercammen et al. 1998). 

Moreover, it was noted that the dying cells had necrosis-like morphology. In 

2000, Holler et al. described a form of necrosis that could be triggered by FasL 

stimulation in the human T cell line, Jurkat (Holler et al. 2000). This was also 

caspase-independent but Rip1-dependent. Necrosis would eventually be shown 

to be inducible in some cell lines, but not all (Chan et al. 2003, Wang et al. 2008). 

The reason for this discrepancy was not known. Moreover, despite these reports 

that traditionally apoptotic stimuli could trigger necrosis, it was not clear whether 

this was truly an active, orchestrated form of death. Then, in 2009, a trio of 

papers reported that this necrosis, now referred to as necroptosis, is dependent 

on Rip3, a kinase whose biological function was not previously well understood 

(Cho et al. 2009, He et al. 2009, Zhang et al. 2009). These papers described that 
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after Rip1 phosphorylates Rip3, Rip3 stably associates with Rip1 and the rest of 

complex II, now known as the necrosome (Figure 1.3c). The formation of the 

necrosome is the key signaling step of necroptosis, establishing this new form of 

programmed cell death.  

 

The physiological role of necroptosis 

Rip3’s essential role in necroptosis also enabled experiments to determine 

the physiologic role of necroptosis. As mentioned above, Fas-deficient mice 

develop a progressive lymphoaccumulation disease (Adachi et al. 1995). 

However, when the key apoptosis protein, caspase 8, is deleted, the mice 

instead die in utero at mid-gestation from cardiovascular defects (Varfolomeev et 

al. 1998). Why didn’t these mice resemble the Fas knockout mice and instead 

died embryonically? The answer to this question remained uncertain for more 

than a decade until Rip3 and the necroptosis signaling pathway was defined and 

described as a backup system to apoptosis. In 2011, two papers reported that by 

eliminating necroptosis by crossing caspase 8-/- mice with Rip3-/- mice, this 

embryonic lethality is rescued (Kaiser et al. 2011, Oberst et al. 2011). Moreover, 

the double knockout mice develop lymphadenopathy with an accumulation of T 

cells in a manner similar to Fas-deficient mice. Furthermore, the in vivo death of 

caspase 8 deficient T cells could be rescued by Rip3 deficiency (Ch'en et al. 

2011). 
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Thus, necroptosis likely serves as a backup system to apoptosis in 

situations where apoptosis is blocked. For example, certain viruses are capable 

of inhibiting apoptosis as a strategy to evade being targeted by the host’s 

immune system. Vaccinia virus is one such example as it encodes its own 

caspase inhibitor. Indeed, it was found that if infected with vaccinia virus, 

necroptosis-deficient Rip3-/- mice are not able to control viral replication and die 

much more easily than wild-type mice (Cho et al. 2009). In addition, the authors 

find that after infection, Rip3-/- mice failed to induce an inflammatory response. 

This suggests that necrosis is immunostimulatory as opposed to apoptosis, 

possibly since necrosis leads to an uncontained death resulting in the release of 

danger signals like ATP.  

Additional evidence is also emerging that necroptosis could be involved in 

other diseases and pathologies. Intestinal epithelial cell-specific deletion of 

caspase 8 generates a disease that greatly resembles inflammatory bowel 

disease. This disease was found to be driven by Rip3-dependent cell death of 

these epithelial cells, thus implicating necroptosis (Günther et al. 2011). Several 

other pathologies previously thought to involve passive necrosis have also been 

found to be Rip3-dependent including ischemia-reperfusion injury, cerulein-

induced pancreatitis, and retinal detachment (He et al. 2009, Trichonas et al. 

2010, Narayan et al. 2012). The role of necroptosis is only beginning to be 

understood and will likely prove to be an intense area of interest as it opens up 

these diseases to the possibility of targeted therapeutics.  
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CHAPTER 2 

Otub1 regulates T cell homeostasis and restricts responses to homeostatic 

signals 
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Introduction 

 Ubiquitination is the process by which a small polypeptide, ubiquitin, is 

covalently attached to a lysine amino acid on a target substrate. Multiple ubiquitin 

molecules can be linked to form a chain of ubiquitin that is critical for signal 

propagation in several critical pathways (Liu et al. 2005, Bhoj and Chen 2009). 

These chains can not only target proteins for proteasomal degradation, but also 

act as scaffolding to propagate signaling. Ubiquitin is attached to specific 

substrates by E3 ubiquitin ligases and this process can be reversed by 

deubiquitinating enzymes (DUBs). DUBs containing Ovarian tumour-related 

protease (OTU) domains form a family that include several members that have 

identified roles in immunologic signaling (Sun 2008). For example, A20 and 

Cezanne are both known to regulate NF-κB signaling and the in vivo deletion of 

A20 results in overwhelming inflammation (Lee et al. 2000, Bhoj and Chen 2009). 

 Otubain 1 (Otub1) is an OTU-containing protein whose activity has mostly 

been defined in cell-free or cell line in vitro experiments (Balakirev et al. 2003, 

Soares et al. 2004, Edelmann et al. 2009, Li et al. 2010, Nakada et al. 2010, 

Wiener et al. 2012). Otub1 has both a canonical ability to cleave ubiquitin chains 

as well as a non-canonical ability to inhibit the formation of different ubiquitin 

chains (Edelmann et al. 2009, Nakada et al. 2010). Its reported function in target 

pathways are only partially understood and diverse including regulating DNA 

damage repair (Nakada et al. 2010), p53 stability (Sun et al. 2012), estrogen 

receptor stability (Stanisic et al. 2009), and apoptosis (Goncharov et al. 2013). All 
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of these studies relied on either knockdown or overexpression in vitro data. Some 

studies have also reported regulatory roles in immune responses such as type I 

interferon production (Li et al. 2010) and CD4+ T cell anergy (Soares et al. 2004). 

In particular, Soares et al. found that Otub1 reduced levels of GRAIL, an E3 

ligase that mediates anergy (Nurieva et al. 2010). Moreover, when Otub1 was 

overexpressed in CD4+ T cells, they made more IL2 upon TCR stimulation.  

However, it is not known whether Otub1 has the same immunoregulatory 

functions in vivo and whether there are physiological consequences of these 

functions. 

 Peripheral naïve T cells are normally kept in a state of quiescence but 

poised to rapidly respond to antigenic stimulation. As a result, their homeostasis 

is a tightly regulated process that is largely dictated by signals transduced by 

IL7Rα (CD127) and the T cell receptor (TCR) (Surh and Sprent 2008). A tonic 

level of signaling by these receptors is required for the normal homeostasis of T 

cells.  Disruption of either signaling pathway can lead to significant changes in 

the resting T cell population in a manner that predisposes the animal towards 

disease. These same signals also drive lymphopenia-induced homeostatic 

proliferation. As a result, this proliferation is used as a model to better understand 

the factors regulating normal T cell homeostasis (Ernst et al. 1999, Goldrath and 

Bevan 1999, Schluns et al. 2000). This model involves transferring naïve CD8+ T 

cells into a lymphopenic host which induces them to proliferate and upregulate 

CD44, generating cells that resemble memory cells. Interestingly, these memory 
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phenotype cells also exist in normal unimmunized mice and are theorized to be 

generated by a low level of homeostatic proliferation to self-ligands (Haluszczak 

et al. 2009, Sprent and Surh 2011). 

 Here, we identify a novel function of Otub1 to regulate T cell homeostasis 

in vivo. To determine the predominant in vivo function of Otub1, we created a 

mouse deficient in Otub1 and found it to be late embryonic lethal. However, 

Otub1-/- fetal liver chimera were viable and showed disrupted T cell homeostasis 

and an expanded proportion of memory phenotype CD8+ T cells. Moreover, 

Otub1-/- CD8+ T cells hyperrespond to homeostatic signals like TCR and IL7 in a 

cell-intrinsic manner. Together, we show Otub1 is a novel regulator of IL7 

signaling and can result in dysregulated T cell homeostasis in vivo. 

 

Results 

 

Otub1-deficient mice die during late embryonic development 

 Otub1 has structural similarities to other deubiquitinating enzymes that 

play essential roles in immune signaling (Lee et al. 2000, Hammer et al. 2011, Hu 

et al. 2013). To establish the physiologic role of Otub1 in an in vivo system, we 

created Otub1-deficient mice by targeting exons 4-7 (Figure 2.1a). The deleted 

region includes the entire catalytic triad of the OTU domain and also included any 

potential isoforms (Soares et al. 2004). Homologous recombination in embryonic 

stem cells was verified by Southern blot analysis and Otub1 protein was 
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Figure 2.1: Targeting strategy to generate Otub1 knockout mice. (a) Targeting 
design for Otub1 allele. (b) Southern blots on Xba1 digested DNA from targeted 
ES cells. (c) Western blot on primary MEFs cultured from Otub1+/+ and Otub1-/- 
embryonic day 14.5 fetuses. (d) Targeting design of the conditional Otub1 allele 
obtained from the International Knockout Mouse Consortium (IKMC)
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confirmed to be gone in cells isolated from Otub1-/- mice (Figure 2.1b,c). We did 

not find any live born Otub1-/- mice despite finding Otub1-/- mice at normal 

Mendelian ratios at embryonic day 14.5 (E14.5) (Figure 2.2a). This suggests that 

the lethality occurs between E14.5 and birth. Otub1+/- mice were born at expected 

frequencies and exhibited no apparent abnormalities. Initial histologic 

examinations of the Otub1-/- fetuses by H&E histology did not reveal any gross 

abnormalities (data not shown). Otub1-/- pups were born dead and looked slightly 

enlarged (Figure 2.2b). We then investigated whether strain specific differences 

contribute to embryonic lethality in Otub1-/- mice. The original knockout mice were 

generated on a B6 background. However, despite crossing the Otub1-/- mice to 

ICR and 129 mice strains, we were still did not find any live Otub1-/- mice (Figure 

2.2c).  

 

Otub1-deficient fetal liver chimera display an larger proportion of activated 

CD8+ T cells 

 Otub1 is expressed broadly, in all tissue types examined (Balakirev et al. 

2003, Soares et al. 2004). Moreover, Otub1 has been shown to regulate anergy 

in CD4 T cells but whether this its predominant in vivo function is not clear 

(Soares et al. 2004, Lin et al. 2009). To examine the role of Otub1 specifically in 

hematopoietic cells, we made fetal liver chimera by injecting Otub1-/- fetal liver 

cells into lethally irradiated congenic hosts. The fetal liver chimera were viable 
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Figure 2.2: Otub1-deficiency leads to late embryonical lethality (a) Number of 
live mice recovered on designated day as genotyped by PCR. (b) Sample photo 
of mice on day of birth (c) F2 generation from outcrossing Otub1+/- to either 129 
or ICR background strains. Number of live mice seen ~2weeks after birth as 
determined by PCR. (d) Otub1+/- mice on either a TNF or Rip3-deficient back-
ground were bred to each other.
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Rip3-/- 11 (28%) 26 (67%) 2* (5%) 39

Otub1+/+ Otub1+/- Otub1-/- Total
129 15 (30%) 34 (70%) 0 49
ICR 28 (38%) 45 (61%) 0 73
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suggesting the embryonic lethality is not related to the normal functioning of the 

hematopoietic compartment. 

Flow cytometric analysis of these chimera found an expanded proportion 

of CD8+CD44hi T cells isolated from both peripheral lymph nodes and spleens in 

Otub1-/- chimera as compared to wild-type chimera (Figure 2.3). Specifically, we 

saw more CD44hiCD62Lhi and CD44hiCD122hi CD8+ T cells in Otub1-/- chimera 

(Figure 2.3a,b). These cells resemble the immunophenotype of memory and 

central memory cells. We also observed a corresponding decrease in naïve 

CD62LhiCD44lo CD8+ T cells. This phenotype was progressive as aged mice 

showed a more exaggerated differences in these populations than younger mice 

(Figure 2.3c). Nevertheless, both young and old Otub1-/- chimera showed no 

splenomegaly or lymphadenopathy (data not shown).  

In addition to the expanded memory-phenotype CD8+ T cells, Otub1-/- 

chimera also had abnormalities in other cell populations. The CD4+ T cells also 

showed a mildly expanded population of CD44hiCD62Llo activated cells (Figure 

2.4a). Moreover, even within the naïve CD44loCD62Lhi population, there is a clear 

skewing towards higher CD44 expression in Otub1-/- chimera. Nevertheless, 

CD8+ T cells are favored as evidenced by a decreased CD4:CD8 ratio (Figure 

2.4b). This change likely occurred in the periphery as thymic populations were 

grossly normal in Otub1-/- chimera (Figure 2.4f). We also observed more 

CD44hiCD62Lhi and fewer CD44loCD62Lhi CD8+ cells in Otub1-/- chimera on an 

OT-I+ TCR transgenic Rag-/- background (data not shown). This suggests that 
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Figure 2.3: Otub1-/- hematopoietic cells have an expanded proportion of acti-
vated CD8+ T cells. E14.5 fetal livers from Otub1+/+ and Otub1-/- mice were 
injected into irradiated congenic recipients. (a-b) CD8+ donor lymphocytes 
isolated from peripheral lymph nodes or spleens of 6-week old chimera. Plots 
representative of >10 mice analyzed. (c) Summary plot of donor CD8+ spleno-
cytes from fetal liver chimera  6 weeks and 50 weeks after reconstitution. 
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Figure 2.4: Other Otub1-/- hematopoietic cell types display more subtle immuno-
phenotypic differences compared to Otub1+/+. Fetal liver chimera were generated 
as before. (a-d) Representative flow plots of donor congenic cells isolated from 
spleens or thymii of 6-10 week old chimera (a) Plot of CD4+ lymphocytes isolated 
from spleens (b) Ratio of CD4+ to CD8+ cells among lymphocytes isolated from 
spleens. (c) Proportion of CD4+CD25+Foxp3+ Tregs among lymphocytes 
isolated from spleens. (d-e) Plot of total donor splenocytes. (e) Plot of total donor 
thymocytes.
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the expanded memory phenotype population was not due to a failure of thymic 

selection in Otub1-/- chimera that led to an expansion of self-reacting T cells. It 

also suggests that the phenotype was not due to a selection of Otub1-/- CD8+ T 

cells that hyperrespond to environmental antigens more than wild-type.  

We also tested whether a decrease in regulatory T cells (Tregs) could 

account for the increase in T cell activation. Thus, we quantitated the number of 

Foxp3+CD4+CD25+ cells isolated from Otub1-/- chimera. However, we did not 

see any significant difference in the proportion of Tregs in Otub1-/- chimera 

(Figure 2.4c). We also observed that proportions of B cells were normal in Otub1-

/- chimera and Gr1+CD11b+ myeloid cells were only slightly expanded (Figure 

2.4d,e). 

 

Otub1-deficient fetal liver cells have a diminished capacity to reconstitute 

an irradiated host 

 As we saw an expanded proportion of memory-phenotype CD8+ T cells, 

we wanted to know whether there were a greater number of them as well. 

However, we observed that total cell numbers of various cell types, except CD8+ 

T cells, tended to be decreased in Otub1-/- chimera (Figure 2.5a). This led us to 

hypothesize that the initial reconstitution of lethally irradiated recipients with 

Otub1-/- fetal liver cells is somehow defective such that all reconstituted 

populations are decreased. To test this, we mixed congenically labeled Otub1+/+ 

and Otub1-/- fetal liver cells in 3:1 or 1:1 ratios and injected them into the same 
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Figure 2.5: Otub1-deficient fetal liver cells have a defective ability to reconsti-
tute. (a-b) Number of splenocytes isolated from fetal liver chimera. (c) Congenic 
Otub1+/+ and Otub1-/- fetal liver cells were mixed in a 1:3 (c) or 1:1 (d) ratio, 
respectively, and injected into a lethally irradiated recipient. Mice were then 
analyzed 6-8 weeks after irradiation.
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recipient in a competitive reconstitution assay. We found that with either 3:1 or 

1:1 mixture, Otub1-/- cells were outcompeted by Otub1+/+ cells (Figure 2.5b,c). 

Moreover, this was the case with all examined cell types, including those derived 

from both the common lymphoid progenitor and the common myeloid progenitor. 

Thus, reconstitution by Otub1-/- fetal liver cells is likely defective leading to 

decreased total cell numbers of several lineages in Otub1-/- chimera. 

 

CD8+ T cells that lack Otub1 show an increased proportion of activation 

cell surface markers in a cell-intrinsic manner 

Memory phenotype cells could be generated by an exaggerated cell-

extrinsic production of homeostatic cytokines or by a cell-intrinsic response to 

these signals (Sprent and Surh 2011). To determine whether the expanded 

proportion of memory phenotype cells was due to cell-intrinsic or cell-extrinsic 

loss of Otub1, we made mixed fetal liver chimera as in Figure 2.5 and analyzed 

Outb1+/+ and Otub1-/- CD8+ T cells isolated from the same mouse. Similar to the 

separate chimera, we found a greater proportion of Otub1-/- CD8+ T cells that 

were CD62LhiCD44hi in the mixed chimera (Figure 2.6a,b). This suggests that 

Otub1-deficiency in the CD8+ T cells themselves can result in activation. 

To further confirm this finding, we obtained a conditional Otub1 allele from 

the International Knockout Mouse Consortium (Figure 2.1d). We crossed this 

allele to a CD4-Cre background to specifically delete Otub1 in T cells. We found 

that Otub1FL/FL or Otub1FL/- CD4-Cre+ animals had more CD62LhiCD44hi CD8+ 
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Figure 2.6: Otub1-deficiency has a CD8 cell-intrinsic effect. Congenic Otub1+/+ 
and Otub1-/-  fetal livers were mixed in a 1:3 ratio, respectively, and injected into 
lethally irradiated mice. (a) Donor CD8+ cells were isolated from the lymph 
nodes of the same mouse and identified as Otub1+/+ or Otub1-/- based on their 
CD45 allele. Plot is representative of 7 mice from 3 different sets of fetal livers. 
(b) Summary plot of donor CD8+ splenocytes. (c) CD8+CD3+ cells were 
isolated from the spleens of 7-9 week old CD4-Cre+ Otub1FL/+ or Otub1FL/FL  
mice. (d) Number of lymphocytes isolated from the spleens of CD4-Cre+ 
Otub1FL/+ or Otub1FL/FL mice. 
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cells than controls, similar to our chimera (Figure 2.6c). Moreover, we found 

greater numbers of activated CD8+ cells and fewer naïve cells without any large 

changes in total CD4+ or CD8+ cell numbers (Figure 2.6d). This confirms our 

earlier finding that Otub1-deficiency has a cell-intrinsic effect to increase the 

amount of memory phenotype CD8+ T cells. It also supports our hypothesis that 

cell numbers were decreased in Otub1-/- chimera due to a defective 

reconstitution. 

 

The expanded proportion of activated Otub1-deficient CD8+ T cells persists 

in the absence of IL15 

The expanded population of memory-phenotype CD8+ cells seen in 

Otub1-/- mice is normally dependent on IL15 for survival (Kennedy et al. 2000). 

To test whether this population continues to be dependent on IL15 in the 

absence of Otub1, we made chimera deficient in both Otub1 and IL15. Despite 

the loss of memory phenotype cells in Otub1+/+IL15-/- chimera, we continued to 

see an expanded population of these cells in Otub1-/-IL15-/- chimera (Figure 2.7). 

This suggests that Otub1-deficiency can allow these cells to bypass their normal 

requirement for IL15.  

 

Otub1-deficient CD8+ T cells show an exaggerated proliferative response to 

homeostatic signals like TCR and IL7 stimulation 
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Figure 2.7: The expansion of Otub1-deficient memory phenotype cells is 
IL15 independent. Fetal liver cells from the labeled fetuses were injected 
into lethally irradiated congenic IL15-/- recipients. Donor CD8+ splenocytes 
were analyzed from 8 month old mice. 
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The generation of memory-phenotype cells in the absence of 

immunization is believed to involve homeostatic proliferation to self-ligands 

(Haluszczak et al. 2009). Therefore, we asked whether or not Otub1 could 

regulate homeostatic proliferation. A commonly used model to assay homeostatic 

proliferation is to transfer naïve CD8+ T cells into lymphopenic hosts (Surh 2008). 

Thus, we mixed Otub1+/+ and Otub1-/- naïve CD44lo CD8+ T cells and adoptively 

transferred them into sublethally irradiated recipients. We found that Otub1-/- cells 

both proliferated and upregulated expression of CD44 more than Otub1+/+ cells in 

a cell-intrinsic manner (Figure 2.8a). In addition, despite an initial drop on day 1, 

Otub1-/- cells outcompeted co-injected Otub1+/+ cells over time (Figure 2.8b). The 

reason for this initial drop is not understood but may be related to a separate 

Otub1 ability to regulate cell death (data not shown).  

Homeostatic proliferation is driven primarily by IL7 stimulation as well as a 

tonic level of TCR signaling (Sprent and Surh 2011). To determine whether 

Otub1 restricts these specific homeostatic signals, we assessed how Otub1-/- 

cells respond to IL7 and TCR stimulation in vitro. Since peripheral Otub1-/- T cells 

are largely activated at baseline, we used total thymocytes whose baseline 

activation status was more similar between Otub1+/+ and Otub1-/-. After 

stimulation with IL7, we found that Otub1-/- proliferated more and outcompeted 

co-cultured Otub1+/+ cells, despite an initial drop (Figure 2.8c,d). We also found a 

similar phenotype after stimulation with anti-CD3 antibodies (Figure 2.8e,f). 
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Together, these results suggest that Otub1 restricts both in vivo T cell 

homeostatic proliferation and in vitro responses to homeostatic signals.  

 

Otub1-deficient cells exhibit prolonged phospho-Stat5 responses to 

homeostatic cytokines 

After IL7 stimulation, IL7Rα transduces its signal through the JAK/STAT 

pathway leading to the phosphorylation of Stat5 (Rochman et al. 2009). 

Phospho-Stat5 then enters the nucleus and induces transcription of several 

survival and proliferation genes. Since our data suggests Otub1 can restrict 

homeostatic signals in a cell-intrinsic manner, we measured levels of phospho-

Stat5 downstream of IL7 stimulation. We first stimulated splenocytes with IL7 and 

measured phospho-Stat5 by flow cytometry in naïve cells that were electronically 

gated for CD44loCD8+. We found that phospho-Stat5 levels were enhanced in 

Otub1-/- cells, especially at late time points (Figure 2.9a). Cell size was not 

significantly different and Otub1+/+ and Otub1-/- cells showed similar staining with 

isotype controls (data not shown).  To further support this finding, we stimulated 

total thymocytes for 5 days and then measured phospho-Stat5 upon serum 

starvation. We again found enhanced phospho-Stat5 signaling in Otub1-/- cells 

(Figure 2.9b).  

It is possible that Otub1-deficiency triggered an early change in the 

development of these T cells that caused them to respond differently to IL7 

stimulation. For instance, despite sorting for CD44lo naive cells and using 

40



Figure 2.9: Otub1-deficient CD8+ T cells hyperrespond to homeostatic cytokine 
signals. (a) Splenocytes isolated from Otub1+/+ and Otub1-/- chimera were mixed 
and stimulated by 5ng/ml of IL7 in vitro for the indicated time points. The cells 
were then fixed, stained for phospho-Stat5 and congenic markers, and then 
analyzed by flow cytometry. Plot is of the phospho-Stat5 MFI on gated donor 
CD8+CD44lo cells and representative of 3 independent experiments. (b) Thymo-
cytes from Otub1+/+ and Otub1-/- chimera were stimulated in vitro for 5 days in 
the presence of 5ng/ml of IL7. Cells were then serum-starved for the indicated 
time points. Finally, the cells were fixed, stained for phospho-Stat5, and ana-
lyzed by flow cytometry. (c) CTLL2 cells were transduced with Otub1 or control 
shRNA. Cells were there serum-starved for the indicated times and phospho-
Stat5 signal was measured. (d) Western blot of the transduced CTLL2 cells. 
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thymocytes, Otub1-/- cells were already semi-activated before being stimulated as 

seen by a slight skewing in CD44 expression. To address this concern, we 

acutely knocked down Otub1 in the IL2-dependent cell line, CTLL2. IL2 is in the 

same family of γc cytokine family as IL7 and also signals through the 

phosphorylation of Stat5. After transducing CTLL2s with Otub1 or control shRNA, 

we serum-starved/IL2-starved the cells and measured levels of phospho-Stat5 by 

intracellular flow. Just as in IL7-stimulated ex vivo T cells, we observed a 

prolonged phospho-Stat5 response in Otub1-reduced cells (Figure 2.9c,d). 

Together, our data suggests Otub1 can restrict the phosphorylation of Stat5 

downstream of stimulation with IL7 and possibly other γc family cytokines.  

 

Discussion 

We targeted Otub1 for deletion in order to determine its in vivo physiologic 

significance. We found that Otub1-deficient mice are late embryonic lethal in a 

strain-independent manner. It is not clear why Otub1-/- mice are late embryonic 

lethal. However, given that Otub1-/- fetal liver chimera are viable and that the 

lethality is late embryonic, Otub1-/- mice are likely not dying from dysregulated 

lymphoid or myeloid cell activity.  

In our analysis, we found that Otub1-/- fetal liver chimera show a cell-

intrinsic increase in CD44hiCD62Lhi memory phenotype CD8+ T cells that occur 

in the absence of any overt stimulation. This phenotype was unexpected as 

Otub1 was not previously reported to have any function in regulating cytokine 
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signaling or CD8+ T cell homeostasis. However, a previous study did find that 

Otub1 could promote CD4 T cell activation by reducing levels of GRAIL (Soares 

et al. 2004). They also showed that overexpressing Otub1 caused CD4+ T cells 

to produce more IL2 after TCR stimulation in vitro. From this, it would be 

predicted that Otub1-deficient cells might hyporespond to TCR stimulation and 

make less IL2. Surprisngly, we observed the opposite effect in vivo in the context 

of homeostatic proliferation and also did not observe any effects of diminished 

IL2 production such as decreased levels of Tregs. In addition, GRAIL is 

described to specifically regulate anergic stimulation and GRAIL-deficient mice 

do not show any significant changes in memory phenotype CD8+ cells at 

baseline (Anandasabapathy et al. 2003, Nurieva et al. 2010). Assessing Otub1’s 

in vivo role in regulating T cell anergy will be an interesting line of investigation 

but was not directly interrogated in our study.   

Other than the expression of cell-surface markers, the memory phenotype 

cells expansion in Otub1-/- mice bear other similarities to those produced through 

IL7-driven homeostatic proliferation. We observed that while CD4 cells only 

exhibited a slight increase in CD44 expression, we saw a significantly more 

dramatic effect in CD8+ cells. This could be explained by the observation that 

naive CD8+ cells undergo significantly more homeostatic proliferation than naïve 

CD4+ cells (Ernst et al. 1999, Guimond et al. 2009). The reason for this is still 

being investigated but is possibly related to higher expression of lipid rafts in 

CD8+ T cells (Cho et al. 2010, Sprent and Surh 2011). It is also interesting to 
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note that the expanded population of Otub1-/- memory phenotype CD8+ T cells 

does not require IL15 for survival. However, high levels of IL7 or IL7Rα signaling 

can substitute for the absence of IL15. IL7 transgenic animals also display an 

expanded population of memory phenotype CD8+ T cells that are IL15-

independent (Kieper 2002).  

In addition, the memory phenotype CD8+ T cells we see expanded in 

Otub1-/- chimera also phenotypically resemble the innate CD8+ T cells that are 

expanded in Itk-/- mice (Atherly et al. 2006, Broussard et al. 2006). ITK is a Tec 

kinase that is required for full TCR activation and signal propagation. However, 

Itk-/- mice have a large population of memory phenotype CD8+ T cells at baseline 

which are driven by IL4 production from thymic NKT cells (Lee et al. 2011). Since 

the expansion of Otub1-/- cells is cell-intrinsic and we do not observe memory 

phenotype markers on thymic CD8+ cells, it is unlikely to be driven by the same 

mechanism as in Itk-/- knockouts. However, given that it’s also a common γ-chain 

receptor, it is possible that Otub1 could also restrict signals from the IL4 receptor 

in CD8+ T cells. 

We found that Otub1-/- cells undergo increased homeostatic proliferation 

and hyperrespond to IL7 stimulation in a cell-intrinsic manner. This is consistent 

with several reports of the in vivo phenotype of exaggerated IL7 signaling. IL7 

transgenic animals and mice deficient in SOCS1, a negative regulator of 

JAK/STAT signaling, both result in exaggerated homeostatic proliferation and an 

expanded population of CD8+ memory phenotype cells (Mertsching et al. 1995, 
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Marine et al. 1999, Kieper et al. 2002, Chong et al. 2003). Thus, we hypothesize 

that Otub1-deficiency causes exaggerated IL7 signaling which results in the 

spontaneous expansion of memory phenotype CD8+ T cells.  

How Otub1 might utilize its DUB function to restrict IL7 signaling is an 

interesting point of future investigation. SOCS1 restricts the phosphorylation of 

Stat5 and SOCS1-deficient T cells have many of the same phenotypes as Otub1-

deficient cells (Chong et al. 2003, Palmer and Restifo 2009). Since there is some 

evidence that SOCS1 protein can be modified post-translationally, it would be 

interesting to examine if Otub1 has an effect on SOCS1 stability (Chen et al. 

2002, Toniato et al. 2002). Another possibility by which Otub1 could act is 

through regulating the expression of IL7Rα on the surface of the T cell. IL7Rα is 

known to be internalized and trafficked to early endosomes and sorted for 

recycling or degradation (Henriques et al. 2010). As receptor downregulation is 

regulated in part by ubiquitination, future investigations can explore whether 

Otub1 has activity in the endosomal compartment to promote the recycling of 

IL7Rα to the surface (Komada 2008, Wright et al. 2011). 

Together, we have described for the first time the in vivo physiologic 

consequences of Otub1 deficiency. We determined that Otub1 can restrict the in 

vivo generation of memory phenotype cells and homeostatic proliferation in a 

cell-intrinsic manner. Moreover, we find that phospho-Stat5 responses to IL7 are 

prolonged, suggesting that Otub1 regulates proximal JAK/STAT signaling. There 

continues to be an increasing appreciation for the physiologic relevance and 
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usefulness of IL7 driven T cell homeostatic proliferation. IL7 is currently being 

studied as a therapeutic mechanism to promote T cell homeostasis in settings of 

immunodeficiency, such as irradiated cancer patients or AIDS patients (Takada 

and Jameson 2009). IL7-driven T cell homeostatic expansion is also theorized to 

contribute to several disease pathologies (Capitini et al. 2009). Understanding 

and identifying new regulators of IL7 and T cell homeostasis will undoubtedly 

prove useful in these endeavors.  

 

Materials and Methods 

 

Mice 

An Otub1 targeting vector was created where exons 4-7 were deleted by a 

Neomycin-resistance cassette. The targeting vector was transfected into 

C57BL/6 (B6) embryonic stem (ES) cells and successful homologous 

recombination was determined by Southern blot. Targeted ES cells were then 

injected into B6 blastocysts and implanted into surrogate females. Germ-line 

chimera were isolated to generate Otub1-/- animals on a B6 background.  

For the conditional Otub1 allele, embryos were purchased from the 

European Mouse Mutant Archive which were deposited there after being created 

by the European Conditional Mouse Mutagenesis Program as part of the 

International Knockout Mouse Consortium. Embryos were implanted into a 
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surrogate mother by the UCSF transgenic core. Mice were then crossed to 

Rosa26-Flpe mice to generate the conditional Otub1FL/+ allele.  

IL15-/- and Rosa26-Flpe animals were purchased from Jackson 

Laboratories. 129 and ICR mice strains were purchased from Taconic. All mice 

were housed in a pathogen-free facility and experiments were approved by the 

Institutional Animal Care and Use Committee of the University of California, San 

Francisco.  

 

Antibodies and reagents 

Antibodies against mouse CD122, CD44, CD62L, CD19, TCRβ, Gr1, 

CD11b, CD4, CD8, CD45.2, CD45.1, and phospho-Stat5 were purchased from 

BD. Antibodies against mouse Foxp3 and CD127 were purchased from 

eBioscience. Antibodies against mouse CD3 and CD28 used for stimulations 

were purchased from UCSF hybridoma core. Primary western blot antibodies 

were purchased from Sigma (Otub1), Abcam (Otub1), and Millipore (GAPDH). 

The cytokines IL7 and IL2 used for in vitro stimulations were purchased from 

Peprotech.  

 

Fetal liver chimera generation 

Otub1+/+ and Otub1+/- fetuses were isolated on embryonic day 14.5. Fetal 

livers were extracted, processed to a single cell suspension, and frozen in 40% 

Fetal calf serum/DMSO at -80°C and stored at LN2. After being thawed, the cells 
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from each fetal liver were injected into 3-5 congenically labeled lethally irradiated 

mice. Mice were then reconstituted for 6 weeks before analysis. 

 

Flow cytometry 

Cells were isolated from the lymph node, spleen, and thymus and 

processed for flow cytometry analysis as previously described (Hammer et al. 

2011). Briefly, lymphocytes were strained and red blood cells were lysed by ACK 

lysis buffer. Cells were then stained on ice before being analyzed on an LSR II 

(BD) or sorted with a MoFlo XDP (Coulter). Intracellular staining for phospho-

Stat5 was done after methanol permeabilization and staining for Foxp3 was done 

after saponin permeabilization. Results were then analyzed by FlowJo.  

 

CFSE labeling and in vivo adoptive transfers 

Lymphocytes from fetal liver chimera were isolated and stained as 

described above. Congenically labeled CD44loCD8+ cells were sorted by FACS, 

mixed with other genotypes in a 1:1 ratio, and labeled with 5uM CFSE (Sigma). 

After being washed, about 1-2 x 10e6 cells were adoptively transferred into 

sublethally irradiated congenic B6 mice. At each given time point, 2-3 mice were 

sacrificed and their spleens collected for analysis. 

 

In vitro stimulation 
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Thymocytes isolated from fetal liver chimera were mixed with other 

genotypes in a 1:1 ratio, and labeled with 3uM CFSE. Cells were then counted 

and plated 10e5 cells/well in a 96-well round bottom plate. For TCR stimulation, 

the plates were coated with 1μg/ml anti-CD3 overnight at 4°C before cells were 

added. For IL7 stimulation, cells were incubated with 2ng/ml of IL7. At the 

designated time point, cells were stained and analyzed by flow cytometry.  

 

Cell culture and shRNA transduction 

Mouse cytotoxic lymphocyte CTLL2s were purchased from ATCC and 

grown in complete RPMI supplemented with 20 U/ml of human recombinant IL2. 

To knockdown Otub1, shRNA constructs were purchased from Open Biosystems 

and packaged into 2nd generation lentiviral particles. CTLL2s were then infected 

and selected with puromycin before being used for experiments. 
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CHAPTER 3 

Otub1 restricts necroptosis and the formation of the necrosome 
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Introduction 

Programmed cell death plays an important physiologic role in the normal 

development and function of the immune system. In the setting of an infection, 

the logarithmic expansion of T cells must eventually be controlled by activating 

cell death programs. Until recently, apoptosis was the only known form of 

programmed cell death, defined as an orchestrated series of signaling events 

that culminates in the activation of caspases, whereas necrosis was thought to 

be a passive, unregulated form of cell death. Tumor necrosis factor (TNF) and 

Fas ligand (FasL) are two well-studied stimuli of cell death programs (Krammer et 

al. 2007, Han et al. 2011). Intriguingly, the prototypical member of the larger 

family of death receptors, TNF receptor 1 (TNFR1) can also promote survival in a 

target cell. How can the same ligand and receptor interaction trigger such 

opposing responses? Despite a significant body of work devoted to 

understanding the early molecular signaling events that underlie this question, 

few molecules involved in directing this important cell fate decision have been 

identified (Walczak 2011).  

TNFR1 can initiate the formation of one of two protein complexes that 

dictate survival or death (Micheau and Tschopp 2003, Han et al. 2011, Lu and 

Walsh 2012). Upon binding to TNF, TNFR1 can rapidly recruit to the membrane 

the adaptor protein TRADD, TRAF2, RIP1 kinase, and the E3 ligases c-IAP1/2. 

The assembly of this complex, known as complex I, leads to the ubiquitination of 

Rip1 and favors the activation of MAPK and NF-κB signaling pathways, resulting 
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in the transcription of pro-survival genes. Alternatively, TNFR1 can also be 

internalized to form the cytosolic complex II. This “death complex” consists of 

deubiquitinated Rip1, the adaptor protein FADD and TRADD, and caspase 8. 

Caspase 8 is activated upon auto-cleavage and then triggers a signaling cascade 

leading to apoptosis.  

Recently, the activation of TNF family death receptors has also been 

shown to trigger necrosis. This form of cell death appears to occur when caspase 

activity is low or insufficient, such as when caspase 8 is genetically deleted or its 

activity blocked by the pan-caspase inhibitor, ZVAD (Vercammen et al. 1998, 

Holler et al. 2000). In 2009, a series of articles established that this was a 

discrete form of programmed cell death resulting from a regulated signaling 

event, now referred to as “necroptosis” (Cho et al. 2009, He et al. 2009, Zhang et 

al. 2009). This form of cell death appears to be dependent on the recruitment of 

Rip3 to the Rip1-containing death complex II, forming the “necrosome,” or 

complex IIb.  

 Ubiquitination plays a central role in the assembly of signaling complexes 

after TNF stimulation, in which an E3 ligase covalently attaches ubiquitin 

molecules to a target substrate. This process is reversible as ubiquitin can also 

be removed from its substrate by the enzymatic activity of deubiquitinating 

enzymes. Multiple ubiquitin molecules can be linked, forming a chain that can 

have diverse biological effects. For example, chains of ubiquitin linked by their 

48th lysine (K48) target their cognate substrate for proteasomal degradation 
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whereas ubiquitin linked by their 63rd lysine (K63) can act as a scaffold to recruit 

signaling molecules (Vucic et al. 2011). 

 The ubiquitination of Rip1 is a critical branch point in TNF-induced death 

signaling and is believed to determine whether a cell lives or dies in response to 

TNF. c-IAP1 is an E3 ligase that restricts apoptosis by adding K63 ubiquitin 

linkages to Rip1, promoting the recruitment of proteins that transduce pro-

survival NF-κB and MAP kinase signals. On the other hand, Cylindromatosis 

(CYLD) is a deubiquitinating enzyme that promotes the formation of complex II 

and cell death by removing K63 ubiquitin from Rip1 (Bertrand et al. 2008, 

O'Donnell et al. 2011, O'Donnell and Ting 2012). Levels of c-IAP1 itself are tightly 

regulated and can determine the cell’s susceptibility to TNF-induced death. The 

release of the mitochondrial protein, second mitochondria-derived activator of 

caspases (Smac), promotes apoptosis through the disruption and degradation of 

c-IAP1 (Deng et al. 2003). In fact, chemical mimetics of Smac are promising anti-

cancer drugs that can promote cell death by exploiting this endogenous 

mechanism to degrade c-IAP1 (Varfolomeev et al. 2007, Vince et al. 2007, 

Bertrand et al. 2008, Wang et al. 2008). Smac and its mimetics trigger c-IAP1 to 

undergo K48 auto-ubiquitination, thus targeting itself for proteasomal 

degradation. 

 Otub1 is a deubiquitinating enzyme with a preference for cleaving K48 

linkages in vitro (Balakirev et al. 2003, Edelmann et al. 2009). We initially set out 

to elucidate the physiologic role of Otub1 by studying cells that lacked the 
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protein. We found that Otub1 is a novel regulator of apoptosis and necroptosis. 

Otub1 can restrict necroptosis in multiple mouse and human cell types, triggered 

by stimuli other than TNF. The exaggerated necroptosis in Otub1-deficient cells 

is dependent on Rip3. Strikingly, Otub1 restricts the formation of complexes IIa 

and IIb without significantly affecting NF-κB signaling from complex I. In addition, 

we find evidence that Otub1 stabilizes c-IAP1, thus restricting necroptosis. 

 

Results 

 

Otub1 identified as a potential regulator of cellular death signaling 

Based on our initial findings with the Otub1 knockout mouse, we also 

found several pieces of evidence that supported the idea that Otub1 could 

regulate cell death. For example, when mixed together, Otub1-/- cells always 

were outcompeted by Otub1+/+ cells in both in vivo adoptive transfer and in vitro 

stimulation assays (Figure 2.8).   

To see whether this deficit could be seen with an in vivo immunization 

model, we adoptively transferred Otub1-/- OT1+ cells into a wild-type recipient 

and then immunized that mouse with LPS plus Ovalbumin. We found that in this 

setting, fewer Otub1-/- cells were recovered at multiple time points before and 

shortly after immunization (Figure 3.1a). To directly measure whether Otub1-/- T 

cells undergo more cell death, we stimulated thymocytes on anti-CD3 coated 

plates and measured dead cells by staining with DAPI and Annexin V. We found 
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Figure 3.1: Otub1-deficient T cells die more after TCR stimulation. (a) Naive 
CD8+ OT1+ T cells from  Otub1+/+ and Otub1-/- chimera were mixed and injected 
into congenic recipients. The following day, the mice were immunized with 
20ug/mouse LPS + 2.5mg/mouse OVA i.p.. Each indicated day, 3 mice were 
sacrificed and their spleen analyzed for the amount of donor CD8+ T cells. (b) 
Thymocytes from  Otub1+/+ and Otub1-/- chimera mice were stimulated with the 
indicated stimulus for 14h before being stained and analyzed for DAPI and 
Annexin V.
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that Otub1-/- thymocytes die more than Otub1+/+ after TCR stimulation and that 

this is partially rescued by the addition of the caspase inhibitor, ZVAD (Figure 

3.1b). 

It should also be noted that Otub1 could likely regulate cell death in other 

cell types. In mixed fetal liver chimera, Otub1-/- cells were consistently and 

significantly outcompeted by co-injected Otub1+/+ cells (Figure 2.5). This 

reconstitution deficit occurred in virtually all examined hematopoietic cells and 

suggests that Otub1 could regulate cell death in undifferentiated cell types. 

 

Otub1 restricts TNF-induced apoptotic and necroptotic cell death 

 To further interrogate Otub1’s role in cell death, we decided to study its 

role using mouse embryonic fibroblasts (MEFs). TNF-induced cell death in MEFs 

is a well-studied system commonly used to dissect the specific death signaling 

pathway components (Lin et al. 2004, Vandenabeele et al. 2010, Han et al. 

2011). Thus, we isolated Otub1+/+ and Otub1-/- MEFs from E14.5 fetuses, 

immortalized them with SV40 large T antigen, and stimulated them with TNF with 

or without several inhibitors that are commonly used to induce cell death (Cho 

2009). We first stimulated the MEFs with TNF and cycloheximide (CHX), a 

protein synthesis inhibitor. The presence of CHX inhibits NF-κB pro-survival 

genes, including the endogenous caspase inhibitor, c-FLIP, and promotes the 

formation of complex II and apoptosis (Wang et al. 2008). Cell death was 

measured by release of lactate dehydrogenase (LDH) into the supernatant. We 
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found that when stimulated with TNF plus CHX, Otub1-/- MEFs release 

significantly more LDH than Otub1+/+ suggesting that they are dying in greater 

amounts at an earlier time (Figure 3.2a).  

In addition to seeing more apoptosis, we surprisingly found that the 

increased LDH release was not rescued by the caspase-inhibitor, ZVAD. Instead, 

the Otub1-/- cells continued to die more than Otub1+/+ by this TNF-induced, 

caspase-independent form of death, known as necroptosis. Moreover, upon the 

addition of the necroptosis inhibitor, necrostatin-1 (Nec-1), the death in Otub1-/- 

cells was rescued (Figure 3.2a) (Degterev et al. 2005). To further confirm that 

Otub1-/- cells were dying more in response to TNF rather than other reasons for 

increased LDH release, we also measured live cells by measuring ATP after cell 

lysis. With this assay, we observed that Otub1-/- cells had fewer live cells after 

necroptotic stimulation than Otub1+/+ cells (Figure 3.2b). This death was also 

inhibited by Nec-1 (Figure 3.2c). Due to the surprising result that Otub1 could 

restrict necroptosis, we decided to focus on understanding its role in this 

pathway. 

 It is possible that the two immortalized MEF cell lines developed differently 

such that the increased TNF-induced death in Otub1-/- cells is a result of an 

earlier developmental change or variability between the cell lines that was 

augmented upon immortalization. To test this possibility, we transfected specific 

siRNA molecules into wild-type MEFs to achieve a significant reduction in Otub1 

levels (Figure 3.4b). We found that cells in which Otub1 levels were acutely 
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Figure 3.2: Otub1-deficient MEFs are more sensitive to TNF-induced cell death. 
(a-b) SV40 immortalized MEFs were stimulated with TNF+cycloheximide (T+C), 
TNF+cyclohexamide+ZVAD (T+C+Z), or TNF+cyclohexamide+ZVAD+Nec1 
(T+C+Z+N). (a) After stimulation for 8 hours, lactate dehydrogenase (LDH) 
release was measured in the supernatant of stimulated wells. Measurements for 
each stimulated well were calculated as a percentage of total lysed cells. (b-c) 
MEFs were stimulated for each stimulated well for the indicated time points and 
total live cells were quantitated by Cell-titer Glo. Live cell measurements were 
then normalized by dividing the values for each stimulated well by its corre-
sponding unstimuated well for each genotype. Cells were stimulated in the 
absence (b) or presence (c) of Nec1.
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reduced died more after necroptotic stimulation than control knock down (Figure 

3.3a). Since Otub1’s amino acid sequence is completely conserved between 

human and mouse, we also asked whether Otub1 regulates TNF-induced 

necroptosis in human cells.  We chose the human colon cancer cell line, HT-29, 

as they have been frequently used in necroptosis assays (He et al. 2009, Sun et 

al. 2012). As we saw with MEFs, HT-29 cells where Otub1 was knocked down 

died more after necroptotic stimulation than control (Figure 3.3b). Moreover, this 

difference was seen despite only a partial knockdown of Otub1 protein (Figure 

3.3c) 

 Necroptosis can also be triggered by stimuli other than TNF. For example, 

several reports have described Rip3-dependent necroptosis in macrophages 

when stimulated by LPS and ZVAD (He et al. 2009, Zhang et al. 2009, McComb 

et al. 2012). Moreover, this necroptosis can occur even in cells that lack TNFR1 

and TNFR2. To test whether Otub1 broadly regulates necroptosis, we stimulated 

Otub1+/+ and Otub1-/- bone marrow derived macrophages (BMDMs) with LPS 

plus ZVAD. After stimulation, we found more death in Otub1-/- cells than Otub1+/+, 

supporting the idea that Otub1 can regulate necroptosis induced by stimuli other 

than TNF (Figure 3.3d).  

 

Otub1 restricts necroptosis in a Rip3-dependent manner 

 Since we found evidence that Otub1 could regulate necroptosis induced 

by both TNF and LPS, we looked at common steps in the signaling pathway 
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WT MEFs were transfected with control or mouse Otub1 siRNA and then stimu-
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grown from  Otub1+/+ and Otub1-/- chimera bone marrow were stimulated for 19h 
with LPS or LPS+ZVAD. 
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downstream of both stimuli. Previous reports have demonstrated that necroptosis 

triggered by various stimuli is dependent on the presence of Rip3 and its 

recruitment to the death complex with Rip1, thus forming the “necrosome” (Cho 

et al. 2009, He et al. 2009, Zhang et al. 2009, Tenev et al. 2011). This Rip3-

containing complex then activates downstream mediators to trigger necrosis such 

as prolonged Jnk signaling, mitochondrial ROS generation, or mitochondria 

fission (Sun et al. 2012, Wang et al. 2012, Zhao et al. 2012). To narrow down 

where Otub1 might be acting to restrict necroptosis, we asked whether Otub1-

deficient necroptosis is Rip3-dependent.  

 We first acutely knocked down Rip3 in Otub1-/- MEFs. We found that by 

decreasing levels of Rip3, the necroptosis induced in Otub1-/- MEFs was rescued 

to near wild-type levels (Figure 3.4a). Moreover, the amount Rip3 was reduced 

by siRNA transfection was modest, but appeared to have a more dramatic effect 

in Otub1-/- MEFs than Otub1+/+ MEFs (Figure 3.4b). We then bred Otub1-/- mice 

to a Rip3-/- background and isolated MEFs in the same manner as in Figure 3.2. 

We found that necroptosis in both Otub1+/+ and Otub1-/- MEFs was rescued on a 

Rip3-/- background (Figure 3.4c). This data suggests necroptosis in Otub1-

deficient cells is dependent on Rip3. Thus, Otub1 likely targets the necroptotic 

death signaling pathway at, or upstream of Rip3.  

 Caspase 8 and FADD knockout mice are both embryonic lethal and 

several reports have shown that this lethality can be completely rescued on a 

Rip3-/- background (Kaiser et al. 2011, Oberst et al. 2011, Zhang et al. 2011). 
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Figure 3.4: Exaggerated necroptosis in Otub1-deficient cells is Rip3-dependent. 
(a)  Otub1+/+ and Otub1-/- MEFs were transfected with control or Rip3 siRNA. 
Cells were then stimulated with T+C+Z for 4h and amount of live cells was 
measured by ATP and normalized to unstimulated cells. (b) Western blot of 
siRNA-transfected  Otub1+/+ and Otub1-/- MEFs (c)  Otub1+/+ and Otub1-/- MEFs 
on either a  Rip3+/+ and Rip3-/- background were stimulated with T+C+Z for 5h 
and the proportion of live cells were determined as above.
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Since our data suggests Otub1-/- cells undergo more Rip3-dependent 

necroptosis, we asked whether or not the embryonic lethality in Otub1-/- mice was 

also dependent on TNF or Rip3. To address this question, we crossed Otub1-/- to 

either a TNF-/- or a Rip3-/- background. However, we did not recover any live 

Otub1-/- pups on either genetic background that survived past a day after birth 

(Figure 2.2d). This suggests that the Otub1-/- embryonic lethality is not primarily 

caused by a TNF-dependent or Rip3-dependent mechanism. 

 

Otub1-deficiency leads to an increased formation of the necroptotic death 

complex 

 We have so far shown evidence that Otub1-regulated necroptosis is Rip3-

dependent and can be triggered by multiple stimuli. As a result, we hypothesized 

that Otub1 regulates the formation of the necrosome, which is common to all 

forms of necroptosis and dependent on Rip3. In apoptosis, the active death 

complex consists of Rip1, FADD, and cleaved caspase 8 (Wang et al. 2008, Han 

et al. 2011). When caspase activity is inhibited, Rip3 gets recruited to the 

complex. (Cho et al. 2009, He et al. 2009). To see if the formation of the 

necrosome is dysregulated in Otub1-/- cells, we performed an 

immunoprecipitation with an antibody specific for cleaved caspase 8 to look 

specifically at the active death complex. This immunoprecipitation showed more 

recruitment of Rip1 and Rip3 to the complex in Otub1-/- cells as compared to 

Otub1+/+ (Figure 3.5a). However, there was also more cleaved caspase 8 in 
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Figure 3.5: Otub1 restricts the formation of the necrosome. (a-b) Otub1+/+ and 
Otub1-/- MEFs were stimulated with T+C+Z. Cells were then lysed and immuno-
precipitated with antibodies to either cleaved caspase 8 or Rip1. (c) Otub1+/+ and 
Otub1-/- MEFs were stimulated with TNF alone.
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knockout cells and the increased recruitment could be explained by more protein 

being pulled down. To address this, we also performed an immunoprecipitation 

with Rip1. Rip1 is an abundant protein where only a small fraction is found in the 

active death complex. As a result, the amount pulled down in both Otub1+/+ and 

Otub1-/- cells was relatively even. Despite equivalent amounts of protein being 

pulled down, we continued to see more Rip3 and cleaved caspase 8 recruitment 

(Figure 3.5b). Together, these immunoprecipitations suggest an overall increase 

in necrosome formation in Otub1-/- cells. We also noted in both Rip1 and cleaved 

caspase 8 immunoprecipitations, an increased amount of modified Rip3 is 

recruited to the necrosome in Otub1-/- cells. In other work in the lab, we have 

found evidence that supports the idea that this modification could be 

ubiquitination (unpublished observations). 

 To address whether or not Otub1 might directly act on the proteins in the 

necrosome, we looked for the presence of Otub1 in the necrosome. 

Coincidentally, as part of a separate attempt to identify novel components of the 

necrosome, our lab, in collaboration with Dr. Al Burlingame’s lab, performed an 

unbiased screen using mass spectrometry. We stimulated mouse embryonic 

fibroblasts (MEFs) with necroptosis stimulation and immunoprecipitated Rip1, 

Rip3, and cleaved caspase 8. One molecule that was identified in this screen 

was Otub1 (Lu et al., personal communication). To confirm this finding that Otub1 

might directly act on the proteins in the necrosome, we looked for the presence of 

Otub1 in the active complex using immunoprecipitation. In both cleaved caspase 
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8 and Rip1 immunoprecipitations, we found Otub1 associated with the 

necrosome (Figure 3.5a,b). Moreover, as seen by the Rip1 immunoprecipitation, 

its association was constitutive and not induced at the examined time points.  

 TNF stimulation can trigger both survival signals through NF-κB or death 

signals through caspase 8 recruitment and activation (Wang et al. 2008). To test 

if generalized responses to TNF were elevated, we measured NF-κB responses 

after TNF stimulation and found that levels in Otub1-/- MEFs were not significantly 

increased (Figure 3.5c). Thus, it is unlikely that Otub1 regulates necroptosis by 

restricting all TNF-dependent responses. 

 

Otub1 regulates the level of c-IAP1 after TNF death stimulation 

Since Otub1-/- MEFs showed increased necrosome formation, we looked 

upstream at molecules that direct the initial induction of this death complex. c-

IAP1 and c-IAP2 are E3 ubiquitin ligases that ubiquitinate Rip1 upon stimulation 

and promote the pro-survival NF-κB complex I over the pro-apoptotic complex II 

(Varfolomeev et al. 2007, Bertrand et al. 2008, Wang et al. 2008, O'Donnell and 

Ting 2012). c-IAP1 is recruited to the TNFR complex after stimulation and diverts 

Rip1 away from complexing with Rip3 and caspase 8. Thus, we examined levels 

of c-IAP1 upon necroptotic stimulation in Otub1-/- MEFs. After necroptotic 

stimulation, we observed a decrease in c-IAP1 levels in both Otub1+/+ and Otub1-

/- MEFs (Figure 3.6). However, we saw even lower levels of c-IAP1 in Otub1-/- 

MEFs relative to wild-type. Having lower levels of c-IAP1 could explain an 
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increased induction of TNF-induced formation of the necrosome and more TNF-

induced necroptosis.  

 

Discussion 

Ubiquitination is emerging as a central mechanism employed by numerous 

signaling pathways, including cell death. Both E3 ligases and deubiquitinating 

enzymes specifically target molecules in these pathways and serve as critical 

points of regulation. However, which enzymes are involved in regulating cell 

death, specifically the newly characterized necroptosis, is only beginning to be 

understood. Here, we identify the deubiquitinating enzyme, Otub1, as a regulator 

of necroptosis. Initially identified in an unbiased mass spectrometry screen and 

later confirmed in co-immunoprecipitations, Otub1 was found to be constitutively 

associated with the Rip1-containing complex and significantly restricts the 

formation of the necrosome. We also found that Otub1 restricts TNF and LPS-

induced necroptosis in MEFs, BMDMs, and the human colonic epithelial cell line, 

HT-29 in a Rip3-dependent manner.  

One mechanism by which Otub1 could regulate necrosome formation is by 

regulating c-IAP1 stability. We found significantly decreased levels of c-IAP1 in 

Otub1-/- MEFs. This could then lead to less Rip1 ubiquitination, thus favoring the 

formation of complex II. We should note, however, that we observe little to no 

difference in levels of NF-κB signaling after acute TNF stimulation. This is likely 

because c-IAP1 levels are similar between Otub1+/+ and Otub1-/- cells at 
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baseline. Only after a few hours of necroptotic stimulation is the difference in c-

IAP1 levels observed. 

In a recent study, Goncharov et al. also found that Otub1 could specifically 

remove K48 linkages from c-IAP1 after TWEAK stimulation (Goncharov et al. 

2013). As a result, Otub1 stabilizes c-IAP1, promoting its anti-apoptotic 

ubiquitination of Rip1, and protecting cells against apoptosis. Similarly, after 

Otub1 knockdown, cells undergo more apoptosis. However, this apoptosis was 

rescued in the presence of ZVAD. Our data suggest that Otub1-deficiency can 

cause exaggerated death even in the presence of ZVAD. This is most likely due 

to differences in the model cell line used as not all cells contain Rip3 and are 

susceptible to necroptosis (He et al. 2009). Goncharov et al. used the human 

fibrosarcoma cell, HT-1080, which unlike MEFs and HT-29 cells that were used 

in our experiments, might undergo only apoptosis rather than necroptosis (Tenev 

et al. 2011). 

 Otub1’s canonical function as a deubiquitinating enzyme is to cleave K48 

ubiquitin linkages using its catalytic cysteine (Balakirev et al. 2003, Edelmann et 

al. 2009). However, Otub1 also has a non-canonical ability to block the formation 

of K63 linkages by inhibiting the activity of specific E2 enzymes (Nakada et al. 

2010, Wiener et al. 2012). Given our results and that of Goncharov et al. on 

Otub1 and c-IAP1, we hypothesize that Otub1 restricts necroptosis through its 

canonical ability to cleave K48 linkages. However, this does not exclude the 

possibility that Otub1 might also restrict necroptosis by blocking the formation of 
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K63 linkages on other substrates involved in necrosome formation. In fact, Otub1 

has been described to restrict virus-induced type I interferon production by 

reducing ubiquitination on TRAF3 and TRAF6 (Li et al. 2010). Furthermore, c-

IAP1 has been shown to promote this same virus-induced type I interferon 

production by ligating K63 linkages to TRAF3 and TRAF6 (Mao et al. 2010). 

Therefore, it’s possible that Otub1 could restrict the ability of c-IAP1 to ligate K63 

linkages to certain substrates in the necrosome and deserves further 

investigation. To this end, we observe not only more Rip3 recruited to the death 

complex, but this Rip3 also exhibits an increased banding pattern indicative of 

polyubiquitination (Figure 3.5). Indeed, this observation has been reported 

elsewhere as well (Cho et al. 2009). Thus, it is possible that K63 linkages on 

Rip3 are important for necrosome formation and Otub1 can restrict necroptosis 

by restricting the ligation of these linkages.  

 The Rip1/Rip3/Caspase 8-containing complex along with c-IAP1 are also 

involved in processes other than cell death such as inflammasome activation 

(Vince et al. 2012, Kang et al. 2013). Classically, active IL-1β is produced in a 

two step process. It’s initially induced by TLR signals like LPS. Then, upon 

receiving “danger signals” such as ATP, the multimeric protein complex, the 

inflammasome, is activated to process and release IL-1β in its active form. 

However, in the presence of Smac mimetics, BMDMs will produce fully active IL-

1β after LPS induction alone. Furthermore, this is completely dependent on the 

formation of the Rip1/Rip3/Caspase 8 containing complex (Vince et al. 2012).  
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Given our results that Otub1 can regulate Rip3-dependent necroptosis in multiple 

cell types including BMDMs, it is possible that Otub1 can also regulate 

inflammasome processing of active IL-1β.  

 Together, our data show that Otub1 can restrict necroptosis by regulating 

the formation of the Rip3-containing necrosome. By reducing levels of Otub1, we 

find that cells are more prone to both apoptotic and necroptotic death. This 

finding is important for not only our understanding of the molecular nature of 

necroptosis, but also has important implications for sensitizing cells to die as a 

therapeutic strategy.  

 

Materials and Methods 

 

Mice 

Mice were housed in a pathogen-free facility and experiments were 

approved by the Institutional Animal Care and Use Committee of the University of 

California, San Francisco. Otub1-/- mice and fetal liver chimera were generated 

as previously described. Rip3-/- mice were a gift from the Astar Winoto lab. TNF-/- 

mice were purchased from Jackson laboratories.  

 

Cell culture 

Human colon cancer cells, HT-29, were purchased from ATCC. MEFs 

were isolated from Otub1+/+, Otub1-/-, Rip3-/-, and Otub1-/- Rip3-/- mice as 
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previously described (Oshima et al. 2008). In brief, E14.5 fetuses were isolated, 

fetal livers were removed, and the remaining tissue was treated with 0.25% 

Trypsin/0.9mM EDTA. Cells were then passaged in 15cm plates for 6-8 

generations before being immortalized by transfecting with SV40 Large T-

Antigen. Cells were then grown for 2 weeks to establish a stable immortalized 

population before being used for experiments. All cells were grown in complete 

Dulbecco’s Modified Eagle Medium (c-DMEM) supplemented with 10% fetal calf 

serum (Atlanta), L-glutamine (2mM) and penicillin-streptomycin (1000U/ml). 

BMDMs were derived from bone marrow of Otub1+/+ and Otub1-/- fetal liver 

chimera and grown for in 7-10 days in c-DMEM supplemented with M-CSF 

containing supernatant from cultured CMG14-12 cells. 

 

Reagents 

The following antibodies were used for western blotting or 

immunoprecipitation: Rip1 (Cell Signaling), Rip3 (Prosci), mouse-specific cleaved 

caspase 8 (Cell Signaling), Otub1 (Sigma, Abcam), GAPDH (Millipore), phospho-

Iκbα (Cell Signaling), Iκbα (Cell Signaling), c-IAP1 (Enzo). z-VAD was obtained 

from Alexis Biochemicals. LPS, Ovalbumin, Cycloheximide and DAPI were 

obtained from Sigma. APC-conjugated Annexin V was obtained from BD. Mouse 

TNF was obtained from R&D. Necrostatin-1 was purchased from EMD.  

 

siRNA transfection 
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Mouse Otub1 (L-046308-00-0005) and mouse Rip3 (L-049919-00-0005) 

siRNAs were from Thermo OnTargetplus smartpool. Control non-targeting 

siRNAs were also from Thermo (thermo D-001810-10-05). An individual siRNA 

against human Otub1 was purchased from Thermo (D-021061-02-0005). 2 x 

10e5 cells/well of MEFs or 7.5 x 10e5 cells/well of HT-29s were grown in 6-well 

plates overnight at 37°C. 100pmol/well of siRNA oligos were transfected via 

25ul/well of Lipofectamine 2000 (Invitrogen). Cells were then grown for another 2 

days before being stimulated and used for experiments.  

 

Cell death assay 

1-5 x 10e4 cells/well were plated onto white 96-well plates in triplicate 

overnight at 37°C. The media was then replaced with 100ul/well of media with the 

indicated reagents and stimulated for various times. Live cell number was then 

measured by Cell-titer Glo Luminscent Cell Viability Assay Kit (Promega) as per 

manufacturer’s instructions. In short, 100ul/well of reconstituted reagent was 

added and incubated for 5 minutes before being luminescence was read on a 

plate reader. These values were then normalized for each genotype by dividing 

the values from stimulated wells by the average of the unstimulated wells. 

Alternatively, LDH release was measured using the Cytotoxicity Detection 

Kit (Roche). Cells were plated at 5 x 10e4 cells/well and stimulated in triplicate as 

above. 50-100μl of supernatant was collected and transferred to a separate plate 

where an equal volume of pre-mixed reagent was added. The plate was then 
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incubated at 37°C for 20 minutes and 492nm absorbance was measured. A 

positive control for maximum LDH release was also included for each genotype 

by completely lysing a well of unstimulated cells with 1% NP40. Percent LDH 

release was then calculated by subtracting out the background measurement and 

dividing this by the maximum LDH release for each genotype. 

 

Western blot and immunoprecipitation 

1-2 confluent 15cm plates of MEFs were stimulated and lysed with 500μl 

of 1% NP-40 lysis buffer (20mM Tris-HCl pH7.4, 150mM NaCl, 10% glycerol, 

EDTA-free protease inhibitor (Roche), 2mM NaV, 2mM β-glycerophosphate, 

0.5mM NaVO3). 35μl of the clarified lysate was taken for pre-IP. The remaining 

lysate was then immunoprecipitated with the indicated antibodies overnight at 

4°C. Dynabeads magnetic protein G beads (Invitrogen) were incubated with the 

lysate for 1 hour at room temperature, washed four times with lysis buffer, and 

bound proteins were eluted with Lithium dodecyl sulfate (LDS) sample buffer 

(Invitrogen) plus DTT. Protein concentrations were normalized by BCA (Thermo) 

and lysates were run on 4-12% Bis-Tris NuPage gels (Invitrogen) and transferred 

to PVDF membranes (Millipore). Membranes were blocked in 5% non-fat dry 

milk/TBS-T and incubated overnight at 4°C with primary antibody diluted in 5% 

BSA/TBS-T. Membranes were then incubated with HRP-conjugated secondary 

antibodies diluted in 5% milk for 1 hour at room temperature, washed, and 

developed with ECL (Thermo).  
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In vivo immunization 

CD44lo CD8+ donor cells were FACS-sorted from congenic Otub1+/+ and 

Otub1-/- OT1+ fetal liver chimera. Congenically-labeled Otub1+/+ and Otub1-/- cells 

were mixed and about 1e6 cells/mouse were injected i.v. into wild-type recipients. 

The next day, mice were immunized i.p. with 2.5mg of ovalbumin and 20μg LPS 

per mouse. Mice were then sacrificed or bled on the indicated days and number 

of donor cells determined by congenic CD45 markers. 
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CHAPTER 4 

Discussion and Future Directions 
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Ubiquitination has long been known to play a critical role in regulating the 

immune response. Several key E3 ligases and DUBs have critical roles in various 

signaling pathways, deficiency in which causes physiologically significant 

outcomes. For the first time, we developed and characterized Otub1-/- mice and 

found it played important roles in regulating T cell homeostasis and programmed 

cell death. Our findings, however, are only the beginning. While we’ve provided 

evidence to establish Otub1 as a physiologically important molecule, our results 

also open up a field of interesting research questions that future projects can 

address.  

 

Otub1 regulates T cell homeostasis and restricts responses to homeostatic 

signals 

 

Does Otub1 also regulate TCR signaling? 

We show that Otub1-/- chimera exhibit dysregulated T cell homeostasis. 

We also show that Otub1-/- cells can hyperrespond to homeostatic signals, 

including TCR stimulation in vitro. While we then showed that Otub1 could restrict 

IL7 signaling, it does not exclude the possibility that TCR signaling could also be 

perturbed in Otub1-/- cells. In addition to IL7, homeostatic proliferation is also 

influenced by the strength of TCR signaling in CD8+ T cells (Sprent and Surh 

2011). The ability of TCR transgenic strains to homeostatically proliferate is 
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tightly correlated with the strength of its self-pMHC interactions (Ernst et al. 1999, 

Kieper et al. 2004). To this end, a couple of putative regulators of TCR signaling 

have been shown to regulate homeostatic proliferation and lead to disrupted 

homeostasis (Krieg et al. 2007, Posevitz et al. 2008). Thus, it would be 

interesting to determine whether Otub1 has a specific role in regulating TCR 

signaling and if so, how does it do it. 

 

Can Otub1 regulate the expression of cell surface receptors? 

One common way a cell can control signaling responses is by controlling 

the expression of the receptor on the surface of the cell. Receptors to growth 

factors can be internalized and transported to endosomes where they can be 

sorted for either recycling back to the surface or tagged for degradation by 

lysosomes or proteasomes. Modification of receptor cargo by ubiqutination is a 

key step in this sorting (Hicke 1999, Strous and Govers 1999). At steady state, 

IL7Rα is slowly internalized and recycled whereas upon stimulation with IL7, the 

receptor is rapidly endocytosed and degraded by lysosomes and proteasomes 

(Henriques et al. 2010). IL15Rβ is also internalized, even at steady state, and 

has been shown to be ubiquitinated and degraded (Rocca et al. 2001). E3 

ligases and DUBs have been found to regulate the downregulation of other 

receptors but not specifically IL7Rα or IL15Rβ (McCullough et al. 2004, Wright et 

al. 2011). Thus, future investigations could examine whether Otub1 has a role in 

regulating the internalization/recycling/degradation of IL7Rα or IL15Rβ.  
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Otub1 and the generation of true memory cells 

True memory cells are generated by an immune response to an infection 

and are characterized by their ability to rapidly respond to a second infection. In 

our initial investigation, we focused on the homeostasis of memory phenotype 

cells which exist in the absence of overt stimulation. However, Otub1 could also 

play a significant role in regulating the generation of memory cells following an 

infection. While the expression of IL7Rα is an early marker for which cells will 

become memory cells, IL7 itself is not believed to play a role in the differentiation 

of memory cells (Kaech et al. 2003, Sun et al. 2006, Williams and Bevan 2007). 

However, IL2 signaling is known to play a central role in the memory cell 

specification. Low IL2R signaling leads to low phospho-Stat5 which favors the 

generation of memory cells while high IL2R signaling favors effector cells (Kalia 

et al. 2010, Pipkin et al. 2010). Thus, Otub1 might play a role in the differentiation 

of memory cells. However, this effect may be complicated by Otub1’s role in 

regulating death signaling and will likely require further investigation. 

 

Otub1 function in other cell types 

We recently obtained a conditional allele of Otub1. This will allow us and 

other groups to study the function of Otub1 in specific cell types. We have 

already validated our T cell phenotype by specifically deleting Otub1 in T cells 

after crossing the Otub1FL/FL allele to a CD4-Cre background. We chose to focus 

on CD8+ memory-phenotype cells as they were dramatically different at baseline. 
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However, Otub1 likely plays important roles in other cell types which can be more 

easily interrogated using this conditional knockout allele. For example, IL7 plays 

a critical role in B cell development, maturation, and survival (Corfe and Paige 

2012). While peripheral B cell proportions were grossly normal, more precise 

analyses using CD19-Cre animals would likely uncover important roles for Otub1 

in B cell development or function.  

Also, we focused on Otub1’s cell-intrinsic role in regulating T cells. 

However, Otub1 likely has a cell-extrinsic regulatory role and can affect the 

functioning of dendritic cells. Our early analysis of BMDCs shows that Otub1 can 

regulate LPS-induced cytokine production (data not shown). Whether or not this 

has any physiologic consequences could be determined by deleting Otub1 

specifically in dendritic cells using CD11c-Cre. 

Finally, there is the question of the late embryonic lethality in Otub1-/- mice. 

We found that Otub1-/- mice died sometime between embryonic day 14.5 and 

birth. However, it is still not clear why they died and could potentially be a very 

interesting study. Since fetal liver chimera were viable, we reasoned that the 

lethality was probably not triggered by hematopoietic cells. The conditional Otub1 

allele could be an important tool to determining which cell types are involved in 

the lethality and when.  For example, future work could focus on acutely deleting 

Otub1 in vivo by crossing the Otub1FL/FL allele to an ER-Cre background. This 

could address whether or not Otub1 might have an effect in adult cells that could 
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lead to lethality, thus directing future work towards relevant cell types and/or 

pathways. 

 

Otub1-regulated necroptosis and necrosome formation 

 

The results presented in Chapter 3 clearly suggest that Otub1 plays a critical role 

in necroptosis and the formation of the necrosome. Future projects can build off 

the presented results to explore alternative mechanisms of Otub1’s function in 

this pathway as well as broadening the findings to other cellular events. 

 

Structure-function analysis of Otub1 

 As outlined in chapter 1, Otub1 has several predicted structural features 

but little is known about their physiologic relevance. One future direction is to 

elucidate the functional relevance of different parts of Otub1 as it relates to 

necroptosis. Otub1 consists mostly of an OTU domain whose catalytic function 

depends on the 91st cysteine (Balakirev et al. 2003, Edelmann et al. 2009). In 

addition, several other amino acids have been described as critical for Otub1’s 

ability to interact with and inhibit E2s (Nakada et al. 2010, Sato et al. 2012, Sun 

et al. 2012, Wiener et al. 2012). By determining which amino acids are critical for 

Otub1’s function in necroptosis, we can better understand how Otub1 works. 
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Is Otub1-regulated necroptosis completely dependent on its ability to 

stabilize c-IAP1? 

We observe a decrease in c-IAP1 levels in Otub1-/- MEFs that could 

explain an increased sensitivity towards necroptosis. This finding is consistent 

with the recent study by Goncharov et al. who reported Otub1’s ability to stabilize 

c-IAP1 after TWEAK-induced apoptosis (Goncharov et al. 2013). Future 

experiments could explore whether this is the only mechanism underlying 

Otub1’s ability to restrict necroptosis. For example, it is possible that Otub1 can 

regulate necroptosis independently of c-IAP1. Future investigations could 

interrogate necroptosis independently of c-IAP1 by examining necroptosis 

stimulated by Fas ligand (FasL) instead of TNF plus CHX. Fas mediated 

necroptosis does not induce pro-survival complex I formation or NF-κB signaling. 

Also Smac mimetics and c-IAP1 knockdown have little effect on Fas-mediated 

death suggesting c-IAP1 is not required (Vanlangenakker et al. 2011). Thus, it 

would be interesting to see whether Otub1 could also regulate Fas-mediated 

necroptosis. This finding could then be supported by knocking down c-IAP1 and 

see if Otub1-/- MEFs continue to die more than wild-type. If Otub1-/-‘s phenotype is 

dependent on Otub1’s ability to regulate c-IAP1, then this knockdown would 

normalize differences, similar to Rip3 knockdown in Figure 3.4a.  

 

Additional mechanisms by which Otub1 can regulate necroptosis 
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 Despite Otub1’s proposed mechanism by stabilizing c-IAP1, we cannot 

exclude the possibility that Otub1 regulates other factors that can control the 

formation of the necrosome (Figure 4.1). One promising target is Rip3 itself. As 

previously mentioned, we observed a laddering pattern on western blot that 

suggests increased ubiquitination on Rip3 in Otub1-/- MEFs (Figure 3.5b). This 

ubiquitination was also reported elsewhere (Cho et al. 2009). Moreover, recent 

data from our lab have suggested that Rip3 can be ligated with K63 linkages and 

that this ubiquitination s important for Rip3’s incorporation into the necrosome 

(Onizawa et al. personal communication). Since Otub1 is also known to regulate 

the formation of K63 linkages on certain substrates through its non-canonical 

ability to inhibit E2s, we hypothesize that Otub1 can also regulate necrosome 

formation through its ability to prevent K63 chain formation on Rip3. 

 We can test this hypothesis by first examining the ubiquitination pattern on 

Rip3 in Otub1-/- cells. We have already tried immunoprecipitating using our 

current Rip3 antibody with limited success. Instead, future experiments can try 

immunoprecipitating using a K63-specific ubiquitin antibody and subsequently 

blotting with Rip3. Recent experiments in our lab have had some success with 

this approach showing an induction of K63 ubiquitinated Rip3 (unpublished 

observations). These experiments could then be followed up by in vitro 

ubiquitination assays. Others in the lab have shown that Rip3 could be 

ubiquitinated in vitro by c-IAP1 (Lu et al. personal communication). Thus, we 

could use recombinant Otub1 in a cell-free in vitro reaction to see if it can inhibit 
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Figure 4.1: Possible mechanisms by which Otub1 can restrict the formation of 
the necrosome
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the K63 ubiquitination of Rip3. Moreover, if Otub1 can inhibit this ubiquitination, 

we can test to see if this ability is dependent on the catalytic triad previously 

reported as critical for its non-canonical function. 

 In addition to Rip3, other Otub1 targets might exist that affect necrosome 

formation. A technology that has been used in the lab can identify ubiquitinated 

peptides in an unbiased manner by mass spectrometry. This is done by using an 

antibody specific to a Gly-Gly epitope that is produced when a ubiquitinated 

substrate is cleaved by Trypsin digestion. Thus, this antibody can theoretically be 

used to immunoprecipitate all ubiquitinated substrates in a cell. This approach 

not only can tell you which substrates are ubiquitinated, but also where on the 

substrate the ubiquitin is located. The ubiquitination site can then be mutated to 

assess the physiologic importance of that site. This approach can be used to 

compare the ubiquitinated peptides in Otub1-/- versus Otub1+/+ cells after 

necroptotic stimulation. We would most likely be interested in substrates and 

ubiquitination sites that are elevated in Otub1-/- cells, induced upon necroptotic 

stimulation, and have previously been implicated in cell death signaling 

pathways.  

 Others in the lab have used this approach and have identified novel 

ubiquitination sites on caspase 8 in the context of a knockout of another ubiquitin 

editing enzyme. If a similar ubiquitination difference was found in Otub1-/- cells, it 

could fit with our and others previous observations, at least regarding apoptosis. 

Other reports have already shown that caspase 8 ubiquitination is necessary for 
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proper assembly and signal propagation in apoptosis (Jin et al. 2009, Gonzalvez 

et al. 2012). Caspase 8 is also known to cleave c-IAP1 (Herrera et al. 2002, 

Guicciardi et al. 2011). Moreover, we observe increased apoptosis in Otub1-/- 

cells and also see decreased levels of c-IAP1 after apoptotic stimulation (Figure 

3.2, data not shown). Thus, Otub1 could restrict apoptosis by preventing the 

ubiquitination of caspase 8, leading to less caspase signaling, less c-IAP1 

cleavage, and less apoptosis. It should also be noted that dysregulated caspase 

8 could also explain changes in necroptosis, even in the presence of ZVAD. 

Caspase 8 activity (from autocleavage) can be blocked in a way that still permits 

other functions of caspase 8, such as its role in cleaving target substrates in the 

death complex (Feoktistova et al. 2011, Lu and Walsh 2012). For example, cFLIP 

has two isoforms, cFLIP long (cFLIPL) and cFLIP short (cFLIPS). cFLIPL inhibits 

complete caspase 8 autocleavage and activation but it permits caspase 8 activity 

towards cleaving cleaving Rip1 and possibly Rip3. However, cFLIPS inhibits all 

caspase 8 activity. The expression of these isoforms could serve as a regulatory 

point for caspase 8 activity in difference cell types. Along similar lines, ZVAD only 

blocks a second step of caspase 8 autocleavage (hence we still get cleaved 

caspase 8 in the presence of ZVAD) suggesting distinct caspase 8 activities that 

can be differentially regulated by ZVAD. 

 

Establishing the in vivo relevance of Otub1-regulated necroptosis 
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 Several disease models have been used to study the in vivo relevance of 

necroptosis. Since Otub1-/- MEFs and BMDMs both show increased levels of 

necroptosis, it is likely that Otub1-/- mice will also show an increased level of 

severity of disease. However, since Otub1-/- mice are embryonic lethal and we 

have to rely on hematopoietic chimera, many of the in vivo disease models are 

not applicable as they are centered around necroptosis in non-hematopoietic cell 

types. Nevertheless, one model describes how peritoneal macrophages undergo 

necroptosis in vivo when the mouse is injected with LPS and ZVAD (He et al. 

2011). Thus, we could inject Otub1-/- chimera with LPS and ZVAD and 

subsequently measure the number of peritoneal macrophages. Vaccinia virus 

infection is another in vivo model that could be used to measure the in vivo 

relevance of Otub1-regulated necroptosis. Immunologic defense against this 

virus requires Rip3-dependent necroptosis (Cho et al. 2009).  

 Moreover, with the newly acquired conditional Otub1 allele, cell-specific 

deletions could be made in vivo. One possibility would be to investigate Otub1’s 

role in intestinal epithelial cells using the Villin-Cre mouse. Deletion of caspase 8 

in intestinal epithelial cells leads to Rip3-dependent necroptosis and spontaneous 

development of inflammation in a manner similar to inflammatory bowel disease 

(Günther et al. 2011). Thus, future investigations could study whether Otub1 can 

restrict intestinal inflammation by restricting necroptosis in intestinal epithelial 

cells. 
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Otub1 and Otub2 overlapping or opposing functions 

 Another area of interesting future investigation is understanding the 

potentially divergent role of Otub1 and its close homologue, Otub2. Human 

Otub2 closely resembles Otub1 with about 40% amino acid similarity. In one 

study, Otub1 and Otub2 are reported to have similar, overlapping abilities to 

restrict virus-induced type I interferon production (Li et al. 2010). However, there 

are several compelling biochemical differences that suggest the two can act very 

differently on different substrates (Balakirev et al. 2003, Edelmann et al. 2009). 

For example, while Otub1 shows a biochemical preference for cleaving K48 

ubiquitin linkages, Otub2 shows a clear preference for cleaving K63 linkages. 

This was seen functionally as Otub2 was shown to have no effect such as in 

DNA damage repair and p53 stabilization, both of which have been reported to 

be regulated by Otub1 (Nakada et al. 2010, Sun et al. 2012). Thus, it will be 

interesting to investigate the role of Otub2 in regulating necroptosis. As Otub1 

has a clear preference for K48 linkages in vitro, we would expect Otub2-

deficiency to have no effect on necroptosis as it would not be predicted to affect 

c-IAP1 stability. However, Otub1 might also regulate necroptosis in a non-

canonical fashion by inhibiting the formation of K63 linkages.  

 

Final thoughts 

In the beginning this project, we set out to explore the function of Otub1 in 

vivo. Several biochemical and in vitro experiments reported in the literature were 
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suggestive that Otub1 had important and varied functions. We have now 

highlighted the physiologic relevance of this molecule and found it to play critical 

roles in several functions, especially T cell homeostasis and programmed cell 

death. This work, along with that of others, establishes Otub1 as a key molecule 

in the regulation of multiple and diverse signaling pathways. Several paths for 

future investigation have now been opened and will undoubtedly continue to 

advance our understanding of the regulation of signal transduction. 
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Otub1 restricts AKT signaling 

 In our preliminary studies, we investigated whether TCR signaling events 

were perturbed in Otub1-/- T cells. To do this, we isolated Otub1+/+ and Otub1-/- 

thymocytes and acutely stimulated them in vitro with anti-CD3/28 antibodies. We 

found that while NF-κB signaling was relatively similar, phospho-AKT was 

significantly enhanced in Otub1-/- cells (Figure A.1a). AKT is a central molecule 

that is activated upon TCR stimulation and known to drive several outcomes, 

most common of which is survival and proliferation. We also used Phorbo 

myristate acetate (PMA) and Ionomycin, which stimulates the cells by directly 

activating protein kinase C (a downstream cytoplasmic signaling molecule) and 

triggering a calcium influx, respectively. With this stimulation, however, we no 

longer observed any phospho-AKT differences (Figure A.1b). This suggests that 

either PMA/Ionomycin was too strong of a stimulus to uncover the differences in 

AKT, or, Otub1-deficiency causes the difference in AKT at a step proximal to 

where PMA acts in the cytoplasm. 

 To further support our findings and to test if the phospho-AKT difference 

was specific to anti-CD3/28 stimulation, we stimulated Otub1+/+ and Otub1-/- 

MEFs with IL1β. We found that Otub1-/- had strikingly increased levels of 

phospho-AKT relative to Otub1+/+ (Figure A.1c). Moreover, we did not see any 

significant differences in NF-κB signaling. This suggests that Otub1 could restrict 

AKT signaling independently of TCR stimulation. 
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Figure A.1: Otub1-deficient cells have exaggerated AKT signaling in response to 
TCR stimulation. (a-b) Thymocytes from Otub1+/+ and -/- chimera were stimu-
lated by anti-CD3/28 antibodies or PMA/Ionomycin and immunoblotted for the 
indicated molecules. (c) SV40-immortalized MEFs isolated from Otub1+/+ and -/- 
fetuses were stimulated with IL1β and immunoblotted for the indicated mol-
ecules. (d) Otub1-/- SV-40 immortalized MEFs were transduced with 3myc-
Otub1 or vector. AKT was then immunoprecipitated and then blotted for the 
indicated molecules. 
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 To see if Otub1 could directly act on the complex, we immunoprecipitated 

AKT in Otub1-/- MEFs that were reconstituted with a 3myc tagged Otub1 

construct. We found that Otub1 co-immunoprecipitated with AKT (Figure A.1d). 

We also found similar results in MEFs expressing endogenous Otub1 (data not 

shown).  

 Together, these results suggest that Otub1 could directly regulate AKT 

signaling. Otub1 likely regulates a component in common with multiple stimuli, 

such as PI3 kinase or the myriad of phosphatases that restrict its function. Future 

work can investigate both this question and the physiologic relevance of this 

effect. 
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Otub1 overexpression can suppress necroptosis 

 In our preliminary studies, we initially tried to reverse the exaggerated 

necroptosis phenotype in Otub1-/- MEFs by expressing Otub1 heterologously. To 

avoid possible issues with the epitope tag interfering with its function, we 

transiently transfected untagged Otub1 cDNA into Otub1-/- MEFs. After 

necroptotic stimulation (TNF+CHX+ZVAD), we found that cells transfected with 

Otub1 cDNA had a higher percentage of live cells than cells transfected with 

vector alone (Figure A.2a). We then asked whether or not the catalytic cysteine 

was required for Otub1’s function in restricting necroptosis. When we transiently 

transfected Otub1 cDNA with a mutated cysteine, we found that the transfected 

cells had fewer live cells after stimulation than cells transfected with wild-type 

Otub1. This suggests that the catalytic cysteine of Otub1 could be important for 

its function in this pathway. This fits with previous reports showing that the 

catalytic cysteine was required for Otub1’s ability to deubiquitinate K48 linkages 

on c-IAP1 (Goncharov et al. 2013).  

 However, when we tried to use lentiviruses to stably transduce Otub1-/- 

MEFs with Otub1 cDNA and its mutants, we were not able to significantly reduce 

the amount of necroptosis (Figure A.2b). We tried transducing several versions of 

Otub1 cDNA including untagged, Flag tagged, and 3myc tagged (data not 

shown). We were not able to reproducibly see a difference after transducing the 

untagged and Flag tagged versions and only a very small difference with the 

3myc tagged. It is not clear why we see a more convincing difference with the 
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transient transfection but not with stable transduction. It’s possible that the cells 

can quickly compensate for the addition of heterologous protein although it is 

surprising given that we are trying to correct the loss of Otub1 protein. Moreover, 

even when cells were only infected for 36 hours, no clear difference was seen 

(data not shown). Another possible reason is that expression levels within the cell 

must be carefully titrated in order for Otub1 to have its normal effect. We titrated 

the amount of virus but did not see any significant differences at any of the doses 

used (data not shown). However, despite titration, the amount of protein 

expressed in each individual cell might continue to be very high given the 

strength of the viral promoter. Thus, it is still possible that excessive amount of 

Otub1 in the cell may negatively affect its ability to function. 

 More work can be done in this direction and can be used to further study 

other elements of Otub1’s structure. For example, as described before, Otub1 

has a non-canonical ability to block E2 function and ultimately the 

polyubiquitination of K63 linkages (Nakada et al. 2010). This function can be 

abolished when the entire catalytic triad is mutated or just the aspartic acid in the 

88th position (Sun et al. 2012). Thus, future investigations can test the ability of 

these mutated forms of Otub1 to inhibit necroptosis. 
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Figure A.2: Transient transfection of Otub1 can restrict necroptosis but not stable 
transduction. (a) Otub1-/- MEFs were transiently transfected with untagged wild-
type hOtub1 cDNA, untagged C91S mutant hOtub1, or empty vector using Lipo-
fectamine 2000. 2 days later, cells were then stimulated with T+C+Z for 8h, 
stained with annexin V and DAPI, and analyzed by flow cytometry. Plot shows 
cells that were gated for GFP+ indicating successful transfection (b) Otub1-/- 

MEFs were transduced with lentivirus to stably express 3myc-tagged hOtub1 or 
empty vector. After selection for transduced cells for 1-2 weeks, cells were stimu-
lated with T+C+Z for the indicated time periods. Live cells were then measured by 
cell-titer glo and normalized to unstimulated conditions.
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