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OTULIN's Novel Regulatory Mechanisms in Genotoxic and Inflammatory NF-kB
Signaling

Abstract

Triple negative breast cancer (TNBC) is aggressive but cannot be treated with hormone therapy or
molecular therapy due to the lack of a target. Chemotherapy is a systemic treatment that works by
attacking rapidly growing cells, which is initially more effective for TNBC patients than those individuals
with the hormone receptor-positive breast cancer. However, patients with TNBC tend to develop
resistance to chemo drugs, called chemoresistance. After years of effort, the signaling pathways involved
in TNBC chemoresistance are gradually revealed, including the nuclear factor-kappa B (NF-kB) pathway.
Transcription factor NF-kB is widely involved in cancer development and progression, and its
overactivation renders chemoresistance to TNBC and induces aberrant inflammation. Therefore, targeting
NF-kB becomes a feasible strategy to overcome chemoresistance. Ubiquitination is an essential post-
translational modification during which ubiquitin chains are assembled on a substrate protein, leading to
various cellular processes, such as endocytosis, membrane trafficking, DNA repair, signal transduction,
and protein degradation. The outcome of one ubiquitinated protein is dependent on its ubiquitin linkage
and the context. Our previous study has shown that the linear ubiquitin chains assembled by the linear
ubiquitin chain assembly complex (LUBAC) solidly facilitate NF-kB signaling transduction upon genotoxic
stress. OTU deubiquitinase with linear linkage specificity (OTULIN) is known to cleave linear ubiquitin
chains exclusively. The purpose of this dissertation is to investigate whether OTULIN can counteract
LUBAC-mediated NF-
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ABSTRACT

Triple negative breast cancer (TNBC) is aggressive and cannot be treated with
hormone therapy or molecular therapy due to the lack of a target. Chemotherapy is a
systemic treatment that works by attacking rapidly growing cells, which is initially more
effective for TNBC patients than those individuals with the hormone receptor-positive
breast cancer. However, patients with TNBC tend to develop resistance to chemo drugs,
called chemoresistance. After years of effort, the signaling pathways involved in TNBC
chemoresistance are gradually revealed, including the nuclear factor-kappa B (NF-kxB)
pathway. Transcription factor NF-«xB is widely involved in cancer development and
progression, and its overactivation renders chemoresistance to TNBC and induces
aberrant inflammation. Therefore, targeting NF-xB becomes a feasible strategy to
overcome chemoresistance. Ubiquitination is an essential post-translational modification
during which ubiquitin chains are assembled on a substrate protein, leading to various
cellular processes, such as endocytosis, membrane trafficking, DNA repair, signal
transduction, and protein degradation. The outcome of one ubiquitinated protein is
dependent on its ubiquitin linkage and the context. Our previous study has shown that the
linear ubiquitin chains assembled by the linear ubiquitin chain assembly complex
(LUBAC) substantially facilitate NF-kB signaling transduction upon genotoxic stress.
OTU deubiquitinase with linear linkage specificity (OTULIN) is known to cleave linear
ubiquitin chains exclusively. The purpose of this dissertation is to investigate whether
OTULIN can counteract LUBAC-mediated NF-«xB activation upon genotoxic stress and
to investigate the interplay between OTULIN and LUBAC regarding genotoxic and
inflammatory responses.

In this project, three different types of cell lines (HEK293T, MDA-MB-231, and
mouse embryonic fibroblast, MEF) have been used to study the mechanisms under
genotoxic stress and inflammation. We generated OTULIN/LUBAC-KO clones by
CRISPR-Cas9 system and found OTULIN can inhibit genotoxic NF-kB activation by
cleaving the linear ubiquitin chains of NEMO, which is a component of 1B kinase (IKK)
complex required for NF-«xB activation. Two novel modifications of OTULIN and their
mechanisms were also revealed. Firstly, the linear ubiquitination of OTULIN at Lys64/66
is dependent on LUBAC under unstimulated status, which enhances the affinity of
OTULIN-LUBAC interaction. Functionally, the more presence of OTULIN on LUBAC,
which can be augmented by its linear ubiquitination, the stronger ability of OTULIN to
inhibit NF-xB activation because only LUBAC but not OTULIN can be directly recruited
to NEMO. Secondly, OTULIN dimerizes via disulfide bonds and cleaves its linear
ubiquitin chains intermolecularly in response to genotoxic stress and TNFa treatment,
which leads to the dissociation of OTULIN from LUBAC and the overactivated NF-kB
signaling due to a lack of negative control from OTULIN. Consistently, OTULIN
mutants deficient in LUBAC binding improved the cell viability under the treatment of
chemo drug, underscoring the importance of the OTULIN-LUBAC interaction as a
central mechanism for developing chemoresistance. Furthermore, three out of the six
clinical TNBC patients have higher levels of OTULIN dimerization and accordingly,
reduced linear ubiquitination, and higher NF-kB activation in the tumor tissues than those



in the adjacent normal tissues, suggesting that loss-of-function OTULIN can allow NF-
kB to be activated by other factors. Bioinformatic analysis based on the published
database of a large patient sample cohort indicates that OTULIN expression levels are
increased in most basal-like breast cancer tissues, presumably facilitating self-
dimerization/reduced linear ubiquitination.

Taken together, our findings revealed a new molecular mechanism by which
TNBC patients develop chemoresistance via dysfunctional OTULIN, which is also
generally applied to the NF-kB activation during TNFa-mediated inflammatory
response. Accordingly, targeting OTULIN and its interaction with LUBAC may be a
viable therapeutic strategy for preventing chemoresistance and OTULIN-related diseases.

Vi
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CHAPTER 1. INTRODUCTION

Linear Ubiquitination

Ubiquitin, a small regulatory protein of 76 amino acids (AA) with a -grasp fold
conformation, was discovered in 1975 [1, 2]. Ubiquitination is the post-translational
modification (PTM) by adding ubiquitin to a substrate protein, which regulates various
cellular processes, including proteasomal degradation, membrane trafficking,
endocytosis, DNA repair, and signal transduction [3]. Ubiquitination is conducted by
ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin
ligases (E3s) [4]. Briefly, the flexible C terminus of ubiquitin is initially attached to some
particular lysine residues of the substrates through an isopeptide bond (thioester bond)
mediated by these enzymes. Subsequently, the substrate-attached ubiquitin gets elongated
at its N-terminal Met1 residue or one of its seven lysine residues. (i.e., Lys6, Lys11,
Lys27, Lys29, Lys33, Lys48, or Lys63) by another ubiquitin. In addition, there even exist
mixed and branched ubiquitin chains [3]. Similar to a code, different ubiquitin
modifications have distinct impacts on cell fates. For instance, Lys48-linked ubiquitin
(K48-Ub) chains target substrates for proteasome-mediated degradation, while M1-Ub
chains serve as a scaffold for nuclear factor-kappa B (NF-kB) activation [5].

In 2006, Kirisako et al. identified a new type of ubiquitin chain that is linked
through the N-terminal Met (M) of the ubiquitin in a head-to-tail manner, called M1-Ub
chains [6]. M1-Ub chains (also called linear ubiquitin chains) are involved in acquired
and innate immune responses, such as the NF-xB and interferon antiviral pathways.

In order to perform their specific functions, linear ubiquitin chains must be decoded by
proteins containing linear ubiquitin-specific binding domain (UBD), such as NF-kB-
essential modulator (NEMO), optineurin, A20, and A20-binding inhibitors of NF-xB
(ABINS), each of which can recognize linear ubiquitin chains on specific substrate sites.
The dysregulated linear ubiquitination in patients induces cancer and neurodegenerative,
inflammatory, and autoimmune diseases [7, 8].

LUBAC

Linear ubiquitin chain assembly complex (LUBAC) is the only known E3 ligase
that can conjugate linear ubiquitin chains on substrates. It was initially identified as a
protein complex (~600 kDa) consisting of two RING finger proteins, Heme-oxidized
IRP2 ubiquitin ligase-1L (HOIL-1L) and HOIL-1L-interacting protein (HOIP) [6].
Afterwards, Shank-associated RH domain interactor (SHARPIN) was recognized as an
additional component of LUBAC [9]. Absence of LUBAC attenuates canonical and
atypical NF-xB signaling pathways induced by proinflammatory cytokines (such as
tumor necrosis factor a, TNFa and interleukin-18, 1L-1), various pathogen-associated
molecular patterns (PAMPs), T cell receptor agonists, nucleotide-oligomerization
domain-containing protein 2 (NOD2)-mediated inflammasome activation, and genotoxic
stress [10, 11]. However, LUBAC is not implicated in the noncanonical NF-xB pathway



[12]. Patients with LUBAC loss-of-function mutations feature paradoxical traits of
susceptibility to neonatal bacterial infections and systemic inflammation [13, 14].

Both HOIP and HOIL-1L belong to the RING-between-RING (RBR) domain E3
family, which was reported to form polyubiquitin chains via a RING/HECT-hybrid
mechanism [15]. During the linear ubiquitination process, (A) an acceptor ubiquitin is
conjugated to the linear ubiquitin chain determining domain (LDD) and (B) an E2
conjugated with a ubiquitin binds the RING1 domain of HOIP. (C) The donor ubiquitin is
then transiently transported to the catalytic active site Cys885 of the RING2 domain via a
thioester bond. (D) Finally, linear ubiquitin chains are generated by linking the donor
ubiquitin to the acceptor ubiquitin (Figure 1-1). Multiple domains of LUBAC have been
studied (Figure 1-2). The HOIP domain of LUBAC directs both ligase catalytic activity
and linear specificity via RBR domain and LDD, respectively [16, 17]. In addition, the
ubiquitin-associated 1 and 2 (UBAL, UBA2) domains of HOIP are required for the
LUBAC assembly by binding with the ubiquitin-like (UBL) domains of SHARPIN and
HOIL-1L, respectively. Moreover, the LUBAC-tethering motifs (LTMs) in HOIL-1L and
SHARPIN interact with one another to form a globular domain [18]. LUBAC possesses
several zinc finger (ZF) domains playing differential roles among SHARPIN, HOIL-1L,
and HOIP. The Npl4-type zinc finger (NZF) domain in SHARPIN interacts with K63-
linked ubiquitin chains [19], the NZF domain in HOIL-1L interacts with linear ubiquitin
chains [20], whereas the NZF1 domain of HOIP interacts with NEMO [21]. Of note,
PNGase/UBA or UBX (PUB) of HOIP is reported as an AAA-ATPase p97-interacting
domain that is associated with linear-specific deubiquitinating enzymes (DUBS), such as
OTU deubiquitinase with linear linkage specificity (OTULIN) and the CYLD-SPATA2
complex [22-24].

OTULIN

The discovery of OTULIN

In 2013, OTULIN was reported as a special DUB that exclusively cleaves linear
ubiquitin chains. Although protein A20 and CYLD are important DUBs that negatively
regulate the NF-kB pathway, OTULIN is more critical than them in NF-kB regulation
[25, 26]. The distinctive function of OTULIN underlies its involvement in various
pathophysiologic processes. OTULIN plays important roles in restricting spontaneous
inflammation and maintaining immune homeostasis [27] and is required for canonical
Whnt signaling mediated angiogenesis, craniofacial and neuronal development [28]. Of
note, OTULINWR and OTULINP33¢E allelic mutations cause reduced branchial arches
and embryonic lethality in mice after E12.5 [26, 28]. Otulipenia is an early-onset
autoinflammatory disease caused by loss-of-function mutations in OTULIN (e.g.,
G174Dfs*2, Y244C, and L272P). The patients with otulipenia suffer from neonatal-onset
fever, neutrophilic dermatitis/panniculitis, and failure to thrive, but no obvious primary
immunodeficiency [29].



HOIPRBR-LDD

Figure 1-1.  Model for HOIP-mediated linear ubiquitination.

Modified with open access permission. Smit, J.J., et al., The E3 ligase HOIP specifies
linear ubiquitin chain assembly through its RING-IBR-RING domain and the unique
LDD extension. EMBO J, 2012. 31(19): p. 3833-44 [16].
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Figure 1-2.  Domain structure of HOIL-1L, HOIP, and SHARPIN.

Reprinted with open access permission. Oikawa, D., et al., Linear Ubiquitin Code: Its
Writer, Erasers, Decoders, Inhibitors, and Implications in Disorders. Int J Mol Sci, 2020.
21(9) [7].



The substrates of OTULIN

OTULIN removes linear ubiquitin chains from substrates, such as NEMO,
RIPK1, RIPK2, ASC adaptor protein, TNFR1, MyD88, and IRF3, to block signaling
propagation [26, 30-33]. OTULIN also interacts with disheveled 2 (DVL2) to cause an
embryonic angiogenic phenotype in OTULIN knock-in mice [28]. Notably, adaptor
proteins are required for the recruitment of OTULIN to its substrates. For example,
OTULIN interacts with the PUB domain of HOIP, which is essential for the recruitment
of the TNF receptor 1 complex [22].

Key residues of OTULIN

Several residues of OTULIN still play crucial roles in regulating its function. By
the sequence alignment with its OTU family deubiquitinase OTUBL, cysteine 129 was
found as a catalytic core of OTULIN, which is required for counteracting LUBAC
function [26]. The conserved residue tyrosine 56 of OTULIN is responsible for its
interaction with the PUB domain of LUBAC-HOIP subunit, which is abrogated by Tyr56
phosphorylation or mutation to phenylalanine, alanine, or glutamate [22]. Therefore,
OTULIN Y56F loses its ability to block LUBAC- and TNFa-induced NF-kB activation
to a similar extent as the OTULIN C129S mutation [22, 34].

NF-kB Signaling

Transcription factor NF-xB was firstly identified by Ranjan Sen and David
Baltimore in 1986. It was named after the B cells in which they identified it and the k
light-chain gene it affected [35]. Over three decades, plenty of work has been done to
explore the functions of NF-kB, which is significant for full understanding human
pathobiology. In the complex signaling network, NF-«B is one of the critical hubs that
controls innate and adaptive immunity, inflammation, cell death and proliferation, cancer,
and stress response [36-38].

NF-kB family and IkB family

NF-kB is not a single protein but complexes existing as hetero- or homodimers
which are composed by NF-kB family members (Figure 1-3A). This family totally
includes 5 members, constituting 15 NF-kB complexes [39]. Each form of complexes
may have a specific kB site and particular cellular function [40]. The general «B site is a
palindromic DNA sequence of 5-GGGRNWYYCC-3' (R, purine; N, any nucleotide; W,
adenine or thymine; Y, pyrimidine) in enhancers or promoters [35]. NF-xB family in
mammals is composed of five Rel proteins, including p65 (RelA), RelB, c-Rel, p105/NF-
kB1 (precursor of p50), and p100/NF-xB2 (precursor of p52). They all contain a N-
terminal Rel homology domain (RHD) which consists of 300 amino acids (AAs) and has
three biological functions: binding of specific DNA sequence, dimerization, and
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Figure 1-3.  Components of NF-kB and IkB.

Modified with open access permission. Zhang, Q., M.J. Lenardo, and D. Baltimore, 30
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168(1-2): p. 37-57 [41].



binding of inhibitory proteins [39, 40]. NF-kB moves into nucleus upon activation as it
has a nuclear localization sequence (NLS). These five members are divided into two
classes: class | proteins p50 and p52 are the products of p105 and p100, respectively,
after the cleavage of C-terminal region with ankyrin repeats (AnkR) domain. p50 and p52
are regulatory protein, which need to dimerize with class Il protein RelA, RelB, or c-Rel
to initiate the transcription activity of target genes, because only class Il proteins possess
transcription transactivation domains (TADs). The most well documented paradigmatic
dimers are p50:p65 and p52:RelB, which direct canonical and alternative NF-kB
activation, respectively, although the other 13 complexes still play distinct functions. In
contrast to the general idea of NF-kB, homodimers p50:p50 and p52:p52 repress, rather
than activate, gene transcription as a result of TAD absence [39].

Inhibitors of kB (IkBs) can bind and inhibit cytoplasmic NF-kB in resting state
[42]. 1xB family consists of eight members: IkBa, 1kBf, 1kBe, BCL-3, IkB(, IkBNS,
and the C-terminal trunks of p105 (IkBy) and p100 (IxB3). All 1B proteins possess
tandem AnkRs, which can mask the NLS domain of NF-«xB to block its activation
(Figure 1-3B). The mechanism that kB restricts cytoplasmic NF-kB nuclear
translocation has two functions: (1) it works as a straightforward critical brake of NF-xB
activation, and (2) it works as a switch, which can turn on the response immediately after
the induction [41].

Canonical NF-xB signaling pathway

NF-kB can be activated in response to various stimuli, such as proinflammatory
cytokines, TNFa and IL-1 for inducing macrophages and fibroblasts, antigens for B cells
or T cells, PAMPs, and genotoxic stress. In terms of the response manner, NF-kB
pathways are classified into three types: canonical pathway, alternative pathway, and
atypical pathway [42, 43]. This project is more related to the canonical and atypical
pathways.

In canonical pathway, cells receive stimulating signals from the receptors on the
cell surface, one of which is TNF receptor | (TNFRZ1). After binding with TNFa, TNFR1
recruits RIPK1, TRADD, TRAF2/5, and clAP1/2, which enables clAP1/2 to conjugate
K63 ubiquitin chains on RIPK1. K63 ubiquitin chains of RIPK1 then function as
scaffolds to further recruit TGF-beta activated kinase (TAK1), kB kinase (IKK)
complexes, and LUBAC. Notably, LUBAC assembles linear ubiquitin chains to RIPK1
and NEMO, resulting in the recruitment of additional IKK complexes composed of
IKKa, IKKB, and NEMO (also called IKKYy). IKKp gets activated by either TAK1 or
other adjacent IKKp and then phosphorylates IkBao at Ser32 and Ser36, leading it to K48
ubiquitination and proteasomal degradation [36]. The p50:p65 dimer is released into the
nucleus, where it triggers the transcription of anti-apoptotic, inflammatory, and pro-
survival genes [44]. In addition, post-translational modification of NF-xB, such as
phosphorylation, acetylation and methylation of p65, also tightly affects its
transcriptional activity [45]. NF-xB dominates the pro-survival consequence, unless



being inhibited by some genes or chemicals, such as IkBa-SR (a nondegradable IkBa) or
cycloheximide (CHX). TNFa induces RIPK1-mediated cell death (apoptosis and
necroptosis) when NF-«kB is inhibited [44].

To quickly initiate cell protective actions in response to the extracellular signal,
NF-kB proteins are pre-synthesized in most cell types, staying in latent state ready for the
upcoming stimuli. Once NF-kB gets activated, numerous genes response swiftly [36]. Of
note, this induction is transient because IxBa is also transcriptionally induced by NF-xB
and resynthesized IkBa moves into the nucleus and removes NF-kB from the DNA. This
is a kind of negative feedback loop directed by IkBa. In addition, other NF-xB negative
feedback genes also exist, such as A20 and miR-146a. Generally, the first round NF-xB
can last less than one hour in the nucleus even in the presence of inducer. However, if the
inducer keeps stimulating the cells, the second round of NF-«B activation will just repeat
with the degradation of 1kBa and serial subsequent events. This process continues
indefinitely, though weaker and weaker, until the inducer gets dissolved [46]. Hence,
knockout of A20 or miR-146 abrogates the negative feedback, leading to chronic
inflammation and ultimately to cancer [47, 48].

Alternative NF-xB signaling pathway

In response to cell-differentiating or developmental stimuli, the alternative NF-xB
pathway is initiated from membrane-bound receptors, such as CD40, RANK, or LtBR. In
contrast to canonical NF-«xB signaling dependent on IKKB-mediated phosphorylation of
IxBa, the alternative pathway of NF-«xB activation relies on the NF-xB inducing kinase
(NIK)-mediated phosphorylation of IKKa homodimer. Activated IKKa then
phosphorylates p100, which is processed to p52. Subsequently, p52:RelB heterodimer
translocates into nucleus for its target genes' transcriptional activation [49].

Atypical NF-xB activation

Instead of receiving stimuli from membrane-bound receptors on the cell surface,
atypical NF-xB activation by genotoxic stress involves a retrograde signaling cascade
from nucleus to cytoplasm (Figure 1-4) [50, 51]. After the genotoxic stress caused by
ionizing radiation (IR) or chemo drugs (such as doxorubicin or etoposide), NEMO firstly
translocates into nucleus where it gets SUMOylated by protein inhibitor of activated
STATYy (PIASYy) [52, 53]. SUMOylation enhances NEMO nuclear accumulation, which
can also be facilitated by poly (ADP-ribose) polymerase 1 (PARP1):SRC associated in
mitosis of 68 KDA (Sam68) and/or p54-induced death domain protein (PIDD):receptor
interacting protein (RIP) complexes [54-56]. Ataxia-telangiectasia mutated (ATM)
kinase, a pivotal kinase regulating NF-xB activation upon DNA damage [57, 58], forms a
complex with and phosphorylates nuclear accumulated NEMO, which promotes NEMO
monoubiquitination [59, 60]. The complex of ATM and monoubiquitinated NEMO then
exports and conveys the signal from nucleus to cytoplasm where they further recruit
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Figure 1-4.  lllustration of genotoxic stress-induced NF-xB signaling cascades.
Reprinted with open access permission. Wang, W., A.M. Mani, and Z.H. Wu, DNA
damage-induced nuclear factor-kappa B activation and its roles in cancer progression. J
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ELKS to be ubiquitinated with K63-linkage chains [52, 59, 61]. Alternatively, ATM may
directly export to cytoplasm without NEMO, and promotes TNF receptor-associated
factor 6 (TRAF6) K63 ubiquitination [62]. K63 ubiquitin chains of ELKS and TRAF6
herein are able to recruit NEMO, LUBAC complex, and TAK1/TAB1/TAB2 complex
[11, 61, 62]. LUBAC conjugates linear ubiquitin chains on Lys285 and Lys309 of NEMO
for IKK complex recruitment [11]. The scaffold of ubiquitin chains (M1 and K63
ubiquitin chains) promotes the IKKf phosphorylation by TAK1 as a major manner for
NF-kB activation in response to genotoxic stress. Subsequently, the signaling follows the
canonical IKK complex-dependent fashion [43].

In addition to canonical IKK complex-dependent NF-«xB activation described
above, DNA damage may also induce its activation in an alternative manner, which relies
on the p52:RelB heterodimer nuclear translocation. Some studies showed the enrichment
of RelB in the nuclei and p100 phosphorylation and subsequent processing to p52 in
response to DNA damage, which correlates with the resistance to ionizing radiation (IR)
[63-65]. However, it is still unclear how the DNA damage transmits the signal to induce
alternative NF-xB cascade. Moreover, whether ATM and NEMO are also involved in this
thread remains to be determined.

NF-xB in cancer

Cancer is caused by defective genome surveillance and signal transduction, which
actually takes a long-term to accumulate [66]. Based on the major effect of NF-kB in
saving cells from apoptotic death, its activation is crucial for aggravating tumorigenesis
[67]. In addition to apoptosis, NF-kB also contributes to cancer by inflammation and
mitogenic activities. These three effects work differently: the mitogenic and antiapoptotic
effects drive cell proliferation and prevent cell death by affecting cells themselves which
are prone to develop into cancer (intrinsic effect). The inflammatory effect provides a
microenvironment suitable for cancer growing (extrinsic effect) [36]. The proinflam-
matory cytokines, such as TNFa and IL-1f3, modulate a variety of signaling pathways
regarding inflammation and innate immunity, which is primarily regulated by NF-xB
[68]. In particular, IL-1 is recognized to play a key role in cancer by altering the tumor
microenvironment and driving cancer genesis and development [69]. For example, the
production of IL-1p is associated with high risk of gastric cancer [70]. Another
proinflammatory cytokine that may favor cancer is TNFa although it is named as a tumor
necrosis factor. TNFa has a wide range of functions in immune homeostasis,
inflammation, and host defense, and exerts distinct effects as apoptosis, necroptosis,
angiogenesis, immune cell activation, differentiation, and cell migration in different
context. Even though TNFa manifests pro- and antitumoral effects in a context-
dependent manner, TNFa. neutralization might be used to combat cancer or cancer-
related complications, according to several preclinical evidence [71]. Actually, the
inflammatory effect of NF-xB is rather complex in cancer, which can be both pro-
oncogenic and antioncogenic depending on the context [67].



Given its pivotal roles in cancer, it is natural to think of NF-kB as a therapeutic
target. The underlying mechanism is that activated NF-xB promotes cell proliferation,
metastasis, metabolic changes, and prevents cell death [72, 73]. Hence, basic strategy of
cancer treatment is to develop NF-kB inhibitory drugs. Thalidomide and other putative
IKK inhibitors have been successfully used in myeloma [74]. However, considering the
centrality of NF-«B in innate and adaptive immunity, these drugs will also make adverse
side effects potentially by suppressing immune system, such as neutrophilia, fever, or
abnormal IL-1 release. Because Immune system itself is also necessary to recognize and
kill tumor cells mediated by NF-«xB signaling, these NF-xB inhibitory drugs may even
worse the cancer in some case. Thus, the development of targeting-NF-xB drugs need to
be reassessed [75].

NF-xB in chemoresistance

IR and chemotherapeutic drugs were reported to activate NF-kB activation
underlying one clinical problem that various cancers acquire therapeutic resistance [76-
79]. Genotoxic NF-kB activation upregulates a multitude of genes that prevent apoptosis
and promote proliferation in cancer cells, such as cyclin D1, Bcl-2, Bcl-xL, survivin, and
XIAP [80-82]. In addition, many studies showed the high correlation between NF-xB
activity and chemoresistant feature. It was reported that DNA damage can induce the
expression of proinflammatory cytokines, such as IL-6 and IL-8, which supports tumor
growth, angiogenesis, cell invasion, and metastasis [83, 84]. Considering the crucial role
of NF-xB in inflammation, it is plausible that genotoxic NF-«xB activation also render
cancer cells chemoresistant by modulating the transcription of proinflammatory
cytokines. Furthermore, NF-xB was reported to mediate the overexpression of oncogenic
miR-181a, which can enhance cell survival and metastasis, in TNBC during doxorubicin
treatment [85]. Taken together, cancer cells may acquire chemoresistance through
genotoxic NF-kB-mediated anti-apoptotic and pro-survival genes, pro-inflammatory
cytokines, and oncogenic miRNAs. Therefore, it is promising to limit chemoresistance by
control genotoxic NF-kB activation.

NF-xB regulation mediated by OTULIN

The induction of NF-«B is complicated, which not only requires a removing of
the inhibitor of kB, but also involves many and various protein modifications, including
protein-protein dimerization, phosphorylation, and ubiquitination [40, 42]. In particular,
the linear ubiquitination is critical for canonical NF-«B signaling pathway to mediate
inflammatory and immune responses [86], including TNFa, IL-1, CD40, and TLR
signaling pathways [9, 87-92]. Linear ubiquitination also protects cells from DNA
damage-induced apoptosis during genotoxic NF-kB activation [11]. Since ubiquitination
can be counteracted by the activity of DUBS, it is plausible that the role of linear
ubiquitination can be deleted by linear-linkage specific DUBs, such as CYLD and
OTULIN. The role of OTULIN in attenuating linear ubiquitin-dependent signaling were
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corroborated in several pathways. The overexpression of OTULIN limits linear ubiquitin
chain accumulation and NF-kB activation with the stimulation of NOD2 or TNFR1 [30],
and sensitizes cells to TNFa-induced cell death [26]. In contrast, some studies showed
OTULIN promoted rather than counteracted LUBAC activity by cleaving linear ubiquitin
chains of LUBAC [93]. In this scenario, mice expressed with catalytically inactive
OTULIN resembled the phenotype of LUBAC-deficient mice, manifesting embryonic
lethality or adult auto-inflammation because of TNFR1-mediated cell death, in which the
pro-survival NF-«xB signaling was diminished [94].

Triple-Negative Breast Cancer

Cancer is the second leading cause of death globally, and breast cancer has always
been the most often diagnosed cancer among women for decades, constituting 24% of the
total cancer cases [95, 96]. Breast cancer develops in the breast tissue, with most
emergent cases occurring from the milk duct named ductal carcinoma, and other minor
cases occurring from lobules named lobular carcinoma [97, 98].

Triple-negative breast cancer (TNBC) is an aggressive subtype that affects 12-
18% of breast cancer patients, defined by the lack of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER-2). The
American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP)
guidelines defined TNBCs by cellular expression of ER and PR of <1% and HER2
expressions of 0 to 1+, as determined by immunohistochemistry [99]. Mutations in
BRCAL, BRCA2, TP53, CDH1, PTEN, and STK11 are highly associated with the
progression of TNBC [100-102].

Nowadays, breast cancer can be treated by surgery [103], hormonal therapy [104],
chemotherapy [105], radiation [106], and immunotherapy [107]. TNBC is of particular
research interest as it does not benefit from hormone or anti-HER-2 therapy and has a
highly invasive nature, characteristic metastatic patterns, and poor prognosis [108-111].
Although with a generally poor breast cancer-specific outcome, most TNBCs are initially
sensitive to chemotherapy [112, 113]. Doxorubicin (Dox) is one of the first line
chemotherapy agent but accompanied with severe heart failure of more than 20% of
patients. To avoid the fatal side effects, a lifetime dosage limit is applied [114, 115].
Unfortunately, TNBC frequently develops resistance to chemotherapy [116], which
causes disease relapse, recurrence, and cancer dissemination [117]. Therefore, the chemo
side effects and frequent development of resistance are major clinical limitations to use
chemo drugs and treat TNBC [118]. There is an urgent need to promote drug targeting to
tumor and prevent the occurrence of chemoresistance. The mechanisms of chemo-
resistance have been demonstrated to be complex, including epigenetics, drug
inactivation, drug target alteration, drug efflux, DNA damage repair, cell death inhibition,
and epithelial-mesenchymal transition (EMT) [119-121]. Remarkably, NF-kB has been
identified as a critical determinant in resistance mechanisms by supporting cancer cells
survival and proliferation [122, 123]. Notably, TNFa is a proinflammatory cytokine, that
is overexpressed in a variety of cancers, correlating with augmented tumor cell
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proliferation, high malignancy grade, frequent metastasis and poor prognosis for the
patient [95]. These data suggest TNFa could be a potential therapeutic target for cancer.
In this scenario, the inhibitory effect of OTULIN on TNFR1 signaling might be another
approach to limit tumor progression.
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CHAPTER 2. MATERIALS AND METHODS

Reagents and Antibodies

Camptothecin (CPT), Carboplatin (CBP), etoposide (Etop), doxorubicin (Dox)
and gliotoxin were purchased from Sigma-Aldrich. Human and mouse recombinant
TNFa was purchased from CalBiochem and prepared in phosphate-buffered saline (PBS)
containing 0.1% bovine serum albumin fraction V (Sigma-Aldrich) to a final stock
concentration of 10 ug/ml. 1gGs against c-Myc (9E10), GFP (B2), IxB-a (C-21), GST
(B-14), p65 (F-6), ubiquitin (P4D1), and CYLD (H6) were purchased from Santa Cruz
Biotechnology. 1gGs against HA (C29F4), His (D3110), phospho-p65 (Ser536) (93H1),
phosphor-1kBa (Ser32) (14D4), K63-Ub (D7A11), K48-Ub (D9D5), RNF31 (E6M5B),
OTULIN (14127s), Biotin (7075S), cleaved caspase-3 (Asp175) (5A1E) and a-Tubulin
(DM1A) were purchased from Cell Signaling Technology. Anti-HOIL-1 antibody (2E2)
and anti-linear ubiquitin antibody (LUB9) were obtained from Millipore Sigma. Anti-
SHARPIN antibody (ab197853) was purchased from ABCAM. N-ethylmaleimide (cat#
23030) and lodoacetamide (cat# A39271) was purchased from Thermo Scientific.

Cells and Cell Culture

Mouse embryonic fibroblasts (MEFs), HEK293T, and MDA-MB-231 cells were
grown in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum,
penicillin, and streptomycin in a 5% CO> humidified incubator. Wild-type, HOIL-
deficient, and Sharpin®™ MEFs were kind gifts from Dr.K Iwai (Osaka University).
Gene knockout cells HEK293T_HOIP-KO, HEK293T_OTULIN-KO, and MDA-MB-
231 OTULIN-KO cells (> 2 clones, respectively) were generated by the CRISPR-Cas9
system [124].

Target Guide Sequence Cloning with CRISPR/Cas9

Different single guide RNA sequences targeting OTULIN or HOIP were acquired
from Genome-scale CRISPR Knock-OUT v2 libraries supplied by Feng Zhang [124]
(Table 2-1). Each pair of Oligos (100 uM) were annealed in the mixture with T4 ligation
buffer (B0202S; BioLabs) and ddH20 at 37°C for 30 min followed by 95°C for 5 min
and cool down to room temperature naturally. A total of 5 ng of LentiCRISPRv2 (cat#
52961; Addgene) was digested by BsmBI in FastDigest buffer for 30 min at 37°C. The
annealed oligos above were ligated with agarose gel-purified vector using QlAquick Gel
Extraction Kit (cat# 28704; QIAGEN). The Lenti-sgOTULIN and Lenti-sgHOIP were
subsequently generated by transformed competent DH5a, which was selected by
ampicillin.
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Table 2-1.

SgRNA sequences for cell gene knockout.

Name

Sequence (5" to 3)

Sg1 HOIP F
Sgl HOIP R
Sg2 HOIP F
Sg2 HOIP R
Sgl OTULIN F
Sgl OTULIN R
Sg2 OTULIN F
Sg2 OTULIN R
Sg3 OTULIN F
Sg3 OTULIN R

CACCGGTTGAGCTTCCCCGAAGGGC
AAACGCCCTTCGGGGAAGCTCAACC
CACCGGCACTGCCCATCCTGTAAAC
AAACGTTTACAGGATGGGCAGTGCC
CACCGCGAGCGACCGCATGAGTCGG
AAACCCGACTCATGCGGTCGCTCGC
CACCGCGCGGACTCACTGCTCGGCC
AAACGGCCGAGCAGTGAGTCCGCGC
CACCGCAGCGTACCAGCATGAGCTC
AAACGAGCTCATGCTGGTACGCTGC
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Lentivirus Packaging, Virus Transduction, and Generation of Stable Clones

HEK293T cells were seeded in 10 ml completed DMEM media in a 10 mm dish
with about 70% confluence before transfection. Lentiviral SgOTULIN/sgHOIP (5 ug),
Vsv-g (5 ng), pMDL-g (5 ug), and RSV-REV (5 ug) were co-transfected into HEK293T
cells using 60 ul of superfect reagent (cat# 301307; QIAGEN) for 5 h incubation. The
mixture was then replaced with 25 ml fresh completed DMEM media. After 60 h, cell
media was collected into 50 ml centrifuge tubes and centrifuged for 15 min at 3000 rpm.
The ultracentrifugation (3 h, 18000 rpm) of filtered supernatant by 0.45 um membrane
could separate the packaged virus from the media. The supernatant was discarded, and
the pellet was resuspended with 100 ul DPBS. The resuspended virus was aliquoted to 10
200-ul tubes. Each tube of packaged lentivirus was mixed with 6 pug/ml polybrene and
then added to HEK293T cells under about 70% confluence in 10 ml dish for virus
transduction. Single stable clone screen was applied by antibiotic puromycin (2 pg/ml)
selection. The knockout efficiency of each clone was determined by immunoblotting.

Site-directed Mutagenesis

OTULIN mutants (OTULIN C129S, OTULIN Y56F, OTULIN K34R, OTULIN
K64/66R, OTULIN C17A, OTULIN C47A, and OTULIN C17/47A) were generated in
this study (Table 2-2).

Cell Viability Assay

After transfected with plasmids for 6 h, cells were seeded into 96-well plates (5 x
10%/well counted by hemacytometer) in triplicates. After doxorubicin treatment for 48 h,
cells were incubated with CCKS8 reagent (10 pl/well; Dojindo) for 2 h followed by
measuring the absorbance reading at ODaso with a microplate reader.

Electrophoretic Mobility Shift Assay (EMSA)

Cells treated with TNFo, chemo drugs, or IR were washed with PBS three times
before pellet collection. The cell pellets were stored frozen at —20°C until cell lysis. Cells
was lysed with the same condition as that in immunoblotting section of methods. The
conditions for EMSA were described previously [125]. Briefly, lysates (20 ug), 5X
EMSA buffer (2 ul), DTT (1 pl, 0.1M), dI-dC (1 ug), and balanced H2O to 9 ul were
mixed and incubated on ice for 15 min. 5X EMSA buffer contains 375 mM NaCl, 75 mM
Tris-HCI (pH 7.5), 7.5mM EDTA, 7.5mM DTT, 37.5% glycerol, 1.5% NP-40, 100 pg/ml
BSA, and ddH20 to appropriate volume. We used a double-stranded oligonucleotide
probe containing the Igk intronic kB site (5-CTCAACAGAGGGGACTTTCCGAGAGG
CCAT-3"). The Oct-1 site oligo was purchased from Promega as a control. The probe was
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Table 2-2.  Primer sequences for OTULIN mutations.

Name Sequence (5" to 3")

OTULIN C129S F CGTGGTGATAATTACTCTGCACTGAGGGCCACG

OTULIN C129SR CGTGGCCCTCAGTGCAGAGTAATTATCACCACG

OTULIN Y56F F CATGAGGAGGACATGTTCCGTGCTGCAGATGA

OTULIN Y56F R TCATCTGCAGCACGGAACATGTCCTCCTCATG

OTULIN K34R F CACGGCGCGGGACGGCGGGAGGGCGGCGGCCAGCGGGCAG
OTULIN K34R R CTGCCCGCTGGCCGCCGCCCTCCCGCCGTCCCGCGCCGTG
OTULIN K64/66R F CAGATGAAATAGAAAGGGAGAGAGAATTGCTTATACA
OTULIN K64/66R R TGTATAAGCAATTCTCTCTCCCTTTCTATTTCATCTG
OTULIN C17AF AGGCGCGAGCGCTGCCGAGAC

OTULIN C17AR GTCTCGGCAGCGCTCGCGCCT

OTULIN CATAF AGATGCAGGCTCCGGCCGAGCATGAG

OTULIN C47AR CTCATGCTCGGCCGGAGCCTGCATCT
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labeled with y*?P-dATP using T4 polynucleotide kinase, and 1 pl probe was added to the
above reactions for 15 min RT incubation. Following electrophoresis in a 4% native
acrylamide gel, the gels were dried, DNA in gels were visualized by phosphoscreen.

Luciferase Assay

Cells for NF-kB signaling reporter assay were co-transfected with 0.5 ug
pGL4.32 (Luc2p/NF-kB-RE/Hygro), 10 ng pGL4.74 (hRLuc/TK) (Promega), and the
indicated plasmids per well of 24-well plate in triplicate. After 24 h, cells were treated
with compounds as indicated in the figure and the luciferase activity was detected by a
Promega GloMax 20/20 luminometer, using the Dual-luciferase Reporter Assay System
(cat# E1960; Promega). Renilla luciferase activity was measured for normalization of
transfection efficiency.

DSS Crosslinking Assay

HEK293T cells were treated with 2 uM of doxorubicin or DMSO for 2 hours.
~1.2 x 108 cells were then washed three times and collected with 500 pl cold PBS.
Crosslinker disuccinimidyl suberate (DSS) solution (cat# 21655; ThermoFisher) was
added into the PBS (with cells) to a final concentration of 1 mM for incubation for 30
min at room temperature. The reaction was stopped by the quench solution with a final
concentration of 10 mM Tris-HCI (pH 7.5) for 15 min at room temperature. Finally, Cells
were obtained by 200 xg centrifuge for OTULIN dimerization analysis by
immunoblotting.

Immunoblotting

Cells were lysed with the RIPA buffer (cat# P189900; Thermo Scientific)
containing protease inhibitor cocktails (Roche) and phosphatase inhibitor cocktails
(Roche) on ice, with randomly vigorous vortex for 30 min. After centrifuging the cell
lysates at 18 x 10° g for 10 min, protein concentration of the supernatant was determined
by Bradford protein assay (Bio-Rad), and the same amounts of lysates (30 ug) were
mixed in 2X sample buffer (125 mM Tris-HCI, 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, a pinch of bromophenol blue) and boiled for 10 min at 95°C.
Alternatively, lysates were dissolved in 2X sample buffer without 2-mercaptoethanol to
detect the disulfide-bond-dependent dimerization of OTULIN. Samples were loaded in
appropriate concentration of polyacrylamide gels (e.g., 10%, 4-20% gradient gels, etc.)
for SDS-PAGE, proteins were immunoblotted with the appropriate antibodies and
subsequently visualized by chemiluminescent substrate.
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Co-immunoprecipitation and Immunoprecipitation

For co-immunoprecipitation (co-IP) assays, the whole cells of 60 mm dish were
collected in 1.5 ml Eppendorf tube and lysed with homemade IP lysis buffer (20 mM Tris
(pH 7.0), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 2 mM DTT, 0.5 mM
PMSF, 20 mM B-glycerol phosphate, 1 mM sodium orthovanadate, 1 ug/ml leupeptin, 1
ug/ml aprotinin, 10 mM p-nitrophenyl phosphate, and 10 mM sodium fluoride). After the
centrifuge, 5% supernatant lysates were taken as input for future use. Dynabeads™
protein A (20ul for each, cat# 10001D, ThermoFisher) was prepared by washing three
times with IP lysis buffer and then incubated with 1 ug primary antibody and the left cell
lysates at 4°C overnight. The protein-antibody-bead conjugates were isolated by
magnetic rack, followed by five washes with IP lysis buffer. Immunoprecipitated proteins
were eluted with 20 pul SDS-PAGE-loading buffer boiling for 10 min at 95°C. Regular
immunoblotting was performed for the subsequent process.

To detect protein ubiquitination, cells were boiled for 30 min at 95°C in IP lysis
solution containing 1% SDS to break noncovalent connections. After heating, the cell
lysates were centrifuged at 18 x 10° g for 10 min at 4°C. The resultant supernatant was
diluted with IP lysis buffer to 0.1% SDS and mixed with primary antibodies (1ng) and
Dynabeads™ protein A (20 ul) for subsequent incubation at 4 °C overnight. The loading
sample preparation, SDS-PAGE in polyacrylamide gel, and protein of interest
visualization were conducted in the same way as described above.

Immunoprecipitation to Detect Biotin-labeled OTULIN

HEK293T cells were grown in complete DMEM media and stimulated with
TNFa (10 ng/ul) or etoposide (10 uM) for the indicated amount of time. HEK293T cells
were washed three times with PBS and acquired as pellets by centrifuge at 5000 xg for 1
min, followed by vacuum to remove the extra PBS. Pellets were flicked loose and lysed
with RIPA lysis buffer containing 500 uM DCP-Biol and protease inhibitor cocktails on
ice for 1h and given a vortex every 10 min. Cell lysates were centrifuged at 17,500 xg for
10 min and the supernatant was transferred to new 1.5 ml Eppendorf tubes. Protein
concentration was determined by Bradford protein assay. An aliquot of 30 ug protein was
separated for input. 300 ug of each sample was preincubated with 20 ul Dynabeads-
protein A magnetic beads preequilibrated in lysis buffer (no antibody) for 2 h at 4°C, and
beads were isolated by magnetic rack and discarded to exclude the nonspecific protein-
beads binding. In addition, a fresh aliquot (20 ul) of beads was preincubated with 3 ul of
anti-HA antibody for 2 h at 4°C. The antibody-crosslinked beads were collected and
incubated with preprocessed lysates overnight at 4°C. The next day, supernatants were
removed, and beads were washed three times with cold RIPA buffer. HA-OTULIN
protein was eluted with 25 uL SDS sample buffer by boiling at 95°C for 10 min. Total
supernatants of eluted protein and SDS sample buffer-boiled Input were loaded into 4-
20% gradient polyacrylamide gels and separated by SDS-PAGE. The subsequent
procedures were PVDF membrane transfer, 5% milk blocking, and incubation with HRP-
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conjugated anti-biotin antibody (1:1000) or anti-HA antibody (1:1000) overnight at 4°C.
For the latter one, additional incubation with an HRP-conjugated secondary 1gG antibody
for 2 h at 24°C was needed. PVDF membrane was washed with TBST buffer for 30 min,
replacing fresh buffer every 10 min. Finally, protein of interest was visualized by
chemiluminescent approach.

Expression and Purification of GST- or His-tagged Fusion Protein

PGEX-5X.1-GST-PIM, pGEX-5X.1-GST-PIM-Ub4, pGEX-4T-2-GST-
PUB_WT, pGEX-4T-2-GST-PUB_D117A, pGEX-4T-2-GST-PUB_E127A, pGEX-4T-
2-GST-PUB_D117A/E127A, pET28a-His-PUB, pET28a-His-PIM-Ub4, and pET28a-
His-Ub4 constructs were expressed in BL21 (DE3) cells. Cells with GST or His
constructs were grown at 37 °C in 250 ml LB medium with 100 pug/ml ampicillin or 50
ug/ml kanamycin, respectively, to an ODeoo 0f 0.4-0.6. The culture was further incubated
with IPTG to a final concentration of 0.1 mM for 2.5 h. Cells were collected at 5000 xg
for 15 min at room temperature. Pellet resuspending in 5 ml ice-cold PBS with proteinase
inhibitor cocktails was sonicated for lysis. Triton X-100 was added to a final
concentration of 1% to avoid the association of fusion protein with bacterial proteins. To
remove insoluble material and cell debris, the mixture was centrifuged for 5 min at
10,000 xg at 4°C. GST- or His-containing supernatant was added with 1 ml of 50 %
slurry of glutathione-agarose beads or Ni-NTA agarose beads, respectively, and mixed
for 2 h at 4°C. After centrifugation at 500 xg for 10 sec, beads were collected and washed
by PBS for elution, in which glutathione-agarose beads or Ni-NTA agarose beads were
mixed with reduced glutathione or imidazole, respectively, in 500 ul 50 mM Tris elution
buffer (pH 8.0).

In Vitro Pulldown Assay

Glutathione-agarose beads or Ni-NTA agarose beads and 2 g of each purified
fusion protein of interest were added into one 1.5 ml Eppendorf tube and incubated for 2
hat 4 °C in 500 ul IP buffer with proteinase inhibitor cocktails. Beads were washed three
times by IP buffer to remove non-bound protein before elution in 20 pl 2X SDS loading
buffer for immunoblotting.

Mass Spectrometry (MS)

In-gel digestion of a gel band (OTULIN) was performed overnight at 37°C using
In-Gel Tryptic Digestion kit (cat#89871x, Thermo Sci.) according to the manufacturer’s
protocol including optional steps for reduction and alkylation. The generated peptide
mixture (25 ul) was vacuum dried for 180 min to get rid of the volatile components of the
digestion buffer. The generated peptide sample was subject to LC-MS/MS analysis
(Figure 2-1).
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For beads digestion, beads with IP OTULIN were transferred into 70 ul of
digestion buffer (DB, 100 mM ammonium bicarbonate) and incubated with 4 ul of
LysC/Trypsin mixture (cat# A41007, Thermo Scientific) dissolved at 0.1 pg/ul in DB.
Trypsin/Lys-C digestion was performed overnight at 37°C and 1150 rpm using
Eppendorf ThermoMixer F1.5. The peptide digests were collected, and the beads were
extracted with 100 pl of 50% acetonitrile/0.5% TFA at 37°C for 10min; the extracts were
combined with corresponding digests, desalted using Pierce C-18 spin tips (cat# 84850,
Thermo Scientific) according to the manufacturer’s protocol, and vacuum dried.

For LC-MS/MS, the dried peptide sample was re-dissolved in 30 ul of loading
buffer (3% acetonitrile, 0.1% TFA), and 5 ul was analyzed using LC-MS/MS method
with 160 min LC gradient for peptide/protein identification and mapping of specified
PTM sites. Raw MS data were acquired on an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher) as previously described [126].

The analysis the acquired raw MS data was performed within a mass informatics
platform Proteome Discoverer 2.2 (Thermo Fisher) as previously described [126].

Quantitative RT-PCR

Total RNA was extracted from HEK293T cells by TRIzol reagent (Invitrogen)
following the manufacturer’s instructions. The cDNA was synthesized from 2 ug of total
RNA using the RevertAid First Strand cDNA Synthesis kit (Thermo Scientific). gPCR
was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) on an
Eppendorf Mastercycler realplex2. Gene specific primers were used to amplify cDNA as
followed: OTULIN forward, 5-GGGGCATCAGAACCGAGATTA-3 and OTULIN
reverse, 5-TCGCCGTATGGAGGTGAACT-3'; GAPDH forward, 5-TGCACCACCAA
CTGCTTAGC-3' and GAPDH reverse, 5-GGCATGGACTGTGGTC ATGAG-3'; Tnfa
forward, 5'-CCCTCACACTCAGATCATCTTCT-3" and Tnfa reverse, 5'-GCTACGACG
TGGGCTACAG-3'; 1l-6 forward, 5-AGTTGCCTTCTTGGGACTGA-3' and 11-6
reverse, 5-TCCACGATTTCCCAGAGAAC-3'; Il-1p forward, 5'-AAATGCCTCGTGCT
GTCTGACC-3"and Il-15reverse, 5'-CTGCTTGAGAGGTGCTGATGTACC-3'; Gapdh
forward, 5'-GCAAATTCAACGGCACAG-3' and Gapdh reverse, 5-CTCGCTCCTGGA
AGATGG-3.

Clinical Data Analysis
Immunoblotting and immunoprecipitation analysis of OTULIN were performed in
breast cancer patient tumor samples and adjacent normal breast tissue samples.

Specimens were collected immediately after surgery in RPMI medium containing
penicillin/streptomycin or snap frozen and transported to the laboratory on ice.
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Statistical Analysis

The results were presented as mean + SEM. Statistical analysis has been
performed using Prism GraphPad 9 software. The number of independent experiments,
experimental repeats, biological samples are indicated in figure legends. Multiple
comparisons were made using one-way or two-way ANOVA as shown in the figure
legends. p < 0.05 is considered significant, indicated as *p < 0.05, **p < 0.01, #**p <
0.001, and s**xp < 0.0001.
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CHAPTER 3. RESULTS!

OTULIN Counteracts LUBAC in Regulating Genotoxic NF-kB Activation

It has been well established that NF-xB signaling is excessively activated in
response to genotoxic stress and TNFa treatment [11, 52, 87]. The LUBAC-dependent
linear ubiquitination of NEMO has been reported as a crucial step of atypical and
canonical NF-kB activation, in which linear ubiquitin chains serve as signaling scaffolds
to increase phosphorylation of IKK by TAK1 [11, 87]. By altering the level or activity of
the LUBAC subunits (HOIP, HOIL-1L, and SHARPIN), we provided more evidence for
a LUBAC-dependent mechanism underlying the canonical (TNFa treatment) and
atypical (genotoxic stress) NF-kB signaling activation. First, we found that TNFa- and
chemo drugs-induced NF-xB activation was substantially reduced in CRISPR/Cas9-
cloned HOIP-KO HEK?293T cells, in which the excellent knockout efficiency of HOIP
(the catalytic core subunit of LUBAC) was shown by immunoblotting (Figure 3-1A). To
exclude the off-target effect, we reconstituted wild-type (WT) HOIP or enzymatically
inactive HOIP C885S in HOIP-KO HEK?293T cells. HOIP WT rescued the NF-xB
activation indicated by phosphorylation of p65, phosphorylation of IkBa, and subsequent
degradation of 1kBa., which is induced by TNFa. or Etop treatment. HOIP C885S failed
to rescue NF-kB activation, indicating HOIP is required for canonical and genotoxic NF-
kB activation (Figure 3-1B). Furthermore, gliotoxin is a highly bioactive fungal
metabolite with its well-known immunosuppressive action as a functional NF-xB
inhibitor. In consistent with its new identity as a selective binder to the RBR domain of
the HOIP [128], gliotoxin inhibited genotoxic NF-«kB activation by inhibiting LUBAC
(Figure 3-1C). It was reported that the deficiency of HOIL-1 or SHARPIN dramatically
reduced LUBAC E3 ligase activity [6, 9], hence we doubted whether HOIL-1 and/or
SHARPIN are also required for the canonical and atypical NF-kB activation. Using
HOIL-17- MEFs, and SHARPIN-null chronic proliferative dermatitis (cpdm) MEFs, we
found that the absence of HOIL-1L and SHARPIN in MEFs also reduced the NF-xB
response to TNFo or chemo drug treatment (Figure 3-1D, F). In addition, NF-xB
activation increased gradually upon CPT 4 h treatment and peaked at 2 h, which was
attenuated by HOIL-1 knockout at all the indicated times (Figure 3-1E). These data
demonstrate that all the subunits of LUBAC work together for inflammatory and
genotoxic NF-kB activation.

OTULIN specifically cleaves linear ubiquitin chains which are assembled by
LUBAC and has been demonstrated to inhibit inflammatory NF-kB signaling [26, 30].
To test if OTULIN also downregulates LUBAC-mediated genotoxic NF-kB activation,
we also used CRISPR/Cas9 system to generate OTULIN-KO HEK293T and MDA-MB-
231 cells. Of note, it was reported that OTULIN deficiency has cell type-specific effects

! Modified from final submission with permission. Li, M., et al., Reciprocal interplay between OTULIN-
LUBAC determines genotoxic and inflammatory NF-«B signal responses. Proc Natl Acad Sci U S A, in
press [127].
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Figure 3-1. LUBAC is required for NF-kB activation.

(A) Parental or HOIP-KO HEK293T cells were treated with TNFa (10 ng/ml, 15 min),
Etop (10 uM, 2h), or CPT (10 uM, 2h). NF-kB activation was analyzed by EMSA using
Igi probe, and protein expression was determined by immunoblotting with indicated
antibodies. An Oct-1-binding consensus probe and o-Tubulin were used as a control in
EMSA and immunoblotting, respectively. (B) HOIP-KO HEK293T cells were
reconstituted with HOIP WT or C885S mutant. Cells were treated with TNFo (10 ng/ml,
15 min) or Etop (10 uM, 2h). Protein expression was determined by immunoblotting with
antibodies as indicated. (C) MDA-MB-231 cells were pretreated with or without LUBAC
inhibitor gliotoxin (1 uM) for 24 h, and subsequently treated with CPT (10 uM, 2h) or
Dox (2 ng/ml, 2h). NF-«B activation was analyzed by EMSA using Igk probe. (D)
HOIL-1*"* and HOIL-1"- MEFs were treated with TNFo (10 ng/ml, 15 min), CPT (10
uM, 2h), or Dox (2 ug/ml, 2h). NF-xB activation was analyzed by EMSA, and protein
expression was determined by immunoblotting with indicated antibodies. (E) HOIL-1**
and HOIL-1"- MEFs were treated with CPT (10 uM) for indicated time points, and cell
lysates were analyzed by EMSA and immunoblotting to determine the NF-kB activation
and HOIL-1 knockout efficiency, respectively. (F) SHARPIN** and SHARPIN” MEFs
were treated and analyzed as in (D).
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on LUBAC degradation. Loss of OTULIN in T cells, B cells, and fibroblasts
downregulates LUBAC stability, while OTULIN deficiency in myeloid cells and bone
marrow-derived macrophages does not affect LUBAC abundance [27, 129]. In both
HEK293T and MDA-MB-231 OTULIN-KO clones, we found a substantial upregulated
ladder-shaped linear ubiquitin signal without LUBAC degradation as compared to
parental cells (Figure 3-2A, B). Functionally, NF-kxB activation was appreciably
improved by OTULIN knockout determined by EMSA upon various stimuli, including
IR, Dox, CBP, Etop, CPT, and TNFa. (positive control) (Figure 3-2C through E). In
response to a time-course treatment of Dox, NF-kB showed that much more activation in
OTULIN-KO cells starting from 2 h (Figure 3-2F). The aberrant NF-«B activation in
OTULIN-KO cells was abolished by the reconstitution of OTULIN WT, but not the
catalytic dead mutant OTULIN C129S, suggesting that OTULIN catalytic activity is
required for limiting the NF-xB activation (Figure 3-2G). We further showed that
treatment with Etop induced much higher NF-kB activation based on a dual-luciferase
NF-kB-dependent reporter assay in OTULIN-KO cells compared to parental cells, which
was attenuated by the reconstitution of OTULIN WT (Figure 3-2H). OTULIN is not
transcriptionally regulated by NF-kB [130], so neither Etop nor TNFa. treatment altered
OTULIN transcriptional level (Figure 3-21, J). Therefore, whether OTULIN can modify
its function adaptively according to cellular context is still a question.

To explore how OTULIN inhibits genotoxic NF-kB activation, we proceeded to
examine the NF-kB modulator NEMO which is known to be modified by LUBAC with
linear ubiquitin chains upon genotoxic stress [11]. Consistently, the linear ubiquitination
of NEMO was induced by the treatments of cytotoxic chemotherapeutic agents Etop and
Dox in HEK293T cells. However, the induction of NEMO linear ubiquitination was
blocked by OTULIN overexpression (Figure 3-3A). We further tested this result in
MDA-MB-231 cells and found that OTULIN deficiency substantially promoted NEMO
linear ubiquitination basal and induced levels (Figure 3-3B), suggesting that OTULIN
can inhibit genotoxic NF-xB through cleaving the linear ubiquitin chains of NEMO.
Taken together, these data indicate that genotoxic NF-kB signaling is counter-balanced
by LUBAC and OTULIN, either molecule plays an indispensable role in regulating linear
ubiquitination. This finding inspired us to investigate if there is any interplay between
LUBAC-mediated linear ubiquitination and OTULIN-mediated deubiquitination events
under various states, like normally unstressed, inflammatory, or genotoxic conditions.

The N-terminal Domain of OTULIN Interacts with the PUB Domain of HOIP
Facilitated by Linear Ubiquitination

The PIM domain of OTULIN has been shown to interact with the PUB domain of
HOIP. The presence of OTULIN on LUBAC is required for the recruitment of OTULIN
to the TNFR1 complex and the counteraction of HOIP-dependent NF-kB activation [22,
34]. It is unclear if the OTULIN-LUBAC interaction is still required for the regulation of
genotoxic NF-«xB activation. To investigate the importance of OTULIN-LUBAC
(through HOIP) interactions under genotoxic stress, we firstly determined the specific
domains for OTULIN and HOIP interaction under normal unstressed state by using
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Figure 3-2.  OTULIN inhibits genotoxic NF-kB activation.

(A, B) Immunoblotting analysis of parental and OTULIN-KO clones in HEK293T and
MDA-MB-231 cells using the antibodies as indicated. (C) Parental and OTULIN-KO
MDA-MB-231 cells were treated with TNFo (10 ng/ml, 15 min), Dox (2 ug/ml, 2h), or
CBP (10 ug/ml, 2h). NF-xB activation was analyzed by EMSA using Igk probe, and
protein expression was determined by immunoblotting with indicated antibodies. (D)
Parental and OTULIN-KO HEK293T cells were treated with TNFa. (10 ng/ml, 15 min),
Etop (10 uM/ml, 2h), or CPT (10 uM/ml, 2h). Cells were analyzed as in (C). (E) Parental
and OTULIN-KO MDA-MB-231 cells were exposed to IR (10 Gy, 2h) or left untreated
(-). Cells were analyzed as in (C). (F) Parental and OTULIN-KO MDA-MB-231 cells
were treated with Dox (2 pug/ml) for indicated time points and analyzed by
immunoblotting. (G) OTULIN-KO HEK293T cells were reconstituted with OTULIN
WT or C129S mutant. Cells were treated with TNFo (10 ng/ml, 15 min) or Etop (10 uM,
2h). Protein expression was determined by immunoblotting with antibodies as indicated.
(H) Parental, OTULIN-KO, and OTULIN-reconstituted HEK293T cells were co-
transfected with kB-Fluc/hRluc-TK reporter constructs. After 24 h, cells were treated
with Etop (10 uM, 6 h), and cell extracts were prepared to determine luciferase activity.
Two-way ANOVA followed by Tukey's post-hoc test was used to determine statistical
significance for multiple comparisons. ***p < 0.001; ****p < 0.0001; ns, not significant.
(1) gPCR analysis of OTULIN mRNA level in HEK293T cells treated with TNFa (10
ng/ml) for 15 min or 6 h or left untreated as control group. (J) qPCR analysis of OTULIN
MRNA level in HEK293T cells treated with Etop (10 uM/ml) for 2 h or 24 h or left
untreated as control group. n = 3 independent experiments. One-way ANOVA followed
by Tukey's post-hoc test shows no statistical significance in I and J. Data were presented
as Mean = SEM.
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Figure 3-2.  Continued.
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Figure 3-3.  OTULIN downregulates the linear ubiquitination of NEMO.

(A) Linear ubiquitination of immunoprecipitated NEMO in HEK293T cells. Following
transfection with or without wild-type Myc-OTULIN, cells were treated with Etop (10
uM, 2 h). (B) Linear ubiquitination of immunoprecipitated NEMO in parental or
OTULIN-KO MDA-MB-231 cells treated with Dox (2 ug/ml, 2 h).
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domain truncation strategy. The PUB domain of the LUBAC component HOIP is highly
conserved, which is also shared by PNGase [131]. PNGase-PUB electrostatically binds to
ubiquitin chains and Ub-like (UBL) domain of HR23 [132]. In addition, the UBA domain
of HOIP was reported to specifically interacts with the UBL domain of HOIL-1L, which
is pivotal for the LUBAC complex formation [6]. The NZF ubiquitin-binding domain in
HOIP directs LUBAC to ubiquitinated proteins [34]. Therefore, it is plausible to postulate
that HOIP might interact with ubiquitin chains of OTULIN via some of these ubiquitin-
binding domains (Figure 3-4A), which reinforces the affinity between OTULIN and
HOIP. We further asked whether OTULIN is ubiquitinated by linear ubiquitin chains,
because LUBAC as an E3 ligase specific for linear ubiquitin conjugation is very likely to
ubiquitinate OTULIN when they interact together. To test these hypotheses, we both
investigated the specific domain for the interaction of LUBAC and OTULIN and verified
the linear ubiquitination of OTULIN.

We firstly co-transfected HA-OTULIN with truncated Myc-HOIP moieties into
HEK293T cells. Co-IP assay showed that the PUB-deleted HOIP completely lost the
interaction with OTULIN, but not other truncated variants, indicating that the PUB
domain is exclusively involved in OTULIN interaction (Figure 3-4B). By in vitro
pulldown assay using recombinant proteins expressed with His or GST tags, we
demonstrated that the N-terminus of OTULIN (1-80aa), when fused with a head-to-tail-
linked tetra-ubiquitin construct (Ub4), augmented its binding further to the His-PUB,
indicating that the linear ubiquitin chains of OTULIN, which was verified to be existed
later, are the assistant binding partner to the HOIP-PUB (Figure 3-4C). This prompted us
to find the specific residues of HOIP-PUB domain for linear ubiquitin chains binding.
Glu73, Glu82, and Glu84 of PNGase-PUB were identified as the critical residues
contributing to the electrostatic interaction with HR23-UBL and ubiquitin chains [132].
We identified two matching residues Asp117 (D) and Glul127 (E) of HOIP-PUB by
sequence alignment with PNGase (Figure 3-4D), to be required for the interaction
between HOIP-PUB and Ub4/His-N-OTULIN-Ub4 (Figure 3-4E, F). The interaction-
deficient impact of double mutation variant (D117A and E127A) was further verified in
HEK293T cells overexpressing HA-OTULIN and Myc-HOIP WT or Myc-HOIP
D117A/E127A by co-IP assay (Figure 3-4G). Taken together, these results showed
linear ubiquitin chains of OTULIN enhance its binding to HOIP through interacting with
the PUB domain at Asp117 and Glul127.

OTULIN Is Linearly Ubiquitinated by LUBAC Under Unstressed Condition

LUBAC is thus far the only known E3 ligase that specifically generates linear
ubiquitin chains on substrates. To confirm whether OTULIN can be ubiquitinated and to
find the required residues for linear ubiquitination, we performed MS-based proteomics
experiment on the enriched OTULIN protein (Figure 2-1). The MS data were searched
against the protein database using SEQUEST. We identified a total of eight ubiquitinated
OTULIN residues (K64, K66, K107, K116, K180, K198, K251, and K325). An MS/MS
spectrum presents high confidence in the identification and localization of the ubiquitin
modification on K64 and to a lesser extent on K66 (Figure 3-5A). Of note, the MS assay
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Figure 3-4.  Linear ubiquitin chains facilitate the binding of OTULIN and HOIP.
(A) Diagram of full-length HOIP and the indicated domain-deleted mutants: HOIP-PUB
deletion (52-162aa), HOIP-NZF1 deletion (350-379aa), HOIP-NZF2 deletion (399-
438aa), HOIP-UBA deletion (564-615aa), or HOIP-RBR deletion (699-1072aa). (B) Co-
IP analysis of the interaction between HA-OTULIN and Myc-HOIP WT, PUB-, NZF1-,
NZF2-, UBA-, or RBR-deleted truncated mutant in HEK293T cells. (C) In vitro
pulldown assay of His-PUB (1-185aa) by GST-N-OTULIN (1-80aa) or GST-N-OTULIN
fused with linear tetra ubiquitin chains. (D) Structure-based sequence alignment of the
PUB domain in HOIP and PNGase. Red labeled letters in HOIP sequence represent the
corresponding conserved residues to Glu73 and Glu82 of PNGase. (E, F) In vitro
pulldown assay of GST-PUB (1-185aa) WT, D117A, E127A, or D117A/E127A by His-
Ub4 or His-N-OTULIN-UDb4, respectively. (G) Co-IP analysis of the interaction between
HA-OTULIN and Myc-HOIP WT or Myc-HOIP D117A/E127A in HEK293T cells.
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Figure 3-5.  Identification of OTULIN linear ubiquitination dependent on HOIP.

(A) MS/MS spectrum showing the identification of an OTULIN peptide carrying
ubiquitination (GG) on lysine (K) 64. MS/MS fragmentation of the peptide (AADEIEK (-
GG) EKELLIHER) is shown in the upper panel. In the bottom panel, a series of b (black)
and y (blue) product ions are detected in the 3-charge MS/MS spectrum, providing high
confidence in the identification and localization of the ubiquitin modification. The X-axis
represents the mass to charge (m/z) ratio, and the Y-axis shows the relative intensity of
different peaks. The monoisotopic precursor mass value (M+3H+) of the ubiquitinated
peptide is shown. (B) Linear ubiquitination of immunoprecipitated HA-OTULIN WT,
K64/66R, K34R, and K34/64/66R mutants in HEK293T cells. (C) Different
ubiquitination levels (M1-Ub, K48-Ub, and K63-Ub) of immunoprecipitated HA-
OTULIN WT or K64/66R mutants were determined in HEK293T cells. (D) Linear
ubiquitination of immunoprecipitated endogenous OTULIN in parental and HOIP-KO
cells. (E) Linear ubiquitination of immunoprecipitated HA-OTULIN in HOIP-KO
HEK?293 cells co-transfected with HA-OTULIN and Myc-HOIP WT or C885S mutant.
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only revealed OTULIN's ubiquitination site, but not the ubiquitin linkage. We focused
the linear investigation on the N-terminus of OTULIN (1-80aa), because this domain is
well-established to be required and sufficient for the interaction with LUBAC. Linear
ubiquitination was only detected in immunoprecipitated HA-OTULIN WT and K34R,
but not in K64/66R mutant (Figure 3-5B). We further found OTULIN K48-linked
ubiquitination was not affected by K64/66R mutation and K63-Ub was undetectable
under normal states (Figure 3-5C), suggesting Lys64/66 is specific for OTULIN linear
ubiquitination.

Since OTULIN binds to LUBAC in unstimulated cells, it is rational to ask
whether the linear ubiquitination of OTULIN is LUBAC-dependent. RBR is known as an
important group of E3 ligases required for ubiquitination [133]. For LUBAC, only the
RBR domain of HOIP, but not HOIL-1L, is necessary for LUBAC to assemble linear
ubiquitin chains although both HOIP and HOIL-1L belong to the RBR class of E3 ligases
[6, 16]. Consequently, loss of HOIP can completely abolish LUBAC ligase activity.
Therefore, we compared the linear ubiquitin level of OTULIN between parental and
HOIP-KO HEK293T cells. Indeed, OTULIN could be linearly ubiquitinated in the
parental cells, while the linear ubiquitin signal was abolished in HOIP-KO cells (Figure
3-5D). To mitigate the off-target effects, we reconstituted HOIP WT and its
enzymatically inactive C885S mutant in HOIP-KO HEK293T cells. As expected,
OTULIN linear ubiquitination was only rescued by HOIP WT (Figure 3-5E), suggesting
that OTULIN is linearly ubiquitinated in a HOIP-dependent manner.

OTULIN Linear Ubiquitination Is Required for NF-kB Inhibition

Next, we investigated the interaction between LUBAC and different OTULIN
mutants and if these mutants lose their function in preventing genotoxic or inflammatory
NF-kB activation. OTULIN C129S and Y56F mutants represent two known loss-of-
function mutations: the former represents a catalytically inactive variant while Tyr56
phosphorylation of OTULIN is known to cause the disruption of OTULIN-LUBAC
interaction, which can be manifested by the Y56F mutation [22, 26, 34]. Three
independent co-IP assays showed a complete disruption of HOIP binding to OTULIN
Y56F mutant, while OTULIN K64/66R mutant lost its interaction with LUBAC by 81%
compared to the interaction with OTULIN WT (Figure 3-6A), indicating that physical
interaction between OTULIN and LUBAC requires and is stabilized by OTULIN linear
ubiquitination. Interestingly, C129S mutation of OTULIN does not affect its interaction
with LUBAC, although an upregulation of OTULIN linear ubiquitination was observed
(Figure 3-6B), mightily resulting from a saturated pool of OTULIN-LUBAC complex.
OTULIN Y56F mutant had no linear ubiquitination due to the absence of LUBAC
interaction.

Consistent with the previous finding that both OTULIN catalytic activity and its
presence on LUBAC are required for limiting inflammatory NF-«B signaling, all three
mutants lost their inhibitory roles in genotoxic and inflammatory NF-«xB signaling,
indicated by linearly ubiquitinated NEMO levels, NF-kB luciferase activity, and Igk-
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Figure 3-6.  Different interactions between OTULIN mutants and HOIP.

(A) Co-IP analysis of the interaction between Myc-HOIP and HA-OTULIN WT, C129S,
Y56F, or K64/66R mutants in HEK293T cells. (B) Linear ubiquitination of
immunoprecipitated Myc-OTULIN in OTULIN-KO MDA-MB-231 cells overexpressing
OTULIN WT, C129S, Y56F, K64/66R, or not.
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probed EMSA (Figure 3-7A through E). To confirm the deficit of OTULIN K64/66R
mutation in restricting NF-kB signaling, we further compared the kinetics of NF-kB
activation in response to TNFa and Etop stimuli between OTULIN WT- and K64/66R-
reconstituted cells. Although OTULIN K64/66R cells had higher NF-kB activation,
OTULIN WT and K64/66R cells still peaked at the same time points (i.e., 10 min for
TNFa, 2 h for Etop.) (Figure 3-7F, G). In addition, OTULIN-KO HEK293T cells
reconstituted with OTULIN K64/66R mutant failed to inhibit NF-kB activation compared
to OTULIN WT (Figure 3-7H). Most of all, direct determination of cell death also
demonstrated that reconstitution of Y56F or K64/66R mutant made cells tolerate to the
Dox treatment via dysregulated NF-kB signaling because the resistance was alleviated by
overexpressing an lkBa super-repressor (IkBa-SR, undegradable) [134] or co-treated
with an IKK2 inhibitor TPCA-1 (Figure 3-8). Collectively, these data shows that
OTULIN linear ubiquitination at Lys64/66 is critical for OTULIN's counteracting role in
NF-kB activation upon TNFa treatment and genotoxic stress, which depends on the
physical interaction between OTULIN and LUBAC.

Genotoxic Stress Induces OTULIN Dimerization and Self-deubiquitination
Required for NF-kB Activation

These results led us to speculate that physical interaction between OTULIN and
LUBAC might be disrupted by genotoxic stress, which underlies the overactivated NF-
kB signaling during chemotherapy. Indeed, various chemotherapeutic agents (Dox, CBP,
and IR) caused a substantial loss of the physical interaction between OTULIN and HOIP
(Figure 3-9A), which correlated with a complete loss of linear ubiquitinated OTULIN
(Figure 3-9B). Thus far, OTULIN and cylindromatosis (CYLD) are the only two known
DUBs that cleave linear ubiquitin chains in vivo [135]. LUBAC-SPATA2-CYLD is one
of the three known different interaction profiles for the HOIP, the other two are LUBAC-
OTULIN and LUBAC-p97/VCP (40-fold less affinity compared to OTULIN), suggesting
that there may be at least three different cellular pools of LUBAC, dependent on cellular
context or compartment [130]. Indeed, Dox did not change the pool levels of LUBAC-
CYLD complex (Figure 3-9C). To test which DUB is responsible for OTULIN
deubiquitination, the dependency of CYLD and OTULIN were tested respectively. We
compared the level of linear ubiquitinated OTULIN in CYLD-null (CYLD™") and
CYLD"* cells and found no difference in OTULIN deubiquitination (Figure 3-9D).
Interestingly, the OTULIN C129S mutant displayed higher levels of linear ubiquitin
modification compared to WT group with or without Etop treatment (Figure 3-9E).
Therefore, we reasoned that the genotoxic stress-induced deubiquitination of OTULIN
may be conducted by OTULIN itself.

To further prove the module that OTULIN undergoes self-deubiquitination upon
genotoxic stress, whether OTULIN can form dimer or oligomer was tested. By Co-IP
analysis, it showed OTULIN expressed in two different tags as Myc and HA interacted in
HEK?293T cells (Figure 3-10A), which was not affected by any of the mutants such as
OTULIN C129S, Y56F, or K64/66R (Figure 3-10B). Notably, it was the N-terminal
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Figure 3-7.  Effects of OTULIN loss-of-function mutants on NF-kB activation.

(A) Linear ubiquitination of immunoprecipitated NEMO in OTULIN-KO MDA-MB-231
cells reconstituting with Myc-OTULIN WT, C129S, Y56F, or K64/66R mutants, under
the treatment of Dox (2 pug/ml, 2 h). (B) Dual-luciferase reporter assay of the NF-xB
activity in HEK293T cells overexpressing HA-OTULIN WT, C129S, Y56F, or K64/66R
mutants, under the treatment of Etop (10 uM, 6 h). (C) Linear ubiquitination of
immunoprecipitated NEMO in OTULIN-KO MDA-MB-231 cells reconstituting with
Myc-OTULIN WT, C129S, Y56F, or K64/66R mutants, under the treatment of TNFa
(10 ng/ml, 15 min). (D) Dual-luciferase reporter assay of the NF-«xB activity in
HEK293T cells overexpressing HA-OTULIN WT, C129S, Y56F, or K64/66R mutants,
under the treatment of TNFa (10 ng/ml, 4 h). (E) Gel shift analysis of NF-«xB activation
using lgk probe and western blot analysis of Myc tag in MDA-MB-231 cells transfected
with Myc-OTULIN WT, C129S, Y56F, or K64/66R mutants, and then treated with Dox
(2 ug/ml, 2 h) or TNFa (10 ng/ml, 15 min). (F, G) OTULIN-KO HEK293T cells were
reconstituted with OTULIN WT or K64/66R mutant, and then treated with TNFa (10
ng/ml) or Etop (10 uM) for indicated time points. NF-kB activation was analyzed by
immunoblotting with indicated antibodies. (H) OTULIN-KO cells were reconstituted
with OTULIN WT, K64/66R, C17/47A mutants, or not. Parental and transfected
OTULIN-KO HEK293T cells were treated with (-), TNFa. (10 ng/ml, 15 min), or Etop
(10 uM, 2h), followed by immunoblotting with antibodies as indicated. One-way
ANOVA followed by Tukey's post-hoc test was used to determine statistical significance
for multiple comparisons. **p < 0.01; ***p < 0.001; ns, not significant.
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Figure 3-8.  Effects of OTULIN loss-of-function mutants on cancer cell survival
via dysregulating genotoxic NF-xB signaling.

(A) Data of triplicate on the cell viability was analyzed by the CCK-8 assay in OTULIN-
KO MDA-MB-231 cells treated with Dox for 48 h. Dox ICso was 17.76 ng/ml, 61,72
ng/ml, and 51.67 ng/ml in HA-OTULIN WT-, Y56F-, or K64/66R-reconstituted cells,
respectively. (B) Cell viability was analyzed by CCK-8 assay in OTULIN-KO MDA-
MB-231 cells reconstituted with HA-OTULIN WT, Y56F, or K64/66R. Cells were co-
transfected with 1kBa-SR or pretreated with TPCA-1 (1 uM), and then treated with Dox
(100 ng/ml, 48 h). n = 5. One-way ANOVA followed by Tukey's post-hoc test was used
to determine statistical significance for multiple comparisons. ****p < 0.0001. (C)
Immunoblotting analysis of cleaved caspase-3 in OTULIN-KO MDA-MB-231 cells
treated as in (B).
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Figure 3-9.  Genotoxic stress induces dissociation of OTULIN-HOIP complex.
(A) Co-IP analysis of the interaction between endogenous OTULIN and HOIP in MDA-
MB-231 cells treated with Dox (2 ug/ml, 2 h), or CBP (10 ug/ml, 2 h), or exposed to IR
(10 Gy) and waiting in incubator for 2 h. (B) Linear ubiquitination of immunoprecipitated
endogenous OTULIN in HEK293T cells treated with Etop (10 uM), CPT (10 uM), or
exposed to IR (10 Gy) for 2 h. (C) Co-IP analysis of the interaction between CYLD and
HOIP in MDA-MB-231 cells treated with or without Dox (2 pg/ml, 2 h). (D) Linear
ubiquitination of immunoprecipitated endogenous OTULIN in CYLD** and CYLD™”
MEFs treated with Etop (10 uM), Dox (2 png/ml) for 2 h, or left untreated (-). (E) Linear
ubiquitination of immunoprecipitated Myc-OTULIN in OTULIN-KO HEK293T cells
reconstituted with Myc-OTULIN WT or C129S mutant, and subsequently treated with
Etop (10 uM, 2h), or left untreated (-).
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Figure 3-10. Intermolecular interaction of OTULIN leads to self-deubiquitination.
(A) Co-IP analysis of the interaction between Myc-OTULIN and HA-OTULIN in
HEK293T cells co-transfected with Myc-OTULIN and HA-OTULIN. (B) Co-IP analysis
of the interaction between Myc-OTULIN and HA-OTULIN in HEK293T cells co-
transfected with Myc-OTULIN and HA-OTULIN WT, C129S, Y56F, or K64/66R
mutants. (C) Mapping of OTULIN domain required for the OTULIN dimerization.
Interactions among the N- or C-terminal domains of OTULIN were analyzed by co-IP
assay in HEK293T cells. (D) Linear ubiquitination of immunoprecipitated HA-OTULIN
in HEK293T cells co-transfected with HA-OTULN and with increasing amount of Myc-
OTULIN. (E) Co-IP analysis of the OTULIN interaction and the HOIP-OTULIN
interaction in HEK293T cells co-transfected with HA-OTULN and with increasing
amount of Myc-OTULIN. (F) Co-IP analysis of the interaction between Myc-OTULIN
and GFP-OTULIN in HEK293T cells treated with Etop (10 uM, 2h), CPT (10 uM, 2h),
or left with untreated (-). (G) DSS crosslinking assay reveals the formation of OTULIN
dimers by immunoblotting analysis. HEK293T cells were treated with or without Etop
(10 uM, 2h) followed by the crosslinking assay described in methods.
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domain of OTULIN (i.e., 1-80aa), which contains the PIM motif, but not the C-terminal
part, of OTULIN that interacted with GFP-OTULIN (Figure 3-10C). Artificially
increasing Myc-tagged OTULIN (0.5-2 ug) greatly decreased linear ubiquitinated HA-
OTULIN in a dose-dependent manner (Figure 3-10D), which correlated with increased
OTULIN self-interaction and decreased the interaction with HOIP per OTULIN (Figure
3-10E). When we gradually increased OTULIN levels, there were two potential events
that may reason the result. Firstly, HA-OTULIN got deubiquitinated by overexpressed
Myc-OTULIN, and then HA-OTULIN with lesser linear ubiquitin chains lost the
interaction with HOIP. Secondly, overexpression of Myc-OTULIN competed with HA-
OTULIN on HOIP interaction, and then HA-OTULIN got less linear ubiquitination.
However, which event is predominant remains elusive. To test whether OTULIN self-
interaction is affected by genotoxic stress, we determined the levels of OTULIN self-
interaction under genotoxic conditions by Co-IP and DSS crosslinking assay; the latter is
specifically used to identify protein interaction. DSS is a non-cleavable crosslinker that
has an amine-reactive N-hydroxysuccinimide (NHS) ester at each end. NHS esters can
stabilize the protein interaction by reacting with primary amines to form stable amide
bonds. Co-IP showed that OTULIN self-interaction was enhanced by Etop and CPT in
HEK293T cells (Figure 3-10F). Consistently, the amount of OTULIN dimer was
increased by Etop treatment with DSS incubation. In addition, there was no
oligomerization of OTULIN assembly detected (Figure 3-10G).

Nest, we investigate why genotoxic stress could cause OTULIN self-interaction.
Oxidative stress is induced during chemotherapy [136], which often involves PTMs on
critical cysteine residues to cause the conformational and functional change of a protein
by forming disulfide bonds [137]. To test if OTULIN forms dimer through disulfide
bonds, we treated MDA-MB-231 cells with hydrogen peroxide (H202), and prepared
protein loading sample without dithiothreitol (DTT). We found H-O- facilitated
intermolecular OTULIN interaction in a dose-dependent manner (Figure 3-11A). Upon
lysis with 10 mM DTT, all OTULIN protein was reduced to the monomeric form (Figure
3-11B), indicating that OTULIN dimerize through covalent disulfide bonds because of
the DTT-sensitive nature. Disulfide bonds form via cysteine oxidation, hence we tried to
find the available cysteine residues in the N-terminal of OTULIN. Cys17 and Cys47 of
OTULIN are conserved among different species (Figure 3-11C). DCP-Biol can be used
to label oxidative cysteine by effectively detecting cysteine sulfenic acid [138]. OTULIN
C17/47A mutant showed less biotin labelling compared to WT OTULIN, suggesting
Cys17/47 is available for protein oxidation (Figure 3-11D). To further demonstrate the
propensity of Cys17/47 for oxidation, we designed a cysteine alkylation (by N-
ethylmaleimide, NEM)-reduction (by DTT)-alkylation (by iodoacetamide, IAM) assay to
determine the oxidation of OTULIN cysteines by LC-MS/MS. Reduced cysteines were
first labeled by NEM, and then reversable oxidized cysteines (e.g., disulfide, S-
glutathionylation) were reduced by DTT for IAM alkylation (Figure 3-11E). IAM-
labeled C17 and C47 were called carbamidomethylation (CAM), the ratios of which were
increased upon Etop treatment in HEK293T cells (Figure 3-11F), indicating that C17/47
of OTULIN can be oxidized and increasingly oxidized during Etop treatment. We thus
investigated the impacts of mutated cysteine residues on OTULIN dimerization. Either of
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Figure 3-11. OTULIN dimerization is a pre-requisite for OTULIN self-
deubiquitination and the subsequent dissociation from LUBAC under genotoxic
condition.

(A) Co-IP analysis of the interaction between Myc-OTULIN and HA-OTULIN in MDA-
MB-231 cells treated with H20- (0, 10, or 50 uM) for 15 min. (B) Immunoblotting
analysis of OTULIN dimerization in MDA-MB-231 cells. Cells were treated with H.O>
(50 uM, 15 min) or PBS, and subject to cell lysis with or without DTT (10 mM). (C)
Amino acid sequence alignments of OTULIN N-terminus shows conservation of Cys17
and Cys47 in various species. (D) IP analysis of the biotin labeled HA-OTULIN (WT or
C17/47A) in HEK293T cells treated with Etop (2 uM) for indicated time points and lysed
with DCP-Biol as described in methods. (E) Workflow of the identification of alkylated
peptides of enriched OTULIN. During cell lysis, NEM was firstly used to label reduced
cysteine, then DTT was used to reduce the reversible cysteine, and then IAM was used to
label the just reduced cysteines (i.e., the levels of IAM-labeled cysteines indicate the
cysteine oxidation). Enriched OTULIN was used for the analysis of alkylated peptides by
LC/MS/MS. (F) LC/MS/MS analysis of cysteine alkylation by NEM and IAM.
HEK293T was treated with Etop (2 uM) for 2 h. The percentage of IAM-labeled cysteine
was calculated by the abundances of cysteine with carbamidomethyl divided by the total
abundances of corresponding cysteine (x 100%). Total cysteine = S-NEM + S-IAM. No
S-O2H (sulfinylation) or S-OsH (sulfonylation) was identified. (G) Immunoblotting
analysis of OTULIN dimerization in OTULIN-KO MDA-MB-231 cells reconstituted
with OTULIN WT, C17A, C47A, or C17/47A. Cells were then treated with or without
Dox (2 ug/ml, 2 h) and subject to cell lysis without DTT or B-mercaptoethanol (2-ME).
(H) Linear ubiquitination of immunoprecipitated HA-tagged OTULIN in MDA-MB-231
cells transfected with HA-OTULIN WT, C17A, C47A, or C17/47A, and then treated with
Dox (2 ug/ml, 2 h). (I) Co-IP analysis of the interaction between HOIP and HA-OTULIN
in MDA-MB-231 cells processed as in (F). (J) Immunoblotting analysis of Tyr56-
phosphorylation of OTULIN in OTULIN-KO MDA-MB-231 cells reconstituted with
OTULIN WT or C17/47A, and then treated with or without Dox (2 pg/ml, 2 h). (K)
Immunoblotting analysis of Tyr56-phosphorylation of OTULIN in N2a cells treated with
H202 (100 uM, 24 h) with or without imatinib (500 nM).
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the OTULIN cysteine mutant causes a significant reduction of the dimer formation upon
Dox treatment as compared to WT group. Of note, double cysteine mutant of OTULIN
completely prevented OTULIN from Dox-induced dimerization (Figure 3-11G).
Furthermore, the linear ubiquitin levels of OTULIN and the HOIP binding to OTULIN
were negatively correlated with OTULIN dimerization, affected by OTULIN cysteine
mutation (Figure 3-11H, 1). Since OTULIN C17/47A significantly affected the HOIP
OTULIN interaction, it was plausible to postulate that OTULIN C17/47A mutation could
influence NF-«B activation upon genotoxic stress or TNFa treatment. Notably, OTULIN
C17/47A mutation failed to inhibit NF-kB activation after TNFa and Etop treatment
(Figure 3-7H). Altogether, these findings display a critical residue for OTULIN
dimerization which underlies the loss-of-function of OTULIN during the genotoxic and
inflammatory response.

The negative regulated effect of OTULIN on NF-«kB signaling has been mostly
studied in the context of inflammatory response such as TNFa stimulus [22, 27, 34, 94,
129]. We conducted some crucial assays under TNFa. stimulus to determine whether
genotoxic stress-mediated OTULIN linear ubiquitination and dimerization can be applied
to the situation in inflammatory response. The time-course study under TNFo treatment
presented similar mode showing the oxidative deficiency of OTULIN C17/47A, and
OTULIN dimerization negatively correlated with OTULIN linear ubiquitination and
OTULIN-HOIP interaction, suggesting that TNFa induces the same OTULIN
modifications as genotoxic stress (Figure 3-12A, B, C, and F). In addition, TNFa
induces the linear deubiquitination of OTULIN in an OTULIN-dependent manner, but
not CYLD (Figure 3-12D, E). Furthermore, TNFa. treatment did not alter the affinity
between HOIP and CYLD (Figure 3-12G).

We also determine the impact of OTULIN C17/47A on the OTULIN
phosphorylation. OTULIN Tyr56 within the PIM domain is critical for its interaction to
HOIP, and OTULIN phosphorylation and mutation at Tyr56 directly disrupt LUBAC-
OTULIN complex [22, 34]. Tyr56 is embedded in PIM pocket when OTULIN interacts
with HOIP, which may prevent the phosphorylation of Try56. To test if the OTULIN
mutant (C17/47A) liable to LUBAC interaction will prevent its phosphorylation, we
induced the OTULIN phosphorylation by Dox [139] in OTULIN-KO MDA-MB-231
cells reconstituted with OTULIN WT or C17/47A mutant. Interestingly, OTULIN
C17/47A mutant decreases phosphorylation levels on the Tyr56 residue upon Dox
treatment compared to WT (Figure 3-11J), suggesting that the OTULIN-LUBAC
interaction structurally prevents OTULIN phosphorylation. In addition to Dox, OTULIN
phosphorylation could also be induced by H20- treatment, which was blocked by ABL1
inhibitor imatinib (Figure 3-11K).

OTULIN Loss of Function Is Detected in Clinical TNBC Samples
Our model shows that OTULIN can form dimer, which releases the OTULIN

from HOIP, and leads to activation of NF-kB pathway. To test if the model can also be
applied to human specimens, we acquired 6 pairs of clinical human TNBC samples. In
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Figure 3-12. Analysis of OTULIN dimers, ubiquitination, and HOIP interaction
during TNFa treatment.

(A) Co-IP analysis of the biotin labeled HA-OTULIN (WT or C17/47A) in HEK293T
cells treated with TNFa (10 ng/ml) for indicated time points and lysed with DCP-Biol as
described in methods. (B) Immunoblotting analysis of OTULIN dimerization in MDA-
MB-231 cells treated with TNFo (10 ng/ml) for 0, 15, 30, 60 min, and subject to cell
lysis without DTT or 2-ME. (C) Linear ubiquitination of immunoprecipitated OTULIN in
MDA-MB-231 cells treated with TNFo (10 ng/ml) for 0, 15, 30, 60 min. (D) Linear
ubiquitination of immunoprecipitated HA-OTULIN in OTULIN-KO HEK293T cells
reconstituted with HA-OTULIN WT or C129S, and then treated with or without TNFa.
(20 ng/ul, 15 min). (E) Linear ubiquitination of immunoprecipitated OTULIN in
CYLD** or CYLD” MEFs treated with or without TNFa. (10 ng/ul, 15 min). 2% of
protein lysate was used as Input for indicated protein detection by immunoblotting. (F)
Co-IP analysis of the interaction between HOIP and OTULIN in MDA-MB-231 cells
treated with TNFa (10 ng/ml) for 0, 15, 30, 60 min. (G) Co-IP analysis of the interaction
between HOIP and CYLD in MDA-MB-231 cells treated with or without TNFa. (10
ng/ml, 15 min).
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consistent with the cell experiment, OTULIN in the clinical samples also presented dimer
formation, which especially increased in #1, #2, and #5 patient breast cancer tissues
(Figure 3-13A). Unexpectedly, OTULIN expression level of OTULIN tumor tissues
markedly increased in 3 out of the 6 clinical samples which correlated with the loss of
interaction between OTULIN and HOIP and the loss of linear ubiquitinated OTULIN,
compared to adjacent nontumor tissues (Figure 3-13B, C). #3, #4, and #6 patient cancer
and adjacent normal tissues displayed the same HOIP-OTULIN interaction bur different
OTULIN phosphorylation levels, which indicates that there were other factors regulating
OTULIN phosphorylation (Figure 3-13C). To our surprise, though with higher amounts
of OTULIN, all these three samples (cancer tissues of #1, #2, #5) displayed high levels of
NF-kB activation (p-p65/Ser536) levels (Figure 3-13C, F). The explanation for this
might be that, although OTULIN was in a high level, negative feedback from
dimerization might have allowed the NF-«B signaling to be activated through some other
positive regulators in these samples. These cancer samples only had few functional
OTULIN monomers that could counteract LUBAC-mediated NF-kB activation. Chronic
inflammation may cause a high OTULIN dimerization in these cancer samples. In the
remaining 3 pairs of specimens (group B), the relative relationship between the OTULIN
protein levels and the OTULIN-HOIP interaction is constant with no significant
difference between cancer and normal tissues, associated with comparable NF-xB
activation (Figure 3-13D through H).

Bioinformatic analysis based on a published proteomic database using a large
cohort of primary breast tumor tissues revealed protein expression levels in four breast
cancer subtypes: basal-like (BL), HER2", luminal A, and luminal B [140]. TNBC is often
classified as a subtype of BLBC by gene expression profiling analysis. The overlap of
gene expression profiles can be as high as 60-90% between TNBC and BLBC compared
to an only 11.5% overlap between non-TNBC and BLBC [113]. It is interesting that both
OTULIN and LUBAC protein expression levels were altered significantly in the basal-
like group, while changes of CYLD was not appreciable. In particular, OTULIN protein
level was elevated in 16 out of 26 cases of BLBC (> 60%) by 2-8 folds: 6 cases at 2
folds, 6 cases at 4 folds, 2 cases at 6 folds, and 2 cases at 8 folds, while the increase of
OTULIN protein in the other three groups were much milder (~2 folds) among 30-36%
of all cases. On the contrary, HOIP protein level is mildly reduced in most of the 26 cases
of BLBC, as compared to other groups (Table 3-1). For OTULIN, we still observed a
high heterogeneity of expression level in BLBC, which indicates the requirement of a
personalized treatment strategy (Figure 3-14A). The significant effect of OTULIN-
LUBAC interaction may supply a new approach for future personalized therapy. An
interesting data showed that OTULIN translation was dramatically increased after SARS-
CoV-2 infected, the reason behind this remains to be further investigated (Figure 3-14B).
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Figure 3-13. Analysis of OTULIN dimers, ubiquitination, and HOIP interaction in
breast cancer clinical samples.

(A) Immunoblotting analysis of OTULIN dimer formation in breast cancer and adjacent
nontumorous tissue samples from 6 TNBC patients processed without DTT or 2-ME. (B)
Co-IP analysis of the interaction between HOIP and OTULIN in clinical samples
processed with IP buffer containing DTT and loading buffer with 2-ME. Immunoblotting
analysis of NF-kB activation (p-p65), OTULIN, and HOIP expression level. (C) Linear
ubiquitination and phosphorylation of immunoprecipitated OTULIN in clinical samples
boiled with IP buffer containing DTT at 95°C for 30 min, which subjected to immuno-
precipitation by low amount of anti-OTULIN antibody (500 ng) and Dynabeads (10 pl)
to make them saturated. (D-H) Quantification graph based on densitometry of the
blotting data from the panels of B and C using two-way ANOVA followed by Tukey's
post-hoc test. Data are presented as mean + SEM. **p < 0.01; ***p < 0.001; ns, not
significant. Pt: patient; N: normal tissues; BC: breast cancer tissues. Red arrows indicate
the same individual samples that show loss of function of OTULIN (i.e., correlated loss
of OTULIN-HOIP interaction and OTULIN deubiquitination).
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Table 3-1.  Fold change of the protein expression.

BLBCvs. OTULIN HOIP CYLD
Others 1.16 0.90 1.03
Control 1.41 0.86 1.18

Notes: fold change of the expression of OTULIN, HOIP, and CYLD in basal-like breast
cancer vs. other breast cancers and basal-like breast cancer vs. normal breast tissue. The
log2-transformed and then Z-score—normalized guantitative data of these three proteins

were used for the analysis.
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Figure 3-14. Bioinformatic analysis.

(A) Expression of OTULIN, HOIP, and CYLD proteins across 111 patient samples. Top
panels present the heatmap of relative expression level of protein OTULIN, HOIP, and
CYLD, respectively, across 108 breast tumor samples and 3 controls. The tumor samples
were divided into four subtypes: Basal-like, red (n = 26); HER2-enriched, pink (n = 19);
luminal subtype A, light blue (n = 29); luminal subtype B, dark blue (n = 34). Normalized
isobaric tags for relative and absolute quantitation (iTRAQ) protein abundance ratio was
shown for each protein. The expression data were downloaded from the clinical
proteomic tumor analysis consortium (CPTAC) data portal (https://cptac-data-
portal.georgetown.edu/cptac/s/S029) [140]. Lower panels present distributions of
expression of OTULIN, HOIP, and CYLD proteins between the four tumor types. (B)
Translation of OTULIN protein over time from Caco-2 epithelial cells after SARS-CoV?2
infection [141]. Mean translation in arbitrary units (AU) was plotted for mock-infected
(control) and infected samples. Translatome was measured by stable isotope labelling
with amino acids in cell culture (SILAC). In the original work, a total of 2,715 proteins
were quantified for translation. The OTULIN translation was extracted and plotted form
the original data.
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CHAPTER 4. DISCUSSION

The Ubiquitin System in NF-kxB Activation

It has been almost three decades since the discovery of ubiquitin chains to
modulate NF-«xB activation, with the revelation that IkBa is modified with K48-linked
ubiquitin chains by ubiquitin ligase complex SCFPT'®P in response to receptor activation,
resulting in rapid proteasomal degradation [142]. Following that, K63-Ub chains were
shown to have a non-degradative function in signal transduction and NF-«B activation by
facilitating the activation of TAK1 [143]. After the identification of linear ubiquitin for
over a decade, it also has the signaling features to promote IKKf phosphorylation by
TAK1 [6, 11, 61]. Together with K48- and K63-linked chains, they orchestrate the
activation of NF-kB involved in inflammation, cell survival and immune responses [144].

The Novel Mechanism of OTULIN-LUBAC Interplay

By conducting multiple experimental approaches in MDA-MB-231 and
HEK293T cells, we demonstrate that linear ubiquitination of OTULIN under unstressed
condition in a LUBAC-dependent manner is required for stabilizing the interaction
between OTULIN and HOIP, the core catalytic unit of LUBAC. The presence of
OTULIN on LUBAC enhanced by linear ubiquitin chains limits the activation of NF-xB
through deubiquitinating the substrates involved in NF-xB signaling, such as NEMO,
RIPK1. However, inflammatory/genotoxic stress could induce OTULIN dimerization
which causes its intermolecular deubiquitination, afterwards, OTULIN is subsequently
released from HOIP, leading to overactive NF-kB signaling. Especially in TNBC
patients, the unregulated genotoxic NF-xB activation is correlated with increased cancer
cell survival (i.e., the main feature of chemoresistance). Our work discloses for the first
time that the LUBAC-mediated OTULIN linear ubiquitination is in turn required for the
interaction with LUBAC and the inhibition of NF-kB signaling. In consistent with the
cellular data, clinical samples also present the similar evidence: 3 out of the 6 TNBC
specimens display high levels of OTULIN dimerization in cancerous tissue compared to
the adjacent normal breast tissue, which correlates with a nearly complete loss of
OTULIN linear ubiquitination, significantly disrupted OTULIN-HOIP interaction (>
70%, p < 0.01), and increased NF-«xB activation (Figure 3-13A, B, C). Interestingly,
these same three cancerous tissue specimens also showed significantly increased
expression of OTULIN and slightly decreased expression of HOIP protein (Figure
3-13D, E). Remarkably, the reciprocally changed levels of OTULIN and HOIP revealed
from these small sets of TNBC specimens are also reflected in large cohorts of breast
cancer specimens; no significant change in CYLD protein expression was shown (Figure
3-14A). Together, these data indicate a prominent role of the OTULIN-LUBAC axis in
regulating genotoxic NF-kB signaling that increased OTULIN and lower LUBAC levels
in TNBC patients are likely associated with poor prognosis, short survival, and increased
chemoresistance.
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It should be noted that our genotoxic cellular models did not recapitulate one
aspect of the clinical samples on the high expression levels of OTULIN in the cancerous
tissue that displayed non-functional OTULIN in NF-«B inhibition. In our cellular models
under unstressed conditions, the majority of the overexpressed OTULIN stay as
monomers and in association with LUBAC, while they form dimers under acute
genotoxic conditions via a mechanism of ROS-mediated Cys modification. Therefore, the
inhibitory effect of OTULIN seems to depend on the functional OTULIN monomers
rather than the dysfunctional OTULIN dimers. In the cancerous tissues that may undergo
chronic stress over months or years, it is plausible to postulate that OTULIN is
upregulated as an adaptive stress response. However, upon sustained and perhaps high
levels of oxidative stress during the oncogenesis, both the ROS and the upregulated
OTULIN somehow facilitate its dimerization and the subsequent loss of function. Owing
to the heterogeneity of clinical cancer tissues, OTULIN and LUBAC components may be
dysregulated at additional multiple levels, involving transcriptional, post-transcriptional
and post-translational mechanisms. Although these full events may not be easily
recapitulated by acute cellular model, the model we postulated for a chronic clinical
condition does not contradict the overall findings we obtained from the cellular models
and the concluded mechanisms.

Hyperphosphorylation of OTULIN at Tyr56 has been reported to prevent HOIP
binding because this residue is located at the most critical position in the N-terminal
domain-binding motif of OTULIN to HOIP-PUB domain [22, 34]. Although ABL1 is
required for OTULIN phosphorylation under genotoxic stress [139], if other stresses like
TNFa can induce OTULIN phosphorylation via ABL1 remains to be investigated. In this
work, we discovered that genotoxic stress and TNFa induce OTULIN dimerization
(Figure 3-10G, 12B) which is mediated by oxidative stress (Figure 3-11A, B).
Collectively, both OTULIN dimerization and phosphorylation can be induced by
genotoxic stress, which results in disassociation of OTULIN from the HOIP/LUBAC
complex.

Intermolecular Dimerization Mediated by Disulfide Bonds

Self-association of proteins to form dimers and higher-order oligomers is a
regular event that is important for the control of enzymes, receptors, ion channels, and
transcription factors [145]. For instance, NEMO homodimer associated by disulfide
bonds is required for TNFa-induced NF-xB activation [146]. Unwanted protein self-
association can also result in the formation of pathogenic structures [145]. OTULIN
dimers initially were undetectable under regular protein isolation conditions but only
appeared when processed with a DSS crosslinker (Figure 3-10G). The result suggests us
that OTULIN is forming dimers through non-covalent bonds (ionic bonds, hydrophobic
interactions, hydrogen bonds, etc.) or covalent bonds (disulfide bonds). Disulfide bonds
are covalent interactions that occur upon oxidative stress [137]. Our data has shown
OTULIN dimerization require its N-terminal domain, which includes two conservative
cysteine residues, Cys17 and Cys47. Notably, the selective Cys-mutated OTULIN failed
in both dimerization (Figure 3-11G) and Tyr56 phosphorylation (Figure 3-11J) under
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Dox treatment, indicating a disulfide bond-dependent OTULIN dimerization is required
for the phosphorylation of OTULIN Tyr56. This action may be explained by
conformational changes. The resolved crystal structure showed OTULIN Tyr56 is located
at a close position to the critical catalytic domain [22, 34], which may be inaccessible to
any kinases under unstressed conditions and therefore phosphorylated level of OTULIN
in normal condition is low. We further speculate that OTULIN C17/47A mutant without
dimerization will bind to HOIP tightly, in that case, Try56 is embedded in the HOIP-PUB
pocket. Hence, OTULIN has no chance to expose Tyr56 residue for Dox-induced
phosphorylation by ABL1. ABL1 still can be activated by oxidative stress [147].
Therefore, inhibiting the oxidative stress to stabilize the interaction between OTULIN
and HOIP may represents a feasible therapeutic strategy via preventing OTULIN
dimerization and Try56 phosphorylation, this benefit is apparent not only for combating
chemoresistance, but also for most of the human diseases.

Ubiquitination of OTULIN

Another exciting finding in this work is that OTULIN is linearly ubiquitinated on
K64/66 sites by LUBAC, which is a positive feedback loop for OTULIN-LUBAC
interaction. Interestingly, OTULIN was also found to be K63-ubiquitinated at the same
residues (K64/66) by TRIM32 under TNFa stimulation but not studied in the genotoxic
stressed condition [148], which may explain why K63-Ub is undetectable without any
treatment (Figure 3-5C). Different with linear ubiquitin chains, K63 ubiquitin chains
interfere with the interaction between OTULIN and LUBAC, leading to an overactivated
NF-«B signaling. Theoretically, both K63 and linear ubiquitination can compete for the
K64/66 sites, but which one predominantly occupies this site depending on the specific
upstream signals. Here, our solid data from different cellular models, including both
HEK293T and MDA-MB-231 cells, revealed that OTULIN linear ubiquitination at
K64/66 is assembled by LUBAC in resting cells. This modification is counteracted by
OTULIN self-association, which can be induced by genotoxic stress and TNFa
treatment.

OTULIN's Differential Functions in NF-kB and Wnt/B-catenin Pathway

Our recently published work depicted a differential role of OTULIN in positively
regulating Wnt/p-catenin pathway, which is another crucial signaling mechanism
underlying chemoresistance upon overactivation [139]. Unlike the NF-kB signaling, in
which OTULIN-HOIP interaction is necessary for OTULIN recruitment to NEMO, the
phosphorylated state of OTULIN (Tyr56) but not the OTULIN-HOIP interaction is
required for OTULIN recruitment to 3-catenin. Interestingly, genotoxic stress induces
OTULIN phosphorylation on Tyr56 by tyrosine-protein kinase ABL1, leading to
OTULIN disassociation from the HOIP/LUBAC complex. The released phosphorylated
form of OTULIN is recruited to B-catenin for linear chain deubiquitination.
Subsequently, p-OTULIN-B-catenin complex also reduces the K48-Ub chains in an
unknown way, thereby stabilizing -catenin complex from proteasomal degradation.
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According to these studies, we have delineated the roles of OTULIN involved these two
signaling pathways under genotoxic response. Further research of OTULIN on the
relative interplay between these two pathways in terms of their contributions and balance
IS needed.

The Regulation of OTULIN Expression

Although various roles of OTULIN in regulating cellular processes have been
revealed, how the upstream signaling and the regulatory events on OTULIN expression is
regulated, if OTULIN expresses in a cell-specific manner, is there any other PTMs
critical for its function, are still unknown. Previous data have shown the levels of
OTULIN are higher under certain conditions: Breast tumor tissues (n = 65) revealed
significantly higher levels of OTULIN mRNA compared to normal breast tissues (n = 25)
by gPCR analysis [139]. TCGA-BRCA genomic dataset showed significantly higher
transcription levels of OTULIN in the BL subtype of breast cancer than that in other
molecular subtypes (i.e., HER2*, luminal A, luminal B, and normal subtypes) [139]. On
the other hand, cerebral ischemia/reperfusion injury increases OTULIN expression in
transient middle cerebral artery occlusion (tMCAOQ) rats, and OTULIN expression is
upregulated in activated microglial cells [149]. Electroacupuncture (EA) treatment
significantly increases OTULIN expression in tMCAO rats [150].

Mechanistic Importance of Our Study

Given the paramount importance of the NF-kB signaling in regulating various
pathophysiological processes, including caner development and chemoresistance, and
ligand-mediated innate and adaptive immune and inflammatory responses (e.g., TNFa,
IL-1, and interferons), our mechanistic findings based on genotoxic response will likely
be applied to canonical NF-kB signaling. Indeed, we reproduced all key experiments
under TNFa-induced condition (Figure 3-12). Negative regulators by PTM are crucial to
limit and fine-tune overactivated NF-xB signaling [45], in which DUBs have emerged as
a significant part. Our findings fill a piece of gap in our understanding of ubiquitin
assembly and disassembly regarding the LUBAC-OTULIN interplay.

The Overall Significance of Our Study

OTULIN in COVID-19 patients

Given that TNFa-induced NF-xB overactivation is an important signaling
pathway underlying a myriad of autoinflammatory and autoimmune conditions, including
the current SAR-CoV2 pandemic (i.e., cytokine storms) [151], we tried an in-depth
bioinformatic analysis for evidence of a potential role of OTULIN. Caco-2 cells were
commonly used for SARS-CoV infection study, and therefore can be used for SARS-
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CoV-2 infection. OTULIN expression was significantly increased in cultured human
colon epithelial carcinoma cell line, Caco-2, after being challenged with SAR-CoV2
viruses 24 h (Figure 3-14B) [141]. Although immune cells of the myeloid lineage (e.g.,
monocytes and macrophages) are believed to take primary responsible for pathological
inflammation in COVID-19 patients [152], OTULIN expression in these cell types after
the infection with SAR-CoV2 viruses is temporarily unknown. Interestingly, some
reports showed that increased protein level of OTULIN correlates with the severity of the
COVID-19 patients [153, 154]. All of the evidence showed that OTULIN is increased in
response to the stress signal, which might be a negative feedback of host prepared for the
inflammatory response. Furthermore, it has been reported that OTULIN-LUBAC axis can
regulate the host defense against other pathogens by affecting NF-kB activation [155,
156]. Taken together, a growing amount of evidence suggests targeting the NF-xB
pathway can be a possible therapeutic strategy for COVID-19 patients in the critical stage
[157].

OTULIN in neurodegenerative diseases

Accumulation of misfolded protein aggregates in the brain is a common feature of
neurodegenerative diseases (NDDs), such as Alzheimer's disease (AD), Parkinson's
disease (PD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS) [158].
The pathogenesis of NDDs is highly associated with failure of cellular protein
homeostasis, which is mediated by protein quality control system [159]. The ubiquitin-
proteasome system (UPS) and autophagy are two major quality control systems
responsible for degradation of proteins and organelles in eukaryotic cells [160].
Ubiquitination of misfolded proteins, like K-48 ubiquitination, is predicted to facilitate
their proteasomal degradation, such as mutant Huntingtin, TDP-43, and SOD1. A study
showed a decrease of proteotoxicity with silencing of OTULIN, showing the
neuroprotective role of linear ubiquitination independent of NF-kB activation in
neurodegenerative disease [161]. On the other hand, OTULIN's classic role is in anti-
inflammation (e.g., inhibiting NF-xB activation). Therefore, OTULIN can still play a role
against neuroinflammation via antagonizing NF-kB pathway. Neuroinflammation is
another invariant feature of NDDs, commonly associated with NF-«xB activation [162,
163]. So far, there is one study reporting that OTULIN plays a NF-xB-dependent
neuroprotective role following acute ischemic stroke [149]. Particularly, silencing of
OTULIN expression reverses the inhibitory effect of electroacupuncture on the
transformation of microglia and astrocytes from resting states to activated states and the
secretion of TNFa, IL-1p, and IL-6. For OTULIN cellular localization, OTULIN protein
primarily resides in the cytoplasm of microglia and neurons, but only a small amount of
OTULIN was in the nuclei. In addition, OTULIN was undetectable in astrocytes. EA
induces OTULIN expression increased and redistribution in the ischemic penumbra of
the cerebral cortex [150].

AD is featured by senile plaques of amyloid beta (Af) and neurofibrillary tangles

(NFTs) of phosphorylated tau aggregates as well as neuroinflammation [164]. Ap toxicity
leads to synaptic loss and cognitive impairment, which can be ameliorated by Tau
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reduction [165]. Of note, it has been reported that NFTs, not amyloid plaques are best
related to the severity of dementia [166]. Furthermore, neuroinflammation contributes as
much or more to the pathogenesis of AD as the Ap and NFTs do [164]. Given the well-
defined role of OTULIN in anti-NF-kB inflammation and its emerging role in protein
degradation [130], OTULIN can exert seemingly opposing and contradictory roles in
NDDs such as AD. We have performed preliminary work in exploring potential roles of
OTULIN in these two aspects: 1) in anti-inflammatory response induced by
lipopolysaccharide (LPS) and 2) in facilitating tau protein degradation. Our data suggest
that OTULIN can play different roles at different disease conditions which will be further
discussed in the next Chapter.
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

Our study has deepened the understanding of the relationship between OTULIN
and LUBAC under genotoxic or inflammatory conditions.

The following findings are the highlights of our study (Figure 5-1). (1) OTULIN
counteracts LUBAC-mediated NF-xB activation upon genotoxic stress. (2) The presence
of OTULIN on LUBAC is required for inhibiting genotoxic NF-«B activation. (3) Linear
ubiquitination of OTULIN is dependent on LUBAC. (4) Linear ubiquitination of
OTULIN enhances its binding to LUBAC. (5) Genotoxic stress- or TNFa-induced
OTULIN dimerization facilitates it self-deubiquitination. (6) OTULIN protein levels are
upregulated in TNBC tissues and SAR-CoV?2 infected Caco-2 cells.

Taken together, these findings facilitate our understanding of the negative role of
OTULIN via the regulation of the linear ubiquitination and provide a new perspective
about future drug development strategy for inflammatory disease and TNBC therapy.

The Roles of OTULIN in Neuroinflammation and Tau Accumulation

People over 65 years old gradually suffer from AD which is the most common
cause of dementia, leading to a decline in thinking and independence in personal daily
activities. AD is pathologically characterized by the presence of -amyloid-containing
plaques and tau-containing NFTs (i.e., tauopathy) [167]. On the other hand, the early and
substantial contribution of inflammation in the pathogenesis of AD is supported by the
analysis of clinical manifestations prior to AD, such as mild cognitive impairment.
Neuroinflammation is a pathophysiological process which is featured by increased
secretion of pro-inflammatory cytokines (IL-1p, IL-6, TNFa), chemokines (CCL2,
CCL5, CXCL1), reactive oxygen species, and secondary messengers (NO and
prostaglandins) in the central nervous system (CNS) [164]. There are currently only two
types of approved medications to treat Alzheimer's disease: inhibitors of the
cholinesterase enzyme and antagonists of N-methyl-D-aspartate(NMDA), both of which
can only relieve the symptoms of AD but are not applicable to the cure or prevention of
AD [168]. Targeting tau's degradation is a promising therapeutic concept to ameliorate
AD, which can be divided into autophagy-lysosomal or ubiquitin-proteasomal
degradation [169]. The function and fate of tau are closely regulated by various PTMs,
including phosphorylation, acetylation, SUMOQylation, nitration, glycation, O-
glycosylation, and ubiquitination [170]. Recently, it has been found that LUBAC-
conjugated linear ubiquitination of Huntingtin facilitates its proteasomal degradation,
which is corroborated by the data that silencing HOIP exacerbates the proteotoxicity of
Huntingtin aggregates, whereas silencing of OTULIN has the opposite effect [161].
Based on our current knowledge, it is plausible to investigate if LUBAC-OTULIN axis
can regulate the accumulation/clearance of tau and the neuroinflammation in AD.
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Figure 5-1.  Graphical abstract regarding the crucial roles of OTULIN in NF-kB-
mediated chemoresistance and inflammation.

Under unstressed condition, OTULIN binds to HOIP which limits the linear
ubiquitination of the substrate molecules such as NEMO, governing a normal NF-xB
activation. Under genotoxic or inflammatory condition, OTULIN molecules dimerize,
promoting Tyr56 phosphorylation and its self-deubiquitination, resulting in its
dissociation from HOIP. Ultimately, OTULIN loss of function leads to an aberrant NF-
kB activation and subsequent chemoresistance or inflammatory symptoms.
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OTULN inhibitor promotes the mRNA levels of pro-inflammatory cytokines

Microglia, the resident phagocytes of the CNS, constantly patrol the brain for
pathogens and cellular debris; it is arguably one of the major sources of pro-inflammatory
cytokines (i.e., IL-1p, IL-6, TNFa) in AD. Hence, microglia are the central players for
any discussion of neuroinflammation. We used BV2 microglial cells to investigate the
role of OTULIN in neuroinflammation. Our lab previously identified a druggable
compound UC495 which selectively inhibits OTULIN's catalytic activity (Figure 5-2A).
LPS induced the upregulation of pro-inflammatory cytokines (IL-1p, IL-6, TNFa) of
BV2 cells, which is promoted by OTULIN inhibitor UC495 pretreatment (Figure 5-2B
through D). This acute cellular model suggests that OTULIN may inhibit
neuroinflammatory response.

Linear ubiquitination of tau by LUBAC associates with its degradation

Tauopathy indicates a accumulation of tau aggregates in the brain, which is highly
correlated with the failure of cellular protein homeostasis. By immunoprecipitation of tau
in two pairs of mouse model, we have found that tau was modified by a less linear
ubiquitination correlated with an increased tau proteotoxicity in the tauopathy PS19 (tau
P301S) mouse models than that in the normal mouse brain cortex. (Figure 5-3A). To test
if the linear ubiquitination of tau is facilitated by LUBAC, we transfected LUBAC (Myc-
HOIP and HA-HOIL-1) into neuroblastoma N2a cells and compared linear ubiquitinated
levels of Flag-tau. We found overexpression of LUBAC greatly promoted tau's linear
ubiquitination, which also correlated with the decreased level of tau. Oxidative stress is a
calamitous factor implicated in the progression of AD, PD, and other neurodegenerative
diseases, contributing to protein misfolding, glia cell activation, mitochondrial
dysfunction and subsequent cellular apoptosis [171]. Consistently, H2O»-induced
oxidative stress prevented tau from ubiquitination and degradation and increased
OTULIN phosphorylation (Figure 5-3B). Further studies are required to test how
oxidative stress affects tau's linear ubiquitination and degradation and if OTULIN
phosphorylation is involved in tau modification. Moreover, the interaction of LUBAC-
Tau was observed by co-IP assay, supporting our data that LUBAC can conjugate linear
ubiquitin chains on tau (Figure 5-3C). Tau mutants P301L are the human tau gene
causing frontotemporal dementia and parkinsonism [172]. Interestingly, tau P301L
mutant didn't bind to LUBAC, which consistently had a higher basal level, even when
transfected with LUBAC (Figure 5-3C). The deficiency of LUBAC-Tau P301L
interaction might be due to some conformational change of tau. Furthermore, tau P301L
mutant presented higher proteotoxicity than tau WT. In consistent with the tau basal level
change, the proteotoxicity of tau WT significantly increased in HOIP-KO HEK293T
cells, whereas HOIP deficiency didn't change the proteotoxicity of tau P301L, suggesting
that LUBAC cannot affect the degradation of tau P301L due to its inability to bind with
LUBAC (Figure 5-3D). These data suggest that the tau can be conjugated with linear
ubiquitin chains by LUBAC, which reduces the tau proteotoxicity by promoting its
degradation.
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Figure 5-2.  LPS-induced neuroinflammation is promoted by UC495.

(A) Chemical structural formula of compound UC495. (B-C) QPCR analysis of mMRNA
expression levels of Tnf-¢, 1I-14, and 11-6. BV2 cells were treated with or without PBS,
LPS (200 ng/ml, 24 h), and UC495 (10 uM, 24h) (n = 3). Two-way ANOVA followed by
Tukey's post-hoc test was used to determine statistical significance for multiple
comparisons. Data are presented as mean + SEM. ***p < 0.001; ****p < 0.001; ns, not

significant.
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Figure 5-3. LUBAC ubiquitinates tau with linear ubiquitin chains and promotes
its degradation.

(A) Linear ubiquitination of immunoprecipitated tau of cortex lysates from non-
transgenic (WT tau) or PS19 mice. Protein expression was determined by
immunoblotting with indicated antibodies. (B) Linear ubiquitination of
immunoprecipitated tau in N2a cell transfected with Flag-tau and LUBAC (Myc-HOIP
and HA-HOIL-1). H202 (100 uM, 24 h) was applied for inducing oxidative stress after
transfection. (C) Co-IP analysis of the interaction between LUBAC and tau in HEK293T
cells transfected with tau (WT or P301L), Myc-HOIP, and Flag-HOIL-1. Protein
expression was determined by immunoblotting with indicated antibodies. (D) CCK-8
analysis of cell viability in Parental and HOIP-KO HEK293T cells transfected with tau
WT or P301L mutant for 72 h (n = 3). Two-way ANOVA followed by Tukey's post-hoc
test was used to determine statistical significance for multiple comparisons. Data are
presented as mean £ SEM. ***p < 0.001.
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OTULIN reduces tau linear ubiquitination and increases tau proteotoxicity by
enhancing its protein stability

Linear ubiquitination is reversible PTM which is usually orchestrated by LUBAC-
OTULIN axis. It would be interesting to see if OTULIN also cleaves the linear
ubiquitination of tau, and subsequently aggravates its accumulation. We found the linear
ubiquitination level significantly increased, along with a decreased tau basal level, in
OTULIN-KO HEK293T cells compared to parental cells (Figure 5-4A). In contrast to
HOIP-KO cells, OTULIN deficiency attenuated the proteotoxicity of tau WT, but had no
effect on tau P301L mutant (Figure 5-4B). Collectively, these data show that OTULIN
can dissemble tau linear ubiquitination and promote its stability, resulting in tau
accumulation and increased proteotoxicity. However, tau P301L mutant likely cannot be
modified by linear ubiquitin chains which makes tau P301L mutant more stable than WT
tau, partly explaining why tau P301L mutant has a higher proteotoxicity which is more
liable to neurodegenerative disease.

Our preliminary data has indicated that linear ubiquitination may play a role in the
proteotoxicity of tau, which can be regulated by E3 ligase LUBAC and DUB OTULIN.
To fully understand those mechanisms, we will verify our hypothesis through these
approaches. (1) It remains to be tested if tau is ubiquitinated with linear chains in a
LUBAC-dependent manner. We will determine the tau linear ubiquitination in HOIP-KO
HEK293T cells. If HOIP-KO abolishes tau linear ubiquitination, we will complement
HOIP WT or catalytic inactive HOIP C885S in HOIP-KO cells to validate the critical
role of HOIP in regulating tau linear ubiquitination. The inhibitor of LUBAC still can be
used for this purpose, such as gliotoxin [128]. The ubiquitination residues of tau can be
investigated by LC-MS/MS and linear ubiquitination residues of tau can be verified by
tau KR mutations, such as Lys254, Lys257, Lys311, Lys353. In addition, it is interesting
to test if tau could be ubiquitinated by other types of chains, such as K48, K11, and K63.
(2) We will further confirm the interaction between tau and LUBAC. Although the
exogenous LUBAC binds to tau, the interaction between endogenous tau and LUBAC
still need to be validated by co-IP assay. In vitro pulldown assay is required to test the
direct binding between tau and LUBAC. (3) Linear ubiquitination of tau is positively
associated with its degradation. Hence, we hypothesize linear ubiquitination can promote
the degradation of Tau. OTULIN still has some ubiquitin-independent functions, which
may also affect tau degradation. To investigate the mechanism, we will test if catalytic
inactive OTULIN C129S/HOIP C885S mutant reconstitution in respective KO cells can
affect the degradation of tau. Moreover, cycloheximide will be applied to block de novo
protein synthesis when the stability of tau proteins is monitored at different time points in
the above settings. Taken together, our future work may provide a promising strategy to
ameliorate the cognitive decline and relieve neurodegenerative symptoms of patients with
AD and other tauopathies by promoting tau clearance.

Consider the different effects of OTULIN on CNS, patients with different AD
progression would react differently to OTULIN targeting treatment. For example,
patients before/in the early stage (mild) may benefit more from the overexpression of
OTULIN for limiting the proinflammatory cytokines, which causes the neural injury. As
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OTULIN is required for tau deubiquitination and aggravates tau

(A) Linear ubiquitination of immunoprecipitated tau in parental and OTULIN-KO
HEK293T cells. Protein expression was determined by immunoblotting assay with
indicated antibodies. (B) CCK-8 analysis of cell viability in Parental and OTULIN-KO
HEK293T cells transfected with tau WT or P301L mutant for 72 h (n = 3). Two-way
ANOVA followed by Tukey's post-hoc test was used to determine statistical significance
for multiple comparisons. Data are presented as mean = SEM. *p < 0.05; **p < 0.01;

***p < 0.001.
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the AD progresses and comes into the middle stage (moderate) or late stage (severe),
when a mass of aggregated proteins accumulated in the brain, silencing of OTULIN
might be a better strategy for eliminating the misfolded and aggregated proteins. Notably,
we have identified an OTULIN inhibitor (UC495) which might be helpful for AD patient
treatment. Hence, the spatial-temporal effects of OTULIN on AD regulation need to be
further clarified.
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