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Introduction
Ubiquitin

Possible functionality of mammalian proteins can be extensively modulated by
posttranslational modifications!. Besides attachment of phosphate, methyl or acetyl res-
idues, entire proteins, such as Ub, can be attached on substrates2. Ub, first described in
19803 for targeting substrates to the proteasome is extensively studied till today and is
known to regulate diverse cellular processes including regulation of transcription, DNA
repair, ribosomal function, cell cycle, and signalling, most notably in Nf-kB4-8.

The ubiquitously expressed polypeptide Ub consists of 76-amino acid residues and is
highly conserved underlining its essential role amongst species®10. Ub covalently modi-
fies substrates, most commonly on lysine residues!!. It is a highly stable protein that
contains a -grasp fold, hydrophobic patches on the surface and a very flexible C-
terminal tail structure!?. Ubiquitinated substrates are decoded by enzymes possessing
Ub binding domains (UBDs) which in most cases recognise the Ub’s hydrophobic patch-
es!3.

Ubiquitin system

Linking Ub onto the substrate is achieved by a three-step enzymatic reaction result-
ing in an isopeptide bond between the €-amino group of the substrate or another Ub
molecule and the C-terminal glycine of Ub2. In the first step, Ub is activated in an ATP
dependent manner using the E1 Ub activating enzyme (Figure 1). Activated Ub-AMP in-
termediate then acts as a donor for a cysteine residue in the active site of E1, which re-
moves AMP and forms a high-energy thioester bond4. Subsequently, Ub is transferred
from E1’s cysteine to the active-site cysteine of an E2 Ub-conjugating enzyme - by trans-
thiolation (Figure 1)!>16, Finally, the Ub is attached on the substrate by an E3 ligase
(Figure 1)17. The human genome encodes only two Ub E1s, 38 Ub E2s and over 600 Ub

E3 ligases18. Ubiquitination is a reversible process, the removal is carried out by deubiq-



uitinating enzymes (DUBs) that cleave off Ub, in either linkage or substrate specific

manner, which gets recycled and can be reused?®.
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Figure 1 | The Ub system. (1) ATP dependent activation of Ub and transfer on E1 (thioesther bond). (2) Transfer of
Ub moiety from E1 onto active cysteine of E2 via transthiolation. (3) Ligation of the Ub from the E2 on the target ly-

sine residue of the substrate resulting in an isopeptide bond. Ub: Ub, Lys: lysine, Cys: cystein

Ubiquitination can be classified in three different types: mono-ubiquitination,
where a single Ub molecule is attached to a lysine residue of the substrate; multi-mono-
ubiquitination, when several Lysine residues on a substrate are modified; and poly-
ubiquitination, if a Ub polymere is added>. Since Ub itself possess seven internal lysine
(Lys) residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63), which can be uti-
lised for ubiquitination, it is possible to form Ub chains in various length and three-
dimensional topology depending on the linkage types®. Furthermore, a novel type of
poly-Ub chains, linear-Ub (lin-Ub) chains has been discovered??. The C-terminal Glycine
76 of a donor Ub is linked to the a-amino group of methionine 1 of the acceptor Ub cre-

ating a peptide bond resulting in a head-to-tail or lin-Ub linkage?0. These eight different



Ub chain types, using either one of the seven Lys residues or the amino terminal methi-
onine 1, achieve the great variety of physiological roles of Ub modification?l. Amongst
those, Lys48 and Lys63 linked Ub chains have been investigated intensively; much less is

known about the other ‘atypical’ Ub chains?2.

E1 activating enzymes

E1 enzymes are responsible for the initiation of the conjugation cascade for each
Ub or Ub like enzyme (Ubl)23. Ub C-terminal glycine is adenylated by ATP hydrolyses
and the release of PP; (Figure 1). After this intermediate step, Ub is linked via a thioester
bond to the active site cysteine of the E1 and AMP is released (Figure 1). Fully loaded E1
enzymes carry two Ub molecules, one bound as an adenylate intermediate that serves as
a donor for the active site cysteine, and another bound as a thioester?4. E1 enzymes are
highly efficient and manage, even at lower concentrations than of E2s and E3s, to supply

enough activated Ub moieties for the subsequent reactions to occur?4.

E2 conjugating enzymes

E2 enzymes accomplish to discriminate between Ubl and Ub loaded E1s by spe-
cifically recognising a binding site exposed at Ub loaded E1 molecules?42> and play an
essential role in determining Ub chain topology and length'6. A tight E1-E2 complex is
formed, and Ub is transferred by transthiolation onto the catalytic cysteine of the E2
conjugating enzymelé. Subsequently, E1 is released from the complex and Ub loaded E2

can interact with a Ub E3 ligase (Figure 1)2¢.

E3 Ligases

E3 ligases can be classified based on ligase function and structure into RING (real-
ly interesting new gene)-type E3 ligase?’, HECT (homologous to the E6AP carboxyl ter-
minus)-type E3 ligase?8 and RING-HECT hybrids?9:30. RING type E3 ligases are not cata-
lytically active, instead they bring the substrate and the Ub-loaded E2 into close proximi-
ty and facilitate catalysis by exploiting E2’s enzymatic activity (Figure 2A); thereby, the
E2 defines the linkage specificity3!. In contrast, HECT-type E3 ligases possess a catalytic

cysteine and do not solely serve as bridging factors32. Ub gets transferred from E2 to a



cysteine on the HECT C-terminus and later onto the substrate33 (Figure 2B); thus, they

can define different linkage types utilising the same E232,

Figure 2| Model of Ub formation by RING, HECT and RBR type E3 ligases. A RING E3s convey proximity of the Ub
loaded E2 and the substrate to enable direct transfer of the Ub onto the substrate. B HECT E3 function comprises a
covalent Ub-E3 intermediate step and a subsequent transfer on the substrate. C A hybrid mechanism is employed by
RBR E3s; first, the Ub loaded E2 is bound to RING1 and Ub is transferred to RING2 domain which catalyses substrate
ubiquitination. Ub: Ub; RING: really interesting new gene; HECT: homologous of the E6AP carboxyl terminus; RBR:
RING-between-RING, IBR: In-Between-RING finger.

Additionally, E3 ligases characterised by a sequence of RING, in-between-RING
and RING domain called RBR-type E3 combine the features of RING and HECT-type
E3s2%. The RING1 domain binds Ub loaded E2 and bridges E2 dependent Ub transfer on

the catalytic active cysteine on the RING2 domain that ubiquitinates the substrate using



its ligase activity34 (Figure 2C). RBRs showed to define the linkage type independently of
the respective E2 enzyme3>. Members of the RBR family have been implicated in signal-
ling cascades and pathological conditions3¢-39. Mutations in the RBR type E3 ligase par-
kin lead to defects in protein degradation; hence, proteins accumulate (Lewy body) and
cause the autosomal recessive form of juvenile Parkinson disease3°. Drosophila RBR Ari-
adne is essential for development as KO is embryonic lethal*?. The human homolog
HHARI is supposed to have redundant functions as parkin and could explain cell type
specific differences in Parkinson’s disease*l. In addition, RBR family E3 ligase complex
LUBAC was studied intensively and revealed crucial functions in e.g. Nf-kB activation,

apoptosis regulation or osteogenesis36.38:42-46,

LUBAC

LUBAC (linear Ub chain assembly complex) (Figure 3) is the only E3 ligase com-
plex known to generate linear methionine 1 linked (M1-linked) Ub chains and it belongs
to the RBR-type E3 ligases?0. LUBAC is a large tripartite 600kDa complex consisting of
the catalytic protein HOIP (HOIL-1L interacting protein) also known as
RNF31/Zibra/PAUL, and two regulative subunits: HOIL-1L (Heme-oxidised iron-
regulatory protein 2 Ub ligase 1L), and SHARPIN (SHANK associated RH domain-
interacting protein), the latter of which was recently identified as third component of
LUBAC(C20384245 LLUBAC regulates Nf-kB activation by ubiquitinating the IKK complex
regulatory subunit NEMO (Nf-kB essential modulator)3637. Recently, the lin-Ub specific
DUB OTULIN was shown to counteract LUBAC induced Nf-kB activation®’.
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Figure 3 | LUBAC component domain architecture and interactions. HOIL-1L and SHARPIN interact with the
catalytically active HOIP using their UBL domain, specifically interacting with HOIP’s UBA and NZF2 domain respec-
tively20. NZF domains in HOIL and SHARPIN as well as NZF1 domain in HOIP (indicated with stars) interact with Ub.
SHARPIN’s PH domain (indicated by the pink diamond) enables homodimer formation. Ub: Ub; LUBAC: linear Ub
chain assembly complex; HOIL-1L: Heme-oxidised iron-regulatory protein 2 Ub ligase 1L; SHARPIN: SHANK associat-
ed RH domain-interacting protein; HOIP: HOIL-1L interacting protein; UBL: Ub like domain; NZF: Npl4-type zinc fin-
ger; UBA: Ub-associated domain; PH: pleckstrin homology domain

HOIP

HOIP is the catalytic active 120kDa protein of the LUBAC E3 ligase complex re-
sponsible for generating lin-Ub chains and was first identified as binding partner of the
muscle specific kinase in the neuromuscular junction*s. It features a N-terminal PUB
domain (PNGase/Ub-associated) followed by three Ran-BP2-type zinc fingers (ZFs), a
UBA domain (Ub-associated) and a C-terminal RBR domain (Figure 3)20. HOIP is auto-
inhibited by its N-terminus, which is released after binding to either HOIL-1L or
SHARPIN or both in combination*®. The RBR domain is responsible for HOIP’s ligase ac-
tivity and discrimination towards M1-linked Ub chains by orienting the acceptor Ub me-

thionine 1 a-amino group in close proximity to the catalytic centre3>.

HOIL-1L

HOIL-1L or RBCK1 is a regulatory 50kDa subunit of the LUBAC complex??. The
shorter splice variant HOIL-1 was first described as an E3 ligase that recognises oxidised
proteins>0>1. RT-PCR analysis revealed that the longer splice variant HOIL-1L was more

abundant and pull down experiments later identified a 600kDa complex that includes



HOIP?20, Starting from the N-terminus, HOIL presents a UBL domain followed by one
Npl4-type zinc finger (NZF) and an RBR domain (Figure 3)2°.

SHARPIN

SHARPIN, a 40kDa protein, was first found to associate with SHANK in the
postsynaptic density of excitatory neurotransmitters in the brain>2 and in 2011 it was
identified as the third component of LUBAC regulating apoptosis and Nf-kB activa-
tion384245  [ts N-terminus features a pleckstrin homology (PH) domain for dimerisa-
tion>2. Furthermore, SHARPIN has high sequence similarity to the N-terminus of HOIL-
1L and contains a UBL and an NZF domain (Figure 3)33.

Seymour et al showed that spontaneous point deletion arising in the SHARPIN
gene leads to a multisystem diseases called cpdm (chronic proliferative dermatitis in
mice) at 3-5 weeks of age characterised by skin inflammation and multi-organ pheno-
type including splenomegaly, dermatitis and defects in secondary lymphoid organs>4.
Additionally, non-immunological organs like lung and liver show immune cell infiltrates,
organised Peyer’s patches in the small intestines are absent and spleen germinal centre
formation is defective>>-57. This single base pair deletion at the 3’-end of SHARPIN exon 1
on chromosome 15, results in a frame shift, causing an early stop codon and no func-
tional protein product responsible for cpdm phenotype54. In contrast, genetic ablation of
the second LUBAC regulatory subunit HOIL-1L, does not give an apparent pheno-
type3643,

SHARPIN KO mice from here on referred to as CPDM mice, suffer from severe ep-
idermal skin lesions that present hyperkeratosis, hyperplasia and parakeratosis; the
skin diseases resembles a human hereditary diseases called psoriasis>¢. The skin pheno-
type can be rescued in mice deficient for already one TNF allele whereas, multi-organ
phenotype is not affected?2.

Intriguingly, keratinocytes in SHARPIN deficient mice show hyper upregulation of
apoptosis via FADD and caspase-8 suggesting a possible connection between inflamma-

tion and cell-death384245, Analysis of CPDM mice derived cells showed diminished levels



of canonical Nf-kB activation and an up-regulation of apoptosis after TNF-a stimula-

tion38:4245,
The Nf-kB pathway

Nuclear factor kappa-light-chain-enhancer of activated B cells (Nf-kB) was dis-
covered in B-cell tumours over 25 years ago and the underlying biological mechanisms
have been intensively studied in the past decades®8. The Nf-kB transcription factor (TF)
family regulates a wide array of cellular processes including inflammation, cell survival,
skeletal development or apoptosis®>260. The Nf-kB signalling is categorised into a canon-
ical pathway, activated as a result of signalling events triggered by cytokines (e.g. TNF-a,
IL-1f) or pathogen associated molecular patterns (PAMPs); and non-canonical path-
ways®l. Dysregulations of the Nf-kB pathway have been linked to pathological conditions

like cancer and autoimmune diseases®263; hence, Nf-kB regulation is essential®3.
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Figure 4 | Nf-kB schematic. Nf-xB TFs reside bound to I«kB in the cytoplasm. Upon signal, IKK complex gets activated

and phosphorylates IkB resulting in its degradation. Subsequently, Nf-kB translocates into the nucleus, binds to RE



and turns on target gene transcription. Nf-kB, Nuclear factor kappa-light-chain-enhancer of activated B cells B; TF,
transcription factor; IkB, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor; IKK, kB kinase;

RE, response element

Under steady-state conditions, Nf-kB is bound to nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor (IkBs) in a complex, which blocks the Nf-
kB nuclear localisation signal (NLS)%*. Upon stimulation, the inhibitors get phosphory-
lated by the IkB kinase complex (IKK), consisting of two kinases IKKa & IKK[3 as well as
the regulatory subunit NEMO (IKKy), and subsequently get degraded by the pro-
teasome®?; thus, Nf-kB’s NLS is uncovered and it can translocate to the nucleus to acti-

vate target gene transcription (Figure 4)61.

Nf-xB family members

Members of the Nf-kB superfamily (RelA (p65), RelB, c-Rel, p105/p50, p100/p52
& Relish) share similar domain architecture: They possess the Rel homology domain for
homo-/heterodimerisation and IxB binding as well as a DNA binding domain®. RelA
(p65), RelB and c-Rel utilise a transactivation domain located at their C-terminus to trig-

ger gene expression upon DNA binding®’.

Nf-xB signalling through TNF receptor 1

Canonical Nf-xB activation can be achieved by several stimuli, including ligand
binding to the tumour necrosis factor receptor 1 (TNFR1) that in addition to Nf-kB’s pro
survival function, is also capable of apoptosis induction through the death induced sig-
nalling complex (DISC)%8. TNFR1 signalling is initiated when TNF-a binds to its extracel-
lular component and results in receptor trimerisiation®®. Subsequently, intracellular
TNFR1 death domain (DD) is reorganised, leads to recruitment of TNFR1 associated
death domain protein (TRADD) and receptor interacting protein 1 (RIP1)7%71, TNFR as-
sociated factor 2/5 (TRAF2/5) bind to TRADD, which leads to E3 ligase cellular inhibitor
of apoptosis 1/2 (cIAP1/2) binding’?. cIAP1/2 mediated RIP1 ubiquitination creates
interaction sites for transforming growth factor-f3 activated kinase 1 (TAK1) / TAK1
binding protein (TAB) and IKK complex’3. Subsequently, the formed multi-subunit cyto-



solic TNF receptor complex (TNF-RC) triggers mitogen activated protein kinase (MAPK)
and Nf-kB pathway’4-76,

TNFR1 induced apoptosis requires the time dependent dissociation of TRADD,
TRAF2/5 and RIP from the TNF-RC and recruitment of Fas associated protein with DD
(FADD) and caspase-8 forming the DISC and initiate caspase cascade’’. At physiological
levels, Nf-kB induced gene expression results in inhibition of the caspase cascade
through activation of anti-apoptotic protein gene expression, like cellular FLICE-like in-
hibitory protein (cFLIP)78. If Nf-kB activity is reduced, cellular responses switch from

survival towards cell-death initiation?°.

LUBAC mediated linear ubiquitination in the TNF-RC

Various different Ub chain types are essential in Nf-kB regulation®. The TNF-RC is ubig-
uitinated by cIAPs to recruit TAK1/TAB and the LUBAC complex that generates lin-Ub
chains in RIP1 and IKK component NEMO%3. Subsequently, IKK phosphorylates IkBs,
which leads to its Lys48-linked Ub-chain modification and proteasomal degradation
(Figure 5)8081, Besides Lys63 and lin-Ub chains, Lys11 poly-Ub chains in the TNF-RC
might be important in bringing LUBAC to the receptor complex82. LUBAC was found to
positively regulate TNF-RC mediated Nf-kB activation by binding and ubiquitinating
NEMO and RIP1364344; thereby, the IKK complex gets recruited to the TNF-RC through
the highly specific lin-Ub binding domain in NEMO termed UBAN (Ub binding in ABIN
and NEMO proteins)*48384 LUBAC is crucial in the TNF-RC, illustrated by the fact that

genetic ablation of regulatory LUBAC component leads to reduced Nf-kB activa-

ti0n38,42,85_
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Figure 5 | The TNF-RC activates the canonical Nf-kB pathway. TNFR1 trimerises upon TNF binding, recruits
TRADD and RIP1 via their DDs. TRAF2 binds to TRADD and recruits cIAPs E3 ligases, which put Lys63 linked Ub-

nflammation, pro-
survival, anti-apoptosis

chains on RIP1, which in turn brings the TAK/TAB and LUBAC complex to the TNF-RC. cIAPs are required to bring
LUBAC to the complex, linearly ubiquitinating NEMO and RIP1. IKK binds to lin-Ub chains through NEMO’s UBAN
domain, phosphorylates [kBa that gets Lys48 ubiquitinated and degraded by the proteasome releasing p50/p65 to
translocate to the nucleus and activating Nf-kB target gene expression. TNF-RC: tumour necrosis factor 1 receptor
complex; TRADD: TNFR1 associated death domain protein; RIP1: receptor interacting protein 1; DD: death domain;
TRAF2: TNFR associated factor 2; cIAP: cellular inhibitor of apoptosis; NEMO: Nf-kB essential modulator; TAK: trans-
forming growth factor-f activated kinase; TAB: TAK1 binding protein; LUBAC: linear Ub chain assembly complex; IkB:
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor IKK: IxB kinase; UBAN: Ub binding in
abin1 and NEMO;
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Mouse skin architecture

The skin is the largest organ, functions as first physical barrier protecting against
pathogens and thereby is also important part of the immune system38¢. This is in addition
to its other functions including temperature regulation, ultraviolet light protection, sen-
sory functions and providing stability against mechanical stress8’. Throughout the body,
the skin is homogenously defined with some exceptions around eyes, mouth, anus and
other body cavities. Nevertheless, the basic skin layer architecture is uniform (Figure 6).

The outermost layer of the skin is the epidermis, which is attached to basal membrane

through hemidesmosomes®. This membrane
b _ : : :
; "\‘“\R‘ f'\a‘{ zone separates dermis from epidermis. Basal

keratinocytes mediate the epidermis’ structural

Figure 6 | Mouse skin layers. External epider-
mis (Ep), connective tissue layer dermis (De),
Adipose tissue (AdTi), Hair bulp (HaBu), Hair
follicle (HaFo), Skeletal muscle (SkMu), Sebac-
cous gland (SeGl). Adapted from http://

http://ctrgenpath.net.

integrity and furthermore provide the cell popu-
lation for the epidermis by proliferating into
more differentiated cells, migrate upwards to-
wards the skin surface where they form the
stratified skin surface®®. The intermediate fila-
ment keratin is the major component of the epi-
dermis;

throughout differentiation of basal

keratinocytes, different keratin variants are ex-

pressed and can be used to define epidermal layers®0. Hair follicles are specialised form
of keratin and associated proteins that are forming cell layers starting from invaginated
epithelial buds?1.

Below the basement membrane, connective tissue composed of collagen fibres,
elastic fibres, and extra fibrillar matrices forms the dermis®’. Fibroblast are the most
abundant cell type in the dermis; additionally, macrophages rest in the dermis in order
to immediately react to pathogens®¢. Adipose tissue below the dermis hydrates the skin
and provides connection to the lymphatic system®8’. Moreover, sweat and sebaceous
glands are found in the dermis regulating temperature and to lubricate as well as hy-

drate the skin respectively?293.
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Skin inflammation and Nf-kB

The skin represents the first barrier against harmful events, either pathogens or
injuries8¢. When the skin is breached the complicated biological process of inflammatory
response that can also affect internal organs and tissues is activated’*. Resident innate
immune cells, mostly macrophages, express surface receptors capable of recognising
viruses, bacteria and parasites and trigger appropriate cytokine production and further
targeted immune reactions?>. Depending on the signal, typical skin inflammation induc-
es blood vessel dilation, swelling and inflammatory pain resulting in typical skin redden-
ing; hence, immune cells can more easily reach the target tissue®6. Nf-kB is an essential
regulator for inflammatory responses, up-regulating pro-inflammatory cytokine expres-
sion e.g. TNF-q, IL-1, [L-6 & IL-8 and enhances adhesive surface marker expression for
enhanced neutrophils, macrophage and leukocyte recruitment respectively®’. Acute in-
flammation resolves after clearance of the pathogen; if not, chronic inflammation or tu-
mour formation may arise®8. Pro-inflammatory cytokines have limited half-life and in-
flammatory cells undergo apoptosis®®. In addition, anti-inflammatory cytokines are pro-
duced to control the process and retain tissue homeostasis?0. Detailed mechanisms for
inflammatory response clearance remain elusive demanding further research to disen-

tangle the vital nods in the inflammatory signalling network11,

Apoptosis a specialised form of programmed cell-death

Multicellular organisms depend on the vital process of controlled programmed
cell-death (PCD) termed apoptosis for developmental processes and to maintain tissue
steady-state conditions; furthermore, it is implicated in many disease conditions and
cancer!02103 The hallmarks of apoptotic cells are fragmentation of the DNA and nuclear
envelope breakdown, collapse of the cytoskeleton and exposure of surface markers on
the cell for rapid removal by phagocytosis'?4. Upon intracellular or extracellular stimula-
tion, cells undergo clearly defined and controlled programmed cell-death (apoptosis)

opposed to detrimental necrosis1%2. Whilst, in necrosis the cell membrane is ruptured
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and cytoplasmic components are released resulting in an inflammatory reaction%2, In
contrast, apoptotic cells are quickly and efficiently phagocytosed10>.

Signalling events that trigger apoptosis in mammalian cells have been well de-
scribed and include intracellular and extracellular triggers196. Apoptosis relies on a spe-
cial class of aspartic acid proteases termed caspases!?’. Those proteases are initially in-
active precursors that need to be cleaved to become catalytically activel8, So-called ini-
tiator caspases form multimeres or complexes with adapter proteins for auto-cleavage
and consequently proteolytically cleave many downstream caspases amplifying the sig-
nall%7, Next, effector caspases target non-caspase proteins and trigger the described
hallmarks of apoptosis199.

Lack of growth promoting factors or nutrients or apoptotic proteins can trigger
changes in the mitochondrial membrane and thereby release of pro-apoptotic proteins,
most commonly cytochrome c, into the cytoplasm10. Subsequently, the apoptosome is
formed and initiates PCD111. Alternatively, extracellular stimuli can trigger apoptosis
signalling after respective receptor binding; amongst those, TNF-a and Fas Ligand
(FasL) signal propagation through the TNF-RC and Fas-receptor are best de-
scribed!12113, Death domain containing protein FADD binds directly to Fas-receptor and
to adaptor TRADD downstream of TNF signalling. Pro-caspase-8 gets recruited, activat-
ed and triggers downstream caspase cascadel?’. Cytotoxix T-cells (CTLs) can trigger
apoptosis by FasL and Fas-receptor binding or perforation of the target cell membrane
through perforines, resulting in transfer of granzymes, which are serine proteases that
cleave initiator caspase-10114.

Programmed cell-death needs to be tightly regulated, either by expression of anti-
apoptotic proteins or inhibiting pro-apoptotic factors!!>. The Bcl-2 protein family en-
hances mitochondrial membrane integrity and thereby blocks cytochrome-c release!1®.
Flip proteins bind to FADD and caspase-8, thereby forming an apoptosis inhibitory com-

plex and block death induced signalling complex formation78117,
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Aim of this work

Ubiquitination is essential in various biological processes. Recent studies showed,
that besides typical Lys11-, Lys48- & Lys63-linked Ub chains also lin-Ub chains are in-
volved in Nf-kB activation and apoptosis control®l. Hence, further investigations are
needed to clarify the precise regulatory mechanisms. Particularly, focusing on the possi-
ble connection between skin inflammation and apoptosis as seen in CPDM mice384245118,

The aim of this thesis is to understand the phenotype of the non-catalytic LUBAC
component SHARPIN by generating a double knockout mutant mouse line. SHARPIN
mutant mice exhibit chronic skin inflammation as well as a multi-organ phenotype char-
acterised by splenomegaly, eosinophilia, defects in secondary lymphoid organs and
more>4-57119 SHARPIN is known to regulate inflammation and protect against TNF-a
induced FADD/caspase-8 mediated apoptosis as CPDM mice showed enhanced levels of
apoptosis in keratinocytes3842. Together with in vitro biochemistry data (not published),
we hypothesised that SHARPIN has specific interaction partners in TNF-a induced cell-
death, which are ubiquitinated by LUBAC and trigger anti-apoptotic responses (Figure
7). 1 anticipated to rescue SHARPIN deficiency-induced skin inflammation through
blocking TNF-a induced programmed cell-death in CPDM mice by creating epidermis
specific TRADD KO in CPDM background. While FADD and caspase-8 genetic ablation
was embryonic lethal, TRADD full body KO showed insusceptibility towards TNF-a in-

duced apoptosis making it an ideal target gene120-123,
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Figure 7 | TRADD skin conditional genetic ablation in CPDM mice aims to rescue skin inflammation. Depleting
TRADD in skin of CPDM mice is supposed to rescue skin phenotype by blocking the death complex downstream of
TNF signalling and thereby abolish proposed apoptosis induced skin inflammation. TNF: tumour necrosis factor;
TRADD: TNFR1 associated protein wit death-domain; HOIP: HOIL-1L interacting protein; SHARPIN: SHANK associated

RH domain-interacting protein; RIP: receptor interacting protein; FADD: Fas associated protein with death-domain
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Materials and Methods
Mice

SHARPIN mutant mice were acquired from The Jackson Laboratories. TRADD!/f
and K14-Cre mice were a kind gift from Manolis Pasparakis. Animals were kept and
handled at the animal colony of the Institute of Molecular Biotechnology of the Austrian
Academy of Science (IMBA) in accordance with institutional guidelines. SHARPINc<p/+,

TRADDffand K14t/+Cre mice were crossed and offspring genotyped for all mutations.

DNA purification

Mouse-tail tissue samples were digested and purified using Promega Wizard®
Genomic DNA Purification System (Promega, A3260). Mouse-tail derived tissue samples
were incubated in tail lysis buffer containing freshly added Proteinase K [2mg/mL final
concentration] at 552C overnight. Wizard®SV Lysis buffer is added to the lysate, vor-
texed and transferred to spin columns and centrifuged at 13.000 x g for 3". DNA bound to
the columns is washed three times with ethanol containing Wash Solution and finally
eluted with nuclease free water; 260/280nm absorption was measured to verify suc-

cessful DNA purification.

Genotyping

TRADD floxed & KO allele as well as K14-cre mutant allele were identified by
genotyping PCR reaction using following primers: TRADDflox fwd (GGCCAGA-
CATCTCCACCGTAG), TRADDflex rev (TTTGCCTTCAGCCTAAGTTCC), TRADDKO fwd
(GGCCAGACATCTCCACCGTAG), TRADDKXO rev (GTTGTGGCGGATCTTGAAGTT), K14-cre
fwd (AGCACCTTCTCTTCACTCAGC) and K14-cre rev (CGCATAACCAGTGAAACAGCAT).
PCR products were loaded on 1-2% agarose gel depending on amplicon size and bands

visualised under UV-light.
SHARPIN pyrosequencing

Purified DNA samples were sent for pyrosequencing (Varionostic GmbH, Ulm,

Germany). DNA samples were treated with bisulphite to create single strand DNA (ssD-
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NA), sequencing primer anneal to the ssDNA in the presence of adenosine-5'-
phosphosulphate, luciferin, DNA polymerase, sulfurylase, luciferase and apyrase that
produce a fluorescent signal upon incorporation of a single nucleotide in the elongating
strand. One of the four dNTPs at a time was added to the reaction, if complementary to
the ssDNA, a light signal was generated, detected by a camera and digitalised into a
graph124,

Tissue processing

Mice were sacrificed by cervical dislocation and tissues were harvested and fixed
in 4% Paraformaldehyde solution overnight at RT. Fixed tissue was dehydrated over-
night (Milestone LOGOS tissue processor) and embedded in paraffin for subsequent sec-
tioning at the microtome. 2-3um sections cut at MICROM HM 355 were dried at 552C for

2h to overnight for subsequent staining.

Haematoxylin and Eosin (H&E) staining

Sections were stained by haematoxylin and eosin (H&E) using Thermo Scientific
Microm HMS 740 slide stainer. Coverslips were mounted on stained slides and scanned

using Mirax slide scanner (Carl Zeiss).

Immunohistochemistry

Sections were deparaffinised, endogenous peroxidase activity was blocked with
1x peroxidase blocking buffer [0.04M Na-Citrate, 0.121M NazHPO4, 0.03M NaNgs,
3%H20] and antigen retrieval was achieved by proteinase K (Sigma, #P2308) digestion
in TEX buffer [SOmM Tris-HCI pH8, 1mM EDTA, 0.5% Triton-X] or by boiling at 95°C in
retrieval buffer [10mM Na-Citrate buffer pH6, fresh 0.05% Tween-20) depending on
primary antibody. Unspecific binding was blocked by incubation with blocking buffer
[10% Normal goat serum, 0.3% Triton-X + 16% Avidin D (VectorLab Avidin/Biotin
blocking kit, #SP-2001)]. The following primary antibodies were used: K14, K6 from
Covance (Princeton, USA); F4/80 (clone A3-1) from AbD Serotec; cleaved caspase-3
(#9664) from Cell Signaling; TRADD (H-278) from Santa Cruz. Antibodies were incubat-
ed in blocking solution containing 16% Biotin (VectorLab Avidin/Biotin blocking kit,
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#SP-2001) overnight. Secondary antibodies coupled to Biotin (Dako) were incubated in
blocking solution; signal was amplified by avidin-biotin-HRP detection system (ABC Vec-
torLab Elite Kit, #PK-6100) and detected by peroxidase substrate (VectorLab NovaRed,

#SK-4800). Sections were counterstained with hematoxylin for nuclei visualization.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde, permeabilised in 0,1%Triton/PBS,
blocked in NGS/BSA/0,05% Triton in PBS and incubated with anti-cleaved caspase-3
(Cell Signaling; #9664) followed by incubation with Alexa488 coupled anti-rabbit anti-
body (Invitrogen, #A11008). Nuclei were stained by DAPI.

Immunoblotting

Samples were boiled in SDS sample buffer [0.125M Tris-HCl, 0.1% SDS w/v
ph6.8; 20% Glycerol, 2% SDS, bromphenolblue, 5% beta-mercaptoethanol] and separat-
ed by SDS-PAGE gel electrophoresis. 4-12% gradient gels (Bio-Rad, #456-1091) were
run in SDS running buffer [25mM Tris, 0.2M Glycine, 0.1% SDS] and transferred on ni-
trocellulose membrane (Bio-Rad, #170-4270) using semidry transfer system (Bio-Rad
TransBlot®Turbo™, #170-4155). Membrane was blocked in TBS with 5% BSA,
0.1%NaN3 and incubated with primary antibodies o/n at 4°C. Following antibodies were
used: Ub P4D1 (#3936), cleaved caspase 3 (#9664), PARP (#9542) from Cell Signalling
and vinculin (#V9131) from Sigma-Aldrich. Secondary HRP-labelled antibodies were
used, developed by ECL (Santa Cruz, #sc-2048) and signal detected with light sensitive

films.

Cell culture

Mouse embryonic fibroblasts were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% fetal calf serum and 1% penicillin/streptomycin. Cells were
kept under standard conditions (37°C, 5% CO2) and split every 2-3 days with 1x trypsin
0.25% EDTA (Invitrogen, #25200-056).

Primary keratinocytes were isolated from adult mouse-tail skin. Mice were sacri-

ficed, tail was cut and immersed with 70% ethanol and put in ice-cold PBS. A longitudi-
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nal incision was made; the skin was peeled off and digested in KFSM media (Invitrogen,
#17005-042) with 2U/mL dispase II (Invitrogen, #17105-041) at 4°C overnight. Epi-
dermis was separated from dermis, incubated in trypsin LE express (Invitrogen,
#12605-010) at 37°C. After centrifugation, cell pellet was resuspended and seeded in
collagen IV (Sigma, #C7521) coated plates and kept under standard conditions. The next

day media was changed prior cytokine stimulation.

Apoptosis assessment

MEF cells (0,05 x 10°) were seeded per 24-well. Cells were washed and media
changed before addition of TNF-a (PeproTech, #315-01A) and cycloheximide (Sigma,
#C7698) at the indicated concentrations and time period. The percentage of apoptotic
cells was quantified by fluorophore coupled Annexin V antibody (BD Bioscience,
#556419) staining and PI uptake. Samples were analysed by flow cytometry (FACS Can-
to, BD Bioscience). Additionally, total cell lysates were prepared and apoptosis induction
evaluated by immunoblotting against cleaved caspase 3 (#9664) and PARP (#9542)
from Cell Signalling.

Recombinant protein purification

HOIP, HOIL and SHARPIN pGex-Gp1 containing expression plasmids were trans-
formed into BL21 (DE3) E.Coli (IMBA Molecular Biology Service), single colony over-
night cultures were used to inoculate 1L pre-warmed LB-Amp media and grown till
0OD~0.5. Bacteria were induced with IPTG at 16°C overnight. Cells were harvested by
centrifugation, pellet resuspended in lysis buffer [PBS pH7.3, 1mM PMSF, 1mM DTT] and
lysed by sonication. Subsequently, lysate was centrifuged and supernatant sterile fil-
tered prior application on GSTrap HP column (GE Healthcare, #17-5281-01) employing
Akta explorer FPLC (GE Healthcare, AKTAexplorer 10). Filtered supernatant was loaded
slowly onto equilibrated column; column was washed with excess of binding buffer [PBS
pH7.3, 1ImM DTT] and afterwards equilibrated with cleavage buffer [50mM Tris-HCl,
150mM NaCl, 1ImM EDTA, 1mM DTT pH7.5]. Subsequently, precision protease is applied

on the column and incubated under rotation overnight at 4°C. The next day, cleaved-off
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protein is collected using Akta fraction collector (GE Healthcare, Frac-950). A280nm
peak fractions were loaded on SDS-PAGE and stained by coomassie brilliant blue [0.25%
Coomassie blue, 45% Methanol, 10% Acetic acid].

In Vitro Ubiquitination assay

Ub (7.5pg), E1 (150ng), UbcH7 (150ng) from Boston Biochem together with re-
combinant purified E3 ligase complex were incubated with and without ATP (Sigma) in
assay buffer [20mM Tris-HCI ph7.5, 5mM MgClz, 2mM DTT, 1.5% Glycerol] at 37°C over-
night. Reaction was stopped by addition of SDS sample buffer; samples were boiled at
95°C for 1min and subsequently Ub chain formation was detected by anti Ub P4D1 spe-

cific immunoblotting.

Immune cell profiling

Tissues were harvested from age matching mice incubated with Collagenese 4
(100pg/mL), Liberase TM (100pg/mL) and DNase (50pug/mL) in IMDM at 37°C for 2hrs.
Resuspend tissue and smash through 70pm cell-strainer and perform antibody staining.
Following antibodies were used: TCR- (H57-597), TCRyS$ (GL3), CD4 (PM4-5), CD8a
(53-6.7), Nk1.1 (PK136), CD45 (30-F11), Ly6G (Ia8), B220 (RA3-6B2), CD11b (m1/70),
CD11c (HL3) from Biolegend; FoxP3 and e780 viability dye from eBioscience. Cells were
plated in 96-well, washed with FACS buffer (2% FCS in PBS), dead cells excluded by
e780 viability dye staining and Fc blocking was performed. Surface markers were
stained; afterwards, cells were fixed and permeabilised with FoxP3 permeabilisa-
tion/fixation kit (eBioscience, #00-5521-00) and intracellularly stained for FoxP3. Sam-
ples were analysed by flow cytometry (FACS Fortessa LSR, BD Bioscience).
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Results

Recombinant LUBAC generates free linear-Ub chains

LUBAC components HOIP, HOIL-1L and SHARPIN were purified from an E.Coli
expression system. Large (120kDa) HOIP protein is weakly expressed and unstable,
whereas smaller LUBAC components HOIL-1L (50kDa) and SHARPIN (40kDa) are more
stable but still show degradation bands (Figure 8B).

Ub E3 ligase activity was assessed by in vitro ubiquitination assay. Assembling
LUBAC comprised of all three subunits together and performing an in vitro ubiquitina-
tion experiment, showed potent Ub chain formation (Figure 8A).

LUBACWT  LUBACcatPead

A At + - + - B Mr(K) HOIP HOIL-1L SHARPIN
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<
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Figure 8 | Recombinant purified LUBAC generates free Ub chains. A Free Ub chain formation by LUBACWYT in in
vitro ubiquitination assay and assessed through immunoblotting using anti-Ub specific antibody. A LUBACcatDead com-
plex comprised of a HOIP RinglRing2 mutant is incapable of Ub chain formation. B Coomassie staining of purified
LUBAC components indicated by arrows. Ub, Ubiquitin; LUBAC, Linear Ub Chain Assembly Complex; HOIP: HOIL-1L
interacting protein; HOIL-1L: Heme-oxidised iron-regulatory protein 2 Ub ligase 1L; SHARPIN: SHANK associated RH

domain-interacting protein

The antibody used for immunblotting recognises Ub itself but does discriminate

amongst the various chain types. LUBAC generated Ub chains were exclusively N-
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terminally linked through Met1. Additional experiments with lysine less Ub mutants and
methylated Ub moieties showed unaffected or failing free-Ub chain formation respec-
tively20. Furthermore, samples were analysed by mass spectrometry confirming primari-
ly linkage between N-terminal Metl and C-terminal glycine2??. Hence, my recombinant
LUBAC generates lin-Ub chains in vitro (Figure 8A).

Catalytic dead HOIP Ring1Ring2 (C699, 702, 871, 874S) was purified and utilised
to conduct in vitro ubiquitination with HOIL-1L and SHARPIN in complex. HOIP C-
terminal RBR region is essential for its catalytic activity. Mutations in crucial cysteines
for zinc-finger coordination and thioester-formation in the Ring1 and 2 are unable of Ub-
chain formation (Figure 8A).
Albeit, recombinant LUBAC potently generates free Ub chains in vitro, previously shown
substrate ubiquitination of cell-death component FADD (unpublished) could not be ob-

served possibly due to technical problems (data not shown).

SHARPIN deficiency causes a severe overt phenotype

Skin of WT and CPDM mice was subjected to H&E staining and immunohisto-
chemistry antibody staining for macrophages and apoptotic cells. CPDM mice showed
apparent cpdm skin phenotype and were moderately smaller than littermates (Figure
9). Histological analyses revealed previously described hyperkeratosis, hyperplasia and
parakeratosis as well as macrophage infiltration and apoptotic cells that could not be
observed in WT skin (Figure 9). Hence, CPDM mice suffer from severe skin inflammation

characterised by innate immune cell infiltrates and apoptotic keratinocytes.
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Figure 9 | CPDM mice show severe skin lesions, macrophage infiltration and apoptotic keratinocytes. Top lane,
gross appearance of WT and CPDM mice; CPDM mice suffer from skin inflammation starting at 3 weeks of age. H&E
staining showed skin lesions and macrophage infiltration (F4/80) not seen in WT skin tissue. C-cas3 staining shows

apoptotic keratinocytes. Scale bar lane 2,3 100um and lane 4 50pm. C-cas: cleaved caspase-3
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Figure 10 | CPDM mice present multi-organ phenotype. A CPDM lung blood vessel epithelial cells are thickened
and infiltrated by macrophages as seen by H&E (iii) and F4/80 (iv) staining respectively. B CPDM mouse spleen is
enlarged (bottom) compared to WT littermate control. Germinal centre formation is defective (iii) spleen is infiltrated
by macrophages shown by F4/80 staining (iv) in spleen of CPDM mice. C Organised peyer’s patches are absent in
CPDM small intestines (iii & iv). Scale bar 200pm A(i,iii), B(i,iii) and C(ii,iv); 100pum A(ii,iv) and B(ii,iv).

Lung, spleen and small intestines were harvested from age matching WT and
CPDM mice and histologically analysed. Blood vessels in CPDM mice derived lung tissue
were enlarged and were infiltrated by macrophages (Figure 10A). CPDM spleen was
characterised by splenomegaly, defective germinal centre formation and macrophage
infiltration (Figure 10B). Organised peyer’s patches were not found in the small intes-

tines of adult CPDM mice (Figure 10C). Thus, CPDM mice showed previously de-
scribed>3-57.119 defects of the cpdm phenotype.

25



SHARPIN deficiency enhances apoptosis in MEF upon TNF-a stimula-
tion
Besides Nf-kB activation, TNF signalling also induces FADD-caspase-8 mediated

apoptosis through DISC. Apoptosis induction was assessed after TNF-a and cyclo-

heximide (CHX) stimulation in WT and CPDM derived MEF.
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Figure 11 | Loss of SHARPIN sensitises MEF to TNF mediated programmed cell-death. A Immunoblotting for cell-
death markers PARP and cleaved caspase 3. B IF staining of cleaved caspase 3 after cytokine stimulation and DAPI
counterstaining. C Quantification of apoptosis in WT and CPDM MEF. C-cas3: cleaved caspase-3; TNF: tumour necro-

sis factor alpha; PARP: Poly (ADP-ribose) polymerase; CHX: cycloheximide

CPDM MEF were hypersensitive for TNF-a induced apoptosis determined by in-
creased effector caspase-3 and its substrate PARP (Poly (ADP-ribose) polymerase) pro-

teolytic cleavage using specific antibodies for immunoblotting (Figure 11A). According-
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ly, cleaved caspase-3 specific IF staining shows apoptotic cells (green) in CPDM MEF
after cytokine treatment but not in WT or untreated control MEF (Figure 11B). An-
nexinV/PI stain and subsequent flow cytometry based quantification revealed that
CPDM MEF are significantly (p<0,001) more sensitive to TNF-a/CHX stimulation than
WT MEF (Figure 11C).

CPDM mice show up-regulation of apoptosis in keratinocytes

Primary keratinocytes of CPDM and WT mice were isolated for short time culture,

cytokine stimulation and flow cytometry based apoptosis quantification.
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Figure 12 | Apoptosis in CPDM derived primary keratinocytes is up-regulated. A Tail-derived primary keratino-
cytes of 2 mice were analysed for percentage of dead cells. B Primary keratinocytes of 3 mice per genotype were

pooled, stimulated and apoptosis assessed. TNF: tumour necrosis factor alpha; CHX: cycloheximide; n.s.: not signifi-

cant

Apoptotic cells were found by cleaved caspase-3 immunohistochemical staining
in the skin of CPDM mice (Figure 9) and in CPDM mice derived MEF (Figure 11) and
hence I wanted to look at general cell-death levels and percentage of apoptotic cells after
TNF-o/CHX induction in primary cell culture. Primary mouse-tail derived keratinocytes
(n=2) of WT and CPDM mice were harvested and cell-death was measured by PI uptake.
The preliminary data showed that CPDM primary keratinocytes had elevated levels of
cell death compared to WT (Figure 12A). Primary keratinocytes of three CPDM and WT
mice were pooled and apoptosis quantified after TNF-a/CHX stimulation for 24 hours.

Apoptosis induction was significantly elevated in CPDM derived keratinocytes (p < 0,05)
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upon cytokine stimulation but also highly increased in untreated CPDM control com-

pared to WT apoptosis percentage (Figure 12B). My preliminary data suggests that

keratinocytes isolated from CPDM mice have endogenously elevated levels of cell-death

and are more susceptible towards cytokine-induced apoptosis.

CPDM mice featured aberrant numbers of regulatory T-cells

The cpdm phenotype is characterised by severe skin inflammation and defects in

organs of the immune system (Figure 9 & Figure 10). Therefore, spleen, draining lymph

node and skin tissue were analysed for their immune cell profiles to reveal possible im-

plications of the immune system in the phenotypes. Cells were isolated, subjected to sur-

face as well as intracellular staining and subsequently analysed by FACS.
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Figure 13 | Immune cell profile of WT and CPDM mice. A CPDM derived spleen showed deprivation of CD4 and

CD8 single positive T-cells and up-regulation of innate immune cells (neutrophils & macrophages). B CD4 and CD8

levels are elevated in the thymus of CPDM mice. C The skin of CPDM mice had reduced numbers of T-cells (CD4, CD8 &
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gamma delta T-cells) as wells as natural killer cells. D CPDM skin presented 4 times increase in regulatory T-cell num-

ber whilst other tissues showed a slight decrease in regulatory T-cell number.

Consistent with immunohistochemistry staining of CPDM spleen tissue (Figure
10B), numbers of macrophages are elevated; additionally, neutrophils infiltrate the
spleen. Furthermore, spleen is depleted of immune cells represented by lower numbers
of T-cells (Figure 13A). In response to the multi-system disease, thymus of CPDM mice
was enlarged and had increased repertoire of T-cells (Figure 13B). Cells isolated from
skin tissue had an overall raise in CD45 positive cells (Figure 14), whereas single posi-
tive T-cells and natural killer cell numbers are lower compared to WT skin tissue (Figure
13 & Figure 14). Noteworthy, cells positive for the transcription factor FoxP3, master
regulator of regulatory T-cell (Tregs) development and function, were highly increased
in CPDM mice skin tissue (Figure 13D). Interestingly, in spleen, draining lymph nodes
and thymus the numbers were slightly below WT levels suggesting a possible defect in

central Treg mediated tolerance (Figure 13D).
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Figure 14 | Innate immune cells are increased in skin of CPDM mice. Overall increase of CD45 positive cells could

be observed. Furthermore, innate immune cells were highly increased.

Skin tissue of CPDM mice was characterised by highly elevated number of CD45
cells and showed a strong innate immune response presented by enlarged number of
macrophages and neutrophils (Figure 14). My preliminary data analysing a small num-
ber supports previous reports that innate immune cells predominantly drive skin in-
flammation and the adaptive responses are subordinate and give a possible twist for a

role of Tregs in cpdm phenotype.

Skin inflammation was rescued in CPDM.TRADDE-KO mice

We anticipated to rescue cpdm skin phenotype by introducing an epidermis con-
ditional TRADD knockout (TRADDE-K0) in CPDM mice background to block TNF signal-

ling induced apoptosis!22123125,
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Figure 15 | TRADDE-KO gkin tissue is genetically ablated for TRADD. Immunohistochemistry staining of TRADDf/f
and TRADDE-KO skin sections showed complete TRADD deficiency. 100pm scale bar

Mice carrying floxed TRADD alleles were crossed with a keratin-14 (K14) epidermis
specific cre-recombinase expressing mice; PCR genotyping and TRADD specific im-
munohistochemistry staining confirmed the skin conditional knockout (Figure 15).

I obtained the desired genotype after several generations of crosses of SHARPINcpdm/+
with TRADDE-KO mice. Skin tissue was harvested of age matching mice (n=1, 9w old) and
subjected to immunohistochemical staining for K14, cleaved caspase-3, F4/80 and
TRADD as well as standard H&E. WT skin presented completely normal skin architec-
ture (Figure 16 1st lane). In contrast, CPDM skin presented overt inflammatory pheno-
type including epidermal hyperkeratosis, hyperplasia and parakeratosis as well as de-
scribed apoptotic nuclei and macrophage infiltration (Figure 16 2nd lane). All heterozy-

gous control showed no apparent phenotype and resembled WT skin (Figure 16 31
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lane). Strikingly, CPDM.TRADDEKO skin showed a complete rescue and WT appearance
(Figure 16 4t lane). Different tissue samples - both dorsal and ventral - showed similar
rescue of the cpdm phenotype. My findings indicate that TRADD epidermis specific de-
pletion is sufficient to reverse SHARPIN deficiency induced skin disease and further fa-

vours the hypothesised cross-talk between TNF-a induced apoptosis and inflammation.

TRADDEKO does not or only partially alters cpdm multi-organ pheno-
type

Besides skin inflammation, CPDM mice suffer from a multi-organ phenotype in-
cluding defects in spleen, lung and liver and absence of peyer’s patches4>7. Age match-
ing mice (n=1, 9w old) were sacrificed and respected tissues were harvested for section-
ing and H&E staining (Figure 17). WT tissue sections and spleen gross appearance
looked completely normal (Figure 17 15t lane), whereas in CPDM samples characteristic
SHARPIN deficiency induced infiltrates, defective spleen germinal centre formation and
size increase as well the absence of peyer’s patches could be observed (Figure 17 2nd

lane).
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Figure 16 | CPDM skin phenotype was rescued after crossing SHARPIN deficient mice with TRADDE-KO mice.
CPDM skin tissue (2nd lane) characterised by epidermal thickening (H&E & K14), cleaved caspase-3 positive cells and
macrophage infiltration (F4/80) was rescued in SHARPINcp/c», TRADDEKO mice (4th lane). Scale bar 100pm row 1 &2
and 50pm row 3,4 & 5.

All heterozygous control (Figure 17 3rd lane) showed no apparent effects. Noteworthy,
CPDM.TRADDE-KO mice revealed to be mostly unaffected regarding cpdm multi-organ
phenotype as peyer’s patches were absent and lung showed immune cell infiltrates
(Figure 17 4th lane). Though, defects in liver, and especially in spleen seemed to be mild-
er compared to severely defective spleen organisation and size enlargement in CPDM

mice (Figure 17 2nd lane).
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Figure 17 | cpdm phenotype is not affected in CCDM.TRADDE-KO mice. WT tissues (1stlane), normal liver, lung and
spleen architecture as well as visible peyer’s patch formation in small intestine. Tissue sections from CPDM mice (2nd
lane) presented typical innate immune cell infiltrates in liver and lung, defective spleen germinal centre formation and
increase in size as well as absent peyer’s patch formation. SHARPIN deficiency induced multi-organ defects were not

rescued in CPDM.TRADDE-KO animals (4th lane). Scale bar 200um.

Summarised, CPDM.TRADDE-KO mice developed cpdm phenotype endorsed by e.g. lack of
peyer’s patches; yet, less pronounced defects in lung and spleen indicated a potential
partial rescue mechanism of cpdm phenotypes in respected organs but needs further

investigation.
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Discussion
Recombinant LUBAC generates linear Ub chains in vitro

SHARPIN controls apoptosis upon TNF-a binding to the TNFR1, presumably de-
stabilising the later forming death induced signalling complex (DISC) through specifical-
ly interacting and linearly ubiquitinating the complex member FADD as shown by GST-
pull down and in vitro ubiquitination assay respectively (not published). Anti-apoptotic
protein ABIN1 is assumed to be recruited to modified FADD via its UBAN domain and
inhibits caspase-8 - FADD binding and hence blocks caspase cascadel2¢. In vitro ubiqui-
tination assays demonstrated the high Ub ligase activity of E.Coli purified mulitsubunit
E3 ligase LUBAC (Figure 8A). Binding sites that mediate FADD binding to SHARPIN in
the LUBAC complex are unidentified. Possibly, conditions in the in vitro reaction did not
favour stable interaction and hence rendered substrate ubiquitination impossible. Fur-
ther studies are needed to assess how FADD gets recruited and binds to LUBAC via
SHARPIN; additionally, mechanism and structure data on LUBAC mediated substrate

ubiquitination are still missing.

CPDM mice display apparent cpdm phenotype

Mice carrying the single point deletion in the SHARPIN gene>* were histologically
analysed and compared to WT littermates. Skin of CPDM mice was characterised by in-
flammatory skin lesions with macrophage infiltration, hyperkeratosis, hyperplasia,
parakeratosis and apoptotic keratinocytes (Figure 9). Internal organs were affected and
resembled previously reported defects (Figure 10)55-57.119, [n accordance with previous
data, my results indicate a SHARPIN specific role in development of peyer’s patches and
for proper spleen formation>7.119, Intriguingly mice lacking e.g. RelB or TNF also showed
defects in organogenesis of lymph nodes, whereas in CPDM mice they develop normal-
ly127.128 Heterozygous TNF KO in CPDM background rescued skin phenotype bud did not
affect lack of peyer’s or defects in spleen*?; hence, cpdm immune-system defects may

arise independent of TNF signalling. Additionally, bone marrow transplants in irradiated
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CPDM mice did not prevent loss of peyer’s patches in adult mice, further providing evi-

dence that cpdm phenotypes are not driven by the hematopoietic system>7.

SHARPIN deficiency leads to hyper up-regulation of apoptosis

TNF-a induced apoptosis induction was assessed and quantified in CPDM MEF
cell line (Figure 11); furthermore, number of apoptotic cells in primary keratinocytes
was measured (Figure 12). In both experiments, apoptosis was up-regulated upon cyto-
kine treatment if SHARPIN was missing compared to WT cells. Primary keratinocytes of
CPDM mice showed elevated levels of cell-death (Figure 12A) when kept in culture and
hence strongly biased apoptosis quantification after TNF-a/CHX stimulation (Figure
12B). My data strongly underlines the very specific role of SHARPIN in TNF-a induced
apoptosis signalling. Further experiments, increasing sample size and optimised cell cul-
ture conditions are needed to verify elevated cell-death levels in CPDM skin and higher

sensitivity to apoptosis after cytokine treatment.

Immune cell composition in CPDM mice are aberrant

Pathologies in SHARPIN deficient mice, focusing in lymphoid organs, have been
intensively studied over the past years!?°. In pilot experiments, skin tissue of CPDM and
WT mice were examined regarding their immune cell populations. I provided further
evidence to histology data, that innate immune cells drive skin inflammation (Figure 13C
and Figure 14). Intriguingly, number of regulator T-cells (Tregs) were 3- to 4-fold in-
creased in CPDM skin tissue whilst being decreased in spleen, draining lymph nodes and
thymus. Hence, we can hypothesise that even though Treg number in the thymus was
reduced, peripheral Treg mediated tolerance tries to balance overshooting immune re-
sponses in the skin. Nevertheless, they greatly fail in doing so, suggesting a possibly non-
solely-immunological basis of the skin inflammation by different - so far unknown -
mechanisms. Otherwise, the SHARPIN deficiency induced inflammation might be just too
severe for the even increased Treg population to control. There is definitively a necessi-

ty to follow up on these findings, analysing more mice and intensively focus on Treg
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function in the skin. In addition, cytokine profiles should give a better idea on skin in-

flammatory nature.

A TRADDEKO jn CPDM mice is sufficient to rescue skin inflammation

By skin-conditionally targeting TRADD - a pivotal component for the TNF-a in-
duced apoptosis signalling pathway - we anticipated to rescue hyper up regulation of
programmed cell-death in CPDM mice. TRADD is an initial adaptor protein recruited to
the TNF receptor complex (TNF-RC) upon TNF-a binding. Moreover, TRADD amongst
other proteins dissociates from the TNF-RC, forms the DISC for apoptosis induction
through caspase-8 and FADD. It was shown, that primary TRADD-KO MEF are unsuscep-
tible for TNF-a induced programmed cell-death in contrast to CPDM MEF122, Remarka-
bly, the TRADDEKO jn CPDM background completely rescued skin inflammation (Figure
16). This finding strongly favours our hypothesis of a cross talk between apoptosis and
inflammation and that inflammation is actually driven by the hyper up regulation of
apoptosis in SHARPIN deficient skin tissue. Therefore, SHARPIN’s anti-apoptosis effects,
through presumed binding and interaction to the DISC, in conjunction with down regula-
tion of the Nf-kB pathway are crucial to maintain skin tissue homeostasis; and if missing,
lead to cpdm phenotype. The link between controlled apoptotic cell-death and inflam-
mation remains elusive. In the future, FADD/caspase-8 depletion in CPDM background
will further address SHARPIN'’s precise function in the DISC. FADD itself was shown to
protect against RIP3 mediated programmed necrosis in skin130. Therefore, to under-
stand FADD in apoptosis, CPDM.FADD.RIP3E-KO triple knockout mice were generated and
showed partial rescue and delay of skin inflammation (not published). In addition, in
CPDM.RIP3E-K0 animals the cpdm skin phenotype was alleviated; hence, necroptosis

plays only a minor role for skin inflammation (not published) in CPDM mice.
Conclusion and future outlook

I showed that introducing a TRADDEKO in CPDM mice rescued cpdm skin inflam-
mation completely (Figure 16) but multi-organ phenotype was mostly unaffected

(Figure 17). Blockage of TNF-a induced FADD-caspase-8 mediated apoptosis by target-
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ing the TNF-RC and DISC component TRADD in an epidermis specific manner is suffi-
cient to prevent skin inflammation in CPDM mice; hence, I conclude that SHARPIN defi-
ciency induced hyper up regulation of apoptosis causes the inflammatory cpdm skin
phenotype and can be rescued by blocking TNF-a induced apoptosis specifically by tar-
geting the essential adaptor protein TRADD.

How a form of controlled cell-death can lead to inflammation remains an open
debate. The exact mechanisms how SHARPIN interacts with the DISC and subsequent
linear ubiquitination of FADD by LUBAC is yet to be found. In the future, assessing apop-
tosis induction in FADD KO cell lines and FADD depletion in CPDM MEF will give quanti-
tative data showing that cytokine induced apoptosis induction works through FADD and
the DISC. Furthermore, same experiment should be conducted with caspase-8 depleted
CPDM MEF. The TNF-RC signals both for Nf-kB activation and apoptosis and are bal-
anced in WT situation to maintain tissue homeostasis. I used the drug cycloheximide to
block protein synthesis and thereby exclude Nf-kB’s target gene expression. Introducing
an overexpressed non-phosphorylatable IkBa variant in CPDM background will block
Nf-kB in a less artificial way. CPDM.TRADDE-K0 indicated partial rescue of the multi-
organ phenotype (Figure 17) and to clarify these preliminary findings more mice have to
be analysed and possible be crossed with a ubiquitously cre-expressing mice to generate

CPDM.TRADD-KO mice.
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Annex
Summary

Ubiquitination is an essential post-translational modification, which is of funda-
mental importance in various cellular processes. Typical ubiquitin (Ub) chains - linked
through their lysine (Lys) residues - have been intensively studied. In contrast, much
less is known about methionine 1 ‘head-to-tail’ linked linear-Ub (lin-Ub) chains. So far,
only the E3 ligase complex ‘LUBAC’ is known to generate those ‘atypical’ Ub-chains. We
and others showed that lin-Ub-chains are intrinsic for NF-kB activation and control of
apoptosis. Furthermore, implications in skeletal development, tumourigenesis innate
and adaptive immunity were found. Mice deficient for the regulatory LUBAC subunit
SHARPIN (SHARPINcpdm/cpdm) syffer from the severe cpdm (chronic proliferative derma-
tistis in mice) multi-organ phenotype, characterised by overt skin inflammation, missing
peyer’s patch formation, splenomegaly and defective spleen germinal centre formation.
Primary MEF isolated from these mice were defective in Nf-kB activation and intriguing-
ly demonstrated to be hyper sensitive for TNF-a induced FADD-caspase-8 mediated
apoptosis. Furthermore, we observed apoptosis marker cleaved caspase-3 positive cells
by skin histology. Hence, we hypothesised a cross-talk between apoptosis and inflamma-
tion. Additional biochemical data suggested LUBAC-induced linear ubiquitination of a
cell-death complex component FADD. TNF-a induced apoptosis revealed to be blocked
in mice genetically ablated for the adaptor protein TRADD (TNF receptor 1 associated
protein with death domain) whereas FADD/caspase-8 knockout mice were embryonic
lethal. Here I show that an epidermis specific TRADD knockout (TRADDE-XO) in
SHARPIN¢pdm/cpdm hackground rescues skin inflammation. H&E staining, antibody specif-
ic immunohistochemistry for macrophages and apoptotic cells of skin sections revealed
a complete recovery to wild type skin architecture in SHARPINcpdm/cpdm TRADDE-KO dou-

ble knockout animals. System-wide cpdm phenotypes remained unaffected.
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Zusammenfassung

Ubiquitinierung von Proteinen ist eine essentielle posttranslationelle Modifikati-
on, die an einer Vielzahl von zelluldren Prozessen von integraler Bedeutung ist. Typische
Ub-Ketten, untereinander verlinkt tiber Lysine (Lys), wurden intensiv in der Molekular-
biologie erforscht. Im Gegensatz dazu ist liber atypische linear Ubiqutinketten, die durch
eine Verlinkung via Methionin 1 charakterisiert sind, relativ wenig bekannt. Ub Ligase-
Komplex ,LUBAC" ist bisher die einzige identifizierte Enzymkomplex der im Stande ist,
diese lineare-Ubiquitinketten, zu generieren. Wir und Andere haben bereits gezeigt, dass
von LUBAC erzeugte lineare Ubiquitinketten in verschiedenen Signalwegen, darunter
der TNF-alpha induzierte Nf-kB- und Apoptose-Signalweg, elementar sind. Ein fiir die
regulatorische LUBAC-Untereinheit SHARPIN defizientes Mausmodell (SHAR-
PINcpdm/cpdm)  zejchnet sich durch offensichtliche Hautentzlinungserscheinungen, be-
zeichnet als chronic proliferative dermatistis in mice (cpdm), als auch iiber systemweite
Defekte in Organen wie Lunge und Milz, als auch in sekundiren immunologischen Ge-
weben aus. SHARPIN¢crdm/cpdm primir isolierte embryonale Fibroblasten haben reduzier-
te Nf-kB-Aktivitit und zeigen interessanterweise hochregulierte Apoptose in Kera-
tinocyten nach Behandlung mit TNF-alpha in vitro. Deshalb hypothetisieren wir einen
Zusammenhang zwischen Apoptose und Entziindung in den Keratinozyten, welcher
durch zusatzliche Biochemiedaten, die LUBAC spezifische Ubiquitinierung der Apopto-
se-Signalweg Komponente FADD, untermauert wird. Hier zeige ich, dass durch Kreuzen
von SHARPINc¢pdm/cpdm Miusen mit einer epidermis-spezifischen TRADD (TNF receptor 1
associated protein with death domain), Knock-Out Maus (TRADDE-KO), eines fiir TNF-
alpha vermittelten Apoptose unabdingbarem Adaptorprotein, gerettet wird. Hautgewe-
beschnitte, welche durch Standard H&E als auch mit Antikérper spezifisch fiir Zelltod-
marker sowie Makrophagen gefarbt wurde, zeigen eine komplette Wiederherstellung
der Wildtyp-Situation der Haut in SHARPIN¢pdm/cpdm TRADDE-KO Doppel-KO-Mausen. Die

systemweiten Defekte des SHARPINcpdm/cpdm Phanotypen bestehen unverdandert weiter.
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